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Nanostructure science and technology now forms a common thread that runs through
all physical and materials sciences and is emerging in industrial applications as
nanotechnology. The breadth of the subject material is demonstrated by the fact that
it covers and intertwines many of the traditional areas of physics, chemistry, biology,
and medicine. Within each main topic in this field there can be many subfields. For
example, the electrical properties of nanostructured materials is a topic that can cover
electron transport in semiconductor quantum dots, self-assembled molecular nanos-
tructures, carbon nanotubes, chemically tailored hybrid magnetic-semiconductor
nanostructures, colloidal quantum dots, nanostructured superconductors, nanocrys-
talline electronic junctions, etc. Obviously, no one book can cope with such a diver-
sity of subject matter. The nanostructured material system is, however, of increasing
significance in our technology-dominated economy and this suggests the need for a
series of books to cover recent developments.

The scope of the series is designed to cover as much of the subject matter as
possible — from physics and chemistry to biology and medicine, and from basic
science to applications. At present, the most significant subject areas are concentrated
in basic science and mainly within physics and chemistry, but as time goes by more
importance will inevitably be given to subjects in applied science and will also
include biology and medicine. The series will naturally accommodate this flow of
developments in the sciences and technology of nanostructures and maintain its
topicality by virtue of its broad emphasis. It is important that emerging areas in
the biological and medical sciences, for example, not be ignored as, despite their
diversity, developments in this field are often interlinked. The series will maintain the
required cohesiveness from a judicious mix of edited volumes and monographs that
while covering subfields in depth will also contain more general and interdisciplinary
texts.

Thus the series is planned to cover in a coherent fashion the developments in basic
research from the distinct viewpoints of physics, chemistry, biology, and materials
science and also the engineering technologies emerging from this research. Each
volume will also reflect this flow from science to technology. As time goes by, the
earlier series volumes will then serve as reference texts to subsequent volumes.
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Foreword

Nanomaterials have revolutionized numerous areas of science and technology.
Because of their diversity, nanomaterials have a wide range of applications. In partic-
ular, iron oxide-based nanotechnology is arapidly evolving field that promises unique
advantages for the development of a broad array of bioactive molecules and electronic
compounds. The book edited by Harekrushna Sahoo and Jitendra Kumar Sahoo is a
collection of a variety of chapters that cover the most important topics in the field,
starting from the synthesis and characterization of magnetic iron oxide nanoparticles
to applications like photocatalysis and biomedicines. The book provides the reader
with an overview of the diversity of magnetic iron oxide nanoparticles, from basic
design concepts to their application in various contexts. At last, one can get a general
idea of the utility of magnetic nanoparticles. Recognized experts in materials science
explain how such nanoparticles exhibit their usefulness in biotechnology and envi-
ronmental studies. Electronics specialists working on integrated circuits have partici-
pated in the miniaturization race, moving from micro- to submicrodimensions, while
getting closer and closer to application in supercapacitors. The presented compila-
tion affects not only electronics, biotechnology, and environmental sciences, but also
other disciplines such as biomedicine and water treatment. As might be expected, all
these technological applications come with some concerns, mainly because of their
potentially large impact on humanity and society. We therefore need to be aware of
the current challenges and the associated risks. I would like to invite the reader to join
the editors on their journey to put together an important and meaningful book aimed
at a wide audience around the world. With the help of this book, let us discover the
new world of magnetic iron oxide nanoparticles focusing on the main perspectives
of their applications.

Aleksander Czogalla
Professor in Biotechnology
University of Wroctaw
Wroctaw, Poland
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Preface

Nanotechnology, as a complement to physical chemistry, forms a means of knowl-
edge and mastery of the core materials or interface with antimatter. Nanotechnology
provides many benefits in many areas of life. We are really happy to represent this
book, keeping in mind the requirements of research in the fields of industries, aero-
nautics, biotechnology, electronics, medicines, chemistry, physics, environment, and
ecology. Each chapter gives a broad perspective on the iron oxide-based nanomate-
rials used in various fields such as environmental, medical, supercapacitor, and photo-
voltaic applications. Chapter 1 includes various routes for the synthesis of iron oxide
nanoparticles and details modifications of iron oxide nanoparticles. Chapter 2 of
the book illustrates the action of magnetic iron oxide-based nanocomposite towards
the removal of various organic dyes from wastewater. This chapter sums up the
synthesis and characterization of the nanocomposites and discusses various param-
eters studied about organic dye removal and its mechanism. Chapter 3 presents the
applications of iron oxide nanozymes in human health, such as cancer and tumours,
wound healing, and cardiac diseases. Chapter 4 discusses the removal of organic
pollutants from aqueous media using iron oxide-based photocatalysts. This chapter
particularly focused on the evolution of composites and heterostructures of iron
oxide-based photocatalysts and their photocatalytic applications towards the removal
of organic pollutants. Chapter 5 of this book represents a brief study about function-
alized iron oxide in order to increase the electrochemical performance of supercapac-
itors. Chapter 6 interprets the medicinal use of iron oxide nanozymes (IONzymes).
This chapter is a collective study of the synthesis, properties, and application of
IONzymes. Chapter 7 explains the synthesis of nanoscale zero-valent iron (nZVIO)
and its composites for the removal of toxic heavy metals from wastewater. Chapter 8
represents the synthesis and application of bismuth ferrite (BFO) and its photovoltaic
applications. Chapter 9 discusses the reusability of various magnetic adsorbents and
the removal of organic pollutants using them. In this chapter, various adsorption
parameters are also studied. Chapter 10 of the book presents the morphological study
of iron oxide-based nanoarchitectures. This chapter contains the environmental appli-
cations of iron oxide-based nanostructures, such as the removal of heavy meals and
organic contaminants. Chapter 11 explains the remediation of the environment using



< Preface

magnetic nanomaterials. This study includes information about the uses of magnetic
nanomaterials in the field of wastewater treatment, like the removal of toxic metal
ions, pesticides, and antibiotics. Chapter 12 discusses wastewater treatment using
iron oxide-based nanomaterials. This chapter briefly explains various parameters for
the removal of pesticides, organic dyes, and other pollutants. Chapter 13 explains
that iron and iron oxide-based catalysts or supports have been extensively tested due
to their intrinsic activity or promotional activity as supports, high natural abundance,
low cost, and no toxicity. Chapter 14 suggests the synthesis and application of non-
spherical iron oxide particles. This chapter also includes the interfacial behaviour of
non-spherical iron oxide particles. Chapter 15 represents the application of different
magnetic nanomaterials in the biotechnology field. This study states that magnetic
nanoparticles provide significant future potential for efficient cancer treatment. This
book was developed from a course taught by the author that is targeted towards
master’s and research students of science and engineering.

Rourkela, India Harekrushna Sahoo
Gunupur, India Jitendra Kumar Sahoo
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Chapter 1 ®)
Introduction Check for

Jitendra Kumar Sahoo and Sourav Prusty

1.1 Introduction

Nanomaterials comprise the study of chemical materials or substances within the
nanoscale, i.e. in the range of 1-100 nm. At this nanoscale, materials show inim-
itable properties based on their quantum phenomena (electron tunnelling, near field-
optical methods, electron confinement ballistic transport, and quantum entangle-
ment) or on the basis of subdomains (superparamagnetism and overlapping of double
layers in the fluids) [1, 2]. In the present era, nanomaterials are regarded as the
emerging advanced research domain in chemistry, physics, material engineering,
and bioscience. In comparison with conventional materials, nanomaterials permit
distinctive and unique physical, electrical, chemical, mechanical, and optical proper-
ties [3, 4]. Nanomaterials have a wide range of applications for various commercial
purposes, for instance in semiconductors, cosmetics, catalysts, adsorbents, photo-
catalysts as carriers of drugs, fillers, antifriction coatings, storage, microelectronics,
energy storage, etc. In addition, nanomaterials also have a broad range of applica-
tions in wastewater treatment, the production of energy, and sensing. In the preceding
period, most of the research was focused on experimental and theoretical advance-
ments in characterisation, novel synthesis, and an assortment of applications using
a variety of nanostructures such as ceramics, nanocomposite materials, and metal
oxides [5-10]. Among the widely available inorganic materials, metal oxide nano-
materials have gained significant attention, particularly in the fields of engineering
and science. Metal oxide possesses exceptional physical and chemical properties due
to its diminutive size and high density. Metal oxides also have large-scale applications
in the treatment of wastewater, like degradation, catalysis, sensors, and adsorption
[11,12].
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As the metals formed various types of oxide compounds, they showed several
structural geometries through different electronic structures with semiconductor,
metallic, and insulator characteristics. Metal oxides exhibit various properties such
as magnetic, optical, photoelectrochemical, mechanical, optoelectronic, thermal, and
catalytic [13, 14]. Metal oxides are small-scale-based nanomaterials that can augment
the surface area-to-volume ratio and enhance their properties in comparison to vast
materials. Additionally, metal oxide nanoparticles have been widely applied for the
treatment of wastewater [11, 15]. For the treatment of wastewater and other functions,
various metal oxides such as copper oxide (CuO), cerium oxide (CeO,), magnesium
oxide (MgO), manganese oxide (MnO,), titanium oxide (TiO,), iron oxide (Fe,0s3,
Fe;0,4), and zirconium oxide (ZrO,) have been extensively employed.

The past few years have drawn the attention of a variety of materials, such as metal—
organic frameworks, molecularly imprinted materials, ionic liquids, and carbona-
ceous materials, in a wide range of techniques in order to diminish the amount of
chemicals needed for sample preparation during extraction methods [12-14, 16].
In the middle of all this, magnetic nanomaterials have been found to gain special
consideration as they possess special properties like being superparamagnetic due
to the pressure of the thermal energy on a nanoparticle with ferromagnetic char-
acteristics [7-10]. Apart from this, magnetic nanomaterials have a special charac-
teristic in that they can separate themselves from the sample with the help of an
external magnetic field and effortlessly coalesce with other materials, which shows
their diverse functionality. The magnetic nanoparticles are mainly dependent on
their surface effects and finite size. For magnetic nanoparticles, the configuration of
spherical walls provides a state of high energy as a result of which particles combine
together in the form of clumps or clusters. In order to avoid cluster formation, the
magnetic nanoparticles are layered with different shells of polymer, carbon, metal
oxide, and silica. Moreover, the magnetic nanoparticles have a large surface area,
which enhances their catalytic activities [11, 13, 15, 17].

In the present circumstances, researchers are more aligned towards iron oxide-
based nanoparticles as they show exceptional magnetic behaviour, a large surface
area-to-volume ratio, exist in different oxidation states, can be separated easily from
aqueous solutions, are cheap in comparison with other metal oxides, are small in
size, have little toxicity, and are environmentally friendly in nature [18-20]. Iron
oxide is found to exist in the form of hydroxides, oxides, and oxy-hydroxides. The
majority of them include: Fe;0y4, Fe 03, FeO, Fe,Os, and polymorphic forms of
Fe,O3 (y-Fe,03 and a-Fe, 03, FeOOH, and Fe(OH)3). Amid the various available
forms of iron oxide, basically three important phases can be categorised, such as
magnetite (Fe;04), hematite (a-Fe,O3), and maghemite (y-Fe,O3), which are areas
of greater interest due to their magnetic and opto-electrical properties [21]. These
phases of iron oxide have practical applications in colour imaging, optical devices,
drinking water, gas sensing, magnetocaloric refrigerant, ferrofluid technology, and
as magnetic strong media. In the environmental condition, hematite (a-Fe,O3) was
found to possess a stable form of iron oxide, but it is anti-ferromagnetic in nature as it
demonstrates the weak magnetic property as well as being an n-type semiconductor
with a band gap of 2.3 eV. Hematite shows a rhombohedral structure, which can be
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designated as its most common form, and it shows application in the photocatalyst
driven by light in the visible range of 600 nm [17, 22-24]. Maghemite (y-Fe,03)
shows a cubic structure with a band gap of 2.0 eV and possesses magnetic properties
in every condition. Maghemite exemplifies a vast range of applications in the field
of the fabrication of biocompatible magnetic fluids, in electronic devices, magnetic
recorder media, and in MRI. Maghemite consists of 211/3 numbers of Fe3* ions and
32 numbers of O>~ ions, and vacancy sites are 21/3, whereas the magnetite shows
a cubic spinel-type structure and is found mainly in two oxidation states, such as
Fe?* and Fe3*, whose stoichiometric ratio is found to be 1/2. Magnetite that is Fe;O4
can be operated as both an n-type and p-type semiconductor with a band gap of
0.1 eV [25, 26]. Magnetite proved to be an effective metal oxide for wastewater
treatment due to its fast production rate, rapid uptake, high adsorption capacity, and
easy separation. After adsorption, magnetite can be easily separated from an aqueous
solution by using an external magnetic field [9, 27]. This iron oxide nanocomposite
shows extraordinary efficiency towards wastewater treatment and the removal of dyes
as well as toxic heavy metals with carcinogenic effects on aquatic biota.

1.2 Various Routes of Synthesis of Iron Oxide
Nanoparticles

Nanoparticles of iron oxide can be synthesised using various physical, biolog-
ical, and chemical methods. Among all these methods, the chemical method is
widely preferred because, in the chemical method, the appearance of bulk mate-
rial takes place with desirable morphology, tuneable sizes, and shapes possessing
all the scientific properties [28, 29]. Iron oxide can be synthesised using various
chemical synthetic methods such as coagulation, flocculation, co-precipitation, the
sol—gel method, microwave irradiation, microemulsion, hydrothermal, and thermal
decomposition techniques [13, 20].

1.2.1 Coagulation

Nanotechnology refers to the ability to produce and design nanoparticles by manip-
ulating atoms as well as molecules at the nanoscale. Wastewater treatment is the
most favourable environmental application of this technology. In the present era,
iron oxide nanoparticles are studied by researchers as compared to other materials
because of their wide utilisation, magnetic properties, low cost, very high adsorption
capacity, and high surface area. In coagulation, iron oxide is used as a coagulant.
Coagulation is the chemical process by which the electrostatic repulsive force among
the particles changes in water. The main role of iron oxide NPs in this technology is
due to their magnetic properties. The key term Fe;O,4 nanoparticles shows innovative
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research objects and a database for adsorption mechanisms. The colloidal a-Fe,;O3
particles have a well-defined coagulation rate at constant temperature. The range of
W values is from 1 to 10*, and pH values vary from 3 to 12. The results of iron oxides
are specific for coagulation mechanisms. For anions, the stabilisation concentration
of critical coagulation shows a range from 1077 to 10~* molar. With the help of
the diffusion layer model, generally, the information regarding potential as well as
charges of coagulation species can be known. Ferric sulphate, ferrous sulphate, and
ferric chloride are the different forms of iron coagulants. Usually, ferric sulphate is
treated as a coagulant in conjugation when it reacts with chlorine, and it refers to the
hydrated form that is FeSO4-7H,0. During this period, polymeric ferric sulphates
are also available, in which 12.5% w/w of iron is present [12, 30, 31]. Figure 1.1
shows the method of coagulation.

1.2.2  Flocculation

In mineral processing, flocculation is the most adequate technique for the separation
of solids, which form larger flocs when removed from water. It is a very sponta-
neous process, with the help of chemical reagents. In the recent communication, an
investigation is being conducted on the kinetics study of flocculation of Fe;04 due
to the variation in polyacrylamide’s weight. This process was completely studied by
taking PAM with the same pH, molecular weight, and ionic strength as the medium.
It was observed that the percentage rate of flocculation is directly proportional to
the molecular weight of the polymer. Polymers with a higher molecular mass have a
higher adsorption capacity to adsorb a higher number of particles. According to the
researcher, flocculation also depends on the electrostatic force of attraction. It was
observed that the flocculation process is indirectly proportional to the percentage
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of pH. So, the pH differs from 1.5 to 8.5 range. Using the PAM, the test of floccu-
lation technique is carried out by mixing kaolin and Fe;Oy4 at a ratio of 1:1. H,O,,
which is an oxidising reagent, can also be used for the preparation of modified iron
coagulant, in which it was observed that its density is 1.43 g/mL and 9.47% iron is
present [8, 16, 32]. Figure 1.2 shows the method of flocculation.

1.2.3 Co-precipitation

The co-precipitation method refers to the dissolution of materials in a solvent initially
and then, after addition of a precipitating reagent, forming a homogeneous inorganic
solid. The iron oxide nanoparticles show wide applications in catalysis, biomedicine,
and wastewater treatment. Co-precipitation is an extremely ubiquitous method for
the formation of Fe;O4 NPs, where the pH of the ferric and ferrous solutions depends
upon the base added. In this technique, the pH range transits very slowly, i.e. in the
range of 2—8. Whenever the divalent iron oxide reacts with the ammonia for the prepa-
ration of nanoparticles, by using the co-precipitation method, we get greater magneti-
sation properties. The co-precipitation method is eco-friendly, the most common, and
a simple procedure for the preparation of iron oxide nanoparticles. According to this
method, it holds cations very close to each other in the medium and decomposes
at a lower temperature. The most common example of this method is the synthesis
of metal oxide, i.e. FeCr, Q4. At first, the Fe (III) ion dissolves, and the chromate
ion, which is present in water, gets converted to Fe** and CrO,~ ions. Then it gets
precipitated by the NH4* solution to form a new complex. At last, the precipitate is
decomposed at a higher temperature into FeCr,O4 [6, 17, 22]. Figure 1.3 shows the
method of co-precipitation.
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1.2.4 Sol-Gel Method

The most common chemical method for the synthesis of metal oxide nanoparti-
cles is the sol-gel method. By stirring as well as heating, the dissolved molecules
get converted into gel. This method follows parameters like nature, kinetics, pH,
concentration, temperature, etc. Iron oxide nanocomposites can also be prepared
by the sol-gel method. Commercially, Fe (II) is dissolved in aqueous medium and
converted into gel format by heating for the generation of the final product. The
formation of nanoparticles depends upon the reactivity, which is directly related to
the surface area of iron oxide NPs. The synthesis of iron oxide NPs is also formed
from ferric hydroxide gel, which is again subjected to this technique for 8 days at
100 °C to get the magnetite. Hematite, magnetite, and goethite are different forms
of iron oxide NPs [33]. Figure 1.4 shows the method of sol—gel.

1.2.5 Microwave Irradiation

The microwave irradiation technique shows great potential as compared to other
methods due to its high scaling rate of nanoparticles of iron oxide with a high
specific absorption rate. The use of microwave irradiation has overcome a critical and
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perplexing issue during the preparation of iron oxide nanoparticles. Microwave radi-
ation provides heating at a controlled rate with selective heating capability. Generally,
in solution, the surface of the nanoparticles absorbs more radiation as compared to
the core, which results in a change in their reactivity and surface energy. This feature
attributes to the controllable exchange between the undesired adsorbed species and
additional moieties such as coating agents. The best coating agent for this purpose
is citric acid due to its biocompatibility. A mixture solution containing polyethy-
lene glycol (PEG), urea, and FeCl;-6H,O was subjected to microwave irradiation
for 10 min at 650 W. After cooling, the precipitate is subjected to centrifugation
and air-dried by washing with distilled water. Then the product obtained is char-
acterised using different characterisation techniques. Microwave radiation shows
the greater advantage of a lower reaction temperature and a shorter reaction time
[34, 35]. Figure 1.5 shows the method of microwave irradiation.

Fig. 1.5 Schematic diagram Microwave oven
representing microwave N
irradiation technique N
Microwave Nanocrystals

irradiation
~— /
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1.2.6 Microemulsion

In order to prepare iron oxide nanoparticles of ultrafine dimension, microemul-
sions are predominantly one of the striking reactive mediums. In microemulsions,
it contains water droplets of nanosized that are continuously dispersed in the oil
medium, and surfactants are used as stabilising agents that accumulate at the oil or
water periphery. Microemulsions show less polydispersity, that is, droplet sizes are
uniform in nature. lonic reactants are subjected to the interior of an aqueous medium,
as a result of which they can be precipitated initially to the droplet’s dimension. This
method is followed by the transport of precipitate from one droplet to another. During
this process, large particles are formed, which can be termed as secondary growth.
The reaction generally occurs in precipitating particles, which are of large size as
compared to droplets in the aqueous core. A significant factor during the synthesis of
microemulsion is the water-to-surfactant molar ratio, which is Wo and responsible
for controlling the diameter of droplets of water. In a W/O microemulsion of oil
and water, when particles of cadmium sulphide are synthesised, it is found that with
Wo, the particle size goes on increasing. Particle size is independent of cadmium ion
concentration. These consequences were construed in terms of an improved nucle-
ation process and lesser secondary growth at an advanced concentration of metal salt.
Fabrication of colloidal particles such as Pt, Pd, Rh, and Ir in a water—oil microemul-
sion resulted in particle sizes of 2-5 nm. An isooctane/water-based microemulsion
system can be efficiently employed for the precipitation of ferrous oxalate, which is
ultrafine in shape. Further, the ignition of ferrous oxalate in the presence of moist air
at a temperature of 225-300 °C conferred a mixture of a-Fe,O3 and y-Fe,Os. The
y-Fe, 03 synthesised during the microemulsion technique shows a higher yield as
compared to the aqueous medium. The yield resulted from y-Fe, O3 is mainly depen-
dent upon the droplet size, due to which the precursor material can be precipitated
[19, 36]. Figure 1.6 shows the method of microemulsion.

1.2.7 Hydrothermal

Hydrothermal serves as a brisk and incessant crystallisation novel method for the
synthesis of fine particles of metal oxide, for example: NiO, Co304, ZrO,, a-
Fe, 03, etc. The aqueous solution of metal salt is taken, which is quickly heated
in hydrothermal conditions, in which hydrolysis occurs followed by dehydration.
With the growing resident time and feed concentration, the resulting particle size of
a-Fe, 03 and Co304 goes on increasing. In the subcritical state, the reaction temper-
ature will not show any momentous influences when a continuous flow reaction is
performed. In this method, a-Fe, O3 can be synthesised by using activated carbon
at 500 °C, as a result of which well-formed crystalline particles are formed. In
this method, the dielectric constant of an aqueous solution plays a pivotal role in
the properties of the solvent. With an increase in the hydrothermal temperature,
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Fig. 1.6 Representation of microemulsion technique

the dielectric constant goes on decreasing. Declination takes place quickly as the
temperature goes beyond the critical temperature, which leads to a considerable
decrease in the solvent capability of water. When AIOOH is synthesised by the
hydrothermal method at 350 °C, generally larger particles are obtained in compar-
ison with synthesis at 400 °C. In the supercritical water when the reaction pressure
increases, this results in the increase of particle size of AIOOH. But when the alcohol
is added during the hydrothermal process, this largely exaggerates the crystallisation
process. In hydrothermal method, iron oxide of superparamagnetic nature can be
synthesised. Generally during synthesis process, anhydrous FeCls was used as the
precursor source of iron and ethylene glycol was used as solvent [37, 38]. Figure 1.7
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1.2.8 Thermal Decomposition

Presently, various synthesis routes are available for the synthesis of nanoparticles
of iron oxide. By using a salt solution of Fe (II) and Fe (III) with alkali-based
metal hydroxide, particles can be synthesised by the co-precipitation method. But
particles with a larger size and a narrower distribution can only be best prepared
through the thermal decomposition method. Conventionally, certain batch methods
are employed for the synthesis of magnetic-based nanoparticles. But these batch
methods have various limitations, such as being limited to a smaller scale as it is
difficult to maintain thermal control during the reaction. The heating rate, absolute
temperature, and annealing time play a crucial role in the distribution of particle
size at the nanoscale. When the batch is outsized, it is very complicated to maintain
the temperature, as a result of which the particles are not compacted. To overcome
all these problems, thermal decomposition proved to be a crucial method for the
synthesis of magnetic-based nanoparticles. By decomposition of three precursors
that are different from each other, iron oxide nanoparticles can be synthesised in
the thermal decomposition method. Iron (III) oleate is used as an important reaction
intermediate during this synthesis. By the adjustment of different parameters such
as thermal rate, composition, and concentration of precursor particles, particle sizes
of 2-30 nm were obtained. Initially, the iron particles were treated with oleic acid
to form a complex of iron (III) oleate. Owing to the significance of the iron oleate
composite, it is subjected to different thermal characterisations. Particle breakdown
of iron oleate occurs at or above 250 °C. When the iron oleate complex is treated
with 1-octadecene, it yields a larger particle size of up to 10 nm. But if the iron
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oleate complex undergoes dilution with a sufficient amount of oleic acid, the process
of nucleation as well as the growth rate is slowed. By increasing the ratio of iron
oleate from 5:1 to around 20:1, it results in a particle size of around 25 nm [25, 39].
Figure 1.8 shows thermal decomposition method.

