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Preface

Nanoscience and nanotechnology offer numerous benefits in various areas, including
human health, food processing, environmental safety, and device engineering.
Nanofibers are materials in the diameter range of 3-100 nm and length range of
0.1-1000 pm. They are well known for their vast range of applications in sensors,
catalysts, conductors, tissue engineering, and so on, owing to their high surface
area-to-volume ratio, high porosity, and the ease of tuning their structures, func-
tionalities, and properties. Knowledge of how atoms are united and how nanosized
materials are made is essential to understanding nanoscience. In this book, research-
ers from all over the world highlight the importance of nanofibers in different
aspects.

This book includes review and research articles related to the synthesis, charac-
terization, and application of nanofibers. In Chapter 1, Dr. Sista reviews new
perspectives of nanofiber synthesis and applications. In Chapter 2, Dr. Pal and

Dr. Giri summarize the green synthesis of nanofibers. In Chapter 3, Dr. Yudoyono
et al. discuss the electrospinning of carbon nanofibers using PVA polymer. In
Chapter 4, Ph.D. Kizildag presents recent advances in applications of ceramic
nanofibers. In Chapter 5, Dr. Hiremath et al. introduce antibacterial nanofibers
produced by electrospinning. In Chapter 6, Prof. Kanu et al. demonstrate the
fabrication of biofunctional curcumin/gelatin nanofibers and their healing process.
In Chapter 7, Associate Prof. de Menezes et al. discuss eletrochemical behaviour

of cellulose nanofibrils functionalized with dicyanovinyl groups, and their use as
electrocatalysts for carbon dioxide reduction. In Chapter 8, Prof. Dungani et al.
review the production of nanocellulose using cellulase enzymes through Symbiotic
Culture of Bacteria and Yeast (SCOBY). In Chapter 9, Prof. Stine and Dr. Sondhi
discuss the progress in synthetic techniques over the last ten years to prepare porous
gold films with emphasis on the technique of electrodeposition. In Chapter 10,

Dr. Akande et al. report various methods of fabricating and manufacturing micro
and nanosensors, membranes, and energy devices.

In Chapter 11, Prof. Jha addresses microwave-assisted synthesis of organic
compounds and nanomaterials as a promising area of modern green chemistry.

In Chapter 12, Prof. Chase et al. discuss polarization of electrospun polyvinylidene
fluoride fiber mats and fiber yarns. In Chapter 13, Prof. Rout et al. summarize recent
developments in the field of 2D material-based all-solid-state microsupercapacitors.
In Chapter 14, Dr. Rodriguez et al. present research on pulsed electrochemical
micromachining of stainless steel. In Chapter 15, Prof. Swaminathan examines the
low-cost fabrication processes of radio frequency-micro electro mechanical systems
switch and packaging. In Chapter 16, Dr. Khan et. al. presents a comprehensive
review of the latest advances of transparent electrodes for flexible and stretchable
electronics. Finally, in Chapter 17, Dr. Navarro Santos et al. discuss calculation of
the electronic properties and reactivity of nanoribbons and propose a conceptual
density functional theory to calculate energetic, electronic, and reactivity of



one-dimensional nanomaterials such as carbon nanoribbons. This book is a useful
resource for academics, professionals, scientists, and graduate and undergraduate
students.

I am indebted to my wife, Mrs. Kumari Smita for her helpful comments on several
chapters and excellent support in conceptualizing this book.

Dr. Brajesh Kumar
Department of Chemistry,
TATA College,

Kolhan University,
Chaibasa, Jharkhand, India

XIvV



Chapter1

New Perspective of Nano Fibers:
Synthesis and Applications

Deepthi Sista

Abstract

Nano fibers are most attractive materials in the scientific world due to their
enormous applications in various fields. Their applications start with generation of
energy, solution to environmental problems and continues with medical field and
many more. Nano materials got much importance from their peculiar electrical,
optical, mechanical and thermal properties. Fibrous materials are obtained from
several sources and by different mechanisms these materials are converted into
nano materials. As of bulk fibers include specific properties compared to other
materials, the generation of nano fibers enhance all the properties. The synthesis of
nano fibers from natural and synthetic polymers, metals, semiconductors, compos-
ite materials, carbon based materials lead to new perspective in science and engi-
neering fields. Most pronouncing techniques that include conventional and modern
methods are available to fabricate nano fibers from these materials. Of them some
are being used from a long time and some are emerging techniques to generate
flexible substrates. Electrospinning, template based synthesis, polymerization, self-
assembly, sonochemical synthesis are the conventional methods for the production
of nano fibers. New technologies include electro hydrodynamic writing, plasma
induced synthesis, centrifugal jet spinning, CO, laser supersonic marks a trend in
development of nano fibrous materials. This chapter give details about fabrication
materials and provides synthetic routes to generate them along with applications.
Also this chapter focuses on the challenges in development of nano fiber technology
in commercial perspective.

Keywords: Nano fibers, fabrication materials, synthesis techniques-conventional
and modern

1. Introduction

Scientific and technological world at present focuses on nano meter range
fibrous materials which have excellent physical, chemical, biological and optical
properties. Materials made from these fibers have great fundamental importance
due to their flexibility and high directional strength. These are light weight with
well-regulated pore structures and high surface to volume ratio. Fibrous materials
at nano scale have shown excellence in every fundamental property. Nano fibers are
well suitable in designing functional materials, used in tissue engineering, filtra-
tion, sensors, clothing and can also be used for energy storage. Specific morpho-
logical characteristics of nano fibers resembles original cellular matrix impacts
living nature.

1 IntechOpen
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Unambiguous properties of nano fibers intend to modify or reinforce polymer
matrices that have large beneficiations to mankind.

2. Importance of nano fibers to the present day perspective

Today’s world is facing many challenges to run things in a smooth manner. Many
man made things outburst as a threat to human life. In order to overcome such
challenges researchers looked into fabrication of nano fibers that have substantial
benefits in various fields. For example, globalization and modernization brought
many hazardous things like plastic into day to day life of common man. Plastic is
one of major pollutant that cannot decompose easily into Earth. Likewise, many
materials are bringing challenges for better livelihood.

Nano fibers are alternative resources for many materials due to their excellent
properties. These materials are emerging as substituents for original materials due
to their low cost, low density, high porosity, high energy. These unique features
enable nano fibers for novel applications.

Nano science and nano technology have been vital applicative for scientific
world since antiquity. Impact of nano on the present world empowers and drives
one to develop new aspects in many areas. Researchers thrive to dwell the inherence
of nano to synthesize from different materials. Fibrous materials have been used as
best replacement for many non-renewable sources with less cost. They have been
used in day to day applications like mobiles, solar cells, batteries, filtration mem-
branes etc. In many cases these materials are taken from end users or wastes. For
example, cellulose nano whiskers can be prepared from coconut fiber [1]. Sea algae
is also being used to prepare nano fibers with numerous applications [2]. Different
methods like electron spinning, self-assembly, template synthesis, thermal induc-
tion and phase separation etc. are used to make nano fibers [3]. These methods
include chemical and mechanical techniques. Nano fibers extracted from natural
and synthetic polymers are authentic besties to nature.

Flexibility, high tensile strength is the major advantage of these fibers with
enhanced properties. Knowing about the various types of nano fibers, their syn-
thesis, properties with basic as well as commercial applications at one glance is the
main emphasis of this chapter.

3. Generation of nano fibers

Nano fibers are generated from diverse materials show differences in physical
properties as well as application potentials. Natural polymers, synthetic polymers,
carbon based materials, metals, ceramics, semiconducting materials and composite
materials are used for the preparation of nano fibers [4]. Figure 1 shows the materi-
als used to synthesize nano fibers. Each of these materials have specific importance
and applications.

4. Natural and synthetic polymers

Dominance of renewable sources in the preparation of nano fibrous materials
has been increased drastically in this decade due to their environment friendly
properties. These renewable sources include polymers were paid much attention
from their biocompatible, bio degradable and bio active nature. Starting from
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Nano Fiber
synthesis from Metals

matenals

Figure 1.
Synthesis of nano fibers from various materials.

physical properties proliferation, adhesion, migration, cell adhesion are most
evitable properties the makes one to rely to produce nano fibers.

Collagen, Cellulose, silk fibroin, keratin, gelatin and polysaccharides (chitosan,
alginate) are the natural polymers and can be used to synthesize nano fibers using
various techniques [5-7].

4.1 Collagen

Collagen is an excellent protein in the extra cellular matrix found in connec-
tive tissues of body. The structure of collagen is helical with amino acids bound
together which is elongated fibril also known as collagen helix. Nano fibrous
materials generated from this regenerative biopolymer are used in reconstruction
of tissues [8].

4.2 Cellulose

Nano structured cellulose fibers are commonly referred as cellulose nano fibers.
Cellulose nano crystal, cellulose nano fibers, nano fibrillated cellulose and bacterial
nano cellulose are the nano fibered cellulose with different physical, chemical and
biological properties [9].

These fibrils are with high aspect ratio that is 5-20 nm width and some microm-
eters length. Many plant based products, biological products, sea products are the
basis of cellulose. As an example the nano fibers from cellulose develops microfiber
3D printing network [10].

4.3 Silk fibroins

Silk fibroin is produced from silkworms and spiders. It has excellent mechanical
properties with biological compatibility, morphological flexibility used to produce
nano fibers mostly using electrospun technique [11]. The stability of fibers from
silk is obtained from chemical treatments such as methanol, ethanol, propanol and
water vapor. If viscoelasticity of silk fibroins is increased with blending them with
polymers an improvement in mechanical properties were observed while biological
properties remain [12].
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4.4 Keratin

One of the most abundant non-food protein is Keratin. Components of hair,
feathers, nails, horns of mammals and birds are the many sources of keratin [13].
Despite of having so many good characteristics the keratin wastes are being pol-
lutants. If the wastes are brunt they would release toxins due to Sulphur content.
Instead of burning them and make as pollutants one can produce nano fibrous out
of keratin by electrospinning technique that finds application in tissue engineering
and many filtration devices [14].

For example, human hair mixed with polycaprolactone (PCL) in proper propor-
tions to produce nanofibrous membranes that have excellent applications to develop
composite materials and also can be used in various biomedical applications [15].

4.5 Gelatin

Gelatin is a natural polymer which is renewable acquired by fractional hydro-
lysis of collagen. It is most favorable bioengineering material due to its low cost,
high biocompatibility and biodegradability [16]. Electrospun gelatin nano fibers
face a difficult in water solubility with poor mechanical strength. To overcome this
problem crosslinking technique like drying, heating and UV light exposure with
some chemical treatments are induced [17].

4.6 Polysaccharides

Chitosan is one of polysaccharide obtained from deacetylation of chitin poly-
mer. It is a natural source found in exoskeleton of insects, crustaceans and fungi.
With excellence in properties like biodegradability, biocompatibility, nontoxicity
chitosan suits for biomedical applications. Large variety of fungi, yeasts, bacteria
can be inhibited by chitosan and through electrospinning technique nano fibers
are prepared [18]. These specifications made chitosan ample with opportunities in
biomedical and other fields of industry.

5. Synthetic polymers

Polyvinyl alcohol Polycaprolactone (PCL), polyurethane (PU), poly(lactic-
co-glycolicacid) (PLGA), poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV), and poly(ethylene-co-vinyl acetate) (PEVA) are the synthesized poly-
mers that can be used to prepare nano fibers with different techniques [19-21].
Poly Lactic acid (PLA), Poly glycolic acid (PGA) and their copolymer (PLGA) are
biodegradable found applications in medical field [22].

These all are water soluble polymers with good mechanical properties. Some of
these synthesized polymers are strong enough with good antimicrobial and anti-
fungal activities. Combining with natural polymers these synthesized new scaffolds
were prepared for various applications [23].

6. Semiconducting materials
In the present day scenario semiconducting materials looks forward to develop
many new technologies that relates to environment and society. Reduction of a

material to its nano size exhibit numerous novel properties with a wide range of
applications include energy materials, optoelectronic devices, biomedical imaging

1
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etc. [23]. The size dependent tuneable band gaps of semiconductors exhibit excel-
lent properties and are used to generate nano fibers. Many fibrous materials that
possess semiconducting properties can be prepared from versatile techniques. Three
different sources acetylene, ethanol and cotton were used to prepare semiconduc-
tor carbon nano fibers. Many electronic functionalities like light emitting diodes,
photonic compounds, field effect transistors are used to fabricate nano fibers [24].

6.1 Metals and composite materials

Metals and composite materials have explicit optical, physical and electrical
properties. These special features avail the materials amalgamate with nano fibrils
to develop new fibrous materials [25]. The newly developed materials exhibit
stability, flexibility, bio compatibility, selectivity and improved sensitivity.

6.2 Carbon based materials

Formation of stable organic as well as inorganic molecules is possible from
high flexible nature of carbon. Notable mechanical, thermal, electrical properties
versatile carbon materials and intrudes the formation of carbon nano fibers [26].
These CNF’s also acts as essences for composite materials.

Nano fibers from these materials can be obtained from various physical, chemical
or mechanical techniques explained in detail further in this chapter.

7. Synthesis Mechanism

Synthesis of nano fibers include various chemical and mechanical and opti-
cal methods. From their early preparation till to date so many techniques keep
on coming to generate fibrous materials in nano size. Nano fibers are generated
from various technologies electrospinning, self-assembly, template based synthe-
sis, polymerization, sonochemical synthesis [27]. Figure 2 shows the synthesis
mechanism of nano fibers from various techniques. Along with these methods
freeze drying or lyophilization is another technique used to produce nano fibers
from cellulose materials. There are few ongoing and upcoming new technologies
to synthesize nano fibers. Few of them are electro-hydrodynamic writing, plasma
induced synthesis, solution blow spinning, centrifugal jet spinning, CO2 laser
supersonic drawing.

Of all the availability techniques electrospinning is adaptable mechanism for
the production of nano fibers [28-31]. In this technique simple experimental
arrangement is used to prepare nano fibers. An electric source, a syringe with
nozzle, a counter electrode, target and a pump is the experimental setup to gener-
ate fibers at nano scale as shown in Figure 3. The principle of this technique is
the electrostatic repulsion force produced in a high electrical field. The ejected
solution forms into Tylor cone due to the potential difference. The solvent in the
solution evaporates that leads to the formation of nano fibers and collected at
collector. New improvisation in conventional electrospinning technique is done to
generate nano fibers with enhanced properties. There are several types of electro-
spinning methods that includes multi axial, Co-axial, tri axial electrospinning,
bi-component, mutlineedle electrospinning, needle less- bubble, two-layer fluid,
splashing electrospinning are the techniques implementing to improve the nano
fiber productivity [32].

Majority of fibrous materials from natural and synthetic polymers are generated
from electrospinning and its related techniques.
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Figure 2.
Representation of Conventional and Modern Methods for synthesis of nano fibers.
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Figure 3.
Representation of nanofiber production with basic electrospinning method [32].

7.1 Self-assembly

Self-assembly is one of the technique used to produce a variety of nano fibers.
Self-assembly peptides are capable of producing scaffolds that improvises lumines-
cence efficiency of nano clusters. Natural structural materials are self-assembled
by acquiring desirable properties such as mechanical strength, thermal stability
and biocompatibility. Peptide and peptide amphiphiles nano fibers are synthesized
using self-assembly (Figure 4) [33].
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Figure 4.
Generation of nano fibers through self-assembly, phase separation and electron spinning [33].
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7.2 Template synthesis

Nano fibrils and hollow nano fiber are produced by template synthesis
mechanism. Nano fibrils are prepared within the microporous membrane or
any solid pores. Desired morphology of nano fiber is obtained by pre-config-
uration. Figure 5 shows a method for preparation of nanofibers. Sol-gel or
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electrodeposition are used to fill cylindrical pores at nano scale. Nano fibers are
formed below the template [34].

7.3 Polymerization and sonochemical synthesis

Polymerization is a specific method used to synthesize nano fibers from polyani-
line [35]. Three major methods are used to produce nano fibers. Chemical oxidative
polymerization, interfacial synthesis and rapid mixing reactions [36]. A traditional
way of obtaining fibers from polyaniline is the chemical oxidative polymerization.
Polymerization takes place with the addition of aniline and an oxidant in acidic
solution. By this method nano fibers without fine structure are formed. However,
ultrafine nano fibrous material is produced when potassium biiodate is used as
oxidant, then crystalline fine structured nano fibers were formed [37]. Polyaniline
nano fibers were produced with homogenous nucleation. In this process overgrowth
of molecules occurs and is controlled by the formation of nano fibers.

A powerful ultrasound irradiation is utilized for chemical reaction of molecules
is sonochemical synthesis. Using this methodology, the molecules undergo high
temperature and pressure conditions to produce varied range of nano structured
materials. Polyaniline nano fibers can also be obtained from this method [38].

7.4 Electro hydrodynamic writing

Electro hydrodynamic writing is a modern technique that drew attention of
many with great potential in rendering nano fibers into highly flexible and control-
lable substrates. This technology gives highly controllable, flexible aliened micro/
nano fibers [39]. Output obtained through electro hydrodynamic writing in devel-
oping nano fibers is so popular due to low cost, high flexibility and intense applica-
tions in various fields. Direct writing is possible from mechanoelectrospinnig to
obtain direct hierarchal nano or microfibers. Unlike the general electrospinning
mechanisms this method uses mechanical force that stimulates positioning of fibers
with controllable morphology. Figure 6 shows the mechanism is used to produce
nano fibers from assisted air flow with constrained force and additional stress that
enhances jet stability. A versatile system is being developed for the production of
ultrafine, highly flexible and stretchable electronics using nano fibers and there by
applied in the formation of sacrificial structures [40].

7.5 Plasma induced synthesis

Plasma induced synthesis is used to generate nano particles in different shapes
and nano fibers in five steps. (i) rapid bombardment of radicals on electrode surface
(ii) atomic vapor deposition (iii) plasma expansion (iv) condensation of solution
(v) in situ reaction of oxygen and growth of nano fibers [41]. In the production of
nano fibers plasma generation is the key role. It is generated from discharge of pulse
between electrodes in solution by direct current. Silver nano particles are induced
on chitosan nano fibers are to confirm antibacterial activity [42].

7.6 Solution blow spinning

Solution blow spinning is a new emerging modern technique in fabrication
of nano fibers. Both electrospinning and melt blowing elements are combined to
organize this technique for the production of micro and nano fibers. Using this
method production rate increases drastically. Figure 7 shows the experimental
arrangement of solution blow spinning. A syringe pump is used to deliver polymer
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Figure 6.
Electro hydrodynamic writing to produce nano fibers [40].
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Figure 7.
Representation of solution blowing technique [43].

solution pumped through a nozzle under compressed air supply. This is used in situ
deposition of nano fiber mats and mostly used for tissue engineering applications
[43]. As an example nano fibers generated from solution blow spinning are used for
composite air filter masks [44].

7.7 Centrifugal jet spinning

A new technique with high efficient, low cost and greater throughput to fabricate
nano fibers is centrifugal jet spinning. Figure 8 shows a dc motor with flexible air



Nanofibers - Synthesis, Properties and Applications

Collectors

/ \ Fibers

Spinneret

Liquid Jet

" Flexible Air Foil
DC Motor

Figure 8.
Schematic diagram shows centrifugal jet spinning [45].

foil with liquid jet and spinneret is used to produce fibers. Two collectors are there
to collect the obtained nano fibers [45]. When the centrifugal force overwhelms
surface tension of polymer liquid material that stretches out the solution forming
nanofibers in solid form. As an example a new spin nano fibers are used to produce
nano fibers that is used as a fibrous mat scaffold for bone regeneration [46].

7.8 CO; laser supersonic drawing synthesis

This technique is a novel method to develop long nano fibers by irradiation with
CO; laser at supersonic velocities. Melted fibers are gone through supersonic airflow
to draw nano fibers in the range of diameters. Estimation of flow velocity is done by
computer program. Through this process several natural and synthetic polymers are
being used to yield nano fibers [47].

8. Applications

Numerous applications of nano fibers are fascinating world due to their use in
generating energy, many biological, medical field, in defense, food industry, water
and environment. Each of these fields have specific developments from nano fibers
as shown in Figure 9.

8.1 Energy applications

Nano fibers emerged as best replacement for electrodes from anode and
cathode materials used in lithium ion batteries. Many factors like electrochemi-
cal performance, limited capacity, high cost of materials affect the usage of
lithium ion batteries as large scale storage devices [48]. Introduction of nano
fibers as electrode materials paved way for generation of energy in batteries and
fuel cells. The advantage of nano fibers being used as electrodes came from the
properties such as high porosity, large surface area. The capability of nano fibers
has extended from lithium-ion batteries to three dimensional interconnected
networks. Metal organic frame works derived from metal oxides were intruded
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Figure 9.
Applications of nano fibers in various fields.

in carbon nano fibers through electrospinning to improve electrical conductivity
with excellent rate capability [49].

Hydrogen is one of the future energy generation sources best carrier for renew-
able fuels due to its high energy content. Limitation in the availability, economical
storage and generation are the challenges in the use of hydrogen as energy carrier.
Nano fibered structures are synthesized to improve hydrogen storage.

8.2 Medical applications

Nano fibrous materials acts as best alternative scaffolds for tissue engineering as
well as regenerative medicine [50]. Specific properties of nano fibers make them bio-
logically active. Replacement of cells or tissues to exhibit proper body mechanism is
the regenerative medicine. Transplantation of cells or tissues is done by various bio-
logically active materials. Of them scaffolds developed from nano fibers are impor-
tant as these are favorable layout for cellular growth, proliferation [51]. Natural or
synthetic fibers are majorly used for tissue engineering as they have biocompat-
ibility, biodegradability. As an example improved angiogenesis (development of new
blood vessels) is improved through nano fibers for tissue engineering applications.
Hard and soft tissues reconstruction is done by nano fiber scaffolds [52].

8.3 Food industry

The use of nano fibers especially cellulose nano fibers from various materials
like fruit peel extracts, sea alga, bacteria, fungi have been utilized in food industry.
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The use of nano fibers in food industry starts from packing, protecting aromatic
and unstable compounds in beverages, monitors storage and in detection of
pesticides [53]. Also nano sensors are used for quality assessment.

8.4 Water and environment

Morphology of nano fiber materials is attracting researchers due to numerous
applications in environmental and water related issues in recent developments.
Membranes of nano fibers developed from electrospinning technique shows greater
prospective in waste water treatment and recycling. Many water treatment func-
tionalities such as separation, adsorption, photo catalysis and antimicrobial activi-
ties can be treated effectively by nano fiber membranes Fiber mats prepared from
nano fibers act as best filtration membranes that minimizes pressure drop with
better efficiency than conventional mats. The contaminants in water and air were
absorbed from the membranes of nano fibers with large surface to volume ratio and
shows an increment in the life time of these mats [54].

8.5 Electronics and defense
Many micro and nano electrical devices like ultra-light weight space craft

materials, electrostatic dissipation, nano solar cells, LCD devices are manufactured
with nano fiber materials in electronics [55].

Types of nano fibers Fabrication techniques Advantages Applications

Natural Polymers Electrospinning, Template Natural Polymers Food industry, medical

based synthesis, Electro
hydrodynamic writing,
CO, laser supersonic,
centrifugal jet spinning,
plasma induced synthesis

are obtained from
renewable sources,
eco-friendly and
low cost

applications, water
and environment,
protective clothing

Synthetic Polymers Electrospinning, Synthetic polymers Wound dressing,
Electro hydrodynamic provide optimal filters, drug delivery,
writing, self-assembly, support to cell cytotoxicity studies
polymerization attachment

with improved
mechanical
strength.
Semiconducting, Electrospinning, With specific Biomedical,

metals and composite
materials

centrifugal jet spinning,
solution blow spinning

physical, chemical
and mechanical
properties
nanofibers obtained
from these materials
intrudes into many
devices.

optoelectronic, bio
imaging and sensors

Carbon based
materials

Electrospinning,
sonochemical synthesis,
template based synthesis

These are the
materials which
produce three
dimensional
graphene structures
with high surface
area, porosity,
flexibility.

Super capacitor, air
purifier, batteries and
sensors

Table 1.
Types of nano fibers advantages and applications.
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Nano fibers are the fantastic materials that found applications in defense. Face
masks, chemical protective clothing liners, decontamination wipes etc. were pre-
pared from nano fibers to improve their efficiency at low cost. Polyethylene oxide
nano fibers serves as detoxifying substances against chemical war fares [56].

Table 1 shows the synthesis of nano fibers from various materials, their fabrica-
tion techniques, advantages and applications.

9. Conclusions

Nano fibers are excellent materials designed from various materials like natural,
synthetic polymers, metals, semiconductors and many more. These nano fibers
have been developing since ages till to date with lot of improvement in their synthe-
sis mechanisms. With a drastic improved properties nano fibers have pronounced
applications in different fields. The fabrication methods include conventional meth-
ods like electrospun, template based synthesis, polymerization, self-assembly and
sonochemical methods and modern methods like electro hydrodynamic writing,
plasma induced synthesis, solution blow spinning, centrifugal spinning and CO,
laser supersonic technologies. New technologies to fabricate nano fibers are being
developed day by day to meet the requirement of society. These nano fibers are syn-
thesized from natural, synthetic polymers and from different materials like semi-
conductors, carbon based materials and many more. Applicative orientation makes
these nano fibers a specific alternative to non- renewable sources. Still researchers
are keenly looking into the real time applications of these nano fibers at huge.

10. Challenges and future research work

There is a huge demand of nano fibers due to their numerous applications in
various fields. These acts as best alternatives for solving many life leading prob-
lems that include water and purification, health related issues, electronics, energy
derivatives etc. Nano fiber entrustment in all areas with commercial acceptance is
the present challenge to the scientific world. Novel development in the fabrication
of nano fibrous materials is the ongoing and future research work.
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Chapter2

Green Synthesis of Nanofiber and
Its Affecting Parameters

Dan Bahadur Pal and Deen Dayal Giri

Abstract

Nanofibers, the widely applied in various field of science research, is one of
the important area in nanotechnology research. Nanofibers can be classified into
polymeric, ceramic and composite nanofibers depending upon the material used.
A variety of nanofibers are applied in field of energy storage, biotechnology and
healthcare industry, environmental engineering, as well as security and defense.
The wide uses of nanofibers are mainly due to low density, high porosity, tight
pore size and large surface area per unit mass. Synthesis of nanofibers depends
upon various parameters of solution like molecular weight of polymer, concentra-
tion, electrical conductivity, surface tension and viscosity. The process parameters
affecting nanofibers synthesis are distance between needle tip and collector,
feeding rate of polymer material and electric field.

Keywords: green synthesis, nanofibers, solution parameters, process parameters

1. Introduction

The basic purpose of the green chemistry is to diminish waste generation by
complete consumption of material in the processes, or eliminate the generation
and avoiding the processes that hazardous waste for human health [1]. Industrial
and academic researchers are now more focusing on ‘green’ polymers from nature,
instead of polymers derived from petroleum because of their sustainable environ-
ment-friendly nature, easy biodegradability and less energy need for renewing [2].
Fibers having diameters ~100 nm or lower exhibit special features are called nanofi-
bers. These fibers have unique high surface area with respect to the mass compared
to conventional fibers. They have high surface area ~ 1000 m?/g, high porosity, tight
pores and low density. These features of materials are desirable for their applica-
tion in different fields [2]. Some fields in which polymeric, ceramic and composite
nanofibers are used include healthcare industry, biotechnological applications,
environmental engineering, defense, security and energy storage. Researchers are
interest to synthesize nanomaterials with special physical and chemical features
for their application in the above mentioned fields. The extensive improvement
has been recorded in the area of nanoparticles, nanotubes, nanofibers, nanolayers,
nanodevices and nano-structured biological materials.

Providing clean drinking to public and improving their general health status is an
important field of research and application of nanomaterials. Nanomaterials adsorb
metals from the water on their surface and detoxify it [3]. The nanomaterials with
large surface area naturally have high sorption capacities and less disposable waste
generation. In nanostructures more unsaturated surface atoms get exposed, proximal
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functional groups enhance reactivity and show nanoscale effect with decrease

in particle size <20 nm diameter. A nanoparticle can have high adsorption for a
selected metal [3]. Oxides of aluminum, iron, manganese and titanium have been
investigated for their potential heavy metal adsorption from water. Titanium dioxide
(TiO2) anatase has been applied in many industries. Bulks as well as nanoparticles
of Titanium dioxide (Titanium dioxide (Ti02)) were able to degrade and remove
organic compounds in presence of UV light and redox reactions in water [3].

The suitability of the sorbent for treating an inorganic pollutant depends on
the cost effectivity and technical applicability. It is always necessary to develop an
efficient and cheap adsorbent for the removing heavy metals from the industrial
effluents, especially in the economically weak developing countries. Polymeric
ceramic nanofibers are good option in this regard. For unit mass ceramic nanofibers
harbor extraordinary high surface area and porosity. These low cost fiber show
excellent structural and mechanical properties like high axial strength and extreme
flexibility for a low basis weight [4].

lijima (1991) discovered carbon nanotubes (CNTs) having excellent properties
and applications. Depending upon layers of carbon atom in the wall, the tubular
sheets of graphite are called single-walled CNT or multi-walled CNT [4]. Many
heavy metals (Cr, Cu, Cd, Ni and Pb,) have been removed from waste water using
CNTs [4]. The actual mechanisms by which metal ions get adsorbed onto CNTs is
little bit complicated, however, possible it involves electrostatic attractive forces,
sorption-precipitation or other chemical interaction between the metal ions and
functional groups on the CNT surface.

The polymers applications are generally limited due to their poor mechanical
strength and low antimicrobial resistance. A modification of polymers rectifies
the limitations and improves wound healing property. A prominent biopolymer
polylactide (PLA) has been exploited immensely in biomedical field due to biode-
gradability and biocompatibility [5]. Scaffolds of PLA temporary provide struc-
tural support to cells and tissue during healing by modulating cellular response
that is helpful tissue engineering [6]. Wounds, cuts and damages skin heal rapidly
in absence of germ because microbes on such surface trigger the immune response
of our body and inflammation damage tissue leading to compromised self-healing.
If such polymer scaffolds could contain antimicrobial agents capable to prevent
opportunistic microbe on the wound surface, the healing process could be acceler-
ated. When silver nanoparticles (AgNPs) impregnated into the polymer matrix,
they impressive impart antimicrobial activity to scaffold in addition to improving
mechanical, chemical, catalytic activity. Biomedically Ag-NPs have been applied in
wound dressing material and in diagnosis of cancer [7] and sutures [8]. In addition
to the antimicrobial activity, non-toxicity AgNPs are utilized in the fabricating
non-infectious scaffolds. AgNPs are synthesized by using reducing chemical
agents such as sodium borohydride [9], hydrazine etc. However, they have been
extensively synthesized by use of medicinally important plant extracts [10]. The
colloidal AgNPs has been synthesized using extracts of Cocciniaindica [11], Carica
papaya [12], Brassica vapa [13], Aloe vera [14], Melia dubia [15], Citrus sp. [16],
Acalyphaindica [17], Prunusamygdalus [18].

It is the cationic property that gives Chitosan (CHT) the ability to penetrate
mucous layers in biomedical applications, perform an antimicrobial function in
food preservatives, and trap dyes and metals in waste water [19]. It is also being
used in technical applications such as packaging and decontamination, because
of its physico-chemical properties, such as hydrophobicity, thermal stability, and
mechanical performances [20]. These properties, unique to CHT, combined with
high porosity and surface area by its nanosize, render it important for a range of
different functional systems.
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Figure 1.
Scanning electron micrograph of composite nanofibers synthesized from the PVP polymer by electrospinning
process.

Hard and inert ceramic materials have excellent mechanical and thermal proper-
ties, in addition to superb chemical and corrosion resistance. These characteristics
make them suitable for being used in electrodes, photonic devices, electronic
and sensors, catalyst supports, drug delivery system and environmental science.
The nanoribbons, nanorods, nanotubes, nanowires nanowhiskers and nanofibers
are important nanostructures that are predominantly being synthesized in field
of nanotechnology. These one-dimensional ceramics are interesting due to their
unique optical, thermal, electrical, magnetic, gas sensing and or catalytic property.
Such property of nanomaterial develop due to specific surface morphology and very
small dimension compared to the same material in bulk. Among these nanostruc-
tures, highly porous, low density and high surface area containing nanofibers have
been potentially applied in various fields [21]. A scanning electron micrograph of
composite copper ceria nanofiber synthesized is given below in Figure 1.

2. Preparation methods of nanofibres

A number of methods have been used for fabricating nanofibers. Some of
them are template synthesis [22], self-assembly [23, 24], phase separation [23],
melt-blown [25] and electrospinning [26, 27]. Each process has its own challenge
in preparing nanofibers. Selection of process for producing nanofibers depends
on materials, fibers alignment, production rate and most importantly investment
cost. Some of them are discussed below and only electrospinning process has been
covered in details.

2.1 Template synthesis

The method employs a template or mold of desired material and structure is used
to synthesize nanofibers. Generally, a templet of metal oxide membrane of nano-
dimension pores is allowed to pass the polymer solution through it by applying water
pressure from one side. The nanofibers extrude from the other side of the mem-
brane. The generated fiber comes in contact with solidifying solution. Small sized
nanofibers few micrometers length are generated. The fiber diameter is determined
by the membrane pore size [28, 29]. The technique is very advantageous in fabricat-
ing nanofibers of various diameter by changing templates membrane.
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2.2 Phase separation

In this method phases separate because of the physical incompatibility. The
phase of the solvent then extracted from the solution while the other phase remain.
This method consists mainly of four basic steps:

i. Homogeneous polymer solution is prepared by dissolved the polymer in a
suitable solvent.

ii. Gelation of the solution to produce nanofiber matrixes. It is the most dif-
ficult step controlling porosity and morphology of the nanofiber. Gelation
varies depending upon concentration of polymer and ambient temperature.

iii. Extraction of the solvent from the gel.
iv. Freezing and freeze drying.

The process is not equipment extensive in fabricating nanofiber matrix. The
mechanical properties of matrix can be adjusted changing concentration of polymer
[30]. By increasing polymer concentration, fiber mechanical properties are improved
and porosity gets decreased [29].

2.3 Self-assembly

In self-assembly small building blocks spontaneously organized to build-up the
stable nanofibers of very thin diameter. In such nano-material fabrication, building
block molecules organize and arrange itself into definite patterns or structures due
hydrophobic and electrostatic interactions and hydrogen bonding [31]. The inter-
molecular forces bring units together to macromolecular nanofiber. The technique
produce minute nanofibers of >100 nm to micrometers length. This nanofiber
fabrication is complex, long, and extremely elaborate associate with limitation of
low yield and uncontrollable fiber dimensions. Further, this method can be used
to prepare nanofibers from selected molecules having capability of self-assemble
themselves or under an external stimulus [29, 32].

2.4 Freeze drying

The technique is also known as ice segregation-induced self-assembly or solid-
liquid phase separation. The technique comprises of following steps-

i. Freezing- polymer solution is frozen at a low temperature

ii. Primary drying- removal of water from frozen material by sublimation in a
chamber have reduced pressure of few millibars and

iii. Secondary drying- removal of unfrozen water from the polymer material by
desorption.

Important advantages of freeze drying over other techniques of nanofibers
fabrication is its ability to produce the porous structures of controlled sizes directly
from polymers (e.g. chitin), without addition of structure directing additives and
pre-treatment.
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Figure 2.
Schematic representation of the electrospinning.

2.5 Electrospinning (ES)

In the field of nanotechnology electrospinning is the most promising remarkably
simple processes for generating nanofibers from polymers solution. In combination
with conventional sol-gel process, it offers a versatile technique for producing solid,
porous, or hollow structured ceramic nanofibers. The technique has earned enormous
attention because of its easy use and flexibility in controlling diameter in range of
nanometers to micrometer and alignment of nanofibers as well as continuous nanofi-
bers production capability. Electrospinning is peculiar in the sense that can be useful
in producing fine nanofibers from different solution or melt of polymer, ceramic
material and composite material for fast synthesis of nanofibers at industrial scale.

Formbhals patented a process in 1934 for an experimental setup describing nanofiber
production from polymer solution using electrostatic force, termed as electrospinning
[33]. Now days, electrospinning is explored as a high efficiency method for the gener-
ating ceramic nanofibers [34]. In the generic design, an electrospinning setup consists
of a high-voltage power supply, a metallic needle called spinneret, a piece of aluminum
foil or silicon wafer acting as an electrically conductive collector and a syringe pump. A
plastic syringe loaded with the polymer solution and connected to the metallic needle
is often connected to a syringe pump for constant and adjustable feeding rate of the
solution. In some cases, especially for electrospinning of ceramic nanofibers, the setup
needs to be placed in a closed box for controlled humidity variation.

The collector can be constructed in different configuration from various materi-
als depending on the end use of nanofiber. The electrospinning process is generally
performed at room temperature at atmospheric conditions [35]. The ES system
continuously need a high voltage (10-40kv) power supply of 40 kV, syringe pump,
syringe, metallic needle and an electrically conductive collector plate during nano-
fiber synthesis. The electrospinning setup is schematically represented in Figure 2
given below.

3. Parameters affecting the performance of electrospinning

Many parameters affecting ES process can be classified broadly into solution
parameters, process parameters, and ambient parameters. Molecular weight,
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concentration, conductivity, viscosity and surface tension are then solution param-
eters whereas feeding or flow rate, tip to collector distance and electric field are
important process parameters. All these parameters individually and synergistically
affect the final fibers morphology. Researcher used to adjust the above mentioned
parameters to synthesize nanofibers of desired diameter and morphology and
alignment [36]. Further, ambient environmental parameters like the temperature
and humidity also affect electrospinning process and nanofiber morphology and
diameter [37].

3.1 Solution parameters
3.1.1 Solution concentration

Nanofiber synthesis by ES process needs a minimum concentration of polymer
in the solution for continuous nanofiber synthesis, the concentration below it,
result in mixture of beads and fibers. The increase in concentration of solution the
beads shape changes from spherical to spindle fibers and further increase in con-
centration synthesis uniform fibers with broad diameters due to the high viscosity
resistance [38-41]. The range of concentration synthesizing continuous fibers is
determined by surface tension and viscosity of solution. During ES process, solu-
tion concentration above optimum prohibits continuous fiber formation because of
the inability to maintain the flow of the solution at the tip of the needle leading to
the formation of larger fibers.

3.1.2 Molecular weight

Another important parameter is molecular weight of polymer that has strong
influence on the morphology of electrospun nanofiber. Molecular weight of poly-
mer affects rheology, electrical properties, conductivity, surface tension, viscosity
and dielectric strength [42]. In ES process, generally high molecular weighted
polymer offers the desired viscosity for the nanofiber synthesis whereas too low
a molecular weighted polymer tends to form beads instead of fibers frequently.
But very high molecular weighted polymers synthesize fibers of broad average
diameters. Polymer’s molecular weight and number polymer chain entanglements
affect viscosity of the polymer solution. Polymer chain entanglement significantly
determines the fiber synthesis in the electrospinning process.

3.1.3 Solution viscosity

Viscosity of solution is detrimental for the size of fiber and morphology during
ES of fiber from polymer solution. The polymer solutions with very low viscos-
ity lack continuous fiber formation whereas polymer solutions having very high
viscosity results in difficult ejection of jets of polymer solution from the needle. So,
an optimum viscosity is needed for ES process. Viscosity was shown to affect silk
nanofibers synthesis by Sukigara and colleagues [43]. In the low viscosity solutions,
surface tension becomes dominant factor. The increase in solution viscosity or
concentration results in large sized fibers of uniform diameter [38].

3.1.4 Surface tension
Surface tension plays a critical role in the ES process. Surface tension of a

solution is more likely a function of solvent compositions. So, the surface tension
of polymer solution can be altered by using different solvents. The formation of
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droplets, bead and fibers depends on the surface tension of polymer solution. If the
surface tension of polymer solution is high, jet will be instable and the droplets will
be sprayed from the tip of the needle leading to inhibition of ES process [44]. The
reduced surface tension of a polymer solution will synthesize nanofibers without
beads. The polymer solution with surface tension can of the spinning solution helps
in ES process to occur at a relatively low electric field.

3.2 Process parameters
3.2.1 Voltage applied

Applied voltage in the ES process is a crucial process parameter. The applied
voltage should attainment of threshold value for starting synthesis of fiber forma-
tion. The voltage induces the necessary charge and electric field on the solution
to initiates the ES process. In the most cases, a high voltage greatly stretch of the
solution because of greater columbic forces in the jet and a strong electric field that
result in reduced fiber diameter and rapid evaporation of solvent from the fibers.
Thus voltage influences fiber diameter at an extent, but the level of significance var-
ies with the polymer solution concentration and on tip to the collector distance [45].

3.2.2 Feed rate/flow rate

The feed rate of the polymer solution is another important process parameter
influencing velocity of jet from needle tip and the material transfer rate. Low feed
rate is almost always desirable for getting enough time for evaporation of solvent
from the polymer solution during fiber synthesis [46]. The spinning polymer
solution should have a minimum flow rate for ES process to occur. Greater polymer
solution flow rates forms beaded fibers due to improper smaller drying time period
before reaching to the collector.

3.2.3 Types of collectors

A collector in ES process is a conductive substrate on which nanofibers are
deposited. Collector is an important process parameter. Aluminum foil is one of the
most common collectors in the ES process. To overcome the difficulty to transfer
of collected fibers and necessity of aligned fibers for different applications, other
collectors could also be conductive paper or cloth, rotating rod or wheel, pin, wire

mesh parallel or gridded bar [47].
3.2.4 Distance between tip to collector

Fiber diameters and morphology could be controlled by manipulating the tip
to collector distance. However, a minimum distance between collector and needle
tip is essential for giving sufficient time for fibers dry before being deposited on
the collector. The beads are frequently observed in the cases where tip to collector
distance are either too close or too far. The optimum distance between the tip and
collector are adjusted depending upon the polymer solution used for proper evapo-
ration of solvent from the nanofibers [37].

3.3 Ambient parameters

In addition to the solution and process parameters, there are some ambient
parameters such as humidity, temperature etc. which influence the ES process.
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Increase in ambient temperature yield fibers of relatively decreased diameter which
can be attributed the decrease in the viscosity of the polymer solutions at high
temperatures. In the very low humidity environment, a volatile solvent will rapidly
evaporate from synthesized fiber. However, too fast evaporation could be problem-
atic in ES process when solvent get evaporated from the polymer solution just after
emission from the tip of the needle. In such condition, ES process in stopped due

to clogging of needle tip within few minutes operation of ES process [48]. It has
been advised that the high humidity can help in the discharge of the synthesized
nanofibers.

4. Preparation of nanofibres using electrospinning method

Well-controlled and high-quality ceramic nanofibers can be generated in ES
process by following procedures

1. Preparation of a sol with suitable inorganic precursor and its proper mixing
with a polymer solution to get the right rheology for electrospinning

2.Electrospinning of the solution to obtain inorganic/organic composite fibers
under appropriate conditions, and

3.Calcination of the as-prepared composite fibers in air to yield pure metal
oxide fibers. One of the attractive features associated with this method is that
the nanofiber mats thus prepared possess high surface areas and small pore
sizes [49].

4.1 The electrospinning solution

Ceramic nanofibers can be obtained by direct electro-spinning of sol of
only inorganic precursor metal alkoxides or metal salts dissolved in a solvent.
Notable examples are synthesis of nanofibers of CeO, [50-52], Titanium dioxide
(TiO2) [53] and AL,O5/ZnO [54]. However, such synthesis shows inappropriate
rheological properties and the rapid hydrolysis rates of metal alkoxides or metal
salts, pose difficulties in controlling the ES process. To resolve such problems,
one has to introduce a polymer matrix are added into the solution to adjust the
rheological properties and catalyst is supplemented to control the hydrolysis
rate of the used precursor [54]. Thus a typical spinnable precursor solution
composed of metal salt or an alkoxide precursor, a polymer, an additive, and
an easily volatile solvent like chloroform, ethanol, iso-propanol, water and
dimethyl-formamide. The catalysts added into the solution usually stabilize
the precursor and facilitate smooth electrospinning process. The catalyst are
required in minute quantity but their addition in spinning solution play an key
role in stabilizing the solution and the jet from the needle. The acid catalyst
like acetic or hydrochloric or propionic acid is employed for adjusting both the
hydrolysis and gelation rates to prevent blocking the needle mouth by solution
and ensuring a continuous nanofiber synthesis [49].

At present we are discussing nanofiber synthesis using casting solution com-
prising precursor cerium nitrate hexahydrate and copper acetate monohydrate,
PVP polymer, glacial acetic acid (3-4drops) and a solvent ethanol and water
that was used for preparing green nanofibers through ES process. The details
of procedure used for preparing the casting solution and green nanofibers are
discussed below.
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4.2 The precursor and polymer solution

The precursors in the present nanofiber synthesis were cupric acetate mono-
hydrate (Cu(CH;COO0),.H,0) and cerium nitrate hexahydrate (Ce(NOs);.6H,0)
and polyvinyl pyrrolidone (PVP) was the base polymer. The PVP has a remarkably
large molecular weight and high solubility in polar solvents. The solvent used in
the process was ethanol and de-ionized water added as co-solvent [55, 56]. The
aqueous precursor solutions was prepared in dissolving Cu(CH;C0O0),.H,0 and
cerium nitrate hexahydrate in 4 ml of deionized water and this solution was mixed
ethanolic PVP solution (4 ml) for final 10% (w/v) of PVP. The mixed solution stir-
ring continuously till complete dissolution. The 2-3 drops of acetic acid was added
during magnetic sterring of solution for about 3 h at room temperature to preparing
homogeneous solution for final spinning.

4.3 Electrospinning of composite nanofibers

The prepared polymer spinning solution or sol-gel solution was immediately
loaded in plastic syringe of 5 ml capacity and a blunt ended 20-gauge stainless steel
needle fitted in it. The nozzle equipped syringe was attached to the syringe pump. The
positive electrode of high voltage power supply capable of generating DC voltages up
to 40 kV attached with the needle whereas negative electrode was connected to the
aluminum foil covered collecting plate. The ground electrode of the power supply was
attached to a piece of flat aluminum foil used as the collector plate [57, 58]. The needle
tip to collector distance was 10 cm to collect the nanofibers. The ES process was
conducted in ambient air at room temperature (25 + 2°C) having relative humidity
of 65 + 5%. A solution feeding rate was set to 1 ml/h with the help of a syringe pump.
The steady deposition of nanofibers on the collector plate was ensured by frequent
cleaning of nozzle clogging intermittently. The experiment was conducted by apply-
ing positive high voltage of 18 kV across the needle and the collector plate. At such

CupricAcetate
Polyvinyl Pyrrolidone monohydrate + Cerium
(PVP) + Ethanol Nitrate hexahydrate +
Deionized Water

Addition of few drops
of Acetic Acid (reducing
agent)

Continuousstirring for
3 hours

Copper Ceria {Cu/Ce0,) Drying and Calcination
nanofibers at 500 °C

Electrospinning

Figure 3.
Process flowchart for the preparation of nanofibers by electrospinning method.
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environmental condition fluid jet ejected continuously from the nozzle and acceler-
ated jet moved towards the collector plate. During this movement of jet the solvent get
evaporated leaving ultra thin fibers on the collector plate. The ES process continued
until all the solution in the syringe was exhausted. The complete sequence of spinning
solution preparation and nanofiber synthesis, its calcination and final morphological
feature are schematically represented in Figure 3.

4.4 Calcinations of green nanofibers

To complete the formation of CuO/CeO, nanofibers, the composite fibers
prepared as above were left exposed to ambient moisture for 5 hr. to allow complete
hydrolysis, then electrospun polyvinyl pyrrolidone (PVP) /cerium nitrate hexa-
hydrate (CN)/copper acetate monohydrate (CA) fiber mats were removed from the
aluminum foil. These composite fibers were placed on a ceramic crucible able to
withstand high temperature and consequently calcined (500°C, 3 hr) in a muffle
furnace in presence of air for eliminating the organic constituents and activating
crystallization of Cu-Ce oxide.

5. Potential utilizations of nanofibers

Now a days, scientists and researchers have shown strong interest to develop
the electrospun ceramic nanofibers in different field. The most significant char-
acteristic of nanofibers are their long length, high porosity and large surface area.
The features are makes them widely applicable in electric and optical devices,
optoelectronic components, optical waveguides, gas storage units, fluidic devices,
tissue engineering scaffolds and bioreactors. In this century, exciting and important
research areas for nanofibers application are in energy technology, catalysis and
environmental science [59]. Such applications of nanofibers are briefly discussed
below. The basic nanofiber application shown in Figure 4.

5.1 Nanofibers application as catalysis
Highly porous and large surface area bearing electrospun nanofibers prominently

used as solid supports in catalysts. Nanofibers of some materials having excellent
semiconducting property make them suitable in photo-catalysts for removing

Catalysis

1

Photocatalysis  ¢mm Application of Energy
Nanofibers =  Technology

L 2

Environmental
science

Figure 4.
Basic applications of nanofibers.
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organic molecules from air flow or aqueous solution. The extent of catalysis and its
efficiency is governed by surface area of the catalyst. Ceramic nanofibers possess
extraordinarily high specific surface area are nice materials for their application as
catalyst for chemical reaction. The ceramic nanofibers mats of Titanium dioxide
(Ti02), zirconium dioxide (ZrO,) and tin dioxide (SnO,) have been employed as
support material for loading noble metal nanostructures catalysis in different appli-
cations [60]. The membranous catalytic system have distinctive benefit over other
process in terms of its operation in a continuous flow mode, relatively short reaction
time and even more importantly it need not separation of product after completion
of reaction. In addition to large surface area, the support material should also be
stable and good conductor of electron. The nanoparticles catalyst of noble-metal Pt,
Pd, Rh etc. are homogeneous spread on solid support of carbon black for maximizing
possible surface site availability [61]. The Pd-coated Titanium dioxide (TiO2) nanofi-
bers performed well in cross-coupling reaction [62]. It is interesting that the ceramic
nanofiber substrate can pointedly influence noble-metal catalyst deposition [63].

5.2 Nanofibers application in energy technology

Energy shortage is one of the most serious issues of the 21st century because of
limited natural energy resources like crude oil, natural gas, coal and uranium that
are fulfilling the energy need for everyday life at presented. For rapid economic
growth, will require subsequent increase in energy demand mean but the rate of
oil production will no longer be adequate. This is evident from the rising price of
crude oil. Presently, large volumes of carbon dioxide emitted by industrial burning
of fossil fuels are deteriorating climate of the globe. So, it is necessity of the time
to identify alternate environmentally friendly new sources of energy that are able
to replace current energy supply. The people are trying to converse energy from
renewable sources such as the sun, wind, and tides. The most promising energy
conversion/storage devices likely to fulfill the need are based on photovoltaic cells,
lithium batteries, and fuel cells. For example, Mai and colleagues demonstrated
high performance lithium ion battery electrode based on electrospun vanadium
oxide nanofibers [64]. They were able to prepare ultra-long hierarchical vanadium
oxide nanowires of fine diameter (100-200 nm) and several millimeters using the
low-cost starting materials by ES combined with annealing. The 1D characteristic of
electrospun ceramic nanofibers have been widely explored as a new class of promis-
ing building blocks for fabricating the devices. Energy storage devices are becoming
a very common in everyday life of public due to exponential expansion of digitiza-
tion. Many devices need stored energy for their functions are electronic mobile,
autonomous sensors and various kind of vehicle. So, the reliable energy storage
devices with high power density and structural integrity are in demand for their
use in various devices [65, 66]. Green flexible network of carbon nanofiber can be
deriving from abundantly available but underutilized bioresources lignin. The PVA
lignin nanofiber network showed has surface area of 1670m’ per gram and excel-
lent specific gravimetric capacitance of ~240 F per gram that was better than many
nanostructured carbon or metal oxides [67]. The carbon based nanofibers have high
specific electrical double layer capacitance at low cost [68].

5.3 Nanofibers application in environmental science
5.3.1 Nanofiber-based membrane for filtration

Electrospun ceramic nanofibers membranes are able to remove suspended
particulate matter from air and other impurities dissolved in water. The highly
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porous membrane structures, formed by entanglements of nanofibers facilitate
material transport without causing resistant to gaseous stream flow or flow of
aqueous solution; can be utilized for environmental applications. Dai et al. [50]
prepared a hierarchically structured potassium manganese oxide (K,MnO,) /
Titanium dioxide (TiO2) mats for filtering Congo red dye from waste water. The
membranes not only performance well but also showed high filtering efficiency
and robustness survival against strong sheer force of solution flowing through
it. In another investigation, Song and co-workers reported synthesis of ultrafine
porous carbon nanofibers membrane efficiently removing sulfur dioxide (SO,)
from stream of gases. Doping of membranes with minute quantity of nitrogen is
likely to improve their capacity, efficiency and durability [69].

5.3.2 Nano-sensors

Detection of threats to the environment is a key feature of environmental
management strategy. The contaminants posing environmental threat could be
detected with the help of sensors. Some semiconducting materials like Titanium
dioxide (TiO2), SnO,, zinc oxide (ZnO), tungsten oxide (WO;), molybdenum oxide
(Mo0;3) have been shown to detect trace level of gaseous species in the parts per mil-
lion levels [70]. The sensing ability of such materials could be enhanced by increas-
ing specific surface area and porosity. The 1D architectures of nanofiber facilitate
fast mass transfer near molecular interaction region and traverse of barriers by
charge carriers. Nanofibers of Titanium dioxide (Ti0,), iron oxide (Fe20;), SnO,,
Zn0/Sn0,, lithium chloride (LiCl)/TiO,, Titanium dioxide (Ti0,)/Zn0O, potassium
chloride (KCl)-doped-ZnO, and Co-doped-ZnO are successfully employed in sens-
ing and enhanced limit of detecting gaseous species. The gases or vapors notably
detected are hydrogen (H,), carbon monoxide (CO), O,, nitrogen dioxide (NO,),
ammonia (NH;), H,O, methanol (CH;0H), ethanol (C,HsOH) and toluene. Wang
and colleagues reported very quick response of electrospun orthorhombic-phase
WO; nanofiber’s high sensitivity to different concentrations NH; [71]. The superior
sensing performance of the material was attributed to high purity, preparation
method, high surface area per unit volume and porosity for good accessibility of the
gas. The electrospun ceramic nanofibers not only function as sensing materials, but
also act as good support material for other sensing bodies derived from noble metal.

5.3.3 As photo-catalysts

Current environmental issue of air and water pollution motivate for sustained
fundamental and applied research for remediation of different polluted ecosystem.
The steadily growing field of nanoscience research is engaged in synthesizing
nanostructured ceramics as photo-catalyst. The low cost and environmental friend-
liness compounds, ZnO and Titanium dioxide (TiO,), have showed high catalytic
activity are promising photocatalytic material. These small sized and extremely
high surface area containing ceramic nanofibers provide channels for quick charge
transfer due to its 1D nanostructure. Such ceramics nanomaterial could be poten-
tially used in photo catalysis. Zhang and coworkers synthesized hybrid Fe-Titanium
dioxide (TiO,) /tin dioxide (SnO,) nanofibers having high photo-catalytic activity
and ferromagnetic properties at room temperature. It is supposed that this hybrid
nanofiber can act new generation of visible light-excitable photo catalyst with easy
recyclable and its potential predictable applications in water purifying and other
pollution treatment [72]. Recently, Yoshikawa and colleagues showed Titanium
dioxide (TiO,) nanofibers potentially application as photo-catalysts for H, produc-
tion [73]. The novel structured highly crystalline nanomaterial might be able to
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reduce lattice defects to facilitate the electron transport for reactions with water
adsorbed on their surface. During synthesis and producing of dyes, about 16% of
the total global productions are lost with wastewater [74]. A variety of bioremedia-
tion techniques are utilize for dye elimination such as Enzymes, Microbiological
decolorization. The common pollutants (organic/inorganic) present in aquatic
atmosphere are due to the discharge of wastewaters from households as well as from
the manufacturing sectors. These contaminants, organic molecules might be found
in the land and surface water. The elimination of carcinogenic, non-biodegradable
organic dyes and other chemicals from the surroundings is a central environmental

problem [75].
5.3.4 Water and wastewater treatment

Pollution of ground and surface water across the world is now critical issue.
Heavy metals are the important pollutants that affect physiology of lining entities
significantly. The heavy metals frequently reported in the polluted water bodies
are As, Cu, Hg, Cd and Pb. The elements are released in industries waste that are
discharged and distribution in the environment and finally enter in water. e.g.
Smelting of copper release high quantities of Cd in its industrial wastewater. It is
nearly impossible to eliminate some metals contaminants from water using con-
ventional water purification procedure. The nanotechnology has greatly advanced
water and wastewater treatment potential. They facilitate improved safe use of
unconventional water sources. The limited surface area containing conventional
adsorbents bear less active sites and also lack of selectivity. In contrast nano
sorbents with enhancement specific surface area and large number of available
sorption sites, small intra-particle diffusion distance, tunable pore size and surface
chemistry facilitate better adsorption. In future, suitable polymer nanofibers
functionalized ceramic membranes can be used for fabricating affinity membranes
for treating heavy metal containing industrial waste water [76, 77]. The discharge
of heavy metals like arsenic, cadmium, chromium, cobalt, nickel, copper, silver, tin,
titanium, lead and zinc, into the environment of textile production is an immense
concern all over the global because these metals pose unfavorable effects on the
human being health, natural atmosphere and aquatic living.

6. Summary

Green synthesis of composite nanofibers can be successfully prepared using
sol-gel and ES technique using polymer solutions. Some of the characteristics of
the synthesized green composite nanofibers are their controlled average diameter
distribution in desired range, remarkably straight fiber over several micrometers
of length, uniform and smooth surface. Generally, viscosity of the casting solution
plays the most important role in the fiber morphology and diameter. The green
syntheses of nanofibers are affected by solution parameters, process parameters and
ambient parameters. The nanofibers are at the forefront of nanotechnology due to
their merits and suitability to wide range of applications in the field of healthcare,
biotechnology, energy storage, environmental engineering, defense and security.
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Abstract

Nanofibers are widely used in various fields, including water filtration. In
the development of nanofibers as water filtration, a mixture of carbon in a
polymer solution is often used. Nanofibers can be made by several methods such
as multicomponent fiber spinning techniques, melt blowing, electrospinning.
Electrospinning is currently a simple development method but can produce nano-
fibers with a small fiber diameter, it is easy to develop and many parameters can
be controlled. Parameters that affect the results of the nanofibers that are formed
include flow rate or syringe pump flow rate and high voltage dc high voltage.
Various types of nanofibers can be produced from various types of polymers, both
natural polymers and synthetic polymers. Generally, because they have properties
and characteristics such as high surface area, small pore size, and the possibility to
be developed in various applications. Therefore, this chapter discusses the electros-
pinning of carbon nanofibers using PVA polymer.

Keywords: DC high voltage, electrospinning, nanofibers, PVA/carbon

1. Introduction

Nanofibers are one of the nanotechnology products. Nanofibers are defined
as an ultrafine dense fiber having a very small diameter. Nanofibers diameter is
tens to hundreds of nanometers, so it is called ultrafine solid fiber (Nanofibers is
defined as a fiber with a diameter of 100-500 nm [1]. Research related to nano-
fibers continues to be carried out for one of the reasons is, has the advantage of a
large surface area per unit mass and small pore size and has superior mechanical
properties [2], but the quality of nanofibers does not only depend on the chemical
properties of the solution but rather the size and mechanical properties also very
important [1, 3, 4]. Nanofibers size, density, mechanical properties, and orienta-
tion are essential for a reliable product application. The properties and characteris-
tics of the fibers will change drastically when their size subside from micrometers
to nanometers, one of which is the increase in the surface area of the fiber to its
volume ratio, examples of these mechanical properties are stiffness and strength.
With these best characteristics, nanofibers have a very extensive application [5],
and nanofibers applications are widely used in various industries. Making nano-
fibers can be done by several methods, is a multicomponent spinning technique,
melt blowing, and electrospinning [6, 7].
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The type of nanofibers that is currently developing very rapidly in the field of
research, material synthesis systems and product applications is carbon nanofibers
(CNF). Carbon nanofibers (CNF) has applications as a promising material and has
great potential in various fields, in the chemical field, carbon nanofibers (CNF)
have been widely applied to gas and water membranes, by utilizing the advantages
of CNF in porosity, surface area high as well as good higher chemical resistance [8].
In the field of physics, the good thermal and electrical conductivity properties make
CNF very potential to be applied to electrical devices, batteries in the electrode
material, energy storage and as a sensor [9]. While in the field of materials sci-
ence, CNF has been applied to the strengthening of composites and supercapacitor
materials [8, 10].

