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Preface

Through the last three decades, nanomaterials offer unique properties that can be
exploited in novel environmental applications. The electrochemical, magnetic, and
optical properties of these materials are used to detect the presence of environmental
pollutants or other undesirable heavy metals or the presence of organic ions in water.
Therefore, the earth’s and physical/biological components immeasurable contami-
nations lead to environmental issues such as diseases and death in the severe case
detox environmental issues such as diseases and death in the severe case due to
human and anthropogenic activities. Recently, globally awareness, sterner laws, and
their implementation in most developed nations leading to a huge level of environ-
mental protection are severe long-term effects with the advent of nanotechnology
which depends on the ability to design, control and create materials at the nanoscale,
environmental related issues have been increasingly undertaken through prevention,
monitored using sensors and the use of nano-adsorbents for contaminants treat-
ment by using novel nanomaterials developed using innovative and cutting edge
synthesis techniques. In this book, there are nine chapters, the various electrochem-
ical techniques employed in the synthesis of different nanomaterials are presented
to the readers. Due diligence is also given how various nanomaterials created using
these electrochemical techniques are employed to determine the surface morpholo-
gies, their various surface sizes and distribution, active functional groups on their
surfaces, their elementary composition, magnetic and electrical properties that impact
their use as sensors and nano-adsorbents. The ensuing chapters also deal with heavy
metals ions detection via electrochemical processes using electrochemical synthe-
sized sensors, the use of synthesized nanomaterials in the prevention of corrosion,
the utilization of surface modified materials in the treatment of industrial wastewater
containing heavy metals, their photochemical use in the detection of pharmaceutical
waste and the application of these electrode materials as biosensors for environmental
utilization. This book is expected to be a research guide for students and scientists to
go on-board with courses development on material and environmental sciences and
engineering, giving insight to readers into the captivating world of nanotechnology
and how their advent has currently transformed the world and the environment at
large. Therefore, this book will play a good row in our community that will cut
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across electrochemistry, water science, materials science, and nanomaterials. Hence,
its application successfully highlights the nanomaterials and environmental.

Short description, this book addresses fundamental issues that persist concerning
nanomaterials for environmental application, which cuts across electrochemistry,
materials science, water science, and nanotechnology. This is an ideal book for water
scientists, material scientists, researchers, engineers, and chemicals; therefore, it also
includes undergraduate and post-graduate students interested in this exciting field
of research. Furthermore, this book will also help industrial researchers and R&D
managers who want to bring advanced nanomaterials for environmental applications
into the marketplace.

All authors are sincerely appreciated for their valuable contribution as well as
reviewers of proposals and chapter manuscripts. Our thanks to Dr. Zachary Evenson,
The Associate Editor at Springer Nature, for suggestions and guidance during every
various stage of the book preparation and production. Our thanks to the University of
Johannesburg, Department of Chemical Science, the University of Vaal, the Depart-
ment of Chemical Engineering, the Council for Scientific and Industrial Research
(CSiR), the Department of Science and Innovation is highly appreciated.

Johannesburg, South Africa Dr. Onoyivwe Monday Ama
Johannesburg/Pretoria, South Africa Prof. Suprakas Sinha Ray
Vanderbijlpark, South Africa Prof. Peter Ogbemudia Osifo
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Chapter 1 ®)
Electrochemical Synthesis oo
of Nanomaterials

D. M. Jeroh

Abstract This chapter discusses the process involved in synthesizing nanomate-
rials using electrochemical reactions. Nanomaterials and the various classes are
introduced. Electrochemical synthesis is reported, some factors which influence the
properties exhibited by nanomaterials are also discussed briefly. These factors which
influence the properties of nanomaterials are current density, electrolyte temperature,
pH of electrolyte, nature of substrate and voltage.

Highlights
This chapter addresses the following topics:

e Nanomaterials and the different categories
e Nanomaterials synthesis with emphasis on electrodeposition
e Parameters influencing electrodeposition.

1.1 Introduction

Nanomaterial’s research is a vast and very significant field of study in the advance-
ment of science and technology due to their abundant and essential applications in
vast research fields including Physics, Chemistry, Material Science, Medicine, Engi-
neering, etc. Nanomaterials are gaining attention and importance as a result of their
many distinct properties which contradicts those of the traditional bulk counterparts
[1]. Nanomaterials have at least a dimension in the nanometer scale range. This range
is defined as 10 m.

To effectively understand the properties exhibited by nanomaterials, it is crucial
to grow them using either physical or chemical means. A number of physical
methods require very expensive equipment’s to work with, hence the need to consider
methods that will be less expensive and capable of bulk assembly of nanomate-
rials with good quality. Electrochemical preparation technique is among the possible

D. M. Jeroh (<)
Department of Physics and Industrial Physics, Nnamdi Azikiwe University, Anambra State Awka,
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2 D. M. Jeroh

options for nanomaterials fabrication with the advantage of having the possibility to
deposit a large variety of materials in varying forms from different solutions and the
opportunity to obtain nanomaterials in bulky amounts [2].

The major goal of this chapter is to report how nanomaterials are synthesized from
electrochemical processes and also highlight and discuss the important parameters
upon which nanomaterials synthesis from electrochemical reactions are relied upon.

1.2 Nanomaterials

Nanomaterials are considered the major building blocks of nanoscience and
nanotechnology. Nanomaterials can be obtained from various dimensions: zero, one,
two and three dimensions [3]. Nanomaterials garner interest because, at this scale,
some distinctive magnetic, optical, electrical and other characteristics materialize and
these evolving characteristics have the capability for immense impacts in medicine,
electronics and other disciplines [4]. More recently, nanomaterials are considered
more suitable as a result of their fascinating physicochemical properties, which are
different from those displayed by their bulk equivalent [5].

Nano-sized materials are currently used in many industries. For example, carbon-
black particles are exploited for manufacturing rubber tyres which render the rubber
tyres wear resistant. Other examples include using nanofibers for insulation and
reinforcement of composites, using iron oxides in fabricating the magnetic mate-
rial employed in the manufacture of videotapes and disk drives (DDs). Some prod-
ucts currently relying on nanotechnology are: magnetic recording tapes; computer
hard drives; bumpers on cars; solid-state compasses; automobile catalytic converters;
metal-cutting tools; dental bonding agents; longer-lasting tennis ball; burn and wound
dressing; ink; etc. [6]. Some examples of nanomaterials include quantum dots, carbon
nanotubes, graphene and fullerenes.

1.2.1 Quantum Dots

A quantum dot (QD) is an extremely small semiconductor structure whose diameter
is within the nanoscale range, say between 2 and 20 nm. However, their dimensions
rely mainly on their preparative materials [7]. According to Pokropivny et al. [8],
QDs are crystals that emit a single wavelength of light during electrons excitation.
QDs could also be seen as a class of semiconductors which are composed of periodic
groups of II-VI, III-V, or IV-VI materials (such as ZnO, CdSe, CdS, PbSe, InP) with
size spanning between 1.5 and 20 nm (10-50 atoms) in diameter [9]. Quantum dots
conform to quantum mechanical principle (quantum confinement) and they exhibit
band gap that ascertains the necessary wavelength pertaining to the absorption and
emission spectra [10]. It is believed that in the future QDs could serve as quantum
bits and may possibly constitute the foundation of quantum computers [8].
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1.2.2 Carbon Nanotubes

Carbon nanotubes are materials possessing a tube-like shape with diameters in the
nanoscale range. CNTs are synonymous with cylinders made of sheets of graphites,
having enclosures at both ends, with carbon atoms on the top of the hexagon [11].
CNTs are also known as “bulkytubes” and are depicted by a cylindrical nanostructure
in the appearance of a tube [12]. CNTs exist as a single wall or multi-wall carbon
nanotubes.

1.2.3 Graphenes and Fullerenes

Graphene consists of one atom thick planar sheet of carbon atoms closely spaced in
a honeycomb crystal lattice which is the fundamental structural assembling block of
CNTs and fullerenes [12].

Fullerenes are composed of allotropes of carbon wholly consisting of carbon and
exist as hollow spheres (or buckyballs), ellipsoid (bucky tubes or carbon nanotubes)
[13]. Fullerenes have 60 carbon atoms (Cg).

1.3 Nanomaterials Synthesis

Nanomaterials can be synthesized by “top-down” and “bottom-up” techniques.

The “top-down” technique involves getting the nanomaterials by disintegrating the
bulk material bit by bit till the desired dimension is achieved. Figure 1.1 demonstrates
the “top-down” approach.

Grinding and lithography are types of the “top-down” approach. Lithography
involves depositing a computer-generated pattern on a substrate’s surface. However,
this technique is associated with some disadvantages such as the introduction of crys-
tallographic defects to the generated patterns. Another disadvantage is the elevated
cost of equipment and the inability to obtain a single nanostructure through this
method. Moreover, despite the defects, the “top-down” approach plays a prin-
cipal role in synthesizing and engineering nanomaterials in that the present state of
nanoscience can be viewed as an amalgamation of bottom-up chemistry and top-down
engineering techniques [14].

The “bottom-up” approach involves preparing bulk materials by assembling of a
structure atom by atom till the desired thickness of the bulk structure is achieved.
Bottom-up approaches include self-assembly, precipitation from chemical solutions
and aerosol techniques. Figure 1.2 demonstrates the “bottom-up” approach.
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Fig. 1.1 Demonstration of
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1.3.1 Electrochemical Synthesis

1.3.1.1 Electrodeposition Technique

Electrochemical deposition involves any type of electrochemical reactions which
results in the deposition of a material [15]. According to [16], electrochemical depo-
sition is defined as the production of a coating on a surface from an aqueous solution
composed of several substances. Electrochemical deposition usually occurs inside
an electrochemical cell. In this type of deposition technology, the film deposit can
be formed on a substrate by allowing current to pass through an electrochemical cell
with the aid of a power source connected externally. Alternatively, it can be grown
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by making a complex solution where chemical reactions take place continuously
without any power source due to the sufficiently high potential between the surface
and a solution [16].

A typical electrochemical cell comprises a reaction vessel (a beaker in most cases)
and maybe two or three electrodes. The two-electrode cell comprises a working
electrode (substrate) and a counter-electrode. The reactions can be controlled in the
two-electrode cell by the application of current between the working electrode and
the counter-electrode. In the three-electrode cell, deposition of the required film on
a substrate can be achieved either by controlling the potential or the current and the
corresponding potential or current is measured.

Figure 1.3 illustrates a simple electrochemical cell for synthesizing nanomaterials.

In electrochemical synthesis, when a potential different (PD) is applied across the
system, a direct current (DC) source supplies current which flows in one direction
through the external circuit. The DC source could be either a motor, generator or
a rectifier. Electrons are the main carriers of current in the external conductors.
Electricity is transferred in the solution through electrically charged particles (ions).
When a PD is applied, the positive ions referred to as cations move towards the
negative electrode (cathode), while the negative ions known as anions move towards
the positive electrode (anode). As this mechanism takes place, deposition of materials

DC Voltage Source

or—

- Electrolyte
L — Solution

» Reaction
Vessel

Current
Source

Fig. 1.3 Schematics of a simple electrochemical cell
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occurs on the substrate from the aqueous solution. Electrochemical deposition is an
interesting method for preparing materials in large quantities because it relies on
inexpensive equipment, enables large area deposition and offers eased control of
growth factors through applied current, PD, bath temperature and pH [17].

1.4 Parameters Influencing Electrodeposition
of Nanomaterials

Some factors have been identified to have some notable influence on electrodeposi-
tion of nanomaterials. Some of these include temperature, current density, substrate
nature, applied voltage and solution pH.

1.4.1 Temperature

Temperature is vital in influencing the end properties exhibited by nanomaterials. An
increase or decrease in the electrolyte temperature may result in significant modifica-
tion of the properties of the nanomaterials being synthesized. An increased temper-
ature of the electrolyte results in an increase in solubility, catalysis of reactions,
increase in transport number and energizing of ions leading to higher deposition
density and the rate of deposition [18]. The general trend is that increased bath
temperature reduces internal stress of the material [19]. A substantial grain size
reduction is witnessed at increased bath temperature implying that the growth rate
of the grains reduces at higher temperatures due to lower concentration of oxygen
[20].

1.4.2 Current Density

An important factor that plays a major role in influencing the characteristics of
electrodeposited nanomaterials is “current density.” There is a correlation between
the rate of deposition and current density. This can be best explained by Faraday’s
law of electrolysis. Faraday’s law states that the level to which an electrochemical
reaction takes place is proportional to the electrical charge that passes through the
electrolyte [21].

In a mathematical notation, Faraday’s law as reported by Bijoy [22] may be
expressed as:

M 1.1
7} (1.1)
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In 1.1, m represents the altered mass of the substance at the electrode, O represents
the electric charge in the system, M equals the material’s molar mass, F is Faraday’s
constant given as 96.485 Cmol~! and Z is transferred electrons per ion [22].

At low current density, the speed of nucleation centers creation is much lower
compared to crystal growth of the existing seeds, while for high current density, a
decrease of ions concentration near the deposited surface is observed, or hydrogen
evolution takes place and the obtained layers become non-continuous, spongy and
porous [2]. In the electrochemical synthesis of Ni/SiCw nanocomposite coatings,
[23] reported that electrodeposits acquired at low current density resulted in smooth
surface morphology and fine grains in comparison to electrodeposits acquired at
elevated current density. However, in the experiment conducted by Zaki et al. [24],
limitation of nucleation and growth of deposits of copper on Ni-zincates Al surface
was witnessed at low current density (0.5 mA/cm?), while improved nucleation was
recorded at elevated current density (6.0 mA/cm?).

1.4.3 Nature of Substrate

Synthesizing nanomaterials using electrochemical synthesis technique requires a
conducting substrate. Substrates commonly employed for electrodeposition are
Fluorine-doped tin oxide (FTO) and Indium-doped tin oxide (ITO) conducting
substrates. Synthesis cannot occur using a non-conducting substrate.

1.4.4 Electrolyte pH

The constituent bath (electrolyte) pH is another important parameter that affects the
growth of nanomaterials electrochemically. An electrolyte is said to be acidic having
pH value less than seven, while it is considered alkaline with a pH value greater than
seven. Increase in electrolyte pH results in increased deposition rate [25], which
obviously resulted in improved characteristics displayed by nanomaterials. Low pH
results in the evolution of hydrogen, which breaks through the layer, resulting in the
deposited material being hard and in turn result in a lot of stress to the layer [2].
Hence, in fabricating nanomaterials from electrochemical processes, a suitable pH
is essential to develop a good quality material as the final product.

1.4.5 Voltage

Applied voltage also has a significant effect on deposition of nanomaterials using
electrochemical deposition technique. The applied voltage has a linear relationship
to the current that is passed within the electrolyte. In electrochemical synthesis, a
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higher voltage implies the availability of more energy at the cathode which will
eventually result in reduction while the anode will record more energy leading to
oxidation. In the growth of zinc selenide nanofilms, an improved crystallinity of the
films at increased potential (voltage) [26] is reported.

1.5 Conclusion

Electrochemical synthesis of nanomaterials has been discussed. Some parameters
which influence nanomaterials properties obtained by electrochemical synthesis were
identified and discussed. It is emphasized that temperature, current density, voltage
and nature of substrate play vital roles in influencing the end properties of nano-
materials. To obtain good quality nanomaterials using electrochemical process, it is
pertinent to optimize all synthesizing conditions.
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Chapter 2 ®)
Electrochemical Characterization Geda
of Nanomaterials

Tladi Gideon Mofokeng, Mpho Phillip Motloung, Onoyivwe Monday Ama,
and Suprakas Sinha Ray

Abstract This chapter reports the recent advancements in the electrochemical char-
acterization of nanomaterials. Various electrochemical techniques including poten-
tiometry, electrochemical impedance spectroscopy and cyclic voltammetry, etc.
are discussed in this chapter. Nanoparticle-modified electrodes revealed superior
behaviour when applied in modification of the electrodes. Sensitivity, selectivity and
shorter response time were improved. Overall, electrochemical techniques provide
an efficient and cost-effective route for characterization of nanomaterials.

2.1 Nanostructured Materials

Nanomaterials have garnered immense interest in the past decades because of their
unique chemical and physical properties. The term nanoparticle is self-explanatory,
as it refers to a material whose at least one dimension is in a nanometre range. The
dimensions of the nanoparticles (NPs) mostly differ according to their origin and
their synthetic route. For instance, the structural dimensions of cellulose nanopar-
ticles depend entirely on the cellulose source and treatment. NPs exist in diverse
forms including spherical shapes, rod-like, platelets, cylindrical, etc. and they can be
distinguished according to their sizes, geometry and properties. The comprehensive
reviews on the nature, structure and properties of the NPs have been conducted and
reported elsewhere [1-3]. NPs are widely used in many fields of applications, such
as in medicine, cosmetics and sensors, among others. It is imperative to realize the
properties and behaviour including the toxicity of these materials before their appli-
cation. As aresult, it is essential to employ advanced techniques to gather exhaustive
information regarding the NP of interest.
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Various techniques can be employed to characterize the NPs. The microscopic
techniques including electron microscopy (EM), optical microscopy (OM), atomic
force microscopy (AFM), etc. are commonly employed for the morphological anal-
ysis, such as size, shape and structure of the NPs. Besides, the scattering techniques
including small-angle X-ray scattering (SAS) and light scattering (LS) have also
been successfully employed, most especially for structural-dimensional analysis of
the NPs. However, the analysis with the SAS techniques is based on modelling
through different form factors, unlike the microscopic techniques which are based
on direct imaging. Although these techniques provide sufficient information, there
are drawbacks that to some extent impede their application. The above-given tech-
niques are complex and are also not cost effective [4]. In addition, most of the NPs
are insulating materials; therefore, this necessitates an additional exercise of coating
the material with a conducting layer, prior testing in case of the scanning electron
microscopy (SEM) and staining in confocal and transmission electron microscopy
TEM.

Electrochemical (EC) techniques also form part of the characterizing techniques
used for the NPs and a lot of research work has been carried on the EC characterization
of different NPs. Compared to the analytical techniques; however, the EC-based
techniques are portable and easy to handle, fast, highly sensitive and cost effective
[4-6]. Hence, research interest has been diverted into these techniques. Therefore,
this chapter explores different electrochemical techniques utilized in characterization
of the NPs.

2.2 Electrochemical Techniques for Nanomaterial
Characterization

The concept of electrochemistry dates to eighteenth century [7]. Generally, elec-
trochemistry evaluates the chemical changes as a result of electron movement. A
typical electrochemical cell comprises three electrodes. A working electrode (WE),
where the electrochemical reaction of interest occurs. The potential of the WE are
unknown and it is measured against reference electrode (RE) with known potential.
An auxiliary electrode (AE) completes the external circuit as it allows the current
to flow across the cell. It is noteworthy that in the EC measurements, the potential
and current cannot be measured simultaneously; consequently, the analysis is either
carried under zero current, or at controlled current or potential. Based on this, the EC
techniques can be classified into both static and dynamic. In the static techniques, the
potential is measured at zero current. A typical static technique is a potentiometer.
The potentiometric technique is mostly employed to determine the concentrations
of ions in the solutions. This technique offers certain advantages such as high selec-
tivity and the response time is short [6, 8, 9]. Contrary, dynamic techniques involve
a controlled potential and the resulting current is measured. Different EC techniques
are summarized in Table 2.1.
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Table 2.1 Summarized EC techniques [8-10]

EC technique Controlled variable | Specific technique
Static i=o Potentiometry
Dynamic Potential Differential pulse voltammetry
Cyclic voltammetry
Galvanostatic Current Chronopotentiometry
Impedance measurement | Current Electrochemical impedance spectroscopy

2.3 Static Techniques

2.3.1 Potentiometry

Potentiometric techniques mostly are applied in quantitative analysis of ions in
solutions thanks to their unique properties, which include shorter response time,
high selectivity and low detection limits [8]. The potentiometric techniques were
employed in wide range of applications including determination of food additives in
various food products [11], determination of organic carbon content of soil [12] and in
pharmaceutical determination of drugs in biological fluids [13]. The potentiometric
cell has a WE that responds to the analyte’s activity and a reference electrode with
a known or a fixed potential. The WE of the potentiometric cell can be modified to
enhance the selectivity and response time. Ion-selective electrodes (ISEs) electrodes
have gained enormous interest since they possess interesting properties over tradi-
tional electrodes such as reproducibility, accuracy and high selectivity. Additionally,
ISEs require no treatment prior application. Further developments have led to a fabri-
cation of ISEs and ISEs-screen-printed electrodes (SPEs) based on the nanoparticles,
with the aim of enhancing sensitivity, selectivity, response time and reproducibility
of these electrodes [14-16].

Several studies on development of nanoparticle-modified electrodes have been
reported [17-20]. In these studies, nanoparticles were effective in enhancing the
selectivity, reducing the response time and improving the stability of the electrodes.
Akl et al. [17] developed SPE-modified with triazole surfactant assembled on silver
(Ag) nanoparticles (SNPs-MSPE) for potentiometric determination of uranium ions
in spike water. The Ag-based SPE showed enhanced properties such as short response
time, which was about 3 s for nanoparticle-modified SPE compared to the SPE
containing no Ag particles, which showed a response time of about 8 s. Moreover,
the Ag-based SPE revealed high selectivity for UO, (2+) ions, low detection limits
and it was stable. Similar behaviour was also reported by Frag et al. [ 18] who modified
carbon paste electrode with CuNiO nanoparticles for potentiometric determination
of Cu?* in spiked water. Novotny et al. [20] used silver amalgam electrode (AgAE)
for potentiometric determination of silver in silver colloidal nanoparticle solution.
In terms of sensitivity, modified AgAE was much more effective than normal AgE.
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The behaviour and performance of the NPs depend on a number of factors such as
surface area and size. As a result, it is crucial to consider such parameters when
designing the WE-electrodes modified with nanoparticles. Moreover, looking at
things from a commercialization perspective, it is essential to consider the cost-
effective strategies for synthesizing these NPs. This will result in cheaper elec-
trodes, with enhanced properties including high selectivity and stability. Therefore,
the studies summarized above revealed the improved electrochemical performance
after the inclusion of nanoparticles on the WE electrode.

2.4 Dynamic Techniques

2.4.1 Electrochemical Impedance Spectroscopy (EIS)

The electrochemical impedance spectroscopy (EIS) technique is mostly used to study
the interfacial properties between the electrode and electrolyte. With this technique,
the intrinsic property that affects the conductivity of the nanoparticle solution inter-
face can be determined. EIS technique has advantages, which make them favourable
over other dynamic EC techniques. They include ease of signal quantification and the
ability to separate the surface binding events from the solution impedance, among
others. The EIS electrolytic cell comprises three electrodes; WE, reference electrode
and the counter electrode which is based on platinum or graphite. The electrochem-
ical reaction on the WE are induced by applying the alternating current (AC) at
varying frequency and the impedance is measured [8, 21-23]. The analysis of the
EIS measurements is mostly based on Nyquist plots and Bode plots. The Nyquist
plotis a plot of real impedance against imaginary impedance at different frequencies,
while the latter is a plot of absolute impedance against the frequency. The Nyquist
plots are characterized by semicircle arcs with varying diameters. The diameters of
these arcs are associated with the resistance to the transfer of the electron. The more
depressed semicircles suggest high conductivity, while a less depressed semicircle
indicates a high resistance to the electron transfer. EIS is used for various purposes
such as performance evaluation of modified working electrodes, biosensing, coatings,
semiconducting electrodes, batteries, fuel cells, etc.

Numerous researchers [24, 25] developed nanoparticle-based immobilized anti-
body electrodes for biosensing applications. In these studies, EIS was employed to
determine the electrochemical properties of nanoparticle-modified electrodes and
sensing performance. Rezaei et al. [24] and Chen et al. [25] prepared gold (Au)-
based electrodes as a platform for immobilization of somatotropin and lysozyme
proteins, respectively. The modification of electrodes with Au nanoparticles greatly
enhanced the sensitivity of the protein-immobilized Au electrodes than bare Au
electrodes. The Nyquist plots obtained from the EIS characterization of bare Au
electrode, 1, 6-hexanedithiol HDT-modified gold Au electrode, Au nanoparticles
(AuNPs) colloid/HDT-modified Au electrode and the human Growth Hormone
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(hGH) antibody immobilized (AuNPs) colloid/HDT-modified Au electrode are
shown in Fig. 2.1. It is apparent that (AuNPs) colloid/HDT-modified Au electrode
was conductive as observed from a drastic decrease of the semicircle compared to
HDT-modified Au electrode, which showed large semicircle. On the other hand, an
increased arc of hGH-immobilized electrode indicates high electron transfer resis-
tance due to insulating layer of protein on the Au nanoparticles surface. This observa-
tion on hGH-immobilized electrode insinuates a successful immobilization of (hGH)
antibody on the (AuNPs) colloid/HDT-modified Au electrode [24].

Casero et al. [26] characterized graphene oxide (GO) and both electrochemically
(EGR) and photolytically reduced graphene oxide (PGR) with EIS. The authors
showed that EIS can also be utilized as a complementary technique to other analyt-
ical techniques such as XPS, XRD, Raman, etc. in the analysis of graphene-based
nanoparticles. In their case, GO, EGR and PGR were coated onto glass carbon elec-
trode (GCE). The Bodes plot for GO/GCE was different from both EGR/GCE and
PGR/GCE plots. The GO/GCE was characterized by two times constant at high and
low frequencies, while the GR-based electrodes showed only one time constant asso-
ciated with the kinetic process. The Nyquist plots were also different for the three
electrodes studied. The results obtained from this analysis can indicate the state of
graphene, whether it oxidized or reduced. EIS has also been applied in the charac-
terization of many other nanoparticles. These nanoparticles are magnetic nanopar-
ticles [27], single Au nanorods [28], ZnO [29], NiO [30] and TiO, [31]. Moreover,
other researchers employed EIS to investigate the capacitance behaviour of polymer-
based nanocomposites used in supercapacitors. In this regard, the EIS is used as a
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Fig. 2.1 Nyquist plots of (a) bare gold electrode, (b) HDT-modified electrode, (c) HDT/AU-colloid
modified electrode, (d) hGH antibody immobilized electrode. “Reprinted from publication title,
vol/edition number, author(s), title of article/title of chapter, pages no., copyright (year), with permis-
sion from Elsevier [OR APPLICABLE SOCIETY COPYRIGHT OWNER].” Also, Lancet special
credit—"Reprinted from The Lancet, vol. number, author(s), title of article, pages no., copyright
(year), with permission from Elsevier”
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complementary technique to galvanostats (discussed in the next section). Conducting
polymers are commonly used in supercapacitors due to their excellent electrical
conductivity and high electrochemical activity. However, conducting polymers have
poor stability and capacity. Recently, a lot of research work has been conducted
on graphene-based nanocomposites to enhance their performance in supercapacitors
[32-36]. These studies were based on polypyrrole (PPy) [32, 33] and polyaniline
(PANI) [34-36]. In these studies, the incorporation of graphene in both PANI and
PPy significantly enhanced their capacitive performance.

Chang et al. [32] reported enhanced electronic properties of PPy-modified gold
electrode in the presence of RGO nanocomposites. In particular, the electron charge
transfer resistance was low in PPy/RGO-based electrodes compared to PPy-based
electrodes and PPy/GO-based electrodes. The Nyquist plots of PPy, PPy/GO and
PPy/RGO are depicted in Fig. 2.2. At higher frequencies, it was observed that
PPy/RGO and PPy/GO possess low charge transfer resistance compared to PPy-based
electrodes. However, at low frequency region, which indicates capacitive behaviour, it
was observed that RGO/PPy approached 90°, suggesting better capacitive behaviour.
Such observation was also reported in case of PANI-containing graphene-based
nanoparticles [34, 36].
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Fig. 2.2 Nyquist plots of (a) PPy/RGO, (b) PPy/GO, (c) PPy-modified gold electrode. “Reprinted
from publication title, vol/edition number, author(s), title of article/title of chapter, pages no.,
copyright (year), with permission from Elsevier [OR APPLICABLE SOCIETY COPYRIGHT
OWNER].” Also, Lancet special credit—"Reprinted from The Lancet, vol. number, author(s), title
of article, pages no., copyright (year), with permission from Elsevier”
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2.4.2 Galvanostatic Techniques

Similar to other EC dynamic techniques, galvanostatic techniques comprise three
electrodes. In this technique, the current is applied between the working electrode and
counter electrode and the resulting potential is measured across the reference elec-
trode. A common current-controlled technique is chronopotentiometry (CP), which
measures current as a function of time. The advantage of current-controlled technique
is the constant ohmic drop due to solution resistance. Nevertheless, large double layer
charging effect during experiment is a challenge in these techniques. Galvanostatic
techniques have been used to characterize the nanomaterials. Numerous studies [37,
38]. have been done on electrodeposition using galvanostatic technique to produce
powders with various properties. In galvanostatic electrodeposition, parameters such
as current density and pH can be monitored to yield nanoparticles with different
morphologies. For instance, Maksimovic et al. [39] obtained copper (Cu) particles
with different structures depending on the current density. Similar observation was
also noticed in case of nanocrystalline Al-Mg alloy powders [40]. Galvanostatic elec-
trodeposition of nanomaterials onto screen-printed carbon electrode (SPCE) has been
performed. P-Ferndndez et al. modified the screen-printed electrodes by galvanostatic
electrodeposition of Cu nanospheres [41] and nickel nanoflowers [42].

The capacitive behaviour of nanoparticle-modified electrodes has also been
carried with galvanostatic techniques in conjunction with the EIS technique. The
electrochemical capacitance of the materials can be determined by galvanostatic
charge/discharge method under controlled current. The capacitance performance of
NiO nanoparticles-based has been investigated and reported. Wang et al. [43] demon-
strated the effect of particle size on the capacitive behaviour of NiO nanoparticles.
The authors observed that NiO with smaller size had longer charging time, suggesting
higher capacitance (Fig. 2.3a). Besides, the cycling performance of the electrodes
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Fig.2.3 a Charge—discharge curves. b Cycling test of NiO samples with different sizes. “Reprinted
from publication title, vol/edition number, Author(s), title of article/title of chapter, pages no.,
copyright (year), with permission from Elsevier [OR APPLICABLE SOCIETY COPYRIGHT
OWNER].” Also, Lancet special credit—Reprinted from The Lancet, vol. number, author(s), title
of article, pages no., copyright (year), with permission from Elsevier”
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as a function of particle was also examined after 3000 charge/discharge cycles and
the results are shown in Fig. 2.3b. The capacitance retention for NiO with smallest
size was 86.4% and it was the highest among the tested particles with large sizes. On
the other hand, Zhu et al. [44] fabricated NiO nanoflakes/graphene nanocomposites-
based electrodes for application in pseudo capacitors. The nanocomposite-modified
electrode exhibited superior specific capacitance of 240 Fg~' at5 A g~! and 220 F g~!
at 10 A g~!, compared to NiO nanoflakes-based electrode, which had capacitance of
100F g~! at5 A g~!. Further, the cycling stability of 100-200% retention was noticed
in the nanocomposite after 1500 cycles. The electrochemical capacitance of various
polymer nanocomposite-based electrodes for supercapacitors were investigated. Li
et al. [36] examined the electrochemical properties of PANI/graphene nanosheets
electrodes for application in supercapacitors. As expected, PANI/graphene showed
highest capacitance compared to neat PANI and graphene electrodes.

2.4.3 Cyclic Voltammetry

Cyclic voltammetry (CV) is a type of technique that is used for measuring the electro-
chemical properties of materials. In this technique, the working electrode potential is
scanned linearly as a function of time resulting in production of current. The produced
current is monitored and a cyclic voltammogram curve occurs when current is plotted
as a function of potential as shown in Fig. 2.4a. The cyclic voltammogram curve in
Fig. 2.4a is divided into two regions, namely, the anodic and cathodic regions. The
anodic and cathodic regions are represented by the positive and negative currents,
respectively depending on the direction of the scanning potential. In Fig. 2.4a the
potential is catholically scanned between point [ and IV at a fixed rate. The cathodic
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Fig. 2.4 a Voltammogram of the reversible reduction of Fc* solution to Fc. b Applied potential as
a function of time for CV experiment
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scan of potential results in diminishing of the Fc* concentration near the electrode
as it is reduced to Fc. The scan is reversed when the potential reaches point IV and
the potential is anodically scanned back to point I slowly oxidizing the product Fc
back to Fc*. Another information that can be deduced from cyclic voltammogram
curves is the electrochemical potential window. Electrochemical potential window
of a material is the voltage range along which the material is neither reduced nor
oxidized. This electrochemical potential window provides the maximum operating
potential range for the cell if appreciable electrolyte degradation is to be avoided
[45]. Over the years, a lot of researchers have used CV in their studies for charac-
terization of nanoparticles and polymer nanocomposites [46—48]. Janjan et al. [46]
used leaf extracts of guava to develop an eco-friendly and cost-effective method for
synthesizing zinc oxide nanoparticles. The cyclic voltammogram obtained by scan-
ning along with the potential range +1.0 to —1.0 V at scan rate 0.1 v/s showed that
after addition of guava leaf extract, the cathodic peak shifted to 0.82 V indicating
reduction of Zn?* ions. However, an anodic peak occurred at —0.39 V after addition
of 1 M NaOH showing reoxidation of the formed Zn. Cea et al. [47] used CV to
investigate the blocking effect on a gold electrode, a gold electrode covered tightly
by self-assembled monolayers and a gold nanoparticle/organic monolayer/gold sand-
wich structure. Their experiment was made of a gold electrode placed in an elec-
trochemical cell containing 1 mM and 0.1 M of [Ru(NH3)¢]Cl; and KCl, respec-
tively. The reference electrode was made of Ag/AgCl, KCl (3 M), whereas a Pt
sheet was used as a counter electrode. The cyclic voltammograms of a gold elec-
trode and a gold nanoparticle/organic monolayer/gold sandwich structure showed
the presence of Faradaic current, whereas a Faradaic current was reduced signifi-
cantly in the gold electrode covered by self-assembled monolayers. This suggests
that the transfer of electrons between the surface of the electrode and redox probe
was blocked effectively. However, low incubation periods (lower than 3 h) used for
the preparation of gold electrodes covered by self-assembled monolayers result in
no prevention of Faradaic current suggesting poor coverage of the gold substrate.
Recently, CV was also used for characterization of polymer composites containing
polyvinyldene fluoride (PVDF) and nanofillers such as reduced graphene oxide
[48] and a mixture of barium titanate (BaTiO3) and zinc oxide (ZnO) [49]. The
cyclic voltammogram curves of Pazhamalai et al. [48] was rectangular shaped and
their current increased with increasing scan rates from 1 to 10 V/s suggesting that
charge was stored in the PVDF/reduced graphene oxide symmetric supercapac-
itor. Tabhane et al. [49] prepared PVDF/BaTiO3/ZnO nanocomposites by solution
casting method using ZnO nanoparticles (PVDF/BaTiO3/ZnOy), spin coating method
using ZnO nanoparticles (PVDF/BaTiO3/ZnO,) and flower shaped ZnO parti-
cles (PVDF/BaTiO3/ZnOy). The cyclic voltammogram of the PVDF/BaTiO3/ZnO¢
nanocomposite attained electrochemical potential window value of 1.7 V, whereas
PVDF/BaTiO3/Zn0O, and PVDF/BaTiO3/ZnO, nanocomposites attained the electro-
chemical potential windows of 1.6 and 1 V, respectively. The higher electrochemical
potential window of the PVDF/BaTiO3/ZnO¢ nanocomposite suggests better capac-
itive behaviour than both PVDF/BaTiO3/Zn0O,, and PVDF/BaTiO3/ZnO, nanocom-
posites. In the previous studies [50, 51], it was found that addition of mechanically
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activated BaTiO3; nanoparticles into PVDF and PVDF/PMMA blend had a profound
effect of inducing the ferroelectric B-phase of PVDF. The g-phase gives PVDF its
piezoelectric properties. Therefore, the work of Tabhane et al. [49] can be extended
by investigating the influence of BaTiO3; nanoparticle sizes on the properties (i.e. in
particular electrochemical properties using (CV) of PVDF/BaTiO3/ZnO. Different
sizes of BaTiOs can be achieved through ball milling at different activation times.

2.4.4 Differential Pulse Voltammetry

Differential pulse voltammetry (DPV) is a technique often used for making elec-
trochemical measurements. It is a derivative of staircase or linear sweep voltam-
metry with a series of regular voltage pulses superimposed on the stairsteps or
potential linear sweep. The pulses of increasing amplitude are used for varying
the potential and the current is sampled immediately before each potential varia-
tion. The current difference is plotted as a function of potential variations. Heydari-
Bafrooei et al. [52] developed an electrochemical aptasensor using a nanocom-
posite composed of titanium dioxide (TiO,) nanoparticles, chitosan (CHIT), multi-
walled carbon nanotubes (MWCNT) and a novel synthesized Schiff base (SB)
(TiO,/MWCNT/CHIT/SB) on the surface of a glassy carbon electrode (GCE) for
detecting thrombin. The DPV curves showed that a bare GCE had high peak
current than the TiO, and TiO,/MWCNT/CHIT/SB) covered electrodes, whereas the
TiO2/MWCNT covered electrode had the highest peak current. The TiO, covered
GCE had low peak current due to the relatively low electron transfer aptitude of
TiO;. The higher peak current of the TiO,/MWCNT covered electrode suggested
that MWCNT would enhance electron transfer characteristics of the electrode thus
increasing the current response. However, TiO,/MWCNT/CHIT/SB) covered elec-
trodes showed the lowest peak current and this was linked to the presence of a low
conducting CHIT/SB in the composite which ultimately reduced the electron trans-
ferability of the electrode. Furthermore, the authors explained that electrochemical
properties of the TiO,/MWCNT/CHIT/SB nanocomposite are greater than those of
TiO,/CHIT/SB nanomodified and that needs further exploration because the results
of the TiO,/CHIT/SB covered electrodes were not shown in the manuscript. In addi-
tion, a question that can be asked regarding the TiO,/MWCNT/CHIT/SB nanocom-
posite is “which compound between TiO,, and CHIT/SB is dominant at reducing
electron transfer characteristics on the electrode?” Although a novel electrochem-
ical aptasensor was developed with a TiO,/MWCNT/CHIT/SB nanocomposite but
scaling up this process for mass production will be challenging because the produc-
tion of the TiO,/MWCNT/CHIT/SB nanocomposite was done using 3 h of sonication.
Therefore, one can build from this study by investigating whether lower sonication
times have an influence on electronic properties. It is likely that there exists a crit-
ical sonication time less than 3 h for optimum morphological and electrochemical
properties. Vinay et al. [53] used DPV to investigate the ability of OH functional-
ized MWCNT (OH/MWCNT) modified electrode to function as an electrochemical
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sensor for detecting aceclofenac. The concentration of OH/MWCNT on the carbon
paste electrode (CPE) ranged between 1 and 190 pM. The DPV curves showed
peak current increased with increases in concentrations and the limit of detection for
aceclofenac was 0.246 WM, a value high than in other reported studies. Recently,
Zhang et al. [54] used differential pulse anodic stripping voltammetry (DPASV) for
simultaneous detection of Cd** and Pb** ions. The DPASV curves showed two sepa-
rated and well-defined peaks at potential of —0.56 and —0.81 V corresponding to
lead and cadmium ions, respectively. The results proved that the bismuth oxycarbide
modified glassy carbon electrode sensor can simultaneously detect two target metal
ions. The limit of detection for Cd** and Pb** ions were obtained to be 4.30 and
3.97 ng/L, respectively. The research was also done on real water samples where
no Cd** and Pb”* ions were detected. High concentrations of cadmium and lead are
the pollutants of water and cause diseases such as kidney poisoning and abdominal
cramps in humans. The recommended concentration of lead and cadmium ions in
drinking water must not be greater than 10 and 5 pg/L, respectively [54].

2.5 Conclusion and Future Perspective

In the present chapter, electrochemical characterization techniques for nanomaterials
(i.e. potentiometry, electrochemical impedance spectroscopy, galvanostatic tech-
niques, cyclic voltammetry and differential pulse voltammetry have been discussed.
These techniques supply valuable information about the chemical and physical prop-
erties of nanomaterials. It was discernible from the reported studies that the perfor-
mance of variety of electrochemical techniques can be enhanced by the modification
of the working electrodes with the nanoparticles. Inclusion of nanoparticles leads
to improved sensitivity, selectivity and shorter response time. Besides, nanoparticle-
modified electrodes can be effective in designing batteries and many other applica-
tions. However, the process of modifying the electrodes should be well optimized, as
shown from the studies that factors such as particle size can have significant influence
on the overall performance. Although remarkable advances have been done on elec-
trochemical characterization of nanomaterials, more work still needs to be done for
polymer nanocomposites. To be precise, it is known in the polymer nanocomposite
field that different sizes, shapes and localization of the same nanofillers influence the
mechanical and rheological properties of polymer nanocomposite differently. There-
fore, the influence of different sizes, shapes and localization of the same nanofillers in
polymer, nanocomposite should be widely explored. Achieving that would enable us
to understand the mechanism responsible for different electrochemical behaviour of
polymer nanocomposites to further optimize the design of polymer nanocomposites
with targeted properties.
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Abstract Heavy metals effluence poses a severe threat to environmental systems
and a huge challenge for global sustainability. To monitor and detect heavy metals
pollution in the environment, a portable point of care sensing platform is required.
The detection of heavy metals ion using electrochemical sensors is considered a
unique and perfect class of sensor technology. This chapter focuses on the use of
voltammetry techniques for the detection of heavy metals ions using nanomaterials
like carbon nanomaterials, polymers, metal oxides nanomaterials and metals nano-
materials. The voltammetry techniques were found to be effective in heavy metal
ions detection owing to the ease of fabrication, chemical stability of sensors, low
cost, selectivity, and sensitivity of nanomaterials electrochemical sensors. From the
observed limits of detection for various metal ions detection from previous research,
most electrochemical sensors made from nanomaterials showed selectivity and sensi-
tivity towards heavy metals ions and were below the allowed level for each metal’s
ions by the World Health Organization.
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3.1 Introduction

Heavy metals (HMs) contamination of the environment in recent years has gained
much attention due to the significant impact on public health [1]. According to
their toxicity, metals and metalloid ions are separated into three groups. The first
group comprises of metals (metalloids) that are toxic at very low concentrations,
like lead (Pb), cadmium (Cd), and mercury (Hg). The second group of metals like
arsenic, bismuth, indium, antimony, and thallium are only toxic in higher concentra-
tions. The third group comprises of metals (metalloids) like copper (Cu), zinc (Zn),
cobalt (Co), selenium (Se), and iron (Fe), which are essential for different chemical
and biochemical processes in the body and are toxic only above a certain concentra-
tion. The concentration gap of these HMs is between toxic and maximum permissible
limits [2].

Exposure to an abnormal concentration of HMs leads to adverse health effects.
Exposure can result from industrial processes like smelting, disposing of factory
waste, as well as diet, medication, those for battery outputs, mining activities, electro-
plating, fossil combustibles, pesticides and paper, tanneries, manure, diverse plastics,
and metallurgies [3, 4].

The contamination of groundwater, rivers, and streams, with chemical pollutants,
has become one of the utmost serious environmental problems of the century, with
human activities increasing the concentration of HMs in the environment. Due to
occupational exposure, 35 metals are of concern to us, but 23 of these are HMs|[5, 6].
In freshwater, the natural concentration of metals depends on the concentration of
the metal in the soil and the underlying geological structures, water acidity, human
content, and concentration of particulate matter [7].

Water contamination monitoring is essential for environment preservation and
inhibition of the adverse effects that it can have on human health [2]. Similarly,
to assess the state of metallic contaminations in air, the examination of atmo-
spheric deposition samples is useful in conducting environmental monitoring of HM
concentrations in soil solution and plant leaves [8].
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To decrease the pollution of the environment and mitigate the subsequent degrada-
tion of water and soil resources, it is essential to precisely determine the concentration
of HMs. Various analytical methods have been recognized to detect heavy metals
ions (HMI) [9], this includes atomic absorption spectrometry (AAS) [10], induc-
tively coupled plasma mass spectrometry (ICP-MS) and inductively coupled plasma
optical emission spectroscopy (ICP-OES) [11]. These methods are highly sensitive
and selective, relatively expensive instruments are needed, involves the application
of complex operational procedures, and have long detection times [9].

Remarkably, the electrochemical study of HMs is an alternative to conventional
techniques and offers both attractive properties and a high degree of sensitivity.
Owing to their compact, simple, and portable instrumentation, electrode miniatur-
ization and easy electrode modification, electrochemistry offers exceptional applica-
tion possibilities in the field of HMs study [11]. The most important electrochemical
method can make a trace analysis of HMI correctly by electrochemically depositing
the heavy metals to the surface of the working electrode (WE). This outstanding
sensitivity is ascribed to the combination of the effective preconcentration step and
the following measurement procedures [4].

However, the unique electrochemical technique that has high sensitivity and
that can be applied for the identification and detection of HMs contamination is
voltammetry. Over the years, substantial developments have occurred in electro-
chemical methods, including the change of various types of solid electrodes, which
are presently applied to analyse different types of samples. Recently, inorganic mate-
rials have attracted significant attention owing to their low cost, compatibility, and
strong adsorption to HMs. Specifically, in the electrochemical detection of HMs,
nanomaterial-based metals, metal oxides, carbonaceous metals, and their composites
are the most frequently used materials [9].

In these methods, the surface of the electrode is a powerful tool used for the
quantification of an analyte. By controlling the potential, the electrode is used as an
adjustable free energy source (sink) of electrons and electron crossing the electron
solution interface is determined with great sensitivity by current measurement [12].
For the detection of trace amounts of HMs using the electrochemical method, the
WE surface is required to be modified with active electrocatalyst (receptors), which
are supposed to have a high collection capacity of target metal ions. This surface
change is particularly important for the reduced devices due to the small amount of
analyte (typically less than 100 L) to be used for the analysis. Following this line
of reasoning, to modify the working electrode for the electrochemical detection of
HMs, an extensive variety of organic and inorganic materials have been used [13].

The performance of voltammetric HMs determination is strongly influenced by
the WE properties. The modification of WEs with different materials allows for
specific recognition and concentration of metals ions. Non-organic WEs are made of
carbonaceous nanomaterials, metal oxides, metal nanoparticles, and their nanocom-
posites. Nanomaterials have attracted huge consideration as appropriate materials
for the modification of the surface of the electrodes through dropping and deposition

[9].
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The electrode materials synthesis and design is a vital step in the process of HMI
detection using the electrochemical analysis technique. Among the electrode mate-
rials, metal nanoparticle-modified electrodes are known to improve electrochemical
sensitivity due to many active sites, fast transfer speed and their large specific surface
area [14]. Modification of surface general result in the transfer of physicochemical
properties of the modifier to the electron, improve the electrocatalytic activity owing
to the use of materials with a large surface area which permits for a better sensitivity,
selectivity towards the analyte owing to immobilized functional groups and dopants,
fast diffusion kinetics for some materials, and the extraction and accumulation of an
analyte at the electrode surface [12].

For trace metals analysis, the traditional electrodes used are the dropping mercury
(DME), hanging mercury drop electrode (HMDE) and the mercury film electrode
(MFE). These types of base electrodes (mercury-based electrodes) have been used
extensively because of their reproducible electrode surface, decent negative potential
gap, ability to dissolve the deposited metals and outstanding performance with strip-
ping voltammetry. But, owing to the toxicity and disposal cost of mercury, these elec-
trodes are no longer the excellent choice for sustainable application and alternative
electrodes have been studied severely [3].

In the preconcentration of metal ions, numerous materials have been studied. This
makes electrochemistry exceptional and emphasized in the world of analytical chem-
istry. In the development and arrival of nanomaterials, metal oxides like silver (Ag) or
gold (Au) were extensively used owing to their increased surface areas and sites for
metals ions to be deposited [15]. The modification of electrodes for electrochemical
detection of trace metal ions, nanostructured materials are very attractive, because
of their unique electronic, chemical, thermal, and mechanical properties in contrast
with conventional materials [16].

Also, as a result of conducting and non-conducting polymers capabilities in
supporting metal ions, polymers are used in electrode surface modification, the
mixture of various materials has also proved to be effective in the deposition of
metals ions [15].

A good candidate for the functionalization of the surface of the electrode is carbon
nanotubes (CNTs) and graphene, which show a low detection limit and a wider
linear range towards the target analyte. Utmost attention has been given to CNTs
by scientists due to their fast electron transfer rate, excellent electrical and thermal
conductivity, special texture, and the physicochemical characteristics [4, 17].