1.3 Various Modification Techniques

Generally, iron oxide nanoparticles endure certain foremost issues, such as oxida-
tion into the physiological atmosphere due to chemical reactivity, higher surface
area, large surface energy, which results in magnetism loss, and rapid agglomer-
ation. Therefore, to overcome these issues, surface modification of iron oxide is
done to make it biocompatible. Modification of iron oxide nanoparticles not only
thwarts agglomeration and oxidation but also provides a further route for func-
tionalisation. The main advantages of surface modifications are: (1) to enhance the
surface action of magnetic nanoparticles; (2) to improve or modify the diffusion of
magnetic nanoparticles; (3) to augment the mechanical and physiological proper-
ties; and (4) to enhance the biocompatibility of magnetic nanoparticles. Here, iron
oxide modification studies were done using metal oxide, bioadsorbents, polymers,
and graphene [40, 41].
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1.3.1 Metal Oxide

Iron oxide-based magnetic nanoparticles have superior magnetic properties, as a
result of which iron oxide-based nanoparticles can be functionalised as well as modi-
fied with the help of different techniques. The progression of technology enabled
the researchers to come up with the modification and functionalisation by incorpo-
rating various supporting materials that can be used as stabilising or capping agents,
for example dopamine, cystein, trimethoxysilane, carboxylic acid, phosphonic acid,
and amine. Basically, iron oxide-based magnetic nanomaterials are generally coated
with layers possessing inorganic elements (gold, cobalt oxide, platinum, aluminium
oxide, silica, and activated carbon) and with some organic layers (glycol, dextran, and
polyethylene) in order to make them stable against different properties like oxidation,
corrosion, and aggregation and to increase the efficiency of their adsorption capacity.
For example, iron coated with sand can be eliminated between 1.34 and 1.10 mg/g Se
(IV) and in the range of 1.10 and 1.026 mg/g Se (VI), which is more effective than
iron oxide nanoparticles that are uncoated. Furthermore, the modifications of the
surface of iron oxide, hydroxide nanoparticles, and oxyhydroxide facilitate colloidal
activity and biocompatibility in the intricate environment when the modifications
are carried out. The adaptation of these nanoparticles shows the removal of various
potent pollutants such as Ni (II), Cd (1), Cr (IIT), Co (II), Cu (II), As (III), and Pb (IT)
from the wastewater [42, 43].

1.3.2 Bioadsorbent

For the past few years, the amalgamation of biochar has been extensively utilised for
the adsorption of dyes such as cationic and anionic dyes, which are abundantly found
in wastewater. It has been seen by various researchers throughout the world that the
preparation technique involved for biochar is generally exorbitant. So for the depor-
tation of basic as well as acidic dyes, low-cost and budget-friendly bioadsorbents,
which contain numerous agricultural products and various by-products, are being
put into practice in a sustainable manner. Numerous adsorbents of non-conventional
nature, such as bagasse fly ash [44], modified rice husk, de-oiled soy, distinct peel
neem sawdust, and rice straw-based iron humate sugarcane bases, are used for
the removal of carcinogenic dyes. In conjunction with the bioadsorbents, scientists
throughout the world have made significant considerations towards modifying the
bioadsorbents with metal oxide-based nanoparticles. The adsorption process using
metal oxide is being highly implemented due to its plentiful advantages, such as its
small size and persuasiveness towards functionality as well as the adsorption process.
So in this condition, iron oxide is being utilised as a considerable adsorption agent
for decontaminating the deteriorated dye water [45-48].
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1.3.3 Polymer

Among all the polymers that are naturally available, chitosan is found in profusion in
seawater. It is non-antigenic, non-toxic, hydrophilic, biocompatible, and biodegrad-
able. It contains the residue of hexosaminidase, which consists of two hydroxyl
groups and one amino group. These functional groups that are present on the chitosan
are responsible for the formation of complexes with the surface of iron oxide, making
iron oxide nanoparticles stable, biocompatible, and hydrophilic. This has a wide range
of applications in therapeutic gene delivery. Naturally available chitosan polymer is
also responsible for providing better disparity in magnetic resonance imaging. When
chitosan is coated with iron oxide nanoparticles, they form a complex in which the
amine group is bonded to the desired particle and the hydroxyl group remains non-
bonded. As a result of which the synthesised particle carries some positive charge.
There is some repulsion in the form of Coulomb forces that remain in the colloidal
state when no surfactant or organic solvent is used. The diameter of the synthesised
particle was found to be 67 nm.

Polyethylene glycol is a water-soluble polymer that is extensively used for
enhancing the water solubility of drugs. PEG coating diminishes the uptake and
is responsible for increasing the efficiency of circulation timing. When iron oxide
nanoparticles are coated with polyethylene glycol, they operate as an efficient adsor-
bent for attachment to various biomolecules. If antibodies and proteins are attached
to iron oxide nanoparticles, the addition will be more target-specific in the area of
interest. One problem associated with the PEG is that coating may result in the mixing
of particles as a result of which particles are exposed to the cells. This problem can
be overcome by mixing iron oxide with poly(ethylene glycol)-co-fumarate (PEGF).
The role of fumaric acid is highly important as it is a macromer that is highly unsat-
urated. The hydrogel property of PEGF makes the iron oxide nanoparticles more
stable, which makes them more efficient for absorption of water. Moreover, when
the iron oxide nanoparticles are covered with crosslinked PEG starch, it is responsible
for accelerating tumour imaging because it is a non-toxic coated material.

Dextran, which is a polysaccharide, has been successfully and extensively used
for an assortment of applications. Iron oxide nanoparticles coated with dextran are
commercially available and well-conventional methods for MRI and also in cancer
treatment. The coating can be improved by the introduction of carboxymethyl groups,
which improve functionality as well as stability. Epichlorohydrin is crosslinked with
dextran to form crosslinked iron oxide nanoparticles.

Polyvinyl alcohol has a wide variety of applications in drug delivery, tendon
repair, contact lenses, ophthalmic materials, and the biomedical field. Polyvinyl
alcohol shows a high compatibility rate, and it serves as a water-soluble material and
exceptional biocompatible agent when coated with iron oxide nanoparticles. When
carboxylate groups are modified with PVA structures, they are strongly attached to
metal oxide. The coated iron oxide nanoparticles are insoluble in water and are used
as a phase transfer catalyst that replaces oleic acid and oleylamine acid. Moreover,
when iron oxide nanoparticles are modified with PVA, they serve as an anti-cancer
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agent for drug delivery. Through hydrogen bonding, the polar functional group of
PVA can adsorb successfully onto the oxide surface.

Poly(vinyl pyrrolidine) is extensively used in the field of biomedicine as it has a
wide variety of applications due to its neutral charge, biocompatibility, and aqueous
solubility. Iron oxide nanoparticles are generally coated with PVP, which increases
their efficiency for MRI. Through the thermal decomposition method, the nanopar-
ticle is successfully synthesised and is also soluble in buffer solution in addition to
its water solubility capacity. Also, the coated nanoparticle possesses a high magnetic
moment, which shows high relaxivity. In addition to that, when binding takes place
through surface-initiated radical polymerisation, the nanoparticles are found to be
superparamagnetic and possess the stability and dispersibility capacity of water for
a long time [49-51].

1.3.4 Graphene

In the current scenario, hybrid materials can be synthesised by coating the iron
oxide with graphene materials like nanosheets of graphene, reduced graphene oxide,
and carbon nanotubes. Graphene shows a variety of applications in the fields of
drugs, biomolecules, cells, metals, and other functional groups. Graphene oxide also
attracted many researchers due to its unique combination of sp> and sp? carbons as
well as various functional groups such as epoxy and hydroxyl and carboxyl groups.
Graphene also possesses strong electrical conductivity, which is useful for the instal-
lation of electrochemical devices. When Fe,O3 is modified with graphene oxide,
it shows a dominant magnetic property, which is used to prevent the stacking of
graphene oxide and can also be used as a drug delivery agent for targeting a specific
area.

When the iron salts are modified with reduced graphene oxide, the synthesised
hybrid materials are used to improve the grafting efficiency and also increase the effi-
ciency of the polymer matrix. When gelatin is mixed with graphene oxide, it improves
the dispersion stability of the synthesised particle as well as prevents the oxidation
of Fe;0y4. Coating of iron oxide with a graphene layer contains oxygen-based func-
tional groups used in the nanofluid application. The synthesised nanoparticle is used
to enhance the thermal conductivity. When graphene aerogel is successfully modified
with iron oxide nanoparticles, it is used for the electro-Fenton system. The nanopar-
ticle is prepared by using a natural drying method that has electrocatalytical and
electrochemical performance with reusability and corrosion resistance properties for
the treatment of wastewater containing organic pollutants.

When the iron oxide is coated with 3D foam-based graphene, the synthesised
nanoparticle has a spherical shape with a particle size of 320 nm. These nanocrystals
have a higher surface area, which shows exceptional electrochemical properties such
as rate of capability, specific capacitance, and capacitance retention of around 89.8%.
When the chemical reduction of iron oxide nanoparticles is done with graphene
oxide, it shows a wide variety of applications in electrode applications, such as the
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installation of supercapacitors, due to its good cycling capacity. Iron oxide is also
modified with multi-walled carbon nanotubes through microwave-assisted Fenton’s
procedure via the green route. The synthesised nanoparticles improve the efficiency
of the final material with high energy density and high capacitance in supercapacitors
[52-54].
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Chapter 2 )
Magnetic Iron Oxide-Based i
Nanocomposites: Synthesis,

Characterization, and Its Application

Towards Organic Dye Removal

Jitendra Kumar Sahoo, Himanshu Shekhar, Jyoti Prakash Rath,
Biswajit Mohanty, and Harekrushna Sahoo

Abstract A significant release of toxic substances, particularly coloring agents and
dye particles, into ecological regions such as water bodies has turned into a major
environmental issue. An immense release of toxic dye pollutants from various anthro-
pogenic exercises might represent a tremendous challenge to the living organism and
its adverse effect to the biological system. This chapter includes adsorption of organic
dyes such as cationic and anionic dyes using various magnetic iron oxide-based
nanocomposites that were reported by different researchers. Compare the impact of
different parameters like pH, contact time, kinetics, and isotherm on dye removal
which were discussed. The adsorption mechanism of cationic and anionic dyes on
magnetic iron oxide-based nanocomposites was critically analyzed.

Keywords Iron oxide - Nanocomposites + Wastewater + Dye « Adsorption

2.1 Introduction

In the current scenario wastewater treatment is a major environmental issue. Around
the world a number of researchers are working on wastewater treatment. Different
researchers are synthesizing various materials such as activated carbon [1], aerogels
[2], industrial solid waste [3], bio-adsorbent [4], nanoparticles [5], and nanocom-
posite [5] for wastewater treatment. Wastewater contains lots of contaminants such as
metals [6], pesticides [7], industrial effluents [8], fluorides [9], organic dyes [10], and
pharmaceuticals waste [11]. Among various contaminates organic dyes are highly
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carcinogenic toward aquatic life [12]. Industrialized activities such as paper, textile,
cosmetics, tanning, dyeing, and printing manufacturing industries discharge indus-
trial effluents containing organic dyes. The organic dyes affect the human bodies
and create multiple diseases such as gastrointestinal, weakness, respiratory toxicity,
reduce fertility, cancer, teratogenesis, various skin problems, and blindness [13]. The
classification of textile dyes is illustrated in Fig. 2.1. Furthermore, organic dyes were
separated in to two parts (cationic and anionic) based on charge on their particle [14].
Due to carcinogenic nature of organic dyes, it is required to remove before discharging
into water bodies. From literature study we know that there are several techniques
available such as bio-degradation [15], precipitation [16], ion exchange [17], reverse
osmosis [18], coagulation [19], ozonation [20], filtration [21], membrane separation
[17], adsorption [22], electrodialysis [23], solvent extraction [24], flocculation [19],
and distillation [25]. Magnetic nanocomposite was an efficient material for different
environmental and biomedical applications. Among all removal techniques, adsorp-
tion technique is suitable for its cost-effective, ease to operate, time saving, simple,
and no toxic waste produce [22].

The adsorbent having proper active functional groups and large surface area and
pore volume plays a key role for any adsorption process [26]. Compared with general
adsorbents, nanoparticles and nanocomposites have higher adsorption efficiency
because of high surface area-to-volume ratio than bulk materials [27]. Due to the
unique properties nanoparticles are used in various biomedical [28], drug analysis
[29], sensor [30], solar panel [31], fuel additives [32], and environmental applications.
The researches have greater interest on metal oxide nanoparticles and magnetic metal
oxide-based nanocomposites as an effective adsorbent for organic dyes removal.

Dyes used
in textile

industries

Natural Synthatic
Dye Dye
Non Azo
Azo D

Anionic Cationic Reactive Disperse Sulphur Vat

Fig. 2.1 Classification of textile dyes
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2.1.1 Metal Oxide Nanoparticles

Metal oxides show metallic, insulating, and semiconductor character based on
their structural geometries and electronic structures [33]. Metal oxides demonstrate
magnetism, optics, thermal, optoelectronic, electrochemical, and catalytic nature
based on their preparation and composition [34]. As compared to other bulk mate-
rials, metal oxide nanoparticles have higher surface area and novel properties that
increase its adsorption efficacy toward various cationic and anionic dyes, making
it one of the best options to use in wastewater treatment [35]. Various metal oxide
nanoparticles such as copper oxide [36], cerium oxide [35], manganese oxide [37],
zirconium oxide [38], titanium oxide [39], and iron oxide [40] have been commonly
used in cationic and anionic dyes removal. Researchers were greater interest on
magnetic iron oxide nanoparticles because of easy separation from aqueous solution
using external magnetic fields.

2.1.2 Magnetic Iron Oxide Nanoparticles

Magnetic nanostructures have the capacity to eliminate the fine particles, natural
contaminations, and colloids that turn out to be too dangerous to be isolated by regular
strategies [41]. Among different attractive nanoparticles, magnetic iron oxide was
found to be good for the adsorption of organic dyes due to its small size and ferro-
magnetic nature [42, 43]. They have the ability to adsorb many organic dyes, such as
cationic and anionic. In current times, the application of magnetic nano-adsorbents
for the decontamination process has become very efficient and has received consid-
erable demand and attention due to their easy separation ability from aqueous solu-
tion [44]. The iron oxide has several phases, such as Fe,Os, FeO, Fe;04, Fe(OH);,
FeOOH, Fe;O3, and polymorphs of Fe,O; (-Fe, 03, and —Fe,03). Among these,
maghemite (—Fe;0O3), hematite (—Fe,03), and magnetite (Fe;O,4) are of superior
interest for their electrical and magnetic properties [45—48]. This compound has a
lot of influence and impact on the remediation of water, such as fast and easy prepa-
ration, high adsorption capacity, rapid uptake, high surface area, and easy separation
[49]. Therefore, researchers are interested in magnetic iron oxide nanoparticles for
removal of cationic and anionic dyes [50]. Then few researchers modified other
materials with iron oxide nanoparticles to enhance the removal efficiency [51-85].

2.1.3 Magnetic Iron Oxide-Based Nanocomposites

Magnetic iron oxide-based nanocomposites have many applications in various fields
such as adsorbent for removal of cationic and anionic dyes [51, 55, 72, 83, 85-87],
magnetic-optical materials [88], sensors [30], and biomedical [88] due to its unique
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physiochemical properties. Compared to simple magnetic iron oxide nanoparticles,
magnetic iron oxide-based nanocomposite was potentially more efficient toward
removal of cationic and anionic dyes from wastewater [§9]. Bare magnetic iron oxide
nanoparticles have some limitations like low adsorption capacity, leaching problem
in low pH, and more time required. In current times many researches were reported
on modification of cost-effective, nontoxic, and environmental-friendly material on
the surface of magnetic iron oxide nanoparticles and to make potential adsorbent
[90]. This modifications enhance the active binding sites of adsorbent, and the active
binding sites play an important role in cationic and anionic dye adsorption.

2.2 Characterization of Magnetic Iron Oxide

The FT-IR spectrum of iron oxide (Fe304) nanoparticles shows the peak at 441 cm™!
which is attributed to the shifting of Fe—O (the frequency v, band of bulk iron oxide
phase), two strong peaks at 583 and 628 cm™! corresponding to the presence of
Fe-0, and two peaks at 3431 and 1622 cm™! attribute to the stretching and bending
frequency of water molecules [91]. The XRD patterns of Fe;O4 showed six intense
peaks at 20 =220 (30.3°), 311 (35.7°),400 (43.5°), 422 (53.9°), 511 (57.5°), and 440
(63.0°), which have been attributed to the structure of Fe;O4 nanoparticles according
to JCPDS no. 65-3107 [91]. As the XRD patterns of maghemite and magnetite are
very similar to each other, Mossbauer spectroscopy has been performed to determine
the oxidation states of iron as Fe*? and Fe*? oxidation states. The data of Mossbauer
spectra are well fitted to two sextet patterns attributing to the tetrahedral and octa-
hedral sites of iron (Fe*? and Fe*?), respectively, which corroborates the presence of
magnetite [92].

2.3 Removal of Cationic Dyes Using Magnetic Iron
Oxide-Based Nanocomposites

This section describes various reported magnetic iron oxide-based nanocomposites
for the adsorption of cationic dyes. Furthermore, compare the adsorption parameters
such as optimum pH and contact time of various reported adsorbents. Some important
observations such as maximum uptake capacity (¢max), isotherm model, and kinetic
models of different adsorption are illustrated in Table 2.1. The mechanism of various
dyes was also discussed.

Pietrzyk et al. [ 78] prepared superparamagnetic nanoparticles and green nanocom-
posites based on biomass adsorbents through the wet co-precipitation technique. In
this experiment iron oxide nanoparticles were encrusted on the cores based on cellu-
lose, red volcanic algae waste, and coffee. Authors prepared adsorbents like Coffee @
Fe; 0y, Cellulose @ Fe304, and Algae @ Fe;O4 that were used against methylene blue
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dye. Authors observed that Algae@ Fe;O4 shows the highest adsorption capacity
of 48.1 mg/g at a pH 7 and contact time of 180 min. Coffee@ Fe;O4 and Cellu-
lose@ Fe;04 show adsorption capacity of 38.2 mg/g and 41.6 mg/g, respectively,
for pH and contact time of 8 and 180 min. From the above three adsorbents coffee-
and algae-based nanocomposites undergo Redlich—Peterson isotherm model, while
cellulose-based nanocomposites undergo Langmuir isotherm. From kinetic model
study all of them show pseudo-second-order kinetics. Ali and Ismail [79] inves-
tigated the removal of methylene blue using magnetic Fe;O4/polypyrrole/carbon
black nanocomposite. This study revealed that maximum adsorption capacity of the
adsorbent was found to be 90.9 mg/g under optimum pH of 8 and contact time of
240 min. The mechanism of methylene blue dye on magnetic Fe;O4/polypyrrole/
carbon black nanocomposite was shown in Fig. 2.2. Four interactions were reported
between adsorbent and adsorbate such as hydrogen bonding, t— interaction, elec-
trostatic interaction, and surface complexation. Experimental data were well sweated
with Langmuir isotherm R? value and adsorption capacity of 0.995 and 90.9 mg/g,
respectively. Kinetic model studies show that the adsorption process follows the
pseudo-second-order kinetics. From the above literature studies we concluded that
the highest adsorption capacity for methylene blue dye was seen in case of Algae@

Fe;0O4 nanocomposite adsorbent.
N
| cl
. ~ \{\"/

)N

2
i

Fe,0,/PPy/C Nanocomposite

¥, n—n Interaction ————  Electrostatic attraction

\-_.___/

Hydrogen bonding  «cccevieennnsd » Surface complexation

Fig. 2.2 Adsorption mechanism of methylene blue dye removal using magnetic Fe3O4/
polypyrrole/carbon black nanocomposite [79]
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In 2022 Valizadeh et al. [75] synthesized a nano-bio-adsorbent called
Fe;O4 @inulin nanocomposite using in-situ co-precipitation procedure while consid-
ering crystal violet dye removal. From different experimental data it was seen that
Fe;O4 @inulin nanocomposite has a maximum adsorption capacity of 223.57 mg/g
in optimum conditions mentioned in Table 2.1. The mechanism of crystal violet dye
adsorption on Fe;O4 @inulin nanocomposite was shown in Fig. 2.3. Three types of
interactions such as electrostatic attraction, dipole—dipole attraction, and hydrogen
bonding were observed in adsorption mechanism of crystal violet. Langmuir adsorp-
tion isotherm was by far best suited for this adsorption process, which followed
pseudo-second-order kinetics. Again Abu Sharib et al. [72] used weathered basalt-
activated nanocomposites (AWB-based Fe;O,4) as adsorbents for effective removal
of crystal violet from wastewater. This nanocomposite was prepared using thermal
activation at 950 °C for 3 h. In his experiments he found that AWB-based Fe;O4 has
a maximum adsorption capacity of 269.7 mg/g under a neutral pH. According to R?
value, the Langmuir model was well fitted for crystal violet dye adsorption data as
compared to the Freundlich model. The number of adsorbed crystal violet molecules
per adsorption site suggested that it follows multi-interactions mechanism where the
density of iron oxide active sites was governing the removal process.

In the year 2020 Barakat et al. [76] published an article about modifying magnetic
Fe;O4 nanoparticles (MNP) with surfactant-modified exfoliated Fayum clay (CTAB-
EC) to obtain final nanocomposite (MNP/CTAB-EC) by mixing CTAB-EC with
magnetic Fe;04 at 50 °C for 2 h. This composite was then tested against a model
cationic dye, crystal violet, to estimate its adsorptive capability. The optimum pH
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was obtained as 8. The gmax value was found out to be 448 mg/g. They varied
at some temperatures (25, 40, and 55 °C), and the pseudo-second order for the
kinetics and Freundlich model for adsorption isotherm well suited the crystal violet
removal experimental data. In the same year Ahmed et al. [77] published an article
on magnetized orange peel as adsorbent for crystal violet dye which has a high
adsorption efficacy of 556.6 mg/g at optimal pH of 8. Adsorption equilibrium data
of magnetized orange peel were well fitted with Langmuir isotherm model. The
pseudo-second-order model was confirmed by the kinetic data, and the mechanism
indicating crystal violet adsorption was more probable to be chemisorption.

Ansari Mojarad et al. [84] reported a clay/starch/iron oxide composite to elimi-
nate the methyl violet dye from aqueous media. Chemical precipitation method was
employed to prepare clay/starch/Fe;O4 nanocomposite. Then, the effect of various
parameters on the adsorption of methyl violet dye was examined. The outcomes
demonstrated that maximum percentage of dye removal was obtained at pH of 9 and
contact time of 150 min. The maximum uptake capacity of methyl violet dye was
29.67 mg/g. The Freundlich isotherm model was in good agreement with Langmuir
or Temkin isotherm models. The adsorption followed pseudo-second-order kinetic
model.

To remove methyl violet, activated carbon made from oak wood (ACOW600) and
modified activated carbon made from ZnO and Fe;O,4 nanoparticles (ACOW600/
ZnO/Fe;04) were used by a researcher via Foroutan et al. [85]. The maximum
adsorption capacity of methyl violet using ACOW600/ZnO/Fe;0,4 was determined
48.59 mg/g indicating that alteration of ACOW600 directed to increase its perfor-
mance in eliminating methyl violet. Optimum pH recorded for elimination of methyl
violet dye was 9. The isotherm study revealed that the methyl violet uptake by the
ACOW600/ZnO/Fe;04 magnetic nanocomposite followed Freundlich model.

Altintig et al. [83] studied removal of methyl violet using Fe;O4-loaded clinop-
tilolite (a natural zeolite) nanocomposite (Z-Fe;O4). The adsorption study of
methyl violet was in good agreement with pseudo-second-order kinetic model. The
maximum adsorption capacity was found to be 153.85 mg/g. The optimal pH was
7 and contact time of 150 min. Langmuir isotherm model embodied the adsorp-
tion isotherm data of Z-Fe;0, most appropriately. For clinoptilolite and clinop-
tilolite loaded with Fe;O,, the computed AH® values are 11.65 and 11.96 kJ/mol,
respectively, showing that the adsorption process was endothermic and spontaneous.

De Marco et al. [69] prepared HNT-Fe;O4 magnetic adsorbent using chemical
precipitation method from consuming a solution of halloysite clay and iron salts. Atan
optimal pH of 5.5, the maximum adsorption value was found to be 44.25 mg/g, and the
adsorption kinetics well fitted with pseudo-second-order model. The equilibrium data
were well fitted for the Freundlich isotherm model. Similarly, in the year 2020 Hasan
et al. [66] prepared polyacrylamide-g-chitosan y-Fe, O3 nanocomposite (PACT@ y -
Fe,03) as an adsorbent for malachite green removal. According to the reactions
dynamic factors, molecules are absorbed by PACT @-Fe, O3 through the formation of
coordination bonds between the solute and the surrounding material. The optimized
values obtained by researchers were found to be 170 min as contact time, pH 6,



2 Magnetic Iron Oxide-Based Nanocomposites: Synthesis ... 27

and uptake capacity of 86.28 mg/g. The experimental data well fitted with Langmuir
isotherm model and pseudo-second-order model.

Eltaweil et al. [68] published an article in the year 2020, regarding the appli-
cation of nZVI/BC composite as suitable adsorbent for malachite green removal.
He reduced nZVI magnetic composite on the surface of corn straw-derived
biochar to prepare this nZVI/BC composite. The maximum adsorption capacity
was found to be 515.77 mg/g at pH of 6. From observations he saw that this
extraction mechanism fits well with pseudo-second-order kinetics and Langmuir
isotherm model. Dehbi et al. [65] reported the hematite iron oxide nanoparticles
(«-Fe,03) and found the maximum adsorption capacity of 973 mg/g for malachite
green extraction in only 120 min. Precipitation method was implemented to prepare
this adsorbent which is one of the most green methods. The equilibrium and kinetics
data were well fitted for the Freundlich isotherm model and pseudo-second-order
kinetic model, respectively.