The precursor for forming carbon nanofibers consists of Polyvinyl Alcohol
(PVA) and Carbon, PVA is a polymer that has flexible properties, can form hydro-
gel bonds, is easily broken down naturally and is often used in the formation of
nanofibers [11]. The chemical structure of PVA is shown in Figure 1, the degree of
hydrolysis of PVA is around 98.5% so that it can dissolve in water with a tempera-
ture of 70 ° C [12]. In addition, PVA has optical properties, a quite good load storage
capacity but poor conductivity values. Therefore, to overcome the bad conductivity
properties can be done by means of doping. The nature of PVA is colorless, odour-
less, tasteless, and soluble in water [13].

Because PVA has biodegradable properties, this is what makes this polymer
widely used for its applications in the medical, food industry and electronics. The
physical properties of PVA are presented in Table 1 below [6]. Anita and Harsojo,
in their research, explained that the morphological results of PVA fabrication using
electrospinning owned by nanofibers which were formed at a concentration of 10%
were continuous [15, 16].

Carbon is a material that has various advantages in terms of physical and
chemical properties, so many researchers have developed it today. This advantage of
carbon makes it a material with the extensive application. The performance of this
carbon is influenced by morphology. This morphological difference will result in
the wide application of the carbon, such as catalyst supports, adsorbents, gas stor-
age, separation technology, battery electrodes, porous template materials, fuel cells,
and biological cells. In addition, several carbon particles with certain morphologies
will have different applications [17], besides carbon material is also an amorphous

~[CH, - CH], -
OH

Figure 1.
PVA Chemical Structure.

Character Value

Density (1.19-1.31) gr/cm3

Melting point 180-240 °C

Boiling point 228°C

Decomposition temp 180 °C
Table 1.

Physical Properties of PVA [14].
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compound which is produced from materials containing carbon or charcoal which
are specially treated to obtain high adsorption power. Carbon can adsorb certain
gases and chemical compounds, or its adsorption properties are selective, depend-
ing on the size or volume of pores and surface area. The absorption capacity of
activated carbon is very large, namely 25-100% by weight of activated carbon [18].
The electrospinning method is a method that provides many advantages among
the existing methods. This advantage is that the electrospinning technique can pro-
duce nano-sized fibers. The formation of jet polymer in the electrospinning method
affects the morphological shape of the nanofibers, the polymer jet is influenced by
environmental conditions, one of which is humidity [19], but most of the exist-
ing studies do not consider the relative humidity of the electrospinning spinning
environment. Apart from relative humidity parameters, collector rotational speed
affects fiber morphology. Collector rotating speed will affect fiber continuity.

2. Synthesis of carbon nanofibers

This section discusses the process of obtaining carbon nanofibers or the
synthesis process to obtain carbon nanofibers which can be done, such as electro-
spinning (plate and drum collector), drawing methods and template methods.
Each of these carbon nanofibers synthesis methods has its own advantages and
disadvantages of the resulting material.

2.1 Preparation of carbon nanofibers (CNF)

The polymer solution in this study was made from polyvinyl alcohol (PVA),
distilled water and carbon powder precursors with a size of 500 mesh. In the process
of forming a polymer synthesis preparation material, PVA (molecular weight 60000,
Merck Co) and carbon as a solute and distilled water as a solvent. The process
scheme in making polymer solutions is by determining the concentration of the
solution. The concentration of PVA solution that can be used in this study is 13 wt%
with the solvent, and 2% wt carbon with distilled water as a solvent. After being
measured, PVA and distilled water were mixed in one beaker. Then the magnetic
stirrer is inserted into the reaction glass, then it is placed on the magnetic stirrer
hotplate which has been activated. The temperature is set to reach 90 °C. After the
temperature is right, this stirring process is carried out for one hour. Then the carbon
and distilled water are mixed in one beaker glass, with the same steps as the PVA
solution, the carbon and the solvent are placed on a hotplate magnetic stirrer which
has been activated and the temperature is set to 30 After the temperature has been
adjusted, the stirrer is turned on and the stirring process is carried out for one hour
after the two solutions have dissolved well then, the PVA and carbon solutions are
mixed with a volume ratio of PVA and carbon 2:1, then sonication is carried out by
ultrasonic bath for 5 hours later. Stirred back at 30 °C for one hour.

2.2 Electrospinning

The electrospinning technique is a technology for making nano-sized fiber
materials derived from materials in the form of solutions or liquids, as well as an
efficient nanofibers manufacturing system by utilizing the influence of electrostat-
ics in producing a solution (jet) of electrically charged polymer solutions or melts
[20]. The electrostatic effect is generated by using a high voltage source. The voltage
source that can be done in the use of electrospinning is between 7 kV to 32 kV [21].
Apart from the high voltage, the other important parts controlling the process are a
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Syringe F» } f
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Figure 2.
The forces that appear in the electrospinning process.

syringe pump as a solution sprayer with a precise flow rate, and a collector as a place
to collect the nanofibers that are formed [22]. When a high voltage is applied to the
needle tip and collector, an electric field is formed around it. The positive pole is
connected to the needle, the negative pole is connected to the collector. As the elec-
tric field around the needle increases, the hemisphere of the solution droplets at the
tip of the needle will expand further and form a cone (also known as Taylor cone).
When a high voltage is applied to the needle tip, the electric field will affect the
surface tension of the solution droplet. Due to the influence of the electric charge
on the needle tip on the solution, the solution is polarized and attracted towards the
collector [23]. On the way from the tip of the needle to the collector, the solution
undergoes thinning and evaporation of fibers or fibers that form and collect on the
collector surface [21].

The forces acting on the electrospinning process can be described as in
Figure 2 which shows the modelling of the forces acting on the electrospinning
process. From this figure, it can be written the equation of the forces acting on the
electrospinning process as follows,

Fy—-F,+F,=0 1)

when Fy isthe surface tension force of the solution, F, is the Coulomb force
that arises because of the electric field, and F, is the hydrodynamic force that
occurs when the solution is pushed/pressed by the syringe pump [24].

2.3 Electrospinning with a plate collector
PVA and Carbon precursor solutions that have gone through the preparation
stage will then be fabricated using an electrospinning system to produce carbon

nanofibers, the electrospinning system used can be done with various schemes, but
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the schemes used here use electrospinning with a stationary plate collector and a
rolling drum collector.

As shown in Figure 3, is an electrospinning scheme with a syringe containing
a polymer solution that includes a spinneret (needle), a direct current (DC) high-
voltage power generator and a stationary collector plate. In the electrospinning
method, a high voltage over a certain range is applied between two electrodes to
obtain the desired type and quality of carbon nanofibers. The positive electrode is
made in contact with the PVA + carbon fluid via a spinneret to produce a charged
liquid when subjected to an external electric field, and the negative electrode is
attached to a collector which acts as a fiber collector. Due to the electrostatic force,
the solution will be attracted towards the collector.

Although such a simple plate-collector electrospinning scheme is sufficient
to obtain fibers, it does not produce a homogeneous and evenly distributed CNF
layer, as more CNF collects in the center of the collector, resulting in variations
in thickness through the layers, which can also affect fiber morphology, as well
as carbon nanofibers the resulting system tends to easily form beads as shown in

“ ’

ngh voltage supply Syringe pump

Aluminium plate
Taylor Cone

Figure 3.
Schematic illustration of an electrospinning system using a plate collector type.

Figure 4.
SEM images of fabricated CNF using an electrospinning system with a stationary plate collector and most of
the fibers are formed only in the center of the collector.
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Figures.
Schematic illustration of an electrospinning system that uses a rotating drum collector type, with more complex
controls and parameters.
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Figure 6.

(a) SEM image results, and (b) size distribution of CNFs from electrospinning fabrication vesults with rotating
drum collectors, with a rotation speed of 130 rpm, a given high DC voltage of 10 kV and a relative humidity of
about 30%.
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Figure 4. The results were not homogeneous, and beads appeared on the CNF
because the plate collector was used in a stationary or stationary position so that
the effect of spinning fibers after the Taylor cone and jet polymer processes was
very weak.

2.4 Electrospinning with a rolling drum collector

In this regard, electrospinning with a rotating drum collector has been devel-
oped to allow the formation of carbon nanofibers homogeneously and thoroughly
to all areas on the drum surface, resulting in a CNF of uniform thickness as shown
in Figure 5. When the drum collector rotates, the fibers will be attracted towards
the collector and subjected to a spinning effect on the rotating drum, then the
spinneret moves right and left, as well as the influence of the electric field between
the needle and the collector which causes the CNF to form evenly throughout and
formless beads in the layer collector.

Carbon nanofibers (CNF) formed with this system has an interesting material
morphology as shown in Figure 6 which is attractive in the sense that no beads
are formed on the CNF, and the fibers are evenly distributed with a homogeneous
thickness. The fiber that is formed enters the nanometer scale area, from direct
measurements the diameter of the CNF formed is at 262 nm, as we all know that
the limitations of fiber or composite materials are said to be in the nanoscale if they
have a size of 50 nm to 500 nm.

3. Electrospinning control parameters

The electrospinning method has many parameters that must be controlled to
produce nanofibers. The parameters that influence are high voltage, field, electric-
ity, nozzle to collector distance, solution concentration, and humidity. The forma-
tion of jet polymer in the electrospinning method results in the morphological
shape of the nanofibers. The polymer jet itself is influenced by environmental
conditions, one of which is humidity. Humidity parameters greatly affect the
diameter of the nanofibers, at high humidity, the fiber diameter will increase
(Medeiros et al., 2018). The application of high voltage to electrospinning is very
important in influencing the diameter and morphology of the nanofibers. The
increase in high voltage causes an increase in the electric field as well as this affects
the decrease in the diameter of the nanofibers and shortens the time of the solution
from the tip of the needle to the collector. The flow rate in electrospinning is the
flow of fluid from the syringe pump to the collector. The rate of solution (flowrate)
affects the formation of fiber diameter and morphology. This process affects the
material transfer rate and jet speed. The diameter of the fiber will increase as the
rate of solution used increases [25].

Viscosity is the thickness of a solution; this viscosity is influenced by the con-
centration of the solution. High viscosity is difficult to force the solution out of the
syringe so that the control on the needle is unstable, the higher the viscosity, the
higher the fiber diameter. The diameter and morphology of the nanofibers are basi-
cally influenced by the distance between the needle tip and the collector. Distance
affects fiber diameter and morphology because distance can determine the deposi-
tion time, evaporation rate, and polymer jet instability [26]. Therefore, an optimum
nozzle to collector distance is needed to form carbon nanofibers with the desired
diameter and fiber morphology. Several studies have studied the effect of the nozzle
to collector distance and concluded that increasing the distance makes the fiber
diameter decrease but the polymer jet instability increases [25].
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The effect of relative humidity on the morphology of carbon nanofibers polymers
is about the size of the diameter of the nanofibers which is strongly influenced by
humidity during the spinning process seen from Figure 7. An environment with high
humidity helps skin form rapidly with clear boundaries, whereas if there is less mois-
ture, solvents will easily evaporate. When the polymer is hydrophobic, water acts as
a non-solvent so that the fiber shell is more easily formed. This makes PMMA, PVC,
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Parameters affecting the size of the diameter of the nanofibers. (a) collector Distance (cm), (b) electric field
(Vim), (c) flowrate (ml/hour), (d) concentration (%wt), (¢) Relative humidity (%).
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or PS in DMF, PMMA or PS in toluene have porous fibers when electros are in an
environment with a relative humidity of more than 30%, while PVA is a hydrophilic
polymer solution, water acts as a solvent so that the formation skin is easy to form
humidity 20%. and there was no pore formation at all at a relative humidity value of
20% -80%. PVA nanofibers were successfully made in the relative humidity range
of 20% -80%, but at high relative humidity, the morphology of the fibers contained
more beads [27].

4, Characterization of carbon nanofibers (CNF)

The characterization carried out on the CNF depends on the application to
be performed on it, the CNF which has been fabricated is researched as a sensor
and as a Capacitive Deionization (CDI) electrode. To find out and measure the
morphology and diameter of the nanofibers, a Scanning Electron Microscope or
SEM is used for short. Also from SEM we get EDX data which shows the number
of elements present in the CNF sample. To determine the electrical properties
of CNF, a four-point probe characterization method was used, namely by using
the I-V meter four probes. The measurement results using the I-V meter show the

Figure 8.

Carbon nanofibers (CNF) electrospinning results with a flow rate of 0.1 ml/hour and relative humidity (a)
30% d and (b) 40% and an average fiber diameter of 262 nm (a) and 309 nm (b), (c) distribution of Carbon
nanofibers elements at a flow vate of 0.5 ml/hour and relative humidity of 40% and (d) CNF sheets that are
ready to be applied.
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Ohmic curve on the I-V graph according to Ohm’s law. The resulting Voltage and
Current data are then processed according to Ohm’s law to determine the conduc-
tivity value of the material.

Figure 8 shows the electrospinning results with a flow rate of 0.1 ml/hour and
relative humidity of 30% and the parameters still produce fibers with an average
diameter of 262 nm, the fibers in this parameter have a morphological shape with
minimum and almost no beads. Whereas the electrospinning carbon nanofibers
with a flow rate of 0.1 ml/hour and relative humidity of 40% and the parameters
still produce a fiber with the smallest size of 200 nm and the largest diameter of
400 nm and an average diameter of 309 nm, the fiber in this parameter has a mor-
phological shape with minimum and almost non-existent beads and more uniform
diameter sizes and a narrower size range when compared to 30% humidity param-
eters. The CNF fabrication results were carried out by SEM-EDX to determine the
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Figure 9.
Electrochemical characterization results. (a) diagram of the cyclic voltammogram (CV) data on the CDI

electrode with a sweep rate of 5 mV/s, and (b) the specific capacitance of the carbon electrode from the cyclic
voltammogram data.
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Sample CNF diameter (nm) Voltage (mV) Sheet resistance (Q/sq)
A 417 28.7510 19.9822
B 358 26.8532 18.6633
C 309 26.5402 18.4457
D 262 25.6280 178117
Table 2.

The Average Value of Voltage and Resistance Sheet of Nanofibers from measurements using the I-V meter four
probes.

elements of the nanofibers fabrication as in Figure 8c, the distribution of carbon
elements has been evenly distributed, as well as the results of nanofibers fabrication
with flow rate parameters of 0.1 ml/hour and 40% humidity and fixed parameters.
Based on this characterization, carbon nanofibers consists of several chemical
elements. The chemical elements, namely, O (Oxygen) by 24.57%, and C (Carbon)
by 75.43%.

The cyclic voltammogram (CV) curve was obtained by scanning at a potential
sweep rate of 5 mV/s on CNFS which had undergone temperature treatment
and became a CDI electrode as shown in Figure 9. The CV curve shows the ideal
behavior of the capacitor, the ideal CV curve with an almost square shape at
different scanning sweep rates. Cyclic voltammetry testing on the three types
of electrodes used in this study was carried out in a potential range of —0.5 V to
0.5V and a potential sweep speed of 5 mV/s. The electrodes were immersed in an
electrolyte solution of 0.5 M KCI with a submerged surface area of 1 cm2. Cyclic
voltammetry measurement experiments were carried out at room temperature of
25 ° C. The results of the cyclic voltammetry test can be seen in Figure 9. On the
voltammogram graph, a redox reaction is formed in an up-current pattern that
shows the transfer of electrons from the electrode to the electrolyte solution, which
involves the transfer of electrolyte ions based on the change in potential applied to
the electrochemical cell, so this pattern increases in current indicating an increase
in ion absorption capacity and ion absorption rate at potential given.

Based on Table 2, there is the largest sheet resistance value owned by CNF with
the largest fiber diameter, but the difference is not too significant, the smallest sheet
resistance value is owned by CNF with the smallest fiber diameter. The resistance
value is directly proportional to the resistivity, but the resistivity is inversely
proportional to the conductivity. Thus, the sample with the highest sheet resistance
value has the greatest resistivity but the lowest conductivity.

5. Applications of carbon nanofibers

The application of CNF continues to develop today, based on the characteristics
of CNF in the form of morphology and electrical properties, CNF has the potential
to be applied to various fields, as shown in Figure 10, applications of CNF can be
developed in the field of sensors, environmental applications and fields of electron-
ics and electronics. Optical devices including energy storage fields.

Based on the characterization on the morphology and electrical properties of
CNEF, it is very possible to apply to sensor devices, the principle of chemiresistor
sensors is more widely used for gas sensors because these sensors can be made easily
and at relatively low cost. The chemiresistor mechanism is the reaction that occurs
between the layers on the electrode and the gas which will result in a change in the
value of resistance or conductivity.
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General application areas of Carbon nanofibers [1].
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This change occurs due to the transfer of valence electrons to the atoms of the
sensor material due to the reaction with the reactant gas. The changes that occur are
decreased resistance or increased conductance. Conductivity indicates the ability of
a material to conduct electric current. The conductivity value can be determined by
the equation below.

0—:1 2
5 )

Where 6 is electrical conductivity (1/Q.m) and p is electrical resistivity (©.m),
the CNF application scheme for sensors can be seen in Figure 11. Whereas CNF
which has been fabricated has high porosity and very high capacitance values. Good
for capturing salt ions, it is very potential to be applied to Electrodes For Capacitive
Deionization (CDI) with the scheme that can be seen in Figure 12.

6. Conclusions

Synthesis of CNF using electrospinning is an important part of this research,
the synthesis process plays an important role in the quality of the CNF produced. In
addition, the results of characterization of the different morphological structures
of the CNFs formed show different properties, so that surface modification can
help make CNF compatible for various applications. The characterization results
show that the electrospinning result of the CNF composite diameter is in the range
200-450 nm, this shows that the electrospinning process with a rotating drum
collector has advantages compared to a stationary plate type collector. Based on the
electrical properties of the CNF I-V meter measurement results, a good conductiv-
ity value is obtained, which is due to the larger surface area of the CNF making it
easier for electrons to move freely, so that CNF has the potential to be a good and
modern sensor material. Whereas from the capacitive properties measured by the
cyclic voltammogram (CV) curve with 5 mV/s and a measuring temperature of
25 °C shows the ideal behavior of the capacitor, the ideal CV curve with an almost
square shape at different scanning sweep rates, so the use of CNF as a capacitive
electrode is proper application.
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Chapter 4

Recent Advances in Applications
of Ceramic Nanofibers

Nuray Kizildag

Abstract

Ceramic materials are well known for their hardness, inertness, superior
mechanical and thermal properties, resistance against chemical erosion and
corrosion. Ceramic nanofibers were first manufactured through a combination of
electrospinning with sol-gel method in 2002. The electrospun ceramic nanofibers
display unprecedented properties such as high surface area, length, thermo-
mechanical properties, and hierarchically porous structure which make them
candidates for a wide range of applications such as tissue engineering, sensors,
water remediation, energy storage, electromagnetic shielding, thermal insulation
materials, etc. This chapter focuses on the most recent advances in the applications
of ceramic nanofibers.

Keywords: applications, Li-ion battery, catalysts, ceramic nanofibers,
electromagnetic shielding, electrospinning, nanofiber, sensors, thermal insulation,
tissue engineering, water remediation

1. Introduction

Nanofibers are 1D nanostructured materials with some distinctive character-
istics, such as large surface areas, well-controlled composition, flexibility, tunable
porosity, ease of surface functionalization, and high mechanical/thermal properties
which make them suitable for a number of different applications such as energy
harvesting and storage [1, 2], filtration [3, 4], sensors [5, 6], tissue engineering
[7-9], wound healing [10, 11], drug delivery [12, 13], polymer reinforcement
[14, 15], and so on.

The possibility of producing nanofibers from a wide range of materials, includ-
ing polymers, metals and metal oxides, carbon-based, and composite nanomateri-
als forms the significant impact of nanofiber technology [16]. The development
of ceramic nanofibers has attracted a significant interest over the recent years.
Ceramic nanofibers (CNFs) have been developed by the application of different
methods such as magnetron sputtering [17], solution blowing [18], laser spinning
[19], chemical vapor deposition [20], template synthesis [21], phase separation
[22], hydrothermal treatment [23], and electrospinning [24-26]. Various kinds
of ceramic nanofibers classified roughly into two groups such as oxide nanofibers
(8i0,, Sn0,, TiO,, a-Al,03, W03, BaTiO3) and non-oxides (carbides (B4C, SiC),
borides, nitrides, silicides, sulfides) have been fabricated and are proven to be used
in many different applications with high performance and efficiency.

55 IntechOpen



Nanofibers - Synthesis, Properties and Applications

2. Electrospinning of ceramic nanofibers

Electrospinning is the most used nanofiber production technique. It uses
electrostatic forces to produce nanofibers. The electrospinning setup consists of
a pump, high-voltage power supply, and a collector. The pump feeds the solution
to the tip of the needle, the high-voltage power supply charges the solution, and
the grounded collector collects the nanofibers. A jet occurs as the electrostatic
force overcomes the surface tension of the solution droplet, undergoes bending
and whipping instability during its flight in the electrical field between the tip
of the needle and the collector. As the solvent evaporates, nanofibers accumulate
on the collector in the nanoweb form. Electrospinning is a very simple and rela-
tively inexpensive method used to fabricate ceramic nanofibers and it allows to
control the morphology, average diameters, and compositions of the nanofibers
(CNFs) [27-30].

Electrospinning enables the production of CNFs with very small diameters, high
surface areas, extremely long length, and small pore size. The fabrication of CNFs
by electrospinning is usually achieved in three main steps (Figure 1): (i) prepara-
tion of an electrospinning solution containing a polymer and sol-gel precursor;

(ii) electrospinning of the solution to generate precursor NFs; and (iii) conversion
of precursor NFs into the final CNFs by calcination, sintering, or chemical processes
[31-36]. CNFs requires the presence of a polymer phase in the electrospinning solu-
tion as the ceramic phase on its own is not suitable for electrospinning. For success-
ful electrospinning of CNFs, a suitable combination of ceramic precursor, polymer
and solvent that can form a viscous homogeneous solution should be selected.
Polyvinyl alcohol (PVA) [37], polyethylene oxide (PEO) [38], and polyvinyl pyr-
rolidone (PVP) [39] are widely used as the polymer phase in the electrospinning

of CNFs.

Solvent Precursor/polymer
Precursor | Polymer solution \\\\ O
L g1 F =
[ —»-3 : =

Syringe
Pump

Calcination

Collector

P Suppl
ower Supply Ceramic nanofibers

after calcination
(@) (i) (iii)

Figure 1.
Schematic showing the preparvation of ceramic nanofiber membranes.

3. Applications of ceramic nanofibers

The unique properties of CNFs such as high surface area, extraordinary length,
low density, high porosity, and thermo-mechanical properties [40, 41] qualify
them for many different applications. This chapter covers a review of their applica-
tions related to tissue engineering [35, 36, 42-47], sensors [32-34, 48, 49], water
remediation [50-56], batteries [57-63], catalyst supports/catalysts [64-71], electro-
magnetic interference (EMI) shielding [72-79], and thermal insulation materials
[26, 79-82], etc. A list of the recent studies about ceramic nanofibers by electros-
pinning method is presented in Table 1.
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3.1 Tissue engineering applications

Tissue engineering scaffolds are often made of biodegradable polymeric materi-
als. The biodegradable polymeric scaffolds are not widely used in regeneration of
load-bearing bones due to their limited mechanical strength. There have been many
efforts invested to enhance the mechanical properties of the scaffolds, i.e., CNFs,
reinforced by hydroxyapatite (HA), have provided mechanical support and osteo-
conductivity to the growing cells in bone regeneration.

Wu et al. [36] electrospun a precursor mixture of Ca(NO3),-4H,0 and
(C,H50)5PO with a polymer additive, then applied thermal treatment at 600°C
for 1 h and prepared HA (Ca;o(PO,4)s(OH),) fibers. The pure fibers obtained were
10-30 pm in diameter and up to 10 mm in length. The HA grain size was ~1 pm
[36]. Kim and Kim produced HA nanofibers and also their fluoridated forms for
dental restoration applications to stimulate bone cell responses and provide pro-
tection against the formation of dental caries [44]. Xiaoshu and Shivkumar [35]
electrospun nanofibers from polyvinyl alcohol (PVA) solution containing calcium
phosphate-based sol and then calcined them at 600°C for 6 h to obtain an inorganic,
fibrous network, which was suggested for use in the tissue engineering and drug
delivery [35]. Franco et al. used phosphorus pentoxide (P,0s) and calcium nitrate
tetrahydrate (Ca (NOs),.4H,0) as precursors of phosphorus and calcium and poly-
vinylpyrrolidone (PVP) as the polymer to electrospin CNFs [43]. Wang et al. [45]
electrospun pure titanium dioxide (TiO,) nanofiber meshes with different surface
microroughness and nanofiber diameters and investigated the osteoblast differen-
tiation on these meshes by analyzing the cell number, differentiation markers and
local factor production for MG63 cells seeded on TiO, meshes. Cells with similar
morphology were observed to grow throughout the entire surfaces. While the cell
number was found to be sensitive to surface microroughness, the cell differentiation
and local factor production were observed to be regulated by both surface rough-
ness and nanofiber diameter. These results indicated that the TiO, nanofiber meshes
could be used to create an osteogenic environment without using exogenous factors
[45]. Aly et al. [46] developed wollastonite glass ceramic composites reinforced
by electrospun TiO, nanofibers for use in hard tissue engineering applications.

The composite material exhibited greater densification and better mechanical
characteristics in comparison to pure wollastonite. The composites having 0, 10, 20
and 30 wt.% metal oxide nanofibers were sintered at 900, 1100 and 1250°C. While
the compressive strength, bulk density, and microhardness increased, the water
adsorption capacity and porosity decreased with the increase in the TiO, nanofiber
content. When the wollastonite and wollastonite/TiO, nanofibers were soaked in
simulated body fluid, bone-like apatite was formed on their surface. The character-
istics of wollastonite were improved with incorporation of TiO, nanofibers while its
in-vitro bioactivity was preserved. The developed composite was suggested for use
as a bone substitute in high load bearing sites [46]. Nagarajan et al. [47] produced
boron nitride-reinforced gelatin nanofibers as a new class of two-dimensional
biocompatible nanomaterials, showing enhanced mechanical properties, stability
to the glutaraldehyde cross-linking, high bioactivity in forming bone-like HA, and
biodegradability. Depending on the analysis of osteoblast gene expression and the
measurement of alkaline phosphatase activity, they were proven to be suitable for
bone tissue engineering applications [47].

Apart from the use of CNFs in bone tissue engineering applications, Du et al.
[42] recently fabricated highly aligned, zirconia-based, shape memory nanofiber
yarns and springs by electrospinning for artificial muscle applications at elevated
temperatures. The nanofiber yarns displayed a recoverable strain of up to ~5% and
short recovery time (0.16 s) at actuation temperatures of 328-388°C. When heated
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by a Bunsen burner, the shape memory ceramic springs could lift up to 87 times
their own weight with a stroke of ~3.9 mm. The ceramic yarns/springs exhibited
an output stress of 14.5-22.6 MPa, a work density of ~15-20 kJ m~>, and a tensile
strength of ~100-200 MPa, which were much higher than those of human muscles
and some other polymer-based artificial muscles [42].

3.2 Gas sensors

Sensors, which are used to monitor and quantify volatiles related to environ-
mental monitoring, analyze food quality, and diagnose illnesses, have attracted
great interest in the recent years. Sensors designed are required to display high
selectivity, low power consumption, fast response/recovery rate, low detection limit
and a low humidity dependence [31].

The ceramic nanofibers have been extensively studied for gas sensing applica-
tions due to their advantages such as good directional carrier transport, high
surface energy, large surface-to-volume ratio, high chemical stability, great sensing
performance. Ceramics are inherently resistant to aggressive physical and corrosive
chemical circumstances and they offer significantly minimized hysteresis with
increased relaxation time, which improves the stability, performance, and response
time of pressure sensors [87]. Many researchers showed the applicability of electro-
spun ceramic nanofibers in gas sensing applications for detection of many differ-
ent gases such as acetone [34, 49, 88-97], ethanol [98-101], formaldehyde [102],
ammonia [103-107], hydrogen sulfide [108], nitrogen dioxide [109-111], acetic acid
[112], carbon monoxide [113, 114], hydrogen [115], and toluene [116]. The sensing
properties of metal oxides depend on their shape, size, size distribution, surface
area, structure, phase, the grain size, crystallinity, the presence of crystal lattice
defects, the type of the charge carriers, and the oxidizing or reducing nature of the
target gas [31, 117-120]. Besides, the composition of the sensor is another important
factor. The most effective methods for improving response time and sensitivity are
(i) doping with different metals such as Ce, Cu, Pr, La, Pd, Mn [91, 94, 106, 112,
114, 121], (ii) formation of composites by coupling of two or more oxide met-
als [118, 119, 122-124], and (iii) addition of graphene [125-127]. For gas sensors
made up of ceramic nanofibers, the composition and the nanofiber configuration
are other important characteristics that can be controlled to improve the sensor
performance.

Liu et al. [32] prepared polycrystalline CeO, nanofibers by combination of
electrospinning and calcination. The average diameter of the nanofibers was mea-
sured as 376 + 55 nm. They displayed good morphological and structural stability at
high temperatures (800-1000°C) and showed reversible, sensitive, and reproducible
response when used for real-time oxygen (O,) and carbon monoxide (CO) monitor-
ing at 800°C and 1000°C, respectively [32]. Tong et al. [49] prepared acetone sensors
based on LnFeO; (Ln = La, Nd, and Sm) nanofibers produced by electrospinning and
investigated the effect of lanthanide on acetone sensing properties of the nanofibers
at different temperatures and acetone concentrations. The results indicated that the
lanthanides significantly affected the sensing properties of LnFeO;. When exposed
to 100 ppm acetone at 140°C, the SmFeO; sensor exhibited the largest sensing
response (Response = 9.98). The response and recovery times for the SmFeO; sensor
were about 17 and 16 s, respectively [49]. Ma et al. [34]prepared hollow perovskite
praseodymium ferrite (PrFeO;) nanofibers via electrospinning followed by calcina-
tion. The samples had a large specific surface area (33.74 m” g~') with mesoporous
characteristics. They showed good selectivity, long-time stability at 180°C, and high
response value. While the response time of the sensor to 10 ppm acetone was about
4 s, the recovery time was measured as 4 s. [34]. Teli and Nadathur [48] prepared
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reusable, reversible dye doped nanofibrous silica and silica/PVP, and silica/PMMA
membranes by combination of sol-gel and electrospinning and demonstrated their
use as an effective optical gas sensor. A durable, sensitive, reversible, and visually
detectable response to HCI and NH; was observed when the silica composite NF
membranes was doped with a pH sensitive dye Bromothymol blue. Eliminating the
need for electronic instrumentation, the regeneration of the doped NF membranes’
color under mild thermal treatment and their thermal stability, permitted their
repeated use for naked-eye sensing. The magnitude of color change was affected by
the presence of copolymer in the NF membrane structure due to the copolymer’s
effects on the fiber diameter, surface area, porosity, and polarity of nanofiber
membranes. The reliable and reproducible visual sensor performance along with its
flexible and porous nature offered many advantages for different applications such
as detecting volatiles relevant to environmental safety, tracing stability to spoilage
in fresh food storage, air quality monitoring. Besides, they could be used to detect
biogenic amines, or volatiles released by biological materials, to monitor plant life
or human health, and to confirm the safety of work environments in chemical and
nuclear plants [48]. Han et al. [33] fabricated perovskite samarium ferrite (SmFeO3)
nanofibers by electrospinning route and calcination process for use as a sensor for
ethylene glycol, which is on one hand one of the most significant raw materials, and
on the other hand one of toxic pollutants for animals, humans, and environments.
The roughness of SmFeOj; nanofibers contributed to gas sensing properties by
increasing the contact area between gases and material surface. They displayed high
response value (18.19) to 100 ppm EG at 240°C, fast response/recovery times, good
stability and selectivity [33].

3.3 Water remediation applications

Water resources being contaminated by many different types of pollutants such
as heavy metal ions, organic dyes, pesticides, bacterial pathogens, etc. generates a
major challenge worldwide. Many of these contaminants are skin sensitizers and
mutagens responsible for different types of cancers in human beings. On the other
hand, bacterial pathogens are responsible for several severe health problems. It has
become very critical to develop efficient water purification technologies. Among
many different methods such as electrochemical treatment, ozonation, membrane
filtration, flocculation, ceramic nanofibers have gained significant interest because
of their potential in water remediation due to their adsorption properties and
photocatalytic activity. The major advantages of nanofibers in water remediation
applications are their high aspect ratio, enhanced surface area, higher surface activ-
ity, higher porosity, continuous structure, easy handling and retrieving compared
to nanoparticles [53].

Many attempts have been devoted to the use of ceramic nanofibers in the
removal of contaminants from water sources. Fe,0; [50], ZnO/TiO, [51], TiO, [52],
CuO/ZnO [53], ZnO/SnO, [54], ZnO [55], NiO [83], and many other nanofibers
have been developed and proved to be successful in water remediation applications.

Nalbandian et al. [50] produced a-Fe;O; nanofibers via electrospinning and
investigated their applicability in chromate removal from water. Adsorption
capacity of the nanofibers increased as the average nanofiber diameter decreased.
Based on (CrO, *) adsorption isotherms at pH 6, the nanofibers with 23 nm average
diameter exhibited an adsorption capacity of 90.9 mg g™ [50]. Malval et al. [53]
fabricated CuO-ZnO composite nanofibers and explored their adsorption capacity
and antibacterial properties. The composite ceramic nanofibers displayed excellent
adsorption capacity for congo red dye. Depending on the adsorption isotherms
and kinetic studies composite nanofibers performed better than their single
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counterparts. The ceramic nanofibers were also very active inhibitors against the
growth of S. aureus and GFP-E. Coli. With their excellent adsorption capacity and
adequate antibacterial properties, the composite ceramic nanofibers were suggested
for use in water treatment and purification processes [53].

Nalbandian et al. [52] produced titanium dioxide (TiO,) nanofibers and tai-
lored their structure and composition to optimize their photocatalytic treatment
efficiency. Nanofibers with controlled diameter (30-210 nm), crystal structure
(anatase, rutile, mixed phases), and grain size (20-50 nm) were manufactured.
Besides, composite nanofibers with either surface-deposited or bulk-integrated
Au nanoparticle cocatalysts were developed. When the nanofibers’ reactivity
against some model pollutants such as phenol and emerging pollutants such as
pharmaceuticals, personal care products were analyzed, optimized TiO, nanofibers
displayed superior performance than the traditional nanoparticulate photocatalysts.
The photoactivity increased by 5 to 10 fold after Au deposition onto the surface
of the nanofibers independent of the solution concentration which was attributed to
the improved charge separation [52]. Malval et al. [83] produced nickel oxide (NiO)
nanofibers for use as photocatalysts. The NiO nanofibers were tested for their pho-
toactivity against model dye congo red (CR). The concentration of the catalyst was
observed to be a significant factor. Due to their non-aggregating nature in aqueous
solution, NiO nanofibers performed better than NiO nanoparticles. Additionally,
reusability and stability were other advantages NiO nanofibers provided [83].
Pascariu et al. [54] fabricated ZnO-SnO, nanofibers by electrospinning technique
combined with calcination at 600°C. The composite ceramic nanofibers showed
photocatalytic activity against Rhodamine B (RhB) dye and the highest efficiency
was obtained for nanofibers with Sn/Zn molar ratio of 0.030 [54]. Pant et al. [55]
produced fly ash incorporated zinc oxide nanofibers and investigated their ability to
remove methylene blue (MB) from the water. Adding fly ash, which is a waste mate-
rial from thermal power plants to ZnO nanofibers resulted in increased adsorption
and photocatalytic removal of MB from water. Huh et al. [51] prepared TiO,-coated
yttria-stabilized zirconia/silica nanofiber (an) by coating TiO, on the surface of
YSZ/silica NF using a sol-gel process. The coating layer improved the separation
ability of the membrane as well as the photocatalytic degradation ability. With its
smaller pore size, TiO,-coated YSZ/silica NF membrane rejected over 99.6% of the
0.5 pm polymeric particles. Furthermore, the TiO,-coated YSZ/silica NF membrane
showed excellent adsorption/degradation of humic acid (HA, 88.2%), methylene
blue (MB, 92.4%), and tetracycline (TC, 99.5%) [51].

Some polymer-ceramic composites have been suggested for the removal of
organic pollutants from water. Allabashi et al. [56] impregnated Al,O;, SiC and
TiO, ceramic nanofibers by triethoxysilylated derivatives of poly (propylene imine)
dendrimer, polyethylene imine and polyglycerol hyperbranched polymers and
p-cyclodextrin and subsequently sol-gel reaction led to their polymerization and
chemical bond formation with the ceramic substrates. The resulting organic—inor-
ganic filters were found to remove the polycyclic aromatic hydrocarbons (up to
99%), of monocyclic aromatic hydrocarbons (up to 93%), trihalogen methanes (up
to 81%), pesticides (up to 43%) and methyl-tert-butyl ether (up to 46%) [56].

3.4 Batteries

Electrospun ceramic nanofibers, with their extremely high surface area and
fast charge-transfer channels along its 1D nanostructure, have been considered as
ideal materials for batteries. The use of lithium-ion batteries (LIBs) has attracted
great interest for use in the smart micro-electronic devices and electric vehicles
because of their potential for high energy density and power. However, their energy
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density is usually restricted by the working potentials and specific capacity of

the electrodes. There is great effort to develop alternative electrodes with higher
specific capacity that will be able to replace commercially available graphite anode.
Due to their high theoretical specific capacity, transition metal oxides have attracted
considerable attention.

Recently, Zaidi et al. [57] prepared a separator film by electrospinning to
develop high-performance LIBs. The film had a hybrid morphology of SiO, nano-
fibers (SNFs) and Al,O; nanoparticles (ANPs). It had a polymer-free composi-
tion, smooth surface, good thermal stability with high electrolyte uptake (876%)
and high porosity (79%). Compared to some commercial products, higher ionic
conductivity, lower bulk resistance at elevated temperature (120°C), lower inter-
facial resistance with lithium metal, and a wider electrochemical window was
obtained. When full cells were fabricated, the specific capacity of the full cell with
the SNF-ANP separator film was measured as 165 mAh g™'; the cell was stable for
100 charge/discharge cycles and exhibited a capacity retention of 99.9% at room
temperature [57]. Jing et al. [59] used electrospun ZrO, membrane as separator
in lithium or sodium batteries. The membranes displayed remarkable mechanical
flexibility, excellent electrolyte wettability, and infiltration, ample porosity, high
electrochemical inertness, and outstanding heat and flame-resistance. The separa-
tor could withstand high current densities and showed longer cycling life than the
state-of-the-art separators [59].

Different types of CNFs were also developed as electrodes for batteries. Gangaja
et al. [60] electrospun CuO nanofibers for use as LIB anode. The nanofibers were
made up of CuO nanoparticles, which formed a good inter-connected network.
Fabricated half cells maintained specific capacity of 310 mAh g™* at 1°C rate for
100 cycles and stabilized capacity of about 120 mAh g™ at 5°C rate for 1000 cycles.
While SEI layer content remained the same, its thickness increased at the end of
10th charge according to the ex situ x-ray photoelectron spectroscopy [60].

Incorporation of carbon materials into ceramic nanofibers has been used as an
effective strategy to improve electrical conductivity and act as a buffer to suppress
the volume variation of the anodes. For example, addition of graphene into Co;0,4
anodes has improved the electrochemical performance because of the high capacity
of Co30, together with the high surface area, excellent flexibility of graphene, and
good electrical conductivity [128, 129]. Hu et al. [61] synthesized porous Co;0,@
rGO nanofiber anode materials via electrospinning, post thermal and hydrothermal
treatments. The interconnected structure of Co;0,4 nanocrystals and presence of
reduced graphene oxide networks were effective in accommodating volume change,
deterring aggregation of Co;0, fibers and facilitating rapid Li* ion transport during
charge/discharge cycling. The developed anode material exhibited high reversible
capacity, good rate capability, and excellent cycling stability when it was tested in
half and full cells. The full cell constructed from a LiMn,0, cathode and a Co;04@
rGO anode displayed a stable capacity with operation voltage of ~2.0 V, which was
promising for the electronic devices working at low voltages [61].

CNFs with their high ionic conductivity are promising candidates for use
as electrolytes in all-solid-state batteries, which are among the most promising
technologies to replace conventional lithium-ion batteries [130]. Cui et al. [58]
prepared an electrolyte using polyethylene oxide-lithium (bis trifluoromethyl)
sulfate—succinonitrile (PLS) and frameworks of three-dimensional SiO, nanofibers
(3D SiO, NFs), which had a conductivity of 9.32 x 107 S/cm at 30°C. While the Li/
LiFePOQ, cells assembled with PLS and 3D SiO, NFs (PLS/3D SiO, NFs) delivered an
original specific capacity of 1679 mAh g™, they only suffered 3.28% capacity degra-
dation after 100 cycles. The solid lithium batteries based on composite electrolytes
offered high safety at elevated temperatures since the cells automatically shut down

66



Recent Advances in Applications of Ceramic Nanofibers
DOI: http://dx.doi.org/10.5772/intechopen.97118

with the decomposition of PLS above 400°C [58]. Yang et al. [62] developed a solid-
state ceramic/polymer composite electrolyte by embedding a three-dimensional
(3D) electrospun aluminum-doped Lig 33129 5577103 (LLTO) nanofiber network in a
polyvinylidene fluoride-hexafluoropropylene (PVDF-HFP) matrix and reported an
enhanced interfacial Li-ion transport along the nanofiber/polymer interface. The
chemical interaction between the nanofibers and the polymer was further enhanced
by coating lithium phosphate onto the LLTO nanofiber surface, which also pro-
moted the lithium-ion transport along the polymer/nanofiber interface, improved
the ionic conductivity and electrochemical cycling stability of the nanofiber/poly-
mer composite. The full cell consisted of a lithium metal anode, a LiFePO4-based
cathode and the composite electrolyte in between exhibited excellent cycling per-
formance and rate capability [62]. Zhang et al. [63] embedded Li;La;Zr,0;, (LLZO)
nanofibers into a poly (vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP)/
ionic liquid (IL) matrix to construct a solid polymer electrolyte (SPE). The devel-
oped SPE, containing 15 wt. % LLZO nanofibers, exhibited an improved ionic con-
ductivity (6.5 x 10%S em™) at room temperature, a wide electrochemical window
(5.3 Vvs. Li/Li"), excellent flexibility and mechanical strength. SPE-based half and
full cells delivered impressive electrochemical properties [63].

3.5 Catalyst supports and catalysts

Ceramic nanofibers with their unique properties have been extensively explored
as either catalyst supports or catalysts for various types of heterogeneous reactions,
such as sinter-resistant catalysts [68], photocatalytic reaction [71], electrocatalytic
reaction [69], hydrogenation reaction [70], oxidation reaction [66], and Suzuki
coupling reactions [67].

Fu et al. [68] prepared y-Al,O; nanofibers with a loofah-like surface using
single-needle electrospinning for use as Pt supports. After sintering at 500°C, the
ALO; nanofiber supported Pt catalysts were employed in catalytic reduction of
p-nitrophenol and 4-times higher reaction rate constant (6.8 s mg™') was observed
compared to Pt nanocrystals. The high performance of the Al,O; nanofiber sup-
ported Pt catalysts was attributed to the special surface structure and the strong
metal-support interactions between Pt and y-Al,O; [68]. There are many studies
on the use of ceramic nanofibers as photocatalysts in water remediation studies,
as already explained previously. Other than water remediation studies, ceramic
nanofibers are also employed in the photocatalytic H, evolution from water split-
ting, which is a promising renewable energy generation process. Using electros-
pinning method, Wang et al. [71] fabricated MgTiO; nanofibers and compared
their photocatalytic H, generation ability with the MgTiO; nanoparticles and P25.
The MgTiO; nanofibers showed high efficiency and stability in photocatalytic H,
generation under ultraviolet light. Attributed mainly to their large specific surface
area, special 1D structure, unique mesh morphology, and pure phase, photoelectro-
chemical measurements showed that the MgTiO; nanofibers facilitated the trans-
port and separation of the photoinduced charge carriers [71]. Ceramic nanofibers
are also utilized in electrocatalysis to speed up the charge transfer reaction between
electrodes and electrolytes. Hosseini et al. [69] fabricated CuO/NiO composite
nanofibers and investigated their photocatalytic performance as anode catalyst for
hydrazine oxidation in alkaline media. The best catalytic performance was observed
when the proportion of Cu(OAc),:Ni(OAc), was 25:75 in polymeric solution [69].
Liu et al. [70] electrospun mesoporous CeO,-based ultrathin nanofibers in fibril-in-
tube configuration. The fibril-in-tube configuration was achieved by choosing two
metal precursors with different decomposition rates. Al(acac);, which rapidly led
to the growth kinetics varied along the radial direction of nanofibers by releasing
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gaseous pieces, was selected as Al,O; precursor, and made critical contribution to
the formation of fibril-in-tube structure. The novel fibril-in-tube CeO, nanofibers
with different amount of homogenous Al,O; elemental distribution were inves-
tigated as Pt supports. The developed catalytic system exhibited sinter-resistant
catalytic activity in the hydrogenation of p-nitrophenol, which was 13-times
higher than that of Pt@Al,O; catalyst [70]. Electrospun ceramic nanofibers are
also employed as heterogeneous catalysts for oxidation reactions. Formo et al.

[67] reported the use of TiO, and ZrO, nanofibers decorated with Pt, Pd, and Rh
nanoparticles as a catalytic system for Suzuki cross-coupling reactions. The new
catalytic system offered an efficient process, which was cost-effective as it could be
fully regenerated and repeatedly used [67]. Formo et al. deposited Pt nanoparticles
on the TiO, porous nonwoven mats, which acted as superior catalyst toward metha-
nol oxidation reaction [66].

3.6 EMI shielding applications

Intensive effort is being spent to develop high-performance EMI shielding
materials to protect people from the potential damages of high frequency electro-
magnetic waves generated by the electronic devices. Among many different electro-
magnetic wave absorbers such as carbon nanotubes, hollow carbon microspheres,
graphene, Fe;0, microspheres, composite spheres, needle-like metal oxides, and
carbon nanofibers, specifically SiC nanofibers are considered as an important
candidate because of their high temperature stability, mechanical strength, and
resistance to oxidation and corrosion [75].

Wang et al. [75] fabricated flexible, hydrophobic, corrosion resistant, and
thermally stable SiC ceramic nanofibers, which showed excellent EMI shielding
properties with an effective absorption bandwidth of 4-18 GHz. 90% of electro-
magnetic waves below —10 dB were absorbed. The maximum reflection loss (RL)
reached —19.4 dB at 5.84 GHz. Besides, they were found to be environmentally
stable in 2 mol L™ NaOH solution for 2 h and at high temperatures of 500°C in
air atmosphere. The developed SiC nanofibers were suggested as candidates for
EMI shielding materials in harsh environments [75]. In another study [76], they
incorporated graphite into SiC/Si;N, composite nanofibers and investigated the
relationship between processing, fiber microstructure, and their electromagnetic
wave absorption performance. The annealing atmosphere and temperature were
observed to affect the electromagnetic wave absorption capability and effective
absorption bandwidth. The nanofibers after annealing at 1300°C in Ar showed
a minimum RL of —57.8 dB at 14.6 GHz with EAB of 5.5 GHz. The nanofibers
annealed at 1300°C in N, exhibited a minimum RL value of —32.3 dB at a thick-
ness of 2.5 mm, and the EAB reached 6.4 GHz over the range of 11.3-17.7 GHz. The
superior EMI shielding properties (high reflection loss together with wider EAB)
imparted the composite nanofibers the potential to be used as reinforcements in
polymer and ceramic matrix composites with EMI shielding properties [76]. Huo
et al. [72] prepared heterogeneous SiC/ZrC/SiZrOC hybrid nanofibers with dif-
ferent ZrC contents and analyzed them in terms of electrical conductivity, average
diameter, and microwave-absorbing capability. When the ZrC concentration
increased from O to 10 wt.%, decrease in average nanofiber diameter from 800 nm
to 200 nm and increase in electrical conductivity from 0.3448 t02.5676 S cm ™ were
observed. The minimum reflection loss was measured as —40.38 dB at 14.1 GHz
for the SiC/ZrC/SiZrOC hybrid nanofibers and they were suggested as promising
high temperature microwave-absorbing materials [72]. Using a combined process
of electrospinning and calcination, Huo et al. [73] produced silicon carbide/carbon
(SiC/C) hybrid nanofibers, which possessed a high aspect ratio and a scaly surface.
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The EMI shielding properties of the SiC/C composite nanofibers were studied in the
range from 2 GHz to 18 GHz. A paraffin matrix, which was reinforced with 30 wt.
% composite nanofibers and had a thickness of 3 mm showed satisfactory dielec-
tric loss value and a minimal reflection loss of approximately —36 dB at 6.8 GHz.
Moreover, the maximum effective absorption (<—10 dB) bandwidth (EAB) was
approximately 4.1 GHz (12.6-16.7 GHz) with a 1.5 mm thickness, which could cover
most of the Ku-band [73]. Hou et al. [74] also fabricated flexible and lightweight
ZrC/SiC hybrid nanofiber mats. When ZrC was added into SiC electrospinning
solution, the viscosity decreased and the conductivity increased as a result of which
the average diameter reduced from 2.6 pm to 330 nm, the specific BET surface area
(SBET) increased from 51.5 to 131.1 m” g " and the electrical conductivity increased
from 1.5 x 10°t0 1.3 x 10"' S em™. It is found that 3-layer ZrC/SiC nanofiber mats
with a thickness of 1.8 mm showed EMI shielding effectiveness (SET) of 18.9 dB,
which could be further improved to 20.1 dB at 600°C [74].

3.7 Thermal insulation materials

Ceramic nanofibers exhibit excellent thermal stability and low thermal conduc-
tivity, which make them highly desirable for high-temperature thermal insulation
applications [26]. Additionally, polymer phase used in electrospinning of ceramic
nanofibers results in the formation of nanosized pores after calcination and helps to
improve the insulation properties of ceramic nanofibers [131].

Sietal. [77] electrospun ultra-soft and strong silica nanofibers (SNF) from a
sol-gel solution containing NaCl, the incorporation of which significantly enhanced
the tensile strength of the SNF membranes from 3.2 to 5.5 MPa. The calcination
temperature and the NaCl content in the precursor solution were found to affect
the morphology and mechanical properties of the membranes. The membranes
exhibited a ultra-softness of 40 mN, relative high tensile strength of 5.5 MPa and
an ultra-low thermal conductivity of 0.0058 W m™' K™, which made them promis-
ing candidates for bunker clothing [77]. Dong et al. [79] fabricated fine-grained
mullite nanofibers derived from the diphasic mullite sol (polymethyl siloxane and
aluminum tri-sec-butoxide) by electrospinning and subsequent pyrolysis at 1500°C.
Mullite fibers with 216 nm average diameter and ~ 100 nm grain size were obtained
after sintering at 1500°C were suggested as high-temperature thermal insulation
materials [79]. Si et al. [78] reported a scalable strategy to create superelastic
lamellar-structured ceramic nanofibrous aerogels by combining SiO, nanofibers
with aluminoborosilicate matrices. The developed nanofibrous aerogels exhibited
the integrated properties of flyweight densities of >0.15 mg cm™>, zero Poisson’s
ratio, rapid recovery from 80% strain, and temperature-invariant superelasticity
up to 1100°C, robust fire resistance and thermal insulation performance [78]. Dou
et al. [81] designed a hierarchical cellular structured silica nanofibrous aerogel by
using electrospun SiO, nanofibers (SNFs) and SiO, nanoparticle aerogels (SNAs)
as the matrix and SiO; sol as the high-temperature analogue. They obtained
randomly deposited SNFs with the SNAs evenly distributed on the fibrous cell
wall. The unique hierarchical cellular structure of the ceramic nanofibrous aero-
gels exhibited ultralow density of ~0.2 mg cm™, ultralow thermal conductivity
(2327 mW m K1), negative Poisson’s ratio, temperature-invariant superelasticity
from —196 to 1100°C, and editable shapes on a large scale. The novel nanofibrous
aerogels with their favorable properties were suggested as thermal insulation mate-
rials for aerospace, industrial, and even extreme environmental conditions [81].
Using electrospinning technique, Zhang et al. [26] prepared multi-phase SiZrOC
nanofiber membranes composed of amorphous SiOC and ZrO, nanocrystals to
solve the incompatibility between thermal stability and low thermal conductivity
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of single-phase ceramic nanofibers at high temperatures, which limit their practical
use. The fabricated SiZrOC nanofibers exhibited excellent high-temperature stabil-
ity (~1200°C in Ar) and low thermal conductivity (~0.1392 W m™ K" at 1000°C

in N;). The unique combination of amorphous SiOC and ZrO, nanocrystals offered
a novel strategy to produce high-performance thermal insulation materials. While
the multi-phase interfaces and the ZrO, nanocrystals created thermal transfer
barriers to reduce the heat transfer, the SiOC phase effectively suppressed radiative
heat transfer [26]. Zhang et al. [82] produced ultra-strong, superelastic, and high
temperature resistant, lamellar multiarc structured ceramic nanofibrous aerogels
by combining ZrO, — Al,O; nanofibers with AI(H,PO,); matrices. The resulting
ZrO, — ALLO; nanofibrous aerogels displayed a recovery of 90%, compression
strength of more than 1100 kPa, temperature-invariant superelasticity, and high
fatigue resistance, thermal insulation performance with low thermal conductiv-

ity (0.0322 W m™" K™'), and temperature resistance up to 1300°C [82]. Peng et al.
[80] fabricated yttria-stabilized zirconia mixed silica (YSZ/SiO,) nanofibers by the
electrospinning method. The use temperature of the nanofibers increased by nearly
300°C and their maximum strength reached 5.9 + 0.8 MPa. The YSZ/SiO, nanofi-
bers, showing good thermal insulation performance and hydrophobic properties,
were suggested for use as high-temperature insulation materials [80].

3.8 Other applications

CNFs have been intensely investigated and applied in many different applica-
tions since their first production in 2002. There is still an ever-growing interest in
the field with emerging applications that influence different aspects of life.

Apart from the above discussed applications, ceramic nanofibers are also
utilized in separation of nuclear waste and recycling of nuclear fuels. Liu et al. [84]
electrospun TiO, nanofibers with high porosity and functionalized the membranes
with silver nanoparticles and nanocrystal metal organic frameworks to capture
gases of interest in order to recycle nuclear and industrial waste. These ceramic
nanofiber materials showed high porosity, loading capacity, permeability, stability
in extreme conditions and were effective in recycling of nuclear waste back into the
fuel cycle [84].

Ramaseshan and Ramakrishna [85] produced zinc titanate ceramic nanofibers
by electrospinning technology using polyvinylpyrrolidone as a binder for use as
catalysts for the detoxification of chemical warfare agents, which are known to react
with metal oxides (Mg, Al, Fe, Ti, Zn, Cr, Cu, Mn, etc.) and detoxify them into
nontoxic harmless by-products. The zinc titanate nanofibers were found to be effec-
tive in decontamination of agents, such as dimethyl methyl phosphonate and chlo-
roethyl ethyl sulfide. The extent of detoxification was measured and the products of
reaction of zinc titanate against the simulants were found to be relatively harmless.
The nanofibers obtained were suggested to replace conventional-activated carbon
by electrospun ceramic nanofibers for face masks and protective clothing [85].

Abdo et al. [86] fabricated titanium dioxide (TiO,) and carbon nanofibers
by electrospinning technique followed by calcination process and utilized these
nanofibers to reinforce magnesium matrix composites. When 5 wt.% TiO, nanofi-
bers were added the ultimate compressive strength increased to 281 MPa, which was
about 12.4% higher than the pure Mg. As a result of the addition of carbon nanofi-
bers into magnesium matrix composites, hardness increased to 64.4% with slight
sacrifice in the mechanical properties [86].

CNFs were also utilized in development of highly sensitive and reliable capaci-
tive pressure sensors. Using flexible TiO, ceramic nanofibrous networks, Fu et al.
[87] developed a capacitive pressure sensor and studied the capacitance-to-pressure
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sensitivity. The ceramic pressure sensors, which exhibited high sensitivity

(~44 kPa™?), fast response speed (<16 ms), ultralow limit of detection (<0.8 Pa),
low fatigue over 50000 loading/unloading cycles, high temperature stability, were
suggested for use as real-time health monitoring and motion detection [87].

4, Conclusions

The development of ceramic nanofibers has attracted a significant interest
over the recent years. Among different production techniques such as magnetron
sputtering, solution blowing, laser spinning, chemical vapor deposition, template
synthesis, phase separation, hydrothermal treatment; electrospinning enabled
the production of uniform CNFs with high surface areas, very small diameters,
extremely long length, and small pore size. Ceramic nanofibers became indispens-
able materials in many applications. In this chapter, electrospun ceramic nanofibers
are reviewed with an emphasis on their applications in tissue engineering, gas
sensors, water remediation, batteries, catalyst supports/catalysts, electromagnetic
interference shielding and thermal insulation materials. Although there has been a
lot of progress since their first production, there is still a lot to be explored regard-
ing their production, and properties, and there is a great potential for their uses in
many different fields.
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Chapter 5

Electrospun Nanofibers:
Characteristic Agents and Their
Applications

Lingayya Hivemath, O. Sruti, B.M. Aishwarya,
N.G. Kala and E. Keshamma

Abstract

This study aimed to introduce antibacterial nanofibers, produced by
electrospinning as a novel technique in constructing nanostructured materials. The
large size and less bioavailability due to impenetrable (or partial/improper penetra-
tion) membrane has resulted in production of nanofibers. These nano sized Fibers
were successful in delivering the active ingredients and served the purpose of using
plants for its cause. Some of the active ingredients include antimicrobial compounds
that are incorporated into various products to prevent unwanted microbial growth.
As higher bioavailability is one of the most crucial parameters when it comes to
medical solutions, electro spun nanofibers are highly preferred. This method is
preferable for organic polymers as they have high flexibility, high specific surface
area and surface functionalization. Electrospinning technology has been used for
the fabrication and assembly of nanofibers into membranes, which have extended
the range of potential applications in the biomedical, environmental protection,
nanosensor, electronic/optical, protective clothing fields and various other fields.

Keywords: electrospinning, nanofiber, antibacterial agent, metallic nanoparticle,
tissue engineering

1. Introduction

Nanofibers are fabricated thin threads arising from physical processes using
synthetic chemicals. Nano, when used as a prefix, restricts the diameter of the thin
fibres to nano range i.e., 20-400 nm [1]. Nano being a common term these days has
proved it worth in various fields, well known being drug delivery and other biologi-
cal ones. The high surface to volume ratio serves as the driving factor in most cases
for its application. This is also the reason fibres when made in nano-range perform
better (form highly porous mesh) and have been universally used [1].

Our purpose here is to highlight the technique, electrospinning, which is used
to make nano-fibres with antimicrobial properties. It is a popular technique in
tissue engineering that uses polymer solutions and strong electric fields to produce
nanofibers as close as the natural extracellular matrix (especially in tissue engi-
neering) [1, 2]. When it comes to industries, scalability is a major issue and elec-
trospinning technique is favoured due to this reason and it has a simple setup [3].
Synthetic fibres are used more often than natural ones. There is no standard size
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of a nanofiber when it comes to biological usage. This is due to the stability issue
and hence the porosity, morphology and shape are all variables and are adjusted to
create the best possible product [2]. These products are also affected by the tech-
nique used for the production (here electrospinning- electric field, flow rate etc.).
Environment and solution used to be the other two affecting parameters. There are
alot of correlations to be taken care of before finalising the nanofiber structure.

As of now, we have an idea of what electrospun nanofibers are, however why
these fibres are important is still a mystery to solve. With some basic knowledge
of biology in earlier classes, we have concluded that staying away or preventing
contact with microorganisms can reduce a lot of biological stress in our body. In
short, using antimicrobials is a good option when it is available. Thus, Electro spun
nanofibers when incorporate antimicrobial properties, become a great deal of
interest even to common population e.g., electro spun nanofibers with essential oils
(to prevent the side effect from synthetic compounds) [4], Electro spun nanofibers
of zein and PVA have been proposed as carriers and stabilisers of epigallocatechin-
gallate (EGCG) [5]. There are few studies on the incorporation and release profile
of a drug loaded in biodegradable electro spun nanofibrous membranes, based on
the drug-polymer interactions, on top of its ability to hinder bacterial growth. A
polymer blend composed of/poly (butylene adipate-co-terephthalate) (PBAT)/
poly (lactic acid) (PLA), loaded with different. Cloxacillin (CLOX) contents were
fruitfully produced by using electrospinning technique (as shown in the follow-
ing Figure 1) [6]. The confirmation for the encapsulation of drug was done using
characterisation techniques like Fourier transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC).
The effect was measured by the pH when the drug (20% of CLOX) was released
(antibacterial activity).

