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Resumen

La fabricacién de nanofibras de polivinilpirrolidona (PVP) incrustadas con nan-
otubos de carbono de pared multiple (MWCNTs) y nanoparticulas de ferrita de
cobalto (CoFe204) (5, 10, 15, 20 y 25 nm) se logré a través del proceso de elec-
trohilado, obteniendo didmetros promedio de a) PVP 4.13 um, b) PVP/CoFe204
(5 nm) 2.23 um, ¢) PVP/CoFe204 (10 nm) 1.20 um, d) PVP/CoFe204 (15 nm)
1.83 um, e) PVP/CoFe204 (20 nm) 2.29 um, f) PVP/CoFe204 (25 nm) 1.95
um, g) PVP/MWCNTSs 2.12 um, h) PVP/MWCNTs/CoFe204 (5 nm) 0.55 um, 1)
PVP/MWCNTs/CoFe204 (10 nm) 0.68 um, j) PVP/MWCNTs/CoFe204 (15 nm)
1.07 um, k) PVP/MWCNTs/CoFe204 (20nm) 0.55 um y 1) PVP/MWCNTs/CoFe204
(25 nm) 1.06 um. Se realizé un estudio para caracterizar las propiedades estruc-
turales utilizando microscopia dptica, espectroscopia Raman, espectroscopia in-
frarroja por transformada de Fourier (FTIR) y analisis termogravimétrico (TGA).
Los resultados muestran la formacién de fibras con nanotubos de carbono de pared
multiple y nanoparticulas de ferrita de cobalto. Ademas, la técnica de voltaje vs re-
sistencia muestra un aumento de las propiedades eléctricas de las fibras compuestas
en relacion con las fibras de polimero. Se logra un aumento de 0.08 V a4.20 V con
un voltaje aplicado de 421 V. Disminuye la resistencia de 52G€ a 0.99G(2, respec-
tivamente. La combinacion de polivinilpirrolidona con nanoparticulas de ferrita
de cobalto y nanotubos de carbono proporciona versatilidad en la adaptacién de las
propiedades de las nanofibras. Este trabajo estudia la optimizacién de las fibras
contra el tamafio de las nanoparticulas de cobalto para optimizar las propiedades

estructurales, magnéticas y eléctricas como materiales potenciales para biosensores.

Palabras clave: Nanofibras, electrohilado, nanoparticulas de hierro-cobalto,

nanotubos de carbono.



Abstract

The fabrication of polyvinylpyrrolidone (PVP) nanofibers embedded with multi-
walled carbon nanotubes (MWCNTs) and cobalt ferrite (CoFe,O4) nanoparticles
(5, 10, 15, 20, and 25 nm) was achieved through the electrospinning process,
obtaining average diameters of a) PVP 4.13 um, b) PVP/CoFe,04 (5nm) 2.23
um, ¢) PVP/CoFe;O4 (10nm) 1.20 um, d) PVP/CoFe;O4 (15nm) 1.83 um, e)
PVP/CoFe;04 (20nm) 2.29 um, f) PVP/CoFe, 04 (25nm) 1.95 um, g) PVP/MWCNTs
2.12 ym, h) PVP/MWCNTs/CoFe, 04 (5nm) 0.55 pum, i) PVP/MWCNTs/CoFe,0O4
(10nm) 0.68 um, j) PVP/MWCNTs/CoFe,O4 (15nm) 1.07 um, k) PVP/MWCNTs/
CoFe;04 (20nm) 0.55 um and 1) PVP/MWCNTs/CoFe;04 (25nm) 1.06 um. A
study was conducted to characterize the structural properties using Optical mi-
croscopy, Raman spectroscopy, Fourier Transform Infrared spectroscopy (FTIR),
and Thermogravimetric analysis (TGA). The results show the formation of fibers
with multi-walled carbon nanotubes and cobalt ferrite nanoparticles. Furthermore,
the voltage vs resistance technique shows an increment of electrical properties of
composite fibers concerning polymer fibers. Achieving an increment from 0.08 V
to 4.20 V with an applied voltage of 421 V. It decreases resistance from 52GCQ to
0.99GQ, respectively. The combination of polyvinyl pyrrolidone with cobalt ferrite
nanoparticles and carbon nanotubes provides versatility in tailoring the properties
of nanofibers. This work studies the optimization of the fibers against the size of
cobalt nanoparticles to optimize the structural, magnetic, and electric properties as
potential materials for biosensing.