2.4 Removal of Anionic Dyes Using Magnetic Iron
Oxide-Based Nanocomposites

This section describes various reported magnetic iron oxide-based nanocomposites
for the adsorption of anionic dyes. Furthermore, compare the adsorption parameters
such as optimum pH and contact time of various reported adsorbents. Some important
observations such as maximum uptake capacity (gmax), iSotherm model, and kinetic
models of different adsorption are illustrated in Table 2.2. The mechanism of various
anionic dyes was also discussed.

Ali and Ismail [79] adsorbed Congo red dye using magnetic Fe;O4/polypyrrole/
carbon black nanocomposite. The gn.x was observed to be 500 mg/g. Kinetic
study was well allied with pseudo-second-order kinetics which indicates that it is a
chemisorptions mechanism. The mechanism for Congo red dye chemisorptions was
illustrated in Fig. 2.2 which shows m—m interactions as well as hydrogen bonding.
For the maximum adsorption of Congo red, the optimum pH was 4 at a contact time
of 180 min.

Sahoo et al. [91] prepared Fe;O4-TSPED-Tryptophan using the given procedure
in Fig. 2.4. In this preparation process Fe;O4 and TSPED were first processed
with methanol in argon atmosphere, then Tryptophan was added in presence of
SOCI1,/DMF. Prepared nanocomposites followed Langmuir model of adsorption
isotherm and pseudo-second-order kinetics for Congo red dye. The maximum adsorp-
tion capacity (gmax) for Congo red dye on the prepared Fe;O4-TSPED-Tryptophan
nanocomposite was calculated to be 183.15 mg/g with an optimal pH of 3 and contact
time of 10 min.

Mahmud and Benamor [93] published an article on preparation and application
of magnetic Fe;O4-Kaolinite composite. Researcher prepared this nanocomposite
using simplistic co-precipitation method for the effective removal of Congo red dye.
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Fig. 2.4 Illustration of the synthetic procedure for Fe3O4-TSPED-Tryptophan nanocomposite
preparation [91]. Copyright 2019. Reproduced with permission from Elsevier

The maximum adsorption capacity 45.59 mg/g was observed at pH of 5.5 and contact
time of 40 min. Langmuir isotherm model and pseudo-second-order kinetics were
found to be the most suitable for Congo red dye adsorption.

Koohi et al. [94] synthesized Fe;O4/NiO nanocomposite via precipitation process
as an adsorbent to eliminate the Congo red from wastewater. Among the Langmuir,
Freundlich, Halsey, Jovanovic, and Temkin isotherm model studies, it follows Lang-
muir isotherm with gmax value 210.78 mg/g at 293 K. Maximum adsorption effi-
ciency of congo red dye was observed at pH 5 and contact time 90 min. It followed
the pseudo-second-order kinetic model.

Sahoo et al. [95] used ferric nitrate, magnesium nitrate, and polyethylene glycol
and carried out one-step hydrothermal method to produce Fe, O3—MgO nanorods. The
process of Congo red adsorption on the nanorod surface is mostly due to pH where
adsorbate molecules are linked to the adsorbent through electrostatic interaction as
shown in Fig. 2.5. As Congo red adsorption mainly depended on the pH, maximum
adsorption capacity (gmax = 200 mg/g) arises at pH of 4 with a contact time of
60 min. Congo red adsorption on Fe,O3—MgO nanocomposites followed pseudo-
second-order kinetic and Langmuir isotherm models.

Barakat et al. [96] reported removal of methyl orange dye using Fe;04@MUS
composite. In the preparation process, layered silicate muscovite (MUS) was deco-
rated with magnetic Fe;O04 used. Maximum adsorption capacity of Fe;04@MUS
composite toward methyl orange adsorption was about 149.25 mg/g at pH of 3.
Figure 2.6 gives an idea on the adsorption of methyl orange on Fe;O,@MUS
composite. In this image hydrogen bonding and electrostatic attraction were shown
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as the driving force behind adsorption of methyl orange on the prepared composite.
Pseudo-first-order kinetics model and Langmuir isotherm model were well suited
for this removal mechanism.

Through a mild chemical co-precipitation method, Wang et al. [97] successfully
developed a novel composite for methyl orange removal using chitosan-modified
biochar (CPB) and MnFe, 04 (MnFe,04@CPB). Due to m—m interactions between
MO and MnFe, 0, @CPB and the presence hydrogen bonding forces, the maximum
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Fig. 2.6 Adsorption and degradation mechanisms of MO adsorption using Fe3O4 @MUS
composite [96]. Copyright 2020. Reproduced with permission from Elsevier
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adsorption capacity of prepared composite was 160 mg/g at a pH of 3 after 240 min.
Langmuir—Freundlich model was used for the isotherm data and pseudo-second-
order model for kinetics data obtained from observing the mechanism.

Geramizadegan [74] removed methyl orange dye from wastewater using
asparagus plant-capped Fe;O4 NPs. The isotherm and kinetics data well fitted with
Langmuir monolayer isotherm model and pseudo-second-order kinetics, respec-
tively. The maximum adsorption capacity was found to be 167.7 mg/g. The
percentage removal of methyl orange dye was obtained at pH of 7 and contact time
of 20 min.

Niknam and Davoudi [63] studied the application of Ricinus communis functional-
ized with iron oxide nanoparticles toward methyl orange dye removal. The optimum
values for adsorption of methyl orange dye onto R. communis coated Fe;O4 NPs
were pH of 5.0 and contact time of 60 min. The maximum adsorption was found
to be 30.5 mg/g for methyl orange dye. The adsorption process follows Langmuir
adsorption isotherm model and pseudo-second-order kinetics.

Bhowmik et al. [98] published an article about efficiency of magnetic nano-scale
adsorbent CF-MF-NC for the Eriochrome black T dye adsorption from wastewater.
The mechanism of EBT dye adsorption on the surface of magnetic calcium ferrite
and manganese ferrite nanocomposite was discussed in Fig. 2.7. The electrostatic
interactions between the anionic part of EBT dye and the protonated surfaces of
adsorbent were reported. The maximum adsorption of EBT dye was 416.667 mg/g.
The maximum percentage of removal of EBT dye was achieved at pH of 2 with
15 min contact time. Pseudo-second-order kinetic model and Langmuir adsorption
isotherm were best fitted with observed isotherm and kinetic data.

Essandoh et al. [99] prepared iron oxide-coated polypeptidylated hemoglobin
as an effective adsorbent for Eriochrome black T dye adsorption. Polypeptidy-
lated Hb/iron oxide (1:1) has gmax value of 217 mg/g which was calculated using
Langmuir adsorption isotherm at a pH of 7. Electrostatic attraction, hydrogen
bonding, and charge—charge interaction were the factors at work for the adsorp-
tion of EBT dye on polypeptidylated Hb/iron oxide adsorbent. EBT adsorption
on prepared nanocomposites followed pseudo-second-order kinetic and Langmuir
isotherm models (Fig. 2.8).

Raghu et al. [100] prepared GO-Fe;O4 adsorbent through the formation of amide
bond between graphene oxide and amine containing Fe;O,4. Researcher employed
this adsorbent for the effective removal of Eriochrome black T dye. This GO-Fe;04
nanocomposite had an adsorption capacity of 147.25 mg/g at pH of 2. At contact time
of 120 min maximum percentage of removal was obtained. The adsorption process
follows pseudo-second-order kinetic and both Langmuir and Freundlich isotherm
models.

El-Desouky et al. [101] prepared magnetite with pores as high-performance adsor-
bent in order to remove anionic dyes like Remazol Red and acid red 57 from an
aqueous solution. This adsorption process followed pseudo-second-order kinetics
and Langmuir isotherm models for both the dyes. Maximum adsorption capacity
for Remazol Red and acid red 57 dyes was 808.43 and 888.68 mg/g, respectively.
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Maximum adsorption of both these dyes was observed at pH range of 3—4 and contact
time of 100 min.

2.5 Conclusion

This chapter summarized that the advancement of magnetic iron oxide-based
nanocomposites showed potential adsorbents toward the cationic and anionic dyes
removal because of their characteristics such as magnetic separation from aqueous
solution, high adsorption limit, high surface area, and great recyclability. The char-
acterization of iron oxide was also discussed. Different parameters such as optimum
pH, time, kinetics, isotherm, and maximum adsorption capacity were compared in
detail. The percentage removal of cationic dyes was observed in higher pH and of
anionic dyes was observed in lower pH. The maximum adsorption of cationic dyes
such as methylene blue was 90.9 mg/g, crystal violet was 556.6 mg/g, methyl violet
was 153.85, and malachite green was 973 mg/g. The maximum adsorption of anionic
dyes such as Congo red was 500 mg/g, methyl orange was 167.7 mg/g, Eriochrome
black T was 416.6 mg/g, Reactive Black 5 was 17.98, acid red was 888.8 mg/g, and
Remazol Red was 808.43 mg/g. Most of the adsorbents follow pseudo-second-order
kinetics model which means a chemical bond is formed in between adsorbent and
adsorbate. Moreover, the research reported that most of the cationic and anionic dyes
adsorbed on iron oxide-based materials through m—m interaction, hydrogen bonding,
and electrostatic bonding.
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Applications
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Abstract In the past ten years, interest in nanozymes, which are nanomaterials
with inherent enzyme-like capabilities, has skyrocketed because of their potential
to overcome the drawbacks of conventional enzymes, such as their low stability,
high cost, and difficult storage. Iron oxide-based nanozymes, among other forms of
nanozymes, have magnetic properties (superparamagnetic), are biocompatible, and
are stable. Iron oxide-based nanozymes are frequently used for many biomedical
applications because of the aforementioned features. The basic concepts of iron
oxide-based nanozymes and their biological applications are the main emphasis
of this chapter. Also briefly covered are recent findings and the outlook for iron
oxide-based nanozymes.

Keywords Iron oxide + Nanozymes + Biomedical applications - Nanotechnology

3.1 Introduction

The manipulation, study, and comprehension of material properties at the nanoscale
level are the focus of nanotechnology. One nanometer (nm) is one billionth of a
meter (m). Over the past 20 years, interdisciplinary fields inspired by nanotech-
nology and nanoscience have made contributions to chemistry, physics, material
science, and biomedical sciences [1-5]. The Nanotechnology Revolution aided in
the creation of an environment that allowed chemists and other specialists in the
fields of physics, biology, and engineering to cooperate until they reached a point of
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collaboration with material and industrial scientists, allowing scientists and special-
ists in all fields to advance their research quickly [6-8]. Over the last three decades,
scientists have focused their research on simulating the functioning and structural
features of natural enzymes [9]. The overarching objective was to develop “artificial
enzymes” that imitate the fundamental activities of biologically occurring enzymes
while also having better features such as cost-effectiveness and stability. Nanozyme
research intends to merge features of nanomaterials and take inspiration from biolog-
ical enzymes to create the artificial enzymes of upcoming generation, which is an
emerging topic connecting nanotechnology and biology [9-11].

Biological enzymes are macromolecular catalysts that catalyze natural biochem-
ical processes. Although each enzyme serves a specific job, it has various disadvan-
tages, which limit its use in broad-spectrum applications. To accomplish catalytic
tasks, biological enzymes need specified physiological conditions. Some of the key
downsides are low strength in extreme environmental conditions of the enzymes
and also the large cost of manufacturing, separation, and refinement. As a result,
numerous ways have recently been developed as a substitute to natural enzymes, with
the production of complexes, molecules, and nanoparticles that mimic their intrinsic
catalytic properties [12—14]. Nanozymes are the nanomaterials which are inherited
with properties like natural enzyme those have exploded in popularity since the last
decade due to the potential to get over the normal enzyme restrictions such as high
cost, limited stability, and problematic storage [ 15]. Nanozymes are the nanoparticles
that have the characteristics of an enzyme. Because of the rapid growth and improved
knowledge of nanotechnology and nanoscience, nanozymes have the capability to
act as direct surrogates for natural enzymes by reproducing and further altering the
active centers of biological enzymes. It possesses the same kinetics (e.g., Michaelis—
Menten equation) and catalytic mechanism (e.g., ordered, ping-pong, or random
reaction) as a natural enzyme. It has inhibitors and activators to control how active
it is. The nanozyme’s catalytic activity is obtained without the change of any extra
natural enzymes or chemical catalysts [16, 17]. The activity of nanozymes is dramat-
ically simulated by typical nanoscale parameters such as shape, size, and surface,
which gives a superior technique for modifying its activity. Nanozymes, like normal
enzymes, frequently have active centers or electron-transport structures. Nanozyme
has enzymatic or catalytic activity due to its active site. Nanozyme has the potential
being used like the replacement of the enzyme for human health and surpasses natural
enzymes in a variety of areas, including durability, cheap cost, and ease of manu-
facture. Nanozymes have substantial advantages over biological enzymes, leading
to a surge in the development of artificial biocatalysts. These advantages include
simple production techniques, smooth surface modification and dependable catalytic
performance of nanomaterials [9, 12—14]. In today’s nanotechnology, nanozymes are
being studied extensively to develop a variety of applications in immunoassays, ther-
anostics, biosensing, disease diagnosis and therapy, oxidative stress protection, cell/
tissue development, and pollution removal. Nanozymes have lower specificity and
selectivity than biological enzymes, although having more reactivity. This drawback
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can be overcome if nanozymes are utilized for catalytic activities involving small
molecules (e.g., oxygen radicals), where the steric characteristics of native enzymes
is less significant [18-20].

Many metal oxide-based nanomaterials have also been investigated for their ability
to replicate the functions of functional enzymes seen in natural defense systems.
Metal oxide nanostructures have a lot of charge on their surfaces, which explains
why they have such good electron characteristics. Metal oxide-based nanozymes, as
aresult, show up in the fields of fuel cells, sensing and electrocatalysis. In addition, as
potential replacements for natural bioenzymes, they were found to be more stable and
resilient under harsh circumstances than natural enzymes. Their uses are addition-
ally broadened by their noteworthy physicochemical qualities (e.g., excellent optical
and photothermal exchange abilities and high surface energy), as well as their ease
of manufacture and storage [21, 22]. Surprisingly, the physicochemical character-
istics and catalytic activities of metal oxide nanoparticles may be tailored without
difficulty to meet convenient requirements. Surface modification, for example, has
been identified as a possible technique for improving the biocompatibility of these
nanozymes. Through proper management of synthetic circumstances, the structural
design linked with catalytic efficiency is adaptable. As a result of this ascendency,
metal- and metal oxide-related nanozyme research has increasingly expanded beyond
the environment to the medicine, food, chemical industry, biomedicine, agriculture,
and other industries [12, 19, 21, 22]. Metal oxide nanozymes have long been regarded
as potential artificial enzymes because to their high surface energy and surface-to-
volume ratio. The most prevalent metal oxide nanozymes, such as Co3Oy4, Mn3Oy,
Fe;04, Mn,03, Fe,03, and CeO,, have all been shown to exhibit activities like
multi-enzymes. They also have a number of unique features, including fluorescence
quenching, dielectric, and magnetic properties. Metal oxide-based nanozymes have
a cheaper cost and a shorter manufacturing procedure than precious metal nanomate-
rials [23, 24]. Furthermore, their biopharmaceutical application has expanded due to
their less biological toxicity and good accumulation in tissues. Natalio et al. investi-
gated the intrinsic activity of V,0s nanowires like peroxidase enzyme generated by a
hydrothermal technique, demonstrating that V,0Os nanowires functioned similarly to
naturally occurring vanadium haloxidase, that could help to avoid marine biological
contamination [25]. CeO,_x nanorods were manufactured by a hydrothermal tech-
nique, mimic haloperoxidase enzyme, that is, based on Ce**/Ce** redox couples,
which was created by Herget et al. [26]. Wang et al. investigated the influence of
chloride ions on the suppression and eradication of biofilms by CuO peroxidase
using the CuO-Fenton reaction (peroxidase) [27]. Karim et al. discovered that CuO
nanorods were manufactured via a solution-based technique that possesses perox-
idase activity, and they used visible light as an external “trigger” to modulate the
antibacterial activity of the CuO nanorods nanozyme [28]. Iron oxide NPs (I0-NPs),
which primarily contain magnetite, i.e., iron(IL, III) oxide, Fe3Oq4, and hematite, i.e.,
iron(IIl) oxide, Fe,O3 NPs, have been the focus of metal oxide research. This is
because IO-NPs have the capacity to decrease reactive oxygen species (ROS) [11].
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Fig. 3.1 Magnetic properties and enzyme-like activities of iron oxide nanoparticles for various
applications [29]

One of the most common nanozymes is iron oxide nanoparticles (IO-NPs). In vivo
cell monitoring, magnetic resonance imaging (MRI), hyperthermia, drug or gene
delivery, and magnetic targeting are just a few of the biomedical uses for these [29].
The vast range of applications for IO-NPs, including electrochemical applications,
data storage, and environmental clean-up, drew a lot of attention. Iron oxide NPs are
commonly used in diagnostics (e.g., imaging, detection, or biosensing) due to their
inherent magnetic characteristics (superparamagnetic) as well as their biocompati-
bility and stability. When exposed to an alternating magnetic field, IO-NPs can cause
local heat enhancement, which is particularly useful for the reduction of cancer cells,
those, unlike healthy cells, cannot survive in the temperature of 42-49 °C [29-31].
To be ready for diagnosis or therapy, cells of interest must be labeled with a rather
high number of IO-NPs in each case, raising the issue of toxicity concern. In 2007,
ferromagnetic (Fe3O4) nanoparticles were revealed to have inherent activity like
peroxidase, exhibiting catalytic action comparable to horseradish peroxidase (HRP).
Other nanozymes have been investigated using the analytical methods developed for
iron oxide nanoenzymes characterization, particularly for kinetics and mechanism
experiments to identify catalytic characteristics. Figure 3.1 shows the activities of
iron oxide nanomaterials like enzyme with different utilizations.

3.2 Enzymatic Activities of (Iron Oxide Nanozyme)
IONzyme

IONzyme is now being used to imitate two enzyme activity from the oxidoreductase
family: peroxidase and catalase. While hydrogen peroxide is used by both enzymes
as a substrate, only peroxidase produces free radicals that can be used to react with
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a hydrogen donor (AH;), while catalase produces oxygen (Egs. 3.1 and 3.2). In
aerobically respiring species, both peroxidase and catalase are important in avoiding
cellular oxidative damage.

(a)

(b)

Peroxidase

2H,0," 440, + 2H,0 (3.2)

Peroxidase enzyme-like activity: The first enzyme-like characteristics discov-
ered in IONzyme were the activity like peroxidase enzyme, which catalyzes
the standard colorimetric process using chromogenic reagents and hydrogen
peroxide (H,0O,). This characteristic is present in both Fe;0,4 and Fe, O3 nano-
materials; however, the former is generally more active than the latter. Free
radicals are produced as an intermediate, by catalyzed reaction of H,O,,
and those subsequently react with a hydrogen donor (typically chromogenic
molecules) to produce H,O and oxidized donor [17]. The ideal conditions
for catalysis of iron oxide nanozyme are the same as HRP, with a tempera-
ture range of 37-40 °C and a pH range of 3-6.5 in an acidic buffer. When
3,3/,5,5 -tetramethylbenzidine (TMB) was used as the hydrogen donor, an
excessive quantity of H,O, might hold back the colorimetric reaction. The
peroxide concentration must be within a certain range for both HRP and iron
oxide nanozyme catalysis and to retain activity. O-phenylenediamine (OPD),
TMB, 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonicacid) (ABTS), and 3,3'-
diaminobenzidine (DAB) are just a few of the chromogenic substrates that
IONzyme may catalyze. Aside from chromogenic substrates, biomolecules such
as polysaccharides, nucleic acids, proteins, and lipids can also be the targets. In
biological systems, peroxidases have a variety of important activities, including
detoxification of reactive oxygen species (e.g., glutathione peroxidase) and
fighting in opposition to infections (e.g., myeloperoxidase). The enzyme perox-
idase is frequently utilized in clinical and bioanalytical chemistry, where it
is conjugated to an antibody and used to enzymatically catalyze colorimetric
substrates for signaling or imaging [10, 21, 22, 29].

Catalase-like activity: IONzyme has activity like peroxidase as well as catalase
in the decomposition of H,O, into O, and H,O. Under basic and neutral pH (pH
7-10), dimercaptosuccinic acid (DMSA)-coated Fe; 04 and Fe, O3 nanoparticles
converted H,O, to O,, according to the Gu group. Fe;O4 has stronger catalase-
like activity than Fe,Os3, similar to peroxidase-like catalysis. IONzyme has so
far been able to conduct the two actions stated above while maintaining correct
pH regulation [10, 21, 22, 29].
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3.3 Applications of Iron Oxide-Based Nanozyme

3.3.1 Iron-Based Nanozymes for Tumor/Cancer Treatment

Iron-based nanomaterials are some of the most effective nanomedicines. They were
originally used in translational research, and the FDA has authorized numerous
iron-containing nanoformulations for clinical use. Iron-based nanozymes have often
showed a number of therapeutically beneficial features, many of which are partic-
ularly significant for tumor treatment [9, 29]. From a physiochemical standpoint,
earlier research has shown that after being stored at room temperature, the nanopar-
ticles that are based on iron can be stable for 40 days and also that their catalytic
efficacy can be maintained after numerous treatment sessions.

Additionally, iron-based nanozymes have high biocompatibility that helps to
the effectiveness and safety of treatment. Furthermore, because of their controlled
magnetic characteristics, iron-based nanozymes might be effectively deposited into
tumor tissues, increasing the therapeutic index. Furthermore, as compared to natural
enzymes, iron-based nanozymes have enhanced resistance to environmental stress for
instance acidic or basic conditions and severe temperatures. Additionally, iron-based
nanozymes exhibit high morphological uniformity and are simple to manufacture at
a low cost. Because of the benefits listed above, iron-based nanozymes have made
major contributions to the advancement of nanocatalytic cancer treatment [9—11].

Iron-based nanozymes have the potential to mimic a variety of enzymes in vivo
with their varied catalytic activities. This, together with the magnetic receptivity,
variable surface chemistry, and superior biocompatibility of nanoparticles based on
iron, has led to an increased use of iron-based nanozymes in the detection and treat-
ment of a wide range of tumor indications (Fig. 3.2). Cai et al., for example, revealed
the iron core in ferromagnetic H-ferritin nanoparticles has catalytic activity similar
to peroxidase and could be employed to stain tumor tissues immunohistochemi-
cally. The authors found that xenografted tumor tissues incubated with ferrimagnetic
H-ferritin nanoparticles turned brown due to the nanozyme-catalyzed oxidation of
3,3’-diaminobenzidine tetrahydrochloride substrates in the presence of excessive
H,0,, whereas normal tissues were stained purple by hematoxylin [33]. Meanwhile,
catalase-like iron-based nanozymes have been reported to degrade tumor H,O, to
create extra oxygen, which might be used to improve ultrasound imaging of the tumor
region [34]. In terms of therapeutic applications, current research focuses mostly on
the use of iron-based nanozymes as Fenton nanocatalysts or oxygen producers, which
will be explored in the section below.

Iron-based nanozymes with catalase-mimicking characteristics have also been
investigated for reducing hypoxia-induced resistance to cancer treatment. In a recent
work, a hybrid nanosphere containing Fe** was used to overcome tumor hypoxia by
decomposing endogenous H,O,. This strategy’s viability and prospective therapeutic
benefits were proven.
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Fig. 3.2 IONzyme activity for tumor using magneto ferritin. Reproduced with permission from
the Royal Society of Chemistry [32]

Aside from the iron-based nanozymes’ promising antitumor effectiveness, it is
also important to look at their possible effects on the recipient host’s health in the
short and long term. As a result, iron-based nanozymes should be non-toxic to normal
tissues, disintegrate in biological settings, and finally be removed from the body
when the therapeutic activities are completed. The biocompatibility and biosafety of
enzymes and nanozymes are crucial in assuring their continued clinical use. Nonethe-
less, iron-based nanozymes are a new technology in its early stages of development,
and the majority of their interactions with the biological environment are unknown,
necessitating ongoing research into their pharmacokinetics, metabolism, absorp-
tion, therapeutic sustainability, excretion, distribution, and toxicity at the molecular,
cellular, and systemic levels [10, 35].

3.3.2 Cardioprotection

Iron oxide nanoparticles were also examined for their cardioprotective properties.
Iron oxide NPs were found to protect hearts in vitro and in vivo against ischemia
injury from various studies. Myocardial ischemia can be explained as a lack of blood
supply to the heart, which is one of the most common causes of myocardial injury.
This causes myocardial hypoxia that can lead to angina pectoris, coronary artery
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heart disease, or even a heart attack. There is currently no treatment for myocar-
dial ischemia damage that has been proved to be successful, and current treatment
comprises the administration of a variety of pharmacological medications such as
free-radical scavengers, antioxidants, calcium channel blockers, and anti-apoptotic
agents [14, 19, 21, 23, 25]. Although, one of the most significant difficulties is that
pharmacologic medications intend just one method, but myocardial ischemia damage
is linked to a number of other pathogenic pathways. The cardioprotective effect of
iron oxide NPs was investigated as an alternate strategy. The activity of the iron
oxide NPs was compared to that of two pharmaceutical medications often used to
treat myocardial ischemia injury: verapamil, a calcium channel blocker, and Salvia
miltiorrhiza extract, an antioxidant. The researchers used a rat coronary artery liga-
ture model to investigate the cardioprotective effect of 2,3-dimercaptosuccinic acid
(DMSA)-modified iron oxide NPs in a variety of tiny sizes [14, 19, 21, 23, 25, 36].
The cardioprotective impact of the iron oxide NPs was greater than that of both
Salvia miltiorrhiza extract and verapamil, following ischemia reperfusion, as evalu-
ated by left ventricular developed pressure. The cardioprotective effect was shown
to be dependent on the size of the iron oxide NPs, but not on their surface charge.