Along with antimicrobials, these nanofibers can possess anti-inflammatory and
antioxidant properties as well. Such properties tend to degrade in terms of effect
when not incorporated properly but with a controlled release, this degradation can
be avoided [5]. A detailed description of this technique, usage and the flaws will be
discussed in the later part of this chapter.

a) Sample Preparation

Antibacterial nanofiber
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Figure 1.
Antibacterial activity and effect of pH on its velease (electrospun nanofibers containing cloxacillin) [6].
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2. Nanofiber’s production

Fibres can be natural - from animals or plants, or synthetic — man made. When
fibres come from plants, cellulose is the polymer made from the sugar glucose that
makes those fibres well-built. Natural fibres from plants include cotton, jute, hemp,
sisal, and flax. Silk is formed from the cocoons of silkworms. Wool is soft hair that
is cut from animals like sheep, goats, alpacas, llamas, and even rabbits. Both silk
and wool are protein. Cashmere is an extra-soft fur from goats. Mohair is wool from
angora goats. Angora rabbits give us angora fibres [7].

A lot of different polymers can be made into fibres. Fibres are formed when
polymer chains are all lined up in the same direction [7]. Metallic fibres, Carbon
fibres, fibreglass, mineral fibres, and polymer fibres are all subtypes of synthetic
fibres [8].

Diverse types of natural and synthetic types of polymers are used to make
nanofibers henceforth they exhibit unlike properties and applications. Instances
of manmade polymers include poly lactic acid, polyurethane, polycaprolactone,
polyethylene-co-vinyl acetate plus poly 3-hydroxybutyrate-co-3-hydroxyvalerate.
Natural polymers comprise cellulose, collagen, gelatine, keratin, silk fibroin, then
alginate and chitosan. Polymer chains are linked via covalent bonds [9].

There are many different methods to make nanofibers, including bicomponent
extrusion, drawing, electrospinning, thermal-induced phase separation, self-
assembly template synthesis and centrifugal spinning [9, 10]. Electrospinning is an
extensively used method of producing nanofibers.

2.1 Electrospinning mechanism

When the electrostatic force is applied on solutions or melts, electro-spinning
produces fibres with diameters ranging from micrometre to nano-meter scale. A
general electrospinning setup consists of three primary components: a syringe
with a metallic needle, a high voltage power supply (usually in the kV range), and a
grounded collector. When we consider a typical electrospinning course, high power
is applied on melts/solutions. Consequently, suspended droplets are formed. A
suspended droplet will collapse into a conical droplet as the electrostatic repulsion

Syringe Solution Needie Jet \
e

>

.

[vlor cone

J

High Voltage Collector

Figure 2.
Electrospinning setup [11].
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starts to overcome the surface tension of the fluid. A fine, charged jet of polymer
solution is ejected from the tip of the needle as the electrostatic force overcomes the
surface tension of the conical droplet. The action between the electric field and sur-
face tension of the fluid outstretches the jet stream and then it encounters a whip-
ping motion and that results in the evaporation of the solvent. This led to the jet
stream to be stretched out continuously as a thin and long filament. Subsequently
this filament will harden and will be eventually settled onto a grounded collector,
and finally results in the development of a uniform fibre (Figure 2) [11].

2.2 Electrospun nanofibers with antimicrobial properties

The electro spun nanofibers built-in with antibacterial agents have been fabri-
cated for antimicrobial applications. The electro spun nanofibers exhibit enhanced
antimicrobial performance compared to conventional antimicrobial materials.
They play significant roles in wound-dressing materials, filtration, tissue scaffolds,
protective textiles, and biomedical devices [12].

The electro spun nanofibers with antimicrobial properties fabrication methods
are grouped into two categories. Antimicrobial nanofibers can be obtained by one
step process or by the following two steps. In one stage process, the suspensions
with a mixture of antimicrobial agents and polymer undergo electrospinning. The
formulation of this homogeneous mixture is censorious to make up a smooth and
continuous nanofiber. The properties of electrospinning solutions are affected by
antimicrobial agents. Such vital characteristics that play a significant role in the
process and resultant are conductivities and viscosities.

Whereas in the two steps method include, producing an initial electro spun
polymeric nanofibers and then post-functionalizing nanofibers with antimicrobial
materials. Multiple functionalization approaches have been managed to link the
antimicrobial agents onto surfaces of electro spun nanofibers by using various
chemical and physical methods [13].

Antimicrobial electro spun nanofibers built-in with different antimicrobial
agents: including metallic nanoparticles (silver, zinc, titanium, copper, and cobalt),
carbon nanomaterials, antibiotics, and antimicrobial biopolymers.

3. Antimicrobial agents
3.1 Volatile oils

Volatile oils well known as Essential oils are plant derived concentrated hydro-
phobic and volatile compounds. They are a combination of different compounds
such as carvacrol, eugenol, and cymene derived from aromatic plants. The best
examples of essential oils are terpenoids and hydrophobic phenolic compounds
[14, 15]. The hydrophobic nature of essential oils decides their activity mechanism
against microbes. These essential oils break up into the bacterial plasma membrane
lipid bilayer and then disrupt its structure. This alters the permeability of mem-
brane to ions and other cellular contents. Consequently, the proton pump collapses
and results in cell death [16].

Sadri and his team prepared PEO nanofibers/electro spun chitosan, to which they
linked two distinct types of thyme essential oils into this nanofiber. They used broad-
leaf and narrow leaf thyme essential oils to their study. The nanofibers/chitosan
along with the thyme oils were trialled against P. aeruginosa and Staphylococcus aureus.
After 24 hrs, the inhibition of narrow life was reported as 8 and 15 mm were as in
case of broad life it was 10 and 19 mm for P, aeruginosa and S. aureus, respectively.
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Accordingly, the broad leaf resulted in more antibacterial activity than narrow leaf
spices in the presence of above-mentioned bacteria’s [17].

3.2 Herbal bioactive components

There are many studies that prove the potent antibacterial property of plants-
derived herbal bioactive components against a wide range of food borne patho-
gens. The widely researched bioactive components with antimicrobial properties
are gingerol, allicin, shikonin, asiaticoside, and curcumin etc. Curcumin (Cur)
which is derived from the rhizome of Curcuma longa L. is well-known for its
valuable properties, including anti-inflammatory, antioxidant, and anticancer
features [16, 18-20].

3.3 Silver

Amongst metallic nanoparticles, silver nanoparticles are the most studied and
have been demonstrated to be the most effective antimicrobial agents. Agisa
known biocidal agent that is effective against a range of types of fungi, bacteria,
and viruses; on the other hand, it is non-hazardous to human cells. The simplest
and most frequently used method for combining Ag nanoparticles with electro
spun nanofibers is the suspension of Ag nanoparticles directly into the electrospin-
ning polymer solutions [21, 22].

A research team formulated cellulose acetate nanofibers with the use of elec-
trospinning methods. Cellulose acetate nanofibers were transformed into cellulose
nanofibers using alkaline hydrolysis. In addition to this, silver nanoparticles were
added to the cellulose nanofiber. Developed antibacterial silver cellulose nanofiber
activity was examined against E. coli and S. aureus grown on Lysogeny broth [LB]
medium. After 18 hrs of contacting 1% silver nanoparticles, the inhibition zone was
spotted with 16- and 14.4-mm diameter against E. coli and S. aureus, respectively.
Besides, it was also proved that antibacterial activities of the Ag nanofibers were
directly influenced by the rising concentration of Ag nanoparticle contents [23].

3.4 Zinc and copper

ZnO appears to restrain the growth of strongly resistant bacteria. There are
some reports about the significant antibacterial activity of ZnO, which is credited
to the production of reactive oxygen species [ROS], causing the production of oxide
substances.

Since olden times, Copper has been used for manufacturing utensils as it is a
powerful natural biocidal metal. When bacteria encounter copper, there will be cell
wall deformation which causes the death of bacteria. To deal with bacteria, many
researchers have developed a method where a polymeric matrix was supported with
copper by electro-spinning [24]. Ahire and his research team used electrospinning
of Poly-D and PEO, L-lactide method to combine Cu nanoparticles into nanofibers.
Due to the presence of copper nanofibers, S. aureus and P. aeruginosa were reduced
by 50% and 40%, respectively after two days [25].

3.5 Antibacterial drugs
For wound health, filtration, and active packaging systems antimicrobial
nanofibers incorporated with antibacterial drugs have become one of the promis-

ing nano-scale materials. A vast range of antibacterial drugs such as peptides and
antibiotics have been formulated physically or chemically within electro spun
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nanofibers or on their surfaces. The polymer degradation, release profile, and
release pathway of antibacterial drugs from electro spun nanofibers has a linkage
with the release mechanism of antibacterial drugs which may be regulated through
the composition of polymer and fibre morphology [26].

Antibacterial drugs encapsulated in electro spun nanofibers have been proved to
sustain the antibacterial property over a longer time compared to the un-encapsulated
form. A sodium alginate electro spun nanofibers loaded with ciprofloxacin was devel-
oped by a team and it was tested for its antimicrobial activity against Staphylococcus
aureus. The minimum inhibitory concentration [MIC] of ciprofloxacin required is
found to be 0.125 pg/mL through this study [27]. Similarly, another team worked on
developing nisin nanofibers/cellulose acetate which resulted in approx. 99.9%
reduction of S. aureus [28].

4. Applications of electro spun nanofibers (ESNF)

Electrospinning offers many advantages like control over morphology, porosity
and composition using very simple equipment. Due to its different applications in
various fields like filtration products, biomedical applications, and tissue engi-
neering to produce artificial blood vessels, non-woven fabrics, fuel cells, fibre mats
etc. [29]. Electrospinning technology has been used for the fabrication and assem-
bly of nanofibers into membranes, which have extended the range of potential
applications in the biomedical, environmental protection (Table 1), nano sensor,
electronic/optical, protective clothing fields and various other fields [30].

4.1 Health applications

The ESNF have shown great capacity in the human healthcare applications,
for tissue or organ repair and regeneration, as biocompatible and biodegradable
medical implant devices, in medical diagnostics and instrumentation, as protective
fabrics against environmental and infectious agents in hospitals and as vectors to
deliver therapeutics and drugs [31].

For drug delivery or bio separation, nanofibers with strong paramagnetic
properties prepared by the coaxial technology, such as Gd,0,S, possibly doped with
Eu or Dy, were recommended [32].

For controlled delivery of drugs, molecular medicines, body-care supplements
and therapeutics nanofibers are used as a promising tool by cosmetics and pharma-
ceutical industries. To give an example such as DNA which is attached covalently to
a patterned array of carbon fibre and inserted into cells by centrifuging these cells
onto the array will not affect cell’s viability and the expression of genes encoded by

Materials Solvent system Materials Solvent system

Cellulose acetate Acetone/DMAc Chitosan TFA

Chitin HFIP/PBS Hyaluronic acid DMF/water

Silk fibroin Formic acid Fibrinogen —

Gelatin TFE/HFIP Elastin Water

Collagen HFIP Soy protein HFIP

Wheat protein HFIP Whey protein Acidic aqueous solution
Table 1.

Natural biopolymer electrospun nanofibers [30].
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the inserted DNA. This could build a way for the development of a ‘smart’ poly-
meric drug delivery system [31]. After alignment, stacking, mechanical properties,
diameter, porosity, and biodegradability optimisation nanofiber-based scaffolds
have been explored to enhance the repair or regeneration of various types of tissues,
including heart, blood vessel, nerves, skin, musculoskeletal system, and tissue
interfaces [33].

4.2 Wound dressing

The naturally extracted bioactive agents using electrospinning technique have
been majorly promoted for the development of advanced level of dressings which
paves way for rapid and efficient wound repair. Electrospun scaffolds consists of
several advantages over the traditional dressings for the treatment of chronic as
well as acute wounds, high absorption of exudates from the site of wound, efficient
exchange of gases and nutrients for cell’s proliferation, protection of the injured
tissue, and the possibility to release functional molecules [34].

The distinctive features of ESNF scaffolds such as their inter-fibre and intra-
fibre pores and high surface area stimulate the fibroblastic cells response by rapidly
initiating cell signalling pathways. Additionally, electrospinning technique can be
used because of its application in the fabrication of cosmetic masks which are used
for skin cleansing and skin healing. The high surface area of an electrospun skin
mask facilitates the flow of additives from and to the skin (Figure 3) [30].

Many crude extracts of plants have been successfully encapsulated into elec-
trospun fibres, such as Centella asiatica, baicalein, green tea, Garcinia mangostana,
Tecomella undulata, Aloe vera, Grewia mollis, chamomile, grape seed, Calendula
officinalis, Indigofera aspalathoides, Azadivachta indica, Memecylon edule and
Myristica andamanica which has been used for wound healing [34].

ESNF has been effectively explored as a wound healing dressing material. By
developing nanofibers to provide topographical and biological cues, the migration
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Figure 3.
Various strategies used to prepare suitable wound dressing [31].
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and infiltration of repairable cells can be improved. Once the nanofiber-based scaf-
folds have been optimised accordingly in vitro for the promotion of cell migration
and/or delivery of biomolecules they will be subjected for wound healing evaluation
in vivo using a mouse, rat, or rabbit model [33].

4.3 Tissue engineering

In tissue regeneration, biocompatible and biodegradable fibrous scaffolds are usu-
ally preferred over traditional scaffolds because of their uniqueness and capacity to
provide the target cells or tissues with a local environment by imitating the extracellu-
lar matrix. Hence, the use of ESNF in tissue engineering is increasing day by day [30].

Osteogenic properties in medicinal plants such as Cissus quadrangularis (CQ)
and Asian Panax ginseng root have been suggested for regeneration of bone. The
combined effect of CQ and hydroxyapatite (HA) has been explored by produc-
ing PCL-CQ-HA electrospun scaffolds. Proliferation of human foetal osteoblasts
(hFOBs) on the composite scaffolds and increased adhesion was observed.
Furthermore, increased levels of mineralisation and osteocalcin expression were
detected which are fundamental in bone formation [34].

Bio or natural polymers (hyaluronic acid, alginate, collagen, silk protein,
fibrinogen, chitosan, starch, and poly (3-hydroxybutyrate-co-3-hydroxyvalerate
(PHBV)) have been mainly focused by the researchers until recently for tissue engi-
neering, because these polymers showed excellent biocompatibility and biodegrad-
ability. However, in recent years, attempts have been made to utilise a wide range
of natural and synthetic polymers for the regeneration of new tissues, specifically
cartilage tissue, dermal tissue, and bones.

A synthetic polymer poly (lactic acid-co-glycolic acid) (PLGA) is the ideal
material for tissue regeneration because of its tuneable and biodegradable nature,
easy spinnability, and the presence of multiple focal adhesion points [30].

4.4 Food industry

ESNF is used for the encapsulation of plant extracts with the aim of preserving
the integrity and controlling the release of the active ingredients in food process-
ing and packaging. Electrospinning majorly offers the advantage of being a cost-
effective manufacturing procedure that operates at room temperature and it is
compatible with most edible polymers and materials approved for food contact in
these sectors [34].

A hydrophobic prolamin, Zein which can be extracted from corn consists of
marvellous film-forming properties with a high thermal resistance. Earlier, zein
films were used as edible coatings on tomatoes to delay the colour changes, weight
losses, and on nuts to delay rancidity during storage. However, the zein based
electrospun mats may provide additional attributes for food packaging [35].

Functional molecules extracted from plants have been exploited for prolonging
food shelf-life and avoiding bacteria colonisation in food packaging applications. In
one of the modern studies, electrospun mats of p-cyclodextrin (PVA/CEO/B-CD)
and PVA containing cinnamon essential oil (CEO) have been developed and tested
against S. aureus and E. coli. The combination of CEO with $-CD enhanced the
antibacterial action of this essential oil [34].

A cost competitive plant protein which is a soy protein is partially purified and
concentrated from soybeans in various forms, such as soy protein concentrate,
defatted soy flour, and soy protein isolate (SPI). Though there is a great amount of
interest in developing soy protein as an electrospinning matrix, pure soy protein
cannot be electrospunned easily.
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5. When are electrospun nanofibers not a good option?

Electrospinning is an impressive technique however, the size of the fibres being
nano, is a disadvantage when it comes to control. The limited control of the pore
size (Electrospun scaffold) is a diameter dependent which reflects on the cellular
infiltration (decrease due to smaller average pore size) [36].

Another reason being the degradation effect (introduced in the latter half of the
introduction). The rapid degradation of nanofibrous constructs can adversely affect
the ability of the scaffolds to support tissue growth. The structure of the nanofibers
plays an important role, especially when it comes to nanoscale, the high surface area
to volume ratio serves as the reason for its selection. However, in case of degrada-
tion effect, due to this property, the nanofibers are prone to hydrolytic degradation.
Hence long-term processes should not employ such scaffolds as before the entire
process (observation, selection or any other research studies) is completed, the
culture will have no support to grow [36]. Crystallinity in polymers can treat this
problem however the size of the fibres (diameter) are still a variable with a high
probability of variation (purpose dependent and needs a lot of testing before it can
be finally put into use). The poor infiltration of cells into scaffolds is still an issue to
deal with, especially when we want to add various properties into nanofibers.

As mentioned in the introduction, electrospinning is an easy to setup and
scalable technique. The cost parameter is in our favour whereas the volume imposes
some difficulties in terms of production. It is quite difficult to produce a large
volume scaffold and if the critical factors do not meet the threshold level the final
structure might not be at its best form. This will drastically affect the application
part. This will also affect special properties like antimicrobial/inflammatory/oxi-
dant. The release of the drug will be questionable in such cases (Table 2).

The drug loading process when it includes a high amount of drug can result
in a burst. When we submerge the fibres in aqueous solution (prone to hydrolytic
degradation), the antimicrobial properties (e.g., antibiotics) are released in a short
duration (might not last till it’s required). This issue can be solved by using different
set-ups. We have learned that electrospinning technique is an easy to set-up one,
here if we want to use such nanofibers for a longer duration, a different set-up is
required which introduces more complication [37].

When environmental factors are taken into consideration, most frequently
relative humidity is studied. When this parameter is a settable, considering higher
RH leads to thinner fibre diameter, an appropriate high RH level could be selected.

Diameter Fibre composition Application

438 + 156 nm Electrospun, aligned, and randomly In vitro culture of meniscal fibrocartilage
oriented PCL cells and human MSCs

519 + 127 nm

430 + 170 nm Electrospun, aligned, and randomly In vitro culture of human tendon stem cells
oriented PLLA

450 + 110 nm

657 + 183 nm Electrospun, aligned PU In vitro culture of human ligament

fibroblasts
300-900 nm Electrospun PLGA nanofibers on In vitro culture of porcine MSCs

top of microfibers

Table 2.
Variations in polymer nanofibers size in ligament and tendon tissue engineering [36].
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Since high RH levels may lead to beads, too high RH levels cannot be selected.
Whereas if an ambient RH cannot be controlled. Then RH is considered a distur-
bance of the electrospinning process and the required jet diameter, responding to
the desired fibre diameter, should change with an ambient RH. The system’s velocity
should be adjusted along with the flow rate. This is done to obtain a required jet
diameter (the application of electric field in the polymer solution will cause the
droplets to take a conical shape) and control the fibre’s diameter. This is where
production will become an issue. Such adjustments are difficult and are highly vari-
able. Hence, relative humidity should be studied to decide what type of parameter
it is (settable or disturbance) to decide the production rate. The operating regime
should be selected to achieve the desired fibre diameter while maximising produc-
tion rate [38].

Along with relative humidity, temperature should also be taken into consider-
ation. The average diameter of nanofibers produced by electrospinning changes
significantly through variation of temperature and humidity. At a relatively higher
temperature the solvent evaporation rate will increase and the viscosity of the
precursor solution to be electrospun will decrease, and as a result thinner nanofiber

would be obtained [39].

6. Limitations

Though there are many reports on the successful presentation of electrospinning
as a useful platform technique for the fabrication of nanofibers from a variety of
materials, several issues are yet to be explained. Electrospinning process simulation
models need to be optimised by considering all the liquid properties for electrospin-
ning and all the processing parameters for better elucidation of the phenomenology
of electrified jets. If it is successful, one should be able to analyse the behaviour of
the electrified jet for the deterministic fabrication of electrospun nanofibers with
well-controlled size, structure, and morphology [33].

Even though there is increase in the usage of natural biopolymers in the electro-
spinning technique for food packaging has developed a massive growing interest
in the recent years but due to lesser flexibility of these materials ultimately leads to
difficulty of processing in traditional equipments, and most of them are hydrophilic
materials which means that they lack necessary mechanical properties and good
barrier properties to moisture and oxygen [35].

7. Conclusion

As discussed above, electrospinning is one of the most efficient techniques used
for the synthesis of nanomaterials [30]. It enables the incorporation of unique prop-
erties including large surface area, small size, and high activity, which are expected
to develop advanced packaging systems for fulfilling consumers’ needs. However,
nano or micro sized components may lead to environmental pollution or even
health risks due to their migration into food and drinks, whereas our knowledge
regarding the potential threats from the used nanomaterials is still relatively lacking
[35]. Research and experimentation by various organisations along with academic
individuals have stated that the bioactive molecules that were naturally derived were
better incorporated into polymeric nanofibers and also improved the membrane
and scaffolds manufacturing using such electrospun nanofibers [34].

Although ESN includes antimicrobial and loading other similar agents, the
spectrum of this range is limited to some curing agents. The further investigation
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is to be focused on broadening this spectrum resulting into a diversified product
with composite materials [33]. Currently, the control on the deposition deposition,
porosity, inter-linkage and intra-linkages made nanofiber accessible in almost all
the fields- food industry, wound healing management etc. [30]. Environmental
field applications with surface functionalized nanofibers are facing a few challenges
that need to be tackled which include capacity reduction and kinetic slowness
after surface modifications. The level of research to uplift the current properties
for targeted action is not up to the mark, hence needs further investigation by the
agricultural and food industries for a real time response. Apart from this, combin-
ing the nanofibers with microfluidic systems is still challenging because it requires
nanofibers with the well-controlled diameter and orientation, as well as the repro-
ducibility to place them at specific positions and with the right orientation [33].
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An Insight into Biofunctional
Curcumin/Gelatin Nanofibers
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Abstract

Electrospinning (ESPNG) was used to synthesize ultrathin (UT) and uniform
nanofibers (from 5 nm to a few hundred nanometers) of various materials which
have biomedical applications (BAs) such as dressing of wounds, drug discharge,
and so on and so forth. In the first half of the report, there is an audit on the
nanofibers having low diameter so that it could have larger surface area to volume
proportion, likewise with that it would have sufficient porosity and improved
mechanical properties required for wound healing. Nanofibrous mats (NMs) with
high biocompatibility could be utilized during healing of wounds by sustained
release of curcumin (Cc) and oxygen. The ESPNG was understood through in-
depth numerical investigation in the present report. Furthermore, the process
parameters (PMs) were reviewed in depth for their contributions in synthesizing
UT - Curcumin/Gelatin (Cc/G) nanofibers (NFs) of optimum diameter. The aim of
the discussion was to demonstrate that simply optimizing biofunctional (BF) - Cc/G
NFs might not be enough to satisfy experts until they are also given access details
about the complete ESPNG method (mathematical mechanism) to improve hold
over the synthesis of NMs (suitable for BAs) for the release profile of Cc throughout
critical periods of healing process.

Keywords: curcumin/gelatin (Cc/G), nanofibers (NFs), nanofibrous mats (NMs),
electrospun (ES), electrospinning (ESPNG), biomedical applications (BAs),
methanoic acid (HCOOH)

1. Introduction
1.1 Biofunctional (BF) - curcumin/gelatin (cc/G) nanofibers (NFs)

The impact of new revelations in the field of nanotechnology widespreadly
affects the wellbeing sciences (Table 1). In biomedical field, the possible parts of
NFs applications which resemble drug delivery and tissue science and medicine
have been researched in the article. In spite of the fact that electrospinning
(ESPNG) was considered as a reasonable system for the polymer nanofibers that
were polymeric, biodegradable or non-biodegradable, manufactured or common
and so on, which were with uniform distances across ranges from 5 nm to a few
hundred nanometers [2-4]. The ESPNG procedure was favored over other regular
strategies in published papers for the synthesis of polymer nanofibers [5-8]. The
requirements for the biopolymers such as their restricted dissolvability in natural
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Few ES - NFs loaded with Cc Potential application in wound
healing/ dressing, so on

Few Cc loaded NFs including (a) polycaprolactone- Potential wound healing application
polyethylene glycol; (b) poly (3-hydroxybutyric acid-co-3-

hydroxyvaleric acid) (PHBV); (c) poly(lactic acid)

hyperbranched polyglycerol; (d) é— polycaprolactone/

polyvinylalcohol; and so on

Few Cc loaded NFs including tragacanth/ poly(e-caprolactone)  Potential application in dressing of

NFs diabetic wound based on iz vivo
Few Cc loaded NFs including almond gum/ polyvinyl alcohol Therapeutic capacity and
(PVA) NFs bioavailability

Few Cc loaded NFs including Zinc-Cc with coaxial NFs Orthopedic applications
Few Cc loaded NFs including (a) zinc NFs; (b) cellulose Antibacterial application

acetate/ polyvinylpyrrolidone NFs; (c) polyurethanes NFs; (d)
gelatin (G) NFs; and so on

Few Cc loaded NFs including chitosan/ poly (vinyl alcohol) Sustained drug release
(PVA) NFs; and so on

Table 1.
Potential applications of biofunctional (BF) - curcumin (cc) based electrospun (ES) NFs (reprinted with
permission from vef. [1]. Copyright 2020 IOP publishing).

solvents due to high particle size, as well as their expensive purifying steps and their
suitable polymeric solutions because of their inclination to frame hydrogen bonds,
were controlled subsequent to mixing with engineered polymers in any case these
restrictions may limit their ESPNG process for nanofibrous mats (NMs) [9].

The nanofibrous mats (NMs) which were prepared from ES collagen nanofibers
were utilized for applications of tissue science and medicine [8]. Additionally, Aloe
vera which is a characteristic polymer also holds potential to be used for tissue
science and medicine applications because it has a cancer prevention agents and it is
totally not harmful to living tissues [10, 11]. The BAs of some other ES nanofibers
were discussed in Table 1. Gelatin (G), a polymer made up of proteins and pep-
tides, is not harmful to living tissues. As a result, it was thought to be a fair and
healthy option when it came to dressing dangerous injuries, such as diabetic ulcers.

Due to their considerable tensile strength compared to traditional fibers (with
diameters ranging over 100 nm), the low profile NFs can serve as a suitable material
while healing and act as barriers to protect the wound (Figures 1 and 2) [11-14].
Gelatin is also noted for its high water absorption and fluid affinity, making it an
ideal option for the moist healing process. In methanoic acid, gelatin (a natural
biopolymer that is a denatured form of collagen) is quite soluble. Collagen is a
protein found in the extracellular matrix (ECM) of humans and animals, but it is
costly due to its production processes [15-25]. The properties of these nanofibers
can also be regulated according to requirements by optimizing input process
parameters (PMs) such as high potential power supply, solution’s resistance to the
flow, length between the NFs collector and emitter, and feed rate, according to the
authors. Methanoic acid was clearly used as a natural unstable dissolvable in the
ESPNG to disintegrate gelatin (G) at room temperature. Recently, the use of G-
nanofibers with sufficient tensile strength for fabricating NMs has got a lot of
attention for antimicrobial applications [26-30]. In addition to their light weight
(LW), effective spinning of minimum diameter nanofibers provides a large surface
area of these nanofibers. It was fundamentally required for the purpose of dressing
the wounds and for other BAs (Table 1). Mindru et al. [31] succeeded in synthesiz-
ing NMs of sufficient strength for BAs using methanoic acid. Rather than cytotoxic
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Figure 1.
The BF - ES NFs were crosslinked to improve tensile strength of the NMs (veprinted with permission from ref.
12. Copyright 2017 springer nature).
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Figure 2.
The event of cc discharge was shown with time (reprinted with permission from vef. 12. Copyright 2017
springer nature). The need to crosslink the ES - NFs was illustrated.

solvents, Maleknia et al. [32] utilized HCOOH/water to get ready solutions for the
ESPNG of G-nanofibers which can be utilized for BAs such as dressing of wounds,
delivery of pharmaceuticals, and for tissue science and medicine. They were suc-
cessful in synthesizing G-nanofibers with 197 nm diameter. Chen et al. [33] utilized
methanoic acid and ethanol to have the improvement in the volatility of the dis-
solvable rather than cytotoxic solvents while setting up the dissolvable for prepar-
ing ES G-nanofibers. For medication conveyance, the nanofibrous mats broke in a
rapid manner in fluid polymeric solutions. Aytac et al. [23] research suggests that ES
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G-NFs exemplified with ciprofloxacin/hydroxypropyl-beta-cyclodextrin incorpo-
rating complex will break down quicker in water than ES G-nanofibers stacked with
ciprofloxacin. Using a dialysis process, Yabing et al. [21] synthesized drug-loaded
micelles (poly(ethylene glycol)-block-caprolactone copolymer) and integrated
these pharmaceuticals into ES G-NFs. The NMs developed using ES NFs have
considerable surface regions and such NFs have a significant contribution in tissue
science and medicine. The solvent utilized here was the methanoic acid for ESPNG
BF-nanofibers which leads to different BAs such as enzyme immobilization, mate-
rials for bone recovery, antifungal and antibacterial exercise in the release of med-
ications, bioactive materials encapsulation during packaging of food and dressing of
wounds [34].

The turmeric extracted from Curcuma longa, which was regular turmeric (her-
baceous plant) and is broadly utilized in Asian countries like India and China, as a
bioactive compound with potent anti-inflammatory and antioxidant properties in
medicine. Synthetic dimethoxycurcumin has been found to be more effective than
natural curcumin (Cc) at destroying cancer cells (which is the leading cause of
death in the world) (derived from the plant) [35-45]. Ramrezagudelo et al. [36]
incorporated antibiotic doxycycline pharmaceuticals (mitochondrial biogenesis
inhibitors that may limit cancer stem cells in the early stages of breast cancer) into
ES hybrid poly-caprolactone/gelatin/hydroxyapatite soft NMs and assessed these
drug delivery meshes as effective antitumor and antibacterial scaffolds (Figure 3).
The utilization of methanoic acid as dissolvable for solutes such as Cc and gelatin (G)
has been the favored decision in numerous BAs. Researchers have successfully pre-
pared solutions of Cc and dimethoxycurcumin utilizing methanoic acid [35, 46-48].
After 12 hours, higher concentrations of Cc, such as 17 percent Cc loaded poly
(e-caprolactone) (PCL) NFs, should release more Cc at a particular rate than lower
concentrations such as 3 percent Cc loaded PCL NFs. (Figure 2) [11, 12]. Utilization
of PCL-Cc polymeric solutions, BF-ES nanofibers were prepared [11-14, 48].

Curcumin

Polymers /
High voltage

n .
Nanofiber scaffold ‘/

Collector

Polymer solution

Syringe dniver

IEVE| =

Ground

Skin layers Wound
M
et
.

Figure 3.
Preparation of cc loaded ES NFs for sustained release of pharmaceuticals for potential healing process
(reprinted with permission from ref. 13. Copyright 2018 John Wiley and Sons).
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Xinyi et al. [12] synthesized curcumin/gelatin (Cc/G) nanofibrous mats and
studied the arrival of Cc on rodent models (intense injury) by means of an in vitro
approach. The healing process was tested by treating rodents utilizing the Cc/G
nanofibrous mats (investigations done on the third, seventh, and fifteenth days
subsequent to injuring). It inspired us to create Cc-loaded gelatin NFs suitable for
the fabrication of NMs for the application of Cc and oxygen to the wound on a long-
term basis (during healing) [13]. These NMs will then have antioxidant and anti-
inflammatory properties, making them ideal for the healing process [13, 48-66].

1.2 Mechanism behind electrospinning (ESPNG) of cc/G nanofibers (NFs)

The process of electrospinning (ESPNG) utilizes an electric field applied to the
emitter and a ground terminal to pull back a thread of polymeric solution out of the
opening of the emitter. In the process of ESPNG, the Maxwell electrical pressure

was set as per ratio, Z—zz; where permittivity was ‘¢, a high potential power supply

was 'V’ and the electrode spinning gap was shown with 'd’. The critical high

potential power supply (V) was \/g, and it must exceeded before any jet could
spread out from the needle tip. For, y = 10 %kg/s?,d = 10 *m, e = 10" 1°C?/(Jm)
andR = 10~*m, a high potential power supply around 10 KV was necessary to form
a jet of any type. The polymeric solution of the Laplace condition (utilized in the
modeling) in the feeble polarization limit depicts the electrostatics in the fluid stage
in an axisymmetric indirect support framework (7, 8, ¢) with the vertices of the
Taylor cone at the source which can be shown using general Eq. (1).

w1(r,0) = A,r"P,(cos0);for0y >6>0,
y/g(r, 0) = B,7"P,(x — 0);forn >0 >0y (1)

Eq. (1), V = $7r®, was the drop in the volume of fluid, here the spinning gap »
which was from the cone vertex of angle 26, to the emitter tip and the state of the
drop was said to be utilizing a Taylor cone, accordingly was described as » = R(z).
Later on the - axis was corresponding to the applied electric field with z € [-1, 1],
where [ was the length if the semi-long pivot of the drop and limit condition
0o > 6 > 0 represents the boundary condition of the fluid. P, [x] was the Legendre’s
function, where A, and B, were constants. They suggested a model for ESPNG
polymeric nanofibers which relies upon a sink-like flow towards the vertex of the
Taylor cone. The course of action of the flow in axisymmetric polar headings
(r, & 0) was given utilizing conditions (2) and (3).

_ vF(e) @)
r

F(e) :b{3tanh2[<\/?> (a—¢) —5—1.146] _z} (3)

In the above Egs. (2) and (3), velocity of the radial feed, v,, the kinematic
solution’s resistance to the flow of feed, v, the wedge/Taylor cone half angle, 4, the
parameter, b which serves to decides the inertial concentration of stream on the
Taylor cone vertex/Taylor cone. With that the mass and charge conservations led to
expressions for v and ¢ in terms of R and E, also the force and E-field conditions
were assessed utilizing second-degree differential equations. Inclination of the
stream surface (R) was supposed as the highest from the origin of the nozzle and

vy
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hence the initial result of 2 was equal to zero. Furthermore, PMs were discussed
using the set of Egs. (4) [67, 68].

R(0) =1
E(0) = E
R
pr = 27';1}?03
Tpzz = _2pr (4)

Here Eq. (4), the radius of the jet initially was 'Ry’ and the formula used for

calculating the jet velocity, vg = ﬁ, where the rate of discharge of the polymeric
0
solution, Q, and the conductivity of the liquid solution, K. Moreover, the electric

field (Eo) was calculated using the formula, Eg = ”R+K and the surface charge
0
density (o¢) was calculated using the formula, €E(, where the dielectric constant of
ambient air was '€ and the constant was 'Ey’ which was to be used during simula-
tion of the ESPNG. The viscous stress (7o) was calculated using the formula, 79 =

‘g2 A Newtonian liquid law of force for the liquid was summed up and for that the
shear pressure (7) was givenas 7= K (%)m as shown using Eq. (5) [67]. The electric

field will overcome the surface tension of the polymer liquid and thereafter through
Taylor’s cone NFs will be pulled out and ES over the moving cylinder collector.

d(eR) dR
dz — (ZR dz) /Pe )

Furthermore, the response of 'E’ is a function of axial position (z) and it can be
shown in Eq. (6) [1, 69, 70].

d(E d°R?
(z) = Ilny (d—zz> /Pe (6)

The model discussed above so far was found fit for foreseeing the conduct of the
PMs of the ESPNG [67].

2. Electrospinning (ESPNG) of cc/G nanofibers (NFs)

In the present investigation, we utilized set-up for ESPNG (Figure 4(a)). The
prominent four parts that were related to the ESPNG - PMs such as spinning gap
between the emitter and drum collector, high potential power supply, rate of feed,
and solution’s resistance to the flow of a polymeric solution (taken in a 2 ml needle
syringe). For the ESPNG process, a high potential power supply has been set across
the length of the moving cylindrical drum collector (covered with an aluminum
sheet) to pull NFs from Taylor’s cone formed at the tip of the syringe’s needle. The
NFs were stretched up from the polymeric solution containing a polar natural
solvent and a polymer solute in a definite proportion. After that, these NFs were
collected over the moving cylinder which was turned with a speed of around
1000 rpm so that the NFs with UT - diameters could be synthesized across by
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Figure 4.
The (a) ESPNG set up was used to synthesize (b), and (c) the UT - and BF - Cc/G NFs (Reprinted with

permission from Ref. [70]. Copyright 2020 IOP Publishing).
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extending them and adjusting them directly as well as improving their mechanical
properties. The four PMs were the spinning gap between the collector and needle’s
tip, rate of feed, solution’s resistance to the flow, and the high potential power
supply were considered [1, 69, 70].

For synthesizing the BF - NFs parameters were considered. The polymeric
solution was prepared after blending 1 percent curcumin (Cc) (0.1 g) with 1.5
percent G (0.15 g) in 10 ml of methanoic acid (98 percent concentrated). Other
than that, each other polymeric solution was prepared by mixing 1.2 percent Cc
(0.12 g) with 2 percent G (0.2 g) in 10 ml of methanoic acid (98 percent concen-
trated), both at room temperature. The examinations were done at room tempera-
ture, in encompassing air which had moisture around 80 percent.

The synthesis of NFs was done by varying the spinning gap between the tip of
the needle (10 cm and 15 cm), the rate of feed (0.1 mlh ! and 0.15ml h — 1), the
possible high potential power supply (15 KV and 20 KV), and the solution’s resis-
tance to the flow (65 cP and 70 cP, on account of the additional substances obses-
sions). For 48 hours, the mats were dried at room temperature to completely
remove the methanoic acid. The diameters of the NFs were then examined using
scanning electron microscopy (SEM) (Figure 4(b), and (c)).

3. The electrospun (ES) cc/G nanofibers (NFs): a state-of-the-art review

The diameter (nm) of the NFs was synthesized during the process of electro
spinning measures (Table 2). The differences in the outcomes (as far as the

Runs Spinning  Feed Rate High potential Solution’s resistance =~ Mean Diameter
gap (cm) (ml/h) power supply (KV) to the flow (cP) (nm)
A B C D

1 Low - 10 Low - 0.1 Low - 10 Low - 65 205 £ 22.5
2 High - 15 Low - 0.1 Low - 10 Low - 65 181 + 66
3 Low-10  High-0.15 Low - 10 Low - 65 270 £ 16
4 High-15  High-0.15 Low - 10 Low - 65 280 + 20
5 Low - 10 Low - 0.1 High - 15 Low - 65 260 £ 26.5
6 High - 15 Low - 0.1 High - 15 Low - 65 254 + 28
7 Low-10  High-0.15 High - 15 Low - 65 147 + 34
8 High-15  High - 0.15 High - 15 Low - 65 286 + 31
9 Low - 10 Low - 0.1 Low - 10 High - 70 287 +77
10 High - 15 Low - 0.1 Low - 10 High - 70 288 + 57
11 Low - 10 High - 0.15 Low - 10 High - 70 375+ 96
12 High-15  High-0.15 Low - 10 High - 70 206 + 56
13 Low - 10 Low - 0.1 High - 15 High - 70 308 £ 74
14 High - 15 Low - 0.1 High - 15 High - 70 229.5 + 60
15 Low-10  High- 0.15 High - 15 High - 15 235 + 47
16 High-15  High-0.15 High - 15 High - 70 274 + 53

Total " X = 4085.5

Table 2.
The effect of PMs on diameters of cc/G NFs (veprinted with permission from vef. 1. Copyright 2020 IOP
publishing).
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diameters of the NFs) synthesized were as per the following: at a high potential
power supply such as 15 KV (at 15 cm distance, 0.1 ml h™" rate of feed and 65 cP
solution’s resistance to the flow) utilizing a solution having 1.5 percent G, 1 percent
Cc in 10 ml of 98 percent concentrated methanoic acid, NFs with diameters around
254 nm (254 + 28 nm) which was quite larger than the 181 nm (181 + 66 nm)
(Figure 4(b)) spinning gap across got at 10 KV using similar polymeric solution
and keeping PMs at same levels. At a higher rate of feed such as 0.15ml h™" (at

10 cm distance, 15 KV high potential power supply, and 65 cP solution’s resistance
to the flow) utilizing a solution having 1.5 percent G, 1 percent cc in 10 ml of 98
percent concentrated methanoic acid, the diameter across of NFs were prepared
around 147 nm (147 £+ 34 nm) (Figure 4(c)) which was quite smaller than 260 nm
(260 £ 26.5 nm) as the diameter synthesized at 0.1 ml h ™! rate of feed utilizing
similar polymeric solution and keeping PMs at same levels. At a higher rate of feed
such as 0.15 ml h™" (at 15 cm distance, 10 KV power supply, and 70 cP solution’s
resistance to the flow) utilizing an solution having 2 percent G, 1.2 percent Cc in
10 ml of 98 percent concentrated methanoic acid, the diameter of NFs were pre-
pared around 206 nm (206 £ 56 nm) which was smaller than 229.5 nm

(229.5 £ 60 nm) as the diameter synthesized at 0.1 ml h™? (at 15 cm distance, 15 KV
high potential power supply and 70 cP solution’s resistance to the flow) utilizing a
similar polymeric solution. For a higher concentration (2 percent G, 1.2 percent Cc
in 10 ml of 98 percent concentrated methanoic acid), the solution’s resistance to the
flow was prepared (utilizing a solution’s resistance to the flow - measurement set
up) to be 70 cP and afterward the diameter of the NFs increased to 235 nm

(235 + 47 nm) at 10 cm distance, 0.15 ml h™? rate of feed and 15 KV high potential
power supply, from 147 nm (147 & 34 nm) (Figure 4(c)) (prepared at 1.5 percent
G, 1 percent Cc in 10 ml of 98 percent concentrated methanoic acid) at 10 cm
distance, 0.15 ml h™" rate of feed, 15 KV high potential power supply and 65 cP
solution’s resistance to the flow. At a spinning gap between the collector and
needle’s tip such as 15 cm (0.15 ml h™ " rate of feed, 15 KV high potential power
supply, and 70 cP solution’s resistance to the flow) utilizing an solution having 2
percent G, 1.2 percent Cc in 10 ml of 98 percent concentrated methanoic acid, the
diameters of NFs were prepared around 274 nm (274 + 53 nm) which was larger
than the 235 nm (235 &+ 47 nm) diameter obtained for 10 cm spinning gap utilizing
similar polymeric solution and keeping PMs at same levels [1, 69, 70].

3.1 Design of experiments

The 2" factorial design algorithm was run to test the basic variables or PMs such
as the gap between collector and needle’s tip, rate of feed, high potential power
supply, and solution’s resistance to the flow (each changed at two unique levels such
as low (—) and high (+)) [71-73]. Accordingly, the total number of runs or trials
were 2* i.e., 16. Each of the 16 examples was inspected under scanning electron
microscopy (SEM) for characterization of diameters in #m (as listed in Table 2).

A few samples of the Cc/G NFs analyzed under SEM were shown in Figure 4(b),
and (c)). The UT - spongy NMs were synthesized under all process conditions
(1, 69, 70].

3.2 Analysis of variance
Analysis was performed to find the effects of PMs on the diameter of BF

nanofibers. Correction factor, CF (to calculate the sum of squares of PMs) was
evaluated using relationship (7).
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3.2.1 Correction factor (CF)
For diameter (nm), the correction factor (CF) was calculated as

2 2
CF = (fo) = (4052'5) = 1043207 )

Where the gross total of observed diameters XX and the number of iterations #,
was 16.
The effect of the factors can be assessed using Eq. (8).

Y 10 N [£Yign]?
n n

— CF (8)

Where Y is an input variable such as the spinning gap (A), Yy, and Yy,
represents the aggregate of all mean diameters synthesized at low (—)and high (+)
levels, individually, for the specific info variable with each whole assumed control
over the high and low estimations of different factors. The mean diameters for the
low (—) and high (+) levels of PMs were taken from Table 2 [1, 69, 70].

1. Sum of squares, spinning gap variable (cm),SS4

[ZAlouJ]z [ZAhigh]
+ —
n n
[205 + 270 + 260 + 147 + 287 + 375 4 308 + 235]
8
1814280 +254 + 286 + 288 + 206 + 229.5 + 274
8

CF

— 1043207

= 489.5

The sum of the square of any interaction was assessed using Eq. (9).

[ZABy,,) n [ZAByig] 2
n n

- CF 9)

For any interaction such as AB, the SS4p was evaluated as follows:

2. Sum of squares for interaction AB, SSyg

—CF

[EABioy)* n == ABhigh}z

n n

[181 + 270 + 254 + 147 + 288 + 375 + 229.5 + 235]2+
8

205 + 280 + 260 + 286 + 2870206 + 308 + 274]
8

— 1043207
=1000

Out of all interactions, the SS4p¢c was recorded for its highest result around 9925.
The errors were added together and the ratio, MS,,,,, was calculated using Eq. (10).
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Msewor = SSewor/Vewor =21 (10)

Where, representation of the number of errors was done by V., and in our case
it was one. Now, ratio which was calculated, using the F-distribution Table, which
was F esteemed for 95 percent degree of certainty as 7.71 and further inferred that the
diameter relies on factors: (a) - Interaction between spinning gap (cm), (ml h™Y) rate
of feed and (KV) high potential power supply, (b) - Interaction between spinning gap
(cm) and solution’s resistance to the flow (cP), (c) D-Solution’s resistance to the flow
(cP), (d) - Interaction between rate of feed (ml h™*) and high potential power supply
(KV), (e) - Connection between spinning gap (cm) and high potential power
supply (KV), (f) - Interaction between rate of feed (ml h Y, high potential power
supply (KV) and solution’s resistance to the flow (cP), (g) - Interaction between
spinning gap (cm), (ml h™ ") rate of feed, (KV) high potential power supply and
solution’s resistance to the flow (cP), (h) - Interaction between spinning gap (cm)
and rate of feed (mlh™?), (I) - Interaction between high potential power supply (KV)
and solution’s resistance to the flow (cP), (j) - Interaction between rate of feed
(ml h™1) and solution’s resistance to the flow (cP), (k) - High potential power supply
(KV), (1) A - spinning gap (cm), and (m) - Rate of feed (ml h .

3.3 Regression analysis

Every process parameter here has two levels such as low (—) and high (+) levels
and a degree of freedom (DOF), in this way we utilized a common regression model
to compute the minimum diameter of NFs based on the effects of interactions such
as B, 2, B3> Bas Ps» P> P75 Ps» Po and Py (in terms of contributions of interactions
between ABC-Interaction between spinning gap (cm), rate of discharge of poly-
meric solution (ml h™") and high potential power supply (KV), AD -Interaction
between spinning gap (cm) and solution’s resistance to the flow (cP), BC - Interac-
tion between rate of discharge of polymeric solution (ml h™") and high potential
power supply (KV), AC -Interaction between spinning gap (cm) and high potential
power supply (KV), BCD - Interaction between rate of discharge of polymeric
solution (ml h™"), high potential power supply (KV) and solution’s resistance to the
flow (cP), ABCD - Interaction between spinning gap (cm), rate of discharge of
polymeric solution (ml h™"), high potential power supply (KV) and solution’s resis-
tance to the flow (cP), AB -Interaction between spinning gap (cm) and rate of
discharge of polymeric solution (ml h™?), CD - Interaction between high potential
power supply (KV) and solution’s resistance to the flow (cP), BD-Interaction
between rate of discharge of polymeric solution (ml h™") and solution’s resistance to
the flow (cP), respectively) as well as the main effects such as 33, $;, 1, and f;3 (in
terms of contributions of D - Solution’s resistance to the flow (cP), C - High
potential power supply (KV), A -Spinning gap (cm), and B - rate of discharge of
polymeric solution (ml h™, respectively), in Eq. (11).

Y(T,) =po+PiT1+PTa+ T3+ . +,Tn+1 (11)

Where,

5 Y, 40855

ST 955,344
i=IN 16 >>-3

Po =
Furthermore, the influence of each process parameter, P, was computed using

the relationship, Yp = Yp; — Y,_, where Yp, and Y,,_ stand for the sum of all mean
diameters prepared at low (—) and high (+) levels, respectively, for the particular
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input variable. The results of the corresponding mean diameters for the low (—) and
high (+) levels of the particular process parameter were taken from Table 2.

Therefore, the percentage contribution for ABC = (9925/41257.5) x 100 = 24.

1 = 3 x The influence of the interaction, ABC= 25.

The general form of the regression equation was formulated and shown in
Eq. (12). Using Eq. (12), the minimum diameter of curcumin/gelatin (Cc/G) NFs
(nm) for sustained release of Cc could be evaluated after determination of the
coefficients (such as 4, f,, B3, B4 Bs» Pes P7> Ps» By and fyo) of the interaction effect
(such as Xapc, Xap, Xgc, Xac, Xscps Xapcp, Xap, Xcp and Xap) as well as the coef-
ficients (such as f3;, 11, f1p, and fy3) of the basic PMs (such as Xp, X¢, X4, and X3).

Diameter (nm) = 255.344 + 25X spc — 20.5X 4p + 20X p — 17.75Xpc + 17.25X 4c + 13X pcp
+11X apcp + 8Xap — 7.5Vep — 6.5Xpp — 6X ¢ — 5.5X4 + 3.75Xp
(12)

The above model Eq. (12) was valid for the boundary conditions such as (a)
10 <X4 <15 (cm), (b) 0.10 <Xp<0.15 (mlh ™), (c) 10 <X, <15 (KV),
(d)65<Xp <70 (cP).

The mean diameters (nm) of Cc/G NFs were varied with respect to PMs as
shown in Figure 5(a). It was observed that (a) with an increase in spinning gap
(cm), and high potential power supply (KV), the mean diameters (nm) of BF - NFs
were reduced; and (b) with the increase in the rate of feed (ml h™1), and the
solution’s resistance to the flow (cP), the mean diameters (nm) of the NFs were
increased. The influence of ABC - Interaction between spinning gap (cm), rate of
feed (ml h™") and high potential power supply (KV), AD - Interaction between
spinning gap (cm) and solution’s resistance to the flow (cP), D-Solution’s resistance
to the flow (cP), BC - Interaction between rate of feed (ml h™') and high potential
power supply (KV), and AC - Interaction between spinning gap (cm) and high
potential power supply (KV) were quite significant.

The contour plots (2D plots) of the mean diameters of NFs with respect to basic
PMs were shown in Figure 5(b) and (d) [1]. Figure 5(c) and (e) [1] show the fitted
model’s predicted 3D response surface plots of the mean diameters (nm) of Cc/G
NFs formed. The contributions of ABC-Interaction between spinning gap (cm),
feed rate (mL/h), and power supply (KV), AD-Interaction between spinning gap
(cm) and solution’s resistance to the flow (cP), D-Solution’s resistance to the flow
(cP), BC-Interaction between feed rate (mL/h) and power supply (KV), and AC-
Interaction between spinning gap (cm) and power supply (KV) had significant
effects of 24 percent, 15.5 percent, 12 percent, and 11.5 percent, respectively, over
the preparation of Cc/G NFs with minimum diameters. Figure 5(f) shows the
optimized parameter settings. Shifting the red lines to find the optimum results of
PMs within the range may be used to estimate the effects of important PMs on the
mean diameter (nm) of Cc/G NFs. The composite desirability, D, in our case is
0.8129, which is similar to 1. The current response results are represented by the
horizontal blue line (Figure 5(f)).

The mean diameter of UT - Cc/G NFs was predicted to be 189.6563 nm using a
configured setting of 1.5 percent G and 1 percent Cc in 10 mL of 98 percent
concentrated methanoic acid, with an electrospining unit with a power supply of 10
KV, a spinning gap from the emitter to collector drum of 15 cm, a feed rate of
0.1 mL/h, a solution’s resistance to the flow of 65 cP, and a drum collector speed of
1000 rpm. The SEM image of Cc/G NFs with an mean diameter of 181 nm
(181 & 66 nm) synthesized under similar conditions using the same solution was
shown in Figure 4(b). As a result, the approximate diameter (nm) of Cc/G NFs in
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Figure 5.

Electrospining PMs optimization (reprinted with permission from vef. 1. Copyright 2020 IOP publishing).

(a) Mean diameters of NFs versus PMs. (b), (d) two dimensional contour plots for mean diameter of NFs with
respect to PMs. (c), (e) three dimensional plots for mean diameter of NFs with respect to PMs. (f) the study of
optimized setting of PMs for synthesis of UT - NFs.
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the optimization phase only differs by 8 percent from the prepared diameter,
demonstrating the efficacy of the current study. Due to their high surface area to
volume ratio in relation to length and diameter, we believe these LWs and UT - NFs
with sufficient film porosity could be used in the healing process.

The optimum conditions for synthesizing the minimum mean diameter
(181 £ 66 nm) of UT - Cc/G NFs were achieved (Figure 4(b)) in the study, which
could be ideal for dressing diabetic chronic ulcers due to its specific properties such
as LW, not harmful to living tissues, water absorbent, and fluid affinity.

Using the optimized environment of a polymeric solution, Sharjeel et al. [72]
were effective in ESPNG, novel and hybrid polymeric nanofibrous mesh for dress-
ing burn wounds after integrating gabapentin (a neuropathic pain killer) into poly-
ethylene NFs and acetaminophen (a class of analgesics) into sodium alginate NFs
(mixed in 80:20 blend proportion). In the healing process, the hybrid mechanism
may be a safe option. Sharjeel et al. [73] synthesized ES - polyethylene oxide and
chitosan NFs of 116 nm diameter (with a standard deviation of only 21 nm) using
the response surface methodology with acetic acid and water (50:50, v/v) as the
solvent (each dissolved separately in acetic acid and water solution in a 5 percent
weight-to-volume ratio) (the ratio of polyethylene oxide and chitosan in the poly-
meric solution was 80:20).

4, Future researches

It is still a challenge to investigate the use of curcumin (Cc) loaded nanofibers
(NFs) for efficient drug release during different stages of the healing process.
Specific polymers for ES Cc NFs must be chosen based on the types of pharmaceu-
tical to be released and the different stages of the healing process. That being said,
the application of cytotoxic chemicals in drug delivery, especially during skin treat-
ment, can negatively impact recent research findings. Current reviews of Cc in NFs
have revealed a new area of research for the development of possible biomaterials
for use in bone tissue science and medicine, diabetic chronic ulcer treatment, cancer
treatment, and other applications [74-77].

5. Conclusion

Our analysis of Cc-based electrospun (ES) NFs underlines the importance, such
as the relevance and need for BF - NFs and nanofibrous mats (NMs) in healing
process, cancer care, tissue science and medicine, and other BAs, to inspire
researchers interested in working in this cutting-edge area to solve various BAs with
BF - NFs. To ease in the synthesis of UT - Cc/G NFs, the ESPNG mechanism
(mathematical investigation of the process) was analyzed in detail in the first paper
of the article.

The mechanism behind ESPNG was explored in this study as it was used to
prepare curcumin/gelatin (Cc/G) NFs that could be used in the healing process.
Gelatin (G) was chosen for the fiber system because it is not harmful to living
tissues, as well as being water absorbent (fluid affinity), allowing for a moist
healing process in the future. Since gelatin is commercially available at a low cost, it
was an obvious option for the current study. The LW-UT and spongy NFs with
mean diameter of 147 nm (147 £ 34 nm) were successfully synthesized using
ESPNG at a higher power supply, such as 15 KV (at 10 cm distance, 0.15 mL/h feed
rate, 65 cP solution’s resistance to the flow, and drum collector speed of 1000 rpm)

108



An Insight into Biofunctional Curcumin/Gelatin Nanofibers
DOI: http://dx.doi.org/10.5772/intechopen.g7113

with a solution containing 1.5 percent G and 1 percent Cc in 10 mL of 98 percent
concentrated methanoic acid (Figure 4(c) and Table 2).

We came to the following conclusions after deciding the relative effects of the
different ESPNG influences: (a) the effects of ABC-Spinning gap (cm), feed rate
(mL/h), and higher potential power supply interaction (KV), AD-Interaction
between spinning gap (cm) and solution’s resistance to the flow (cP), D-Solution’s
resistance to the flow (cP), BC-Interaction between feed rate (mL/h) and high
potential power supply (KV), and AC-Interaction between spinning gap (cm) and
high potential power supply (KV) are 24 percent, 16 percent, 15.5 percent, 12
percent, and 11.5 percent, respectively, over the preparation of the Cc/G NFs’
minimum diameters; (b) BCD-Feed rate (mL/h), high potential power supply
(KV), and solution’s resistance to the flow interaction (cP), ABCD-Spinning gap
(cm), feed rate (mL/h), high potential power supply (KV), and solution’s resistance
to the flow interaction (cP), AB-Interaction between feed rate (mL/h) and spinning
gap (cm), CD-High potential power supply (KV) and solution’s resistance to the
flow interaction (cP), C-High potential power supply (KV), A-Spinning gap (cm),
and B-Feed rate (mL/h), BD-Interaction between feed rate (mL/h) and solution’s
resistance to the flow (cP) have a major influence on the preparation of Cc/G NFs
with a minimum diameter; and (c) the diameter (nm) is affected by the ACD-
Interaction between spinning gap (cm), high potential power supply (KV), and
solution’s resistance to the flow (cP) by just 0.05 percent, which is not important.

The 2" factorial design of the experiment was used to investigate the effects of all
four important PMs on the diameter of the NFs empirically. The MINITAB 17
programme was used to generate the results to investigate the difference in NFs’
diameters as a function of input parameters. The differences in NFs diameters with
respect to the critical PMs that were observed included (a) a higher spinning gap
yielded lower diameters, (b) a higher potential power supply yielded lower diame-
ters, (c) the diameter of the NFs increased with an increase in feed rate, and (d) the
diameters of the NFs increased with an increase in solution’s resistance to the flow.

Using the optimized setting of a solution containing 1.5 percent G and 1 percent
Cc in 10 mL of 98 percent concentrated methanoic acid, and the electrospining
machine with a high potential power supply of 15 KV, a spinning gap from the
emitter to collector drum of 15 cm, a feed rate of 0.1 mL/h, solution’s resistance to
the flow of 65 cP, and a drum collector speed of 1000 rpm, the optimum condition
for the production of UT - Cc/G NFs with an 189.6563 nm mean diameter was
calculated. The approximate mean diameter (nm) of Cc/G NFs in the optimization
phase differs by just 8 percent from the prepared mean diameter, i.e., 181 nm
(181 £ 66 nm), demonstrating the efficacy of the current study.

Such UT - NFs with sufficient film porosity are not harmful to living tissues in
nature, and it was suggested that they could be used in dressing problematic
wounds, such as diabetic chronic ulcers, because they have unique properties, such
as a high surface area to volume ratio and light weight, that allow for sustained Cc
release during healing. The research paper that has been presented thus far is
unique in that it covers (a) the entire ESPNG process (numerical investigations of
the mechanism) to improve control over the preparation of UT - NFs, and (b) the
applications of NMs (incorporating BF - NFs) that are currently in use. Eventually,
the ESPNG PMs were optimized (to obtain UT - NFs) to prepare NMs for BAs such
as the healing process (through sustained release of Cc during crucial hours of

healing).
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Abstract

Cellulose is considered one of the most important renewable sources of
biopolymers on Earth. It has attracted widespread attention due to its physical-
chemical characteristics, such as biocompatibility, low toxicity, biodegradability,
low density, high strength, stability in organic solvents, in addition to having
hydroxyl groups, which enable its chemical modification. In this study, cellulose
nanofibrils (CNFs) were functionalized with dicyanovinyl groups through nucleo-
philic vinylic substitution (SNV) and used as electrocatalyst in electrochemical of
carbon dioxide (CO,) reduction. Results indicate that introducing dicyanovinyl
groups into the structure of nanocellulose increases electrocatalytic activity as
compared to that of pure nanocellulose, shifting the onset potential of the elec-
trochemical CO, reduction reaction to more positive values as compared to those
for the reaction with argon. The atomic force microscopy (AFM) images show no
changes in the morphology of CNFs after chemical modification.

Keywords: cellulose nanofibrils, nucleophilic vinylic substitution,
electrochemical CO, reduction

1. Introduction

The most abundant biopolymer on Earth, cellulose displays wide chemical vari-
ability due to the functionalization capability of its hydroxyl groups, via chemical
and physical reactions. Moreover, cellulose exhibits diverse morphologies, found
in the hierarchical constructions that constitute plants. Cellulose is mainly found
in plant cell walls, but it can also be found in other living beings, such as bacteria,
fungi, and even in some species of sea mammals [1, 2].