The potential of these materials is undisputable in sensing applications, as the
novel carbon-derived nanomaterials have properties that are profound in their bulk
materials, resulting in their ability to operate with not only a higher selectivity and
sensitivity in harsh environments but also over greater temperature and dynamic
ranges [18]. Advances in fabricating highly monodisperse samples of CNTs and
graphene (Gr) have increase interest in using them for HMs sensing applications
[19, 20].

In the detection of trace HMs, bismuth (Bi) is also used in the modification of
electrodes due to its high sensitivity and inexpensiveness. When compared to Hg
electrodes, it is harmless to use owing to its non-toxicity and having a broader range
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of potential. Apart from this, it can fuse HMs and these properties allow electrodes
modified with Bi to identify a variety of electroactive species instantaneously in
a chosen sample [21]. Hence, in meeting the increased demand for high output
analysis in the field of environmental detection of HMs, detection of HMs through
electrochemical methods in the long-term is the best way to meet the national and
international legislative measures employed to reduce the anthropogenic pressure
on the environment forms the fundamentals of this chapter. Also discussed in this
chapter are the various voltammetry method, types of substrate electrodes used, and
nanomaterials modified electrodes used for HMI detection.

3.2 Voltammetry Used for Heavy Metals Detection

The term voltammetry was derived from voltamperometry. The voltammetry method
was invented from the polarography by the Czech chemist Jaroslav Heyrovsky in
1922, for which he received a Noble prize in chemistry in 1959. A special type
of voltammetry technique is polarography, which describes the obtained current—
voltage measurement using the dropping mercury electrode with a constant mercury
drop flow. It was meant to show that the graphic electrode polarization was recorded
as current—potential curves, with the flow of current meaning depolarization and no
flow of current meaning polarization (the potential increases exclusive of or only
with a slight current response) [22, 23].

Voltammetry is an electrochemical technique with extreme sensitivity and can
be applied for the in-situ detection and identification of HMI contamination [9].
Voltammetry involves the perturbation of the initial zero-current state of an electro-
chemical cell by applying time-constant or time-varying potential (ramp) to promote
a change in the electroactive species concentration on the surface of an electrode
by either reduction or oxidation and measuring the resulting current [24, 25]. The
different types of voltammetry methods can provide the difference in the variety
of chemical information, physics and electrochemistry like high quantitative anal-
ysis, rate constants for chemical reaction, electrons involved in redox reactions and
diffusion constants. Current signals in voltammetry are produced by two different
currents. These are faradic currents based on Faraday’s law, which corresponds to
the flow resulting from the analyte oxidation or reduction, as its magnitude depends
on the analyte concentrations in the solution and all the kinetics steps occurring
on the electrode (electron transfer process). The other current is produced by the
electrode-solution interface “electric layer double” that create the capacitive current,
which contributes only to the background signals in the analytical measurement. The
capacitive current must be detached from the faradic current or must be very small
for trace analysis, with the latter been achieved with microelectrodes use or using
step potential methods like pulse methods [26].

Considering an electrochemical reaction on an electrode with the appropriate
application of a potential to it (3.1).
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M"" +ne” < R 3.1

The oxidation or reduction of a material at the WE surface, using a suitable poten-
tial result in the mass transport of novel material to the surface of the electrode and
current generation. For mass transport of novel materials, the three probable proce-
dures are diffusion, migration, and convection [27]. Diffusion is considered when
the reactant species move in the electrode surface direction and the molecules of the
product leave the interfacial area. The movement of charge ion in the presence of
an electric field is termed as migration, while the electroactive species movement
through thermal current, by rotating electrode or solution stirring is known as convec-
tion. Generally, the initial diffusion of the reactant from the solution to the electrode
interface is known as mass transport and the potential applied to the cell induces the
electron exchange between the electrode surface and the species in the solution [28].

The reaction rate is determined by measuring the current through the circuit as
the current is relative to the surface area of the electrode is given by (3.2).

_do
1=—> (3.2)

where [ is current applied (ampere), g is the charge = 1.602 x 107! C (coulombs)
and ¢ is the time (s) [29].

In an electrochemical system, the current (/) passing through the metal/solution
interface is used to measure the total rate of reactants conversion to products at
an electrode. To side-step possible inconsistencies owing to the interface size, the
current is typically normalized by the electrode surface area (A) and stated as current
density (j). The current density (j) and the rate of reaction (v) are expressed by (3.3)
and (3.4):

'—I 3.3
I=7 (3.3)

1 1

= = 3.4
v nFA nF 34

where 7 is the number of electrons exchanged in electrochemical reaction and F is
the Faraday constant (96,485 C/mol). The total current passing through the electro-
chemical cell can be improved by increasing the surface area and the rate of reaction
[30].

The current measures how fast species are reduced or oxidized at the surface of
the electrode and it is influenced by the redox species concentration, the electrode
size, shape and material, the solution resistance, the cell volume, and the number of
electrons transferred. In voltammetry, current change owing to redox reactions with
potential applied is described by the following laws. In the Nerst and Butler—Volmer
equation, the applied potential controls the redox species concentration at the surface
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of the electrode and the reaction rate, respectively. For a reversible redox reaction as
in (3.1), the potential applied forces the oxidized species concentration (C,) and the
reduced species concentration (C.) at the surface of the electrode. The Nerst equation
is given by,

RT
E=E"— —InQ, 3.5
zF

where E is the cell potential at the interest of temperature, E* is the standard
cell potential, T is the temperature in Kelvin, R is the Universal Gas Constant =
8.314 J/K/mol, z is the number of electrons transferred, F is the Faraday constant,
and Q; is the reaction quotient = %

O; changes with the potential applied. When the ratio is larger, M is reduced as
the potential applied is more negative and R is oxidized for more positive potential
applied as the ratio is smaller. The Butler—Volmer equation is given by (3.6), which

gives the relation between current, potential, and concentration.

i
ZFA

k(Coe™ — Cre™179%) (3.6)

where A is the area of the electrode, k is the heterogeneous rate constant, « is the
transfer coefficient and 6 = )%;E*) [29].

The voltammetry types consist of the square wave voltammetry (SWV), cyclic
voltammetry (CV), differential pulse voltammetry (DPV) and linear sweep voltam-
metry (LSV). The time waveforms created by their function application is the differ-
ence between these methods and they are all effective electroanalytical methods
after they are improved to obtain the best electrochemical response. The electro-
chemical sensing device, electrochemical detecting instrument, and electrolyte are
the three key parts of a typical analytical electrochemistry system. Specifically, the
electrode morphology and size and the method of fabrication used can also influence
the response of the voltammetric system. The electrochemical detection instrument
comprising of the WE, reference electrode (RE) and counter electrode (CE) or an
auxiliary electrode (AE) as depicted in Fig. 3.1. They can be used to detect specific
metal ions after the surfaces of the WE have been modified using different mate-
rials [9, 18]. Discussed in the sub-sections are the various electrochemical methods
used for HMI detections (voltammetry types-cyclic, linear sweep, square wave, and
differential pulse voltammetry) and their working principles.

3.2.1 Cyclic Voltammetry (CV)

The cyclic voltammetry (CV) is an influential and popular electrochemical method
generally used to investigate the reduction and oxidation procedures of molecular
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Fig. 3.1 Arrangement of a three-electrode electrochemical measurement

species [31]. This method is based on the step of preconcentration of the analytical
species on the surface of the Hg electrode and is used to monitor trace concentrations
of metals at a low cost [32].

The CV is used extensively for the redox reaction study and information on how
chemical reactions occur is acquired using this technique. The CV is a fast voltage
scan method in which the voltage scan direction is reversed. Whereas the directions of
the applied potential at the WE are in both forward and reverse, the subsequent current
is recorded. The CV can be used in the single or multi-cycles modes. The parameters
measured in the CV are the cathodic and anodic peak potentials (Ep. and Ep,), the
cathodic and anodic peak current (I, and Ip,), and the half peak potential (E,/2)
at which the anodic and cathodic current reach half of their peak value. Figure 3.2a

Aa b Current (A)
Al
o 1
z 1
3 i
£ i
1
Vl\i/ : V2 Voltage (V)
1 . Ipa__ 1
to t; t = E:,a Epe
Time (s)

Fig. 3.2 a The potential-time waveform and b a typical cyclic voltammogram for a reversible redox
process
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shows the resulting scan of potential against time, the potential of a fixed electrode
is scanned linearly, using a triangular potential waveform. The rate at which the
potential is cycled (the scan rate) and the number of cycles recorded can be varied
respectively to provide a variety of information on the electroactive species which is
mostly displayed as a voltammogram as depicted by Fig. 3.2b [23, 33].

For a reversible electrochemical reaction, the well-defined characteristics of the
CVrecorded is the voltage separation between the current peaks for n electron process
is given by (3.7):

59
AE = Ep, — Eje = —mV 3.7
n
Secondly, the positions of peak voltage do not alter as a function of the voltage
scan rate. Thirdly, the ratio of the peak currents is equal to one as given by (3.8).

I
) (3.8)

I

and finally, the peak currents are proportional to the square root of the scan rate
(I, o< v1/2) [34].

3.2.2 Differential Pulse Voltammetry (DPV)

The differential pulse voltammetry (DPV) is an electrochemical method where the
cell current is evaluated as a function of the time and the potential between the
indicator and RE [35]. The differential pulse voltammetry is carried out using a
combination of steps and sweeps that improve the detection limits and speed. It is
a technique with a regulated potential, the current is observed after the potential is
kept constant for an appropriate time of 40 ms. The charging current discernment
is carried out by observing the current right before the end of the pulse (or the final
stage in the case of the stairway), where the load current is “capacitive current” in
comparison with the faradic component is insignificant. The sensitivity of the DPV
is enhanced by deducting the monitored current values at two different times [26].

3.2.3 Square Wave Voltammetry (SWV)

In square wave voltammetry, metal ions build-up is primarily due to the adsorption
of complexes at the surface of the electrode in open circuit conditions. In the SWV
technique, metals detections involve a single step where the metal ions interact with
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the electrode active sites through adsorption, while the sensitivity in the metal ions
quantification is increased significantly by including two-stage SV techniques [33].

The SWV waveform includes a normal square wave, superimposed on the staircase
potential base. enables the effective discrimination of faradic processes from charging
currents. This is achieved by imposing two opposite square wave pulses of the same
height at each staircase potential step and measuring the resultant current at the
end of each pulse. During each square wave cycle, the current is doubled, one each
at the end of the forward pulse and reverse pulse. Taking the difference between
these currents returns a net voltammogram with improved signal-to-noise ratios.
The two-measurement difference is plotted against the base potential [23, 36].

The resulting peak current is proportional to the analyte concentration. Excep-
tional sensitivity occurs when the net current is higher than either the reverse or
forward parts. Linked with effective insight against the charging current, very low
detection limits can be achieved. The effective scan rate is given by the square wave
frequency f (Hz) and the step height AE given as fAE. The major advantage of
this technique is its speed [37].

3.2.4 Linear Sweep Voltammetry (LSV)

In the linear sweep voltammetry (LSV), the current is measured while passing
through the WE, and the potential between the WE and RE is swept linearly in
time between two pre-determined or fixed values. The linear sweep voltammogram
characteristics depend on the rate of the electron transfer reaction(s), the chemical
reactivity of the electroactive species and the potential sweep rate. In LSV measure-
ments, the response of the current is plotted as a function of voltage instead of time,
with the scan beginning from a fixed potential (V) where the current flows are negli-
gible. Overall, as the voltage is swept further to more reductive values, the current
begins to flow and goes through a maximum before dropping [30].

In the LSV, a fixed range of potential is employed, and the voltage is imaged
from a lower limit to an upper limit as depicted in Fig. 3.3. The voltage scan rate
(v) is determined from the slope of the line. The scan starts from the left-hand side
of the plot of current against voltage, where no flow of current (V). With voltage
further swept to the right, the current begins to flow and finally reaches a peak before
dropping. With the voltage sweep from V; to V;, the equilibrium position shifts from
no change at V| to full change at V', of the reactant at the surface of the electrode.
The precise voltammogram form can be improved by considering the voltage and
mass transport effects. The individual curve has the same form, but the total current
is observed to increase with an increasing scan rate. This is justified by the size of the
diffusion layer and the time taken to record the scan. As the scan rate decreases, the
linear sweep voltammogram will take longer to record. Hence, the diffusion layer
size above the surface of the electrode will be changed depending on the voltage scan
rate used. The flux to the electrode surface is significantly small at a slow scan rate
than at a fast scan rate [27].
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Fig. 3.3 Linear increase of the potential against time

3.3 Electroanalytical Techniques for Heavy Metals
Detection

3.3.1 Stripping Voltammetry Methods (SVM)

Stripping voltammetry is a multipurpose electrochemical method used for a wide
range of environmental and clinical applications owing to its numerous advantages
[3]. The first electrode that received attention for electrochemical detection of HMs
owing to their high sensitivity, high reproductivity, and a wide cathodic potential
range for heavy metals detection was the mercury-based electrode. The WE of all
voltammetric techniques apply mercury electrodes. But owing to the high toxicity
of mercury, it is imperative to replace or develop electrodes that are environmentally
friendly and exhibit similar characteristics for stripping voltammetric determination
[38, 39].

The various stripping voltammetry methods are the most sensitive electroana-
Iytical method making it possible to determine the very low concentration of the
analyte (subnanograms). It has received substantial attention and has evolved over
the past decade into a very powerful and versatile analytical method [40, 41]. They
are capable of routinely identifying, quantifying, and detecting trace components of
heavy metals or their complexes from 107 to 10~ M with excellent sensitivity and
selectivity. SV is very similar to polarography, with a small but substantial difference
in technique [26, 42].

The preconcentration and dissolution are the two stripping voltammetry stages,
with the preconcentration stage involving the metal cations accumulation on the
working electrode surface using Faraday’s reaction or adsorption [9]. Stripping
voltammetry is a multipurpose electrochemical method used for a wide range of
applications. This method comprises of two key stages, accumulation (preconcen-
tration) and stripping. The analyte is placed at the working electrode surface during
the accumulation stage. The analyte accumulation is either through an oxidation
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Table 3.1 List of HMs detectable using stripping voltammetry methods [43]

Heavy metals detectable using the anodic stripping voltammetry method

Antimony Gallium Mercury
Arsenic Germanium Silver
Bismuth Manganese Thallium
Cadmium Indium Tin

Copper Lead Zinc
Species detectable using the cathodic stripping voltammetry

Arsenic Iodide Mercaptans
Chloride Selenium Thiocyanate
Bromide Sulphide Thio compounds
Metals detectable using the adsorptive stripping voltammetry

Aluminium Nickel Uranium
Cobalt Chromium Iron

potential (cathode stripping voltammetry) or the reduction potential (anodic strip-
ping voltammetry) or the adsorption to the electrode surface (adsorptive stripping
voltammetry) is followed by the current measurement during an opposite potential
scan that reverses the redox process used or deposition [3, 26].

The electroanalytical procedures have a universal characteristic primary step,
where the analyte of interest is collected on a WE controlled by potential electrol-
ysis. After a while, the preconcentration stage is followed by the stripping stage,
which involves the deposit dissolution when a linear lamp is applied to the electrode
and a measurable current is created at the surface of the electrode following the reduc-
tion or oxidation of the analyte at the characteristic potential. During the stripping
stage, the careful interpretation of the resulting peak shape of the current—potential
voltammogram is recorded, a piece of anticipated analytical information is obtained,
and the characteristic of the given substance used for qualitative identification is the
peak potential (Ep). The corresponding analyte in the test solution is proportional to
the peak current (/) and this analytical quantitative information can be gotten from
the area or height of the stripping voltammetric peak [40].

Modern variations of conventional stripping emerge in 1947-1960, with the linear
sweep voltammetry being the first followed by the development of square wave
and pulse polarography [23]. Table 3.1 shows the list of HMI detectable using the
anodic stripping voltammetry, cathodic stripping voltammetry and adsorptive strip-
ping voltammetry. The various stripping voltammetry methods used for the analytical
purpose are discussed in the subsection below.

3.3.1.1 Anodic Stripping Voltammetry (ASV)

The anodic stripping voltammetry (ASV) is the most common technique used for
HMs detection and these involve the deposition and stripping [44]. The anodic strip-
ping voltammetry technique is increasingly used owing to its wide linear dynamic
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range, low detection limit, multi-element analysis capability, low cost instrumen-
tation [45, 46], and ultrahigh sensitivity (determination ranges from 107 to 107!!
mol/L and a detection limit of 107'°-10"'2 mol/L) [41].

The ASV was the first developed stripping method that used a preconcentration
stage and was applied mainly to the trace analysis of heavy metal ions using a hanging
mercury drop electrode [40]. The two steps of the ASV are the preconcentration step,
where the analyte is preconcentrated by electrodeposition into the small-volume
mercury electrode (Fig. 2.4). This reaction is represented by (3.9), where M is the
analyte metal, n is the charge of the metal in the oxidized, ionic state, and e~ is the
electron added by the metal during the reduction reaction.

M" +ne” +Hg — M(Hg) (3.9

As observed from (3.9), the analyte is reduced at the Hg electrode forming a
mixture at the negative potential (cathodic). In the next step, the combined analyte
is reoxidized and stripped off the electrode by the application of positive potential
(anodic). This reaction result in the production and recording of peak current and the
reaction is represented by (3.10).

M(Hg) — M"" +ne™ + Hg (3.10)

The analytical information of interest is provided by the resulting voltammogram.
The peak current (/) is proportional to the concentration of the analyte in the sample
of the reproducible deposition condition is expected. The peak potential (E) helps to
classify the analyte in the sample (Fig. 3.4) [23].

During electrochemical sensing using ASV, the preconcentration process is impor-
tant for the selectivity and sensitivity of HMI [47]. Before voltammetric determina-
tion, the improved sensitivity and lower detection limits of the ASV, are achieved by
the improvement of the analyte, which includes the metal ions reduction through the
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Fig.3.4 Outline of the potential-time function and the corresponding current versus potential curve
for the anodic stripping voltammetry
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formation of films or amalgams of metals, reductive or oxidative formation of frugally
soluble salts with or without the addition of reagent and the adsorptive build-up of
chelates or complexes to the surface of the electrode [48].

The linear potential sweep is most used for anodic stripping, where the peak
potentials are distinctive of each analyte, and various metals can be analysed in a
single measurement. The observed stripping peak current at a hanging mercury drop
electrode (HMDE) is given (at 25 °C) by (3.11).

I, =272 x 10°n*?AD"*'/2C,, (3.11)

where n is the number of electrons involved in the oxidation, A is the electrode area
in cm?, D is the diffusion coefficient for the metal within the mercury drop expressed
in cm?/s, v is the scan rate in V/s, and C, is the concentration of the metal within the
mercury drop given as mol cm™>. For a mercury film deposited on the surface of an
inert substrate (like C or noble metal), the stripping peak current is given by (3.12).

_ n*F>\2AIC,

= 3.12
P 2.7RT (3.12)

where F is the Faraday (9.65 x 10* C), 1 is the mercury film thickness in cm, and
other symbols are as defined previously [49].

3.3.1.2 Adsorptive Stripping Cathodic Voltammetry (AdCSV)

The adsorptive cathodic stripping voltammetry (AdCSV) is another promising tech-
nique for trace metals analysis owing to their low instrumentation, good selectivity,
high sensitivity, and good performance with various matrices. This method is based
upon the adsorptive build-up of the complexes of the metal ion with an appropriate
ligand at the electrode scanning in the negative direction [39, 50].

The reality is that hydrophobic (and amphiphilic) compounds adsorb on elec-
trodes, they can be used for preconcentration, and metal complexes with organic
ligands and some organic compounds have been preconcentrated this way. During
the preconcentration, compounds adsorbed on the electrode do not experience oxida-
tion or reduction reaction. A voltammetric curve is recorded subsequently after
the preconcentration period, with the potentials been scanned into positive poten-
tials when the adsorbed compound is oxidized and to the negative potentials when
compounds are reduced [22].

The AdCSV makes use of a particular added ligand (AL), which is incorporated
into the water sample and forms an adsorptive complex with the trace metal(s) under
examination (3.13). To control the sample pH, a pH buffer is used, as the creation of
the AdCSV ligand—metal complex is pH-dependent.

M+ AL < My (ALY (3.13)
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A potential scan is carried out when a minute fraction of the ligand—metal complex
is adsorbed onto the surface of the mercury drop (3.14). To determine the adsorption
efficiency, the adsorption step is conducted in a carefully controlled potential, and
in most cases, the adsorption potential selected is slightly more positive (0.1 V or
more) than the reduction potential of the ligand—metal complex. The direction of the
scan is towards more negative potentials and the ensuing current is measured.

My (AL)Y" ™™ < M,(AL)®"*™ (adsorbed) (3.14)

The reduction of a reducible group on the metal or the ligand in the adsorbed
complex is a result of the current produced (3.15). The types of scans applied during
AdCSYV include linear sweep, but the fast pulse-voltammetric waveforms are also
used if the reduction of the ligand—metal complex is electrochemically reversible
[51].

M,(AL)?" ™ (adsorbed)+ e~ <>, M DF - AL™ (3.15)

3.3.1.3 Cathodic Stripping Voltammetry (CSV)

The cathodic stripping voltammetry (CSV) is the reverse of ASV, as the analyte
is accumulated as an oxidized species, and is stripped by a potential sweep in the
negative direction [52].

In determining organic and inorganic compounds that form insoluble salts with
an electrode material, the cathodic stripping voltammetry method is used. The CSV
involves the positive deposition of the analyte with the application of the anodic
potential to the working electrode. This is followed by the stripping in a negative-
going potential scan. lons like chloride, bromide, iodide can be preconcentrated in
the form of economically soluble salts, such as Hg,Cl,, Hg,Br,, and Hg,1,, where
the mercury electrode potential is kept sufficiently positive to oxidize mercury to
Hg,>* ions which precipitate these salts. The reaction in this step is given by (3.16).

A"+ Hg <> HgA + ne” (3.16)
The CSV sensitivity depends on the amount of the analyte that can be plated in

a given time, the density of the insoluble salt firm formed and the separation rate of
the insoluble mercury compound during the step of stripping [22, 23].
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3.4 Types of Substrate Electrodes Used for Heavy Metals
Detection

In analytical chemistry, electrode materials are of great importance. The quest for
the replacement of mercury electrodes with comparable or improved electrochemical
behaviour for the development of miniaturized sensors is shown by the contribution
of important research [53].

In the past, electrodes were any electroconductive materials that were started by
metals like platinum (Pt) or Au. This was later substituted by the glassy carbon
owing to their ease to use and wide potential range. After this, carbon paste was
used due to its easy preparation. To increase the sensitivity and attract analytes like
metals ions to the surface of the electrode, and with nanomaterials introduction
and conducting polymers, the surface areas for the pre-conducting metals ions are
considerably increased, making the technique ideal for trace metals analysis by its
simplicity and low cost of the electrochemical techniques [15].

Getting exceptional performance in terms of specificity and sensitivity, the modi-
fication of a surface is significant [54]. In the design of electrode materials for electro-
chemical heavy metals sensing, most reported materials for electrode are hybrid mate-
rials mixed with multiple materials with different properties, comprising of materials
with improved conductivity to promote the transfer of an electron, improved porosity
for higher surface area with more active sites for active component loading or metal
ion attachment and surface functional groups for selectivity towards a specified target
metals ion and improved metal attachment [20].

In the electroanalytical method, the surface of the electrode is an influential tool
for the analyte quantification, by controlling the potential, the electrode can be used
as a sink of electrons. Electrons crossing the interface of the electron solution are
determined with great sensitivity by measuring current. The electrochemical sensors
for multianalyte determination are sub-divided into four classes, which are the glassy
carbon electrodes (GCE), screen-printed electrodes (SPE), carbon paste electrodes
(CPE) and other types of electrodes [12].

3.4.1 Glassy Carbon Electrode (GCE)

For electrochemical studies of several analytes, the glassy carbon electrodes (GCEs)
have widely been used, with bare glassy carbon electrode employed for multianalyte
detection [12]. The GCEs are produced by employing a cautiously controlled heating
programme of a pre-modelled polymeric resin body in a passive atmosphere. Unlike
various no graphitizing carbons, it is resistant to both gases and acid attacks. The
glassy carbon structure comprises of graphite plane that is randomly arranged in a
complex topology. It also has isotropic properties and in electrode devices, a specific
orientation is not required [15].
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The different pre-treatment for the synthesis and the activating of the surface of
the glassy carbon electrode for electrochemical measurements is through mechanical
treatment, which involves the abrasion with emery paper and polishing with alumina.
Other techniques used are laser treatment, treatment of glassy carbon with ultrasound
or the activation of the glassy carbon using carbon arc and the electrochemical treat-
ment of the glassy carbon electrode [55]. For the pre-treatment of the surface of the
electrode through electrochemical or non-electrochemical techniques, a comprehen-
sive modification in the diverse electron transfer rate constant of an array of redox
systems, frequently by various orders of magnitude is caused by the GCE. This is
true for redox systems that proceed via adsorption and a sequential electron transfer
stage [56].

3.4.2 Screen-Printed Electrodes (SPE)

Normally, SPE is designed for disposable applications with single or numerous times
use. Gold, carbon, platinum, or silver ink are typically printed on plastic or ceramic
substrate for electrochemical analysis in environmental, medical and food applica-
tions. The most common material used for the screen-printed electrode modification
is carbon and they are particularly suitable for onsite HMs detection [15, 20].

Screen-printed electrodes (SPE) are devices produced by different ink printing on
different types of plastic or ceramic substrate [12]. The fundamental principle for the
SPE fabrication process is that the ink passes through parts of a mesh on a screen plate
to the substrate on the other side, whereas the mesh remaining parts are blocked to
form blank spaces on the substrate [9]. The various ink composition used for printing
on electrodes defines the sensitivity and selectivity required for every analysis. Screen
printing is an attractive technology for electrochemical sensors production as it allows
for large-scale production at low cost, reproducible and disposable electrodes with
extended capacity for modification [12].

3.4.3 Carbon Paste Electrode (CPE)

Carbon paste electrode (CPE) was invented and introduced in 1958 by Adams [57].
Some of the advantages of CPE over other electrodes are the ease and speed of prepa-
ration, the making of a novel producible surface and the minimal cost of carbon paste.
The CPE is also a suitable conductive material for chemically modified electrodes
(CMESs) preparation and the modified CPEs have good electrocatalytic activity, selec-
tivity, sensitivity and show a low detection limit when compared to traditional CPEs
[12].

With ingenious design, extra benefits like reproducibility, stability, and fast
response time can be gotten. Carbon-based electrodes like carbon nanotubes,
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biomass-derived, graphene, porous-coordinated metal frameworks and related mate-
rials, and other carbon materials have been extensively used for the determination
of both HMs and compounds [15, 20]. The carbon paste modified electrodes are
prepared through the incorporation method, where a certain amount of modifier,
binder and graphite powder of suitable concentration is mixed and ground to prepare
the chemically modified electrode (paste), which is then filled in a cavity of the glass
tube, telfon, etc. and copper wire is inserted into the cavity to establish electrical
contact [9, 12].

3.5 Detection of Heavy Metals Using Nanomaterials

Electrochemical methods for HMI detection in an aqueous solution are grouped
according to the unique electrical indicators produced by the HMI presence in the
solution. HMI presence can cause variation in different electrical parameters such as
voltage, current, electrochemical impedance, charge, and electroluminescence [58].

Electrode’s sensitivity can be improved after modification of the electrode surface
and these modifications are accomplished through the application of other materials
to the surface of the electrode. The preparation techniques needed for modified
electrodes construction are categorized into four types according to the different
reactions that ensue inside or on the WE surface. This includes electrochemical
polymerization, adsorption, electrochemical deposition, and covalent bond formation
[9].

After the electrode modification, electrodes feature like wettability are defined
clearly, with parameters like electrolyte and electrolyte concentration, pH, and buffer
to use, deposition potential, modifying agents and involving materials concentration,
deposition time, interferences and scan rate optimized. This method optimization is
then applied to standards to get systematic performance followed by techniques
validations [15]. The modification of electrodes by different materials is applied
in stripping voltammetry, with optimization of parameters and subsequent use of
methods with real samples. Results are normally compared with standard methods,
or the standard materials are used for confirmation [15, 25].

The performance of voltametric heavy metals determination is strongly influenced
by the WE properties. The modification of WEs with different materials allows
for specific recognition and concentration of metals ions. Non-organic WEs are
made of carbonaceous nanomaterials, metal oxides, metal nanoparticles, and their
nanocomposites. Nanomaterials have attracted huge consideration as appropriate
materials for the modification of the surface of the electrodes through dropping and
deposition [9].

Nanomaterials are nanostructured materials generally describe as nanocomposites
assembled in a three-dimension structure with one of the dimensions in the nanometer
size range (0.1-100 nm). They generally have a large specific surface area, controlled
surface activity, special quantum size effect, surface/interface effect, macroscopic
quantum tunnelling effect, photoelectric effect, volume effect and catalytic effect.
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These exceptional properties give nanostructured materials outstanding electrical,
optical, magnetic, electrical, and other attributes [59].

Nanomaterials supported sensors provide superb detection of environmental
contaminants on the nanomolar to the sub-picomolar level. Interest in these NM
supported sensors stems from their potential for simple in-field detection of contam-
inants without the need for exclusive laboratory equipment. The NM supported
sensors comprise of three parts, a nanomaterial(s), arecognition element that provides
specificity and a signal transduction method that provides a way of transmitting the
analyte presence. The high surface area to volume ratio and the superficial surface
functionalization makes nanomaterials highly sensitive to surface chemistry changes,
hence enabling nanosensors to accomplish low detection limits. The enhanced sensi-
tivity of nanomaterials supported sensors is because nanomaterials are of compa-
rable size as the analyte of interest (HMI) and are capable of interrogating hitherto
isolated matrices [60]. The following materials used in the modification of electrodes
from carbon nanomaterials to metallic nanoparticles and other natural nanostructure
materials for HMI detections are discussed in the subsection.

3.5.1 Carbon Nanomaterials for Heavy Metals Detection

3.5.1.1 Carbon Nanotubes (CNTs) for Heavy Metals Detection in Water

Carbon nanomaterials are composed entirely of sp> bonded graphitic carbon found
in all reduced dimensions like zero-dimensional fullerenes, 1-D carbon nanotubes
(CNTs), and 2-D graphene. Within the nanometer scale dimensions, carbon nano-
materials properties are strongly dependent on their interactions with other materials
and atomic structures [ 19]. The most used nanocarbon derivatives in electrochemical
sensing are CNTs and Gr. The thin gap between the electronic shell ensures carbon
hybridizes into three states which are sp, sp?, and sp>. For the formation of different
organic compounds and nanocarbon materials, these states are exploited [33].

CNTs were first detected and described in 1952 by Radushkevish and
Lukyanovich. SWCNTs were later observed by Oberin in 1976. The CNTs discovery
in recent time was ascribed to lijima, who described multi-walled carbon nanotubes
(MWCNTs) in carbon soot obtained during C60 carbon molecule fabrication in an
arc evaporation test [61].

Generally, CNTs comprised of two well-defined structural groups, which are
the single-walled carbon nanotubes (SWCNTSs) and multi-walled carbon nanotubes
(MWCNTs). The SWCNTSs consists of simple geometry with arolled single graphene
sheet with a diameter of 0.4-2 nm and up to 20 nm in length, while the MWCNTs
comprise of numerous concentric tubes fitted into each other with a diameter up to
100 nm as depicted in Fig. 3.5 [3].

The uncommon importance given to CNTs, and graphene is due to the vital
role they play in current advances based on nanomaterials including conductive
and high-strength composites, artificial implants, drug delivery systems, sensors,
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Single-Walled CNT Multi-Walled CNT

Fig. 3.5 Structures of single-walled carbon nanotubes and multi-walled carbon nanotubes [62]

energy conversion and storage devices, radiation sources and field emission displays,
hydrogen storage media and nanometer-sized semiconductor devices, probes, and
interconnects. CNTs is a beehive-shaped tube, having a thickness of approximately
1/50,000th of human hair. CNTs exist in three unique geometries, which are armchair,
zigzag, and chiral. Their mechanical, electrical, optical, and other properties are
determined by chirality [61].

In the development of the electroanalytical procedure, CNTs are fascinating mate-
rials for electrode modification and are extremely used for electrochemical detection
of HMI due to their unique characteristics like good conductivity, high rate of electron
transfer, large surface area and the modulation behaviour of CNTs near biomaterials,
providing lower detection limits [1, 35, 63]. CNTs display greater electron transfer
capabilities when used as electrodes in electrochemical reactions [18].

Owing to bare CNTs been hydrophobic, they are characteristically modified with
functional groups to make them hydrophilic [38]. CNTs are attached to electrode
surface either by functionalization or by incorporation on polymeric film and exhibit
low background current, chemical inertness with wide potential window, low back-
ground current, and suitability for different types of analysis. This electrode surface
functionalization changes the attraction for HMs [18, 33].

Lately, several studies have shown that CNTs modified electrodes could be used
as a practical platform for electrochemical detection of HMlIs [44]. Three electrodes
in an electrochemical cell using CNT thread was developed for the detection of trace
levels of Hg?*, Pb>* and Cu?* using the ASV [17]. The WE was fabricated from CNTs
threaded partly insulated with a coating of polystyrene solution and aspirated into a
glassy capillary. The limit of detection with a 120 s deposition time were 1.05, 0.57
and 0.53 nM for Hg?*, Pb** and Cu?* respectively. The limit of detection of Hg>",
Pb%* and Cu?* is well below the allowed limits by the United States Environmental
Protection Agency (EPA) and the World Health Organization (WHO). Graphenated
multi-walled carbon nanotubes (G-MWCNT) modified by indium tin oxide electrode
(ITO) was also developed for the electrochemical detection of Pb (II) and Cu (II) in
water [64]. The square wave anodic stripping voltammetry was used to assess the
modified electrode performance and it was observed that Pb (II) and Cu (II) had a
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wide detection range from 0.05 to 2.5 uM with a limit of detection of 6 nM and
0.05-2.5 uM with a limit of detection of 12 nM using G-MWCNT modified ITO.
The limit of detection (LOD) of Pb (II) and Cu (II) was based on signal-to-noise ratio
of 3.

Also, CNTs modified with Bi oxide (Bi,O3) electrode were fabricated for the
detection of Cd (II), and Pb (II) in water using the differential pulse anodic stripping
voltammetry (DPASV) method. The linear response range for Cd (II), Pb (I) and In
(III) using the DPASV method were 1.5-20 and 2.5-20 pg/L. The limit of detection
for Cd (II), Pb (IT) and In (III) was 0.22, 0.26 and 0.65 pg/L at a deposition time
of 120 s [10]. A modest and easy technique was also employed for Cd (II) and Pb
(II) ions detection using 1,3,6,8-pyrenetetrasulfonic acid sodium salt-functionalized
carbon nanotubes nanocomposites (PyTS—CNTs) loaded on the pyrolytic graphite
electrode [4]. The synthesized PyTS—CNTs showed good sensitivity and selectivity
for HMI sensing due to the sulfonic acid group addition and different parameters were
optimized using the DPASV. The stripping peak current of PyTS—-CNTs/Nafion/PGE
was observed to vary linearly with the HMI concentration ranging from 1.0-90 and
1.0-110 pg/L for both Cd (II) and Pb (I) and the limit of detection was assessed to
be about 0.8 and 0.02 ug/L for Cd (II) and Pb (II), respectively (Fig. 3.6).
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Fig. 3.6 The DPASV curves of different concentrations of lead and cadmium with corresponding
calibration plot (a, b) and the anodic peak current as a concentration function in the presence of Cd
II) and Pb (II) (50 ng/L) (c, d) [4]
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The CNTs covalently were modified with cysteine before deposition on the elec-
trode surface, which was subjected to DPASV analysis was used for Pb (II) and Cu
(II) ions detection in water. The limit of detection was found to 1 and 15 ppb for Pb>*
and Cu?* respectively. This method was also used for lead and copper ions detection
in spike lake water, with average recoveries of 96.2% and 94.5% for both Pb (II) and
Cu (IT) [65]. A summary of CNTs modified electrodes for the electrochemical HMI
detection from previous studies is given in Table 3.2.

3.5.1.2 Graphene for Heavy Metals Sensing

Gr is one of the thinnest materials in the world. It is flexible but rigid than diamond
and at room temperature conducts electricity more effectively than any other material.
The basic structure of all graphite materials is Gr and is a one atom thick planar sheet
of sp? bonded carbon atoms in a honeycomb crystal lattice (Fig. 3.7). Gr promotes
an exceptional electron transfer for some species and excellent catalytic behaviour
towards small biomolecules [12].

Gr unusual nanostructure show outstanding electrical conductivity, electron
transfer rate, mechanical strength and large surface area makes it promising
for several potential applications in the field of flexible electronics, energy
storage devices, sensing devices, catalysts, membranes, and nanocomposites.
In sensing devices, Gr has shown great potential because of its large surface
area, outstanding conductivity, electrochemical stability, and wide electrochemical
window [44, 77, 78].

Stripping voltammetric methods over the years have been shown from studies to
have great potential for the trace and ultra-trace concentrations of HMIs determi-
nation [40]. The stripping voltammetric techniques were used by [79] to determine
chromium (III) using the pencil graphite as the working electrode. A linear range of
12.5-75 mg/L and a limit of detection of 0.31 mg/L were determined using the pencil
graphite electrode, which was measured at —0.8 to 1.0 V with a deposition time of
60 s and scan rate of 50 mV/s. The electrochemical sensor used for the detection
of Cd (IT) and Pb (II) ions from water was fabricated using reduced graphene oxide
(RGO), which was micro-patterned with a lithography method, and the subsequent
electrodeposition of Bi on the surface of the micro-patterned RGO using the square
wave anodic stripping voltammetry method. A range of linear detection of 1.0-120
ng/L was observed for both metal ions and the limit of detection of 0.4 and 0.1
ng/L were observed for Pb (II) and Cd (IT) respectively (Fig. 3.8) [80].

An electrochemical sensor based on graphite electrode extracted from waste zinc-
carbon battery was modified using Bi nanoparticles (BiNP), MWCNT and Nafion
for the detection of trace levels of Pb (I) and Cd (II) using the ASV in herbal food
supplement samples. A limit of detection 1.06 and 0.72 ppb was observed for trace
levels of Cd (IT) and Pb (II). Also, the range of linear concentration was 5—1000 ppb
for both Cd (II) and Pb (IT) [81].

The square wave anodic stripping voltammetry method was used to determine
traces of Pb (II) in the Hatyai city tap water using a boron-doped diamond (BDD)
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Table 3.2. Applications of stripping voltammetry in the determination of toxic metals using CNTs

Nanomaterials Detection Analyte LOD References

method
Metal catalyst free carbon Square wave Mn2* 120and 93 | [52]
nanotube (MCFCNT) stripping nM

voltammetry

(SWSV)
Bismuth-modified carbon Square wave Pb%* Cd?*, |1.3,0.7,and |[66]
nanotube electrode (Bi-CNT anodic stripping | and Zn?* 12 pg/L
electrode) voltammetry

(SWASV)
C60 activated carbon and - Hg2+ 0.03 mM [67]
MWCNT modified glassy
carbon electrode
Carbon nanoparticles (CNPs) SWASV Pb2*, and 0.3 and 0.5 [68]

Cu?* ppm
Carbon nanotube tower SWSV Pb2*, Cd**, [2.5,2.8,2.8 |[69]
electrode Cu?* and and 4.4 ppb
Zn2+
L-cysteine self-assembled DPASV Cu?* 0.02 nM [70]
monolayers (SAM)
functionalized gold
nanoparticles/singlewalled
carbon nanotubes/glassy carbon
electrode
(L-cys/AuNPs/SWCNTs/GCE)
Triphenylphosphine-modified | SWASV Pb2*, He?* 6.0 x 1073, |[71]
carbon nanotube composite and Cd?* 9.2 x 1073
and 7.4 x
1073 uM

Bismuth-oxychloride SWASV Pb?* and 1.9 and 4.0 [72]
particle-multiwalled carbon Cd?+ neg/lL
nanotube composite modified
glassy carbon
Carbon nanofibers Anodic stripping | Pb%* 1.73 nM [73]

voltammetry
Carbon nanotube based Square-wave Cu?* 3ppb [74]
electrodes anodic stripping

voltammetry

(SWASV)
Single-walled carbon Square wave Hg>* 0.06 uM [75]

nanotube-poly (m-amino
benzene sulfonic acid) modified
gold electrode (SWCNT-PABS)

anodic stripping
voltammetry
(SWASV)
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Fig. 3.7 Structure of graphene (2-D) [76]
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Fig. 3.8 a SWASYV for different cadmium and lead ions concentrations and the corresponding
calibration curves of Cd (II) and Pb (II) ions respectively (b, ¢) [80]

electrode. The preconcentration stage parameters studied included pH, concentration,
electrolyte influences and volume, with effective preconcentration of Pb (II) traces
attained at pH 1.26. The stripping peak of —0.460 V was gotten by scanning potential
in the negative direction and the limit of detection was determined tobe 0.3 ng/L. The
various concentrations of Pb (II) from water samples taken from regions in Hatyai city
were found to be in the range of 0.0-0.8 ng/L, which were lower than the drinking
water contamination standard (< 10.0ug/L) by the World Health Organization [45].
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A highly sensitive, strong, and low cost microfluid electrochemical carbon-based
sensor (WCS) was fabricated for the detection of trace levels of Pb** and Cd?* [13].

Distinct anodic stripping peaks were observed for Cd (II) and Pb (II) at —0.78
and —0.53 V, and the peak currents for both metals were also observed to increase
linearly with increased concentration as shown in Fig. 3.9b, d. Peak broadening
was also observed at analyte concentrations below 10 pg/L for both cadmium and
lead, which was due to the heterogeneity of the active sites on the graphite foil
surface and the varied interactions associated with the metal’s particles deposited.
The SWASV technique was applied in the detection of Cd (II) and Pb (II), and
the limit of detection was 1.2 and 1.8 pg/L for Cd (II) and Pb (II), respectively.
The fabricated electrochemical sensor was found to be extremely robust, highly
reproducible measurements using a single microfluid electrochemical carbon-based
Sensor.

Graphene oxide (GO) modified with L-Cysteine in presence of polyvinylpyrroli-
done (PVP) was used for electrochemical sensing of Hg?* using the square
wave anodic stripping [82], Also, polyglycine-modified graphene paste electrode
(PGMGPE) was used for the electrochemical detection of Hg>* and Pb>*in water and
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Fig. 3.9 Square wave voltammograms of a Cd (II), and ¢ Pb (I) in 0.1 M acetate buffer on the
microfluidic electrochemical carbon-based sensor, calibration curves of b Cd (II) and d Pb (II) [13]
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biological samples. The cyclic and differential pulse voltammetry techniques were
used to study metal ions behaviour and the limit of detection was 6.6 and 0.8 WM for
Hg?* and Pb>* respectively [83]. Simple, inexpensive, portable, and effective electro-
chemical sensors (PIGE, PIGE/MWCNT/HNO; and PIGE/MWCNT/EDTA/HNO3)
were developed for evaluating four metal ions, which are Cd (II), Pb (II), Cu (II), and
Hg (II). The limit of detection using PIGE/MWCNT/HNO3 was 2.98 mol x10~7/L
for Cd (II), 3.81 mol x 10~7/L for Cu (II), 4.83 mol x 10~7/L for Pb (II) and 6.79 mol
x1077/L for Hg (II) [84].

3.5.2 Metal Nanomaterial for Detection of Heavy Metals

Metal nanomaterials have exceptional chemical and physical properties owing to
their size, shape, and structure. A range of metal nanomaterials have been utilized in
electrode modification and effectively applied to HMIs detection due to their excep-
tionally large surface area and electrical conductivity. These metal nanomaterials
enabled electrochemical sensors to have outstanding performance in terms of sensi-
tivity, selectivity, and linear range for HMI detection. Metal nanomaterials mostly
used as electrochemical sensors for HMI are Bi, Hg, Ag and Au nanomaterials [44].

In the design of electrochemical sensor and biosensor platforms, various key roles
played by metal nanoparticles are through a simplistic synthesis, effortless surface
functionalization, stress-free sensor production method, catalysis of electrochemical
reaction and the improved electron transfer process [85]. Initial electrochemical
analytical techniques used electrodes based on the hanging Hg drop and Hg film,
and these were considered as the most sensitive devices for HMI detection besides
the stripping methods. The HMI to be determined with the mercury electrodes must
be electrochemically active but concerns of mercury toxicity to the environment and
its storage and handling prompted the gradual exclusion of mercury application in
electrodes [9].

Au nanomaterials have been studied extensively and successfully employed as an
effective electrocatalyst in several electrochemical reactions owing to their excep-
tional properties like biocompatibility, electrical conductivity, uniform particle size,
easy method of synthesis, superior stability, and complete recovery in chemical
redox processes. The opportunity of the miniaturization of sensing devices to the
nanometer scale and with an outstanding chemical sensing prospect was opened
using gold nanoparticles. Micro and nanofabrication methods offer a spectacular
approach for the development of Au sensor array platforms for the electrochemical
detection of environmental contaminants. Several advantages are offered with the use
of Au nanoparticles-based modified electrode or nanosized electrodes, this includes
enhanced electroactive species diffusion, high selectivity, high signal-to-noise ratio
and better catalytic activity [44, 86].

Au nanoparticles modified screen-printed carbon electrode was developed and
used for the real-time Hg (II) and Pb (II) ions in water detection using the square
wave anodic stripping voltammetry. The cyclic voltammetry was used to determine
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the electrochemical properties of the developed electrodes and the limit of detection
of 1.8 and 4.62 p.g/L for Hg (IT) and Pb (II) respectively [87]. Also, Au nanoparticles
Gr-modified glassy carbon electrode was used for the detection of Pb (II). The limit
of detection was 0.34 wg/L and Pb (II) ions detected in actual water samples had a
recovery range of 92.94—101.47% using nano-gold-Gr/glassy carbon electrodes. This
showed that the fabricated electrode possessed substantial detection performance for
actual water samples [88].

Ag nanomaterials have attracted widespread attention owing to their extraordi-
nary properties such as electrical conductivity, easy preparation, large surface area,
amplified electrochemical signal and excellent biocompatibility. Significant impact
has been made by the development of the Ag nanoparticles sensors platform for
environmental applications. Over the last twenty years, a lot of effort has been made
towards the design of novel analytical techniques using Ag nanoparticles and their
composites for environmental monitoring and food safety. The prospect of gener-
ating novel analytical platform for emerging environmental inorganic, organic and
biological contaminants has been solved using Ag nanoparticles-based electrodes due
to their sensitivity and specific nature. Ag nanoparticles combination with several
matrixes like silicate network, metal oxides, polymers, fibres, dendrimers, Gr, etc.
provides improved sensing performance with high stability due to the prolonged
usage of the materials. The stability and sensitivity of the sensor platform relate to
the distribution and the inhibition of Ag nanoparticles aggregation in the matrices.
The steric repulsion and electrostatic repulsion are the two ways of stabilizing Ag
nanoparticles using stabilizing agents like polymers [44, 86].

PEG functionalized silver nanoparticles synthesized through the chemical reduc-
tion method, was used for the detection of arsenic (III), cobalt (II), Cd (II), iron (III),
Cu (II), Hg (II), nickel (IT) and magnesium (II). A noticeable alteration from yellow
to blue colour owing to PEG functionalized silver nanoparticles aggregation was
observed for arsenic samples. The limit of detection was 1 ppb with exceptional
linearity of approximately 0.99 using the PEG functionalized silver nanoparticles
for arsenic detection [86].

The interfacial adsorption of cadmium (Cd (II)) on a Nafion-coated Bi film elec-
trode and was stripped from the electrode using the square wave cathodic voltam-
metric. The reduction of Cd(II) ions was observed using 0.1 M acetate buffer elec-
trolyte containing 0.04 mM Cd-Cupferron and 0.4 mg/L of Bi (III) of an accumulation
potential of 300 mV against the Ag/AgCl at an accumulation time of 60 s. The linear
concentration and limit of detection under optimum conditions were determined to
be in the range of 3.0-40.0 pwg/L and 0.38 pg/L respectively [39].

