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Abstract

Electrochemical interface can be influenced by several factors such as the type
of sensing electrode material, size, shape and orientation of the particles, crystal
structure, ionic radius, surface area, and material composition. It is very important
to understand the effect of these different factors on the electron transfer at the
electrochemcial interface for a proper, cost effective, robust design and fabrication of
electrochemical sensors for biomedical applications. Therefore this work focuses on
the fundamental understanding of the effects of crystal structure, electrode material
composition, and ionic size on electron transfer rate constant 'k’. To study the
effect of one parameter on ’k’, all the other parameters should be kept constant.
In the literature it is reported that spinel crystal structure-based nanomaterials are
always produced in spherical form therefore spinel crystal structure-based multi-
metal oxides are chosen in this study to avoid the importance particle orientation.
Spinel crystal structure based-nanomaterials are synthesized by using simple auto
combustion dry synthesis and the materials are characterized by field emission
scanning electron microscopy (FESEM), X-ray diffraction (XRD), Raman, X-ray
photoelectron (XPS), and ultra violet visible (UV-vis) spectroscopic techniques
to understand the morphological and spectroscopic techniques to understand the
morphological and structural properties of new materials. A single spinel phase
for Zn,Ni;_,Fe,O4 (x =0, 0.2, 0.4, 0.6, 0.8, 1) and ZnCr,Fe,_,O4 (x =0, 0.25,
0.5, 0.75, 1, 2) with spherical shaped nanoparticles of size varying between 20
and 70 nm is confirmed by XRD and FESEM images. While two separate spinel
phases of ZnFe,O4 and ZnBi, 04 for ZnBi,Fe,_,O4 (x =0, 0.25, 0.5, 0.75, 1, 2)
are found with spherical and patch-like morphology particles at sub-micrometer
scale. XRD also showed some secondary phases of ZnO, Fe,03, and graphite for
some materials. ZnO has hexagonal structure with pyramid shaped microparticles
and ZnO/ZnFe,04 has separate ZnO and ZnFe,O,4 phases as expected with same

morphology as ZnFe,O4 at nanoscale. Raman confirmed the molecular vibrations



with expected atomic bondings with respective Raman bands for each material. The
elemental compositions and valence states of the elements in each material are
verified by XPS full survey and high resolution spectra, respectively. The energy
band gap (E,) is estimated by diffuse reflectance UV-vis spectra and Tauc’s plot
method. E, varies between 2 and 3 eV for different spinel nanomaterials, ZnO has
an energy gap around 3.2 eV while ZnO/ZnFe; 04 has an E; of 2.9 eV which is an
average E, of ZnO and ZnFe>O4. XPS valence band spectra are used to estimate the
valence band maximum (Ey) and the conduction band minimum (E¢c = Eg+Ey ) is

computed to construct energy band diagrams for each material.

Screen-printed carbon electrodes with carbon working electrode and counter elec-
trode, and Ag/AgCl reference electrode are employed as reference electrochemical
sensors. The carbon working electrode’s surface is modified by spinel nanomaterials
solution in 1-butanol by drop-casting. Cylic voltammetry is used to characterized
the electrochemical sensors with paracetamol as a test molecule. It is found that all
the surface-modified sensors with spinel nanomaterials have significantly enhanced
the electrochemical sensing capability of the bare carbon sensor in detecting 1 mM
paracetamol in 0.1 M phosphate buffer solution at pH 7. The kinetic rate constant
of the sensors with three sets of spinel materials, no proper trend is observed but
the rate constant of the bare carbon sensor is significantly enhanced. Among all
the spinel-based sensors, ZnFe,Oy has the highest *k” of 13.1 & 2.8 ms~! with a
peak-to-peak separation of 386 + 2 mV showing high electrochemical reversibility
with faster reaction at the interface. The sensitivity of the normal spinel ZnFe; Oy is
observed to be higher than the inverse spinel NiFe;O4. Zinc ferrite has improved the
sensitivity of the bare carbon sensor by more than two times showing its excellent
sensing capability towards paracetamol. The presence of Cr(III) in the composition
of normal spinel zinc ferrite has degrading performance compared to ZnFe;O4. The
inclusion of higher ionic sized Bi(IIl) in zinc ferrite has further decreased the sen-
sitivity. The type of electron transfer mechanism is predicted by using the energy
band edges of the nanomaterials and redox potentials of paracetamol. Only ZnFe,O4
has shown a possibility of direct electron transfer while the other materials are more
prone to surface-mediated electron transfer. Since normal spinel ZnFe,;O4 has shown
the best performance, some of the potential applications are explored. ZnFe,Oy,
7Zn0O, and ZnO/ZnFe,04 nanomaterials potential towards dissolved oxygen, and pH
sensing is studied. Finally, ZnFe,O,4 and ZnCr,O;, are used in the electrochemical

sensing of anti-cancer drugs (5-Fluororacil and Etoposide).
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Chapter 1

Introduction

1.1 Objective of the PhD Project

Understanding the fundamental processes happening at the electrode/electrolyte
interface in electrochemical sensors is of prime importance to properly design the
sensing materials with desired properties. One of the prime factors affecting the
electrode/electrolyte interface is the electron transfer (ET), electron transfer can be
by electron hopping or by tunneling depending on the energy barrier at the interface.
Electron transfer gets affected by different parameters at the interface as clearly
described different molecular models including Marcus model and modified Marcus
model by Tachiya. According to Marcus theory the electron transfer rate depends
on transfer integral (J), and reorganization energy (A). J and A depend on the radii
’a’ and b’ of donor and acceptor, and the distance 'R’ between the donor and
acceptor. The radii a’ and b’ change with size and morphology of the donor and
acceptor ions/molecules. Oxidation state and crystallographic radius of the ion can
affect the effective radius of the ion. Depending on the size of the donor/acceptor
ions/molecules the distance 'R’ changes affecting J and A which eventually affect the
electron transfer rate at the electrode. Crystal structure of the electrode material and
composition can also affect the transfer integral and reorganization energy leading to
different electron transfer rates. In order to understand the affect of different factors
on the electron transfer at the electrode/electrolyte interface, it is necessary to keep

some parameters constant and study the effect of other parameters.
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To understand electron transfer rate at the electrode/electrolyte interface in elec-
trochemical sensors, rational design and proper control of the electrode surface
is necessary. The electrode parameters that affect the electrode reaction rate are
the electrode material, surface area, geometry, and surface conditioning. In this
work, in order to understand effect of electrode material on the electron transfer
rate, the materials are designed and produced at nanoscale by maintaining a similar
morphology (spherical shaped particles) so that it is possible to study the effect of

other parameters on electron transfer rate at the electrochemical interface.

Spinel nanomaterials are chosen due to their flexibility in design and easily
modifiable composition without disturbing too much the crystal structure of the
spinel. It is reported in the literature that using auto combustion synthesis technique
the spinel nanomaterials are produced always in spherical shaped particles. Hence,
the auto combustion synthesis technique is used to synthesize spinel nanomaterials
to produce the similar morphology of particles and the technique is cost effective
and single step process (the method will be discussed with more details in chapter 2).
Screen printed electrodes with carbon working electrode, carbon counter electrode,
and Ag/AgCl as reference electrode are used as electrochemical sensors. The
surface of the carbon working electrode is modified using different spinel-based
nanomaterials to fabricate new spinel nanomaterials-based electrochemical sensors.
The new sensors are characterized using paracetamol (an electroactive drug) as a
model molecule to understand the effect of different factors of spinel nanomaterials
on electron transfer at the elctrochemical interface between the spinel nanomaterials

and paracetamol.

The whole research project is divided into four different parts, the first part of the
study is about the effect of chemical composition and crystal structure on electron
transfer at the elctrochemical interface. The second part describes about the effect of
trivalent cation and the third part is about the effect of ionic size on electron transfer.
The fourth part in chapter 6 presents some potentially possible applications of the

best nanomaterials found in first three parts of this project.

The PhD thesis report is divided into seven chapters, the first chapter presents
the basic theory of electrochemical sensors, fundamentals of electron transfer at the
electrode/electrolyte interface, and the electrochemical characterization techniques
used in this work. Chapter 2 discusses the crystal structure and different types of

spinel nanomaterials, nanomaterial synthesis and characterization, preparation of dif-
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ferent solutions, fabrication of electrochemical sensors, and different characterization

methods and apparatus used in this research work.

Chapter 3 reports and discusses the main results of this work on the effect of
the gradual transition of crystal structure from inverse spinel (NiFe;O4) to normal
spinel (ZnFe,O4) on electron transfer at the electrochemical interface. Nanomaterials
are characterized to understand the structural and morphological features, energy
band gaps, conduction, and valence band edges are evaluated. Electrochemical
performance of the new sensors is studied by cyclic voltammetry. Sensitivity, limit
of detection, and kinetic parameters of seven different sensors (Zn,Nij_,Fe,O4 (
x=0,0.2,04, 0.6, 0.8, 1) and bare carbon) is presented and compared. Energy
band diagrams of the nanomaterials are used to map with the redox potential of
paracetamol to predict the type of electron transfer at the electrochemical interface.
Similarly, chapter 4, and 5 present the effect of trivalent cation on electron transfer at
the electrochemical interface between ZnCr,Fe, _,O4 (x =0, 0.25, 0.5, 0.75, 1, 2) and
paracetamol, and the effect of ionic size on electron transfer at the electrochemical
interface between ZnBi,Fe, 04 (x = 0, 0.25, 0.5, 0.75, 1, 2) and paracetamol,

respectively.

Chapter 6 exhibits some potential applications of ZnFe;O4 in combination with
7Zn0 and ZnCr,0,4 nanomaterials. Specifically in the first part of 6 ZnO, ZnFe,Oy,
and ZnO/ZnFe,0,4 materials are used to electrochemically sense dissolved oxygen
in buffer solution by chronoamperometry while ZnO and ZnFe,O4 performance
as electrochemical pH sensors is compared and discussed by chronopotentiometric
technique. Key challenges in pH sensing are scrutinized. In the second part of 6,
ZnFe,04 and ZnCr,04 are used in electrochemical sensing of anti-cancer drugs
namely 5-Fluorouracil (5-FU) and etoposide. Sensitivity and limit of detection of the

three sensors are reported followed by conclusions and future outlook in chapter 7.

1.2 Electrochemical Sensors

Electrochemistry is a branch of chemistry that studies the relationship between
electricity and chemical reactions. Electrochemical sensors harness the principles of
electrochemistry to detect and quantify specific chemical substances. They operate
by converting a chemical signal, often resulting from a target analyte’s interaction
with an electrode, into an electrical signal that can be measured and analyzed [1].
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Fig. 1.1 Screen-printed three electrode electrochemical sensor from dropsense. 110 is the
electrochemical sensor with carbon working electrode, carbon counter electrode, and pseudo
Ag reference electrode where as 111 has Ag/AgCl as the reference electrode.

Typical electrochemical sensors are three electrode systems with working electrode,
reference electrode, and counter electrode [2—4]. Working electrode is the primary
site where the electrochemical reaction involving the target analyte occurs. It is
usually made of materials such as platinum, gold, carbon, or modified conductive
polymers. Reference electrode maintains a stable and known potential against which
the working electrode’s pontential can be measured. Common reference electrodes
include the Ag/AgCl (silver/silver chloride) and saturated calomel electrode (SCE).
Counter electrode balances the circuit allowing the current to flow. they are usually
made of inert materials such as platinum or carbon, and the size should be much

larger than the working electrode to ensure no current limitations [1].

Figure 1.1 shows the typical three electrodes electrochecmial sensor with carbon
as a working electrode, Ag/AgCl as a reference electrode, and carbon as counter
electrode fabricated by screen printing technique on a ceramic substrate. The sensor
is used to quantify the presence of analytes in an electrolytic solution. Electrolytic
solution is a solution with analyte/electrolyte of interest in a buffer solution typically
Phosphate buffer (PB) or Phosphate buffer saline (PB with NaCl or/and KCI (PBS))
[1, 5].



1.3 Fundamentals of Electron Transfer 5

Electrochemical sensors are characterized based on their sensing mechanism into
four different types. 1) Potentiometric sensing measures the potential difference
between the working and reference electrode in response to the concentration of an
electrolyte. 2) Amperometric sensing detects current from the redox reactions of
the target analyte at the surface of the working electrode when a potential is applied.
3) Conductometric sensing measures changes in the electrical conductivity of the
solution caused by the interaction of the analyte with the sensor. 4) Impedometric
sensing analyzes the impedance (resistance and reactance) of the system, providing
information about the electrochemical processes and the properties of the interface
[1, 6].

Electrochemical sensors are sophisticated analytical devices that leverage the
principles of electron transfer (ET) at the electrode-electrolyte interface to detect
and quantify chemical species. The fundamental theory underlying these sensors
is deeply rooted in the study of electrochemistry, particularly the mechanisms by
which electrons are transferred between electrodes and the reactive species in the
electrolyte. Understanding these processes is crucial for the design and optimization

of sensitive, selective, and reliable electrochemical sensors.

1.3 Fundamentals of Electron Transfer

Electron transfer at the electrode-electrolyte interface involves the movement of
electrons between the electrode surface and the redox species in the electrolyte
solution. This process is central to the operation of electrochemical sensors, where
the detection of analytes is typically achieved through redox reactions. The electrode,
immersed in the electrolyte, facilitates these reactions by providing a surface where

electrons can be transferred [7].

1.3.1 Outer-Sphere Electron Transfer

Outer sphere electron transfer is a type of reaction where the electron transfer
between the donor and acceptor occurs without any direct chemical bond formation
between them [7—11]. This process involves the transfer of an electron through space
or through the solvent molecules that separate the two redox partners, maintaining

their individual coordination spheres intact as shown in Figure 1.2. The process is
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usually governed by the overlap of the electronic wavefunctions of the donor and
acceptor and the reorganization of their solvation shells. After the electron transfer,
the products diffuse apart and the coordination spheres of the donor and acceptor
remain unchanged throughout the process. A typical outer-sphere reaction process is

the electron transfer process between hexacyanoferrate(Ill) and hexacyanoferrate(Il):
[Fe(CN)g]*~ + [Fe(CN)g*™ — [Fe(CN)g|*™ +[Fe(CN)g)*~

In this reaction, the electron transfer occurs between the iron centers, but the

coordination spheres involving the cyanide ligands remain intact.

Several factors can influence the rate and efficiency of outer sphere electron
transfer reactions. 1) Reorganization energy (A): the energy required to reorganize
the solvent and the internal structures of the donor and acceptor before the electron
transfer can occur, lower reorganization energy typically leads to faster transfer rates.
2) Electronic coupling : The extent of overlap between the electronic wavefunctions
of the donor and acceptor, stronger electronic coupling facilitates faster electron
transfer. 3) Driving force: the difference in redox potentials between donor and
acceptor. A larger driving force generally increases the rate of electron transfer, up to
a certain limit. 4) Solvent effects: The polarity and dielectric constant of the solvent
can affect the reorganization energy and the stabilization of the charged species.
Solvents with high dielectric constants typically facilitate faster electron transfer. 5)
Temperature: higher temperatures can increase the kinetic energy of the molecules.

reducing the reaction energy barrier and enhancing the transfer rate [7, 12, 13].

M, M, M, L M,
Outer-Sphere e transfer Inner-Sphere e transfer

Fig. 1.2 Electron transfer mechanisms. Outer-Sphere e~ transfer: Electron transfer between
two metal centers through electron cloud by tunneling process where two metal centers are
loosely in contact. Inner-Sphere e~ transfer: Electron transfer between two metal centers
through a common ligand bridge by forming a coordination complex. M1 and M2 are two
metal centers and L is a ligand.
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1.3.2 Tunnelling Process

Electron transfer by tunneling is a quantum mechanical phenomenon in which an
electron moves between two sites (donor and acceptor) through a potential energy
barrier that it would normally not have the energy to overcome. This process is
significant in various physical, chemical, and biological systems, where it enables

electron transfer over distances where classical hopping would be inefficient [8, 14].

Vix)

Potential barrier
—

d

Fig. 1.3 Exponential decay of a wavefunction through a one-dimensional energy barrier with
height *V’ and width ’d’.

Electron tunneling occurs when the wave function of an electron extends through
a potential barrier as depicted in Figure 1.3, allowing a non-zero probability of
finding the electron on the other side of the barrier without the electron having to
overcome the barrier’s potential energy peak. This phenomenon is described by the
Schrodinger equation and is fundamentally a consequence of the wave-like nature of
electrons [7, 8, 15].

In classical mechanics, a particle requires sufficient energy to overcome a po-
tential barrier. However, in quantum mechanics, particles such as electrons have a
nonzero probability of passing through a barrier. The probability (P) of an electron
tunneling through a barrier depends exponentially on the barrier width (d) and height
(V):
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~ exp (—2 wo (1.1)

where 'm’ is the electron mass, 'E,’ is the energy of the electron, and 7 is the reduced
Plank’s constant. The probability of tunneling is affected by the electron coupling
apart from the barrier width and height. Stronger electronic coupling between donor
and acceptor can enhance the tunneling efficiency. Temperature can affect the energy

distribution of electrons, indirectly influencing tunneling rates.

Tunneling plays a crucial role in biological processes such as photosynthesis
and cellular respiration [16]. In molecular electronics and single molecule devices
[15], tunneling is the primary mechanism for charge transport. Some enzymes use

tunneling to transfer electrons rapidly between active sites.

1.3.3 Inner-Sphere Electron Transfer

Inner-sphere electron transfer is a mechanism in which an electron is transferred
between a donor and an acceptor species via a direct coordination through a shared
ligand or bridge as shown in Figure 1.2. The process involves the formation of a
bridged complex, the oxidant and reductant form a coordination complex with a
common ligand that bridges the two species. The bridging ligand temporarily binds
to both metal centers, creating a pathway for the electron to move. This transfer is
often associated with changes in the oxidation states of the involved metal centers.
After the electron transfer, the bridged complex dissociates, resulting in the formation
of the final products, often involving a change in the coordination environment of
the metals and the release or migration of the bridging ligand [7, 17-19]. A general

inner-sphere electron transfer reaction can be written as

[My(I11) — L] + [My(IT) — L' — [My(IT) — L] + [My(111) — L] (1.2)

where M| and M, are the metal centers, and L and L are the ligands forming
the bridge. Common bridging ligands include halides, hydroxides, oxides, and
other small anionic or neutral ligands that can coordinate to both the donor and
acceptor metal centers. The nature of the bridging ligand significantly influences
the rate and mechanism of the electron transfer process. The activation energy for

the process depends on the bond formation and dissociation steps, as well as the
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electronic properties of the bridge. The geometry and electronic structure of the

donor, acceptor, and bridge influence the efficiency of electron transfer [7].

1.3.4 Marcus Theory of Electron Transfer

There are different models of electron transfer (ET) are proposed in the literature
over the years such as elastic distortion model [20-22], the charge fluctuation model
[23], and the solvent fluctuation model [12, 13, 24, 25]. The former two models
proposed in the view of ET occurring at equilibrium or not too far from equilibrium
whereas the latter model dealt with the processes occurring far from equilibrium. In
the mid-1950s, Rudolph A. Marcus proposed this model and which is the widely
accepted model for ET in the world. Marcus theory provides a comprehensive
framework for understanding the rates of electron transfer reactions. This theory
revolutionized the field of electrochemistry and earned Marcus the Nobel Prize in
Chemistry in 1992. The theory explains how electron transfer occurs between two
species and how the rate of this transfer depends on various factors, including the

reorganization energy and the driving force of the reaction.

Marcus theory was based on an assumption that there is a slight overlap of
electronic energy orbitals to facilitate a path for electron transfer between two
molecules. An electron transfer reaction involves the transfer of an electron from a

donor molecule (D) to an acceptor molecule (A). This can be represented as:

D+A=D"+A" (1.3)

where D and A are the reactant species, and D' and A~ are the product species after

electron transfer.

Marcus was the first to study the dependence of rate of electron transfer on
different factors. According to him the rate constant depends on so-called reorga-
nization energy (A) which can be defined as the energy required to reorganize the
reactants and the surrounding solvent to a state that is conducive to electron transfer.
Marcus theory was based on the dielectric continuum model which doesn’t take
into consideration the molecularity of the solvent. In 1992/93, Marcus theory was
generalized by M.Tachiya [26-28] by taking into account the fluctuation of the local

electrostatic potential produced by the fluctuating polar molecules in the solvent. The
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transfer rate is described in terms of the distribution of the potential difference and
it can be applied to any model of the solvent hence it is called generalized Marcus
theory. According the Marcus theory and generalized Marcus theory by M.Tachiya
the rate constant (k) for electron transfer between D and A which are separated by a
distance 'R’ is given by

= Zl—JZ exp [——<AG+M2} (1.4)

h (4rkgTA)V/? 4kgT A

where £ is the Plank constant divided by 27z. J is the transfer integral which can
be determined by the initial state and the final state electronic wave functions, kp is
the Boltzmann constant, and 7 is the absolute temperature. A is the reorganization
energy, expressed as

2
el ny(L 12
2= (e, — 8 )<a+b R) (1.5)

where e is the electron charge, €,, and & are the orbital and static dielectric con-
stants of the solvent, respectively. a and b are the radii of the donor and acceptor,
respectively. AG is the gibbs free energy change of the reaction.

According to equation 1.4, the rate constant depends on the D-A distance R

through the transfer integral J, A, and AG. The transfer integral J is expressed as

J? = Jgexp[—B{R—(a+b)}] (1.6)

B is the overlap distance factor and the value of 3 is roughly 1 A=1. Jy is the transfer
integral when there is no overlap of wave functions. The free energy change of the

reaction is expressed as

AG =IP—EA —Ags—é*/R (1.7)

where P is the ionization potential of the donor, EA is the electron affinity of the
acceptor, Ag; is the solvation energy of the produced ion pair and is given by

2
e 11 2
Ags=—(1—g Y[ -+-—= 1.8
8= 5 £S>(a+b R) (1.8)
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and -¢%/R is the Coulomb attractive energy between the produced ion pair. The
electron transfer rate constant depends on the radius of the donor and acceptor,
reorganization energy of the solvent, donor-acceptor distance, free energy change of
the reaction which in turn depends on the solvation energy of the produced ion pair,

polarity of the solvent, dynamic properties of the solvent, and temperature.

The electron transfer is homogeneous if the transfer is between two molecules
and heterogeneous if it is between a molecule and an electrode. In electrochemical
sensors, our interest is in the heterogeneous electron transfer since we study the
electron transfer between an electrode surface and the analyte of interest in the
electrolytic solution.

1.4 Electrode/electrolyte interface

Electrode region 2 Surface region Bulk region

( Chemical reactions

Mass transfer

Surface rj_-——_. Bulk

ne

JI3JSURI) UOIIIIY

I o«

Desorption

m

d

Fig. 1.4 Various processes occurring at the electrode/electrolyte interface.

The electrode-electrolyte interface is a dynamic region where various processes occur,
including adsorption, desorption, mass transfer, and electron transfer. It is important
to understand the various processes and factors that affect the electron transfer (or
charge transfer) at the interface. We are concerned with the electrode/electrolyte
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interface and the events that occur there when an electric potential is applied. Charge
is transported through the electrode by the movement of electrons (and holes). The
transition in electric potential crossing from one conducting phase to another usually
occurs almost entirely at the interface. The sharpness of the transition implies that a
very high electric field exists at the interface, and one can expect it to exert effects
on the behavior of charge carriers (electrons or ions) in the interfacial region [1, 29].

Electrode Electrolytic solution Electrode Electrolytic solution
LUMO
Energy level of Oxidation of the electrolyte
electrons —
e

HOMO

©

LUMO : Lowest Unoccupied Molecular Orbital
HOMO : Highest Occupied Melecular Orbital

Fig. 1.5 Electron transfer process at the electrode/electrolyte during oxidation reaction. When
a positive potential is applied to the electrode surface, the energy levels of the electrons
on the surface of the electrode reached a lower energy level to facilitate a path to take an
electron through the interface from the highest occupied molecular orbital (HOMO) of the
electrolyte species.

As shown in Figures 1.5 and 1.6, by applying a negative potential to the electrode,
we can rise the energy of the electrons, they can reach an energy level high enough
to transfer electrons to the lowest unoccupied molecular orbital (LUMO) of the
electrolyte. This is usually called as the reduction of the electrolyte as it gained an
electron from the electrode surface through the interface. The current that passed
due to the movement of electron from the electrode to the solution is called the
reduction current. Similarly, by the application of the positive potential to the
electrode surface, the energy of the electrons can be lowered and the electrons from
the highest occupied molecular orbital (HOMO) of the electrolyte find a favorable
path to move to the surface of the electrode. This process is called the oxidation
of electrolyte as it loses an electron and the current is called the oxidation current.
The whole process is called a redox (reduction + oxidation) process and the applied
potentials are referred as redox potential and the current as redox current. The redox
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Electrode Electrolytic solution Electrode Electrolytic solution

LUMO
Energy level of Reduction of the electrolyte
electrons —
@ HOMO

LUMO : Lowest Uncccupied Molecular Orbital
HOMO : Highest Occupied Molecular Orbital

Fig. 1.6 Electron transfer process at the electrode/electrolyte during reduction reaction.
Reduction process : When a negative potential is applied to the electrode surface, the energy
levels of the electrons on the surface of the electrode reached a higher energy level to transfer
an electron through the interface to the lowest unoccupied molecular orbital (LUMO) of the
electrolyte species.

potentials at which these processes occur are related to the standard potentials, E°,
for the specific molecules or species in the system. The number of electrons that
cross the electrode/electrolyte (electrochemical interface from now on referred as
ECI) interface is explicitly related to the extent of the electrochemical reaction that

is the amount of reactants used to generate products [1, 6, 29].

There are two types of process that occur at the electrode namely Faradaic and
non-Faradaic processes. Faradaic process is usually when electrons transfer cause
redox reaction of the electrolyte by passing a current and the current is called the
Faradaic current. Apart from electron transfer other processes such as adsorption and
desorption can occur at the ECI, the structure of the ECI varies with the application
of the potential or change in the composition of the electrolytic solution. These
processes are referred as non-Faradaic process where the movement of the electrons
is not involved at the ECI. Though the charge (electrons) don’t cross the ECI, current
can flow due to the presence of the adsorbed or desorbed molecules/ions at the
interface when there is a change in the potential, surface area of the electrode, or a
change in the composition of the electrolytic solution. These effects must be taken
into account in the interpretation of electrochemical data to get information about

the charge transfer and related reactions [1].
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1.4.1 Non-Faradaic Processes

An ideal polarized electrode (IPE) is defined as an electrode with no charge transfer
across the electrode/electrolyte interface even when there is an external applied
potential. In reality this is not happening over the whole potential range in the
electrolytic solution. As there is no ET at the IPE interface with the potential change,
it’s behaviour can be interpreted as a capacitor [1]. A capacitor is a passive electrical
component with two conductive sheets separated by a dielectric medium. The

behaviour is seen as

-4
C=5 (1.9)

where q is the charge stored by the capacitor in Coulombs, C and V is the potential
across the capacitor in volts, V. When we apply a potential across the capacitor
the charages will accumulate on the conductive metal plates of the capacitor. Our
electrode/electrolyte interface behaves like a capacitor with a charge on the electrode
(either positive or negative charge) and charge in the solution. The charge on the
electrode and the charge in the electrolyte solution in the vicinity of the surface of
the electrode made up at the interface is referred as an electrical double layer (EDL)
[30, 31].

The EDL region consists of several layers where electric charges are distributed
differently, affecting the electrochemical behavior of the system. The layers are
differentiated into two different layers, the closest layer (up to few nanometers from
the electrode surface) to the electrode surface, where ions specifically adsorb onto the
electrode. This layer behaves like a parallel plate capacitor, it is termed as Helmholtz
layer. The first layer of ions adsorbed onto the electrode surface, the locus of the
centers of the adsorbed ions is called inner Helmholtz plane (IHP). Ions from the
solvent can approach only to a certain distance from the electrode surface, the locus
centers of these nearest solvated ions is called outer Helmholtz plane (OHP). Beyond
the Helmholtz layer, the ions are more loosely associated and spread into the bulk
electrolyte. This layer compensates for the charge on the electrode called as diffuse
layer. The structure of the double layer can affect the rates of the electrode processes.
Sometimes one can neglect EDL effects in considering reaction kinetics [1, 30, 31].
We can’t neglect the existence of the double-layer capacitance or the presence of

charging current in electrochemical experiments. When electrochemical reactiosn
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involving very low concentrations of electroactive species, the charging current can

be dominating the faradaic current for the reduction or oxidation reaction [1].

