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Abstract

Nanoparticles offer unique features such as a larger surface area and enhanced
electrochemical performance compared to their contemporary matters. These
properties make them suitable to be considered in bridging the lacunae asso-
ciated with the use of bare electrodes in electrochemical sensors. Nanomaterials
enhance the redox reversibility on the electrodes’ surfaces, hence, improving the
reproducibility, sensitivity, and limit of detection of the electrodes/sensors. Their
methods of synthesis (top-to-bottom and bottom-to-to-top) are tailored to-
ward manipulating their sizes, shapes, and preventing their agglomeration.
This review paper provides a synopsis on research done in synthesizing na-
noparticles, modifying electrodes, and pinpointing the improved perfor-
mances of the modified electrodes via known characteristic techniques, name-
ly: cyclic voltammetry, differential pulse voltammetry, and electrochemical im-
pedance spectroscopy. In addition, a perspective is given in terms of increasing
the lifespan of the working electrodes and the need for non-faradaic sensors.

Keywords
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1. Introduction

Nanoparticles are substances with sizes in the order of 10 m. This small mag-
nitude is the major factor for their enhanced reactivities, better physical and
chemical properties over their corresponding native substances. Nanomaterials
have applications in numerous areas, such as drug delivery (to maximize drug
efficacy and minimize cytotoxicity); reinforcing the mechanical properties of
bioplastic films [1] and composite materials; improving the electrochemical

properties of sensors semiconductors, and so on. The large surface-to-volume
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ratio of these particles can allow better ligand-to-site binding; hence, decreasing
dosage [2], increasing oral bioavailability, the latter of which improves patient
compliance. They also play important roles in catalysis where catalytic activity is
increased due to the particles’ high surface area. The catalytic reactions are done
under mild conditions to ensure the stability of the particles against decomposi-
tion [3]. Metallic nanoparticles such as palladium nanoparticles catalyze C-C
cross-coupling reactions as in Heck coupling, Negishi, and Suzuki coupling
reactions. Nanostructures have shorter bi-continuous ions which give better
battery performance when used as battery electrodes [4]. Tailored nanoparticles
are major backbones of the recent generation solar cells [5]. Nanotechnology is
employed to mitigate catalyst poison in fuel cells such as hydrogen fuel cells
where separation of the atoms’ electrons and protons is possible in the presence
of a nanosized palladium catalyst, the catalyst of which is sensitive to carbon (II)
oxide [6]. Nanomaterials are also employed in electronics [7], preparation of
asphalt, environmental remediation, high energy density batteries, preparation
of sunscreen [8], medical implants, and so on. Examples of materials used for
the applications mentioned above are nanosilver, nanoparticles silica [9], carbon
nanotubes, nanocrystalline nickel-metal hydrides, zinc oxide nanorod, and na-
noceramics, respectively.

This paper focuses on the synthetic routes of nanoparticles used in modifying
working electrodes towards electrochemical sensing, how the nanoparticles are
deposited on the electrodes’ surfaces, and the methods explored in their charac-
terization. Nanoparticles’ synthesis can be carried out via several methods, such
as physical, chemical, and biosynthetic approaches. The first two methods (also
called top-to-bottom techniques) give uniform-sized highly stable nanoparticles
with the release of hazardous materials into the ecosystem. On the other hand,
the biosynthetic (bottom-to-top) routes utilize eco-friendly reducing agents and
stabilizing agents including either fungi, yeasts, bacteria, and plants or their ac-
tive constituents.

Sensors use working electrodes as their transducer element. They couple a
chemically sensitive layer to an electrochemical transducer giving a real-time
translation to a piece of information about the composition of a particular sys-
tem [10]. They are commonly used for detecting trace levels (in part per billion)
of toxic gases such as carbon (II) oxide, hydrogen sulfide, carbon (IV) oxide
(greenhouse gas), and chlorine. Sensors are modeled to consist of three elec-
trodes: working electrode, reference electrode, and counter electrode. Selectivity
can be improved by tuning the potential difference between the counter elec-
trode and the working electrode. The redox reaction between the analyte and the
membrane of the electrode releases a certain amount of ampere which is propor-
tional to the concentration of the gas of interest [11]. Zhan ef al argued that elec-
trochemical sensing offers superiority over instrumental techniques due to its
low cost, easy operation, simple measurement system, high sensitivity, and real-time

analysis for on-site detection [12].
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Nanoparticles are now used on the working electrodes to increase the surface
area for the chemical reactions; hence, reducing noise level and enhancing detec-
tion bands, even for trace analytes [13]. Gold nanoparticles (AuNPs) have shown
potential in serving as internal reference probes. For example, Ozsoz et al de-
signed a Factor V Leiden mutation determining electrochemical genosensors,
measuring the signal by using AuNPs oxidation signal [14]. Similarly, Kermal et
al. reported an electrochemical-based method for detecting DNA hybridization
based on changes in AuNPs oxidation signal [15]. AuNPs allow less intrusive
imaging techniques due to their optical qualities [16]. With these optical proper-
ties, AuNPs play an important role in biosensors [17]. Eduart Gutierrez Pineda
et al. designed an AuNPs-coated polypyrrole films (AuNPs/Ppy) composite
electrode that provides low ohmic-drop pathways due to the porous structure of
the film, whilst the gold nanoparticles increase the metallic surface redox reac-
tion’s rate constant [18]. In addition, Au/Ppy nano and microstructure elec-
trodes provide good sensitivity, conductivity, and catalytic properties [19].
AuNPs maintain well-layered distribution on the surface of electrodes. Electro-
deposition of Au from its salts is a common method for depositing AuNPs on
electrodes among other methods documented by researchers. Fan et a/ designed
an electrochemical sensor with a silica nanoparticle modified working electrode
for quantifying prostate-specific antigens [20]. Zhou et al. documented a single
probe dual-signal sensor coated with mesoporous SiO, nanoparticles coupled
with silver nanoparticles (AgNPs) [21]. The high dispersity of Ag clusters makes
it easier to be coupled with biomolecules [22].

Also, Tortolini et al. modified screen-printed electrodes (SPEs) with nanoceria
for detecting total antioxidant capacity e.g. gallic acid, ascorbic acid, caffeic acid,
dimethyl sulfoxide, in wine samples [23]. In the same vein, Abdel-Raoof et al
developed an electrochemical sensor that can detect oxymetazoline hydrochlo-
ride via the modification of SPEs with nanoceria [24]. This sensor utilizes paraf-
fin oil and nanoceria to increase electrical sensitivity. Noteworthily, the sensor
performed well for five straight months, showing stable reproducibility and sig-
nificant linear response.