Bi electrode was first introduced in the year 2000 as Bi film electrodes on glassy
carbon (GC) and carbon fibre substrate. In trace metal analysis, Bi has become a
major alternative for mercury-based electrodes. With different metals, Bi can form
alloys and offers the advantage of excellent resolution of peaks, high sensitivity, very
low toxicity, and wide potential window [3]. In trace analysis, Bi has an advantage
in its capability to form binary or multi-component alloys with many other HMs.
Also, the conductance problem is avoided as it is generally diamagnetic metal and
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compare with mercury, Bi is insensitive to dissolved oxygen hence making unneces-
sary any deaeration step. Most time, Bi film is plated on the electrode by potentiostatic
reduction of Bi (III) solution before analysis [89].

Gr)/Bi nanocomposite film-modified glassy carbon electrode (GCE) synthesized
through electrodeposition of exfoliated graphene oxide (GO) and the in-situ plating
of Bi film was used to determine the trace concentrations of Zn (II) , Cd (II), and Pb
(IT) ions. The observed linear calibration curves ranged from 1 to 100 pg/L for Zn*,
Cd?*, and Pb?* respectively. The limits of detection were 0.18, 0.11 and 1.80 pg/L
forCd (1), Pb (IT) and Zn (II). The electrode was also successively used in the analysis
of trace metals in the environment [90]. Also, a Bi film glassy carbon electrode (BiFE)
prepared in-situ in 0.1 M acetate buffer solution was employed in the trace determi-
nation of Zn (II), Cd (I) and Pb (II) concentrations using the square wave anodic
stripping voltammetry. The capacitive and resistive behaviour of the BiFe was not
influenced by the trace metal concentrations. The limits of detection were 0.4 pg/L
for Pb?*, 0.3 pg/L for Cd** and 1.1 wg/L for Zn>* [91].

3.5.3 Metal Oxide Nanomaterials for Heavy Metals Ions
Detection

Metal oxides nanomaterials like FesO4 [92-94], ZnO [95], Cr,O5 [96], CuO [97],
SnO, [98], ZrO, [99], TiO, [100], MgO [101], and MnO, [9] have been used for
HMI detection in water. The metal oxide nanomaterials electrochemical sensors
systematic performance is ascribed to their elevated HMI adsorption [44].

The chemical techniques for nanostructured metals oxides include the metal ions
reduction and the controlled separation of the formed metals atoms from the bulk
solution. Uniform nanoparticles like nanorods, nanofibres, nanobelt, nano comb and
nanotubes are obtained, and this family of one-dimensional nanostructures provides
a great model system for electrochemical sensing of environmental contaminants
[85].

Chromium (IIT) oxide modified with carbon paste electrode (Cr-CPE) and a
screen-printed electrode (SPE) were fabricated by [102] and used for electrochemical
detection of Zn (II), Cd (II), Pb (II), Cu (I), and silverAg (I) ions using the SWASV
method. The limit of detection for Zn (IT) was 25 and 80 ug/L, Cd (I) was 3 and 10
ng/L, Pb (IT) was 3 and 10 ug/L, Ag (I) was 3 and 10 pg/L and Cu (II) was 3 and
10 ng/L respectively. On the screen-printed electrode, the limit of detection for Zn
(II) was 350 ug/L, Pb (II) was 3 pg/L, Cd (I) was 25 pg/L, and for Cu (IT) was 3
ng/L.

Also, Cu nanoparticle (CuNP) attached with RGO were prepared through the
liquid phase reduction method. The CuNP/RGO nanocomposites modified bare
glassy carbon electrode was used for the detection of Hg (II), Cu (II), Cd (II) and
Pb (II) using the SWASV. An extraordinary electroanalytical activity and selective
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Fig. 3.10 a—d Responses of the SWASV and the corresponding calibration plots of CuNP/RGO
nanocomposites modified bare glassy carbon electrode for Pb(Il), Cd(II) Cu(Il), and Hg(Il) at
different concentrations [14]

sensitivity to Hg (II), Cu (II), Cd (II) and Pb (II) were displayed by the nanocom-
posites, with sensitivities of 27.76, 25.86, 66.30 and 50.17 wA/uM displayed by
each ion. The limit of detection for each metal ions were 0.186, 0.203, 0.111 and
0.051 uwM for Pb (II), Cd (II), Cu (II) and Hg (II) respectively as shown in Fig. 3.10
[14].

A simple, fast, and sensitive sensor built on a glassy carbon electrode modified
with tin oxide nanoparticles on MWCNTs was used for the determination of trace
levels of thallium (Ti (II)) and Hg (II) using the SWASV. The limit of quantification
and detection ranged from 3.3-4.0 pg/L and 0.9-1.2 pg/L respectively under opti-
mization. The synthesized material was also used for the determination of the target
trace elements in surface water samples and the accuracy of the analytical result got
using the fabricated sensor was equivalent to those gotten by ICP-MS [16].

Fe;O4 nanoparticles fabricated through a novel impinging stream rotating packed
bed reactor, with a saturation magnetization of 60.5 emu/g was used for the detec-
tion of trace levels of Pb (II), Cu (II), Hg (II) and Cd (II) ion using SWASV. The
fabricated modified electrode showed selective detection towards Pb (IT) with a high
sensitivity of 14.9 wA/wM and the response to the other metal ions were negligible.
The modified electrode also showed good stability and possible practical application
in the electrochemical determination of lead [103].
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A core—shell ferroferric oxide@polyaniline (Fe;O4@PANI) was developed for
the quantitative detection of Cd (II) andPb (II) ions. The sensitivity for detection was
increased by ferroferric oxide due to its large surface area and owing to PANI excellent
electronic conductivity, the electron transport speed property in the detection process
was also improved. The linear range of detection and the limit of detection under
optimal experimental conditions were 0.1-10* nmol/L and 0.03 nmol/L forPb (II),
and 0.9 nmol/L and 0.3 nmol/L for Cd (IT). The electrochemical sensor fabricated
had outstanding stability, high sensitivity, and good specificity [104].

Magnetite-reduced Gr oxide modified glassy electrode was used by [105] for the
selective electrochemical detection of Cd (II) using the square wave anodic stripping
voltammetry. The limit of detection using the magnetite-reduced graphene-modified
electrode for Cd (II) detection was 0.056 uM using the 30 method. The pH values,
deposition potential and time, supporting electrolyte influenced the deposition and
stripping of the metal ions.

Zr/ZrO, electrode was developed for the detection of trace level of Cd (II), Pb (1I),
Cu (IT) and Hg (IT) ions. The concentration ranges obtained from the linear calibration
plots were 8 x 1078-107 M for lead, 5 x 1073-2 x 107% M for Cu(Il) and 4 x 103
10> M for Hg(II) [106]. An innovative carbon modified electrode was developed by
combining titanium dioxide/zirconium dioxide into the graphite carbon paste elec-
trode to electrochemical detecting of Pb (II) and Cd (II) ions. The limit of detection
was 7.6 x 10°® M and 1.1 x 10> M for Pb (II) and Cd (II), respectively. The elec-
tron transfer coefficient was estimated to be 0.44 and 0.33 with the heterogeneous
electron transfer rate constant of 5.64 x 1073 and 2.42 x 107> (cm/s) for Pb (II) and
Cd (II), respectively [107].

3.5.4 Polymers Modified Electrode for Heavy Metal Detection

Polymers are the perfect class of electrode modifiers of multi-phase components
on the nanoscale dimension, with each phase having its exceptional properties
that are different from conventional composite in terms of improved conductivity,
enhanced surface area and various electrochemical properties with the synergic effect
of polymer and nanomaterial [35]. The electrical conductivity property makes them
useful materials plus having low-suspended ionization potential, small energy optical
transitions and high electron affinity. Hence, they are appropriate materials for the
improvement of sensitivity and performance of several sensors, as they are easy to
synthesize, environmentally stable, cheap, and biocompatible [108].

The electroactive surface modification through deposition of polymer represents
an extensive field of study and concerning the analysis of trace metals, polymers films
permit the immobilization of a huge number of ligands onto the electrode causing the
accumulation of complex metal ions. For surface modification, polymers used may
be natural or deliberately prepared through chemical synthesis [89]. Polymer-based
materials have attracted more research interest in the fabrication of electrochem-
ical sensors for HMI. This section looks at the sensing mechanism and design of
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electrochemical sensors based on ions imprinted polymers (IIPs), conducting poly-
mers and composites and electroactive polymers. Ion imprinted polymers (IIPs) are
extremely selective electrode materials that are widely used for HMIs owing to their
outstanding advantage like low cost, relative ease and simple synthesis procedures,
strong selectivity, and mechanical and chemical stability [109].

In the field of materials science, conducting polymers (CPs) like polyaniline
(PANI), polypyrrole (PPy), and polythiophene (3,4-ethoxythiophene) (PEDOT) are
the leading materials [109]. The key reason for interest in conducting polymers (CPs)
is that the slight perturbation at the CPs surface or their bulk creates sturdy changes
in their electroactivity. Another reason for interest in CPs outside the simplicity they
offer in conducting surface modification is that they are easily functionalized with
extra chemical functions and the simplest way is to fix CPs with doping ions carrying
the desired function [43].

A paper-based microfluid device built using a commercial chromatography paper
strip combined with a screen-printed carbon electrode was used for the detection of
Pb(II) and Cd (II) in aqueous samples. All measurements were carried out using the
SWASYV with a frequency of 20 Hz, an amplitude of 25 mV and a potential step of
5 mV. Electrochemical deposition step was carried out at —1.4 V for 120 s and the
signal of the SWASV was observed to be greatly improved and showed outstanding
analytical performance for Cd(II) and Pb(II) detection from O to 100 ppb and with a
limit of detection of 2.3 and 2.0 ppb, respectively (Fig. 3.11). The electrochemical
device also showed good stability and selectivity for a real sample of groundwater
and gas dissolved salty soda water with physical contamination. This device has the
prospect of being suitable for point of care in the monitoring of the environment,
food safety and public health [110].
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Fig. 3.11 SWASYV voltammograms for Pb (II) and Cd(II) trace analysis in the Bi (III) in the paper-
based microfluid devices presence. a The resulting calibration plots for trace Pb (II) and Cd (II)
from 10 to 100 ppb and b calibration curves of Pb (II) and Cd (II) ions [110]
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Ethylenediaminetetraacetic acid bonded conducting polymer modified elec-
trode (EDTA-CPME) was fabricated through the polymerization of 3’,4’-diamino-
2,2’;5°,2”-terthiophene monomer on a glassy carbon electrode. Experimental param-
eters that affect the real-time analysis of the metal ions were optimized and EDTA-
CPME calibration plots using the square wave voltammetry were found in the range
of concentration of 5.0 x 107! and 1.0 M x 10~ for copper and between 7.5 x 10710
and 1.0 M x 1077 for Pb (IT) and Hg (IT). The limit of detection for copper, mercury
and lead were 2.0 x 1071°,5.0 x 107!° and 6.0 M x10~'°, Coating EDTA-CPME
with Nafion film, extraordinary improvement in the stability was observed for more
than one month and the analytical availability of the EDTA-CPME was confirmed
by the certified standard urine reference material and tap water application [111].

Also, the electrochemical method was used for the synthesis of ethylenedi-
aminetetraacetic acid (EDTA) functionalized PPy and SWNTSs nanocomposite on
stainless steel electrode (SSE). The electrochemical detection of Pb (II) ions using
the nanocomposite showed good sensitivity and selectivity towards HMIs and the
limit of detection was 0.07 wM for lead ions [112]. Also, [113] used poly(3,4-
ethylenedioxythiophene)/graphitic carbon nitride (PEDOT/g-C3N4) composites for
the electrochemical detection of Cd** and Pb?** using the DPV. The widest linear
responses for both metals (Cd*>* and Pb**) from the composite ranged from 0.06—
12 mM and 0.04-11.6 mM and the limit of detection was 0.0014 mM and
0.00421 mM, respectively. Table 3.3 summarizes recent research on HMI detec-
tion based on polymers modified electrodes, including electrode materials, analytes,
method of detection, the limit of detection and linear ranges.

3.6 Conclusion

The chapter provides an overview of the development and application of electrochem-
ical sensors created from nanomaterials in the detection of heavy metals ions owing
to their improved electronic/catalytic properties, high electrical conductivity, and
wide electrochemical window. Recently, electrochemical devices made from nano-
materials (carbon nanomaterials, polymers, metal oxide nanomaterials, and metal
nanomaterials) for the modification of electrochemical electrodes or sensors have
gained much attention for the determination of metal ions in aqueous solutions
using the stripping voltammetry methods due to their size and ease application. The
voltammetry methods combine the low cost of maintenance with high selectivity
and sensitivity for the detection of trace levels (low levels) of metals ions without
prior samples treatment. Under optimization, results from previous studies showed
trace level detection of heavy metal ions using nanomaterial modified electrodes with
different stripping voltammetry methods showed selectivity and sensitivity towards
metals ions at a short time and each metal ions detected were below the allowable
levels by the World Health Organization and other environmental organizations.



3 Electrochemical Detection of Heavy Metals

57

Table 3.3 Applications of stripping voltammetry in the determination of toxic metals using

polymers

Nanomaterials Detection method Analyte LOD References
Polyaniline methylene blue | Differential pulse Hg” 5427 £3.3 |[114]
coated screen printed iron anodic stripping (ng/L)

electrode (PANI-IB) voltammetry (DPASV)

Phytic acid, polypyrrole and | DPV Pb(l) and |2.9and 14.8 |[115]
ZIF type metal-organic Cu(II) nM

framework

(PA/PPy/ZIF-8 @ZIF-67)

Conductive polyaniline DPV Cd** 0.3 pg/L [116]
(ANI) modified with

metal-organic framework

i0-66-NH 2

Liquid crystal polymer j SWASV Zn%* 1.22 nM [117]
(LCP) based bismuth (Bi)

film electrode

Crosslinked chitosan/carbon | Square wave Pb%*, Cd** |0.6,0.8 and |[1]

anodic (SWA) and Cu®** | 0.1 ppm
Carbon Differential pulse Cd{I)and |0.8nM (0.9 |[118]
black—Nafion—glassy carbon | anodic stripping Pb(1I) ng/L) and 5
electrode voltammetry nM (1.0
ng/L)

Disodium Square wave anodic Pb(II) 5.87x107 [119]
ethylenediaminetetraacetate | stripping voltammetry mol/L

dihydrate (EDTA) modified

Carbon Paste electrode
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Abstract Electrochemical method has become a widely used analytical technique
for sensing application because of its many remarkable features such as fast response
time, good stability, high sensitivity and high selectivity. Determination of inorganic
anions and cations in water is an important research field in particular because of the
several health risks posed by these analytes when present at abnormal concentrations.
This chapter, therefore, focuses on the recent advances in electrochemical method
for the detection of inorganic ions in water. The principle of electrochemical sensing
was described in detail. Various nanomaterials ranging from inorganic, organic and
biomaterials used to detect inorganic ions are also discussed. Finally, we reviewed
the application of electrochemical sensors for the determination of inorganic anions
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and cations in water and gave an outlook of future research direction to improve their
performances and applicability.
Graphical Abstract

x

Potential wavelorms. 1 Current response

Vs

time potential

potential
current

m

curment

potential

time

potential

Highlights
1. Detection of inorganic ions in water by electrochemical sensors is discussed.

2. Anions (NO,~, SO4%>, F~, Cl~ and PO4*") and cations (K*, Na*, Ca?*, Mg?*
and AI**) are considered.

3. Nanomaterials used for sensing application are grouped into inorganic, organic
and biomaterials.

4.  Anaccurate determination of these ions will protect the environment and reduce
health risks.

5. Limitations of using ion-selective electrode for sensing inorganic ions are
highlighted.

4.1 Introduction

Water is one of the basic substances that sustain life and our natural environment.
Water also plays a huge role in industry and serves as one of the basic items consumed
by both human and animal [1]. Several measures provide a template to control the
quality of water for our domestic needs, as well as the control of effluents and
aquatic organisms. Such measures form the basis of analytical measurements. In
the same vein, as the demand for clean water resources continue to increase, novel
and efficient methods of purifying and detecting contaminants in water are receiving
adequate attention from several researchers across the globe. This is very crucial in
the sense that the abandoned sources of water such as saltwater may become the only
chief source of drinking water for several millions of people during water scarcity.
Some of the analytes in water consist of essential inorganic ions, especially those



4 Sensing the Presence of Inorganic Ions in Water: The Use ... 67

found in drinking water which play a major role in supporting and sustaining health
and life of human beings. These include Na*, K*, Ca>*, Mg?*, H*, Cl~, HCO;~,
PO43~ and OH™ among others. The non-essential inorganic ions whose biological
functions are not well established but can have adverse effects on both human and
animal when present at certain concentrations include but not limited to Pb, Cu, As,
Cr, Al, Ag, Sr, Li, Hg, Be, Ba, Au, Cd and Ni [2].

Similarly, the World Health Organization (WHO) and the US Environmental
Protection Agency (EPAS) have put in place regulations and permissible exposure
limits of different ions and analytes present in water [3]. For instance, the limits for
Fe, Zn and Cu are on the order of 1-10 ppm; while the limits are more stringent for
Cd, As, Cr, Pb and Hg at the range of 1-10 ppb [4]. The second class are regarded as
the heavy metals which are beyond the scope of this chapter. Among the inorganic
ions present in water are CO;%~, HCO;~, Cl~, and SO4%~, Br—, F~, NO;~, NO,-
and PO,?~, which emanated from erosion and minerals dissolution, ores and natural
deposits, chemical reactions, agricultural and industrial run-off, manure or decisive
addition. When these ions are present more than the maximum contaminant levels,
it can lead to different health challenges such as diarrhea, cancer and organ damage
to name a few [5-7].

To this end, analytical techniques such as Atomic absorption spectroscopy (AAS),
inductively coupled plasma-mass spectrometry (ICP-MS), mass spectroscopy, chro-
matography, ultraviolet—visible (UV-Vis), capillary electrophoresis, X-ray fluores-
cence spectroscopy (XFS) [8—14], etc., have been developed to detect or sense inor-
ganic ions in water bodies. Although they are characterized with varying degrees of
selectivity, interferences from common ions, and selectivity, their applications are
limited by costly instrumentation, lack of technical-know how, complicated sample
preparation process, inability to carry out single composition detection and precon-
centration procedures which have equally put them at disadvantage in terms of a
real-time online and continuous monitoring application. Moreover, the large size of
these equipments makes them unsuitable for on-site detection [15]. Consequently,
this has called for a way of exploring alternative and cost-effective approaches in
sensing inorganic ions in water.

Electrochemical sensing technique has been considered a better technique for
sensing inorganic ions in water because it offers extraordinary features such as
remarkable sensitivity, good response time, affordability, simple instruments, ease
of miniaturization and integration in portable devices [16, 17]. Its simplicity and
ease of operation make it more advantageous when compared with spectroscopic
techniques. In addition, it is possible to improve the selectivity and sensitivity of the
electrochemical sensing technique by using highly efficient electron mediators to
chemically modify the bare electrode. This becomes more interesting because, most
of the electrochemical sensors for the detection of analytes in water possess large
surface area, sites for potential adjustments and exceptional quantum mechanical
features which make them suitable for electron modification [18].
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4.2 Principle of an Electrochemical Sensor

Electrochemical sensing involves using electrodes to measure the electrochemical
changes that occur during the interaction of the chemicals with a sensing electrode.
Electrochemical sensors are characterized with good selectivity, quick response time
and outstanding sensitivity toward several kinds of analytes in the sample of interest
[19]. Electrochemical sensing can also provide a real information about the analyte
with the use of a combination of selective detection tool that bind to the sample
with transducer. By using the sensor, the interaction with the species to be analyzed
is transformed to a signal. Basically, the structure of an electrochemical sensor,
which is shown in Fig. 1 contains two essential parts, the transducer and the chem-
ical recognition parts. While the transducer part helps to transform the chemical
interaction with analyte into electrical signal, the chemical recognition part is for
binding with the analyte [20]. The performance of a sensor depends on the extent
of interaction of the recognition specie with the analyte. A good sensor is known
by the extent of detection limit, linearity, response duration, stability, selectivity as
well as sensitivity. Specifically, electrochemical methods are characterized with very
low detection limits, high selectivity and need only a very small amount of analyte
to obtain signals. However, based on the quantity being analyzed, electrochemical
sensors can be categorized into potentiometric (potential), amperometric (current)
or impedimetric (conductivity) as established by Wang [21].

Potentiometric sensors measure the difference in potential between the working
electrode and reference electrode when there is little or no flow of current. The
measured potential is subsequently used to determine the ion activity in an electro-
chemical cell. The potential difference is calculated based on Nernst equation where
E .y indicates the cell potential when the current equals zero. This value is also what
is being referred to as electromotive force (EMF), and ion-selective electrode (ISE)
is being used to measure the lowest detection limit of electrochemical devices using
this approach [22].

As regards amperometry, a constant potential is introduced to the working elec-
trode and the resulting current is measured relative to time. To study the behaviors of
electrochemical sensors for sensing various analytes, different techniques based on
voltammetry such as cyclic voltammetry (CV), linear sweep voltammetry, differential
pulse voltammetry (DPV), hydrodynamic voltammetry, polarography, and square-
wave voltammetry (SWYV) are usually employed. These techniques have found useful
applications in several fields with different detection limits [23-25].

On the other hand, the voltammetric sensor measures current while applying
potential to the working electrode with respect to a reference electrode. The interac-
tion that arises between the surface of electrode and the electrode/electrolyte interface
layers generated what is known as the response current [26]. However, the rate of
mass transport of the species to the electrode limit electrochemical reaction. Amper-
ometry is different from voltammetry in the sense that it uses a potential step instead
of a potential sweep and the obtained current is directly proportional to the concen-
tration of electroactive species in the analyte as illustrated by Cottrell’s equation
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[27]. In addition, amperometric sensors perform better with respect to selectivity
and sensitivity because the redox potential used for sensing is characteristic of the
analyte species.

4.3 Materials Used for Electrochemical Sensing
of Inorganic Ions in Water

Latest research developments in material science, especially the advancement in
nanomaterials has opened new research trends in analytical measurements. These
nanomaterials have particularly found useful application in electrochemistry because
of their exceptional electronic, physicochemical and mechanical properties [28].
They can be functionalized and assembled on the surface of electrode to construct
sensing electrodes for effective detection of inorganic ions. In addition, several
other materials with improved electrochemical performance can be fabricated by
the assembly of different materials. [29-31]. For instance, polymeric materials are
usually assembled on inorganic nanomaterials to synthesize highly sensitive elec-
trochemical materials sensors for the detection of inorganic ions [32]. This chapter
therefore is on the recent advances in the use of electrochemical sensors for the
detection of inorganic ions in water. The sensors discussed in this chapter are classi-
fied based on the materials used in the fabrication of electrodes for sensing the ions,
namely inorganic, organic and biomaterials.

Inorganic nanomaterials are often used in the modification of electrode mate-
rials because of their intriguing properties such as strong adsorption capability, high
surface-to-volume ratio, good thermal and chemical stability [33]. These include
metal, oxides of metal, carbon, graphene and silica-based materials as that are
frequently used in sensing inorganic ions in water. Examples of organic nanomate-
rials in sensing inorganic ions in water include small organic molecules and several
polymeric organic materials such as polyacetylene, polyethylene glycol, polyacry-
lonitrile, polyaniline, polypyrrole, polythiophene, poly (3.4 ethylenedioxythiophene)
(PDOT), among others. Of the biomaterials used in sensing inorganic ions in water,
enzymes (such as oxidase, peroxidase and urease) and functional nucleic acids are
the most frequently used [34].

4.3.1 Metal Nanoparticles

These are employed in electrochemical sensing due to their good chemical, optical
and electrocatalytic properties [35]. They are categorized into two, namely precious
metals such as silver, gold, platinum, etc., and non-precious metals such as iron,
copper, cobalt, among others. These metals can be functionalized with small
molecules and biomolecules to improve their performance toward sensing inorganic
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ions in water bodies. For instance, Hameed and co-workers investigated the effects
of Co, Cu and Fe for the electrocatalytic activity of nitrite under the same reac-
tion conditions by synthesizing core—shell structure nanocomposites of Cu@Pt/Gr,
Ni@Pt/Gr and Co@Pt/Gr. When the potential applied is 0.85 V and pH of 4, their
detection ranges were found to be 1 pM—-15 mM, 0.01-15 mM, 1 pM-15 mM, while
their detection limits were respectively 0.035 uM, 0.49 uM and 0.145 wM. They
established that all the three electrochemical sensors possess good stability, repro-
ducibility and selectivity with a satisfactory recovery rate in both tap and river water
[36].

4.3.2 Metal Compounds

The class of compounds in this category include metal oxides, metal complexes like
metal-organic frameworks (MOFs) and polyoxometalates. These compounds may
sometimes be functionalized with organic materials to enhance their performance in
the electrochemical sensing of inorganic ions in water. They are relatively cheap and
possess not only good specific surface area but also good electrocatalytic properties
[37]. For instance, Yantasee et al. designed Fe;O4 nanoparticles functionalized with
dimercaptosuccinic acid to detect Cu, Cd, Pb and Ag in natural water [38].

Similarly, MOF-525/Gr nanocomposites were synthesized by Kung et al. by
thermal assemblage of MOF-525 in dispersed graphene nanoribbons suspension
[39]. Metal-organic frameworks (MOFs) are hybrid organic/inorganic crystalline
materials constructed from the coordination of metal ion/clusters and organic linkers
[40]. The function of MOF-525 in this nanocomposite was to catalyzed nitrite
ion while graphene ribbons act as conductive bridges. Furthermore, the prepared
MOF-525/GNRs nanocomposites were employed to make an electrode by simply
depositing it on glass substrates for the detection of NO,™ in water system. The
linear range of the sensor was found to be 100-2500 uwM for the detection of nitrite
when the applied potential was 0.85 V. Meanwhile, the detection limit obtained was
0.75 uM, with sensitivity of 93.8 pAmMM ™' cm™2.

4.3.3 Graphene

Graphene is a 2-D carbon material that consists of sp?>-hybridized carbon atom with
a honeycomb hexagonally based lattice structure that extends infinitely [41]. It has
been found useful in modifying the electrodes of electrochemical sensors due to its
high surface area, good mechanical strength, superb thermal conductivity and good
electrochemical activity. Different types of graphene structures, as shown in Fig. 4.1,
such as graphene, graphene oxide and reduced graphene oxide do exist which are
only different in their molecular structures but also in their electrochemical sensing
performance.
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Fig. 4.1 Types of graphene nanomaterials such as a graphene, b few layer graphite, ¢ graphite,
d reduced graphene oxide and e graphene oxide. Reproduced with permission from [45] Copyright
2016 Elsevier

Because graphene performance is limited when it acts alone, it is often function-
alized with other materials such as metals, metal oxides, polymers, among other to
improve its activity. Interestingly, graphene-based sensors have been used to detect
several inorganic ions found in water such as Cl1-, F~, NO,~, K*, S0,*, NO,~,
etc. For instance, Mani et al. synthesized graphene/multiwalled carbon nanotubes on
iron nanoparticles (Gr/MWCNTs/FeNPs) for nitrite determination with the applied
potential of 0.77 V and pH of 5 in the modified electrode range of 0.1 pM-1.68 mM
and limit of detection is 75.6 nM [42]. This electrode has advantages of good stability,
reproducibility, and high resistance to interference from other ions. The recovery of
detection in different water bodies was found to be between 96.1 and 103.7%.

In another study by Zhang et al., an electrochemical sensor made of holey graphene
(ERHQG) characterized with good reproducibility, repeatability and exceptional anti-
interference was fabricated to sense nitrite in tap water and drinking water [43]. The
potential of 0.92 V and pH of 7.4 was applied to obtain the linear detection range of
0.2 uM-10 mM with sensitivity of 0.054 wM.

Furthermore, Soundappan et al. synthesized crumpled SnO,-graphene (cGO-
Sn0O,) nanocomposite sensors using aerosol-based CVD synthesis route and electro-
spray deposition for sensing of free chlorine [44]. The CGO-SnO, working principle
is that it directly reduces the hypochlorite ions on the electrode surface which is used
to control the concentration of free chlorine. The linear range of the electrode was
found to be 0.1-10.08 ppm, with sensitivity of 2.69 uM~!. It was equally concluded
that interreferences from other common ions was prohibited by this electrode in
drinking water because the electrochemical reduction signals of chlorine were only
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detected. In addition, a sensitivity of 5.86 LA w M~! cm? was observed when the
same CGO-SnO, electrodes were used for sensing free chlorine in tap water.

4.3.4 Polymers

Polymers can be constructed by copolymerization reaction of monomers and post-
modification of the reaction products. These polymers are often combined with
inorganic nanomaterials to produce highly sensitive electrochemical sensor for the
sensing of inorganic ions in water. The most common polymers that are used in
sensing inorganic ions include but not limited to PPy, PDDA and PyY [46]. For
instance, Dong et al. studied the potential of polypyrrole polymer film electrode
doped with chloride-to-chloride ion in solution. This polymer film was obtained
with a detection limit of 3.5 x 10~ M for chloride ion [47].

Moreover, Xu et al. prepared PDDA functionalized with reduced graphene oxide
(RGO) nanomaterials and was used to modify glassy carbon electrode for electro-
chemical detection of nitrite ion in water system. The linear concentration range and
the detection limit are 0.5 pM-2 mM and 0.2 nM, respectively. It was found out
that these electrodes have good selectivity and reproducibility with a recovery of
95.4-16% in drinking water [48].

4.3.5 Quantum Dots

Quantum dots (QDs) are synthetic semiconductor nanoscale crystals that can convey
electrons. They possess optical and electronic features that are different from larger
particles because of quantum mechanics [49]. Graphene quantum dots (GQD) are
one of the most prominent members of this family which are commonly known as
fluorescent nanomaterials and have found useful applications in several fields due
to their unique optical properties. Quantum encapsulation and edge effects in their
structures can also elicit exceptional electrochemical properties [50, 51].

Zhuo et al. investigated graphene-based quantum dots using up-conversion fluo-
rescent sensor for detection of phosphate. The linear range for the sensing of phos-
phate was found to be 1-12 uM with LOD of 100 nM. This sensor was successfully
applied in real river water samples [52].

You et al. also fabricated a novel nitrogen-doped graphene quantum dots decorated
N-doped carbon nanofibers (NGQDs@NCFs) for the detection of NO,™ in water
system. The synthesis of NGQDs@NCFs composite material was via electrospin-
ning, pyrolysis combined with a single-step hydrothermal procedure [53]. The excel-
lent flexibility and the free-standing structure of the nanocomposite made it easy to
be successfully anchored on the surface of the electrode. The electrocatalytic perfor-
mance of the electrode was then established by cyclic voltammetry and electrochem-
ical impedance spectroscopy. The results obtained showed that the NGQDs @ NCNFs
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nanocomposite performed better than the previous sensors reported for the sensing
of nitrite in terms of linear range (5-300 wM, R? = 0.999; 400-3000 uM, R*> =
0.997), low detection limit (3 wM), exceptional reproducibility, selectivity and good
recoveries in lake and tap water.

In another report, Liu et al. employed hexametaphosphate for the synthesis of
CdS QDs and then used in detecting calcium ion and fluoride. The result obtained
showed that there was a direct relationship between the fluorescence intensity of
hexametaphosphate-doped CdS quantum dots and Ca®* concentration in the range
of 10400 pmol/L with detection limit for Ca?>* was found to be 4 pwmol/L. In
addition, it was possible for fluoride ions to react with Ca?* to produce CaF, which
will inhibit calcium-induced fluorescence enhancement of CdS quantum dots. This,
therefore, suggested that the same system can also be used to successfully detect
fluoride ions [54].

4.3.6 Carbon Nanotubes

Carbon nanotubes (CNTs) are fascinating materials that possess different kinds of
physical, electrical and mechanical features. They are often employed as electrode
materials because of their intriguing properties such as high surface area, ease of
post-synthetic modification, small size and superb electrical conductivity [55]. They
also possess outstanding sorption for metal ions. CN'T-based electrochemical sensors
have demonstrated promising for sensing multiple inorganic ions in water system.
The modification of CNTs with another molecule also helps to improve the selectivity
of the analyte at the interface of the electrode. Analytical sensing of CNTs-modified
electrodes often leads to low detection limits, overpotential reductions, high sensi-
tivity and lack of resistance to surface fouling [56] . All these properties made carbon
nanotubes a better material to develop good electrochemical sensors and biosensors
when compared to their carbon counterparts.

However, CNTs are limited in their applications because it is cuambersome and
highly expensive to produce pure and defect-free CNTs. In addition, CNTs can pose
serious health risks due to their harmful effects to the lungs that emanated from their
agglomeration which can eventually lead to suffocation [57]. Their insolubility in
most solvents also put their applications at greater disadvantage. Despite these chal-
lenges, an increasing research progress from different researchers across the globe
look promising especially through the development of multiwall carbon nanotubes
(MWCNTSs). MWCNTSs are a special type of CNTSs that are made of sp? carbon and in
which multiple singled-walled CNTs are nested inside one another. The electrochem-
ical sensors fabricated from MWCNTs are characterized with enhanced sensitivity,
low charge transfer resistance, electrocatalytic activity and minimized fouling [58].
Different sensors based on MWCNTs have been developed for sensing inorganic
anions and cations in water.

For instance, Qu et al. developed a novel electrochemical sensor based on Fe;O4
nanoparticles-MWCNTs film composite for the determination of nitrite [59]. The
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Fig. 4.2 Electrochemical response curves at the PDDA—Fe304/L-cyssMWCNTSs/GC electrode in
0.1 M PBS (pH 5.5) with different concentrations of nitrite

sensor was produced via electropolymerization of L-cystein on the MWCNTs
and then immersed on positively charged poly(diallyldimethylammonium chloride)
coated with iron oxide nanoparticles by electrostatic interaction on glassy carbon
(GC) matrix. At optimized conditions, electrochemical response curves at the PDDA—
Fe304/1-cyssMWCNTs/GC electrode were obtained in 0.1 mol/L. PBS (pH 5.5)
containing different nitrite concentrations as shown in Fig. 4.2. The linear range
was found to be between 7.49 x 107% to 3.33 x 1073 mol/L, with a detection limit of
8.46 x 10~7 mol/L was determined at S/N of 3. The synergistic properties of PDDA—
Fe;0y4, L-cys and MWCNTs contributed significantly to the oxidation of nitrite ion
on the electrode surface.

Furthermore, Zhou et al. developed a novel electrochemical sensor based
on MWCNTs ferrocene-branched chitosan (CHIT-Fc) composites-covered glassy
carbon electrode (GCE) for the sensing of sulfite in boiler water using cyclic voltam-
metry technique [60]. The sensor exhibited a good performance toward sulfite oxida-
tion. At optimal conditions, the detection limit was found to be 2—8 WM and linear
range of 5 uM-1.5 mM at a S/N of 3. A good sensitivity of 13.08 pA/mM was also

obtained.
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4.4 Electrochemical Determination of Inorganic Ions
in Water

The presence of some inorganic ions at high concentrations in water bodies can pose
serious health risks. These ions can be cations (such as K*, Na*, Ca>*, Mg”* and
AIP**) or anion (such as nitrite, sulfite, chloride, fluoride and phosphate). Therefore,
an accurate determination of these ions will not only help to protect the environment
but also reduce the health risks [61]. Many methods have been developed for the
determination of inorganic cations and anions in water such as colorimetry, chro-
matography, spectrophotometry, chemiluminescence, electrochemical methods and
so on. Among them, electrochemical methods are preferred due to the ease of oper-
ation, relatively rapid response time and low cost. Consequent to this, this section is
on discussion of the determination of inorganic ions in water using electrochemical
sensors with a view evaluating their performance in terms of sensitivity, selectivity
and stability.

4.4.1 Inorganic Anions

4.4.1.1 Nitrite (NO,~)

Nitrites are an inorganic anion that has found useful applications in food industry as
preservatives and can also serve as fertilizing agents [62]. It exists in water because
of chlorination that may trigger the formation of nitrite in the water system. The
maximum concentration of nitrite in drinking water according to WHO is 3 mg/L.
Elevated levels of nitrite ion in food and water sample may be detrimental to human
health and cause diseases such as stomach cancer, Blue Babe Syndrome among
other diseases [63—65]. Consequently, it is imperative to develop simple, rapid and
sensitive method to detect nitrite ion to protect public health and environment.

There are several techniques used in sensing NO,~ such as chromatography,
potentiometric sensor, capillary electrophoresis, electrochemiluminescence, spec-
trophotometry and electrochemical techniques [66—68]. Among all, electrochem-
ical method has received adequate attention because of ease of operation, low cost,
quick response time, good stability, and high sensitivity. For instance, Mehmeti et al.
developed the use of graphene ribbons as an efficient electrochemical sensing mate-
rial for the determination of nitrite in tap water by using glassy carbon electrode.
The summary of some electrochemical techniques used in sensing nitrite in water is
shown in Table 4.1.
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Table 4.1 Summary of the electrochemical sensing of nitrite in water
Electrode Technique Linear range (WM) |LOD (WM) | References
Au-MOF-5 CvV 5-65,000 1 [69]
PAOA/GCE Amperometric-i-t | 5-2000 2 [70]
TOSC-MoS, Amperometric-i-t 3140-4200 2 [71]
Auw/TiO2/CNT DPV 4-225 3 [72]
CS/MWCNT/CN LSV 5-1000 0.89 [73]
PEDOT/AuNCs Amperometry 0.05-2600 0.017 [74]
Cu/CBSA NFNs DPV 0.5-500 0.1 [75]
Bare glass carbon SWV 20-6400 0.4 [76]
ZnO@reduced LSV 10-8000 33 [77]
functionalized GO
Renewable copper | DPV 100-2500 111 [78]
layer
PANI@GO Amperometric-i-t 2-44,000 0.5 [79]
3C-SiC Amperometric-i-t | 50-5000 3.5 [80]

Abbreviations

Au-MOF-5 Gold-metal-organic frameworks-5 composite electrode

PAOA/GC Poly(aniline-co—o-aminophenol)-modified glassy carbon electrode

TOSC-MoS, TEMPO oxidized straw cellulose/molybdenum sulfide composite
Au/TiO,/CNT Gold titanium carbon nanotube
CS/MWCNT/CN Chitosan (CS)-grafted multiwalled carbon nanotube carbon nanoparticles

PEDOT/AuNCs Poly(3,4-ethylenedioxythiophene) doped with gold nanoclusters

Cu/CBSA NFNs Copper ions—crosslinked bovine serum albumin nanoflower networks
PANI@GO Polyaniline-Graphene Oxide
3C-SiC Cubic silicon carbide

CV Cyclic voltammetry

DPYV Differential pulse voltammetry
LSV Linear sweep voltammetry

SWV: Squarewave voltammetry

4.4.1.2 Fluoride (F-)

Fluoride plays a major role in human body and participated in different kinds of
biochemical reactions with applications in dental and pharmaceutical products. When
F~ is taken at appropriate amount, it improves health and helps prevent diseases such
as osteoporosis [81]. The acceptable limit of F~ in drinking water as recommended
by the USA environmental protection agency (EPA) is 2—4 ppm [82]. However, when
F~ is present at higher concentrations, it may trigger several diseases that include
nephrotoxic disease, dental fluorosis and even cancer. It is therefore imperative to
develop sensitive and selective techniques to detect F~ in both water and biological
fluids.

Among the techniques that have been put in place to sense F~, electrochemical
methods, especially ion-selective electrode (ISE) has been documented by the WHO



4 Sensing the Presence of Inorganic Ions in Water: The Use ... 77

due to its good response time, high sensitivity and selectivity. The major challenge of
ISEis the interference from other ions especially when there is hydrogen or hydroxide
ion in the analyte. In circumventing this challenge.

Tao et al. developed an electrochemical sensor based on spiropyran skeleton called
SPOS;, to exclusively detect F~. The SPOSi was anchored on single-walled carbon
nanotubes (SWCNTs) modified GCE via IT-IT conjugation interaction in order to
improve its sensitivity. When the electrode was used to detect F~, a detection limit
of 8.3 x 10® M was obtained, which when compared with the normal F~ ISE, a
higher sensitivity and stability was obtained [83].

Unlike Tao and co-workers who used non-phenolic spiropyran that complicated
the synthesis of the electrode, Appiah-Ntiamoah et al. developed an effective elec-
trochemical sensor based on fluorescein isothiocyanate-MWCNT composite (FITC-
OSi-p-MWCNT-GCE) to detect fluoride ion in real water samples [84]. FITC has
two phenolic groups which reduces the synthesis of the composites to just three
facile stages. The sensor was constructed by modifying GCE with p-MWCNT
and FITC-OSi to form FITC-OSi-p-MWCNT-GCE. The sensor displayed superb
reproducibility and stability and gave a limit of detection of 0.26 wm, in the linear
range of 1-100 wM, which is below the fluoride ion requirements in drinking water
recommended by the USEPA and WHO.

4.4.1.3 Sulfite Ion (SO427)

Detection of sulfite in aqueous solutions has been the subject of several research
studies for several decades, and many methods have been developed in this regard.
This became necessary because when sulfite is present at high concentrations, it
can produce a change in the organoleptic properties of food and drinks, and can as
well induce headache, asthma and dizziness in human [85, 86]. In fact, the FDA has
stipulated that caution labels should be affixed on any food or beverage whose concen-
tration of sulfite exceeds 10 ppm with a maximum concentration set at about 50 ppm.
Therefore, the development of a selective and sensitive method for sensing sulfite
is imperative for analytical applications. Recently, much attention has been given to
electrochemical methods like voltammetry and amperometry for the determination
sulfite in water samples [87].

However, direct electrochemical oxidation of sulfite usually gives rise to a poor
current response, and it is a big challenge when it comes to differentiate the individual
analyte current response. To assuage this challenge, scientists have carried out surface
modification of the electrodes with different materials to improve their performance.

Ensafi et al. designed a simple, selective, and precise electrochemical sensor based
on modified-carbon nanotubes paste to detect sulfite in water and wastewater using
cyclic voltammetry [88]. At optimum pH of 7.0, the electrocatalytic peak current
revealed linear relationship in the sulfite concentration range of 2.0 x 10 =7 to 2.8
x 10 mol/L with a detection limit of 9.0 x 10 =% mol/L.

Furthermore, Pandian et al. also carried out a selective electrochemical sensing of
sulfite in water samples with the aid of homogeneously dispersed AgNPs assembled
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on PANI/rGO [89]. This modified electrode performed better in terms of detec-
tion limit in nanomolar range when compared with other materials based on Au,
Co and graphene which are only capable to detect in micromolar range. In addi-
tion, the AgNP@PANI/rGO/GCE shows a remarkable stability, reproducibility, and
selectivity in the presence of a host of impurities.

4.4.1.4 Chloride (CI7)

Chloride ion forms when a chlorine atom gains an extra electron. It exists generally
in form of salts such as NaCl and KCI, which are highly soluble in water. Most
natural waters comprise chloride ion and its concentrations are dependent on the
mineral content of the neighboring rock or soil. Apart from these sources, chloride
may also be present in water because of human activities such as agricultural run-off,
road salting, industrial wastewater, and water emanated from gas and oil wells [90].
Chloride is an essential mineral for both aquatic and non-aquatic organisms, as it
helps to maintain osmotic pressure, water and acid—base balance in tissues. However,
when chloride ion is present at abnormal concentrations in water bodies, it can have
adverse effects on the whole aquatic system, and this is the reason why it is important
to develop techniques that will help detect chloride in water.

Among all the available methods, electrochemical technique, most especially
ion-selective electrode (ISE) appears to be highly promising to detect Cl1~ because
it makes it easier to monitor C1~ with respect to its concentration [91]. This is an
added advantage for the ISE when compared to other electrochemical methods like
amperometry that indirectly detect C1~. However, the use of noble metal such as Ag
make them unfit for large-scale monitoring due to high cost. Apart from ISEs, other
electrodes also depend on noble metal. Thus, fabrication of a cost-effective sensor
for C1~ determination will require no noble metal. Along this line, Zhang et al.
constructed a novel carbon paste electrode for high performance electrochemical
sensing of C1~ in water samples using 3-D graphene [100]. By employing DPYV,
the peak current at 0.05 V was linear with chloride concentration range from 0.5 to
1000 mM, and the LOD at 0.2 mM (S/N = 3) as shown in Fig. 4.3. After 100 tests
using the same electrode, the peak current of C1~ was still 90-110% from the first
analysis, which showed that the electrode could be reused.

4.4.1.5 Phosphate Ion (PO43")

Phosphorus is an element that is essential for both the living cells and environ-
mental system and plays a major role in the human wellbeing as well as the treat-
ment of wastewater [93]. In the water system, phosphorus is present in form of
orthophosphates, which have paved the way for the detection of phosphate in biolog-
ical and environmental samples. Phosphate is present at a concentration in the range
of 10 uM-10 mM in wastewater and biological fluids and this requires the use of
analytical techniques for accurate sensing [94]. The common techniques that have
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been used include but not limited to colorimetry, spectrophotometry and the use
of biomimetic phosphate receptors. However, low sensitivity, intricate analytical
procedures, difficult instrumentation limit their practical applications.
Alternatively, electrochemical methods are easy to operate, possess quick
response time and can be automated and miniaturized for in situ and online moni-
toring. Most of the electrochemical methods that have been used to detect phosphate
ions in recent times involve interaction of phosphate ion with the receptors, but these
methods failed to meet the requirements of the environmental monitoring. However,
due to the electrochemically inert nature of phosphate ion, direct sensing of phosphate
ion remains a huge challenge. Notwithstanding with this challenge, some successes
have been recorded in the direct electrochemical sensing of phosphate ion in water.
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Table 4.2 Summary of the electrochemical sensing of phosphate in water
Electrode Technique Linear range | Limit of Application References
(ppb) detection
(M)
Pt/AuNWs Amperometry | 248-14,000 45 NA [96]
CoNPs-RGO Potentiometry | 1-10,000 NA Tap and well | [97]
water
Chitosan Potentiometry | 1-10,000 0.6 NA [98]
clay/PVC
CuMAPc Potentiometry | NA 0.002 Tap, river, [99]
drainage,
underground
water
Cu-BPMP Potentiometry | 3-50 0.5 Mineral water | [100]
UO; Salophene | Potentiometry | 50-1000 10 River water [101]
Mb rod Potentiometry | 10-100 1.9 NA [102]

Abbreviations

Pt/AuNWs Platinum black gold nanowires

CoNPs-RGO Cobalt porous nanostructures on reduced graphene oxide

PVC Polyvinyl chloride

CuMAPc copper monoamino phthalocyanine

Cu-BPMP coper complex of 2,6-bis(bis(2- pyridylmethyl)aminomethyl)-4-methylphenol

Song et al. investigated the direct electrochemical detection of phosphate ion in
aqueous solution using phase transition of calcium phosphates, CaP [95]. Specif-
ically, amorphous calcium hydroxyapatite was mixed with octacalcium phosphate
and acts as a precursor for the synthesis of hydroxyapatite which was immobilized on
Nafion modified glassy carbon electrode (GCE). The novel CaPs/Nafion phosphate
sensor developed are based on the influence of phosphate on the peak currents of
the CaPs on the electrode surface. The sensor displayed good sensitivity and good
selectivity to phosphate ion in aqueous solution. Several other phosphate sensors
have been reported as highlighted in Table 4.2.

4.4.2 Inorganic Cations

4.4.2.1 Potassium Ion (K*)

Potassium ion (K*) is an important mineral found in plant, animal and human nutri-
tion. In human, potassium ions play a central role in regulating the cellular and elec-
trical functions of the body [103]. It also plays a vital role in mediating the osmotic
balance of the bodily fluids and regulating the acid-balance of the body by altering the
kidney’s function to reabsorb bicarbonate-the major extracellular buffer to metabolic
acids. Potassium is abundantly present in the environment and natural waters. It can
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also be present in drinking water because of the potassium permanganate used as an
oxidizing agent in the treatment of water.

In some countries, the potassium ion from the chloride salt of potassium (KCl)
is commonly being used in exchange for Ca or Mg ion in removing the hardness
of water. Although the concentrations of potassium in drinking water are normally
low and do not pose serious health risks, the resulting levels of K ion employed as
softeners in water treatment can, however, be harmful because of the high solubility
of KCI. The abnormal level of K* can trigger cardiovascular diseases, kidney disease,
hypokalemia among other diseases [104]. Hence, it is important to control the daily
intake of potassium present in foods and drinking water. The recommended daily
intake of potassium in the diet is between 2000 and 4000 mg [104].