1.4.2 Faradaic Processes

Electrochemical cells with Faradaic processes can be either galvanic cells or elec-
trolytic cells. Galvanic cells react immediately when brought in contact with a
conductor while the electrolytic cells react upon the application of an external volt-
age greater than the open circuit potential (OCP). Our interest is more in electrolytic
cells, these cells are widely employed to conduct desired chemical reactions to pro-
duce electrical energy. In electrochemical experiments, the behavior can be effected
by various number of factors at the interface. It wise to keep some variables constant
and study the effect of other variables on the electrochemical performance of a cell or
a sensor. The rate of electrode reaction at the interface is affected by various factors
1) electrode variables : electrode material, surface area, geometry, surface condition,
2) external variables: temperature, pressure, time, 3) electrical variables : potential,
current, resistance, 4) solution variables : concentration of the electroacitve species,
pH, type of solvent, 5) mass transfer variables : diffusion, surface concentrations,
adsorption. Faradaic electrode process is a heterogeneous process occurs at the
electrode-electrolyte interface. The rate of reaction depends on the mass transfer to

the electrode surface, and the surface effects apart from the kinetics [1, 32].

1.4.3 Mass Transfer

Mass transport involves the movement of electrolyte molecules from the bulk solu-
tion to the electrode surface, where they can participate in electrochemical reactions.
Understanding the mechanisms of mass transport is essential for optimizing electro-
chemical performance. Mass transport in electrochemical systems can occur through
three primary mechanisms: diffusion, migration, and convection. Diffusion is the
movement of molecules from higher concentration to the lower concentration due to

the concentration gradient [1].
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Diffusion

Diffusion is generally govenrned by Fick’s laws. The rate of diffusion can be
mathematically described using Fick’s laws of diffusion[33]. According to Fick’s
first law, the flux of the diffusing species is proportional to the concentration gradient.
When a redox species is introduced into the solution, it creates a concentration

gradient that drives mass diffusion. The flux (J) of the species is given by:

J=—DVC(%,1) (1.10)

where D is the diffusion coefficient, and minus sign is due to the movement of
species from high to low concentration, C is the concentration of the redox species,
and VC (X,t) is the concentration gradient at distance x from the electrode/electrode
interface at a given time ¢. Fick’s second law describes how the concentration of the
diffusing species changes with time. It is derived from the first law and the principle

of mass conservation. Mathematically Fick’s second law is expressed as

IC(x,t) *C(x,1)
5 =D"=5 (1.11)

2
where aca(f”) is the rate of change of concentration with time and % is the

second derivative of concentration with respect to position.

Migration

Migration is termed as the movement of charged species in an electric field (potential
gradient). Migration affects the distribution of ions near the electrode, impacting
the electrochemical reactions at the interface. The migration is governed by Nernst-
Planck equation [34, 35] as follows:

dC(x) zF __JE
J(x)=—-D — —DC—

(x) dx RT ~~ dx

where z is the charge (dimensionless) of the species, F' is the Faraday constant, R

(1.12)

is the universal gas constant, and %—5 is the potential gradient at distance x. By
introducing an inert electrolyte at a higher concentration than the electroactive

species the migration of ions can be minimized to negligible levels.
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Convection

Convection is due to the bulk movement of the solution, which can be natural
or forced convection the former is due to the density gradients while the latter is
caused by stirring or flow. Convection enhances the mass transport by continually
bringing fresh analyte to the electrode surface, reducing the diffusion layer thickness.
Convection can be avoided by averting stirring and vibrations of the electrochemical

system [36].

In practical scenarios, all three mechanisms often contribute to the mass transport
of analytes. The relative importance of each mechanism depends on the specific
conditions of the electrochemical sensor, such as the presence of an applied potential,
stirring, or flow. The combined mass transport is governed by the generalized

Nernst-Planck equation:

IC(x) zF _JE
P —ﬁDCE—FvC (1.13)

where v is the velocity of the solution.

J(x)=-D

Diffusion Layer and Limiting Current

The region near the electrode where the concentration of the analyte changes from
the bulk value to the surface value is the diffusion layer. The thickness (8) of the
diffusion layer is crucial in determining the rate of mass transport. A thinner layer

means faster transport of analytes to the surface [37].

The maximum current when the rate of the electrochemical reaction is controlled
by the rate of mass transport is called the limiting current and the reaction is called

diffusion controlled reaction. The limiting current is given by
iy = nFAC*D/§ (1.14)

where 1;;,,, is the limiting current, # is the number of electrons transferred, A is the
electrode area, C* is the bulk concentration, and 0 is the diffusion layer thickness.
The limiting current is directly proportional to the analyte concentration, making it a
key parameter in the design and analysis of electrochemical sensors/systems. It is

possible to enhance the mass transport by designing electrodes with micro or nano



18 Introduction

features which can reduce the diffusion layer thickness or by employing stirring
during the electrochemical measurements to mechanically agitate the solution in turn

reduces the diffusion layer thickness.

Mass transport is a crucial factor in the performance of electrochemical sensors,
determining the rate at which analytes reach the electrode surface and participate
in electrochemical reactions. Understanding and optimizing the mechanisms of
diffusion, migration, and convection can significantly enhance sensor sensitivity,
selectivity, and response time. Advances in electrode design, stirring, and flow
techniques continue to improve mass transport, driving the development of more

efficient and effective electrochemical sensors [1, 32, 37].

1.4.4 Electrode Kinetics

The Nernst equation is the typical expression in electrochemistry that describes the
equilibrium potential (also known as the Nernst potential) of an electrochemical
cell as a function of the concentrations of the reactants and products involved in
the redox reaction. It is essential for understanding and predicting the behavior of
electrochemical cells under various conditions [1, 6]. In general, the overall reaction

1S

kp
O-+ne& R (1.15)

kr
where O is the oxidizing species and R is the reducing species with n nubmer of
electrons participating in the redox reaction, k is the forward rate constant, and k,
is the backward reaction rate constant. The Nernst equation for the above overall

reaction is

RT  C*
E=E'+ " ©Q 1.16
+nF nC}; ( )

where Cy, and Cy are the bulk concentrations, and EY is the standard potential.
The Nernst equation includes a temperature term (T), indicating that the electrode
potential depends on the temperature of the system. Higher temperatures typically

increase the reaction rates and influence the equilibrium potential. Every valid
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model of electrode kinetics must interpret the Nernst equation with the respective

conditions.

In electrochemical kinetics, the logarithmic dependence of the overpotential
(n) on the current density for an electrochemical reaction is described by the Tafel
equation [1, 37], any successful model of electrode kinetics should explain the
validity of their model with the Tafel equation. The Tafel equation is typically
expressed in two forms, depending on whether the focus is on the anodic (oxidation)

or cathodic (reduction) reaction.

N = a=+blog(i) (1.17)

where 'negative’ sign is for the cathodic reaction while the *positive’ sign is for the
anodic reaciton, a is the Tafel intercept, and b is the Tafel slope (V/decade), and i is

the current. The Tafel slope b is given by

RT
b= (1.18)
onk
for the anodic reaction, and
RT
b= ——— 1.19
(1—a)nF (1.19)

for the cathodic reaction, where « is the electron transfer coefficient. It is possible
to calculate the transfer rate coefficient & when we have the Tafel slopes for both

anodic and cathodic reactions at the electrode [38].

Butler-Volmer Kinetics

The fundamental relationship in electrochemical kinetics that describes the current
as a function of the potential at an electrode during an electrochemical reaction is
the Butler-Volmer equation. It is used to model the rate of electron transfer reactions,
accounting for both anodic and cathodic processes. Butler-Volmer equation [1, 37]

is given by

i = FAK |Co(0,1)e= % E=E") _ Cr(0,1)el1-0)f <E—E°)] (1.20)



20 Introduction

where £° is the standard rate constant, f = F/RT, Co(0,t) and Cg(0,) are the
concentrations of the oxidized and reduced species at the interface at time ’¢’,
respectively. The transfer coefficient & reflects the symmetry of the energy barrier
for the electron transfer reaction and it varies between ’0’ and ’1’. At equilibrium
conditions, the net current equals to zero and the electrodes adopts to a potential based
on the bulk concentrations of the redox species. Then the Butler-Volmer equation
become Nernst equation (equation 1.16) with surface concentration equalling to bulk
concentration. The Butler-Volmer equation (1.20) is also expressed as current as a
function of the overpotential 'n’

Co(0,t) _,+ Cr(0,1 PR
i =i #e afn _ #e(l a)fn (1.21)
Co Cr
where ) = E — E,,. Butler-Volmer equations are widely used in treating any prob-
lems related to heterogeneous electrode/electrolyte kinetics. For larger values of

eta’ we observe Tafel behaviour from the equation 1.21.

1.5 Electrochemical characterization techniques

Electrochemical sensors are a versatile and powerful system for detecting a wide
range of analytes in various fields. Their potential for miniaturization makes them
ideal for applications in healthcare [4, 32], environmental monitoring [39], and food
safety [40, 41]. Ongoing research and development in materials science, fabrication
techniques, and data integration will continue to advance the capabilities and appli-
cations of electrochemical sensors, paving the way for more efficient and accurate
analytical devices. One of the key components in the fabrication of electrochemical
sensors is the electrode material. In the literature, the most commonly used electrode
material is carbon (graphite [3, 4], graphene, and carbon nanotubes [42]) due to their
conductivity and chemical stability. Noble metals such as gold [43, 44], platinum
[45, 46], and silver [47, 48] are used because of their high conductivity and catalytic
properties and conductive polymers because of their flexibility and functionalization
potential. Among all these materials, carbon is most widely used because of its
low cost, fabrication flexibility, and ease of surface functionalization capabilities.
Electrochemical sensors can be enzymatic with a specific enzyme to target a spe-

cific analyte with very high specificity or selective membranes for specific ions or
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molecules [49, 50]. The other type is the non-enzymatic electrochemical sensors
without the need of any enzyme [3-5]. Each type has their own advantages and

disadvantages in specific applications.

\
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Sensor dipped in the electrolytic solution

Fig. 1.7 Electrochemical sensor characterization in fully dipped condition and using a drop
of the electrolytic solution on screen printed carbon working, carbon counter, and Ag/AgCl
reference electrodes.

Screen-printed electrochemical sensors are a cost-effective class of sensors that
have gained significant popularity for various applications. These sensors utilize
screen printing technology to fabricate electrodes on various substrates like ceramics,
glass, and flexible materials like paper and textiles [5S1-53]. Various types of screen
printable inks (carbon, gold, graphite, silver, or platinum) can be used to fabricate
the sensors. Screen printing is an economical method, allowing for mass production
of sensors at a low cost, the technique is highly scalable, enabling the production of
large batches of sensors with consistent quality. Easy to customize the design and
composition of the electrodes to meet specific requirements of different applications.
The compact and lightweight design makes these sensors portable and suitable for
on-site and point-of-care testing. Screen printed electrode surface can be easily
functionalized/immobilized with different nanomaterials or enzymes or selective ion
membranes to enhance the electrochemical properties like sensitivity, selectivity, rate
of reaction, and limit of detection. Screen printed carbon sensors are widely used

in the research and the surface of the screen printed carbon is easily modifiable for
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electrochemical peformance enhancement using novel metal nanoparticles [54, 55],

or metal oxide-based nanoparticles [4, 56, 57].

As described in the introduction, an electrochemical sensor is typically made
up of three electrodes with working, counter, and reference electrodes. In order
to study the performance of the sensor, three electrodes of the sensor are either
dipped inside an electrolytic solution (semi-infinite electrochemical cell) or a drop
(limited diffusion condition, typically 100 uL) of the solution is dropped on the
sensor to cover the surface of all the three electrodes as shown in Figure 1.7. There
are amperometric, potentiometric, conductometric, and impedometric techniques
to electrochemically characterize a sensor using . We focus on amperometric and
potentiometric techniques in this work. In amperomteric techniques we apply a
voltage between the working electrode and reference electrode and see the current
behaviour between the working electrode and counter electrode. Voltammetric
approaches are widely used in amperometric characterization of electrochemical
sensors such cylic voltammetry (CV) and differential pulse voltammetry (DPV).

1.5.1 Cyclic Voltammetry

Oxidation

Potential —
Current

Reduction

Start

Switching time End
time — Potential —~

(a) (b)

Fig. 1.8 Cyclic voltammetry : (a) potential profile, (b) an example of a cyclic voltammogram.

Cylcic voltammetry is the widely used voltammetric technique to study an unknown
electrochemical system [1, 29]. It can provide insights into the redox process,
reaction kinetics, and stability of intermediates and products. Cyclic voltammetry
is performed by applying a linearly varying potential to the working electrode

in a triangluar waveform as shwon in Figure 1.8a while measuring the resulting
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current between working and counter electrodes. The resulting current vs potential
curve looks like a duck-shaped one commonly called as a cyclic voltammogram
(an example is shown in Figure 1.8b) which provides information about the redox

behaviour of the analyte.

In cyclic voltammetry, the potential is applied in the positive direction to reach a
maximum applied potential and then reverses it’s direction to the starting potential
as shown in Figure 1.8a at a certain scan rate (scan rate is the speed at which
the potential is varied with respect to time (Vv = ‘Z—If)). When the potential starts to
increase in the positive direction the current starts to increase and reaches a maximum
peak current (I,,) due to the oxidation of the analyte at the oxidation peak potential
(Epa). In the negative direction, the analyte gets reduced and we get a maximum
current (I,.) at the reduction potential (E,.) as shown in Figure 1.8. Two effects
can be observed in the cyclic voltammetry, when the applied potential reaches the
Nernst potential satisfying the Nernst equation 1.16, we observe the redox currents.
Then we see that the current is not reaching zero due to the diffusion of the analytes
towards the surface of the electrode after all the reactants at the surface are converted

to products.

Two important parameters from the cyclic voltammogram are the ratio of the peak
currents, I,,/1,. and the peak to peak separation, AE, = E,,-E. For a reversible
electrochemical reaction 1,,/I,.=1, and AE, = 59/n mV at 25°C irrespective of
the scan rate. When these two conditions don’t hold the reaction can be either

quasireversible or irreversible.

Importance of scan rate

The scan rate defines how fast or slow the potential is applied to the surface of
the working electrode. The scan rate can change the size of the diffusion layer
this will effect the overall current observed in the reaction for example faster scan
rates lower the diffusion layer leading to higher currents. From Randles-Sevcik’s
theory [1, 29, 37, 58], for a reversible ET process with freely diffusing species
how the overall peak current I, varies with scan rate can be described using the

Randles-Sevcik’s equation,

1
FvD\ ?
ny ) (1.22)

I, = 0.446nFAC (
RT
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where D is the diffusion coefficient of the redox species, and C is the bulk concen-
tration of the analyte, and A is the electroactive surface area of the electrode. For a
reversible reaction the current varies linearly with the square root of the scan rate
without affecting AE), (at constant redox peak potentials). While for a quasireversible
reaction the current varies linearly with the square root of the scan rate and the AE),
also changes as the scan rate changes (redox potentials shift with the scan rate).

Another case is the electode-adsorbed species where the current 7, varies as follows

B n*F?
~ 4RT
where I'* is the surface coverage of the adsorbed species. In this case, the current

VAT™ (1.23)

I

varies linearly with the scan rate and we should observe no variation of the peak

potential with the scan rate.

If we observe these features in unknown electrochemical systems it is possible
to distinguish between different reactions using Randles-Sevcik’s theory. Using
the equation 1.22, we can calculate the electroactive surface area of the working

electrode, and diffusion coefficients of the analytes under study.

Calculation of kinetic parameters

In 1979, a method was proposed by E.Laviron [38] to calculate the kinetic rate
constant for a diffusion less system meaning without any diffusion effects (Electrical
double layer effects) when potential sweep voltammetric techniques are used. When
the current is linearly varying with the square root of the scan rate and the redox
peak potentials are varying linearly with the natural logarithm of the scan rate this

model can be applied. In Laviron model, the cathodic peak potential

RT o
Ep=E'— — |In|— 1.24
=2~ (e ) [ a2
and the anodic peak potential
RT (1-—a)
Epy=E° ! 1.25
=8+ () | (2

with o being the electron transfer rate coefficient and
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RT k

where £ is the rate constant. Experimentally two conditions have been derived to

calculate o and k by considering AE),. If nAE), > 200 mV then equations 1.24 and
1.25 can be used to determine & by plotting the peak potentials with respect to In(v).

Then the rate constant ’k’ is calculated using the equation

nFAEp
2.3RT

logk = alog(1 —a)+ (1 —a)loga —log (E) —a(l—a) (1.27)

nFv
This is only valid for nAE, > 200 mV. If nAE), < 200 mV, then a different procedure
has to be followed as described in [Laviron model paper]. In most of the cases, we
usually find the first case so the equations 1.24, 1.25, and 1.27 are freely used in the
literature to characterize different electrochemical systems. Note that these equations
are only used by assuming no double layer effects without considering the diffusion
layer effects. The EDL heavily effects the overall kinetic rate constant but only the
first order effects are considered in the Laviron model to calculate the first order

kinetic rate constant.

Throughout this work, cyclic voltammetry is mostly used to initially characterize
all the electrochemical sensors in chapters 3, 4, 5, and 6. The sensors are calibrated
from the oxidation peaks of cyclic voltammograms to obtain the sensitivity and
limit of detection (LOD) is evaluated. Kinetic parameters such as electron transfer
rate coefficient and kinetic rate constant are calculated using the Laviron model to

compare the kinetic performance of different electrochemical sensors.

1.5.2 Chronoamperometry

Chronoamperometric technique is used to study the transient behaviour of the redox
species with concentration, how the current changes with time and with concentration.
The Cottrell equation [1, 6] is widely used to describe chronoamperometry, the
equation describes the variation of current with respect to the change in concentration
of the analyte as follows:
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_ nFAVD AC
v ALy

where Aty is the time interval between the analyte injection and the increment in

(1.28)

current.

Chronoamperometry is done at a fixed potential (Ey) unlike cyclic voltammetry
where a range of potential is applied. The fixed potential to be applied can be
obtained from the intial CV measurements where we observe the redox peak currents
and potentials depending on the type of the analyte and surface of the electrode
under study. The usual trend of a chronoamperogram is shown in Figure 1.9, initially
the current reaches a certain value depending on the concentration of the analyte
and reaches a stable value as the diffusion of the analyte towards the surface of the
electrode tends to reach null. When the concentration of the analyte changed then the
current increases and reaches a stable current value, this repeats as the concentration
of the analyte keeps changing. Calibration can be performed by plotting the change
in current with respect to the change in concentration of the analyte. The slope of

the calibration gives the sensitivity of the electrochemical sensor.

l3c1

t —

Fig. 1.9 An example of a chronoamperogram at a fixed potential.

Cyclic voltammetry can not be employed as it is difficult to observe the reduction

current of oxygen in a phosphate buffer solution without any peaks. Therefore,
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chronoamperometry is used to electrochemically sense dissolved oxygen (DO) in 10
mM phosphate buffer solution at pH 7.4 in the first part of chapter 6. Calibration
of the sensors is performed by taking the average stable response of the reduction
current of oxygen at each concentration of DO and the slope of the calibration is

presented as the sensitivity of different sensors towards DO.

1.5.3 Potentiometric Sensing

Potentiometric sensing is based on the measurement of the potential difference
between two electrodes namely reference electrode and working (or ion selective)
electrode [1, 59, 60]. In chronoamperometry, a fixed potential between reference and
working electrodes is applied and current is measured between working and counter
electrodes while in potentiometry, the potential difference (open circuit potential
(OCP)) is measured between reference and working electrodes. The working elec-
trode can be replaced by a ion-selective electrode which is specific to the target ion
of interest. In potentiometric sensing typically two electrode system is used instead
of a three electrode system with reference and working or ion-selective electrode
without counter electrode.

\ indicates the change in pH

Open circuit potential -

time —

Fig. 1.10 An example of a chronopotentiometric graph
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Potentiometric sensing is most widely used in pH measurements [61, 62], and ion
concentration measurements [63—-65]. As an example, measurement of open circuit
potential with time in chronopotentiometry is shown in Figure 1.10 for a pH sensor.
An average OCP in the stable region of the response for each pH value is taken and
calibration is performed by plotting the average OCP with respect to the pH of the
test solution. The slope gives the sensitivity of the sensor used, this method can
be easily used to electrochemically characterize different materials (nanomaterials
or composites) or interfaces between the surface of the working electrode and the
analyte or ions containing solution. The calibration of a sensor’s pH response is
usually evaluated by comparing with the Nernst response (equation 1.29) showing
the variation of potential (OCP) with respect to the pH of the solution [1]. The

equation is written as:

2.303RT

At ambient conditions with T equal to 25° C for single electron electrode reaction,
the slope of the plot is 59 mV/pH. For a 'n’ electron electrode process is 59/n
mV/pH. Suppose three pH sensors show sensitivities below, close to, and above
59 mV/pH then the response is usually termed as non-Nernstian, Nernstian, and
super-Nernstian behaviour, respectively. Nernstian reponse usually the gold standard

for any electrochemical pH sensor.

In this work, chronopotentiometry is utilized in the first part of chapter 6 to
study the electrochemical pH sensing capability of ZnO and ZnFe,O4-modified and
unmodified screen-printed carbon sensors in universal buffer solution covering the

pH range of 2-12.

1.5.4 Differential Pulse Voltammetry

Differential pulse voltammetry (DPV) is used to study redox processes, detect
trace amounts of analytes, and characterize electrochemical properties of materials
[1, 37]. The technique is particularly known for high sensitivity making the technique
valuable in analytical chemistry. DPV is performed by superimposing a series of
small amplitude potential pulses onto a linear potential sweep. The current is

measured before and at the end of each pulse, and the difference in current is
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plotted against the applied potential. Therefore the technique is called ’differential
pulse voltammetry’. While performing DPYV, attention should be paid to the pulse
amplitude (the height of the potential pulse, typically between 10-100 mV), pulse
width (the duration of the pulse (20 - 100 ms)), and the pulse interval (the time
between successive pulses). an example of a potential pulse profile and differential
pulse voltammogram is shown in Figure 1.11. The peak current can correspond
to either oxidation or reduction event of the analyte and the position of the peak

corresponds to the redox potential of the analyte.

Oxidation peak current

Current —

time — Applied potential —

() (b)

Fig. 1.11 Differential pulse voltammetry : (a) potential pulse profile, (b) an example of a
differential pulse voltammogram.

Calibration is easily performed to obtain the sensitivity when we have the redox
peak currents. The technique is highly sensitive due to differential measurement,
minimizing the background noise. and it can be applied to detect very low cocentra-
tion of analytes in the solution making it very useful in environmental monitoring
and food safety. It is used to characterize the electrochemical properties of new
materials, analysis of drugs, and studying drug interactions. Compared to CV which
provides a comprehensive understanding of the electrochemical behaviour over a
wide range of potential, DPV offers excellent sensitivity and resolution for detecting

specific redox events at very low concentrations.

Cyclic voltmmetry is not very useful at low concentrations of the analytes as it is
difficult to differentiate the redox peaks from the overall response. Since DPV tech-
nique is very effective at low concentrations, it is used to study the electrochemical
sensing performance of three different sensors towards 5-Fluorouracil (an anti-cancer
drug) in the second part of chapter 6 at low concentrations of the drug within the
dosage range below 200 uM.
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1.6 Conclusion

This chapter presented the main objective, motivation of the PhD research project,
and summerized the whole thesis report chapter by chapter. Basic theory of elec-
trochemical sensors, electron transfer fundamentals: inner sphere and outer sphere
electron transfer, Marcus theory of electron transfer: effect of different parameters
(reorganization energy and transfer integral) on electron transfer rate constant ’k’, and
the fundamental principles of different electrochemical characterization techniques
used in this project and their significance in electrochemical sensing are discussed.



Chapter 2

Nanomaterials Synthesis and
Characterization Methods

2.1 Spinel Nanomaterials

Transition multi-metal oxide nanomaterials hold significant promise for a variety
of applications due to the extensive design flexibility they offer [66]. However,
comprehending the diverse activities, particularly their electrocatalytic behavior,
remains challenging because of the intricate nature of multi-metal compositions
[67, 68]. This complexity is further amplified in materials with crystal structures
that feature multiple metal occupancy sites, such as the cubic spinel system [67,
69, 70]. Grasping the origins of the electrochemical and catalytic activities in
these materials is difficult due to the presence of multiple metals with varying
oxidation/valence states. Nevertheless, spinel multi-metal oxides have demonstrated
exceptional potential across numerous applications because of these characteristics.

Spinel oxides allow cation substitution at both bivalent and trivalent sites, en-
abling precise control over electronic and electrochemical properties [67, 3, 5]. This
tunability enhances their electrocatalytic activity, bandgap engineering, and surface
properties, which is more challenging in simple metal oxides. Spinel oxides offer a
tunable bandgap ( < 3 eV), allowing better control of charge transfer processes, mak-
ing them ideal for electrochemical [71] and photocatalytic applications [72]. Spinel
ferrites like ZnFe;O4, NiFe,O4 offer lower bandgap unlike single metal ZnO (3.2
eV) [73, 74] or TiO, (> 3 eV) [75, 76] making them more suitable in photocatalytic
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applications [77-80]. Many metal oxides suffer from low electrical conductivity,
limiting their electrochemical performance. In contrast, spinel oxides exhibit mixed
electronic and ionic conductivity, facilitating better electron transfer at relatively low
activation energy [81, 82]. Normal and inverse spinel configurations allow control
over electron/hole conduction, making them highly adaptable for energy storage
and electrochemical sensor applications [67, 83]. The presence of multiple valence
states in spinel materials facilitates fast redox reactions, improving catalytic activity
towards oxygen reduction reactions (ORR) [84] compared to single-metal oxides.
The Fe3t/Fe?t, Co**/Co®t, and Mn>T/Mn>T redox couples in spinel structures
significantly enhance charge transfer efficiency, unlike conventional single metal
oxides. Spinel oxides exhibit strong metal-oxygen bonding, which enhances their
stability in harsh electrochemical environments where other oxides like ZnO show
dissolution effects [85]. Compared to transition metal oxides like WO3 [86] and
MoOs [87], spinels resist phase transitions and maintain their structure under differ-
ent conditions. Spinel nanomaterials have demonstrated superior performance in a

variety of electrochemical applications compared to conventional metal oxides [67].

2.1.1 Spinel Crystal Structure

Spinel structure typically takes the AB, X4 form, if X’ is oxygen (O) then it become
spinel oxide with AB>O,4 form with A as cation with *+2’ oxidation state and B as
a cation with "+3’ oxidation state. The structure is typically a face centered cubic
(FCC) structure with oxygen anions forming 32 tetrahedral *Td’ and 64 octahedral
"Oh’ sites. In a spinel unit cell, 8 *Td’ sites are occupied by A/B and 16 *Oh’ sites
are occupied by B/A forming a closely-packed electrically neutral system. Based on
the occupancy A and B in *Td’ and *Oh’ sites the spinel is called normal, inverse,
and mixed spinel. In normal spinel, *Td’ sites are occupied by A, and *Oh’ sites are
occupied by B (example: ZnFe,O4 where Zn%t in *Td’ sites and Fe3T in *Oh’ sites)
whereas in inverse spinel *Td’ sites are occupied by B by pushing A into "Oh’ sites
hence, the ’Oh’ sites are shared between A and B (example: NiFe,O4 where half of
Fe?* in *Td’ sites while remaining half of Fe3T and Ni** occupy *Oh’ sites). In a
mixed spinel structure, both *Td’ and *Oh’ sites are shared by A and B (example:
Nig 5Zng sFe;O4, in this mixed spinel structure Zn**t and half of Fe3* occupy 'Td’
sites and the remaining half of Fe*>* and Ni>* occupy *Oh’ sites) [3, 5].
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Spinel materials are called with different names based on the trivalent cation
in the composition of the material. If the trivalent cation is Fe(III) then the spinel
is referred as ferrite [3], cobaltite with Co(III) [70], manganite with Mn(I1I) [88],
bismuthate with Bi(III) [5], and chromite with Cr(III) [89]. Due to spinel materials
higher thermal, chemical stability, and electrical neutrality they are most widely
studied as new catalytic materials in electrochemical sensors [3, 5], batteries [90, 91],
supercapacitors [67, 92, 93], and fuel cells [67, 94].

Various synthesis methods have been proposed for spinels in the literature fol-
lowing dry and wet methods to get desired properties of the materials. Dry method
follows the combustion-based synthesis [3, 95] where as wet method has different
techniques to synthesize spinel nanomaterials. Hydrothermal/solvothermal method
is most widely used following the wet route, then there are co-precipitation method,
sol-gel, solvent deficient, and sonochemical methods. Based on the design and

desired properties of the nanomaterials the synthesis method can be adopted [83].