Likewise, pristine graphene shows high sensitivity and high signal-to-noise ra-
tio due to the high electron mobility, good conductivity, high surface area, and
negligible crystal defects of the 2-dimensional structure of graphene nanosheets
[25]. Arsat et al. and Hafiz et al stated the efficacy of pristine graphene in the
detection of H, and CO, [26] [27]. Chatterjee et al state that surface functiona-
lization of an electrode by doping with these nanoparticles improves its sensitiv-
ity [28]. Zhu et al detected bisphenol A, an endocrine-disrupting chemical in
food and beverage containers using glassy carbon electrode (GCE) coated with
flower-like bimetallic Pt/Pd nanoparticles, which was synthesized via micro-
wave-assisted hydrothermal method [29]. The electrochemical detection is li-
near, with analyte concentrations spanning from 0.75 uM to 600 uM, and a de-

tection limit of 132 nM. Sharma et al buttress that the synergistic effects created
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by two noble metals such as Pt/Pd above greatly enhance the performance of the
electrode [30]. These modifications are often investigated using both voltamme-

try (cyclic and/or differential pulse) and electrochemical impedance spectrosco-

py-

2. Synthesis of Nanoparticles Used in the Modification of
Electrodes

The ability of nanoparticles to interact with light rays causes them to be highly
sought after in modern science. Talking about the properties of nanoparticles,
they undergo a phenomenon known as surface plasmon resonance (SPR). This
phenomenon occurs when a rapid oscillation of the bulk of electrons on the sur-
face of a light bombarded metal creates an electromagnetic response. Also, na-
noparticles have a large surface area which makes them react to external stimuli
at a breakneck speed. Nanoparticles’ methods of synthesis (Figure 1) are majorly
classified into two: bottom-to-top and top-to-bottom approaches. Assembling of
atoms/molecules to produce different forms of NPs describes the bottom-down
approach, while the mechanical breakdown of the large metal structure in the
size distribution and morphologies controllable energy-demanding approach
called top-to-bottom.

2.1. Gold Nanoparticles

In recent years, AuNPs have been in high demand due to their biocompatibility,
inertness, and high electrical conductivity. To manipulate their properties to fit
specific purposes, different factors such as reaction conditions (temperature, pH,
and concentration) [31], dispersed medium Ze. solvents, stabilizing agents [32],
incorporation of different reactants [33]; have been altered in several studies.
The most promising method “Turkevich” has been utilized due to its simplicity.
In this process, nano-sized particles are generated from the reaction between
chloroauric acid and a small amount of mild reducing agents such as sodium ci-

trate, ascorbic, and tannic acid, taking place in an aqueous medium. The particles
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Figure 1. Chart showing the methods of nanoparticles synthesis [32].

DOI: 10.4236/wjnse.2022.123003

32 World Journal of Nano Science and Engineering


https://doi.org/10.4236/wjnse.2022.123003

T. O. Falola

might be nanorods or nanocages/cubes. It is important to highlight the quintes-
sential role of solvent in this synthesis. The interaction between the solvent and
the capping/reducing agent influences the size and surface functionalization of
the final product [34]. In the presence of a highly polar solvent, the nanopar-
ticles absorb a greater amount of charged ions leading to an increase in point
zero charges (zeta potential) because a strong electrical double layer forms
around the nanoparticles [35].

Additionally, the increase in zeta potential increases repulsion between the
nanosized particles; hence, preventing agglomeration. Hussain et a/ synthesized
GNPs via the chemical reduction method (CRM), which they refer to as a mod-
ified version of Turkevich methodology [36]. Usually, CRM depends on varying
factors such as the reaction time, stabilizer concentration, precursor concentra-
tion, among others [37]. Here, they injected 5 ml of HAuCL solution into a solu-
tion of L-ascorbic acid in the presence of polyvinyl pyrrolidine (PVP) as a stabi-
lizer which protected the nanoparticles from aggregating, while the former was a
reducing agent. The initial concentrations of the two main reactants were set at a
ratio of 1:10, and the medium was a mixture of ethanol and water which was va-
ried to study the efficacy of the polarity index of the reaction’s dispersed me-
dium. They suggest that the relationship between the index and the size of the
nanoparticles is inverse. So, the size of AuNPs can be manipulated by adjusting
the percentage volume of the organic component of the reaction medium.
Hedkvistv and Toprak reported the synthesis of nanospheres gold particles using
the Brust two-phase method, where the capping agent (which regulates particle
growth and prevents agglomeration) and the primary reductant was the thiol-ligand,
and NaBH, served as the second reducing agent [38]. The idea proposed is that
oil-soluble thiol helps to transfer the HAuCl, from water to oil in a mixed wa-
ter-oil dispersed media. This allows effective control of particle size by varying
the ratio of NaBH, and HAuCl. According to Li and Lou, AuNPs obtained from
the Brust-Schiffrin method described above do have high stability due to the
strong interaction between Au and thiol and can be easily functionalized [39].
Driskell et al. synthesized 60 nm gold particles via the modified thermal reduc-
tion method. In this work, they stirred for 15 minutes 2 mL of 1 wt% HAuCl,-3H,O
solution, and heated to boiling; then, 1.5 mL trisodium citrate was added leading
to the formation of spherical AuNPs [40]. Also, AuNPs have been prepared by
using UV-irradiation, thermal reduction of HAuCls in the dense phase of the
block copolymer, and photoreduction [41]. More so, Han’s research group pro-
duced Au nanorods (AuNRs) via ultrasound irradiation of HAuCl, solution
which contained a-D-glucose as a directing agent [42].

The green method of synthesis has seen scientists utilize plants, fungi, en-
zymes, algae, and biopolymers to produce safer AuNPs for use in biomedicine
[43]. Gold nanorods (AuNRs) were synthesized with high yield and good disper-
sity by a seed-growth method developed by Murphy, Gearheart, and Jana [44].
Likewise, Paul ef al synthesized AuNPs via the tip-selective growth method, the
product of which finds applicability in optical waveguides [45].
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2.2. Carbon Nanotube (CNTs)

CNTs are tube-like molecular structured allotropes of carbon. They can exist as
single-walled CNTs (SWCNTs) or multi-walled CNTs (MWNTs). SWCNTs are
covalently linked carbon atoms that form a one-dimensional structure of about 1
nm in diameter and length that is several thousand nanometers. They are semi-
conducting material with intrinsic photoluminescence properties such as the
ability to penetrate deep tissue beyond 1 mm, hence, their use for near-infra-red
(NIR) photoluminescence imaging [46]. MWNTSs are made of several cylindric-
al-shaped concentric tubes. Unlike SWNTs, their diameters may be as much as
about 30 nm, while the length is 100 times the diameter. They are entangled and
straight, contributing to their vast performance and applications. They are known
to increase the tensile strength and the young modulus when incorporated into
polymeric materials. They can be functionalized to enhance the performance,
strength, and dispersity of composites [47].

Both SWCNTs and MWCNTs possess a large surface-to-volume ratio, magni-
ficent mechanical strength, and excellent electrical conductivity due to the pres-
ence of sp? hybridization between adjacent carbon atoms; hence, they are used as
ingredients for electrode structure [48]. Thermal chemical vapor deposition is
one of the methods for synthesizing CNTs. Here, hydrocarbon gas is pumped
into a quartz tube (wherein is placed a crucible containing silica or zeolite-substrate)
filled with a noble gas such as helium. The quartz tube is heated in a furnace as
the hydrocarbon undergoes pyrolysis into carbon atom vapor. The carbon atoms
bind on the substrate and grow into a mass of MWCNTs held together by van
der Waal’s force of attraction [49]. Another method uses an electric arc dis-
charge. In this method, two pure graphite electrodes are kept 1 mm apart and
supplied with 500 torrs of helium gas inside a quartz chamber. The energy pro-
duced in the electric arc when the two electrodes strike each other is transferred
to the positive electrode which oxidizes the carbon atoms to produce gaseous
phase carbon ions. These ions get reduced at the cathode and grow into CNTs.
The increase in the mass of CNTs decreases the size of the anode. If the noble
gas pressure is maintained, uniform deposition on the cathode can be achieved
[50].