The common method for the determination of potassium ion in water include
chromatography, flame photometry, colorimetry, luminescence, and electrochem-
ical based methods. These methods consume lots of time, require sampling, are
costly and involve complicated instrumentation which limit their practical applica-
tion [105]. However, as stated earlier, electrochemical methods have proven to be the
best because of their ease of operation, simplicity, low cost and quick response time.
The sensitivity, selectivity, reproducibility, and long-term stability of the sensors used
in sensing potassium ion in water are outstanding. In the studies involving electro-
chemical techniques, most of the sensors reported in the literature to determine alkali
metal cations are ion-selective electrodes (ISE) [106].

Teixeria et al. developed an electrochemical sensor for K* that encompassed
carbon paste electrode with a novel KSr,Nb,O;s- an oxide of tetragonal tungsten
bronze structure. The sensor exhibited a linear response for K* in the concentration
range 1.26 x 107 at 1.62 x 107> mol L™! (E (mV) = 32.7 4+ 51.1 log [K*] and LOD
of 7.27 x 107> mol L~! [107]. It is noteworthy to mention that the lifetime of the
sensor is high, which confirmed the sensor stability.

4.4.2.2 Sodium Ion (Na*)

Sodium is one of the elements that constitute the mineral called NaCl, which is popu-
larly known as common salt. The sodium cation in our body is the major extracellular
electrolyte that is responsible for the control of water between intracellular and extra-
cellular [108]. The determination of sodium is very important within both the natural
environment and process environment, though its observation in drinking water is
much more pronounced as the human intake of sodium at anomalous levels can have
adverse effects to human health such as diabetes, renal and hepatic dysfunction, heart
and hormonal imbalance, among others. Sodium dissolves highly in water and it is
often found in groundwater [109]. All groundwater contains sodium as most rocks
and soils comprise salts of sodium which are highly soluble. Although it is generally
agreed that sodium is essential to human life, there is no general agreement on the
minimum daily intake.

However, it has been estimated that a daily intake of 120-140 mg and 500 mg
for the children and adults respectively will meet their daily requirements [110].



82 K. O. Otun et al.

The techniques used in determining Na* include flame photometry, spectrophotom-
etry, electrophoresis, and chromatography. In studies involving electrochemical tech-
niques, most of the sensors reported in the literature to determine alkali metal cations
are ion-selective electrodes (ISE).

Van der Winkel et al. employed Auto Analyzer system to directly determine
sodium in river water in the range of 1-1000 ppm using a sodium-selective electrode
[111]. EDTA helps to circumvent the interference of other ions such as Mg?* or
S042~, although the sensitivity is restricted by 1 ppm. This system can tolerate a
fivefold excess of K and working at high pH can mitigate the interference of H*.
The accuracy and reproducibility of the sensor are good and about 20 samples can
be examined in an hour.

4.4.2.3 Magnesium Ion (Mg*)

Magnesium is one of the essential elements for a healthy living. It is found within our
cell, and it is a co-factor for more than 400 enzymatic reactions that involve nucleic
acid which help to synthesize protein and assist in energy metabolism [112]. An
abnormal intake of Mg may have adverse effects on human health such as endothe-
lial dysfunction, pre-menstrual syndrome, decrease in the sensitivity of insulin and
psychiatric disorders [113]. It is therefore very crucial to control the levels of magne-
sium in both soil and water because a healthy soil breeds healthy crops which in
turn benefits to keep human life healthy. This has ultimately made the research
work in sensing magnesium ion to have received adequate attention in recent times.
Several sensors have been used to detect magnesium based on different techniques
that include ion-selective electrode, electrochemical conductivity, voltammetry and
capillary zone electrophoresis [114].

Chaniotakis et al. used ISE technique to detect Mg”* in water samples by
employing Flow Injection Analysis (FIA) method [115]. The sample pretreatment
reagents such as pH, buffer solution and calcium complexing agent were used to
optimize the detection limits. In addition, this approach employed a combination of
flow injection analysis based on a syringe pump as the delivery system together with
the reagent that suppresses other interfering ions intensely increased Mg>* selec-
tivity of the electrode. Therefore, it affords new development for rapid and accurate
determination of Mg?* in water samples. However, optimum sensing of Mg>* will
be obtained if all the experimental parameters are optimized.

4.4.2.4 Calcium Ion (Ca%")

Calcium is one of the most abundant elements in the aqueous environment, biological
fluids and biomaterials. It plays a major role in the cell wall and membrane as a counter
cation and for organic and inorganic anions. It is very challenging to specifically
detect Ca in the presence of other competing ions especially Mg ions. Ion-selective
electrode (ISE) is the most common technique to sense inorganic ions including
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calcium. ISE is based on the relationship between the electrode and the ion activity
to detect the ions. They are very appropriate for the detection of Ca ion because of
its high selectivity, high sensitivity, low cost, wide variety of tested ions, and small
sample size [116].

Li and co-workers investigated a Ca-selective electrode using a copper wire coated
with a combination of calcium bis[bis(p-isooctylphenyl) phosophate], dioctyl phenyl
phosphate and PVC in cyclohexane [117]. A linear Nernstian response in the range
of 2 x 107> to 10~! M for Ca?* and a limit of detection of 9 x 10~® M Ca* were
obtained. The sensor is characterized with low resistance, good stability and high
selectivity when applied in natural water.

4.42.5 Aluminum Ion (A**)

Aluminum is the most abundant element and about 8% in the earth’s crust. It is present
in the environment in form of oxides, silicates, and hydroxides. It can combine with
other elements like Na and F and can also form coordination compounds with organic
matter. The amount of Al in natural water may vary largely based on the physical,
chemical and mineralogical parameters of the water. Dissolved concentration of
aluminum in waters usually vary from 0.001-0.05 mg/L with near-neutral pH values
but increase to 0.5—-1 mg/L in more acidic waters. The source of Al in and the use of
coagulants during treatment determine the level of Al in drinking water. However, the
toxicity of AI** is not well established and can have some adverse health risks such
as Parkinson’s disease, Alzemehier’s disease, dialysis, breast cancer among others
[118]. Therefore, it is important to develop techniques for the detection of AI**.
Arvand and co-workers employed ion-selective electrode for the sensing of AI**
in tap and mineral waters by using 6-(4-nitrophenyl)-2-phenyl-4-(thiophen-2-yl)-
3,5-diaza-bicyclo[3.1.0]hex2-ene (NTDH) as a novel ionophore [ 119]. The electrode
showed a good response for Al** over concentration range of 1.0 x 1076-1.0 x 107!
M with a Nernstian slope of 19.6 & 0.4 mV/decade and low LOD of 6.3 x 10~7 mol
L~!. The main merits of this electrode are its simplicity, low cost and precise results
that influenced the excellent selectivity toward AI** over other interference ions.

4.5 Conclusion and Outlook

Electrochemical method has proven to be an emerging technique for the detection of
inorganic anions and cations in water with low detection limits and high sensitivity.
Substantial progress in both principles and applications has been recorded during the
past few decades. When compared with other techniques, electrochemical methods
have shown remarkable selectivity, sensitivity, fast response time, low cost, and
simplicity. However, there is a challenge associated with the use of ISE which is
mainly used in sensing some inorganic ions like chloride. This has to do with the use
of noble metal such as Ag which make them unfit for commercial monitoring due
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to high cost. Apart from ISEs, some other electrodes also depend on noble metal.
Therefore, we suggest that fabrication of a cost-effective sensor that will require no
noble metal will help in no small amount for industrial application.
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Chapter 5 ®)
Corrosion Prevention: The Use Check for
of Nanomaterials

A. Momoh, F. V. Adams, O. Samuel, O. P. Bolade, and P. A. Olubambi

Abstract The devastating economic impact of corrosion necessitates research into
suitable corrosion control techniques. An important precursor to the development of
such control methods is a comprehensive understanding of the factors that actively
contribute to the corrosion of metals. These include environmental parameters such
as presence of moisture, the pH and temperature of any surrounding electrolyte solu-
tion present, the concentration of oxygen present, etc. However, the level of corrosion
observed on the material is only partly due to these factors. It is actually the metallur-
gical properties of the material that dictate how it will corrode in response to the envi-
ronmental conditions present. This concept has fueled research into the development
of nanomaterials such as nanocrystalline (NC) materials, nanogels, nanocomposites,
nanoparticles, carbon dots, and nanocontainers, which possess physical properties
that are markedly different from their mainstream microcrystalline (MC) counterparts
and other corrosion inhibitors. While the use of nanomaterials in corrosion control
undoubtedly has numerous benefits, their use has also been found to pose certain
challenges; large scale processing of NC metals can prove difficult as they may have
poor thermal stability and are highly susceptible to grain growth. In tribocorrosion
control, on the other hand, the use of nanoparticles may result in the deposition of
nanosized debris at the region of contact between two surfaces. This could have the
undesired effect of increasing friction and damaging the oxide film layer present.
This could favor further corrosion.
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5.1 Introduction

Corrosion is a natural process that converts a refined metal into a more chemically
stable form such as oxide, hydroxide, or sulfide. This is the gradual deterioration or
destruction of materials (usually a metal) by chemical and/or electrochemical reaction
with their environment. Electrochemical corrosion often takes place in electrolytes
such as water, soil, or wet gases, while chemical corrosion occurs in nonconductive
liquids or dry gases [1]. Both types of corrosion cause a production of rust or mill
scale.

In spite of much advancement in the science and technology of corrosion preven-
tion and control, the phenomenon of corrosion (usually of metals and alloys)
continues to pose a major concern to many industries around the world [2-5]. The
direct and indirect cost of corrosion is huge. A good portion of the loss can be avoided
by proper corrosion control and monitoring methods. This means there is the need
to utilize cheaper and better methods to prevent corrosion.

Nanoscience and nanotechnology have revolutionized the present-day scien-
tific world, leading to the development of new tools and techniques. Materials at
nanometer scale possess many advantages over their micrometer scale counterparts.
The key aspect in many applications is the efficient design of nanomaterials in which
the desirable pros can be distinguishably emphasized, and the undesirable cons can
be properly suppressed. Widespread efforts are underway to promote their effective
use in the realm of corrosion control. Employing nanomaterials can enhance a mate-
rial’s performance significantly in certain areas of corrosion control; for example, in
an advanced coating [6].

Although in the past, some authors had worked on various applications of nano-
materials for corrosion mitigation [6, 7] and their findings reported this chapter aims
at elaborating on already reported work and to also add what is yet to be reported
in this area. For instance, Burhagohain and Shrma gave a descriptive study on the
use of nanomaterials as corrosion inhibitors with specific applications in the oil and
gas industry [6]. These nanomaterials include nanogels, nanocrystals, carbon dots,
etc. [8—15]. Nanocomposite materials are applicable in various aspects of corrosion
control, some of which will be discussed subsequently.

5.2 Nanostructured Materials

Materials with morphological features on the nanoscale (usually smaller than 100 nm)
in at least one dimension are referred to as nanomaterials [16]. They can be
classified as nanosized and nanostructured materials. A nanostructured material,
which is also referred to as a nanocrystalline or nanophase material can be said
to be one with nanoscale morphological features. It is usually constructed using
a combination of nanosized (e.g., grain size, particle size, structure size, etc.),
materials, and/or nanoscale empty spaces [6]. These materials include secondary
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structures consisting of primary nanoparticles, nanograined metals/alloys/ceramics,
nanoporous structures, nanocomposites, etc.

Nanostructured materials possess unique mechanical, electronic, physical, chem-
ical, and physiochemical properties due to their high surface area which in turn
increases the active centers [17]. These properties enable easy coatings of greater
wear and tear resistance. The nanomaterials undergo physisorption/chemisorption to
the corroded metal surface and inhibit the corrosion of the metal efficiently.

The overall property of a nanostructured material depends essentially on param-
eters such as the size and distribution of the constituent phases (particle, grain,
phase, etc.), nature of grain boundaries, and interaction between the phases [18].
The sizes of the building blocks, which are relatively small, high relative number
of atoms in the phase/grain boundaries as well as high surface to volume ratio are
responsible for the improved and diversified properties of nanomaterials compared
to their microstructured materials. Substantial contribution has been made over the
years by various researchers in processing nanostructured materials, this includes
nanostructured coatings [19-22].

5.3 Nanomaterials in Corrosion Mitigation

Thin film coatings such as painting have been in existence for many years and have
been used to prevent corrosion. However, passive and active coatings, which are bene-
fited appreciably by nanomaterials have recently been used as corrosion inhibitors and
are applied in various areas where corrosion is a challenge [23]. A nanocoating is that
type of coating that has either nanoscale thickness coating or nanosized grains/phases
or has its second phase particles dispersed into the matrix in the nanosize range, etc.
[5]. Nanocoatings can either be nanocomposited coatings or nanostructured coat-
ings; these have grain sizes in the range of 100 nm [24, 25]. Vacuum, as well as
non-vacuum-based methods, are usually used in the synthesis of nanocoatings. The
vacuum based method includes high velocity oxy-fuel thermal spray, electroless
plating, electrodeposition, anodization, electro-spark deposition laser beam surface
treatment, sol-gel, magnetron sputtering, etc. [26]. Application of nanocoatings on
metal surface is basically to improve corrosion resistance of the metal, reduce wear,
high temperature oxidation, and corrosion resistance [27].

The subsequent sections show areas in which nanomaterials or nanoparticles can
be applied to prevent or mitigate corrosion.
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5.4 Application of Metal/Metal Oxide Nanoparticles
as Corrosion Inhibitor

Metal/metal oxide nanoparticles have been found to be effective anti-corrosion agents
and have found a wide range of applications in aerospace and in various industries.
The corrosion inhibition efficiency of metal/metal oxide nanoparticles was reported
to result from their self-healing ability and ability to create barrier against corrosive
species [12, 28]. Also, an improvement in photodegradation resistance of coatings
is achieved using metal/metal oxide nanoparticles.

Obot et al. [29] synthesized silver (Ag) nanoparticles for mild steel inhibition in
0.5 M HCl solution. The authors synthesized the Ag nanoparticles from a bio-derived
product-honey, which was used as both capping and reducing agents with sunlight
irradiation. Electrochemical corrosion method was used in the corrosion inhibition
study. The results obtained showed that Ag nanoparticles synthesized from honey
are an effective corrosion inhibitor for mild steel [29]. An inhibition efficiency of
91.5% with a very low inhibition concentration was achieved.

Rivera-Grau et al. [30] studied the effect of Ag nanoparticles in hydroxyethyl
imidazoline as mild steel inhibitor against CO, corrosion in NaCl and diesel solution.
The authors observed that incorporating Ag nanoparticles in hydroxyethyl imidazo-
line increased inhibition efficiency of the inhibitor by approximately 99% at a very
low inhibition concentration. Also, Solomon et al. [31] synthesized green inhibitor
using gum Arabic and nanoparticles for corrosion inhibition of mild steel in 15% HC1
and 15% H,SO; solutions. Gravimetric, electrochemical, and surface analysis tech-
niques were used to study the corrosion inhibitory effect of gum Arabic/Ag nanopar-
ticles on mild steel in acid solutions. The inhibition efficiencies of the inhibitor were
found to increase with an increase in inhibitor concentrations. The inhibitor was
found to be more efficient in H,SO, at the lowest concentration, but more efficient in
HCI at higher concentrations [31]. According to Solomon et al. [31], the recharging
power of the ions in acidic solution (C1~ and SO,~2) could be deciding factor in the
efficiency of the inhibitor in these solutions. The C1~ ions could replenish the steel
surface, which further induces greater adsorption of gum Arabic/Ag nanoparticles
polycations compared to SO, 2 ions hydrated surface. Incorporating Ag nanoparti-
cles to the gum Arabic matrix was seen to increase the inhibition efficiency of the gum
Arabic significantly, mostly in HCI solution [31]. In recent publication, Anjum et al.
[12] gave a review on the application of metal/metal oxides as corrosion inhibitors.

5.5 Nanocomposites Corrosion Inhibitors

Nanocomposites could be nanoparticles, nanopolymers, or nanogels. Nanopolymers
and nanogels are formed due to the high affinity of nanomaterials to polymers, high
surface area, and low density. Atta et al. explored gum coated magnetite [32] and
acrylamide copolymers/ magnetite [33] nanocomposites as corrosion inhibitors in
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1 M HCl solution. The authors chose magnetite nanoparticles because of its tendency
to form nanopolymer, magnetic characteristics, low density, and high surface area.
Despite these properties exhibited by magnetite nanoparticles, it has the limitation of
aggregation, arising from strong inter-particle interactions [33], and poor adherent
capacity to the surface of the metals. Thus, myrrh gum was used as a capping agent and
was coated on the surface of magnetite nanoparticles to form nanocomposite material.
The nanocomposites inhibitor was found to exhibit a mixed inhibitory characteristic
and the corrosion resistance of the steel studied increased with increasing inhibitor
concentration. An inhibition efficiency of up to 91% was obtained [32].

In another study by Atta et al. [34], hybrid polymer composites based on Ag
nanoparticles were synthesized and applied as corrosion protection for line pipe
steel. The authors reduced silver nitrate to silver nanoparticles by p-chloroaniline in
the presence of polyoxyethylene maleate using 4-nonyl-2-propylene-phenol (NMA)
as a stabilizing agent using a semi-batch solution polymerization method [33]. The
authors again observed that the nanocomposite inhibitor acted as a mixed type of
inhibitor for steel in 1 M HCI.

El-Mahdy et al. [35] on the other hand, synthesized TiO, nanoparticles in
Poly(Sodium-2-Acrylamido-2-methylpropane) Sulfonate (PNa-AMPS) composite.
This resulted in a nanogel which was used as corrosion inhibitor for steel in acidic
chloride solution. An inhibition efficiency of 91% was obtained at 250 ppm concen-
tration. The mechanism of inhibition observed for this nanogel was mixed inhibi-
tion. Olive/titanium nanocomposite was synthesized using olive leaves and TiCly by
ethanolic extract [36]. The nanocomposite inhibited mild steel in 1 M HCl solution
with an inhibition efficiency that increased from 83.5 to 93.4% at 30 °C. It however
decreased to 51.7 and 85.4% at 60 °C after the addition of Ti nanoparticles.

Chitosan based nanocomposites were developed by Srivastava et al. [37] for corro-
sion inhibition of mild steel in chloride media. Chitosan, a natural biopolymer has
green value but cannot be used as inhibitor in its natural form due to its rapid degra-
dation, thus it needs to be converted to a more stable form. The authors converted
chitosan to nanocomposites using cobalt and tin sulfide nanoparticles. The nanocom-
posites were tested on mild steel in 1 M HCI at room temperature. The highest inhibi-
tion efficiency (>95%) was obtained from the chitosan/cobalt nanocomposite, while
chitosan/tin sulfide exhibited an inhibition efficiency of (>80%). The mechanism
was by adsorption and the obtained data fitted in Frumkin isotherm [37].

Chromium (VI) based coating application as anticorrosive coatings were replaced
with graphene/polyetherimide (PEI) nanocomposites [38]. The authors synthe-
sized the nanocomposites using a high shear liquid exfoliation route. The resulted
nanocomposites showed improved corrosion resistance of mild steel in 3.5% sodium
chloride. It was observed that the corrosion potential (Eq) of the graphene-based
coating systems was about 400 mV more positive than that of the uncoated mild.
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5.6 Nanocontainers as Corrosion Storage Inhibitors

Nanocontainers are nanomaterials with turnable sizes and shapes. These include
polymersomes and mesoporous silica particles, which possess adaptable structures
with holes or pores which are mostly used for drug delivery and nanospace-confined
reactions [39]. They are used to encapsulate inhibitors used in corrosion mitigation.

Raja et al. [10] recently reported on inhibitor-encapsulated smart nanocontainers
for the controlled release of corrosion inhibitors. These include titania nanocon-
tainers, polyelectrolyte shells, halloysite nanotubes, and mesoporous silica nanocon-
tainers. Others are nanolayers, porous nanoparticles, nanofibers, and polymer
nanocapsules.

Nanocontainers have the capacity to sense any change in pH of surroundings,
which makes them effective in corrosion mitigation. Another advantage of nanocon-
tainers is that they are able to encapsulate the corrosion inhibitor without leakage
and then release the inhibitor when there is breakage in the coating, which implies
self-healing capability.

Noiville et al. [40] studied the release of CE(III) corrosion inhibitors from silica
and boehmite nanocontainers. The corrosion inhibitor encapsulation was carried out
on aluminium alloys and the authors reported that dense silica nanocontainers were
found to exhibit higher Ce(III) loading than the mesoporous ones. On the other hand,
Ce(III) release from boehmite nanocontainers was observed to be effective within
2 weeks in the corrosive medium, which was longer than the release from silica
(168 h) [40].

Silica nanoparticles were used to encapsulate dodecylamine corrosion inhibitors.
The nanocontainers, polyethyleneimine (PEI), poly-styrene sulphonate (PSS), and
inhibitor (dodecylamine) layers were alternatively deposited on silica [35]. The
released inhibitor from nanocontainers was carried out to determine the corrosion
resistance of carbon steel in aerated 0.1 mol/L NaCl solution containing 1 wt.%
nanocontainer at varied pH values of 2.0, 6.2, and 9.0 [41]. The electrochemical
impedance spectroscopic results indicated that rapid and efficient release of corrosion
inhibitors was obtained at pH of 2.

Yeganeh et al. [42] also studied the use of mesoporous silica as the nanocontainer
of corrosion inhibitor and various methods of synthesis were discussed. The silica
nanocontainers synthesized via in-situ process according to the authors enhances
diffusion of corrosion inhibitor in the entire pores of mesoporous materials. Kart-
sonakis et al. [43] reported release of corrosion inhibitor from titania nanocontainers,
which were used in corrosion mitigation of steel in 0.5 M sodium chloride. The results
showed that the nanocontainers decreased the corrosion rate almost 100 times, as
compared to when only coating was used [42].
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5.7 Metal Oxidation Control at Varied Temperature Using
Nanomaterials

5.7.1 Moderate-Temperature

Nanocrystalline (NC) materials can offer greater protection against oxidation relative
to microcrystalline (MC) materials at relatively moderate temperatures [44, 45]. This
is due to contrasting structural features between NC materials and their MC coun-
terparts. It is these structural features that are the defining property of NC materials.
More comprehensively, NC materials are those with morphological features on the
nanoscale level consisting of a combination of nanosized materials and/or nanoscale
empty spaces. These morphological features include grains, grain size, and grain
boundaries [45]. The nature of these features explains the corrosion-inhibiting effect
of certain NC materials.

Dimtri [46] described a grain as a small region of a metal characterized by a
defined and consistent arrangement of atoms in a lattice. Essentially each grain is
representative of a small crystal. Thus, the grain structure of a metal is formed during
transitions between phases, e.g., from liquid to solid. The region in which two or more
grains meet is known as grain boundary. Unlike the actual grains, grain boundaries
are not densely packed with atoms in a rigid lattice. This results in higher diffusion
rate through the grain boundaries than within the grains.

Corrosion of metals can occur via electrochemical redox reactions involving
oxidation at the anode and reduction at the cathode. This process results in the
formation of an oxide layer which, depending on the metal in question, may hinder
or facilitate further corrosion. Iron, for example, forms a porous hydrated ferric oxide
layer which chips off exposing the metal underneath to further corrosion. Other metals
like chromium, however, can form a protective oxide layer which will prevent further
corrosion. This makes chromium a suitable alloying metal.

Grain size is vital to the formation of protective oxide films like that of chromium.
Some steel alloys with high chromium content initially form an iron or nickel oxide
layer which is subsequently converted to the protective Cr,O3 layer. The kinetics of
this conversion is dependent on the diffusion of chromium within the alloy matrix
[45]. This diffusion is governed by the grain size. A smaller grain size means higher
rate of diffusion since there are fewer atoms within the lattice. Consequently, forma-
tion of protective oxide layer occurs at a faster rate. On the other hand, a larger grain
size would mean less diffusion of chromium and less chance of formation of the
stable Cr,O3 layer. As a result, the alloy would be susceptible to further oxidation
and corrosion. According to Young [47], quick diffusion of chromium is also neces-
sary to prevent harmful internal oxidation where the oxidant dissolves and diffuses
inward forming dispersed metal oxide precipitates.

The rate of formation of oxide layers in metals can be investigated by monitoring
the mass gained over time. A simple comparison of NC materials and MC materials
shows the enhanced protection offered by the NC materials against oxidation.
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Studies have shown that the diffusion coefficient of Cr in Fe can be improved by
some orders of magnitude so long the grain size is of nanometer level [48]. A study
carried out by Raman and Singh [45] showed that MC Fe-10% Cr alloy gains a larger
amount of mass per unit area compared to its NC counterpart within the 240-min
time frame. This suggests that the NC alloy readily formed the protective chromium
oxide layer which inhibited further oxidation of the metal resulting in minimal mass
gain, unlike the MC alloy which gained mass at a higher rate.

Grain growth of the NC materials at high temperatures was previously reported
to limit their use in applications requiring high temperature [49]. However, addition
of small amount of Zirconium (Zr) to Fe-Cr based alloys at the temperature range
of 600-800 °C could prevent grain growth of the NC materials and enhance their
oxidation resistance [50].

5.7.2 High Temperature

On exposure to high temperature conditions (e.g., in industrial reactors), metals could
be oxidized through reactions with gases such as oxygen, carbon, nitrogen, etc. Over
time this oxidation is usually detrimental to the structural integrity of the metal and
canlead to severe damage [51]. In order to protect metals against this high temperature
oxidation, certain elements such as aluminium and chromium are incorporated into
the alloy matrix to improve oxidation resistance as they form protective oxide layers
which are also stable at high temperatures [51].

Under corrosive conditions such as high temperature, NC coatings are able to
achieve greater outward diffusion through their much smaller grain size and higher
density of grain boundaries. This means that with NC coatings less amount of coating
element, e.g., chromium or aluminium is required to provide protection against oxida-
tion in high temperature conditions [52]. This can be seen with the Ni-20Cr-Al alloy
matrix which is commonly adopted for high temperature conditions and has a crit-
ical value of 6 wt.% aluminium for formation of the protective Al,O3; oxide layer
as reported by Wallwork and Hed [53]. This was also observed by Saji and Thomas
[54]. In the Ni-20Cr-Al alloy system, for instance, greater than 6 wt.% Al is required
to form a complete Al,O3 scale. However, according to studies by Liu et al. [55],
by reducing grain size to around 60 nm, the Al content required to prevent external
oxidation can be lowered to 2 wt.% which is still capable of forming the protective
oxide layer in a high temperature environment of 1000 °C. This ~2 wt.% Al according
to Saji and Thomas [54] could form an a-Al, O3 scale at 1000 °C in air.
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5.8 Tribocorrosion Control Using Nanomaterials

Tribocorrosion refers to degradation of a material due to combined effect of mechan-
ical stress and a corrosive environment. Essentially, it is material degradation due
to a combination of wear and corrosion [56]. This occurs in systems known as
tribosystems; where two or more bodies are in contact. The observed tribocorrosion
behavior of materials depends on a variety of factors such as mechanical/operational,
which involve normal force, sliding velocity, alignment, shape, and size of contacting
bodies, type of motion, and vibrations. Other factors include materials pin and plate
(hardness, plasticity, surface roughness, oxide film properties, inclusions, etc.), solu-
tion (viscosity, conductivity, pH, temperature, and corrosivity), and electrochemical
(applied potential, ohmic resistance, film growth, active dissolution, and valance)
[57].

The most common forms are corrosion wear, microabrasion corrosion, fretting
corrosion, and erosion corrosion. Tribocorrosion poses some obvious challenges
in the design and smooth running of tribosystems. The degradation it causes can
compromise the functionality of the system entirely and so it becomes necessary to
improve the corrosion performance of the system’s components. This can be achieved
with the use of nanomaterials usually in lubricants. Specifically, they are employed
as extreme pressure and anti-wear additives in liquid lubricants [58].

Nanoparticles are able to provide a form of lubrication during the process of
corrosive wear. In certain tribosystems, the use of nanoparticles is associated with
an observed reduction in wear. This reduction can be attributed to the deposition
of nanoparticles on the surfaces in contact. As mentioned earlier, tribocorrosion
combines the effect of both mechanical stress and a corrosive environment. There-
fore, reducing the effect of tribocorrosion needs to be approached from both sides.
Fortunately, nanoparticles have also been shown to be adept in mitigating the effect
of the corrosive environment as they are able to lower the anodic current in certain
tribosystems as reported by Deepika [58].

There are various ways in which nanomaterials additives may function in tribocor-
rosion systems and the mechanisms by which oils having nano-additives reduce wear
and friction differ. These include colloidal effect, small size effect, under boundary
lubrication, rolling effect, third body effect, and protective film effect [59]. Granular
nanomaterials are cohesion less hard particles, while soft nanomaterials act as a cohe-
sive third body. The soft nanomaterials can exist between two surfaces to reduce wear
and friction, which completely deforms under load, thereby accommodating differ-
ences in surface velocity, which often adhered to metal surfaces and shearing in the
bulk medium. The granular nanomaterials, on the other hand, maintain their spherical
geometry under load and accommodate surface velocity differences through sliding
and rolling at low shear rates [58]. Table 1 shows reported work on the application
of nanomaterials in tribocorrosion mitigation.
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5.9 Corrosion Protection of Aerospace Alloys Using
Nanomaterials

The airline industry is one that has been hard hit by the adverse effects of corro-
sion. This is to be expected as aircraft are exposed to a wide range of environmental
conditions from the wet and humid to the dry and arid [60]. Other parameters like
temperature and pressure also vary greatly. These conditions can create a very corro-
sive environment. This is why bodies of aircraft are composed primarily of aluminium
alloys which form protective oxide layers to guard against corrosion. However, as
pointed out by Asmatulu et al. [61] in a previous study in 2007, the harsh atmospheric
conditions, which can also include industrial air pollutants, can accelerate the corro-
sion process such that extra and more significant protective measures have to be put
in place to minimize the effects of corrosion. Environments with high humidity and
temperatures are particularly damaging for aircraft.

Nanomaterials find use in the airline industry as part of the structural design of
various components of aircraft to protect against corrosion among other things. These
nanomaterials are employed usually in the form of coatings to serve various purposes
[62]. An example is the nanoscale thermal barrier coating used on surfaces of aircraft
engine parts that operate at high temperatures. These coatings are porous and help
to provide insulation to the metallic compounds beneath from the hot stream of gas
generated in the turbines of the engine [60, 63]. The porosity of the coating can result
in a temperature drop of as much as 100-300 °C at the metal surface [64].

Nanomaterials are also applied in the form of nanocomposite coatings synthesized
by mixing multiple materials on a nanoscale level [65]. Based on a previous study,
a combination of carbon nanotubes and graphene-based nanocomposite coatings
exhibit desirable hydrophobic properties to guard the aircraft surface underneath
against water and other corrosive agents [66].

5.10 Challenges of the Use of Nanomaterials as Corrosion
Mitigation Substances

Application of nanomaterials has been seen by toxicologists to be toxic to the envi-
ronment and human health as well as aquatic lives. This is due to the nanosize of the
materials. Recent research has shown significant toxicity of nanoparticles both in in-
vivo and in-vitro systems [67]. Thus, the newly found application of nanomaterials
in corrosion mitigation could also raise concern by nanotoxicologists.

Study on the toxicity of nanomaterials using lysosomotropic and chelating
agents has shown that the toxicity mechanism for various metal containing metal
oxides, metallic and semiconductor nanoparticles is associated with the release of
corresponding toxic ions to the environment [68].

Another challenge that has been discovered to associate with nanomaterials such
as nanostructured metals is their low ductility [69]. The negative aspect of the strength



5 Corrosion Prevention: The Use of Nanomaterials 101

and hardness of nanostructured metals is that they tend to be less ductile. This is seen
to cause limitations to their use in corrosion mitigation areas.

Also, nanomaterials have been reported to form agglomeration in matrices when
used as they do not disperse well in coating solutions [12]. The development of
nanolubricant additives has the challenge of instability in base oil as they form
sedimentation from the bulk medium [70].

5.11 Conclusions

Corrosion mitigation research is constantly evolving resulting in innovative control
methods. In recent times, this research has been centered around nanotechnology
whereby nanomaterials such as nanocomposites, nanogels, nanocrystals, nanocon-
tainers, etc. are developed for corrosion control. Nanomaterials are used in a variety
of ways such as coatings and additives to provide protection against corrosion across
arange of sectors from construction to the airline industry. Fortunately, it has proven
to be a very promising solution that can only be improved by further research as there
are certain challenges that are associated with their use. These include instability,
low ductility, toxicity, etc. Mesoporous silica nanocontainers are associated with
insufficient time for the release of corrosion inhibitor substances from their cavities.
The studies into the potential use of nanomaterials in surface modification
to control tribocorrosion have proven challenging as the small size of nanoma-
terials could pose increased health risks when applied as implants in humans.
Despite the challenges reported on nanotechnology application in corrosion control,
nanomaterials are found to be promising materials and require further studies.
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Chapter 6 ®)
Application of Surface-Modified e
Electrode Materials in Wastewater

Treatment

Onoyivwe Monday Ama, Khotso Khoele, Penny Poomani Govender,
and Suprakas Sinha Ray

Abstract Photo-active metal oxides (PMOs) have outstanding physical and chem-
ical properties which are ideal to disintegrate wastewater pollutants. Titanium oxide
(TiO,) initially found popularity in wastewater treatment. TiO, utilization on wastew-
ater degradation was attributed particularly to its wider bandgap. Nonetheless, TiO,
retains antibacterial activity during the application and that renders it to rapid recom-
bination of photogenerated electron—hole pairs. In a subsequent search of alternative
PMO, zinc oxide (ZnO) was obtained, and it was found to have a wider bandgap equiv-
alent to that of TiO,. However, ZnO suffers from photo-corrosion and poor response
to visible light. This rigorously proved that an application of a single PMO leads
to both inefficiency and ineffectiveness in wastewater treatment. This phenomenon
necessitates the hybridization of photocatalysts and improvement of their surface
properties.

The present chapter details organic pollutants which are found in wastewater and
the methods which are used to remove them from the wastewater. Further discussions
are made intensively on photocatalysis and advance oxidation methods. Furthermore,
photocatalysts and their advancements are clearly stated and elaborated. Finally,
surface-modified photoanodes and their applications using the photoelectrochemical
technique have been thoroughly explained. From overall analyses, several deductions
have been documented:

e POMs on their singular existence are packed with pros and cons, and that makes
wastewater treatment dynamic.

e AOMs, particularly the photoelectrochemical technique, are worthwhile for the
degradation of wastewater pollutants.
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e Factors that affect degradation processes on wastewater pollutants include light
captivation properties, reduction and oxidation rates on the surface by the
photogenerated electrons and holes and a recombination rate of such charges.

e Surface modification of photoanodes is carried through nanostructured materials,
the addition of metals particularly noble ones such as gold (Au), silver (Ag),
platinum (Pt), and through the use of novel titanium alloys and cubic double-
perovskite.

6.1 Introduction

The rapid increase of organic pollutants (OPs) in wastewater is linked to various
health hazards and environmental pollution. Major OPs found in wastewater are
from azo dyes, and 15% of their annual production goes into the wastewater [1-5].
Hazardous minerals from organic pollutants such as sodium, potassium, calcium,
chloride, and bromide have been reported to be recalcitrant during wastewater treat-
ment, and their direct contact with living species leads to various chronic illnesses
[6-15]. Hence, it is a matter of urgency to remove organic pollutants from the
wastewater.

Photo-active materials (PMs), particularly in a form of metal oxides, have various
significances [16, 17] which make them able to degrade wastewater pollutants. Some
of the predominantly utilized PMs are ZnO, CU,0, MnO,, Ag,O/Agz;VO4/AgVOs3,
TiO,, Fe,03, NiO, SrZrOs;, BiOl/AgzVO,4, MoS,, ZnS and WS, [18-28]. In
recent applications, PMs are synthesized from nanostructured materials through
rigorous steps. Typically, PMs are fabricated to form a conductive photoanode
that directly oxidizes and degrade wastewater pollutants from the wastewater using
electrochemistry techniques.

Presently, the photoelectrochemical technique (PT) is regarded as a superior elec-
trochemistry method for the degradation of wastewater pollutants. The utilization of
PT on degradation goes along with various photoanodes. Typically, PT is engaged
in wastewater treatment through the aid of bias potential which is supplied from
the potentiostat. Herein, photoanode is immobilized and hydroxyl species form
from occurring reactions. Ultimately, electrons from the photoanode react with
some oxygen, and that consequently develop oxygen reactive radicals (O, ™) which
react with protons to produce H,O™. Both O,~ and H,O™ are then able to degrade
wastewater pollutants [29, 30].

In light of the wastewater pollutants’ nature and their dynamic processes, this
chapter elucidates factors that affect degradation processes on wastewater pollutants.
Three factors that generally affect degradation processes have been discussed. Most
importantly, surface modifications of different photoanodes which make in-roads on
wastewater treatment are detailed.
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Fig. 6.1 Different organic pollutants consisted in wastewater under treatment [32]

6.2 Wastewater and Organic Pollutants

6.2.1 Wastewater

Wastewater comprises organic pollutants from a wide range of applications:
domestic, industrial, commercial, and agricultural activities. Most notably, wastew-
ater consists of about 15% of annually produced organic dyes [31, 32] and some
other pollutants. Figure 6.1 demonstrates the wastewater profile consists of different
organic pollutants.

6.2.2 Organic Pollutants and Their Impact

Dyes are used mainly in the production of food, textiles, leather, fabrics, paper,
cosmetic, electroplating, distillation, and pharmaceutical products [33—40]. With
global industrialization, the uses of dyes increase at an alarming rate. The presence of
pollutants in wastewater causes major problems on wastewater treatment and leads
to environmental pollution and hazardous to living species [41—44]. In particular,
hazardous minerals from organic pollutants such as sodium, potassium, calcium,
chloride, and bromide are recalcitrant to wastewater treatment, and their direct contact
with living species could lead to chronic diseases [45].
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6.3 Photocatalysists and Their Applications

6.3.1 Photocatalysts

PMs are capable of captivating light under either direct sunlight or a solar application.
Due to their nature, PMs are commonly known as photocatalysts. There are quite a
several photocatalysts, and some of the heavily engaged photocatalysts include ZnO,
CUQO, MHOZ, AgQO/Ag3VO4/AgVO3, TiOQ, F6203, NiO, SI‘ZI‘O3, BiOI/Ag3VO4,
MoS,, ZnS and WS, [18-28]. Among other significant characteristics listed photo-
catalysts and the likes, photocatalysts generally possess bandgaps which enable them
to possess a high level of photodegradation to remove pollutants from the wastewater.

6.3.2 Nanostructured Materials and Photoanodes

6.3.2.1 Nanostructured Materials

Nanotechnology has recently found vast application across the world. Among the
most prominent applications, nanotechnology is used on medical equipment, car
paintings, chronic illness treatment, etc. In wastewater treatment, nanotechnology is
applied in a form of nanostructured materials. Nanostructured materials are commer-
cially purchased as nanoparticles (powders less than 100 nm). From their purchases
to laboratories, they are molded into conductive semiconductors which are popularly
termed photoanodes.

6.3.2.2 Photoanodes

Photoanodes are fabricated from well-mixed nanostructured materials [37] in five
major steps which are shown in Fig. 6.2. Firstly, nanostructured composite is taken to
ahydraulic press, and itis subjected to higher temperatures. Secondly, the compressed
pellet of about 1.3 cm diameters is obtained as a photoanode [38]. Thirdly, a copper
wire is inserted and passed out through a glass tube with an opening at both ends
and coiled onto the fabricated nanocomposite pellet. Fourthly, conduction between
the Cu wire and the pellet is created with the use of conductive silver paste. Finally,
epoxy resin is applied to the glass tube to cover up all the ends.

6.3.2.3 Coupling of Photoanode to an Electrochemical Cell
for Wastewater Pollutants Degradation

Besides an electrolyte which simulates wastewater pollutant, an electrochemical cell
is comprised of three conductive electrodes. The simulated electrolyte is mostly made
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Fig. 6.2 Preparation of N d particles on their singul
photoanode from 4%

nanostructured particles )

4' Nanocomposite in a powder form

v
.Co mpressed Pellet (Second stage)

Cu wire preparation {Third stage)
i Glass tube provision (Fourth stage)

Fabricated photoanode (Fifth stage)

up of potassium ferricyanide, ferrocyanide, and potassium chloride. The incomplete-
ness of wastewater pollutant, sodium sulfate, sodium hydroxide, and hydrochloric
acid are added as complementary solutions to make wastewater pollutant conductive
[45]. The photoanodes is popularly known as the working electrode (WE) as it is
the one degrading organic pollutants from the wastewater. Then, there is a refer-
ence electrode (RE), and it is specifically used to measure the potential difference
produced from the electrochemical cell. Lastly, the counter electrode (CE) is used to
count a current that is produced as the photoanode is applied to wastewater pollutant
(electrolyte).

6.4 Photocatalysis and Advance Oxidation Measurements

Photocatalysis is a fundamental technique in both wastewater treatment and renew-
able energy systems. Photocatalysis is carried out both spontaneously and synthet-
ically. Naturally, direct sunlight is exposed to the photoanode, and consequently,
hydrogen and oxygen are produced, and they are used to degrade wastewater pollu-
tants [46]. Synthetically, however, the light from solar light is directed to the PMs,
and that produces electrical energy. Relative to sunlight utilization, this method is
comprised of insufficient energy, difficult storage and transportation [46].

Although all photo-active materials ideal for wastewater degradation, their
singular existence is packed with distinctive limitations and that makes their uses
on wastewater treatment to be dynamic. For instance, TiO, has a wider bandgap
and that makes it provide inefficient degradation processes. On the other hand, ZnO
suffers from photo-corrosion, has a poor response to visible light, and has higher
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recombination of electron—hole pairs. Photocatalysis has been a standard method
for the degradation of wastewater. However, photocatalysis has been reported to
inefficient due to an occurrence of higher recombination of electron—hole pairs and
inferior solar light absorption. In light of limitations, singular photocatalysts have
and photocatalysis as a technique, alternative methods which work on hybridization
of photoanodes had to be sought out.

Advance oxidation measurements (AOMs) have so far been worthwhile on
wastewater treatment. There are about three distinct AOMs for wastewater treat-
ment: electrochemical, chemical, and photoelectrochemical technique. Nonetheless,
the photoelectrochemical technique (PT) has been proven to be superior in the degra-
dation of organic pollutants [47]. PT is engaged in wastewater treatment with the
aid of bias potential which is supplied by the potentiostat. As the potential on a full
set of electrochemical cell components discussed in Sect. 3.2.3, a nanocomposite
from the working electrode becomes immobilized and that results in a formation
of hydroxyl species. Furthermore, electrons from the photoanode react with some
oxygen and that consequently develop (oxygen reactive radicals) which react with
protons to produce H,O~. Both O,~ and H,O™ are then able to degrade wastewater
pollutants [31].

6.5 Factors that Affect Degradation Processes
on Wastewater Pollutants Using a Photoelectrochemical
Technique

There are about three factors that affect degradation processes on wastewater pollu-
tants, and they are light captivation properties, reduction and oxidation rates on the
surface by the photogenerated species, and a recombination rate of such charges.

6.5.1 Light Captivation Properties

PMs absorb and transmit light differently, and they are normally characterized using
UV measurements to dictate light absorption of a certain photo-active material within
a specific wavelength range. As can be seen in Fig. 6.3, three photoanodes exhibit
different curves on the absorption of light. Cautiously, photo-active materials have
different significances and limitations. In the hybridization of photoanodes, improved
light captivation is obtained. Significantly, faster degradation processes are also
reached under the hybridization of photoanodes [48].
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Fig. 6.3 UV-Vis spectra
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6.5.2 The Reduction and Oxidation Rates on the Surface
by the Photo-generated Electrons and Holes

In applications of PET, a composite from the photoanode is oxidized (electrons are
emitted from it), and then, the wastewater pollutant, in a form of liquid, is degraded.
The faster the electrons emission from the photoanode, the higher the wastewater
pollutant is being degraded (reduced). This is the most important factor which is
particularly examined from the photoanode material [49].

6.5.3 Recombination Rate of Electron Charges

As mentioned earlier that an extreme recombination rate of electrons occurs particu-
larly from TiO,, most surface modification has been carried on TiO, [15, 24, 29, 39,
41, 42]. With such modifications, better degradation efficiencies have been reached.

6.6 Surface-Modified Photoanodes

Surface modification of photoanodes is mainly carried out in three ways. The first step
is on morphological adjustments. Herein, nanostructured materials are added partic-
ularly in the form of noble metals such as Au, Ag, and Pt. Furthermore, novel titanium
alloys and cubic double-perovskite are sometimes used. In the second step, synthetic
techniques are varied on different novel materials. Finally, nanostructured materials
in the forms of nanotubes, nanorods, nanowire, and nanoclusters are applied in a
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variety of parameters such as growth time, temperature, initial reactant concentration,
acidity, and additives [61].

6.7 Morphological Adjustments

With the hybridization of photoanodes, there is a particular form of structure in
terms of morphologies and phases. This phenomenon leads to a new character-
istic of the fabricated photoanode. The surface characteristics on newly fabricated
photoanode are normally verified with surface characterization techniques such as
scanning electron microscopy (SEM) and X-ray diffraction (XRD).

6.8 Synthetic Technique on Novel Materials

PT being reckoned as the most efficient technique on wastewater treatment, its
outstanding application has been corroborated by a considerable number of studies on
improvement of limitations possessed by major photoanodes (TiO, and ZnO). Firstly,
Chakrabarti et al. [62] combined both TiO, and ZnO to improve degradation effi-
ciency on methylene blue (MB). An enhanced degradation efficiency was recorded
to be 99.41% within 3 h of measurements. With the addition of novel material,
Mirzaei et al. [63] established TiO, nanotube arrays enfolded with g-C3Nj, to degrade
Phenol. Enhanced degradation efficiency of about 90% was obtained from the TiO,/g-
C3Ny4 photoanode. Similarly, Ahmed et al. [64] invented A/RTi02251 photoanode to
degrade orange Il dye, and 96% degradation efficiency was obtained. This, therefore,
proves that the application of PT with an appropriately hybridized photoanode, on
specific wastewater pollutant, provides improved degradation processes.

6.9 Variation of Synthetic Process Parameters

Synthetic parameters could positively or negatively affect degradation processes.
Some of the most crucial synthetic parameters affecting degradation processes are
listed below.

6.9.1 Temperature

Generally, nanostructured materials are affected by temperature treatment [65].
Synthetic processes which form photoanode composites have been reported to
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go with changes in phases and crystalline structures. This has been attributed to
temperature, particularly higher temperatures.

6.9.2 pH Range

An impact of pH on degradation processes was initially profiled on TiO; as the stan-
dard photoanode. From some analyses, a similar temperature range has been realized
to negatively affect degradation processes. For instance, the pH range between 3 and
10 corresponds was found to produce higher degradation efficiency in one study. In
attest from the other study, TiO, has been reported to agglomerates and possesses
reduced surface area under acidic conditions. Therefore, a particular effect on the
surface area of the photoanode is due to the pH range. Pinpointing the effect of
pH range on degradation processes, Baran et al. [66] lowered the pH from 8.0 to
4.5 during their degradation processes. Significantly, magnificent degradation effi-
ciency was attained at the lower pH values. Moreover, from the other similar work
[67], higher degradation efficiency was also attained from lower pH values. This,
therefore, proves that acidic pH is more favorable on most photoanodes for effective
degradation processes.

6.10 Summary

6.10.1 Wastewater Pollutants and Their Impacts

e Wastewater pollutants come mainly from domestic, industrial, commercial, and
agricultural activities.

e Major wastewater pollutant is organic dyes.

e Wastewater pollutants cause environmental pollution and chronic illnesses on
people and animals.

6.10.2 Photocatalysis and Advanced Oxidation Methods

e The photoelectrochemical technique is a state-of-the-art electrochemistry tech-
nique for the degradation of wastewater pollutants and the enhancement of
renewable energy systems.

e Photoelectrochemical technique engages an immobilization of photoanode elec-
trode through an application of bias potential.
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6.10.3 Factors that Affect Degradation Processes
on Wastewater Pollutants Using
a Photoelectrochemical Technique

There are mainly three factors that affect degradation processes on wastewater pollu-
tants, and these are light captivation properties, reduction and oxidation rates on the
surface by the photogenerated species, and a recombination rate of electron charges
during electrochemical measurements.

6.10.4 Methods Modifying Surface Properties
of Photoanodes and Their Applications

Surface modification of photoanodes is mainly carried out through morpholog-
ical adjustments, synthetic technique on novel material, and variation of synthetic
process’s parameters.