By playing with the composition of the spinel it is possible to achieve interesting
material properties by producing multi-metal spinel oxides with many degrees of
freedom. The composition of the spinel can be easily modified by inserting different
transition metal ions with different ionic sizes, oxidation states, different proportions
of bivalent cations and trivalent cations by maintaining the structural neutrality.
Different metal cations occupy different sites depending on their oxidation states and
crystal field stabilization energies [96, 97].

2.1.2 Crystal Field Stabilization Energy (CFSE)

Crystal field (CF) theory was implemented by Hans Bethe as a model for understand-
ing the optical and magnetic properties of metal complexes. Main importance is to
achieve results essentially on the basis of the molecular symmetry consideration. In
this theory, the effects of the presence of ligands which lower the symmetry around
the metal ion on the energy levels of the metal ion are modelled. The metal ion is
supposed to behave as a free ion which is surrounded by the ligands. Ligands are
negatively charged points which interact electrostatically with the metal ion [96, 97].
The interaction (CF interaction) between the ligands and the d-orbitals removes the
degeneracy of the d-orbitals leading to the orbitals splitting. To understand better

first we have a look into the five d-orbital lobes namely d,, (lobes in-between x and
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z

dyeye dp2

Fig. 2.1 Five different d-orbital lobes.

y axes), dy, (lobes in-between x and z axes), dy, (lobes in-between y and z axes),
d, —y2 (lobes on x and y axes), and dg (two lobes on z axis and a donut on xy plane)

as illustrated in Figure 2.1.

The d-orbital spiltting depends on the type of metal-ligand complexes, we will
look into two types of metal-ligand complexes namely octahedral and tetrahedral

complexes.

Octahedral Complexes

In an octahedral metal-ligand complex, the metal ion is in the center (at the origin)
of the axes while 6 ligands are on the axes (X, y, and z) as shown in Figure 2.2. Due
to the presence of ligands points on the axis the on axis d-orbital lobes experience
very high repulsion from the ligand electrons and the orbital lobes get split. The
off-axis lobes experience a very low repulsion hence the on axis lobes pushed to high
energy levels and off-axis lobes to low energy levels (get more stabilized) compared
to the original degenerated d-orbital energy level as depicted in Figure 2.2. This
splitting of d-orbital energy levels is known as crystal field splitting and A, or Ay, is
the octahedral crystal field splitting energy.
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Energy

On axis repulsions d-orbitals

Fig. 2.2 Octahedral metal-ligand complex and d-orbital splitting due to very high on axis
repulsion between the ligand electrons and d-orbital lobes.

In general, electrons get filled from lower energy to higher energy level orbitals.
In the case of octahedral complexes, first dyy, dy;, and dy, should be filled (tp, level)
with one electron and then to pair an electron with the filled electron an energy is
required, this energy is called as the pairing energy (PE). If this energy is higher
than A, then the electron would move to higher energy levels (e level: d,2_» and
dg), this situation is called the weak field situation (A, < PE). If PE is lower than A,
then the electron gets paired with the first filled electron and the situation is termed
as strong field as A, is much higher than the pairing energy. Octahedral complexes
are termed as low spin as the electrons have high chance of getting paired with low

energy electrons due to low pairing energy lower than A,.

Crystal field spiltting depends on the oxidation state of the metal and strength
of the ligand [96, 97]. If the ligand is a strong field ligand the separation between
the orbitals is higher (large A,) and if the ligand is a weak field ligand the separation
between the orbitals is lower (small A,). In the spectrochemical series, the weak
field ligands are usually halides with this order

I” <Br <ClI” <F <OH™ <HO<NH3<CO<CN~

where [~ is the very weak ligand while CN™ is the very strong ligand.
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Tetrahedral Complexes

Energy

Off-axis repulsions

d-orbitals

Fig. 2.3 Tetrahedral metal-ligand complex and d-orbital splitting due to off-axis repulsion
between the ligand electrons and d-orbital lobes.

Tetrahedral complexes have four ligands off-axis with metal ion at the origin as
shown in Figure 2.3. This case the off-axis lobes experience a repulsion from the
off-axis ligand electrons and the d-orbital lobes get spilt as presented in Figure 2.3
but the repulsions are not that strong as in the case of octahedral complex hence the
tetrahedral splitting energy A; is lower than the octahedral splitting energy (A,). This
is due to poor overlap of ligand and metal orbitals. The pairing energy is higher than
A; hence tetrahedral complexes in general are high spin as the electrons can easily
move to high energy levels without getting paired with the low energy electrons
[96, 97].

Crystal field stabilization energy (CFSE) is the energy difference between ligand
field and isotropic field or spherical field when there is no splitting of d-orbitals. For
an octahedral complex CFSE is given by

3 2
CFSEon = ntyg X <Ay —neg x <A+ PE 2.1

where nty, and ne, are the number of electrons in 7,, and e, energy levels, respec-
tively. For a tetrahedral complex CFSE is calculated as

2 3
CFSErq = nex S —niy x <A+ PE 2.2)

where ne and nt, are the number of electrons in e and 7, energy levels, respectively.
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CFSE depends on the type of d-orbital splitting, number of d-orbital electrons
(oxidation state of the metal), spin pairing energy, type of spin either high or low
spin (type of ligand: strong or weak) [96].

2.1.3 Application of Spinel Nanomaterials: State of the Art

Among different classes of spinel nanomaterials, ferrites are studied by several
authors with different bivalent cations due to their excellent magnetic, optical, elec-
trical, and chemical properties. Carbon-based electrochemical sensors (carbon paste,
glassy carbon, screen-printed carbon) modified with ferrite-based nanomaterials is
a well performing approach in achieving high sensitivity and selectivity towards
different molecules/drugs [83] crucial in biomedical applications. In the class of
ferrite nanomaterials, NiFe,Oy4 (nickel ferrite) nanomaterials are very interesting as
sensing materials in electrochemical sensors. Nickel ferrite posses an inverse spinel
structure with (Fe*™)74(Ni?tFe31)(,04 distribution in the crystal lattice structure.
It is reported in the literature that nickel ferrite acts as a p-type semiconductor with
hole hopping in the lattice sites [3, 98, 99]. Nickel ferrite or nickel ferrite-based
composites are most widely used in last few years as a sensing material to improve
the electrochemical sensing performance in detecting different analytes in biomedical
applications.

Table 2.1 Electrochemical sensing performance of NiFe,Oy in last few years.

Analyte Technique Linear range (uM) LOD (uM) Reference
Nitrite CA 0.1-1000 0.1236 [100]
H,0, AMP 45%x1073-1320  124x10°%  [101]
Bisphenol A DPV 0.02-12.5 0.006 [102]
Ascorbic acid DPV 0.5-100 0.1 [103]
Folic acid DPV 0.1-500 0.034 [104]
Serotonin DPV 0.1-300 0.07 [105]
Acetaminophen DPV 1-90 0.49 [106]
Uric acid DPV 0.398-6.761 0.15 [107]

NiFe,04 nanomaterials are used in sensing nitrite in water samples, ascorbic
acid and folic acid, H,O;, and many other drugs and molecules. The table 2.1
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shows the electrochemical sensing performance of nickel ferrite alone with different
structure/morphology based on the synthesis method used towards different analytes.
Nickel ferrite is also used in combination with other materials to form composites to
enhance the electrochemical sensing performance of nickel ferrite towards different
analytes. Based on the type of electrochemical technique used the nickel ferrite-
based sensors performed very well in different linear ranges achieving very low limit
of detection (LOD) towards different analytes.

The other interesting ferrite material is ZnFe,O4 (zinc ferrite) with normal spinel
having (Zn>*)74(Fe’T),04 cation distribution in the lattice structure [3]. Zinc
ferrite acts as a n-type material with electron transfer due to its ion distribution in
"Td’ and "Oh’ sites unlike nickel ferrite [3, 99, 108]. Zinc ferrite is also very well
performing spinel ferrite in electrochemical sensing applications. Zinc ferrite is used
as an excellent sensing material on carbon-based electrochemical sensing platforms
in the literature. Table 2.2 shows the electrochemical performance of zinc ferrite on
carbon-based electrochemical sensors in crucial analytes/drug detection.

Table 2.2 Electrochemical sensing performance of ZnFe;O4 in previous works.

Analyte Technique Linear range (uM) LOD (uM) Reference
Dopamine AMP 0.002-0.6 0.0004 [109]
Glucose DPV 10-100 0.8 [110]
Sertraline DPV 0.07-300 0.02 [111]
Acetylcholine DPV 0.08-500 0.024 [112]
Acetaminophen DPV 0-500 0.29 [113]
Sudan I DPV 1-500 0.03 [114]

The properties of nickel ferrite/zinc ferrite can be enhanced/modified by changing
the composition of the bivalent cations or trivalent cations with other suitable cations.
Depending on the ionic size and possible oxidation states the cation can have, and
the crystal field stabilization energy, the spinel structure maintains the same crystal
structure or the spinel can be modified into another type possesing different properties

which will lead to different electrochemical activity.
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2.2 Material Synthesis and Characterization

Nanomaterials synthesis method plays a crucial role in obtaining the desired proper-
ties. There are several methods reported for the synthesis of spinel metal-oxide nano-
materials in the literature namely hydrothermal, co-precipitation, sol-gel, solvother-
mal, auto combustion, and electrospinning [115, 95, 116-118]. Hydrothermal or
solvothermal methods can produce highly crystalline, ultra-fine material, and environ-
mentally friendly methods but require extreme experimental conditions [119-121].
Co-precipitation technique offers low cost, homogeneous, high purity materials but
there is a possibility of impurities and higher reaction process time [121]. Sol-gel
synthesis is known for its control over particle size, homogeneous ultra-fine particles
whereas its high cost and toxic reagents is a problem [122, 121, 123]. Electrospin-
ning method can provide particles with high surface area and porosity while the
use of toxic reagents and the number of parameters that must be controlled lead to
avoid this method as a first choice of synthesis for spinel oxides [124]. Due to its
simplicity, cost effectiveness, purity, faster reaction time, and no requirement any
organic, aqueous, or toxic solvents, in this work we used the combustion synthesis
method proposed in the literature [95] to synthesize different types of spinel metal

oxide nanomaterials.

2.2.1 Combustion Synthesis

Combustion synthesis follows principles similar to those of propellant chemistry,
where the propellant is a chemical mixture burned to produce thrust in rockets and
consists of a fuel and an oxidizer [125, 126]. A fuel is a substance that combusts
when combined with oxygen, producing gas for propulsion. An oxidizer is an agent
that releases oxygen to react with the fuel. The ratio of oxidizer to fuel is known as
the mixture ratio. Propellants are classified according to their physical state: solid,
liquid, or hybrid. Combustion reactions can become explosive if the mixture ratio is
not controlled or if the reaction occurs in a closed vessel [127, 128].

Combustion of a suitable combination of an oxidizer and a fuel can generate the
exothermicity required for the simultaneous synthesis of oxide ceramic powders.
Oxidizers commonly used include metal nitrates, ammonium nitrate, and ammonium
perchlorate, while successful fuels encompass urea, carbohydrazide, glycine, among
others. Typically, metal nitrates such as M(NO3); x- H,O (where M can be Mg,
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Mn, Fe, Co, Ni, Cu, Zn, Se, Ca, Ba) and M(NO3)3 x- H,O (where M can be Al,
La, Nd, Fe, Y, Cr, Bi) serve as effective oxidizers, though metal perchlorates are
considered hazardous due to their potential to form explosive metal azides. Fuels
are usually organic compounds, particularly those containing nitrogen, which also
act as complexing agents in the precursor, preventing inhomogeneous precipitation
before combustion. Nitrogen-rich fuels are especially effective at preventing com-
plexation, ensuring that when a fuel is added to a metal nitrate solution, it forms a
clear liquid without precipitation. Hydrazides (RNHNH>) are excellent fuels, with
urea (NH,-CO-NH3) being the simplest. Upon oxidative decomposition, urea can
either produce NH3; and CO, or N, H,, and CO,; complete combustion leaves
no residue, ensuring purity. Combustion methods are particularly well-suited for
producing multicomponent metal oxides, resulting in compositionally homogeneous,
fine particles with low impurity content. The exothermic redox decomposition of
these oxidizer-fuel mixtures is initiated at relatively low temperatures, typically
between 250°C and 500°C. The properties of the resulting products are influenced
by the nature of the fuel and the oxidizer/fuel ratio. Many technologically significant

ceramics have been synthesized using these methods [129, 130].

The combustion chemical reaction can be generalized as follows with a single

metal nitrate as an oxidizer and a fuel:

A(NO3), + Fuel — AO, + Hy0 + Gases(N2, NH3z, CO,, CO)
where A(NO3), represents the metal nitrate, and AO, is the metal oxide product.
In the typical case of spinel metal oxides, there are two metal nitrates and a fuel

therefore the reaction is written as follows:

A(NO3); + BANO3)3 + Fuel — AB,0O4 + H,O + Gases(N,, NH3, CO,, CO)
where A(NO3); and B(NO3)3 are two different metal nitrates, and AB,Oy is the

resulting spinel metal oxide.

The auto-combustion process undergoes 5 different steps in a very short time
upon heating at low temperatures (250 to 500°C). 1) Dehydration: removal of water
content from the redox mixture, 2) decomposition: metal nitrates and fuel molecules
breakdown, 3) ignition: initiation of combustion reaction due to exothermic inter-
actions, 4) propagation: rapid propagation of the combustion through the reaction
mixture, resulting in the formation of metal oxide particles, and 5) cooling: the
reaction product cools down to room temperature (RT), yielding fine metal oxide
powders.
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In this work, 17 different spinel-based materials and ZnO are synthesized using

auto-combustion synthesis.

2.2.2 Synthesis Procedure
Chemicals

Zn(NO3),-6H,0 (Zinc nitrate hexahydrate), Ni(NO3),-6H,O (Nickel nitrate hexahy-
drate), Fe(NO3)3-9H,O (Iron nitrate nonahydrate), Cr(NO3)3-9H,0O (Chromium ni-
trate nonahydrate), and Bi(NO3)3-9H,O (Bismuth nitrate nonahydrate) are purschased
from Sigma-Aldrich and used without any further modification as oxidizers, and
C(NH;),0 (Urea) is the fuel. Molecular weights of metal nitrates and urea are listed
in table 2.3.

Table 2.3 Molecular weight of different reactants

Reactant Molecular weight (g/mol)
Ni(NOs3),-6H,O 290.795
Zn(NO3),-6H,O 297.482
Fe(NO3)3-9H,O 403.997
Cr(NO3)3-9H,;0 400.15
Bi(NO3)3-9H,0 485.07
C(NH»)20 60.055

Auto-combustion Synthesis

The synthesis is performed to yield 1g of final product. The number of moles required
for each reactant is calculated using the below formula:

Y

N

where n,, is the number of moles, Y is the yield, and MW is the molecular weight of
the reactant. The number of moles (n,,) is adopted based on the final composition of
the product. For example, if the final product is NiFe,O4, then n,, moles of nickel

nitrate, 2 times n,, moles of iron nitrate, and n,, moles of urea are used in the redox
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mixture. Stochiometric proportion of 1:1 mole ratio is always maintained between

the respective bivalent cation nitrate and the fuel urea.

Table 2.4 Amount of reactants used in the auto combustion synthesis

Material Nn(g) Zn(g) In(g) Cn(g) B.n(g) Urea(g)
NiFe, 04 1.251 - 3.474 - - 0.258
Zng,NiggFe,O4 0977  0.249 3.394 - - 0.252
Zng4Nig¢Fe;O4  0.733 0499 3.394 - - 0.252
Zng¢Nig4Fe;04  0.489  0.749 3.394 - - 0.252
Zno,gNioleezOzt 0.244 0.999 3.394 - - 0.252
ZnFe,0y4 - 1.249 3.394 - - 0.252
7ZnCrg o5Fe; 7504 - 1.238 2941 0416 - 0.249
ZnCr( sFe| 504 - 1.243  2.533 0.836 - 0.251
ZnCr( 75Fe; 2504 - 1.246 2.116  1.258 - 0.252
ZnCrFeOy4 - 1.249 1.697 1.681 - 0.252
ZnCr,Oy4 - 1.279 - 3.441 - 0.258
ZnBig »5Fe| 7504 - 1.065 2.531 - 0.434 0.215
ZnBig sFe; 504 - 0.937 1.909 - 0.764 0.189
ZnBig 75Fe| 2504 - 0.836 1.419 - 1.022 0.169
ZnBiFeOy4 - 0.744  1.009 - 1.213 0.151
ZnBi;0y4 - 0.544 - - 1.775 0.109
Zn0O - 3.659 - - - 0.739
7Zn0/ZnFe;0y4 - 2.499 3.394 - - 0.252

As a first set, six different spinel ferrite materials are synthesized using nickel
nitrate, zinc nitrate, and iron nitrate as oxidizers to produce Zn,Ni;_,O4 (x =0, 0.2,
0.4, 0.6, 0.8, 1) nanomaterials.

Second set of the synthesis is to introduce Cr’* ions into the crystal structure
of ZnFe,O4 nanomaterial. Hence, zinc nitrate, chromium nitrate, and iron nitrate
are used as oxidizers in producing ZnCr,Fe;_,04 (x = 0, 0.25, 0.5, 0.75, 1, 2)
nanomaterials.

In the third set, a larger ionic sized Bi*t ions are introduced into ZnFe,Oy4

nanomaterial, therefore bismuth nitrate, iron nitrate, and zinc nitrate are used as
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Dehydration of redox mixture (above 100°C) , gases : N,, CO,, CO, NH; (above 300°C)

Furnace ’ Graphite reactor

\ \

Cooling and grinding
Final product

Mixture of precursors and urea
1:1 mole ratio

Heating up to 600°C
Annealing of final output at 600°C for 1 hour

Fig. 2.4 Auto combustion synthesis.

oxidizers in preparing the redox mixture with urea to produce ZnBi,Fe;_,O4 (x =0,
0.25, 0.5, 0.75, 1, 2) nanomaterials.

The fourth and final set of the synthesis, ZnO interfaced with ZnFe,Oy is pro-
duced. ZnO is synthesized using zinc nitrate and urea, and ZnO/ZnFe;0Oy 1s syn-
thesized using zinc nitrate and iron nitrate but double the number of moles of zinc

nitrate is used in the redox mixture different from the synthesis of zinc ferrite.

The synthesis of different materials in four parts described above is performed by
following the same procedure inspired from the literature [95]. The auto-combustion
synthesis scheme is shown in Figure 2.4. The amount of each reactant used in the
synthesis of each material is reported in table 2.2. As a first step in the synthesis,
based on the composition of the final material, metal nitrates and urea are weighed
according to table 2.4 using a balance. Then the oxidizing and reducing agents are
mixed in a crucible to make a redox mixture. The crucible with the redox mixture is
kept inside a graphite reactor, and the graphite reactor is placed in a furnace. The
graphite reactor is heated inside the furnace up to 600°C. The dehydration of the
mixture starts when the temperature inside the reactor reaches above 100°C. When
the temperature reaches around 300°C we observe the release of gases (N, NHj3,
CO,, CO) upon breaking of reactant molecules [129] and exothermic reaction makes
the reaction propagates faster and the temperature inside the reactor reaches 600°C in

a matter of few minutes. The final output is annealed at 600°C for 1 hour to remove
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any residues and the product after annealing is cooled down to RT. The final product

is grounded to obtain the fine powders of different spinel-based materials.

2.2.3 Physicochemical Characterization

Synthesized materials are characterized using various techniques to investigate
and understand their physical and chemical properties. Field Emission Scanning
Electron Microscopy (FESEM) images are collected using the Zeiss SupraTM
50 (Oberkochen, Germany) to analyze the morphological and size features of the
materials. The average particle size of different materials is estimated from FESEM

images using ImageJ software (version 1.54d).

X-ray diffraction (XRD) is employed to examine the crystallographic phases,
crystallite size of the particles. XRD experiments are performed on powder samples
using a Panalytical Empyrean diffractometer (Malvern Panalytical, Malvern, UK).
These experiments cover a 260 range from 10° to 80° with a time step of 60 seconds
(step of 0.013°/s) in Bragg-Brentano configuration, utilizing Cu Ka radiation (4
= 1.5418 A) at 40 kV and 40 mA. The collected XRD patterns are analyzed using
X’pert HighScore software to compare with different powder diffraction patterns,
identifying various phases related to the material compositions and detecting any
contamination. Scherrer’s method is used to calculate the crystallite size of the

powder samples [3, 5].

Spectroscopic characterization of materials is performed to better understand
their internal features. Micro-Raman spectroscopy is first utilized using a Renishaw
inVia Raman microscope to obtain information about different molecular bonds and
vibrational modes. To understand the optical absorption characteristics and calcu-
late the energy band gap of the materials—an important feature for understanding
their electronic transitions, ultraviolet-visible (UV-Vis) spectroscopic measurements
are conducted. A Cary 5000 ultraviolet-visible-near-infrared (UV-Vis-NIR) spec-
trophotometer (Varian Instruments, Mulgrave, Australia) equipped with a diffuse
reflectance (DR) system is employed for UV-Vis investigations. The Tauc plot
method is used to calculate the energy band gap (E,) from the diffuse reflectance
UV-Vis spectra.

Finally, surface oxidation states of the elements in different compositions of

the materials and any possible contamination with elements other than those in
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the composition are studied using X-ray photoelectron spectroscopy (XPS). XPS
experiments are carried out with a PHI 5000 Versaprobe spectrometer equipped with
a monochromatic Al Ko (1486.6 eV) X-ray source. An Ar ion gun and an electron
gun are used for charge compensation. Binding energy calibration is performed by
setting the adventitious C sp> component at 284.8 eV. Pass energies are set at 187.85
and 23.5 eV for acquiring survey and high-resolution scans, respectively. XPS full
survey, high-resolution (HR) spectra, and valence band (VB) spectra are recorded to
study the elemental composition, oxidation states of the elements, and to calculate
the valence band minimum (Ey ) of the materials, respectively. XPS spectra are
processed using CasaXPS software (v2.3.23, Casa Software Ltd). All data are plotted
and presented using Origin 8.5 software, all the features of the materials using the

above techniques will be discussed in their respective chapters.

2.3 Electrochemical Characterization

2.3.1 Electrochemical Sensors Preparation

In order to prepare the new sensors based on spinel-based materials, firstly material
solutions are prepared. Material solutions are prepared using three different solvents
namely, water, methanol, and 1-butanol. From our previous knowledge [4], 3:1
material to solvent ratio is sustained in preparing the particle solutions. First to
optimize the sensor performance, 2, 5, 7, 10 uL. material solutions are utilized.
As a reference electrochemical sensor, a three electrode electrochemical system
with carbon working electrode (WE), carbon counter electrode (CE), and Ag/AgCl
reference electrode is used. The newly prepared material solution is dropped on the
surface of the working electrode and dried for 24 hours at 27°C. This technique of
surface modification is usually referred as ’drop casting’ technique. The sensors are

stored in petri dishes under normal atmospheric conditions.

2.3.2 Preparation of Buffer Solution

To prepare electrolytic solution, phosphate buffer (PB) solution is used as a sol-
vent. Phosphate buffer solution is prepared by using sodium monobasic phosphate
(NaH;POy4) and sodium dibasic phosphate (Na,HPO4). The calculations for the
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preparation of 0.1 molar PB at pH 7 are made by using the typical pH calculation

equation of a base and acid.

B
pH = Pka+ logZ (2.4)

where B and A are the concentrations of base and acid, and Pka value for sodium

monobasic phosphate is taken as 7.21.

¢ The number of moles of sodium monobasic and dibasic are found to be 0.062,
and 0.038.

e Then the amount is calculated by multiplying with the molecular weight of
NaH;PO4 (119.98 g/mol) and NaHPO4 (141.96 g/mol) which is equal to
7.438 g and 5.394 g, respectively.

The materials are weighed using a balance and mixed with 1 liter of deionized (DI)
water in a volumetric flask and the mixture is kept in an ultrasonic bath for 30 minutes
to dissolve all the phosphate in the solution to finally achieve 0.1 M PB at pH 7.
The solution is stored under normal atmospheric conditions and used whenever is

required for the electrochemical sensing experiments.

2.3.3 Preparation of Electrolytic Solution

For the first three parts of the work, paracetamol is used as a model/test molecule
to study the performance of new sensors based on spinel materials. Electrolytic
solution of paracetamol is prepared in 0.1 M PB at pH 7 at different concentration
of paracetamol. As a base solution 1 mM paracetamol in 0.1 M PB at pH 7 is
prepared. To calculate the amount of paracetamol required to prepare the solution,
below equation is used.

Weight(grams) = Cocentration(moles/liter) x Volume(liters) x MW (2.5)
For the dilution of electrolytic solution,

MV = M)V, (2.6)
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is used, where M is the molarity (concentration) of the initial solution, V; is the
volume required to make the solution with M, molarity (concentration of the final
solution) and V5 (final volume) volume. For the calibration studies of the sensors,
0.5 - 3 mM (steps of 0.5 mM) concentrations of paracetamol in 0.1 M PB at pH 7
are prepared. The molecular weight of paracetamol is taken as 151.163 g/mol.

Preparation anti-cancer drug solutions

In this work, as a potential application of the pure spinel-based nanomaterials, the
electrochemical sensing performance towards three anti-cancer drugs such as 5-
fluorouracil (5-FU), etoposide, and methotrexate is studied. 5-FU solutions are
directly prepared in 0.1 M PB at pH 7 as 5-FU is easily dissolved in PB solution.
Firstly 500 uM solution is prepared as a base solution for preliminary study and then
for calibration 10 - 200 uM (in steps of 30 M) solutions are prepared to stay in the
pharmological concentration range of 5-FU.

It is difficult to dissolve etoposide and methotrexate directly in PB solution
hence, the initial solution with 1 mM concentration is prepared in DMSO (dimethyl-
sulfoxide) for each drug and then the solution is diluted to achieve 10 - 100 uM

concentrations in PB solution.

2.3.4 Preparation of Universal Buffer Solution

Universal buffer solution (UBS) is used for pH sensing measurements of the sensors
to cover the pH range from 2 - 12. Acetic acid (CH3COOH), potassium nitrate
(KNO3), boric acid (H3BO3), and phosphoric acid (H3PO4) are used to prepare
the base UBS solution. Potassium hydroxide (KOH) and nitric acid (HNO3) (65%
concentration) are used as base and acid stock solutions to control the pH of the UBS

solution.
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Table 2.5 Molarity and amount of chemicals used for UBS solution

Chemical Molarity (M) Amount

CH;COOH 0.01 0.3 mL
KNO; 0.1 505 ¢
H;BO; 0.01 031¢g
H;PO,4 0.01 0.58 mL
KOH 1 5611 ¢g
HNO; 1 9.69 mL

The molarity and the amount of each chemical used are reported in table 2.5. The
measured amounts are mixed in 0.5 L DI water in a glass container and put under
ultrasonic bath to dissolve all the chemical inside DI water to have the final base
UBS solution. The KOH and HNO3 stock solutions are prepared in 100 mL of DI

water and they are used to increase and decrease the pH of the UBS solution.

2.3.5 Sensor Characterization Techniques

For the first three parts of the work, electrochemical sensor characterization is per-
formed by using cyclic voltammetry with the help of a Bio-Logic SP300 potentiostat.
New electrochemical sensors based on spinel materials and bare carbon are charac-
terized using paracetamol as a model/test molecule. 100 uLL of 1 mM paracetamol
in 0.1 M PB at pH 7 is dropped using a micro pipette to cover the whole surface of
the electrochemical sensor. A cyclic potential between -0.6 to +0.8 V (vs Ag/AgCl)
at a scan rate of 100 mV/s is applied to the working electrode of the sensor. Cyclic
voltammograms (current vs potential plots) are recorded and oxidation and reduction
currents are assesed after baseline correction by using the peak analysis option in

EC-lab software (software used to control the Bio-Logic potentiostat).

Cyclic voltammetry is performed by changing the scan rate from 50 mV/s to
300 mV/s (step size = 50 mV/s) to understand the nature of the electrochemical
interface between the surface of the working electrode and paracetamol. Using the
scan rate analysis kinetic parameters (electron transfer rate coefficient o, kinetic
rate constant "k’) of the sensors are calculated. Sensors calibration is performed
by doing CV at different concentrations (0.5 mM - 3 mM in steps of 0.5 mM) of
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paracetamol and taking the average of the oxidation current over 3 measurements at
each concentration of paracetamol. The average oxidation current is plotted against
the concentration of paracetamol and a linear fitting is performed. The slope of the
linear fit is the sensitivity of the sensor. Limit of detection (LOD) is calculated with

the help of blank measurements (D) and the sensitivity (S) using the below formula:

rop="2 @.7)

S
where / is the statistical confidence level (K =1, 2, and 3 corresponding to 68.2 %,
95.4 %, and 99.6 % of statistical confidence, respectively) taken as ’3’. Other impor-
tant parameters such as repeatability and reproducibility are assessed by performing
5 measurements with the same sensor and on three different sensors of the same type

at the same concentration of paracetamol.