The last method to be mentioned in CNTs synthesis is the physical vapor de-
position, also known as the laser ablation method. Here, graphite is centralized
in a quartz chamber filled with noble gas at 1200°C; then, a laser is used to va-
porize the graphite, and the resultant gaseous phase carbon atoms are cooled
and deposited on the copper collector. When a continuous laser beam is used,
continuous vaporization of the carbon atoms is achieved, whilst pulsed laser
beam provides monitoring of the CNTs produced. To synthesize SWCNTs, na-
noparticles of Fe or Ni can be used as the substrate coated on the anode, and in

place of the water-cooled copper collector, in each case [51].

2.3. Nanoceria

Several methods have been adopted to synthesize nanoceria in different sizes,
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shapes, distribution, and agglomeration. Compounds of ceria such as cerium ni-
trate, cerium chloride, cerium sulfate have been converted to cerium oxide for
the synthesis of its nanosized particles [52]. Nanoceria has attractive properties
such as biocompatibility, oxygen transferability, and good electrical conductivity
which encourage its use in developing electrochemical sensors, wherein it in-
creases the sensitivity, stability, and response time of the sensors. A Few of the
methods that have been used to synthesize nanoceria will be covered here. Na-
nocrystals of ceria can be formed at room temperature under alkaline condi-
tions, using cerium nitrate hexahydrate as the precursors [53]. In this case,
poly(ethylene)imine can serve as a complexing agent and a potassium salt of
carboxymethylated poly(ethylene)imine dispersing agent. In another case, Junais
and Govindaraj developed a precipitation method using polyvinyl pyrrolidine
(PVP), polyvinyl alcohol (PVA), and ammonium hydroxide, as a dispersing
agent, complexing agent, an alkaline medium, respectively [54].

When it comes to being able to control the size and shape of the synthesized
nanoceria, the hydrothermal method is perhaps the best to consider as it allows
such variations by controlling parameters such as pH, reaction time, solute con-
centration, temperature, and solvent type. Stelmachowski ef al synthesized ceria
nanorods from cerium hexahydrate and urea [55], while Fisher et a/ and Jaya-
kumar et a/ utilized cerium nitrate as the precursor to synthesize shape-specific
nanoceria controlled by molarity of alkaline, pH, and reaction time [56] [57].
Also, Khairy et al. adjusted the pH of aqueous cerium (III) chloride using aqueous
ammonia to give a white precipitate of 40 nm nanoceria [58]. Another method is
the solvothermal method in which a liquid or supercritical medium is employed
at high temperature. Pang et al prepared nanoceria with cerium (III) nitrate us-
ing water and alcohol as liquid media. Hydrogen peroxide and aqueous ammo-
nia were added, followed by mixing the precipitates formed with alcohol before
heating in an autoclave [59]. Alternatively, this method can be carried out by substi-
tuting in deep eutectic solvent (an ionic liquid) as the liquid medium, which de-
presses the glass transition temperature.

Recently, the utility of plants, fungus, biopolymers as green synthesis methods
has gained ground. This eco-friendly method utilizes plant extracts as both sta-
bilizing and capping agents. Sharmila et a/. reported a procedure in which CeCl;
heptahydrate was added to a hydro-extract of Aquilegia pubiflora at a warm
temperature, dried, and calcined at 500°C [60]. In this case, the extracts of the
plant: flavonoids (vitexin and isovitexin), hydroxycinnamic, and ferulic acid
serve as reducing and capping agents. The particle size was 28 nm. In another
work, aqueous cerium nitrate was mixed with a solution of chitosan, and
aqueous ammonium hydroxide was added till a pH of 10 was reached. Then, the

solution was stirred at 70°C until gel-like nanoparticles were obtained [61].

2.4. Graphene

The carbon atoms of graphene have a honeycomb-like sp? hybridization. Its
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structure consists of three in-plane o-bonds which hold the atoms together, and
out-of-plane m-bonds with unpaired electrons with high mobility [62]. The latter
forms 7 and 7" bonds, allow electronic transitions; hence, making graphene a
good conductor of electricity at room temperature [63]. Its electrical conductiv-
ity and surface area are remarkably 100 S-cm™ and 2600 m?*g™, respectively.
Somani et al applied a chemical vapor deposition method to synthesize gra-
phene nanosheets using camphor pyrolysis at about 850°C with Ni substrate and
Ar as carrier gas [64]. They reported a transmission electron microscope (TEM)
imaging that reveals a nanosheet in size of approximately 0.34 nm. Sun ef al.
grew a monolayer pristine graphene film from poly (methylmethacrylate), using
copper as substrate at 800°C resulting in a material with 0.7 nm thickness as
measured by atomic force microscopy (AFM) [65].

In another study, researchers synthesized large-scale graphene from the first
three members of primary alcohol as precursors on copper foil [66]. At the
growth temperature of 850°C, Cu film was then exposed to the alcohol vapor for
5 minutes. The precursors gave monolayer sheets of graphene with Raman spec-
tra confirming that the synthesized material is of high quality with no oxidation
effect.

2.5. Platinum Nanoparticles (PtNPs)

PtNPs synthesis is akin to that of AuNPs in some ways. Both physical, chemical,
and biological methods have been adopted to synthesize platinum nanoparticles.
Physical methods involve the use of radiation, heat energy, mechanical pressure,
or electrical energy to generate nanosized particles. While these methods are
advantageous due to their high speed, uniform size, and shape formation, their
demerits are not limited to high cost, exposure to radiation, high energy, less
thermal instability, difficult shape and size tuneability. This method is known to
change the morphology and physicochemical properties of the nanoparticles.
Techniques under these categories are solvothermal process, vapor deposition,
inert gas condensation (IGC), milling, and flame pyrolysis [67], to mention but
five. In the milling process, the particle size is reduced and homogenized. The
solvothermal process increases the solubility of the reactants at a low tempera-
ture under pressure. IGC is a very efficient method for synthesizing good quality
PtNPs. It involves the evaporation of metals in inert gas-filled vacuum chambers
at about 100 Pa. similar to AuNPs synthesis, an elastic collision occurs between
the gas atoms, whilst the evaporated metal atoms condense to give crystal as a
result of a drop in their kinetic energy [68].

The chemical method involves the use of water-soluble cations as raw mate-
rials to initiate their reduction to metal monomers. Several chemical methods
that have been employed are wet chemical reduction, microemulsion, electro-
chemical process, chemical reduction, co-precipitation, among others. Wet chemi-
cal reduction mainly controls particle sizes; chemical reduction is used for pro-

ducing colloidal NPs. The shape and size of the synthesized PtNPs depend on
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the reducing agent [69], reaction temperature [70], and concentration of the pla-
tinum compound. The advantages of the chemical method are easy functionali-
ty, high yield, the thermal stability of the product, and reduced dispersity, but its
disadvantages are low purity and the use of toxic chemicals.