6.11 Conclusions

The present chapter has outlined organic pollutants which are found in wastewater
and methods which are used to remove them from the wastewater. Further discussions
have been made on photocatalysis and advance oxidation methods. Photocatalysts
and their advancements have also been clearly stated and elaborated. Most impor-
tantly, surface-modified photoanodes and their applications using the photoelectro-
chemical technique have carefully been explained. Overall, the following conclusions
are drawn up from the main findings:

e Photo-active materials (POMs) in their singular existence are packed with
advantages and limitations and that makes wastewater treatment to be dynamic.

e Advance oxidation methods (AOMs), particularly photoelectrochemical tech-
nique, are worthwhile for the degradation of wastewater pollutants.

e Factors that affect degradation processes on wastewater pollutants include light
captivation properties, reduction and oxidation rates on the surface by the
photogenerated electrons, and holes and a recombination rate of such charges.

e Variation of synthetic process parameters such as temperature and ph can either be
positive or be negative on degradation processes. Higher temperatures and higher
pH ranges are toxic to degradation processes.

e Surface modification of photoanodes is carried through nanostructured materials,
the addition of metals particularly noble ones such as gold (Au), silver (Ag),
platinum (Pt), and using novel titanium alloys and cubic double-perovskite.
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Abstract Tremendous progress has been made in the aspect of material design,
especially in nanomaterials fabrication over the past decades. And as such, the
rapid development of nanomaterials through nanotechnology has opened up new
avenues for their use in photoelectrochemical applications. Their unique character-
istics at nano dimensions compared to their bulk counterparts make them very much
attractive. Largely, optical properties and functionalities in emerging technologies,
flexibility and semiconducting properties to mention a few make the use of nanoma-
terials indispensable for photoelectrochemical applications. Owing to this effect, the
present chapter deals with the photoelectrochemical (PEC) application of nanomate-
rials in specific areas such as photoelectrochemical biosensing, hydrogen production
via solar water splitting and photovoltaic devices. The chapter also addresses the
progress in the utilization of the nanomaterials and illustrates the designs for their
integration in biosensors, highly efficient and stable photoelectrode in PEC water
splitting for hydrogen production and outstanding smart solar energy harvesting
devices for third-generation photovoltaics.
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The following are discussed in this chapter:

e Brief introduction on the concept of nanotechnology with respect to nanomaterials
as well as the useful properties that facilitate their broad range of applications.

e Brief introduction on photoelectrochemical process and its unique advantage.

e Three broad ranges of photoelectrochemical applications of nanomaterials—
biosensors (photoelectrochemical biosensors), photoelectrochemical water split-
ting and photovoltaics where specific application is directed toward the third-
generation photovoltaics such as organic photovoltaic cells (OPVs), perovskite
solar cells (PSCs) and dye-sensitized solar cells (DSSCs).

Nanotechnology
Synopses 1

Nanomaterials came into existence through a multidisciplinary subject termed
nanotechnology. Materials in this category are classified as nanomaterials based
on convention because they consist of nanoparticles with at least one dimension
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between 1 and 100 nm. Interestingly, materials in these dimensions (1-100 nm)
possess exceptional properties (such as large surface area and electronic properties)
which give them preference in usage above their bulk counterparts. These exceptional
abilities impart their usage in wide range of applications.

Graphical Abstract 1

Multidisciplinary Subject

Engineering
Nanotechnology “ Nanomaterials
Synthesis
Bioscience

Photoelectrochemical process
Synopses 2

The separation and transfer of charges upon the absorption of photons during illu-
mination normally lead to the conversion of the absorbed photons to electricity.
This kind of conversion process is termed photoelectrochemical process. To a large
extent, photoelectrochemical process combines the unique advantages of being both
optical and electrochemical. The unique advantages of the photoelectrochemical
process, coupled with the exceptional features of nanomaterials, led to the substan-
tial progress in technological advancement. This chapter therefore delineates the
substantial progress in the photoelectrochemical application of nanomaterials by
channeling it toward three major applications, namely biosensors, hydrogen produc-
tion through photoelectrochemical water splitting and the design of renewable energy
devices, generally known as photovoltaics.



7 Photoelectrochemical Application of Nanomaterials 125

Schematic Illustration of the Photoelectrochemical Process & Its Application Using

Nanomaterials

Illlumination

Absorption of Photons

Charge Separation (h*) (¢)

|

Charge Transfer

}

Production of Electricity

Photoelectrochemical Process

Photoelectrochemical Process

I

‘ Unique Advantages

|

Optical ‘ Electrochemical

R

‘ Photoelectrochemical Application of Nanomaterials ‘

Y
I
Photoelectrochemical Water Splitting Photovoltaics
(H2 Production)

v




126 S. P. Akanji et al.

7.1 Introduction

Nanotechnology is an interdisciplinary area of research which provides answers
to systematic, engineering and business challenges by way of advancement and
implementation [1, 2] of new materials with new, interesting, attractive [3] and useful
properties [2]. These new materials, however, are called nanomaterials, made from
nanoparticles [2]. The European Commission (2017) EU defined nanomaterials as
natural, incidental or synthetic material with particles not less than one dimension
in nanosized scale between I and 100 nm, in a boundless state or as a combined or
an agglomerate as well as where 50% or more of the particles are in the nanosized
grouping [4].

Nanomaterials are useful in a broad variety of operations owing to their high ratio
to surface volume, the prospect for surface functionalization and favorable thermal
features [5]. The attractive and useful properties of nanomaterials also include a
variety of structural and non-structural applications, however, but not limited to the
following [3]: better insulation materials, kinetic energy interlopers with improved
lethality, phosphors for high-performance TV, inexpensive flat panel shows, stronger
and rigid cutting equipment, removal of impurities, highly energetic magnets, autos
with more fuel strength, aerospace machineries with improved performance features,
superior and prospect ammunitions channels, durable satellites, durable health facili-
ties, flexible-workable potteries, huge electrochromic display appliances, high sensi-
tivity sensors [3] including biosensors and their photoelectrochemical counterparts
[6] and energy storage devices [7].

The broad applications of nanomaterials are made possible by controlling their
physico-chemical properties through analytical selectivity and method reliability,
integration of useful constituents or transformation of their surfaces by practical
fragments, structural design, particulates or polymers that can strengthen the sepa-
ration and preconcentration efficiency [5]. Extensive reviews as well as research
covering numerous applications of nanomaterials are well documented [2, 5, 8].
Furthermore, it is imperative to note that while single-channel nanomaterials offer
a single purpose, hybrid nanomaterials can enhance the functional properties owing
to their synergistic effects [5, 9-12].

Despite the numerous applications of nanomaterials as documented in the liter-
ature, emphasis of this current section will be on established work on the photo-
electrochemical application of nanomaterials in specific applications such as photo-
electrochemical water splitting, photoelectrochemical biosensors and photovoltaic
devices.

The innovatory finding of the photoelectric impact by Becquerel in 1839 led
to the substantial use of photoelectrochemistry in various fields comprising photo-
voltaics, sensing and photocatalysis [13]. The photoelectrochemical (PEC) process is
a photo-to-electric conversion emanating from excitation of electron and successive
charge transfer of a photoexcited material produced by an applied light. The PEC
process is a favorable inexpensive systematic device that comprises the movement
of charge responses between a photoactive solid, test object and electrode in the
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course of exposure to light rays. The PEC process has the exclusive merit of optical
and electrochemical through combination of photoexcitation with electrochemical
process. Besides, the dissociation between the excitation supplies which is light and
photocurrent in the PEC procedure provides high sensitivity with low background
signal [13, 14]. Owing to the exclusive merit of both optical and electrochemical
in PEC procedure, the remaining part of this section will dwell on the photoelec-
trochemical application of nanomaterials in various identified fields as highlighted
below.

7.2 Photoelectrochemical Applications of Nanomaterials

Nanomaterials have varieties of photoelectrochemical applications such as biosen-
sors, photoelectrochemical water splitting and photovoltaic devices among others as
will be highlighted below.

7.2.1 Applications in Biosensors

The study of photoelectron transfer processes at biomodified electrode/solution
boundary layers is a novel detection technique in PEC biosensing. The electron
donor/acceptor produced during a target recognition process in the course of expo-
sure to light rays at a suitable wavelength is a reflection of the resulting photocurrent.
The express operation of PEC biosensing is well documented in numerous perspec-
tives including early clinical analysis, environmental monitoring and gene testing
[15]. By way of illustration, photoactive materials with greater photoelectron transfer
competence, a core function in the design of PEC biosensing facilities, were used
to prepare a treble CdS @ Au-g-C3Ny heterojunction-supported PEC immunosensor
for detection of prostate specific antigen (PSA) [16], the best recognized cancer
biomarker commonly used by physicians for early detection of prostate cancer [17].
AuNPs was inserted between CdS and g-C3N4 to play a dual role of both photo-
sensitivity and electron transmission. More so, the AuNPs significantly intensify the
absorption of light and accelerates transfer of charge from g-C3Ny4 to CdS, which
mutually added to the reinforcement of photoelectric conversion efficiency. Graphene
oxide-CuS (GO-CuS) conjugates on the other hand augment the PSA recognition
sign by competently reducing the PEC reaction of the treble heterojunction. Overall,
the synergistic effect of the outstanding PEC attributes of CdS @ Au-g-C3N4 and
the notable reducing impacts of GO-CuS led to plethora of signal amplification
mechanisms with a detection limit of 0.6 pg mL~! over an extensive uninterrupted
magnitude from 1.0 pg mL~! to 10 ng mL~"! [16].

Tian and her colleagues developed a PEC biosensing platform for glutathione
(y-glutamyl-cysteinyl-glycine, (GSH) detection by means of Pt-IrO,/TiO,NTs/Ti
electrode [18]. Concisely, GSH is a paramount tripeptide which normally takes part
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in numerous biological activities including cell protection and immune regulation
to mention a few [19, 20]. A range of diseases which affect humans is traceable to
cellular concentration [19, 21], and hence, detection of GSH through a PEC biosensor
remains a top-priority owing to its prominence in physiological settings. The design
of the proposed PEC biosensor involves the uniform distribution of Pt (via photo-
reductive deposition) and IrO, (chemical deposition) on TiO,NTs/Ti (Scheme 7.1).
At this point, it is also noteworthy to mention that despite the vast research on
the use of TiO, nanomaterials owing to superior PEC performance, excellent bio-
affinity, clear surface effect and steady performance, TiO, implementation in PEC
detection has limitations, viz broad band gap and swift recoupling of light-induced
charges. The implications of the limitations on PEC biosensors include reduction
of photoenergy transformation efficiency and impact on the sensitiveness of PEC
biosensors. A conventional way of overcoming these limitations is by modifying
the TiO, photoelectrode with noble metals [22-24] or metal oxides [25, 26]. The
combined effect of modifying TiO, photoelectrode with noble metals and metal
oxides is the establishment of a Schottky barrier at the boundary layer of the metal—
semiconductor. Schottky barrier establishment is capable of minimizing the recou-
pling of light-induced charges in addition to fostering the splitting of light-induced
charge transporters [27—29]. There are numerous reports in the literature containing
more practical illustration of this procedure [30-33]. However, in this report, Tian
and her colleagues employed the same technique by uniformly distributing Pt and
IrO, on TiO,NTs/Ti, and they recorded an amazing result. Overall, the synergy
of Pt and IrO; in the Pt-IrO,/TiO,NTs/Ti PEC biosensor displayed a recognizable
(Fig. 7.1) and consistent photocurrent signal (Fig. 7.2) in contrast to the TiO,NTs/Ti
or the single-reformed ones. The consistency of the Pt-IrO,/TiO,NTs biosensor was
tested by measuring the photocurrent reaction over 30 days. No relevant fall was
observed showing the electrode’s excellent consistency for GSH detection. Addi-
tionally, a linear photocurrent signal to GSH concentration was observed for the
Pt-IrO,/TiO,NT/Ti biosensor in the magnitude 1-10 puM and a detection limit of
0.8 WM [18].

Zhang and co-workers newly presented a photoelectrochemical biosensing
strategy for standard scrutiny of a cancer biomarker, carcinoembryonic antigen
(CEA) [6]. The PEC biosensing system (Scheme 7.2) comprises copper indium
disulfide (CulnS;) sensitized with graphitic carbon nitride (g-C3Ny4), the photosen-
sitizerand cobalt oxyhydroxide (CoOOH), acting as the light-blocking material. The
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Scheme 7.1 Pictorial model of development process of Pt-IrO,/TiO>NTs/Ti PEC biosensor.
Adapted from [18] (Open Access)
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Fig.7.2 Arch of Pt-IrO,/TiO>NTs/Ti (over 30 days) for the determination of various concentration
for GSH. Adapted from [18] (Open Access)

system was allied with hybridization chain reaction (HCR) and etching reaction. For
emphasis, CEA, a tumor-related glycoprotein, was first discovered by Dr Joseph Gold
in 1965 [6, 17].Itis found in healthy grown-up serum at small concentrations between
2.5-5.0 ng mL~! [6]. Beyond the normal CEA concentration in healthy grown-ups,
its elevated concentration is an indication that normal cells in certain tissues are
cancerous. Meanwhile, CEA is a broad-spectrum biomarker for cancerous tumors—
bowel cancer, lung cancer, ovarian carcinoma, cystadenocarcinoma [6] and breast
cancer [17]. As aresult, quantification and super-sensitive determination of CEA have
an amazing medical relevance in early point-of-care, treatment appraisal and transi-
tion checks of cancers despite the inability of CEA to serve as a diagnose for one form
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Scheme 7.2 Descriptive representation of CoOOH-covered g-C3N4/CulnS; nanohybrids-derived
photoelectrochemical (PEC) biosensing system for carcinoembryonic antigen (CEA) by bonding
hybridization chain reaction (HCR) with ascorbic acid (AA)-activated disintegration of CoOOH.
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of pandemic. By and large, test results of the proposed PEC biosensor recently discov-
ered an enhancement in light uptake when g-C3N4 and CulnS, were combined as
compared to pure g-C3 Ny nanosheets. Further, the proposed PEC biosensor displayed
high sensitivity toward CEA with a detection limit of 5.2 pg mL~" within the magni-
tude of 0.02-40 ng mL~!. In addition, the PEC biosensor is favorably selective
(Fig. 7.3) and remarkably stable with satisfactory precision [6].

A photoelectrochemical (PEC) immunosensor termed as ‘“signal-on” was
reported by Chen et al. [34] for profound determination of human epididymis protein
4 (HE4)—a revolutionary serum biological marker for ovarian cancer with molar
mass of nearly 25 kDa [34, 35, 46-48]. Considerably, ovarian cancer is a preva-
lent cancerous tumor of female reproductive organs and also a paramount cause of
cancer death in women [34, 36]. Conversely, the “signal-on” PEC immunosensor was
invented in accordance with porphyrin-metal-organic framework (MOF) nanosphere
(nPCN-224) and nanobody (Nb). The functionality of the PEC immunosensor was
strengthened by employing nanohybrids consisting of synthesized AuNPs embel-
lished with polydopamine-functionalized multiwalled carbon nanotubes (MWCNTs-
PDA-AuNPs) as the matrix material for modifying the ITO semiconductor [34,
37] (Scheme 7.3). By taking the advantages of MOF attributes—extremely ordered
porosity, large surface area and photoactive property—consolidated with carboxyl-
functionalized porphyrin as ligands to form a porphyrin-based MOF nanosphere
(nPCN-224) [34, 38], the PEC immunosensor presented a LOD of 0.560 pg mL~!
over a linear magnitude of 1.00 pg mL~' — 10.0 ng mL~! owing to the small molar
mass of the biological marker HE4, superiority of nPCN-224 and the grand specific
feature and connectivity of Nbs [34].

Acquired immunodeficiency syndrome (AIDS) is another serious problem in this
millennium and is therefore instantaneously increasing [39]. AIDS was first reported
by the US Center for Diseases Control in 1981 succeeded by the recognition of human
immunodeficiency virus (HIV) as the source of the disease in 1983 [40]. Statistical
information showed that nearly 36.9 million people lived with HIV at year end of
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Fig. 7.3 a Photocurrents of the designed PEC biosensing scheme over ranged concentration of
CEA standards in 0.1 M Na»SOy; b the resultant standardization trend; ¢ the specificity of estab-
lished system against CEA and miscellaneous consisting of CA 125, CA 15-3, human IgG, PSA,

thrombin and AFP; d the stability of the biosensing layout under irradiation. Adapted from [6] with
authorization

2017 with an overall HIV predominance of 0.8% among grown-ups [41]. An esti-
mated deaths of 940,000 were recorded from HIV-related sources universally in
2017, respectively. The dangers presented by AIDS syndrome have been identified
as serious threats to humanity. As a result, the early discovery of HIV infection
is significant to all scientists on a global scale [39]. The significance of the early
discovery of HIV infection led Fan et al. to develop a novel PEC biosensor for HIV
DNA (Typv) detection [42]. The PEC biosensor was built by integrating a catalyzed
hairpin assembly (CHA) and biocatalytic precipitation (BCP) (Scheme 7.4). Beta-
cyclodextrin (3-CD) was synthesized by solvothermal means and then functional-
ized with CdS nanorods to serve as potent building blocks (B-CD@CdS NRs). The
B-CD@CdS NRs were designed as alert unit for photoelectric current production and
to hold adamantine-labeled hairpin DNA2 (ADA-H,) probe through host—guest inter-
action. Overall, B-CD@CdS NRs considerably increase the film-forming attribute of
CdS NRs and speed up the electron transfer and dissociation performance of light-
induced charge transporters. The B-CD@CdS NRs were also found to support the
linking of DNA check via host—guest communication. More so, the favorable tran-
sition of ADA-H2 onto the electrode covering activated CHA reusability to yield
G-quadruplex in the occurrence of Hi (hairpin DNA1) and HIV DNA leading to
the formation of hemin/G-quadruplex DNAzyme after the insertion of hemin. The
photoelectric current signal was considerably attenuated when insulative materials
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created by enzyme catalysis reaction excellently obstructed the boundary diffusion
and electron transport of ascorbic acid (AA). The designed PEC biosensor was able
to detect trace HIV DNA over a linear magnitude of 10 fM—1 nM and low detection
limit of 1.16 fM. The proposed PEC biosensor was satisfactorily utilized in actual
human serum research exhibiting substantial assurances in medical test.

Diabetes has been a long standing serious common health challenge [43, 44]. It has
caused severe harm to biological systems including nervous, retinal, circulatory and
renal owing to rise and fall in blood glucose level. It is therefore imperative to develop
credible and exact assessment systems for glucose monitoring. This monitoring
is extremely important in clinical and non-clinical application fields [44, 45]. To
corroborate this fact, a single-step electrochemical deposition system utilizing perme-
able anodized aluminum modules for instantaneous synthesis of AuNi nanodendrite
arrays (NDAs) was reported [44]. The as-synthesized AuNi NDAs were applied for
developing a non-semiconductor photoelectrochemical biosensor for glucose and
hydrogen peroxide determination. Owing to the presence of sufficient sites of action
and interactive catalysis of Au and Ni, the plasmonic AuNi nanodendrite arrays
exhibited superior photo electrocatalytic actions for the oxidation of glucose as well
as the reduction of hydrogen peroxide response under illumination. Further, the iden-
tification sensibility for glucose was reported to be 3.7277 mA mM~' cm™2 under
illumination. This value was found to be around 3.3 folds improvement in contrast to
that which was obtained in the dark with a magnitude of 1.1287 mA mM~! cm~2 plus
high accuracy and low detection limit of 3 WM. The appreciably advance operation
of AuNi nanodendrite network was ascribed to its sequence order through sufficient
sites of action and plasmonic impact of Au with consistent absorption band in the
visual range. This established mechanism has been reported to have an amazing
importance in the design of plasmonic-assisted photoelectrochemical biosensors.

Sun and co-workers reported a photoelectrochemical glucose biosensor
comprising nanoparticle-based CdS solid-state crystals [46]. They exploited a gener-
ation 4 amino-terminated polyamidoamine (PAMAM) dendrimer as internal design
in the synthesis of CdS nanoparticles. This was followed by immobilizing CdS
nanoparticles and glucose oxidase (GOD) using sandwiching approach on a platinum
(Pt) electrode to devise a biological-inorganic mixed pattern. The charge transfer of
the mixed system was strengthened by mixing Pt nanoparticles with nafion coating to
hold the CdS/enzyme composites and nafion (Pt-PAMAM)/(CdS-PAMAM/GOD),,
The PEC biosensing system expressed a sensitivity of 1.83 uA/mM cm? and a detec-
tion limit of 1 WM. It also proved a satisfactory repeatability of a RSD rate of 1%
current responses over five continuous measurements and was found to be stable
over a 2-month period at 4 °C.

One-dimensional (1D) core/shell structure has been proven to increase charge
transfer across boundary areas. To support this fact, this attribute was employed in
the durable architecture of a high sensitivity PEC glucose biosensor [47]. The archi-
tecture of the PEC glucose biosensor was based on titanium dioxide/polydopamine
core/shell nanorod arrangement (TiO,/PDA core/shell). The PDA shell-encapsulated
TiO, nanorods were made using water-based chemical growth methodology, while
fluorine transparent oxide (FTO) glass was employed as the electrical conduction
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substrate on which the nanorods arrangement was prepared during the PEC biosensor
invention process (Scheme 7.5).

Furthermore, PDA is a p-type semiconducting material with suitable band sides
for type II heterostructure architectures employing TiO;. In addition, the hydroxyl
groups present on the area of TiO, can function with catechol units of PDA to
create a coupled link of bidentate as lead electron transfer passages in the midst
of PDA and TiO,. More so, PDA aids the splitting of light-induced charge trans-
porters and prevents the disintegration of enzymes triggered by elevated oxidative
holes produced by the main TiO, under illumination. By and large, the proposed
PEC glucose biosensor displayed a super-high sensitivity of 57.72 pA mM~! cm™2
over a linear magnitude of 0.2—-1.0 mM. The biosensor detection limit for glucose
concentration was found to be 0.0285 mM (S/N = 3) with a significant sensitivity
of 8.75 A mM~! cm~2 over a dynamic magnitude of 1.0-6.0 mM [47].

7.2.2 Applications in Photoelectrochemical Water Splitting

Photoelectrochemical water splitting (PEC WS) is a technique that entails producing
hydrogen from water, employing light and distinguished semiconductor materials
known as photoelectrochemical materials. The PEC materials make use of the energy
from light (light energy) to instantaneously split up molecules of water into hydrogen
together with oxygen. Basically, in the PEC WS technique, the semiconductor mate-
rials are used to transform solar power swiftly to chemical power as hydrogen. The
semiconductive materials employed in the PEC technique closely resemble the mate-
rials utilized in photovoltaic systems; however, in favor of PEC demands, the semi-
conductive material is dipped amidst water-related electrolyte wherein light assists
the water splitting technique [48].

Mlustratively, a characteristic water splitting chamber device comprises three
main components, namely semiconductors known as photoelectrodes (photoanode
or photocathode) with appropriate band gap to absorb light, conductive substrates
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Fig. 7.4 PEC chamber
containing semiconductor
photoanode with a Pt
cathode. The surface of the
photoanode was modified
with a cobalt-based catalyst.
Adapted from [50] with
authorisation. Copyright @
American chemical society

to transport charges and electrolyte to support the reactions (Fig. 7.4). Fundamen-
tally, upon irradiation of photoelectrodes, electrons (e ™) and holes (h*) are generated,
which are then transferred to the conduction and valence bands, individually. The
photogenerated electrons (e™) flow to the surface of the cathode where they reduce
H™ to H,, Simultaneously, photogenerated holes (h*) move to the surface of the anode
and oxidize water to O,. General reaction for water splitting is written as [49]

2HY + 2e — Hy(g)
2H,0 — O, +4H" 4e™
Overall : 2H,0 — O, + 2H, (light condition)

Importantly, catalysts are often needed to boost the reaction movement on both
of the photoanode and photocathode surface so as to match the rates of charge
generation and separation with the photoelectrodes [49]. Overall, essential consider-
ations required in the selection of a material for solar water splitting include poten-
tial requirement, appropriate band structure, high crystallization and surface area,
stability and low cost. Further information can be found in the literature [49]. Further-
more, it is noteworthy to mention that each step in the PEC WS technique (photon
absorption, charge separation and removal of e~ and h* to the photoelectrodes for
H; and O, evolution reactions) has main effects on the overall performance of the
system [49]. Further information on the principle of photoelectrochemical water
splitting can be found in the literature [49, 51, 52].

Miscellaneous semiconducting nanomaterials have now been explored for the
purpose of PEC WS and widely reported in the literature. Some, among many, are
highlighted below.

Researchers have reported the use of zinc oxide two-dimensional (2D) nanosheets
decorated with graphite-like carbon nitride (g-C3N4) quantum dots (QDs) as photoan-
odes in photoelectrochemical water splitting [53]. Being inspired by previous reports,
here we have developed a methodology for the synthesis of ZnO 2D nanosheets that
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can be grown vertically on FTO following a simple electrode position technique
[54]. The synthesis of C3N4 QDS was carried out using a procedure described earlier
[55]. This was followed by the preparation of ZnO/C3;N4 QDs by immersing the
as-prepared zinc oxide nanosheets on the FTO in a solution containing 3 mL C3Ny
QDS periodically for 10, 15, 30 and 60 min (Scheme 7.6).

In regard to experimental work as reported by the researchers, the sensitization
of ZnO nanosheets with C3N4 QDs led to an improvement in PEC performance in
contrast to bare ZnO (Fig. 7.5). This performance was ascribed to increased absorp-
tion of light, higher charge-transport dissociation efficiency and reduced recombi-
nation rate owing to establishment of heterojunction in the midst of C3N4 QDs and
Zn0O. More so, ZnO/C3N4-QDs at 15 min (ZnO/C3Ny4—15) performed best among
the photoanodes prepared at the reported time intervals during optimization owing
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Scheme 7.6 Vivid model of the synthesis of ZnO/C3N4 QDs on FTO by means of electrodeposition
accompanied by a dip-coating technique. Adapted from [53] with approval. Copyright @ American
chemical society
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to higher charge-transport dissociation and reduced recombination rate (Figure not
showed) [53].

Further, 2.3 times photocurrent density was recorded for the photoconversion effi-
ciency (1) of ZnO/C3N4—15 photoanode in contrast to bare ZnO (Fig. 7.6a). Addition-
ally, a photocurrent density of 0.952 mA cm~2 was recorded for ZnO/C3N,—15, while
for bare ZnO, 2D sheet 0.414 mA cm~2 was recorded, both around 0.5994 V with
reference to reversible hydrogen electrode (RHE) during constant medium of light
irradiation. The magnitude of the enhancement in PEC activity of the heterostructure
(ZnO/C3N4—15) was calculated to be 1.20 x 10?! cm~3 owing to an improved carrier
density with magnitude of about 2.2 times in the heterostructure in contrast to bare
ZnO sheet with a magnitude of 5.45 x 10%° cm~3. Notably, ZnO/C3N, displayed
an optimal photoconversion efficiency (n) of 0.70% (Fig. 7.6b). Interestingly, each
one of ZnO 2D sheets and ZnO/C3N, heterostructure displayed active consistency
during disconnected light radiation for 1000 s. Conversely, ZnO/C3;N,4 was found to
be consistent for 1 h during steady luminosity (Figures not showed) [53].

An active PEC water splitting operation underlying layered double hydroxide
nanosheet arrangements anchoring permeable BiVO, to fabricate BiVO4/LDH
photoanode was described [56]. Dual NiFe-LDH nanosheet template was chosen
as the standard oxygen evolution cocatalysts (OECs) to devise BiVO4/NiFe-LDH
photoanode owing to their simple formulation requirements and remarkably active
oxygen evolution reaction (OER) performance [56]. BiVO, photoanode with perme-
able layer was synthesized to reduce the mobile gap of light-induced holes as well
as the recoupling chance of charge transporters. This was followed by deposition
of NiFe-LDH nanosheet templates on the permeable BiVO,4 photoanode via a solu-
tion chemical evolvement (Fig. 7.7). Notably, the BiVO,4/NiFe-LDH photoanode
displayed a photocurrent density magnitude of 4.02 mA cm~2 at 1.23 V with reference
to the RHE, and this was found to be 2.8 times greater than the pure BiVOy,.

In addition, based on the LSV curve supposing 100% Faradaic efficiency, an
improved applied bias photo-to-current efficiency (ABPE) of 1.07% at 0.75 V
with reference to RHE was recorded. Notably, H, and O, gas formation rate for
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Fig.7.7 Pictorial sketch presenting the building of BiVO4/NiFe-LDH photoanode, inherent charge
separation step and PEC water splitting system. Adapted from [56] with approval

BiVO,4/NiFe-LDH photoanode—Pt PEC system—was about 2:1 with oxygen evolu-
tion estimate at the BiVO,/NiFe-LDH photoanode surface reach of 9.6 jumol h~!
cm™2 initially for 3 h. Eventually, more than 30 h activity was recorded for water
oxidation in KHCO3 weak alkaline electrolyte. Ultimately, Co** cation was incor-
porated into the NiFe-LDH as OECs so as to upgrade the operation of the fabricated
photoanode for PEC water splitting, and then, this yielded a photocurrent density of
4.45 mA cm~? at 1.23 V with reference to RHE [56].

The performance of PEC water splitting system has also been made more effec-
tive by employing a graphene-based ternary blend [57, 58]. The blend comprises a
molybdenum-doped Bismuth vanadate @reduced graphene oxide (Mo-BiVO4/rGO)
nanocomposites, prepared in a single wet impregnation procedure intended to be
used as per photoelectrode material in PEC water splitting. The pasty blend was
affixed onto the FTO layer as described [58]. Notably, the PEC operation for water
oxidation as well as the photocurrent was amplified via reduction of charge recou-
pling after introducing Mo-dopant and rGO in BiVO,. Consequently, a photocurrent
density of 8.51 mA cm~2 at 1.23 V with reference to the RHE was recorded for the
Mo-BiVO4@rGO blend photoanode. This result was reported to double Mo-BiVO,
(5.3 mA cm? at 1.23 V with reference to the RHE) and four-fold increase of the
pure BiVO, (2.01 mA cm~2 at 1.23 V with reference to the RHE) light-sensitive
electrodes. More so, 2.45% at 0.6 V with reference to the RHE was obtained as the
value for optimum solar-to-hydrogen transformation efficiency of the investigated
photoanode blend. The researchers of this work claimed that this value (2.45% at
0.6 V) is greater than BiVOy-supported photoanodes stated in the literature. The
photocatalytic water splitting responses also affirmed that greatest hydrogen evolu-
tion was reached for Mo-BiVO4 @rGO. Additionally, Mott—Schottky (M-S) analysis
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revealed this blend to display significant charge carrier density owing to a noticed
lower dimension of the slope (Fig. 7.8a).

Similarly, the electrochemical impedance spectroscopy (EIS) results showed that
this blend exhibited good carrier transport and dissociation, an indication that the
overall water splitting performance was enhanced (Fig. 7.8b).

Based on the aforementioned, it can be said that the synergy of Mo-doping and
rGO sheets in the Mo-BiVO4 @rGO blend assisted in the improvement of the charge
carrier density as well as the proficient charge movement of photogenerated electrons,
causing a substantial rise in the PEC operation for water splitting. Scheme. 7.7
demonstrated the photographic model of the Mo-BiVO,/rGO blend photoelectrode
charging approach for photocatalytic water splitting responses.

Researchers have proven hematite (a-Fe,O3) to be supplementary optimistic
photoanode material. However, for this study, references are made to self-biased
PEC water splitting owing to its limited energy bandgap (around 2.0 eV), chemically
stable in strong base dissolving agent, earth-ample elements [59]. As a case study,
Urbain et al. reported a study based on multifaceted hematite nanowires with thin-
film silicon photovoltaics in an all-earth-ample hybrid tandem apparatus for solar
water splitting. Fe; O3 nanowire photoanode as well as Si solar cells was used to set
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Scheme 7.7 a, b Photographic model of charge-transfer approach of the Mo-BiVO4 @rGO blend
photoanode for PEC water splitting responses. Adapted from [58] with authorisation

up tandem cells. Notably, the study revealed that multiple connection framework of
the solar panel possesses great adjustability with adjustable photovoltages and spec-
tral matching for the tandem cells. Furthermore, a self-biased photocurrent density of
4.6 mA cm~2, which stayed more than the entire day and night using manufactured
solar light in 1 M NaOH solution, was recorded for the ideal Fe,03/Si tandem cell
[59, 60].

Chen et al. reported that BiVO4 when compared to WOs3- and Fe,Os-supported
PEC/PV tandem cells exhibited considerably less solar-to-hydrogen (STH) efficien-
cies owing to their small photovoltages and unfavorable charge-transfer character-
istics. Therefore, in order to regulate the band architecture of the metal oxides, one
effective strategy is to introduce oxygen vacancies [59]. For instance, Kim and fellow
researchers proposed a simple chemical reduction procedure [61] to methodologi-
cally regulate oxygen vacancies in BaSnOj crystal and its energy band gap. Remark-
ably, a superior light uptake as well as improved charge dissociation abilities was
demonstrated by BaSnO3 photoanode with an ideal oxygen vacancy concentration
of 8.7%. Furthermore, the photoanode expressed an impressive photocurrent density
of 7.32 mA cm~? at a bias potential of 1.23 V after introducing FeOOH/NiOOH
oxygen evolution cocatalysts on its surface. The overall system comprising the
devised photoanode along with a perovskite solar cell led to the development of
a proficient tandem instrument of an STH efficiency 7.92% which was found to be
stable for 100 h of operation [59, 61].

7.2.3 Applications in Photovoltaics

The swift expansion in overall population and current technologies has increased
our day-to-day energy consumption up to an extraordinary level. The overall energy
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consumption is estimated to augment by just about 50% by 2040. Currently, 80%
of the world’s energy delivery is obtained from fossil fuels (coal, oil and gas). The
continuous increase in fossil fuel price is accelerated through the release of harmful
gases during fossil fuels combustion which results in greenhouse effect; this is the
reason for climate change. As a result, developing renewable energy sources that
can satisfy both existing and forthcoming energy requirements is a rising importance
[62, 63].

Renewable energy resources including solar, wind, biomass, hydro and
geothermal are promising choices because they are unlimited in supply, exist in
infinite amounts and can be replaced within a short period of time. In recent times,
wind energy and hydroelectric power have been the fastest rising means; however,
they are limited by distribution tasks and cost problems. Building devices such as
photovoltaic (PV) devices (i.e., solar cells), which convert energy from sunlight (solar
energy) into electricity (electrical energy), are reasonably smart, because sunlight is
an endless source of energy [63—65]. Improvements in solar technologies have appre-
ciated in terms of their efficiency and power density, and this has conceded fast rise in
their distribution [63, 66]. There are three classifications of PV technologies for back-
ground claims: (i) The “first-generation PV”’, founded on silicon (Si) semiconductors
[67],is practically advanced providing the leading power conversion efficiency (PCE)
of just about 26% [68] within experimental stage. This method has taken over the PV
market-based with 91% of the commercialized unit (ii) The “second-generation PV”,
commonly founded on thin-film inorganic semiconductors [69], has merely a 9%
commercialized unit owing to high-rise of production cost. The “second-generation
PV” has a maximum efficiency of just about 23% [63, 68]. Despite the commercial
availability of these first two generation PVs, their engineering procedure is difficult
and expensive [63, 70]. Since there is a need to provide great quantity of electricity,
then techniques requiring cost-effective PVs are desperately needed. (iii) The “third-
generation PVs” comprising perovskite solar cells (PSCs), dye-sensitized solar cells
(DSSCs), organic photovoltaic (OPV) as well as quantum-dot sensitized solar cells
(QDSSCs), were implemented to cover expenses and operation targets [63, 71]. The
foremost characteristics of the “third-generation PVs” include affordability, high
level of performance plus simple built-up. More so, other characteristics such as
lightweight and flexibility can enable further applications for instance interior light
collectors, solar-powered wings in favor of drones and portable power source [63].

The exploitation of nanostructured materials in photovoltaics has gained so much
focus owing to the various benefits that cannot be accomplished by their bulk asso-
ciates, for example, increased photon-to-exciton conversion efficiency plus econom-
ical processability founded on solution treatment approaches [63, 72—74]. Thus far, an
extensive variety of nanomaterials comprising unidimensional (1D), bidimensional
(2D), tridimensional (3D), solid-state oxides and nanocarbons has been utilized in
interfacial modification coatings, buffer coatings and photoactive coatings. Figure 7.9
displays the outline of the three PV generations in addition to several nanomaterials
and nanostructures that have been well used in the third-generation PVs [63]. Here,
we highlight the photoelectrochemical applications of the nanomaterials in emerging
photovoltaics comprising OPVs, PSCs and DSSCs.



142 S. P. Akanji et al.

Nanomaterials & nanostructures

T I1 \
B

R P A A :

Ig

W 3

>

7 cibiccol ]

®

a

>

o

>
Year: 1970 1980 1990 2000 2010 2020

Fig.7.9 Outline of the three PV generations accompanied by several nanomaterials and nanostruc-
tures that have been successfully employed in the third-generation PVs comprising DSSCs, OPVs,
perovskite PVs and QD PVs. Adapted from [63] with authorisation

Unidimensional (1D) nanostructured materials, for example, nanotubes,
nanowires and nanorods, have found use as replacement for nanoparticles. This is
because unidimensional nanomaterials can offer leading electron transport routes, as
well as lower recombination of charges owing to surface defects and grain bound-
aries. As a matter of fact, ID materials have been thoroughly examined and practically
employed in dye-sensitized solar cells (DSSCs) [63]. For practical illustration, the
preparation of anatase titania nanotubes (TNTs) and its use in flexible dye-sensitized
solar cells were reported [75]. Synthesis of the titania nanomaterial was carried
out using two-steps hydrothermal growth method, first at 160 °C for 4 h and then
110 °C for 20 h as reported. The prepared anatase nanomaterial was found to be
12 nm in diameter and was used to prepare a uniform and steady combined colloid
coated on an ITO/PEN flexible substrate to fabricate a flexible dye-sensitized solar
cell (DSSC) at reduced temperature (Fig. 7.10, schematic diagram of the flexible
DSSC). Notably, under optimized conditions, the flexible DSSC yielded a light-to-
electric energy conversion efficiency of 4.0% during an artificial solar light radiation
of 100 mWem~2 [75].
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Fig. 7.10 Pictorial model of the flexible DSSC. Adapted from [75] with authorisation

According to literature, the most commonly used method to devise unidimensional
nanomaterials is the “hydrothermal method” [63]. However, Kasuga and co-workers
first introduce “chemical method” to prepare TiO, nanotubes. In brief, powdered
TiO,-Si0, was treated with an aqueous solution of 10 M NaOH at 110 °C for 20 h
followed by HCI aqueous solution for the interchange of Na*. This yielded nanotubes
with an outer diameter of 8 nm as well as a length of 100 nm. Treatment of the caustic
solution led to the production of Ti-O-Na and Ti—OH sheets throughout this method.
Afterward, the lack of moisture in the Ti-OH bonds through HCI caused a reduction
in the bond distance from a Ti to the neighboring Ti across the surface ensuing the
turnover of the sheets into nanotubes [76, 77]. With this method, TiO, nanotubes
with high specific surface area have been devised with the PCE of the resultant
DSSC being just about 7% [63, 78, 79].

The advantage of nanocomposites was put into use via the synergistic effect of
unidimensional ZnO nanorods and TiO, nanoparticles. While unidimensional ZnO
nanorods offer swift electron transport routes, the enveloped TiO, nanosized parti-
cles provided adequate working surface for dye loading [63]. As a result, researchers
reported a procedure for integrating multiple layered networks of perpendicularly
arrayed ZnO nanowires plainly on clear conductive oxides [80]. Afterward, cycles
of TiO, monolayer were grown and self-assembled onto the ZnO nanowires. The
nanocomposite structure assisted in the prevention of the wire- fusion concern with
the purpose of increasing the working surface of ZnO nanowires. Notably, the
attainable PCE was 5.65% under solid-state electrolyte of Spiro-OMeTAD [2, 2/,
7, 7'-tetrakis-(N, N-di-p-methoxyphenylamine) 9, 9'-spirobifluorene] [80].

Perovskite solar cells (PSCs), among the third-generation solar cells, have
gained considerable responsiveness simultaneously from science-based plus manu-
facturing group during the last couple of years. PSCs belong to a novel group
of PV practical application. They have also appeared as favorable inexpensive
solar power collecting means as against traditional silicon solar cells [63]. Illus-
tratively, a complete printable processed mesoscopic methylammonium lead iodide
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of TiO,, CH3NH;3Pbl3 and carbon. b A pictorial design of a carbonated monolithic apparatus.
Adapted from [81]

(CH3NH3Pbl3) perovskite/TiO, heterojunction solar cells (PSC), composed of
economical carbon black counter electrode (CE), was fabricated [81]. Notably,
CH;NH;Pbl; has a perovskite structure (Fig. 7.11a) consisting of single Pb?*, single
CH;NHj3* and ternary iodine anions in the device chamber leading to the prepa-
ration of iodide perovskite original solution via the intermixture of CH;NH;Pbl;
and Pbl; in 1:1 molar proportion to satisfy the atom proportion in CH3;NH;3Pblj;.
Additionally, the carbon black/graphite supported monolithic apparatus (Fig. 7.11b)
comprises FTO glass substrate, a coated dense layer of TiO,, a 1 pm nanoporous
TiO, film applied via screen-printing (PASOL HPW-18 NR), a 1 pwm ZrO, layer
acting as the insulant against power surge, then eventually a carbon black/spheroidal
graphite applied above the device. Owing to the presence of carbon black/spheroidal
graphite counter electrode, the mesoscopic heterojunction layer solar cell displayed
an extremely stable and PCE of 6.64% [81].

Importantly, two kinds of charge transporting materials (CTMs) perform incred-
ibly important tasks in PSCs. These include electron transporting materials (ETMs)
and hole transporting materials (HTMs). The role of CTMs is to extract light-
induced charges out of perovskite and transfer them to resultant conductors. For
the record, Li et al. described the application of SnS quantum dots (QDs) as novel
inorganic hole transporting material (HTM) for PSCs [82]. A conventional one-pot
hot injection procedure was employed in the preparation of SnS QDs nonaqueous
octadecene (ODE) at an injection temperature of 180 °C. The source materials for
the preparation of SnS QDs (SnCl, and thioacetamide) were captured by the massive
bonding agents of oleylamine (OAm), oleic acid (OA) and trioctylphosphine (TOP)
leading to a suitable dispersion in chlorobenzene. Remarkably, the as-prepared SnS
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QDs after being processed on the surface structure of the ternary cation perovskite
exhibited a suitable surface coverage as well as a higher photoluminescence (PL)
quenching efficiency of the SnS hole carrier suggesting additional competent hole
removal capability. Furthermore, a safe device technical practice as regards layer
thickness, thermal process and ligand interchange on the SnS layer yielded a PCE of
13.7%. The SnS-incorporated perovskite photovoltaic cell also exhibited a greater
stability in air, displaying perfect device operation after being conserved for 1000 h
under environmental conditions against Spiro-OMeTAD [2,2',7,7 -tetrakis(N,N-di-
p-methoxyphenylamine)-9,9’-spirobifluorene]-incorporated command system [82].

Well-known bidimensional materials such as black phosphorous, carbon nanoma-
terials like CNTs and graphene oxide have been successfully used as HTMs in PSCs.
For instance, researchers employed black phosphorous quantum dots (BPQDs) as the
hole transporting layer (HTL) of reversed bidimensional PSCs (Fig. 7.12). Notably,
the BPQD-integrated PSC devices displayed a remarkable PV efficiency of 16.69%
owing to their high carrier movement as well as compatible band alignment. The
efficiency of the BPQD-integrated PSC devices was found to be significantly higher

Device architecture

Ag
PCBM/ZrAcac

: Black phosphorus
quantum dots

Enhanced holes
extraction efficiency

Fig.7.12 Transverse section and energy chart of BPQDs integrated PEDOT: PSS HTM established
reversed PSC device. Adapted from [63, 83] with consent of © 2017 American chemical society
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than that of the poly (3, 4-ethylenedioxythiophene) poly (styrene-sulfonate) (PEDOT:
PSS)-based device with a PCE of 14.10% [63, 83].

Organic photovoltaics (OPVs) possess striking features like cost effective, easy
processing capability, mechanical flexibility and environmental pleasantness [84,
85]. The progress of OPVs can be traditionally found from the early innovation of
super-high speed electron movement between polymers and fullerene in 1992 [86,
87]. The foundation of the bulk heterojunction (BHJ) organic solar cells is traceable to
this super-high speed charge transfer between a supposed “electron donor” and “elec-
tron acceptor”. OPVs have now become the most typically established blueprint for
the advanced technology OPVs. Heeger and co-researchers founded the BHJ OPV in
1995 [63, 88, 89] using unidimensional nanomaterial made of fullerene derived prod-
ucts, PCBM ([6, 6]-phenyl-Cg;-butyric acid methyl ester) as the electron acceptor,
which now has application both in OPVs and halide perovskite PVs as competent
electron removal film. A nanoscopic BHJ structure of donor—acceptor system with
uninterrupted permeable stage characteristics is of appreciable significance for effi-
cient OPVs. Wu and co-researchers have done extensive reviews on this area and
may be consulted for more details [63]. For the record, Li and co-workers described
a material made of Cs,COj3 with a layer of 1 nm thick for OPV application. Notably,
a PCE of 2.25% in addition to a short circuit current density (J.) of 8.42 mA/cm?
and open circuit voltage (V) of 0.56 V was established using a device construction
of ITO/Cs,COs3 (1 nm)/P3HT: PCBM/V,0s5/Al [90].

Similarly in 2008, Liao and fellow researchers recounted the use of a low temper-
ature annealed Cs,CO3 layer for the design of a reversed OPVs made of PCBM.
In their report, they claimed that the approach significantly improves the PCE from
2.3% to 4.2% in addition to a short circuit current (Jo) of 11.17 mA/cm? and a fill
factor (FF) of 63% under light radiation [91]. Notably, alkali compounds such as
ultrathin layer of metals—LiF, NaF, KF, CsF, Li,O, Na,O, Cs,COs—as illustrated
in the OPV applications above [90, 91] aided efficient interfacial modification layer
and also enable charge withdrawal. Other materials include small organic molecules
and conjugated polymers [63, 91].

Siddiqui and co-researchers also recounted a moist chemical procedure on account
of the synthesis of copper oxide nanoparticles (CuO-NPs) for OPVs. The CuO-NPs
were utilized as the working surface in the hybrid BHJ photovoltaic cell. Remarkably,
a PCE of just about 2.85% was realized for pure P3HT: PC;,BM photovoltaic cells
with a photocurrent density of 9.43 mA/cm?. Conversely, with the addition of an
ideal quantity of CuO-NPs to the blend (P3HT: CuO5wt%: PC7yBM, i.e., 50% at
550 nm), a higher PCE of 3.82% was achieved in addition to a photocurrent density
of about 11.32 mA/cm?, and no harm was done to the open circuit voltage and fill
factor (FF). This was achievable owing to adequate excitation production, improved
light uptake and a photoexcited charge splitting and recovery [92].

A blend of poly (3-hexylthiophene)(P3HT) in addition to an inorganic nanoma-
terial comprising narrow band gap GaAs nanowires (NWs) for organic/inorganic
photovoltaic cell architecture was reported [93]. The steadily sized GaAs NWs was
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blended with a closely bound polymer P3HT in a single liquid to create a standard-
ized film involving scattered nanowires in a polymeric template. Contrary to intro-
ducing the polymer steadily into NW arrangements, the structure and alignment were
designed by using spin coating followed by thermal treatment techniques. Notice-
ably, an enhancement in the charge carrier extraction was observed through auto-
matic adjustment of nanowires above the working area and the subsequent creation
of a P3HT-rich under layer. This enhancement (i.e., P3BHT molecular ordering) was
attributed to the unidimensional structure of the GaAs nanowires. The device perfor-
mance was further enhanced through modification of the organic/inorganic interme-
diate layer for effective charge splitting; hence, GaAs nanowires were coated with
3 nm of TiOx (50 wt. %). The PCE of the devised P3HT/NW photovoltaic cells was
improved by 20%, yielding an efficiency of 2.36% [93].