Dissolved oxygen (DO) sensing measurements are performed to study the per-
formance of the spinel-based sensors as a potential application. 100 mL of 10
mM PBS solution (commercial solution) at pH 7.4 is used to perform the DO
sensing measurements. Initially CV is performed to get a reference voltage to per-
form chronoamperometric measurements. -0.5 V is used as the fixed potential for

chronoamperometric measurements to sense DO.

The experimental setup of DO sensing is presented in Figure 2.5. The setup
involves covering the solution with parafilm, with a small tube inserted through a hole
in the parafilm to allow nitrogen bubbling, which is used to adjust the concentration
of dissolved oxygen (DO) in the solution. An external Ag/AgCl reference electrode
is inserted through another hole, and nitrogen is bubbled into the solution for 30
minutes at a flow rate of 2L/min. The oxygen is vented through a separate small
hole in the parafilm. Once the desired DO concentration in the PBS solution is
reached, the probe with the screen-printed electrode is inserted into the solution
through an additional hole. Initially, the probe is kept out of the solution to protect

its connections from potential damage during the nitrogen bubbling process.
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Fig. 2.5 Electrochemical sensing setup of dissolved oxygen (DO).

After completing the setup procedure, an initial chronoamperometric measure-
ment is conducted for 3 minutes using a Metrohm Autolab (NOVA 2.1). The solution
is then stirred for 5 minutes with a small stirrer set at 100 rpm (revolutions per
minute) to alter the DO concentration near the surface of the working electrode,
allowing oxygen to enter through the small hole in the parafilm. This process is
repeated five times to calibrate the sensor. For each DO concentration, the current
is averaged over a stable 60-second period from the 3-minute chronoamperogram.
The averaged current is plotted against the DO concentration, and the slope of the
resulting linear fit is reported as the sensor’s sensitivity for electrochemical sensing

of dissolved oxygen.

As a potential application of the spinel ferrite sensors, pH sensing measurements
are performed by using chronopotentiometric technique. 75 mL of the freshly
prepared UBS solution is taken in a beaker and the pH calibration of the UBS
solution (pH changed using KOH and HNOj stock solutions to cover 2 - 12 pH
range) is performed using consort pH probe. Potentiometric sensing is usually done
using two electrode system hence the CE and RE probes of the potentiostat are
coupled together and the screen printed electrode and external Ag/AgCl reference
electrode are dipped in 75 mL of UBS solution with a pH 1.98. The solution is
continuously stirred at 500 rpm during the measurement using a small stirrer. Open

circuit potential (OCP) is recorded by running a chronopotentiometric scan for two
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minutes and last 60 seconds of the measurement is averaged for each pH value and
the sensors are calibrated by plotting the OCP with respect to the pH of the solution.
Similar to the previous cases the slope of the linear fit is reported as the sensitivity
of the sensors in pH sensing. The sensors are characterized by potentiometry in the
physiological pH range of 4 - 8.5 similar to the initial measurements, as the main
goal is to use these sensors in biomedical applications. The stability of the sensors
is checked by doing the measurement at each pH for longer times (5, 10, 15, 20
minutes). Finally, interference tests are performed by using 30 mM KCl, and 5 mM

NaCl as possible interferences.

In the last part of the work, spinel based sensors are used to sense anti-cancer
drugs as another potential application of these sensors. As a preliminary measure-
ments, 0.5 mM 5-FU in 0.1 M PB at pH 7 is detected by using cyclic voltammetry.
The potential is scanned between 0.5 and 1.2 at a scan rate of 100 mV/s and a clear
oxidation of 5-FU around 0.9 V is observed. Since the pharmaceutical concentration
of the drug is low, DPV technique is employed. It is the best technique to study the
electrochemical sensor performance at low concentrations as it is very sensitive tech-
nique. DPV is performed using 100 mV of modulation amplitude, 0.1 s of interval
time, and 0.025 s of modulation time. Calibration of the sensors is performed in the
concentration range of 5-FU from 10 - 200 uM in steps of 30 uM.

Etoposide is detected through CV as the drug is very electroactive compound
even at low concentrations. CV is performed in the potential range from -0.4 to +0.8
V at a scan rate of 20 mV/s and the two oxidation peaks of the etoposide are assessed
and the sensors are calibrated in the concentration range from 10 - 100 uM in steps
of 20 uM.

2.4 Conclusion

This chapter presented the advantages and significance of spinel nanomaterials over
single metal oxides, crystal structure of spinel oxides, and some of the applications
of spinel ferrites in biomedical applications. Advantages and use of combustion
technique in spinel oxides synthesis is discussed, apparatus for physicochemical
characterization of nanomaterials, preparation of buffer and electrolytic solutions,
and instruments used for electrochemical characterization of new electrochemical

sensors is presented.



Chapter 3

Effect of Crystal Structure on
Electron Transfer

The reorganization energy *A’ and transfer integral ’J” can get affected by the changes
in the composition of the electrode material, size of the particles, and the crystal
structure. This can eventually effect the wavefunctions of the electrons participating
the electron transfer between the acceptor and donor leading to different transfer
integrals (overlap of wavefunctions) and reorganization energies. This leads to
a significant change in the final kinetic rate constant 'k’ of the electron transfer.
Therefore it is important to understand the affects of these parameters on electron
transfer and eventually "k’. Hence in this work, the effect of crystal structure on
electron transfer at the electrochemical interface is studied. In order to study the effect
of crystallographic features on electron transfer an inverse spinel-oxide, NiFe;O4
is considered. Ni’* ions in the crystal structure of the NiFe,Oy4 are gradually
substituted by Zn>* (very similar ionic radius compared to Ni**) in steps of 0.2
mole fraction (x) to gradually change the crystal structure of the inverse spinel
(NiFe;O4) to a normal spinel (ZnFe,O4). To do so, Zn,Ni;_,Fe,O4 (x =0, 0.2,
0.4, 0.6, 0.8, 1) nanomaterials are synthesized using the auto combustion synthesis
method as described in chapter 2.2.2. Synthesized nanomaterials are characterized
using different material characterization methods in order to study the morphological,

crystallographic, structural, electronic, and optical features of the materials.

The surface of the screen-printed carbon working electrode is modified using
the newly synthesized spinel nanomaterials by following the procedure described in
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section 2.3.1. Bare carbon and modified sensors are electrochemically characterized
by cyclic voltammetry technique using paracetamol as a test/model molecule since
paracetamol is an electroactive drug, it can be easily studied for direct comparison
among different electrochemical sensors in terms of sensitivity and electron transfer
rate constant. To predict the type of electron transfer at the electrochemical inter-
face between the working electrode surface and paracetamol, band energies of the
nanomaterials are estimated and mapped with the experimental redox potentials
of paracetamol, the role of surface states/defects on electron transfer at the ECI is

discussed.

3.1 Material Characterization

3.1.1 Structural Characterization

Firstly, the synthesis method is tested with different annealing times and processes.
NiFe;O4 material is synthesized without annealing initially and then annealed the fol-
lowing day. Another batch is synthesized and annealed using a single-step procedure
as described in section 2.2.2. The XRD patterns of these two materials are compared
in Figure 3.1. A shift of +0.24 degrees in 20 is observed, along with improved crys-
tallinity, as evidenced by the reduced peak broadening in the single-step synthesis
(red pattern) compared to the material annealed the next day (black pattern). To
assess the effect of annealing time, NiFe, Oy, is synthesized with annealing durations
of 1 hour and 2 hours at 600°C. The powder diffraction patterns of NiFe,;O4 for both
annealing times are shown in Figure 3.2. It is noted that the annealing time of either
1 or 2 hours did not affect the XRD pattern of the material at a constant temperature.
Consequently, a single-step synthesis with a 1-hour annealing time is selected as the

standard procedure throughout this work.
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Fig. 3.2 Effect of annealing time on XRD pattern of NiFe,O4 nanomaterial in single step
synthesis.

The XRD patterns of powder Zn,Ni;_,Fe,04 (x =0, 0.2, 0.4, 0.6, 0.8, 1) samples
are displayed in Figure 3.3. The XRD results confirm that the primary crystalline
phase of the Zn,Ni;_,Fe,O4 nanomaterials is the cubic (FCC - face centered cubic)
spinel crystal phase belonging to the cubic Fd-3m space group. Notably, for x =0
and x = 1, the experimental patterns align perfectly with the inverse spinel Trevorite
(NiFe; Oy, ref. code 01-086-2267, ICSD-040040 (ICSD release 1997)) and the
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Fig. 3.3 XRD patterns of Zn,Ni;_,Fe,O4 nanomaterials showing the different phases and
illustrating the clear crystal phase transition from inverse spinel to normal spinel with too
different phases.

normal spinel Franklinite (ZnFe,Oy, ref. code 01-074-2397, ICSD-028511 (ICSD
release 1997)), respectively.

For intermediate compositions, an increase in Zn content results in a gradual shift
of the peaks towards lower 260 angles, as shown in Figure 3.3, which illustrates this
shift for the most intense peak and another less intense peak of the spinel structure.
This shift in peaks indicates a gradual expansion of the lattice volume, which is
attributed to the smaller ionic radius of Ni(Il) (69 pm) compared to Zn(II) (74 pm).
This gradual shift confirms that the synthesized materials exhibit a crystal structure
transitioning between the normal and inverse spinel forms, as expected. This proves
the successful synthesis of materials with different spinel phases from inverse to
normal spinel and then the mixed phases in between.

In addition to the expected spinel phase, the XRD patterns display three additional
peaks at 26 values of 16.8°, 21.4°, and 36.3°. The last of these peaks, in spectra with
low Zn content (x =0, 0.2, 0.4), partially overlaps with the main peak of the spinel,
but becomes more prominent at higher Zn content (x = 0.6, 0.8, and 1) due to the
shift of the main peak towards lower angles. During the XRD analysis, a polymeric
sealing was used as a safety precaution because of the nanometric size of the spinel
powders. To determine the origin of these three unknown peaks, XRD patterns are

collected with and without the polymeric sealing. The three peaks mentioned above
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Fig. 3.4 XRD patterns of NiFe;O4 nanomaterial with and without a polymeric plastic film.

are not present in the diffractogram of the unsealed sample, as shown in Figure 3.4,
but they are observed in the sealed samples, as mentioned. Therefore, these three
peaks are attributed to the presence of the polymeric film used during the analysis.

Additionally, the XRD pattern of ZnFe,O4 shows four low-intensity peaks be-
tween 30° and 36°. The positions of these peaks correspond to the most intense
peaks of ZnO and Fe,O3, respectively as expected due to the adopted synthesis
method and reactants used.

Table 3.1 The average crystallite size of Zn,Ni;_,Fe,O4 materials

Material Average crystallite size (nm)
NiFe,04 27.5+0.9
Zng>Nig gFe, 04 24.1+04
Zng 4Nig ¢Fe, 04 23.8+0.9
Zn0.6Ni0_4FezO4 26.54+0.3
Zng gNip2Fe; Oy 27.4+0.9

ZnFe,04 36.24 1.4
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The average crystallite size of the particles was calculated using Scherrer’s
method. For the Scherrer equation, seven high intense peaks are used. The size of

the crystallites is calculated using the equation:

mA
- BriicosO
where’D’ is the crystallite size, m = 0.9 is a dimensionless shape factor assuming
spherical shape, f8 is the FWHM (full width half maximum) of the XRD peak and 6
is the Bragg angle of the peak center. The instrumental broadening f3 is corrected

D (3.1)

using the equation,

Bhkl - \/(ﬁhkl)ieasured - (Bhkl)?tandard (32)

As shown in Table 3.1, the average crystallite size ranges from 24 to 35 nm.
The crystallite size varies irregularly between materials, likely due to the synthesis
method used. Autocombustion synthesis allows a weak control over crystallite

growth, leading to this variation.

3.1.2 Morphological Characterization

FESEM technique is used to examine the size and morphology of the synthesized
Zn;Ni;_,Fe,O4 materials. As shown in Figure 3.5, the particles exhibit a spher-
ical shape and are aggregated into clusters. This aggregation is likely due to the
auto-combustion synthesis method employed. The observed morphology of the
nanoparticles is consistent with that of ferrite materials reported in the literature
[95, 131]. Particle sizes are estimated from Figure 3.5 by analyzing the particles
of each material using ImagelJ software. The average particle sizes, which range

between 30 and 70 nm, are summarized in Table 3.2.
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Table 3.2 The average particle size of Zn,Ni;_,Fe,O4 materials

Material Average particle size (nm)
NiF6204 35+6
Zng 2Nig gFe, Oy 39+8
Zng 4Nig ¢Fe, 04 31+7
Zl’l().ﬁNi()‘4F6204 66+ 18
ZnovgNi(),zFezOL; 36+9
ZnFe204 44417

Variations in particle size with the addition of Zn into the NiFe,Oy4 structure
are noticed. As seen in the SEM images (Figure 3.5), the particles are aggregated,
making it challenging to determine the exact size. A part of the image is chosen where
the particles seem less aggregated and the average size is estimated. Particularly
in Figures 3.5d and 3.5f, the particles appear larger compared to those in Figures
3.5a-3.5c and 3.5e. This suggests that some particles may have formed from multiple
crystallites, as the synthesis method used does not allow precise control over particle
size and shape. It is plausible that Zng ¢Nig 4Fe,O4 and ZnFe,04 consist of more
crystallites compared to the Zn,Ni;_,Fe;O4 (x =0, 0.8, 0.4, 0.2) nanomaterials due

to the control over the particle growth kinetics.

Figure 3.6 presents the FESEM images of the surface of the ZnFe,O4-modified
carbon working electrode (WE). In Figure 3.6a, ZnFe,O4 particles are shown dis-
persed on the carbon WE, clearly illustrating that these dispersed particles are
nanoparticles with some degree of aggregation. To determine the particle size, a less
aggregated region of the image in Figure 3.6b is selected and analyzed using ImageJ
software. The image was scaled to visualize the particles at the nanoscale, and a line
tool was used to measure the diameters of 30 different particles. The average particle

size was calculated to be 41 + 8 nm.

3.1.3 Spectroscopic Characterization

Pure and mixed ferrites crystallize in a spinel structure belonging to the Fd-3m space
group, which, according to group theory, exhibits five active Raman bands (Ajg,
E,, and 3Ty,) [132-134]. A well-known example of the (inverse) spinel structure
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Fig. 3.5 FESEM images of Zn,Ni;_,Fe,O4 nanomaterials at 250kX.
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Fig. 3.6 FESEM images of ZnFe,O4-modified carbon surface at different scales.

is magnetite (Fe304), where Fe3T ions occupy both the *Td’ and *Oh’ sites. In
NiFe,0,4, however, only half of the Fe3* ions occupy the *Td’ sites, while the
"Oh’ sites are shared between Ni>* and Fe* ions. This difference suggests that in
Fe;0y4, the Fe-O bond distances are uniform, whereas in NiFe,O4, some distortion
in bond distances may occur due to the differing ionic radii of Ni>* and Fe** ions.
Raman spectroscopy, being highly sensitive to local structural changes, can detect
such disturbances in the local structure. Thus, similar structural changes can be
anticipated in Zn,Ni;_,Fe>,O4 nanomaterials as the composition varies from x = 0 to
1.

The Raman spectra for all six materials are shown in Figure 3.7. As the composi-
tion changes, the spectra reveal clear variations, reflecting local changes in the crystal
structure. The spectra closely resemble those of Fe3O4 reported in the literature
[134]; however, a key difference is that the Fe3O4 bands are sharp and well-defined,
while in Zn—Ni mixed ferrites, the bands exhibit shoulder or doublet-like behavior
(with two cations) and triplet-like behavior (with three cations). These changes are
attributed to variations in ionic radii, which affect bond distances.

For the inverse spinel NiFe,Oy, five Raman peaks are identified at 703 cm~ ! (A g
band), 573 cm ™! (T4(3) band), 482 cm™! (T4(2) band), 333 cm™! (E, band), and
211 cm™! (T2g(1) band). The Fe-related AA |, mode is observed at 703 cm™ L. Upon
incorporating Ni into the ferrite structure, an additional prominent mode appears at
~ 670, attributed to the Ni-related A, mode [133]. These peaks closely align with
those reported in the literature [98, 134]. In the spectrum of Nig ¢Zng4Fe;0O4, in
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Fig. 3.7 Raman spectra of Zn,Ni;_,Fe,O4 nanomaterials.

addition to the Fe and Ni-related peaks at 698 and 667 cm™!, respectively, a strong
peak at 644 cm~! is observed, which is associated with Zn within the A ¢ band
and is attributed to Zn—O vibrations at the Td sites, as previously noted [135, 136].
Similarly, in the normal spinel ZnFe;Oy4, the Fe-related peak at 646 cm ! and the Zn-
related peak at 612 cm™! within the A; ¢ band are identified. Besides the five typical
Raman bands, an additional band marked as “*” around 400 cm~! is attributed to
the Zn-O bonding as in ZnO [137]. The peak positions of the other four Raman
bands—T2,(3), 2¢(2), Eg, and Ty,(1) are also identified in the Raman spectra as
indicated in Figure 3.7.

The Kubelka—Munk function, F(R) of diffuse reflectance (DR) UV-vis spectra

of powder samples is reported in Figure 3.8. The function F(R..) is expressed as:
F(R )_(1—RW)Z_K 3.3)

0 2R. s '
where ’R..’ represents the fraction of incident UV—vis light reflected by a sample
considered infinitely thick, ’s’ is the scattering coefficient, and K denotes the molar

absorption coefficient.
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Fig. 3.8 Diffuse reflectance (DR) UV-vis spectra of Zn,Ni;_,Fe;O4 nanomaterials.

The Zn,Ni;_,Fe,O4 nanomaterials exhibit varying Kubelka—Munk curves, as
shown in Figure 3.8. These spectra display distinct absorption onsets and different
bands, which are likely linked to localized electronic levels.

The energy gap (Eg) of the synthesized materials is determined using Tauc’s plot,
as illustrated in Figure 3.9. Direct electronic transitions are assumed for this analysis,
and the calculated E, values for the nanomaterials are presented in Table 3.4. The
E, values obtained for NiFe;O4 (2.41 4 0.05 €V) and ZnFe;O4 (2.58 £ 0.06 eV)
are consistent with previously reported values [138—141]. The incorporation of Zn

into the NiFe;O4 lattice leads to changes in the energy gap of the nanomaterials.

As shown in Figure 3.8, the Zn,Ni;_,Fe,O4 nanomaterials exhibit distinct ab-
sorption spectra, characterized by different absorption onsets and other spectroscopic
features attributed to surface electronic states. However, when it comes to the cor-
responding bandgap energy values (Table 3.4), no clear trend could be established
in relation to the nanoparticle size. It is well recognized that the size and shape of
nanoparticles significantly influence the energy of electronic levels within a material
[142—144]. The shape, in particular, can have a substantial impact on light absorp-

tion, leading to variations in bandgap energy. For simplicity, the nanoparticles are
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assumed to be spherical, but a closer examination of SEM images reveals that the
nanomaterials possess some irregular shapes. Additionally, it should be noted that
the DR UV-vis spectra in Figure 3.8 indicate the presence of surface energy levels,
which can significantly influence the bandgap calculation. These surface energy
levels may be associated with surface states or defects, contributing to the observed
spectral tailing and complicating a more precise determination of the nanomaterials’

bandgap.

The composition and valence states of the elements in the Zn,Ni;_,Fe,O4 nano-
materials are analyzed using XPS. The full survey scan spectra, presented in Figure
3.10, revealed peaks corresponding to Ni, Zn, Fe, and O, as well as adventitious car-
bon (C), confirming their presence in the nanomaterial composition. High-resolution
(HR) core-level spectra are recorded for Fe 2p, Ni 2p, Zn 2p; 5, and O 1s, and the
resulting data are fitted, as illustrated in Figure 3.11. The binding energies for Zn,

Ni, Fe, and O within the Zn,Ni;_,Fe»O4 nanomaterials are detailed in Table 3.3.

Table 3.3 The binding energies of different elements in Zn,Ni;_,Fe,O4 nanomaterials

. Binding energy (eV)

Material Fe3+ NiZ+ 72+ 02

Fe 2 -710.1 Ni 2 - 854.6 - O 1s-529.6
NiFe,04 € 2p3/2 1 P3/2 §

Fe 2p1/2 -723.7 N1 2p1/2- 872.2

Fe 2 -710.5 Ni 2 - 854.6 Zn?2 -1021.1 O 1s-529.6
Zno.»Nig sFe,04 P3/2 1 P3/2 P3/2

Fe 2p1/2 -724.1 Ni 2p]/2 -872.2

Fe 2 -710.4 Ni 2 - 854.6 Zn?2 -1021.2 O 1s-529.7
Zno.4Nio ¢Fe, 0, P3/2 . P3/2 P3/2

Fe 2p; ), - 724.1 Ni2p; ), - 8724

Fe 2 -710.5 Ni 2 - 854.7 Zn?2 -1021.2 O 1s-529.8
Zno.¢Nig 4Fe,04 P3/2 1 P3/2 P3/2

Fe 2py, - 724.5 Ni 2py , - 872.3

Fe 2 -710.7 Ni 2 - 854.8 Zn 2 -1021.3 O 1s-529.7
Zno.sNig 2Fe,04 P3/2 . P3/2 P3/2

Fe 2p1/2 -724.5 Ni 2p1/2 - 872.5

Fe 2 - 710.6 Zn?2 -1021.4 O 1s-529.7
ZnFe,0, €2p32 N 2P3/2 §

Fe 2p1/2 -724.5

The Fe 2p region showed two primary peaks at 711-710 eV (Fe 2p; ;) and
724.5-723.5 eV (Fe 2py /), along with two broad shake-up peaks at higher binding
energies, which are indicative of Fe(IIl) [141, 91]. The HR spectra for Ni 2p
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Fig. 3.9 Tauc plot method to determine the energy gap (E,) of Zn,Ni;_,Fe;O4 nanomaterials.
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Fig. 3.10 XPS full survey spectra of Zn,Ni;_,Fe,O4 nanomaterials.
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Fig. 3.11 XPS high resolution (HR) spectra of different elements in the composition of
Zn,Ni;_,Fe,04 nanomaterials.

displayed two major peaks around 854.7 eV and 872.2 eV, corresponding to the Ni
2p3/, and Ni 2py 5 peaks, respectively [145]. Additionally, shake-up satellite peaks
characteristic of Ni(Il) species were observed at higher binding energies [146]. For
Zn 2ps3,, the HR spectra showed main peaks between 1021.1 eV and 1021.4 eV,
which are associated with Zn(II) [141, 91]. The O 1s spectra are deconvoluted into
two main components at approximately 529.7 eV and 531.4 eV, corresponding to 0>~
in the lattice and O?~ in hydroxyl groups, respectively, with an additional shoulder
above 532 eV attributed to adsorbed water [146, 147]. XPS analysis confirmed that
the valence states of Zn, Ni, Fe, and O in the Zn,Ni;_,Fe>O4 nanomaterials are *+2’,

"+27, 43, and ’-2’, respectively.
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Fig. 3.12 Estimation of the valence band maximum (Ey) of Zn,Ni;_,Fe;O4 nanomaterials

using XPS valence band spectra.
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Table 3.4 The energy gap and band edges of Zn,Ni;_,Fe,O4 materials

Material E, (eV) Ey (eV) Ec (eV)

NiFe;04 2.41+0.05 —-0.56+0.01 1.854+0.06
Znp,Nig gFe,04 2.32+0.04 —-0.64+£0.01 1.68+£0.05
Znp4NigeFe,04 2.38+£0.04 —0.921+0.02 1.41+0.06
ZnyeNig4Fe;04 2.17£0.05 —0.81+£0.01 1.36+0.06
ZnpgNigoFe,O4 2.37£0.04 —1.23+0.01 1.14+0.05
ZnFe, 0y 2.58+0.06 —1.874+0.13 0.71+0.19

The valence band maximum (Ey) of the nanomaterials is determined using XPS
valence band spectra following the procedure outlined in reference [148]. This
method involves extrapolating the leading edge of the peak observed in the XPS
valence band spectrum to meet the baseline of the flat region, as depicted in Figure
3.12. The point where this extrapolation intersects the baseline corresponds to the
valence band maximum (Ey). With the Fermi energy level (Ey) assumed to be at
0 eV, the calculated E, values are presented as negative energy values. By adding
the energy gap (E,) to the valence band maximum (Ey), the minimum energy of
the conduction band (Ec) is obtained. The computed E,, Ey, and E¢ values for the
Zn,Ni; _,Fe,O4 nanomaterials are summarized in Table 3.4.

3.2 Electrochemical Characterization

Initially, NiFe,O,4 and ZnFe;O4 solution in methanol modified carbon (WE) sensors
are characterized with paracetamol (APAP) as a test analyte in 0.1 M PB at pH
7. Figure 3.13a shows the cyclic voltammograms of Bare, NiFe;O4 and ZnFe,O4
modified sensors with 1 mM APAP in 0.1 M PBS at pH 7. It is clear that the modified
sensors with spinel nanomaterials have enhanced the oxidation peak current and
redox potential has been decreased compared to the unmodified or bare carbon

Sensor.

To investigate the impact of varying nanoparticle deposition amounts on the
WE surface, the surface was modified by applying 2, 5, 7, and 10 uL of NiFe,Oq4
in methanol solution. The corresponding cyclic voltammograms are presented in
Figure 3.13b. As the deposition volume increased from 2 to 5 uL, the performance
of the electrode improved. However, further increases to 7 and 10 uL resulted in a
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significant decrease in the oxidation peak current. This suggests that a higher deposi-
tion volume on the WE surface increases the interface resistance, thereby reducing
the electrode’s surface electrochemical activity. Based on these observations, 5 uLL

was selected as the optimal deposition amount for subsequent sensor performance

studies.
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Fig. 3.13 Cyclic voltammograms of spinel nanomaterials in methanol solution modified
sensors while detecting 1 mM APAP in 0.1 M PB at pH 7. (a) Comparison of NiFe,O4 and
ZnFe,04 sensors with bare carbon sensor, (b) effect of the amount of NiFe,O,4 deposition.
Effect on cyclic voltammograms due to the spreading of naonmaterial onto the CE and RE
surface of (¢) NiFe;O4 and (d) ZnFe,O4 sensors.

As proceeded further in the characterization of the sensors, it is realized that the
performance of the sensors is affected by the spreading of the solution onto the RE
and CE surfaces since the surface modification is performed manually by the drop-
casting technique as seen in the cyclic voltammograms as reported in Figures 3.13¢
and 3.13d. To tackle this issue the solvent is changed from methanol to 1-butanol and
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Fig. 3.14 Cyclic voltammograms of bare and Zn,Ni; _Fe;O4 nanomaterials-modified sensors
while detecting 1 mM APAP in 0.1 M PB at pH 7. (a) Comparison of NiFe,O4 and ZnFe;O4
sensors with bare carbon sensor, (b) comparison of Zn,Ni;_,Fe,O4 (x =0, 0.2, 0.4, 0.6, 0.8,
1) sensors with bare carbon sensor.

solutions prepared in 1-butanol are used for the surface modification as the progress

of spreading is slower than in methanol.

Figure 3.14a shows the cyclic voltammograms of the ZnFe;O4, Ni;O4, and bare
sensors (where the nanoparticles are dispersed in butanol) with 1 mM APAP in 0.1 M
PB at pH 7, (v = 100 mV/s). When comparing the cyclic voltammograms of the bare
sensor and the NiFe,Oy4 sensor, it is clear that the NiFe,O,4 sensor outperforms the
bare sensor, producing an oxidation peak current of 40.4 £ 0.2 uA (with all errors
reported as standard error of the mean, SEM (unless specified)) at a potential of 282
4 1 mV, whereas the bare sensor achieves an oxidation peak current of 34.5 + 0.2
UA at a potential of 396 4+ 2 mV. The ZnFe;O4 sensor demonstrates an oxidation
peak current of 52.14 + 0.56 A at a potential of 244 + 1 mV. This represents an
increase of 6 1A and a reduction of 114 mV for the NiFe,O4 sensor, and an increase
of 18 A and a reduction of 152 mV for the ZnFe,0,4 sensor, compared to the bare

Sensor.

Figure 3.14b presents a comparison of the CVs for Zn,Ni;_,Fe,O04 (x =0, 0.2,
0.4, 0.6, 0.8, 1) and the bare sensors. As the percentage of Zn in Zn,Ni;_,Fe;Oy4
increases, the oxidation current rises gradually, due to the effect of the transition from
inverse spinel to normal spinel. The conductivity of NiFe,Oy4 is lower than that of
ZnFe,04 due to the occupancy of Ni and Zn in the “Oh” and “Td” sites, respectively,
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in their respective spinel structures. The gradual addition of Zn alters the crystal
structure from inverse to normal spinel (as evidenced by the XRD results), resulting
in an increase in the material’s conductivity. This change explains the increase in
oxidation current as the Zn percentage in the composition of Zn,Ni;_,Fe;Oy is
raised.