From the standpoint of chemical structure, this biopolymer belongs to the carbo-
hydrate group, classified as a linear polysaccharide consisting of $-D-glycopyranose
units joined by p-1,4 glycosidic bonds. As a result, cellulose exhibits a high molecular
weight ranging from about 50,000 to 2.5 million g/mol, depending on its source [3].
The repetitive unit of cellulose, known as cellobiosis, is a cellulose dimer (Figure 1).
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Figure 1.
Molecular structure of cellulose.

Each of these individual chains clusters into larger units, called fibrils or
microfibrils, which in turn clump together and form cellulose fibers. This orga-
nization may present amorphous regions, in which fibers exhibit an undefined
arrangement, or highly organized segments with fibers arranged parallel to each
other. Notwithstanding other arrangements, crystalline and amorphous stretches
constitute the most common fiber configurations in the polymeric structure of
cellulose [1].

The degree of polymerization (DP) of this semi-crystalline biopolymer varies
according to the raw material used to obtain it and the method used for its extrac-
tion. For instance, wood pulp has a DP between 10,000 and 15,000 glycosidic units,
while values for cellulose of bacterial origin range from 2,000 to 6,000 [4].

At nanoscale, cellulose can be obtained by chemical or physical methods or both.
Cellulose nanofibrils are usually obtained by physical methods, e.g., high shear
rate mechanical treatment, whereas cellulose nanocrystals are usually obtained by
chemical methods, e.g., acid hydrolysis. The difference between mechanically-pro-
duced nanocellulose and chemically-produced cellulose is that the former can reach
alength of up to 2 pm, while the latter, in addition to being crystalline, exhibits a
length of the order of 150 nm [5, 6].

Besides its physical-chemical properties, such as low cost, biodegradability,
renewability, low toxicity, and stability in organic solvents, nanocellulose exhibits
a high aspect ratio and a high specific surface area. These properties combined
promote its use in nanocomposites [7-9], hydrogels and aerogels [10, 11], biomedi-
cal products [12, 13], pharmaceuticals [14], environmental applications [15], and
electrochemistry. In the latter case, it is used mainly in sensors [16], transistors, and
solar cells [17, 18].

The introduction of strong electron withdrawing groups such as malononitrile
groups in dyes and polymers has been reported in the literature [19, 20], and the
presence of these groups leads to Intramolecular Charge Transfer (ICT), increasing
the electron density in dicyano groups.

Electrochemical CO, reduction is not only an effective way of lowering CO,
concentrations in the atmosphere, but it is also advantageous. CO, can be effectively
reduced to renewable fuels, such as ethanol, methane, and methanol, which can
contribute to meeting today’s growing demand for renewable energy sources [21, 22].
So, some studies on CO, reduction catalysis have used conducting polymers as poly-
ethylenimine (PEI) [23], and polyaniline (Pan) [24] that causes an effect of reducing
catalytic overpotential and increasing current density and efficiency, besides increased
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of selectivity for CO, reduction was observed for Cobalt phthalocyanine with poly-
4-vinyl pyridine polymers (CoPc - P,VP) [25].

In this study, cellulose nanofibrils were functionalized with dicyanovinyl
groups, from use ethoxymethylene-malononitrile (EMMN) as chemical modifier,
for use in the electroreduction CO,, whose excessive presence in the environment
can cause serious problems, such as the greenhouse effect and, consequently,
climate change [26, 27].

2. Method
2.1 Nanocellulose functionalization

In a flask, 0.5 g (3.1 mmol) by mass of an aqueous dispersion of 3% w/v CNFs
(SuzanoPapel & Celulose) was placed under agitation. At that point, sodium
hydroxide (NaOH) solution (0.1 M; Vetec; 97%) was added by means of a pipette
(dropwise) until pH 10 was reached. The mixture was left under agitation for
30 minutes. Afterwards, EMMN (1.14 g; 9.3 mmol; Sigma Aldrich; 98%) was added
to the mixture and left to react at room temperature (Figure 2), varying the reaction
time and keeping the stoichiometry at 1:3 molar ratio (nanocellulose:malononitrile).
The effect of stoichiometry and temperature on the reaction efficiency was evalu-
ated for the best experimental condition.

After the programmed reaction time, the reaction medium was placed in a
sintered glass funnel (no. 4) and rinsed with acetone (Vetec; 99.5%), ethanol
(Vetec; 99.5%), methanol (Vetec; 99.8%), and distilled water until neutral pH
was reached. The sample was then placed in an amber glass bottle and stored in a
refrigerator.

2.2 Atomic force microscopy

AFM was conducted on a Dimension ICON microscope (Bruker). The sample
was prepared by dripping 5 microliters of a solution containing the CNFs on a mica
surface. The mica was cleaved twice right before applying the solution dropwise
onto the surface and left to dry for 1 hour at room temperature. To prevent CNFs
from dragging, intermittent contact mode with a rectangular silicon probe was used
(cantilever spring constant = 40 N/m; oscillation frequency = 330 kHz).

Nc\ﬁ _CN
CNF EMMN _C__ CNF
OH 0" H modified
—o CN
‘ik/ + e=d —= ° 0
O = -
/ \
HO OH H CN HO OH

Figure 2.
CNF functionalization with EMMN.
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2.3 Elementary analysis

The content of carbon (C), hydrogen (H), and nitrogen (N) in samples of pure
and modified nanocellulose was determined by elementary analysis with a Perkin
Elmer model 2400 instrument.

2.4 Thermal analysis

The thermogravimetric analysis (TG) of pure and modified nanocellulose was
performed on a TG-DSC (Netzsch, model STA 409; PC - Luxx), with 50 mL min-1
nitrogen flow, 25-720 °C analysis interval, and 10 °C min heating rate.

2.5 Electrochemical analysis

All electrochemical measurements were performed in a conventional three-
electrode electrochemical cell. A platinum plate and Ag/AgCl were used as counter
electrode and reference electrode, respectively. The working electrode comprised
an ultrathin layer of catalyst (pure and modified nanocellulose) under the pyrolytic
graphite layer (0.070 cm and 23.0 mm diameter) of a rotating disk electrode (RDE).

The 1% w/v aqueous suspension of pure and modified nanocellulose was prepared
by ultrasonic dispersion in methanol. A 10 pL aliquot of this suspension was pipet-
ted onto the surface of the pyrolytic graphite substrate. Then, the solvent was left to
evaporate in a desiccator. Later, a 10 pL aliquot of Nafion® solution was pipetted onto
the catalytic layer in order to attach the polymer layer to that of pyrolytic graphite.

The electrochemical behavior of pure and modified nanocellulose was monitored
by means of cyclic voltammetry and polarization curves. The potentials applied to
the electrodes during the assays were controlled by an Autolabpotentiostat/galvano-
stat. The electrolyte was saturated with pure argon (Ar) and CO, depending on the
assay. Polarization curves were obtained using an RDE with potential ranging from
—2.0t0 1.0 V vs. Ag/AgCl and a scanning rate of 5 mV s-1.

3. Results and discussion
3.1 Atomic force microscopy

AFM images, Figure 3, reveal that the samples are organized as bundles of
nanofibrils. In some places, individual nanofibrils can be found on the mica
surface, which enabled measuring their diameter. Figure 3a and c show the relief
images of the nanofibrils before and after chemical surface modification whereas
Figure 3b and d show 3D AFM images. This analysis indicates that the average
diameters of original nanofibrils and modified nanofibrils are 6.6 + 1.6 nm and
5.6 + 1.1 nm, respectively.

Overall, AFM results suggest that chemical modification has not changed the
morphology of the nanofibrils, which exhibit diameters in the order of 6.0 nm.

3.2 Elementary analysis

Table 1 shows CHN results at several reaction times for the functionalization of
CNFs with EMMN. This reaction occurs through nucleophilic vinylic substitution
(SNV) of the ethoxy group with the malononitrile group in the polymer chain [28].

As shown in Table 1, the 8-hour reaction (Reaction 3) yielded the highest
nitrogen content and is, therefore, the most effective in functionalizing and
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Figure 3.
AFM for pure and modified CNFs in velief (a and c) and 3D (b and d - 2 microns x 2 microns x 15 nm,),
respectively.

Sample Time (h) C (%) H (%) N (%)

Pure nanocellulose — 40.55 6.13 0.017

Reaction 1 2 40.66 5.69 0.280

Reaction 2 4 41.23 6.07 0.810

Reaction 3 8 38.86 5.50 0.920

Reaction 4 24 39.39 6.13 0.760
Table 1.

Elementary analysis results for several times of reaction between CNFs and EMMN at 1:3 molar vatio and
room temperature.

incorporating the malononitrile (dicyanovinyl) group into the nanocellulose chain.
Increasing the reaction time to 24 h led to a decrease in nitrogen content, probably
due to compound degradation.

For the best experimental condition (Reaction 3), the effect of stoichiometry
and temperature on reaction yield was investigated. In this case, the same condi-
tions used in Reaction 3 were used, with 1:2 stoichiometry at room temperature
and, subsequently, 1:3 stoichiometry at 70 °C. Both assays exhibited a decrease in
nitrogen content.
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A more accurate way to measure reaction yield is by estimating the degree of
substitution (DS), which can be obtained from Eq. (1):

Mg,u -%N
DS = 1)
100M, - M, , - %N

Where DS is the degree of substitution, Mglu the molar mass of the glucose
monomer (162 g/mol), MN the molar mass of the nitrogen atom, Mmal the molar
mass of the malononitrile group introduced into the cellulose (77 g), and %N the
nitrogen content determined by elementary analysis.

By means of Eq. (1), Reaction 3 exhibits the highest DS value: 0.12. Despite not
being very high, this value is close to those reported in the literature for reactions
in which amino groups are introduced into the nanocellulose chain [29, 30]. For
instance, the nitrogen content found in the functionalization reaction of cellulose
nanocrystals with propargylamine was 0.79% [29]. Another study involving
nanocellulose amination with 2-hydroxy-3-chloro-propylamine yielded a nitrogen
content of 0.9% and a degree of substitution of 0.11 [30].

3.3 Thermal analysis

Figure 4 shows the thermogravimetric analysis for pure and modified CNFs
as well as the derivatives of the thermogravimetric curves (dTG). The thermal
behavior of both materials exhibits a single decomposition event between 305 °C
and 390 °C, with pure CNFs exhibiting greater loss of mass at the end of the process
(Figure 4). The peak corresponding to maximum mass loss for the functional-
ized CNFs occurs at a temperature approximately 20 °C lower (Tmax = 349.05 °C)
than that for pure CNFs (Tmax = 369.34 °C), as shown in Figure 3. Similarly, the
beginning of the decomposition process for the modified CNFs also occurs at a
temperature approximately 20 °C lower (Tinitial = 306.21 °C) than that for pure
CNFs (Tinitial = 327.87 °C).

100 -
] r""”%"" "10.0
90 - i
1 CNFs modified CNFs pure {-0.2
*1 —te - 104
] R — 11 4 -0.
70 4 --- dTG dTG 17 ~
) 068 ©
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S 50 ] ©
2 ] 10 ©
40 ]
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Figure 4.
TG and dTG curves for CNFs pure and modified.
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The drop in the decomposition temperature of the modified CNFs may be due
to a decrease in crystallinity when the dicyanovinyl group was introduced. There
are reports in the literature of cellulose exhibiting lower thermal resistance when
carbamate groups are introduced, which indicates a decrease in thermal stability of
the functionalized cellulose as compared to that of pure cellulose [31].

3.4 Electrochemical analysis

Figure 5 shows cyclic voltammetry profiles for the CNFs electrocatalysts with
and without mode modification at 5 mv/s scanning rate and applied potential rang-
ing from —1.5 to 1.5 (vs Ag/AgCl). Conductivity of the electrocatalyst increases when
cyan groups are introduced, as shown by the increase in area and current density.

This increase in conductivity has a positive effect concerning the use of the
electrocatalyst as cathode in CO, reduction.

CO; conversion, whether thermal or electrochemical, is associated with high
energy consumption due to CO, being a very stable molecule. In the case of electro-
chemical reduction of CO,, the source of energy is electricity. It is possible to reduce
CO, completely by applying a higher potential. However, an appropriate catalyst
can significantly reduce energy consumption and increase end-product selectivity.

Figure 6 shows the polarization curves for pure and modified CNFs in an atmo-
sphere of Ar and CO,. It is possible to observe that CNFs modification with cyan
groups increases current density of the CO, reduction reaction, which implies a
higher CO, conversion rate in the products. It also points to the onset potential for
CO;, reduction shifting to more positive values as compared to those observed for pure
CNFs. This may be attributed to adsorption/desorption of reaction intermediates in
the polymer interface due to the presence of the cyan group.

The use of CNFs modified by the dicyan group has improved the catalytic effi-
ciency of the electrocatalyst, thereby promoting CO, reduction, probably due to higher
availability of active sites in its fibrillar structure, especially cyan groups on the surface.
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Figures.

Cyclic voltammetry for CNFs pure and modified at a scanning rate of 5 mV s7'; electrolyte: K2504 0.5 Mol/L
saturated with Ar at 25 °C. curvents normaliged by the geometric area of the electrode.
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Figure 6.

Steady-state polarization curves for electrodes containing CNFs pure and modified at a scanning rate of
5mVs™, K,SO, 0.5 Mol/L saturated with Ar and CO, at 25 °C. currents normalized by the geometric area of
the electrode.

4. Conclusion

AFM results indicate no significant changes in the morphology of modified cel-
lulose nanofibrils. The best experimental conditions for chemical functionalization
is 1:3 molar ratio at room temperature. As reported in other studies on chemically
modified cellulose, the degradation temperature for modified cellulose nanofibrils
is lower than that for pure cellulose.

From the electrochemical perspective, introducing dicyanovinyl groups
into the polymeric chain of cellulose nanofibrils has led to significantly higher
electrocatalytic activity in CO, reduction as compared to that for pure cellulose
nanofibrils, shifting the onset potential to more positive values as compared
to that observed for the reaction with Ar. Moreover, the CO, molecule exhibits
affinity for the cellulose polymer and the polymeric layer may play an inhibitory
role in water reduction.
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Abstract

Symbiotic Culture of Bacteria and Yeast (SCOBY) is a by-product in the form
of cellulose polymers produced by bacteria in the kombucha fermentation process.
Until now, SCOBY products still have application limitations. Several world design-
ers have succeeded in making works using fabrics based on SCOBY. The resulting
fabric has a flexible texture and is brown like synthetic leather. Fabrics based on
SCOBY are also considered cheap and more environmentally friendly with short
production time. The use of SCOBY as a fabric base material still has problems,
where the fabric produced from SCOBY kombucha, directly through the drying
process, has the characteristic of being very easy to absorb water. Another problem
is that SCOBY production in the kombucha fermentation process is difficult to
achieve a uniform thickness and SCOBY production in a large surface area is also
difficult to stabilize. The development of SCOBY into cellulose fibers can be done
by first changing the structure of SCOBY into nanocellulose. This nanocellulose
production can then be developed into nanocellulose fibers in the form of threads
and then spun to become a complete fabric. The production of nanocellulose is car-
ried out using cellulase enzymes. It is known that cellulase enzymes can be obtained
through the growth of bacteria or specific fungi. One of the groups of fungi and
bacteria commonly used to produce cellulase enzymes are Trichoderma and Bacillus.

Keywords: kombucha, Trichoderma, Bacillus, cellulases, nanocellulose

1. Introduction

Wood cellulose is found in the form of cellulose bundles that stick together due to
bonds by lignin. Bonding between cellulose and lignin can occur with hemicellulose
intermediates. Cellulose can be found in two primary structures, namely amorphous
and crystalline structures [1]. In the industrial sector, cellulose is applied in the form
of cellulose fibers. Cellulose fibers are known to be used as raw material for making
fabrics in the textile industry. Until now, the main production of cellulose fiber still
depends on the cultivation of cotton plants. Production of cellulose fibers through
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this method is known to require a production time of around 4-5 months. Cellulose
fibers have several advantages, including the resulting cellulose fibers can have
unique properties depending on the type of tree used as the source of cellulose, have
high mechanical strength and high flexibility. However, cellulose fibers produced
from tree cellulose also have drawbacks, namely requiring long stages and a long
time in the production process. Several stages that must be passed when carrying
out the cellulose fiber production process, including the kraft cooking, bleaching,
delignification, and spinning stages [2].

Based on the prediction data of FAO (2016), the demand for cellulosic fiber pro-
duction will increase by around 1.5% per year, to reach the demand of 28.3 million
tonnes in 2025. This prediction is inversely proportional to the prediction that the
stock of cellulosic fiber production in the world will decline. This data is predicted
to occur due to an imbalance between the speed of cellulosic fiber production and
the speed of demand for clothing in the world.

Currently, researchers are developing alternative production methods to meet
the deficit in cellulose production. One of the alternative methods being developed
is the production of cellulose from bacteria. This method is considered to be able
to help the deficit in cellulose production, due to the production process which
requires a relatively shorter time. Production of cellulose from bacteria is known
to be carried out by groups of acetic acid bacteria, such as Acetobacter xylinum or
Gluconobacter sp. The production of cellulose fibers from bacterial cellulose also
has several advantages such as the purity of cellulose in bacterial cellulose which
is higher ~90%, does not contain lignin and hemicellulose and can be produced in
various substrates which cause lower production costs [3].

Symbiotic Culture of Bacteria and Yeast (SCOBY) Kombucha is a cellulose
product from bacteria that is considered a potential substitute for cotton for fabric
raw materials. SCOBY is known to be a byproduct in the kombucha industry, which
is currently experiencing limited application development. Currently, several world
designers have succeeded in making works using fabrics based on SCOBY. The
resulting fabric has a flexible texture and is brown like synthetic leather. Fabrics
based on SCOBY are also considered cheap and more environmentally friendly
because they are easily degraded by the environment [4].

Until now, the use of SCOBY as a fabric base still has problems, where the fabric
produced from SCOBY kombucha, directly through the drying process, has the
characteristic of being very easy to absorb water. This characteristic is a drawback
for SCOBY based fabrics, because the water bound in SCOBY based fabrics is diffi-
cult to dry and can make SCOBY return to its original shape. Another problem with
the use of SCOBY directly as a fabric base material, is that the production of SCOBY
in the kombucha fermentation process is difficult to achieve uniform thickness and
SCOBY production in a large surface area is also difficult to stabilize [4].

This nanocellulose production can then be developed into nanocellulose fibers
in the form of threads and then spun to become a complete fabric. This method is
expected to make fabrics from SCOBY to have characteristics that are more resistant
to water. The more uniform structure of the nanocellulose can also make the nano-
cellulose fibers stronger and more compact so that they can be developed as fabrics
with special needs, such as bullet-proof fabrics in the military field [5].

The manufacture of cellulose can be done in three ways, namely mechanically,
acid hydrolysis and the help of cellulase enzymes. It is known that cellulase enzymes
can be obtained through the growth of bacteria or specific fungi. One of the groups
of fungi and bacteria commonly used to produce cellulase enzymes are Trichoderma
and Bacillus. Both groups of fungi and bacteria are degrading cellulose microbes
that commonly have habitats in soil [6].
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2. Source of cellulose in nature

Naturally, cellulose fibers are most commonly found in plants. Cellulose fibers
have an important role in the formation of cell walls in plants. It is known that
most of the layers in the plant cell wall can be formed firmly due to the presence of
the cellulose microfibrils (CMF) structure which is bound to each other between
the cell wall layers. CMF can consist of 30-100 cellulose nanofibrils macromole-
cules with a modified 1,4-glycosidic extended chain bond, with a diameter ranging
from 10-30 nm. CMF in plants naturally binds to hemicellulose through hydrogen
bonds (Figure 1). This bond occurs to strengthen the structure of plant cell walls,
where hemicellulose is known to act as a stabilizer between lignin and cellulose
bonds [7].

Apart from plants, bacteria are also known to produce cellulose fibers well.
Cellulose fibers produced from bacteria are known as Bacterial Cellulose (BC). BC
is one of the primary metabolites produced by acetic acid bacteria, for example the
genus of bacteria and Acetobacter. The acetic acid bacteria group is known to form a
thick gel consisting of CMF and water, under certain fermentation conditions. The
degree of polymerization that BC has is between 2000 and 6000. BC has several
advantages over cellulose fibers in plants, including BC has a higher purity level,
where BC does not contain hemicellulose and lignin. The characteristics of BC can
also be modified into certain characters based on the content of microfibrils and
cellulose crystallization, by modifying the fermentation conditions of acetic acid
bacteria. The production of BC is known to require a shorter time than the produc-
tion of cellulose fibers in plants, however BC and cellulose fibers in plants have the
same molecular structure [8].

Hydrogen bonds

Covalent

bonds Cellulose

Lignin Hemicelluloses

Cellulose fiber

Cellulosic plant fiber Process fo isolate

Figure 1.
Structure of cellulose in plants [7].

3. Delignification

The delignification process involves at least 3 types of enzymes, namely:
lignin peroxidase, manganese peroxidase, and lacase [9]. Lignin peroxidase and
manganese peroxidase are enzymes that depend on hydrogen peroxide. In the
delignification process, there are at least four mechanisms carried out by the
enzyme, namely: breaking ether bonds between monomers; cutting propane side
chains; de-methylation; cleans benzene bonds to ketoadipic acid to enter the TCA
cycle [10, 11],

Figure 2 shows the delignification process by the lignin peroxidase (LiP) enzyme.
This enzyme is an enzyme that depends on the availability of hydrogen peroxide.
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This enzyme will change the 1- (3,4-dimethoxyphenyl) -2- (2-methoxyphenoxy) -1,3-
dihydroxypropane group into a radical cation so that it is less stable and causes the
breaking of the bond to become a 3,4-dimethoxy-benzaldehyde compound [12].

Figure 3 shows the working process of the Manganese Peroxidase (MnP)
enzyme. This enzyme is an enzyme that depends on the availability of Mn2 + ions.
This enzyme works by converting 1- (3,5-dimethoxy-4-hydroxyphenyl) -2-

(4- (hydroxymethyl) -2-methoxyphenoxy) -1,3-dihydroxypropane into radical
phenolic compounds so that it is unstable which causes its formation compounds
such as 2,6-dimethoxy-1,4-dihydroxybenzene.

Figure 4 shows the action of the laccase enzyme. This laccase enzyme directly
converts phenolic compounds into simpler compounds without going through
intermediates. This process can go through 3 pathways, namely: cleavage of C alpha
and beta, addition of alkyl groups, and C alpha oxidation.
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Figure 4.
The mechanism of delignification of the laccase enzyme [12].

4. Cellulose in symbiotic culture of bacteria and yeast (SCOBY)

Symbiotic Culture of Bacteria and Yeast (SCOBY) is a cellulose biopolymer
composed of the interaction of acetic acid bacteria and yeast. SCOBY can be formed
through the kombucha fermentation process [13]. The cellulose formed in SCOBY has
different characteristics with cellulose in plants. Cellulose that is synthesized through
bacteria is considered more efficient and effective in the production process because it
does not require a long time and a large amount of substrate [14]. Some of the advan-
tages of producing cellulose from bacteria compared to plants include high purity, better
mechanical strength, a higher polymerization rate and crystallinity index [15], a higher
tensile strength based on a tensile test and a better hydrophobicity ability to water [16].

Bacterial cellulose has a basic structure of microfibrils with a glucan chain
arrangement that is bound by hydrogen bonds to form a crystalline domain.
Microfibrils in cellulose synthesized by bacteria are known to have a size 100 times
smaller than plant cellulose fibers [17]. Electron microscopy observations show
that the cellulose produced by bacteria will be synthesized in the form of cellulose
fibers. Acetic acid bacteria produce two forms of cellulose, namely cellulose I in
the form of a ribbon-like polymer and cellulose II in the form of an amorphous
polymer which is more stable. The difference in the synthesis of cellulose I and II is
in the process of forming cellulose outside the cytoplasmic membrane (Figure5).

Cytoplasmic membrane ; /

= LPS envelope g

B Cellulase synthase Ed Celulose

Ef celulose export =\ Protofibril
component

Figure 5.
Synthesis mechanism of cellulose I and cellulose IT by Acetobacter xylinum [16].
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Cellulose I is synthesized to form cellulose complexes that are linked to one another
outside the cytoplasmic membrane, while cellulose II is formed to resemble free cel-
lulose fibers outside the cytoplasmic membrane. The structure content of cellulose I
and II will affect the tensile strength, polymerization rate and crystallinity index of
cellulose fibers. The microfibrils produced by Acetobacter xylinum have dimensions
of about 3-4 nm in length and 70-80 nm in width [16].

Cellulase is an enzyme that can degrade cellulose by breaking the 1,4-glycosidic
bonds in cellulose polymers. Naturally, cellulases can be obtained in nature as
metabolites of microbial metabolism, such as bacteria and fungi. Microbes that can
produce cellulase enzymes usually have habitats in the soil, where these microbes
play a role in the degradation of cellulose in plants. Cellulase is known to be one of
the most widely used enzymes in the industrial sector, such as bio-stoning in the
textile industry, extraction of fruit and vegetable juices in the food industry, and
bleaching in the paper industry [18]. In the manufacture of nanocellulose, cellulase
can also be used to degrade the structure of cellulose fibrils into crystalline, so that
it can change the size of cellulose to nanocellulose.

4.1 Screening method for cellulase producing bacteria

Screening of bacteria that can produce cellulase can be done using CMC
(Carboxymehylcellulose) medium. CMC is a cellulose derivative which is com-
monly used as a thickener or stabilizer in the industrial field [19]. The composition
of the CMC medium includes CMC, yeast extract, MgSO4, NH4H2PO4, and KCL.
Bacteria that are thought to be able to produce cellulase are cultivated first on CMC
agar medium, under certain conditions. The growth of bacterial colonies on CMC
medium can be an early marker of cellulase activity in bacteria. Qualitative confir-
mation of cellulase activity in bacteria can be done by testing 1% Congo Red and
1 M NaCl. The formation of a clear zone that occurred around the bacterial colony
after testing the Congo Red can be used as a qualitative positive result of cellulase
activity in bacteria. The formation of this clear zone indicates that bacteria can
hydrolyze cellulase contained in the medium to simple sugar (glucose) [18].

4.2 Cellulase catalysis mechanism

The endogilanase randomly acts to cut the 1,4-glycosidic bonds so that the cellu-
lose chain has a new end. Endoglucanases produced by bacteria, fungi, animals and
plants have different catalyst modules. In fungi, the endoglucanase produced gener-
ally has a catalytic module without carbohydrate-binding module (CBM), while the
endogluanase in bacteria is generally supplemented with CBM. CBM is generally
located at the N or C terminus in the cellulose structure and functions as a binding
site between enzymes and an insoluble substrate, allowing cellulase to break down
the crystalline domain regions of cellulose. Most cellulases have an enzyme active
site in the form of clefts that allow cellulases to bind and break the cellulose chains
to produce glucose, soluble cellodextrins and insoluble cellulose fragments. Some
endoglucanases can also act gradually to hydrolyze the crystalline domain of cel-
lulose, which results in the main product being cellobiose or cellodextrin [20].

Exogucanases are known to work specifically at the ends of the cellulose
chains and produce the main products in the form of cellobiose and glucose.
Exoglucanase can effectively act on the crystalline domain structure of cellulose.
Cellobiohydrolase (CBH) is one of the most widely produced exoglucanases. CBH
is generally produced by bacteria and fungi, with a variety of different catalyst
modules. A recognized significant CBH structure is a tunnel structure formed from
two surface loops on the active site of the enzyme. The tunnel-shaped active site of
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exoglucanase makes the cellulose hydrolysis process unique. In the mechanism of
hydrolysis of exoglucanase, the cellulose chain enters the tunnel, where the active
side of the enzyme recognizes the end of the cellulose chain and hydrolyzes the
1,4-glycosidic bonds at the end of the cellulose chain. In general, exoglucanase and
endoglucanase have an enzyme folding side, the difference in the folding structure
of the two is only in the active side of the enzyme [21].

B-glucosidase (BG) is an exogluanase that does not contain CBM and functions
to hydrolyze cellubiose and cellodextrin into glucose. BG acts as an enzyme that
lowers the level of cellubiose in the substrate which can act as a CBH inhibitor and
endogilanase. BG is known to be produced by bacteria, fungi, plants and animals.
In aerobic fungi, it is known that BG is produced extracellularly, while in bacteria
BG is produced intracellally and is maintained in the cytoplasm. BG has a pocket-
shaped enzyme active site, which allows the enzyme to bind to non-reducing
glucose units and hydrolyze cellobiose and cellodextrin to glucose [22].

4.3 Factors affecting cellulase performance

The success of the cellulase enzyme to carry out cellulose hydrolysis is influ-
enced by several factors, including the degree of water swelling, the level of crystal-
linity, and the enzymatic synergistic effect that can occur on cellulase.

4.3.1 Degree of water swelling (DWS)

Water content in cellulose is an important factor that can affect the performance
of the cellulase enzyme. Cellulose which has a low DWS level tends to be dry and has
a narrow surface area due to shrinkage. The ability of cellulose to swell and shrink is
influenced by the nature of the solvent used. Solvents with non-polar characteristics
generally find it difficult to swell cellulose structures and increase the surface area,
whereas solvents with polar characteristics are known to swell cellulose structures
very well. The swollen structure of cellulose has a wider surface area, which allows
the cellulase to more easily penetrate the multiple sides of the cellulose [23].

4.3.2 Degree of crystallinity

The degree of crystallinity of cellulose is known to play a role in determining the
rate of hydrolysis of cellulase enzymes. This factor is motivated by the data regard-
ing amorphous cellulose which is degraded more quickly to cellobiose, compared to
crystalline cellulose. This data is used by researchers as a form of confirmation of
cellulase performance, where the increased crystallization data of a cellulose treated
with cellulase, indicates good cellulase activity. This theory is believed by looking at
the data that the cellulase first hydrolyzes amorphous cellulose and converts it into
a crystalline form [23, 24]. SCOBY kombucha is known to consist of 37% crystalline
structure and 63% nanofibril structure [22].

Crystallization of cellulose also affects the adsorption rate of cellulase enzymes
on cellulose. It is known that cellulose with a higher degree of crystallization has a
lower enzyme adsorption rate. The crystalline structure of cellulose generally inhib-
its penetration of the hydrolase system, CBM and other enzyme components [23].

4.3.3 Enzyme synergistic effects
The synergistic effect of cellulase is one of the important factors in the

hydrolysis of cellulose. This synergistic effect can occur on the performance of
endogluanase-endogluanase, endogluanase-exogluxase, exogilanase-exogilanase,
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Figure 6.
Cellulase action mechanism; CBH: Cellobiosehydrolase/Exoglukanase; EG: Endoglukanase, NR: Non Reductor;
R: Reductor [26].

or endogilanase/exogilanase with CBM simultaneously (Figure 6). Several studies
have shown that the performance of the endogucanase-exogilanase enzyme can
occur synergistically and produce good cellulose hydrolysis products. Other studies
have shown that the use of cellulases that have the same cutting-edge (endo-endo-
gluanase or exogluanase) can make the two enzymes inhibit each other [25].

5. Characterization of SCOBY nanocellulose fibers

In the enzymatic process of making nanocellulose, it is known that the size of
cellulose has succeeded in achieving the characteristics of nanocellulose. However,
the production of nanocellulose by enzymatic method has drawbacks, where the
breaking of glycosidic bonds and hydrogen bonds in cellulose by cellulase causes
a free C structure in cellulose. This free C structure is unstable and tends to form
bonds with the surrounding C structures. This condition causes the enzymatic
treated nanocellulose to be easily aggregated and has a large size [14]. One way that
can be done to avoid this polymerization is the coating process using a buffer, such
as CTAB [26] or other compounds, such as chitosan [27]. However, until now there
has not been found the right coating process to avoid the polymerization process,
because the coating process with CTAB buffer is feared to change the structure
of the nanocellulose, while coating using chitosan is feared that it will make the
nanocellulose experience an error reading during PSA analysis.

Based on the SEM results in Figure 7, it can be seen that the cellulose structure
on SCOBY is in the form of microfibrils. The SEM results stated that cellulose has
a microfibril structure consisting of amorphous and crystalline structures [1]. The
cellulose structure in SCOBY looks more stacked and random. In SEM results, it is
known that the cellulose size ranges from 270 nm-740 nm.

281 ZO JULA- 18

Figure7.
The cellulose structure is crystalline with single pointed edges on the SEM results.
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Figure 8.
SCOBY nanocellulose FT-IR absorbance curve with a size of 60 nm.

The structure of cellulose is crystalline with single pointed ends due to the
treatment of cellulase enzymes which can break the 1,4-glycosidic bonds in cellu-
lose and remove the amorphous structure of cellulose, so that most of the cellulose
structures change to crystalline structures [27]. In SEM results, it is known that
the cellulose size ranges from 480 nm-770 nm. This size does not match the PSA
results, which state that the nanocellulose particle size of sample 4.2 is 60 nm. This
size difference can occur due to re-aggregation between nanocellulose particles.
Aggregation can occur starting shortly after the enzymatic process from cellulase is
stopped to the drying process of the nanocellulose in the SEM sample preparation
process [23]. A fast analysis process is needed to avoid re-aggregation of the nano-
cellulose, if the nanocellulose is coated.

Cellulose from SCOBY has 5 main functional groups owned by cellulose. The
O-H group (3345 cml) is a hydrogen bond that functions to bind the cellulose
microfibrils to one another to keep them structured and compact. The CH2 group
(2898 cml/1314 cml) is a carboxyl group that can be used to estimate the crystal-
lization rate of cellulose. H-O-H groups (1644-1650 cml) were used to determine
the water adsorption rate. The C-O group (1107 cml) is a polyhydroxyl group which
can state that SCOBY cellulose is formed from glucose or its derivatives. The C-O-C
group (1050-1055 cml) is a glycosidic bond that plays a role in glucose polymer
bonds so that it can form cellulose [28].

SCOBY nanocellulose fibers show all the clusters that belong to SCOBY cel-
lulose. These results indicate that the SCOBY nanocellulose fibers were indeed
cellulose samples. The difference in FT-IR results between cellulose and nanocel-
lulose SCOBY lies in the absorbance value of the FT-IR results. In general, the FT-IR
SCOBY nanocellulose absorbance value was lower than cellulose, especially for the
O-H, H-O-H and C-O-C groups. These results indicate that enzymatic treatment
on cellulose has succeeded in breaking hydrogen and glycosidic bonds in cellulose
so that cellulose can undergo a change in size to 60 nm, which includes the size of
nanocellulose. Changes in cellulose size also affect the H-O-H groups in cellulose,
where the adsorption power of water on cellulose is smaller [29] (Figure 8).

6. Conclusions

The preparation of nanocellulose from SCOBY Kombucha can be done using
crude extract of the cellulase enzyme from Bacillus sp. The optimum amount of
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enzymes used for the manufacture of nanocellulose from SCOBY kombucha is 2: 3
(w/v) SCOBY against crude extract of cellulase enzymes.

SCOBY cellulose fibers, a microbial polysaccharide, has significant potential and
suitable for various industrial applications such as food, pharmaceutical, textiles,
cosmetic, fashion, and paper. Its material properties has high elasticity, best
deformation and comfort properties. SCOBY cellulose fibers forms a strong gel film
of crystalline microfibrils and absence of impurities of hemicelluloses and lignin as
well as environmentally friendly.
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Chapter 9

Electrodeposition of Nanoporous
Gold Thin Films

Palak Sondhi and Keith ]. Stine

Abstract

Nanoporous gold (NPG) films have attracted increasing interest over the last
ten years due to their unique properties of high surface area, high selectivity, and
electrochemical activity along with enhanced electrical conductivity, and chemical
stability. A variety of fabrication techniques to synthesize NPG thin films have been
explored so far including dealloying, templating, sputtering, self-assembling, and
electrodeposition. In this review, the progress in the synthetic techniques over the
last ten years to prepare porous gold films has been discussed with emphasis given
on the technique of electrodeposition. Such films have wide-ranging applications
in the fields of drug delivery, energy storage, heterogeneous catalysis, and optical
sensing.

Keywords: nanoporous gold, electrodeposition, surface area, potential, thin films

1. Introduction

Over the last two decades, nanotechnology and nanoscience have generated
great scientific interest focusing mainly on the development of nanomaterials
with specific and tunable properties and their applications in various areas [1].
Nanotechnology offers the ability to design, synthesize, and control length scales
ranging from <1 to >100 nm. In the literature, reports of discoveries based on
novel properties arising from these small size features have been increasing and
nano-sized noble metal particles have occupied a central place [2]. Also, nano-
technology has grown in significance in the study of fibrous materials, namely
nanofibers and silicate nanocomposites wherein the synthesis and characteriza-
tion along with the unique properties have been studied [3]. An emerging area of
great interest is that of nanowire research which will interface with living cells for
precise delivery of small molecules, proteins, and deoxyribonucleic acid (DNA)
[4]. From the viewpoint of the relationship between nanostructures and proper-
ties, remarkable advances have been made in the commercial use of thin films that
find wide-ranging applications in almost all the industrial fields such as optics,
electronics, mechanics, and even biotechnology [5]. There is a surge of interest seen
in the scientific community when it comes to NPG due to its intriguing material
properties arising from its high specific surface area, high electrical conductivity,
reduced stiffness, and the prospect of easy surface modification. NPG has control-
lable pore morphology and ligament size that opens up a wide range of studies of its
mechanical and surface properties [6]. Compared to regular gold thin films which
are dense inside, NPG films have interconnected ligaments with nanometers-sized
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gaps throughout the bulk of the film. The pore size can be modulated depending
on the type of synthesis protocol followed ranging from typically 20-50 nm in size
but to as small as 5 nm [7]. Additionally, the porous structure of the NPG electrode
tremendously increases the number of adsorption sites for various molecules of
biological interest making it an attractive candidate in the field of biosensors [8].
Gold electrodes with nanoporous structures possess a higher roughness factor

(the ratio between the real surface area and the geometrical area of the electrode)
and better electron transport in comparison with their counterparts with smooth
surfaces [9]. Metal nanoporous films have been prepared by various methods of
high productivity and controllability of which chemical and electrochemical deal-
loying laid the foundation for other methods [10]. Moreover, dealloying is a potent
approach for the fabrication of both monoporous (i.e., nanoporous or microporous)
and hierarchical (i.e., possessing both microporosity and nanoporosity) porous
metal structures with novel properties [11]. Multimodal pore size distribution on
the nanometer and micrometer scale is highly desirable. The presence of larger size
pores enables fast transport of the reactants, while the nanopores are responsible
for providing high surface area thereby increasing the rate of electrochemical reac-
tions. High surface area gold could be prepared by the electrodeposition technique,
illustrated in Figure 1. Porous metals prepared via dealloying often contain some
amount of residual less noble metal and therefore other fabrication techniques were
explored [12].

The electrochemical deposition of NPG on a solid substrate has been exten-
sively researched in recent years. This facile technique enhances the electrochemi-
cal activity of the nanoporous film by offering fine control over the growth and
nucleation mechanism which in turn determines the morphology of the deposited
film [13]. The three-dimensional (3-D) nanoporous films, membranes or pow-
ders of large surface area have received great attention and it has been seen that
the templating strategy is the most popular method for their preparation using
polycarbonate membranes, colloidal crystals, lyotropic liquid crystalline phases of
surfactants, and echinoid skeletal structures as the templates and will be discussed
in this chapter [14, 15]. Electroplated gold continues to play an integral role in
modern electronics technology, and it is hard to find an equivalent substitute due
to the unique combination of properties of the metal. It is speculated that as infor-
mation technologies continue to expand, the quantity of gold used will continue to
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Figure 1.
A representation of the electrochemical deposition set up.
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increase [16]. Experimental parameters have been seen to influence the morphol-
ogy of gold and therefore, this chapter will give insights into the various methods
used for fabricating NPG thin films with special emphasis on electrodeposition
strategies. Along with the synthetic approaches, applications and the characteriza-
tion of the NPG film will be discussed.

2. Fabrication techniques

There are various methods for fabricating porous gold films, and these are
categorically described below.

2.1 Dealloying methods

De-alloying is an effective corrosion method for the fabrication of NPG films
wherein the presence of less noble metals in the gold alloy has been exploited in a
way that they are chemically or electrochemically dissolved to produce monolithic
metal bodies with nanoscale pore structure. Au-Ag alloys are considered ideal
due to their similar atomic volumes and continuous solid solubility allowing for
coherent transformation from the master alloy to the nanoporous structure, see
Table 1 [17, 18]. Chemical dealloying has been studied employing Metropolis
Monte Carlo simulations wherein the simulation of the dealloying process in
the first stage describes the equilibrated systems followed by the second stage of
dealloying with the exclusion of interaction parameters [19]. A simple method
to dealloy the precursor alloy is to immerse it in nitric acid leading to selective
etching of silver forming a 3-D pattern resulting in the formation of an open,
bicontinuous highly porous network of gold with tunable ligament and channel
width by varying the alloy composition, electrochemical potential, or by thermal
annealing after dealloying [20]. Figure 2 depicts the outcome of NPG structures
upon a change in the experimental parameters.

Fabrication techniques

Advantages

Application

Dealloying This approach enables the Enhanced electrocatalytic activity
fabrication of NPG thin films, either towards methanol oxidation,
free-standing or supported ona potential in the field of catalysis,
conductive substrate optics, and sensor technology

Self-assembly Thin films formed exhibit enhanced Energy storage, photovoltaics,
thermal stability and capability of sensing, and electrochemical usage
electron transfer. This method can
be applied to various conductive
surfaces without harmful
pretreatment

Sputter deposition Simple green method, reproducible Electrochemical biosensing, used as
and generates low-price final product supercapacitors, in microelectronics

and photovoltaics

Electrodeposition One-step fabrication of thin films Electroanalytical and catalytic field
directly on a substrate, control
of particle morphology, size, and
density is relatively easy. Uniform
deposition is seen along with good
stability

Table 1.

Summary of the fabrication techniques used to synthesize NPG thin films.
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Figure 2.

SEM images of NPG structures. (a) NPG membrane made by dealloying 1 ym thick gold leaf in nitric acid
for 1 h. (b) Coarsened NPG structure generated via annealing of (a) at 400°C for 8 h. (c) Hierarchical porous
membrane structure produced by performing second dealloying (of sample b) in nitric acid for 5 min and
annealing at 400°C for 4 h. (d) Cross-section micrograph of sample (c). Reproduced with permission from
reference [20], Copyright 2003, American Chemical Society.

Variables such as acid concentration, etching time, and solution temperature are
known to influence the size of pores and ligaments. NPG films with ultrafine pores
have been produced by a pulse electrochemical dealloying carried out at a potential
of 0.6 V with 50 ms on-time and 10 ms off-time in 8 M HNO; at 23°C [21]. It has
been seen that with the use of strong acid or alkali corrosion, the rearrangement is
very rapid leaving little scope for porosity adjustment in such nanoporous products.
Therefore, instead of the traditional corrosive acid etching, a two-step dealloying
method has been reported which utilized FeCl; to synthesize NPG wherein the pore
size was easily tunable by using a surfactant like polyvinyl pyrrolidone (PVP) or
replacing corrosion reaction solvent with ethylene glycol (EG) [22]. Dealloying can be
further classified into three categories namely, (i) chemical dealloying, (ii) electro-
chemical or potentiostatic dealloying, and (iii) liquid metal dealloying. The driving
force towards the selective dissolution of the active component is varied in the above-
mentioned categories. It is a corrosive solution such as an acid in the case of chemical
dealloying, the constant potential for electrochemical dealloying and the nature of
liquid metal medium and temperature are the crucial deciding factors in the emerging
field of liquid metal dealloying [11]. Extensive investigations have demonstrated that
nanoporous metals with 3-D bicontinuous structures fabricated by the dealloying
method, has many active sites for the excitation of localized surface plasmons and
can, therefore, serve as a potential substrate for practical surface-enhanced Raman
scattering (SERS) application [23]. Unlike single-sized porous materials, a hierarchi-
cal (bimodal) porous structure can impart novel properties to the material wherein
large pores can favor increased mass transport and small pores can impart high
specific surface area [24].

2.2 Self-assembly

Self-assembly is one of the most versatile, simple, and inexpensive methods
aiding the formation of porous polymer films with finely controlled topography
[25]. The self-assembly strategy is a powerful approach to create functional nano-
materials due to the high selection capability of the precursor materials and inclu-
sion of functional groups, and nanoarchitectonics. The process is usually carried
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out under ambient and mild conditions, making the process suitable for biological
materials, see Table 1 [26]. The self-assembled nanostructured film is a rapidly
emerging field of great fundamental and practical interest due to the prospective
applications in the field of microelectronics, non-linear optics, catalysis, and sensor
science. Controlled covalent attachment of nanoparticles to functionalized surfaces
is a versatile approach for producing thin-film structures. It has been seen that
self-assembly of gold nanoparticles (AuNPs) on thiol modified surfaces exhibited
non-metallic optical and electronic properties [27]. The self-assembly process of
the AuNPs via aggregation and coalescence leads to the porous structure directly
without relying on external assistance. Zhang and coworkers successfully fabricated
porous gold films from a colloidal gold solution by evaporation induced self-assem-
bly method (EISA) [28]. A facile synthetic approach for the self-assembly of AuNPs
on sulfide functionalized polydopamine surface in high-density has been reported.
AuNPs were seen to self-assemble strongly on the modified surface due to the strong
interaction between gold and sulfur atoms [29]. Nanostructural control is very
critical in material chemistry to bring out unique physical and chemical properties.
So far, many mesoporous materials with varying compositions have been reported
via self-assembly of amphiphilic organic molecules and have attracted keen inter-
est due to their wide range of potential applications in energy storage, separation,
catalysis, ion exchange, sensing, and drug delivery [30]. Another useful technique
to immobilize gold thin films on micro- and nanopatterns is via the use of directed
self-assembly on templates that are prepared by phase- separated mixed Langmuir
Blodgett (LB) films. Atomic force microscopy (AFM), Auger electron spectros-
copy, and scanning Auger electron mapping of the gold thin films revealed that

the immobilized layer was following the patterns of the original mixed LB films
[31]. Systematic analysis of the thermodynamics and kinetics of self-assembly in
thin films of supramolecular nanocomposite has been studied in detail to extract
information about the interfacial area defects, chain mobility, and activation energy
needed for the diffusion of materials. Co-assemblies of nanoparticles and organic
moieties are promising, and the resultant material will combine the properties of
both the families of building blocks. Hierarchically structured nanocomposite thin
films over macroscopic distances have been created by a fast ordering process with
minimal usage of solvent via a deep understanding of the kinetic pathways [32].

2.3 Sputter deposition

Sputter deposition is an industry-relevant, high-rate, large-scale, and well-
controllable deposition technique used to prepare gold films and other device fab-
rication processes. It is a large-scale deposition method, allowing high-rate vacuum
coating with nanoscale precision, see Figure 3. Sputter deposition is an ideal method
for preparing nanometer-thick films along with precise control over the deposition
rate, highly adhesive films, large area uniformity, uniform temperature, and the
ability to coat a variety of substrates including the non-heat resistant [33].

Sputtering is a pollution-free (“green”) technique that offers the advantage of
reproducibility and low price of the final product. Nanostructured gold film adhe-
sion and electrical contact properties are strongly influenced by interface structure,
see Table 1 [34]. Thin gold films prepared by this strategy are found to be continu-
ous and relatively homogeneous, with distinct grain surfaces without showing the
formation of islands. Films of thickness ranging between 5 and 52 nm have been
prepared for the study of third-order non-linear properties where the third-order
susceptibility was found to be of the order of 10~ esu. This non-linear optical
interaction enhancement has helped to construct nanodevices to be used in metrol-
ogy, sensing, imaging, and telecommunications [35]. It has been shown that pure
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Figure 3.

Schematic illustration of the in situ grazing-incidence small-angle X-ray scattering (GISAXS) set up showing
sputtering of gold atoms on spiro-OMeTAD film. A two-dimensional detector is detecting the signal produced by
scattered X-rays. Reproduced with permission from reference [33], Copyright 2020, American Chemical Society.

sputtered gold films can match the hardness of gold electrodeposits. The hardness
of sputtered films and the grain size of the deposit is controlled by maintaining

the temperature of the substrate during deposition [36]. It has been reported that
ultrathin semi-transparent gold films have been deposited using radio frequency
(RF) magnetron sputtering at room temperature over a small area (23 mm”) of the
porous silicon layer. Various film thicknesses were obtained by changing the sputter-
ing time from 5 to 20 s at constant chamber pressure and argon gas flow rate [37].
Thin films have been deposited by varying the experimental conditions concern-
ing the substrate tilt angle and background pressure. Growth regimes of thin gold
films deposited via magnetron sputtering at oblique angles and low temperatures
have been studied from both theoretical and experimental points of view [38].
The growth and morphology of a room temperature sputter-coated thin gold film
on a soft polymeric substrate from nucleation to thin film formation has been
investigated using AFM. It was observed that an initial 3-D island-type growth
starts with the deposition and with increasing time the morphology evolved from
hemispherical islands to partially coalesced worm-like island structures, to perco-
lation, and finally to a rough and continuous film [39]. In a study, it was seen that
after the stage of nucleation, the growth of gold clusters proceeds mainly in the
lateral direction. As the discontinuous islands change into a continuous thin film,
arapid decline in the resistance of the gold layer has been observed [40]. A unique
method for synthesizing porous gold films by co-deposition of Au-Cu alloy has
been done via co-sputtering Au and Cu using a multi-target sputtering system at
room temperature. Selective removal of Cu was done via corrosive dealloying lead-
ing to the formation of the porous gold film via the physical-chemical combina-
tion method [41]. Sputter deposited thin porous gold films find applications in the
field of electrochemical biosensing for enhancing redox signals by modulating the
nanopore size and film thickness. Higher detection resolution is exhibited to that
obtained by conventional bulk gold electrodes [42]. The atom sputtering deposi-
tion technique has allowed scientists to study the optical and electrical properties,
density, and crystalline structure of gold nanostructures sputtered on glass [40].

2.4 Electrodeposition

Electrodeposition is a simple, controllable, and cost-effective method that can
control the growth process by varying deposition current density. Kinetic control
over the growth process can give insights into the mechanisms in the synthesis of
deposits with various sizes and shapes. The mass of gold on the electrode is con-
trolled by the electric charge passed during the electrodeposition process, based
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on Faraday’s laws of electrolysis [43]. Deng and co-workers gave a mechanistic
viewpoint to the facile method of electrodeposition in the electrochemical cell,
where a process of electrodissolution-disproportion-deposition is involved. Upon
the potential step, the gold substrate undergoes active electrodissolution in HCI
providing the diffusion control, forming AuCl,” and AuCl,". With the progress of
the reaction, HCl depletes and AuCl,” starts accumulating near the gold surface
immediately giving off Auatoms and AuCl,” wherein the newly formed Au atoms
aggregate and deposit on the substrate to form NPG film [44, 45]. NPG morphology
evolution has a direct relationship with the topography of the underlying substrate.
A study has very well demonstrated that micropattern widths that are within the
magnitude of film thickness produce tunable pores with less cracking [46]. Porous
nanomaterials particularly NPG has drawn tremendous research interests mainly
in the development of electrochemical sensors due to the high surface area and the
trait of being electrocatalytically active. Electrosynthesis can impart precise control
over the bicontinuous network of interconnected nanometric gold grains and
multiple sized pores [47].

Conductive substrates coated with AuNPs can be exploited as biochemical
sensors and electrodes owing to their excellent electrocatalytic activity. A simple,
powerful, and cost-effective way for attachment of AuNPs onto a substrate has been
electrodeposition with pulsating current resulting in smoother, brighter, finer, and
less porous Au grains concerning the direct current [48]. A simple template-less,
surfactant-less and effective electrochemical method for the preparation of AuNP
arrays with an average diameter of ~14 nm onto indium tin oxide (ITO) glass has
been reported. The system exhibits excellent catalytic properties due to the presence
of large active sites on the surface [49]. The deposition of thin metallic films onto
non-conductive surfaces by the wet processing technique of electrodeposition is
another route for fabricating various unique electronic devices and systems. Amine
terminated self-assembled monolayer (SAM) modified insulator surface has been
employed for the lateral growth of electrodeposited gold. Controlled morphology
and thickness of laterally grown metal films has paved a way to create nanogap
electrodes [50].

Electrochemical deposition methods have been classified into two groups
namely, templated electrodeposition and self-templated electrodeposition.
Template technology offers advantages for designing new types of electrode materi-
als aided by “hard” or “soft” templates that give rise to functional materials with
diverse structures and morphologies, such as, one-dimensional nanostructures,
two-dimensional films, and 3-D porous frameworks. In templated electrodeposi-
tion, porous gold is deposited on a template by reducing gold near the electrode
surface via fixed potential application followed by the removal of the template.

The self-templated approach initializes with the generation of H, bubbles in the
solution containing a supporting electrolyte by applying a potential of at least -2 V
vs. saturated calomel electrode (SCE), allowing a gold reduction in the interstitial
space [51, 52]. The monolithic NPG film has been synthesized using a bottom-up
synthesis from a bicontinuous microemulsion (BME) acting as a dynamic soft
template, depicted in Figure 4. The aqueous phase of BME acted as a medium for
gold electrodeposition and the intertwined structure came from the aqueous and oil
phases of BME compartmentalized by surfactant and cosurfactant. The resultant
film nanostructure has been controlled by adjusting the initial BME composition
and by varying kinetic parameters such as deposition potential and time [53].

The role of electrodeposition potential on the growth morphologies has been
seen in a study where gold deposition from sulfite electrolyte exhibits a range of
geometries from vertically oriented nanowires to lenticular grains and dendrites at
more negative potentials [54].
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Figure 4.
Schematic vepresentation of the dynamic soft templating of a nanoporous thin gold film from BME by
electrodeposition. Reproduced with permission from veference [69], Copyright 2013, American Chemical Society.

In recent years, studies have been performed to produce 3D porous materials
that have the advantage of increasing the mass transport for electrolytes but also
allow rapid electrochemical reactions due to considerable active surface area. A
new way of producing such materials is via concurrent generation of hydrogen
bubbles with simultaneous metal deposition at high cathodic current densities.
The reduction of H* giving rise to hydrogen bubbles acts as a dynamic template for
metal electrodeposition [15]. The electrodeposition parameters such as time and
potential are the deciding factors for the pore size and film density. The dynamic
hydrogen bubble template (DHBT) method results in a gold nanoporous structure
with outstanding properties, like high specific surface area, large pore volume,
uniform nanostructure, good conductivity, and enhanced electrochemical activ-
ity [55]. A simple method has been proposed for the one-step electrodeposition
of NPG-islands films on the surface of the glassy carbon (GC) electrode via the
hydrogen bubble template approach. The 3-D structure generated via the DHBT
method is more attractive as it is clean and porous in an efficient way in the absence
of inorganic and organic templates and exhibited improved electrocatalytic activity
for oxygen reduction and hydrogen evolution reactions (HER) [56]. Recently, self-
supported 3D metal foams of copper, tin, and silver have been reported. 3D porous
noble metals such as gold have higher equilibrium potential and lower overpotential
for HER and therefore, a two-step rout was taken involving the deposition of the
less noble element followed by its galvanic displacement. Chung and coworkers
have therefore shown a fast one-step preparation of high surface area NPG with a
multimodal pore-size distribution utilizing a DHBT [12].

Another study produced porous gold incorporating nanocorrals on gold screen-
printed electrodes (SPEs) utilizing hydrogen bubbles as a dynamic template. The
structure produced using this one-step electrodeposition using high overpoten-
tial had a high roughness factor [57]. Moreover, distinct pore morphology can
be obtained by taking advantage of electrical conductivity and morphological
plasticity of NPG. Pore morphology can be tuned using the novel and versatile
technique of electro-annealing on NPG thin films at low temperatures [58]. The
microstructure of electrodeposited gold films and their deposition characteristics
are affected by base metal ions. It has been seen that gold deposits obtained from
Co and Ni-containing electrolytes are generally hard, while Pb and Tl-containing
electrolytes tend to give soft gold deposits [59]. The crystallographic structure of
gold films is also dependent on the current density at which electrodeposition has
been carried out. It has been seen that Au electrodeposited at a current density less
than 0.25 mA cm ™ from dicyanoaurate baths with or without Cu”* or TI', gave rise
to the formation of hexagonal structure [60].

The electrochemical potential and the concentration of HAuCL have been
modified to create a variety of morphologies in the final structure. Nanopyramidal,
nano rod-like, and spherical gold nanostructures were fabricated on polycrystal-
line gold substrates via one-step, non-templated electrochemical overpotential
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deposition (OPD) [61]. Moreover, the chemical nature of the organic ions present
in the organic electrolytes has a huge role to play on the morphology of the deposits
produced. The organic species adsorb onto the electrodeposits due to high surface
energy and finally influence the shape of the growing grains and the roughness

of gold electrodeposits [62]. Recently, a study described the electrodeposition of
gold nanostructures at the interface of a Pickering emulsion. The controlled elec-
trodeposition of AuNPs on the surface of an emulsion droplet gave rise to intricate
structures with fine control over the locus or duration of nanoparticle growth.
Decamethylferrocene present in the emulsion droplet acted as a heterogeneous
electron transfer agent for the reduction of aqueous phase Au (III) resulting in its
deposition as nanoparticles [63]. In one of the studies, it was found that SERS of
the electrodeposited gold was correlated to the roughness and the size of surface
nanostructures where these two parameters were largely controlled by the applied
potential during deposition [64]. Over the last decade, researchers have focused on
improving methods for fabricating reproducible substrates for surface-enhanced
resonance Raman scattering (SERRS). Amongst these, deposited gold films have
been the most heavily researched, and therefore, Bartlett and his group fabricated
ordered-spherical-cavity gold films using colloidal templated electrodeposition
method for the first time. The net enhancements are found to be ~10° for SERRS
over normal Raman [65]. Nanostructured gold films for use in localized surface
plasmon resonance (LSPR) spectroscopy have been prepared from flat gold film
substrate made by stripping off epoxy coated glass slides off the gold-sputtered
silicon wafers and then subsequent two-step chronoamperometry to electrodeposit
gold from potassium dicyanoaurate solution [66].

Solid thin film deposition on the soft ionic liquid (IL) substrate was used for
L-arginine detection. A gold monolayer was deposited on the surface of the IL
substrate using the conventional electro-co-deposition (CECD) technique using an
electrochemical workstation with three electrodes system in 0.5 M NaCl and 3 mM
KAuCl, electrolyte solutions [67]. A new study described the bottom-up approach
of lithographically patterned nanowire electrodeposition (LPNE) for synthesizing
noble metal nanowires on glass or oxidized silicon surfaces. The process of LPNE
starts with the preparation of a nickel nanoband electrode which acts as the surface
for electrodeposition [68].

LPNE has been combined with colloidal lithography to create a novel low-cost
method for the lithographically patterned electrodeposition of metallic nanor-
ing close-packed arrays over large areas. By altering the width and radius of the
nanoring during the fabrication, near-infrared (NIR) plasmonic resonances could
be tuned from 3500 to 8000 cm ™" with potential applications in the fabrication of
plasmonic antennae, plasmonic semiconductors, and negative-index metamaterials
[69]. Direct electrodeposition of porous gold nanowire arrays has been developed
utilizing a one-step electrodeposition methodology utilizing nanochannel alumina
templates. Current density during deposition is the deciding factor for the micro-
structure of gold nanowires and the resulting structure has shown excellent electro-
chemical biosensing ability towards the detection of glucose [70].

It has been known that the surface roughness and the structure of gold deposits
can be influenced by periodically reversed or pulsed current and in some electronic
applications pulse plated gold deposits are considered superior to DC plated depos-
its. Electrodeposition of gold using pulse plating produces a dense fine-grained
structure with half the resistivity of normal DC plated films [71]. The pulse poten-
tiostatic method (PPSM) offers numerous advantages in terms of controllability,
particle size, stronger adhesion, and uniform film morphology. PPSM has been
used to deposit gold nanoflowers (AuNFs) onto a polymer film. Through this simple
and rapid method, a new organic-inorganic hybrid film has been fabricated with
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superior electroactivity, electrochemical, and interfacial characteristics suggesting
the suitability of such electrodes for sensors, electrocatalysis, and diode applications
[72]. Epitaxial, ultrathin, semitransparent, and catalytic gold films were electrode-
posited on n-type silicon (n-Si) to protect the substrate from photo-passivation, see
Figure 5. In addition to being a good redox catalyst, the ultrathin gold layers serve
to induce band bending in n-Si thereby making it a diode of an ideal quality factor
due to minimal electron-hole recombination [73].