Keywords: Nanofibers, electrospinning, cobalt-ferrite nanoparticles, carbon

nanotubes.
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Chapter 1

Introduction

Due to their industrial, scientific, and technological applications, the recent developments in material
science and semiconductors, specifically in sensors, make them a fundamental key in our lives. The
sensors are devices capable of detecting and measuring physical, mechanical, and chemical changes,

I, Some types of sensors, such as

giving real-time information and allowing an automatization process
electrical, chemical, optical, physical, and mechanical, give a multidisciplinary list of applications in many
fields, including environmental, biomedical, energy, physical devices, and others!. Nevertheless, sensing
properties such as electrical conductivity, light, and temperature are some challenges sensors have in the

industrial and technology sectors .

Nowadays, nanotechnology advancements have significantly impacted sensors due to nanostructured
materials providing shorter pathways for electron transfer along the nanofiber’s longitudinal axis, improving
sensing performance?. Several methods can produce nanofibers, such as phase separation, wet spinning,
template synthesis, and drawing 3. However, these methods are not accessible due to high costs and are not
sustainable for all polymers?. Electrospinning (ES) is one of the most powerful and facile techniques for
producing organized and complex uniform fibers and controlling the diameter and morphology of synthetic

and natural polymers*. Typically, fiber’s diameters range from few nanometers to several micrometers*.

In the last years, researchers have used several materials polymer for electrospinning, such as polyvinyl
alcohol (PVA), polyvinylpyrrolidone (PVP), polyaniline, polycarbonate, polyethylene oxide, polystyrene,
polyacrylonitrile, etc”. Polyvinylpyrrolidone has taken significant attention due to its good biocompati-
bility, excellent film formation ability, and non-toxic behavior, which make it one of the most important



materials used in paints, electronics, and biomedical engineering®.

Carbon nanotubes (CNTs) show unique electrical, mechanical, and magnetic properties. These prop-
erties make CNTs being used for fabricating sensors and biosensors. CNTs have a high surface area and
adsorption ability, making them an excellent option for fabricating chemical and biological sensors with
high sensitivity and selectivity ’. Furthermore, magnetic nanoparticles have become increasingly popular
due to their magnetic properties and potential applications in various fields. CoFe,O4 nanoparticles can
be synthesized using different methods, such as co-precipitation, thermal decomposition method, sol-gel,
coprecipitation method and hydrothermal methods®, which enable precise control over the particle size,

shape, and surface chemistry®.

In previous studies, Nasouri et al.(2016) ' developed a composite nanofiber of PVP filled with multi-
walled carbon nanotubes (MWCNTs) by electrospinning. The electrical conductivity and complex permit-
tivity of MWCNTs/PVP composite nanofibers increased when the concentration of MWCNTS increased,
too. Furthermore, Li et al. (2023)!! designed a flexible nanofiber membrane with CoFe,O,4 nanoparticles
embedded in N-doped carbon nanofibers. They showed that the presence of CoFe;O4 nanoparticles in
the nanofiber membrane helped to improve the electrical conductivity. Additionally, Alghamdi, H. M., &
Rajeh, A. (2022) synthesized a CoFe,O4/MWCNTs nanohybrid to create polymer nanocomposite films
based on CMC/PVA. They observed that the energy gap of nanocomposite film decreased from 5.32 to
3.97 eV for the direct transition and 4.89 to 3.58 eV for the indirect transition due to the increment of
concentration of CoFe,O4/MWCNTs in the polymer blend. Therefore, adding nanomaterials as CoFe;O4
nanoparticles and MWCNTs into a polymer matrix makes a promising composite material to improve the

electrical conductivity in sensors.

The aim of this work is to fabricate nanofibers of PVP with carbon nanotubes and nanoparticles of
CoFe;04 (5, 10, 15, 20, and 25 nm) by electrospinning technique to study the electrical properties of the
fiber composites.
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1.1 Problem Statement

Research on improving the electrical properties of insulator polymers is crucial to semiconductor devices.
The fast growth in the semiconductor industry, projected to become a trillion-dollar by 20302, has made
many scientists focus on combining semiconductor and material science fields to achieve better results
in electrical conductivity. Nowadays, insulator polymers such as PVA, PVP, and PE are used to enhance
their electrical properties using nanomaterials. Polyvinylpyrrolidone (PVP) exhibits properties as it is
highly soluble in water and organic solvents, has biocompatibility, and can form micro-nanofibers and
films, making it a good candidate. For that reason, fabricating micro or nanofibers of PVP loaded with
nanomaterials by electrospinning technique is an area that has gained more attention in developed countries

due to the reduced response time of sensors.