Iron oxide NPs were used to stimulate cardiac mesenchymal stem cells (cardiac
MSCs, cMSCs) by Han and colleagues. The MSCs were labeled with superparamag-
netic iron oxide NPs by Parivar’s team. Superparamagnetic iron oxide NPs are widely
employed in MRI for cell tracking and contrast, as well as for cell magnetization
in tissue engineering and medication targeting. To produce iron oxide NP-labeled
MSCs, polyethylene glycol (PEG)ylated iron oxide NPs were manufactured and
applied to the MSCs for 48 h. The iron oxide NP-labeled MSCs were then injected into
the heart of a rat model of heart failure. A neodymium magnet was put over the heart
for 48 h for the magnet-dependent iron oxide NP-labeled MSCs. In comparison with
the unlabeled MSCs and the magnet-independent groups, the magnetic-dependent
group had a higher restoration of the injected proportion. Because a larger percentage
of iron oxide NPs were kept in the heart, the cardiomyocytes were preserved, and
the formation of fibrosis following heart failure was reduced.

3.3.3 Wound Healing

Because of the negative and positive effects of oxygen and H,O, on wound
healing, iron oxide NPs that can catalyze H,O, have been investigated for wound-
healing applications. It was discovered that incorporating iron oxide NPs into three-
dimensional (3D) cellular spheroids stimulated ECM synthesis. It was also feasible
to change the composition of iron oxide NP by adjusting its concentration and prop-
erties. Magnetic iron oxide NPs (magnetoferritin) boosted the production of all the
proteins that make up the ECM, while varying the iron oxide NP concentration had an
influence on both collagen I'V and elastin formation. Hu and colleagues employed iron
oxide NPs in wound dressings manufactured from electrospun poly(vinyl alcohol)
(PVA) membranes [37]. Because of its large surface-to-volume ratio as well as
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porosity, which allow for significant water absorption and robust oxygen perme-
ability, a polymeric PVA mesh was chosen as the scaffold. By combining spindle-
shaped iron oxide NPs with a PVA solution and electrospinning them, they were
synthesized and incorporated into the scaffold fibers. The as-prepared fibers were
TEM imaged with concentrations of iron oxide NPs that are homogeneously incor-
porated. The results, as indicated by a colorimetric test and an oxygen-sensitive elec-
trode, suggest that the iron oxide NP-containing PVA fibers had catalytic activity at all
concentrations investigated. In the presence of H,O, at harmful amounts, the effect
of the iron oxide NPs on the scaffolds was studied in terms of fibroblast prolifera-
tion. More than 90% cell survival was observed after incubation with H,O,-disclosed
nanofibrous dressings containing iron oxide NPs for overnight period, indicating that
the catalytic scaffolds provided a superior environment for cell growth. Importantly,
cells treated with bare scaffolds showed full apoptosis. The iron pxide NP PVA
membranes have potential for wound-healing dressings because of their ability to
reduce H,O, concentrations to harmless levels.

3.3.4 Antibacteria and Biofilm Elimination

IONzyme combines with H,O, in the catalytic process to produce free radicals
as intermediate products; those are very harmful to bacteria because of targeting
proteins, cell membranes, and nucleic acids, causing bacterial dysfunction. H,O,
is a typical biocidal chemical that can be used for a variety of cleaning and disin-
fecting applications, as well as like an antibacterial agent in good hygiene and in
medical treatments [9, 14, 18, 38]. The mechanism is also based on the reaction of
hydrogen peroxide with cellular constituents, but for resistant bacteria, the effec-
tiveness is generally less. In terms of mechanism of the ping-pong reaction, an iron
oxide nanozyme with activity like peroxidase enzyme may aid in the enhancement of
antimicrobial properties of H>O,. In the previous studies, the enhanced impact was
established on methicillin-resistant Staphylococcus aureus (MRS A) and Escherichia
coli (E. coli). The antibacterial capability had demonstrated to be effective for wound
healing in bacteria-infected wounds, as well as other treatment techniques against
multidrug-resistant bacteria [9—-11, 14, 18, 29, 38].

Enhancing H,0,; catalysis to create radicals also opens up the possibility of
eradicating biofilm, a type of bacterium community that aids in the development
of drug resistance by preventing antibiotics or other biocides from penetrating
the organic matrix used for protection. Through improved oxidative breakdown of
biofilm components (oligosaccharides, proteins, and nucleic acids) in the presence
of hydrogen peroxide, Fe;O4 nanozyme with activity like peroxidase enzyme could
amplify the effectiveness of H,O, in breakdown and prevention of biofilm. The
Fe;O4 nanozyme can break nucleic acids (DNA), proteins, and polysaccharides into
minute pieces when combined with H,O,. IONzyme or H,O, administered inde-
pendently, on the other hand, failed to balance the oxidative destruction. The Fe;04
NP-H,0, system’s capacity to cleave biomolecules allows it to proficiently break
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the matrix of existing biofilm and avoid development of new biofilms, killing both
planktonic bacteria and those within the biofilm, resulting in a unique technique for
biofilm removal and other uses. This method had previously proved successful in
the removal of dental biofilms. In vivo, IONzyme combined with H,O, success-
fully inhibited the beginning and harshness of tooth caries while protecting normal
biological tissues. These findings suggested that nanozymes could be used as a viable
alternative treatment for the common biofilm-related disease [9-11, 14, 18, 29, 38].

3.4 Conclusion and Perception

Ithas been ten years since iron oxide nanoparticles’ inherent enzyme-like activity was
discovered. As a new generation of enzyme mimics, iron oxide nanozyme’s catalytic
activity and kinetics have been thoroughly studied to better understand the mecha-
nisms. By attempting to control specific parameters, such as size, dopants, surface
modification, morphology, nanostructure, or integration with other nanomaterials,
we can then rationally design the appropriate nanozymes for potential implemen-
tation. IONzyme is a platform with multifunctionality and adaptability that may
be functionalized with additional labels or compounds. It has significantly more
stability than conventional enzyme mimetics or natural enzymes. These advantages
have made it possible to use iron oxide nanoparticles in a new way that does not rely
on magnetism. In clinic and biomedical applications such as cancer imaging, gene
transfer, DNA extraction, and cell sorting, magnetic iron oxide materials have long
been used. All of these applications make use of the magnetism of these materials.
The enzyme-like actions will be useful for pathogen detection and immunoassay,
boil removal, cancer detection and therapy, and ROS modulations at various levels
for neuroprotection, cell differentiation, and cardioprotection. These nanozymes can
also break down influenza virus by inducing lipid peroxidation in the viral envelope.
These advantages have made it possible to use iron oxide nanoparticles in a new
way that does not rely on magnetism. In clinic and biomedical applications such as
cancer imaging, gene transfer, DNA extraction, and cell sorting, magnetic iron oxide
materials have long been used. All of these applications make use of the magnetism
of these materials. The enzyme-like actions will be useful for pathogen detection and
immunoassay, boil removal, cancer detection and therapy, and ROS modulations at
various levels for neuroprotection, cell differentiation, and cardioprotection. These
nanozymes can also break down influenza virus by inducing lipid peroxidation in the
viral envelope. There must be a detailed investigation of the final effect on biological
systems that are ROS-sensitive, such as immunological activation, brain develop-
ment, stem cell proliferation and differentiation, cardiac stress, and cancer growth.
Therefore, serious efforts are needed to solve the underlying issues and boost iron
oxide nanozyme activity for biological applications in vitro and in vivo.
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Chapter 4 ®)
Photocatalytic Degradation of Aqueous e
Organic Pollutants Using Iron

Oxide-Based Photocatalysts

Yagna Prakash Bhoi and Weixin Huang

Abstract Pollution of water bodies arose due to invade of pollutants from various
sector of society such as industries, agricultural field and domestic effluent water,
etc. Heavy metals, pathogens and recalcitrant organic chemicals are typical examples
of deleterious elements that adversely affect the health of aquatic environment. The
removal of such pollutants has become an urgent need across the globe, which brings
the discovery of various water treatment techniques in order to get clean water. In
past few decade, outstanding result has been achieved in the field of water desalina-
tion. The application of heterogeneous photocatalysis route for the cleaning of water
is reflected as one of the potential and sustainable approach since it makes use of
renewable solar light as source of energy. In this chapter, we will discuss the appli-
cation of iron oxide-based photocatalysts towards the removal of pollutants from
aqueous source. Various research approaches progressed to improve the photocat-
alytic ability of iron oxide will be discussed in detail. The discussion of this chapter
particularly focussed on the evolution of composite/heterostructure of iron oxide-
based photocatalysts and their photocatalytic applications towards the removal of
aqueous pollutants.

Keywords Photocatalysis + Water pollutant - Solar energy -+ Iron oxide
nanocomposite

4.1 Introduction

The water pollution and its impact on the all life on the earth is a global concern. The
discharged water from the chemical and agrochemical industries contains substan-
tially huge amount of toxic and carcinogenic organic chemicals such as VOC, pesti-
cides, dyes, etc., which infused into water bodies. This water pollution is one of the
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responsible factor for many water-borne diseases and scarcity of portable water. In
this perspective, development of low-cost and high efficient water treatment tech-
nologies to treat and recycle the wastewater in a sustainable way is prime importance
in order to get portable water for our society. Various methodologies were devel-
oped in recent past, which includes wet air oxidation, UV photolysis, adsorption and
biodegradation methods are available for wastewater treatment [1-3]. The adsorp-
tion or coagulation techniques are among the widely used desalination technique
in order to remove organic and inorganic pollutants from contaminated water [2].
However, these techniques simply concentrate the pollutants by transferring them
to other phases. Sedimentation, filtration, chemical and membrane technologies are
some examples of some conventional water treatment techniques, which suffers with
the limitations like high operational cost and could produce toxic by-products into
the environment. It is highly essential to develop advanced water treatment tech-
nology, which can mineralize the organic pollutants completely by a simple and
easy experimentation process, less expense of energy and cost. In this perspective,
the complete mineralization of organic pollutants by heterogeneous photocatalytic
process using solar light as energy source and semiconductor nanoparticles as catalyst
is a sustainable strategy to deal.

4.2 Fundamental of Photocatalysis

Photocatalysis is the science, which employed a catalyst and light as energy source
to speed up chemical reactions and photocatalyst is a material that is capable of
absorbing light, producing electron—hole pairs that enable chemical transformations
of the reactants and regenerate after each cycle. When light energy with greater than
the band gap energy (E,) of the photocatalyst falls on the photocatalyst surface, the
electron gets excited to the conduction band (CB) leaving a hole in the valance band
(VB). The electron hole migrates to the surface of the photocatalyst and participate
in reaction with different substrate. On the other hand, some of the electron hole
recombines themselves, which leads to the poor photocatalytic activity of the cata-
lyst (Fig. 4.1). The splitting of water by Fujishima and Honda over TiO, surface
in the presence of light and electricity put the foundation for the semiconductor-
based photocatalysis [4]. Until now TiO, is the most widely studied photocatalyst
with promising field of applications such as environmental cleaning, self-cleaning
surfaces, air and water purification, sterilization, hydrogen evolution, and photo-
electrochemical conversion of energy, etc. [4]. TiO; is a wide band gap photocatalyst
with band gap of 3.2 eV. Although, TiO, photocatalyst possess advantages such as
high oxidation ability, excellent chemical stability, nontoxicity and inexpensive, it
suffers limitations like fast recombination of photogenerated electron—hole pair and
poor utilization of solar spectrum [4, 5]. Moreover, the solar spectrum comprises
only 5-7% of UV light, while 46% and 47% of the solar spectrum has visible light
and infrared radiation, respectively [6].



4 Photocatalytic Degradation of Aqueous Organic Pollutants Using Iron ... 55
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Inrecent past, several research efforts has been put in order to design photocatalyst,
which can able to absorb visible light of solar spectrum. MoS,, CdS, Fe,;O3, Bi; WO,
Bi, W;,0y9, BiFeO; and bismuth oxyhalides (BiOX, X = Cl, Br, I) are few examples
of metal oxide and metal sulphide-based visible light active photocatalyst widely
studied for the degradation of a wide range of harmful aqueous organic pollutants into
CO; and H,O [7-13]. The pristine photocatalysts suffers with a poor separation of
charge carriers, which leads to a poor photocatalytic efficiency of the photocatalysts.
With time, noticeable research attempts have been devoted in order to minimize the
recombination process of charge carriers and to enhance the light absorption ability
of the photocatalyst, by adopting several strategies such as decoration of noble metal
nanoparticles over photocatalyst surface, doping, and composite/heterojunction
formation by coupling with suitable a semiconductor [14, 15]. Fe,TiOs/a-Fe, O3/
TiOz, ()L-NiS/Bi203, BizS3/BiFeO3, CuS/Bi202C03, Bi3S3/B-Bi203/ZnIH3S4, CuS/
BiFeO3, CuS/Bi4Ti3012, BizS3/Bi2W209, CuS/BiQWQOg, Bi203/CuBi204, UiO-
66/Cd11’1284, SHSQ/B14T13012, CdS/BiOBr/Bi202C03 and CdS/BioniO32/Bi4Ti3012
are few examples of recently studied heterojunction photocatalytic systems with
improved light absorption and charge carrier separation ability [12, 16-27].

4.3 Iron Oxide-Based Photocatalyst

The iron oxides are composed of Fe and O. Among eight different form of iron
oxides, the hematite (a-Fe,;O3), magnetite (Fe304) and maghemite (y-Fe,O3) are
widely studied oxides due to their unique biochemical, magnetic and catalytic prop-
erties. The Fe, O3 exists in three of different crystalline structures, such as hematite
(a-Fe,03), maghemite (y-Fe,O3) and e-Fe, O3 [6, 28]. The a- and y-phases are exten-
sively studied materials, while B-Fe,O3; phase is less studied material because of
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the difficulty in the preparation of single-phase material. Rhombohedral-hexagonal
a-Fe, O3 is highly stable and has significant potentials in photocatalytic applications,
as it is nontoxic, inexpensive, earth abundance, corrosion resistance property with a
suitable band gap value (E, = 2.0-2.2 eV) to harvest visible light of the solar spec-
trum, whereas the maghemite is a metastable phase between hematite and magnetite.
It has similar crystal structure as magnetite and chemical composition similar to
hematite. In the hematite crystal structure, iron occupies the octahedral sites where
oxygen is hexagonally close packed. On the other hand in both maghemite and
magnetite, iron present in both octahedral and tetrahedral sites and oxygen cubically
close packed. The e-Fe,Os is a transition phase between hematite and maghemite,
which attract research attention owing to its unique magnetic properties. Seeing the
extensively used of both hematite and maghemite form of Fe,O; than the other
polymorphs, this study is focussed on their utilizations in the field of heterogeneous
photocatalysis towards the degradation of various persistent organic contaminants
from aqueous medium.

Song and co-worker prepare a-Fe,Os nanodisks by the assembly of single-
crystalline nanoplates with layered structures by using a silicate-anion-assisted
hydrothermal method. The silicate anions believe to adsorb selectively onto the
{0001} plane of a-Fe,O3 nanoplates and induce the self-assembly of the plates to
give the layered nanodisks structure. The a-Fe, O3 nanodisks display enhanced visible
light absorption with excellent photocatalytic activity for the degradation of methy-
lene blue under visible light irradiation [29]. Heidari and co-worker reported the
synthesis of porous network-like a-Fe,O3 and a/y-Fe, O3 nanoparticles by a simple
solution combustion method and evaluated the photocatalytic activity towards the
degradation of methylene blue (MB) dye under. The Fe, O3 materials calcined at 700
and 800 °C contains diffraction peaks for only a-Fe, O3, where Fe, O3 material obtains
after a calcination at 450 °C, which contains both the o and y-Fe, O3 for of Fe,0s3.
The higher photocatalytic efficiency of the a/y-Fe, O3 heterophase material may be
account for the formation of junction between a-Fe, O3 and y-Fe, O3 phases, which
reduced the recombination of photogenerated electrons, and holes [30]. Jing and
co-workers studied the photocatalytic activity of pure a-Fe, O3 as well as phosphate-
modified a-Fe,Os. They have employed the simple one-pot water-organic two-phase
separated hydrolysis-solvothermal (HST) method for the preparation of a-Fe,O3
nanoparticles. The phosphate-modified a-Fe, O3 exhibits high visible photocatalytic
activity for the degradation of liquid-phase phenol and gas-phase acetaldehyde. After
surface modification with phosphate, the surface -Fe—OH substituted with —Fe—O—
P—OH groups, which significantly promote O, adsorption over the catalyst surface.
The enhanced photocatalytic activity is due to the enhancement in charge carriers
separation ability after the modification with phosphate groups [31]. By using elec-
tron beam evaporation through a normal thin film deposition and oblique angle
deposition (OAD), Fe,03 thin films and nanorod arrays fabricated by Larsen and
co-workers [32]. The growth of the materials aligns towards the (110) direction.
Under visible light, the Fe,O; thin film samples shows more photocatalytic effi-
ciency towards the degradation of methylene blue dye. Whereas the Fe, O3 nanorod
inactivate more efficiently to the Escherichia coli O157:H7 bacteria as compared to
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the Fe,Os3 thin films. Bahnemann and co-workers demonstrated the generation of
H,0,; species during the photocatalytic oxidations of organic compounds by using
a-Fe, O3 photocatalyst. In a comparison study, the ZnO and TiO, photocatalysts
found to be more active in the generation of H,O, and in the degradation of chlo-
rinated hydrocarbon molecules as compared to the a-Fe,O3 photocatalyst [33].
Hameed and co-workers successfully fabricated the a-Fe,O3; and y-Fe,O3; poly-
morphs by using a simple surfactant (Triton X) aided hydrogel synthetic route. The
photocatalytic properties of both the form of Fe,O; were studied for the miner-
alization of 2-chlorophenol and 2-nitrophenol pollutants under the visible light as
well as under natural sunlight illumination. Both the polymorphs showed a consid-
erably high activity for the degradation of the phenolic compounds under solar light
as compared to visible light irradiation. A significant improvement in the photo-
catalytic activity under visible light was noticed when the polymorphs were pre-
exposed to sunlight preceding to the photocatalytic tests. The higher photocatalytic
activity of the exposed polymorphs as compared to the unexposed one is due to
the introduction of defects sites which traps the excited electrons during the photo-
catalysis mechanism [34]. Wang and co-workers fabricated a dodecahedral a-Fe, O3
nanoparticle with 6 (012) and (104) exposed facets, respectively. The coexistence
of these different facets account for a better photocatalytic ability in comparison
with the crystals having single exposed facet. They have also demonstrated that the
separation of charge carriers between anisotropic facets also has a significant contri-
bution on photocatalytic degradation of Rhodamine B and methylene blue organic
dyes [35]. Ramakrishna and co-workers prepared pure a-Fe, O3 with nanobraids and
nanoporous like structures using an electrospinning synthesis method followed by
annealing at 500 °C for 5 h. Both of the nanobraids and nanoporous display excel-
lent photocatalytic degradation activity for Congo red dye with 91.2% and 90.2%
degradation, respectively after 140 min of irradiation under visible light. They have
demonstrated the significant role of porous surface and small particle size of the
a-Fe, O3 towards the excellent photocatalytic activity. The superoxide radicals (O, ™),
H ion, hydroperoxyl radicals (HO,), hydroxyl radicals are generated by the reac-
tion of water and oxygen on the photogenerated hole and electron are responsible
for the degradation of Congo red dye over the photocatalyst surface [36]. Zheng and
co-workers successfully fabricated dendritic a-Fe, O3 nanostructures with controlled
dimension and morphology by a facile solvothermal synthesis method in the pres-
ence of 1-N-butyl-3-methylimidazolium benzoate ([Bmim][PhCOQ]) ionic liquid.
A change in the molar ratio of [Bmim][PhCOO] to K53[Fe(CN)¢] from 0:1 to 2:1, and
5:1 can bring the dendrite structure to hexagonal nanoplates and rods. The ionic liquid
plays a crucial role in deciding the formation of a-Fe, O3 with different morphologies.
The a-Fe, 03 with rod morphology exhibit superior photocatalytic activity towards
visible light-induced degradation of Rhodamine B (RhB) dye as compared to the
dendrites and plates structured a-Fe,O; materials. The degree of crystallinity and
exposed crystal facets of a-Fe, O3 materials accounts for improving the photocatalytic
activity [37].
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Song and co-workers recently fabricated a snowflake-like a-Fe,O; materials by
using a simple single-step hydrothermal approach and studied there photocatalytic
activity towards the degradation of a wide variety of organic pollutants such as crystal
violet, Rhodamine 6G, methyl orange, etc. The a-Fe,O3 snowflakes exhibit a supe-
rior photocatalytic activity towards degrading cationic organic dyes (crystal violet,
Rhodamine 6G) than for the anionic dye (methyl orange) degradation [38]. Shim
and co-workers synthesized porous natured Fe,O3 nanorod by a two-step process.
First ferrous oxalate dihydrate (FeC,04-2H,0) precursor synthesized by a chem-
ical solution processes and second the ferrous oxalate dehydrate on annealing in air
at 500 °C for 2 h to get the porous Fe,O3; nanorod. The ferrous oxalate dihydrate
nanorods precursor has the length 3-9 wm and diameter of between 110 and 150 nm.
After thermal annealing, the nanorods structured remain intact in the Fe,O3 mate-
rials. The Fe, O3 nanorod exhibited excellent photocatalytic degradation ability for a
wide range of organic pollutants such as RhB, methylene blue (MB), p-nitrophenol
(pNP), eosin B and methyl orange (MO), respectively. The porous structures believe
to provide more active reaction sites and also facilitates the efficient separation of
photogenerated electrons and holes which is accountable for the excellent photocat-
alytic efficiency of the prepared porous Fe,O3 nanorods [39]. Zhou and co-workers
has prepared y-Fe, O3 nanoparticles with spherical morphology by using an oxidizing
environment via a solution synthesis method by changing the pH and reaction temper-
ature. The spherical nanoparticles has a particle size around 17-55 nm and a BET
surface area of 14.357 m?/g. The pH of the reaction media crucially influence the
particle size of the nanomaterials. With increase in the pH value from 6 to 12, the
particle size also increases. The as-synthesized y-Fe, O3 nanoparticles show poten-
tial photocatalytic activity towards the degradation of Orange I dye under UV and
visible light illumination. The y-Fe,O3 nanoparticles prepared at pH 6 at a reac-
tion temperature 60 °C with smallest particle size show highest photocatalytic effi-
ciency than other synthesized y-Fe, O3 nanoparticles [40]. Fardood and co-workers
synthesized hematite (a-Fe,O3) nanoparticles by a simple, environment-friendly and
less-expensive sol-gel synthesis method in the presence of a bio template (Arabic
gum). The average particle size of the prepared materials is 45—50 nm. The a-Fe,; O3
materials evaluated as a potential photocatalyst with a photocatalytic activity of 90%
degradation of Congo red dye after a 90 min of irradiation time [41]. Wang and co-
workers fabricated hollow microspherical a-Fe,O3 nanostructure material by ionic
liquid-assisted solvothermal method followed by calcination at 250 °C for 6 h. The
a-Fe,0; have a specific surface area up to 220 m?/g. The a-Fe, O3 microspheres show
excellent photocatalytic activity towards the degradation of Rhodamine B dye. The
as-synthesized a-Fe,O3; microspheres exhibit a photocatalytic activity 2—-3 times
higher than the a-Fe,Os nanoparticles. The higher specific surface area, porous
nature and hollow nanostructure play crucial role in the enhanced photocatalytic
activity of the a-Fe, O3 microspheres [42]. Zhu and co-workers prepared hierarchical
a-Fe, O3 hollow microspheres using a surfactant-free solvothermal synthesis method
and post-thermal treatment at 450 °C for 2 h. The prepared photocatalyst evaluated
as a potential catalyst for the degradation of salicylic acid under UV light irradiation
[43]. Wang and co-workers fabricated a-Fe;O3; nanospheres/microsphere by using
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a surfactant and template-free two-step synthesis procedure, hydrothermal treat-
ment followed by a thermal decomposition. The a-Fe,O3; nanospheres/microsphere
composed of interlinked elongated nanoparticle and nanospheres/microsphere has
a diameter around 5 pm, and the elongated particle size is below 30 nm. The a-
Fe, O3 nanospheres/microsphere is mesoporous in nature, with a pore size distribu-
tion between 2 and 50 nm with specific surface area of 20 m?/g. The photocatalytic
activity of the as-synthesized a-Fe,O3; nanospheres/microsphere evaluated for the
degradation of Rhodamine 6G dye under visible light illumination. The a-Fe;O3
nanospheres/microsphere exhibit a photocatalytic efficiency 2 times that of nano-
sized a-Fe, O3 particles and around 12 times higher than the micron-sized particles.
The higher photocatalytic activity of the a-Fe, O3 nanospheres/microsphere was due
to combined contribution of the high specific surface area and the porous architec-
ture [44]. Wang and co-workers develop a facile solvothermal route to prepare 3D
porous flower-like a-Fe, O3 nanomaterial with hierarchical architecture without using
any structural templates. Two-dimensional a-Fe, O3 nanopetals organize themselves
in a hierarchical fashion in order to give the 3D porous flower-like structure. The
depth morphological analysis reveals that the nanopetals has a thickness between
20 and 50 nm and width of 300-500 nm; moreover, these nanopetals composed of
nanobricks with 100 nm in length and 30 nm in diameter. The 3D a-Fe,O3 mate-
rials has high specific surface area (~ 52.51 m?/g) with the presence of numerous
mesopores and macropores that facilitate the efficient transportation of the substrate
during the catalytic reaction. The photocatalytic activity of the 3D a-Fe,O3 nanoma-
terial explored by the mineralization of Rhodamine B dye under UV light irradiation
[45]. Geng and co-workers prepared a-Fe,O3 with flue-like 3D porous nanoarchi-
tectures by using a Ni2*/surfactant-assisted solvothermal method at 200 °C for 24 h.
The a-Fe, 03 material has a specific surface area of 88.82 m?/g with potential photo-
catalytic activity towards the degradation of methylene blue dye under visible light.
They have closely demonstrated the influence of the Fe** and Ni>* ion ratio on the
morphology of the a-Fe,O3 materials. At a molar ratio of Fe** to Ni** ion at 1:2 in
the solution gives rise to a micro-balls constituted of fine a-Fe, O3 nanorods, while at
molar ratio of 1:3 gives the 3D flue-like structure and the micro-balls structure again
regain on further changing in the molar ratio to 1:4. The 3D flue-like a-Fe, O3 shows
highest photocatalytic ability for the degradation of methylene blue dye as compared
a-Fe, O3 nanoparticles and P25 photocatalyst under visible light illumination [46].
The pristine Fe, O3 photocatalyst has some limitations such as rapid recombination of
photogenerated electron—hole pair and poor response to solar spectrum, which result
in poor photocatalytic performances. Within short span of time, a lot of research
effort have been devoted to prepare novel hybrid materials such as modification with
noble metal, doping and formation of binary and ternary composite/heterojunction
material. These strategies believe to suppress the recombination process of charge
carriers and enhance the light photocatalytic efficiency as a whole. In the subse-
quent text, we will discussed the hybrid, doped and noble metal-modified Fe,0O3
photocatalyst and their photocatalytic applications.
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Generally, doping of foreign elements (metal or non-metal) significantly alter the
physical parameters, chemical reactivity and redox behaviour of the host material.
The doping with non-metal such as nitrogen and sulphur widely studied. The main
purpose of non-metal doping in Fe, O3, TiO, or with metal oxide photocatalysts is to
alter the band gap value by mixing the oxygen 2p orbital with that of non-metal. The
doping of non-metals believe to creating a trap state (separate band) in between the
valence band and conduction band which controls the electron—hole recombination
and delay the recombination process so that the photogenerated electron-hole pair
could be available for the redox reaction. Parida and co-workers prepare a-Fe,;O3
material co-doped with S and N by using co-precipitation method. They have used
thiourea both as precipitating agent and as the sulphur and nitrogen source. The S
and S-N co-doping induced growth along the (104) plane, whereas the N doping
induced along the (110) crystal plane. After S and N doping, the specific surface
area increases significantly than the un-doped pristine a-Fe,Oj3; on the other hand,
the highest surface area has been noticed for the S—N co-doped sample (57.85 m?/g).
This observation indicates the significant contribution of minute amount of sulphate
ion in the samples. The doped sample shows improved visible light response than
the pure a-Fe,O3 sample. The photocatalytic activity of the un-doped and doped
sample was evaluated for the degradation of Rhodamine B dye under natural sunlight.
A maximum degradation efficiency of 95% was obtained after a reaction time of
4 h [47]. Almazroai and co-workers prepared S-doped a-Fe,O; nanomaterial by
microwave irradiation (300 W for 20 min) using thiourea as sulphur precursor. The
crystallinity of the a-Fe, O3 nanomaterial has found to decrease after S doping on the
a-Fe,O; lattice. After the sulphur-doping enhancement in the visible light absorption,
intensity was noticed with a small decrease in the band gap value. This enhancement
in the absorbance intensity of the doped photocatalyst can be attributed to the charge
transition between the p-orbitals of the S atom and the conduction band (CB) of
the a-Fe, O3 nanomaterial. The S-doped a-Fe,O; nanomaterial display improved
photocatalytic degradation efficiency than the pristine a-Fe,O3; nanomaterial [48].
Suganthi and co-workers fabricated metal (M = Cu, Ni and Co)-doped iron oxide (a-
Fe,03) nanoparticle by chemical precipitation followed by calcination. The specific
surface area and mesoporosity of the Fe,O3 increases after doping with metal was
observed. The metal-doped a-Fe, O3 exhibits higher photocatalytic activity than the
pristine a-Fe,O3 nanomaterial towards the degradation of Acid Red-27 organic dye
under visible light illumination. Among the metal-doped a-Fe,O; materials, the
Cu-doped a-Fe, 03 exhibits highest photocatalytic activity [49]. Gao and co-workers
prepared multiple metal-doped Fe; O4 @Fe, O3 nanoparticles from Waelz slag, an iron
containing hazardous waste. They have employed acidolysis, sol-gel and calcination
in order to prepare the multiple metal (Al, Zn, Cu and Mn)-doped Fe;O4@Fe,03
nanoparticles from the waste slog. The photocatalytic activities of the synthesized
multiple-metal-doped Fe;O4@Fe,03; nanoparticles as well as the pristine Fe;O3
nanoparticles were compared for the photocatalytic degradation of methyl orange
dyeunder UV and simulated sun light irradiation. It was observed that all of the doped
Fe;0,4@Fe, 03 nanoparticles shows improved photocatalytic activities as compared
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to the pristine Fe; O3 [50]. So far, TiO, and ZnO are widely studied U V-active photo-
catalyst. However, there UV light response and poor separation of charge carriers
limits their practical utility. Hence, a lot of research effort has been made in recent
past in order to make heterojunction and composite by combining with different suit-
able visible light active semiconductor photocatalyst. a-Fe, O3 is a narrow band gap
visible light active photocatalyst and its suitable band alignment makes a-Fe, O3 an
ideal candidate to combine with other wide band gap semiconductor with improved
light absorption and charge carrier separation ability. In the subsequent text, we
will discuss the research progress in the preparation of composite/heterojunction of
a-Fe, O3 with various semiconducting photocatalytic materials.