The electronic and optoelectronic attributes of graphene quantum dots (GQDs)
have also been explored by regulating its size and functional groups. For the record,
Kim et al. recounted the synthesis of reduction regulated GQDs as well as their usage
in BHJ solar cells [94]. Three varieties of GQDs with diverse oxidation degrees were
synthesized, namely the oxidized GQDs (GOQD), 5 h reduced GQDs (GQD 5) and
10 h reduced GQDs (GQD 10) (Fig. 7.13). The researchers claimed that no further
reduction was considered owing to the fact that saturation of as-synthesized materials
was observed after a duration of just about 10 h. The as-synthesized materials were
then added to the BHJ OPVs with PTB7: PC71BM (PTB7: PC71BM in 1:1.5 in
weight). Notably, the positive effect of GQDs was found to vary along with reduction
time of GQDs, where short circuit current density (J.) rises with oxidation, whereas
the fill factor rises with reduction. Thus, the GQD 5 led to a rise in PCE from
6.7% to 7.6% as against the standard device excluding GQDs (6.70%) by balancing
optical absorptivity and electrical conductivity. This implies that the enhanced PCE of

Reduced GQDs for 10hrs

Fig. 7.13 Graphic image of a BHJ photovoltaic cell including three distinct kinds of GQDs, such
that the functional groups at the side are regulated by thermal reduction time. Adapted from [94]
with consent of © 2013 American chemical society
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GQD-incorporated OPV systems is significant to charge carrier transmission and the
light-absorption capacity of the various GQDs, thus further describing QD materials
as potential materials that can be utilized for enhancing the efficiency of OPVs.

7.3 Conclusions and Future Scope

This topic has clearly identified and demonstrated the different properties of nanos-
tructured materials as well as their photoelectrochemical applications in emerging
technologies—photoelectrochemical biosensors, PEC water splitting devices for
hydrogen generation and third-generation photovoltaics. It has also demonstrated the
advantages of both unidimensional and nanocomposites when put into use. While
unidimensional nanomaterials can offer leading electron transport routes as well
as lower recombination of charges owing to surface defects and grain boundaries,
nanocomposites/hybrid nanomaterials can also enhance the functionalities of the
emerging technologies owing to their synergistic effects compared to monofunctional
nanomaterials. The topic also apparently found that modification of organic/inorganic
interfaces will help to improve effective charge separation. More so, the synergistic
effect of nanostructured materials has been proven to possess many advantages such
as fast electron transport pathways, large surface area, efficient excitation genera-
tion, improved light absorption and photoexcited charge separation and collection.
Owing to these reasons, better sensitivity and specificity as well as improved detec-
tion limits will be achievable in photoelectrochemical biosensing; more so, high PCE
as well as photocurrent density will be achievable in solar-to-hydrogen generation
and third-generation photovoltaic technologies. Further work is needed to be done
through the exploration of synergies of nanomaterials to fully realize their poten-
tials in biosensors especially in the area of cancer research. On that note, future
concentration will be on the wonders of phthalocyanines as emerging materials in
biomedical research with much focus on early cancer diagnosis. In PEC water split-
ting and photovoltaics, continuous increases in efficiency, durability and cost are
still required for market sustainability. In order to make such giant strides, combined
research efforts in multidisciplinary fields such as photovoltaics, nanotechnologies
and computational materials are needed.
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Abstract The presence of pharmaceuticals in surface waters called for urgent
concern in recent years due to their prospective environmental effects. Various analyt-
ical methods including chemiluminescence, high-performance liquid chromatog-
raphy, capillary electrophoresis-mass spectrometry, spectrophotometry and liquid
chromatography have been employed for the determination of various pharmaceu-
ticals. However, all these techniques are time-consuming, complicated and require
expensive equipment. On the contrary, the electrochemical technique resolved these
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problems owing to its low cost, fast response, simplicity and ease of on-site applica-
tion. Considering this, various electrodes have played significant roles in the deter-
mination of different drugs in biological, urine and pharmaceuticals formulations.
Various electrodes are modified with various nanomaterials to improve the sluggish
electron migration and electrode fouling, which reduces their selectivity and sensi-
tivity. Considering this, the present chapter discusses the applications of various
electrodes for different electrochemical analyses.
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The application of various electrodes for electrochemical analysis.

2. The surface of boron-doped diamond electrodes can be cathodically and
anodically pretreated.

3. Various nanomaterials are networked on the electrode surface to promote
electron communication and migration.

4. Co-detection of various pharmaceuticals in various matrices.

5. Different binders are used to prevent the leaching of nanomaterials on the

electrode surface.

Synopsis

Several analytical techniques are used in the detection of pharmaceuticals owing
to their presence in various water bodies. Electrochemical methods have been the
technique of choice owing to their analytical merits including simplicity, portability
and low cost. In electrochemistry, different working electrodes play pivotal roles in
performing an electrochemical experiment. Although they have several limitations
such as sluggish electron transfer, high background current and electron fouling.
These limitations can be overcome using smart and intelligent nanomaterials.

8.1 Introduction

Inrecent years, pharmaceuticals have attracted scientists, industrial communities and
public attention owing to their occurrence in various water bodies including wastew-
ater, groundwater and drinking water [1, 2]. The presence of pharmaceuticals has
been reported in water bodies in Europe and worldwide [3, 4]. Although, various
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sources contributed significantly to the presence of pharmaceuticals in surface water
including agricultural runoff, effluents from wastewater treatments plants (WWTPs),
pharmaceuticals industrial wastes, pharmaceuticals used for animal and human
medicine that are not completely metabolised or partly removed in (WWTPs) are
discharged into water bodies [5, 6]. The World Health Organisation (WHO) reported
that 25% of the world water pollution emanated from pharmaceutical industries and
various studies have confirmed that consumption of water containing high concen-
trations of pharmaceuticals can lead to various adverse effects such as acute renal
failure, vomiting, diarrhoea, hepatic necrosis and hepatic failure [7, 8].

However, it is important to thoroughly monitor the concentrations of pharmaceu-
ticals in the waterbodies. Various analytical techniques such as spectrophotometry
[9], titrimetry [10], chemiluminescence [11], liquid chromatography [12] and elec-
trochemistry [13] have been employed in the detection of pharmaceuticals in various
matrices. Aside from the electrochemistry method, other techniques involve longer
analysis time, tedious sample preparation and costly instrumentation [14, 15]. The
electrochemistry technique offers a higher degree of accuracy, precision, sensitivity,
selectivity and is suitable for real-time detection of environmental pollutants due to
the portability of the instrument [16].

Electrochemistry is predominantly based on electrodes made up of solid materials.
These electrodes must possess the following analytical merits including electrochem-
ical stability, fast electron transfer, electrical conductivity, surface reproducibility,
chemical stability, lower toxicity, high conductivity and low background current [17,
18]. For this reason, this chapter focuses on the application of various electrodes
such as carbon paste electrode, boron-doped diamond electrode, glassy carbon elec-
trode, pencil graphite electrode and screen-printed carbon electrode for monitoring
pharmaceuticals in various matrices.

8.1.1 Carbon Paste Electrode (CPE)

It belongs to a unique group of heterogeneous carbon electrodes and its surface
can easily be renewed for electron exchange [19]. It is prepared from a mixture of
pasting liquid and conducting graphite powder. CPEs have received great attention
due to its low ohmic resistance, wide potential window, easy modification process,
non-toxicity, good electrical conductivity, stable response, facile renewability of elec-
trode surface after usage, ease of application and regeneration [19]. The uniqueness
of CPE is due to its availability at a low cost and ease of modification with nano-
materials. Although bare CPE is not so sensitive for trace level sensing because
its surface interacts with matter and air, due to this, different nanomaterials have
been used to modify carbon paste electrode to enhance its electron transfer kinetics,
catalytic and conductivity properties [19]. In addition, liquid modifiers are used to
enhance the signal intensity, improve the limit of detection and increase the analytical
performance of CPEs.
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For instance, Pardakhty et al. constructed a novel carbon ionic liquid paste
electrode for the electrochemical determination of ascorbic acid in pharmaceuti-
cals and food samples using nickel oxide nanoparticles (NiONPs) and 1-butyl-
3-methylimidazolium tetrafluoroborate (BMITFB) as a binder [20]. The results
obtained revealed that the fabricated sensor (CPE@BMITFB/NiONPs) effectively
promote the electrocatalytic oxidation of ascorbic acid and displayed impressive low
background current, convenient modification, renewability, wide potential window
and satisfactory reproducibility results.

In another report, aluminium silicate (Al,SiOs) was immobilised on CPE for
the quantification of anti-depressant dothiepin HCI (DTP) in biological fluids and
pharmaceutical formulation [21]. It was highlighted that Al,SiOs was employed for
the sensor fabrication owing to its analytical merits including low cost, thermody-
namically stable, large surface area, high adsorption and ion exchange capacity. The
results obtained from the cyclic voltammetry (CV) and square wave voltammetry
(SWV) revealed that the sensor Al,SiOs/CPE was reported to enhance the electrical
conductivity of the bare CPE by three folds.

A nano-molecularly imprinted polymer (NMIP) modified CPE was employed in
the electrochemical detection of quetiapine (anti-psychotic drug) [22]. The bare CPE
was assembled by adding 0.075 g of graphite powder and 0.025 g of n-eicosane in
a watch glass to form a homogenous paste (HP). The HP was carefully placed in a
2.5 mm glass syringe and compressed using a piston. Thereafter, copper wire was
dipped inside the HP to activate the electrical conductivity of the electrode. The modi-
fied CPE/NMIP was prepared by adding a mixture of carbon powder and polymer
powder to n-eicosane powder, the resulting mixture was carefully placed in a glass
syringe and compressed using a piston. It was reported that before each measure-
ment, the electrode was polished on a photo-printing paper to form a smooth surface
and gently rinsed with distilled water. The sensor was employed in the detection of
quetiapine drugs in pharmaceuticals and urine samples.

Furthermore, multiwalled carbon nanotubes (MWCNTs) were networked on CPE
for the quantification of gentamicin sulphate (antibiotic drug) in pure form, biological
fluids and pharmaceutical samples [23]. The MWCNT was used for the sensor devel-
opment owing to its analytical merits including high mechanical strength, metallic or
semi-metallic behaviour, large surface area, thermal conductivity and rapid electron
migration between the electroactive species and the electrode surface. The sensor
was not affected by a change in pH from 2.5 to 8.5 and displayed a fast-dynamic
response time (8 s) with a detection limit of 2.2 x 1077 [23].

Similarly, the detection of isoproterenol (asthmatic drug) in pharmaceutical
and biological samples was carried out using pyrogallol red multiwalled carbon
nanotubes paste electrode (PGRMMCNTPE) [24]. The electrocatalytic oxidation of
isoproterenol (ISPR) at the developed electrode was investigated using CV, SWV
and chronoamperometry. Different thermodynamic parameters including electron
transfer coefficient, catalytic rate constant and catalytic rate constants were calculated
using different electrochemical techniques.

The synergy of gold nanoparticles (AuNPs) and functionalised multiwalled carbon
nanotubes (f-MWCNTs) was to modify glassy carbon paste electrode (GCPE) for
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the quantification of cyproterone acetate (steroidal antiandrogens) in pharmaceutical
and human body fluids [25]. The cyclic voltammetry was employed to interrogate the
electrochemical impact of the modifier on the bare GCPE. The AuNPs/f-MWCNTs
enhanced the electroactive surface area of the CPE by “16 times and facilitated
electron transfer for the detection of CPA. There was a significant enhancement in
the reduction peak current of CPA because of the reduction of ketone to hydroxyl
group. The pitfall of this work was that AuNPs was not used to modify the electrode
alone as shown in Fig. 8.1, this oversight makes it very difficult to compare the
electrochemical activity and the impact of each modifier in the sensor fabrication.

In another report, ionic liquids (N-butyl pyridinium hexafluorophosphate and 1-
octylpyridinium hexafluorophosphate were used to modify carbon paste electrodes
for the detection of dopamine [26]. The sensor displayed outstanding electrocatalytic
properties towards the electrochemical oxidation/reduction of dopamine at micro and
sub-micromolar concentration levels. The brilliant electrocatalytic property of the
sensor was accredited to the distinct hydrophilicity and the conductivity features of
the ionic liquid used to modify the CPE.

Similarly, carbon ionic liquid electrode was assembled through the collabora-
tion of Fe;04@PA-Ni@Pd yolk-shell structure nanoparticles and chitosan for the
electrochemical detection of Fluconazole (anti-viral drug) [27]. The nanocomposite
of Fe;04@PA-Ni@Pd nanoparticles were used in this study to facilitate electron
transfer due to their synergistic electrocatalytic effects while the yolk-shell was used
to support the catalyst owing to its low density and large vacant space. The chitosan
was used in the construction of the sensor owing to its hydroxyl and amino functional
groups, which play critical roles in covalent immobilisation of bioactive molecules.
Various electrochemical techniques such as electrochemical impedance spectroscopy
(EIS), cyclic voltammetry and chronocoulometry were used to investigate the effect
of each modifier on the sensor development, the results obtained for each technique
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Fig. 8.2 Comparing the SWV and DPV for the detection of flutamide using CPE/ CuO/GO/PANI
[28]. (Copyright (2020), with permission from Elsevier)

agree. The sensor was responsive to different concentrations of fluconazole from
0.01 to 400 wmol/L, with a detection limit (DL) of 3.5 nmol/L using differential
pulse voltammetry (DPV).

Afzali et al. reported the electrochemical detection of flutamide (an anticancer
drug) by modifying carbon paste with CuO/GO/PANI nanocomposite [28]. A
comparative study between square wave voltammetry (SWV) and DPV for the detec-
tion of flutamide was shown in Fig. 8.2. The result obtained revealed that the peak
current signal of SWV is far better than DPV. Hence, it was employed for the detec-
tion of flutamide with a DL of 14 pM. The modified electrode (CPE/ CuO/GO/PANI)
was used for the quantification of flutamide in pharmaceuticals and urine samples
with satisfactory results.

Shetti and co-workers reported the electrochemical analysis of nimesulide (an
anti-inflammatory drug) using amberlite XAD-4 resin-modified CPE [29]. The
results obtained from the voltammetric techniques (CV and SWV) revealed that
the modifier promotes electron migration and improved the sensitivity of the bare
CPE. The electrooxidation of nomesulide was an irreversible reaction involving an
equal number of protons and electrons in a diffusion-controlled system. The proposed
mechanism for the electrooxidation of NIM on the fabricated sensor (XAD/CPE) was
illustrated in Scheme 8.1.

In another report, dopamine was polymerised on CPE in the presence of anionic
surfactant for the electrochemical oxidation of ranitidine (gastric ulceration drug)
[30]. The polymerisation of dopamine monomer was carried out by cycling a poten-
tial from —0.4 to 4-1.5 V for eight cycles at a scan rate of 100 mV/s in acetate
buffer solution (pH 5.0) containing 0.001 M dopamine hydrochloride. The polymer
film on the electrode surface significantly increases the electrocatalytic properties of
the analytes, reduce electrode fouling, increase the reaction rate, improve the repro-
ducibility and stability of the electrode. While the anionic surfactant improved the
antifouling properties and the electrocatalytic activities of the sensor. The developed
sensor was employed to quantify ranitidine in the concentration range from 1 x
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Scheme 8.1 The proposed oxidation mechanism of NIM on XAD/CPE [29]

107 to 7.5 x 107% M, with a detection limit of 1.9 x 10 ~8 M using square wave
voltammetry technique.

Antifouling bi-polymeric membrane was used in modifying carbon nanoparticle
paste electrode for the detection of riboflavin (vitamin B2) in biological and phar-
maceutical samples [31]. The bi-polymeric membrane was synthesised from fluo-
rosurfactant Zonyl-FSN (FSZ) and perfluorate resin Nafion (PRN). The PRN was
used as an antifouling agent owing to its ability to block the anionic neutral species
from reaching the electrode matrix and the FSZ enhanced the electrocatalytic activ-
ities of the sensor towards the electrooxidation of riboflavin (RF). It is important to
note that the electrooxidation of RF involves two protons and two electrons oxida-
tion processes. The developed sensor was used for quantifying riboflavin in urine
samples, cough syrup and pharmaceutical tablets with RSD values less than 2.75%
revealing the reliability property of the sensor.

Among the most recent developments in the utilisation of CPE, the application
that stands out was the fabrication of an electrochemical sensor for the simultaneous
detection of dopamine (DA), uric acid (UA), acetaminophen (AC) and tryptophan
(Trp) using zeolitic imidazolate (ZI) alongside with cobalt-tannic (Co-Ta) nanocom-
posite modified CPE [32]. The results obtained from the CV and DPV revealed that
the nanocomposite improved the selectivity, increased the surface area, accelerated
electron transfer, improved the conductivity and enhanced the electrocatalytic ability
of the bare CPE towards the simultaneous detection of the analytes. Interestingly, the
peak current signal of the analytes was clearly distinguished by their peak potentials
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and each analyte was successfully quantified in the quaternary mixture as shown in
Fig. 8.3.

Although, the drawback of CPE includes porosity, reproducibility and it takes
time before the modifier(s) are packed into the electrode. Yet, we urged scientific and
industrial communities to explore and employ CPE for the electrochemical quantifi-
cation of different pharmaceuticals in water and biological samples due to the exciting
results reported from its applications. In the next section, the fabrication of boron-
doped diamond electrodes for the quantification of pharmaceuticals is quantitatively
discussed.

8.1.2 Boron-Doped Diamond Electrode (BDDE)

It is a new class of electrode material employed for various neurochemistry and
electrochemical applications owing to its analytical importance including low back-
ground current, high resistance to passivation, chemical inertness, low adsorption
capacity, wide potential window, high sensitivity and electrochemical stability in
acidic and alkaline media [33, 34]. These analytical properties of BDDEs depend
on several factors including crystallographic orientation, surface termination (H, O
and F), grain boundaries morphological influences and presence of non-diamond sp?
carbon, these factors make BDDE surface to be significantly different from other
electrodes including CPE and GCE [35, 36].

A BDDE is a powerful electrochemical sensor used for the detection of various
biomolecules in food, organic compounds, pharmaceutical samples and in the envi-
ronment [37, 38]. For instance, Kuzmanovic et al. used unmodified BDDE for the
electrochemical detection of pyridoxine (vitamin Bg) in urine and pharmaceuticals
samples [39]. The unmodified BDDE sensor was responsive to the detection of
vitamin Bg at a linear range from 7 to 47 uM and a DL of 3.76 WM using differential
pulse voltammetry technique. The merits of this developed sensor are attributed to
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the wide linear concentration range, ease of fabrication without any pretreatment
step and the sensor was not modified, this reduced the sensor cost. Similarly, a
BDDE was used for the determination of ibuprofen (antipyretic drug) using DPV
and SWYV [40]. The BDDE sensor was used for the analysis of spiked human urine
and pharmaceuticals samples with recovery rates of 97-103% and 99.8—105.0 using
SWV.

In addition, benzocaine (skin cancer drug) was detected in biological and pharma-
ceutical samples using BDDE sensor [41]. The BDDE was anodically and cathod-
ically pretreated before applying it for the electrochemical detection of benzocaine
(BC). The cathodic and anodic pre-treatment was done in the presence of 1 M nitric
acid by using a potential from —2.0 to 2.0 V for 40 s to obtain hydrogen and oxygen
terminated boron-doped diamond electrode surface. The CV signal for the anodic pre-
treatment was stable and gave a high current signal than the cathodic pre-treatment.
Hence, it was used for the detection of benzocaine. The best optimal experimental
parameters were obtained at pH 4 and different supporting electrolytes (acetate, phos-
phate buffer solution, HCI and NaOH, Britton-Robinson (BR) buffer) were interro-
gated for the detection of BC. The BR buffer solution was chosen because it gave
the lowest background current, well-shaped voltammetry peak current as well as the
utmost peak current signal. Under the optimised experimental parameters, the limit
of detection values for BC were 80 and 100 nM for DPV and SWV. Similarly, BR
buffer was used as the supporting electrolyte for the quantification of codeine in
pharmaceutical tablets and human urine using DPV [41].

In another report, BDDE was used for the preparation of electrochemical sensor
for the quantification of amlodipine (calcium channel blocker drug) [42]. The CV
result for the electrochemical oxidation of amlodipine revealed thatit is an irreversible
process with a well-defined peak at a potential of 4-0.75 V. The electrode reaction on
BDDE was a two-electron diffusion-controlled system and responsive to different
concentration ranges of 0.2-38 wM and 0.2-6 wM for amlodipine.

Ardila et al. used SWV for the detection of bezafibrate (BZF) in pharmaceutical
samples using pretreated BDDE [43]. The electrochemical response for the deter-
mination of BZF was enhanced by pre-treating BDDE anodically and cathodically.
The finding showed that the former displayed a lower oxidation peak potential while
the latter presented a higher current intensity and better peak resolution. The cathod-
ically pretreated boron-doped diamond electrode was used for the determination of
BZF in pharmaceutical samples and the result obtained was in concord with the
spectrophotometric method.

Furthermore, BDDE was used for the electrochemical oxidation of meloxicam (an
anti-inflammatory drug) [44]. The electrochemical detection of meloxicam displayed
two oxidation peaks, the first peak is the oxidation of the amide functional group and
the second represents the oxidation of enol functional group as displayed in Fig. 8.4.
Different optimisation parameters such as scan rate, pulse width, pH, supporting
electrolyte and pulse height were investigated. A detection limit of 5.9 x 10~% mol/L
was obtained using DPV [44].
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Selesovska and co-workers investigated the influence of boron to carbon (B/C)
ratio for the fabrication of lab-made boron-doped diamond electrodes for the quan-
tification of leucovorin (LCV) [36]. Different B/C ratios (1000, 2000, 4000, 8000
and 20,000 pm) were used for the preparation of BDDEs in the gas phase. The B/C
10,000 pm displayed the best electrochemical properties on the two redox probes
Fe(CN)s*~#~ and Ru(NH3)6%*?* used to interrogate the constructed BDDEs. There-
after, it was used to detect different concentrations of LCV with a detection limit of
6.7 x 1078

A comparative study between BDDE and GCE for the electrochemical detection
of pefloxacin (PEF) was reported [45]. The cyclic voltammograms for pefloxacin
on both electrodes displayed an irreversible oxidation peak and a small irreversible
ill-pronounced peak. In addition, the scan rate studies showed that the oxidation step
of PEF is irreversible for both electrodes, but it is adsorption and diffusion controlled
for GCE and BDDE. Due to the diffusion-controlled process for the BDDE, DPV and
SWYV were used for the determination of PEF but adsorptive DPV (AdsDPV) was
used for the detection of PEF on GCE. Different parameters including accumulation
time, stirring rate and potential effect were investigated for the AdsDPV, SWV and
DPV using GCE, yet no linear response for the determination of PEF was obtained.
This result discouraged the comparative study between GCE and BDDE for the
electrochemical detection of PEF. Hence, BDDE was used for the detection of PEF
in pharmaceutical and spiked serum and samples.

In another report, the redox properties of lidocaine (LID) and epinephrine (EP)
were examined on anodically pretreated unmodified BDDE [46]. The bare BDDE was
used for individual and simultaneous detection of LID and EP. The cyclic voltammo-
grams of the binary mixture of EP and LID displayed two irreversible and diffusion-
controlled peaks at +0.91 and +1.67 for EP and LID in BR buffer at pH 2.0. The
BDDE electrode was anodically pretreated to reduce its hydrophobicity and incor-
porate negative charge into the electrode surface to promote electrostatic attraction
with the positive charge of the analytes. The experimental parameters investigated for



166 A. O. Idris et al.

the sensing of the analytes are pulse amplitude (10-60 mV), frequency (15-150 Hz)
and step potential (4—16 mV). Under the optimised conditions, SWV was used for
the simultaneous detection of the analytes at different concentration ranges (0.1-20
and 1.0-100 pwmol~' for LID and EP) and DLs of (0.03 and 0.27 pwmol~!) were
obtained. It is important to note that the pre-treatment of BDDE is done cathodically
or anodically to make the electrode surface positive or negative depending on the
charge of the analyte.

A flow injection analysis was used for co-detection of acetaminophen (ACP) and
tramadol (TRA) using boron-doped diamond electrode [47]. Different optimisation
parameters including flow rate, sample volume, pre-treatment, applied potential and
supporting electrolyte were investigated. Under the optimised parameters, the sensor
was used for the simultaneous detection of ACP and TR in commercial pharmaceu-
tical samples and the results obtained were compared with the result from high-
performance liquid chromatography (HPLC). A #-test at a confidence level of 95%
was used for the comparison. The #experimental Values obtained for TRA (1.00) and ACP
(0.68) were smaller than the ?.iica1 Values (12.71), these results revealed that there are
no significant differences in the two analytical methods. The electrochemical setup
for the flow injection electrochemical sensor is presented in Fig. 8.5.

Santos et al. employed BDDE for the simultaneous quantification of
hydrochlorothiazide (hypertension drug) and losartan (cardiovascular drug) [48].
The electrode was anodically pretreated to change the diamond phase of the BDDE
from hydrophobic to hydrophilic by introducing oxygen functional groups to the
surface. DPV was used for co-detection of the analytes at concentration range 3.0
x 107 to 7.4 x 107 mol/L with detection limits of 1.2 x 10 and 9.5 x 1077
mol/L. The sensor was successfully used for simultaneous detection of the analytes
in pharmaceutical formulations with satisfactory results.

Generally, most reports in the literature pretreated boron-doped diamond elec-
trodes either anodically or cathodically, the former was done to change the
morphology of the diamond surface from hydrophobic to hydrophilic by incor-
porating oxygen functional groups into the surface of the BDDE while cathodic

Tathodically
preireate

BDDE 0

Fig. 8.5 The flow injection setup for co-detection of acetaminophen and tramadol using BDDE
[47]. (Copyright (2015), with permission from Elsevier)
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pre-treatment changed the diamond surface of the BDDE from hydrophilic to
hydrophobic by incorporating hydrogen functional groups. Beyond that, most reports
in the literature for the application of BDDE for sensing of pharmaceutical are not
modified with nanomaterials based on the reports that they are more conductive and
display higher current signal than other carbon-based electrodes. However, lower
detection limits and better sensitivity would have been achieved or reported in the
literature, if nanomaterials were used to modify BDDE for electrochemical sensors.
The application of arguably the noblest carbon-based electrode will be discussed in
the next section.

8.1.3 Glassy Carbon Electrode (GCE)

This electrode is arguably the most utilised form of sp? hybridised carbon electrode
owing to its importance analytical properties including low density, high-temperature
resistance, low friction, extreme resistance to chemical attack, hardness, imperme-
ability to gases and liquids [49, 50]. These properties have attracted researchers and
industrial communities to employ this noble electrode for different analytical appli-
cations [51-53]. For example, Bagheri et al. used bare glassy carbon electrodes to
study the electrochemistry of raloxifene in pharmaceutical and human plasma [54].
Before the application of GCE for any electrochemical analysis, it was thoroughly
cleaned by polishing with Al slurry on a polishing pad and gently rinsed with distilled
water. To obtain a reproducible current—potential peak for the GCE, a cyclic voltam-
metry experiment was carried out in the presence of 0.1 M H,SO, at a scan rate
of 100 mV/s and applying a potential from 0.0 to 1.6 V for ten cycles. The effec-
tive surface area and the surface coverage of the GCE were calculated using the
Randles—Sevcik equation and coverage equation as depicted in (8.1) and (8.2).

Ip =(0.4463 (FS/RT')l/Z An3/2D01/2C0U1/2 (8.1)

where I}, is the peak current F is the Faraday’s constant (95,000 C/mol), R is the
universal gas constant (8314 J/mol K), T is the room temperature, A is the surface
area of the electrode (cm?) constant, # is the number of electron transfers, Dy (cm?/s)
is the diffusion coefficient, C, (mol/cm?) is the concentration of the redox probe and
v is the scan rate measured in (V/s). 2ace area of the GCE was calculated using (8.1)
to be 0.0207 cm. The effective surf.

The surface coverage of the GCE was calculated using (8.2).

I, = (an® F°T0A)/2.718RT (8.2)

where « is the transfer coefficient (0.57), other symbols have their usual meanings and
I" (mol/cm?) is the surface coverage with a calculated value of 4.7 x 10! mol/cm? for
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the GCE. The results obtained from the effective surface area and the surface coverage
spurred the investigation of the electrochemical behaviour of raloxifene on GCE
surface using CV. The CV measurements revealed that the reaction at the electrode
surface was quasi-reversible, adsorption-controlled and two protons/electrons are
involved in the process. Finally, DPV was used for the determination of raloxifene
in human plasma and tablet samples.

A new voltammetry protocol for the electrochemical determination of fentanyl
(analgesic drug) was assembled by modifying GCE with carbon nanoonions (CNO)
[55]. The electrochemical report revealed that the GCE/CNO quantified fentanyl at
a working potential of 0.85 (vs. Ag/AgCl). Various parameters including supporting
electrolytes, pH, accumulation potential and time were interrogated before quanti-
fying the analytes with DPV and chronoamperometry techniques. The chronoamper-
ometry behaviour of the analyte on the sensor was analysed by applying a working
potential of 1.0 V and the enhancement in the current signal was directly proportional
to the increase in concentration from 10 to 100 M. The sensor was responsive over a
concentration range of the analyte from 1 to 60 uM with a detection limit of 300 nM.
The synthesis and fabrication of fentanyl sensor are depicted in Fig. 8.6.

In another report, multiwalled carbon nanotubes (MWCNTs) is dispersed on a
GCE for the quantification of cefpirome in pharmaceutical samples [56]. The sensor
was prepared by pre-conditioning the GCE in a BR buffer solution and applying
a potential (—0.1 to —1.2 V) for twenty cycles until a stable voltammogram was
obtained. Thereafter, 10 pL. MWCNTs suspension was drop cast on the electrode
and allowed to dry at room temperature. The impact/effect of MWCNTSs on GCE
was interrogated with CV and DPV. The results obtained in the electrochemical tech-
niques gave one well-defined reduction peak in cetyltrimethylammonium bromide,
which was ascribed to the reduction of the exocyclic bond (—C=N) present in the
analyte. In addition, there was a tremendous improvement in the reduction current
response of the modified electrode (GCE/MWCNTs) than the bare GCE due to
the rich electrochemical properties of MWCNTs such as fast electron-mediators,
large surface area, ability to promote electron transfer reactions and high chemical
stability. These properties were exploited in the detection of cefpirome in bulk and
pharmaceutical formulation using DPV and SWV.

Rezaei et al. used carboxylated multiwalled carbon nanotubes (CMWCNTS) to
modify GCE for adsorptive stripping voltammetry in the quantification of methyl-
dopa (MTD) [57]. The adsorption properties of MWCNT were improved by incorpo-
rating some functional groups (-OH, COOH and CHO) into its matrix, which aid in
enhancing the electrochemical properties of MWCNTSs. The sensor was prepared by
a sonicating mixture of (8§ mg CMCNTs and 4 mL acetonitrile) until a stable suspen-
sion was formed and 50 L of the suspension was carefully cast on the GCE surface
to form a uniform film ascribed as GCE/CMWCNTs. The Randle-Sevcik equation
was used to calculate the surface area of the GCE and GCE/MWCNTs. The micro-
scopic surface areas of both electrodes were 0.0314 and 0.1688 cm?, which simply
means the surface area of GCE/MWCNTSs was 5.4 times greater than the bare GCE.
Different optimisation parameters including scan rate, pH, supporting electrolytes,
effects of the amount of CMWCNTs on the peak currents were investigated. Under
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Fig. 8.6 The synthesis, fabrication and characterisation of the fentanyl sensor [55]. (Copyright
(2020), with permission from Elsevier)

the optimised experimental conditions, the calibration curves were linear in different
concentration ranges (0.1-30 and 30-300 wM) with a detection limit of 0.08 uM
using adsorptive stripping voltammetry.

Furthermore, MWCNT was dispersed in water in the presence of dihexadecyl
hydrogen phosphate (DHP) to form MWCNT-DHP, which was drop cast on GCE
surface for the voltammetry detection of ethamsylate (antihemorrhagic drug) in
pharmaceutical tablet and bulk solution [58]. The electrochemical behaviours of
the analyte were studied using different electrodes (bare GCE, GCE/DHP and
GCE/MWCNTs-DHP). A poor redox peak was observed for the bare GCE with
a separation peak potential of 438 mV but the redox peak potential of the GCE/DHP
was poorer than the bare GCE, this was accredited to the insulating properties of the
DHP, which hinder electron communication on the bare GCE. The GCE/MWCNTs-
DHP gave a well-defined redox peak potential of 40 mV and the peak current signal
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of the analyte was significantly enhanced, this enhancement was ascribed to the
exceptional properties of MWCNTs including large specific surface area and refined
electronic properties. It was reported that DHP was used for the fabrication process
to stabilise the MWCNTs film on the GCE surface. It is of note that incorporating a
binder in the fabrication of a sensor is very crucial because it prevents the leaching
of the modifier in the analyte solution during electrochemical analysis. However, the
binder or the stabiliser must be cautiously selected so that it does not completely
reduce the electrochemical properties of the modifier. For this study, the surface area
of the GCE/MWCNTSs-DHP was 0.087 cm?2, which is far lower than the surface area
of GCE/MWCNTs reported by Rezaei et al. [57]. The reason for this is due to the DHP
used as a binder in the sensor fabrication that retards the electron movement/flow
rate on the sensor.

Similarly, functionalised MWCNT alongside chitosan was used for the electro-
chemical determination of epinephrine (neurotransmitter) in urine and pharmaceu-
tical samples [59]. The MWCNTSs were functionalised by adding 120 mg of carbon
nanotubes (CNT) into 10 mL of (3 M HNO3) at 70 °C for 24 h under vigorous stir-
ring. The acid incorporated carboxylic functional group into the matrix of CNTs. The
biopolymer nanocomposite electrode was fabricated by dispersing the functionalised
CNT into 4 mg mL~! chitosan solution by ultrasonication for 10 min. Thereafter,
8 WL of the resulting solution was drop cast on a GCE to form GCE/Chit-fCNT.
The results obtained from the snowballing characterisation techniques (SEM, CV
and EIS) revealed clearly that the hybrid biopolymer nanocomposite Chit-fCNT
enhanced the electron transfer velocity across the interface and thermodynami-
cally decreased the overpotential for epinephrine oxidation. The fabricated sensor
(GCE/Chit-fCNT) was successfully used for the detection of the analyte and was
selective in the presence of various biological molecules (serotonin, ascorbic acid
and uric acid) with good recovery limits for direct detection from adrenaline injection
and urine samples.

Baytak and co-workers decorated functionalised carbon nanotubes on zirconium
oxide nanoparticles for the quantification of terbutaline in urine and drug formulation
samples [60]. The nanocomposite was synthesised by functionalising CNTs with a
mixture of HC1O4 and HNOj3 (3:7, v: v) for 5 hin an ultrasonic bath. The f-MWCNTs
alongside ZrO, were dispersed in chloroform and sonicated for 45 min, the resulting
solution was dropped on a GCE surface to form the sensor. The sequential step
for the preparation of ZrO,/MWCNTs/GCE is depicted in Fig. 8.7. The electro-
chemical impacts of the modifiers were investigated using cyclic voltammetry, the
ZrO,/MWCNTSs/GCE gave a sharp and well-defined anodic peak at 645 mV followed
by the MWCNTSs/GCE with oxidation peak at 660 mV and the bare GCE gave a poor
and broad oxidation wave at 770 mV. It was difficult to understand and explained
the effects of the ZrO, on the GCE because it was synthesised in situ with the
MWCNTs. The sensor was reported to possess lower overpotential, lower detection
limit, excellent reproducibility, precise and accurate determination of terbutaline in
pharmaceutical samples. We recommend that in the preparation of nanocomposite for
electroanalytical applications, the composite should be synthesised singularly before
synergistically to ascertain the effect of each modifier on the electrode surface.
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OH  Dispersion in
chloroform

MWONTs Functionalized MWCNTs GCE coated with MWCNTs LrONPAMWONTVGCE

Fig. 8.7 The systematic preparation of ZrO,/MWCNTs/GCE [60]. (Copyright (2016), with
permission from Elsevier)

In another study, adsorptive stripping voltammetry (AdSV) was used for the quan-
tification of thiamine (B;) in a pharmaceutical sample and commercially available
juices [61]. The sensor was constructed by adding 1.25 x 10~ mol~! Pb(NO;),
into 5 x 1072 mol~! buffer acetate (pH 5.6). The GCE was cleaned as stated earlier
and potential of —1.25 V for 120 s was applied to it, during this step, the metallic
Pb was electrodeposited/plated on the GCE surface by scanning a potential from
—1.25 to —1.55 V under aerated solution forming GCE/Pb film, which is the sensor.
The sensor was used for the detection of different concentrations of thiamine from
0.0133 to 0.265 mgL~! and a detection limit of 0.0053 mgL~! was obtained. The
pitfall of this sensor is the obvious toxicity of Pb but the author encouraged the use of
this sensor on the premise that it is less toxic than Hg and can easily be regenerated
by stripping off the Pb film from a preceding measurement and a new Pb film can be
regenerated on the GCE for another measurement.

Adsorptive stripping voltammetry was used for the detection of caffeine (CF)
using Nafion covered lead film electrode (Nafion/PbFE) [62]. The sensor was
prepared by deposition of Pb atoms on GCE, this was achieved by dipping 7.5 x 107
molL~! Pb(NO;), solution prepared in 0.1 molL~! HNOj into the GCE at a potential
of —1.4 V for 30 s. After the deposition process, the electrode was carefully rinsed
with deionised water and was left to dry in the air for 120 min. Thereafter, 0.5 pL
of a Nafion solution was meticulously dropped on the lead film electrode surface
and was left to dry at ambient temperature for a few minutes. This electrode was
ascribed as Nafion/PbFE/GCE. The AdSV method was used to study and understand
the electrochemical behaviour of caffeine on different electrodes (GCE, PbFE/GCE,
Nafion/GCE and Nafion/PbFE). The GCE gave no anodic or cathodic peak signal for
5 x 107° mol L~! caffeine solution prepared in 0.1 mol L~ unlike the PbFE/GCE,
which gave a small oxidation peak of CF at 1.44 V while the Nafion/GCE and
Nafion/PbFE displayed two well-resolved and measurable anodic oxidation peaks,
but no cathodic peak was observed. However, the latter offer higher current signal
than the former due to the larger surface area, which aids in the accumulation of
more caffeine solution on the electrode surface. It is of note that the efficacy of using
Nafion for sensor development is due to its ability to pre-concentrate analyte in the
polymer layer. This sensor (Nafion/PbFE) was successfully used for the detection of
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CF in coffee, tea, energy drink, soft drink and pharmaceutical formulation and the
results obtained agreed with a spectrophotometric method.

An innovative electrochemical sensor for the quantification of clozapine (CLZ)
in biological samples was assembled using magnetic nanocomposite consisting of
Fe;0., B-Alanine (Ala) and Pd [63]. The magnetic nanoparticles (MNPs) were used
for the sensor development owing to their unique magnetic, catalytic and electrical
properties. More so, other MNPs were incorporated into Fe;O4 NPs to prevent its
aggregation or agglomeration due to their large surface to volume ratio, limited func-
tional groups for selective binding and strong dipole-dipole attraction between parti-
cles. The magnetic nanocomposite was prepared by co-precipitation and reduction
method. Briefly, different concentrations of FeCl;.6H, O, FeCl,.4H,0 and $-Alanine
were dissolved in deionised water and 2 M NaOH was used to adjust the pH to 11.
Thereafter, the solution was stirred with a magnetic stirrer and reflux for 12 h. Finally,
the nanocomposite was decanted to separate the nanocomposite from the aqueous
solution and dried overnight to form Fe;O4/Ala. The Pd nanoparticles were incorpo-
rated into Fe;O4/Ala by the reduction of PdCl, using hydrazine hydrate in ethanol
and refluxed for 10 h, the resulting MNPs formed was ascribed as Fe;O4/Ala/Pd.
The sensor (GCE/Fe3;04/Ala/Pd) improved the oxidation peak current signal of CLZ
and was detected at nanomolar level, which is 3—-70 nM with a detection limit of
1.53 nM using DPV. The merits of the sensor are long term stability, low cost, fast
electrochemical response and low detection limit.

A core-shell nanostructure was used to modify GCE for the electrochemical quan-
tification of diclofenac sodium in human urine and pharmaceutical samples [64]. The
core-shell nanostructure (ZnO core @Cu shell nanoparticles) was synthesised by a
wet chemical method. The zinc oxide nanoparticles (ZnONPs) were synthesised by
dropping 0.02 M NaOH into 0.01 M ZnCl, solution with continuous stirring, the
resulting slurry was centrifuged at 6000 rpm and washed copiously with distilled
water, dried and calcined at 500 °C for 3 h. The ZnONPs were powdered by ball
milling technique and was activated with PdCI, and SnCl, Thereafter, it was coated
with Cu shell by electroless plating method using formaldehyde as a reducing agent.
The average particle size was 10to 15 nm as displayed by the atomic force microscopy
(AFM). The synthesised ZnO core @ Cu shell nanoparticles were used to modify GCE
by dispersing in 10 mL methanol followed by sonication, thereafter, 0.5 WL aliquot
of the solution was gently drop dried on the electrode surface in an artificial heat
chamber. The GCE/core-shell nanostructure displayed strong electrocatalytic and
electrooxidation towards the analyte with significant enhancement in peak current
signal in comparison to the bare GCE as depicted in the cyclic voltammograms. The
modified electrode was reported to possess exceptional qualities such as fast electron
transfer, repeatability, constancy and reproducibility.

In another report, the electrochemical detection and effective photocatalytic degra-
dation of paracetamol (PCM) were reported using MoS,/TiO, nanocomposite [65].
The synthesised nanocomposite was drop cast on a glassy carbon electrode and
dried in a furnace at 40 °C for 15 min. Thereafter, the electrochemical behaviours of
PCM were interrogated on different electrodes (GCE, GCE/TiO,, GCE/MoS, and
GCE/;MoS,/TiO;). The MoS,/TiO, had the highest peak current signal followed
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by GCE/MoS, GCE/TiO, and GCE. The highest peak current obtained for the
MoS,/TiO, is due to the synergistic effects of the nanocomposite that enhanced
and facilitated electron transport on the electrode surface. It is noteworthy that the
electrochemical behaviour of paracetamol involves two protons and two-electron
process, this accounts for its electrochemical behaviour. The redox mechanism of
paracetamol is presented in Scheme 8.2. The was used to measure the oxidation peak
current of PCM at a different concentration from 0.5 to 750 uM with a detection
limit of 0.01 wM [65]. In addition, the nanocomposite was used for the degradation
of PCM under visible light and a degradation rate of 40% was achieved in 25 min.

A comparative study between sp* (boron-doped diamond), sp? (glassy carbon
and pyrolytic graphite) carbon-based electrode was reported for the electrochem-
ical detection of terconazole (an antifungal drug) [66]. The electrodes were elec-
trochemically characterised using 1 mmol L~! Fe(CN)¢>~*~ redox probe prepared
in 1 mmol L~! KClI a supporting electrolyte at a scan rate of 0.1 mV/s. The peak
potential difference between the anodic and cathodic peaks for the electrodes are
410420 mV, 550£25 mV and 65+4 mV for the boron-doped diamond electrode
(BDDE), pyrolytic graphite electrode (PGE) and glassy carbon electrode (GCE),
respectively. These results clearly revealed the differences in the chemical compo-
sition of moieties in various electrode surfaces. The scan rate study showed that the
anodic peak current is directly proportional to the square root of scan rates for BDDE
and GCE revealing that the electrochemical kinetics is diffusion-controlled but the
PGE was an adsorption-controlled process. For all the electrodes, the electrochem-
ical oxidation of terconazole involved one proton and two electrons transfer. Finally,
the electrodes were used in the detection of the analyte and detection limits of 0.4, 0.5
and 1.24 wM were obtained for BDDE, GCE and PGE. The advantage of using BDD
over GCE and PGE is the signal reproducibility due to in situ anodic activation, but
GCE and PGE are activated via ex-sifu activation, which affects the reproducibility
signal of the electrodes.

Different nanomaterials played significant roles in the fabrication of various
sensors constructed with glassy carbon electrodes but the use of GCE is discour-
aged for electroanalysis owing to the tedious pre-treatment procedure. More impor-
tantly, the modifiers employed to resolve the high potential and sluggish kinetics of
GCE leached into the analyte solution during electrochemical analysis, which greatly
affects the reproducibility and repeatability features of the electrode. However, these
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PCM (n-acetyl-p-aminophenol) n-acetyl-p-quinoneimine

Scheme 8.2 The proposed electrochemical redox reaction of paracetamol [65]
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problems can be tackled or resolved using binders such as Nafion, dihexadecyl
hydrogen phosphate (DHP) or drying the modified electrode in a furnace at 40 °C
for 15 min. The electrochemical application of other carbon-based electrodes is
discussed in the next section.

8.1.4 Pencil Graphite Electrode (PGE)

The pencil graphite electrode is arguably the least utilised form of carbon electrode
that has been utilised for the quantification of a few varieties of analytes by voltam-
metry techniques. The analytical merits of PGE over other carbon-based electrodes
are ease of modification, disposability, highly selective, wide linear range, low cost,
surface polishing is not required, high electrochemical reactivity and large surface
area [67].

Although few reports have been reported on the application of PGE for pharmaceu-
tical applications. For instance, an unmodified disposable pencil graphite electrode
was used for the detection of amlodipine (AML) [68]. The conductivity and surface
area of PGE were obtained from EIS and cyclic voltammetry in 3 mm Fe(CN)g3 4~
The electron charge transfer resistance (R.) and surface area of PGE were 76.56 Q2
and 0.165 cm?. The R, revealed that PGE showed better electrical conductivity and
fast electron transfer rate, while the surface area of the PGE was far higher than the
surface area of the GCE reported by Bagheri et al. [54]. The PGE was successfully
used for the detection of AML using SWV and DPV with detection limits of 0.02
and 0.04 pM.

A comparative study between PGE and GCE for the voltammetric quantification
of acyclovir (ACV) was reported [69]. The ACV response of GCE was broad, weak
and shifted to the positive potential around 1200 mV, this is attributed to the sluggish
electron transfer as well as higher adsorption of the analyte on GCE surface. More-
over, the peak current intensity of the PGE was higher than GCE revealing that the
electroactive surface area of PGE was higher than GCE as shown in Fig. 8.8. The

Fig. 8.8 The DPV of PGE
0.14 mM ACYV in BR buffer
solution prepared in 0.1 M
KCl1 [69]. (Copyright (2016),
with permission from
Elsevier)
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reason for the higher peak current signal for PGE was due to its porosity and high
conductivity. Thus, the PGE was employed in the detection of different concentrations
of ACV from 1 to 100 uM with a DL of 0.3 wM.

A yellow PX4R monomer was polymerised on PGE for the electrochemical quan-
tification of dopamine (DP) [70]. The PX4R monomer was polymerised on the PGE
surface by cycling potential from —0.6 to 1.6 V at a scan rate of 100 mV/s. During
multiple cycles, there was a gradual reduction in the voltammogram and enhance-
ment in the potential cycling, this observation confirmed that the PX4R membrane
was successfully deposited on the PGE. The poly(yellow PX4R)/PGE gave lower
peak potential and better redox peak current signal than the bare PGE. Hence, it was
used for detecting dopamine in the presence of Serotonin (5-HT).

Phosphotungstic acid (PWA) alongside with reduced graphene oxide (rGO) was
used to modify PGE for the electrochemical detection of paroxetine (PRX) in phar-
maceutical and biological media [71]. The chronoamperometric measurement was
used to obtain information about the diffusion coefficient (D) of PRX using a constant
potential of 950 mV. The diffusion coefficient of different PRX concentrations (0.1,
0.46 and 0.82 mM) was calculated using Cottrel equation:

[ = NFACD!?7 1247172 = k=172 (8.3)

where all parameters remain the same and D is the diffusion coefficient (cm?s™"),
which was calculated to be 5.3 x 107> cm? s~! for PGE/rGO/PWA. The D value of
PGE and PGE/rGO was not calculated, which makes it difficult to compare the D
values of all the working electrodes. The DPV for various concentrations of PRX
(0.008-1.0 wM) was not stable and at higher concentrations, there was a cathodic
shiftin the peak current signal, this showed that the sensor was unstable and this might
be due to the leaching of the modifier in the analyte solution during electrochemical
analysis.