Fabrication methods have been used in combination in the past to generate a
promising eco-friendly biosensor platform with advantages coming from both the
techniques. One such study has been done to fabricate a glucose biosensor wherein
AuNPs and glucose oxidase multilayer films were generated via electrodeposition
and self-assembly respectively [74]. As an eco-friendly alternative, deep eutectic
solvents (DESs) are a new class of green and sustainable solvents extensively used
for electrodepositions due to their intrinsic properties of good solubility, non-
flammability, low toxicities, and suitable electrochemical windows. Recently, an
electrochemical method has been developed to fabricate NPG electrodes by alloying
and dealloying the precursor alloy in ZnCl,-urea deep eutectic solvent [75]. The
wide acceptance of DES in metal/alloy electrodeposition processes has been seen
in recent times due to their ability to act as stabilizers and reducing agents in metal
nanoparticle synthesis. Moreover, the nucleation rates are enhanced leading to a

Epitaxial Au
slectrodeposition 2
—

si(111) o
Figures.

Tllustration showing the formation of an ultrathin epitaxial gold layer electrodeposited on n-Si (111) to form a
Schottky junction in a regenerative photoelectrochemical cell. Reproduced with permission from reference [73],
Copyright 2018, American Chemical Society.
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A general overview of the techniques used for electrodeposition to form thin nanoporous films.
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decrease in the particle size in the presence of DES as it has relatively low surface
tension [76]. Remarkable optical behavior has been observed when the bulk mate-
rial is transformed into nanostructured surfaces. A simple two-step electrochemical
process has been developed wherein electrodeposition and anodization is used in
conjunction to generate black gold surfaces that can absorb more than 93% of the
incident light over the entire visible spectrum due to the canopy of dendritic nano-
structures within a nanoscale roughness with potential applications in photovoltaic
solar cells [77]. Figure 6 summarizes the general methods used for electrodeposi-
tion to form thin nanoporous films.

3. Characterization techniques for NPG thin films

The physical and morphological properties of nanoporous thin films are strongly
linked with material’s porosity (defined as the ratio of void volume to the total
volume of the film). Hence, many efforts have been devoted to developing a reliable
self-consistent quantitative characterization of their porosity [78]. The physical
characteristics of thin films have been characterized by a combination of X-ray
photoelectron spectroscopy (XPS), grazing-incidence small-angle X-ray scattering
(GISAXS) along with adsorption isotherm surface area measurements. Porosity and
internal feature sizes range from a few to tens of nanometers [79]. Cyclic voltam-
metry (CV) and electrochemical impedance spectroscopy (EIS) experiments have
the potential to find the electrochemically active surface area of the NPG film.
Studies have shown that using CV and EIS it was shown that NPG films have 4-8.5
times more accessible surface area than thermally evaporated gold (EG) films
[80]. Potential step (PS) chronoamperometry has also been combined with surface
plasmon resonance (SPR) for probing electrochemical deposition, conformational
changes linked with redox-initiated film reorganization, and the quantification of
electrodeposited thin film thickness [81]. A well-recognized approach to determine
the specific surface area of nanoporous materials is the Brunauer, Emmett, and
Teller (BET) method which is based on physical adsorption of gas molecules to
determine the specific surface area [82]. Many groups have extensively used scan-
ning electron microscopy (SEM) for rapidly exploring pore size and ligament size
due to their ease of use and applicability to varying types of samples. Elastic modu-
lus is an important mechanical property to calculate residual stress in free-standing
beams. This in turn determines film stiffness and therefore, sensor performance
[83]. SEM and AFM techniques have been used by many researchers to character-
ize the surface morphology, size, and shape of the pores as well as the surface
roughness of the porous gold films [84]. Maaroof and coworkers have measured
the optical properties of porous gold film using the techniques of spectrophotom-
etry and ellipsometry. The spectral response was delivered using a homogeneous
Lorentz-Drude (L-D) model and showed that the optical properties of NPG films
are dependent on void occupancies [44]. Nanoporous metals have significant
geometric complexity in the form of random bicontinuous structures possessing
bubbles within ligaments, regions of very high negative, positive, and saddlepoint
curvature, and multiple facets. Erlebacher introduced methods to geometrically
quantify the structure of nanoporous metals using large-scale kinetic Monte Carlo
simulations using mesh-smoothing algorithms [85]. Atom probe tomography
(APT) analysis of NPG material, produced by dealloying can give huge information
regarding the compositional variation within the structure of nanoscale ligaments.
3-D analysis of materials at the sub-nanometer scale is possible by careful prepara-
tion of samples through a reproducible process for complete pore filling through
electrodeposition of copper into finely sized pores. Compositional profiling and

153



Nanofibers - Synthesis, Properties and Applications

mapping of ligaments are now possible by APT analysis [86]. Electrodeposition of
gold nanostructures having sharper features yield higher refractive index sensitivity
and therefore, can be used as transducers in LSPR spectroscopy for probing many
types of biomolecular interactions [66].

4. Applications

Nanoporous materials such as carbon nanotubes, nanoporous anodic alumina,
nanotubular titania, porous silicon, and NPG have significant potential in the field
of biomedicine involving high drug loading capacity and its controlled release.

It was seen that a sub-micron-thick sputter-coated NPG thin films have a load-

ing capacity of 1.12 pg/cm? and molecular release half-lives between 3.6 hours to
12.8 hours [87]. NPG is a promising material for drug delivery applications and for
studying the influence of surface modification on the drug release kinetics due to its
high effective surface area, well-known surface gold-thiol chemistry, and tunable
pore morphology and is depicted in Figure 7 [88].

Rough and activated noble metals exhibit some unexpected properties in
comparison with their smooth counterparts. The electrocatalytic activities of the
porous films depend on the roughness factor and the existence of special binding
sites on the surface. NPG films possess higher roughness and better electron trans-
port leading to its distinguished performance in the field of catalysis [89]. Studies
have shown that NPG is active towards catalyzing low-temperature CO oxidation
which is attributed to the peculiar structure of NPG and the prevalence of step and
kink sites on the surface of the material [90]. Nanoporous metals have recently
attracted considerable attention fueled by their potential use in the filed od cataly-
sis, sensor, and actuator applications by increasing the activity drastically via thick
oxide film deposition to stabilize the nanoscale morphology [91]. The potential of
nanostructured metallic surfaces has also been seen in optical applications and has
been demonstrated for biosensing applications, SERS, guiding and manipulating
light, and trapping of micro-sized particles [92]. The electrodeposition approach
has been used for depositing a thin layer of AuNPs from 10 mM HAuCl, for 20 s
at —0.2 V (vs. Ag/AgCl) yielding oblate particles of 200 nm average diameter that
immobilized an aptamer specific for LPS detection achieving a linear range of
0.1-10.24 ng mL" [93]. Thin nanoporous membranes of gold are best suited to the
examination of surface plasmons as the analyte can get into the pores of NPG and
can modify their dielectric atmosphere are detectable via absorption peaks in SPR

Functional

group &
(R:-OH, 48
-NH,) /&

Fluorescein®*

Figure 7.

Depiction of surface engineering of NPG film via immobilizing alkanethiols with varying functional
groups and chain lengths to enhance the drug delivery performance monitored via fluorescein release signal.
Reproduced with permission from reference [88], Copyright 2016, American Chemical Society.
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whereas the species that adsorb onto the geometric surface of the pores of the film
are equally detected by SPR measurements [94].

5. Conclusion

The electrodeposition of noble metals on support provides a unique possibility
to obtain films of varying thickness and roughness. Many advanced electrodeposi-
tion techniques are known so far, and the field is actively developing with specific
controllable nanostructural features leading to an increased number of grain bound-
aries for high catalytic performance [95]. It is interesting to see how the porous gold
nanostructures can be electrodeposited on a solid support and the impact of electro-
deposition parameters namely, potential and time of deposition, on the morphology
and thickness of the film so formed. Detailed investigation on NPG surface pore size
and the correlation with electrocatalytic activity has aimed to understand the growth
mechanism of NPG [13]. The experimental results from the electrodeposition tech-
niques have highlighted that the formation of a well-organized NPG film requires
the appropriate electrochemistry and physics/mechanics interactions between the
substrate and the deposits [96]. NPG morphology evolution is highly influenced
by the topography of the substrate emphasizing the structure—property relation-
ship and opening doors for such high-throughput combinatorial studies [46]. An
exciting new field of research within the domain is the electrodeposition of hybrid
thin films which has opened the gate to an unlimited number of new materials [97].
Electrodeposition, therefore, is a promising fabrication technique that has the poten-
tial of producing thin NPG films for effective drug delivery systems as precise con-
trol of the NPG pore and ligament dimensions can be achieved which in turn control
the drug loading and release performance inside the body [98]. Electrodeposition is
a distinct form of grain boundary engineering by which a material’s property can be
enhanced to synthesize advanced materials both in bulk form and as thin films. It is
a technologically viable production method for upgrading the mechanical, electrical,
magnetic, and corrosion properties exhibited by metals [99].
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Abstract

This chapter reports on the various methods of fabricating and manufacturing
micro and nano sensor, membrane and energy devices. Firstly, the characteristic
often sought after by scientists and engineers for effective and efficient perfor-
mance of these technologies were thoroughly discussed in details together with the
characterization techniques for evaluating them. Several state-of-the-art fabricat-
ing techniques for sensor devices, water and medical based-membranes, solar cells
and batteries were also discussed.

Keywords: micro-nano device, fabrication, sensors, manufacturing, membrane,
battery, solar cell

1. Introduction
1.1 Nanoscience and nanotechnology

Nanoscience can be described as the study of the phenomena and manipulation
of materials at atomic, molecular and macromolecular scales, where properties differ
specifically from those at a larger scale (macro scale). The macroscopic objects we
see around us in our day-to-day activities are the products made from bulk materials.
These objects possess physical properties that are in some way different from nano
and the intermediate scale called micron-sized material (such as grains of sand or
dust produced during volcano eruption). However, bulk and nanomaterial may share
the same constituent but the dimension or length scale usually distinguishes between
the two groups [1, 2]. Nanometer scale is conventionally defined as 1 to 100 nm which
simply means one billionth of a metre (10~ m). The lowest limit of nanometer size
range is normally set to 1 nm which is very close to the length of a single atom since
the atomic radius is just by a little femtometre less than 1 nm. However, nanoscience is
not just the science of small-scale material but also the science in which materials with
small dimension (in other words shape) show new physical phenomena. For instance,
the principles of classical physics such as energy, force, momentum, space, time,
and so on, that govern the behavior of macroscopic and microscopic systems (bulk
material) are no longer applicable to nanoscale materials [3-4]. This Nanoscience
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is not new per se, it is a name that was given to a number of fields of research that
share common principles, and hence it is referred to as an interdisciplinary science.
Nanotechnology integrates a wide range of sciences which includes; Physics,
Chemistry, Biology, Microbiology, Engineering, Surface Science, and Biotechnology,
and apply them to practical devices [5]. There are two major approaches normally
employ in fabrication techniques namely; top-down approach (Larger to smaller:

a materials perspective) and bottom-up approach (Simple to complex: a molecular
perspective). Top-down approach involves creating Nano-scale materials by physi-
cally or chemically breaking down larger materials. These include statistical mechani-
cal effects, as well as quantum mechanical effects. Solid-state techniques can also be
used to create devices known as nanoelectromechanical systems or NEMS, which are
related to micromechanical systems or MEMS [6] while bottom-up approach simply
involves simple to complex: i.e. a molecular perspective technique. These techniques
are used today to manufacture a wide variety of useful chemicals such as pharma-
ceuticals or commercial polymers. Molecular nanotechnology, sometimes called
molecular manufacturing, describes engineered nanosystems (nanoscale machines)
operating on the molecular scale. Molecular nanotechnology is especially associated
with the molecular assembler, a machine that can produce a desired structure or
device atom-by-atom using the principles of mechanosynthesis [7].

2. Significance of micro and nano fabrication in novel devices and
technologies

Micro and nano fabrication is an essential process in the manufacturing of novel
devices and technologies. Many sciences, technology and engineering oriented
products are developed using the concept of micro and nano fabrication. From radio
transistors, integrated circuits, personal computers, to micromechanical systems
(MEMS), transducers, sensors, batteries and super capacitors, solar cells, water
treatment membranes and filters and other novel devices, micro and nano tech-
niques have played significant and important role in realizing reliable technology.
However, huge credit relating to the success of these technologies must be ascribed
to the materials development and analyses techniques such as the analytical, macro-
scopic, microscopy and spectroscopy ones.

For instance, before one can realize product of gas sensor, chemical sensor and
biosensor device, especially in the case of metal oxide semiconductors, carbon
materials and polymers, critical studies and analyses of the materials properties is
required to qualify the performance of the sensing element. The first set of inves-
tigation which must be performed on the materials intended to build these devices
are crystal structure and microstructures, morphological and surface roughness
studies, defects studies, thermal stability and adsorption property [8-10]. Hence,
the material must be thoroughly characterized with X-ray diffraction (XRD) and
high-resolution transmission electron microscopy (HR-TEM) methods to study its
crystal structure. X-ray diffraction spectroscopy which is commonly used technique
for characterization of crystalline materials provides information about elemental
analyses such as structures, phases and preferred crystal orientations. Physical mea-
surements like average particle size of material, homogeneous and inhomogeneous
strain and crystal defect could also be estimated from the data collected using XRD
technique [8-11]. The HRTEM approach has been severally employed in sensors
material research to unveil material’s crystallographic structures at an atomic scale
[8-9]. The scanning electron microscope (SEM), scanning tunneling microscope
(STM) and atomic force microscope (AFM) are important for all surface structure
studies such as morphology, particles distribution, nanoscale topography and
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surface roughness [9-13]. These are also essential properties needed to be analyzed
for chemical, gas and bio sensors devices fabrication. Other properties necessary
to be investigated for these types of application include quantitative analysis of the
material’s elemental composition and chemical state. This study is often achieved
using X-ray photoelectron spectroscopy (XPS) [9-11]. The adsorption ability

and properties of the sensors materials are usually evaluated using the popular
Brunauer-Emmett-Teller (BET) technique which relies on the physical adsorption
(physisorption) of gas molecules on the surface of solid-state materials. With this
technique, information about the specific surface area, microporous, nanoporous
and mesoporous of a sensor’s material can be acquired [9, 14-16].

In the same way, materials for fabricating water and medical membranes and
energy devices such as solar cell, lithium and sodium ion batteries also required crit-
ical studies with the above materials characterization techniques before the manu-
facturing process could be initialized. The properties which Materials Scientist and
Engineers are usually sough for when building in solar cell architecture are crystal
and microstructures of all the semiconductors and polymers involved. These tech-
niques are necessary to unveiled the effect of the grain’s boundaries on the charge
transfer of the cell, especially when device is of a p-n junction or multi-junction
type [17]. This often help materials engineers in proper understanding of interfacial
properties of the cell [18]. Studies of morphology, surface roughness and topology
is also of a great importance when evaluating the solar cell materials for prototyping
and manufacturing. This is needed to ensure a homogeneous film surface in a bid to
enhance the transport of the charges for an improve energy conversion efficiency
(ECE) [19]. Thermal stability studies with Thermogravimetric analysis (TGA) are
another important method adopted by materials scientist to study the degradation
of solar cell device [8, 20]. Lithium and sodium ion batteries are not an exception
when it comes to their materials development and analyses. TGA techniques are
often used to study the thermal stability, XRD and HRTEM for crystal, micro
structures, particles size analysis and how monodisperse the particle are before
fabricating the device. The SEM, STM and AFM techniques are being employed for
particles morphology, surface roughness and topography [21].

XPS is another important technique for qualifying materials for lithium and
sodium ion battery application. XPS is suitable to give important information about
the interaction of membrane-based materials with electrolyte materials and further
assist to develop a definite insight of interfacial structure and as well performance
of the battery. From one of the previous published studies XPS was employed and
useful information of the membrane interaction with vanadium electrolytes was
revealed which led to understanding of interfacial structure and battery perfor-
mance [22]. Nanosized fibers have great advantages owing to their high specific sur-
face area to volume ratio, electrospun nanofibers have find their useful applications
in the field of clean energy (solar cells, fuel cells and batteries), electronics, health
(biomedical scaffolds, artificial organs), and environment (filter membranes) [23].

3. Advance manufacturing methods for chemical, gas and bio sensor
applications

Prototyping and manufacturing sensor devices (Gas, Chemical or Bio sensor)
required that the sensors materials be deposited or coated on an electrode for easy
contact and connection to the device electronic circuitry or source measuring unit
of the gas sensing and test station. Interdigitated electrode (IDE) type have been
widely used for sensors laboratory research, prototyping and manufacturing of sen-
sors and related products. This is a cost-effective method which often made from an
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aluminum oxide (Al,O;) substrate whose front-side surface is coated with platinum
(Pt) metal in comb-like structures for sensors electrical signal measurement and the
rear-side coated with nickel (Ni) metal as Microheater [9, 24]. Figure 1 showed a
schematic layout of KSGA565 KENOSTATIC gas detection station where p-nano IDE
was used as the sensor’s electrode. The layout consists of an enclosed chamber called
sensing chamber containing IDE with deposited sensor material. The front-side of
the IDE is connected to the Keithley pico-meter source meter and the rear-side to the
power supply.

During fabrication, sensor materials are usually deposited onto the IDE using
micro-nano deposition technologies such as chemical vapor deposition (CVD),
pulse laser deposition (PLD), physical vapor deposition (PVD) and magnetron
sputtering technique [25-27]. These technologies are physical methods which have
been reported to offer thin and homogenous film surface with excellent gas, chemi-
cal and bio molecule sensing properties. These technologies have also been used
severally to deposit non-IDE pattern like glass, silicon wafer etc. for sensors and
related device fabrication [28].

The printed patterned substrate and Lab-on-a-chips are another micro-nano
contacting and printing technology commonly used when manufacturing Gas,
Chemical or Bio sensor devices. These techniques are expensive and regarded as
state of the art method which required specialized equipment like photolithog-
raphy (PL), plasma enhanced chemical vapor deposition (PECVD) and electron
beam lithography (EBL). The methods offer patterned deposition of nanostruc-
tures such as nanowires, nano-rods, nano-tubes etc., high precision contacting,
highly aligned printing and deposition onto flexible substrates as advantages over
others [25-30].

Ni coating on Al,O, substrate for Microheater

Pt coating on Al,0, substrate for sensor signal

Gas outlet
Synthetic air

Gas1l
Gas2
Gas3

Gasb
Computer read out

Heater - power
supply

hariim (0

S

Figure 1.

Schematic diagram of KSGAs565 KENOSISTEC gas sensing station illustrating how the p-nano IDE sensor
can be tested. The electronic circuit displays of the gas sensor’s element showed Ry, which is the load resistor
connected in series with the sensor’s element (Ry, = (V-Vg)/I). V, is the voltage on the Ry, Vs = V¢ - IR,
represent the sensor’ signal voltage. V¢ is a constant voltage applied on the Ry, and sensor’s element and finally,
Rg is the sensor’s resistance (Rs = Vs/I). Adapted from Ref. [24].
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Figure 2.

Fabrication process of electron beam patterned TiO2 based gas sensor; (a) oxidation process of Si wafer,

(b) Cr/Au contact fabrication, (c) microheater fabrication, (d) photovesist deposition, lift-off and TiO2
nanowire arry deposition, (e) showed the dimensions of each section of the device and (f) the optical image of
the entire device. Adapted from Ref. [30].

A typical process involving the fabrication of TiO2 nanowires-based gas sensor
is shown in Figure 2. The materials used for the fabrication are; p-type silicon wafer
(Figure 2(a) and interdigitated Cr/Au electrodes which was initially fabricated
using PL process on an oxidized Si substrate (Figure 2(b) [30]. The Cr and Au thin
films were also blank deposited on the rear-side of the silicon wafer in an interdigi-
tated fashion to make heating element (Microheater) (Figure 2(c)). Thereafter,
EBL approach was used to pattern the chip surface and to produce photoresist on
the film before depositing the p-type TiO2 on the top of the chip with aid of sput-
ter machine. The photoresist was later lift-off to form the TiO2 nanowire array as
shown in Figure 2(d). Figure 2(e) showed the dimensions of each section of the
device and Figure 2(f) the optical image of the entire device.

4. Advance manufacturing methods for water purification, lithium ion
batteries and medical applications

Electrospinning is one of the techniques suitable for the fabrication of materials
through innovative technology. Membrane-based technologies through electros-
pinning have been employing for the fabrication of both nano- and micro-based
materials which finds useful applications in various fields such as in the water
purification, lithium ion batteries, medical applications etc.
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4.1 Applications of electrospun fibers in water purification

Electrospinning is a fabrication technique that involves application of a high electric
field to generate nanofibers from a charged polymer solution or melt. it is a useful
method for the fabrication of complex structures consisting on continuous fibers.

The morphology of electrospun fibers can be controlled by adjusting experimental
parameters, such as precursor solution concentration, type of spinneret, voltage and
the spinneret-collector distance. Using this technique affords us numerous benefits
such non-complicated and inexpensive equipment, easy to modify, ability to carefully
monitor the morphology of materials, and as well almost all polymers with even high
molecular are applicable in the synthesis [23]. The chemical properties of electrospun
fibers are mainly influenced by two factors: hydrophilicity and chemical composi-

tion of the fibers. The characterization of the mechanical features is critical for the
electrospun nanofibers. It can be stated that the electrospun nanofiber membranes are
appropriate for the pressure driven membrane procedures where the target product

is mainly the permeate phase, for example, water/wastewater treatments [31]. Water
purification is mostly defined by filtration through size exclusion or adsorption.

The water purification process is classified according to the average pore size of the
materials and applications include microfiltration (MF) (0.1-10 pm), ultrafiltration
(UF) (0.001-0.1 pm), nanofiltration (NF) (0.001-0.01 pm), reverse osmosis (RO)
(0.0001-0.001 pm), and forward osmosis (FO) (0.0001-0.001 pm) [32]. In a study
conducted by MahadevappaY et.al, where electrospinning was used to fabricate
nanofibrous membranes for MF applications using polyvinyl alcohol. Owing to its
cost-effectiveness, stability (thermally and chemically) and non-degradability, poly
(vinyl alcohol) was selected as a precursor in the fabrication process [33]. However, the
poly (vinyl alcohol) nanofiber membranes, produced from electrospinning process,
must be treated with cross-linking agents for preparing a 3-D waterproof system before
being utilized as water filters [31]. Liu’s team has introduced a nanofiber MF membrane
that required doping with copper oxide (CuO) nanosheets (Figure 3). The fabricated
membrane has a separation efficiency of >99.89% for polystyrene (PS) microspheres
with a diameter > 300 nm in water [34]. The introduction of such functional materials
can not only achieve the corresponding modification purpose, but also enhance static
electricity to improve the strength of individual nanofibers. Stable high porosity, good
interconnectivity, and ultra-thin membrane thickness are key major factors responsible
for its strong permeate flux and excellent bacteria rejection efficiency [35].

Figure 3.
Morphology of PVDF/CuO nanosheet nanofiber MF membrane. Adapted from Ref. [34].
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4.2 Applications of electrospun fibers in lithium ion batteries

Electrospun carbon nanofibers exhibit favorable properties, such as nanometer-
sized diameters, high specific surface areas, and web morphologies, making them
highly suitable for an anode material. Electrospinning has been identified as the
most promising route for designing novel anode materials and structures, owing
to its simple process setup. The electrospinning technique is suitable for the imple-
mentation of existing anode material research based on the process being able to
mass-produce anodes [36]. In a study conducted by Peng et al. and co-workers, the
porous carbon nanofibers were synthesized using a PAN/polymethyl methacrylate
(PMMA) precursor solution with the aid of electrospinning technique. PMMA is
immiscible with PAN, during the course of preparation macro phase separation
was observed and was then thermally treated at high reaction temperature-800°C
which caused elimination of PMMA while creating pores on the surface of the fiber.
In order to investigate the fiber morphology and the electrochemical performance
of carbon nanofibers, the author varied the concentration effect of PMMA in the
precursor solution. The variation of PMMA showed that its addition significantly
improves the surface area and pore volume of the prepared fibers.

The morphologies of the electrospun fibers after carbonization are shown in
Figure 4. In Figure 4(a), the carbon nanofibers prepared using neat PAN exhibited
long and bead-free morphology. By contrast, the PAN/PMMA-derived carbon nanofi-
bers were uneven and interconnected, particularly for 5:5 PAN/PMMA-derived carbon
nanofibers (Figure 4(c, e)). The interconnected structure was attributed to the pres-
ence of PMMA. PMMA is a thermally liable polymer, which melts during pyrolysis.
Figure 4 also provides the inner structure of the nanofibers. As observed in
Figure 4(b), neat PAN-derived carbon nanofibers were internally nonporous. The
introduction of PMMA in precursor solution facilitated the development of pores and
channels inside the carbon nanofibers (Figure 4(d, f)). The availability of the fiber
morphology consequently resulted to highly efficient discharge capacity compared to
counterpart neat PAN-prepared carbon nanofibers. Therefore, the 5:5 PAN/PMMA-
derived carbon nanofibers exhibited a discharge capacity of 446 mAh/g ata current
density of 150 mA/g. They exhibited a discharge capacity of 354 mAh/g after 100 cycles
ata current density of 200 mA/g equivalent to 67% retention, demonstrating the favor-
able cycle stability. The significance of their study was based on the manipulation of
morphology of electrospun carbon nanofibers for the use as anode materials for lithium
ion batteries application to secure good performance. Therefore, it can be said that the
superior electrochemical performance of the PAN/PMMA-derived carbon nanofibers
was mainly attributed to the prevalent mesopore volume and the high-specific surface
area which earned them desired contact between the fibers and electrolyte and conse-
quently improved the diffusion of electrolyte ions into the material [37].

4.3 Electrospun fibers in biomedical applications

Electrospun nanofibers are materials of multi-applications, hence have been
widely studied in the field of biomedical and tissue engineering owing to their
good characteristic properties and suitability to be incorporated into various
morphologies to stir the desired influence in them, such as nonwoven form, aligned
nanofibers, core-shell structure, and hybrid nanocomposites. The interesting
characteristic properties of electrospun nanofibers- loose structure, high porosity,
and superb flexibility possess perfect features to mimic the extracellular matrix
(ECM) for cells to grow and, therefore, they have been employed in tissue engineer-
ing applications [38]. In a study, a composite nanofiber scaffold made of poly (vinyl
alcohol)—poly (vinyl acetate) (PVA-PVAc) was manufactured and subsequently

169



Nanofibers - Synthesis, Properties and Applications

-

Figure 4.
SEM micrographs of electrospun fibers carbonized at 800°C. a and b PAN/PMMA = 10:0; ¢ and d
PAN/PMMA = 7:3; and e and f PAN/PMMA = 5:5. Adapted from Ref. [37].

loaded with simvastatin superficial layer to obtain an efficient osteogenesis pro-
cess by the continuous release of the drug [39]. The use of PVA was attributed to
its environmentally benign, elasticity, flexibility, proper mechanical properties,
nontoxicity, swelling ability, and biodegradability. PVA is not stable in aqueous
state, this instability however creates limitation in its use in drug delivery processes.
In order to overcome instability issue, PVA was then crosslinked with biocompatible
and biodegradable PVAc that possess hydrolysable groups. Afterward a simvastatin
drug was loaded into the blended solution of PVA-PVAc in order to promote the
efficiency of bone regeneration. The obtained results revealed good bioactivity,
inducing the precipitation of bone-like apatite minerals on its surface and suc-
cessfully simulating physiological conditions for cell growth [39]. Electrospun
nanofibrous dressings have high surface-to-volume ratio, allow gas permeation,
help to regulate wound moisture, enhance tissue regeneration, improve removal of
exudates, and have high porosity, which qualifies them to be used in wound heal-
ing treatment. Previous studies have shown low inflammatory reaction and fast
re-epithelization with the use of nanofiber-based wound dressing [38].

Bredigite polymer electrospun nanofibers have been widely investigated to
access their suitability in wound-dressing processes. It has been reported as a
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Schematic illustration and SEM images of PHBV nanofibers containing 15% of (a) bredigite (BR) and
(b) T-BR nanoparticles. Adapted from [40].

scaffold however, results showed that while the bioactivity of the composite nanofi-
bers was improved, and the low dispersibility and high agglomeration of nanopar-
ticles decrease the efficiency of prepared electrospun nanofibers [40]. In another
attempt, bredigite (BR) nanoparticles were modified by an organosilane coupling
agent in order to increase its dispersibility [40]. The SEM results reveal that the
modified BR nanoparticles are widely dispersed in the body of the nanofibers
without any agglomeration (Figure 5). Moreover, the mechanical and biodegrada-
tion rate of the scaffolds dramatically improved after BR modification.

5. Advance manufacturing methods for energy applications

The fabrication of energy device material such as thin film photoelectrode for
splitting water into H, and O, during photoelectrochemical process and the devel-
opment of photovoltaic cells, for solar energy conversion is tasking and difficult,
requiring a special operational technique. For efficient solar energy capturing and
conversion in photovoltaic cells, effective separation electrons and holes in photo-
electrode required [41, 42]. This depend on the deposited semiconducting material
ultrathin layer, evenly coated and tightly connected to conductive layer. Atomic
layer deposition (ALD) as a vapor phase technique is capable of producing thin
films of different materials. ALD is applicable in the fabrication of uniform and
ratio structures with thickness control to Angstrom level, and tuneable film compo-
sition [43]. Due to all this advantages, ALD has emerged as a powerful tool for many
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Figure 6.
Atomic layer deposition (ALD) reactor. Adapted from Ref. [43].
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Figure 7.

Scfematic illustration of ALD process schematic of ALD process. (a) Substrate surface has natural
Sfunctionalization or is treated to functionalize the surface. (b) Precursor a is pulsed and reacts with surface.
(c) Excess precursor and reaction by-products are purged with inert carrier gas. (d) Precursor B is pulsed and
reacts with surface. (e) Excess precursor and reaction by-products ave purged with inert carrier gas. (f) Steps
2-5 ave repeated until the desived matevial thickness is achieved. Adapted from Ref. [45].

energy research material fabrications. ALD method has been a useful tool for the
deposition of ultrathin-layered semiconductors on conductive substrate.

ALD process generally consists of sequential alternating pulses of gaseous chemi-
cal precursors that react with the substrate, these individual gas-surface reactions
called ‘half-reactions’ and appropriately make up only part of the materials synthesis.
During each half-reaction, the precursor is pulsed into a compartment under vacuum
(< 1 Torr) over a selected extent of time to allow the precursor to fully react with
the substrate surface through a self-limiting process that leaves no more than one
monolayer at the surface [44, 45]. Then, the chamber is purged with an inert carrier
gas (typically N; or Ar) to remove any unreacted precursor or reaction by-products.
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This is then followed by the counter-reactant precursor pulse and purge, creating up
to one layer of the desired material. This process is then cycled until the appropriate
film thickness is achieved (Figures 6 and 7).

6. Conclusion

The interdigitated electrode is reported as cost effective method for prototyping
gas, chemical and bio sensor and the method is widely used for laboratory research
purpose. State of the art techniques such high tech semiconductor deposition
instruments, photolithography and electron beam lithography are used for com-
mercial sensors built with printed electronics and Lab-on-a chip. Electrospinning
method is highly important in the fabrication of micro and nano porous fibers for
the manufacturing of membranes and battery devices. This method has also been
identified for designing anode materials suitable for lithium ion battery fabrication.
Atomic layer deposition is useful for producing ultrathin layer-layered semiconduc-
tors with inherent properties necessary for efficient energy capturing. This deposi-
tion technique is very useful in the manufacturing of photovoltaic cells and related
devices for effective separation electrons and holes in photo-electrode.
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Chapter11

Microwave Assisted Synthesis
of Organic Compounds and
Nanomaterials

Anjali Jha

Abstract

In the Conventional laboratory or industry heating technique involve Bunsen
burner, heating mental/hot plates and electric heating ovens. To produce a variety
of useful compounds for betterment of mankind, the Microwave Chemistry was
introduced in year 1955 and finds a place in one of the Green chemistry method. In
Microwave chemistry is the science of applying microwave radiation to chemi-
cal reactions. Microwaves act as high frequency electric fields and will generally
heat any material containing mobile electric charges, such as polar molecules in a
solvent or conducting ions in a solid. Polar solvents are heated as their component
molecules are forced to rotate with the field and lose energy in collisions i.e. the
dipole moments of molecules are important in order to proceed with the chemical
reactions in this method. It can be termed as microwave-assisted organic synthesis
(MAOS), Microwave-Enhanced Chemistry (MEC) or Microwave-organic Reaction
Enhancement synthesis (MORE). Microwave-Assisted Syntheses is a promising
area of modern Green Chemistry could be adopted to save the earth.

Keywords: Green synthesis, Microwave synthesis, Organic reactions, Nanomaterials

1. Introduction

Chemistry play major part in our daily life in the form of medicines, food colours,
soaps, detergents, sunscreen lotions, toothpaste, pharmaceuticals, etc. what we
use in our daily life literally everything. Scientist from various disciplines had used
their knowledge and skill to produce these materials. To produce these chemicals in
industries and laboratory several techniques are used like stirring, heating, refluxing,
protection of specific functional group and deprotection of them. Several harmful
materials were also generated during the above processes causing environment pollu-
tion. To combat these problems, Green Chemistry has emerged as a challenge for sci-
entist from industries and academia to develop the synthetic process for sustainable
development of society in last few decades. In this context, several green synthetic
techniques were developed to generate a vast library of organic compounds.

In the Conventional laboratory or industry heating technique involve Bunsen
burner, heating mental/hot plates/furnace/oil bath and electric heating ovens.
These process comprise the heating of walls of vessels first by convection or
conduction of energy then the reaction content, leading to much longer time to
achieve the target temperature. These techniques not only give useful materials but
also give so many by products in the form of solid, liquid and gases, resulting to
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lot of chemical pollution to mankind as well as for other living creatures on Earth.
Furthermore, to produce these useful materials, several resources are also going to
be consumed. To combat these problems the various arena of Scientist are trying to
develop new Green techniques.

Conventional heating usually involves the use of a furnace or oil bath, which heats
the walls of the reactor by convection or conduction method. The core of the sample
takes much longer to achieve the target temperature, e.g. when heating a large sample
of ceramic bricks (Figure 1). The microwave portion of electromagnetic radiation
is emerged a significant area in the acceleration of chemical reactions in 1980s. A
number of reviews were reported by various scientists [1-10]. There are three main
reasons for its special place of microwave (MW) assisted synthesis. The first point is
high heating efficiency caused by MW energy, which reaches and absorbed directly
by substance. The second is selectivity i.e. having dielectric polar molecule will absorb
this energy. And thirdly enhancement of chemical syntheses by the MW effect or
non-thermal effect. In other sense, the microwave irradiation energy acts as internal
heat source, which is able to heat the target compounds without heating the entire
furnace or oil bath, consequently, saves time and energy. It produces more uniform
heating. This unconventional energy source (MW) has been used to heat food stuff
since more than 5 decades and now the concept is also utilized to accelerate a wide
range of chemical reactions. The organic synthesis has very special and significant
role in the improvement of day to day life of human being from morning toothpaste
to all useful medications/drugs, plastic/polymer materials etc. To produce these
useful substance in reasonable time and environment friendly manner is the prime
responsibility of the scientist of several discipline. In this regard Microwave heating
technique has blossomed in a variety of applications in Organic Synthetic methods.
Although the initial synthetic work was performed in domestic Microwave ovens but
recently most organic reactions are carried out in dedicated high speed specialized
Microwave equipment with appropriate pressure and temperature control.

Microwaves (MW) are the electromagnetic waves, having shortest wavelength
of radio spectrum. The word microwave means “a very short wave”. Microwave
irradiation is a low energy phenomena as compared to other radiations. The energy
of MW is about 0.0016 eV at 2450 MHz, which is very low to break any chemical
bond. However, a microwave energy can effect a number of chemical transforma-
tion. When a substance is exposed to microwave energy, then three process can
occur. Firstly, if it is a conductor metal, then MW will be reflected and it cannot be
heated. Secondly, if insulator material is exposed to MW it will be not heated since
itis MW transparent. Thirdly if material is dielectric in nature then MW energy
will be absorbed and gets heated. This case is very interesting for a Chemist.

A microwave works by directly coupling with polar molecule in a reacting spe-
cies. Microwaves radiation are a form of non-ionizing electromagnetic radiation

sample ackd
milxiure (absorhs

miCTowave enengy)
\r

vessel wall
(transparant lo
| \ WIMICTOWAVE ENergy
conductive heat microwave heating

Figure 1.
Process of heating.
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with 300 MHz to 300 GHz frequency with the corresponding wavelength 1 mm to
1 m, which places MW in between Infrared radiations and radio waves. The mol-
ecules get heated in microwave irradiation process by a dielectric heating phenom-
enon. The electric dipoles, i.e. a partial positive charge at one end and a partial
negative charge at the other, rotate as they try to align themselves with the alter-
nating electric field of the microwaves. Additionally, molecular rotation occurs
in a material/food (containing polar molecules) causing electric dipole moment
which can partially/completely aligned themselves with an applied electromag-
netic field. Since electromagnetic field alternates, the rotating molecule resulting
they change their directions by pushing/pulling/colliding. Rotating molecules hit
other molecules and put them into motion, thus dispersion of energy happens.
This energy, dispersed as molecular rotations, vibrations and/or translations in
solids and liquids, raises the temperature of the food, in a process similar to heat
transfer by contact with a hotter body. It is a common misconception that micro-
wave ovens heat food by operating at a special resonance of water molecules in the
food. As noted microwave ovens can operate at many frequencies.

Additionally, nanomaterials or nanoparticles (NPs) are the materials having
a single unit small sized between 1 and 100 nm. During the past few decades
nanoparticles research have become a subject of intensive interest because of its
potential applications in various fields i.e. biosensing, drug delivery, bioimaging,
catalysis, lubrication, electronics, textile manufacturing, water treatment systems.
Nanoparticles (NPs) are synthesized from several types of materials i.e. inorganic,
organic, hybrid and biological by adopting various methods. The main methods
are ball milling, vapor deposition, electro-spraying, reduction of metal salts,
sol-gel, coprecipitation and thermal decomposition for inorganic NPs. While
organic NPs are synthesized by microemulsion, nanoprecipitation, dialysis and
rapid expansion of supercritical solutions. Hybrid NPs are synthesized from both
organic and inorganic materials. However, the present trend for the synthesis of
nanomaterials endures a challenge to redesign the synthetic strategies offering the
use of less hazardous chemicals and reduction in the reaction time and required
energy. In this context, microwave (MW)-assisted methods can be considered as
a promising green approach for synthesis of nanomaterials and nanocomposites.
Besides, MW-assisted strategies offer a homogenous heating with reliable nucle-
ation and growth environment leading to the formation of NPs with uniform size.
Several reviews were reported on microwave assisted synthesis of NPs [11, 12].

2. Microwave equipment

Though the range of MW frequencies is 0.3 to 300 GHz, out of this most of the
frequencies are used in Radar and Telecommunication equipment. However very
limited frequency range can be used in microwave heating equipment i.e. 2.45 GHz
corresponding to 12.2 cm wave length. So almost all domestic and commercial
microwave heating equipment either for domestic or scientific purpose has a fixed
frequency 2.45 GHz. In general MW accelerated reactions are carried out either
domestic microwave oven or especially designed microwave equipment. These
equipment works in between 500 to 1500 W power. In these ovens Microwaves are
generated by magnetron, and the temperature is maintained by turning this on and
off. The generated microwaves are travelled into vessel (cavity) and reflected back
by the walls of cavity. If the generated microwaves are not absorbed, it may reflect
back down and damage the magnetron. Thus it is essential to have microwave active
dummy load should be used during the process, which will absorb excess micro-
wave and prevent such damage.
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3. Solvent used in MOAS

In Microwave solid and liquid phase reactions can be performed at various
conditions. The boiling point of solvents will be raised by 25° C with their actual
boiling points during the process of microwave heating [13]. Although all type
of solvents can be used in MOAS, however DMF, ethanol and water are the best
solvents for this process, since they absorb MW radiation and heat the content
efficiently. All polar solvents comprising OH groups are suitable for MW reac-
tions, since they can able to absorb MW energy. Water, alcohols (ethanol &
isopropanol), amides, acetonitrile and acids (acetic and formic) are some of
the commonly used solvents in this process. The polarity order of these solvents
are like

Water > Acids > Amides > Alcohols 1)

The less polar or non-polar solvents are transparent to microwave irradiation
i.e. could not absorb MW energy and consequently will not get heated in the pure
form. However in general the reaction mixture content contains enough polar
or ionic substance, which can absorb microwave irradiation and generate heat to
complete the reactions. Moreover small amount of polar or ionic additives could
be added to enhance the absorption capacity of reaction content having less
dielectric properties of less polar solvents. The energy transfer between
polar molecule and non polar solvents under microwave irradiation is so rapid
and efficient leading to proceed a variety of chemical transformation and thus a
very good alternative for conventional techniques in tune with green
chemistry [14].

4. Types of microwave energy assisted synthesis

In general two types of Microwave assisted synthesis were reported
in literature: -

I. Microwave assisted synthesis using solvents
II. Microwave assisted synthesis without solvents or solvent free conditions
The reports on Microwave assisted synthesis are well documented in the literature
since last 5 decades, which includes mainly following reactions Figure 2.
There are several synthesis which can be performed in presence of solvent under
microwave conditions:.

a. Hydrolysis:

The hydrolysis of benzyl chloride can be successfully done within 3 minutes in
MW while normally it takes 35 min.

C,H,CH,Cl + H,0 —W>3min - iy CH,OH @

Similarly hydrolysis of benzamide in presence of sulphuric acid can be com-
pleted in 7 mins instead of one hr. under MW.
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Figure 2.
Various types of Microwave assisted synthesis.

20%H,SO,
—_—
C,H.CONH, MW7 min C,H,COOH 3)
Benzamide Benzoic acid 99%

The acid-sensitive 3-hydroxyacetals and 3-methoxyacetals being hydrolyzed effi-
cient method in minutes in good yields. In this paper reports on efficiently hydrolyzed
acetals with silica gel-supported pyridinium tosylate moistened with water in solvent-
free conditions under microwave irradiation were reported [15]. Since the hydrolysis
of carboxylic acid esters is one of the most studied chemical reactions Safari et al. had
reported Microwave-assisted expeditious hydrolysis of isobenzofuranone derivatives
using silica supported acid under organic solvent-free conditions [16].

b.Oxidation:

The oxidation of Toluene with potassium paramagnet usually takes 10-12 hrs in
normal condition, however under MW condition within 5 mins it is converted to

benzoic acid [17].

HaC COOH 4)
[Q]
aq.KMnO 4 +aq.KOH
MW 5 min
Toluene Benzoic acid

Since the oxidation of alcohols plays a significant role in organic synthesis and
as carbonyl compounds are widely used as intermediates both in manufacturing
and laboratory. The progress of new oxidative methods continues to be a focus of
research area in spite of the availability of several protocols to achieve such objec-
tives. Bogdal and Eukasiewicz reported [18] an interesting protocol of oxidation of
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primary and secondary alcohols into equivalent carboxylic acids and ketones within
10-20 min using 30% aqueous hydrogen peroxide and commercially available
catalysts under microwave irradiation. The application of hydrogen peroxide as an
oxidant is appreciated because water is the sole expected side product.

Further, alcohols are adsorbed on clayfen easily oxidized to carbonyl compounds
under solvent-free conditions in microwaves. By this rapid, selective and envi-
ronmentally benign method, the use of excess solvents and toxic oxidants usually
employed can be avoided. Varma and Dahiya reported the oxidation of alcohols to
the corresponding carbonyl compounds in presence of clay-supported iron(III)
nitrate, under solvent-free dry microwaves conditions [19].

c.Esterification:

The esterification of benzoic acid can be achieved in 6 mins only [20] in the
presence of catalytic amount of sulphuric acid under MW conditions.

Conc H,SO,
MW Ermiin C,H,COOC,H, (5)

Benzoic acid Propylbenzoate

C,H,COOH + nC,H,OH

Since esters are one of the important products for all industrial applications. In
this context convenient and feasible technique for synthesis of esters was reported
[21, 22] in dry media and using heteropoly acid as catalyst respectively under
microwave irradiation in the absence of organic solvents.

Recently Reilly et al. [23] demonstrated the microwave assisted esterification
reaction to undergraduate student, which is a good initiative to develpo the interest
among students about green chemistry.

d.Decarboxylation:
The conventional decarboxylation of carboxylic acid usually carried out in pres-

ence of quinolone by refluxing the acid however in microwave it can be done in very
less time [24].

\ MW 12 min \ (6)
-COOH

m quinoline

HiCO H3CO N

H
6 Methoxyindole 99%

- H
6 Methoxy indol 2 carboxylic acid

The reports on microwave assisted decarboxylation of malonic acid deriva-
tives are available in the literature [25]. They carried out these reactions under
solvent-free and catalyst free conditions. This new method produces the cor-
responding carboxylic acid in a pure manner and with a high yield within short
time: 3-10 min.

e. Multicomponent reactions

The multi component reaction (MCR) approach has emerged as a promising
alternative to incorporate the various diversity in a single step reaction to produce
diverse library of important compounds. A rapid one-pot synthesis of imidazo [1,2-
a] annulated pyridines, pyrazines and pyrimidines was described by Varma and
Kumar, in the presence of recyclable montmorillonite K 10 clay under solvent-free
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conditions using microwave irradiation [26, 27]. They condensed three components
viz.: aldehydes(aliphatic/ aromatic/vinylic); isocyanides (aliphatic/aromatic/
cyclic) and amines (2-aminopyridines, 2-aminopyrazines and 2-aminopyrimidines
in presence of catalytic amount of clay in solvent free microwave irradiation.

Mahmood et al. 2017 conveniently synthesized thiazolidinones from aldehydes,
thiosemicarbazide and maleic anhydride in the presence of KSF@Ni as heteroge-
neous catalyst in one-pot three-component reaction under microwave irradiation in
good yield in short reaction time [28].

The metal free the microwave assisted synthetic multicomponent approach
for N-unsustituted-1,2,3-triazoles was recently reported by Garg et al. [29]. They
used aromatic aldehydes, nitroalkane and sodium azide for synthesis, which
demonstrates great scope to be utilized by future generation for production of novel
biological active molecules.

Since acridines and acridinium ions are one of the important compounds, as
they are used in pharmaceuticals, materials, dyes and photo-catalysis. Mandal et al.,
2020, reported [30] an unconventional FeCl;-alcohol catalysed one-pot synthesis of
these materials by aldehydes, 1,3-cyclohexanedione and amines under microwave
conditions. They beautifully merged high atom-economy and multicomponent
reaction with novel iron catalyzed dehydrogenation, using aerobic oxygen as the
terminal oxidant, in alcoholic solvent to produce water as the by-product.

f. Condensation reaction

Several known transformation such as hydrolysis of ester or amide, Diels-Alder
cycloaddition, Fisher Indole synthesis were investigated in a microwave reactor, in
near critical water (NCW) under microwave assisted synthesis and reported [31].

Ashry and Kassem, 2006 has given a comprehensive account [32] of synthesis of
Six, Seven membered, Spiro and Fused Heterocycles under microwave conditions.

Nagqvi et al. 2009 were developed and synthesized some Schiff bases under micro-
wave irradiation by taking 3-chloro-4-fluoro aniline and various substituted benzal-
dehydes [33]. They used other green chemistry approach also for their synthesis.

The thermal effect of microwaves were shown in 2006 by condensing ortho-
diphenylamine in acetic acid and observed that by conventional means it took
9 weeks while in MW only tem minutes [34]. It was a great findings and opportunities
for synthetic chemists.

NH,  AcOH (1M) N
o> L ] e ©
NH; conditions Tl
H
Conditions Temperature/Pressure Time
Conv 25°C 9 weeks
Conv 60°C 3 days
Conv 100°C S hrs
Mw 130°C /2 bar 1h
Mw 160°C/ 4 bar 10 min
MW 200°C /9 bar 3 min
Mw 270°C /29 bar 1s
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Sondhi et al., 2010; have developed microwave assisted synthesis of complex tri-
an d tetracyclic heterocyclic molecules in a simple, high yielding, one step process
[35]. They synthesized these important moieties by condensing of dicarboxylic
acids with diamines under solvent-free condition.

The design and synthesis of novel structures having o, f-unsaturated ketone
moieties, responsible for the bioactivities of the Mannich bases were carried out
by Mete et al. [36]. The target compounds were synthesized by the conventional
heating method and also by the microwave irradiation method. They optimized the
conditions which can be explored by future researcher.

The reports on the condensation reaction between active methylene group and
various aldehydes are well documentated in literature since several decades for
their potential diverse biological activities especially for anticancer activities [37].
Furthermore, the various substituted aromatic aldehydes and Thiazolidine-2,4-
dione were reacted under microwave irradiation using water as green solvent by
simple Knoevenagel condensation. They tried various solvent conditions aqueous
ethanol, H20, DMF, DMSO, and solvent less under MW irradiation [38] and found
the water as the best suitable solvent.

The 1,3,5-trisubstituted benzene was synthesized by self-condensation of
enamines, enaminones and enaminoester in the presence of pyridinium chloride
([PyH]CI) in short time in domestic MW oven and ionic liquids in year 2010 with
appreaciable yield [39]. Brun et al. 2015 prepared boric acid catalyzed novel acetophe-
none derivatives with methylene compounds under solvent free microwave assisted
condensation reactions [40]. They prepared a large number of compounds having
sensitive acid and base function groups in substrates. Knoevenagel Condensation.

A comprehensive review on reactions of cyano malononitrile-derivatives under
Microwave Radiation was also reported recently [41]. The Knoevenagel condensa-
tion between aromatic aldehydes or ketones and malonic acid in the presence of
tetrabutyl ammonium bromide and K2CO3 was carried out and reported by Gupta
and Wakhloo 2007 under microwave irradiation in water. The yields of products
were excellent with high purity [42].

g.Cycloaddition reactions

Since Computational calculations emerged as a significant tool to study reac-
tion kinetics and strategies in last couple of decades. de Cozar et al. [43] studied
the thermal and non-thermal effects of microwave irradiation and determined the
thermodynamic and kinetic parameters of the reaction. They performed the com-
putational study of two previously reported cycloaddition reactions and analysed
the presence of a thermal effect which is responsible for the microwave irradiation
that produces changes in the regioselectivity or in the reaction mechanism.

The 1,2,3- triazoles are one of the most active moieties presents in several
types of drug candidate. So, the convenient synthesis is a hot topic among various
researchers. The catalyst and solvent free synthesis of substituted triazoles via
cycloaddition of trimethylsilylazide and acetylenes were carried out recently by
Roshandel et al. [44] under microwave conditions In the same year Expeditious
microwave assisted synthesis and bio-evaluation of novel bis (trifluoromethyl)
phenyl-triazole-pyridine hybrid analogues by click chemistry approach under
microwave irradiation was reported from our group [45].

h.Coupling reactions

The efficient synthesis of 2,3 disubstituted-6-aminoquinoxaline derivatives were
prepared efficiently by applying Microwave assisted Sonogashira Coupling by Lee
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etal. in 2013. They prepared a library of compounds by very region-selective MW
conditions [46]. The mini-review on the Suzuki-Miyaura and on the Heck cross-
couplings of nucleosides under microwave irradiations reported as an alternative
technology in tune with green chemistry [47]. A simple microwave assisted syn-
thesis of isoindolinones bearing a quaternary C-atom, introducing a Pd-mediated
tandem-coupling reactions are reported recently [48]. As Cross-coupling reactions
furnishing carbon—carbon (C-C) and carbon-heteroatom (C-X)bond is still one
of the most challenging area in organic syntheses. Younis Baqi has reported [49]

a comprehensive review on Recent Advances in Microwave-Assisted Copper-
Catalyzed Cross-Coupling Reactions very recently. The microwave energy was also
used in the synthesis of Ribonucleosides using natural phoshphate as catalyst in
2013 by Ouzebla et al. [50]. The hydrogenation of Levulinic acid to y-Valerolactone
in presence of Ru/TiO2 catalysts was reported very recently by Howe et al. 2019
[51]. The one-pot microwave-assisted polyol method was found to be highly
efficient. The preparation temperature, microwave irradiation time and choice of
Ru precursor have a significant effect on catalyst activity.

The extraction of bioactive components from fruits of Ficus racemosa was
recently carried out by Sharma et al. 2020 under the microwave — assisted extrac-
tion (MAE). They developed the optimum condition for MAE at 3.5 pH,360.55 W
microwave power in 30.01 s, which can be used as promising green technology
to extract other useful materials from other natural sources [52]. The microwave
synthesis of hybrid inorganic-organic porous materials was reported by Jhung et al.
2006. They observed phae selective rapid crystallization of hybrid material by MW
method, which could be better alternative method to be explored further [53].

The comparative study of conventional and Microwave induced organic
reaction enhancement (MORE) methodologies was carried out to synthesize
some selected heterocyclic molecules and found more efficient over conventional
classical methods in 2010 [54]. Kitchen et al. 2014 reported [55] a comprehensive
review on the significant advances in the area of solid-state MW synthesis in
context with future scope in the 21st century. They also presented the merits of
MW heating along with understanding of MW heating and interaction mecha-
nisms. The major focus of the review is on the use of MW heating to make novel
improved materials with MW heating. They analytically discussed the develop-
ments in MW techniques and instrumentation and their potential to foster interest
among the materials chemistry research and industrial communities and to
explore the access to MW method.

However, Guadino et al. 2013, reported a comprehensive review on potential
application of MW heating to accelerate heterogeneous reactions under gaseous
reagent i.e. CO and CO,, which gave a new insight to various scientist to explore the
MW heating method. Since the poisonous nature of CO and high cost of CO, stor-
age restricted various resercher to use as heterogeneous medium, so the concept of
dielectric heating can be further explored viaMW heating protocol [56]. Recently
Darekara et al. 2020, synthesized a series of derivatives of thiadiazoles and triazoles
under microwave conditions. They also explored their antibacterial activities [57].

5. Synthesis of nano particles

As Nanoscience and nanotechnology are new frontiers of this century in all facet
of human life and comfort. Nanoparticles are important components in a wide type of
applications, including medicine, semiconductors, catalysis, and energy. Microwave
energy has the potential to selectively heat either the solvent or the precursor molecules
for nanomaterial preparation. In this process of heating rapid temperature rise allows
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nanomaterial synthesis to take place in a homogeneously mixed precursor solution To
produce nano materials or particles by using microwave technology is a need of hour

in context of green chemistry also. The silver nanoparticle has an importance place in
biomedical and catalytical field. Its easy synthesis is a hot topic of research. The tem-
plate MW Synthesis of silver nanoparticles were carried out [58] from silver nitrate and
starch solution. They performed the synthesis under direct heating, controlled heating,
and microwave irradiation. The Starch acted as a reductant as well as a capping mate-
rial to protect the nanoparticles surfaces and prevents the particles from aggregation.

Additionally, the MW heating technique is also useful for the preparation of
superior nanomaterials from direct heating of the various molecular precursors.
The microwave-assisted process involve reduction of metal salts either in organic
solvents or in aqueous medium in presence or absence of surface-directing
agents in one-pot synthesis [59].

As Ionic liquids, due to their high ionic conductivity and polarizability, were an
excellent microwave-absorbing agent, have also been used for the synthesis of metal
nanostructures. By changing the various parameters i.e. precursor, precursor
concentration, solvent, microwave power, pressure and temperature different
metallic nanostructures in numerous sizes and morphologies have been prepared.
Many simple and complex metal oxides have been also synthesized by using the
microwave-assisted route. The microwave hydrothermal method has been used to
prepare a large variety of binary and ternary oxides such as:

SINo Types of nano particles References

1 CuO ZhaoY, etal. [60]

2 ZnO Huang J etal. [61]

3 PdO Wang et al. [62]

4 In203, TI203 Patra CR etal. [63]

5 Sn02 Jouhannaud J et al. [64]
6 HfO2 Elizidrio SA et al. [65]
7 BiVO4 Zhang HM et al. [66]
8 ZnAl204 Zawadzki M et al. [67]
9 BaTiO3 Nyutu EK etal. [68]
10 CaTiO3 Moreira ML et al. [69]

Motshekga et al. reported [70] a comprehensive review on the synthesis and
applications of carbon-nanotube-coated metal/oxides nanoparticles under the
microwave-assisted method. They explained various studies in which the micro-
wave-assisted synthesis method of the composites formation will be completed in a
shorter reaction time with uniform and well-dispersed nanoparticle.

A simple and microwave irradiation method for the biosynthesis of silver
nanoparticles (SNPs) using aqueous leaf extract of Origanum majorana and Citrus
sinensis as a novel bio source of cost-effective, non-hazardous reducing, and stabi-
lizing agents was reported [71]. The microwave heating made the synthesis of SNPs
fast, uniform, and reproducible. They also exhibited good antibacterial activity
against E. coli and B. subtilis pathogens.

Similarly five plant extracts of Syzygium aromaticum, Origanum vulgare,
Origanum majovana, Theobroma cacao and Cichorium intybus were used [72] for
microwave assisted synthesis of alumina nanoparticles from Aluminum nitrate.
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On analysis of XRD pattern of particles synthesized with S. aromaticum showed
semi-crystalline structure however others showed nano dimension of particles or
amorphous structure nanoparticles.

The microwave-assisted sol-gel synthesis of high-quality and uniform ZnFe204
nanocrystals were performed by Suchomski et al. [73]. They described these novel
nano particles. Additionally, the synthesis of magnetite and maghemite nanopar-
ticles with well-controlled size, high crystallinity and good magnetic properties, in
less reaction time was developed under microwave irradiation method [74]. It was
observed that microwave power and heating time are the main parameters control-
ling the size of the nanoparticles and the presence of maghemite, while ammonia
concentration does not strongly affect it.

The magnetic metallic nickel nanoparticles were synthesized by reacting simple
nickel chloride as precursor, ethylene glycol as solvent and ethanol used as reducing
agent following microwave-assisted method using a monomode microwave reactor
by Zuliani et al. [75]. They achieved metallic nickel in five minutes at 250°C under
MW conditions, which showed high catalytic activity for the hydrogenolysis of
benzyl phenyl ether.

Further, fabrication of small anatase titanium dioxide (Ti02) nanoparticles
(NPs) attached to larger anisotropic gold (Au) morphologies by a very fast and
simple two-step microwave-assisted synthesis was performed by May-Masnou et al.
[76]. They also evaluated the photocatalytic activity of the two Au/TiO2 NPs, in
the photoproduction of hydrogen from gaseous water/ethanol mixtures at ambient
temperature and pressure.

The amazing utilization of microwave energy and nanotechnology to improve
the printability and performance of cotton prints via screen printing technique was
reported [77]. They pre-treated each cotton sample separately by microwave power
in the range of 300 to 700 watts for a period of 1 to 9 min. Then the optimum sam-
ple was printed by printing paste comprising a reactive dye Remazol™ and silver
nanoparticles (Ag-NPs) with diverse concentrations. Further, the printed samples
were fixed using MW energy lateron subjected to steaming or thermo-fixation.

On the analysis of results indicated that, the prints obtained using microwave and
Ag-NPs were found to have better colour strength, fastness properties, antibacterial
behaviour and surface morphology as compared to the conventional techniques.

Though the conventional wet chemical synthetic method is still the most widely
used method for nanoparticle synthesis due to its simplicity, inexpensive process-
ing, and scalable nature. But nanoparticles produced by this route tend to agglomer-
ate after some time, in particular at high temperature and pressure, resulting to
a gradual loss of activity. To tackle these challenges a facile and scalable thermal
shock synthesis method based on microwave irradiation for the rapid synthesis of
nanoparticles on a reduced graphene oxide (RGO) substrate was demonstrated by
Xu et al. 2019 very recently [78]. By loading precursors onto RGO, with medium
amount of defects can efficiently absorb microwaves leading to rapid temperature
change resulting uniform nanoparticles synthesis. This technique is also known
as defect engineering. The beauty of this technique is scalable i.e. has potential in
large-scale production nanoparticles.