Omri and co-workers recently fabricated a-Fe,O3/TiO, nanocomposite material
containing 10 and 50 mol% of TiO, by using a simple precipitation method. The
a-Fe,03/TiO; nanocomposite materials were characterized using various analytical
instruments and studied as photocatalyst to degrade methylene blue dye (MB) under
visible light. A maximum of 92% of MB dye degradation was recorded after 120 min
of irradiation by using a-Fe,03/TiO, composite material S0 mol% of TiO,, whereas
the pure a-Fe, O3 and TiO, exhibited relatively lower photocatalytic efficiency than
the composite materials. Under the visible light, the TiO, material is unable to
generate electron—hole pair, whereas the a-Fe,O3; material produce electron—hole
pair. After material contact, the excited electron from the conduction band (CB) of
a-Fe, O3 migrate to the CB of TiO,, whereas the hole accumulate in the valance
band (VB). This process minimize the recombination process of photogenerated
electron—hole pair. The improved visible light absorption and charge carrier separa-
tion properties are account for the higher photocatalytic activity of the a-Fe,03/TiO,
nanocomposite material [S1]. Qu and co-workers prepared a-Fe,03/TiO, dendritic
heterostructure nanomaterials in a two-step processes, first TiO, nanofiber prepared
by electrospinning method and in second step the a-Fe,O; nanomaterial deposited
over the TiO, nanofiber by hydrothermal method. Four different sets of a-Fe, O3/TiO,
dendritic heterostructure materials were prepared containing different amount of
a-Fe,O3. From morphology, it is clearly seen that the heterostructure are comprises
of TiO, nanofiber (diameter 70 nm) and a-Fe, O3 nanorods (length 100200 nm
and diameter ~ 30 nm), and the TiO, nanofibers are homogeneously covered by the
a-Fe,;O3 nanorods giving a typical branched and dendritic heterostructure configura-
tion. The heterostructure materials exhibit enhanced visible light absorption feature.
The photocatalytic activity of the a-Fe,O3/TiO, dendritic heterostructure nanomate-
rials demonstrated towards the degradation of a wide range of organic dye pollutants
such as Congo red (CR), methylene blue (MB), methyl orange (MO) and eosin red
(ER). All the heterostructure materials show enhanced degradation efficiency than the
parent TiO, and commercial a-Fe, O3 materials. The enhanced photocatalytic activity
of the heterostructured material is due to improved visible light response, charge
carrier separation and efficient generation of hydroxyl radical [52]. Fu and co-workers
fabricated magnetic y-Fe,;O3; nanosheets/mesoporous black TiO, hollow spherical
heterojunctions material by employing a metal-ion intervened hydrothermal process
followed by high-temperature hydrogenation technique. The hybrid y-Fe, O3/b-TiO,
hollow structure material have high specific surface area of ~ 63 m?/g and a pore size
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of 10.5 nm. The resulting hybrid material contains oxygen vacancies which influence
the recombination process of electron—hole pairs and extend the lifetime of the charge
carriers, by this means improving the photocatalytic performance of the photocata-
lyst. The photocatalytic activity of the hybrid y-Fe,O3/b-TiO, heterojunctions mate-
rial has been studied by degrading tetracycline pollutant. The hybrid y-Fe, 03/b-TiO,
display the photocatalytic degradation efficiency about three times greater than that
of the pristine photocatalyst. The high photocatalytic property of hybrid y-Fe,Os/
b-TiO, heterojunctions is account to the narrow bandgap nature which extending the
photo response from visible light to near infrared regions and the efficient separation
and trapping of charge carrier due to generation of vacancies [53]. Jeevanandam
and co-workers have synthesized TiO, @a-Fe, O3 core—shell nanoheterostructured
material by using a simple thermal decomposition technique. Microscopic studies
confirm the deposition of the uniform a-Fe,O3 shell on the surface of TiO, spheres.
The photocatalytic application of the TiO, @a-Fe,O3 core—shell nanoheterostruc-
tured material was explored towards the degradation of RhB dye under sunlight
illumination. The nanoheterostructured material displays enhanced photocatalytic
ability than the pristine TiO, and a-Fe,O3; materials. This enhanced photocatalytic
activity of the heterostructured material can be ascribed to the facile transfer of elec-
trons from TiO, and a-Fe,O3 phase, which reduce the recombination processes of
electron—hole pair over the photocatalyst surface [54].

The zinc oxide (ZnO) is an n-type wide band gap semiconductor, low price
and non-toxic nature and a very good photocatalyst photocatalysis. Zhang and co-
workers fabricate of magnetic 3D y-Fe, O3 @ZnO core—shell nanomaterial by using
hydrothermal sintering followed by atomic layer deposition (ALD) method. ZnO
shell layer was uniformly deposited on the y-Fe, O3 core. The band alignment of the
y-Fe, 03 and ZnO photocatalyst are so aligned in a manner to give the character-
istic feature of a type-II heterojunction photocatalyst. The photocatalytic activity of
the synthesized core—shell nanomaterial was evaluated for ciprofloxacin degradation
under simulated sun light illumination. The hydroxyl radical and the hole contribute
significantly on the degradation of ciprofloxacin is noticed. The y-Fe, O3 @ZnO
core—shell nanomaterial displays enhanced photocatalytic efficiency than the pristine
y-Fe,O3 and ZnO counterpart. The improved photocatalytic activity of the
heterostructured material is due to the formation of type-II heterojunction and the
core—shell structure, which facilitate the efficient migration and separation of the
charge carrier [55]. Carmalt and co-workers fabricate a-Fe,03/ZnO heterojunction
films by using aerosol-assisted chemical vapour deposition technique. The band
alignment and electron migration gives a characteristic feature of a type-I hetero-
junction system. The prepared a-Fe,;03/ZnO heterojunction films exhibit remarkably
improved photocatalytic efficiency towards the degradation of stearic acid under UVA
light, which is 16 times higher than that of the a-Fe, O3 and 2.5 times than that of the
ZnO photocatalysts. Upon irradiation photogenerated electrons migrate from the CB
of ZnO layer to the a-Fe, O3 layer that increase the life time of the electron which is
responsible for the enhanced photocatalytic property of the a-Fe, 03/ZnO heterojunc-
tion films [56]. Mohapatra and co-workers fabricated a ternary a-Fe,Os/ZnFe, 0,4/
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ZnO nanohybrid material by using a microwave-assisted co-precipitation and co-
precipitation and thermal annealing synthesis technique. The co-precipitation method
gives raise to nanoparticle where microwave-assisted synthesis gives nanodisks like
morphology of the ternary photocatalyst. The ternary a-Fe,O3/ZnFe;04/ZnO photo-
catalyst materials were examined as photocatalyst towards the degradation of methy-
lene blue and malachite green dyes under solar light. The material prepared by using
microwave-assisted synthesis shows highest photocatalytic activity than the mate-
rial obtained by co-precipitation method. A maximum of 93.2% of MB degradation
noticed after 32 min of irradiation using the a-Fe,03/ZnFe,04/Zn0 nanodisks. The
hydroxyl radical plays a crucial role in the degradation of the organic dyes which
was confirmed from the radical scavenger experiment. They have proposed a cascade
movement of electron across the CB band of the three component of the ternary
photocatalyst, which efficiently reduce the recombination rate of the photogener-
ated charge carriers. This property may accountable for the improved photocatalytic
activity of the synthesized ternary photocatalytic material [57]. Hota and co-workers
have fabricated Fe,03/ZnFe, 04, ZnFe,;04/Zn0 and Fe, 03/ZnFe,04/ZnO binary and
ternary composite photocatalyst systems by using a simple hydrothermal method
followed by calcination at 500 °C. All the synthesized nanocomposite materials
display improved visible response as compared to the Fe;O3 material. The Fe,O3/
ZnFe;04/Zn0 ternary composite material has the highest specific surface area of
49.464 m?/g, which is much higher than that of the pure Fe,O3 and the binary
composite material. The photocatalytic activity of the synthesized composite mate-
rials was evaluated for the degradation of malachite green (MG) dye under natural
sunlight. A maximum of 96.92% of degradation of MG dye was achieved after 90 min
of irradiation using the Fe,03/ZnFe,04/Zn0 ternary composite material. They have
proposed a cascade migration of electron across the CB of the different component
of the ternary photocatalyst, which significantly reduce the recombination process
of charge carriers [58].

Graphic carbon nitride (g-C3Ny4) has been emerged as a potential visible light
active photocatalyst with a band gap of 2.7 eV due to high chemical stability, suit-
able band alignment, natural abundance and easy synthesis. However, low specific
surface area, moderate band gap value and poor separation of photogenerated charge
carriers limits its practical applications. So many research approaches have been made
in recent past in order to prepare composite and heterojunction with Fe,Os, which
has a suitable band alignment to prepare hybrid material with improved visible light
response and charge carrier separation properties. Lu and co-workers has recently
fabricated a series of a-Fe,03/g-C3Ny4 hybrid materials and studied their photocat-
alytic activity towards tetracycline degradation under visible light. The a-Fe, O3/
g-C3Ny hybrid materials were prepared by the calcination of Fe-based metal organic
framework (Fe-MOF) and melamine. They have demonstrated the uniform distri-
bution of a-Fe, O3 nanoparticles (3—5 nm) over the porous g-C3N4 nanosheet. The
existence of close microscopic contact between these two phases further confirmed
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from the TEM analysis. The a-Fe,03/g-C3N,4 hybrid material displays higher photo-
catalytic activity than the bulk g-C3N4 photocatalyst. The band alignment of both the
component of the hybrid a-Fe,03/g-C3N4 material are aligned in a type-II fashion,
and this is responsible for the enhanced charge carrier separation and photocurrent
density. The improved visible light absorption, greater specific surface area and effi-
cient charge carrier separation property of the a-Fe,03/g-C3Ny hybrid material are
responsible for the enhanced photocatalytic activity [59]. Prakasam and co-workers
prepared g-C3N4/a-Fe,O3 hybrid nanocomposites material by changing the mass
ratio of both the components by using a simple one-step hydrothermal method. The
photocatalytic activity of the hybrid material evaluated by degrading Congo red (CR)
and malachite green (MG) dye under visible light. The FESEM study of g-C3N4/
a-Fe, O3 composite material clearly indicates the incorporation of a-Fe, O3 nanopar-
ticles over the g-C3;N, nanosheet. The absorption edge of both the pristine g-C3Ny
and a-Fe, 03 materials commence around 455 and 460 nm, respectively. A consider-
able red shift in the absorption edge was observed for the hybrid material indicating
the better visible light absorption and decrease in the band gap value of the photo-
catalyst. The hybrid material exhibits 87 and 95% of CR and MG dyes degradation
after 100 min of irradiation time, which is around 2 times higher than that of the
pristine g-C3;N,4 photocatalyst. The type-II nature of the electron—hole migration in
the heterojunction is responsible for the higher photocatalytic activity of the hybrid
photocatalyst [60]. Li and co-workers prepared a cocoon-shaped magnetic Fe,O3/
g-C3Ny4 nanocomposite material by two-step hydrothermal synthesis. The cocoon-
shaped Fe, O3 dispersed uniformly over the porous and layered g-C3Ny surface. The
Fe,03/g-C3N4 composite photocatalyst exhibits better photocatalytic efficiency for
the degradation of Rhodamine B dye than the pristine Fe,O3 and g-C3;N,4 counterpart
[61]. Li and co-workers prepared a Z-scheme g-C3;Ny/a-Fe, O3 heterojunction photo-
catalytic system with enhanced charge carrier separation and photocatalytic activity.
They have demonstrated the establishment of the Fe—O—C bond in the heterojunc-
tion system, which believe to induce facile migration of electron across the grain
boundary. The improved visible light response and facile migration of electron makes
the heterojunction photocatalyst a better one than the pristine counterpart towards
visible light-induced degradation of methylene blue dye [62]. Due to narrow band
gap nature and suitable band alignment of the Fe,O3; semiconducting nanoparticle,
it is not only involve in making hybrid photocatalyst with TiO,, ZnO and g-C3Ny4 but
also a lot of new Fe,O3-based hybrid materials with improved photocatalytic activity
that has been evolved with time. The Fe,O3-based hybrid materials, their synthesis
method, photocatalytic application and their photocatalytic efficiency is presented in
Table 4.1.
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4.4 Conclusions

In this chapter, we emphasized the photocatalytic applications of iron oxide and iron
oxide-based materials towards the degradation of various persistent aqueous organic
pollutants such as dyes, pesticides and phenolic compounds. In terms of synthesis,
this chapter provides an overview of morphology control preparation of phase pure
iron oxide as well as single-step and multiple-step preparation of iron oxide-based
hybrid materials. We believe that this chapter gives an idea in order to prepare iron
oxide-based hybrid materials and their applications in the emerging field of research
such as electronic, energy and environment.
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Chapter 5 )
Iron Oxide-Functionalized Graphene oo
Nanocomposites for Supercapacitor

Application

Meenaketan Sethi, U. Sandhya Shenoy, and D. Krishna Bhat

Abstract The wonder material graphene after its discovery in 2004 has attracted
enormous research attention globally in various domains such as energy, environ-
ment, biomedical, food packaging, to name a few. Graphene is a 2D carbon nano-
material and possesses excellent properties such as high electrical conductivity, high
surface area, good thermal and chemical stability, wide potential window and rich
surface chemistry. Due to its high surface area and electronic conductivity, it has
been widely used as an electrode in supercapacitors. Generally, carbon-based mate-
rial like graphene falls under the category of electrochemical double-layer capacitors
(EDLCs), and the EDLC phenomena depend on the electrode/electrolyte interface
transport and storage of the developed electrical charge. Graphene-based materials
provide high specific capacitance, high power density and long cyclic stability. In
contrast, pseudocapacitive materials, e.g. iron oxide-based materials (Fe, O3, Fe30y),
render high energy density, comparatively low power density and cyclic stability.
However, the combination of EDLC and pseudocapacitive materials will be a good
choice to ameliorate the capacitance, cyclability, energy and power density to improve
the electrochemical performance as a whole. In this chapter, we briefly describe
about supercapacitors, the use of different graphene forms, iron oxide nanomaterial
and its composites with graphene designed in order to increase the electrochemical
performance of the supercapacitors.

Keywords Iron oxides - Graphene - Nanocomposite + Supercapacitor + EDLC -
Pseudocapacitor
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5.1 Introduction to Supercapacitors

Capacitors are devices in which electric charges are accumulated on the electrodes
with lateral repulsive force and without involving redox chemical changes [1]. Capac-
itors are classified into three types by their mode of charge storage: (i) electro-
static, (ii) electrolytic and (iii) electrochemical capacitors. In an electrostatic capac-
itor, vacuum or a dielectric material is sandwiched between two conducting metal
plates. Capacitance arises from the electrostatic charge separation between these two
conducting metal plates. A thin film of an oxide such as Al,O3 and Ta,Os is sand-
wiched between two conducting metal plates in electrolytic capacitors. Capacitance
arises from the buildup of electrostatic charges between two interfaces. Electro-
chemical capacitors (ECs) on the other hand are complementary to batteries and
fuel cells, which bridge the gap between batteries and conventional capacitors. As
the magnitude of capacitance of ECs is very high, these devices are also known as
supercapacitors or ultracapacitors [2, 3]. A supercapacitor is an ideal electrochem-
ical capacitor that stores the charge on the electroactive surface using the reversible
adsorption of electrolyte ions of the active materials electrostatically [4, 5]. Superca-
pacitors can store and deliver energy at high rates in comparison to batteries and fuel
cells due to long cyclic stability and rapid charging and discharging at high power
densities [5].

Based on the charge storage mechanisms, supercapacitors are of three types as
shown in Fig. 5.1. (a) Electrical double-layer capacitors (EDLCs), where the elec-
trical charge is stored at the interface between the electrode and electrolyte; (b)
redox electrochemical capacitors, where capacitance arises from reversible Faradaic
reactions taking place at the interface of electrode/electrolyte; (c) hybrid capaci-
tors which combine the capacitive and pseudocapacitive electrode and hence exhibit
better performance [1, 6].

Supercapacitors store and discharge energy very quickly and hence are used in
several different applications. Supercapacitors complement a primary energy source
like an internal combustion engine, fuel cell or battery, which cannot repeatedly
provide quick bursts of power. The future horizon looks promising for supercapacitors
as a green, alternative energy resource. The supercapacitors can be efficiently utilized
in a host of application spheres such as, for the acceleration of hybrid vehicles,
wherein power is derived from regenerative braking systems, to start the vehicles in
cold weather or when batteries are drained, when burst power is needed for lifting
loads, to help power electrical systems, starter systems and power steering in hybrid
and electric cars apart from providing starting power in start—stop systems and in
systems where quick discharge and charge of power is required such as, power grid,
solid-state memory drives and electronic toys.
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SUPERCAPACITORS

ELECTROCHEMICAL
DOUBLE LAYER PSEUDOCAPACITORS
CAPACITORS

Fig. 5.1 Types of supercapacitors

5.2 Working Principle

A conventional capacitor has a sandwich structure consisting of two conducting elec-
trodes (generally made of metal) separated by an insulating dielectric material such
as air, oiled paper, mica, glass, porcelain, or titanate. For an electrostatic charge to
develop along the electrodes of a capacitor, work must be done by an external driving
force. When an external voltage is applied across the two electrodes, opposite charges
assemble on the surfaces of each electrode. When the external voltage difference is
removed, both the charges remain in their corresponding electrodes. The voltage
difference between the two electrodes is called the cell voltage of the capacitor. The
charges are kept separated by the dielectric, thus producing an electric field that
permits the capacitor to store and delivery energy. This is illustrated in Fig. 5.2.

For a conventional capacitor, capacitance ‘C’ is proportional to the electrode
surface area ‘A’ and inversely proportional to the distance ‘D’ between the electrodes
as expressed by the following Eq. (5.1)

_ £0&:A
D

C

5.1)

where ‘gy’ is the dielectric constant (or permittivity) of free space and ‘g;’ is the
dielectric constant of the insulating material between the electrodes. In electrochem-
ical capacitor, the electrical energy is stored in an electrochemical double layer
(Helmholtz layer) formed at the electrode/electrolyte interface. At the electrode
surface, positive and negative ionic charges within the electrolyte accumulate and
counterbalance the electronic charge. The concentration of the electrolyte and the
size of the ions decide the thickness of the double layer which is usually in the order
of 5-10 A for concentrated electrolytes. This is illustrated in Fig. 5.3.
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Fig. 5.2 Schematic view of SEPARATOR
a conventional capacitor
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Fig. 5.3 Schematic view of Electrolyte, Separator
an electrochemical capacitor.
Reproduced with permission
from Elsevier [7]
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Energy density and power density are the two vital properties of any energy storage
devices. The energy density is the maximum quantity of energy that can be stored,
while power density is a measure of how quick the stored energy can be delivered.
The maximum energy stored ‘E;,” and maximum usable power ‘P, for a capacitor
are calculated by Egs. (5.2) and (5.3).
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where ‘V’ is the applied voltage, ‘C’ is the specific capacitance and ‘R’ is the equiv-
alent series resistance (ESR). An ideal energy storage system must have high energy
and high power density apart from high capacitance, large voltage window and low
ESR values.