In another study, MWCNT was networked on PGE surface for the determination
of aceclofenac (an anti-inflammatory drug) in pharmaceutical and biological samples
[72]. The sensor was prepared by dispersing 1 mg/mL MWCNTs in distilled water
and ultrasonicated for 120 min to obtain a homogenous solution. Thereafter, 10 wL.
of the dispersing solution was carefully drop dried on PGE surface for 12-16 h to
form PGE/MWCNTs. The CV of aceclofenac (ACF) displayed three oxidation peaks
at (+0.12, +0.32 and 4+-0.51 V) and a reduction peak at —0.26 V for PGE/MWCNTs,
with a four-fold enhancement in peak current signal than bare PGE. This revealed that
MWCNTs increased the electrochemically active surface area and the rate of charge
transfer reaction on the PGE. The oxidation peak currents of ACF were responsive
in the concentration range of 1 x 107 to 60 x 10 M with a detection limit of 2.6
x 102 M.

Adsorptive stripping voltammetry (AdsDPV) technique was used for co-detection
of ascorbic acid (AA) and acetylsalicylic acid (ACA) using nano-smectite and
MWCNTs as nanowires [73]. The sequential step for sensor development is shown in
Scheme 8.3. Various parameters including immobilisation time, pH, the percentage
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Scheme 8.3 The scheme for the development of SMT/MWCNTSs/PGE nanowires [73]

composition of the modifiers, accumulation time and potential were optimised
before carrying out the electrochemical analysis. Various electrodes (PGE, Chit/PGE,
SMT/PGE and SMT/MWCNTSs/PGE) were developed for the electrochemical anal-
ysis, but the MWCNTSs/PGE sensor was not constructed (Fig. 8.9a and b), this makes
it difficult to compare the various thermodynamic parameters (surface area, diffusion
coefficient, charge transfer resistance and Warburg impedance) of MWCNTSs/PGE
to other electrodes. The fabricated sensor (SMT/MWCNTs/PGE) was successfully
used in the simultaneous detection of AA and ACA with DLs of 0.096 and 0.241 wM.

The comparative study between PGE and GCE revealed that it possesses high
surface area and excellent conductivity than GCE. More importantly, the conductivity
and surface area of PGE are enhanced by modifying it with nanomaterials. We
strongly recommend this electrode for various electrochemical analyses. The next
section discussed the electrochemical application of disposable screen-printed carbon
electrodes.
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Fig. 8.9 The CV and Nyquist plot of different electrodes in 5 mM Fe(CN)g3~#~ [73]. (Copyright
(2019), with permission from Elsevier)
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8.1.5 Screen-Printed Carbon Electrode

The screen-printed electrode (SPCE) consists of a three-electrode component
including reference, counter and the working electrode [74]. The carbon ink in
the SPCE is painted on the conductive tracks to form the counter and working
electrode, while the reference electrode is based on silver electroactive tracts. The
SPCE comprises binding components, additives, carbon conductive ink and organic
solvents. These electrodes can be pretreated thermally, chemically, mechanically and
electrochemically [75].

The screen-printed electrodes are transducer substrates employed for various elec-
trochemical applications owing to their significant analytical advantages such as large
surface area, disposability, low cost, portability, mass production and ease of modifi-
cation [76, 77]. These properties have allured scientists and industrial communities in
employing this electrode for various electrochemical applications. For instance, Sasal
et al. employed unmodified SPCE for the quantification of sildenafil citrate (erectile
dysfunction drugs) in biological and pharmaceutical samples [78]. The active surface
area (ASA) and geometric area (GA) of the SPCE were calculated to be 0.05891 and
0.1256 cm? using the Randles—Sevcik equation. It is of note that the effective ASA
is less than the GA due to the insulating region in the interior part of the SPCE.
The scan rates study revealed that the anodic and cathodic peak current is directly
proportional to the square root of the scan rates, this result displayed reversible and
diffusion-controlled system for the faradaic reaction on Fe(CN)¢> 4~ redox probe at
the SPCE. The linear concentration range of sildenafil citrate detected by the SPCE
is within the range of 2 x 107 to 2 x 10™ mol/L and a DL of 5.9 x 107'° mol/L
was obtained.

A bare SPCE was used for the voltammetric detection of meclizine antihistamine
drug using sodium dodecyl sulphate (SDS) as the surfactant [79]. The electrochemical
oxidation peak of the analyte was observed at 1.0 V and a threefold enhancement in
the peak current signal was obtained in the presence of SDS, this enhancement was
due to the uniformity of SDS molecules on the SPCE, which assisted and facilitated
electrostatic attractions of the analyte on the electrode surface. Thus, the electrode
was effectively used in detecting the analyte in human fluids and pharmaceutical
tablets with satisfactory precision and accuracy.

Adsorptive stripping voltammetry was used in the quantification of synthetic
(17a-ethinylestradiol) and natural (17B-estradiol) hormones in urine and pharma-
ceutical formulations [80]. The hanging mercury drop electrode (HMDE) was used
to compare the electrochemical reduction of the analytes and the oxidation reaction
that occurs on an SPCE. Different optimisation parameters such as pH 10, adsorp-
tion potential (E,qs = —0.6 V) and time (f,9s = 30 s) were used for the detection
of both analytes. The detection limits (DLs) obtained using HMDE for the 17a-
ethinylestradiol and 17p-estradiol were 14.8 and 0.3 pg/L. For SPCE, the DLs of
both analytes were 277 and 242 pg/L, respectively. However, the DLs obtained
from HDME is far lower than the SPCE but the toxicity of HDME discouraged its
applications for environmental and electrochemical analysis.
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Mesoporous WS, nanorods were decorated on nitrogen-doped reduced graphene
oxide (N-doped rGO) for the electrochemical detection of Roxarsone (antibiotic
drug) in pharmaceuticals and biological samples [81]. The scheme for the synthesis
and the electrochemical detection of Roxarsone (ROX) is depicted in Scheme 8.4.
The sensor was fabricated by dispersing the synthesised WS, NRs/N-rGOs nanocom-
posite in ethanol and sonicated to form a homogeneous suspension (HS). Thereafter,
7 WL of the HS was carefully drop cast on the SPCE and dried at ambient temper-
ature to form WS, NRs/N-rGO/SPCE. Similarly, the same procedure was used in
the fabrication of other electrodes (WS, NRs/SPCE, N-rGO/SPCE) as a control
experiment to understand the impact/influence of each modifier on the SPCE. The
interfacial electron migration behaviour of the various modified electrodes was inter-
rogated on 5 mM Fe(CN)g>~*~ using CV technique. The WS, NRs/N-rGO/SPCE
displayed low resistance and high current signal than other electrodes, this is due to
the synergy of the conductivity of N-rGO and excellent catalytic property of the meso-
porous WS, NRs. Furthermore, the electrochemical reduction of 100 WM ROX was
carried out on SPCE, N-rGO/SPCE, WS, NRs/SPCE and WS, NRs/N-rGOs/SPCE,
respectively. The WS, NRs/N-rGOs/SPCE displayed catalytic reduction peak for the
analyte at —0.68 V, highest peak current and lowest peak potential, followed by WS,
NRs/SPCE, N-rGO/SPCE and SPCE. For this reason, the fabricated sensor (WS,
NRs/N-rGOs/SPCE) was successfully used in the quantification of ROX in urine,
pharmaceutical samples and human serum. It is important to note that the concen-
tration of ROX was analysed in urine and human serum samples by diluting with
buffer solution and spiking with standard solution of ROX.

Simultaneous detection of nifepidine and atenolol (antihypertensive drugs) was
done by modifying SPCE with MgO nanoplatelet [82]. The MgO nanoplatelet was
prepared by hydrothermal synthesis. Briefly, 2.033 g of MgCl, was added to water
and the resulting solution was transferred into 100 mL Teflon-lined stainless-steel
autoclave at 160 °C for 12 h to form a white precipitate, which was collected and

Sonochemical synthesis of MP-WS, NRs@N-RGOS Real sample detection of ROX
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Scheme 8.4 The synthesis of WSy NRs/N-rGOs and electrochemical detection of ROX in
biological samples [81]. (Copyright (2019), with permission from Elsevier)
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washed copiously with water/ethanol. The white precipitate was dried overnight and
calcined at 300 °C for 3 h to form MgO nanoplatelet (MgO NPLs). The sensor was
constructed by dispersing 5 mg MgO NPLs and 100 pL of 1% polytetrafluoroethy-
lene (PTFE) in deionised water for 30 min. Thereafter, 5 pL of the suspension was
dropped on the SPCE for 60 min at 50 °C in the oven to form the sensor MgO
NPLs/SPCE. The influence of MgO NPLs on the heterogeneous electron transfer
properties of SPCE was evaluated using Nicholson‘s formula depicted in (8.4).

¥ =k° {zDnuF/RT} ' 3.4)

where W is the kinetic parameter, k° is the standard heterogeneous rate constant, D is
the diffusion coefficient, v is the scan rate, n is the number of electron transfers in the
reaction, F is the Faraday constant, R is the gas constant and T is the temperature.
The heterogeneous rate constants for SPCE and MgO NPLs/SPCE were calculated
tobe 8.21 x 10~ and 1.72 x 103 cms™', respectively. This clearly showed that the
modifier enhanced the electrochemical performance and promoted electron transfer
rate of SPCE. Thus, it was efficiently used for the simultaneous detection of nifedipine
and atenolol in human urine and pharmaceutical tablets with good precision and
accuracy. Generally, incorporating nanomaterials into the matrix of electrodes help
to increase the surface area, facilitate electron transport, improve stability, selectivity
and sensitivity. It is noteworthy to point out that various electrodes have a different
electroactive surface areas and this plays a significant role in the detection limit
obtained during electrochemical quantification of analytes.

8.1.6 Conclusion

This chapter focuses on the application of various electrodes for the electrochemical
detection of different pharmaceuticals in the environment. The limitations of using
the unmodified electrode for electrochemical analysis include electrode fouling, slug-
gish electron communication, high background current, non-reproducibility of signal
response after surface pre-treatment and time-consuming pre-treatment procedure.
These limitations are overcome using smart and intelligent nanomaterials owing to
their analytical features such as large surface area, high catalytic efficiency, mechan-
ical, electrical, optical, chemical and magnetic properties. More so, the nanomaterials
employed in modifying various electrodes leached in the analyte solution during elec-
trochemical analysis, this problem can be resolved using stabilising agents such as
Nafion, dihexadecyl hydrogen phosphate (DHP) or heating the modified electrode
in an oven at 40 °C for few minutes. More importantly, the sensitivity and detection
limit obtained during electrochemical examination depends on the type of electrode
used, the nanomaterials and the optimisation parameters that are investigated during
electrochemical study.
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Abstract The application of biosensors (BSs) in various fields of our endeavours
such as medical science and agriculture as well as environmental management and
monitoring has attained great importance. Consequently, this has resulted in more
discoveries of comprehensive and influential investigative tools using organic or
biological sensing components as BSs. Topical developments in organic or biolog-
ical procedures and instrumentation have improved the sensitive extent of BSs.
Several BSs such as nanoparticles/nanomaterials, polymers, microbes built BSs,
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etc. have widespread potential applications. However, it is significant to assimilate
multifaceted methods to develop BSs that can possibly be used for more diverse
applications. Agreeably, nanotechnology has been of great assistance in the trans-
formation of BSs, biosensing-based mechanisms and their applications not just in
electrode materials but other aspects of human endeavours. Advancement in the field
of nano-sciences has contributed significantly to a wide range of innovative technolo-
gies that have allowed us to considerably improve and even reconsidered procedures
and products or to generate wholly innovative functionalities. Hence, in this chapter,
we will present a comprehensive appraisal of the manufacture of diverse nanos-
tructured conducting polymers as well as their composites with various forms. Our
major emphasis will primarily be on conducting polymer-integrated electrochemical
biosensors (ECBs) that are used for addressing extensive biological areas as well as
the construction and applications of the molecularly reproduced polymer-based BSs.
The applications of graphene-based ECBs and biosensing-based electrode systems
will also be discussed.

Highlights
In this chapter, the following are included:

The meaning and historical development of biosensors
Operational and electronic principles of biosensors
Applications of nanostructured conducting polymers for electrochemical biosen-
sors

e Graphene and its applications for biosensors and biosensing-based electrode
systems

e Research trends, challenges, limitations and recommendations for contemporary
future of biosensor technology.

9.1 Introduction

Biosensors (BSs) are fundamental components in intelligent systems that are useful
for the monitoring and management of almost if not all aspects of our doings;
medically, environmentally and otherwise. The recent advancements in the field of
nanoscience have been of great assistance in the development of innovative technolo-
gies which have considerably led to enormous improvement, procedures, products
and the creation of absolute innovative functionalities [1-3]. Nanotechnology has
transformed BSs, biosensing-based systems as well as their numerous applications
in such systems [1-3].

There are several types of BSs that are used for various fields ranging from envi-
ronmental to medical sciences and their usages depends on the sensing rudiments or
transducers. Ever since the first discovering of the glucose BSs in 1956, by Clark Jr
[4], which came into limelight commercially in 1975 [5], there are now several BSs
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discovered for several commercial purposes. These contemporary BSs have a wider
range of applications which offers additional specifications, sensitivities, fastness,
tangibility and multiplicative results compared to the previous conventional ones like
the chemical sensors or BSs [3, 6].

BSs are broadly categorized into two classes which are based on sensing compo-
nent and transduction modes. The sensing components consist of enzymes, antibodies
(immunosensors), microorganisms (cell BSs), biological tissues and organelles.
While the transduction modes hinge on the physiochemical variation resulting from
the sensing component. Accordingly, different transducer BSs can be piezoelectric,
electrochemical, calorimetric and optical [7]. According to Reyes De Corcuera and
Cavalieri [7], the common types of piezoelectric transducer BSs are “acoustic and
ultrasonic”, the common types of electrochemical transducer BSs are “amperometric,
conductometric and potentiometric”, while the common types of optical transducer
BSs are “absorbance, fluorescence and chemiluminense”.

According to Arora [6], BSs can also be categorized based on the period/order
they were discovered. In these categories, we have “first-generation BSs, second-
generation BSs and third-generation BSs”. The “first-generation BSs” are the modest
approach involving the unswerving discovery of either increase of an enzymatically
produced product or decrease of a substrate of redox enzymes using a natural medi-
ator for electron transfer. Examples are glucose BSs which uses enzyme glucose
oxidase and oxygen in detecting the decrease in oxygen level or increase in hydrogen
peroxide corresponding to the level of glucose [5]. The “second-generation BSs”
use non-natural redox mediators like “ferricynide, quinones and ferrocene” for the
movement of the electron which increases the reproducibility and sensitivity. Exam-
ples are self-monitoring amperometric glucose BSs [6]. The “third-generation BSs”
in which the redox enzymes are immobilized on the electrode surface in such a
manner that direct electron transfer is possible between the enzyme and transducer
[6]. According to Borgmann et al. [8], it uses organic conducting material like
“Tetrathiafulvalnetetracynoquinodi Methane (TTF-TCQON)”.

Recent progressions in integrated electronics have led to the reduction of compli-
cated electronic systems into nano sizes (mm? sizes); this possibility occurs in the
implementation of complicated and sophisticated instrumentation in inexpensive
and portable devices for quick discovery of detrimental and poisonous agents [1, 2].
Consequently, nanotechnology is becoming significantly useful in the production of
BSs. The development of the various nanomaterials (NMs) for BSs and biosensing-
based systems regarding the applications of nanotechnology have contributed signifi-
cantly to the advancement of food security and safety, environmental analysis as well
as in healthcare diagnostic applications [3, 9]. Now, the development in the field of
nanoscience has led to the deployment of nanotechnology for inexpensive, numerous-
produced, portable BSs that can unswervingly monitor environmental contaminants
as well as to assimilate these sensors into mechanisms and systems for numerous
market applications in areas of food security and safety, environmental analysis as
well as in healthcare diagnostic applications [3, 9].

Several studies have shown that NMs are useful in the manufacture of BSs and
applications in sensing-based mechanisms. The advancements in nanotechnological
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have led to improved performances in the aspects of discernment and sensitivity,
producing lesser detection ranges of analysis [1-3, 10, 11]. NMs are beneficial in
their high definite surface; this enables the immobilization of improved quantities
of bioreceptor components. NMs are normally furnished with appropriate roles,
through direct functionalization or through coating with efficient polymers, without
disturbing their precise features; however, this attribute depends on their chemical
configuration and composition [1, 2].

The recent advancements and development in electrochemical biosensors (ECBs)
and biosensing-based electrode machinery as well as their significant applications
from nanostructured constituents are becoming of great importance to various
researchers in the field of nanoscience. Hence, in this chapter, we will present an
appraisal of the manufacture of diverse nanostructured conducting polymers as well
as their composites and various forms. The various means which could be used for the
development of nanostructured conducting polymers and their investigative effects
both chemically, physically as well as topographically will be exhibited. However,
our attention will primarily be on conducting polymer-integrated ECBs that are used
for addressing extensive biological areas such as genetic factors like biopolymer
of deoxyribonucleic acid (DNA), peptides, proteins and other biological bioindi-
cators, together with their expediency as cell-built chips and the construction and
applications of the molecularly reproduced polymer-based BSs. Momentarily, the
applications of graphene-based ECBs and biosensing-based electrode technology
will also be discussed.

9.2 Biosensors Operational Principles

As stated earlier in the introduction section, BSs appeared first in the 1950s following
its invention by a Biochemist Jr [4], whose intention was to develop a device that
will efficiently detect the quantity of oxygen that is circulating in the blood. The
developed BSs was then known as the Clark electrode and was virtuously just an
oxygen detector. Several BSs were subsequently developed, with the first being the
enhancement on Clark electrode BSs (oxygen detector) with the overlaying of a
glucose-sensitive enzyme film over the existing electrode and this further improved
the functionality of the Clarke electrode BSs towards acting as a blood sugar sensor.
The blood sugar sensor was used for the detection and measurement of the level of
blood glucose. In furtherance to this development was the use of a layer of urease
enzyme which was able to detect urea in blood, urine, etc.

Habitually, a BS could function inside or outside a living organism. Hitherto, the
target is the distinctive variable to which the device is applied to detect or measure
frequently originate from the living organism or ecosystem. Consequently, BSs could
be categorized according to the following features:

Targeted Analyte: This is the target substance to be sensed, examples are glucose
BSs, oxygen BSs, nitrogen BSs, DNA BSs, etc. Note that the analyte must have an
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affinity for the sensing surface to which it may react chemically, electrochemically,
etc. [12].

Bioreceptor: This is the deactivated medium (an immobilized hard or soft biocom-
ponent) often selectivity specific, that is to be exposed to the targeted substance or
analyte [12]. The common bioreceptor categories are enzymes (such as “oxidoreduc-
tases, peroxidases, polyphenol oxidases aminooxidases”, etc. [ 13], tissues, antibody,
DNA, microbes, biomimetics [14], nanoparticles. The bioreceptor is often interfaced
with the transducer.

Generation: The period during when the BSs was developed and released. This
implies that BSs manufactured, developed and released into the market over a given
period with similar characteristics belong to the same or a particular generation.
There are “first generation, second generation, third generation”, etc. [6] as earlier
discussed. Like other devices such as computers and other electronic devices, the
latest generation often shows more sophistication than the earlier generation. The
sophistication may be expressly defined in terms of precision, energy consumption,
multifunctionality, accuracy, size, the scale of integration, refinement, etc.

Sensing or Transduction Technique: This reflects the kind of detection BSs
performs, that is, the chemical, biochemical, organic, structural or physical principle
adopted [10, 11, 15-17]. Ordinarily, the strategy is based on the behaviour of the
transducer. Modern strategies include electrical, optical, piezoelectric, photoelectric,
thermometric, photoelectrochemical, nano and electrochemical sensing strategies.

Nature of Organic Constituent Used: The biological or organic material; is often
in a deactivated state which is layered over the transducer or electrode.

BSs are not just detectors; they also serve analytical functions depending on
the domain of their applications. For example, as an analytical tool, a BS may be
deployed to detect the precise existence of specific biomolecules, microorganisms,
biological/organic structures or any other biological/organic analytes. BSs operate
on the principle of cell signalling or signal transduction; a process involving the
relay of physical or biochemical signals that reflects molecular events from a cell or
substance in such a manner that is measurable [5, 13, 14].

The major recognized components in BSs are shown in Fig. 9.1. The figure
illustrates a block model of a typical BS with processor and display unit.

Detecting/Sensing Element: A biorecognition component; for instance, in a
glucose sensor, the biorecognition element is a deactivated glucose-sensitive enzyme.

The Transducer: The chemical, biochemical, organic, structural or physical
device that translates variations in the target biophysical parameter such as oxygen,
glucose, etc. to a physically measurable output signal and/or vice versa.

Signal Processor: This could be an electrical/electronic device with/without a
display system, a processor and an amplifier [13].

BSs are more advanced vis-a-vis its selectivity and sensitivity when compared to
other existing types of diagnostic tools. Some of the significant benefits and advan-
tages of BSs include fast and continuous measurement, reduced use of reagents,
elimination of calibration and re-calibration, high precision, quick response time,
ability to measure non-polar molecules that other conventional or traditional devices
can hardly estimate [13].
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Transducer
or
Electrode

Bioreceptor Signal processor

| Display unit
Fig. 9.1 Block model of a typical BS

9.3 Electronic Principles of Biosensor

BSs are known to operate on cell signalling principle, whose foremost components
are; the element of biorecognition, biotransducer and electronic components that
integrate, microprocessor, amplifier and display/monitor respectively. The biorecog-
nition or sensing component is essentially a bioreceptor designed to detect or act on a
particular analyte (the target substance whose relevant characteristics is to be detected
or measured). The transducer receives input from the bioreceptor and depending on
the transducer employed, a signal is relayed to the signal processor. The signal output
amplitude is directly proportional to an analyte’s concentration [18]. The signal is
then amplified by the electronic device and processed accordingly. For example, in
an amperometric sensor, the bioreceptor comprises a deactivated enzyme or specific
“biomaterial,” and the said deactivated “biomaterial” is kept in affinity with the trans-
ducer. The analyte reacts with the “biomaterial” [18], in this way, a new analyte may
be formed which in effect gives the calculable electronic reaction. Sometimes, the
analyte is transferred to a system that can be attached to the gas, heat, electron ions
or hydrogen ions discharge, in this, the transducer can adjust the device linked, then
converts to electrical signals that could be altered and computed [18].

BSs could be distinguished by way of the transduction sensing strategy employed
in its construction. Common families are electrochemical, calorimetric, optical, etc.
In some cases, one family may dovetail into the other in which case there may not
be very clear boundaries of distinction [18]. Illustratively, Fig. 9.2 shows some types
and subtypes of BSs based on sensing strategy employed in the design. Seven major
types are recognized. The eight types are the nano-BSs which is based on NMs. As
illustrated, nano-BSs could be a hybrid and may utilize the sensing strategies applied
in other major types.
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Fig. 9.2 Diagrammatical illustration of some types of BSs

9.4 Biosensors Mode of Operations

The components of BSs are instrumental to its operation. First, every BSs are designed
to perform specific functions. The way and manner BSs operate are dependent on
the bioreceptor (enzyme, DNA, phage, antibody, etc.) and the sensing strategy (that
is, the workings of the transducer). The transducer’s electrical signal is mostly small
and overlays on a high baseline. Usually, the processing of the signal requires the
deduction of a baseline location signal, collected from a similar transducer without
covering any biocatalyst. The BSs reaction’s comparatively slow character signifi-
cantly eases the issue of electrical noise filtration. The direct output is an analogue
signal at this point. However, the signal may be digitized and relayed to the micro-
processor unit where the information is processed, guided by preferred units and

exported to a data store.
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9.5 Advances in Biosensors Machineries

The discovery of BSs which is an influential and pioneering diagnostic device that
has to do with biological sensing components with several applications has espoused
dominant importance in various fields. Its utilization has attained some significant
applications in the field of pharmacology, biomedicine, environmental science, agri-
culture, food protection and processing. This has led to the development of accurate
and influential diagnostic tools utilizing biological sensing components now known
as BSs [3, 19-21].

According to Turner [5], the technical approaches used in BSs are built on label-
built and label-unrestricted detection. Label-built detection is primarily dependent
upon the explicit features of label composites to target detection. Nevertheless, these
categories of BSs are reliable but habitually involve the combination of explicit
sensing components fabricated with the restrained target protein. On the other hand,
the label-unrestricted technique allows for the detection of target molecules that
are not categorized or hard to tag [22, 23]. Topical interdisciplinary approaches
of biotechnology and electronics technology paved the way for evolving label-
unrestricted BSs for several detection approaches with numerous applications in
the areas of medical science, agriculture and environmental science [1-3].

9.5.1 Electrochemical Biosensors

As stated previously, the conventional discovery of glucometer using glucose
oxidase-built BSs by Clark and Lyons [4], was recorded as the first invented ECBs.
Glucose BSs are generally prevalent among infirmaries as these are crucial for persons
with diabetic issues for sporadic monitoring of the amount of blood glucose. Never-
theless, according to Harris et al. [24], glucose BSs are usually having problems
as a result of the unbalanced enzyme action (inhomogeneity) for which additional
calibration is required. Essentially, these possible problems lead to the discovery
of a variety of biomolecules that are having discrepancies in their electrochemical
features [5, 25, 26], which according to Wang et al. [27], paved way for the discovery
of more practical glucose BSs.

Presently, ECBs are characteristically equipped with adjustable metal surface and
carbon electrodes employing biomaterials, like enzymes, antibody or DNA. BSs’
productivity signal is habitually produced via explicit binding or catalytic reactions
of biomaterials on the electrode surface [27]. Accordingly, the necessity for the
development of electrochemical sensors became essential for medical diagnosis of
diseases where the initial discovery or monitoring appears indispensable [28]. In this
situation, as rightly reported by Vigneshvar et al. [20], the invention of non-enzymatic
BSs is frequently considered utilizing synthetic constituents using proteins. Remark-
ably, several forms of biomolecules have differential electrodes that are stable and
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selective which eventually contribute to the discovery of novel kinds of ECBs for
several purposes [24].

In this perception, Wang et al. [27] studied the advancement of “ferroceneboronic
acid” and “ferrocene-adapted boronic acids” for BSs discovery as a result of the
existence of binding site known as “boronic acid moiety” and an electrochemi-
cally dynamic fragment known as “ferrocene residue”. “Ferroceneboronic acid” and
its by-products possess an exceptional characteristic of binding to 1,2- or 1,3-diol
deposits of sugars forming cyclic boronate ester bonds. The redox characteristics
of “ferroceneboronic acid-sugar adduct” vary from free “ferroceneboronic acid”
forming a basis for electrochemical discovery. Furthermore, “boronic acids” have
an affinity for binding to Fe—ions, which gives an added benefit for the invention of
non-conventional ion-selective electrodes using Fe—ion. According to Wang et al.
[27], the main limitation in applying this technique is the necessity for immobiliza-
tion of “ferroceneboronic acid” by-products on the surface of the electrode as these
by-products serve as additional sample solutions (reagents). The use of polymers in
addition to or with silver electrodes together with appropriate adjustment of “fer-
roceneboronic acid” by-products could lead to enhancement of “ferroceneboronic
acid electrochemical sensor” for biomedical research like in the diagnosis of diabetes
in which glucose quantity will remain supplemental [20].

According to Mello et al. [29], another contemporary invention is in the aspect
where ECBs are used to measure the extents of antioxidants and reactive oxygen
species in physiological systems. As precisely reported by Erden and Kilic [30], the
major problem with this perception is the discovery of uric acid as a main culmination
product of body fluid purine metabolism, which accounts for some diagnostic means
for several medical abnormalities, diseases or infections.

Albeit there was the need to develop an inexpensive as well as sensitive technique.
Electrochemical-built method for the quantification of uric acid oxidation as well as
for the measurement of glucose appears superlative. However, the similarity of uric
acid in terms of oxidation by ascorbic acid poses a main experimental obstacle
to invent exceedingly sensitive ECBs. In overcoming this experimental obstacle,
researchers have established “an amperometric detection- built BSs” that possesses
the capability to quantify both reduction and oxidation possibilities [20, 30].

Given the financial implications and reproducibility for this technique, it becomes
imperative to restrain or screen print the enzyme on electrodes, otherwise on the
nanomaterial-built electrodes, that are ideal for evolving the disposable, selective,
expensive and sensitive uric acid BSs for humdrum investigation. Incidentally, topical
advances in “three dimensional (3D) bioprinting” which is aimed at producing BSs
with live cells condensed in 3D micro-environments [25]. Accordingly, a novel
wireless mouth-protector BSs for detecting salivary uric acid quantity in real-time
and incessant fashion was established [31] and the technique could be extended to
customizable monitoring devices for various medical and suitability applications
[20].

According to Bahadir and Sezginturk [32], ECBs have been effectively used for
hormone quantifications; hitherto, its perspective need to be detailly studied [20].
An additional possible aspect of technological growth in BSs depends on aiming
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nucleic acids. Obviously, cellular “micro ribonucleic acid (miRNA)” expression is
a superlative bioindicator for onset diagnosis of medical abnormalities, diseases or
infections and for aiming those improves the efficiency of gene treatment for genetic
syndromes.

According to Hamidi-Asl et al. [33], in the normal sense, the detection of
miRNAs, are mostly by microarray, northern blotting as well as a polymerase chain
reaction. However, contemporary technology offers superlative ECBs for miRNA
detection built on label-unrestricted detection having guanine oxidation conse-
quent to the hybrid development that has miRNA and its inosine ancillary capture
the investigation. All these discoveries according to Vigneshvar et al. [20], are a
result of the contemporary approaches in “biofabrification” for the advancement of
electrochemical-built BSs technology in biomedical sciences.

9.5.2 Biosensors Used in Environmental Monitoring
and Management

Another crucial area where BSs technology is needed in the field of environmental
management and monitoring. This is another important aspect wherein BSs tech-
nology would undoubtedly assist in the swift identification of pesticidal and other
environmentally harmful chemical deposits in order to avert the corresponding health
dangers [34, 35].

According to Verma and Bhardwaj [35], the traditional or conventional means,
such as “high-performance liquid chromatography, capillary electrophoresis and
mass spectrometry” are efficient for the investigation of environmental pesticides;
however, there are some restrictions such as intricacy, time-intense measures, neces-
sity of high-end devices and operative proficiencies. Therefore, even if it is believed
that modest BSs have great advantages; yet, it is not easy to invent integrated BSs that
can analyze several categories of pesticides. Hence, steady enzyme-built BSs have
been invented for understanding the physiological vis-a-vis the biochemical, chem-
ical, biological, structural and physical influence of pesticides in the environment,
food security and quality management [35, 36]. The appropriate understanding of the
influence of pesticides and other influential issues on the environment will definitely
be of assistance in the mitigation of the incessant change in the climate system which
is inferably contributing to environmental hazards and other essential functionalities
in the ecosystem such as irregular radio waves propagation in the atmosphere [37—
43]. In affirmation of this, it has been reported that “acetylcholinesterase inhibition-
built BSs” have been invented. Over the years, for the purpose of swift analysis,
this method has received great improvement with additional topical developments
in “acetylcholinesterase inhibition-based BSs” including immobilization means as
well as other diverse approaches for fabrication [20, 44]. In the same way, “piezo-
electric BSs” have been established for sensing the organophosphate and carba-
mate on the environmental influence pesticides [45]. “Organochlorine pesticides”
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are recognized for affecting the ecosystem where pesticides such as “endosulfan”
cause substantial environmental impairments [46]. Undoubtedly, “organochlorine
pesticides” have been reported to cause alteration in the reproductive system of in
both male and female fish disparately [46] and given these facts, discovery of BSs for
detecting aquatic ecosystem would have more consequences as a result of biomagni-
fication [20]. In handling this quest, ECBs have experienced a revolution with swift
advances in fabrication as well as the use of constituents like NMs [3, 25, 35].

At this juncture, it is of great significance to place distinct prominence for the
selection or collection of receptors for BSs advancement, the use of diverse trans-
duction procedures and fast screening approaches for applications of BSs in medical
sciences and agricultural activities (food production and safety) as well as environ-
mental protection, monitoring and management. To aid this, BSs fabrication appears
to be vital; hence, the improvements in this aspect have been absolutely elucidated
by several researchers.

9.5.3 Optical/Visual Biosensors

As described previously, biomedical or/and environmental applications require the
advancement of unpretentious, instantaneous as well as extreme-sensitive BSs. This
according to several researchers would be actualized with immobilizers such as gold,
carbon-built constituents, silica, glass or quartz [20, 25, 34, 47-51].

Actually, the integration of gold NMs or quantum dots with the use of micro-
fabrication affords novel technology for the advancement of extremely sensitive
and transferrable cytochrome P450 enzyme BSs for specific purposes [20, 52, 53].
Additionally, chemical fiber-optic sensors have several significances in several fields,
such as medication discovery, biosensing and other aspects of biomedical sciences.

Presently, hydrogels are now used as DNA-built sensors, with chemical fiber-optic
used for developing elements for immobilization procedures [20, 54]. Immobilization
in hydrogels occurs in 3D when compared to other constituents, which permits high
loading measurements of sensing particles [20]. Hydrogels which are also known as
“polyacrylamide are hydrophilic cross-related polymers” [55] and could be formed
into diverse procedures for immobilization such as thin films, NMs, etc. According to
Vigneshvar et al. [20], hydrogels have seemed as a modest substrate for “DNA immo-
bilization” with other benefits which include entrapment, meticulous release, analyte
enrichment as well as DNA fortification. These physiognomies as reported by Khimji
et al. [55], are exceptional to hydrogels when compared to other constituents which
give biomolecular immobilization. Also, the virtuous optical transparent nature of
hydrogels gives an appropriate approach for visual discovery. As such Khimji et al.
[55], reported that comprehensive procedures for the “immobilization of DNA BSs”
in “monolithic polyacrylamide gels and gel micro-substances/microparticles” are
frequently considered as a technical improvement in the science of BSs. However,
according to Kwon and Bard [56], single/sole molecule discovery has also been
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established employing electrochemical oxidation of hydrazine for DNA discovery
and detection.

9.5.4 Silica, Quartz/Crystal and Glass Biosensors

Topical approaches in the advancement of BSs have aided the use of silica, crystal or
quartz and glass constituents as aresult of their exceptional characteristics. According
to Vigneshvar et al. [20], silicon NMs have a superior potential for the developments
for BSs applications technologically as a result of their biocompatibility, copiousness
as well as physiognomies electronically, optically and mechanically. Also, silicon
NMs have been reported to have non-toxicity features which is a vital requirement of
their applications biomedically and environmentally. These applications according
to Peng et al. [47] as well as Shen et al. [57], range from bioimaging, biosensing and
tumour or cancer treatment. Additionally, fluorescent silicon NMs have promising
benefits and applications in bioimaging [20].

Fascinatingly, Shen et al. [57] reported that silicon nanowires together with gold
NMs give hybrids that are useful as innovative silicon-built nano-reagents for efficient
tumour or cancer treatments. Covalent bonding of “thiol-improved DNA oligomers”
on silica or glass aids DNA films for improved procedure in “ultraviolet (UV)
spectroscopy and hybridization techniques” [55]. Notwithstanding, these benefits
of silicon NMs, there are also some prevalent challenges which include the advance-
ment of comprehensive inexpensive production procedures and the biocompatibility
after the biomolecular interaction, require evaluation. According to Vigneshvar et al.
[20], the answer to these issues is to pave way for silicon NMs to be the present-day
BSs constituents.

The “wire and non-electrode quartz crystal micro-equilibrium BSs”
need an alternative platform for investigating the connections between
biomolecules/bioparticles/biomaterials with lofty sensitivity. It has been reported that
the pulsations of quartz oscillators were excited and spotted by antennas employing
electromagnetic waves shorn of any wire connections. This non-communicating
specific quantification is a crucial property for evolving ultrahigh-sensitive discovery
of proteins in liquids by means of “quartz crystal BSs -built instrumentation” [50].
Given the exceptional properties of silica or quartz or glass constituents, numerous
innovative BSs have been established with high-end technology for advancing
bioinstrumentation, biomedical technology and some other aspects of human
endeavours [20, 25, 47, 50, 57]; hitherto, inexpensive and eco-friendly/biosafety
needs adequate attention.
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9.5.5 Nanomaterials-Built Biosensors

Several NMs such as silicon, gold, silver as well as copper NMs and carbon-
built constituents like graphene, graphite and carbon nanotubes have been used
for evolving BSs immobilization [10, 20, 23, 34, 51, 52, 57-61]. Furthermore,
nanomaterial/nanoparticle-built constituents give enormous sensitivity and speci-
ficity for evolving electrochemical and other categories of BSs. Gold NMs have
more potentials when compared to other metallic NMs use; this is because of their
permanency against oxidation and practically gold NMs are not noxious, whereas
other NMs such as silver oxidizes and exhibits noxiousness if used for within the field
of medical science such as medication delivery. Basically, the procedure of NMs for
BSs has possible challenges, which need to be adequately addressed when been used
for biomedical issues [62, 63]. Also, according to Ding et al. [64], NMs-built signal
amplification approaches have potential benefits and complications. However, NMs
are considered as critical constituents in bio-diagnostic instruments, essentially for
improving the sensitivity and discovery extents for sole or single particle discovery
[20, 25].

Accordingly, it is noteworthy to say that the discovery of platinum built NMs for
electrochemical amplification with sole/single tag response for the discovery of low
or truncated concentration of DNA [20, 56]. In the same way, Niu et al. [16] reported
that semiconductor quantum dots and iron oxide nanocrystals that have some optical
and magnetic characteristics that could be efficiently connected with tumour or cancer
aiming ligands, like monoclonal antibodies, peptides, or small/minor particles that
are targeted for tumour or cancer antigens with lofty affinity and specificity [20].
Accordingly, quantum dots technologies are useful for comprehending the tumour
or cancer micro-environment for their treatment as well as for the conveyance of
nano-medical issues [10]. It was reported by Vigneshvar et al. [20], that the use
of cantilever dimensions BSs such as “milli-cantilever, micro-cantilever and nano-
cantilevers BSs” are uniformly scrutinized disparagingly as a result of their enormous
application in several fields.

9.5.6 Genetically Programmed/Synthetic Fluorescent
Biosensors

The advancements of identified BSs using genetically programmed or what is also
known as synthetic fluorescence have been of great assistance in the understanding of
the biological procedure as well as several molecular trails within the cells [2, 3, 10,
11, 20, 65-67]. According to Oldach and Zhang [66], the discovery of fluorescent-
identified antibodies was first established to image immobile cells. This approach
certainly provided innovative means that assisted in the advancement of some sensors
that use biological/organic proteins, minor particle binding to analytes and second
messengers [2, 3, 10, 11, 20].
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Presently, synthetic fluorescent BSs are established for the analysis of motor
proteins via single or sole particle discovery with definite analyte concentration
[65]. Notwithstanding, these advantages, Vigneshvar et al. [20] reported that are
some implications such that the procedure of investigating the discovery and analysis
appears to be challenging. According to Oldach and Zhang [66], the discovery of
the various fluorescent proteins especially green fluorescent protein brought about
several benefits in the aspect of optical investigation design and effectiveness.

Recently, genetically programmed BSs aiming particles linked with energy gener-
ation, reactive oxygen classes and cAMP gives more improved clarity of mitochon-
drial physiology [68]. Similarly, cGMP is a significant signalling particle and a medi-
cation aim for the cardiovascular system. Consequently, “Forster resonance energy
transfer (FRET)-built BSs” have been established for envisaging cGMP, cAMP and
Ca** in cells [69].

Quite a lot of these BSs work competently in primary culture and live-cell in vivo
imaging [2, 3, 10, 11, 17, 66, 67]. A number of the main aspects have now been suited
out for evolving BSs for live-animal imaging [20]. Enhancing such methods, Oldach
and Zhang [66] reported that minor-angle X-ray scattering for evolving calcium
sensors and fluorescence resonance energy transmission-investigations for kinase
sensing are being mentioned as superlative BSs procedures in contemporary physi-
ology. However, some microbial and cell organelle-built BSs were established with
precise targets [70].

As previously discussed, optical BSs, electrochemical and electromechanical are
established for sensing miRNA considerably more effective than other molecular
procedures [71]. In view of the invention of in vivo imaging with minor particle BSs,
an improved understanding of cellular activity and several other particles such as
RNA, DNA and miRNA have been known [2, 3, 10, 11, 20, 55, 71].

According to Vigneshvar et al. [20], the present renovation in this aspect needs
a complete genome method using improved optical-built genetic BSs. Presently,
it is now well known that optical-built BSs together with fluorescence and NMs
have attained tremendous accomplishment in terms of applications and sensitivity
[2, 3,10, 11, 20].

9.5.7 Microbial-Built Biosensors

In order to achieve more trends in the area of environmental management and
monitoring as well as for bioremediation, the utilization of advanced innovative
technology built on synthetic biology and genetic/protein engineering for program-
ming microbes through precise signal outputs, sensitivity and selectivity [3, 20].
For instance, living cells having enzyme action to degrade or reduce xenobiotic
composites would have extensive applications in bioremediation [72]. Also, micro-
bial fuel-built BSs have been established to monitor or manage biochemical oxygen
requests and environmental toxicity [3, 20].
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Some microorganisms specifically bacteria have all it takes to degrade or reduce
the organic substrate and producing electrical current for fermentation. Essentially,
the technology encompasses the application of a bio-electrochemical means that
manages the power of the respiratory system of microorganisms in converting organic
substrates unswervingly into electrical energy [20]. Notwithstanding these possibil-
ities, Vigneshvar et al. [20] reported that there are still some limitations in microbial
BSs as aresult of truncated power density in the aspect of production and operational
costs.

There are being tremendous efforts by researchers to meaningfully improve the
performance and cost effectiveness through innovative systemic methods, in which
technologies have been of great assistance in evolving self-mechanical engineered
microbial BSs [20, 73, 74]. Microbial BSs have also made known possible appli-
cations in the management and monitoring of pesticides and heavy metal discovery
wherein eukaryotic microorganisms have are better off when compared to prokary-
otic microorganisms; this is mainly as a result of the benefit of evolving complete
cell BSs with selective and sensitive usefulness in relation to the discovery of heavy
metal and the harmfulness of pesticides [20, 75]. Also, the more advanced eukaryotic
microorganisms could possess extensive sensitivity to diverse noxious particles and
have consequences to advanced living organisms.

Interestingly, the applications of microorganisms-built BSs are diverse extending
from environmental management and monitoring to energy generation. However,
innovative approaches will provide better novel BSs with higher sensitivity than
selectivity from microbial basis from eukaryotic microorganisms to engineered
prokaryotic microorganisms. In future, these microorganisms-built BSs would
provide more beneficial applications for monitoring and managing environmental
metal effluence and sustainable energy generation [20, 73, 74].

9.6 Benefits and Technological Comparison of Some
Biosensors

Some of the different kinds of BSs as well as their applications have been previ-
ously discussed. However, this section will discuss the technological comparison
and specificity as well as the detection extent, linear extent, investigation time and
compactness of these BSs.

Advancements in electrochemical sensors with high-quantity approaches concen-
trating on detection extent, investigation time and compactness provided huge-scale
user markets for low-cost BSs designed for glucose and pregnancy assessments via
anti-human chorionic gonadotropin immobilization strip with lateral-flow technique
[25]. According to Vigneshvar et al. [20], the control of analytes using polymers
and NMs are vital for the improvement of the sensitivity and detection extent. As a
result of this, the lateral-flow technique permits the direct conveyance of samples to
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anticipated spots to generate precise interactions as an alternative to random inter-
actions. Some of the above-mentioned BSs have applied this technique [20]; also,
it has paved the way for bio-fabrication using either contact or non-contact- built
modelling.

The use of NMs such as gold, silver and silicon-built bio-fabrication produced
innovative procedures. Also, coating/covering of polymers on these NMs brings
huge advancements in contact-built electrochemical sensing. One of the foremost
benefits of these categories of electrochemical sensors is their sensitive and specific
nature with real-time investigation. Though, there are some limitations such as the
recovering capability or long-term procedure of polymers or/and other constituents
[20]; hitherto, decrease in cost makes such electrochemical sensors more within one
means.

Single or sole analyte discovery using contact-built sensing has great benefits, for
instance, real-time measurement of particles with lofty specificity. To aid this, FRET,
bioluminescent resonance energy transmission, fluorescent-built as well as surface
plasmon resonance-built transducers was developed for improving the sensitive and
specific nature in terms of sole or single particle discovery [20, 54]. These procedures
also have some limitations in terms of multiple analyte discovery as a result of
signal emission intersection/overlap [20]; hitherto, resonance energy transmission
procedures habitually established for multiple analyte discovery, which is extremely
rewarding in clinical/medication diagnosis as a result of transformation in biomarkers
between patients and interrelated infections.

The application of microcantilevers or nanocantilevers as transducers in elec-
trochemical sensor bio-fabrication is similarly having widespread potential in
multiple analytes discovery [20]. Also, non-contact-built sensors by means of 3D
bioprinting utilizing inkjet or laser direct inscription afforded improved conse-
quences. However, the cost involved and customizable capability has great limitations
in these procedures.

Remarkably, some of these high-quantity BSs have been combined with electro-
chemical sensing for precise applications. Most of the prominent sensitive, real-time,
in addition to portable amperometric ECBs, have been established for infection diag-
nosis using body fluids. Generally, ECBs combined with bio-fabrication have trun-
cated discovery extent for sole or single analyte discovery specific nature employing
real-time investigation and at an inexpensive price given the portable nature of the
device [20, 31].

Presently, optic-built BSs are also one of the foremost technologies in biosensing
that has to do with fiber-optic chemistry. Single or sole particle discoveries, such
as DNA or peptide, are done appropriately using hydrogel-built cross-linking as
a result of the benefit of having lofty loading capability and hydrophilic nature.
More so, optical BSs which had widespread applications in biomedical and forensic
science for DNA measurement was developed [56]. The combination of organic
or biological constituents, such as “enzyme/substrate, antibody/antigen and nucleic
acids” brought great version to optical BSs technology. Also, it has now been possible
to integrate microorganisms, other living organisms (animal or plant) cells and tissue
segments in the biosensing system. The advancements in molecular optoelectronics
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presented optical biometric recognition systems. Integrated optics technology gave
room for the incorporation of both passive and active optical mechanisms on the same
substrate for evolving minimized or curtailed compact sensing strategies through
the fabrication of multiple sensors on a sole or single chip. In this situation, high
class polymers provided hybrid systems for optical BSs. In effect, optic-built BSs
technology was enhanced as a result of recent innovations in surface morphology
investigation employing advanced electron and atomic force microscopy.

Regardless of these, the discovery extent of optical BSs at no time would have been
close to femto-level given the instrumentation cost and device non-portability. As a
result of this, recent optic technology that has to do with nanomechanical BSs built
on microcantilevers and surface resonance technology assisted in the provision for
advanced DNA chips at best for real-time precise and sensitive investigation [76—78].
Basically, the benefits of optical BSs comprise fast instant investigation with the resis-
tance of signal to electrical/magnetic intrusion and the budding for a spectrum of data.
However, the main disadvantage is its expensive nature as a result of certain instru-
mentation necessities. Other procedural difficulties include complexity in immobi-
lization particularly for bio-fabrication and the need to disparagingly resolved to
decontaminate the environment to take complete advantage of optical BSs.

Bio-fabrication of mechanical devices needs improved outcomes for mass-built
BS:s. Irrefutably, both electrochemical and optical BSs make the furthermost of this
technology for devising superior BSs. According to Arlett et al. [79], the major devel-
opments in micro-fabrication and nanofabrication technologies made it possible for
the development of mechanical devices with nanosized moving fragments. The capa-
bility to fabricate such devices using semiconductor processing measures are linked to
biophysics and bioengineering moralities in the direction of the advancement of prac-
tical micro-electromechanical and nano-electromechanical BSs that were produced
in large quantities [79].

Glass, silicon and quartz constituents have been applied either after tagging with
fluorescence or gold NMs efficaciously. Although, these BSs have superior precision
in terms of sole or single particle discovery, cost effectiveness, mass production is
hardly achievable [10, 47, 57]. Several challenges are however still noticed in mass-
built sensors in terms of improved capture agents to produce at nanoscale utilizing
microelectronic fabrication for high-throughput investigation. As such, the great
application possibilities of semiconductor materials and quantum dot technology are
worth mentioning.