6. Conclusion
In last couple of decades, the application of Microwave enegy has emerged

a promising tool for synthesis of novel molecule in the area of drug research, in
synthesis of nano material, in catalyst field, in inorganic synthesis, in CO and CO2
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capture reactions, paint industry, in extraction of products from natural sources
etc. It blossemed as a reliable alternavite of conventional heating due to high speed
or shortening of reaction time; simplicity i.e.reaction can be performed in sealed
and open glass vials with wide range of options; with high productivity i.e. almost
200-400% more than conventional means. The MW assisted reactions will be a one
of the best method to synthesise diverse type of molecules of interest.
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Chapter12

Polarization of Electrospun PVDF
Fiber Mats and Fiber Yarns

Harshal Gade, Sreevalli Bokka and George G. Chase

Abstract

Electrospun fibers are of interest in a number of applications due to their small
size, simplicity of fabrication, and ease of modification of properties. Piezoelectric
polymers such as Polyvinylidene Fluoride (PVDF) can be charged when formed
in the electrospinning process. This chapter discusses fabrication of PVDF fiber
mats and fiber yarns and the measurement of their charge using a custom-made
Faraday bucket. The results show the measured charge per mass of fiber mats was
greater than the values measured for the yarns of the same mass. The measured
charges may be related to both mass and external surface areas of the mats and yarn
samples. It was observed the area/mass ratios of the fiber yarns were more than
30% less than the fiber mats.

Keywords: PVDF, Faraday bucket, electrospinning, yarns, fibers

1. Introduction

In recent years, nanotechnology has been used to develop novel materials
including nano and submicron scaled materials such as nanorods, nanofoams,
nanotubes, nanofilms, and nanofibers. These materials find use in various indus-
trial applications and are the topics of many contemporary academic research
efforts. Of these materials, the polymer electrospun fibers have found broad uses
for catalysis, drug delivery, semiconductors and filtration [1-3].

Many polymers have been electrospun into nonwoven fiber mats. The polymer
materials can have intrinsic piezo, thermal, and mechanical properties. When the
polymers are formed into fiber structures such as thin mats, the high porosities and
high specific surface areas of the mats can enhance the mat structural properties
compared to similar mats of microfibers. The material and structural properties of
these mats are ideally suited for filter media for air filtration and face masks.

Less common in the literature are discussions of the fabrication of yarns from
electrospun fibers. The fabrication of yarns requires a mechanical method to entan-
gle and interlock the intrinsic fibers, often by twisting, to form a self-supporting
assembly of the fibers of an overall cylindrical shaped structure that can be charac-
terized by a structure diameter.

Prior to electrospinning, the submicron fibers were often synthesized by
techniques such as drawing, templating, solution casting, and phase separating.
Most of these techniques had shortcomings including deformation failures, inability
to produce continuous fibers, inability to scale-up, low production rates, or sig-
nificant by-product wastes. The electrospinning method overcomes some of these
shortcomings, and because of its simplicity, is a highly popular synthesis method.
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Electrospinning is well-documented, established, and cost-effective, and is applied
commercially. Figure 1 shows numbers of publications, by publication year, as
determined from the Scifinder ™ data base for the past 25 years. The plot shows a
steady rise in numbers of papers since about 2000 when Reneker [4] published a
seminal paper on electrospinning. The data search was conducted in August 2020
hence the final year was incomplete.

Electrospinning has been used to spin fibers for a wide range of polymers. One
of these polymers, polyvinylidene fluoride (PVDF), is well known for its electrical
properties. PVDF exhibits five known crystalline phases- o, f, v, 6 and e. Amongst
them, the p-phase has the highest permanent dipole moment due to its trans, TTT,
planar zig-zag configuration. The p-phase is considered most responsible for the
piezoelectric response obtained from the PVDF materials. A goal of enhancing the
beta-phase contents in PVDF materials is an ongoing research pursuit [5, 6].

Electrospun fibers have been used as electrets in several applications. Electrets
have a surface charge which can be exploited in capturing charged particles.
Nanofibers can be converted into electrets by various methods such as corona
discharging, surface fluorination and nafion functionalization. Several research
groups developed custom made bench-scale procedures to produce polarized fibers
which involved simultaneous stretching, heating and electrical poling. Similarly,
Lollaet al. [6, 7] produced polarized PVDF fiber mats and tested them for aerosol
filtration. The polarized fibers were observed to have higher surface charges, better
capture efficiencies and lower pressure drops compared to as-spun fibers. The study
was limited by measurement of localized surface potential via a hand-held electro-
static field meter [6]. Table 1 lists several instruments reported in literature used
to measure surface potential and charge. All of these instruments make localized
measurements (do not measure properties over a large area of a mat) and may be
impractical to use for production scale processes due to complexity and cost of
operations. Measurements of the surface potential or electrical field are related to
electrical charges but methods to calculate charges from the measurements are not
always apparent.

Gade et al. [12] fabricated a custom-made Faraday bucket and a procedure to
calculate the charges of fiber mat samples. The Faraday bucket overcomes some
limitations or challenges of using the methods listed in Table 1, namely: it is non-
destructive, measures large sample sizes, is easy to scale-up, and has a tractable
mathematical model to convert voltage to charge value. In this chapter, the Faraday
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Figure 1.
Number of publications on “electrospinning” versus year of publication.
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bucket is used to measure and compare charges between electrospun fiber mats and
electrospun (continuous twisted fiber) yarns. Layers of fibers mats and yarns were
stacked together to explore whether the Faraday bucket was more sensitive to bulk
(mass) charge or more sensitive to surface charge. The charges on polarized fibers
and yarns are also compared.

Many publications discuss methods to charge fibers or to modify fibers surfaces
(with coatings or additives such as carbon nanotubes) to enhance performances of
fiber filter media. The subject matter is broad, and the numbers of publications are
too numerous for a complete list. Table 2 lists a sample of some of the publications.

The electrospinning processes typically produce nonwoven, randomly oriented,
fiber mats. These fiber mats typically have low mechanical strength (compared
to microfiber mats). The electrospinning processes have a low mass production
rates per nozzle that limits commercial applications from an economic standpoint.
Researchers have studied various approaches to increase the mass production by
increasing the number of electrospinning jets in the process [25, 26]. To overcome
some of the limitations, researchers have studied electrospun yarns to improve
the alignment of fibers and to increase the mechanical strength. Production of
highly twisted PVDF — HFP electrospun fiber yarns using a novel ring collector was
reported by Shuakat et al. [27]. Afifi et al. [28] and Teo et al. [29] studied methods
to continuously produce electrospun yarns. In this chapter the yarns were produced
by twisting and drawing the fibers in flight and the twisted yarn were wound onto

Researcher Instrument Materials tested Reference

Collinset al. Scanning Probe microscopy Various dielectric surfaces [8]

Duet al. Kelvin Probe force microscopy (open Single and multi-layer [9]

and closed loop techniques) graphene structures

Takahashi and Inversion algorithmic methods DC basin-type insulator [10]

Yoshita

Fatihoueet al. Electrostatic voltmeter Electrospun PVDF [11]
nanofibers

Lollaet al. Electrostatic field meter Polarized electrospun [6]
nanofibers

Table 1.

List of instruments and materials tested.

Researcher(s) Description Reference(s)
Fredrick Fundamental physics of electrical and charge effects on filter [13,14]
Brown performance

Choiet al. Aluminum coatings applied to micro and nanoscale fibers, modified [15]

surface charge to control filter performance

Romay et al. Quasi-permanent charges on dielectric polymer fibers [16-19]
Walshet al.

Wang et al.

Liuet al. Filters made of highly polar polymer fibers showing high binding [20-22]
Khalid et al. affinity to fine particulate matter in aerosols

Jing et al.

Lietal. Fibrous filters hybridized with carbon nanotubes (CNT) exhibiting [23,24]

slip flow effects at the CNT surfaces

Table 2.
A sampling of literature on topics of fiber surface charge, fiber coatings, and additives.
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a spool, which differs from typical electrospinning equipment that collect the
fiber mats on a solid grounded surface. The resulting yarns had lengths up to tens
of meters long and exhibited mechanical properties different from the electros-
pun mats.

2. Materials and methods
2.1 Materials

Electrospinning solutions were prepared by dissolving PVDF powder (Arkema Inc.,
Exton, PA, USA, Kynar® 761 grade resin with molecular weight of 500,000 g/gmol
and density of 1.78 g/m’) in co-solvents N-N-Dimethylformamide (DMF) and acetone
(Sigma Aldrich, St. Louis, MO, USA). These materials were used in making the solu-
tions without further purification.

2.2 Preparation of as-spun solutions

Observations while electrospinning the fiber mats and yarns showed differ-
ent fiber diameters were obtained for the two processes likely due to variations in
setup geometries and electric field strengths. By trial and error in varying solution
concentrations, appropriate solution concentrations for the two processes were
determined to produce fibers with diameters of 1200 nm for both processes. The
comparisons of charges and properties discussed in the experiments below were
obtained for fibers with these diameters.. Electrospinning solutions for producing
fiber mats were prepared with 18%wt PVDF polymer by mixing the polymer with
50:50 wt.% blended DMF and Acetone solvents. The PVDF powder was added
to mixture of solvents and heat-stirred for half an hour at 70 °C to attain a clear
homogenous mixture. For production of fiber yarns, a 13 wt% PVDF polymer
solution was prepared by mixing Acetone and N, N-Dimethylformamide (DMF)
solvents at 1:1 ratio. This mixture was heated on a hot plate at 70 °C for 20 min to
attain a clear homogenous mixture.

2.3 Electrospinning set-ups and mechanism

The fiber mats were synthesized by using a typical single-needle electrospin-
ning setup as shown in Figure 2. The polymer solutions were loaded into 5 ml
plastic syringes and fed by syringe pump (NE-1000, New Era Pump Systems, Inc.,
Farmingdale, NY). The metallic needles were charged by high voltage power sup-
plies (ES30P-5 W, Gamma High Voltage Research, Ormond Beach, FL) to generate
potential differences between the collector and the needle. The fiber mats were
collected on rotating cylindrical drum collectors covered with 30 cm x 30 cm sheets
of grounded aluminum foil. The fiber mats were electrospun for varying times
to create mats of basis weights of 10, 20, 30, 40 and 50 g/m”. In the experiments
involving stacked layers of mats, all of the layers were formed of mats of 20 g/m”
basis weights. The electrospinning conditions are listed in Table 3.

Figure 3 shows the experimental setup used to generate the electrospun yarn
and is similar to setups reported in literature [28, 30]. The setup consisted of
fiber spinning and yarn winding sections. In the fiber spinning section, a metallic
conical-shaped funnel collector was connected to the motor and controller. The
syringe pump and power supply were used to electrospin the polymer solution at a
flowrate of 4 - 5 ml/hr. A potential difference of 10 — 20KV was applied between the

198



Polarization of Electrospun PVDF Fiber Mats and Fiber Yarns
DOI: http://dx.doi.org/10.5772/intechopen.96305

MNeedle

High Voltage —-

Polymer Jet
Power supply
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Folytmer
solution

Figure 2.
Schematic of electrospinning set-up.

PVDF DMF - Tipto Applied Flow Rate Avg. Standard Drum
(wt.%) Acetone Collector Potential (ml/hr) Fiber Deviation Rotation
mass Distance (kV) Diameter (nm) Rate (rpm)
ratio (cm) (nm)
18 11 20 27 5 1139 654 30
Table 3.
Electrospinning conditions and fiber diameter data.
Syringe
pump
Power
supply
Funnel
Motor and Variable distance
controller

collector Motor and

(& controller

Power
supply

Yarn Winding Fiber Spinning

Figure 3.
Lllustration of fiber yarn setup.
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metal needles and the collector with an 8 cm distance between the needles and the
edge of the collector.

Charged polymer jets launched from drops of polymer solution at the tips of
the needles and followed the electric field gradient towards the wide neck of the
conical-shaped collector. Once a substantial mat of fibers collected over the open
end of the collector, the center of mat was hooked onto a wire and pulled to stretch
the mat into the shape of an inverted cone.

The metal collector was rotated by the motor to twist the fiber structure into a
twisted continuous yarn. The yarn gradually increased in length and was stretched
and attached to the take-up reel for collection onto a spool. The rotation speeds of
the metal collector and the take-up reel were adjusted by trial and error to produced
yarns of uniform twist and uniform outer diameter.

In the case of electrospun mats, replicate samples were obtained at consistent
basis weights by adjusting the time of fiber accumulation on the mats, so that the
resulting fiber mat had uniform thickness and mass over the area of the sample.
But in the case of fiber yarns a suitable length of sample was considered from each
replicate run and compared for consistency by comparing the mass to length ratio
of each sample. Results showed +3% variation in mass/length for each of sample
used in these experiments.

2.4 Polarization procedure

Mats and yarns were polarized by the treatments described below. The treat-
ments were not applied to stacked layers of mats in the layered mat experiments
described later. Figure 4 (a) shows a photograph of the sample holder made of
PTFE (Teflon®) for the main frame, brass bars for the clamps, and thin aluminum
plates for the electrodes. The PTFE was chosen over other materials as it was easy
to machine and had many desired properties such as low electrical conductivity,
low dielectric constant, and relatively high melt temperature. Figure 4 (b) shows
the sample holder inside of a Fischer Scientific iso-temp oven. The aluminum plates
were 19 cm x 11 cm and 1 mm in thickness. One aluminum plate was grounded and

b)

PTFE
Frame

Oven

Figure 4.

(a) End view of fabricated sample holder showing the two planar electrodes used to apply the electric field for
poling the sample. (b) Photo of sample holder inside of oven and high voltage power supply for charging the
electrode above the oven.
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the other was electrically charged to produce an electric field between the plates of
2.5 kV/cm. The distance between the electrodes was 6 cm. The fiber mat samples
and yarn samples were placed in the holder to perform all polarization treatments
including simultaneous heating, stretching and electrical poling.

Heat treatments were applied to change the sample temperature from room
temperature to 150 °C with a temperature ramp-up rate of about 10C per min up
to the soak temperature (150 C). The sample was held at the soak temperature for
5 minutes and then allowed to cool at a temperature ramp-down at rate of about
10C/min. The oven did not have ramp-rate control, so the ramp rates are estimates
based on observed temperature readings.

The electric field poling was applied at field strength of 2.5 kV/cm during the
heating of the oven. The poling started at the same time as the oven and stopped
when the oven was turned off at the end of the soak time.

Uniaxial stretched mats and yarns were obtained by clamping the mats and
yarns into the holder positioned parallel to and between the aluminum electrodes.
The moveable clamp was moved to create a 10% stretch of the samples. The stretch
time of the sample started when the sample was placed in the holder and stretched.
The stretch time included time to place the holder into the oven, temperature ramp-
up, temperature soak, temperature ramp-down, time to remove the holder, and
ended when the sample was removed from the stretching mechanism in the holder,
for a total of about 52 min. The as-spun and polarized samples were stored in the
static shielding bags immediately after fabrication to avoid any dissipation of ions
or charge.

Frequency
&
2
1=
Cummulative(%)

025 075 125 175 225 2.745 3.24 3.74 424 474 524 574 6.4

10
Fiber diameter (um)

W Fiber diameter ssCummulative %

Figure 5.
SEM images of (a) fiber yarn and (b) fibers as seen on the surface of the fiber yarn with average fiber diameter
of 1139 nm + 654 nm, and average fiber yarn diameter of 900 pm + 300 pm and c) fiber size distribution curve.
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2.5 Characterization methods

The morphology characteristics of the electrospun fiber mats and yarns were
observed using a scanning electron microscopy (SEM, TM3000 and TM3030 Plus,
and Hitachi, Japan). SEM images were analyzed by FibraQuant 1.3 software (nano
Scaffold Technologies, LLC, Chapel Hill, NC) to measure the fiber diameter distri-
butions. Figure 5 shows SEM images and fiber size distributions for PVDF fibers
and yarns. Electric charges on the fiber mat were measured using a Faraday Bucket.
A detailed description of the Faraday Bucket is given in reference [12]. The fiber
mats were cut to the size needed for the measurement (4 cm by 4 cm) otherwise
the measurements were non-destructive. Based on the electrostatic principles, as a
sample lowered into the interior of the Faraday Bucket, the inner metallic “bucket”
acquired an electric potential that was detected as a change in voltage relative to the
surroundings (ground). By an appropriate circuit model of the Faraday bucket the
measured potential was converted to charge.

Fiber yarns produced using setup in Figure 3 were characterized as-spun and
after polarization discussed in Section 2.4. The as-spun and polarized yarn samples
were wrapped on a ‘U’ shaped copper wire and lowered into the Faraday bucket
for measurement. The calculated charges were normalized with respect to mass of
sample as discussed by Gade et al. [12]. The influence of U-shaped wire holding the
yarn on the measured charge was found to be negligible when the wire without yarn
was lowered into the Faraday bucket and produced zero measured voltage.

3. Results and discussions
3.1 Effect of stacking of fiber mats on charge measurement

Evaluation of the effects on charge measurments of stacked of mats was con-
ducted only with as-spun mats (not with polarized mats). The purpose of this was
to assess whether the Faraday bucket measurements were more sensitive to surface
area or to mass of the samples.

Figure 6a shows a photograph of a single 4 x 4 cm fiber mat. Figure 6b shows
five as-spun mats stacked on top of each other. All mats were cut to size 4 cm x 4 cm
and had a1 x 1 cm tab at one edge. Figure 6¢ shows a bar chart of calculated charges
per unit mass of individual and stacked layer samples. The measurements of the
five individual samples are labeled as 1 to 5. The stacked samples are labeled A to
D where A was formed by stacking the mats 1 + 2 (i.e., individual mats 1 and 2
stacked), B was three mats 1 + 2 + 3, C was four mats 1 + 2 + 3 + 4, and D was five
mats1+2+3+4+5.

All the single mats in Figure 6c had approximately the same measured charges
of about 130 nC/g. All the mats had the same basis weight (20 g/m?), hence had the
same masses.

If the Faraday bucket detected charge in bulk (i.e. per mass) then stacking the
mats should not show a difference in charge/mass. If the Faraday bucket detected
charge based on charge on the external mat surface area, and the charges of the
mats do not transfer between the mats, then we would expect the measured
charge/mass to decrease as mass increased and the surface area remained the same.

The results in Figure 6¢ shows the charge/mass linearly increased proportional to
the number of mats in the stack. The charge/mass of stacked sample D (with five indi-
vidual mats) was approximately double that of a single mat. Numerically this indicates
that the measured charge per total mass increased over the single mat charge by about
25% for each additional mat in the stack. The increase in charge per mass indicates the
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Figure 6.

( aglll’hotogmph of example of a single fiber mat of size 4 x 4 cm with a 1 x 1 cm tab on one edge, (b) photograph
of five mats stacked on top of each other. (¢) Bar chart of charge/mass of various samples (1-5 = measured
charge/mass of five individual samples) (a = charge of stacked mats 1 + 2, B = stacked mats 1 + 2 + 3, C = stacked
mats1+ 2 + 3 + 4, D = stacked mats 1 + 2 + 3 + 4 + 5). The error bars in (c) represent average of three charge
measurements of same mats and ervor is one standard deviation.

bulk charge mechanism alone is unlikely. The increase in charge also strongly indicates
that the measurement is not that of the charges on the external surfaces of the stacked
mats assuming the charges do not migrate to the surface. Hence the mechanism is
more complex. It is interesting to note that each subsequent mat added to the stack to
linearly increased the measured charge by 25%. This gives the relationship

C
—(C/ m) =0.25[%]+0.75 M
()
or
£:0.25(ﬂ]2 +0.75 M (2)
C, M, M,

where C isthe measured charge of the stackand M is the mass of the stack. C,
is the measured charge and M, is the mass of one mat. The ratio M/ M, equals the
number of mats in the stack. An interpretation of the meaning of the two terms on
the right side of Eq. (2) is not apparent. Future experiments should be conducted by
varying the surface areas of the mats to determine if the terms are related to area
and possible migration of charges between the stacked mats.
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3.2 Comparison of charge/mass of electrospun and polarized PVDF fibers and
yarns

The plot in Figure 7 compares the charges of the (a) as-spun mats and yarns,
and (b) polarized mats and yarns. For comparison purposes the samples of polar-
ized and nonpolarized mats and yarns are compared on equal mass basis. The labels
A, B, C, D and E indicate the masses of fibers in the yarns and mats corresponding
to 0.0058, 0.0124, 0.0196, 0.0278 and 0.0376 g respectively. The data reported in
Figure 7 are for electrospun mats of varying basis weights (not stacked layers of
mats). For the given areas and masses of the mats the A, B, C, D and E mat samples
correspond to 10, 20, 30, 40 and 50 g/m” basis weights.

In Figure 7 the charges per mass of the mats were about 2 to 5 times the value
for the yarns. The charge per mass of the as-spun and polarized mats increased as
the mat mass increased with approximate slope of 17% (comparable to the 25%
slope observed in the layered mats of Figure 6). Charges on the yarn samples
did not vary as much with mass. Both the as-spun and polarized yarns tended to
have a modest decrease in charge per mass as yarn mass increased. The difference
in performance between the yarns and the mats is probably due to the way the
yarn was folded to fit into the Faraday bucket. Increasing the mass of the yarn
was obtained by increasing the length of the yarn hence the overall surface area
per mass of the yarn was constant. But to fit the yarn into the Faraday bucket, the
yarn was wound onto the U shaped metal wire which resulted in the first layers of
the windings being covered by subsequent layers. Unlike the stacked fiber mats,
the resulting charge/mass decreased with mass. This suggests that the measured
charges per mass of the yarns were mostly proportional to the external area/mass
ratio and may also give insight to the performance of the mats. This topic should
be further explored in future work.

Figure 8 shows plots comparing the as-spun to polarized mats and yarns. The
comparison of the mats in Figure 8a shows the polarized treatments only margin-
ally increased the charges on the mats. This contrasts with the increases in charges
reported in literature [6]. There were some differences between the treatments in
this work compared to reference [6] such as the heat cycle in [6] was at a controlled
ramp rate and the electrical polarization was maintained until the mat had com-
pletely cooled, while in this work the ramp rate was not controlled and the electrical
polarization was for a shorter time period. It is possible, though not verified here,

a ) I As-spun mats b) I Polarized mats
I As-spun yarns [ Polarized yarns
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Figure 7.
Charge/mass plot for mats and yarns (a) as-spun, (b) polarized. The respective masses of the samples were
a =0.0058g, B=0.0124g, C=0.0196g, D = 0.0278 g, and E = 0.0376 g.
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Charge/mass plot for as-spun and polarized samples (a) Mats, (b) yarns the respective masses of the samples
were a = 0.0058 g, B = 0.0124 g, C = 0.0196 g, D = 0.0278 g, and E = 0.0376 g.

that the beta phase content of the electrospun fibers was near its maximum in the
as-spun fibers and hence the polarization treatment did not have much room to
increase the beta phase content. This is left for future investigation.

The comparison of yarns in Figure 8b similarly show a small increase in the
charge in most of the cases. Overall, the charges on the yarns did not change
significantly with mass. The polarized samples A, B, and E showed greater charge
compared to the as-spun samples while C and D showed less charge. These varia-
tions may be within experimental error possibly due to the hand winding of the
yarns onto the U-shaped wire holder.

4, Conclusions

Polymer PVDF was electrospun to form fiber mats and continuous twisted
yarns. Samples of the mats and yarns were polarized by stretching, heating and
poling. The as-spun and polarized mats and fibers were measured for their charge
via a Faraday bucket. The results showed the mats had significantly higher charge
per mass than the yarns at the same mass. The measured charge per unit mass of
the mats increased as the mass of the mat increased. The measured charge per
mass of the yarns slightly decreased as mass increased. The polarization treat-
ments used in this work did not significantly increase the charge of the mats and
yarns. Charge measurements of stacked layers of mats suggest that the charge
measured by the Faraday bucket is a complicated combination of surface area and
bulk mass. Changing the basis weights of fiber mats (instead of stacking layers)
gave similar trends suggesting the same mechanisms may apply to both stacked
and directly spun mats. The nearly constant measured charges of the yarns
suggest that the charge per mass may be related to the surface area per mass of
the yarns.
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Recent Developments in
All-Solid-State
Micro-Supercapacitors Based on
Two-Dimensional Materials

Minu Mathew, Sithava Radhakrishnan
and Chandra Sekhar Rout

Abstract

Owing to their unique features such as high surface area, rich electroactive sites,
ultrathin thickness, excellent flexibility and mechanical stability and multiple surface
functionalities enables outstanding electrochemical response which provides high
energy and power density supercapacitors based on them. Also, the Van der Waals
gap between layered 2D materials encourages the fast ion transport with shorter ion
diffusion path. 2D materials such as MXenes, graphene, TMDs, and 2D metal-organic
frame work, TMOs/TMHs materials, have been described with regard to their electro-
chemical properties for MSCs. We have summarized the recent progress in MSC based
on well-developed 2D materials-based electrodes and its potential outcomes with dif-
ferent architectures including interdigitated pattern, stacked MSC and 3D geometries
for on-chip electronics. This chapter provides a brief overview of the recent develop-
ments in the field of 2D material based all-solid-state microsupercapacitors (MSCs).
A brief note on the MSC device configuration and microfabrication methods for the
microelectrodes have been discussed. Taking advantage of certain 2D materials such
as 2D MXenes, TMDs, TMOs/TMHs that provide good surface chemistry, tunable
chemical and physical properties, intercalation, surface modification (functionaliza-
tion), heterostructures, phase transformations, defect engineering etc. are beneficial
for enhancement in pseudocapacitance as it promotes the redox activity.

Keywords: microsupercapacitors, solid-state supercapacitors,
two-dimensional materials, energy storage

1. Introduction

The popularization of portable electronic equipment has concentrated heavily
on miniaturization and convergence of different technologies. While technolo-
gies such as wearable sensors and flexible displays has progressed, advances in
energy storage are still lagging behind innovations in other electronic devices.
Miniaturization of energy sources is also essential for environmental, medical,
biological and other applications. Consequently, the reduction in size and integra-
tion of micro-power systems such as micro-batteries, micro-fuel cells, micro-
supercapacitors (MSCs) and piezoelectric power harvesters are essential for the
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future growth of portable electronic devices [1]. MSCs have gained considerable
attention among these micro-power systems due to its high power densities, fast
rate capabilities, ultra-long — cycle life and simple integration into the micro-nano
electronic system as energy sources [2, 3]. Three main types of device configura-
tions for MSCs have been developed to date: in-plane architecture, fiber shape and
three-dimensional (3D) type (Figure 1). The advantages and disadvantages of these
device configurations are given in Table 1. The performance of MSCs is determined
not only by components but also by the combination of each individual element for
the development of a device.

The choice of electrode materials and electrolytes is the two critical parameters
influencing the electrochemical performance of the MSCs. Two-dimensional
(2D) materials with unusual properties such as ultra-thin thickness, large lateral
size, excellent flexibility and tunable physicochemical properties are currently the
perfect choice for MCS as an electrode material. A large number of 2D materials
have been developed to date, including graphene and analog nanosheets such as
transition metal dichalcogenides (TMDs), transition metal oxides/hydroxides
(TMOs/TMHs), metal carbides and nitrides (MXens), boron nitride (BN), phos-
phorene, and so on. In addition to electrode material selection, the electrolyte
selection also plays a crucial role in the performance of MSC and these electrolytes
can be classified into two types (i) conventional liquid electrolytes and (ii)solid-
state electrolytes [9]. Conventional liquid electrolytes have a common disadvantage
in terms of their liquid nature; therefore, a strict encapsulation process is required
to avoid electrolyte leakage. However, when the device is damaged, electrolyte
leakage remains unavoidable. Accordingly, to overcome this disadvantage, a
solid-state electrolyte was developed by blending the acids, ionic liquids and salts
into a polymer matrix. Several polymer matrixes have been used in solid-state
electrolytes, including poly-(vinylidene-fluoride) (PVP), polyacrylonitrile (PAN)

(a)

(+) ( C) Electrode materials

P

Sandwich stacked type

(b) 4

Current collector

(+) (=) Homogeneous  Heterogeneous
— electrode unit  electrode unit

Interdigital in-plane type

Figure 1.
Schematics of three major MSC architecture (a) stacked architecture (b) Interdigital finger electrode
architecture (c) cross-section of electrodes [4].
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Device Advantages Disadvantages

configuration

In-plane  They consist of interdigital electrodes ¢ The geometric parameters of
architecture with many dense micro-fingers, where the the electrodes still have to be

counter electrode interspaces are small
enough for the transport of ions so that the
devices have little impedance, high capac-
ity and quick frequency responses [5].

Ease of integration with other
microelectronics.

This design can make the active electrodes
more accessible because they are exposed
to electrolytes on the edges. Therefore
high power density can be achieved with
batteries and supercapacitors.

This design contributes to the separator
elimination [6].

optimized.

Fiber-shaped

Generally small in size and lightweight.

Thanks to their unique wire-shaped
structure, they are highly flexible and
can be woven or knitted with excellent
wearability [7].

Excellent versatility and can be produced
in different shapes and different locations

[8].

It cannot compete in terms
of energy density with
micro-batteries as energy
storage equipment; large
scale application is a big
challenge [8]

Three- * This design maximize the energy density * Require a series of complex
dimensional type of MSCs micro-fabrication techniques.
* The volume of electrolyte utilized is * Designing of 3D type MSCs
further reduced with this design, leading with leakage-free electrolyte
to enhanced volumetric/areal energy is still a challenge [4].
density [4].
Table 1.

Advantages and disadvantages of various MSC device configurations.

and poly-(vinyl-alcohol) (PVA) [9]. These electrolytes can provide long cycle-
life, low leakage current, high ionic conductivity and high mechanical flexibility.
For example, the ionic conductivity of PVA/H;PO, is about 107% Scm™?, while the
ionic conductivity PVA/H,SO, can be even higher, about 7 x 1073 Scm™. However,
aqueous solid-state electrolytes suffer from a low voltage window at about 1 V due
to the electrolysis voltage of water similar to aqueous electrolytes. A high operating
voltage of 2.5 V can be achieved for micro-supercapacitors through ionic liquid
solid-state electrolytes, resulting in a high energy density in sequence [10]. They
also allow additional functionality, such as flexibility and stretchability, in addi-
tion to easy encapsulation. Considering these advantages, the choice of solid-state
electrolytes in micro-supercapacitors is more reasonable.

2. Microfabrication technologies for microelectrodes of MCSs

This technology used for the fabrication of microelectrodes of MCSs can be
grouped into two categories. The first categories include direct electrode mate-
rial synthesis on the patterned current collectors using laser scribing, CVD,
electrolytic deposition and pyrolysis. The second category consists of indirect
manufacturing using existing electrode materials in powder or solution form.
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Methods Advantage Disadvantage
Chemical vapor Controlled design and structure [2] Expensive, time-
deposition (CVD) consuming process,

low mass loading and
vigorous reaction
condition (2).

Electrolytic deposition

Simple, efficient, cost-effective,
environmentally friendly and large scale-
production [2, 11]

Uncontrolled lateral
direction growth [2].

Electrophoretic deposition

Cost-effective, simple, thickness can be
controlled [2, 11].

Restricted by the species
charged [2].

Inkjet printing Cost-effective, fast process, low mass loading, Ink preparation isa
precise thickness control, direct patterning, complicated process,
large scale production, fair resolution (around limited by resolution, jam
50 pm) enhance the resolution and scalability of nozzle 2, 10].
because no manual assembly is required
during device manufacturing [2, 12].

Screen printing Low-cost, scalable and fast process Low resolution

Photolithography (UV Cost-effective with high control precision A sacrificial template

lithography) [10], simple fabrication process [9], can is required; hence its a

produce uniform and accurate large-area
samples [13].

complicated process, long
preparation time [9].

Drop, spin and spray
coating

Facile, simple, thickness-control, large-scale
fabrication, time and energy saving [2].

Low-production
efficiency and
heterogeneous [2].

Vacuum filtration

Low- cost, simple, convenient, thickness can
be controlled [2].

Shape and size is limited

Laser scribing Cost-effective, scalable, simple, gives high Non-universal [2].
throughput [9].

Layer-by layer assembly Multilayer films can be easily prepared, cost- Time-consuming process
effective and straightforward method, high
resolution [14].

Pyrolysis Single-step synthesis [2]. Complex and high-

temperature process [2].
Table 2.

Microfabrication techniques for fabrication of MSCs.

The advantages and disadvantages of various techniques developed are explained

below in Table 2.

No strategy in the fabrication of MSC microelectrodes is yet dominant over the

others. Therefore, improving existing assembly strategies and exploring new manu-
facturing methods to overcome those limitations has become essential. In the mean-
time, to select appropriate assembly strategies to achieve high-performance MSCs,
consideration should be given to overall factors such as active electrode materials,
electrolytes, and interface between electrolytes and micro-electrodes [15].

3. Performance metrics of MCSs
The parameters used generally to assess supercapacitors’ performance against

volume and weight units are gravimetric capacitance, energy, and power. It is impor-
tant to note that the supercapacitors gravimetric capacitance varies according to total

212



Recent Developments in All-Solid-State Micro-Supercapacitors Based on Two-Dimensional...
DOI: http://dx.doi.org/10.5772/intechopen.94535

density, mass and thickness of the electrode, and other components’ weight. So it’s hard
to compare the various MSC based on gravimetric capacitance [16]. But this parameter
is not suitable for planar MSC where electrode material’s weight is insignificant and

the device’s volume and surface area are always limited. Since the overall mass load of
active materials in MSCs is small, the volumetric performance and, more significantly,
the areal performance are more adapted for electrochemical performance [17].

Since equipment need to be integrated with miniaturized electronic devices
with limited area, a performance assessment against the footprint area of MSCs is
essential. Therefore areal capacitance, power density and energy density are the
more reliable parameters for MSC performance monitoring. These parameters can
be calculated using the equations given below [17].

Q

s~ SAV @
0.5CAV?
_ AV 2
$ 36005 @
AV?
P=——"__ 3
$ " 4sESR 3

Where Cs is the areal capacitance in F/cm?, s’ is the total area of microelectrode
array and AV is the voltage range. Ps and Es is the maximum power and energy
density. The essential parameter to detect the electrode’s areal performance is to
measure the total area accurately.

4, Two- dimensional materials for MCSs

A promising material for the production of MCSs is Planar 2D molecules of
atomic thickness with a large specific surface area. The reduced dimension of these
materials also satisfies the miniaturization requirements of device size, offering
new possibilities for high-performance MSC development [18, 19]. The material
properties of this rich family consisting of graphene, transition metal oxides
(TMOs), transition metal chalcogenides (TMDs), metal carbides and nitrides
(MXene), black phosphorus (BP), etc., range from superconducting, metallic,
semiconducting and insulating behavior due to its diverse electronic structure,
offering a wide range of material solutions to achieve high-performance. The
essential reasons why 2D material based solid-state MSC are essentials is enlisted
below

* Excellent electrical conductivity

The essential qualification for high-performance MCS electrode materials is the
excellent electrical conductivity, which can accelerate the adsorption and desorp-
tion of the charges and increase the diffusion rate of ions. This electron transport
behavior is very closely linked to the electronic crystal structure, resulting in three
typical insulating, semiconducting, and metallic transport behaviors. In general,
metallic 2D materials, such as TMDs, have good electrical conductivity and several
other 2D semiconductors like graphenes and BPs also offer favorable electron
transport characteristics [19].

¢ Excellent-electrochemical activities
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The electrochemical activity of some 2D material would be useful for the
redox reaction to further increase the pseudocapacitance. The promising electrode
material of microsized pseudocapacitors, which generally display high capacitance
performance, is proven to be 2D MXenes, layered double hydroxides (LDHs), metal
oxides and hydroxides with excellent electrochemical properties [19].

d Large surface area

The extra-large surface area offers an energy storage platform with huge active
sites to increase the electrochemical activity and charge adsorption, thus making 2D
metal-organic frameworks (MOFs) and covalent organic frameworks (COFs) with
inherent porosity a promising MSC functional electrode material [19].

* Mechanical flexibility

Superior mechanical flexibility at the atomic level and a diverse array of various
2D nanosheets provide desirable flexibility and multiple functionalities [15].

4.1 Graphene

Graphene is the most widely studied electrode material for MSCs due to its
excellent electrical conductivity, large specific area, chemical stability, excellent
intrinsic double-layer capacitance of approximately 21 pF/cm? and theoretical
capacitance of around 550 F/g [20-22]. Several reviews of graphene-based MSCs
have been published. Zhang et al., Xiong et al. tried to summarize the recent devel-
opments in graphene-based MCSs and the methods employed to produce high-
performance MSCs [20, 21]. Similarly, Wu et al. classified graphene-based MSCs
and provided a complete overview of on-chip graphene-based planar interdigital
MSCs [21]. Gao et al. recently provided an overview of the MCS system’s applica-
tion, based on 1D, 2D and 3D graphene [23].

Several strategies were employed to enhance the electrochemical performance
of graphene-based MSCs. The first approach was to improve the charge storage
capacity of electrode materials by preparing graphene composites with other pseu-
docapacitive materials [11, 24, 25] or doping graphene with heteroatoms like boron
[26] and fluorine [27]. The second approach consists of constructing an asymmet-
ric structure [11, 25] and the third approach was to increase the loading quantity
of active electrode materials by 3D electrode construction on the confined area of
MSC [17]. To realize this 3D electrode construction, Wang et al. used a 3D printing
technique to fabricate an all-solid-state flexible MSC using nitrogen (N)/oxygen
(0)-doped graphene ink. This device shows a high power density of 0.23 mW cm™
and an areal energy density of 2.59 pWh cm™?, excellent cycling stability, and good
mechanical flexibility. This increase in electrochemical properties observed due
to three reasons (i) increased surface area due to the doping with N and O (ii)
enhanced hydrophilic property of N/O doped graphene ink (iii) increased electri-
cal conductivity as well as the pseudocapacitive effect of O and N doping [28].
Like this study, Szymon and his group developed a new type of polyaniline (PANI)
anchored pseudocapacitive MnOx passivated graphene microflake inks and manu-
factured a solid-state MCS using the inkjet printing technique in a 3D configura-
tion given in Figure 2. This ink shows excellent stability and jetting performance
that may be due to the dual-passivation process employed here. For the first time,
this is to report such a fully inkjet-printed MSC with 3D electrode configurations
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with excellent rate performance and stability. However, these microflake inks have
been developed based on the self-assembly behavior of 2D materials following
Rebani et al’s [30] 3D coarse-grained lattice gas model [29]. Toan et al. built an
on-chip MSC where the electrode consists of silicon nanowire-graphene nanowall-
PANI ternary composite. Here the silicon nanowire template with a high aspect
ratio is fabricated using the metal-assisted chemical etching (MACE) technique.
On this silicon nanowire, 3D hierarchical graphene nanowalls were produced using
microwave plasma-enhanced chemical vapor deposition (PECVD), which sig-
nificantly improves the electrochemical performance of the manufactured MSC.
However, this solid-state 3D MSC delivers an areal energy density of about 10.8
pWh/cm” and a power density of about 0.78 mW/cm? [31]. Luet al. chose asym-
metrical arrangement and produced an in-plane asymmetric interdigited MSC
using mask-assisted vacuum filtration techniques, among the various strategies
discussed to improve graphene performance. They develop this asymmetric MSC
based on an all-graphene system, where both the working electrodes are graphene
derivatives. Using the same chemical composition and microstructure electrodes
enhances performance and helps avoid power imbalance that conventional hybrid
and asymmetric systems usually encounter [32]. Therefore, the anode of this

MSC is made of functional graphene oxide (FGO), while the cathode consists of
functional reduced graphene oxide (FrGO). This FGO, which is electrochemically
exfoliated from graphite papers, has enhanced hydrophilic properties compared to
pristine graphene, difficult to disperse in water [33]. FGO has abundant functional
groups responsible for the hydrophilic properties of the FGO, leading to the forma-
tion of wrinkles on its surfaces. However, this asymmetric MSC has the highest
surface capacitance of approximately 7.3 mF cm ™ in PVA/Na,SO, electrolyte. The
high performance of this MSC is attributable to abundant functional group doping

(a)

Figure 2.

Inkjet-printed GMP (doped graphene passivated flakes) MSC developed by Delekta et al. (a) Photograph of
inkjet-printed MSC (b) micrographs of printed GMP MSC on glass substrate (c) SEM images of patterned
GMP MSC (d and e) 3D heterogeneous GMP MSC [29].
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and heteroatom substitution with graphene elements N, O, P, S, and the in-plane
interdigitated architecture. This MSC has demonstrated exceptional flexibility,
showing the feasibility of the wearable application of the MSCs [34].

Lochmann et al. reported a stamping approach combined with soft lithography
for MSC production for the first time, but this approach is time-consuming and
not appropriate for producing PET and paper-based MSC [35]. Zhang et al. subse-
quently made a flexible MSC based on MXene in a paper substrate using a stamping
method, but even this MSC suffered from lower areal and volumetric capacitances
[36]. To this end, Esfahani and Khosravi reported the manufacture of a graphene-
based flexible MSC using a single-step stamping method on a PET-coated parafilm
using a pre-designed pattern. This imprinted parafilm-coated PET pattern was
filled with graphene oxide (GO)/MnO,/carbon aerogel hybrid paste, which acts
as a binder and additive-free active material and finally, with the help of nascent
hydrogen GO reduction is made. This type of GO reduction improves stability and
reduces the ohmic resistance of the prepared electrode. The active material, i.e., G/
CA/MnO,; used here, exhibits a unique morphology that enhances the electrochemi-
cal surface area and facilitates the diffusion of electrolytes ion. The edged structure
of graphene also helps to improve the electrochemical activity and capacitance of
the SC. Based on the Hota et al. [37] inferences, they also used fractal design of
large and small finger widths and compared their performance with ID electrodes.
The small finger width fractal design (SFWF) shows high areal and volumetric
capacitance of around 14.2 mF cm-” and 71.3 Fem ™ among these different electrode
designs. This method proves feasible in designing various low-cost architectures
and improves the flexible-graphene performance based on MSC, which has been
reported to date. The manufacturing process of this flexible MSC provides a new
direction in the modification of the substrate and the current collector and the
manufacturing method and the method of graphene reduction. This MSC fabri-
cated by this stamping method also demonstrates excellent flexibility, reflecting its
potential in future flexible electronic devices [38]. The presence and regulation of
the functional group are essential for improving the performance of the graphene-
based MSCs. These functional groups not only provide active pseudocapacitance
sites, but they also prevent the aggregation of graphene without affecting both wet-
tability and conductivity of graphene. To date, several strategies have been reported
for regulating graphene functional groups, such as the treatment of O, plasma, laser
power, etc. However, it is worth working on regulating the functional groups of
graphene to balance the active site, electrical conductivity, and wettability, which
have plenty of room for further performance improvement in MSCs. Consequently,
to improve the electrochemical efficiency of reduced graphene oxide (RGO), an
appropriate method of controlling the functional group is required. Based on these
facts, Wu et al. fabricated a free planar MSC using symmetric graphene-based metal
current collector, where the functional groups were regulated using both air-plasma
treatment and exposure to blue violet-laser (BV-laser) as shown in Figure 3a. The
XRD pattern of the prepared composite is shown in Figure 3¢ and it can understand
from the figure that this BV-laser treatment and air-plasma treatment do not change
the phase structure of RGO. The interlayer spacing calculated for this composite
is higher than that of graphite structure, which indicates a n-n stacking between
graphene sheets in these composites. These combined techniques balance the
pseudocapacitance active sites, conductivity and wettability by tuning the func-
tional groups on the graphene surface and the possible transformation pathway is
shown in Figure 3b. The CV curves of this material are shown in Figure 3d exhibit
a symmetric-quasi rectangular state that demonstrates that this material’s capacitive
behavior is due to the simultaneous pseudocapacitive and electrical double layer
behavior (EDL). This symmetrical solid-state MSC exhibit excellent energy density
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(a) Fabrication steps involved in the manufacturing of in-planar PBV-RGO MSC developed by Wu et al.

(b) the suggested pathway transformation of RGO on exposure with BV-laser exposing and air-plasma
treatment to produce PBV-RGO electrode material (c) XRD pattern of PBV-RGO electrode material (d) CV
curves of RGO (M RGO) after BV-laser treatment (M BV-RGO) followed by air-plasma treatment (M-PBV-

RGO) [39].

and power density around 2.49 pWh cm™ and 5 mW cm > and superior long term
stability after 10,000 cycles with 99% retention, which exceeds most reported
all-solid-state graphene-based MSCs. This manufacturing method is suitable for
the process of micro-integrated circuit machining and has an enormous potential
in the production of on-chip devices [39]. Liu ez al. adopted a new series of inter-
digital setups without any internal connection by combining techniques such as
photolithography and liquid-air interface self-assembly methods. This solid-state
planar on-chip MSC without internal connection shows excellent cyclic stability
and outstanding energy and power density. This work demonstrates that graphene-
based planar on-chip MSCs with no internal connection can integrate better with
electronic components [40].

4.2 Transition metal dichalcogenids (TMDs)

Single or few layers TMDs have attracted considerable attention because of
their tunable band gaps and extensive natural reserves [2]. These compounds
show a typical MX2 formula, where M is an element in Group IV-VI metal, and X
is a chalcogen (S, Se, or Te). In this case, Stoichiometry relies on the process and
the strategy of producing a compound made up of transition metal and chalcogen
elements. The layered TMDs are typically 6 to 7 A thick and consist of an X-M-X
hexagonal sandwich with a metal-atomic layer separated by both layers of chalco-
gen [41]. The physical properties of bulk TMD’s vary from true metals such as VSe,
and TaS,, semi-metals such as WTe, and TiS,, semiconductors such as MoS, and
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SnS, and insulators such as HfS,. Suitable electrode materials for MSCs are among
these metallic TMDs with large surface area and high conductivity [2].

MoS,; can effectively store charges over a single atomic layer utilizing an inter
and intrasheet double layers. Here the central atom Mo shows an oxidation state
ranging from +2 to +6 and shows a pseudocapacitive behavior with a theoretical
capacitance of about 1000 F/g. But aggregation and low electrical conductiv-
ity between the atomic layers of MoS, hinder their extensive use in MSCs.
Hybridization of TMDs with carbon material, which provides quick-electron trans-
port and more active-sites, is one approach to solve these problems. Hence Yang
et al. reported a solid-state MSC using MoS,@rGO- photoresist-derived carbon-
nanotube (CNT) hybrid composite by spin coating followed by photoetching and
pyrolysis similar to the MoS,@sulfonated rGO hybrid prepared by Xiao et al. shown
in Figure 4 [42]. This hybrid prepared by Yang et al. was then embedded in carbon
microelectrodes, which synergistically increase the performance of the MSCs and
exhibited high energy density (5.6 mWh cm™) as well as areal capacitance (13.7 mF
cm™?) with good capacitance retention [43]. Similarly, Haider ef al. have reported
other carbon microelectrodes based on TMD using the advantages of metallic VS,.
The high energy density (15.6 mWh cm™) and specific capacitance (86.4 Fem™)
result from the synergistic combination of VS, and carbon. This system exhibited
excellent energy density and power density compared with the energy storage sys-
tem developed by Xiao et al. and Yang et al. [44]. Besides constructing MoS, hybrids
with conductive carbonaceous material, the phase modification in which the Mo
coordination changes from the trigonal prismatic (2H) phase to the octahedral (1T)
phase is another practical approach to improve the electrochemical performance
of MoS, [45]. Very recently, Xu et al. reported a femtosecond laser direct writing
technique to fabricate an MSC based on 1 T MoS,. This is the first time an MSC with
excellent performance based on 1 T MoS2 has been reported. These femtosecond
lasers can help achieve a submicron resolution(~800 nm), which is nearly 40 times
more accurate than that achieved with traditional nanosecond lasers with a resolu-
tion of around 10-200 pM. This approach is green, facile, maskless, flexible and
high vacuum environments are not required. The electrochemical performance and

Figure 4.

(a) Schematic picture of fabrication of MoS,@SrGO MSC using gravure printing techniques (b) photograph of
prepared MSC after Ag paste painting (c) KOH-PVA gel electrolyte coated on gravure printed electrode

(d) MoS,@S r GO printed electrode in PI substrate. (Source: Reprinted from [42]).
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the MSC resolution are enhanced by lowering the thermal effect to regulate the
phase transition of these 1 T MoS, based electrode material. This MSC with in-plane
configuration results in high-frequency response with ultrafast ion-diffusion rate,
high specific capacitance, good cycle-life, low equivalent series resistance (ESR)
value, unprecedented power density (nearly 14 kW cm) and high energy density
(15.6 mWh cm™) in PVA/H, SO, electrolyte. However, this MSC with a surface area
of 100 x 100 pm? and a high-frequency response and time constant are suitable
for AC line filters and other electronic devices demanding high power require-
ments [46].

The fabrication of supercapacitors with excellent energy storage capac-
ity and flexibility in wearable smart electronics has recently attracted sig-
nificant attention. Thus, a fabric supercapacitor using low-cost textile fabrics
with good mechanical properties and biocompatibility coated with ternary
composite poly(3,4ethylenedioxythiophene): poly(styrenesulfonate)/MoS2/
poly3,4ethylenedioxythiophene) (PEDOT: PSS/MoS2/PEDOT) is manufactured
by Chen and the group. This all-solid-state fabric MCS was fabricated by vapor
phase polymerization (VPP) and the vapor phase deposition method exhibits an
energy density of around 1.81 mWh/cm® and power density of around 0.82 W/cm®.
The fabric coated with this ternary composite has a 3D configuration with inter-
connected structure and exhibits a large surface area that enables fast electrolyte
transport and provides active electrolyte accessibility. This MSC assembled in a
belt-shaped device was also used by the group as transient power sources to oper-
ate the light-emitting diodes [47]. Very recently, Li et al. printed a MoS, based all-
solid-state in-plane MSC using inkjet printing. This MSC printed with MoS, based
inks has high loadings of active materials per unit area resulting in a thinner and
more flexible supercapacitors than the conventional sandwich structure. PEDOT:
PSS inks were first printed on PI substrate to improve the conductivity, followed
by printing of MoS, based inks subsequently to fabricate the MSC. This scalable
synthesis technique is demonstrated in Figure 5a. The SEM image (Figure 5b)
shows that the layered MoS, formed a uniform 2D conductive network above the
pre-printed PEDOT: PSS electrode, which differs from the morphology observed
in the ternary composite prepared by Chen and group. They also demonstrated the
relationship with the increase of electrode thickness vs. conductivity in Figure 5¢
and its practical application by powering an LED bulb by connecting MSC in series
combination [48].

4.3 MXenes (TizC,Ty)

The overall performance of MSCs is based on the intrinsic properties of
electrode materials. In many cases, carbonaceous materials such as graphene
[49, 50], graphene oxide [51], CNTs [52, 53], carbide-derived carbon [54, 55]
and their hybrids [56, 57] with charge storage via electric double layer, were
reported in MSCs. Later, high capacity MSCs based on pseudocapacitive materials
such as conductive polymers [58], transition metal oxides/hydroxides [59, 60]
and sulfides (VS,, MoS,) [61, 62] with surface redox reactions were reported.
Nevertheless, the poor electrical conductivity and lower packing density of
electrode materials in these MSCs restrict the accessible volumetric and areal
capacitances, the two important parameters used to indicate the performance of
MSCs [63]. Recently, MoS, with high packing density served as a good electrode
material to fabricate energy storage devices characterized by high power densi-
ties and volumetric energy [64]. A new group of layered 2D materials called
MZXenes, which includes transition metal nitrides, carbides, and carbonitrides,
was recently reported.
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(a) Steps involved in the fabrication of flexible MSC using MoS, inks by inkjet printing (b) SEM image of
printed MSC in PI substrate (c) relationship between areal capacitance vs. number of printed layers (d)
capacitance retention under different bending radius of the fabricated supercapacitor [48].

MXenes are promising layered materials derived from the precursors with
the general formulae M, , 1AX,, (M refers to Ti, Sc, Nbetc.; A = Al, Sn, Si, etc.;
n =1,2,3). Inthe MAX phase, the M layers are hexagonally close-packed and
MXenes can be synthesized by selective etching of A element from the MAX
phase using acidic-fluoride-containing aqueous solutions [65]. The presence
of an aqueous medium during the synthesis can create MXene flakes with vari-
ous surface functional groups such as O, F, or OH. MXenes have characteristic
properties such as rich surface chemistry, hydrophilicity, layered structure, high
packing densities and intrinsic electronic conductivity. The first member Ti;C,Ty
was reported in 2011, opened up an exciting research field, as revealed by the
increasing number of publications on MXenes [66]. The distinctive properties and
simplicity of processing have contributed to various applications such as energy
storage for supercapacitors and the maximum theoretical capacity was reported
to be at 615Cg ™" [65]. The higher pseudocapacitance and simplicity of solution
processing of MXenes are highly advantageous for the designing of MSCs that
are used to power wearable electronics, sensors, and micromechanical systems
with low power consumption. Various methods have been adopted to fabricate
MXene based MSC patterns on the submillimeter scale. These are known to be
potential candidate for the design of MSCs due to the following factors: 1) MXenes
have an electrical conductivity up to 6500 S cm™ [67], which permit fast electron
transfer and excludes the requirement for current collectors like noble metals. 2)
MXenes exhibit higher gravimetric capacitances relatable to graphene, with higher
packing density up to 4 g cm™ [68, 69], which needs to enhance the volumetric
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characteristics (specific volumetric capacitance of 1000 F cm™> for conventional
three-electrode configuration [70], which is more than that of supercapacitors
based on carbonaceous materials) [71].

Flexible MSCs are highly demanding to manufacture portable and on-chip
energy storage devices because of their high security, lightweight and miniaturiza-
tion [72]. Direct printing of functional inks is crucial for various applications such
as smart electronic devices, healthcare, and energy storage. Nevertheless, currently
available inks are distant from ideality. A low concentration of ink or the additives/
surfactants are contained, which put on complexity to the fabrication and affects
the printing resolution. Based on these facts, Zhang et al. demonstrated a direct
printing method using two types of 2D MXene inks (aqueous for extrusion print-
ing and organic for inkjet printing) to fabricate all-MXene MSCs with high resolu-
tion. The fabricated flexible MSCs displayed outstanding volumetric capacitance
of 562 F cm™ and a high energy density of 0.32 pW h cm™, over all other printed
MSCs reported yet. The approach of direct ink printing technique plays a major
role beyond energy harvesting and storage applications, including sensors, circuits,
and electronics, where simple, easily integrable and cost-effective components are
required. This additive-free and low-temperature ink printing technique provides
many applications in sensors, antennas, smart electronics and shielding [72].
Recently, Peng et al. adopted a solution spray coating and laser cutting to fabricate
solid-state MSC based on interdigital L-s-Ti3C, T film on a glass substrate in which
two layers of MXene (Ti3C,Ty) with different flake sizes were obtained. The larger
MXene flakes (L-Ti3C,Tx, 3-6 pm) were stacked to form a bottom layer which act
as current collectors. The top layer contains smaller MXene flakes (s-Ti;C,Ty, 1 pm)
with numerous edges and defects to form an electroactive layer for energy storage.
The excellent electrochemical characteristics and homogeneity in structures could
offer better cyclic performance and showed excellent areal capacitance of ~ 27 mF
cm? and volumetric capacitance of ~ 357 F cm™ at 20 mV s™%. The L-s-Ti;C, Ty
MSC showed excellent cyclic stability after 10,000 cycles without any decay of
capacitance at 50 mV s™". L-s-Ti3C, T, film on a glass substrate was transferred onto
the scotch tape substrate shows good flexibility without prominent cracks after
bending up to 100 times at an angle of 60°, the areal capacitances were comparable
to its original rigid structure on a glass substrate. This approach opens up differ-
ent designs for the fabrication of on-chip devices using different morphologies of
MXenes and their composites, flake sizes, and chemistries [73]. The integration of
flexible MSCs for on-chip energy storage applications still faces some challenges
due to short cycling stability, complicated manufacturing processes, and low
areal energy storage. To address this, Huang et al. utilized spray coating of MXene
(Ti3C,Ty) conductive inks for the massive preparation of paper-based flexible
MSCs by using a gel-like solid-state electrode (polyvinyl alcohol and H,SO,)
and encapsulated layer of polydimethylsiloxane. As discussed above, a highly
conductive and sprayable Ti;C, Ty interdigitated electrode served the dual role of
the current collector and active materials. This flexible MSC delivers a large areal
capacitance of 23.4 mF cm™ and an excellent cycling capability with a capacitance
retention up to 92.4% over 5000 cycles, together with exceptional flexibility [74].
The crucial obstacles in MSC applications are short discharge time, low voltage
output, and low current. MSC array is known to be a solution to avoid the obstacles
mentioned above. Based on the capacitors’ theory, the parallel connection will
increase the capacitance while the series connection will decrease the output volt-
age corresponding to the capacitance decrease. It means a MSC array (combination
of some MSCs) can increase both capacitance and output voltage [75]. Recently,

a lightweight and freestanding MXene/bacteria cellulose composite paper with
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outstanding electrochemical performance and mechanical stability through a facile
all-solution based paper making method was fabricated by Jiao et al. Further, they
adopted a laser-cutting kirigami patterning process for the fabrication of bendable,
stretchable and twistable all-solid-state MSC arrays (Figure 6a). The structural
design and excellent performance of MSC arrays could offer outstanding areal
capacitance of 111.5 mF cm™ and areal density of 0.0052 mWh cm™ with elec-
trochemical stability under mechanical deformation. The photograph of a paper
crane made from MXene/BC composite paper is shown in Figure 6b, it is used as

a conductor for lighting LED (Figure 6c). This technique presented a promising
method for designing and manufacturing excellent mechanically deformable MSC
arrays based on MXenes [76]. For practical applications, the electrodes with a 3D
structure can be easily destroyed via mechanical deformation. It is possible to
improve MSC’s energy storage ability by fabricating them in a 3D structure [77]. In
this context, Yue et al. developed a self-healable 3D MSC comprised of r-GO and
MXene (Ti;C,Tx) composite aerogel electrode with an outer shell of self-healable
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Figure 6.

(a) Schematic illustration of the manufacturing process of Mxene/bacterial composite papers and a laser-
cutting kirigami patterning process for the fabrication of bendable, stretchable and twistable all-solid-state
MSC arrays, (b) photograph of paper crane made from as-synthesized Mxene/BC, and (c) photograph of LED
using paper crane working as conductor for lighting. (Source: Reprinted from [76]).
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polyurethane through the ice-template method (Figure 7a). The composite aerogel
electrode could resist the oxidation of MXene and prohibit the lamellar structure’s
restacking by combining the properties of components such as high conductivity
of MXene and high surface area of r-GO. The fabricated MSc exhibited bet-

ter performance with a large area-specific capacitance of 34.5 mF cm™ atlmV

s™', as shown in Figure 7c-e. The 3D-MXene-r-GO composite aerogel electrode
displayed excellent cycling performance with 91% retention of capacitance after
15,000 cycles (Figure 7f). The 3D MSC maintained outstanding self-healing
capacity (Figure 7b) with capacitance retention up to 81.7% after the 5th healing.
The synthesis of self-healable 3D-MXene-r-GO MSC dispensed an approach for
fabricating next-generation durable electronic devices with multi-functionality to
meet sustainable development [77]. The performance of recently reported all-
solid-state MSCs based on 2D materials are summarized in Table 3.

4.4 Other important 2D materials

Transition metal oxides/hydroxides (TMOs/TMHs) are electrochemical pseu-
docapacitor materials and widely used as electrode materials in supercapacitor
applications due to their high energy density, abundance and high capacitance [87].
But their performance as supercapacitor electrode materials limited because of low
intrinsic conductivity. So, 2D TMOs/TMHs have been explored in supercapacitors
owing to their enhanced electronic conductivity and high specific surface area [88].
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(a) Schematic illustration for the fabrication process of 3DMSC based on MXene-rGO composite aerogel,

(b) photographs of the self-healable carboxylated polyurethane: Left (intial), right (after the healing) and
middle (after damage). Electrochemical performance of MSCs based on the MXene-rGO composite aerogel
(c) CV at various scan rates, (d) GCD at different curvent densities, (e) the variation in areal capacitances vs
scan vate of MSC and (f) cycling stability of MSC based on MXene-rGO composite at the current density of
2mA cm™>. (Source: Reprinted from [77], with permission from, copyright@2018 ACS).
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Recently, research has been put into the fabrication of 2D TMOs/TMH:s for MSC
electrodes, limitations remain when using electrode based on a single material.