1.2 General and Specific Objectives

1.2.1 General objective

* To fabricate PVP nanofibers loaded with carbon nanotubes and CoFe, 0,4 nanoparticles.

1.2.2 Specific objectives
* To synthesize CoFe,O4 nanoparticles at different sizes.
* To optimize the relation between PVP, CNTs, and CoFe;O4 nanoparticles.
* To fabricate composite nanofibers using the electrospinning technique.
* To characterize the nanofibers using Optical Microscopy, Raman spectroscopy, FTIR, and TGA.

* To study the electrical properties of nanofibers using a voltage as a function of resistance character-

ization.






Chapter 2

Theoretical Background

2.1 Nanotechnology

The concept of nanotechnology is attributed to famous Nobel Laureate Dr. Richard P. Feynman, who
called his science lectures as “There’s Plenty of Room at the Bottom: An Invitation to Enter a New Field of
Physics” 3. Nanotechnology word comes from the Greek prefix “nano” which refers to a reduction in size
or time of 10—9. The nanoscale range is typically defined from 1 to 100 nm in which dramatic alterations
may occur in the properties of materials such as physical, chemical, and biological, which may be quite

1'%, Many authors defined nanotechnology as technology on the nanoscale

different for a bulk materia
with many applications in the real world. Furthermore, the dictionary definition of nanotechnology
is “the design, characterization, manufacture and shape and size-controlled application of matters in the
nanoscale” (dictionary definition) !4 1>, Therefore, nanotechnology can play an important role in developing

and improving methods used to produce new products, reducing material and energy consumption '4.

2.1.1 Nanoparticles

A nanoparticle is defined as a group of atoms (between 10-10°) bonded together with an average radius
between 1 and 100 nm . The nanoparticles show better performance properties than bulk materials used
for similar applications due to the increment of their superficial area. NPs offer a wide range of applications
such as sensor, electronic (solar energy conversion), environmental (water treatment), and biological 14,
In general, nanoparticles are used for electronic devices due to high electric conductivity, good oxidation

resistance and easiness for large-scale preparation 'S,



6 2.2. POLYMER

2.1.2 CoFe,04 Nanoparticles

Recently, there has been an increment in interest in studying magnetic nanoparticles (MNPs), specifically
cobalt ferrite nanoparticles (CoFe;O4). Ferrites can combine physical properties with high chemical

stability, and the cost of production is low'”.

In the same way, iron oxides and cobalt are known as
highly attractive magnetic materials due to their properties and low-cost production !”. Nevertheless, Chen
(2014) et al. showed that CoFe,O4 sensor materials have better electro-catalytic properties than Fe203 and

18,19

Co0304 due to the synergy between different elements , making CoFe,O4 nanoparticles a nanoparticles

a promising material for electronic devices.

2.1.3 Carbon nanotubes

Carbon nanotubes were introduced in 1911 by Iijima®’. CNTs form a graphene cylindrical tube with diam-
eters ranging from one nanometer to several nanometers and show relevant properties such as small size and
mass, high electrical, conductivity, and thermal conductivity, making CNTs have numerous applications
in thermal, mechanical, electronic, and biological applications 4. CNTs can be synthesized by chemical
vapor deposition (CVD), laser ablation, metal-catalyzed disproportionation, and their combination'*. The
different parameters at the moment of synthesis allow multi-walled carbon nanotubes or single-walled
carbon nanotubes (SWCNT) to be obtained.

2.2 Polymer

The word polymers is derived from the Greek words ’poly’= many and *meros’= part, so a polymer is

defined as a large molecule formed by numerous smaller molecules called monomers 2!

. The polymer
molecule size may be defined as the number of repeat units in the molecule, called the polymerization
degree?!. There is no specific method to classify polymers. One way is to consider the thermal treatment
in which polymers are classified into thermoplastics and thermosets. Thermoplastic refers to polymers
that melt when heated and resolidify when cooled, and thermosets are polymers that do not melt when

21

heated; however, they decompose irreversibly at high temperatures<'. Another classification method is

based on the nature of the chemical reactions used in polymerization. Condesation polymers are formed
from monomers in which reaction goes with the loss of a small molecule (usually water), while the addition

polymers are composed by the addition of reaction of an unsaturated monomer?>!.
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2.2.1 Polyvinylpyrrolidone

Polyvinylpyrrolidone is a synthetic, non-toxic and non-ionic polymer composed of C=0, C-N and CH,
functional groups (Fig2.1. a and b) in which each PVP molecule contains hydrophilic component (pyrroli-
done moiety) and a hydrophobic group (alkyl group)®??. Non-aqueous liquids (such as ethanol) and water
are excellent solvents for PVP due to this polymer exhibiting the presence of a strongly polar amide group
within the pyrrolidone ring, along with nonpolar methylene and methine groups found both in the ring and
along its backbone ??>. Furthermore, considering the hydrophobic carbon chains of the PVP structure, this

polymer is a good stabilizer due to the repulsive force that prevents the aggregation of nanoparticles >>.