For the bare sensor, the oxidation peak of APAP is observed at 396 4+ 2 mV.
However, when Zn—Ni ferrites are immobilized on the SPCE surface, the peaks
shift to lower potentials. Specifically, the oxidation peaks occur at 282 £+ 2 mV
for NiFe,O4 and 244 4 1 mV for ZnFe;O,4 in a 1 mM APAP solution. The use of
ZnFe; 04 nanoparticles results in a significant reduction of oxidation peak potential
up to 152 mV. This reduction implies that less energy is required for ET, which in
turn allows for a more efficient electronics design with lower voltage requirements
for driving the ECI. This shift to lower potentials is a clear indication of the well-
known Nernst effect (equation 1.16). However, this can’t be accounted based on the
semi-infinite planar diffusion model in the case of thin-layer effects [1].

The more effective equation considering the nano-structured thin layers is the
modified Nernst equation which is proposed initially for an irreversible system [149]

as follows:

ET afFv
E=E —1 34
Nernst+aF n(Rle()) (3.4)

where Enems 18 the standard Nernst potential given by equation 1.16, ’I’ is the the
thickness of the thin layer, & is the standard heterogeneous rate constant [150]. This
shows that the presence of nanostructured layers at the ECI influences the Nernst

potential leading to different redox potentials of the analyte.

3.2.1 Effect of Scan rate

Figure 3.15 shows the CVs of bare and Zn,Ni;_,Fe,O4 (x =0, 0.2, 0.4, 0.6, 0.8, 1)
sensors with varying scan rate from 50 to 300 mV/s (steps of 50 mV/s) and inset plots
show the reduction and oxidation peak currents variation with respect to /v. It is
observed that the redox potential peak positions shift with (v), and both the oxidation

current (I,,,) and reduction current (I,,;) vary linearly with respect to \/v. The linear
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regression equations and corresponding regression coefficients are presented in Table

3.5.

Table 3.5 1, and I, linear regression equations for bare and Zn,Ni; _,Fe;O4 sensors.

Sensor | R? L R2

Bare 2.82/V+6.35 0998 -2.261/v+893 0.999
NiFe,Oq4 425\/v+3.17 0997 -2.47\/v+0.83 0.987
Zng,NiggFe 04  4.15(/Vv +3.69 0.996 -2.67\/v+3.33 0.981
Zng4NiggFe 04  5.694/v-1.92 0.998 -3.66\/v+5.23 0.989
Zng¢Nig 4Fe,04  4.95\/v +2.77 0999 -2.86y/v+2.17 0.992
Zng gNig,Fe,O4  5.28y/v-0.04 0996 -2.97\/v+1.67 0.996
ZnFe;Oy4 5.86/v+0.87 0999 -3.27./v+435 0.991

As the scan rate (V) increases, the redox currents shows a linear increase with
v/V. This increase in v accelerates the rate at which the potential is applied to the
sensor, resulting in a reduction in the diffusion layer thickness (d). This reduction

leads to higher currents due to the addition of a capacitive current (Ic = Cv, where v

— dE
— dr

results clearly demonstrate this effect, with the peak position shifting as v changes.

and "C’ is the capacitance at the interface) to the faradaic current [1, 151]. Our

These two concurrent effects indicate that the electrochemical interface behaves as a
freely diffusing quasi-reversible system [29].

3.2.2 Kinetic Parameters

Figures 3.16 illustrate that the anodic peak position (E,,) and cathodic peak position
(Ep¢) vary linearly with In(v), with the corresponding linear regression equations
provided in Table 3.6. Additionally, the insets in Figure 3.16 show that the peak sep-
aration, AE,,, also varies linearly as a function of In(v), with the regression equations
listed in Table 3.7. Notably, all Zn,Ni;_,Fe;O4 sensors exhibit a lower AE,, com-
pared to the bare carbon sensor, indicating a greater potential for reversibility. Given
that the redox peak currents vary linearly with /v and the redox peak positions vary
linearly with In(v), we applied the Laviron model to calculate the electron transfer
rate coefficient (o) and the electron transfer rate constant (k) as described in chapter

1 section 1.5.1.
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The electron transfer coefficient “o¢” is calculated using the slopes of the plots of
E,q and E,¢ versus In(v). Knowing that the redox process of paracetamol involves
two electrons [4], the peak-to-peak separation AE,, is determined at v = 100 mV
s~ L. For a reversible electrochemical system, the redox positions don’t change as we
increase ‘v’ hence AE, don’t change with ‘v’ [1]. For a reversible electrochemical
process involving ‘n’ electrons, AE, = 59/n mV, so for a ‘2’ electron process is
29.5 mV [29]. Following this, another big advantage we have obtained is that all
the Zn,Ni;_,Fe,O4 sensors have a lower AE;, which have the higher possibility of
reversibility compared to the bare sensor. From Randles-Sevcik’s theory it is found
that the electrochemical interface is not reversible hence the redox positions differ
with ‘v’ so does the AE),. Therefore, we have considered AE), at a specific ‘v’ while

calculating ‘k’.

The rate constant (k) is then calculated by substituting the known values into
the equation 1.27. Table 3.8 presents the values of o, AE,, and k for all sensors.
The bare sensor exhibits a higher AE,, (746 &= 5 mV) and a lower k value ((2.22 +
0.19) x1073 ms~1), while the ZnFe, Oy sensor shows a lower AE, (386 =2 mV)
and a higher & (13.1 £ 2.8 ms~!), which is four orders of magnitude higher than the
bare carbon sensor proving its superior performance. All Zn,Ni;_,Fe,O,4 sensors
exhibit higher k values, with ZnFe, 04 demonstrating the highest &, leading to faster

electrochemical reactions compared to the bare carbon sensor.

Table 3.6 E,, and E, linear regression equations for bare and Zn,Ni; _,Fe;O4 sensors.

Sensor Epa R2 Epc R2
Bare 41.49 In(v) + 216.1 0973 -3331In(v)-189.3 0.996
NiFe,O4 28.6 In(v) + 151.3 0.989 -49.11In(v)-20.9 0.997

Znp,Nig gFe,O4  26.6In(v)+160.8 0992  -53.1In(v)-4.9 0.996
Znp4NiggFe,04  21.8In(v) +196.7 0985 -51.51In(v)+15.1 0.989
ZngeNig4Fe;04 283 1In(v) +199.6 0975 -509In(v)+1.2 0.991
ZnpgNigoFe 04 29.81In(v)+189.9 0959 -45.6In(v)-20.2 0.999
ZnFe;0y4 26.39 In(v) + 127.3  0.975 -90.21In(v)-278.3 0.996
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Table 3.7 AE), linear regression equations for bare and Zn,Ni; _,Fe;Oy4 sensors.

Sensor AE), R2
Bare 74.8 In(v) +405.47 0.991
NiFe,Oy4 77.6 In(v) + 172.13  0.995

Znp,Nig gFe, 04 79.6 In(v) +165.7  0.998
Znp4NigeFe,04 733 In(v) +181.6  0.991
ZngeNig4Fe,04  79.21In(v) +198.4  0.989
ZnpgNigFe,O4 754 In(v) +210.1  0.992
ZnFe;04 116.6 In(v) - 151.1  0.999

Table 3.8 a, AE,, and k of bare and Zn,Ni;_,Fe,04 sensors.

Sensor a AE, (mV) k (ms™h)

Bare 0.536 £0.004 74645 (2.22+0.19) x1073
NiFe, 04 0.367 £0.004 526+ 6 0.27 +£0.02
Zno,zNi0_8F6204 0.333 £ 0.015 528 +4 0.39 + 0.07

Zng 4Nig gFe,O4  0.296 4+ 0.023 528 £ 7 0.62 +0.10
Zngy¢Nig 4Fe;0O4 0340 £ 0.021 550 £ 6 0.25 4+ 0.04

Zng gNig,Fe;O4  0.391 +0.023 554 £ 8 0.14 £ 0.01
ZnFe;0y4 0.226 £ 0.017 386 +2 13.1 +£2.8

3.2.3 Sensitivity and limit of detection

CVs are recorded three times for each type of sensor, the average of the three
oxidation peak currents at each concentration of APAP is used to calibrate the
sensors as shown in Figure 3.17. The sensitivities (S) of all the sensors with fitting
coefficient R? and standard error mean (SEM) are reported in Table 3.9 are evaluated
by taking the slope of the calibration plots. And the limit of detection (LOD), which
is the lowest concentration of the analyte detectable by the sensor, is calculated as

described in chapter 1 and reported in Table 3.9.

According to Table 3.9, the bare sensor has a sensitivity of 16.68 + 0.93 uA/mM,
while the Zn,Ni; _,Fe>O4 sensors with x =0, 0.2, 0.4, 0.6, and 0.8 exhibit sensitivities
close to 30 uA/mM, significantly higher than the bare carbon sensor. The ZnFe,O4
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Fig. 3.17 Calibration of bare and Zn,Ni,_,Fe;O4 sensors with paracetamol.
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sensor is the most sensitive, with a sensitivity of 37.75 4 0.17 uA/mM, which is

more than two times higher than the bare carbon sensor. The Randles-Sevcik’s

effect is observed in the oxidation current with the change in concentration during

the calibration process. This indicates that the enhancement in “S” is due to the

nanostructured thin layers present at the electrochemical interface (ECI). The two-

fold increase in sensitivity of the ZnFe,O4 sensor compared to the bare sensor

represents a significant advancement using ferrite nanomaterials.

Table 3.9 Sensitivity and limit of detection of bare and Zn,Ni;_,Fe,O4 sensors.

Sensor Sensitivity (L A/mM) R2 LOD (uM)
Bare 16.7 + 0.9 0.975 3.26 £0.17
NiFe,O4 294 +£04 0.996 6.93 +0.08
Zng»Nig gFe, 04 309 £0.2 0.994 13.08 + 0.05
Zng 4Nig ¢Fe, 04 30.0 = 0.2 0.986 16.41 +0.09
Zng ¢Nig 4Fe;0y4 30.2 +0.3 0.986 26.96 +0.24
Zng gNig,Fe,0y4 303 £0.2 0.976 4294 4+ 0.22
ZnFe;0y4 37.8 £0.2 0.995 7.94 +0.04
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When developing an electrochemical sensor, repeatability and reproducibility
are crucial parameters. To assess repeatability, CV is conducted five times on the
same sensor under identical conditions. The relative standard error of the mean
(RSem) is found to be 0.57% for NiFe,O4 sensor and 1.07% for ZnFe,O4 sensors.
Reproducibility is tested by performing CV on three different sensors, yielding RSem
values of 1.84% and 1.58% for NiFe,O,4 and for ZnFe,O4 sensors, respectively.

3.3 Effect of Material Properties on Electrochemical

Sensing

The particles’ surfaces and sides are not fully exposed, limiting their participation in
the electrochemical reaction at the interface. This limitation is due to the aggregation
of particles on the surface, which can lead to varying levels of reactivity among
individual nanoparticles during the electrochemical process. This could be one
of the reasons for the similar sensitivities of Zn,Ni;_,Fe>O4 (x =0, 0.2, 0.4, 0.6,
0.8) sensors. To verify the effect of the degree of aggregation and exposure of
particles’ surface in electrochemical reaction, a controlled study by varying the
degree of aggregation and particle exposure is required. As the thickness of the
nanoparticle layer increased, we observed a reduction in the oxidation current, likely
caused by greater particle aggregation increasing the resistance between electrode
surface and the electrolytic solution, which in turn reduced the reactivity of the
nanoparticles and hindered the electron transfer rate. However, we managed to
achieve a consistent shape of nanomaterials where the orientation of the particles
does not impact their electrochemical activity. This uniformity enabled a direct

comparison of the electrochemical performance across different ferrite-based sensors.

XRD confirmed that NiFe,O4 has an inverse spinel structure, where half of the
Fe(III) occupies the *Td’ sites, while Ni(IT) and the remaining half of Fe(Ill) shares
the *Oh’ sites. When Zn(Il) is introduced into NiFe; Oy, it gradually transforms the
inverse spinel into a normal spinel by removing Ni(Il) from the structure by pushing
Fe(IlI) into the Oh’ sites from ’Td’ sites. In this normal spinel configuration,
Zn(II) occupies the *Td’ sites, while all the Fe(III) go into the *Oh’ sites. The
electrochemical data indicate that as the percentage of Zn(Il) in the crystal structure

increases, the sensor performance, in terms of sensitivity (S) and electron transfer rate
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(k), increases. This enhancement is attributed to the changes in electronic transitions

within the crystal structure from inverse to normal spinel.

Research into the electronic properties of NiFe,O,4 and ZnFe;O4 has shown that
NiFe,O4 has lower conductivity compared to ZnFe204, largely due to differences
in site occupancy and charge transfer between cations [138]. In spinel structures,
conductivity is explained by the "small polaron-hopping" model, where charge
transfer between cations in "Oh" sites with different valency electrons occurs [152].
In ferrites, conductivity is primarily driven by electron exchange between Fe(IlI) and
Fe(Il) in "Oh" sites, with conductivity varying based on the Fe ion concentration in
these sites. In inverse spinel structures, the "Oh" sites are shared between Ni(Il) and
Fe(III), and as the Ni(II) content decreases with the addition of Zn(II), which prefers
"Td" sites, the Fe(Ill) concentration in "Oh" sites increases. This shift towards a
normal spinel structure enhances electron hopping between Fe(IIl) and Fe(Il) in

"Oh" sites, thereby increasing conductivity.

Inverse spinel NiFe,O4 is widely recognized as a p-type semiconductor [98,
99, 153-155] due to hole hopping between Ni(III)/Ni(Il) states, whereas normal
spinel ZnFe,Oy4 1s considered an n-type semiconductor [99, 156, 108, 157] due to
electron hopping between Fe(Ill)/Fe(Il) states. Generally, p-type semiconductors
have lower conductivity than n-type semiconductors because holes, the majority
carriers in p-type materials, have lower mobility than electrons. Additionally, inverse
spinels exhibit a higher dielectric constant at low frequencies compared to normal
spinels. Since materials with higher dielectric constants tend to have lower electrical
conductivity, this dielectric property further supports the lower conductivity observed
in inverse spinels [98]. These characteristics, along with higher resistivity observed in
inverse spinels compared to normal spinels, align with the electrochemical behavior

of Zn,Ni;_,Fe,O4 sensors.

3.4 Type of Electron Transfer at the Electrochemical
Interface
Burello and Worth’s proposed a theoretical predictive model [158, 159], by which

the electron transfer mechanism between biological molecules and metal oxide
nanoparticles can be understood. The model correlates the HOMO and LUMO of
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biological molecules with the conduction band minimum (E¢) and valence band
maximum (Ey) of metal oxide semiconductors. The prediction is that the electron
transfer is enhanced when the E¢ of the metal oxide semiconductor is below or
overlaps with the standard redox potential of the biological molecule. However, this
enhancement occurs only if an energy level within the conduction band of the metal
oxide semiconductor aligns with one of the filled energy levels of the biological
molecule. This model assumes the absence of surface states within the bandgap of

the metal oxide semiconductor nanomaterials.

A similar methodology was previously applied to examine the oxidative stress
and toxic effects of 24 different metal oxides on biological molecules [66], combining
experimental and theoretical models to map the E¢ and Ey levels with the standard
redox potentials of biological molecules. Following these approaches, this work
demonstrates the significance of E,, Ec, and Ey levels as crucial semiconductor
properties in electrochemical sensing applications. In this context, E¢ represents the
LUMO of metal oxide nanoparticles involved in electron transfer with the sensing
material, while states below Ey (the valence band) are occupied. For oxidation to
occur, the oxidation potential (E,;) of APAP must be higher than the Ec of the ferrite
nanomaterial, allowing direct electron hopping/tunneling from APAP to the ferrite
surface and subsequently to electron acceptors until the system reaches a steady state.
Similarly, for reduction, the reduction potential (E,.) of APAP should be lower than
the E¢ of the ferrite nanomaterial, enabling electron transfer from the nanomaterials’
surface to APAP.

According to this prediction, the energy levels of ferrite nanoparticles are de-
termined using the band gap (E;) from UV-vis spectroscopy, the valence band
maximum (Ey) from XPS, and the conduction band minimum (E), calculated as
Ec = E; + E,. The experimentally obtained redox potentials E,, and E,. of APAP
are then mapped onto the energy levels of the ferrites, as illustrated in Figure 3.18.
The Figure 3.18 shows that only the Ec of ZnFe,O4 overlaps with the E,,, of APAP,
while the Ec levels of materials with x = 0 to 0.8 are higher than the E,, of APAP.
This overlap accounts for the superior electrochemical performance of the ZnFe,O4
sensor, which exhibits the lowest E,,, the highest sensitivity, and the fastest electron

transfer rate.
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Fig. 3.18 Conduction (E¢) band minimum (blue) and valence (Ey) (red) band maximum of
ZnNi;_,Fe;04 nanomaterials constructed by using E, (the energy gap between Ec and Ey).
Electron transfer prediction from/to paracetamol to/from the surface of the WE by mapping
the Ec of the WE with the experimental E,, and E,. of paracetamol. The black dotted lines
represent the fermi energy level 'E;” at "0’ eV.

The overlap between ZnFe;O4’s Ec and APAP’s E,, means that the sensor
requires less energy for efficient electron transfer with APAP. As a result, the peak-
to-peak separation (AE,) is reduced, leading to faster kinetics, a higher rate constant
(k), and a greater likelihood of a reversible electrochemical reaction.

Electron transfers are more likely to occur when the energy of the orbitals of
the semiconducting materials align with the energy levels of the redox couples.
By applying a potential through a potentiostat, we can induce the orbitals of the
nanomaterials to match the energy levels of the molecular orbitals of the analyte
molecules. The potential required for this alignment depends on the proximity of the
sensor material’s energy bands to the HOMO levels of the analyte. The closer these
levels are, the less potential is needed to facilitate electron transfer, as demonstrated

by the ZnFe;O4 sensor

This electron transfer process involves either the acceptance of an electron into
an unoccupied energy level or the removal of an electron from an occupied level.

When the sensor is introduced into the analyte solution, electron transfer occurs at the
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electrochemical interface (ECI) until chemical potential equilibrium is reached. In
the case of a bare sensor, this transfer is direct, occurring between the carbon surface
and the analyte, APAP. However, in ferrite-based sensors, the transfer involves two
steps: first from APAP to the ferrite nanomaterials and then from the ferrite to the
carbon material during oxidation of APAP, or from carbon to ferrite and then to APAP
during reduction. This approach provides a valuable framework for identifying the
electron transfer phenomena at the ECI between the sensor surface and the analyte

of interest.

Additionally, as the Zn content in NiFe,O, increases, a trend emerges in the
energy bands: the Ec gradually moves towards the APAP’s E,,. This shift means
that sensors with more nickel require higher voltage to provide sufficient energy for
direct electron transfer, which could explain their much lower ’k’ values compared
to the ZnFe,O4 sensor. The sensitivity of the sensors also decreases as the E¢ level
moves further from the E,, level, particularly for sensors with x = 0.8 to 0. Despite
the lack of overlap or proximity between Ec and E,, electron transfer still occurs at
the interface, as confirmed by the electrochemical data. This suggests that while the
predictive energy band framework offers valuable insights, it may not fully account

for electron transfer mechanisms in all cases.

DR UV-vis spectroscopy results suggest the presence of surface states, which is
consistent with literature reports on metal oxides like ZnO, and Fe, O3 on the surface
[160, 161], as confirmed by XRD spectra in Figure 3.3. Since electrochemical
sensing is fundamentally a surface phenomenon, these surface states likely play a
critical role in the electron transfer process. According to the literature, the energy
levels of surface states typically fall within the bandgap of semiconducting materials.
As shown in Figure 3.18, the E,, and E, levels of APAP are within the bandgap of
the ferrite nanomaterials. Therefore, the energy levels of these surface states may be
positioned below or overlapping with the redox potentials of APAP, facilitating the
subsequent electron transfer steps.

This could explain the observed electron transfer in cases with x = 0 to 0.8,
where despite the lack of overlap between Ec and E,,, electron transfer still oc-
curred, suggesting that surface state levels could enhance electron transfer at the
electrochemical interface (ECI). For instance, during the oxidation of APAP, the
complete electron transfer pathway might involve an initial transfer from the HOMO

of APAP to the conduction band of the ferrite nanomaterial, followed by a transfer
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to the surface state oxide, and finally to the LUMO of the carbon material, achieving
chemical potential equilibrium. Alternatively, electrons might transfer directly from
the HOMO of APAP to the surface state energy level and then to the LUMO of the

carbon material to maintain equilibrium.

Each step in this electron transfer pathway has its own electron transfer rate
constant, 'k’. Since these steps occur sequentially, the overall rate constant of the
process is determined by the step with the lowest 'k’ value. Generally, lower 'k’
values are associated with tunneling processes, while higher values correspond to
direct transfer processes. This rationale supports the higher 'k’ value observed for
the ZnFe;O4 sensor, where there is an overlap between Ec and E,,, indicating a high
likelihood of direct electron transfer. In contrast, in cases with x = 0 to 0.8, where no
overlap occurs and ’k’ values are lower, the electron transfer might involve tunneling

through an energy barrier at electrode/electrolyte interface.

In addition to the role of ferrite surface states in electrochemical sensing, it
is crucial to consider the impact of metal oxide dissolution in the surrounding
environment. The dissolution process depends on the metal’s solubility and the
difference between the nanoparticle surface and the bulk solution phase [162]. For
instance, in the case of ZnO, even without an overlap between the conduction band
minimum (E¢) and the standard redox potentials of biological molecules, ZnO
nanoparticles have been shown to exhibit toxic effects [66]. These effects have been
attributed to the dissolution of ZnO into Zn(Il) and Zn(OH)™ ions in water [85],

particularly in environments with moderate alkalinity and neutral pH.

Research has demonstrated that a reduction in dissolution decreases these toxic
effects. For less soluble materials, the observed effects are a combination of catalytic
surface activity and ion release into the environment [163, 85]. Given these consid-
erations, fully understanding electron transfer at the ECI requires comprehensive
knowledge of the material’s energy levels, surface state energy levels, and the effects
of metal dissolution.

3.5 Original Contribution I

This work presents the fundamental investigation of the effect of crystal structure

from normal spinel (ZnFe;O,) to inverse spinel (NiFe,O4) nanomaterials with a
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uniform spherical size particles on electron transfer at the electrochemical interface
using paracetamol as a test probe molecule. The electrochemical performance of
the spinel oxide nanomaterials by autocombustion synthesis is presented in terms
of sensitivity and rate constant. The electrochemical parameters are correlated with
crystal structure of the ferrite nanomaterials and type of electron transfer is predicted
based on nanomaterials enery bands.

A part of the work has been presented as a poster at the ’Nano innovation’

conference in Rome, Italy in September, 2022.

A full manuscript of the work has been successfully published in "Small Struc-
tures" journal by Wiley publications as "Unraveling the Effect of the Chemical and
Structural Composition of Zn,Ni;_,Fe;O4 on the Electron Transfer at the Electro-
chemical Interface". The paper can be found at the following url:
https://onlinelibrary.wiley.com/doi/10.1002/sstr.202300163



Chapter 4

Effect of Trivalent Cation on Electron
Transfer

Chapter 3 showed that normal spinel ZnFe,O4 has higher sensitivity and rate constant
in detecting paracetamol with direct electron transfer compared to inverse or mixed
spinel nanomaterials. Therefore, normal spinel ZnFe>Oy4 is chosen to be the reference
material to continue further. In this work, the effect of trivalent cations on electron
transfer at the electrochemical interface is studied by substituting Fe3* ions with Cr3*
ions which have similar ionic radius. For direct comparison to previous work (chapter
3) and further work (chapter 5), the sensors are always studied in electrochemical

detection of paracetamol.

Normal spinel ZnFe, Oy is synthesized by substituting Fe’* ions with Cr’* ions
with different mole fractions to understand the effect of Cr>" (trivalent cation) ions
on the electrochemical activity of ZnFe,O4 nanomaterial. ZnCr,Fe;_, 04 (x = 0,
0.25, 0.5, 0.75, 1, 2) materials are synthesized by auto combustion and the materials
are characterized as in chapter 3. Electrochemical performance with paracetamol
is studied by comparing the sensitivity and rate constant of different sensors with
Cr* substituted materials. Insights on electron transfer at the ECI are presented and

discussed in this chapter.
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4.1 Material Characterization

4.1.1 Morphological Characterization

Figure 4.1, illustrates the SEM captures of ZnCr,Fe,_,O4 (x =0, 0.25, 0.5, 0.75, 1,
2) materials. The images reveal that the nanostructured particles exhibit a similar
morphology across all samples (Figure 4.1a - 4.1f). Aggregation of particles is
evident in the images and consistent with previous images in chapter 3 due to the
auto-combustion synthesis method. Particle size estimation is carried out using
Imagel software by selecting a region of the image with minimal aggregation and
the results presented in Table 4.1. ZnCr,Fe,_,O4 (x =0.25, 0.5, 0.75, 1, 2) displayed
particle sizes comparable to those of zinc ferrite (x = 0), which had a slightly larger
size (as seen in Figure 4.1a). This difference in size could be due to the formation of
particles from a greater number of crystallites in the case of x = 0, which is expected
based on the synthesis method used.

Table 4.1 The average particle size of ZnCr,Fe,_,0O4 materials

Material Average particle size (nm)
ZIlFCzO4 44417
ZnCr »5Nij 75Fey0y4 294+6
ZnCr( sNi| sFe, Oy 25+5
ZnCrg 75Feq 25Fer Oy 26£5
ZnCrFeQOy4 26+7
ZnCr,Oy4 20£3

4.1.2 Structural Characterization

The XRD patterns for ZnCr,Fe,;_,O4 (x =0, 0.25, 0.5, 0.75, 1, 2) are displayed
in Figure 4.2. For the samples with x = 0 and x = 2, the diffraction patterns align
completely with those of the normal spinel structures Franklinite (ZnFe204, ref.
code 01-089-4926, ICSD-076178) and Zincochromite (ZnCr204, ref. code 00-
022-1107). Even in the intermediate compositions, the ZnCr,Fe,_,0O4 spinel phase
remains the predominant crystalline phase, although the patterns are shifted relative

to both Franklinite and Zincochromite. Specifically, for x values between 0.25 and 1,
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Fig. 4.1 FESEM images of ZnCr,Fe;_,0O4 nanomaterials.
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Fig. 4.2 XRD patterns of ZnCr,Fe,_,O4 nanomaterials showing different crystal phases.

the spinel XRD peaks progressively shift towards lower 20 values as the Cr content
increases. This intermediate positioning of diffraction peaks between Franklinite and
Zincochromite suggests that materials with intermediate compositions may possess
a structure that is between those of ZnFe,O4 and ZnCr,Og4, similar to observations

in our previous study on Zn,Ni;_,Fe,O4 nanomaterials in chapter 3.

This behavior can be explained by considering the cation distribution within
spinel oxides, which is influenced by factors such as ionic radii, electrostatic forces,
and crystal field stabilization energy (CFSE) [164]. Cr** ions typically form d* (high
spin) complexes with a significant octahedral crystal field stabilization energy (CFSE)
of -6/5A¢ (octahedral d-orbital splitting energy), leading to a very high octahedral
site preference energy (OSPE), as depicted in Figure 4.3. Fe>* ions, on the other
hand, form d° high spin complexes (due to the weak ligand (O?7), resulting in a
lower Ap), with zero CFSE and zero OSPE [165] indicating that Fe3* has no specific
site preference. In contrast, Zn>* ions have a strong preference for tetrahedral sites
as discussed in chapter 3, causing Fe3" to occupy octahedral sites. These factors
suggest that ZnCr,O4 and ZnFe,O, are normal spinels, as mixing Zn>* with Cr>*
or Fe>" in tetrahedral or octahedral sites is not feasible. The progressive shift in the
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Fig. 4.3 Cr, Fe octahedral complexes with high spin crystal field stabilization energy.

XRD peaks as the composition changes could be attributed to the slightly different
ionic radii of Cr>* (61.5 pm) and Fe3* (64.5 pm) [166] ions in the octahedral sites.

The XRD patterns for the intermediate compositions (x = 0.25, 0.5, 0.75, and 1)
reveal a small peak at a 260 value of 26.5°, corresponding to the most intense peak
of graphite. The presence of this crystalline phase can be attributed to the synthesis
process, which utilized a graphite reactor. However, the weaker peaks of graphite
are not detected, likely due to the limited quantity of this phase. Additionally, four
small peaks are observed in the XRD pattern of ZnFe,O4 within the 26 range of 30°

to 36° as discussed in chapter 3.