The major disadvantages mainly rely on poor rate capacity caused by low electri-
cal conductivity, restricted enhancement of energy density, and low capacitance,
limiting their practical implementations [87]. To surpass the challenges of using
single electrode materials, it is appropriate to fabricate nanoarchitectures based on
composites of TMOs/TMHs. This can hone the configuration to avoid the agglomer-
ation of 2D nanosheets and raise the performance level of various electrode materi-
als to execute effective enhancement of supercapacitor performance [89]. Inspired
from these findings, Wang et al. developed all-solid-state planar asymmetric MSCs
based on Co(OH),/EG and porous VN nanosheets/EG as positive and negative
electrodes, respectively, together with an interdigital mask placed on the Nylon
membrane. The developed electrodes showed high electrical conductivity, high
flexibility, and homogeneity over a large area and were acted as flexible electrodes
without any need for binder, additives and metal-constituted current collectors

for VN//Co(OH), -PHMSs. The outstanding performance of the electrode was
benefited from planar device geometry, synergy of Co(OH), nanoflower (charge
storing like battery) and VN nanosheets (charging storing like capacitor) based
hybrid structure, and highly conducting EG nanosheets, which served as both
additives and current collectors. The enhancement of capacitance in PHMss (planar
hybrid MSCs) was occurred due to the porous structure of VN and nanoflower
morphology of Co(OH),, these factors are suitable to enhance electrolyte ions and
lessen their diffusion paths. The interdigital planar geometry of VN//Co(OH),
-PHMSs permits the ultra-fast flow of electrolyte ions between the adjacent finger
electrodes with a concise diffusion pathway. This improved charge storage via the
effective exploration of highly active surface area of 2D nanosheets. Consequently,
the fabricated PHMss exhibited areal capacitance of 21 mF cm™* and volumetric
capacitance of 39.7 F cm™ with a notable energy density of 12.4 mWh cm™ and
84% capacitance retention over 10,000 cycles [83]. Recently, Lee et al. fabricated an
in-plane MSCs comprised of Co(OH); and r-GO through a cost-effective two-step
fabrication method (Figure 8a). This method contained the fabrication of Co(OH),
and r-GO on Au electrode using photolithography and electrodeposition method.
The Au metal situated at the bottom of the electrode act as a current collector and
effectively transfers electrons to the active material because of its high conductivity.
The electrode’s large surface area promotes the reaction between the electrolyte and
the active material. This electrode structure maximizes the volumetric and areal
capacitance of fabricated Co(OH),//r-GO ASC (Figure 8b), shows a power density
of 100.38 pW cm ™ and energy density of 0.35 pfWh cm-2 for practical devices.

and an excellent cycling capability with a capacitance retention up to 89% over
10,000 cycles, together with exceptional flexibility [86]. 2D MOFs are important
2D materials with tunable functionality and a designable porous structure with
periodicity [90-92]. The high porosity of organic framework materials is suitable
for producing electric double-layer capacitance and the heteroatoms like B, N, O
and S located on the organic frameworks may show redox behavior for the pseu-
docapacitance [93]. The shortage of feasible microfabrication methods limits the
practical implementation of MOF based electrode materials in MSCs. For the first
time, a flexible symmetric MSC based on conductive Ni-catecholate-MOF possess-
ing redox chemistry and high conductivity in the negative and positive windows
was grown on 3D laser scribed graphene by Wu et al. The developed LSG/Ni-MOF-
based MSCs showed outstanding areal capacitance of 15.2 mF cm™ at 0.2 mA cm ™.
The 7 conjugation of tricatecholate ligands resulted in decent electrical conduc-
tivity. The flow of electrolytes is enhanced due to the porous 1D open channels
formed by the alternative stacking of 2D layers. The fabricated MSCs displayed the
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(i ag Schematic representation of the fabrication of Co(OH),-e-rGO, (b) the variation in areal capacitances
v/s curvent density of Co(OH),//e-rGO MSC (Source: Reprinted from [13], with permission from RSC) and
(c) schematic diagram of the fabrication of ternary hybrid film and displaying ternary hybrid film supported
on cellulose acetate via vaccum filtration and fabrication process of RGO/MnO,/Ag NW-MSCs on alumina
(Source: Reprinted from [82], with permission from, copyright@2015, ACS).

highest power density of 7 mW cm™ and a high energy density of 4.1 yW h cm™
Asillustrated in fig, MOF based MSC retained 87% of its initial capacitance in

gel electrolyte even after 5000 cycles. This approach may shed light on fabricat-
ing novel MOF-based MSCs and electrochemical devices [84]. Recently, Liu ez al.
presented all-solid-state MSCs based on a flexible ternary hybrid film (RGMA)

of RGO/MnO,/AgNW (silver nanowire) via facile vacuum filtration and thermal
reduction (Figure 8c). It provided a great advantage to include metal oxide or metal
nanoarchitectures into graphene film with strong potential for various thin-film
energy storage devices. They adopted an efficient strategy to design graphene-
based nanoarchitctures by incorporating the high electrical conductivity, interface
integrity of the components and energy storage mechanisms (pseudocapacitance
and electric double layer capacitance). Graphene is good material for the flexible
energy storage devices due to its mechanical stability and MnO, served to enhance
the capacitive performances and inhibited the aggregation of graphene nanosheets.
The ternary hybrid film’s mechanical flexibility and electrical conductivity could
be enhanced by the 1D AgNW, which functioned as a conducting bridge between
Needle-like MnO, and graphene nanosheets. This flexible MSC delivers a specific
capacitance of 2.72 F cm™ and an excellent cycling capability with a capacitance
retention up to 90.3% after 6000 cycles, together with exceptional flexibility and
volumetric energy density of 2.3 mWh cm™ (power density of 162.0 mW cm™) in
ionic liquid gel electrolyte [82]. Figure 9 illustrates the schematic representation of
fabrication and characterization of all-solid-state MSCs based on 2D materials.
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Figure 9.

Schematic of fabrication and characterization of MSC based on 2D materials. Graphene structure (Mary,
2020), TMD structure (Wikipedia contributors. (2020, October 12). Transition metal dichalcogenide
monolayers. In Wikipedia, The Free Encyclopedia. Retrieved 07:20, October 17, 2020, from https://en.wikipedia.
org/w/index.php?title=Transition_metal_dichalcogenide_monolayerseboldid=983161701) MXene structure
(Yujuan Zhang, Ningning Zhang and Changchun Ge- First-Principles Studies of Adsorptive Remediation

of Water and Air Pollutants Using Two-Dimensional MXene Material, materials 2018, 11 [11], 2281.

Three electrode setup (Benjamin Hsia- Materials Synthesis and Chavacterization for Micro-supercapacitor
Applications, Doctoral dissertion, University of California, Berkeley (2013)). Fabrication technologies and
Synthesis/characterization (Source: Reprinted from [76] ).

5. Conclusion

MSCs as an energy storage devices attract considerable attention due to their
notable characteristics such as smaller volume and high electrochemical perfor-
mance. This chapter provides a brief overview of the recent developments in the
field of 2D material-based all-solid-state MSCs. A brief note on the MSC device
configuration and microfabrication methods for the microelectrodes has been
illustrated. 2D materials based MSCs open up new avenues for the technologically
relevant real-world applications. 2D materials such as MXenes, graphene, TMDs,
and 2D metal-organic framework, TMOs/TMHs materials, have been described
with regard to their electrochemical properties for MSCs. It is reported that the one
issue faced by 2D materials is their unavoidable aggregation or restacking owing
to their intense van der Waals interactions. To overcome this, there are approaches
available like expansion of interlayer space with regard to enhanced storage ability
or intercalation of guest molecules to increase the active sites. Moreover, for MSCs,
2D materials with vertical orientation grown on interdigitated current collectors
is favorable to attain enhanced charge transport and low interfacial resistance.
Additionally, to achieve higher conductivity and large specific surface area,
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combining various materials with 2D hybrids is a practical approach to surpass each
component material’s challenges. Precisely, novel 2D materials with fascinating
electrochemical properties are highly required. For example, 2D materials such as
borophene, tellurene, silicene, phosphorene and germanene with higher electrical
conductivity and enhanced specific surface area can be suitable candidates for high-
performance MSCs. However, the coatings or surface functionalization of these 2D
materials will be needed due to their chemical degradation and intrinsic surface
instability under surrounding conditions. Above all, the processibility, reliability,
and scalability of high-quality 2D materials are necessary not only for basic research
but also for the real-world technological applications that need improved microfab-
rication methods such as screen printing and inkjet printing and 3D printing, etc.

Despite the recent advances in the design and fabrication of MSCs, MSC is still
imperfect and require more developments. Some challenges limit practical imple-
mentation such as sustaining stable output voltage for wearable devices (microsys-
tem and MSCs array just ignore these issues), current and output voltage are yet not
pleased and more attempts should be assigned to design MSCs with a wider poten-
tial window. Moreover, various features, such as self-healing, hydrophobia, and
stretchability, could be more developed to improve MSC performance. The device
fabrication holds a significant role in technological innovation that, successively,
affects the large scale production and the complexity of MSCs. It is expected that
the integration of microdevices and smart functions into systems is unavoidable for
facilitating the fast growth of smart electronic devices. MSCs based on 2D materials
are focused on the powering of energy-consuming microdevices. Because of the
complication in the smart systems’ fabrication process, only limited works have
been reported. So, innovative self-powered smart systems, including energy storage
units, constitute a highly emerging research direction. Besides, the fabrication of a
smart system with flexible, biodegradable and washable features can open the way
for future independent, continuous, and intelligent daily electronics functioning.
Moreover, these all-in-one self-powered systems can be used for health care applica-
tions in the future.
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Chapter 14

Pulsed Electrochemical
Micromachining in Stainless Steel

Pablo Rodriguez, Daniel Hidalgo and Julio Eduardo Labarga

Abstract

This chapter presents research on pulsed electrochemical micromachining of
stainless steel. Suitable equipment to study the process is described as well as a
fitting procedure to machine and measure the variables involved. The pulse on-time
must be maintained in the order of ns to achieve a good current confinement since
the tool is active. Some experiments were carried out to assess the most important
variables of the process: current confinement, surface roughness, material removal
rate and efficiency. The current confinement has been observed to worsen when
the pulse on-time increases, as well as the surface roughness. The material removal
rate and efficiency increase with the voltage amplitude and the pulse on-time. The
voltage amplitude must be higher than 12 V so that the phenomenon of passivation
does not affect the process. There is a compromise in the choice of the variables,
so a suitable combination of parameters is determined in order to achieve a good
material removal rate with an acceptable result.

Keywords: pulsed electrochemical micromachining, current confinement, material
removal rate, efficiency

1. Introduction

Microfabrication consists of obtaining products or parts with features at micro-
or submicroscale, therefore requiring very narrowly controlled material removal.
Microfabrication has been widely used for the manufacture of holes in injectors,
fluidic microchemical reactors requiring microscale pumps, micromoulds and
many more applications, as described by Brousseau et al. [1]. Microfabrication
plays an increasingly important role in the miniaturisation of components from
biomedical applications to manufacturing sensors. Surfaces to be obtained are slots,
complex surfaces, microholes, etc. Combinations of those features must frequently
be achieved in the industry of microelectronics. These parts are very often manu-
factured by conventional processes with all the limitations and problems involved,
such as tool wear, inaccuracy due to low rigidity of the tool, heat generated by the
process, etc. With the development of MEMS and multiple benefits of the micro-
systems, microproducts are widely accepted in various fields of applications like
aerospace, automotive, biomedicine, etc. [2]. In this context, non-conventional pro-
cesses, and especially electrochemical micromachining, acquire greater significance
due to their specific characteristics to avoid the problems of conventional processes.

Since the first years of developments in electrochemistry, electrochemical meth-
ods have played an important role in precision technologies to machine structures
and parts. In the 1950s, electrochemical machining arose as the most widely used
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technique to manufacture complex geometries, such as turbine blades, generally in
dense materials. The ease of application of this technology along with the inherent
advantages of the process, such as good surface roughness, promoted its application
to more advanced processes in the field of micromechanics, microelectronics and
micro-systems [3]. Electrochemical deposition techniques were used as standard
technology to deposit copper to obtain connections in high performance circuits
while lithographic techniques, LIGA, are used to manufacture micromoulds [4, 5].

Electrochemical micromachining is a highly specialised process used in the
aerospace industry. Today, it is starting to be used in other industries, where
difficult-to-manufacture parts, complex surfaces and components of a microscopic
scale need to be obtained. Electrochemical micromachining is today widely used
for manufacturing semiconductor elements and thin metallic films [6]. In addition,
electrochemical micromachining can be easily hybridised with other processes to
broaden the process capabilities and material processing window [7].

Analogous to conventional electrochemical machining (ECM), pulsed electro-
chemical micromachining (PECMM) is a controlled process of anodic dissolution
to remove the material with current densities in the order of 10° A/m’ between the
tool (cathode) and the workpiece (anode) through the electrolyte [8]. PECMM uses
a pulsed voltage signal and must be analysed per pulse according to the structure
of the Helmholtz/Gouy-Chapman/Stern double layer [9], which can be modelled
as a resistance in parallel with a capacitor. This model has provided good results in
experiments and indicates that the current is used at first to charge the capacitor
(capacitive current). When the charge is high enough, that is, when its voltage is
high enough, some current will flow to be used in the anodic dissolution process
(faradaic current) since the polarisation or overpotential will have a significant
value. Therefore, two stages can be distinguished in each pulse. The first part of the
pulse on-time is a transient period in which the current is used in the polarisation of
the double layer, which has to be high to achieve fast polarisation. The second stage
is a steady period in which the current is used mainly for the anodic dissolution. In
this context, what seems most fitting is that the transient process (non-faradaic)
should be very short and the steady process (faradaic) very long. In addition, the
intermittent supply of voltage provides idle time to flush the hydrogen bubbles and
sludge from the machining zone and also increases control over the dissolution
process [10]. However, a long steady period decreases the accuracy of the process as
the current confinement under the tool tip worsens when this period is lengthened.
Therefore, a compromise in the time of the steady-state period is required. By solv-
ing the differential equation of the equivalent circuit, the expression of the current
as a function of time is obtained. The resulting time constant is the product of the
electrolyte resistivity, the capacity of the double layer and the distance between the
interelectrode gap (IEG) [8].

r=p-IEG-cp, (1)

A high value of the constant time will cause the current lines to spread over a
broad area from the tool tip, thus reducing the accuracy of the process. Therefore, a
low pulse-on time must be chosen to achieve accuracy.

By causing the tool to move towards the workpiece, the material is removed
under its tip, since the current density is higher at a lower distance between the
tool and workpiece, and thus, the geometry of the tool is copied as a cavity in the
workpiece. As compared with other processes, PECMM is a high-precision tech-
nique to obtain holes of a small diameter or to obtain crack-free microcomponents
without any residual stress. There are two methods of achieving accuracy with
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electrochemical micromachining. One of them is to use a tool in which all the
surface is isolated except for the tip. This method ensures that all the current flows
from the tip and that the cavity obtained is equal to that tip, since this current is
responsible for the anodic dissolution of the material. Another method is the use of
ultrashort voltage pulses, usually shorter than 100 ns. This method achieves high
accuracy by confining the faradaic current density under the tool due to the incom-
plete charge of the double layer in areas far from the part through which a very low
current will flow.

An important phenomenon which affects the process is the formation of a
passive oxide layer that hinders the anodic dissolution [11]. The characterisation of
this phenomenon is very important, since some processes like electropolishing are
performed more adequately in passivation conditions [12]. When this takes place,
the voltage applied has to be above a threshold value to cause effective machining
[13]. It can also be avoided by adding acid to the electrolyte, such as HCI or H,SO,,
which dissolves the passive layer. This layer can be considered an additional elec-
trical resistance in the equivalent circuit, which prevents the current from being
confined under the tool tip [14]. According to this explanation, the current which
flows from the sides of the tool finds a similar resistance to that which flows from
the tool tip and therefore the current is spread over a broad surface.

Significant advances have been made in the research of this process on many
materials such as aluminium, titanium, steel and copper [15, 16]. Stainless steel is
a very important material to be used in any type of microcomponent, but dissolu-
tion is difficult since its chemical properties are not very suitable for this process.
Some of the existing studies were performed specifically on stainless steel [17-20].
Nevertheless, the pulse on-time used in those cases is too high to obtain a good
confinement of the current. Furthermore, there are few studies in which the size
of the tool is as small as a few microns. Though some work has been done in order
to control the process by varying the main parameters [21], there is a huge amount
of work to be done to characterise this process correctly as regards the values of the
parameters in order to obtain a good result in terms of current confinement, surface
roughness, material removal rate (MRR) and experimental set-up. In this work, a
broad study has been made of the results of PECMM in stainless steel with pulse
on-time values in the order of ns as a function of the main variables.

2. Experimental set-up

The experiments performed for the study were made by means of equipment
that allows accuracy and ease of handling of tools and parts to be achieved. Figure 1
shows a sketch of this equipment.

The equipment for the experiments rests on an anti-vibrations Table TMC,
which provides a floating bench that prevents the tool and the part from oscillating.
The position of the recipient is controlled by a three-dimensional (3D) nanometric
positioning system based on a piezoelectric technology and with a resolution of
1 nm. There is a system of recirculation for the electrolyte, which flows constantly
through the cell to a tank from which it is pumped to the cell after passing through a
filter. Thus, the particles that appear in the cell are constantly being removed from
the electrolyte. Experiments were performed in a solution of NaNO; at 2% in weight
as the electrolyte.

The material of the workpiece is AISI 304 stainless steel and the tool is made of
Tungsten, 99.7% high purity. The tools are pins with a very small tip, measuring
about 5 pm in diameter. The tool tip is sharpened by means of anodic dissolution
in which the tungsten pin is used as the anode and the sheet of stainless steel as the
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cathode. The electrolyte used for this process is a solution of KOH at 5% in weight.
Figure 2 shows a picture of the equipment used for the process. In Figure 3, a
microtool used for the process is shown.

In order to apply the voltage pulses to the system, a Function Generator Agilent
33,250 A is used, which generates voltage signals of several types and a broad
range of frequency, up to 100 MHz, which corresponds to a width of 10 ns in the

Motor Controller | —

Nano-pulse Oscilloscope €
generator

Current sensor

DC Power Pulse
Source Amplifier

Tool
fixture

Pump

Anti-vibration table

Figure 1.
Sketch of the equipment used for experiments.

Figure 2.
Equipment for electrochemical micromachining.
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voltage pulses. The signal applied by the generator passes through a developed pulse
amplifier that provides the necessary current for the process corresponding to the
voltage amplitude. The amplifier is fed by a DC power source Keytheley 2220G-30-1
which provides a current limiting system, so that the amplifier is not overloaded.
The graphs of voltage and current between electrodes for a machining process are
shown in Figure 4.

In this graph, the current rises from zero to the stationary value going through
a transient period of about 50 ns. Taking the criterion that the time constant is
the time taken by the system to reach 63% of the total amount of change, a value
of 25 ns for the time constant is deduced for a value of IEG = 1 um and the other
conditions described above. Therefore, values of on-time pulse above 50 ns are
adequate for the process.

The electrochemical process is observed by means of a Supereyes USB Portable
Digital Microscope BO08 connected to a computer in which the amplified image

Figure 3.
Microtool used for the process.

200ns
T 3000

DPO4104B - 13:12:06 27/07/2017

Figure 4.
Signals of voltage and current between the electrodes in the machining process. Signal 1: voltage (V) and signal
2: current (mA).
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of the tool and the area of the part being machined can be seen. This microscope is
also helpful to set the approach of the tool to the workpiece in order to establish the
reference of distance.

The voltage applied to the cell as well as the current passing through it is mea-
sured by means of a digital oscilloscope Tektronic DPO 4104, which allows several
signals with up to 3 GHz to be visualised by using a maximum sample rate of 5 Gs/s.
It also permits mean signal values to be measured, applying filters and making
mathematical operations with signals, such us obtaining Fourier Transforms.

In order to observe and measure the dimensions of the features machined, as
well as the tip of the tools, a scanning electron microscope and an optic microscope
were used.

The reference for the position of the tool is taken as the point of value 0 for the
IEG. That position was found by electrical contact between the tool and the work-
piece. It is observed that, when using an active tool, the current does not change
significantly as IEG decreases. However, when there is electrical contact, the cur-
rent increases suddenly to a very high value. This phenomenon allows the reference
to be found with a very slow movement of the tool and, therefore, a brusque impact
is avoided, which could damage the tool tip.

3. Results and discussion

PECMM works on the principle of Faraday’s laws of electrolysis. The process
consists of applying a potential difference between the tool and the workpiece so
that an electrochemical reaction arises, which removes material from the work-
piece. The metal is detached atom by atom from the anode surface and appears
in the electrolyte as ions (Fe’*). These ions result in the precipitation of ferrous
hydroxide Fe(OH),. Simultaneously, hydrolysis causes the water molecules to gain
electrons from the cathode and they separate into free hydrogen gas and hydroxyl
ion [22]. The reactions can be summarised in the following equations:

Fe — Fe*" +2¢~ 2)
HO+2¢ - H, T+20H" (3)
Fe** +20H™ — Fe(OH), 4)

3.1 Current confinement and surface roughness

In order to achieve precision in the machining the process must take place only
under the tool tip, so that the cavity obtained in the workpiece is exactly the one
determined by the profile of the tool. Therefore, current through the sides of the
tool must be avoided, since it would remove material from other areas far from
the tool tip. There are two methods of attaining this goal. The first one is isolating
the side surface of the tool and using DC voltage as the process signal. The other
one is using ultrashort voltage pulses and a very low IEG. The second method is
used by several researchers [8, 11, 12] due to its ease of use if a function generator
is available.

The confinement of the current can be assessed by observing the edge of the hole
machined. If there is confinement, the contour of the hole will be sharp; otherwise
the edge will be rounded. This phenomenon was studied by machining slots with
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several values of pulse on-time and maintaining a constant voltage and period. By
observing the size of the machined area, an assessment of the confinement of cur-
rent can be achieved. The conditions for the experiments are shown in Table 1.

The average current is seen to decrease as the pulse on-time becomes lower,
since the current only flows in the voltage pulse periods. A photograph of the holes
machined in experiments R-01 to R-04 described in Table 1 is presented in Figure 5.
All the slots were machined with the same tool, which had a tip diameter of 10 pm.
However, the width of the slot decreases with the pulse on-time from 150 to 70 um
approximately, as can be seen in the image. This is a consequence of the spreading
of the current, which will be higher with an increased pulse on-time. In addition,
the roundness of the edges can clearly be seen to be higher when the pulse on-time is
augmented. A bright area can be observed around the slots, which suggests that the
current also spread outside the hole and hence some material was removed from that
area. It can therefore be deduced that when an active tool is used there is always a
spreading of current outside the area under the tool tip, even if the edge of the hole is
sharp. The holes machined with an isolated tool are shown in Figure 6. The current
has clearly spread over a much smaller area since the diameter of the holes is much
lower and there is no bright area around them.

Regarding surface roughness, the relationship between conditions and results
are similar to those in mechanical machining, since a high MRR produces high sur-
face roughness and vice versa. Therefore, a compromise must be achieved between
surface roughness and process speed.

Experiment IEG Voltage Pulse width Period Average current
(pm) V) (ns) (ns) (mA)
R-01 1 16 120 370 26
R-02 1 16 110 370 22
R-03 1 16 100 370 16.1
R-04 1 16 90 370 10.3
Table 1.

Conditions of the experiments for assessing current confinement and surface roughness.

Figures.
Slots machined in experiments R-01 to R-04.
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Figure 6.
Holes machined with an isolated tool.

Electrochemical machining has been observed to cause tiny craters in the
workpiece surface, as a result of the localised current flowing through the electrolyte
at the points of least electrical resistance. Therefore, if the current intensity is lower,
the craters will be less deep and the resultant surface will be smoother. This can be
seen clearly in Figure 4, which shows that the roughness is increasingly higher in the
holes corresponding to R-04, R-03, R-02 and R-01, that is, when the pulse on-time
grows. Therefore, it can be concluded that a good result is achieved by applying
avoltage of 16 V and a pulse on-time of 80 ns and both confinement and surface
roughness worsen when more aggressive values are used.

3.2 Material removal rate (MRR)

Material removal rate is a crucial variable in machining, since it determines the
productivity of the process. This variable depends on the overpotential 5, according
to the principles of electrochemistry [9]. Therefore, the amplitude of the voltage
signal determines the current intensity. Nevertheless, as the voltage signal applied
to the cell consists of pulses, what determines MRR is the mean value of the current,
according to Faraday’s law of electrolysis:

MRR=m = 2L ©)
Z-F

where A is the gram atomic weight, Z is the valence of dissolution, F is Faraday’s
constant and I is the average current. In turn, the average current depends on the
ratio between the period and the pulse on-time of the signal. Therefore, the main
parameters which determine MRR are the pulse amplitude and the ratio between
pulse on-time and period.

In order to determine the value of the parameters to attain a maximum of MRR
several experiments were performed, setting the combination of parameters by means
of an experiment design in which the voltage varied between 7 and 16 V and the pulse
on-time from 50 to 80 ns, keeping the period constant at 370 ns. The output variable
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considered was the current density, which provides more information regarding the
performance of the process than the current intensity, as it takes the tool tip size into
account. The results can be observed in Figure 7, which shows the variation of the aver-
age current density as a function of the voltage for every value of the pulse on-time.

As can be seen in the graph, from 7 to 11V, there is a decrease in current density
as the voltage increases. This is due to the passivation phenomenon which occurs
on the stainless steel surface. At a value of 12 V, the current density increases
dramatically and then remains approximately constant. The range beyond 12 V
is therefore the transpassive area, in which the voltage of the tool is enough to
dissolve the passive layer under the tool tip and to remove material locally. As
the current density was calculated by dividing the total current by the area of the
tool tip, the sudden increase in the current density in that area does not involve a
significant increase in the current as whole. Therefore, the average current grows
in a constant manner as the voltage increases, as can be seen in Figure 8.

This effect determines that, in order to achieve good machining without
dispersion of the current, the voltage value must be high beyond the passive area
of the stainless steel so that the MRR is maximum.

Average current density
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100 =
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Figure7.
Average current density as a function of voltage amplitude and pulse on-time.
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Figure 8.
Average curvent as a function of voltage amplitude and pulse on-time.
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The method of assessing the real MRR is to observe the volume of material
removed, which is determined by the geometry of the hole made in every experi-
ment. The volume removed can be represented as a function of the voltage applied
and the pulse on-time. These graphs are shown in Figure 9.

The graph shows that the volume removed increased with the voltage applied
for every value of the pulse on-time. According to this tendency, the best value of
the voltage to achieve a good MRR is the highest possible one. On the other hand,
the increase is observed to be faster when the pulse on-time grows, so the value of
this parameter should be as high as possible while maintaining the conditions of
confinement. This graph can be presented in a 3D format in order to show the join
effect of voltage and pulse on-time, as it can be seen in Figure 10.

3.3 Efficiency

The efficiency of the electrochemical machining can be obtained by comparing
the theoretical value of material removed with the real one. The theoretical value
is given by Faraday’s law (5) and can be calculated from the current in the process.
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Figure 9.
Volume of material removed as a function of voltage amplitude and pulse on-time.
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Figure 10.
3D representation of the volume removed as a function of voltage amplitude and pulse on-time.
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The real value can be calculated from the geometry of the machined feature, as
explained in Section 3.2.

This characteristic of the process is of great significance to the cost of the
process, most of all, at an industrial level, and should be optimised by choosing the
appropriate parameters.

In order to assess the efficiency of the process the results of the experiments made
for observing the MRR were used. The ratio between the volume removed and the theo-
retical volume corresponding to the current was obtained and represented in Figure 11.
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Figure 11.
Efficiency of the process as a function of voltage amplitude and pulse on-time.
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3D representation of the efficiency of the process as a function of voltage amplitude and pulse on-time.
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In these graphs, very low values of efficiency can be seen, because the maximum
efficiency is lower than 12%. This is a consequence of the dispersion of the current,
as the results presented in Section 3.1 show. According to the graphs, the higher the
voltage and pulse on-time, the better the confinement of the current in the area
under the tool tip and hence the higher the efficiency. The join effect of voltage and
pulse on-time in efficiency is shown in the 3D of Figure 12.

These results can be analysed along with those presented in Section 3.2.
Observing those graphs and Figure 5 it can be deduced that the reason why the
volume removed increases so drastically for voltage values higher than 14 V is not
the increased current, but the clear increase in the efficiency of the process for
those values. So, in order to achieve the best efficiency along with a good value of
material removed, the highest possible value of voltage amplitude must be used
along with the widest pulse maintaining the confinement and surface roughness
within acceptable values.

4, Conclusions

A study of the optimum conditions for pulsed electrochemical micromachining of
stainless steel has been presented. The equipment and the conditions for the process
have been described. In order to find the optimum parameters for the process, the
most important variables for the performance of the process have been taken into
account. These variables were confinement, surface roughness, material removal rate
and efficiency. Observing the results of the experiments, it can be stated that surface
roughness increases with the pulse on-time of the voltage signal, whereas the confine-
ment is better when the pulse on-time is lower. The passivation phenomenon takes
place at voltage amplitude values lower than 12 V and disappears at higher voltages.
The material removal rate is higher when both voltage amplitude and pulse on-time
grow. The efficiency of the process is an important variable which increases with volt-
age amplitude and pulse on-time. Nevertheless, these variables must not be chosen
beyond the limits of acceptable surface roughness and confinement. These limits have
been setat 16 V and 80 ns, respectively, in this study.
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Chapter 15

RF MEMS Switch Fabrication and
Packaging

Lakshmi Swaminathan

Abstract

RF (Radio Frequency) MEMS (Micro Electro Mechanical Systems) technology is
the application of micromachined mechanical structures, controlled by electrical
signals and interacting with signals in the RF range. The applications of these
devices range from switching networks for satellite communication systems to high
performance resonators and tuners. RF MEMS switches are the first and foremost
MEMS devices designed for RF technology. A specialized method for fabricating
microsturctures called surface micromachining process is used for fabricating the
RF MEMS switches. Die level packaging using available surface mount style RF
packages. The packaging process involved the design of RF feed throughs on the
Alumina substrates to the die attachment, wire bonding and hermetic sealing using
low temperature processes.

Keywords: RF MEMS switches, surface micromachining, low temperature
packaging

1. Introduction

Due to the reduced size, cost and low power consumption as well as very high
precision, MEMS applications have extended from mere pressure and temperature
sensors to vast array of applications viz., Aerospace, Automobile, Biotechnology,
Consumer products, Defense and the most important and pertinent Telecommuni-
cations [1]. Hence RF MEMS devices have the advantage of increased functionality,
substantial performance improvements, high agility, modularity and
reconfigurability [2]. These devices are applicable to high performance communi-
cation systems such as satellite communication and m applications [3].

RF MEMS switches are the first and foremost MEMS devices designed for RF
technology. RF MEMS switches compared to their semiconductor counterparts such
as FET and PIN diodes show far superior performance. The current-voltage non-
linearity that is the bane of semiconductor devices is non-existent in the case of RF
MEMS switches. The power consumed by these switches is far less since most of the
switches using electrostatic and piezoelectric actuation require negligible power
requirements. They are also not plagued by issues of harmonics and intermodula-
tion of signals. They exhibit very low insertion loss in the range — 0.05 to —0.2 dB at
a frequency of 40 GHz. They also possess very high isolation in the range of —40 dB
at 40 GHz [4, 5]. The only drawback is that their switching speed is far inferior
compared to their semiconductor counterparts. However, there are several high
performance communication circuits such as in defense and satellite systems where
speed may not be the criteria whereas low power consumption and high RF
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performance would be the key features required. Due to these features they
improve the overall performance of the systems into which they are integrated.
Hence, the focus of this work is on RF MEMS switches which are a superior
alternative to existing semiconductor switches.

MEMS devices are fabricated by the use of special techniques called
micromachining. Micro fabrication or micromachining or micro manufacturing is
the use of a set of manufacturing tools based on thin and thick film fabrication
techniques commonly used in the electronics industry. It is also a technology for
creating small three dimensional structures with dimensions ranging from sub
centimeters to sub micrometers. A vast majority of MEMS structures are fabricated
using bulk micromachining process. This involves etching of bulk wafer leading to
three dimensional structures such as beams, cantilevers and cavities. These pro-
cesses can be realized on substrates such as Silicon, Glass and Gallium Arsenide etc.
The thickness of the structures can range from a few micrometers to 200 mm. The
resulting dimensions of microstructures are much larger compared to surface
micromachining process. Surface micromachining is a process based on building up
of material layers and then selectively retaining or etching by continued processing.
The bulk of the substrate remains untouched. LIGA processes combine IC lithogra-
phy and electroplating and molding to obtain depth. Patterns are created in a
substrate and then electroplated to create 3D molds. These molds can be used as the
final product, or various materials can be injected into them. This process has two
advantages. Materials other than Silicon can be used e.g. metal, plastic and devices
with very high aspect ratios can be built [6].

This chapter provides the complete details of the unit step processes used for
the fabrication and packaging of RF MEMS switches. The focus is on fabrication of
low actuation voltage RF MEMS switches [7-10]. There are several challenges
involved in the fabrication of MEMS switches such as, structural deformation,
residual stress, non-release of structural layer to name a few. These challenges are
overcome and addressed throughout the fabrication process by optimization of
several unit processes. The unit processes used is discussed in each section of this
chapter.

1.1 Fabrication process steps

Surface micromachining process is used for fabricating the switches. In the
present work, fabrication costs were brought down by

* low resistivity Silicon wafers as substrate
* Use of only four masks for fabrication [11]

The sections below give the detailed description of the fabrication steps followed
for successful fabrication of RF MEMS shunt switches.

The test wafers used in this work is P-type {100} low resistivity 4” wafers with
resistance ranging from 1 to 100 €. Using low resistivity wafers to fabricate RF
MEMS switches has the advantage that integration with CMOS circuits is easier.
However, use of low resistivity Silicon wafer leads to higher insertion loss due to
inherent parasitics.

The following are the process steps used for fabrication:

i. Cleaning of test wafer: Using RCA-1 and RCA-2 processes.

ii. Oxidation of the test wafer: Using wet oxide process
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iii. CPW metal layer patterning: Using sputtering and lithography steps

iv. Dielectric deposition and layer patterning: Using PECVD for Silicon Nitride
depostion followed by lithography steps.

v. Sacrificial layer deposition and patterning: Using Photoresists and
lithography steps

vi. Top layer deposition and patterning: Using sputtering and lithography steps.
vii. Top layer release: Using Critical point dryer.

Figure 1 gives pictorial representation of the process steps followed for fabrica-
tion of the RF MEMS shunt switches.

1.1.1 Cleaning of test wafer

The cleaning of the Silicon wafer is the first process employed to removing any
organic residue or films on the Silicon wafers. The cleaning process is performed in
two parts [12]. The first part of the cleaning process is the famous RCA-1 named
after the laboratory at which it was developed. In this process five parts of water is
mixed with one part of Ammonium Hydroxide (NH,OH) and one part of Hydrogen
Peroxide (H,0,). This mixture is then heated to 75°C on a hot plate. Once the
solution bubbles vigorously the Silicon wafer is soaked in this solution for
15 minutes. The wafer is then dipped in a solution made of one part of Hydrofluoric
acid (HF) and 50 parts of water for 30 seconds. This solution serves the purpose of
etching out the thin oxide layer developed on the wafer. The wafer is again washed
with DI water. The next step also called RCA-2 involves the use of Hydrochloric
(HCl) acid, Hydrogen Peroxide (H,0,) and DI water in the ratio of 1:1:6. This
solution is then heated to a temperature of 75°C for 15 minutes after which the
Silicon wafer is placed in this solution. RCA-2 completely removes the traced of
ionic contaminants from the wafer surface.

1.1.2 Oxidation of test wafer

The oxidation of Silicon wafer leads to the formation of a layer of native oxide
i.e., Silicon Dioxide on the wafer surface. It is seen that only Silicon material has the
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Figure 1.
Steps involved in fabrication of capacitive shunt switches.
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ability to form a native oxide which has led to its wide usage in the IC industry. This
layer serves a number of purposes. It acts as a surface passivation layer by
protecting the surface from moisture and other atmospheric contaminants.

The main aim of using Silicon dioxide for RF MEMS switches is for the need for
isolation and insulation from the low resistivity silicon wafer used as the substrate.
By using Silicon Dioxide it is seen that the parasitics between the Co-Planar Wave-
guide (CPW) layer and the silicon substrate underneath are drastically reduced.
This approach leads the application of silicon substrate for RF circuits and wireless
communication systems [13-16]. The formation of oxide layer in this work is
through the wet oxidation process since the requirement is only for passivation.

The wafer was placed in a Nano pyrogenic furnace as shown in Figure 2 to
obtain a Silicon Dioxide layer of 1 pm thickness. The following steps were followed
to oxidize the wafers. The time required for the Silicon Dioxide thickness of 1 pm
was calculated to be approximately 4 hours, 30 minutes.

1.The furnace temperature is ramped to 500°C with Nitrogen gas flow at
5 liters/min. The furnace temperature is then raised to a temperature of
1100°C. This process of heating up takes 1-2 hours.

2.0nce the set point temperature is reached, the wafers are put into a Quartz
boat and loaded into the tube utilizing a furnace loader.

3. During the heating up process, pure oxygen and hydrogen flows through the water
bubbler for 4 hrs and 30 minutes resulting in gas saturation with water vapor.

4.The wafers were then annealed using Nitrogen gas with the gas allowed to flow
at 5 litre/min for 10 minutes.

5.The wafers are then cooled for ten minutes and checked for oxide thickness.

The thickness of the oxide layer was measured using an ellipsometer and was
found to be around 1.063 pm.

1.1.3 CPW metal layer patterning

The proposed RF MEMS capacitive shunt switches have been integrated with a
CPW line. The fabrication of CPW lines is easily integratable with the fabrication

L
e

Figure 2.
Details of oxidation furnace at CeNSe, IISc.
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steps required for the RF MEMS switch, which justifies the choosing of CPW lines
over microstrip lines. This section gives fabrication steps for the CPW layer forma-
tion on the Silicon wafer.

a. Sputtering of Gold layer: The sputtering of gold layer depends on various

parameters such as temperature, target distance, deposition pressure and
Argon flow rate [17]. TECPORT sputter coater is used for obtaining the
Chrome/Gold layer as shown in Figure 3. The process parameters of the
sputter coater were set at a base pressure of 5x10° Torr, deposition pressure
of 6.5x10 2 Torr, target to substrate distance set at 7.5 cm, with the Argon
flow rate at 250 Scc/m. A seed layer of 10 nm is sputtered using a DC power of
100 W, a pre-sputtering time of 600 seconds and a deposition time of

22 seconds. For Gold DC Power was set at 25 W with a pre sputtering time of
30 seconds followed by a deposition time of 220 seconds with the deposition
rate at 5 °A/sec. This was followed by Chrome sputtering to form a layer of
15 nm thickness. This process step would ensure good adhesion of the anchors
of the top Gold beam with the bottom layer.

. Lithography for CPW layer: The first photolithography step is used to

pattern the CPW lines. A positive Photoresist (PR) AZ5214E is spin coated at
speed of 4000 rpm using the spin coater for 40 seconds. It is then soft baked
at 110°C for 1 minute. The wafer is then loaded into the EVG Mask aligner for
PR exposure as shown in Figure 4. The proximity of the mask aligner is set at
30 pm and the energy for UV rays is set at 15 mJ. The mask used for this layer
is as shown in Figure 4. The wafer is then post baked at 110°C for 1 minute
and flood exposed using 75 m]. The wafer is then immersed in the developer
MF 26 A for around 20-30 seconds. The wafer is then subjected to a hard bake
at 110°C for 3 minutes. The wafer is then inspected under the microscope to
ascertain that the PR has developed.

. Gold/Chromium etch: The etching of Gold (Au)/Chromium (Cr) is achieved

by Potassium lodide and Iodine (KI/I,) solution in a ratio of KI: I,: H,O = 4 g:
1 g: 40 ml. At room temperature etch rate is approximately 1 pm/min for
Chrome/Gold. For the Cr/Au/Cr thicknesses of 10 nm/100 nm/15 nm
respectively the time is set to 10 to 20 sec for Cr etch, 60 to 120 sec for Au

Figure 3.
TECPORT sputter coater.
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Figure 4.
EVG mask aligner at CeNSE, IISc.

Figure 5.
Mask 1 for CPW layer patterning.

etch and 10 to 20 sec for Cr etch. Figures 5 and 6 represent the mask for
patterning and the resulting CPW layer respectively.

1.1.4 Dielectric layer deposition and patterning

The following process steps were followed for the deposition and patterning of
dielectric Silicon Nitride (Si3N4) on the central signal line of the CPW layer.

a. Deposition of SizNy: This layer provides the dc isolation between the signal
line and the ground line when the switch is actuated to the down-state
position. A thinner layer of Si;N, will result in a higher capacitance in the
downstate but would lead to pinhole problems which occur in thin dielectric
layers. Also, the thin dielectric layer must be able to withstand the actuation
voltage without breakdown.

Oxford Instruments Plasma technology Plasma Enhanced Chemical Vapor
Deposition (PECVD) system is used for deposition of Si;N4 as shown in Figure 7.
PECVD is a process by which thin films are deposited from the conversion of
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Figure 6.
Optical microscope image.

Figure 7.
Oxford PECVD for Si;N, deposition at CeNSE.
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gaseous materials into solid state, due to a chemical reaction occurring in the
presence of plasma. PECVD uses electrical energy to generate the plasma. Due to
the presence of plasma, the gas mixture is transformed into highly reactive ions
and molecules, which leads to low temperature requirements as compared to
CVD processes. PECVD processes results in high quality films which have good
adhesion, uniformity and good step coverage [18].

Silane (SiHy) is usually supplied along with an inert gas like Nitrogen, Argon
or Helium. Silane reacts with Ammonia (NH3) to produce Si3N4 and a by-
product Hydrogen. This reaction is as depicted by the chemical reaction as
given below.

3SiH4 + 4 NH; — SisN4 + 12 H,

. Lithography for SizN,: The patterning of Si3N, is achieved by first

depositing a positive photoresist AZ4562 by placing it on a spin coater. The
spin coater rotates at 4000 rpm for 40 sec. After soft baking at 110°C for
1 minute, the PR is exposed to UV rays through a mask aligner at proximity of
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30 pm and energy of 110 mJ. The PR is then developed using the developer
AZ 351B for 45-60 seconds. Next, the wafer is hard baked on an oven at 110°C

for 3 minutes.

Etching of SizN,4: The etching of Si;N, is performed using a dry etch process
called Reactive Ion Etch (RIE). Reactive Ion etching is a process wherein the
reactive species react with the material to be etched only when the surfaces of
the material are activated by the collision of incident ions from the plasma. The
etching characteristics like etch rate, etch profile, etch uniformity, etch
selectivity can be controlled very precisely by selecting the right combination of
recipes of chamber pressure, flow rate of gases, applied RF power and electrode
bias. The etch rates are slow typically about 10 nm/ min up to 50 nm/min.

The RIE-F equipment used at CeNSe, IISc is as shown in Figure 8. For etching
of Si3N, the chamber pressure is set at 10 mTorr, RF power at 50 W with the
main power at 2000 W. The flow rate of Sulfur Hexa Flouride (SF¢) is set at
45 scc/m with the temperature at 5°C. For etching out 100 nm of Si;N, the
required time was 12 seconds. The mask used for the patterning of the Si;N,
layer is as shown in Figure 9.

d. Photoresist strip: This is followed by the wet etching of the photoresist by

Figw
RIE F CeNSe, IISc.

dipping the wafer in acetone for 5 minutes followed by immediate cleaning

re 8.

Figure 9.

Mas
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using Isopropyl Alchohol (IPA). This is to prevent the re-deposition of
stripped photoresist on the substrate since Acetone has high vapor pressure.
This is followed by cleaning with Ultrsonicate Acetone for 3 minutes.
Figure 10 shows the patterned silicon nitride layer.

1.1.5 Sacrificial layer deposition and patterning

The sacrificial layer is the layer which will be etched out to release the top metal
layer. The topography and planarity of the top membrane is defined by the sacrifi-
cial layer planarity. Several materials like metals, dielectrics and photoresists have
been used as the sacrificial layer. The choice of the sacrificial layer is based on the
processing steps that follow the deposition of this layer, the temperature range, the
required planarity and profile of surface. Here, a positive Photoresist (PR) S1813 is
used as the sacrificial layer. This PR has to be deposited with utmost accuracy in
order to define the gap between the top electrode and bottom electrode of the RF
MEMS switch. The complete process of sacrificial layer deposition and patterning
can be explained by the following steps:

Sacrificial layer Optimization: The PR S1813 is a positive photoresist which has
excellent adhesion, excellent coating uniformity with effective broadband expo-
sure. This PR is used for a wide variety of process flow requirements such as lift-off,
dry etch, wet etch, the thickness of the PR to name a few. The plot in Figure 11
gives the resist thickness versus spin for the Shipley family of PRs. Thick PR layers
can be achieved in one step, however they have the disadvantage of being non-
uniform over the wafer surface. In order to achieve uniform and thick PR coating,
the coating process is performed in three steps. In the first step, the spin coater is
run at low speeds of 500 rpm for 30 sec. This low spin speed and reduced spin time

Figure 10.
Optical microscope image of silicon nitride layer formed.
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Figure 11.
PR deposition using multiple step method.
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will result in uniform coating of thick resist on the wafer. In the second step the
speed is ramped upto 1000 rpm within a time of 30 sec. A solid film of the
photoresist is formed with the complete evaporation of the solvent. This step
decides the thickness and uniformity of the photoresist. The third step consists of
the spin coater speed set at 2000 rpm for 40 sec. This last step ensures that any
leftover solvent is completely evaporated. The complete cycle of spin coating is as
shown in Figure 11. Using a Dektak optical profiler the thickness of this layer was
confirmed to be 3 pm.

Sacrificial layer patterning: The patterning of the sacrificial layer photoresist is
processes by first depositing one more layer of positive PR S1813 on this layer. This
was achieved by the spin coater speed set to 500 rpm for 30 seconds, followed by a
ramp up of 1000 rpm for 30 sec and 200 rpm for 40 sec. After soft baking the PR is
exposed to UV rays through a mask aligner at a proximity of 30 pm and energy of
75 mJ. The mask used for generating the pattern for this layer is as shown in Figure 12.

The PR is then developed using the developer AZ 351B for 30-60 seconds. Next,
the wafer is hard baked on an oven at 90°C for 30 minutes. The PR layer thickness
shrunk from 3 pm to 2.09 pm after development and baking.

1.1.6 Top layer deposition and patterning

The top layer or beam formation defines the performance of the RF MEMS switch.
The top layer designs were simulated using Coventorware™. These designs have been
chosen due to their lower pull-in voltages. Gold is the choice for the top layer due to
its favorable characteristics such as, its high conductivity, non-tarnishing property,
high Young’s Modulus and compatibility with micromachining processes. The top
metal layer deposition and patterning is described in the following sections.

a. Gold layer deposition: The deposition of this layer was carried out using the
TECPORT sputtering equipment. It may be recalled that the bottom layer has
the composition of Cr/Au/Cr. This composition would lead to excellent
adhesion of the top layer anchors with the previously deposited Chrome
layer. Several Iterations were carried out in order to sputter the top Gold layer
without residual stress. Several parameters such as temperature, rate of
deposition were optimized in order to arrive at top layers without buckling
after release process.

Finally, with the optimized parameters setting temperature and rate of
deposition a stress free top layer was arrived at. The stress free top layer is of
critical importance for reduction in actuation voltage. The process parameters
of the sputter coater were set at a base pressure of 5x10 ° Torr, deposition

Figure 12.
Mask 3 for PR layer.
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pressure of 6.5x10 > Torr, target to substrate distance set at 7.5 cm, with the
Argon flow rate at 250 sccm. The DC Power was set at 25 W with a pre
sputtering time of 30 seconds followed by a deposition time of 1100 seconds
with the deposition rate set at 5°A/sec.

b. Gold layer patterning: The four switch designs chosen for the top Gold layer
are shown as four respective masks in Figure 13. The lithography involved
the use of AZ5412E positive PR. This was spin coated at 4000 rpm for 40 sec.
The wafer was then soft baked aligner at a proximity of 10 pm and energy of
50 m] The PR is then developed using the developer MF 26A with the wafer
dipped in the developer of 20-140 sec. Next, the wafer is hard baked on an
oven at 90°C for 30 minutes. For Gold etch, freshly made Potassium Iodide
and Iodine (KI/I,) solution in a ratio of KI:I,;:H20 = 4 g:1 g:40 ml is used. The
unwanted Chrome deposition on the bottom layer is also etched out using a
Chrome etchant for 5 to 10 seconds.

1.1.7 Top layer release

The release of the top switch membrane is the most crucial step in the whole
fabrication process. There are many methods to release the top layer without
deformation and stiction. The first step in the top layer release is to etch the
sacrificial layer. This could be achieved by using dry etching or wet etching. In wet
etching, conventional liquid solvents are used to completely remove the sacrificial
layer followed by drying. The drying could be through the process of air drying or
through critical point drying.

i

(a) (b)
(c)

Figure 13.
Four top layer designs for RF MEMS switch. (a) Fixed-fixed beam switch. (b) Fixed-fixed Flexure switch.
(¢) Fixed-Fixed Single Flexure switch. (d) Crab leg Flexure switch.
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Critical Point Drying (CPD) was found to be the best method for MEMS devices
[19]. In this work the wet etch was followed by CPD to release the top layer. PR
layer first stripped by using Piranha solution. The Piranha solution is prepared by
mixing Sulfuric Acid and Hydrogen Peroxide in the ratio of 3:1. This is an extremely
strong oxidizing agent which removes organic residues and especially PRs from the
substrate.

Critical point drying.

There was the requirement of a drying technique wherein surface tension could
be reduced to zero and a continuity of state of the liquid could be obtained. It was
found that if the temperature of the liquefied gas is increased the resulting pattern
of the meniscus is flat indicating a reduction in surface tension. This results a very
low surface area of the liquid which in turns leads to the evaporation of the liquid.
This is called the critical point of the liquid. The critical phenomena can be utilized
as a drying technique as it achieves a phase change from liquid to dry gas without
the effects of surface tension and is therefore suitable for delicate biological speci-
mens. MEMS devices. Of all the gases that were tested for the critical point, Carbon
Dioxide (CO,) remains the most common medium for the CPD procedure and is
termed the ‘Transitional Fluid’. However, CO, is not miscible with water and
therefore water has to be replaced in the specimen with another fluid which is
miscible with CO2, this is termed the ‘Intermediate Fluid’. IPA is solvable in CO,
and hence most of the MEMS devices are place in this liquid for CPD process.

The critical point dryer used in this work was the Tousimis Samdri® line of
Supercritical Point Drying machine as shown in Figure 14. The wafer after the
Piranha dip was placed with great care in a petri dish containing IPA. This was then
carefully transferred to the CPD equipment. Once the release cycle was finished, the
Switches were inspected under a microscope and then using Scanning Electron
Microscope (SEM) and were found to be free of residual stress on the top beam.
Also, the gap between the top membrane and the bottom electrode was clearly
visible without any PR residues.

1.2 Packaging of RF MEMS shunt capacitive switches

The main objectives of packaging of MEMS devices are to protect the actual
functioning of the device from external environmental influences like chemicals,
temperature, electromagnetic influences. The packaging forms a foundation on
which the actual device is mounted thus giving much needed mechanical support.
Packaging also helps in routing of interconnections of the chip with the outside
world.

Figure 14.
Tousimis Samdri critical point dryer at CeNSE, IISc, Bangalore.
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The most critical factor for the successful commercialization of micro level
devices is packaging. With the maturity gained in IC (integrated circuits) fabrica-
tion over the past many years, the packaging of ICs also has gained great maturity
and sophistication. The same cannot be said about MEMS packaging. Although
some of the advancements of IC packaging can be applied to meet the requirements
of MEMS devices, some specialized techniques are required for MEMS packaging.
Packaging of MEMS devices is much more complex and expensive than conven-
tional IC packaging. This is because MEMS devices usually consist of three dimen-
sional structures with free movement. This leads to the requirement of encapsulated
cavities. Microsystem packaging also involves, bonding, interconnecting, and
assembly of micro scale component to form a microsystem product. Packaging is
the last and crucial step in the lifecycle of MEMS devices and may cost anywhere
between 20-90% of the total device cost. Important functions of packaging are
listed below:

* Mechanical reinforcement and ruggedness

* Environment invulnerability against temperature, electromagnetic
aberrations, chemical reactions

* Interfacing with outside world
* Hermetic sealing
* Assimilation of multiple chips to form a multifunctional system

In the case of MEMS devices the requirement of hermetic sealing may vary from
device to device since some of the MEMS devices need an exposure to the environ-
ment in which they work and some other devices do not. It is also necessary to note
that the packaging needs are special and case specific due to the micro mechanical
structures. MEMS packaging involves key design and packaging considerations such
as wafer thickness, wafer dicing, thermal issues, stress effects, isolation, protective
coatings and hermetic sealing.

The packaging for RF MEMS devices has to meet more stringent specifications
due to the high frequency range of interest. Also, the demand is for high perfor-
mance, low cost strategies which is usually a challenge. Furthermore, apart from the
general MEMS packaging issues, the packaging of RF-MEMS devices has the
following concerns.

1. Hermiticity of the packages should be ensured to provide high reliability RF
MEMS devices since their operation depends on the ambient conditions under
which they perform.

2.Interconnects, package substrates and passivation layers through the package
to the outside world should offer low loss and low intermodulation.

3.Footprint of the total packaged device must be small, keeping with the
requirement of miniaturization and high component densities especially for
satellite and wireless communication systems.

The packaging of RE MEMS devices can be classified into two broad categories,

one, wafer level packaging and the other, die level packaging. This work focuses on
die level packaging hence the following paragraphs will focus on this.
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1.2.1 Die level packaging

This is a type of packaging used for low volume requirements. Die level packag-
ing is also called 1-level of packaging. The 1-level package usually consists of a pre-
fabricated metal can/ceramic/plastic package with leads for connecting to the out-
side circuits or systems. These packages come with the base as well as the lid. For
both ceramic as well as metal packages the cavity formation in the base of the
package is an established method. The MEMS chip is attached to the base package
using low temperature solder based epoxies and baked for removal of gaseous by
products of the solder or epoxy. The next step involves the placement of the top
cover over the base package in a vacuum or nitrogen atmosphere. Next, hermetic
sealing is done along the package rim which is performed using localized heating.

This method of packaging is expensive and is suitable for telecommunication
base stations, satellites and defense systems but not for high volume applications
like mobile phone handsets. Furthermore, the additional costs are mainly due to the
great care with which the MEMS chips are to be handled after their release. Fur-
thermore, standard scribing procedures cannot be used for dicing the wafer into
chips since there is a high possibility of introduction of contaminants on wafer
surface. These contaminants cannot be removed by mere cleaning. This cleaning
will furthermore require a critical point drying for every chip which would further
escalate the costs. A generic 1-level packaging is as shown in Figure 15.

In this thesis the focus is on die level packaging using available surface mount
style RF packages. However, the whole packaging process is performed under low
temperature in order to free the MEMS structures of thermally induced stress which
otherwise would affect the performance of the switch. The details of the packaging
process starting from the design of RF feed throughs on the Alumina substrates to
the die attachment, wire bonding and hermetic sealing are discussed in details in the
following sections.

1.2.2 Packaging of RF MEMS shunt capacitive switches
The packaging of RF MEMS switches involves the following steps:
* Dicing of wafer
* Design of RF feed throughs on Alumina substrate

* Attachment of the base package to Alumina substrate

1. Inapect and test waler E. Saw and dice walor 3 Baparate dice 4. Post-procoas
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Figure 15.
Simplified one level RF MEMS packaging flow.
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* Die bonding to package base
* Wire bonding

* Hermetic sealing

2. Dicing of wafer

Wafer dicing is the process by which the individual unit of dies are separated
from the wafer. This process may be carried out by using mechanical sawing,
scribing, breaking or laser cutting. Of the several issues and challenges of RF MEMS
packaging, dicing is one of the foremost challenges. In the case of ICs, the resultant
contaminants or debris due to the dicing process, on the surface of the die can be
easily removed by a post-dicing cleaning process, however, in the case of MEMS
devices the fragile mechanical structures on the die may get damaged by these
contaminants. Dicing methods such as mechanical sawing, scribing and breaking
lead to debris from the dicing process which may scatter on to the die leading to
buckling or breaking of the delicate MEMS structures. Therefore, the choice of the
dicing process is of utmost importance in the case of RF MEMS devices.

In order to obtain least residues from the dicing process, Chicago Laser System
(CLS 960) Neodymium-doped Yttrium Aluminum Garnet (Nd:YAG) laser has been
employed. This is shown in Figure 16. Nd:YAG lasers are one of the most common
types of laser used in cutting and welding steel, semiconductors and various alloys.
These lasers typically emit light with a wavelength of 1064 nm, in the infrared.

Figure 16.
Chicago laser system (CLS 960) laser dicer.

Figure 17.
Diced chips as seen under a microscope.
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The wafer to be diced was mounted on the dicing platform with the alignment
set. The wafer is then diced into unit chips or dies with high precision. The unit dies
obtained were observed under a microscope. It was visually confirmed that the RF
MEMS switches were undamaged. The samples of diced chip are as shown in
Figure 17.

3. Design of RF feed throughs on Alumina substrate

There are several choices of substrates for packaging like Quartz, Silicon, Alu-
minum nitride (AIN) and Alumina (Al,O3) to name a few. Ceramic substrates such
as Aluminum Nitride and Alumina are most commonly used packaging materials
for MEMS. Alumina is the primary choice because it combines economic, physical
and electrical advantages [20]. Also, Alumina is readily available in sizes that range
from tiny chips to large ceramics in thicknesses from 0.25 mm to 1.5 mm and in a
variety of shapes and designs. The finished substrate can be drilled or cut with
diamond tools and lasers.

Some of the key properties of Alumina are as given below:

* Good thermal conductivity

* High strength and stiffness

* Resistance to strong acid and alkali attack at high temperatures

* Excellent size and shape capability

* Excellent dielectric properties from DC to GHz frequencies

* compatibility with thick film resistors and dielectrics

* Excellent adhesion with thick film conductors

Having chosen Alumina as the substrate material, the RF feedthroughs on the
Alumina substrate had to be designed. The generic CPW line is as shown in
Figure 18. The design of the CPW lines on the Alumina substrate was based on
many parameters such as trace (S) and ground line (G) lengths, permittivity of
Alumina (€,), material properties of conductor and the operating frequency. The
designed layout for CPW lines on the Alumina substrate is as shown in Figure 19.

Silver Palladium paste (7474 Ag/Pd) is used to form the CPW conductors on the
Alumina substrate. This paste is chosen for its excellent solderability and excellent
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Figure 18.
Schematic of CPW line.
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Figure 19.

CPW layout on alumina substrate. (1) Front view. (2) Back view.

3

aged adhesion on substrates like Alumina and it’s comparatively low cost. The three
steps involved in the formation of CPW lines on the Alumina substrate is as given
below.

* Scribing
* Screen-Making

* Printing, Drying and Firing

i. Scribing: Scribing is basically designing on the substrate using laser. The
blank substrate is first divided into a number of regions by scribing. The
laser used in this process is a combination of Nitrogen, Carbon Dioxide
(COy) and helium gases. At higher temperatures, the valence electrons
combine to produce laser light.

The advantages of laser scribing are
1.High edging steepness
2.Small edge roughness
3.No micro cracks
4.Small thermal influence by optimized uv treatment
5.Contact free material processing

6.High precision and positional accuracy.

After the scribing process the plates are subjected to the de-burring process.
De-burring is done to remove the ceramic particles that accumulate on the
surface due to laser penetration. De-burring is done using another ceramic
plate. The plates are cleaned in de-ionized water and then dried in an oven
at 120°C.

ii. Screen-Making: This is the preliminary process for printing. Here, the
stainless steel mesh is first stretched with hydraulic force. The frames are
then attached to the mesh. The chromo difloro film, is first stuck on to the
wet screen and dried in the oven after which they are exposed to UV light
with the respective photo film layer. The film is developed using water.
After screen making process is over, printing is performed on the Alumina
substrate.

269



Nanofibers - Synthesis, Properties and Applications

These are the following precautions to be observed in screening:
1.The screen should be free of foreign particles.

2.The screen tension should be within the specification of
workmanship.

iii. Printing: In this process, the conductors are printed on the substrate. The
conductor paste is (7474 —Palladium Silver) is screen printed. It is then
dried at 150° C for 15-20 minutes in order to remove the solvents and then
fired at 850° C in a fast firing furnace. At this temperature sintering takes
place with a dwell time of 10 min and then ramp down takes place after
which the paste starts behaving like a conductor. At the end of this process
CPW lines on the Alumina substrate were formed.