Alternatively, researchers have reported the eco-friendly synthesis of PtNPs
using biological precursors. Majorly, this process involves uptake and deposi-
tion. Riddin et al synthesized geometric PtNPs using cell-soluble protein ex-
tracts from sulfate-reducing bacteria [71] such as Desulfovibrio desulfuricans
[72] and Acinetobacter calcoaceticus [73]. These micro-organisms reduce Pt*
into 2 - 3.3 nm cuboidal structured PtNPs at pH 7.0 and 30°C. Sheny et al. pro-
duced PtNPs from Anacardium occidentate leaf extracts at pH 6 to 9 [74]. The
transmission electron microscope revealed the formation of crystalline rod-shaped
NPs. Dauthal et al fabricated spherical 16 to 23 nm PtNPs from Punica grana-
tum peel extract. FTIR spectrum shows a shift in peak from 3439 cm™ to 3424
cm™, indicating the presence of a phenolic group was in the extract, and that was

responsible for reducing and stabilizing NPs [75].

3. Modification of Electrodes with Nanoparticles

Limitations surround the use of electrochemical sensors due to their poor re-
producibility, poor detection limit, and non-reliability which often come from
variations in electrodes’ morphology and area, density, nontarget-induced
reagent degradation, and complex detection matrices [76]. However, nanopar-
ticles have bridged these lacunae in that they offer unique electrochemical
properties compared to their corresponding atoms when coated on the elec-
trodes’ surfaces. For instance, electrochemical detection, dual excitation, or
emission dyes (methylene blue and ferrocene) which work for luminescence,
ratiometric methods are hard to mobilize on sensors’ electrodes surfaces where
high stability is expected. The reason is not far-fetched: they must be labeled
on DNA chains. This DNA-assisted ratiometric sensing greatly increases the
complexity of the instrument operation [77]. Sequel to these, efforts in devel-
oping working electrodes that are less complicated and allow easier electro-
chemical detection are on their geometric progression. Researchers have mod-
ified electrodes with nanoparticles to overcome the less superior features of
bare electrodes.

Lei et al reported the use of a GCE coated with poly (2-amino terephthalic
acid), (ATA), film doped with CNTs, and mercaptosuccinic acid (MSA-CNTs-
ATA/GCE) for the electrochemical detection of Cd*?, Hg", Pb*?, and Zn** [78].
Lei and co-workers used bismuth (III) in anodic stripping voltammetry as both
enhancer and internal reference giving the electrode a better sensitivity and ex-
cellent voltammetric responses to the abovementioned ions. They initially po-
lished the bare GCE with alumina slurries and ultrasonicated with dilute HNOs,
ethanol, and water. The GCE was dipped in 10 mL of phosphate buffer solution
(PBS) containing 2.0 mmol-L™" ATA, 0.20 mg-mL™" CNTs, and 5 mM H,SOj;
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scanned at 10 mV-S™! from 0.4 to 1.2 V to polymerize the CNT-doped ATA film
on the electrode surface. Then, in addition to being washed with ethanol and
dried with a stream of N,, the CNT-ATA/GCE was again scanned for two cycles
(0.2 - 0.8V, 20 mV-S) in 5 mM MSA + 0.1 mol/dm* H,SO, to give the
MSA-CNTs-ATA/GCE. The bismuth film’s current peak served as the reference
electrode which gives the ratiometric measurement, while the ratio of the strip-
ping current peak to that of Bi*’ corresponds to the signal indicator [79]. The
modified electrode shows improved performance. The authors stated that the
electrochemical strategy offers in addition to high sensitivity, an easier experi-
mental operation, reliability, and possibility for simultaneous determination of
heavy metal ions and perform immunoassays.

Nanoceria is another nanoparticle been used as a transducer due to its high
sensitivity [80]. Nanoceria gives sensors’ electrodes better reactivity due to the
multiple oxygen vacancy defects in its crystal structure, and high ionic conduc-
tivity. These provide nanoceria with unique features such as increased catalytic
activity, surface reactivity, ability to transfer oxygen, switchable redox reactivity
from Ce’* to Ce*', making it function as a transducer in electrochemical sensing.
In addition, nanoceria can be employed in detecting analytes in biological ma-
trices as it has good biocompatibility, high zeta potential, and adsorption capac-
ity, and is non-toxicity [81]. Jiang et al modified the surface of GCE by dropping
and dispersing CeO, and adding chitosan to stabilize the CeO, nanocrystalline
[82]. The modified electrode was then immersed in tetra chloroauric acid
(HAuCly) solution. Then, gold was deposited on the electrode surface at constant
potential over time. The sensor showed reproducibility, stability, and selectivity
with a detection limit of 2.86 x 10> mM. Meng ef al. attached a chitosan/cerium
oxide composite on the GCE surface to detect glucose in the range between 2.0
uM and 1.8 mM, and the detection limit was 0.8 uM [82]. Moreso, the improved
electrochemical response given by CeO,/Ni(OH), nanocomposite on carbon
plate electrode has been attributed to the synergy between CeO, and Ni (OH),
[83]. This sensor can be utilized for H,O, quantification towards diagnosing pa-
thological conditions such as infections and inflammation [84]. Iranmanesh et
al. reported the detection of dopamine, uric acid, ascorbic acid, and acetamino-
phen by modifying the surface of GCE with CeO, [85]. The detection limits were
3.1 nM, 2.4 nM, 2.6 nM, and 4.4 nM, respectively.

Modification of GCE with PtNPs has also been reported. A 5 uL of Nafion so-
lution containing graphene-supported platinum nanoparticles (GPNs) was add-
ed to the GCE’s surface; naturally dried to give the GPNs/GCE [86]. Similarly,
the authors separately prepared a graphene-modified electrode (Gr/GCE) and
platinum version (Pt/GCE) by dropping 5 pL of 0.5% Nafion solution containing
the modifier. They revealed that GPNs showed a better electrochemical perfor-
mance compared with the bare electrodes and others. In another work, a carbon
aerogel electrode modified with about 21.35 nm Ag,SNPs, was successfully pre-

pared via a method known as the simple solid-vapor reaction [87]. The authors
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placed an aluminum foil-covered beaker containing 100 ml H,O, 3 g of subli-
mated sulfur, carbon aerogel, and silver in an oven at 110°C, varying the deposi-
tion time. They reported that the particles’ size is smaller relative to a decrease in
the deposition time, suggesting that there was a lesser amount of silver to react
with sulfur. Time modification in this bottom-to-top synthesis changes the un-
iformity and average size of the NPs. The best optical properties were observed
at the minimum deposition time, 5 seconds, which presents the agglomeration,
and electrical conductivity was increased linearly with time. The authors stated
that the modified electrodes show good redox reversibility, unlike the bare elec-
trodes. Hassan et al designed nanoparticles-based electrodes for detecting the
presence of naproxen (NAP) in pharmaceutical formulations. Surface modifica-
tion of carbon paste electrode (CPE) was done by drop-casting 20 pL of SWCNTs
suspended in 2 mg-L™! DMF on inverted CPE and left to dry at 25°C for a day
before rinsing with deionized water and was used immediately in the electro-
chemical cell [88].