Figure 5.4 shows a Ragone plot of different energy storage devices with power
densities plotted against energy densities. Electrochemical capacitors currently fill
the gap between batteries and conventional solid-state and electrolytic capacitors.
Despite greater capacitance than conventional capacitors, electrochemical capacitors
have lower energy densities in comparison to mid and high-end batteries. In the recent
years, due to extensive research on new electrode materials, improved understanding
of ion behaviour and the design of new hybrid systems combining capacitive and
pseudocapacitive electrodes, increased performance of ECs is observed.

5.3 Types of Supercapacitors

5.3.1 Electrochemical Double-Layer Capacitors (EDLCs)

The electrochemical double layer theory, which is the foundation of electrochemistry,
was first established by Helmholtz and developed further by Gouy, Chapman, Graham
and Stern. It investigates the electrochemical processes occurring at an electrostatic
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interface between the charged electrode material and the electrolyte. An electrostatic
charge accumulation is achieved on either side of the electrode conductor, when it is
placed in contact with the solid or liquid ionic conductor, leading to the development
of an electrical double layer. In electrical double layer, charge transfer is not occurring
across the interface and the current observed during this process is essentially a
displacement current due to the arrangement of charges. Therefore, this process
is non-Faradaic in nature. A schematic of an electrical double layer (EDL), i.e.
Helmbholtz layer and a more fundamental model of the EDL, is shown in Fig. 5.5
indicating the different size of the ions and their reactivity at the negative electrode
surface.

An EDLC consists of two electrodes which are immersed in an electrolyte with a
separator between the electrodes. The electrode materials used for the fabrication are
carbon-based materials because these materials possess high surface area, high elec-
tronic conductivity, high chemical and electrochemical stability with porosity in the
diameter range of nanometer [4]. EDLCs utilize the double layer to store the charge
electrostatically, and there is no charge transfer between electrode and electrolyte.
EDLCs can attain higher energy densities than the conventional capacitors which is
attributed to the double layers with a high surface area and higher contact between
the electrodes [1, 7, 8].
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The double-layer capacitance of each electrode is calculated according to
Eq. (5.1). Due to the smaller thickness of the double layer (fraction of nm in
liquid electrolytes), the charged electrode/electrolyte interface has a high a real
specific capacitance of 15-30 WF cm~2. With electrodes having a large surface area
(> 1000 m? g ') such as activated carbon, felts, and xerogels, capacitances as large as
200-300 F g~! can be achieved, which is far superior to the conventional capacitor
[9]. Further, non-Faradaic processes are not associated with any chemical or compo-
sitional changes as there is no transfer of charge between electrolyte and electrode.
Hence, EDLCs exhibit a great degree of reversibility in cyclical charge/discharge
process with stable performance characteristics and have demonstrated cycle lives
in excess of 500,000 cycles. Carbon and its various other forms are widely used as
electrodes for EDLC with studies focused on increasing the surface area and reducing
the matrix resistivity [10]. Different materials based on carbon which can be used for
charge storage in EDLC electrodes are activated carbons, carbon nanofibres, carbon
nanotubes, graphene, porous graphene, etc.

5.3.1.1 Activated Carbons

It is a type of carbonaceous material that possesses high surface area (internal
porosity), which may be obtained by thermal or chemical treatment. The process
by which the surface area can be increased is known as ‘activation’, and the resulting
broad group of materials is known as activated carbon. Generally, physical activa-
tion is carried out at elevated temperatures between 750 and 1100 °C using oxidants,
such as steam [11], carbon dioxide [12] or mixture of these gases [13]. Impregnating
the precursor with activating agents, such as phosphoric acid [14], zinc chloride
[15] and later pyrolysing between 400 and 800 °C in the absence of oxygen are the
usual means of chemical activation. Due to its low cost (as it can be produced from
carbonaceous materials, such as wood, coconut shell) and higher specific surface
area than other carbon-based materials, activated carbon is widely used as electrode
material in EDLCs. It utilizes a complex porous structure composed of micropores,
mesopores and macropores to achieve the desired high surface area [16]. Activation
does not produce any significant change in the morphology, dimension and electrical
conductivity but leads to formation of new micropores and higher surface areas along
with more number of basic oxygen groups [17].

5.3.1.2 Carbon Nanofibres

Carbon nanofibres (CNFs) are carbon materials with a cylindrical shape like carbon
nanotubes (CNTs) but with structural and textural characteristics different from
CNTs. CNFs are obtained from thermosetting of organic molecules such as cellulose,
phenolic resins, polyacrylonitrile and pitch-based substrates. After extrusion, the
nanofibre will be activated in a controlled oxidizing environment to obtain required
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size and porosity. The pores obtained on the fibre surface provide a good accessi-
bility to ions. High adsorption capacities and high adsorption rates have led CNFs
to be widely used in EDLCs. CNFs usually exhibit diameters in the range of 100-
300 nm with lengths up to 200 pwm. They can be categorized into (i) high graphitic
fibres and (ii) low graphitic fibres. The former can be obtained either by a catalytic
vapour-grown procedure with a metal catalyst floating in the reaction media [18] or
by catalytic chemical vapour deposition with the metal catalyst on a support [19].
These CNFs show a high electrical conductivity on the order of 1 S cm™! for the
compacted pellets and a low specific surface area of 10-50 m?> g~!. Their specific
capacitance is very low (1-10 F g~!) due to their low surface area. However, capac-
itance retention of these fibres at high currents is very high. However, activation can
increase the specific surface area up to 100 m?> g~! leading to a moderate increase in
specific capacitance value, i.e. 100 F g~!.

Graphitic carbon nanofibres of second category may be obtained by (a) blending
of polymers in which the polymer acts as the carbon source and provides porosity
[20], (b) electrospinning of precursors [21], (¢) using an anodic alumina as a template,
which leads to CNFs with marked mesoporosity [22], (d) electrochemical decom-
position of chloroform [23] and (e) flames of ethanol [24]. These CNFs possesses
conductivity of 0.1 S cm™! for compacted pellets, but their specific surface area is
much higher (100-500 m? g~!) giving a higher specific capacitance. The limitation
of activated carbon fibres is that they are generally more expensive than the products
of powder carbon [10].

5.3.1.3 Carbon Nanotubes

Carbon nanotubes became one of the most special materials since its discovery by
lijima and Ichihashi [25]. These have received great attention in the field of the
fundamental research to applied perspectives. Numerous studies were carried out
on CNTs due to its novel hollow tube structure, dimensions in the nanorange, high
specific surface area and an excellent conductivity. CNTs are of two types namely
single-walled (SWCNT) and multiwalled (MWCNT). Recent research trends show
that there is an increasing interest in using CNTs as electrode materials for EDLCs
[26]. Electrodes made from SWCNT show a high specific capacitance (180 F g=1)
and high-power density [27]. But electrodes made from MWCNT show a capac-
itance (135 F g7!) less than SWCNT [9]. The high capacitance of SWCNT may
be attributed to its high surface area accessible to electrolyte and good mechanical
strength. Comparative study of the specific capacitance achieved with CNTs and
activated carbon shows that the later one shows higher specific capacitance [28].
ECs made from CNT films (directly grown or by casting of colloidal suspension on
to current collectors) show close rectangular CV curve even at a high scan rate of
1000 mV s~! [29]. The high cost of production limits its application, but it can be
used as conductive agent, in conjugation with other active materials for fabricating
electrodes.
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5.3.1.4 Graphene

Carbon atoms arranged in a monolayer honeycomb network is known as graphene.
Graphene, a rising 2D honeycomb layer of sp>-bonded carbon atoms is considered as
mother of all carbon dimensionalities [30]. It is the planar thinnest known material
in the world and the strongest ever measured [31]. Instead of its planar structure,
graphene can be rolled into one dimensional CNTs, which is further subdivided
depending on the number of graphene layers into SWCNTs and MWCNTs, also
wrapped into zero-dimensional spherical fullerenes (Fig. 5.6) [32]. Graphene was
first prepared by scotch tape method by attaching a tape onto graphite face and peeling
off the tape [33]. It is important to clarify that graphene nanosheet (GNS) refers to
graphene in its standard form, i.e. a single layer of graphene. In addition to single layer
graphene, few layer graphene (FLG) has also been studied [34, 35]. Before synthesis
of graphene nanosheets, it should be oxidized to graphene oxide (GO) and reduced
chemically or electrochemically [36]. The synthetic process determines not only the
properties but also its application in a particular field which has led to immense
interest in research field. The extensive use of this material is due to the spectacular
properties like high electrical and thermal conductivity [37], high specific surface
area [38] and high mechanical strength [39]. Due to these properties, they are used
in many technological applications such as in nanocomposites [40], sensors [41],
nanoelectronics [42], batteries [43], supercapacitors [44, 45] and hydrogen storage
[46].
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Fig. 5.6 Various structures of carbon materials. Reproduced with permission from Elsevier [32]
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Numerous bottom—up such as chemical vapour deposition [CVD]; epitaxial
growth onto metal catalyst substrates and arc discharge method and top down such
as micromechanical cleavage, reduction of graphite oxide, sonication and exfolia-
tion approaches have been adopted to synthesize graphene-based materials. But the
widely accepted one is the chemical exfoliation method, i.e. oxidation of graphite to
graphene oxide and subsequent reduction of graphene oxide to graphene. Graphene-
based supercapacitors have high specific capacitances ranging from 197 to 350 Fg~!
in aqueous electrolytes [45, 47].

5.3.1.5 Porous Graphene

Porous graphene is a new kind of spongy planar sheet material resembling graphene
with some hole/pores created by the removal of sp? carbon atoms. Depending on
their pore diameters, they are categorized as microporous (diameter < 2 nm), meso-
porous (diameter from 2 to 50 nm) and macroporous (diameter > 50 nm) mate-
rial [48]. Depending on the fabrication methods used, the pore size varies from
atomic to nanoscale dimensions. The mesoporous and macroporous structures are
used in chromatographic separations, as catalyst for water and air purification and
as electrochemical capacitors [49, 50].

The pioneering work on porous graphene was first done by Bieri et al. [51].
They used cyclohexa-m-phenylene as a precursor and produced a 2D polyphenylene
networks with regular distribution of pores of single atom wide and subnanometer
periodicity by the aryl-aryl coupling on a metal surface. The 2D polyphenylene
porous graphene is shown in Fig. 5.7. The structure of the precursor CHP resembles
graphene, and in porous graphene the phenyl rings are missing periodically. Struc-
turally graphene’s unit cell consists of two carbon atoms, whereas in polyphenylene,
the unit cell consists of 3 x 3 supercells of 2 C¢Hj rings linked by C—C bonds [51].

Till date, the preparation of porous graphene includes chemical bottom—up
approach through the surface assisted aryl-aryl coupling reaction [52], etching
of graphene sheets by MnO, [53] and in-situ hydrothermal polymerization/
carbonization of biomass [34]. Physical methods of preparation involve electron
beam irradiation [54], helium ion bombardment [55] and laser irradiation [56]. Such
methods involve a greater number of steps to produce porous network and requires
expensive conductive substrate. Further, the yield is also very poor, and sometimes
microporous structure is produced which hinders its practical applications.

5.3.2 Pseudocapacitors

Pseudocapacitors store charge Faradaically, through the transfer of charge between
electrode and electrolyte in comparison to EDLCs, which store charge electrostat-
ically. Processes like electrosorption, redox reactions and intercalation help in the
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Fig. 5.7 STM image of 2D
polyphenylene model for
porous graphene.
Reproduced with permission
from Royal Society of
Chemistry [51]

accomplishment of this which allows the pseudocapacitors to achieve greater capac-
itances and energy densities [57, 58]. The charges transferred in these reactions are
voltage dependent. The capacitance can be calculated using the following Eq. (5.4).

_ Qtot

C =
Viot

5.4)

where the ‘O’ and ‘Vy’ are the total charge and voltage change for a charge or
discharge of the electrode. The most widely used electrode materials for pseudoca-
pacitors are transition metal oxides or hydroxides [59] and electronically conducting
polymers [60].

5.3.2.1 Conducting Polymers

Conducting polymers are known to possess a relatively high capacitance, conduc-
tivity, energy and power density values. In addition to this, they have low ESR value
and are cost-effective in comparison to other carbon-based materials [61]. But the
major disadvantage is the lack of cycling stability due to high mechanical stress during
the oxidation and reduction reactions [8, 60]. In addition to this, dearth of efficient
n-doped-type materials based on conducting polymers has hindered the development
of conducting polymer pseudocapacitors for practical applications [62].
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5.3.2.2 Metal Oxides

Metal oxides are suitable electrode material for supercapacitor due to abundant avail-
ability, low cost, environmentally friendly and easy synthetic process [59]. Generally,
metal oxides provide high surface redox properties leading to high energy density
in Faradaic supercapacitors [1]. The achieved high energy density in metal oxides is
far more than carbon-based materials, and it also has high stability than polymeric
substrates. Metal oxides exhibit Faradaic electrochemical reactions between elec-
trode materials and ions within an appropriate potential window [63]. The primary
criteria for the metal oxides to be used as an electrode material are (a) it must be
electronically conductive, (b) metals must possess variable oxidation states and (c)
there must be provision for intercalation of protons into the oxide lattice on reduc-
tion and out of the lattice on oxidation, allowing easy interconversion of O?>~ and
OH™ [2]. Some of the finest pseudocapacitive materials, such as RuO,, MnO,, ZnO,
Mo0O,, SnO,, Co304, NiO, Fe, 03, Fe504, V2,05, MoO3, TiO, and WOs, are used as
an electrode material for supercapacitor. In the recent years, Fe; O3 and Fe;O4 have
emerged as new type of pseudocapacitive electrode material due to their low-cost,
ecofriendly nature and high abundance [64, 65].

5.3.3 Hybrid Capacitors

Combining the double-layer capacitor and pseudocapacitor a new type of capacitor
named as hybrid capacitors can be generated. This capacitor provides high power and
energy density in comparison to the conventional capacitors. This system also shows
high-rate capability and cycling stability. Based on their electrode configuration they
are grouped into three types: composite, asymmetric and battery type, respectively

[6].

5.3.3.1 Composite

Composite electrodes are fabricated by the integration of carbon-based precursors
with either conducting polymers or metal oxide nanostructures containing both phys-
ical and chemical charge storage processes jointly in a single electrode. Incorporation
of carbon-based materials provides better contact between the electrolyte and pseu-
docapacitive material due to higher surface area leading to a double layer of high
capacitance. Further, the pseudocapacitive materials also increase the capacitance
through Faradaic reactions [66, 67].
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5.3.3.2 Asymmetric

Combination of Faradaic processes and non-Faradaic processes by pairing of an
EDLC electrode with a pseudocapacitor electrode led to the generation of asymmetric
supercapacitor. In particular, the coupling of an activated carbon negative electrode
with a conducting polymer positive electrode has attained enormous attention [68].
Due to the unavailability of an efficient, negatively charged material, conducting
polymer material has limited success in pseudocapacitor field. But the application of a
negatively charged, activated carbon electrode solved this problem. While conducting
polymer electrodes generally have higher capacitances and lower resistance than
activated carbon electrodes, they have lower maximum voltages and less cycling
stability. Asymmetric hybrid capacitors strike a compromise to achieve higher energy
and power densities with better cycling stability.

5.3.3.3 Battery Type

Battery-type hybrids are an answer to the demand for supercapacitors with higher
energy densities and batteries with higher power densities obtained by combining a
supercapacitor electrode with a battery electrode. These are characterized by higher
life cycle with excellent recharging capacities. The gap between the supercapaci-
tors and batteries is bridged by using activated carbon as one electrode and nickel
hydroxide or lead dioxide as another [69]. Full potential of these hybrid materials
can be exploited by further research [70].

5.4 Electrolytes

One of the important components of EC is the electrolyte. These exist in contact
with the active material and also reside partially inside the separator [2]. A good
electrolyte should be economic and of high purity and possess large voltage window,
low resistivity and high electrochemical stability. It should also have low viscosity,
volatility and toxicity. The electrolytes ideally should have high ionic concentration
and low solvated ionic radicals. Electrolytes belong to three major kinds, namely (a)
aqueous, (b) organic and (c) ionic liquids.

5.4.1 Aqueous Electrolytes

Aqueous electrolytes deliver higher ionic concentration, lower resistance in addi-
tion to smaller ionic radius which leads to higher capacitance and power density of
the ECs. Electrolytes like H,SO4, KOH, Na;SO,4 and NH4CI hold an advantage of
having simple synthetic procedure for obtaining highly pure material. But the major



90 M. Sethi et al.

drawback in improving the energy and power density while using aqueous electrolyte
is the small potential window of about 1.2 V.

5.4.2 Organic Electrolytes

High-voltage window of around 3.5 V of organic electrolyte makes it a poten-
tial replacement of aqueous electrolyte. Solvents such as acetonitrile, propylene
carbonate, salts based on tetrafluoroborates are commonly used [2]. Although
acetonitrile has a power to dissolve higher concentration of salts its toxicity is known
to affect the environment adversely. On the other hand, propylene carbonate is an
ecofriendly electrolyte with wide range of voltage window and operating tempera-
tures. The major disadvantage of organic electrolytes is the charge-induced depletion
and safety concerns associated with the usage. In addition to it, high precautions must
be taken to keep the water content below 3—5 ppm to avoid reduction in the voltage
of the ECs [2].

5.4.3 Ionic Liquids

Ionic liquids (ILs) are obtained by providing heat to the salts to acquire them in molten
state by counterbalancing the crystal lattice energy [2]. They exhibit low vapour
pressure and flammability and possess high chemical and thermal stability. Higher
conductivity of around 10 mS cm™! and wide window of stable electrochemical
activity of 2-6 V make them potential candidates as electrolytes for ECs [71, 72]. In
addition, they provide a well-recognized ion size due to lack of solvation shell. While
the quaternary ammonium salts are used for room temperature studies, sulphonium
and phosphonium salts are used for lower temperatures [73].

5.5 Separator

A separator is used to prevent the electrical contact between the electrodes. However,
it should allow the rapid transfer of ionic charge by being permeable to the ions. High
electrical resistance and low thickness are the desired features for a separator. Paper
or polymer-based separators are often used in ECs in combination with aqueous and
organic electrolytes.
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5.6 Electrode Characterization and Device Fabrication

The three-electrode setup consists of (a) reference electrode which is usually satu-
rated calomel electrode or Ag/AgCl electrode, (b) counterelectrode which is usually
a platinum wire and (c) working electrode which is usually sheet of Ni or stainless
steel coated with the electroactive material under consideration. The ink is prepared
by mechanically mixing the electroactive material with another material like acety-
lene black to improve the conductance, in presence of a binder in a definite ratio
[35, 45, 50]. This is later coated on to the sheet or carbon paper or carbon cloth
or Ni foam using various techniques like Doctor’s blade technique or layer brush
coating technique to get a working electrode. The symmetrical supercapacitor setup
consists of stainless steel panels which act as current collectors, separator which is
usually filter paper soaked in the electrolyte, working electrode in contact with the
electrolyte which could be either aqueous, organic or ionic liquid [45, 74, 75].

The electrodes and the device are characterized by cyclic voltammetry (CV),
galvanostatic charge—discharge (GCD) and electrochemical impedance spectra (EIS)
to study the electrochemical properties [74-79].

The specific capacitance values from the CV curves and GCD curves can be
calculated according to Egs. (5.5) and (5.6), respectively.

c.——"A (5.5)

STAV xm x v '
I x At

Cs=nx —— (5.6)
mx AV

The specific capacity can be calculated from the GCD data for 3-electrode system
and supercapacitor device by using Eqgs. (5.7) and (5.8), respectively.

I x At
05 = (5.7
m
O, =Cs x AV (5.8)

The energy and power density can be calculated according to Egs. (5.9) and (5.10),
respectively.

1 , 1000
E=-CAVi—— (5.9)
2 3600
E
P = — x 3600 (5.10)
At

where C; is specific capacitance (F g7!), Q; is the specific capacity (C g™!), E is
energy density (W h kg™!), P is power density (W kg~'), A is the integrated area of
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the CV curve, AV is the maximum potential window (V), m is the deposited mass
on one single electrode (g) and v is the scan rate (V s™'), é is the applied current
density, and At is the discharging time. For 3-electrode system, n = 1 and for 2-
electrode system n = 2 (owing to the formation of series capacitance in symmetrical
supercapacitor device) [3, 50, 59, 67].

The coulombic efficiency n (%) can be determined from the GCD curves using
Eq. (5.11).

Aty
%) =
1 (%) ~

C

x 100 (5.11)

where At4 and At are the discharging and charging times, respectively.
The individual contributions to the total capacitance can be estimated by using
Eq. (5.12) [80, 81].

Cs(T) = Ceprc + Cp (5.12)

where C(T) is the total specific capacitance, Cgprc and Cp are the respective
contribution of double-layer capacitance and pseudocapacitance [50, 59].

5.7 Synthesis of Graphene Oxide (GO) and Graphene

The pioneering work on the synthesis of graphene oxide was done by Brodie [82],
where he treated graphite with KClO3 in 1:3 weight ratios in strong fuming nitric
acid; however the major drawbacks of this method was longer reaction time of 4 days,
extensive purification process, generation of toxic and explosive gases which stifled
further study. Later in, 1898, Staudenmaier proposed a simplified method for GO
synthesis in one reaction vessel by taking fuming nitric acid, H,SO,4 with KCIO; in
multiple proportions [83]. However, the reaction time was still 4 days, and evolution
of explosive ClO, gas was observed during the synthesis [83]. Therefore, these two
methods were unsuitable for the oxidation of graphite.

In 1958, Hummers and colleagues developed a safe method for the synthesis of
GO, which has been widely accepted for the large-scale GO synthesis [84]. In this
method, oxidation was done in a reaction vessel by using an anhydrous mixture of
H,S0O4, NaNO3, and KMnOy as oxidizing agents. Also, the reaction temperature and
time were very less [84]. The advantages of Hummers’ protocol include formation
of no toxic and explosive gases, and the use of strong oxidant, i.e. KMnO, ensures
the reduction in duration of completion of reaction from several days to few hours.
However, some limitations such as formation of NO,/N,O,4 due to introduction of
NaNO3, removal of Na* and NO®~ ions from wastewater, while purification process
and incomplete oxidation process resulting in graphite-core/GO-shell particles are
observed. After 40 years, Kovtyukhova and colleagues prepared graphite oxide by
using Hummers’ protocol with some modifications, named as modified Hummers’
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method [85]. The authors stated that before GO synthesis, an additional pre-oxidation
step was necessary, otherwise incomplete oxidation of graphite-core/GO-shell parti-
cles was observed. The pre-oxidation was carried out by treating graphite with H,SO4
and 1:1 weight ratio of K;S,0s5:P,0s. Later, Stankovich et al. prepared GO by
using Hummers’ method and sonicated to form a stable graphene oxide suspension
[86]. The reduction of graphene oxide to graphene sheets was carried out by using
hydrazine hydrate over a period of 24 h. Later in 2010, Marcano’s group reported
an improved version of the Hummers method [87]. Removing NaNOj3 and treating
graphite with a 9:1 mixture of concentrated H,SO4 and H3POy in one reaction vessel
leading to a high degree of oxidation with no release of toxic gases. The oxidation
product was also larger in quantity, which is a significant achievement for the large-
scale graphene oxide synthesis. In recent years, further modification of Hummer’s
method was carried out by Bhat’s group, wherein graphite flakes were stirred with
H,SO,4 and to the cooled solution KMnO4 was added. Later, H,O, was added to
obtain GO [75, 88, 89]. This method was a modification of an earlier procedure,
wherein NaNO; was added prior to the addition of KMnO,4 [90]. Thus, formation
of oxides of nitrogen was eliminated making the procedure safer and applicable for
large-scale production. They also reported GO synthesis by modifying the method
reported by Marcano’s group by addition of H,O, at a later stage resulting in pure
and large quantities of GO product [3, 50].