The Debye-Scherrer method is applied to calculate the average crystallite size
of the spinel oxides, using a shape factor of 0.9, which assumes a spherical shape.
Seven high-intensity peaks corresponding to the diffraction from the (111), (220),
(311), (400), (422), (511), and (440) planes are analyzed. Table 4.2 presents the
average crystallite size of ZnCr,Fe,_, 04 nanomaterials. The crystallite sizes derived
from XRD align well with the particle sizes estimated from SEM. An irregular
variation in crystallite size is observed as the composition of ZnCr,O4 changed with
the substitution of Fe3T by Cr’*. Such irregularities are common in auto-combustion
synthesis due to the limited control over crystallite growth kinetics as observed in
chapter 3. Since the synthesis is due to self sustained reaction the growth kinetics
could be different due to the variation in the total weight of the reaction mixture and
the amount of oxygen present during the reaction as the synthesis is performed at
ambient conditions. This can be verified by performing the in-situ synthesis in a

controlled environment.



90 Effect of Trivalent Cation on Electron Transfer

Table 4.2 The average crystallite size of ZnCr,Fe;_,O4 materials

Material Average crystallite size (nm)
ZnFe;0y4 36.2+1.4
ZnCrg »5Feq| 7504 229+1.1
ZnCrg sFe; 504 18.7+0.6
ZnCrg75Fe; 2504 16.6 0.7
ZnCrFeQOy4 20.1+1.2
ZnCr0Oy4 12.3£0.2

4.1.3 Spectroscopic Characterization

Figure 4.4a shows the Raman spectrum of ZnCr,O4. According to previous studies
[167], the ZnCr;O4 spinel exhibits five Raman active modes. The modes at 180,
510, and 589 cm™! correspond to the Fpg(3), F2,(2), and Fa,(1) symmetries of the

—1 is associated

spinel structure, respectively. The prominent mode around 730 cm
with the Cr-O symmetric stretching vibration of A, symmetry in CrOg octahedra.
The mode at 420 cm ™! corresponds to the E, symmetry of the spinel, while the
peak at 340 cm~! is attributed to the multi-phonon vibration of ZnO [168], likely
due to the surface ZnO present on the ZnCr,O4 spinel. The band near 820 cm~!is
assigned to O-Cr>*-O symmetric stretching, which is attributed to the presence of
surface chromium hydroxide. Meanwhile, the bands between 900 and 1000 cm!
are ascribed to Cr®T-O vibrations, resulting from the over-oxidation of Cr to form

CrOj3 on the spinel surface [169].
The Raman spectra of ZnCr,Fe,_,O4 (x =0, 0.25, 0.5, 0.75, 1) nanomaterials

are shown in Figure 4.4b. As Fe is introduced into the ZnCr,O4 spinel structure, the
bands between 900 and 1000 cm~! disappear, suggesting that the over-oxidation
of Cr is prevented. However, the bands around 820 cm~! persist, indicating the
presence of surface chromium hydroxide. The other Raman bands of the spinel can
be similarly assigned to the Zn-Cr-Fe spinel nanomaterials. The interpretation of the

Raman spectrum for pure zinc ferrite (x = 0) is discussed in section 3.1.3.
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Fig. 4.5 Diffuse reflectance (DR) UV-vis spectra of ZnCr,Fe,_, 04 nanomaterials.

The Diffuse Reflectance (DR) UV-Vis spectra of ZnCrxFe;_,O4 nanomaterials
are presented as the Kubelka-Munk function in Figure 4.5. The spike around 800 nm

is due to the optical filter change during the measurement. E, is determined using

Tauc plot method, assuming direct electron transitions. The Tauc plot extrapolation

accounted for the band tailing effect caused by surface states (confirmed by XRD,
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Raman, and XPS) as shown in Figure 4.6. The band gap values, reported in Table
4.3, reflect an average energy due to these surface oxides or hydroxides on the
ZnCr,Fe;_ 04 spinel nanomaterials. As Cr3t ions are introduced into the ZnFe,0y4
spinel, the band gap initially decreased, reaching its lowest point at a Cr** ion
content of x = 0.5. However, with further increases in Cr(III) content, the band gap
began to rise, continuing to increase as Fe>* ions are fully replaced by Cr** ions in
the spinel.

The full XPS survey of ZnCr,Fe,_,04 (x = 1, 2) nanomaterials, shown in Figure
4.7, confirmed the presence of only the expected elements in the spinels, along with
adventitious carbon, and ruled out the presence of nitrates. High-resolution (HR)
XPS spectra (Figure 4.8) are analyzed to determine the oxidation states of Zn, Fe,
Cr, and O in ZnCr,Fe;_,04 nanomaterials. The HR spectrum of O 1s (Figure 4.8d)
is decomposed into three components: lattice oxygen O>~ (Zn-O, Fe-O, and Cr-O)
at a binding energy (BE) of approximately 529.9 eV, hydroxyl groups at around 531
eV, and adsorbed water at about 533 eV [147]. In Figure 4.8a, the Zn 2p spectrum
exhibits splitting into Zn 2p, , and Zn 2p;; peaks at 1044.1 eV and 1021.1 eV
(ABE = 23 eV), respectively, which are indicative of tetrahedral Zn>* in the spinel
structure. The Fe 2p spectrum (Figure 4.8¢) shows Fe 2p; ;, and Fe 2p3; peaks at
approximately 725.6 eV and 711.5 eV (ABE = 14.3 eV), along with two shake-up
satellites at 733.8 eV and 718.4 eV, confirming the presence of octahedral Fe>* in the
spinel ferrites. The Cr 2p; /, and Cr 2p3/, peaks (Figure 4.8b) are resolved into three
components. The peaks at 588 eV and 578.1 eV (ABE = 10.1 eV) are attributed to
Cr’* bonding with hydroxyl groups, as confirmed by the O s spectrum, indicating
the formation of Cr>+ hydroxide [170]. The components at 588 eV and 586.4 eV of
Cr 2py p, 578.1 eV and 576.7 of Cr 2p3 , are assigned to Cr* species present in the
octahedral sites of the spinel and/or as Cr,Oj3 at the surface [167].
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Fig. 4.6 Tauc plot method to determine the energy gap (E,) of ZnCr,Fe; 04 nanomaterials.
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Fig. 4.7 XPS full survery spectra of ZnCr,Fe;_,O4 (x = 1, 2) nanomaterials.

The energy of the valence band maximum (Ey) of ZnCrFe,_,O4 (x =0, 0.25,
0.5, 0.75, 1, 2) nanomaterials is determined from the XPS valence band spectrum
similarly as in chapter 3. The Ey was determined by extrapolating the initial rising
edge of the valence band spectrum to the x-axis after baseline correction, with the
x-intercept representing the valence band maximum energy of the nanomaterial as
illustrated in Figure 4.9. The energy level of the conduction band minimum (E¢),
calculated as Ec = E¢ + Ey, the values for Eg, Ey, and Ec, are presented in Table 4.3.
The Fermi energy level (Er) for these nanomaterials is considered to be at 0’ eV,

therefore the Ey values are reported with a negative sign.

Table 4.3 The energy gap and band edges of ZnCr,Fe,_,04 nanomaterials

Material E; (eV) Ey (eV) Ec (eV)

ZnFe,04 2.584£0.06 —1.8740.13 0.71+£0.19
ZnCropsFe; 7sFex0y4  2.38+£0.06 —1.324£0.43 1.06+0.49
ZnCrosFe; sFe,04  2.17+0.01 —0.89+0.27 1.28+0.28
ZnCro7sFey 2sFep0y  2.6140.12 —0.64+0.21 1.974+0.09
ZnCrFeO, 2.78+0.13 —0.94+0.28 1.84+0.15
ZnCr,04 3.07+£0.11 —0.3340.09 2.74+0.20




4.1 Material Characterization 95
Zn 2 Zn 2,
Zn 2p | P12 . Pai2 Cr2p Cr2p,, Cr2p,,
1
1
I o Cr*(Cr,0y)
) ! 0 crHCr0,)
C 1, E 3+
; >
2 <
S ©
> =
‘a {7 ZnCr,0,
] [}
E £ :
1 1 ]
1 1 1
1 1 | N
ZnCrFeO,, L e , %
: :
1060 1050 1040 1030 1020 1010 595 590 585 580 575 570
Binding energy (eV) Binding energy (eV)
(a) Zn 2P (b) Cr 2P
lattice
Fe 2p
Fe 2pg,
1
e z
g ZnCrFeO, g
g g
° N
2 =
£ 2
c C
o ]
£ £
T T T T T T T T T
740 730 720 710 700 545 540 535 530 525
Binding energy (eV) Binding energy (eV)
(c) Fe 2P (dO1s

Fig. 4.8 XPS high resolution (HR) spectra of different elements in the composition of

ZnCr,Fe;_ ,O4 nanomaterials.



96

Effect of Trivalent Cation on Electron Transfer

100
50 \
\
\
\
z \ 2 4 \
g \ :C; \\
o \ 2 \
5 \ S 30 \
> %7 2 \
B \ 7] \
g 8 20 \
= ) £ \
25 ‘\\ \\
\‘ 104 \
s \
\\ N
0 T . T T [\ T 0 T = T T T
5 3 2 1 0 -1 3 2 1 0 -1
Binding energy (eV) Binding energy (eV)
(a) ZnFe 04 (b) ZnCry.25Fe; 7504
40
. . 304
) )
= c
=} =}
g s
k) kS
> > 201
> ‘@
= C
b 2
= 15
104
. : Al /\4/
0 -1 3 0 -1
Binding energy (eV) Binding energy (eV)
(c) ZnCry 5Fe; 504 (d) ZnCrq 75Fe| 2504
100
:@ > 75 4
5 E
el o
S .
> < 50+
S S
25
, /\/\Aﬂ 0 | /
0 -1

Binding energy (eV)
(e) ZnCrFeOy4

Binding energy (eV)
() ZnCryO4

Fig. 4.9 Estimation of the valence band maximum (Ey) of ZnCr,Fe;_,0O4 nanomaterials
using XPS valence band spectra.




4.2 Electrochemical Characterization 97

4.2 Electrochemical Characterization

Figure 4.10 presents the cyclic voltammograms for bare and ZnCr,Fe,_,04 sensors
tested with 1 mM paracetamol in 0.1 M PB at pH 7, scanned at 100 mV/s. Initial
observations indicate that ZnCr,Fe,_,O4 (x = 0, 0.25, 0.5, 0.75, 1, 2) sensors
outperform the bare carbon sensor, showing higher current and lower peak potential,
making them electrochemically more effective. Among the ZnCr,Fe;_,O4 sensors,
the pure ZnFe,O4 sensor exhibits the highest oxidation current and the lowest
oxidation potential when compared to the pure ZnCr,0O4 sensor and mixed Cr-Fe
sensors. The ZnCr,O4 sensor delivers a 13.21 A higher current at a 104 mV lower
peak potential compared to the bare sensor, Substituting 50% of Fe with Cr (x =
1) in the ZnFe; Oy lattice results in a 7 mV reduction in oxidation peak potential
and a similar oxidation current compared to the pure chromite sensor. As the Cr
percentage decreases in the ZnCr,Fe,_,O4 (x =0.75, 0.5, 0.25) structure, comparable
oxidation currents and potentials are observed, indicating that lower Cr content in
ZnFe; 04 structure does not significantly affects electrochemical performance. It was
reported in chapter 3 that the pure ferrite sensor (x = 0) shows a 152 mV reduction in
oxidation potential and a 17.9 y A increase in oxidation current compared to the bare
carbon sensor. This indicates that the introduction of a trivalent cation with similar
1onic radii didn’t actually enhance the electrochemical performance of ZnFe;O4
nanoparticles even if the performance is very effective compared to the bare carbon
sensor due to the presence of nanolayers at the electrode-paracetamol interface.

4.2.1 Effect of scan rate

Figure 4.11 displays the cyclic voltammograms for ZnCr,Fe; 04 (x = 0.25, 0.5,
0.75, 1, 2) sensors tested with 1 mM paracetamol in 0.1 M PB at pH 7 at different
scan rates. The inset of Figure 4.11 shows the plots of redox currents as a function of
\/V. For bare and ZnFe,Oy4 (x = 0) sensors are presented in chapter 3. Both oxidation
(I5q) and reduction (I,¢) currents increase linearly with /v, while the peak potential
shifts to higher values as ‘v’ increases. The linear regression equations for the redox
currents, along with their regression coefficients for the bare and ZnCr,Fe,_,O4
sensors, are presented in Table 4.4. Since the peak position shifts with ‘v’ and
the current varies linearly with /v, this indicates that the electrochemical system
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Fig. 4.10 Cyclic voltammograms of bare and ZnCr,Fe;_,0O4 nanomaterials-modified sensors
while detecting 1 mM APAP in 0.1 M PB at pH 7.

operates as a freely diffusing quasi-reversible system according to Randles-Sevc¢ik
theory [1, 29].

Table 4.4 1,,, and I, linear regression equations for bare and ZnCrFe;_,O4 sensors.

Sensor Loa R? L R?

Bare 2.82\/v+6.35 0.998 -2.26\/v+893 0.999
ZnFe, Oy 5.86/v+0.87 0999 -3.27./v+435 0.991
ZnCryosFe; 7504 6.69/v -8.82 0.999 -3.92,/v+7.04 0.998
ZnCrg sFe; 504 5.74\/v-586 0.997 -3.38\/v+4.89 0.995
ZnCrg 75Fe; 2504  4.31y/v-325 0998 -2.43,/v+1.08 0.993
ZnCrFeOy4 5.96,/v-890 0.999 -3.71,/v-721 0.997
ZnCry Oy 491,/v-170 0999 -3.32\/v+4.74 0.998

4.2.2 Kinetic Parameters

The potential values of the anodic (E,,) and cathodic (E,.) peaks, along with the
peak-to-peak separation (AE,) plotted against In(V) for ZnCr,Fe;_,04 (x =0.25, 0.5,
0.75, 1, 2) sensors are shown in Figure 4.12 (Bare and ZnFe,O4 (x = 0) in chapter
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3.16). E,4, Ep¢, and AE,, exhibit a linear relationship with In(v), with the linear
regression parameters provided in Table 4.5 and 4.6. After confirming the linearity
of the redox currents with /v and the linearity of Epa, Epe, and AE,, with In(v),
Laviron model is applied to calculate the electron transfer rate coefficient (o) and

the kinetic rate constant (k), following an approach similar to chapter 3.

Table 4.5 E,, and E,. linear regression equations for bare and ZnCr,Fe;_,O4 sensors.

Sensor Epq R? Ep. R2
Bare 41.51In(v) +216.1 0973 -33.31In(v)-189.3 0.996
ZnFe; 04 264 1In(v) +127.3 0975 -90.2In(v)-278.3 0.996

ZnCrgpsFe; 7504 28.6In(v) +168.5 0.934 -59.8In(v)-82.1 0.986
ZnCrg sFe; 504 23.41In(v) +202.6 0968 -469In(v)+52.4 0.967
ZnCrg75Fe; 2504 26.8 In(v) +202.6 0974 -48.6In(v)-10.3 0.978
ZnCrFeOq4 22.6In(v) +189.3 0.963 -64.7In(v)+144.5 0.989
ZnCry0q4 21.1In(v) +190.8 0.995 -63.2In(v)+150.4 0.981

Table 4.6 AE), linear regression equations for bare and ZnCrFe; ,O4 sensors.

Sensor AE, R?

Bare 74.8 In(v) +405.5 0.991
ZnFe;0y 116.6 In(v) - 151.1  0.999
7ZnCrg »5Feq 7504 88.4In(v) + 86.5 0.997
ZnCrg sFe; 504 70.3 In(v) + 150.2 0.979
7ZnCrg75Fe; osFe,Oq4  75.5In(v) +212.9  0.992
ZnCrFe;0y4 87.3 In(v) +44.9 0.997
ZnCrOy4 84.3 In(v) +40.4 0.989

The values of o, AE,,, and k for the bare and ZnCr,Fe;_,O4 sensors are presented
in Table 4.7. Compared to the bare sensor, the ZnCr,Fe,_, 04 sensors exhibit lower
electron transfer rate coefficients (&) and reduced AE, values. Since AE,, is lower for
the ZnCr,Fe,_,O4 sensors, they possess higher k values, which correspond to faster
electrochemical reactions at the sensor-paracetamol interface. The k value, often
referred to as the first-order kinetic rate constant, is calculated using the Laviron
model, which does not account for double layer and diffusion effects at the interface.



4.2 Electrochemical Characterization

101

1200

1000

800

Peak position (mV)
S
8

-200

-400

1200

1000

@ ®
S o
S S

Peak position (mV)
5
o

-200

-400

1200

1000

800

600

Peak position (mV)

-200

-400

3 1200 600 1
600
S S 550
L E s50 1000 & ]
W™ 500 w
F T s gool < 450 1
400 s 400
L 4 45 5 55 € 600 4 45 5 55 |
In(v) In(mV/s) = In(v) In(mV/s)
F 3(—‘:) 400 1
]
Q
3 % 200 1
(o}
a
L ol
x
e x x x " -200 x x x P
L -400 -
4 4.5 5 55 4 45 5 55
In(v) In(mV/s) In(v) In(mV/s)
(@) ZnCry 25Fe; 7504 (b) ZnCrg sFe; 504
| 700 1200 - 600 |
__ 650 __ 550
L £ 600 1000f & 50 1
w® 550 w450
L9 500 800 < 400 1
450 s 350
L 4 45 5 55 € 600 4 45 5 55 |
In(v) In(mV/s) T:/ In(v) In(mV/s)
o
r = 400 [ b
o
Q
r % 2001 B
Lo
o
L ok |
P 200 * " x :
x - x N x X
3 -400 | 1
4 4.5 5 55 4 4.5 5 5.5
In(v) In(mV/s) In(v) In(mV/s)
(¢) ZnCrg.75Fe1 2504 (d) ZnCry 25Fe; 7504
L 500 /
s
LE
=, 400
w
<
[ 300
L 4 45 5 55
In(v) In(mV/s)
X
L x X e x
4 45 5 55
In(v) In(mV/s)
(e) ZnCrFe,O4

Fig. 4.12 Redox peak potentials with In(v).a) ZnCryasFe| 7504, b) ZnCry sFe; sOq4, ¢)
ZnCry 75Fe| 2504, d) ZnCrg 25Fe; 7504, €) ZnCrFe, 04 sensors, respectively. Inset shows the
AE), versus In(v).




102 Effect of Trivalent Cation on Electron Transfer

Table 4.7 shows that the k values for the ZnCr,O4, ZnCrFeOy4, and ZnFe>O4 sensors
are 3.73 £ 0.55,4.53 £ 0.54, and 13.1 £ 2.8 ms ™/, respectively. As the Fe content in
ZnCr,0y increases from 0 to 50%, the k value initially increases of approximately
0.8 ms~!, then slightly decreases, and finally shows a significant increase when Cr is
completely replaced by Fe. As a matter of fact, the pure ferrite sensor stands out as
the best performer in terms of kinetic performance among all the sensors studied in

this work.
Table 4.7 o, AE,, and k of bare and ZnCr,Fe; ,O4 sensors.

Sensor o AE, (mV) k (ms™h)

Bare 0536 £0.004 7465 (2.22£0.19) x 1073
ZnFe,04 0.23 £ 0.02 386 2 13.1 £2.8
ZnCrgo5Fe; 7504  0.32 £ 0.01 488 + 4 0.88 £ 0.16
ZnCrg sFe; 504 0.35 £0.01 455 +£4 1.11 £+ 0.06
ZnCrg75Fe; 2504 0.355 £0.003 564 +7 0.18 £0.03
ZnCrFeOy4 0.24 £ 0.01 446 + 2 4.53 +0.54
ZnCryOy4 0258 £0.004 444+t 6 3.73 £0.55

4.2.3 Sensitivity and limit of detection

Cyclic voltammograms are recorded at various concentrations of paracetamol at a
fixed scan rate of 100 mV/s. The oxidation current is measured and averaged over
three trials at each concentration to produce a calibration curve for each sensor, as

shown in Figure 4.13.

The slope of each calibration curve represents the sensor’s sensitivity with R2
and standard error mean are detailed in Table 4.8. The ZnCr,Fe,_ ,O4 sensors
exhibit more than a two-fold increase in sensitivity (> 32 wA/mM) compared to the
bare sensor, which has a sensitivity of 16.7 £ 0.9 uA/mM. The ZnFe,0,4 sensor
demonstrates the highest sensitivity at 37.8 + 0.2 uA/mM, with the ZnCrFeO,4 sensor
following closely behind. The limit of detection (LOD) for each sensor is also listed
in Table 4.8, with the ZnCrFeO4 sensor showing the lowest LOD at 1.94 + 0.01 uM,
while the ZnFe,O4 sensor has the highest LOD at 7.94 + 0.04 uM among those
tested in this study. LOD can get affected by the background noise of the instrument

used during the measurement since the blank standard deviation is based on the
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background or instrumental noise. The other factor is the signal level (oxidation
peak level) compared to the noise level, to improve the LOD the signal to noise level

ratio should be as high as possible.
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Fig. 4.13 Calibration of bare and ZnCr,Fe,_, 04 sensors with paracetamol.

Table 4.8 Sensitivity and limit of detection of bare and ZnCr,Fe,_,O4 sensors.

Sensor Sensitivity (WA/mM)  R?  LOD (uM)
Bare 16.7 + 0.9 0.975 3.26+0.17
ZnFe;04 37.84+0.2 0.995 7.94 4 0.04
ZnCry »sFe; 7504 32.1+0.3 0.998 7.57 +0.08
ZnCrg sFe; 504 333+0.6 0.990 2.21 4 0.04
ZnCry 75Fe; 2504 345+0.5 0.990 2.29 4+ 0.03
ZnCrFeOy 35.74+0.1 0.996 1.94 4 0.01
ZnCr,04 324405 0.996 2.99 4 0.05

4.3 Effect of Cr(III) on Electrochemical Performance

XRD analysis confirmed that both ZnFe,O4 and ZnCr,O4 nanomaterials possess

a normal spinel structure. The conduction in spinel materials is described by the
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’small polaron hopping” model, as detailed in section 3.3. In both zinc ferrite and
zinc chromite, which have normal spinel structures, Fe(IIl) and Cr(III) occupy the
‘Oh’ sites. In other ZnCr,Fe,_,O4 (x = 0.25, 0.5, 0.75, 1) nanomaterials, Fe(III)
and Cr(IIl) ions share these ‘Oh’ sites. In ZnCr,O4 and ZnFe,;O4, conduction
occurs through electron hopping between Cr>*/Cr*+ and Fe’4/Fe? ™, respectively.
However, conductivity is not solely dependent on the hopping of electrons in the
spinel structure. It also depends on the electron hopping rate (Jumps per second), with
a higher hopping rate leading to greater conductivity in the spinel nanomaterials [171].
The magnetic properties of the spinel structure also influence conductivity due to
electron spin and scattering effects, as chromites typically exhibit antiferromagnetic
behavior [172], while ferrites display ferromagnetic behavior [173].

The increase in sensitivity and rate constant from x = 2 to x = 1 could be
attributed to the equal proportion of Cr and Fe ions in the spinel, which enhances
conductivity compared to pure chromite. However, as the composition shifts from
x = 1 to x = 0.25, both sensitivity and rate constant decrease, possibly due to
stoichiometric mismatches in the spinel system affecting conductivity. The pure
ferrite (x = 0) exhibits the highest sensitivity and rate constant, likely due to its
ferromagnetic nature and higher conductivity relative to the other nanomaterials
studied [171]. A normal spinel is typically an n-type semiconductor, conduction
occuring by electron hopping, while an inverse spinel is p-type, conducting through
hole hopping. Consequently, a normal spinel generally exhibits better conductivity
than an inverse spinel. Comparing these results with those reported in Table 3.9, we
noticed that the sensitivity and rate constant of the normal spinel nanomaterials are
higher than those of inverse spinel NiFe,O4, demonstrating superior performance in

electrochemical sensing of paracetamol.

Another significant factor to consider is the difference in ionic radii between
Cr’* (61.5 pm) and Fe’* (64.5 pm). Although the difference is only 3 pm (2.4%),
it results in a 0.5 eV change in the energy band gap. This variation in band gap
has a substantial impact on sensitivity and kinetic rate constant, leading to different
electron transfer mechanisms at the electrochemical interface. It also highlights
how sensitive electrochemical processes are at this interface, where even a slight

modification to the sensor’s surface can significantly affects the performance.

The possible valence states of Cr>* compared to Fe>* suggest that intermediate

reactions may occur between chromites and paracetamol, due to the differing reactiv-
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ities of Cr>* valence states. These intermediate reactions could slow down the final
reaction, leading to a lower kinetic rate constant. This explanation also accounts
for the higher kinetic rate constant and greater sensitivity observed in the ZnFe,O4

sensor compared to the other sensors.

4.4 Type of Electron Transfer at the Electrochemical

Interface

The nature of electron transfer can be predicted using the energy band gap of the
nanomaterials. Similar to the previous research in section 3.4, Burello and Worth’s
theoretical predictive model [158, 159] is employed to forecast the type of electron
transfer between the sensor surface and the target molecule. The energy band edges
(EC and EV) of the nanomaterials are estimated using UV-vis spectroscopy and XPS
techniques, while the experimental redox potentials (E,, and E,. of paracetamol
are utilized. Figure 4.14 illustrates the mapping of Ec and Ey against E,, and E .
Electron transfer is predicted by comparing the Ec of the nanomaterial with the E

of paracetamol.

From 4.14, it is evident that only ZnFe,;O4 shows an overlap between its E¢ and
the E, of paracetamol, indicating a direct electron transfer mechanism between the
sensor material and paracetamol. As the Cr>T ion content decreases from x = 2 to
0.25 in ZnCr,Fe; 04, the Ec shifts closer to the E,, of paracetamol, but there is no
overlap, making it difficult to predict direct electron transfer. Despite this, electron
transfer and the redox mechanism of paracetamol are still observed at the sensor
surface. This difficulty in predicting electron transfer using Burello and Worth’s

model arises because the model does not account for surface states.

For ZnCr,Fe,_,0O4 nanomaterials with x ranging from 0.25 to 2, surface states
or defects confirmed by XRD, Raman, and XPS could be involved. The presence of
these energy states within the band gap leads to band tailing due to surface defects.
These energy states within the band gap could overlap with the E,,, of paracetamol,
creating a pathway for electrons from the HOMO of paracetamol to the nanomaterial,
resulting in surface-state-mediated electron transfer. This mechanism might explain

why the ZnFe;O4 sensor operates at a lower E,, compared to the other sensors,
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leading to a smaller AE,, and a faster reaction at the interface, with a higher rate
constant.
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Fig. 4.14 Conduction (E¢) band minimum (blue) and valence (Ey) (red) band maximum of
ZnCr,Fe; O4 nanomaterials constructed by using E, (the energy gap between Ec and Ey).
Electron transfer prediction from/to paracetamol to/from the surface of the WE by mapping
the Ec of the WE with the experimental E,, and E,. of paracetamol. The black dotted lines
represent the fermi energy level 'E;” at "0’ eV.

4.5 Original Contribution II

In this work, the effect of similar ionic size trivalent cations of Cr>* in the crystal
structure of ZnFe,;O;, is investigated in electrochemical sensing of paracetamol.
Sensitivity and rate constant of sensors are presented and discussed with respect
to the amount of Cr37 ions in ZnCr,Fe,_,04. The type of electron transfer at the
electrochemical interface is predicted using the nanomaterials energy bands and

redox potential of paracetamol.

A part of this work has been presented as a poster at the 1st IEEE Biosen-
sors conference in London, UK, in July 2023. The paper can be found with title
"ZnM,Fe,_,0O4 (M = Cr, Bi) Nanoparticles-modified electrochemical sensors: Effect

on sensitivity and first-order kinetic rate constant" at the url:

https://ieeexplore.ieee.org/abstract/document/10280910
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A part of this work has been presented as an oral presentation at the 25th IEEE
Sensors conference in Vienna, Austria, in October 2023. The paper is available with
title "ZnCr,_,Fe,O4 Nanoparticles-Modified Electrochemical Sensors: A Compara-
tive Study" at the below url:

https://ieeexplore.ieee.org/abstract/document/10325135

A full manuscript titled "Effect of Cr substitution in ZnFe;O,4 nanoparticles
on the electron transfer at the electrochemical interface" has been published in
"Materials Research Bulletin" journal by Elsevier publications. The paper can be
found at the following url:

https://www.sciencedirect.com/science/article/pii/S002554082400521X



Chapter 5

Effect of Ionic Size on Electron
Transfer

In chapter 4, the work was focused on the effect of trivalent cations with very similar
ionic size in ZnFe, 04 nanomaterials on electrochemical performance. This chapter
focuses on the effect of bigger ionic sized Bi’T ions in the crystal structure of
ZnFe,04 nanomaterials on electron transfer at the electrochemical interface. Bi*t
ions are introduced into the ZnFe,O4 structure with mole fractions of x = 0.25, 0.5,
0.75, 1, 2 by auto combustion. Different materials properties are discussed and
electrochemical performance is studied, and the type of electron transfer at the ECI

is reported similar to chapter 4.