Youzhi solely prepared AuNPs-modified-reduced graphene oxide (RGO) na-
nocomposite modified for determining the presence of Cu** and Hg*'. In the
experiment, GCE underwent a series of treatments with alumina (0.05 pm), wa-
ter, and ethanol; and was oven dried. Then, a solution of RGO in deionized wa-
ter was ultrasonically dispersed uniformly on the electrode forming a mixed sta-
ble solution. Later, 8 puL of the prepared AuNPs-modified-RGO was microin-
jected on the treated GCE surface and dried at room temperature to give
AuNPs-modified-RGO/GCE [89]. The synergistic effect of AuNPs/RGO coupled
with large surface area and excellent electrocatalytic activity of the modified elec-
trode ensure its favorable performance as a working electrode in Cu** and Hg**
sensitive electrochemical sensors. Xinxing’s research team designed a gold nano-
particles-modified-carbonized resin nanospheres (AuNPs-modified-CRS-TrGNO)
composite with thermally reduced graphene oxide as a scaffold electrode for
analysis of Cu®*. The matrix-assisted reduction method was adopted for the
in-situ synthesis of AuNPs in CRS [90]. This process prevents aggregation and
hugely improves the stability of the electrode and its self-redox signal [91] [92].
Consequently, these allow ratiometric electrochemical sensing with high sensi-
tivity, reproducibility, and reliability. The CRS-TrGNO/GCE was modified by
immersing it in a solution of 5.0 mM HAuCl, and electrodeposited under N,
atmosphere by a potentiostat method at a potential of —0.2 V and 400 s depo-
sited time. Then, 5 pL of 1% Nafion ethanol solution was spread on the electrode
and dried. The AuNPs coated on the carbonized resin nanosphere served as an
internal reference probe for the ratiometric determination of Cu®*. The compo-
nents of the resultant electrode all contribute to the increase in the rate of charge
transfer, leading to excellent electrochemical performance. Eduart Gutierrez Pi-
neda et al fabricated electrochemical sensors applicable in pharmaceutical,
chemical, food industries, and agriculture for detecting and quantifying hydrox-

ylamine and hydrazine. In their work, AuNPs were deposited on polypyy-
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role/stainless steel (Ppy/SS) electro by dipping the latter in a mixture of 1:5 con-
centrations of HAuCly and H,SO;. The potential difference of the working elec-
trode was set to 0.8 V for 10 s and then stepped down to —0.8 V for about 1 sec
to allow the formation of Au particles on the electrode, and finally increased to
0.1 V for 1 min for particle growth of Au to occur. They called this process a
double-step potentiostat routine. The enhanced electrocatalytic behavior, sensi-

tivity, and conductivity of the modified electrodes were reported [18].

4. Characterizations of Nanoparticles Modified Electrodes

Cyclic voltammetry (CV), differential pulse voltammetry (DPV), and electro-
chemical impedance spectroscopy (EIS) are the three main techniques being

used to characterize nanoparticles modified electrodes.

4.1. Cyclic Voltammetry

This assesses the electrochemical properties of material adsorbed on an electrode.
In this technique, the potential difference (p.d) of the working electrode changes
linearly with time. After a set voltage is reached, the p.d of the electrode potential
returns to the initial potential, leading to repeated voltage cycles. The cyclic vol-
tammogram can be measured with the aid of a plot between the working elec-
trode’s current (measured between the working and counter electrodes) versus
the applied voltage (measured between the working and reference electrode) in
respect to time. The rate of voltage change per time during each phase is known
as the scan rate of the experiment measured in volts/second (V/s). The cathodic
current will increase over the scan rate as the voltage is being applied until the
reduction potential of the analyte is reached. The current decreases to signify the
depletion of the analyte’s (adsorbed substance) concentration. In the case of a re-
versible electrochemical reaction, an anodic current will arise to indicate the
re-oxidation of the reduced analyte at a reverse scan. The more reversible the re-
dox reactions, the more the two sinusoidal peaks look alike.

Common features of CV:

1) Redox reaction of electroactive species in solution.

2) Electric potential causes adsorption/desorption

3) Double layer charging i.e. capacitive current

4) It can provide a lot of information; so, it is more difficult to analyze.

5) Total current density is a sum of both faradaic current and capacitive cur-

rent
j = jf + jc (1)

where jris the faradaic current from the electrode reaction, and j; is the capaci-
tive current from double-layer charging. Meanwhile, potential changes at a con-

stant sweep rate, Le.

V= (:j—ltz (there is a derivation from the steady state) (2)
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.. dE
=j, +Cd— 3
1= o (3)
where, v:d—E.
dt
j:jf+VCd (4)

where vis the double layer correction (it is important when vis large); Cyis the
double-layer capacitance.

C,=—LA 5
i (5)

where: g, is the free space permittivity; ¢, is the relative solution permittivi-

r
ty; A is the surface area of the electrode; dis the distance of the Helmholtz layer
[93].
Peak occurrence is a result of the interplay of mass transport and diffusion:
Let j.c be activation control from kinetics and jz# be diffusion control from

mass transfer [94].
L - (©)
b Jae ain

When j=j,,and j= j,,at maximum time “t”.

That is current increases with electric potential £ and time £ j,c and jzrmain-
tain an inverse relationship until the two become approximately equal at a
maximum time, £

But, when j,. > ], » current decreases with £and ¢ so that the Nernst con-
dition can be satisfied, leading to:

RT , [ox]
AE =E, £2.3026—log——— 7
P2 nF Og[red] @

(peak potential: Nernst equation; and Anodic/cathodic sweep: ),
where E_ (rev) is the difference between anodic and cathodic peak potentials,

and E, is the half-wave potential at which j :Jd%. Usually, reversibility is

2
dependent on both vand concentration.

At the cathodic region, the oxidation current is consumed near the electrode,
while the reduction current is enhanced near the electrode, given j=0 (ac-
cording to the Nernst equation). The peak is reached at j = j,, £ = E,, where re-
duction current is consumed, and the oxidation current is produced [95].

In continuation to the work of Youzhi, the CV responses to the different elec-
trodes to the same concentration of Cu®* and Hg?" in 0.1 ABS solution at 100
mV-S7, are given in Figure 2. The curves of bare GCE and RGO/GCE show no
significant redox peaks, inferring that the two ions cannot be simultaneously de-
termined. In contrast, the AuNPs-modified-RGO/GCE gave well-defined redox
peaks at —0.0655 mV, +0.0036 mV (Cu?*), and +0.261 mV (Hg*), suggesting
that CV peaks of the said ions can be separated. Moreso, the active area of the
modified electrode increased from 0.2232 cm? for the bare GCE to 0.4014 cm?,
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Figure 2. CV of different electrodes in 0.1 M ABS (pH = 5.0)
at 100 mV-S1.

resulting in the better electrocatalytic activity of AuNPs-modified-RGO/GCE
than RGO/GCE or the native electrode for detecting the ions.