5.8 Fe;03-Graphene Composites for Supercapacitor
Applications

5.8.1 Hydro/Solvothermal Method

Hydrothermal method is a fascinating route for the synthesis of nanomaterials and by
adopting this route various nanostructures of a-Fe,;O3 such as nanotubes, nanocubes,
nanodots, nanoplates, nanoring like structures have been prepared, and its compos-
ites with graphene have been studied thoroughly (Fig. 5.8). The electrochemical data
from several works revealed enhancement in the specific capacitance value of the
composite structures in comparison to the components due to the synergistic effect.
Some of these are summarized below. The a-Fe;O; nanotubes—RGO composite
prepared by Lee’s group exhibited a capacitance value of 215 F g~! in comparison
to 30 F g~! exhibited by the nanotubes at a scan rate of 2.5 mV s~! with only
8% reduction in value after 700 cycles and remained totally unchanged up to 2000
cycles at a high current density of 5 A g~! [91]. The excellent electrochemical perfor-
mance of the composites was attributed to the high surface area of hollow a-Fe,;O3
nanotubes and the incorporation of RGO which boosted the conductive pathway for
the fast and reversible reaction. Another attempt was made by Chaudhari’s group to
synthesize cube like structure of a-Fe,O; on multimodal porous carbon with very
high surface area for supercapacitor applications [92]. The prepared composite has
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delivered double the capacitance value in comparison to porous carbon and four
times higher value than that of a-Fe,O3. The enhanced electrochemical performance
of the composite was mainly accredited to the high structural stability, conduc-
tivity and porosity. Hydrothermal method was adopted by Zhao and co-workers
for the doping of hetero atoms (N-doping) and the prepared N-doped graphene/
Fe, O3 nanoparticles composite study showed that nitrogen doping in the graphene
composite ameliorated the capacitance value to 260 F g~! at a high current density
of 2 A g~! in comparison to a value of 150.4 F g~! obtained for graphene/Fe,O53
[93]. Additionally, 82.5% initial capacitance value was retained after 1000 cycles
at a current density of 2 A g~! by the N-doped graphene/Fe,03; nanocomposite in
comparison to 61.4% by graphene/Fe,O3. The superior electrochemical performance
of the N-doped composite was primarily ascribed to the good electronic conductivity
induced by the extra lone pair of electrons from nitrogen (pyrrolic) and more active
sites. Similarly, Liu’s group studied the effect of N-doping in the amelioration of
electrochemical performance of supercapacitors and synthesized Fe, O3 nanodots-
N-doped graphene through solvothermal method [94]. The synthesized electrode
material depicted excellent electrochemical performance in KOH electrolyte with a
high specific capacitance value of 274 F g~ at a current density of 1 A ¢! and even
retained capacitance value of 140 F g~! at a current density of 50 A g~'. Also, the
electrode material showed superior cyclic stability up to 100,000 cycles with 75%
initial capacitance retention at a high current density of 5 A g~!. Such an excellent
electrochemical performance is mainly attributed to the good combination of Fe, O3
nanodots and appropriate doping of nitrogen in the composite, which offered plenty
of electroactive sites for the electron transfer and diffusion and reduced the volume
change during the charge—discharge cycles. Wang’s group aimed to increase the
electrochemical performance of the anode materials in supercapacitors [95]. Single-
crystalline Fe, O3 nanoparticles grown over graphene hydrogel by hydrothermal route
displayed a high specific capacitance value of 908 F g~! ata current density of 2 A g~!
and 622 F g~! at a higher current density of 50 A g~!, whereas the Fe,O3 nanoparti-
cles and graphene hydrogel displayed a capacitance value of 91 Fg~! and 272 F g~!
at a current density of 2 A g~!, respectively. The anode material displayed a retention
value of 75% after 200 cycles at a scan rate of 20 mV s~!. The retention value of
Fe, O3 nanoparticles was only 51%. The observed superior electrochemical perfor-
mance of the composite structure is mainly ascribed to the synergistic effect from the
constituent materials. Song’s group fabricated nano-Fe, O3 and 3D graphene aerogel
composite through hydrothermal method for the utility in supercapacitors [96]. The
prepared supercapacitor depicted a capacitance value of 81.3 F g~! at a current
density of 1 A g~! and 62.7 F g~! at a current density of 10 A g~! in a wide potential
window in aqueous 0.5 M Na,SO, electrolyte. Yang and co-workers synthesized
porous a-Fe;O3-graphene composites to enhance the electrochemical performance
in supercapacitors [97]. The hydrothermal route led to a high specific surface area
and high pore volume, which resulted in high capacitance value of 344 F g~! at a
current density of 3 A g~! and retention of 97% of its initial capacitance value after
50,000 cycles at a high current density of 10 A g~!, suggesting its utility in high-
performance supercapacitor applications. The high electrochemical performance of
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the composite structure is mainly ascribed to the synergetic effect of optimal loading
of porous a-Fe, O3 nanostructures and crumpled structure of graphene nanosheets,
which facilitated the smooth passage of electrolyte ions, shortened ion diffusion path
length and enhanced electrical conductivity. The nanoplate kind a-Fe,O3 structures
decorated on interconnected RGO sheets prepared through a facile hydrothermal
method by Quan and co-researchers have shown superior electrochemical properties
as compared to a-Fe, O3 nanoplates [98]. The composite depicted a high capacitance
value of 903 F g~! in comparison to 347 F g~! by the a-Fe, O3 nanoplates at a current
density of 1 A g~!. 70% initial capacitance retention value by the composite after
1000 cycles at a high current density of 5 A g~! was ascribed to high surface area
with mesoporous structure and high electrical conductivity of the electrode mate-
rial. Gao and co-workers adopted a solvothermal method to prepare quasi-hexagonal
nanoplates-graphene nanocomposite structure with high surface area compared to
Fe, 03 nanoplates [99]. A high capacitance value of 1083 F g~! is shown by the
material at a current density of 2 A g~!. With tenfold increase in the current density
electrode material showed 199 F g~! capacitance, which is 18.4% of the initial value,
suggesting the good rate capability. The composite material displayed capacitance
retention of 75% after 1000 cycles at a high current density of 4 A g~!, whereas the
Fe, 03 only retained 21% after 1000 cycles. Zhu and co-workers prepared thumb ring
like a-Fe;O3 and RGO composites through hydrothermal method as an anode for
supercapacitors [ 100]. The composite delivered a good capacitance value of 255 F g~
ata current density of 0.5 A g~! with 90% retention value after 10,000 cycles at a high
current density of 10 A g~! in a potential window of 1.2 V. Zhang’s group prepared
core—shell nanostructures of 3D graphene anchored on Fe,03 @C through a scalable
and simple one-pot hydrothermal process followed by annealing [101]. The highly
conductive 3D carbon network enabled fast ion and electron transport. In addition
to it, the remarkable specific surface area contributed to a good performance with
high specific capacitance, enhanced rate capability and excellent cyclic stability. The
composite electrode material showed a capacitance value of 211 F g~! at a current
density of 0.5 A g7! and 177 F g~! at a current density of 20 A g~ with no decay
in the initial capacitance value after 2500 cycles. It is worth noting that by changing
the compounds or adjusting the heating strategy, various types and structures of 3D
carbon composite materials can be developed. Gao’s group adopted a hydrothermal
method followed by thermal reduction method to prepare graphene-Fe,O3 nanopar-
ticle composite [102]. The microscopic results displayed the anchoring of iron oxide
nanoparticles over the graphene surface providing rich redox active sites for the
electrochemical process. Owing to the availability of plenty of redox chemical sites,
the electrode material displayed a high capacitance value of 378.7 F g~ ! at a current
density of 1.5 A g~! and retained 88.8% initial capacitance retention value after 3000
cycles at the same current density. Furthermore, the prepared asymmetric superca-
pacitor by using graphene as positive electrode and graphene-Fe,O; composite as
negative electrode has displayed high energy and power density at higher applied
current densities, suggesting its excellent power capabilities. The supercapacitor
device retained 78% of its initial value after 3000 cycles at a high current density
of 5 A g~!. The superior electrochemical performance of the composite electrode is
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Fig. 5.8 a FESEM image of a-Fe;O3; nanotubes—RGO composite. Reproduced with permission
from Royal Society of Chemistry [91]. b Fe,O3 nanoparticles over graphene surface. Reproduced
with permission from Elsevier [93]. ¢ TEM image of Fe; O3 nanodots @nitrogen-doped graphene.
Reproduced with permission from American Chemical Society [94]. d FESEM image of Fe>O3
nanoparticles grown over graphene hydrogel. Reproduced with permission from Elsevier [95].
e TEM image of a-Fe, O3 nanostructures on RGO sheets. Reproduced with permission from Amer-
ican Chemical Society [97]. f FESEM image of a-Fe;O3 nanoplates on RGO sheets. Reproduced
with permission from Elsevier [98]. g FESEM image of quasi-hexagonal Fe;O3 nanoplates on
graphene sheets. Reproduced with permission from Elsevier [99]. h a-Fe,O3 nanostructures on
RGO sheets. Reproduced with permission from American Chemical Society [100]

mainly ascribed to the sufficient number of accessible active sites for electrochemical
reaction, which provided a pathway for smooth passage of electrolyte ions diffusion
into the interior pores.

5.8.2 Self-assembly Method

Self-assembly technique is one of the most fascinating synthetic techniques in
nanoscience. In this route, the nanostructures are designed at the atomic and molec-
ular level. Lin’s group synthesized mesoporous carbon/iron oxide composites by
cooperative self-assembly method (Fig. 5.9) and fabricated a symmetrical superca-
pacitor device [103]. The resulted nanocomposites (neat mesoporous carbon) have
shown a high surface area and high pore volume, which led to a capacitance value
of 235 F g~! at a current density of 0.5 A g~!' and retained 51% of the initial
capacitance value at a current density of 10 A g~! in 1 M Na,SOj electrolyte. The
fabricated supercapacitor has exhibited more than 95% initial retention value after
380 cycles at a current density of 1 A g~!. Similarly, Zhang’s group adopted colloidal
electrostatic self-assembly method followed by hydrothermal reduction method to
prepare 2D-layered a-Fe,O;—RGO flexible films for electrochemical capacitors
[104]. The prepared composite material displayed a high gravimetric capacitance
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Fig. 5.9 Self-assembly method for the preparation of Fe;O3—RGO composite structure. Repro-
duced with permission from American Chemical Society [103]

value of 714 F g~! at a current density of 1 A g~!, whereas a-Fe, O3 has shown only
274 F g, The fabricated symmetrical supercapacitor by using this composite has
exhibited retention of 79% capacitance value after a long 1000 charge—discharge
cycles at a high current density of 2.5 mA cm~2. Wu’s research group adopted metal
ion induced self-assembly followed by calcination method to produce novel ultra-
small amorphous Fe, 03 nanodot-graphene aerogel nanocomposite structure with a
high surface area of 261.7 m> g~! with improved energy storage properties [105].
The high surface area and good pore volume provided more electroactive sites for
ion transport, resulting in a high capacitance value (347 F g~!) and high capacitance
retention value of 94% after 2500 cycles at 5 A g~! along with high energy and power
density value in a wide potential window of 1.5 V. The method opened up a new
strategy to design new electrode materials of high surface area for energy storage
devices.

5.8.3 Thermal Decomposition Route

Thermal decomposition route is an attractive one for the synthesis of ultrafine
nanoparticles. Xia’s group synthesized hematite quantum dots functionalized on
graphene sheets for high energy density supercapacitors [106]. The large surface
area of the Fe,O3/FGS composites undoubtedly shortened the ion diffusion path and
led to improved pseudocapacitive performance of the composite electrodes with a
capacitance value of 347 F g~! at a scan rate of 10 mV s~!. As an asymmetric super-
capacitor electrode material with MnO, the supercapacitor device (2 V) displayed a
high energy density value of 50.7 W h kg~ while maintaining a power density of
100 W kg~!. Apart from this, the device retained 95% of the capacitance after 5000
cycles at a current density of 0.5 A g~!.
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5.8.4 Template-Assisted Method

Ordered mesoporous carbon/Fe,O3; nanocomposites were successfully synthesized
by Hu and co-workers for high-performance supercapacitors [107]. The template-
assisted method led to the formation of a mesoporous network with high specific
surface area. The obtained capacitance value for the composite was 264 F g~! at
a scan rate of 5 mV s~! with 90% retention of the capacitance after 1000 cycles.
The synergistic effects of the dual-template method demonstrated in this work had a
significant impact on the design of electrode materials on both the mesoscale porous
structure and macroscale morphology and could be applied to other electrochemical
energy storage systems to improve both energy density and power density.

5.8.5 Wet Chemical Route

Sun’s group prepared Fe,Os-graphene nanosheet composite through wet chemical
method by engineering highly porous nanostructures using ionic liquids to ameliorate
energy density and power density values [108]. The composite electrode displayed
a capacitance value of 143 F g~! at a current density of 0.2 A g~' as compared
to Fe,03, which displayed a capacitance value of 53.5 F g~!. The prepared asym-
metric supercapacitor (4 V) by using Fe,O3-graphene nanosheet composite and acti-
vated polyaniline-derived carbon nanorods displayed a high energy density value of
177 W h kg~! at a power density of 200 W kg~!.

5.8.6 Gas Liquid Diffusion Method

Huang’s group synthesized flexible and transparent supercapacitor electrode made
up of biographene-wrapped Fe, O3 nanowire networks through a bio-inspired gas
liquid diffusion method [109]. The flexible film showed an aerial capacitance of
3.3 mF cm™2 at a scan rate of 10 mV s~!, which was higher than the value of
graphene films. The composite film had high power density of 191.3 W cm™3, an
energy density of § mW hcm ™ and superior cycling stability up to 10,000 cycles with
92% retention of initial capacitance value. The superior electrochemical performance
of the flexible electrode was mainly ascribed to the nanowire structure of Fe, O3, and
the wrapping of graphene on the nanowires, which not only improved the capacitance
but also improved the cyclic stability by enhancing the ion transport rate through the
3D structure (Fig. 5.10).
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Fig. 5.10 aLow- and b high-resolution SEM micrographs of Fe, O3 nanowire; ¢, d low- and e high-
resolution SEM micrograph of Fe;O3 nanowire @graphene surface. Reproduced with permission
from IOP Science [109]

5.8.7 Electrochemical Method

Yang’s group prepared electrochemically reduced graphene oxide sheet iron oxide
composites and used it as binder-free electrode material for supercapacitors
[110] [Fig. 5.11]. The obtained composite material has shown good mechanical
strength and displayed a good capacitance value of 235 F g~! at a scan rate of
10 mV s~!, and initial capacitance retention value of 92% after 2000 cycles at a
current density of 1 A g~

5.8.8 Microwave Method

Saraf and co-workers adopted a two-step process consisting of precipitation of
starting precursors followed by microwave heating for the formation of reduced
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Fig. 5.11 Schematic illustration for the fabrication of electrochemical synthesized RGO/Fe;03
electrodes. Reproduced with permission from Elsevier [110]

graphene oxide-Fe, O3 nanocomposites [111] [Figs. 5.12 and 5.13]. The composite
structure rendered excellent capacitance value of 577.5 F g~! at a current density of
2 A g~ ! and produced a high capacitance value of 437.5 F g~! at a current density of
10 A ¢!, which suggests the good rate capability of the electrode material. Further,
the electrode material displayed 85.7% retention of initial capacitance value after
1000 cycles at a current density of 2 A g~!. The electrode material delivered high
energy and power density values in high current range.

5.8.9 Mechanical Agitation Method

Chen’s group synthesized o-Fe,O3—RGO composites through in-situ process
followed by mechanical agitation method [112]. The microscopic analysis revealed
that the a-Fe, O3 nanoparticles densely covered the RGO sheets, forming a compact
structure. The composite structure of a-Fe,Os and RGO not only prevented the
agglomeration of nanoparticles and restacking of RGO sheets but also sustained the
severe volume change during the repeated electrochemical cycles. The nanocompos-
ites gave a high capacitance value of 920 F g~ at a current density of 2 A g~!. The
obtained good electrochemical result is mainly ascribed to the synergetic effect of
the components of the composite.
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Fig. 5.12 Schematic representation of synthesis of RGO-Fe;O3 composite. Reproduced with
permission from Royal Society of Chemistry [111]

5.8.10 Novel Intercalation Method

Haridas and co-workers fabricated a hybrid supercapacitor consisting of Fe;O3
nanorods and graphene sheets through a novel intercalation method followed by calci-
nation of the intermediates in air [64] [Fig. 5.14]. The hybrid composites possessed
a high conductivity value of 3.1 x 10% S cm~'. The high electrical conductivity and
low resistivity of the hybrid composite structure resulted in a high capacitance value
of 1135 mF cm™2 at a scan rate of 5 mV s~! and 815 mF cm~2 at a current density of
0.5 mA cm~2 with 55% retention of capacitance after 10,000 cycles at a high current
density of 4 mA cm~2.
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Fig. 5.13 a, b FESEM images of RGO at different magnifications; ¢ TEM image of RGO; d-
f FESEM images of RGO-Fe,O3 composite at different magnifications; g-i TEM image of RGO-
Fe, 03 composite at different magnifications. Reproduced with permission from Royal Society of
Chemistry [111]

5.9 Fe304-Graphene Composites for Supercapacitor
Applications

5.9.1 Hydro/Solvothermal Method

Shi’s group adopted a facile solvothermal method for the synthesis of Fe; O4 nanopar-
ticles decorated over RGO sheets [113]. The composite electrode material has
depicted a high capacitance value of 480 F g~! at a high current density of 5 A g~!
with excellent energy and power density values. The composite electrode has retained
100% of its initial capacitance value after 1000 cycles at a current density of 5 A g1,
suggesting its utility in high-performance electrochemical supercapacitors. Similarly,
Wang and co-workers adopted a hydrothermal method for the preparation of Fe;04-
graphene composites without the use of surfactants or templates [114]. The addition
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Fig. 5.14 Schematic representation of the formation of a-Fe, Oz/graphene nanosheets. Reproduced
with permission from Elsevier [64]

of graphene sheets increased the surface area of hybrid composite (49.5 m?> g~') in
comparison to Fe30y4 (19.25 m? g~!). The increase in surface area of the composite
led to increase in specific capacitance value of the composite structure to 220 F g~!
at a current density of 0.5 A g~! as compared to Fe;0,4 (65.4 F g~!). Wasiriski’s
group studied the effect of loading of double-layer electroactive materials on the
enhancement in the capacitance values [115]. They adopted a solvothermal method
to combine the electrochemical double-layer materials as positive electrode and
battery-type materials as negative electrode to form a hybrid composite structure
in order to enhance the capacitance, energy and power density values. The high
conductive RGO sheets acted as a positive electrode and Fe;O4 nanoparticles acted
as a negative electrode. They found that the 30 wt.% loading of graphene displayed
a high capacitance value of 83 F g~! as compared to the 10 and 20 wt.% loading.
Beyond 30 wt.% loading they observed a decrease in the capacitance value due
to the agglomeration of the constituent materials. Li’s group synthesized a hybrid
composite structure consisting of Fe;O4 nanoparticles on RGO sheets through anovel
hydrothermal method [116]. The high surface area and mesoporous structure of the
composite led to a good capacitance value of 241 F g~! at a current density of 1 A g~!
with good initial capacitance retention of 79% after 1000 cycles at a high current
density of 10 A g~'. Mezgebe’s group studied the electrochemical performance of
Fe;04—RGO nanocomposite synthesized through hydrothermal method [117]. The
obtained nanocomposite had a BET surface area of 27.6 m? g~! with pore volume of
0.184 cc g~!. The obtained composite structure had a capacitance value of 116.4 Fg~!
atacurrentdensity of I A g~!in 1 M H,SOy electrolyte. Lin and co-workers deposited
Fe;O4 nanosheet arrays on graphene surface through in-situ hydrothermal method
followed by plasma-enhanced CVD heating for the enhancement of electrochemical
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performance of the supercapacitors [118]. The fabricated anode material had a high
capacitance value of 732 F g~! at a current density of 2 A g~! with excellent rate
capability of 54% at a high current density of 50 A g~!. The cyclic stability test
performed at a high current density of 20 A g~! showed retention of 90.4% of the
initial capacitance value after 10,000 cycles, whereas the Fe;O4 electrode displayed
only 61.8% retention. Pal’s group adopted a simple one-pot hydrothermal method
for the synthesis of Fe;04—RGO hybrid material and studied the effect of applied
magnetic field on the electrochemical performance of the hybrid composite [119].
The hybrid composite had a capacitance value of 868.9 Fg~! (451 F g~!) with applied
magnetic field (without applied magnetic field). The external magnetic field (0.125 T)
had huge impact on the enhancement of electrochemical properties along with high
surface area which allowed the deep penetration of electrolyte ions into the elec-
trode thus ameliorating the electrochemical performance. Sheng’s group deposited
Fe;O4 nanospheres onto graphene surface through hydrothermal process for high
energy density supercapacitors [120]. The fabricated supercapacitor displayed a high
capacitance value of 268 F g~! at a scan rate of 2 mV s~! with 99% retention of
initial capacitance value after 10,000 cycles at a high cycling rate of 200 mV s~!.
The hybrid composite promoted the electron transport and ion diffusion/transport,
resulting in the remarkable enhancement of the electrochemical performance. Khan’s
group prepared Fe;O4 nanodiscs embedded on reduced graphene oxide through a
facile hydrothermal method [121]. The composite was tested as a negative electrode
in aqueous KOH electrolyte, and it displayed a capacitance value of 1149 F g~!
in comparison to a value of 920 F g~! for Fe;0,4 nanodiscs at a current density of
1.5 A g~'. Apart from this, excellent cyclic stability was shown by the composite
material with 97.53% retention of initial capacitance compared to 87.8% for the
Fe304 nanodiscs after 10,000 cycles at a current density of 10 A g~!. Liao and
co-workers utilized solvothermal route for synthesis of Fe;O, graphene nanocom-
posite with a good surface area and porous structure [65]. The composite material
had a good capacitance value of 300 F g~! at a current density of 0.4 A g~!, which
was higher compared to the Fe;O4 nanomaterial and graphene sheets. The electrode
material retained 93% of its initial capacitance after 500 discharge cycles at a low
current density of 0.4 A g~!. Although the electrode material displayed a good gravi-
metric capacitance value, it failed in the long-term cyclic stability study owing to
the agglomeration effect, which restricted the smooth passage of electrolyte ions
into the electroactive surface lowering the electrochemical performance. Figure 5.15
depicts the anchoring of various nanostructures on graphene surface in the hybrid
composites.

5.9.2 Chemical Vapour Deposition Method

Shi and co-workers prepared iron oxide impregnated hollow carbon spheres for
supercapacitor electrode material (Fig. 5.16) [122]. Due to the pore size which was
found to be optimum and cavity which was partially filled, electrolyte ions exhibited
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Fig. 5.15 a SEM image of FezO4 nanoparticles/RGO composite. Reproduced with permission
from Elsevier [114]. b High-magnification SEM image of Fe304—RGO composite. Reproduced
with permission from Elsevier [116]. ¢ SEM image of RGO/Fe304 composite. Reproduced with
permission from Elsevier [117]. d SEM image of graphene @Fe3 04 nanosheets. Reproduced with
permission from Royal Society of Chemistry [118]. e TEM image of Fe304/RGO sheets. Repro-
duced with permission from IOP Science [119]. f SEM image of graphene-Fe3zO4 nanocomposites.
Reproduced with permission from Elsevier [120]. g TEM image of Fe304/RGO nanocomposites.
Reproduced with permission from Elsevier [121]
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Fig. 5.16 a TEM image of hollow carbon sphere-Fe3O4 nanocomposite; b CV curves showing the
EDLC behaviour of the composite. Reproduced with permission from Elsevier [122]

easy and reversible transport through the porous composite leading to a capacitance
value of 193 Fg~! atascanrate of 1 mV s~! and retained 94.75% of initial capacitance
values after 10,000 cycles in 5 M LiCl electrolyte.

5.9.3 Electrochemical Process

Qu’s group synthesized 2D sandwich like Fe; O, @ graphene nanocomposites through
electrochemical process [123]. The obtained nanocomposite displayed good surface
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area along with high capacitance value of 349 F g~! at a current density of 0.5 A g~!.
Also, the prepared electrode retained 95% of its initial capacitance value after 1000
cycles at current density of 2 A g~!. The excellent electrochemical performance of
the nanocomposite is mainly attributed to the 2D sandwich like structure of Fe;Oy,
which uniformly anchored on the graphene sheets, prevented the aggregation of both
the nanostructures and helped in the increase of electrical conductivity and overall
electrochemical properties. Li’s group deposited Fe;O4 nanoparticles on functional
exfoliated graphene sheets over a carbon paper to prepare a binder-free electrode with
porous structure and good conductivity [124]. A high capacitance value of 470 F g~!
is delivered by the composite structure at a current density of 1 A g~! with 91.9%
initial capacitance retention after 5000 cycles at a current density of 1 A g~ '.

5.9.4 Microwave Method

Low-cost microwave method was adopted by Karthikeyan’s group to synthesize
Fe;O4-graphene composite to fabricate a symmetrical supercapacitor device of 1 V
[125]. The supercapacitor device displayed a capacitance value of 88 F g~! at a low
current density of 0.25 A g~!. However, the device showed a high cyclic stability
up to 100,000 cycles at a high current density of 3.75 A g~! with 99.5% retention
of initial capacitance value. Apart from high cyclic stability rate, the device also
produced good energy and power density values, suggesting its utility for the practical
applications. Kumar and group synthesized interconnected 3D network of Fe;O4/
RGO nanosheet composite for high-performance supercapacitor electrode material
through microwave approach [126]. The specific capacitance of the composite was
estimated to be 455 F g~! at a current density of 3.6 A g~!, which is superior
compared to the Fe;O4 nanoparticles. The composite electrode retained 91.4% initial
capacitance value after 9600 cycles at an applied current density of 3.8 A g~ !.