However, there are present technologies in BSs that are capable of simultane-
ously executing, real-time and quantitative analyses for bulky arrays. It is the use
of micro-scale and nanoscale cantilevers fabrication that has made this possible [11,
57]. Another key technical uprising in BSs is the detection of genetically encoded or
synthetic fluorescent BSs for analyzing molecular devices of biological or organic
procedures [3, 10, 48, 49, 65-67]. Nevertheless, these sensors have a great prospect
for sole or single particle detection with precise analyte measurement, the proce-
dure and investigative preparation and discovery are hard and also need advanced
instrumentation.
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As stated previously, biomaterials and microbial fuel-built BSs also have discrep-
ancies as a result of the highly sensitive and selective nature; hitherto, mass produc-
tion and genetic engineering procedures to develop a microbial strain need intricate
measures and high cost. Nonetheless, one benefit of microbial BSs is the capa-
bility to use them as a means for bioremediation, which has superior significance
in environmental management and monitoring. Nevertheless, the development and
release of such modified genetic strain need to be strictly analyzed with appro-
priate governing rules and regulations as well as the ethical clearance (that was the
issue of bioethics comes in) and production cost management. Hence, it has been
reported that the development of diverse micro- BSs and nano- BSs frameworks
that as to do with combined technologies that utilize electrochemical or optic bio-
electronic principles with a combination of bioparticles or biological materials, poly-
mers and NMs are needed to attain exceedingly sensitive and miniaturized devices
[3, 10, 17, 48, 49, 76].

9.7 Research Trends, Future Challenges and Limitations
of Biosensor Machineries

Integrated approaches utilizing multiple technologies such as electrochemical, elec-
tromechanical and fluorescence-cum-optical-built BSs and genetically engineered
microorganisms are recent approaches for BSs detections. Shown in Table 9.1 is a
summary of the operational principle and applications of some BSs revised from
Vigneshvar et al. [20].

Most of these BSs have great application for medical possibilities in
disease/infection diagnosis. Table 9.2 shows the summary of the medical applications
of some BSs in disease/infection diagnosis.

As the quest and need for applying BSs for swift investigation with cost-efficiency
entail bio-fabrication that now pave way for the identification of cellular to complete
animal action with a discovery extent of high precision for sole or single parti-
cles. According to Dias et al. [54], BSs ought to be designed to work under multi-
plex and complex circumstances. In that condition, both 2D and 3D discovery are
needed using sophisticated transducers for detecting and measuring small or minor
analytes of interest. Some breakthrough discoveries have been made with contact or
non-contact-built modelling at diverse stages. We now have BSs are developed for
discovering additional robust recovering long-term usage. These diagnostic b BSs are
developed by means of therapeutics, which assist both the medical staff/team and their
patients for a more assimilative understanding of infections/diseases and the treat-
ment procedures (therapy). Hence, Fracchiolla et al. [81] reported that fluorescence
resonance energy transfer-built BSs provides an exceptional diagnostic technique for
evaluating the effectiveness of imatinib management and treatment of continuing or
chronic myeloid leukemia. The present use of affibodies, aptamers, peptide arrays
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Table 9.1 The operational principle and applications of some BSs

BSs type

Operational principle

Applications

Glucose oxidase
electrode-built BSs [14]

Function on the
electrochemistry principle
using glucose oxidation

For analyzing the amount of
glucose in biological sample

HbAlc BSs [27]

Function on the
Electrochemistry principle by
means of ferroceneboronic acid

For vigorous analytical
technique for the measurement
of glycated haemoglobin

Uric acid BSs [30, 31]

Function on the
electrochemistry principle

For detecting clinical
infections, abnormalities or
diseases

Acetylcholinesterase
inhibition-built BSs [44]

Function on the
electrochemistry principle

For understanding the influence
or impact of pesticides

Piezoelectric BSs [45]

Function on the
electrochemistry principle

For the detection of
organophosphate and
carbamate

Microfabricated BSs [76]

Function on the optical/visual
BSs principle using
cytochrome P450 enzyme

For developing
medications/drugs

Hydrogel-built BSs
r/polyacrylamide-built BSs
[55]

Function on the optical/visual
BSs principle

For the immobilization of
biomolecular

Silicon BSs [47, 57]

Function on the
optical/visual/fluorescence
principle

For bioimaging, biosensing and
the treatment (therapy) of
tumour/cancer

Quartz—crystal BSs [50]

Function on the
electromagnetic principle

For the development of
ultrahigh-sensitive detection of
proteins in liquids

NMs-built BSs [23, 51, 52,
56-61, 63, 80]

Function on the
electrochemical or optical/
visual/fluorescence principle

Used for multifaceted purposes
such as biomedicine as well as
diagnostic tools

Genetic-programmed or
fluorescence- built BSs [27,
65-67]

Function on the fluorescence
principle

For the understanding of the
biological procedure as well as
several molecular systems
within cells

Microbial fuel cell- built BSs
[73,75]

Function on the optical
principle

For monitoring and
management, the biochemical
oxygen demand and
environmental contamination
from heavy metals, pesticides
as well as other chemicals
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Table 9.2 Medical applications of BSs in disease/infection diagnosis

BSs Disease/infection diagnosis

Glucose oxidase electrode-built BSs and For diabetes diagnosis

HbAlc BSs [2, 3, 20, 21]

Uric acid BSs [2, 3, 16, 17, 20] For cardiovascular and general/widespread

diseases diagnosis

Microfabricated BSs [2, 16, 20] For visual/optical corrections

Hydrogel-built b BSs /polyacrylamide-built | For recovering/regenerative medicine
BSs [3, 13, 20]

Silicon BSs [13, 18, 20] Development and applications in cancer/tumour
biomarker

NMs-built BSs [1-3, 13, 17, 20] For healing therapeutic applications for
disease/infection

as well as imprinted molecular polymers are conventional illustrations for potential
research methods in this aspect [20, 22, 35, 82].

However, some achievement has also been reported with limited possible parti-
cles for advanced therapeutic, antimicrobial and medication delivery. According
to Grabowska et al. [83], the development in this aspect leads to discovery of
ECBs as reliable and dependable diagnostic means for pathogen discovery of avian
influenza virus in the intricate matrices. However, additional new reports showed
possible applications of affinity-built BSs in medication for sports and doping control
investigation [84].

Also, there are now a multiplicity of even or wearable ECBs for real-time non-
hostile screening of electrolytes and metabolites in body fluid as indicators or deter-
minants of a wearer’s medical status [85]. Additional attractive application is in
the assessment of meat and fish quality utilizing hypoxanthine BSs through fabri-
cation [86]. According to Kumar and Rani [87], the advancement in BSs for the
discovery of biological or organic warfare agents such as virus, bacteria and contam-
inants (toxins) are now sometimes used for various means of BSs such as nucleic
acid, electrochemical, piezoelectric and optical, which now have massive benefits in
the military operations (defence, protection, safety and security), environmental and
medical science.

The combination of NMs and polymers with different categories of BSs have
assisted in the provision of hybrid devices that have now improved the usage in
the above-mentioned applications [3, 10, 11, 17, 22, 25, 48, 49]. Moreover, scien-
tific advancement has been of great assistance in the development of microbial
BSs utilizing biological or organic synthesis approaches that are now contributing
to energy and environmental management, monitoring and sustainability [20, 73].
Several other reports have shown the significance of using microbial fuel cells for
evolving techniques for the treatment/remediation of water as power sources for
environmental sensors [20].
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9.8 Applications of Nanostructured Conducting Polymers
for Electrochemical Biosensors

Nanostructured conducting polymers have given great consideration in recent times
as a result of their numerous applications in diverse fields [3]. It has been reported
that conducting polymers have arisen as one of the furthermost auspicious materials
in numerous biological and biomedical applications, such as BSs, tissue engineering
applications, energy conversion, microelectronics, actuators, polymer batteries and
several other biological applications as a result of their exceptional conductivity,
stability, their simple means of preparation and exceptional electrical characteristics
that could translate the biochemical data into electrical signals [3, 11, 87-90].

According to El-Said et al. [3], nanostructured conducting polymers have great
applications in the field of bioengineering; because nanostructured conducting poly-
mers are brilliant matrixes for the effectiveness of several biological particles as such,
they improved their efficiencies as BSs. Furthermore, some studies have shown that
the mixtures of the nanostructures of metals/metal oxides with conducting polymers
are to improve the stability and sensitivity as the BSs [11]. Consequently, some tech-
niques have been described for evolving homogeneous nanostructures thin or reedy
layer metal/metal oxide on the nanostructured conducting polymer exteriors [3].

Ithas been reported that conducting polymers have arisen as one of the furthermost
auspicious materials in numerous biological and biomedical applications, such as BSs
and tissue engineering applications [88—90]. This range of applications is a result
of their biocompatibility and their exceptional electrical physiognomies that could
translate the biochemical data into electrical signals. According to Soylemez et al.
[91], conducting polymers also have numerous functional groups, that provide all-
out enzyme loading via the interface between the enzyme particles and the polymers’
functional groups. Hence, a regimented framework BSs could be realized.

Of recent nanostructured conducting polymers are now representing exceptional
building blocks for evolving vastly sensitive BSs as a result of their exceptional
properties that combine with those of the conducting polymers (like biocom-
patibility, direct electrochemical synthesis) and the NMs such as large surface
area, flexibility for the immobilization of biomolecules and quantum effect [92].
Some synthetic approaches were described for the nanostructured conducting poly-
mers synthesis, together with template-built means (that are either rigid or lenient
template), template-permitted synthesis and physical approaches like electrospinning
[93-97].

Basically, the “polyaniline nanostructures” is one of the outstanding “nanos-
tructured conducting polymers” that have been developed with the assistance of
prototype-guided polymerization within networks of microporous zeolites, perme-
able membranes and chemical path together with self-organized supra-molecules
or stabilizers [98—100]. According to Che et al. [98], “polyaniline nanostructures”
possesses advanced sensitivity and the response time is awesome when compared to
conventional ones, according to them is a result of the advanced dynamic surface area
as well as the reduced depth of the penetration target of the particles or molecules. As
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aresult of this advanced dynamic surface area and permeable structure, there is a vast
diffusion of particles or molecules into the outline and this makes them applicable
as BSs.

The combination of metal NMs and “conjugated polymers” to produce nano
constituents is envisioned to intensify the electrical conductivity [101, 102]. One of
the utmost recent important deliberations has evidently proved that gold and silver
NM:s could be implanted into a polymeric film, which basically amplified the surface
area for adjustment of various bioparticles/biomolecules. Recently, there has been
substantial attention to the system of electrode adjustment using NMs and conducting
polymers [3, 36, 102—107].

9.8.1 Nanostructured Conducting Polymers-Integrated
Electrochemical Biosensors

Some of the most recent developed “nanostructured conducting polymers-integrated
ECBs” and their various applications as summarized from the study of El-Said et al.
[3] are briefly discussed below.

9.8.1.1 Nanostructured Conducting Polymers for Electrochemical
Detection of Glucose and Hydrogen Peroxide (H,0O)

Due to the present extensive nature of diabetes mellitus and the severe health issues
globally; the complications arising from diabetes mellitus have been medically
reported to be more detrimental than diabetes itself [3, 108]. Consequently, evolving
a precise and fast assess for early diagnosis of diabetes illness is evidently an urgent
issue that should be given the appropriate attention.

Diagnostic assessments that have been reported for the management of diabetes
which is built on the quantity of glucose level present in the blood [109-111].
According to Zhu et al. [109], Elkholy et al. [101], Lee et al. [111], Salazar et al.
[112], the glucose sensors can be grouped as enzymatic and enzyme-free sensors.
However, we would concentrate briefly on the uses of conducting polymers for
evolving extremely delicate glucose sensors.

In the study carried out by Saini et al. [100], where they reportedly prepared
“polyaniline nanostructures” employing “sodium dodecylsulphate” as glucose and
hydrogen peroxide BSs. The “sodium dodecylsulphate” serves as a perfect structure-
guiding agent for the synthesis of well-ordered nanostructured polymer made up of
context protonated amine like “polyaniline nanostructures”. Using these “nanostruc-
tured polymers” having huge precise surface range can increase the conductivity of
“polyaniline” and brings about the control with high filling of “horseradish peroxi-
dase” and “glucose oxidase” without many difficulties. Additionally, these nanostruc-
tures increase the amount of electrons convey and the up-to-date feedback. These
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improved “polyaniline nanostructures” served as optical and electrical BSs with
decent performances, fast feedback time, extensive linear range as well as virtuous
selectivity, firmness and reproducibility [3]. Similarly, in the work of Yang et al.
[108], where they reportedly fabricate and applied poly(3,4-ethylenedioxythiophene)
(PEDOT) nanofibers for electrochemical discovery of glucose built on ensnared of
the “glucose oxidase enzyme” into the PEDOT nanofibers through the “galvanostatic
polymerization procedure” at platinum (Pt) electrode. This sensor has been reported
to have lofty sensitivity, lofty electrochemical stability and lesser limit of detection
than the glucose oxidase enzyme combined PEDOT film sensors in connection to
their massive surface area.

In the study carried out by Soganci et al. [ 113], they attempt to change the “graphite
rod electrode” with a “super-structured conducting polymers” comprised of “amine
substituted thienyl-pyrrole derivative” that is built on the “electro-polymerization”
procedure [113]. This “conducting polymers” is categorized by the existence of
free “amine groups” that allows the “covalent bonding” of the electrode and the
“biorecognition elements” such as “glucose oxidase”. This sensor has been proven to
be efficient in the detection of glucose in beverages [3]. It has also been demonstrated
by Munteanu et al. [114], that a double electrochemical sensor together with “optical-
microscopy” as an opto-electrochemical sensor could be effective for the detection
of glucose as well as hydrogen peroxide [114]. The working principle of this sensor
is built on applications of “osmium complex-built redox polymer”; thus, its oxidation
state can be altered when the glucose and hydrogen peroxide are interacting with the
enzyme, such interaction depends on time [3].

9.8.1.2 Nanostructured Conducting Polymers for Cell-Built Chip

According to Yeaetal. [115], itis habitually challenging to comprehend cell activities
based on the quantity of only the nucleic acid or protein appearance levels because the
cells are much more intricate than the entirety of its mechanisms. There are presently
several electrically conductive frameworks that have been applied for manufacturing
cell-built chips for improving the bond, propagation as well as the distinction of some
cell kinds like neurons [48, 49, 115-118]. However, we will briefly concentrate on
the uses of conducting polymers improved electrodes in evolving cell-built chips and
their applications.

The study carried out by Lee et al. [117], where they built an electrochemical
conducting scaffold made up of “pyrrole N-hydroxyl succinimidyl ester and pyrrole
copolymer”, at that point they enhanced the “copolymer” with a “nerve growth factor”
and which was beneficial for the immobilizations of “pheochromocytoma cells (PC12
cells)”. They believed that the cells have protracted neurites correspondingly to that
for cells that are cultured using “nerve growth factor (NGF)”.

In the study carried out by El-Said et al. [116], where they use a “thin layer
of polyaniline emeraldine base” covered “indium—tin oxide electrode” as a cell-
built chip. Conversely, the metal electrodes, “polyaniline nanostructures emeraldine
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base/indium—tin oxide electrode” exhibited an exceptional “electrochemical activ-
ity” at a neutral pH level in the absence of “co-depositing acidic counterion”. The
developed electrode was also used as a cell-built chip for rapid and easy means
for the determination of the cell electrochemical characteristics, the cell capability,
the cell bond, the cell development and for the monitoring of the consequences of
various anticancer medications/treatments on the cell capability. They also worked
on in-situ electrochemical synthesis of “polypyrrole nanowires” together with a
“nanopermeable alumina” prototype [119]. They also show the formation of exceed-
ingly ordered permeable “alumina substrate” and the development of the “ester and
pyrrole (PPy) nanowires” inside the “nanopermeable structures” by means of “direct
electrochemical oxidation” of the “pyrrole monomer”. The actions, morphology,
bonding and the development of the cell as well as the “biocompatibility of PPy
nanowires/nanoporous alumina substrate” in the direction of both the investigation
of tumorous and cancerous issues are better off when compared to other substrates.
This according to them is a justification that “PPy nanowires/nanoporous alumina
substrate” presented an improved cell bonding and development when compared to
the other control substrates. These results from their study have further demonstrated
the capability of “PPy nanowires/nanoporous alumina substrate” as “biocompati-
bility electroactive polymer substrate” that could be beneficial for both dynamic and
cancer or tumour cell cultures.

Another useful study was conducted by Strover et al. [120], where they
combined “pyrrole” and “thiophene moieties” in its monomer for the fabrication
of “PolyPyThon-based molecular brushes”. A film from this “conducting polymers”
was placed on the “gold substrate” that was used as the scaffold for the “electrical
stimuli-responsive surfaces of human fibroblasts cells” [120].

From all these studies, we could therefore say that the uses of the cell-built chips
are promising alternative to animal experiments, as a result of the shortcomings of
the uses of animal models since they are sacrilegious to animals’ privileges, expen-
sive, laborious and also poor significance to human environmental/natural science.
Furthermore, the uses of cell-built chips as BSs in monitoring the effects of anti-
cancer medications or for monitoring the distinction of the neural cells disclosed
several benefits, that includes:

e Progressively additional sophisticated representation of absorption, circulation,
metabolism, excretion and noxiousness procedure.

e Improved understanding of the medication interface mechanisms in the human
system.

e Exhibited a tremendous potential to improved prediction of drug efficiency and
safety.

9.8.1.3 Nanostructured Conducting Polymers for Some Various
Contemporary Biosensors

There are presently some reports that conducting polymers are now extensively used
for the preparation of sensor platforms and have several beneficial impacts as a result
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of the combination of their functional groups during the fabrication [3]. In this section,
the fabrication and applications of various nanostructured conducting polymers as
well as their compounds and their electrochemical BSs benefits for the different
organic targets like neurotransmitter, nucleic acids (DNA/RNA), adenosine triphos-
phate (ATP), etc. The foremost purine bases which contribute to the development of
the nucleic acids are “guanine and adenine”. They are the essential composites in the
various organic systems [3]. The irregular concentration of “guanine and adenine”
in the fluid content of the body is a result of the low immunity system [3]. Therefore,
it is essential and necessary to monitor the “guanine and adenine” concentration in
living creatures.

In the study carried out by El-Said et al. [121], where they developed “poly (4—
aminothiophenol) nanostructures” coated with “gold nanodots patterned indium tin
oxide electrode” employing a simple technique. The improved “gold (Au) nanodots
patterned indium tin oxide electrode” was developed by means of an evaporated heat
of pure Au metal on top of an “indium-tin oxide surface” via “polystyrene mono-
layer”. Thereafter, they use these “Au nanodots” as a prototype for self—-assembly
immobilization of “ATP” particles trailed using the “electrochemical polymerization”
of “ATP to generate poly (4-amino thiophenol) (PATP)”. This improved electrode
was used to check and manage the concentration of the combination of “adenine
and guanine” by means of “level of detail (LOD) of 500 and 250 nM”, correspond-
ingly. Also, the improved electrode was expansively used for sensing “adenine and
guanine” in hominoid serum.

Aksoy et al. [122], in their study, established a selective ‘“‘electrochemical
dopamine BSs” using “polyimide” and “polyimide-boron nitride” compounds as
a selective membrane for dopamine discovery. The application of “boron nitride”
constituents into the “polyimide matrix” led to the improvement of the selectivity
and sensitivity as well as the swift transfer of the electron (reversibility), together
with a “LOD” of approximately 4 x 1078 m.

According to El-Said et al. [116], the hybridization of “polyaniline nanostruc-
tures” and NMs can provide enormous potential in the study of sensors as a result
of the improvement of its electron conductivity as well as its ability to serve as a
scaffold for the immobilization of the organic species. “Pseudomonas aeruginosa” is
one of the furthermost pathogenic gram-negative microorganisms which can result
to “corneal ulcers” as well as loss of sight under 48 h. “Pyocyanin (PYO)” is the
biomarker which has been proven for the detection, monitoring and management of
“pseudomonas aeruginosa” [3].

As reported by Elkhawaga et al. [110], in their study where they organized
“polyaniline/gold nanostructures/indium—tin oxide electrode as “PYO” sensor in a
culture of “polyaniline nanostructures”. From the results of this study, it was shown
that polyaniline/gold nanostructures/ indium—tin oxide electrode sensitivity nature
towards PYO biomarker is higher than that either bare indium—tin oxide electrode or
Au nanostructures/indium-tin oxide electrode with LOD of 500 nm.

The improvement of the activity of electrochemical of “polyaniline/gold nanos-
tructures/indium—tin oxide improved electrode” in the direction of the PYO
connected to the existence of positive charges on its surface which increased the rate
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of transfer of the negative charged PYO built on the electrostatic force of attractive
massively.

In furtherance, Khalifa et al. [123], applied polyaniline/gold nanostruc-
tures/indium—tin oxide electrode for the diagnosis of “pseudomonas aeruginosa”
from fifty samples they collected from persons diagnosed of “corneal ulcers”; the
results obtained were used to compared other results such as that from the screen-
printed electrode, conventional or traditional methods, automatic identification tech-
nique as well as the magnification of the 16 s rRNA gene employing the “polymerase
chain reaction” as a typical assessment for “pseudomonas aeruginosa” identification.
According to them, the electrochemical discovery of “PYO” using the “square wave
voltammetry” method via “polyaniline/gold nanostructures” improved “ITO elec-
trode” was the only procedure that could conform completely with the molecular
technique in terms of the sensitive and specific attributes as well as showing positive
and negative analytical values when likened with the “solid-phase extraction (SPE),
conventional as well as colony morphology, pigment production and biochemical
tests and automated, as well as the automated system for antibiotic susceptibility
testing (AST) and microbiology identification (ID) and the polymerase chain reac-
tion (PCR)” procedures. Hence, “polyaniline/gold nanostructures/indium—tin oxide
electrode” was endorsed as one of the fastest, cheapest, most precise and most selec-
tive “PYO biomarker sensor” in “pseudomonas aeruginosa” for the “corneal ulcer”
issues as a result of the “square wave voltammetry (SWV) method” [3, 123].

The use of “zika virus” which is a “flavivirus” has recently been given significant
awareness for the development of a swift “zika virus” identification assessment as
a result of the presence of the virus-related infection in little children (infants).
Tancharoen et al. [124], in their study, reported the development of a novel kind of
“zika virus ECBs”. The BSs comprised of “surface imprinted polymers/graphene
oxide compounds”. The “limit of detention (LOD)” of these “zika virus ECBs” was
in conformity with that of the “reverse transcription polymerase chain reaction (RT-
PCR) technique”. Additionally, they have the potentials to sense the “zika virus” in
the presence of the “dengue virus and serum samples” [124].

According to reports, another cellular metabolite that has the potential to associate
with some of the life-threatening health maintenance circumstances is the “lactate”
[125]. As a result of this, Pappa et al. [125], in their study attempt to fabricate a
“micrometer-scale polymer-built transistor prototype”, that would be used for the
discovery of “lactate”. The application of electron-conveying (which is an n-type)
biological polymer, integrate hydrophilic lateral chains which have improved the ion
transport/injection, facilitated the enzyme conjugation and acted as a series redox
center. This their developed “micrometer-scale polymer-built transistor prototype
sensor” demonstrated swift, selective and sensitive metabolite potentials.

9.8.1.4 Molecularly Embossed Polymer-Built Biosensors

According to Rico-Yuste et al. [126], the molecularly embossed polymers known as
“molecularly imprinted polymers” is one of the furthermost sensitive and selective
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constituents use for the development of contemporary BSs. The production procedure
of “the molecularly embossed polymers” has to do with the application of three main
machineries:

e The prototype molecules (embossed molecules)
e The functional monomers
e The cross-connector molecules.

In the production procedure of the molecularly embossed polymers and its appli-
cations wherein the embossed molecules are joined to the “functional monomer” to
produce several reaction sites. The polymerization procedure was carried out inci-
dentally with a cross-connector. The prototype molecules were detached from the
ensuing polymers to produce embossed cavities which could rebind with the proto-
type molecules all through the recognition procedure. The selectivity machinery
of the molecularly embossed polymers is a result of the fact that these molecu-
larly embossed polymers presented physically improved recognition positions for
the rebinding of intended molecules like the medications in intricate mixtures. The
selection mechanisms of the molecularly embossed polymers to particles are linked
to their corresponding chemical groups and the relations between the prototype parti-
cles and embossed groups that are being subjected to on the form and stiffness of the
prototype particles.

Consequently, these cavities can be applied for enantiomeric determination.
Molecularly embossed polymers were used for “electrochemical recognition” of
diverse targets [127—130]. “Cyanocobalamin” is among the eight “B-complex vita-
mins” that can influence the function of the brain as well as the complete nervous
system [3].

According to Samari et al. [131], Nakos et al. [132], the reduction of the
“cyanocobalamin levels replicate some health issues such as “haematological and
neurological disorders”. Singh et al. [133], in their study, described the produc-
tion of biomimetic embossed polymer comprised of a sheet of abridged “graphene
oxide” adorned with “multi-walled carbon nanotubes and methyl blue compound”
and functionalized with “poly acryloylurea”. This BS was used for ultra-trace
discovery of “cyanocobalamin” built on “differential-pulse voltammetry” procedure,
which proved a direct proportionality with the concentration extent from 0.021 to
1.44 ng/mL with LOD of 0.0056 ng/mL and categorically no interference in actual
samples. According to them, the increased electrochemical conductivity of the BS
is a result of some interactions. In the study carried out by Liu et al. [128], they also
reported the production of molecularly embossed polymer-improved glossy carbon
electrode as an “electrochemical nonylphenol BSs”. The molecularly embossed
polymer electrode comprised of the surface of “acrylamide-functionalized multi-
walled carbon nanotubes” as a carrier surface, “nonylphenol” as a prototype particle,
“methacrylic acid” as “functional monomer” as well as “ethylene glycol dimethacry-
late” as a cross connecting agent and the polymerization was carried out based on the
thermal or heat polymerization procedure. This produced sensor exhibited a trans-
lational range within the concentration range from 0.1 to 30 uM with a limit of
detention (LOD) of 0.02 WM.
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9.9 Graphene and Its Applications for Biosensors
and Biosensing-Based Electrode Systems

Of recent graphene, evolving as an exact 2D substance (sp>-hybridized carbon), has
attracted robust scientific and technological attention as a result of its exceptional
physicochemical features such as lofty surface area, outstanding conductivity, lofty
mechanical strength as well as affluence of functionalization and numerous produc-
tion [1, 134]. Several studies have shown that graphene has great potentials and
applications in, electronics, supercapacitors, cells (fuel and solar), batteries and in
various area of biotechnologies [134].

Graphene and its various derivative; “graphene oxide, graphene nanoflakes and
graphene platelets” are nowadays dominant substances for the fabrication of elec-
trode matrixes for BSs and biosensing-based systems [134]. All graphitic forms
belong to the general graphene group which include 0-dimensional fullerenes, 1-
dimensional carbon nanotubes and 3-dimensional graphite [134]. According to
Nikoleli et al. [134], graphene is normally grouped by the number of slanted layers;
one layer, few-layer (that is 2—10 layers) and multilayer (which is sometimes called
thin graphite). Ordinarily, for graphene to sustain and preserve its discrete prop-
erties, its use must be restricted to one or few-layer morphologies. Graphene is
considered as a subsequent generation electronic substance as a result of its excep-
tional respective properties electronically, optically, mechanically, thermally and
electrochemically [134]. Accordingly, graphene is used in the manufacture ECBs and
biosensing-based electrode systems as a result of its obvious good low-noise elec-
tronic attributes. It is useful for electrochemistry because of its outstanding properties
and low environmental influence.

Graphene is useful for electrochemistry as a result of conductive as well as its
transparency, with an inexpensive, truncated environmental influence, a large electro-
chemical potential window, truncated electrical resistance in comparison to glassy
carbon, atomic thickness and two well defined redox peaks linearly aligned with
the square root of the scan rate magnitude, suggesting that its redox processes are
primarily diffusion controlled. As a result of the rate of transmission of the electrons
which has been revealed to be surface dependent and could be increased expressively
via the formation of definite surface functional groups [134].

The complete volume of graphene is exposed to its backgrounds as a result
of its exact 2-D structure, making it effectively use in the detection of adsorbed
particles. Graphene-based electrodes also display supercilious enzyme packing as a
result of their lofty surface area. This aids the facilitation of lofty sensitivity, excep-
tional electron transmission promoting capability for some enzymes and exceptional
catalytic performance towards several biomolecules [134]. Graphene-based products
also possess the essential biocompatibility to be acquiescent for in-situ biosensing.
Graphene-based NMs could be categorized by their means of production.

Studies have shown that electrodeposition could be applied for the fabrication
nanostructures on electrode materials [134]. They offer several forms of morpholo-
gies which include buttressed secluded nanoparticles, consistent structures designed
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on templates, secluded nanostructures that have high degrees of ramification or
adjustable shapes and intricate multicomponent compound structures.

9.9.1 Graphene-Built Enzymatic Electrodes

The “direct electrochemistry of enzymes” comprises direct “ET (DET)” among the
electrode and the dynamic heart of the enzymes, in the absence of the involvement
of intermediaries or other reagents [1, 135—137]. Innovative enzymatic bioreactors,
intermediary-free BSs as well as biomedical devices are required to engage the
DET via the immobilization of the enzymes on conducting chemicals (substrates).
Agreeably, several recent studies have revealed that graphene can improve DET
among enzymes and electrodes [134]. However, there are presently few reports on the
application of metal NP utilizing graphene to form outstandingly stable, inexpensive
and eco-friendly BSs [138].

9.9.1.1 Enzymatic Biosensors for Glucose Discovery Via
Graphene-Built Electrochemical

According to Nikoleli et al. [134], the recent development (third generation) of
glucose BSs is based on the DET in enzymatic chemical reaction catalytically, which
has been rigorously considered for quite some years now and are still advancing [ 139].
The “direct electrochemistry of glucose oxidase” is the DET that lies between the
electrode surface and the enzyme dynamic location without an arbitrator [134]. Elec-
trons pass through the lengthy tunnelling by means of enzymes, in so doing attaining
“direct glucose oxidase electrochemistry” on graphene-improved electrodes [134,
140-144]. The benefits are seen in the prompt kinetics and reasonable sensitivity,
which initiate from the good conductivity and huge surface area of graphene that
assist the enzyme immobilization.

Razmi and Mohammad-Rezaei [145] reported that “graphene quantum dots” are
effective examples of graphene nanomaterial that are presently being applied for
the fabrication of innovative electrochemical sensors. This procedure entails the
alteration of “graphene quantum dots” as well as the surface immobilization of “glu-
cose oxidase”, resulting in an extensive linear glucose response ranging from 5 to
1270 wM, truncated detection extent of about 1.73 WM and reasonable surface expo-
sure of “glucose oxidase” of about 1.8 x 10~ molcm~2. The ensuing DET is linked
to the huge surface-to-volume proportion and the profuse hydrophilic boundaries and
planes of “glucose oxidase”. These improve immobilized enzyme on the electrode
surface the “graphene nanotube/carbon nanotube”, the “graphene liquid/ion liquid”
and the “graphene/Nafion”, offers enormous prospects in the production of more
intricate efficient nanostructures [134, 146].
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9.9.1.2 Enzymatic Biosensors for Hydrogen Peroxide Discovery Via
Graphene-Built Electrochemical

Presently, substantial consideration has been given to the swift discovery of hydrogen
peroxide, which has functional applications in chemical investigation, clinical
diagnostics as well as environmental safety and sustainability [134].

Several “graphene-built ECBs” have been discovered for hydrogen peroxide
discovery. Fan et al. [147], in their study, reported a “graphene capsule” as carrier
for “horseradish peroxidase” which was intended to sense hydrogen peroxide in
humanoid serum which was an improvement of the study of [148]. The outcomes
from this study revealed reasonable stability, reproducibility and better selectivity.
This is a great indication that this BS has some capability in medical investigation.

Lu et al. [149], designed a “super-molecular assembly enzymatic functional
graphene-built BSs” using “horseradish peroxidase/cyclodextrin” to sense hydrogen
peroxide. The “adamantine-improved horseradish peroxidase” networked with the
“functionalized graphene nanostructures” via “host-guest supramolecular” interac-
tion for improving the electrochemical act for the hydrogen peroxide discovery. This
inventive nanostructure offers exceptional performance in applications catalytically
in medical investigations, environmental monitoring and management as well as
several other aspects of biosensing. Liu et al. [150], reported on the “enzymatic
ECBs” built on “graphene nanoplatelet-titanate nanotube compound” which was
fabricated via a hydrothermal technique and displayed sensitive hydrogen peroxide
discovery in a comparatively wide investigative extent with a reasonable regaining
extent compared to other previous sensors. In the study of Muthurasu et al. [151],
a suitable and immensely “high-sensitivity electrochemical enzymatic discovery
prototype for hydrogen peroxide was fabricated on “glass carbon electrode” via
“horseradish peroxidase peptide amide” bonded on “immobilized graphene quantum
dots” onto the electrode surface.

9.9.1.3 Enzymatic Biosensors for Nicotinamide Adenine Dinucleotide
(NADH) Discovery Via Graphene-Built Electrochemical

“Nicotinamide adenine dinucleotide” is one of the vital coenzymes presents in
the living cells. It is a redox hauler in metabolic procedures and partakes in
numerous enzymatic reactions [134]. There are presently “graphene-built ECBs”
that are fabricated and attained outstanding electrocatalytic action in the direction of
“nicotinamide adenine dinucleotide” [152, 153].

Li et al. [154] reported the use of “graphene-induced self-assembly of peptide
nanowires” used for the development of ECBs aimed at “nicotinamide adenine
dinucleotide” and improve the “electronic conductivity of the bio-structure”. This
their “graphene-built NADH BSs” demonstrated reasonable sensitivity, in so doing
holding great potential for “nicotinamide adenine dinucleotide” investigation in
several aspects. Gasnier et al. [152] fabricated an “electrochemical “nicotinamide
adenine dinucleotide BSs” with a graphene adhesive electrode which was used to
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careful catalyze the “electrooxidation of nicotinamide adenine dinucleotide”, in the
absence of surface passivation. The resulting BSs revealed several benefits compared
to other “electrochemical nicotinamide adenine dinucleotide BSs” since it assimilates
the outstanding electrocatalytic actions of graphene, its exceptional physiognomies
in networking and integrating with biomolecules as well as its rapid preparation
periods. Gai et al. [155] fabricated an “electrochemical nicotinamide adenine dinu-
cleotide BSs” by means of N-doped graphene, which was built and displayed highly
similar physiognomies to “nicotinamide adenine dinucleotide dehydrogenase”. So,
competently catalyzed “adenine dinucleotide BSs oxidation”. Furthermore, the “N-
doped graphene” was used as a “nicotinamide adenine dinucleotide” conveyance of
“nicotinamide adenine dinucleotide” to the electrode surface due to its enormously
good conductivity. With truncated circumstantial current, this graphene substance
enhanced the selective and sensitive nature of the BSs aimed at “nicotinamide adenine
dinucleotide” determination.

9.9.14 Enzymatic Biosensors for Cholesterol Discovery Via
Graphene-Built Electrochemical

In the study carried out by Dey et al. [156], where they developed extremely sensitive
“amperometric BSs” for detecting cholesterol utilizing immobilizing “cholesterol
oxidase” and “cholesterol esterase” on the surface of “Pt nanoparticle” adorned
chemically with “synthesized graphene”. The resulting sensing prototype proved
to be sensitive in the discovery of hydrogen peroxide with a limit of detention of
0.5 nm without redox intermediary or enzyme greater than 100 mV with less positive
potential regarding the enormous Pt electrode. This their “bioenzyme integrated
nanostructured prototype” exhibited a reasonable selective and sensitive discovery
of cholesterol (2.07 0.1 p A pM™! cm—2), alimit of detention of 0.2 WM, reasonable
stability and quick response periods.

Nguyen et al. [157] developed an “amperometric layer-by-layer BSs for choles-
terol”, built on an “electrochemical microelectrode” by means of “graphene films
synthesized” via “thermal chemical vapour deposition (CVD) technique” covered
with “Fe;04-doped polyaniline (PANi) films” as well as immobilization of “choles-
terol oxidase” onto the functional electrode using “glutaraldehyde agent”. The
invented bioelectrodes invented “layer-by-layer” displayed outstanding analytical
measurement in the inclusive cholesterol concentration range from 2 to 20 mM, with
reasonable sensitivity (74 pAmM~! cm~2) and quick response period of less than
five seconds.

Israr et al. [158] in their study described a “potentiometric and miniaturized
cholesterol BSs” built on physical adsorption of “cholesterol oxidase” on “exfoliated
glutenin subunits (GSs)” on a “thin copper wire”. This their developed “potentio-
metric BSs” exhibited exceptional “stability, reusability, selectivity as well as sensi-
tivity” of about 82 mV decade™! for the discovery of “cholesterol biomolecules”
with logarithmic ranging from 1 x 10 M to 1 x 10> M, quick response periods
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of about four seconds and a decent shelf life time of greater than thirty days at room
temperature.

Nikoleli et al. [159] fabricated innovative “potentiometric cholesterol BSs” in their
study utilizing the immobilization of the “stabilized polymeric lipid membrane” on
the graphene electrode. This “stabilized polymeric lipid membrane” is composed of
“cholesterol oxidase enzyme and polymerization” combination, which is a dominant
influence on the physiognomies of “cholesterol BSs”. Their discovered BSs displays
significant reproducibility, decent selectivity and reasonable sensing ability with a
straight-line slope curve of about 64 mV/decade as well as quick response periods
of about five seconds. The robust biocompatibility among the “stabilized polymeric
lipid membrane and human biofluids” makes it possible to be used for real blood
samples as well as other practical benefits.

9.9.1.5 Enzymatic Biosensors for Urea Discovery Via Graphene-Built
Electrochemical

According to Nikoleli et al. [160], there is a designed “miniaturized potentiometric
urea lipid film-built BSs” on “graphene nanosheets”. The structural characterization
of the “graphene nanosheets” for reduction of the “potentiometric urea lipid film-built
BSs” was considered by means of an “atomic force microscopy (AFM) and transmis-
sion electron microscopy (TEM) quantifications”. The “absorption spectroscopy or
reflectance spectroscopy is also known as ultraviolet-visible spectroscopy (UV—Vis)
and Fourier transform infrared (FTIR) spectroscopy” was applied for studying the
pre-conjugated and post-conjugated surfaces of the “graphene nanosheets”. These
designed “potentiometric urea BSs” displays decent reproducibility, recyclability,
selectivity, quick response periods of about four seconds as well as long shelf life
and reasonable sensitivity of ca. Also, it was reported to have 70 mV/decade over
the “urea logarithmic concentration” ranging from 1 x 10°® M to 1 x 107> M [160].

9.9.2 Graphene-Built Electrochemical DNA Sensors

As reported by Palek and Fojta [161] and Tosar et al. [162], there are studies that
have reported the use of “graphene-built BSs” as applied in “electrochemical DNA”
detecting. In the electrochemical discovery of nucleic acids, both non-reagent and
reagent-built methods have been described. Among the first group that was designed
are the “direct or catalyzed oxidation of DNA bases” and the ‘“charge transport
reactions” facilitated using the “m-stacked base pairs”. While, the reagent-built
approaches are generally built on the redox reactions of correspondent particles,
that are bonded to the “single-stranded, double-stranded DNA or enzymes” enlisted
to the electrode surface via detailed probe-target relations. However, by evading
the bring in of a reagent in the procedure that was later require the removal, non-
reagent procedures are much easier to systematize than reagent-built procedures; they
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still demonstrated further consuming time or affluent though they offer lesser sensi-
tivity. Moreover, Artiles et al. [79] reported that even though the conventional carbon
constituents, like “graphite and glassy carbon”, the “adenine and guanine” ones give
systematically beneficial signals but there is done for “cytosine and thymine”.

Nevertheless, Zhou et al. [163] in their study revealed that an improved “glassy
carbon electrode” affords reasonable signals of all unrestricted bases of DNA and
exhibited more approving electron transmission kinetics when compared to graphite
improved “glassy carbon” and “glassy carbon electrodes. This significantly improved
the reactions of the electrochemical of all the unrestricted bases of DNA, offering
the “glassy carbon-improved electrode” an enhanced choice for the biosensing of
electrochemical of both the “single-stranded DNA and the double-stranded DNA”
at functional pH in the absence of a prehydrolysis stage.

In the study carried out by Lim et al. [164], where they discovered that “anodized
epitaxial graphene” with reasonable edge plane flaws was a better choice for evolving
biosensing prototype to sense ascorbic acids, dopamine, nucleic acids and uric. The
results from this their study confirmed that the oxidation of electrochemical of “pris-
tine epitaxial grown graphene” presented a reasonable quantity of edge plane faults
on its surface, this was similar to the previous study of Pumera et al. [165] were they
designated “multi-walled carbon nanotubes” that provide prototype with sugges-
tively improved determined responses that are ideal for reasonable determination of
electrochemical sensing.

Ambrosi and Pumera [166] in their study demonstrated that “stacked graphene
nanofibers” also proved greater electrochemical presentation for the oxidation of
DNA bases over “carbon nanotubes” as a result of the outstandingly high quantity
of available “graphene sheet edges” on the surface of the “nanofibers” compared to
“carbon nanotubes”. As reported by them, these “stacked graphene nanofibers” are
exact opposites of “carbon nanotubes” since they contain what they referred to as
“perpendicularly stacked graphene sheets along the c-axis” which display completely
electrochemically active edges and also afford reasonable sensitivity more than the
“edge-plane pyrolytic graphite, guanine cytosine or graphite microparticle-based
electrodes”. They proved the sensitive oxidation of “anti-pandemic influenza/A
(HINT1)-interrelated strands” on these “stacked graphene nanofiber-built electrodes”,
which supposedly can be used for “label-free DNA” investigation.

9.9.3 Graphene-Built Electrochemical Immunosensors

Immunosensors are basically analytical detection protocols that are based on quan-
tifying “antibody-antigen specific conjugation reactions” [134, 167]. Several proce-
dures have been established as a result of these antibody-antigen connections [134].
These immunosensors habitually serve as a typical investigation technique use in
clinical and biomedical diagnostics centers, monitoring and management of envi-
ronmental pollution, as well as in the determination of food security and safety
[134]. Presently, “electrochemical immunosensors” have been seen as a significant
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technology in “immunoassays” as a result of the fact that they are not difficult to
establish and apply, they also need minor sample volumes and give swift analyzes,
reasonable sensitivity and better selectivity [143].

According to Nikoleli et al. [134], the foremost distinctive electrochemical proce-
dures used in immunosensors are; “amperometry, potentiometry and electrochemical
impedance spectroscopy”’. Also, several kinds of point-of-care testing benefits as a
result of the conventional electrochemical procedures have been reported [134, 150],
example of such is the” paper- or microfluidic-based detection platforms” which have
received substantial consideration in the manufacture of immunosensor [168].

Several studies reviewed summarizes the use of “electrochemical immunosen-
sors for point-of-care diagnosis” [51, 134, 164, 168—170]. Nikoleli et al. [134] in
their study reported the fabrication of “miniaturized potentiometric D-dimer BSs
on graphene nanosheets” with combined lipid films. The “graphene electrode” was
applied for the development of a reasonable selective and sensitive immunosensor for
the discovery of “D-dimer” using the immobilization of the “mouse anti-human D-
dimer antibody” on “stabilized lipid films”. Reportedly, the immunosensor retorted to
the elaborate “D-dimer concentrations” with swift response periods of about fifteen
seconds. These “potentiometric D-dimer BSs” is not difficult to fabricate and displays
better selectivity, reproducibility, recyclability, swift response periods, lengthy shelf
life as well as reasonable sensitivity of ca.

9.9.4 Some Commercial Advances in Graphene Biosensors
and Biosensing-Based Electrode Systems

There have been some commercial activities in the study of graphene sensors as
reported by Nikoleli et al. [134], for example, the “Nokia’s Cambridge Research
Centre” in November 2013, established a “humidity sensor built on graphene oxide”,
which is believably quick, thin, transparent and flexible with a reasonable response
and recovery periods, before then they also filed for a patent for a “graphene-
built photodetector” which is transparent in August 2012. The United States based
“Graphene Frontier” declared raising of $1.6 million for the expansion of the growth
and production of their “graphene functionalized GFET sensors” in August 2014.
These their “Six Sensors” product was “vastly sensitive chemical and biological
sensors” that was used for the diagnosis of diseases with reasonable sensitive and
efficient attributes with incomparable using traditional sensors. Also, in the same
year precisely September 2014, a Germany based “AMO” established a graphene-
built photodetector in partnership with “Alcatel Lucent Bell Labs”, which was then
believed to be one of the fastest photodetectors globally.

Again, in June 2015, a partnership between one of the foremost engineering
companies in Germany “Bosch” and researchers from the “Max-Planck Institute
for Solid State Research” produced a “graphene-built magnetic sensor” which was
believed to be far more sensitive than a comparable device based on silicon.
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Also, a team of researchers in Korea from the “Electronics and Telecommu-
nications Research Institute” in June 2015, effectively developed a technology of
textile-form gas sensor that is cleanable, flexible and reasonably sensitive. This tech-
nology was built on coating graphene utilizing molecular adhesives to textiles such
as polyester, nylon or cotton, such textiles could be used for checking the existence
of gas in the air. Before then they partner with “Korea’s Ulsan” in October 2014 to
establish a method that generates “flexible transparent graphene electrodes” which
was attached to the skin. This designed was also beneficial for “bio-signal sensors”
and allows “electronic tattoo-like stickers”.

A “biocompatible BSs” that concurrently sense numerous biomarkers like proteins
and DNA, which was produced from carbon constituents, specifically graphene
quantum dots and graphene oxide was also established in September 2014 by scholars
from “Zhejiang Normal University, China”. A month before then, precisely August
2014, scholars from “Trinity College, Ireland, United Kingdom” established wear-
able sensors employing “coated rubber bands” together with graphene, this was
since the rubber band possibly vicissitudes its conductivity during extension; as such
minute actions like pulse or breathing could be detected. These established BSs
were also believed to be beneficial for medical dealings, automotive and robotics
industries, etc. Also, at the same period scientists from the “University of Michigan”
established a “graphene-aided wearable vapour sensor” that was used for incessant
detection of airborne chemicals and disease monitoring. In May of that same year,
scientists from the “Nankai University” also established a “single-cell sensor known
as optical refractive index sensor” by means of “graphene field-effect transistors”.
These innovative BSs were capable of detecting “single cancer cell” as a result of
the ultrahigh sensitivity and high-temperature abridged graphene oxide.

However, there are presently several other categories of advanced BSs such as
the carbon nanotube-based and microbial fuel cell-based BSs which operate on
the optical as well as other recognized principles. These BSs are fundamentally
considered and utilized for the detecting, monitoring and management of heavy
metals and other chemicals or biochemicals in the environment as well as in the
biomedical/medical domain [171-179].

9.10 Conclusion and Future Contribution to Knowledge

The progress and advancement in BSs technology habitually depend on the sensi-
tive, specific, non-noxiousness, minor/small particle detection and cost-efficiency
nature of the b BSs. Bearing in mind these physiognomies would ultimately assist in
addressing some of the most critical constraints and limitations faced in BSs tech-
nology. Most of the improvements that have been realized and achieved are from the
development of electrochemical sensors together with NMs that have consequences
in several innovative categories of BSs.

Graphene exhibits explicit strong electronic structure, characteristics and phys-
iochemistry as a result of its exceptional performance in direct electrochemistry
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of enzymes, the electrochemical discovery of minute biomolecules, environmental
analysis, ECBs and biosensing-based electrode machinery. Even though there are
several grounds that are yet explore, graphene has greater performance in the develop-
ment of ECBs and biosensing-based electrode machinery when compared to carbon
nanotubes.

Generally, an appropriate combination of biosensing, as well as bio-fabrication
with non-natural/ synthetic biological methods applying either/both electrochemical,
optical, bio-electronic moralities, would be crucial for efficacious development of
comprehensive and influential BSs for contemporary future contribution to knowl-
edge in the field of BSs technology in the area of agricultural, organic/biological,
medical and environmental sustainability.

Conclusively, the extent of the development of BSs built on electrodeposited
nanostructures has several conceivable applications. Agreeably, graphene is an
exceptional electrode material, but there is still considerable room for more scien-
tific research and applicable development of graphene-based systems ECBs and
biosensing-based electrode machinery. It is therefore recommended that further
scientific research and application of graphene-based ECBs and biosensing-based
electrode systems should be advanced to give electrochemical and other BSs excep-
tional performance and in addition enlarge the realm of electrochemical and other
BS:s. This can be done by advancing innovative techniques for appropriate synthesis
and processing of graphene and other potential materials.
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