In a study, the researchers characterized modified electrodes in a solution of
0.1 M KCI containing 1.0 mM [Fe(CN)s]*”*" complex at a scan rate of 50 mV/s
[89]. As shown in Figure 3, the poor electrical conductivity of the resin nanos-
pheres (RS) results in a drastic fall in the response current of the complex on the
RS modified glass carbon electrode (RS/GCE) compared to the well-defined redox
peak observed in the unmodified GCE. In contrast, an increase in the electro-
chemical response of the complex on AuNPs-modified-RS/GCE was observed
due to the good electrochemical activity and high conductivity of AuNPs. An
additional increase in the electrochemical response observed when RS was substi-
tuted for CRS suggests that the latter has an improved electrical conductivity
than RS. Furthermore, the large rectangular area of AuNPs-modified-CRS/GCE
indicates its large electrical double-layer capacitance, which is associated with
the high conductivity of CRS and the distinct porous structure of carbon [92].
The rectangular area and electrochemical response are higher in the gold na-
noparticles-modified-carbonized resin nanospheres composite with thermally
reduced graphene oxide as support AuNPs-modified-CRS-TrGNO/GCE. These
enhanced properties can be attributed to the large specific surface area, large
capacitance, and high conductivity of TrGNO [96]. They gave the CV plot for
the above electrodes in 0.6 M NaCl solution as according to Figure 4. Here, sig-
nificantly low redox peaks are observed for the bare GCE and RS/GCE, while an
increased redox peak was observed AuNPs@RS/GCE with oxidation and reduc-
tion potential peaks at 0.8 V and 0.3 V, respectively. In comparison, higher peak
current and finer peak shape are observed at the redox peaks of AuNPs@CRS-
TrGNO/GCE. However, the higher intensity and decreased peak difference in
the latter shows the faster and easier charge transfer possibility at the electrode

surface.
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Figure 3. CV plots of native GCE and the modified electrodes in 0.1 M KCl contain-
ing electrodes in 0.1 mM [Fe(CN)s]*7#~ at 50 mV-S~..

150
— bare GCE
1 — RS/GCE
100 4 — AUuNPs@RS/GCE
—— AuNPs@CRS/GCE
4 — AuNPs@CRS-TrGNO/GCE
<« 50+
3
= 4
)
S 0
O e
-50 -
-100 T T T T
-1.0 -0.5 0.0 0.5 1.0 1.5

PotentiallV vs. SCE
Figure 4. CV plots of native GCE and the modified electrodes in 0.6 M NaCl.

Said and co-workers determined the electrochemical properties of modified
pencil graphite electrodes (PGE) using 1 mM [Fe(CN)s]*~ as the electrolyte at a
scan rate of 100 mV-s™!. The peak separation, AE,, which represents the rate of
electron transfer is significantly large with a broad peak in the bare PGE as
shown in Figure 5. The AE, becomes smaller on modifying with y or &MnO,
NPs. The electrocatalytic activity was hugely enhanced upon modifying chito-
san/PGE with MnO,NPs. Here, the separation of the peaks for the cathodic and
anodic peaks for the two types of MnO,/chitosan-modified PGE was only slightly
higher than the theoretical value (AE, = 0.059) signifying the redox couple re-
versibility of these electrodes, while others demonstrate quasi-reversible beha-
vior at higher values of AE,. The chitosan acts to bind the MnO,NPs on the elec-
trode surface leading to an increase in peak current because of the electrocata-
lytic synergy between them [97].
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Figure 5. CV of electrodes in 0.1 M KCI containing 1.0 mM ks[Fe(CN)e].

Also, Yang et al. gave the CV plot of GPNs/GCE using 5 mM [Fe(CN)g™ in
PBS with 0.1 mol/L KCl. The peak separation of 0.1 V at 100 mV/S associated
with GPNs/GCE (Figure 6) reveals the redox behavior of [Fe(CN)g ™. GPNs/GCE
shows better electrochemical conductivity compared to other electrodes as sup-
ported by its highest peak current, which is twice that of Gr/GCE. With that
said, GPNs/GCE was chosen as the best electrode for the enzymatic lactic acid
biosensor, giving an excellent performance [85].

Bracamonte and co-workers designed electrochemical sensors for detecting
dopamine (DA). CV plots show a small oxidation peak at +0.2 V for the bare
carbon paste electrode (CPE), while a strong oxidation and reduction peak around
+0.2 V and +0.3 V, respectively, were observed for the nanoceria modified CPE
(Figure 7). An increase in DA concentration increased the anodic peak current,
confirming a redox peak current that arises from the surface-confined DA [82].

Jing Li et al tested the electrochemical behavior of silver nanoparticles/Mo-
lybdenum sulfide/reduced graphene oxide modified GCE (AgNPs/MoS,/rGO)
for detecting cardiac troponin 1 using a 5.0 mmol-L™" [Fe(CN)s]*”*" a solution
containing 0.1 M KCl [98]. Figure 8 shows an increase in the redox peak current
of the modified GCE because of the electron transfer efficiency and excellent
conductivity of RGO. The excellent electrochemical properties of AgNPs and the
large surface area of MoS, provide an increase in current on modifying the elec-
trode.

Agyapong et al. conducted the CV measurements of modified screen-printed
carbon electrode (for simultaneous detection of protein and temperature) in 2.5
mM potassium salts of [Fe(CN)s]*"*". The features of the native and modified
electrodes are shown in Figure 9. As expected, there is no distinct paired peak
for the unmodified electrode, which depicts that it has a temperature-resistance
surface. The peak was almost doubled on modifying with thermochromic. Mo-
reso, TM-AuNPs modified SPCE was more than triple the bare electrodes. For
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the AuNPs-modified electrode, the peak current was amplified by six-folds, im-
proving the redox peak; hence, the biological sensitivity [99].
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Figure 6. CV of electrodes in 5 mM [Fe(CN)s]*" solution at

100 mV-S7L,
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Figure 7. CV of: (a) unmodified CPE, (b) CPE + DA, (c) CPE/nanoceria, and (d)
CPE/nanoceria + DA.
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Figure 8. CV plots of AgNPs/MoS,/rGO/GCE,
MoS./rGO/GCE, rGO/GCE, and bare GCE in 5.0 mM
[Fe(CN)s]>7* at a scan rate of 50 mV/S.
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Figure 9. CV plots of 0.0004 mM Hb solution of AuNPs modified SPCE
(black); TM modified (red); AuNPs-TM modified (blue).

4.2. Electrochemical Impedance Spectroscopy (EIS)

EIS is a method for measuring the electrical response of a chemical system by
applying a range of frequencies at low alternating current (AC) voltages. It is
used to determine the electrical and dielectric properties of components in bat-
teries and sensors. Like in CV, three electrodes are used: a working electrode
which is the sample material, a reference electrode, and a counter electrode
(commonly graphite and platinum). EIS data are often represented on the Ny-
quist plot or Bode plot. Here, the vertical axis is imaginary data whereas the ho-
rizontal axis is the real impedance data. The interpretation is that the plot near
the origin represents the solution resistance, whilst the diameter of the curve
equals the polarization resistance. In short, EIS translates chemical responses to
an interpretable electronic mode being utilized in research such as in semicon-
ductors, batteries, sensors, among others.