5.1 Material Characterization

5.1.1 Morphological Characterization

FESEM images of ZnBi,Fe; 04 (x =0, 0.25, 0.5, 0.75, 1, 2) materials are presented
in Figure 5.1. In Figure 5.1a, the pure ZnFe,O4 sample (x = 0) shows highly
nanostructured particles with a predominantly spherical shape. As the Bi content
increases from x = 0.25 to 2, shown in Figures 5.1b to 5.1f, two distinct particle
morphologies emerge. Some particles grow larger, and their shape shifts from quasi-
spherical to a more patch-like morphology. The level of nanostructuring decreases as
Fe(III) is fully replaced by Bi(IlI) in the material composition. The FESEM images
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also reveal that most particles are sub-micrometric in size (>100 nm and <1 um),
while some retain their spherical, nanometer-scale dimensions as the Bi ’x’ content

increases from 0 to 2.
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Fig. 5.1 FESEM images of ZnBi,Fe,_, 04 nanomaterials.
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Fig. 5.2 XRD patterns of ZnBi,Fe;_,04 nanomaterials showing different crystal phases.

5.1.2 Structural Characterization

The XRD patterns for ZnBiFe, ,O4 (x =0, 0.25, 0.5, 0.75, 1, 2) are presented in
Figure 5.2. The diffraction pattern for x = O aligns with the normal spinel structure
of Franklinite (zinc iron oxide) (ICDD reference code 01-089-4926). In contrast, the
pattern for x = 2 corresponds well with cubic bismuth zinc oxide (ICDD reference
code 01-077-0569). For the intermediate compositions (x = 0.5, 1), the XRD patterns
display a combination of peaks, reflecting contributions from both zinc-iron oxide

and bismuth-zinc oxide, as illustrated in Figure 5.2.

In all XRD patterns, minor peaks are detected between 30° and 37°, which are
attributed to zinc oxide (ICDD ref. code 01-080-0075) and iron oxide (ICDD ref.
code 01-085-0987), as their positions align with the most prominent peaks of these
phases similar to the XRD patterns in chapter 3 and 4.

Scherrer’s method [3] is used to calculate the crystallite size based on seven
prominent peaks. The crystallite sizes are presented in Table 5.1, showing variation
across different materials as their composition changes with the introduction of Bi**
in ZnFe,O4.
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Table 5.1 The average crystallite size of ZnBi,Fe,_,O4 materials

Material Average crystallite size (nm)
ZnFe;04 36.2+1.4

ZnBig o5Feq 7504 31+9

ZnBig sFe| 504 40420

ZnBig 75Fe| 2504 54+£26
ZnBiFeOy4 31+5

ZnBi;0y4 49412

5.1.3 Spectroscopic Characterization
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Fig. 5.3 Raman spectra of ZnBi,Fe,_, 04 nanomaterials.

Figure 5.3 presents the Raman spectra of ZnBi,Fe, 04 (x =0.25, 0.5, 0.75, 1, 2)
materials. As illustrated in Figure 5.3, all bands below 220 cm™~! for ZnBi,Fe,_, 04
(x=0.25,0.5, 0.75, 1, 2) are attributed to the Bi-O framework, similar to that in cubic
Bi, 03 [174]. The band above 600 cm™! corresponds to the A, symmetry of the
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spinel structure, while the band around 445 cm™! is assigned to the Trg(3) symmetry
of the spinel. Raman bands observed around 310 and 520 cm™! for materials with
x = 0.5, 1, and 2 are also linked to Bi-O bonds characteristic of the cubic Bi; O3
phase. Another band at approximately 345 cm™! is attributed to the T24(2) mode of
the spinel for x = 0.5 and 1, though this mode is absent for x = 2. The band around
250 cm~! may be assigned to a shifted E, mode of the spinel, potentially caused by
local variations (bond length, angle, and molecular vibrations) due to the coexistence
of Fe and Bi in the crystal structure. Alternatively, it could represent another band
related to cubic Bir O3, as the E, mode in the spinel with x = 0 exhibits only a 30
cm~! difference, as previously shown [3]. For the x = 0 material, the band around
375 cm~! is associated with Zn-O bonding, as seen in ZnO [137].
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Fig. 5.4 XPS full survery spectra of ZnBi,Fe,_,0O4 (x = 1, 2) nanomaterials.

The oxidation states of the elements in ZnBi,O4 and ZnBiFeO4 materials are
investigated by XPS, high-resolution (HR) XPS spectra are recorded for each element.
Figure 5.5a presents the HR spectrum of Zn 2p, showing peaks at binding energies of
1021.5 eV and 1044.6 eV, corresponding to Zn 2p3 ; and Zn 2p; /, states. These peak
positions confirm the presence of Zn”>* ions [3]. In Figure 5.5b, the HR spectrum of
the Bi 4f region reveals the splitting of the Bi 4f orbital into Bi 417, and Bi 4fs 5.
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Peaks at 158.5 eV and 163.9 eV are attributed to octahedral Bi**, while peaks at 160

eV and 165 eV correspond to tetrahedral Bi*T, confirming that Bi** occupies two

different sites in the main spinel phase [175, 176].
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Fig. 5.5 XPS high resolution (HR) spectra of different elements in the composition of

ZnBi,Fe, 04 nanomaterials.

Figure 5.5c shows the core level spectrum of the Fe 2p orbital, with a doublet

at 711.5 eV and 725.1 eV corresponding to Fe 2p3, and Fe 2p 5, respectively,
along with shake-up satellites at 718.5 eV and 732.8 eV. The Fe 2p;, and Fe 2p, ),
peaks are deconvoluted into two components, representing Fe3* in octahedral (710.8
eV and 724.1 eV) and tetrahedral (712.6 eV and 725.9 eV) sites within the spinel

structure [175].
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Fig. 5.6 Diffuse reflectance (DR) UV-vis spectra of ZnBi,Fe;_,0O4 nanomaterials.

Figure 5.5d presents the O 1s HR XPS spectrum, where three components are
identified: lattice oxygen (~529.6 eV), hydroxyl groups (~531.3 eV), and adsorbed
water (~533.1 eV) [3, 147, 177]. As indicated in Figure 5.4, besides the expected

elements, only adventitious carbon is detected on the surface.

Diffuse reflectance UV visible (DR UV-vis) spectra of ZnBi,Fe,_ 04 (x= 0,
0.25, 0.5, 0.75, 1, 2) materials are reported (F(R) Kubelka-Munk function versus
wavelength) in Figure 5.6.

The Tauc’s plot method is employed to estimate the energy gap (Eg) of the
ZnBiFe, 04 (x =0, 0.25, 0.5, 0.75, 1, 2) materials, assuming a direct electronic
transition process similar to the procedure followed in chapter 3 and 4. The Tauc’s
plot is extrapolated by considering the band edges in a manner that accounts for
the band tailing effect due to surface states or defects as shown in Figure 5.7. The
average energy gap values for these materials are summarized in Table 5.2. Upon
the introduction of Bi** ions into the ZnFe,O4 spinel structure, the E, decreases
for x =0.25, 0.5, 0.75 and 1 , but then increases for ZnBi;O4 (x = 2), aligning with
literature values for ZnBi,O,4, which range between 2.90 and 3.00 eV [178].
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Fig. 5.8 Estimation of the valence band maximum (Ey) of ZnBi,Fe;_,0O4 nanomaterials

using XPS valence band spectra.
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Table 5.2 The energy gap and band edges of ZnBi,Fe,_, 04 nanomaterials

Material E, (V) Ey (eV) Ec (eV)
ZnFe,0, 2.5840.06 —1.8740.13 0.71+0.19
ZnBig»sFe; 7sFe,04  2.524+0.02 —0.92+0.16 1.60-0.18
ZnBigsFe; sFe;04  2.434+0.08 —0.85+0.25 1.5840.33
ZnBig 75Fe; 2sFe,04  2.474+0.01 —1.174+0.36 1.30-0.37
ZnBiFeO, 2.4040.02 —1.2940.10 1.11+0.12
ZnBi, O, 2.9740.04 —12240.14 1.75+0.18

The valence band maximum (Ey) of ZnBi,Fe, 04 (x =0, 0.25, 0.5, 0.75, 1, 2)
materials is determined from the XPS valence band spectra, with the detailed method

provided in Figure 5.8. Table 5.2 lists the values for Ey, along with the calculated

conduction band minimum (E¢). Since the Fermi energy (Er) is set at 0’ eV, the Ey

values are reported with a negative sign.

5.2 Electrochemical Characterization
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Fig. 5.9 Cyclic voltammograms of bare and ZnBi,Fe,_, 04 nanomaterials-modified sensors

while detecting 1 mM APAP in 0.1 M PB at pH 7.
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Figure 5.9 presents the cyclic voltammograms for bare and ZnBi,Fe,_,04 (x =0,
0.25, 0.5, 0.75, 1, 2) sensors in the presence of 1 mM paracetamol in 0.1 M PB
at pH 7, with a scan rate of 100 mV/s. The Figure clearly demonstrates that the
ZnBi,Fe,_,04-modified sensors significantly enhance the electrochemical detection
of paracetamol compared to the bare carbon sensor. In fact, the oxidation current
decreases as Bi(IIl) is introduced into the ZnFe,O4 structure, and it drops further
when Bi(IIl) fully replaces Fe(III). Additionally, the oxidation potential increases
with Bi(IlI) incorporation. Although the introduction of Bi(Ill) into zinc ferrite
reduces performance, it still surpasses the bare carbon sensor, showing an increase
in oxidation current (> 8 tA) and a decrease in potential (> 100 mV).

5.2.1 Effect of scan rate

Similarly as in chapter 3 and 4, the nature of the electrochemical interface is inves-
tigated by performing cyclic voltammetry at different scan rates from 50 mV/s to
300 mV/s in 50 mV/s increments. Figure 5.10 displays the cyclic voltammograms of
ZnCr,Fe;_, 04 (x =0.25, 0.5, 0.75, 1, 2) at different scan rates. The insets in these
Figures show the anodic (I ;) and cathodic (I,) peak currents plotted with respect
to *y/v’ while prior work in 3 provides for the bare and zinc ferrite sensors. Table
5.3 lists the linear regression equations and fitting coefficients for each sensor. The
redox peak currents exhibit strong linearity with ’/v’, and the position of the redox
peaks shifts with changes in scan rate. Like previous EC systems in chapters 3 and
4, this ECI 1s also classified as a freely diffusing quasi-reversible electrochemical

system.

Table 5.3 1,, and 1, linear regression equations for bare and ZnBi,Fe;_,O4 sensors.

Sensor Ipa R? e R?
Bare 2.82y/Vv+6.35 0.998 -2.26\/v+893 0.999
ZnFe>0y4 5.86/v+0.87 0999 -3.27./v+4.35 0.991

ZnBigsFe; 7504 4.34/v +4.18 0.997 -2.78/v+8.26 0.959
ZnBigsFe; 504  4.93/v+1.17 0.995 -3.35,/v+9.24 0.958
ZnBig7sFe; 2504 4.08y/V +3.74 0992 -2.62\/v+589 0.979
ZnBiFeOy4 4.48/v-032 0985 -2.71\/v+6.43 0.978
ZnBi;04 3.69y/Vv+5.28 0997 -1.82y/v+1.98 0.987
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Fig. 5.10 Cyclic voltammograms with varying scan rate from 50 to 300 mV/s (step 50 mV/s)
for ZnBi,Fe,_,04 (x =0.25, 0.5, 0.75, 1, 2) sensors. Inset shows the redox peak currents

versus \/V.
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5.2.2 Kinetic Parameters

The anodic E,, and cathodic E . peak positions are determined at varying scan rates
and plotted against In(v), as shown in Figures 5.11 for the ZnBi,Fe,_,O4 (x = 0.25,
0.5,0.75, 1, 2) sensors. Similarly, AE,, values are calculated and plotted against In(v)
as inset Figures in Figure 5.11, and for bare and zinc ferrite sensors were presented
in Figure 3.16.

A linear relationship between the redox peak positions and AE,, with respect to
In(v) is identified. The corresponding linear regression equations and coefficients
are reported in Table 5.4 and 5.5, respectively. Since the redox peak currents and
positions exhibit a linear dependence on *y/V’ and In(V), respectively, the Laviron

model is employed to calculate "o’ and rate constant "k’.

The calculated ‘a’, AE,, and "k’ for bare and ZnBi,Fe,_,O4 (x =0, 0.25, 0.5,
0.75, 1, 2) sensors are listed in Table 5.6. It is observed that ‘’) decreased from the
bare sensor to the zinc ferrite sensor but increased as the Bi(III) content in the zinc
ferrite composition is raised. A similar trend is noted for AE), values. In contrast,
‘k’ significantly increased from the bare sensor to the zinc ferrite sensor as seen
previously in chapters 3 and 4 but decreased as the Bi(IIl) content is further increased.
This analysis demonstrates that the modified sensors offer a substantial improvement
in reaction rates at the interface compared to the bare carbon sensor, with zinc ferrite
proving to be the most effective sensor without any presence of Bi(Ill). Nevertheless,
the addition of Bi(III) had a notable impact on the sensor’s performance, particularly
in terms of the reaction speed at the interface.

Table 5.4 E,, and E, linear regression equations for bare and ZnBi,Fe; Oy4 sensors.

Sensor Epa R2 Epc R2

Bare 41.5In(v) +216.1 0973 -33.31In(v)-189.3 0.996
ZnFe,0y4 264 1In(v) +127.3 0.975 -90.21In(v)-278.3 0.996
ZnBigsFe; 7504 22.7In(v) +192.9 0.977 -59.6In(v) +86.3 0.999
ZnBig sFe; 504 18.51In(v) +218.5 0.962 -65.7In(v)+ 155.6 0.987
ZnBig7s5Fe; 2504 21.91In(v)+204.6 0.993 -43.81In(v)+ 159 0.973
ZnBiFeOy4 289 1In(v) +160 0951 -57.5In(v)+82.3 0.993
ZnBi;Oy4 203 In(v) +216.8 0.988 -47.31In(v)+18.2 0.992
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Table 5.5 AE), linear regression equations for bare and ZnBi,Fe; ,O4 sensors.

Sensor AE), R?

Bare 74.8 In(v) +405.5 0.991
ZnFe;Oy4 116.6 In(v) - 151.1  0.999
ZnBig »sFe; 7504 82.3 In(v) + 106.6  0.998
ZnBig sFe; 504 84.2 In(v) + 62.8  0.987
ZnBig 75Fe | psFe,O4  65.8 In(v) + 188.6  0.987
ZnBiFe, 04 86.5In(v)+77.7 0.989
ZnBi;0y4 67.6 In(v) + 198.6  0.996

Table 5.6 o, AE),, and k of bare and ZnBi,Fe,_,0O4 sensors.

Sensor a AE, (mV) k (ms™1)

Bare 0.536 £0.004 746+5 (2.22+0.19) x1073
ZnFe,0y4 0.23 +0.02 386 +2 13.1 +£2.8
ZnBigsFe; 7504  0.27 + 0.01 485 + 3 1.8 + 0.1
ZnBij sFeq 504 0.24 +0.01 438 + 4 5.6 £0.6
ZnBij75Fe1 2504  0.31 +0.01 486 + 3 0.99 £+ 0.21
ZnBiFeOy4 0.30 £ 0.02 479 £+ 3 1.34+0.2

ZnBi;04 032+ 001 532+£12 0.45 £0.16




122

Effect of Ionic Size on Electron Transfer

1000 T T T r 1000 T T
600
550
< 550 =
800 E {4 800[ E 500
=, 500 -
w 4 450
< 450
__ 600 4 ~ 600 400
2 TS 5 ss £ 4 48 5 55
= In() In(mV/s) z In(v) In(mV/s)
S 400 4.8 400r
E= =
g g
4 2
T 200 1§ 200f
a o
or 1 0r
x
X - X
-200 x x 1 -200 |- x x
x
4 4.5 5 55 4 4.5 5 55
In(v) In(mV/s) In(v) In(mV/s)
(a) ZnBip »5Fe 7504 (b) ZnBig sFe; 504
1000 T : : T 1000 T T T
600 600
< 550 < 550
800 E 1 800 E
500 =, 500
w w
< 450 < 450
< 600F 400 1< 800 400
E 4 45 5 55 E 4 45 5 55
= In(v) In(mV/s) = In(v) In(mV/s)
S 400 1S 400F
B @
o o
Q Q.
X 4
S 200r 18 200 [
a o
s 1 or
% %
-200 - * x x 1 -200 - * x - "
4 45 5 55 4 45 5 5.5
In(v) In(mV/s) In(v) In(mV/s)
(C) ZnBiO,75Fe1,25O4 (d) ZnBiFeO4
1000 T T T
600
800 - E 550 |
o
4 s00
< 6oor 450 ]
E 4 45 5 55
‘E In(v) In(mV/s)
S 400 1
@
[o]
Q
§ 200f E
o
ok 1
x
-200 [ S X B
x
4 4.5 5 55
In(v) In(mV/s)
(e) ZnBi204

Fig. 5.11 Redox peak potentials with In(v) for ZnBi,Fe, 04 (x = 0.25, 0.5, 0.75, 1, 2)
sensors. Inset shows the AE), versus In(V).
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5.2.3 Sensitivity and limit of detection
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Fig. 5.12 Calibration of bare and ZnBi,Fe;_,0O4 sensors with paracetamol.
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Each sensor is calibrated by averaging the oxidation current over three measurements

for each concentration, with the calibration curves for the different sensors displayed

in Figure 5.12. The sensitivity of each sensor, determined from the slope of its

respective calibration curve with R?, and standard error, are reported in Table 5.7.

The zinc ferrite sensor exhibited a substantial increase in sensitivity, more than
doubling that of the bare sensor, with the values being 37.8 £ 0.2 uA/mM and 16.7 £
0.9 uA/mM, respectively. However, the introduction of Bi*T ions into the ZnFe,04

structure significantly reduced the sensitivity of the sensors and further decreased as

the Bi** content increased and completely replaced the Fe** ions. The calculated
LOD for each sensor is reported in Table 5.7. It is observed that the LOD has a non
monotonic variation with the increase of Bi*t in ZnFe,O,.
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Table 5.7 Sensitivity and limit of detection of bare and ZnBi,Fe,_,04 sensors.

Sensor Sensitivity (L A/mM) R2 LOD (uM)
Bare 16.7 £ 0.9 0975 3.26 £0.17
ZnFe;0y4 37.8 £0.2 0.995 7.94 +£0.04
ZnBigrs5Fe| 7504 26.8 £0.9 0976 3.2+0.1

ZnBig sFe; 504 265 +04 0.988 2.36 +£0.04
ZnBig 75Fe| 2504 28.7 + 0.6 0986 54+0.1

ZnBiFeOy4 25.6 + 0.8 0.980 2.26 £+ 0.07
ZnBi;0y4 23.5+0.6 0.986 7.35+£0.02

5.3 Effect of Bi(III) on Electrochemcial Performance

The XRD analysis (Figure 5.2) revealed the presence of two distinct phases: zinc
ferrite and zinc bismuthate, along with secondary phases such as ZnO and Fe,O3.
Unlike in our previous studies in chapter 3 and 4, where a solid solution of two spinel
materials with a single phase is achieved, this work produced a dual spinel phase.
This could explain the two morphologies observed in the SEM images (Figure 5.1),
where the spherical particles are likely ferrite (as seen in SEM images of ferrites
previously) and the patch-like structures (new morphology observed in this work) are
bismuthate. The presence of these two distinct phases impacts the electrochemical
behavior, as we are observing the combined effect of two materials rather than a

single-phase material when both Bi(Ill) and Fe(IlI) are present.

This indicates that rather than integrating Bi(III) into the zinc ferrite crystal struc-
ture, the synthesis process results in the formation of two distinct materials. Each of
these materials interacts with and influences the electrochemical interface in a unique
manner. Zinc ferrite exhibited higher sensitivity, while zinc bismuthate showed lower
sensitivity. The combination of both resulted in only a slight improvement over zinc
bismuthate, likely due to interactions between the two materials, where one might
be diminishing the effect of the other, leading to a moderate overall performance.
High-resolution XPS spectra further confirmed that the introduction of Bi disrupted
the spinel structure, with Fe(III) occupying both ‘Td’ and ‘Oh’ sites along with
Bi(IIl), converting the normal spinel structure into a mixed spinel. As demonstrated

in earlier studies in chapter 3, the type of spinel structure plays a crucial role in
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electrochemical sensing performance due to its impact on conductive mechanisms

and cation occupancies in different leading to different reactions at the interface.

5.4 'Type of Electron Transfer at the Electrochemical

Interface
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Fig. 5.13 Conduction (E¢) band minimum (blue) and valence (Ey) (red) band maximum of
ZnBi,Fe; ,0O4 nanomaterials constructed by using E, (the energy gap between Ec and Ey).
Electron transfer prediction from/to paracetamol to/from the surface of the WE by mapping
the Ec of the WE with the experimental E,, and E,. of paracetamol. The black dotted lines
represent the fermi energy level 'E;” at "0’ eV.

Similarly as in chapters 3 and 4, we utilized the band energy levels of the nano-
materials to predict the type of electron transfer. The estimated conduction band
minimum (E¢) and valence band maximum (Ey) are mapped to the experimental
redox potentials of paracetamol, as shown in Figure 5.13. Since these materials have
two distinct material phases, it is difficult to differentiate the effect of individual
phases in electron transfer hence, this analysis is based on an average effect of two
distinct phases. It is found that only the E¢ of ZnFe,;O4 overlaps with the redox
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potential of paracetamol, suggesting a direct electron transfer at the ECI between the

nanomaterial and paracetamol as seen before.

For the other sensors containing bismuth, no overlap between E¢ and the redox
potential of paracetamol is observed. This could be due to two distinct phases
of the material affecting the overall energy band gap, conduction, and valence
band positions. Despite this, there is a noticeable improvement in electrochemical
sensitivity and the rate constant compared to the bare carbon sensor. In these cases,
it is likely that electron transfer occurs indirectly via surface states or defects in
the nanomaterials. XRD confirmed the presence of ZnO and Fe;O3, and Raman
spectroscopy indicated the presence of cubic Bi, O3, supporting the possibility of
surface-state-mediated electron transfer. This mechanism likely explains why zinc
ferrite exhibited the highest sensitivity and faster reaction rates at the electrochemical
interface, while the other sensors, involving surface states and multiple electron

transfer rates, showed lower sensitivity and slower reaction kinetics.

Furthermore, it is observed that the incorporation of Bi(IIl) into ZnFe,O4 signifi-
cantly reduced the sensitivity and kinetic rate constant compared to the performance
of Cr(Ill) in ZnFe,O4. However, a direct comparison is challenging due to substantial

differences in particle size, morphology, and crystal phases between the materials.

5.5 Original Contribution III

This work investigates the effect of larger ionic size trivalent cations of Bi** in the
crystal structure of ZnFe;O4 in electrochemical sensing of paracetamol. Sensitivity
and rate constant of sensors are presented and discussed with respect to the amount
of Bi** ions in ZnBi,Fe,;_,04. The type of electron transfer at the electrochemical
interface is predicted using the nanomaterials energy bands and redox potential of

paracetamol.

A part of this work has been presented as a poster at the 1st IEEE Biosen-
sors conference in London, UK, in July 2023. The paper can be found with title
"ZnM,Fe,_,0O4 (M = Cr, Bi) Nanoparticles-modified electrochemical sensors: Effect

on sensitivity and first-order kinetic rate constant” at the url:

https://ieeexplore.ieee.org/abstract/document/10280910



5.5 Original Contribution III 127

A full manuscript of the work has been successfully published in "Applied
Surface Science" journal of Elsevier publications as "Unveiling the effect of Bi in
ZnFe,04 nanoparticles in electrochemical sensors". The paper can be found at the
following url:
https://www.sciencedirect.com/science/article/pii/S0169433224015836



Chapter 6
Applications of Spinel Nanomaterials

This chapter explores the potential applications of normal spinel nanomaterials, as
demonstrated in previous chapters, where normal spinel nanomaterials exhibited
superior electrochemical sensing performance than inverse spinel nanomaterials.
The chapter is divided into two parts, with the first part conducted during a research
period abroad at KU Leuven in Belgium. During this time, I investigated the potential
applications of ZnFe;O4 nanomaterials, both individually and in combination with
Zn0O, aiming to fine-tune the band gap of ZnFe,O4 through the introduction of a
double interface.

In the second part, an investigation is conducted into the use of normal spinel
ZnFe>04 and ZnCryO4 nanomaterials for electrochemical sensing of anti-cancer
drugs, specifically 5-Fluorouracil and Etoposide, during the research period at EPFL

in Switzerland.

6.1 Potential Applications : Part I

Dissolved oxygen is the molecular oxygen present in water, fluctuations in Do level
can change the quality of water. The amount of DO plays a crucial role in water
quality [179]. DO levels are also critical in bioreactor systems, in fermentation ,
medical detection [180, 181], therefore it is important to quantify DO levels. As per
our knowledge, electrochemical sensing of DO using spinel nanomaterials is not
reported in the literature. Therefore in this work, electrochemical sensing capability
of ZnFe;04, ZnO, and ZnO/ZnFe,0,4 towards dissolved oxygen (DO) is studied.
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As another application, ZnO and ZnFe,O4 performance as electrochemical pH
sensors is studied since no work presented based on spinel ferrites as pH sensors.
pH monitoring is very important because pH is crucial in soil, microbial activity,
biological functions, and behaviour of chemicals [182, 183].

6.1.1 Material Characterization

7Zn0 and ZnO/ZnFe,04 materials are synthesized similarly as ZnFe,O,4 using the
autocombustion method as described in section 2.2.2. Figure 6.1 shows the SEM
images of ZnO and ZnO/ZnFe,04 materials. It is observed that the ZnO particles
have micrometer size with pyramid shaped morphology while the ZnO/ZnFe,;04
particles with nanometer dimensions with morphological features similar to ZnFe,Oj.
A certain degree of aggregation of particles is also observed in both the materials as
observed previously with the other materials. We hypothesize that the presence of

Fe in the synthesis process is controlling the growth of the particles in the case of

Zn0/ZnFe;O4 or ZnFe, 04 compared to the synthesis of ZnO alone.

(a) ZnO (b) ZnO/ZnFe,0y4

Fig. 6.1 FESEM images of ZnO and ZnO/ZnFe,0,4 materials.

The XRD patterns of ZnO, ZnFe,04, and ZnO/ZnFe,O4 materials are presented
in Figure 6.2. XRD pattern for ZnO matches perfectly with the zinc oxide powder
diffraction pattern (ZnO, reference code. 01-080-0075). The low intense peak
between 25 and 30° (20) related to graphite, which is possibly due to the use of
graphite reactor in the synthesis. ZnO/ZnFe,;O4 XRD pattern matches very well with
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the peaks of ZnO and ZnFe;O4 as expected with a low intense peak of Fe;O3 around

33 degree (20) confirming the synthesis of ZnO in combination with ZnFe,Oj.

Average crystallite size of the particles is calculated Using Scherrer’s method

[3] and the average crystallite size of the particles is reported in Table 6.1. ZnO

has an average crystallite size of 45.7 & 1.3 but the particles might be formed by

the combination of many crystallites since the particle size is in the micrometres

range while the crystallite size of ZnO/ZnFe,Qy is reported separately for ZnO and

ZnFezO4.
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Fig. 6.2 XRD patterns of ZnO, ZnFe,04, and ZnO/ZnFe, 04 materials showing different

crystalline phases.

Table 6.1 The average crystallite size of ZnBi,Fe,_,O4 materials

Material Average crystallite size (nm)
ZnFe;04 36.2+14
ZnO 45.7+1.3

83+ 18 (ZnO)
ZnO/ZnFezO4

46.6 £3.6 (ZnFe;04)
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Diffuse reflectance (DR) UV-vis spectra of the materials are shown in Figure
6.3 and the respective Tauc plots for ZnO and ZnO/ZnFe,0, are reported in Figure
6.4. The estimated energy band gap for ZnO is 3.2 +0.1 eV matching the band gap



122 Applications of Spinel Nanomaterials

reported in the literature for ZnO [73, 74]. While ZnO/ZnFe,O4 has an energy band
gap of 2.92 +0.06 eV which is close to the average band gap of ZnO and ZnFe,;Oy4
proving that the energy band gap has been tuned with the combination of ZnO and
ZnFe; 04 as expected.