(a) (b)

O O
N N

|
CH=CH2

Figure 2.1: (a) Chemical structure of poly (vinyl pyrrolidone)® and (b) molecular structure of the monomer

N-vinylpyrrolidone??.

2.3 Electrospinning

The term "electrospinning’ was introduced by Anton Formhals in 193423, Nevertheless, this technique did
not get much attention until the 1990s for two reasons. One reason is that the high-voltage electrostatic
method was not mature, and the other is that the nanotechnology field was unknown?3. In 1996, Darell et al.
showed that it is a simple and powerful technique to fabricate polymeric fibers with diameters ranging from
nanometers to micrometers>>. The electrospinning equipment consists of a high-voltage power supply, a
syringe pump, a metallic needle, and a collector?*, as shown in figure 2.2. First, a polymer solution is
loaded into a syringe and driven to a metallic needle by a syringe pump until a droplet is produced at the

tip. At this moment, a high voltage is applied to the metallic needle to stretch the droplet, forming the
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Taylor cone and then generating an electrified jet. Finally, the jet is elongated and continuously agitated
through electrostatic repulsion until it is deposited onto the collector.

There are some parameters to consider when producing fibers, as seen in the figure 2.2.

Control

parameters Effects on fiber morphology

(i) The fiber diameter value reduces with the
increase in voltage supplied due to the higher
stretching of polymer solution [17].

(ii) Higher voltage will increase the evaporation
rate that dries the solvent faster [28, 29].

(ii1) Lower voltage values result in reduced flight
time of the polymer jet, which increases the
possibility of obtaining smoother fibers [30].

High voltage

(i) The fiber diameter value increases with a
higher concentration of polymer solution.
(ii) With lower concentrations, defects in the
Concentration form of beads start to appear on the nanofiber
mat.
(iii) Possibility of electrospraying also increases on
lower concentrations [8, 12].

(i) The average fiber diameter value is higher with
a stationary rotor than a rotating collector.
Rotational (ii) The diameter of fibers decreases with an
speed increase in rotating collector RPM, but the
decrease in value is not significant compared
to other parameters [31].

(i) Increasing the distance will increase the time
of flight, resulting in stretched and further
elongated fibers [30].
(ii) Beads start to appear with a higher distance
Collecting between the needle & the collector.
distance (1i1) Formation of beads also takes place with lower
distances as the polymer jet does not
experience a sufficient time to solidify 32, 33].
(iv) The optimum distance is required to obtain
smooth fibers [17].

(i) The fiber diameter decreases with the lower
flow rate of polymer solution because it
provides more time for stretching [17].

(i1) Higher flow rate values yielded thicker fibers
with beads as the drying time for the fibers
reduces [33].

Flow rate

Figure 2.2: Effect of electrospinning factors on fiber morphology. Recovered from the reference*
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2.4 Interdigitated circuits

One of the more important goals in electronics is the ability to comprise two miniaturized interdigitated
electrodes (IDE) by MEMS surface micromachining processes so that they are exposed to an aqueous
solution containing a target agent>. This process is used in sensing applications in the environmental
science and biomedical fields. For instance, Tolouei et. al (2020) developed an interdigitated gold-coated
sensor for biochemical sensing applications? (Fig. 2.3a), and Hu et. al (2020) fabricated an integrated
humidity sensor. The sensor comprises a sensitive film of titanium dioxide nanoparticles and interdigitated
electrodes?®. A schematic structure representation is shown in the figure 2.3b.

—20—0—9-”'— Sensitive
~ film

Interdigitated
~_ cletrodes

(a) SEM image of the interdigitated gold-coated sen- (b) Schematic structure of the integrated humidity

sor. Recovered from the reference®. sensor. Recovered from the reference?®.

Figure 2.3: Interdigitated circuits developed for sensoring applications.

2.4.1 Mott Transition

The concept of Mott transition explains the electronic phases and physical properties in correlated electron

materials by insulator-metal-transition?’.

The nature of the transition depends on the structure of the
insulating state?®. Moreover, understanding the electron dynamics, spin, and lattice across the transition.