EIS is a non-destructive and high information content technique. It is easy to
run with a very powerful modeling analysis. It may take up to several hours steps
to run analysis. Measurements are made by:

1) Applying a small sinusoidal change in potential or current at a fixed fre-
quency.

2) Measuring the response at the frequency and doing the same for each other
frequency.

3) Repeating for a wide range of frequencies, plot and analyze.

EIS modeling:

Usually, complex systems require complex models. Each element in the elec-
tric circuit should correspond to specific activity in the electrochemical cell. Do
not simply add elements. Use the best fit model for the data. Common elements
used are: resistor (in ohms), capacitor (in Farads), inductor (in henrys), War-
burg impedance which is a form of resistance to mass transfer, exhibiting a 45°
phase shifts, constant phase element used to model imperfect capacitors, exhi-
biting an 80° - 90° phase shift, and Kramers-kronig transform (states that the

magnitude and phase in a real system are related) can be applied to the EIS data
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by comparing the calculated magnitudes and the experimental magnitudes to
confirm likely similarity. However, if the two magnitudes do not match, then,
chances are that the system is not real (not linear, not stable, and not causal).

Youzhi examined the charge transfer rates of different electrodes in 5.0 mM
[Fe(CN)]*”*~ a solution containing 0.1 mol-L™". Figure 10 indicates the suc-
cessful modification of the bare GCE, with the largest impedance for bare GCE
and smallest for that of AuNPs. The author explained that the difference is due
to two factors: an efficient electronic path formed by RGO between electrodes
and electrolytes and good conductivity and enlarged surface area of AuNPs@RGO,
leading to an increase in electrons conduction on the electrode’s surface, and
narrows the impedance of the high performing AuNPs@RGO/GCE [88].

In the work of Said and co-workers, EIS was used to determine the electro-
chemical response at the interface of both the electrode and solution. The
non-destructive technique was performed in 1.0 mM of K; [Fe(CN)¢] in 0.5 M
KCl at pH 2.5; 10 mV in the frequency range of 1.0 Hz to 10 kHz. The Nyquist
plots (Figure 11) of the modified PGE give linear graphs associated with a more
diffusion-like behavior of the different types of MnO, NPs, while a linear plot
with a circular path is observed for the bare PGE and CS/PGE. This implies that
the presence or absence of MnO, NPs plays an important role in the charge
transfer process. On top of this, unmodified electrodes show a slow electron
transfer rate by giving a circular plot because of the electrodes’ high resistivity
compared to the modified electrode [97].

In the research conducted by Wang et al on ratiometric electrochemical
sensing for detecting copper ions, the authors applied 0.2 V at a high and low
frequency of 10° Hz and 0.1 Hz, respectively: maintaining an amplitude of 0.005
V. The Nyquist plots are composed of straight lines and semicircular curve at
low and high-frequency regions, respectively. As can be seen in Figure 12, the

plot of the RS/GCE shows a large semicircular arc (charge transfer resistance)
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Figure 10. Nyquist plots of EIS of: bare GCE (black), RGO/GCE (blue),
AuNPs-modified-RGO/GCE (red) in 5.0 mM [Fe(CN)s]*7* solution in
0.1 M KCI.
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Figure 11. Nyquist plots of EIS measurement of electrodes in 1.0 mM ks[Fe(CN)¢]
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Figure 12. Nyquist plot of native and modified electrodes in 0.1 M KClI con-
taining 1.0 mM [Fe(CN)e]**~.

between the solution and electrode surface, compared with that of unmodified
GCE. The higher charge transfer resistivity of RS/GCE is due to the poor con-
ductivity of RS. The arc gradually decreases for AuNPs-modified-RS/GCE,
AuNPs-modified-CRS/GCE, and AuNPs-modified CRS-TrGNO/GCE. With the
TrGNO-hybridized electrode, the semicircular arc is nearly invisible, which
suggests that its higher electrical conductivity compared with others. The
AuNPs-modified-CRS-TrGNO/GCE gives lines with a higher slope in the
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low-frequency region and about 45° deviation from the classical Warburg diffu-
sion line, indicating its highest diffusion rate among the five electrodes [100].
Similarly, Tang et al gave the Nyquist plots (Figure 13) of EIS measurements
obtained from both the bare CPE and ZnO nanorods CPE (Z-CPE) in 0.1 mM
citric acid buffer at pH 6.0 with phosphate solution. A big and small semicircle
arc in low and high-frequency regions, respectively, indicates an improved
charge transfer on the Z-CPE’s surface. The citric acid reduced its charge trans-
fer resistivity by modifying the electrode with the ZnO nanorod. They infer that
the ZnO nanorods act as a catalyst for electro-oxidation of the citric acid on the
electrode surface [101]. Comparatively, the first semicircle is due to the bulk re-
sistance (R;) that is parallel to the constant phase element (C;) which creates
pathways across the carbon electrode [102]. The second half-circle is attributed
to the charge transfer resistance (R;), parallel to the other constant phase ele-
ment (C,) being a characteristic of the double-layer structure formed at the
boundary of solution and electrode, whilst Rs is the electrolyte’s resistance [103].
Furthermore, Jing et al provided the EIS measurements of the modified elec-
trode. As shown in Figure 14, native GCE presents a small semicircle with the
value of electron transfer resistance (R.;) equals 266 Q. However, the synergistic
effects of AgNPs, RGO, and MoS, caused the ohmic value to drop to 91 Q, indi-

cating the enhanced electron transfer effect.

4.3. Differential Pulse Voltammetry (DPV)

It is a method used to measure the redox properties of materials by measuring
the current at each point before a successive change in potential. In this tech-
nique, the p.d between the reference electrode and the working electrode is being
pulsed for about 100 milliseconds from its initial value to an interval potential;
then, it changes to a final potential different from the initial potential. The dif-
ference in the current before and after the pulse is plotted against the potential.
The advantages of DPV include high sensitivity due to the charging current and
more precise electrochemical analysis. Its unique features are symmetric and
asymmetric peaks for reversible and irreversible reactions, respectively; a detec-
tion limit of about 10™® M, and a linear relationship between the concentration
and the peak current.