4. Attachment of base package to alumina substrate

Surface mount packages are used for packaging the diced chips. The current
packaging methodology proposes the use of surface mounted plastic packages sup-
plied by Elecsys technologies, USA. These packages are suitable for DC to 18 GHz
range which is also the frequency of interest of the RF MEMS switches. These
packages also have their leads to be co-planar compatible. These packages have a
conductive metal base attached to an Alumina ceramic ring frame with a cup
shaped lid with a b-stage epoxy preform for sealing. Figure 20 shows the layout
details of the SMX series packgae used for packaging the RF MEMS shunt switches.
Figure 20(a) shows the base of the package with leads made of Copper and Gold.
Figure 20(b)shows the top view of the base package showing the jutting leads.

The attachment of Base Package to the substrate is achieved by using a non-
conductive epoxy named 8700 K. This epoxy is a high thermal conductivity, low
temperature curing, microelectronics grade adhesive. It is then cured at 150°C for
2 hours. In order to connect the base package pins to the CPW conductor lines, a
conductive epoxy 84-1 LMINB1 is used. This conductive epoxy used, is a high
purity silver filled die attach adhesive ideal for application by automatic dispenser.

i
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Figure 20.
Layout details of the SMX series package. (a) inside view (b) top view.

5. Die bonding

Die bonding or die attach is one of the most crucial steps in the packaging
process especially in the case of MEMS devices. This requires careful handling of the
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diced MEMS chip/die since the die contains fragile mechanical structures. The dies
have to be picked from the wafer either using manual methods or by automatized
grippers. They have to be then placed on the base package cavity. The choice of die
bonding process depends upon package sealing strategy, operating conditions and
environmental and reliability requirements. The die attach can be achieved through
the following bonding methods:

1.eutectic bonding
2.solder attach
3.epoxies, silver filled glass or polymide

Eutectic bonding uses a die bonding technique with an intermediate metal layer
(Au/Al) which would result in a eutectic system. The most important feature of this
type of bonding is that the eutectic temperature can be much lower than the melting
temperature of individual elements. Solder Attach is the most preferred type of die
bonding since the solder provides for good thermal conductivity. But this type of
die bond would lead to large amount of heat generation during the attachment
process which may lead to a large thermal stress on the mechanical structure in the
case of a MEMS device.

Epoxy bonding is achieved by attaching die to the substrate by using epoxy glue.
A drop of the epoxy is first dispensed on the substrate and the die is placed on it. In
order to cure the epoxy the substrate or package may need to be heated. Most
commonly used adhesives are polyimide, epoxy and silver filled glass. Epoxy bond-
ing has the following important features such as low curing temperature, used for
wide range of die sizes and can be reworked easily [21, 22]. Epoxy is used for die
attachment in this work.

The bare die is attached to the Base Package using non- conductive epoxy (H74
epoxy) and curing at room temperature of 25°C for 48 hours, keeping in mind the
low temperature requirement for packaging in this work [23]. H74 epoxy is a
thermally conductive epoxy designed for hybrid circuit assembly including die
attach. The outstanding feature of this epoxy is that its curing process is fast even at
low temperatures and also has a built in color change when the adhesive is cured.
The adhesion of the dies is good and is confirmed by the non-destructive pull test
(NDPT) and die shear test. It is passing the NDPT of greater than 16 grams and the
die shear strength is greater than 6.55 kgs. The tested samples are as shown in the
Figure 21.

Figure 21.
Die shear test.
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6. Wire bonding

Wire bonding is a process by which interconnections are made between the die
to the suitable location on the substrate or package. Wire bonding has the advantage
of being low cost and flexible method of interconnection and is widely used to
assemble majority of semiconductor packages. They also have the advantage that
they can be used upto a frequency of 100 GHz if properly designed. Thus it is most
suitable for RF MEMS switches.

Thermosonic bond is formed by the combination of three parameters, ultra-
sonic, thermal and mechanical force. A thermosonic bonding machine uses a piezo-
electric transducer which converts the electrical energy to a vibratory/ultrasonic
motion. This is in turn converted to an amplified oscillatory motion using a velocity
transformer. This oscillatory motion is delivered to a heated bonding tip. The
thermal energy and the ultrasonic motion together create a softening of the lead
wire and hence its deformation leading to a required contact area using low tem-
perature and low force.

Hence, in the proposed work thermosonic bonding has been chosen as the wire
bonding technique due to its desirable properties of operation at low temperature
and low force. A Kuilelle and Soffa thermosonic bonder is as shown in Figure 22
which is used for the wire bonding process. Ball and wedge bonds of Gold wire of 2
mil are used for wire bonding between bare die to the package base pads as shown
in Figure 23(a). The NDPT test was also performed to ensure the strength of the
wire bonds. The wire bonds were then covered with Epotek-301-2FL, a low stress
adhesive especially used for glob top encapsulation over wire bonds. The curing for

Figure 22.
Kulicke and Soffa thermosonic ball bonder.

(a)

Figure 23.
Wire bonding. Hermetic sealing and soldering of SMA. (a) Gold wire bonding. (b) Gel dispensed on bonding
Wedge.
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this adhesive was done at room temperature of 25°C for 72 hours. Figure 23(b)
shows the adhesive covered wire bonds.

Hermetic seals are airtight seals that prevent the invasion of oxygen, moisture,
humidity, and any outside contaminant to enter a sealed environment. This kind of a
sealing is of utmost importance in semiconductor devices and MEMS devices. In the
case of MEMS devices this is a top priority since the performance of a MEMS sensor
or actuator directly depends on the ambient conditions under which they operate.

This work proposes the use of epoxy resins to seal the package lid to the base
package. The top can/case is attached to the base package using a non-conductive
epoxy H74 and cured at a room temperature of 25°C for 48 hours. The package with
the top case attached is as shown in Figure 24. This method of curing was tested on
samples in order to ascertain the complete curing. The specification sheets states
that this epoxy requires a temperature of 150°C for 5 minutes and a temperature of
100°C for 20 minutes, for curing. However, curing at room temperature of 48 hours
has led to the complete sealing. This was ascertained by performing a leak test on
the packed RF MEMS switch. There are several types of leak tests to confirm the
hermiticity of sealed packages. The Helium leak test was performed following a
procedure as explained below. The vacuum method is the most sensitive leak
detection technique. It requires that part of the package be placed under hard
vacuum and the other part to be pressurized with helium. The side which is placed
under vacuum is connected to the leak detector. If there is a leak, the helium that
penetrates this side will be detected by the leak detector. The package under test
passed the standard leak test with a test value of 5.0 x 10~ ® std. atm.cc/sec.

In order to characterize the packaged MEMS switches Sub Miniature version A
(SMA) connectors have been used. These connectors are designed to be used
between DC and 18 GHz. The SMA’s chosen for this work with part number 1367-
000-G91P-35 were procured from Delta Electronics Manufacturing Corporation.

Figure 24.
Lid sealed package.

Figure 25.
Package with SMA connectors.
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These connectors were soldered to the Alumina substrate using solder wire (Sn 63:
Pb37) as shown in Figure 25.

7. Conclusions

The objective is to fabricate the simulated designs using low cost fabrication
processes. Considering the ease of implementation and complications of the pro-
cesses involved, it is focused to fabricate only the capacitive shunt switches using a
low cost, low resistivity silicon wafer as the substrate and using only four masks for
the whole process. Surface micromachining process was used to fabricate these
switches. During the fabrication several challenges such as residual stress of top
gold film, planarization of sacrificial layer, release of top beam were encountered
and are overcome. Several rounds of optimization of unit process led to the suc-
cessful fabrication of these switches. Packaging the fabricated switches, was done
using low temperature methods to minimize the effect of packaging on the struc-
ture. The packaging of these switches used SMAs. The packaging involved several
steps such as wafer dicing, conductor screen printing on substrate, die bonding,
wire bonding and hermetic sealing. The switches are packaged and hermetically
sealed by using a unique method of curing and sealing using room temperature
methods, in order to avoid thermally induced stress in the fragile MEMS beams of
the switches. The proposed packaging methodology has passed both the shear test
and the hermeticity tests. By optimizing the fabrication process to cater to batch
processing and also finding methods of CMOS compatible methods, this technology
will help meet the ever growing demands of wired as well as wireless communica-
tion for low loss high performance RF switches.
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Abstract

Optoelectronic devices are advancing from existing rigid configurations to
deformable configurations. These developing devices need transparent electrodes
(TEs) having high mechanical deformability while preserving the high electrical
conductivity and optical transparency. In agreement with these requirements,
vacuum-fabricated conventional TEs based on transparent conducting oxides
(TCOs) are receiving difficulties due to its low abundance, film brittleness, and
low optical transmittance. Novel solution-processed TE materials including regular
metal meshes, metal nanowire (NW) grids, carbon materials, and conducting
polymers have been studied and confirmed their capabilities to address the limita-
tions of the TCO-based TEs. This chapter presents a comprehensive review of the
latest advances of these vacuum-free TEs, comprising the electrode material classes,
the optical, electrical, mechanical and surface feature properties of the soft TEs,
and the vacuum-free practices for their fabrication.

Keywords: fabrication, transparent electrodes, solution processed, soft electronics,
stretchable electronics

1. Introduction

Nanofabrication means the manufacturing techniques of material or structures
with critical dimensions in range of one to few hundreds of nanometers. These tech-
niques realizes exceptionally small, features, structures, devices and systems those
have applications in numerous fields of basic and applied sciences. It is compara-
tively a new class of manufacturing that signifies recent areas of sciences as well as
creates new markets. Unlike conventional fabrication approaches, research in nano-
fabrication is multidisciplinary and needs combined work crosswise conventional
fields. In nanofabrication, the final product is based on nanoscale materials, such
as powders or fluids, and the components are realized either in “bottom up” or “top
down” fashion, using various nanotechnologies. Similar to other fields, the applica-
tions of nanofabrication approaches are enormous in optoelectronic devices, [1] for
instance, solar cells, [2] smart windows, [3] light-emitting diodes, [4] displays, [5]
transparent sensors, [6] and touchscreens. [7] Transparent electrodes (TEs) are the
key components in such optoelectronic devices. In addition to high optical transmit-
tance and low sheet resistance [8] required for traditional TEs, next-generation
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soft optoelectronic devices also need decent mechanical deformability [1, 9] in TEs.
Currently, the most utilized TEs are based on vacuum-processed TCOs, comprising
fluorine-doped tin oxide and indium tin oxide (ITO). [10, 11] Although TCOs based
TEs have demonstrated the required optoelectronic performance, several limita-
tions, such as low abundance, [12] film brittleness, [13] low infrared transparency,
[14] and failure during high temperature sintering, undermine their appropriateness
for utilization in the future soft optoelectronic systems. Thus, researchers have
developed novel TE materials and vacuum-free approaches for its fabrication to
substitute the TCOs. [15, 16]

Novel intrinsically transparent materials including graphene, [17] carbon
nanotubes (CNTs), [18] and conducting polymers [19, 20] have been explored to
replace the TCOs. Besides, other promising class of soft TEs designed from metals
are widely employed due to their excellent electrical, optical, and mechanical per-
formance. This typically include metal NWs networks [21, 22] and systematic metal
meshes, [23-28] and ultra-thin metal films. [29-31] In addition to the advancement
of new materials for soft TEs, plenty of research is performed on the development
of vacuum-free technologies for the low-cost fabrication of soft TEs. The list of
these techniques is mainly consists of spin coating, [32] spray deposition, [33] inkjet
printing, [34] screen printing, [35] transfer printing, [36] and slot-die coating. [37]

There have been several reviews published over the years, aiming at soft TEs from
applications perspective. [1, 11, 38] However, few of them focuses on the soft TEs
from the fabrication perspective. In this chapter, latest review of the vacuum-free
fabricated TEs for emerging soft electronic devices is presented. The chapter begins
with the discussion of key properties of TEs for soft electronics (sections 2). We
then introduce the TE materials including metals, carbon materials, and transpar-
ent conducting polymers (section 3,4). Finally in section 5, the recent progress on
vacuum-free methods that are typically employed for the realization of TEs, discuss-
ing their merits and demerits. We hope this chapter will enlighten the readers about
the emergent soft TEs to better design and fabricate low-cost soft electronics devices.

2. Important properties of the soft transparent electrodes
2.1 Optical transmittance and electrical conductivity

Preferably, TEs must exhibit both high optical transmittance and high electrical
conductance, and these are rather contrary from the physics perspective. It is due
to an essential requirement for the electrical conductance of a material is the high
charge density, that is restricted via the optical absorption of the free charges. [9]
Figure of merit (FoM) is commonly used for evaluation of the overall performance
of the transparent electrodes. FoM, which is the proportion of electrical conductiv-
ity to optical conductivity (64./04pt), and is measured by means of the commonly
used expression, as given below: [20, 22, 25, 26].

FOM=&= 188.5

% R (1 - 1)
s \/T
Where, T represents the optical transparency value at a wavelength of 550 nm
(as it is close to most sensitive wavelength of the human eyes, [39]) and R, repre-
sents the sheet resistance. A larger FOM value discloses a smaller sheet resistance

value at a particular optical transmittance value, and vice versa. Figure 1 presents
a comparison of FoMs for metallic soft TEs reported in recent studies. Among

D

280



Vacuum-Free Fabrication of Transparent Electrodes for Soft Electronics
DOI: http://dx.doi.org/10.5772/intechopen.96311

E
1%
2 ] § Metal NWs/NFs Electrodes
4 " ]
o 10% 5 4 Hybrid Electrodes
= o4 @ Metal Mesh Electrodes
“5 1 % % Commercial ITO
@ 1 - @ o
2107 Foe , @
o ] %90
- @ ° 000 Q *
9
1021. 2 % é
E========================£=‘
101 L} " L] " L] - L] " L]

Sheet Resistance (ohm/sq)

Figure 1.

Comparison of the FoMs of soft TEs (metal NW, metal mesh, and hybrid) and industrial standards. The data
was acquired from the literature. [15] The dashed lines vepresent typical industrial standarvd (green line) and
minimum industrial standard (ved line). [40].

these classes, metal-mesh based TEs has higher FoM values, both alone and as part
of the hybrid TEs. The detailed FoM values of metal based TEs are presented in
Tables 1-3.

2.2 Mechanical stability

Mechanically resilient TEs remarkable optoelectronic properties are vital for
the development of soft optoelectronic devices as without this, these systems will

Ra (Q-07) T (%) FoM Applications Reference
40 85 55 Low-cost TEs [41]
35 84 60 Low-cost TEs [42]
6.2 85 360 Low-cost TEs [43]
10 70 100 GaN-based LEDs [44]
12 82 150 OLEDs [45]
45 80 357 Photodetectors [46]
10 89 300 Touch-screens [47]
2 92 40 Touch-screens [48]
35 76 366 Low-cost TEs [49]
10 90 350 Large-area TEs [50]
2.5 973 4920 High-performance TEs [51]
130.5 92 35 Touch-screens [52]
30 85 80 OSCs [53]
Table 1.

Optical and electrical performance, and applications of metal NWs based soft TEs published in recent
literature.
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Ra (Q-07) T (%) FoM Applications Reference
0.036 75 34000 DSSCs/Heaters [15]
4 70 242 OLEDs [54]
15 96 410 Touch-screens [24]
21 85 90 Stretchable TEs [55]
40 80 38 OFETs/ OLEDs/OSCs [56]
22 78 62 OSCs [57]
30 85 75 Touch-screens [23]
3 82 600 Transparent Heaters [58]
8 77 170 0OSCs [59]
0.3 70 3200 Large-area TEs [27]
17 82 2700 EL displays [60]
0.03 86 80,000 Transparent Heaters [61]
4.8 81 355 Printed TEs [62]
18 76 145 High-durable TEs [26]
5 82 360 Touch-screens [25]
9.8 85.2 237 Touch-screens [63]
6 97 1900 Transparent Heaters [64]
8 94 800 Printed TEs [65]
7 96 12600 Nanofiber based TEs [66]
0.43 97 27000 Wearable TEs [67]
0.07 72 15000 Transparent Heaters [16]
013 86 20000 Transparent Heaters [68]
132 82 1400 DSSCs [69]
0.84 84 2500 EL displays [70]
3.8 90 900 Wearable Heaters [71]
21 88.6 1450 QLEDs [72]
13 87 200 Touch-screens [73]
10 75 120 Solar Cells [74]
11 86 220 Transparent Heaters [75]
47 87 550 OLEDs [76]
6.2 90 550 Transparent Heaters [77]
39 84 490 Highly Bendable TEs [78]
Table 2.

Optical and electrical performance, and applications of vegular metal mesh based soft TEs published in recent
literature.

not be not able to preserve electrical conductivity under significant mechanical
deformation. [69] Various approaches are developed to enhance the mechanical
stability of the soft TEs. For example, metal meshes are embedded and mechani-
cally anchored into the soft polymer substrates, which significantly enhanced its
adhesion with the substrate and as a result improves its mechanical stability under
deformation. [15, 16, 86] In addition to the mechanical stability of the TEs, the
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Ra (Q-07) T (%) FoM Applications Reference
1 92 5000 High-performance TEs [40]
2 95 4000 High-performance TEs [40]
12 80 1330 OSCs [79]
19 92 232 Perovskite Solar Cells [80]
9.1 79 165 OSCs [81]
5 80 325 Long-term Stable TEs [82]
0.6 93 8900 High-performance TEs [40]
0.36 92 12000 E-chromic Devices [83]
0.7 65 1100 Stretchable TEs [55]
1 98 1800 High-performance TEs [84]
3 92 1400 High-performance TEs [84]
60 90 60 PLEDs [85]
11 88 1050 Stretchable TEs [55]
Table 3.

Optical and electrical performance, and applications of hybrid soft TEs published in recent literature.

intrinsic mechanical stability of the other functional materials are equally impor-
tant concerning the successful operations of the soft electronic devices.

2.3 Other surface properties

TEs Surface roughness is significant as this considerably influences the
morphology and uniformity of the subsequent printed/coated layers. Though, it’s
hard to define a strict extreme roughness value vital for the effective production
of soft electronic devices. Yet, bottom TEs with lower surface roughness value are
preferred to minimize the possibility of electrical short circuiting. For instance, the
roughness (root-mean-square) of a coated/printed continuous PEDOT:PSS film
is normally <10 nm, which is adequately flat for most of the functional thin-films
involved in fabrication of electronic devices. But, the surface roughness of metal
TEs is much higher (hundreds of nm to few pm). For example, screen printed silver
mesh is >2 pm thick, making the subsequent functional layer uniform deposition
impossible. [87] To address this, researchers have has embedded the metal-mesh
into the polymer substrates to flat the TEs top surface. [16, 69] Similarly, metal NW
networks also demonstrate decent FoM as stated above, however, its high rough-
ness resulted in poor device performance. [88] Therefore, multiple approaches
have been established to flatten the metal NWs TEs by compacting the unattached
networks to a dense structure or filling the openings with supplementary TE
materials. [89, 90]

Chemical compatibility of the TEs/functional materials interface is another
important concern for TEs. An unsteady interface can cause substandard perfor-
mance and also fast deprivation of the TEs. For instance, the acidic behavior of
PEDOT:PSS TEs can corrode the base ITO layer, causing the diffusion of indium
at the TE/active layer boundary. Such erosion might result in critical gap condi-
tions which further caused the degradation of device. [91] To minimize the risk of
chemical/electrochemical decay of the sensitive metallic TEs, a traditional method
is covering the sensitive metallic materials with a thin-film. [92] This thin-film
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can be either from another class of conductor, for example, graphene, [93] and
less-sensitive metals, [94] or an insulating material, for instance, poly(methyl
methacrylate) (PMMA) and alumina, [95] The insulating film must be ultra-thin
(< few nanometers) for proficient charge transport. [96] In addition to roughness
and chemical compatibility, surface energy of TEs is also an essential factor to be
considered for the efficient performance of the active materials in soft electronic

devices. [97]

3. Metal based soft TEs

Due to the high density of free electrons, metals demonstrate the uppermost
electrical conductance among all the conductive materials. Yet, metallic materials
in bulk are unable to work as TEs directly as it has high light reflection at visible
wavelength. [11] Thus, shape structuring is essential for metallic materials to
attain the required optoelectronic characteristics. Following are the classes of
metal-based TEs frequently reported in recent years. These typically include metal
nanoparticle/nanowire/nanofiber networks, regular metal meshes, and ultra-thin
metal films.

3.1 Metal nanoparticle/nanowire/nanofiber networks

One of the major classes of soft TEs is prepared from the metal NPs/NWs
networks [21, 22], that have exhibited enormous performance in optical transpar-
ency, electrical conductivity, and mechanical deformation. The metal NPs or NWs
must be gathered to form transparent metal meshes using several vacuum-free
fabrication methods to realize soft TEs. In reality, the porous arrangement of these
class of TEs permit the light to go across the free spaces in the grids. Therefore, the
electrical and optical conductivity of these electrodes are greatly reliant on the grid
arrangement. Simply, the electrical conductance depends on the density of metal-
lic materials, while the optical transmittance is determined by the area fraction
of metal coverage. Among these, TEs prepared from the metal NWs got much
attention because of their shape and that they can easily be dispersed in various
solvents. Therefore, these can be processed by multiple vacuum-free techniques to
create TEs having decent optoelectronic performance for soft electronic applica-
tions. Table 1 reviews the electrical and optical performance, and applications of
metal NWs based soft TEs published in recent literature. Similar to other classes,
metal NWs soft TEs also suffer from quite a few difficulties such as problem in
achieving smooth NWs distribution across the large-area substrates, and the NWs
delamination from the substrate during deformation. [9] In addition, the dispersed
NWs network cannot be employed directly as further processing steps are normally
required to eliminate the polymer capping around the NWs to decrease the junction
resistance. This is achieved either using selective welding, bulk heating, or chemi-
cal processes. In addition to metal NWs, nanofiber based TEs have also got great
interest due to their wide range of unique capabilities. Nanofibers are fabricated by
employing various approaches, however, electrospinning technique is considered
to be facile and low-cost to realize nanofibers with decent reproducibility, well-
controlled shape, high aspect ratio, and saleable size. Moreover, the production of
nanofibers can be enhanced by means of electrospinning system with multi-noz-
zles. [98] Despite this potential, TEs based on nanofibers [24, 67, 84, 99] have the
randomly distributed patterns and because of this, the reproducibility of placing
the nanofibers in precise locations and alignments remains a foremost challenge in
these TEs. [15, 100]
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3.2 Regular metal meshes

Compared with metal NPs/NWs, metal-mesh based soft TEs look extra profi-
cient as their electrical and optical conductivity can easily be adjusted in a broad
assortment via changing the line width, mesh opening, and thickness. [26] Besides,
numerous metals can be employed as metal-mesh based TEs to attain the desired
chemical characteristics and work functions for the targeted soft electronic applica-
tions. [24] Table 2 summarizes the electrical and optical performance, and applica-
tions of metal mesh based soft TEs published in recent literature. The presented
data shows that the FoM values of metal-mesh based TEs are comparatively higher
than that of metal NPs/NWs based TEs. This is mainly due to the low junction
resistances, offered by the regular metal meshes. Regardless of the superior per-
formances, rough surface topography and poor adhesion between the meshes and
substrates constrained the extensive use of metal-mesh based TEs in soft electronic
industry.

3.3 Transparent thin metal films

Mostly, bulk metallic films having tens to hundreds of nanometers thicknesses
are utilized as back-electrodes (opaque-cathodes). But, ultra-thin metal films with
only few nanometers thicknesses can also be utilized as front-electrodes (trans-
parent-anodes). Since, these metal layers are thinner in comparison with the light
visible wavelength, and thus are optically transparent to human-eye. The thickness
and uniformity of the metal films determine the optoelectronic performance of
these TEs for the desired soft electronic applications. Several metals having dif-
ferent work-functions, including silver, nickel, gold, and platinum are effectively
employed as transparent electrodes in soft electronic devices. [100] However, the
vacuum-free fabrication of these ultra-thin transparent metallic films over large
area is difficult, and thus substantial advancements in the fabrication methods are
required to efficiently mass-produce these thin metal films.

4, Other soft TEs
4.1 Carbon materials

Graphene: Graphene efficiently conducts electricity and heat, is stronger than
steel (~200 times), and is nearly transparent. [101] Due to these unique character-
istics, it has been suggested as a substitute soft TE material. Over the years, various
vacuum-free approaches are established to produce thin films of graphene on soft
substrate materials. [102-104] Recently, significant advancement has been made
to enhance the optoelectronic properties of the graphene based TEs. Large-area
graphene film was made-up on copper catalyst (~30 inches diagonal size), which
was then accurately transferred to the target soft substrate using transfer printing
technique. [105] In an ideal world, graphene has massive capability and is currently
offering the assurance of being the vital transparent material for soft TEs. However
as a matter of fact, uniform ultra-thin films of graphene are exceedingly challenging
and are costly to produce. In addition, optoelectronic performances of graphene
based TEs reduce quickly, due to the wrinkles/folds and crystallographic defects
formed in these ultra-thin films during mechanical deformation. [105, 106]

Carbon Nanotubes: Similar to graphene, CNT is one of the hardest materials
recognized. Due to its decent electronic and mechanical characteristics, CNTs
are productively employed as TE material in soft electronic devices. [107-110]
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Numerous vacuum-free approaches, for example, spin coating [111] and transfer
printing, [112] are developed to produce CNTs based soft TEs. While, CNTs based
TEs have attractive characteristics, such as higher optical transmittance and
superior mechanical deformation capability, these have typically poor electrical
conductivity. This limitation makes CNTs less suitable for large-area commercial
soft electronics.

4.2 Transparent conducting polymers

PEDOT:PSS: Few transparent polymers, having intrinsically poor electrical
conductivity, are transformed into conducting polymers via addition of con-
ductive dopants into their iterating chains. Poly (3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) is one of the classic model of such conducting
polymers. In PEDOT: PSS unit chain, PEDOT acts as the conducting polymer,
while the PSS plays the role of a dopant, enhancing its electrical conductance
via significantly increasing the charge carriers. Since, PEDOT:PSS has no visible
absorptive resonances, therefore it is routinely used as TEs in small scale soft
electronic devices. Yet, a number of concerns, for example, instable molecular
structure and high water solubility have limited the use of PEDOT:PSS in large-
scale soft electronics. [113, 114]

Other Conducting Polymers: Besides PEDOT:PSS, other conducting polymers
comprising poly(p-phenylene-vinylene) (PPV), polyaniline (PANI), polyfuran
(PF), polypyrrole (PPy), are utilized as TE materials for several soft electronic
devices, due to their decent electrical and optical conductivity. [115, 116]

As discussed above, each class of soft TEs offers unique set of favorable proper-
ties, and also has some disadvantages. Researchers have combined different classes
of TEs into a single electrode structure to fabricate hybrid soft TEs. The objectives
of developing this new class TEs are: (1) take advantage of the benefits offered by
individual electrode. (2) overcome those challenges associated with the electrode
once employed individually. Table 3 summarizes, the optical and electrical perfor-
mance, and applications of hybrid soft TEs published in recent literature.

5. Vacuum-free fabrication approaches for soft TEs

Vacuum-free thin film fabrication techniques are favored by soft electronic
industry because of low cost, low material waste and high output as compared with
conventional vacuum fabrication processes. Yet, accomplishing equivalent quality
solution-processed TEs is a challenging job due to several reasons, including the
substrate/TE adhesion, the solvent volatility, surface wettability, and solution rhe-
ology need to be accustomed. Following are the most commonly reported vacuum-
free printing and coating approaches for the fabrication of soft TEs.

5.1 Spin coating

It is a simple technique used to coat continuous thin films onto rigid flat surfaces.
Typically a small amount of coating material is put on the substrate’s center, that
is ideally spinning at low speed. The substrate is then rotated at high speed (max
~10 k rpm) to uniformly spread the coat-material utilizing the centrifugal force, as
schematically illustrated in Figure 2a. One main benefit of the spin coating process
is its capacity of dense coating of uniform and thin films onto rigid flat surfaces.
This ability is quite attuned along the requirement of excellent TEs, as the thickness
of TEs needs to be optimized. It is an attractive method to fabricate transparent thin
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(a) Deposition Spinning Drying

(b) AgNW AgNWITiOx

Figure 2.
(a) Schematic illustration of spin coating process. (b) AFM topographies of silver NW TEs without (left) and
with the TiOx buffer layer (right). Reproduced with permission from Ref. [32].

graphene films (few nanometer-thick), as the optical transparency of these films
will decline considerably with increase in thickness. For instance, each graphene
layer absorbs 2.3% of white light. [117] Therefore, graphene-based TEs needs to

be ultra-thin to obtain appropriate optical transmittance. Thin (3.1 nm) graphene
TEs are fabricated using spin-coated for realizing OSCs. [118] Occasionally, the
smoothness of spin-coated TEs is not perfect because of the material properties
itself. For instance, silver NWs have decent dispersion in isopropanol, water, and
few other frequently employed solvents and therefore can be easily spin coated on
several substrates for the fabrication of TEs. Conversely, the spin coated silver NWs
typically creates a nano-mesh (with certain thickness) on the substrates, making
roughness for the subsequent processing, and therefore limits the applications of
bottom TEs. In addition to the roughness concern, the weak silver NW/substrates
adhesion causes mechanical failure of the devices, particularly in soft electronics.
[88] This issue is resolved by spin coating a TiOy buffer layer (~200 nm) over the
silver NWss to get a comparatively uniform film, as displayed in Figure 2b. [32]
Despite such potential, spin coating process have few limitations for the realizing
of soft TEs. First, flatness of the spin-coated TEs is typically sensitive to spin

speed, humidity, and substrate cleanness, which make the processing difficult to
reproduce in ambient environment. Second, spin coating on large-area substrates is
precisely difficult as it is challenging to clamp a hefty substrate and keep it stable at
a high rotating speed. As a result, the spin coated films thickness is spatially differ-
ent over a large substrate due to the variation of the localized centrifugation speed.
Third, majority of the material is spun-off the substrate in spin coating, making this
material-wasting approach. Bearing in mind, major portion of the total price of the
raw materials of the soft electronic devices comprises of the material cost of TEs
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alone. Therefore, this wastage of material by spin coating is not financially viable
for industrial mass-production, even though partially this may be reused.

5.2 Spray deposition

It is a coating process that uses a spray of particles or droplets to deposit a mate-
rial onto a substrate using a nozzle, as schematically illustrated in Figure 3a. The
spray nozzle creates a spray that comprises small drops of TE material and leads the
materials transportation to the substrate by the help of carrier gas or electric charge.
[119] Compared with other vacuum-free deposition techniques, the main benefit of
spray coating is its capability of uniform coating of materials on non-flat substrates.
Figure 3b displays organic photodetector (fiber-based) using PEDOT:PSS TE,
that was realized using spray coating. it difficult to coat smooth PEDOT:PSS film
though spin coating on the curved optical fiber surface. [120] It is also useful for
subsequent processing, for instance, to spray coat on uneven surfaces, for instance,
metal NWs, metal mesh coated substrates, as spin-coating of solutions can create
non-continuous surface coverage. [33] Besides condense and smooth TCO-free
films, spray coating has also the capability to deposit TCO films. Figure 3¢ shows

(a) (b) Vo

carrier gas

: : ALUMINUM
{ PEDOT:PSS! P3nT:Pcem ! CATHODE
! : ! i CONTACT

ANODE
ConTACT

(c)
B0/ o
— O
High Veltage Supply
Light Seurce
CCD Camera
PDPAreceiver
Figure 3.

(a) Schematic illustration of spray coating process. (b) Schematic (left) and photo (right) of fiber-based
organic photodetector produced by spray coating. Reproduced with permission from Ref. [120] (c) schematic
illustration of electrospray system. Reproduced with permission from Ref. [121].
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the electrospray setup, utilized for deposition of zinc oxide (ZnO) and aluminum
doped zinc oxide (AZO) films. [121] Despite such capabilities, spray processed
TEs has the scalability problem, much more prominent as compared with other
vacuum-free coating techniques. This limitation of low throughput has hammered
its widespread adoption for production of large area soft TEs.

5.3 Inkjet printing

It is another highly used technique for making soft TEs. Inkjet printing is
devised from dispenser printing where ink droplets exit the nozzles by a vibrant
practice. By controlling the contraction expansion of the piezoelectric actuator,
discrete ink drops are ejected from the nozzle making the anticipated design on
top of the substrate, as schematically illustrated in Figure 4a. It is direct printing
technique for high-resolution patterning, without the need of lithography other
advantage key advantages that the printed design can be easily changed by modify-
ing the digital pattern that controls the actuator. [122] Inkjet printing is an effective
approach to producing large area soft TEs. Figure 4b displays a large-area organic
solar cell (OSC) having silver current collecting mesh fabricated by inkjet-printing.
The printed silver mesh consisted only small portion (~8%) of the total substrate
area due to the mesh relatively small line width (~160 pm). The thickness of the
printed silver mesh lines was >2 pm, which caused large height variation for the
subsequent processing i.e. spin-coating of PEDOT:PSS and other active materials
of the solar cell. This problem was resolved by embedding the silver mesh into an
extra barrier film. The large-area OSCs having flexible Ag/PEDOT:PSS mesh TEs
shown excellent performance as compared to that of TCO-solar cell, due to the
high conductivity (sheet resistance ~1 Q/o) of the silver mesh. [87] Inkjet printing
processes based on mechanisms other than piezoelectric actuation are also utilized

- (b)
Ink /—U—\ 1
Nozzle — ’Q‘SE voltage

Piezoelectric

Droplet — transducer

substrate

—
Substrate Motion

Figure 4.

(a) Schematic illustration of inkjet printing process. Reproduced with permission from Ref. [34]. (b) Photographs
of inkjet-printed silver current mesh for large-area OSCs. Reproduced with permission from Ref. [87]. (c)
Schematic illustration of high-aspect ratio metal grid along with electrohydrodynamic inkjet printing and the SEM
image of the printed gold metal mesh electrode. Reproduced with permission from Ref. [65] (d) schematic diagram,
SEM image, and photographs of the inkjet printed CN'Ts based TEs by “coffee ring effect”. Reproduced with
permission from Ref. [123].
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for fabricating TEs. For instance, electrohydrodynamic inkjet process, as shown in
Figure 4c, enabled the printing of high resolution gold meshes (feature size line 80
to 500 nm line widths) for realizing high performance TEs (8 /o at 94% optical
transmittance), that can be custom-made for the application in different electronic
devices. [65]

One major obstacle in attaining uniform inkjet printed structures is the coffee-
ring effect, that initiates because of the capillary flow in the solvent evaporation
step. [124] Though, this effect is also occasionally useful for making TEs with
particular ring shapes. [125] Figure 4d demonstrates a CNTs based TE having
joined ring patterns, that was made through inkjet printing the CNT ink on top of
a pre-heated PET film. The height and diameter of the rings were the functions of
applied temperature. Post heat-curing further lowered the sheet resistance of the
CNT coatings. [123]

5.4 Screen printing

It is one of the attractive methods used to print soft TEs. In this technique,
viscous inks are forced across stencils or patterned mesh (typically used as the
template) using a scraper as shown in Figure 5a. The density of the used mesh
and ink viscosity define the printing resolution and thickness of the pattern. [35]
This handy and relatively simple technique is utilized mainly for graphene and
PEDOT:PSS, however metals can also be printed. The resolution of conventional
screen printing processes is not high, however, it can be improved to tens of
micrometer using an improved screen-offset approach. [126] Figure 5b displays
the screen printed graphite oxide (GO) arrays on PET film, which was afterwards
reduced to rGO using hydriodic acid (HI) in modest environments. This technique
developed an easy way to manufacture large-area graphene TEs (patterned), having
thickness of few hundred nanometers. [127] Similar to other screen printable mate-
rials, mesh-patterned PEDOT:PSS TEs can be realized with various width/period
ratios by adjusting the wire diameter, mesh size, and photoresist thickness. [128]
Beside graphene and PEDOT:PSS, screen printing is also utilized for the patterning
of metallic inks. Figure 5c shows the schematic illustration of the structure of OSC
having printed silver mesh as TEs. This work relates the screen printed hybrid TEs
having PEDOT:PSS on top of silver mesh with various other printing approaches for

(a) Squeegee (C} Ag
Ink -\/ Screen PEDOT:PSS
- - } P3HT:PCBM

Substrate Printed TE Layers PEDOT.PSS

(not to scale) N\ Ag PET

Figure 5.

( a§ Schematic illustration of screen printing process. Reproduced with permission from Ref. [35].

(b) Photographs of GO (left) and rGO (right) films, fabricated by screen printing. Reproduced with
permission from Ref. [127]. (c) Schematic illustration of the OSCs containing the layers of P3HT:PCBM, ZnO,
PEDQT:PSS, and silver electrodes. The back silver electrode is printed by various processes including screen
printing. Reproduced with permission from Ref. [129].
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the vacuum-free and TCO free OSCs. It concludes that the uniformity of screen-
printed silver meshes was superior as compared to inkjet printed and flexographic
printed TEs, which were damaged by de-wetting in the subsequent PEDOT:PSS
film processing. Consequently, the OSCs having screen-printed silver TEs showed
better performance equated with inkjet printed and flexographic printed solar
cells. [129]

5.5 Transfer printing

Transfer printing is an emergent method for fabrication of soft TEs, that
empowers the processing of various materials into the chosen useful shapes. This
produces manufacturing prospects in the field of soft electronics with comparable
performance to that of traditional wafer-based processes, however with capacity
to be deformed. In this technique, first the materials structures are fabricated on
the conventional donor substrate and then wisely transferred onto unconventional
soft substrates, as described in Figure 6a. [36] For instance, graphene ultra-thin
films are first coated on Ni or Cu foils using the standard chemical vapor deposi-
tion (CVD) technique. [130] In order to be used as TEs, the this graphene has to
be transferred directly to top of the devices or transparent substrates. There are
two different transfer approaches (wet transfer and dry transfer) to transfer CVD
graphene onto various soft substrates, as shown in Figure 6b. In wet transfer,
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Figure 6.

(a) Schematic illustration of the transfer printing technique. Reproduced with permission from Ref. [36].
(b) Schematics of wet (right) and dry (lift) transfer printing for graphene soft TEs fabrication. Reproduced
with permission from Ref. [131].
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the graphene was initially covered by a PMMA thin film. Next, the underneath

Cu film was removed by an etching step in FeCl;. The graphene film covered by
PMMA was then lifted-off either using a PDMS stamp for transfer, or directly
picked up using the target substrate itself. [131] To enhance the throughput and
production speed, transfer printing has been integrated with R2R process for the
fabrication of large-area graphene (30-in) soft TEs. [105] Despite such potential,
wet transfer has a limitation for the fabrication of top graphene-based TEs for the
soft thin-film devices as the functional materials used in these devices are sensitive
to moisture. To overcome this a dry transfer approach is developed, where a the
film is directly coated on the PDMS stamps before transfer. [132] Besides gra-
phene, other major transfer printable material for soft TEs is the metal nanowire/
mesh films. These films typically have weak adhesion with the transfer substrates.
This poor adhesion between the transfer substrates and metal films makes it easier
to lift these films up with the PDMS, or another sticky polymeric stamp/target
substrate. [60, 69] The high optical transmittance and superior conductivity of
fabricated soft TEs using transfer printing ensure the high performance of soft
electronic devices. [15, 60, 69, 70]

5.6 Slot-die coating

It is an effective process for printing one-dimensional structures. Slot-die
coating is typically integrated with the R2R system for rapid production of soft
electronic devices. As shown in Figure 7a and b, the solution is pushed out of
the slot-die using a pneumatic scheme, and the solution is printed laterally in the
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( a§ Schematic illustration of the slot-die coating technique. Reproduced with permission from Ref. [37]

(b) photograph of the slot-die coating system. Reproduced with permission from Ref. [133] (c) photographs of
the large-area soft OCSs having PEDOT:PSS TEs fabricated by slot-die coating. Reproduced with permission
from Ref. [134] (d) photographs of the OCSs with high geometric fill factor. The employed PEDOT:PSS TEs are
fabricated by slot-die coating. Reproduced with permission from Ref. [135].
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direction of the moving head. The thickness of the printed structure is typically
determined through the solution’s concentration and it’s flow rate, while the head
speed controls the speed of printing. PEDOT:PSS is the most commonly processed
TE material for slot-die coating. Figure 7c and d display flexible large-area OSCs,
where, the PEDOT:PSS TEs and the organic active material were both printed by
slot-die coating. [134] Key benefit of using slot-die coating is its capability to print
on large-area substrates, as in slot-die coated films the center-to-edge thickness
difference is negligible. Therefore, large-area OSCs having a high geometric fill
factor (98.5%) were realized through integrating laser patterning with slot-die
coating. [135] Besides PEDOT:PSS, slot-die coating has been effectively utilized for
other conductive inks including silver NWs, [136] CNTs, [137] and graphene. [138]
Similar to other processes, slot-die coating has also few limitations including, the
harsh requirements regarding inks rheology for high quality coatings [139] and the
existence of high density printing defects such as ribbing and rivulet. [140]

6. Conclusions

Recent progress of the development of vacuum-free TEs for soft electronics
has been promising. This chapter presents a detailed overview on the latest
advances of the vacuum-free soft TEs, comprising the introduction of electrode
materials classes, the optical, electrical, mechanical, and surface features of the
soft TEs. The chapter summarizes the vacuum-free techniques for the fabrication
of soft TEs. Regardless of all the shortcomings discussed, we are optimistic that
the vacuum-free TEs be going to play vital roles in soft electronic industries in
the future.
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Abstract

It has been demonstrated that matter at low dimensionality exhibits novel
properties, which could be used in promising applications. An effort to understand
their behavior is being through the application of computational methods providing
strategies to study structures, which present greater experimental challenges. It is
proven that thin and narrow carbon-based nanostructures, such as, nanoribbons
show promising tunable electronic properties, particularly when they are substitu-
tionally functionalized. This chapter is proposed as a guidance to help the readers to
apply conceptual density functional theory to calculate helpful intrinsic properties,
e. g., energetic, electronic and reactivity of one-dimension nanomaterial’s, such
as, carbon nanoribbons. As a case of study, it is discussed the effect of boron atoms
on the properties of pristine carbon nanoribbons concerning the main aspect and
considerations must take into account in their computational calculations.

Keywords: DFT, band structure, DOS, MEP

1. Introduction

Carbon nanoribbons (CNRs) are strips of graphene whose edges symmetry,
width and cut orientation give them specific electronic properties. These carbon
nanostructures have attracted the attention in both experimental and theoretical
fields because of their peculiar properties, which have been studied widely in the
last decade as a function of topology, width, as well as doping. [1-5] Depending
the chain-type along the periodic direction, carbon nanoribbons are commonly
classified either armchair carbon nanoribbons (ACNR) when these grow through
dimer chains, or zigzag carbon nanoribbons (ZCNR) if those have zigzag type
chains along the periodic direction. Figure 1 shows a pristine ACNR and ZCNR
respectively, their distances between their C — C edged lengths are 13.44 and 24.19 A
respectively, although there could be named referring their length and width
(MxN), in such case, both CNRs shown in Figure 1 are 12x2 size.

Through different experimental techniques, it is possible to obtain carbon nanorib-
bons. [6-8] However, these techniques have not succeeded in controlling the edges
shape of carbon nanoribbons. For example, Cai et al. [9] have proposed a chemical
technique which is able to synthesize narrow nanoribbons having symmetric edges,
so that, it is possible to obtain experimentally carbon nanoribbons with perfect edges
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Figure 1.
Optimiged structure of bare (a) ACNR and (b) ZCNR of size 12x2.

and specific topology. To date, succeeding methods to obtain CNRs come from two
different strategies, namely, top-down, which refers to break down large performed
carbon-base structures, i. e., CNTs and multiwall CNTs (MWCNTs) and bottom-up,

i. e., using several chemical reactions to tailor building-blocks into a complex structure.
Table 1 shows a comparative chart representing synthetic strategies to obtain CNRs,
employed characterization techniques, advantages and disadvantages.

Because of their finite dimension, at nanoscale, CNRs have peculiar properties
associated to their electronic states close the edges, playing an important role on
the reactivity. [17-22] Several theoretical models, e. g., tight binding, all electron
techniques, density functional theory (DFT), etc., have been applied to explore
the electronic properties, magnetic states or band structure of carbon nanorib-
bons. [1, 5, 23] Some of them, have focused on the zigzag topology because they
intrinsically have dangling bonds at the edges. This behavior provides active sites
for chemical reactions. Moreover, ZCNRs have peculiar properties, e.g., theoreti-
cal calculations have shown that ZCNRs have localized electrons largely on the
edge C atoms close to the Fermi level. [4, 22] This large contribution of electronic
states forms two-fold degenerate flat band at Fermi level, such that, the ground
state has spin coupling of each edge ferromagnetic whereas between edges antifer-
romagnetic. Despite zigzag edges of synthesized carbon nanoribbons have been
observed, [8] there is not direct experimental evidence about the magnetic states of
ZCNRs. It was theoretically suggested that magnetism of ZCNR could be destroyed
substituting defects or vacancies directly on carbon edges. [24]

On the other hand, all hydrogen-passivated ACNRs are semiconducting [22].
However, ACNRs are expected to reach the graphene limit of zero band gap for
sufficiently large widths. [25]

Concerning these fascinating properties, CNRs may fit for promising techno-
logical applications, mainly if the presence of donor or acceptor impurities bring
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Strategies Method Characteristics Advantages Disadvantages
Top-down Unzipping Using potassium The production
CNTs by permanganate and of 100 nm wide
chemical sulfuric acid nanoribbons
oxidation [7]
Etching of It is possible Complicated
graphene [10] to narrow the procedures,
ribbons down CNRs with edges
to <10 nm abnormalities
using gas
phase etching
chemistry
Treating Longitudinal splitting This procedure
multiwalled of MWCNTs using gives highly
CNTs [11, 12] hydrothermal approach conducting
CNRs with over
80% yield at low
cost fabrication.
Intercalating lithium and Graphene Structures with
ammonia into MWCNTs flakes attractive large number of
followed by thermal for many non-symmetric
expansion applications edge atoms
Chemical Mechanical exfoliation of Produce
Procedure highly oriented pyrolyzed micrometer
Organic graphite length involving
synthesis non complicated
procedures
Chemical oxidation/ Resulting
exfoliation of graphite graphene oxide
followed by reduction of
the resulting nanomaterial
(13]
Cross coupling building Complicated
blocks followed by procedures poorly
dehydrogenation defined edges
Conversion of precursors Because CNTs
inside CNTs impose spatial
limitations on
the structure
of the product,
may obtain
narrow CNRs
Bottom-up Organic Surface assisted Defined edge Depends on the
synthesis polymerization followed type and precursor’s nature,
[14-16] by dehydrogenation in narrow widths, which defines the
an ultra-high vacuum potential ribbon’s dimension
environment techniques for
scale-up
Table 1.

Comparative chart of synthetic methods to obtain nanoribbons and their advantages or disadvantages.

specific reactive properties. [26, 27] So that, this chapter is proposed as a guidance
to help the readers to apply conceptual density functional theory to calculate help-
ful intrinsic properties, e. g., energetic, electronic and reactivity of one-dimension
nanomaterial’s, such as, carbon nanoribbons in order to predict or tune their

properties; particularly when they are substitutional doped.
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2. Structural and energetic properties

To give insights about the structural stability of nanostructures, firstly, it is
suggested to evaluate if the proposal unit cell may array forming a stable crystal-
line state. Usually, a structural analysis is carried out computing the cohesive
energy per atoms o per unit cell. The cohesive energy (EC) is the energy required
to disassemble a molecular system into its constituent parts. From a physical point
of view, a bound (stable) system has a positive value of EC, which represents the
energy gained during the formation of the bound state. To calculate the EC of
ACNRes, it is necessary to obtain the optimized energy of the unit cell being aware
of the well converged energy with respect to the k-points and the cutoff energy
for the planewave basis set, evaluating the impact of the exchange-correlation
functional used and its ability to accurately describe both the atom and bulk
phase.

Although EC is a reference to know the stability of bulk materials, it differs
from a nanoparticle. [28-30] At nanoscale, size effects on the cohesive energy
of nanoparticles has been demonstrated, which decreases with decreasing the
particle size. [31] However, slight differences of EC are found when nuclei radii
of constituent are similar, which do difficult to analyze or find a trend, e. g., the
effect of the relative position of dopants along the NRs. For example, Table 2 shows
the calculated values of EC of armchair carbon nanoribbons (ACNR) doped with
boron atoms in randomly (ACNR-R) and forming one B nanoisland (ACNR-I)
arrangements compared with those pristine ACNRS of size 16x2, 20x2, 16x2 and
20x4 respectively. [32] The arrangement of the nanoisland (ACNR-I) explained in
this section is shown in part (a) of Figure 1 numbering from 1 to 6 the C atoms are
substituted for impurities. Note that, B doping slightly reduces the cohesive energy
of ACNRs compared with the pristine ones with similar EC values mainly found in
the largest B-ACNRs. However, at lower doping concentrations, i. e. in the case of
the largest ACNR (20x4) very close values of EC are obtained which makes difficult
to observe a trend.

Because of these CNRs has 3 different chemical species, EC does not provide
a suitable way to evaluate the relative stability. Table 2 also shows in brackets
the calculated values of the Gibbs free formation energy to take into account
the chemical composition of ACNRs. The relative thermodynamic stability
that is considered to evaluate the relative stability of multicomponent systems.
This approach has been used in binary and tertiary phase thermodynamics and
nanostructures other than NRs. [25, 33, 34] it can be calculated by using the
following expression:

"

S5G=E(x)+ Y x,u, (1)
i=1

MxN Pristine ACNR-R ACNR-

16x2 7224 (0.003) 6.992 (~0.272) 7003 (~0.291)

20x2 7338 (0.002) 7143 (~0.224) 7158 (~0.239)

16x4 7225 (0.003) 7112 (~0.142) 7116 (~0.147)

20x4 7338 (0.002) 7249 (~0.119) 7250 (~0.130)

Table 2.
Cohesive per atom (Gibbs free) energy in eV of pristine and B-doped ACNRs of randomly (ANCR-R) and
forming a B-nanoisland (ACNR-I) [32].
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where E(x) is the binding energy per atom of the B-ACNR for the example
shown in Table1, x; corresponds to the molar fraction of the conformant

components (H, N, B, C) which satisfies in =1, where x; =—-, being #, the
Ay
number of atoms of specie 7 in the unit cell and 7, the total number of atoms

conforming the unit cell. The chemical potential ( 4, ) can be approximate as the

binding energy per atom of the singlet ground state of the H,, the triplet ground
state of the B, molecule and the cohesive energy per atom of the graphene sheet
respectively. Note that positive values of G represent a metastable structure with

respect to the conforming constituents, whereas negative values of 6G refer to

stable structures in accordance with their constituents. As we can observe in
Table 2, 6G suggests that the arrangement of B-nanoisland leads to stabilize

energetically the pristine carbon nanoribbons more than the randomly cases.

3. Electronic properties of nanoribbons

The electronic properties of nanoribbons can be inferred from the band struc-
ture and total and local density of states (DOS and LDOS) respectively. For the case
of NRs, these calculations are relatively simple because they are computed sampling
the Brillouin zone only in one direction, i. e., the grown direction from 0 to gamma
point. We recommend to use a denser grid than the case of the total energy calcula-
tions, including a Gaussian smearing (of width 0.01 eV) to improve the conver-
gence of the integrals of the energy levels for the band structure calculations, for
DOS calculations, to use the tetrahedron method with Blochl corrections. [35, 36]

Pristine CNRs with hydrogen passivated armchair edges passivated are direct
bandgap semiconducting, which decreases as their width increases. The edges of
ACNRs play an important role on their electronic properties and reactivity because
of quantum confinement gaps, which can be characterized by A, ~w;," . [19, 23, 37]

In order to evaluate the electronic nature of nanoribbons, firstly, spin-polarized
and non-spin polarized solutions of the Kohn-Sham equations must be taken into
account to evaluate possible magnetic configurations, as found in zigzag carbon
nanoribbons, [38] that implies the magnetic state is the most stable. For armchair
ribbons, the non-magnetic state is always the most stable [22] even for ACNRs
doped with boron atoms, [32] so that, for simplicity, we consider the armchair
topology as a case of study.

The electronic behavior of ACNRs can be tuned for the influence of substi-
tutional dopants. To illustrate this fact, we think about a unit cell containing one
pristine CNR with even number of electrons of valence. If we replace only one
carbon atom (with 4 valence electrons) for B (3 valence electrons) or N (5 valence
electrons) such change gives one unit cell with odd number of valence electrons,
in such cases is necessary to search for spin polarized solutions of the Kohn Sham
equation, i. e, to evaluate if there are significant differences with respect to the non-
spin polarized solution.

Figure 2 presents the band structure, total density of states and local density
of states of dopants (shown in line red) of the 12x2 ACNR pristine, B-doped and
N-doped substituting two dopants on positions 3 and 4 using the numbering shown
in Figure 1. Note that, the pristine ACNR is a semiconducting in agreement with the
literature [22] and the positive doping caused for the B moves the Fermi level (EF)
to lower energies meanwhile the negative doping related with the N moves the EF
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Figure 2.
Band structure and DOS of (a) pristine, (b) B-doped and (c) N-doped ACNRs of size 12x2.

to higher energies with respect to the pristine one. In both cases, the closest energy
bands to EF are partially unoccupied and occupied respectively giving rise to metal-
lic behavior in both cases.

4. Reactivity of nanoribbons

In order to explore the reactivity of 1D nanomaterial’s, such as nanoribbons, it
is mandatory to use appropriate reactivity descriptor. However, there is not a well
stablish criteria to accomplish this task without prior knowing of an adsorption
mechanism or experimental evidence, particularly for doped nanoribbons.

This is why, it is suggested the employment of two reactivity descriptors that are
able to cover covalent and non-covalent interactions. The first one is the electro-
static potential, defined as:

(xr")dr’

r’—r

()

V(r):ZA:|RfA_r|_J‘P

Where Z, and R, are the atomic number of nucleus A and its position respec-
tively, |[R, —7| is its distance from the point » and p(r') is the electron density in

each volume element. This descriptor provides the response of electron density
when a positive unit charge is approaching, which is commonly plotted in a color
scheme. Because of the electrostatic potential V(r), is alocal property, it has one

value for each r point in the space surrounding a molecule or unit cell, so that,

depending the nature of the ions (for instance positive or negative nature), the
electrostatic potential will depend on the radial distance r from the nucleus.

Commonly is followed that the contour of the electrostatic potential is plotted on
the isovalue of the molecular electron density, for example, see the Bader’s sugges-
tion. [39] Be aware that, the chosen outer electron density contour depends on the
Van der Waals radii of involving ions, which should reflect the molecular properties
we want to observe, e. g., lone pairs, strained bonds, conjugated = systems, etc.

To illustrate, Figure 3 shows the electrostatic potential of pristine, B-doped
and N-doped carbon nanoribbons of size 12x2 plotted on the electron density
surface of value 0.001 au, computed by using the generalized gradient approxi-
mation (GGA) in the form proposed by Perdew et al. for exchange-correlation
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Figure 3.
Molecular electrostatic potential of the nanoribbons (a) pristine (b) B-doped and (c) N-doped of size 12:x2.

functional. Figure 3 was built in the software VESTA [40] plotting the charge file
and then, adding the cube file containing the local potential. The color scheme
used in Figure 3 represents in blue, regions where a positive charge may repel
each other, unlike in red, it represents regions where a positive charge, ion or
chemical group can interact.

We can observe from Figure 3a that, hydrogens are weak positive meanwhile the
delocalized charge is distributed along the carbon atoms, particularly found in the
edged carbons, which is in agreement with the DOS of pristine ACNRs. The lack-
ing of = electrons of the boron atoms is particularly observed in Figure 3b, which
influences over their neighbor carbon atoms finding localized charge in such region.
On the other hand, the N doping influences over the edges with more negative
electrostatic potential than the pristine carbon nanoribbon.

The second reactivity descriptor is the Fukui or frontier functions (Ffs), helpful
chemical reactivity descriptors for process controlled by electron transfer. Ffs were
introduced for the first time by Parr and Yang, [41], which is convinced from the
area of research so-called conceptual Density Functional Theory given by Geerlings
in a comprehensive way. [42] Fukui functions play an important role linking the
Molecular Orbital Theory with the HSAB principle, [43] they are defined as the
change of the electronic density with respect to number of electrons (IV), consider-
ing the nuclei position fixed, i.e. constant external potential v (7 ):

f(r){a”—(r)lm G

ON

Due to the discontinuity of the above equation with respect to N, in a finite
difference approximation three functions can be defined as:

f;:N (V) = Py,N+1 (V) ~PuN (V) 4)
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.fv:N(V):pv,N(V)_py,N—l(V) )
fuN( ) Os(va+1( )_pv,N—l(V)) (6)

Where p, v.,(7), p,x(7),and p,_,(7), are the electronic densities of the
system with N + 1, N, and N-1 electrons, respectively, all with the ground state
geometry of the N electron system. Expressions 4—6 concern the Fukui function
for: nucleophilic attack, the chemical change where a molecule gains an electron;
electrophilic attack, when a molecule loses charge; and for free radical
attacks. [44]

Although, the finite difference approximation to the Fukui functions works for a
specific set of configurations whilst for others is worthless to implement (i.e., full
configuration interaction), [45] in most cases they are considered a reliable descrip-
tor to indicate how the electron (incoming or outcoming) is redistributed in regions
of the molecules. [46] Chemical reactivity is based on the assumption that, when
molecules A and B interact in order to form a product AB, occurs a molecular
densities-perturbation. [47] As the electronic density contains all sort of informa-
tion, the chemical reactivity has to be reflected within its sensitivity to infinitesimal
electron changes at constant external potential »(r) . Calculation of the frontier

orbitals (HOMO or LUMO) are unambiguously defined. Within the frozen orbital
approximation, [48] Ffs can be written in terms of the Kohn-Sham orbitals as
follows:

frr)=

» N[0
4 |+Z( it 'j P () o

o), (r)

f(r)=|g3" (V)|2 +i(ai—N|]z,ngMo (r) (8)

i=1

In molecules, the relaxation term is usually very small for the discrete nature of
Kohn Sham orbitals. So that, if Eqs. 7 and 8 neglect the second-order variations in
the electron density, Ffs may approximate to the electron densities of its frontier
orbitals.

On the other hand, referring to periodic systems, it is difficult to identify one
frontier state because of the continuous character of the Bloch states, which makes
difficult to compute the Fukui functions in DFT of the solid state. Although there is
scarcely literature on this topic, a very useful reference for the numerical calculation
of the condensed Ffs in periodic boundary conditions within the DFT applied to
oxide bulk and surfaces is found here. [49]

One qualitative way to obtain Ffs for delocalized periodic systems, such as, the
carbon nanoribbons is to extract its electron density and evaluate it by using the Eq.
(7) and (8) respectively. From the electronic structure of these nanomaterials we
can observe that only one occupied electronic band contributes below and above
the Fermi level.

Figure 3 depicts the Ffs evaluated for electrophilic attacks respectively for
B-doped and N-doped armchair carbon nanoribbons of size 12x2 with doping made
on positions 3 and 4 using the numbering shown in Figure 1.
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Figure 4.
Fukui functions for nucleophilic attack of (a) B-doped and (b) N-doped ACNRs of size 12x2.

We observe from Figure 4 that the B atoms contributes to form regions where an
electrophilic attack can occur on the doped nanoribbons, i. e. larges values of f~
mean regions where the ACNR will lose charge to stabilize it in a chemical change.

The electrostatic potential and the Fukui functions provide information on the
local selectivity for donor-acceptor interactions. In here, the electrostatic potential
describes the long-range non-covalent interactions. [50] The evaluation of the
incoming charge distribution on nanoribbons states that “The Fukui function is
strong while regions of a molecule are chemically softer than the regions where
the Fukui function is weak. By invoking the hard and soft acid and bases (HSAB)
principle [51] in alocal sense, it is possible to establish the behavior of the different
sites as function of hard or soft reagents (adsorbates)”. [32, 52-54] Figure 4 shows
the Fukui functions for electrophilic attack, calculated by using Eq. (8), we observe
the contribution of doping particularly on the neighboring carbon atoms. Indeed,
from parts (b) and (c) of Figure 2 is observed the electronic states of dopants
contributing near the Fermi level.
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5. Conclusions

In this chapter is presented how the energetic, electronic and reactivity of can
be calculated for 1D nanomaterial’s, such as, carbon nanoribbons. Although the
carbon nanoribbons are used as case of study, this methodology can be applied for
other kind of chemical compositions, in our experience we have explore the reactiv-
ity and stability of doped boron nitride at nanoscale. It is worthy to mention that,
the evaluation of Fukui functions in periodic boundary conditions is limited in the
usual computational approaches, so that, we suggest to support and compare such
analysis with others e. g., charge analysis, global reactivity descriptors depending
the nature of the involving chemical species.
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