5.9.5 Reflux Method

Qi’s group synthesized Fe;O4/RGO nanocomposites through a facile hydrolysis
route followed by post-annealing method [127]. The nanocomposite provided a good
capacitance value of 350.6 F g~! atascanrate of 1 mV s~!, and with 100-fold increase
in scan rate, the capacitance value was 157.6 F g", which showed the material had
good rate capability. In addition to this, the electrode material retained 100% initial
capacitance value after 10,000 cycles at a high scan rate of 100 mV s~!. Liu and group
fabricated a negative flexible paper supercapacitor, which possessed a high surface
area of 346 m? g~! with mesoporous structure [128]. The wet chemical synthesis
followed by vacuum drying led to the formation of Fe;O4 nanoparticles uniformly
deposited over the graphene surface by covalent bonding. The intact hybrid structure
resulted in good capacitance value of 368 F g~ at a current density of 1 A g~! and at
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a current density of 5 A g~!; the capacitance value was 225 F g~!, which is 61% of
the former capacitance value. The cyclic stability test of the hybrid material revealed
66.6% retention of initial capacitance value at a high current density of 5 A g~!
after 1000 cycles. Sarno and group synthesized FLG-Fe;O,4 nanohybrid composite
for supercapacitor application [129]. The prepared composite gave a capacitance
value of 227 F g~ at a current density of 0.23 A g~! along with high energy density
and power density values. It also retained 95% of its initial capacitance value after
1000 cycles at a high current density of 20 A g~!. The excellent electrochemical
performance of this nanohybrid composite was due to the favourable function of
FLG for anchoring nanosized Fe;O, particles, which prevented the aggregation of
nanoparticles and provided effective pathways for the electron transport.

5.9.6 Electrophoretic Deposition Method

Ghasemi’s group adopted electrophoretic deposition method to synthesize RGO—
Fe30, films [130]. A specific capacitance of 154 F g~! at current density of 1 A g~!
was observed which was higher than that of RGO (81 F g~!) in 0.5 M Na,SO; elec-
trolyte. The electrochemical behaviour of RGO-Fe;04/SS electrodes was improved
with the addition of three kind of surfactant, i.e. sodium dodecyl sulphate (SDS),
cetyltrimethylammonium bromide (CTAB), t-octyl phenoxy polyethoxyethanol
(Triton X-100) to Na,SO,4 aqueous solution. The RGO-Fe3;04/SS in Na,SOy elec-
trolyte containing Triton X-100 showed maximum specific capacitance of 236 F g~!
at 1 A g~! with retention of 97% initial capacitance after 500 cycles. Yang’s group
studied the electrochemical performance of porous edge-functionalized graphitic
carbon nitride/iron oxide nanoparticle composites prepared through electrophoretic
deposition method [131]. The synthesized binder-free electrodes, graphitic carbon
nitride/iron oxide nanoparticles on Ni foam current collector delivered a specific
capacity of 197 mA h g=! at a current density of 0.5 A g~'. In comparison to
77 mA h g! delivered by Fe;0,. The capacitance retention of the composite was
88.5% after 4000 cycles in comparison to 60.8% of Fe;O,4 at an applied current
density of 3 A g7

5.9.7 Self-assembly Method

Yan’s research group synthesized irregular hexagonal-Fe;O4 sheets-RGO composite
through a colloidal electrostatic assembly process followed by a heat treatment
process (Fig. 5.17) [132]. The porous composite electrode displayed a BET surface
area of 173.3 m? g~! with mesoporous structure. A capacitance value of 193 F g~ ! at
a current density of 0.3 A ¢!, and 112.3 F g~ at a current density of 2 A g~! which

is 58.2% after 6.7-fold increase in the current density was obtained suggesting its
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Fig. 5.17 Schematic representation of colloidal electrostatic assembly process for the synthesis of
hexagonal-Fe3O4 sheets-RGO composite. Reproduced with permission from Elsevier [132]

Fig. 5.18 TEM image of
Fe304 nanorods-RGO
composite. Reproduced with
permission from Royal
Society of Chemistry [133]

good rate capability. The cyclic stability test at a current density of 1 A g~! for 1000
cycles revealed that around 83.2% of the initial capacitance value was retained.

5.9.8 Wet Chemical Route

Das and co-workers adopted a wet chemical route for the synthesis of Fe;Oq4
nanorods-RGO composite for enhancement of the electrochemical properties [133].
The hybrid composite showed a high capacitance value of 315 C g~! at a current
density of 5 A g~'. The electrode material also displayed high initial capacitance
retention (95%) after 2000 cycles at an applied current density of 5 A g~! (Fig. 5.18).

5.9.9 Bio-inspired Green Method

Madhuvilakku’s group adopted a biosurfactant assisted green one-pot method for the
fabrication of flower-like Fe; O, anchored on RGO sheets to form a hybrid composite
(Fig. 5.19) [134]. The synergetic effect and fast redox reaction owing to the short
ion diffusion path led to a high capacitance value of 425 F ¢! at a current density
of 1.5 A g~!, which is more as compared to Fe;0, (144.8 F g~!) and RGO sheets
(159 F g~1). Although the hybrid composite showed a high capacitance value, it did
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Fig. 5.19 a FESEM image of Fe304 nanoflowers; b Fe304/RGO nanocomposite. Reproduced with
permission from Elsevier [134]

not fare well in cyclic stability test as it retained 80% of the initial capacitance value
after only 750 cycles.

5.9.10 Graphenothermal Method

Rosaiah’s group adopted a cost-effective graphenothermal method to synthesize
flower-like RGO-Fe;04 nanoparticle composite, which displayed a high surface
area of 141.3 m? g~! with mesoporous structure [135]. The nanocomposite electrode
exhibited a high capacitance value of 498 F g~! at a high scan rate of 10 mV s~!
and 454.3 F ¢! at a current density of 1 A g~!. The nanocomposite electrode
also retained 94% of the initial capacitance value after 10,000 discharge cycles at a
current density of 3 A g~!. The excellent electrochemical performance displayed by
the composite structure as compared to the constituents was due to the high surface

area and mesoporous structure of the composite.

5.9.11 Chemical Reduction Method

Aruna Devi and co-workers studied the electrochemical performance of Fe;Os—
RGO nanocomposites for supercapacitor applications prepared by one-step chem-
ical reduction method (Fig. 5.20) [136]. It was found that the high concentration of
Fe(NO3); led to a capacitance value of 416 F g~! as compared to low Fe concen-
tration, which showed a capacitance value of 398 F g~!. The high specific capaci-
tance values of the Fe;04/RGO nanocomposites obtained are due to the combined
effect of RGO possessing EDLC behaviour and Fe;O,4 possessing pseudocapaci-
tive behaviour causing fast Faradaic reaction. Apart from high capacitance value,
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Fig. 5.20 Schematic illustration for the synthesis of RGO-Fe304 nanocomposite. Reproduced
with permission from Elsevier [136]

the electrode material was able to retain 88.6% initial capacitance value after 1000
cycles at a high current density of 5 A g7,

5.10 Conclusions

This book chapter presents the basics of supercapacitors, their types and materials
used as electrodes in the fabrication of supercapacitors. Owing to the discovery of
graphene and its spectacular properties, this material has been widely accepted by
researchers across the globe. The high electron mobility, high surface area, high
mechanical and Young’s modulus help in the enhancement of capacitance value.
However, the presence of van der Waal’s forces makes the graphene sheets to come
closer which would lead to the agglomeration of sheets. To overcome this issue, the
introduction of foreign molecules was found to be an attractive approach. In this
chapter, various methods implemented to introduce iron oxide nanostructures into
graphene derivatives to form hybrid composites have been discussed. The incorpo-
ration of foreign moieties led to increase in the electrochemical performance of the
hybrid composites by many folds with high cyclic stability at high applied current
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density. The electrode materials exhibited high electrochemical activity and cyclic
stability due to the synergistic effects of the components of the nanocomposite mate-
rials. The impressive electrochemical accomplishment of various composite mate-
rials is attributed to the increase in active surface area and electronic conductivity. The
published works suggest that these graphene-based nanocomposites with iron oxides
are potential candidates as electrode materials for the supercapacitor applications.
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Iron Oxide Nanozyme in Biomedicine ez

Amit Kumar, Diptikanta Acharya, Sagarika Satapathy,
and Sushil Kumar Sahu

Abstract Iron oxide nanoparticles with intrinsic enzymatic properties are consid-
ered as iron oxide nanozymes (IONzymes). [ONzymes are bridging the gap between
nanotechnology and biomedicine. Their catalytic actions mimic those of natural
enzymes such as peroxidase and catalase. IONzymes are synthesized chemically
and are less expensive than the preparation of natural enzymes. They are stable over
a wide range of pH and temperature, an advantage over natural enzymes. In addition
to [ONzyme’s enzymatic properties, their magnetic properties provide opportunities
for developing of bioseparation assays, imaging tools, targeted drug delivery and
hyperthermia therapy in the field of biomedicine.

Keywords IONzymes * Nanotechnology - Biomedicine - Peroxidase - Catalase *
Drug delivery

6.1 Introduction

Iron oxide particles show the properties of remanence and coercivity. Remanence
refers to the amount of magnetization retained by iron oxide at zero driving field,
and coercivity is the amount of driving field needed to demagnetize it [1]. Iron
oxide nanoparticles are paramagnetic or superparamagnetic in nature, which is a
superior characteristic over iron oxide particles [2]. So, they quickly aggregate and
re-disperse by applying and removing an external magnetic field, respectively [3].
Due to this property, iron oxide nanoparticles have multiple biomedical applications,
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which include but are not limited to biosensors [4, 5], bioseparation [6, 7], targeted
drug delivery [8, 9], magnetic resonance imaging [10] and hyperthermia therapy
[11, 12]. Haematite (Fe,O3) and magnetite (Fe;O,4) nanoparticles are considered
as iron oxide nanozymes (IONzymes) due to their enzymatic properties. The first
reported nanozyme was Fe3;O4 nanoparticles, which possess horseradish peroxidase
(HRP)-like catalytic activity [13]. Subsequently, different metals and metal oxides
having enzymatic activities similar to peroxidase, oxidase, catalase and superoxide
dismutase were studied [ 14—16]. Here, we present the catalytic activities of [IONzyme
and their applications in biomedicine (Fig. 6.1).

6.2 Enzymatic Activities of IONzyme

IONzyme is considered an enzyme mimetic as it possesses catalytic mechanisms
similar to natural enzymes [17]. They mimic the properties of enzymes such as
peroxidase and catalase of the oxidoreductase family [13, 18]. Both contain a non-
protein part (or cofactor), i.e. haem. Peroxidase acts on hydrogen peroxide (H,0O,)
and gives rise to free radicals, whereas catalase acts on HO, to give rise to oxygen.
Both of them play a crucial role in preventing oxidative damage in aerobic organisms.
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(1) IONzymes as peroxidase:

IONzymes (nanomaterials of Fe,O3 and Fe;O4) mimic peroxidase activity (Eq. 6.1).
Fe;O4 nanomaterial has been reported to exhibit better activity than Fe,O3 nano-
material [19, 20]. IONzymes show optimum peroxidase activity at 37-40 °C in an
acidic (pH 3-6.5) medium [18]. They can act on polysaccharides, lipids, proteins, and
nucleic acids and peroxidize all these substrates [19, 21]. Activators of [ONzymes are
AMP, ADP and ATP [22], and inhibitors are free radical quenchers such as sodium
azide, ascorbic acid, hypotaurine and catecholamines [17, 23].

Peroxide

(2) IONzymes as Catalase:

IONzymes also mimic catalase activity (Eq. 6.2). It has been shown that maghemite
(y-Fe,03) and Fe;04 nanoparticles decompose H,O, both at neutral and basic pH
[18, 19].

Catalase

2H,0, 280, + 2H,0 6.2)

6.3 Kinetics and Mechanism of Action of IONzyme

IONzymes follow Michaelis—Menten kinetics as in Eq. 6.3 [24].
V= (Vinax[S]) /(K + [S]) (6.3)

where ‘v’ is the initial velocity of the reaction, ‘Vy,,x’ is the maximal rate of the
reaction, ‘[S]’ is the concentration of the substrate, and ‘K ,,” is the Michaelis—Menten
constant.

Kcat = Vmax/[E] (64)

where ‘K ¢, is the catalyst rate constant that describes the limiting rate of any enzyme-
catalysed reaction at saturation (Eq. 6.4).

The determinations of V ax, Ky and K .o for [ONzymes are apparently determined
based on the peroxidase reaction. Tetramethyl benzidine-hydrogen peroxide (TMB-
H,0,) is a chromogenic substrate for HRP. This substrate produces a soluble blue
colour in the presence of HRP. This reaction can be stopped with an equal volume
of 1IN sulfuric acid. The optical density of the resulting yellow colour can be read at
450 nm. HRP can be replaced with IONzyme, which has a greater affinity for TMB
than the native enzyme. IONzyme’s surface has abundant iron in contrast to the one
iron in the HRP molecule, which may be attributed to its higher affinity.
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For the measurement of catalase activity, oximetry is preferred. An oxygen elec-
trode senses the rate of O, generation. The reaction rate of catalase is positively
correlated with the amount of molecular oxygen generated in the solution. However,
it may be affected by external factors such as temperature, diffusion and oxygen
in the air. Catalase can be replaced with IONzyme to perform the above process
[25, 26].

A haem group and a coordinated iron are present in the active sites of the enzymes
peroxidase and catalase. This helps with electron transfer during redox reactions.
In an IONzyme, the superficial surface may act as an active site. The affinity of
IONzyme towards H,O, can be enhanced by manipulating the surface of IONzyme
by molecular coating, imprinting or grafting other substances on its surface [24, 27].

6.4 Synthesis of IONzyme

IONzyme synthesis is achieved using the chemical methods, co-precipitation,
solvothermal preparation, sol—gel, oxidative hydrolysis, thermal decomposition and
Massart hydrolysis [27]. However, shape, size, morphology, nanostructure and
activity change from one method to another. Biogenic methods of IONzyme synthesis
like bacterial magnetosomes are possible, and they produce uniform-size IONzymes
with better dispersity and biocompatibility than chemical methods [28, 29]. Addi-
tionally, modification of IONzyme’s surface or its integration into other substances
can be done to form multifunctional hybrid nanocomplexes to facilitate its further
applications. For example, iron oxide is integrated onto the surface of graphene
oxide and hydrogel [30, 31]. It is hard to compare IONzymes produced by different
available methods and find the best one.

6.5 Properties of IONzyme

(1) Stability: IONzymes are more stable in comparison to natural enzymes like
peroxidase and catalase in a broad range of pH and temperature. For instance,
Fe; 04 nanozyme is stable at pH 1-12, with temperatures 4-90 °C although the
catalytic activity reduces at a pH below 5 and above 40 °C [32-34].

(2) Tunability: IONzymes can be tuned to enhance their activity by modulating their
shape, size and surface. Usually, the smaller the size of IONzymes, the supe-
rior the catalytic activity [35]. The activity of IONzymes could be improved by
doping with other elements like gold (Au), silver (Ag) and platinum (Pt). Au—
Fe; 04 nanoparticles (NPs) have more peroxidase-like activity than Fe;O4 NPs
due to the synergistic effect of Fe;O4 NPs and Au NPs. Also, polarization effects
from Au to Fe;O4 occur. Ag-nanowire coated on Fe;O4 NPs gives enhanced
peroxidase-like activity compared to Fe;O4 NPs. Pt—Fe;O4 NPs show enhanced
catalytic activity compared to Fe;O4 nanoparticles. Iron oxide NPs integrated
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into carbon nanomaterials exhibit better peroxidase activity than pure iron oxide
nanoparticles [24, 36, 37]. Surface modifications of IONzyme may substan-
tially increase, decrease or reduce its activity depending upon the microen-
vironment and nature of the substrate. Fe304 NPs modified with polyethylene
glycol decrease enzyme activity, but modifications with dextran have no substan-
tial effect. Likewise, the surface charge of IONzyme may increase or decrease
its activity. Heparin-coated negative surface charges of iron oxide nanoparticles
showed nearly sixfold higher peroxidase activity than those with ethyleneimine-
coated positive surface charges using TMB as the substrate. However, posi-
tive surface charges showed more than 11-fold higher peroxidase activity than
those with negative surfaces using 2,2'-Azinobis [3-ethylbenzothiazoline-6-
sulfonic acid]-diammonium salt (ABTS) as the substrate. ABTS is a chro-
mogenic substrate for HRP that yields a green end product after reacting with
peroxidase. Catalytic efficiency was further increased by lowering the size of
NPs [24]. Integration of biomolecules can enhance the IONzyme’s activity. For
instance, the peroxidase-like activity of DNA-capped iron oxide nanoparticles
and casein-coated magnetic nanoparticles has more effect than that of naked
nanoparticles using the TMB system [38].

(3) Multifunctionality: IONzyme has the property of superparamagnetism, and
enzymatic activity is an additional nanoscale feature. Hence, both of these
properties allow IONzymes for multi-purpose performance. IONzyme mimics
peroxidase activity in acidic pH and catalase activity in neutral pH [19]. So,
these activities can be regulated by changing pH in a cancer microenvironment
or a biofilm formed by dysbiotic microbiota. Moreover, [ONzyme can be used
as a vehicle to load numerous molecules into a pathway to perform cascade
reactions [39].

6.6 Applications of IONzyme in biomedicine

In the area of biomedicine, the enzymatic activity of IONzyme has been widely
reported. The peroxidase-like activity of IONzyme provides an opportunity for
designing colorimetric assays. Free radicals generated by it help kill microbes and
cells via the ROS-mediated signalling pathway.

(1) Enzyme alternative for immunoassay and pathogen detection

IONzymes can be used instead of peroxidase in assays based on peroxidase activity.
For example, IONzymes can be use in place of HRP-based detection in enzyme-
linked immunosorbent assays (ELISA) and other similar assays by conjugating
antibodies to them (Fig. 6.2).

Similarly, the superparamagnetism properties of IONzyme help enrich a small
amount of antigens and improve the sensitivity of the assay. For example, chitosan-
modified magnetic nanoparticles successfully detect a very small amount (1 ng/
ml) of carcinoembryonic antigen. This immunoassay has been reported to detect
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Fig. 6.2 IONzymes for immunoassay. The antibody recognizes the antigenic site of the analyte
and is then detected by the second antibody-coated IONzymes, which catalyse the oxidation of
colorimetric (TMB) substrates to give rise to a coloured product

IgG, human chorionic gonadotropin, epidermal growth factor receptor and human
epidermal growth factor receptor [18]. IONzyme can be used to develop a lateral flow-
based diagnostic test kit. This has been successfully achieved to detect glycoproteins
of the Ebola virus and is more sensitive than the standard colloidal gold strip. A
similar method has been used to detect the new bunyavirus. IONzyme’s surface is
coated with a forward primer and a biotinylated reverse primer, which can amplify the
target DNA during PCR. This can bind to a streptavidin-coated surface and produce
a signal via the catalysis of IONzyme. This assay can detect Vibrio cholerae with a
minimum of 103 colony-forming units/mL and show directions for detecting other
bacterial DNAs in food and water. IONzyme’s surface, coated with aptamers, has
the potential to identify target molecules with high specificity. This method has been
reported to detect Listeria monocytogenes in food [40].

(2) Enzyme cascades and substrate-based detection

Multiple enzymes can be brought together onto the IONzyme surface to execute a
cascade of enzymatic reactions to react with the substrate, followed by its detec-
tion indirectly by analysing the product. Glucose oxidase was bonded with Fe;O4
nanoparticles. Then, glucose was catalysed by glucose oxidase to produce H,O,.
H,0,; was catalysed by IONzymes due to its peroxidase activity. By using a chro-
mogenic substrate, a colour signal can be formed in proportion to the concentration of
glucose [19, 39]. This glucose detection method was reflected in many other reports
[24, 41, 42]. Similarly, different oxidases that can produce H,O; as an intermediate
in a cascade of reactions can be bonded to IONzyme to detect the corresponding
substrates. In this regard, galactose oxidase for galactose, cholesterol oxidase for
cholesterol and alcohol oxidase for alcohol have been reported to be used in [ONzyme
base detection [43, 44]. Integrating of a series of natural enzymes into IONzyme to
participate in a cascade reaction offers a novel approach to developing assays for
detecting any molecules present in the cascade.

(3) Diagnosis of tumour and its therapy

IONzyme shows promising applications for the diagnosis of tumours and their
therapy. For tumour diagnosis, an IONzyme called magnetoferritin (MFt) nanopar-
ticles, a superparamagnetic protein, can be used. MFt nanoparticles were encapsu-
lated inside the shell of human heavy-chain ferritin. Upon delivery, this binds to
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cancerous cells overexpressing transferrin receptor 1. The peroxidase activities of
IONzyme allow the oxidation of target substrates in the presence of H,O, resulting
in the formation of coloured products. The coloured product can be seen in the solid
tumour [45]. In a therapeutic approach, IONzyme can be used to kill cancer cells by
catalysing H,O, and producing toxic radicals in the tumour microenvironment. For
this, delivery of H,O, into the target tissue in vivo or integrating an enzyme that can
produce H,O, using a substance in the target tissue as a substrate may be consid-
ered. This approach has been tested using Fe;O4 nanozyme and H,O, in a mouse
model of cervical cancer [46]. Iron present in the nanomaterials produces a lot of
ROS, resulting in the death of cancer cells, or induces polarization of macrophages
in tumour tissues to reduce their further growth without administration of H,O, from
outside [47, 48]. Such anti-cancer effects may be attributed to the enzymatic action
of iron in nanomaterials, which is similar to IONzyme. It is crucial to understand
the safety of IONzyme in terms of its distribution, kinetics, action and clearance in
an animal model. Fe;O,4 nanoparticles coated with dextran were localized mostly in
the liver, lung and spleen and less in the kidney, lymph nodes and thymus. Usually,
nanoparticles are taken up by the reticuloendothelial system and circulated to the
liver, lung and spleen.

(4) Anti-bacteria and biofilm elimination

IONzymes have the potential to kill bacteria and reduce biofilm formation [49]. H,O,
gives rise to free radicals in the presence of IONzyme, which can destroy bacterial
cells by attacking their membrane proteins or genetic material in the nucleus. The free
radicals inhibit bacterial biofilm formation. The peroxidase-like activity of [IONzyme
facilitates increasing the anti-bacterial action of H,O,. The increased effect has been
reported on Escherichia coli and Staphylococcus aureus [46, 50]. These anti-bacterial
properties are helpful to kill multiple-drug-resistant bacteria, inhibit sepsis and heal
injuries. Free radical production and peroxidase activity in the presence of Fe;O4
nanozyme lead to oxidative damage of the components of biofilm, such as oligosac-
charides, nucleic acids and proteins. The action of [IONzyme and H, O, independently
is not efficient, but synergistic effects work better for oxidative degradation [18]. The
Fe;04 nanoparticles and H,O, work as a system to cleave biomolecules, resulting in
the degradation of existing biofilms and preventing the formation of new ones. This
approach has been reported to target microorganisms in the oral microenvironment
to inhibit the formation of plaque and dental caries [51]. The peroxidase-like action
of IONzyme breaks glucans in the biofilm matrix into glucose and kills microbes
like Streptococcus mutans. It also reduces the demineralization of teeth in an acidic
environment created by dysbiotic microbiota. These reports suggested the potential
of nanozymes as a compelling option for managing of biofilm-related illnesses.
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6.7 Conclusion

IONzyme is regarded as an enzyme mimetic of the new generation due to its strong
catalytic properties. The kinetics of IONzyme were subsequently investigated to
elucidate its mechanism of action and improved by manipulating its size, shape,
surface, dopants and combination with other nanoparticles. This facilitates sensibly
designing the appropriate nanozymes for practical appliances. Compared to natural
enzymes and other mimetic of natural enzymes, IONzymes are more stable. Also,
they are multifunctional and versatile since they can be modified by additional
labelling to function on multiple platforms in terms of assay development and therapy.
These properties have shown a new direction for using magnetism-independent iron
oxide nanomaterials. It has been reported that magnetic iron oxide materials can
be used in the field of biomedicine in some specific instances, like DNA isolation,
delivery of genes to the target, sorting of desired cells and imaging of solid tumours.
For instance, we can sort T-cells to be used in chimeric antigen receptor (CAR) T-
cell therapy, an important immunotherapy for treating cancer. These uses are based
on their magnetic properties. [ONzymes, to which the enzyme-like properties bring
further advantages like immunoassays, detection of microbes, diagnosis and therapy
of tumours, biofilm removal, and free radical modulations at different levels for
cellular differentiation and development. As yet, several IONzymes and their appli-
cations have been addressed, but several insight challenges still need to be addressed.
A standard procedure is needed to calculate and compare the activities of different
IONzymes from independent preparations. Specific activity is one way to evaluate
enzyme activity. More specific evaluation is needed for calculating the Ky, K, or
K /Ky in the same reaction conditions in terms of substrate quantity, temperature,
pH and buffer.

IONzymes are not natural, and their interaction, affinity and action are not the same
as those of natural enzymes; the method to improve their selectivity is still incomplete.
The feature of interaction at the molecular level between enzyme and substrate may
help to synthesize IONzymes with enhanced selectivity. Molecular imprinting is
one way to improve the IONzyme’s selectivity. Enzyme-mimicking activities of
IONzyme are studied mostly in catalase and peroxidase. Numerous natural enzymes
utilize iron as a cofactor to execute catalytic activities. Therefore, it is vital, though
difficult, to design IONzyme with a preferred action. The probable clue remains
in understanding the detailed structure and functions of natural enzymes. In vivo
activities of IONzyme and their correlation with catalytic activity, therapeutic effect,
and biocompatibility still need to be clearly understood. Iron oxide nanoparticles
got clinical permission for magnetic resonance imaging (MRI) of tumours in vivo.
However, its biocompatibility and intrinsic peroxidase and catalase-like activities
need to be carefully evaluated. Influences on reactive oxygen species-sensitive events
in vivo need to be investigated. These include immune activation and r