In furtherance of the research of Tang et al, DPV was investigated for the said
electrodes by successively injecting 0.5 mM of the electrolyte in 0.1 mol/L phos-
phate buffer solution (PBS) at pH 6.0 to determine the effect of concentration on
the Z-CPE. As shown in Figure 15, the increase in citric acid concentration
caused an increase in the current of the electro-catalytic peak at +1.0 V. Hence,
there is a proportional relationship between peak current and electrolyte con-
centration from 0.5 mM to 6 mM (R* = 0.9988). They reported that the linear
relationship fails at a concentration of more than 6 mM, suggesting that the sa-
turation of the ZnO nanorods’ active site. This range is better than those ob-
tained from other methods [95].
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Figure 13. Nyquist plots of EIS analysis from bare CPE and ZnO nanorods CPE.
The inset indicates equivalent electrical circuit.
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Figure 14. EIS measurements of GCE, rGO/GCE, MoS,/rGO/GCE
and AgNps/MoS;/rGO/GCE in 5.0 mM [Fe(CN)q]*>74.
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Figure 15. DPV response to Z-CPE to increasing injection of 0.1 pM citric acid in
0.1 M phosphate buffer solution.
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Wang et al show the DPV plot (Figure 16) of different compositions of
AuNPs-modified CRS-TrGN/GCEs in an electrolyte of 0.6 M NaCl containing
250 pg/L Cu?*. They observed a poor combination of TrGNO with AuNPs@CRS
in AuNPs-modified CRS-TrGNO (1:2) due to a low dispersion efficiency, and a
slow charge transfer rate in case of the low concentration of TrGNO (0.5 g/L),
leaving AuNPs-modified CRS-TrGNO/GCE (1:1) as the most preferable compo-
sition. Also, they studied the effect of pH values on the electrochemical response
of the electrode.

It is worth knowing as indicated in Figure 16(b) that the peak currents of
Cu*? and AuNPs vary inconsistently with different values of pH. While the cur-
rent intensity of AuNPs reaches its maximum at pH 6, that of Cu*? was pH 5 (0.6
M NaCl) [89]. Moreover, pH 5 was subsequently adopted for the detection be-
cause Cu** was the target of detection.

Sequel to the work carried out by Hassan ef al, a comparison was drawn be-
tween CV and DPV as applies to the electrochemical behavior of NAP on the na-
tive CPE in 0.2 mol-L™! PBS at pH 6, 3.0 ug-L™" and a scan rate of 50 mV-S™ [87].
CV gives the anodic peak at 0.999 V corresponding to NAP oxidation, leading to
the formation of decarboxylation, and the anodic peak 1.249 V which corresponds

04 @

Current/uA
8
1

-40
-50 4

AuNPS@CRS-TrGNO(1:1)
60 4 AuNPs@CRS-TrGNO(1:2)

AuNPS@CRS-TrGNO(1:0.5)
-1.0 0.5 0.0 05 1.0 15
Potential/V vs. SCE

04 (b)
-10 -
< 20-
3 o
=
S 30+
t .
3 -40-
1 —— pH4
-50 4 —— pH5
4 ——pHB
-60 — pH7
—— pH 8
1.0 05 0.0 0.5 1.0 15

Potential/V vs. SCE

Figure 16. (a) DPV plot obtained from AuNPs@CRS-TrGNO/GCE:s at different com-
position ratio in 0.6 M NaCl containing 250 ug/L Cu?'. (b) DPV plot from AuNPs-
modified-CRS-TrGNO/GCEs in 0.6 M NaCl containing 250 pg-L™! Cu®* at different
pH.
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to the current maximum that belongs to 2-acetyl-6-methoxynapthalene. Howev-
er, no cathodic peaks were observed suggesting the irreversibility of NAP over the
working electrode. In contrast, DPV showed an improved peak height with a
sharp and well-defined peak at 0.976 and 1.221 V. Therefore, further quantitative
measurements of NAP were carried out using the DPV technique. Figure 17 also
shows the two peaks at 1.06 and 1.25 V associated with the square-wave voltam-
metry technique but has lower peak height compared with DPV. The latter was
recorded using the following parameters: Scan rate, 40 mV/S; pulse time, 40 ms;
pulse width 100 ms; pause before the scan, 2 seconds; pulse height, +50 mV. They
observed that the CPE became poisoned due to the adsorptive nature of NAP or
its oxidation products, leading to a shift in oxidation peaks toward more positive
potential and a steady decrease in current on consecutive use of the native elec-
trode. This electrode poisoning was diminished on modifying with SWCNTs, in-
ferring that the latter provides antifouling properties due to faster electron kinet-

ics and no significant shift in the oxidation peaks as shown in Figure 18.

20 [
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<
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Figure 17. Voltametric behavior of NAP on the CPE sur-
face in 0.2 M PBS at pH 6.
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Figure 18. DPV for 8 consecutive measurements of 3 ug-L™! NAP using (a) CPE, and (b)
SWCNTSs/CPE, at 50 mV-S1,
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Figure 19. DPV of AuNPs-modified SPCE and TM-AuNPs modified SPCE, respectively.

The DPV measurement reported by Agyapong et al. showed an enhanced sen-
sitivity of TM-AuNPs in detecting different concentrations of haemoglobin [ Cys)
(Figure 19). At 0 V, a linear relationship existed between the logarithm of the
Hb concentration and the peak current from —4 to —7 with a linear fitting equa-
tion showing R* = 0.99745. Overall, the peak current increased as the concentra-
tion increases according to the linear equation given as:

Ip=-60.398 + 0.581log[ Cy).

where 7, is the peak current [99].

5. Conclusion and Perspective

Nanoparticles remain highly sought after in modern science due to their large
surface area, size distribution, crystallinity, and enhanced electrocatalytic activi-
ty. Their methods of synthesis are broadly categorized into two: top-to-bottom
and bottom-to-top. The former is toxic, involving several chemical and physical
protocols; while the latter is relatively non-toxic, including the green synthesis
and chemical reduction. Electrodes modified with nanomaterials have shown
improved electrochemical performance compared to bare electrodes, leading to
increased sensitivity, lower detection limits, and reproducibility. The enhanced
anodic signals of modified electrodes measured by CV and DPV, and more li-
near rather than circular plots given by EIS are due to the large surface area,
more active sites, and high adsorption provided by the nanomaterials.

The gaps in this research area remain to perform both bulk and surface modifi-
cations on an electrode with two or more nanoparticles in making it anti-corrosive,
then increasing both its lifespan and sensitivity of non-faradaic based miniaturize
sensors using nanoparticles to design the capacitor.

The bulk modification involves the incorporation of an additive into the ma-
trix of the electrode. The coating of an electrode surface with two or more na-

noparticles has been proven to show better feasibility and effectiveness than us-
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ing a sole modifier [104]. Going forward, both modifications can be done on a
single electrode. The former would serve to improve the electrochemical re-
sponse of the working electrode; while the latter, preferable nanomaterials from
a metal that is of a lower standard potential and more prone to anodic oxidation
than the bulk modifier and the native electrode, would provide cathodic protec-
tion, hence, improving the longevity of electrodes.

In addition, there is a need to begin to explore the use of easier to design
non-faradaic sensors. The non-faradaic process does not necessitate the use of
redox couples, direct current, and a reference electrode, making it possible to be
miniaturized—a huge advantage for real-time applications. However, non-faradaic
sensors have low sensitivity due to the nature of the charge carriers and their lo-
cal concentration in the interface of the transducer and substrate. Nanoparticles
can come to the rescue due to their high surface area and temperature-stable di-
electric which make them capable of handling higher current by storing it.
Therefore, when the capacitance of the capacitor (which is the faradaic sensors
represented in the Helmholtz layer equation 5 above) increases, the permittivity
and subsequent detection capacity of the electrode/sensor will increase. There-
fore, designing much more miniaturized non-faradaic sensors should be pivotal

in subsequent research in this field.
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