6.1.2 Electrochemical Sensing of Dissolved Oxygen

To evaluate the electrochemical sensing performance of the sensors for dissolved
oxygen (DO) detection, cyclic voltammetry is initially carried out using a screen-
printed carbon electrode as the counter electrode.Based on the cyclic voltammograms
obtained for different sensors in a 10 mM PBS solution at pH 7.4 with a saturated
DO level of 88%, as shown in Figure 6.5, a potential of -0.5 V is selected for
chronoamperometric measurements, since the onset of the oxygen reduction process

begins around that value.
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Fig. 6.5 Cyclic voltammograms of different sensors in 10 mM PBS solution at pH 7.4 at a
scan rate of 100 mV/s

Figures 6.6 and 6.7 show the chronoamperometric response (current response
vs time) at different saturated DO levels between 7 and 25% for bare, ZnFe; Oy,
Zn0, and ZnO/ZnFe;O4 sensors with screen-printed carbon as a counter electrode.
The amperometric response showed that the reduction current increased with each
increase in the saturated DO level rapidly reaching a steady state. The current starts
to stabilize after 50s of the response and the sensors are calibrated by taking the
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average response for 60s in a stable region after 50s of the response. The sensitivity
of the sensors taken as the slope of the calibration from Figures 6.6 and 6.7 are
reported in Table 6.2.
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Fig. 6.6 Chronoamperometric dissolved oxygen sensing with a) bare and ¢) ZnFe,O4 sensors
and calibration of b) bare and d) ZnFe,O,4 sensors with carbon as counter electrode.

The bare sensor has a sensitivity of —1.0540.05 uA.mg~!.L while the other
modified sensors showed a similar electrochemical catalytic activity towards dis-
solved oxygen with very similar sensitivity. There is no significant enhancement
in electrochemical activity using ZnO, ZnFe,O4 or ZnO/ZnFe;04 nanomaterials

compared to the bare carbon sensor in electrochemical sensing of DO.

Since it is found that all the sensors are producing the similar response in electro-

chemical sensing of DO, there might be the possibility of current limitation due to
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the area of the counter electrode. Therefore to validate this hypothesis, instead of
the screen-printed carbon electrode, platinum (Pt) wire with higher surface ares is
used as a counter electrode and the measurements are repeated. The amperometric
responses of the all the four different sensors are shown in Figures 6.8 and 6.9. The
response has significantly enhanced compared to the previous case where screen-

printed carbon was used as a CE validating the possibility of current limitation with
lesser surface area of the counter electrode.
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Fig. 6.7 Chronoamperometric dissolved oxygen sensing with a) ZnO and c¢) ZnO/ZnFe,;04

sensors and calibration of b) ZnO and d) ZnO/ZnFe,O,4 sensors with carbon as counter a
electrode.

The sensitivities of the sensors with Pt wire as a CE are reported in Table
6.2. The sensitivities are reported with a negative sign since the current is due

to oxygen reduction process. Bare sensor now has a sensitivity of —1.19 +0.05
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puA.mg~—! L, 13% higher than the sensitivity with screen-printed carbon as a CE.
The sensitivity of the other sensors also enhanced with ZnFe,O,4 showing the high
electrochemical catalytic activity with a sensitivity of —2.7 0.2 uA.mg~!'.L which
i1s 127% higher than the sensitivity of the bare sensor with Pt wire as a counter
electrode. While the ZnO and ZnO/ZnFe,>O,4 sensors have an increment of 85%
and 14% in sensitivities, respectively compared to the bare carbon sensor with Pt
wire as a CE. The enhanced sensitivity is attributed to the nanostructurization of the
screen-printed carbon working electrodes surface providing more surface area and

also higher surface area of the counter electrode avoiding the current limitation.
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Fig. 6.8 Chronoamperometric dissolved oxygen sensing with a) bare and ¢) ZnFe, O, sensors

and calibration of b) bare and d) ZnFe,O4 sensors with platinum (Pt) wire as a counter
electrode.
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Table 6.2 Sensitivity of different sensors in DO sensing with carbon or Pt wire as CE.

Sensitivity (uA.mg~'.L) Sensitivity (uA.mg~!.L)

Sensor . . .
with Carbon as CE with Pt wire as CE
Bare —1.05+0.05 —1.19+£0.05
ZnFe;0y —1.06 £0.08 —2.74+0.2
Zn0O —1.144+0.04 —2.24+0.1
Zn0O/ZnFe; 04 —1.094+0.04 —1.364+0.04
)
401 Percentage of D.O. 5
! S=-224%0.12 pAmg L
. - 0.63ppm =7.62% R% = 0.9920
—~ 304 ‘:‘: -~ 0.98 ppm = 11.86 % 4
<1 " —— 1.33 ppm = 16.1 % §_
= it - 1.64 ppm = 19.85 % =
€ " c
o ' e 2.03 ppm = 24.57 % o 3]
3 2 3
i | 1 ppm =1 mg/L ©
‘:‘\\ \\ 24
14
0 T T T T T T T T T T T T
50 100 150 200 250 0.6 0.8 1.0 1.2 1.4 1.6 1.8 20 22
Time (s) D.O.(mg/L)
(a) (b)
E Percentage of D.O. -3.5
30 !
E 0.63 ppm =7.62 % 30 S=-1362004 pAmg L
L 0.98 ppm = 11.86 % - 2
' R*=0.9967
::\ ::l ----- 1.33 ppm = 16.1 % —_
= ;: ----- 1.64 ppm = 19.85 % §_
= 201 =25
= e 2.03 ppm = 24.57 % =
£ B o
3 i 1 ppm =1 mg/L E
3 i ppm =1mg 3 20
)
| 154
0 T T T T -10 T T T T T T T T
50 100 150 200 250 0.6 0.8 1.0 1.2 14 1.6 1.8 2.0 2.2
Time (s) D.O.(mg/L)
© (d)

Fig. 6.9 Chronoamperometric dissolved oxygen sensing with a) ZnO and ¢) ZnO/ZnFe;04
sensors and calibration of b) ZnO and d) ZnO/ZnFe,04 sensors with platinum (Pt) wire as
counter a electrode.
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6.1.3 Electrochemical pH Sensing

Zn0O and ZnFe,O4 materials are used as sensing materials in pH sensing of UBS
solution. Figure 6.10 shows the potentiometric (OCP vs time) response of bare,
7Zn0O, and ZnFe,04 sensors in the pH loop of 2-12-2, the black and red down arrows
indicate the addition of ImL of 1M KOH solution to increase the pH and 1mL of
1M HNO:s; to decrease the pH of the solution, respectively. The response is recorded
for two minutes at each pH value of the solution.
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Fig. 6.10 Chronopotentiametric pH sensing with a) bare, b) ZnFe,04, and ¢) ZnO with pH
varying between 2 and 12.

All three sensors showed hysteresis behavior which is one of the phenomenons
observed while characterizing metal oxide-based pH sensors [184]. The bare sensor
showed a hysteresis width (the potential difference between the starting potential
and the end potential by the end of the pH measurement loop) of 39 mV while the
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ZnFe,0,4 and ZnO sensors have a hysteresis width of 81 and 133 mV. respectively.
The hysteresis width has increased due to the presence of ZnFe,O4 and further
increased with ZnO sensor compared to the bare carbon sensor. Since, the hysteresis
behaviour can be influenced by the surface area and crystalline properties of the
materials [184], this is expected as ZnFe,;O4 nanoparticles have a spinel crystalline
structure with spherical shape while ZnO microparticles have a hexagonal crystalline
structure with a pyramide shape. Hysteresis width also depends on the loop time,
higher loop time leading to higher hysteresis width [185].
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Fig. 6.11 Chronopotentiametric pH sensing with a) bare, ¢) ZnFe, 4, and ) ZnO sensors
with pH varying between 4 and 8.5. pH calibration of b) bare, d) ZnFe,;O4, and f) ZnO

sensors, respectively.
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As our interest is in the pharmaceutical pH range of 4 to 8.5, potentiometric
measurements are repeated in this pH range by adding 0.5 mL of 1M KOH (black
down arrow) and 0.5 mL of 1M HNOj3 (red down arrow) to control the pH and the
response is recorded for 5 minutes at each pH of the solution as shown in Figure
6.11. The response now show that the hysteresis of the sensors is negligible or
reduced significantly compared to the previous case with higher loop time, proving
the point that the loop time shows significant effect on hysteresis behaviour of pH
sensors apart from the other electrode properties. The sensors are calibrated by
averaging the response over the last 60 seconds of measurement for each sensor
type. The results are averaged across three sensors of each type, and the calibration
results are presented in Figure 6.11 for all three sensor types. The bare sensor has a
pH sensitivity of 23.9 £ 1.4 mV/pH, ZnFe,04 and ZnO sensors have a sensitivity
of 37.2+ 1.1 and 38.1 £ 1.3 mV/pH, respectively. The presence of metal oxide
nano/micro particles have enhanced the pH sensing capability of the screen-printed
carbon sensor providing around 60% increase (% increment= (sensitivity of modified

sensor/sensitivity of bare sensor X 100)-100) in sensitivity.

The achieved sensitivity of the surface-modified sensors with metal oxides in
the current study is not comparable to Nernstian but the bare sensor performance
is improved showing the potential to be used as pH sensing materials with further

optimization of the material properties and the sensing procedure.

Another factor about pH sensors is the stability of the response. As we observe
the response in Figure 6.11 for each addition of 0.5 mL of 1M KOH, the potential
keeps changing without reaching a steady state response but immediately after the
addition of 0.5 mL of 1M HNO3 the potential is reaching a steady state value. To
check whether it is taking more time to get stabilized, the response is measured for
longer times (10 minutes and 20 minutes) with each addition of 0.5 mL of 1M KOH
solution as shown in Figure 6.12 using ZnFe,O,4 sensor since our main interest is the
use of spinel nanomaterials in electrochemical sensors. Usually when the electrode
is immersed into the solution, the electrode surface gets covered by hydroxide
groups due to water dissociative adsorption leading to a potential difference between
the WE and RE. This external addition of KOH solution leads to hydroxide rich
electrode surface with always a potential difference between the WE and RE, hence
the potential response keeps changing with time without reaching a steady state,
whereas the addition of acid immediately balances these hydroxide rich surface since

the diffusion of H ions is faster than the diffusion of hydroxide ions. To avoid this
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problem of hydroxide ions and improve the stability of the sensors, it will be wise to
choose other alkaline solutions without hydroxide ions such as NaHCO3 or KHCOs.
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Fig. 6.12 Stability tests of ZnFe,O,4 pH sensor. Measurement is performed for a) 10 minutes

and b) 20 minutes at each pH value.
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Fig. 6.13 Interference tests of ZnFe,O4 pH sensor using 30 mM KCI and 5 mM NacCl. a)
adding KOH to increase the pH and b) using HNOj3 to decrease the pH.

Interference effect on ZnFe,O4 pH sensor is studied by adding KCL and NaCl
while performing the pH sensing measurements. The measurement is started with
a certain pH of the solution and then the pH is changed by adding KOH solution
to reach a pH value around 7. While the measurement is in progress 1mL of 30
mM KCI and 1 mL of 5 mM NaCl solutions are added one after the other and the
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response is recorded as shown in Figure 6.13a. Similarly the measurement is done by
adding also the HNOs solution decreasing the pH of the solution around 7. In both
cases, the interference effect is not observed showing excellent pH sensing ability of

the ZnFe,O4 sensor.

6.2 Potential Applications : Part II

5-Fluorouracil (5-FU) is a widely used chemotherapy drug, primarily for the treat-
ment of colorectal cancer. It belongs to the class of antimetabolites, which interfere
with DNA and RNA synthesis, preventing cancer cell proliferation. 5-FU is a pyrim-
idine analog, structurally similar to uracil and thymine. Cancer cells can develop
resistance due to mutations in thymidylate synthase or changes in drug metabolism.
Common side effects include nausea, diarrhea, myelosuppression, hand-foot syn-
drome, and neurotoxicity [186]. Therefore, it is highly important to monitor the
dosage levels of 5-FU in cancer treatment. Some work on electrochemical sensing
of 5-FU based on metal oxide nanoparticles is reported in the literature [187, 188].
Etoposide is a semisynthetic derivative of podophyllotoxin, primarily used as a
chemotherapeutic agent for treating various cancers. It is classified as a topoiso-
merase II inhibitor, which disrupts DNA replication and induces apoptosis in cancer
cells. Common side effects include myelosuppression (neutropenia, thrombocytope-
nia), nausea, alopecia, and secondary malignancies (e.g., therapy-related leukemia).
Etoposide has variable bioavailability, requiring careful dosing adjustments [189—
191]. Electrochemical sensors are developed in sensing Etoposide based on carbon
nanotubes [192], carbon quantum dots [193], and graphene nanoribbons [194]. There
is no work reported using only spinel nanomaterials for electrochemical sensing of
Etoposide. This part of the work reports the comparison of zinc ferrite and zinc
chromite in electrochemical sensing of 5-FU and Etoposide interms of sensitivity

and limit of detection.

6.2.1 Electrochemical sensing of S-Fluorouracil

5-FU acts as a weak acid and high possibility of deprotonation of the drug at
physiological or intracellular pH hence the electrochemical sensing experiments are

performed around pH 7. Figure 6.14 shows the cyclic voltammograms of different
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sensors with 500 uM 5-FU in 0.1M PB at pH 7. There is an increment of oxidation
current around 2 A and a decrease in potential around 80 mV using Zinc ferrite
and zinc chromite modified-sensors compared to the bare carbon sensor proving the
effect of nanostructured surface in the electrochemical sensing of 5-FU. The possible
oxidation of the 5-FU drug involves the protonation of the drug and the possible
oxidation scheme of the drug is presented in the literature [187].
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Fig. 6.14 Cyclic voltammograms of Bare, ZnFe,;O4, and ZnCr,04 sensors with 500 uM
5-Fuin 0.1 M PB at pH 7 at a scan rate of 100 mV/s.

Since the pharmaceutical dosage of the drug is at low concentrations (< 100 uM)
it is very difficult to detect 5-FU using cyclic voltammetry due to the potential at
which the oxidation of the drug occurs. Differential pulse voltammetry (DPV) is
employed to electrochemically sense 5-FU at low concentration range from 10 to
200 uM range. DPV parameters were optimized before the final measurements, the
modulation amplitude, modulation time, and interval time are set at 100 mV, 25 ms,
and 100 ms, respectively. Figures 6.15 shows the differential pulse voltammograms
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after baseline correction at different concentrations of 5-Fu in 0.1M PB at pH 7 for
bare (fig. 6.15a), ZnFe,04 (fig. 6.15b), and ZnCr,O4 (fig.6.15¢) sensors. For all
sensors, as the concentration of 5-FU increases the oxidation current increases.
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Fig. 6.15 Differential pulse voltammograms of a) bare, b) ZnFe;O4, and c¢) ZnCr,O4 sensors
with the concentration 5-FU varying from 10 to 200 uM.

The sensors are calibrated by taking the average of oxidation peak current of
three sensors of each type and the calibration of bare, ZnFe,Oy4, ZnCr,O4 sensors is
shown in Figure 6.16. The sensitivities of the three sensors are reported in Table 6.3.
It is found that ZnFe,O,4, ZnCr;O4 sensors have sensitivity of 39.1£0.2, 33.8 £2.1
nA/uM while the bare sensor has a sensitivity of 25.7 4 0.6 nA/uM. The ZnFe, Oy,
ZnCr,04 sensors have increased the sensitivity of bare carbon sensor by 52% and

32%, respectively, which is a very significant enhancement in electrochemical detec-
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tion of 5-FU at this concentration level. LOD of the sensors is calculated as reported
in Table 6.3 found that Bare, ZnFe>O4, ZnCr,O4 sensors have a LOD of 4.87 +0.65,

7.67+£0.02, and 9.88 £0.35 uM, respectively.
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Fig. 6.16 Calibration of Bare, ZnFe;O4, and ZnCr,Oy4 sensors at different concentrations of

5-FUin 0.1 M PB at pH 7.

6.2.2 Electrochemical sensing of Etoposide

Electrochemical sensing of the anti-cancer drug etoposide is performed by using

zinc ferrite and zinc chromite-based sensors. Figure 6.17 presents

the cyclic voltam-

mmograms of bare, ZnFe, 4, and ZnCr;O4 sensors with etoposide concentration of

100 uM in 0.1M PB solution around pH 7. The drug etoposide undergoes multiple

oxidations marked as 1, 2, and 3 representing the first, second, and third oxidation.

We observe three oxidation peaks of etoposide for all the three

sensors with first
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and second oxidation occuring with two reduction peaks as a quasi-reversible one
electron process while the third oxidation peak is the result of the product oxidation
formed by the previous oxidation processess. To understand the electrochemical
performance of the sensors usually the first oxidation peak is analysed [192]. It is
observed that the bare sensor has the first oxidation peak around 161 9 mV with an
oxidation peak current of 0.21 £0.02 uA. ZnFe,04, ZnCr,O4 sensors produced the
oxidation peaks around 103+ 1, 104 £2 mV with an oxidation current of 0.29 +0.02,
0.43+0.04 uA, respectively. The oxidation potential is reduced about 55 mV and
the current is increased by 38% and 105% with ZnFe,;O4 and ZnCr,0O4 sensors.
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Fig. 6.17 Cyclic voltammograms for Bare, ZnFe,Oy4, and ZnFe,O4 sensors with 100 uM
Etoposide in 0.1 M PB at pH 7.
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Fig. 6.18 Cyclic voltammograms of a) bare, b) ZnFe;O4, and c¢) ZnCr,O4 sensors at different
concentrations of Etoposide in 0.1 M PB at pH 7.

The sensors are calibrated by conducting CV at different etoposide concentrations
of 10, 20, 40, 60, 80, and 100 uM, the cyclic voltammograms are reported in
Figure 6.18. The oxidation peak current is increased as the concentration of the
drug increased as expected. The sensors are calibrated similarly as before with an
average oxidation current of three sensors of each type and the calibration of bare,
ZnFe;0y4, and ZnCr, 04 sensors are displayed in Figure 6.19. The sensitivities of
the three sensors are reported in Table 6.3. The sensitivity of the bare sensor is
increased by 37% and 117% using ZnFe>Oy4, and ZnCr;O4 sensors, respectively.
The calculated LOD of the three sensors characterized is higher than 10 uM which is
higher than the concentration of Etoposide successfully detected in the current work,
therefore the calculation of the LOD doesn’t hold well in this case. To improve the
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limit of detection of the sensors the sensitivity of the sensors should be improved
further meaning the level of oxidation peak compared to the baseline or the standard
deviation of the blank measurements should be reduced with less instrumental or

background noise.

Table 6.3 Sensitivity and LOD of different sensors in 5-FU and Etoposide sensing.

Sensitivity (nA/uM)  Sensitivity (nA/uM)

Sensor .
Drug : 5-FU Drug : Etoposide
Bare 25.7+0.6 2.08+0.15
ZnFe;04 39.1+0.2 2.84+0.14
ZnCry0y4 33.8+2.1 4.51+£0.28
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Fig. 6.19 Calibration of Bare, ZnFe,04, and ZnCr,0,4 sensors with different concentrations
of Etoposide in 0.1 M PB at pH 7.
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6.3 Original Contributions IV

This work focused on the potential applications of normal spinel ZnFe,;O4 and
ZnCryQy4. Zinc ferrite as a potential sensing material for dissolved oxygen and pH is
studied by chronoamperometric and potentiometric techniques. Different aspects
of the electrochemical sensors such as the role of counter electrode in DO sensing
and stability issues of pH sensors are criticized. Application of normal spinel zinc
ferrite and zinc chromite nanomaterials in electrohcemical sensing of anti cancer
drugs such as 5-FU and etoposide is investigated by presenting the sensitivity and

limit of detection.

The first part of the work in this chapter was successfully presented at the
245th Electrochemical Society (ECS) Meetings in San Francisco, California, USA.
The abstract is published in ECS Meeting Abstracts by IOP publishing with title
"Enhancing Electrochemical Sensor Performance: Studies of Electrodes Tailored
with ZnO/ZnFe, 04 Nanoparticles". The abstract can be found at the following url:

https://iopscience.iop.org/article/10.1149/MA2024-01472627mtgabs/meta

From the first part of the work a manuscript titled "Comparative study of ZnO
and ZnFe;O4 micro and nanoparticle-based screen-printed electrodes in pH sensing"
has been accepted for publication in IEEE Sensors Journal.

A manuscript based on the second part of the work on anti-cancer drugs sensing

is in progress and it will be submitted to a journal for publication in the near future.



Chapter 7
Conclusions

In this project I investigated the different aspects of nanomaterials that can influence
the electrochemical sensing performance such as crystal structure, particle size,
shape, composition, and ionic size. Spinel crystal structure was selected since it is
easy to produce a uniform spherical shaped nanoparticles so that orientation of the
particles would not play role in electrochemical reactions. Spinel crystal structural
composition is easy to be manipulated without effecting the overall crystal structure

by partially or fully substituting the cations present in the system.

In this study, a simple and cost-effective auto combustion synthesis (dry-technique)
is employed to synthesize different sets of spinel nanomaterials. Four sets of materi-
als were synthesized in order to study the effect of crystal structure, composition,
trivalent cation, ionic size, and double interface (tuing also the band gap) in electro-
chemical sensing. The first set is with ZnFe, Oy (zinc ferrite), NiFe,O4(nickel ferrite)
and combination of both (Zn,Ni;_,Fe;0y4). In total six materials (Zn,Ni;_,Fe;Oy4)
(x=0,0.2,0.4, 0.6, 0.8, 1) are synthesized. In the second set, Fe(IIl) is partially
and full substituted by Cr(IIl) to produce ZnCr,Fe;_,O4 (x = 0, 0.25, 0.5, 0.75,
1, 2) materials. Third set is zinc ferrite in which Fe(IlI) was partially and fully
substituted with higher ionic sized cation of Bi(Ill) to synthesize ZnBi,Fe,_,O4 (x =
0, 0.25, 0.5, 0.75, 1, 2) materials. In the last set, ZnFe,Oy4, ZnO, and ZnO/ZnFe,;04
materials were investigated. The four sets of materials to understand the effect of
crystal structure, trivalent cation with similar ionic size, higher ionic size on electron
transfer at the electrochemical interface, and to study some applications of zinc
ferrite along with ZnO, respectively.
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The materials are characterized by FESEM technique to study the morphological
features and confirmed that all the synthesized materials have close to a spherical
shape except the materials where Fe(IIl) is replaced by Bi(IIl) and ZnO. The former
set of materials have shown to be in two different shapes while the latter has shown
pyramided shaped particles. The synthesis is successful in producing nanomaterials
(particle size < 100 nm) in all sets except the materials with Bi(III) and ZnO which
have sub-micrometer and micrometer sized particles, respectively. XRD patterns
of the materials confirmed the spinel phase along with secondary phases of ZnO,
Fe, O3, and graphite for the first, second, and fourth sets of materials, which are
possibly due to the reactants and the use of a graphite reactor in the synthesis. The
XRD patterns of the third set of materials have shown two separate spinel phases of
ZnFe;04 and ZnBi,O4 which is unexpected because the goal was to produce a single
spinel phase with Bi(III) replacing Fe(IIl) in the crystal structure of ZnFe;Oy4. This
might be due to the mismatch in the ionic sizes of Fe and Bi, or adopted synthesis
method is not so suitable to produce this set of materials due to the drawbacks of the

synthesis such as weak control over the growth kinetics of the particles.

Raman spectroscopy showed the expected Raman bands for all materials, all
possible Raman bands were assigned for different bands and thoroughly discussed.
XPS full survey measurements confirmed the presence of no contamination elements
in the composition of materials except the adventitious carbon. High resolution
spectra of the different elements in each material verified the valence state of the
elements and their occupancy is in either tetrahedral or octahedral crystal sites. All
elements have their respective stable oxidation (valence) states of either *+2’ or
’+3” with oxygen being *-2°. XPS valence band spectra was used to estimate the
maximum of the valence band (Ey) edge for all materials. DR UV-vis spectra is
interpreted by Tauc plot method to estimate the energy gap (E,) of all the materials.
Using the valence band edge maximum, Ey and energy gap, E, values the position
of the conduction band edge minimum Ec¢ (= E¢+Ey) is computed. It is found that
the energy gap has been significantly affected by the size, composition, and even

minor changes in ionic radius significantly altered the energy bandgap.

Throughout this study, commercially available screen-printed electrodes, con-
sisting of a carbon working electrode, a carbon counter electrode, and an Ag/AgCl
reference electrode, were used as reference electrochemical sensors. The carbon
working electrode surface is modified by using the spinel nanomaterials solution

in butanol with drop-casting technique. The sensors are initially characterized by
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cyclic voltammetry in 1 mM paracetamol in 0.1 M PB solution at pH 7. Spinel-based
sensors exhibited approximately double sensitivity, lower peak-to-peak potential,
and higher rate constants with respect to the bare carbon sensor. ZnFe,O4 demon-
strated the highest sensitivity and kinetic rate constant for paracetamol detection,
with normal spinel structures (zinc ferrite, zinc chromite, and combination of both)
outperforming inverse spinels and mixed spinel variants in all electrochemical param-
eters due to higher electrical conductivity. Conduction occurs via electron hopping in
normal spinel, whereas hole hopping dominates in inverse spinel structures. Despite
this, all spinel-based sensors (zinc ferrite, nickel ferrite, zinc chromite, and mixed
spinels) showed higher sensitivity and rate constant values, performing significantly
better than the bare carbon sensor. In the third part, all ZnBi,Fe;_,O4 spinel-based
sensors exhibited improved sensitivity compared to bare sensor, with lower AE,, and
higher kinetic rate constants. However, direct comparisons are challenging due to
variations in morphology and particle size across materials, ranging from nano to

sub-micrometer scale.

The electron transfer process is further elucidated at the electrochemical interface
by matching the band edges of the multi-metal oxide semiconductors with the
redox potentials of paracetamol, emphasizing the importance of bandgap in electron
transfer. Only zinc ferrite has proved to be involved in the direct electron transfer at
the interface. Additionally, the critical role of surface energy levels in the electron
transfer process is discussed, showing a strong correlation between predicted electron

transfer via conduction band edge (Ec¢) and key electrochemical sensing metrics.

Some potential applications of normal spinel oxides are explored as the final
part of the project. ZnFe,O4 has shown a very good sensitivity in dissolved oxygen
sensing compared to the bare carbon sensor with Pt wire as a counter electrode. As a
pH sensor, ZnFe,;04 has performed much better by improving the sensitivity of the
carbon sensor taking towards Nernstian behaviour in the physiological pH range from
4 to 8.5. ZnFe,O4 and ZnCr, Oy are also used as sensing materials in electrochemical
detection of anti-cancer drugs, namely 5-FU and etoposide. ZnFe,O4 has the higher
sensitivity in the detection of 5-FU while ZnCr,;O4 has shown better sensitivity for
etoposide compared to the carbon sensor. It is possible due to the differences in the
drugs composition, aromatic ring structure, and the possible oxidation states of Zn
and Cr.
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Electrochemical sensing performance is influenced by numerous nanomaterial
parameters, including size, crystallinity, specific surface area, active electrode area,
amount of deposition, dissolution behavior, nanoparticle orientation, semiconductor
band gap, and surface coating. Achieving uniformity across these parameters to
allow direct comparison between sensors is a challenging task. To further enhance
the performance of these materials, alternative synthesis methods such as sol-gel,
hydrothermal with surfactants could reduce particle aggregation and improve size
control. Surface coatings may stabilize the nanoparticles and reduce agglomeration
while achieving size control through bottom-up approaches. It will be interest-
ing to study further the materials chemical and physical properties by employing
more advanced characterization techniques and usage of high energy synchrotron
radiation facilities. In-operando electrochemical sensing will help much better in
understanding the interface between the metal oxide nanomaterials and the analyte
of interest. Some electrochemical in-operando techniques are available but the tech-
niques usually monitor the changes in the analyte while it will be very interesting to
study the changes on the electrode surface by monitoring the changes in the sensing
materials and their transitional states to understand the reactivity of the metal oxides.
Developing such techniques to understand the solid/liquid interface is a cumbersome
task.

Rather than these challenges, this research work can provide ways for rational
design of electrochemical sensors for drug sensing in biomedical applications using
mutli-metal oxide nanomaterials. It will be very interesting to revisit the Marcus
theory to also include the structural and morphological parameters of electrode
material in heterogeneous electron transfer to generalize the equation of kinetic rate

constant through theoretical modelling and experimental verification.
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