Mott transition explains the behavior of an electron in a material as a function of the density, which can be
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produced by doping as elemental substitution or photoirradiation in transition-metal compounds2—4 and
organic materials>’. Furthermore, Yamakawa et al.?’ (2017) showed the application of a strong electric

field can create a Mott transition by a new pathway.

2.5 Characterization techniques

2.5.1 Optical Microscopy

The principle of an optical microscope begins when the light from the microscope lamp goes through the
condenser way to the sample, so some of the light passes through the sample and the rest around. It is
called direct light>®. Furthermore, background light passes around the sample, which is also undeviated.
The undeviated light is rendered one-half wavelength out of step with the direct light. The one-half
wavelength out of phase generates destructive interference with the direct light when they arrive at the
intermediate image plane at the eyepiece?®. The image is magnified by the eye lens of the eyepiece so that
this image will projected onto the retina. To obtain high-quality images in microscopy, it is necessary to
use proper illumination. For that reason, August Kohler introduced an advanced procedure for microscope
illumination in 1893%°. Most modern laboratory microscopes recommend this technique because the

specimen illumination is uniformly bright and free from glare?°.
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Light Paths in Kéhler lllumination
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Figure 2.4: Light paths in Kohler illumination. The illuminating ray paths are illustrated on the left side

and the image-forming ray paths on the right. Recovered from the reference?”.

2.5.2 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis is used to observe the sample’s weight variation with respect to the thermal
treatment>’. It means that some mass will be lost due to sample decomposition, and this weight loss
is measured employing a microbalance. Additionally, in the thermogravimetric method, the sample is
treated at different temperatures and atmospheres, allowing simultaneous measurement of a sample’s
temperatures, time, and mass in controlled conditions3’. The process begins by inserting the sample in a
“sample pan” or container. Then, the temperature variation is set according to a customized temperature
program, which includes ramp steps at different heating rates®’. Concerning the PAN, which is usually

positioned on a sample holder and connected with the microbalance, the mass variation is measured in
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each step as the temperature increases. Furthermore, it is necessary to consider the physical properties of
the sample because it can affect the TG curves>?. Another way of showing the results is called derivative
thermogravimetry (DTG). DTG is also used to investigate the kinetic parameters3’. The TGA signal is
reported as T/% of mass, and the DTG is plotted as mg/min or %/min>°,

Scale

/\

Thermocouple

Sample

Furnace

Carrier Gas

Figure 2.5: Schematic representation of thermogravimetric method. Recovered from the reference

In previous works, TGA technique was used to study the thermal stability of PVP and composite

fibers3!32. PVP fibers were analyzed using a temperature range from O to 850°C while CNTs/PVP

composite was from O to 600°C. Both cases was done in N, atmosphere with heating rate of 10°C/min3'-32.

2.5.3 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared has been used to analyze materials for over 70 years. Concerning IR spec-

troscopy, IR radiation passes through a sample where some IR radiation is absorbed and transmitted,
)33, This spectrum is composed of absorption

133

creating a molecular fingerprint of the sample (spectrum

peaks representing vibration frequencies between the atom bonds of the material °°. Moreover, to identify

an organic compound, it is necessary to match a reference IR spectrum with an unknown compound. For

33

that reason, the following equation-- is used
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1 1
A= 10810(?) = —log10(T) = —logio (1—) 2.1

o

where T is the transmittance, I is the radiant power, I, is the radiant power incident on the sample, and A

is the absorbance.

FTIR working principle is divided in33:

1.

The source: IR energy is emitted from a glowing blackbody source, in which the amount of incident

energy can be controlled by an aperture.

The interferometer: The beam enters the interferometer where the “spectral encoding” occurs.

. The sample: The beam enters the sample compartment where the beam is transmitted or reflected.

The detector: The beam that passes is measured by the detector.

. Reflection gratings: A prism is used to reduce the effect of overlapping and stray radiation.

Mirror: Mirrors help to focus the IR radiation.

. Windows and computer: Together, help to digitize the signals to obtain the IR spectrum.
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Computer
Moving
Mirror \
&
Electronic links
Beam splitter]  ~ it
) 294 Detector
Stationary Sample
Mirror
Interfotometer

Source

Figure 2.6: Schematic representation of FTIR instrument?3.

An analysis of vibration frequencies between atom bonds is crucial to obtain a molecular fingerprint
because peak positions depend specifically on functional groups in the molecules, making it relevant to
characterize composite materials. Omran et al. (2021) studied the streching and bending vibration bands of
MWCNTs within the PVP matrix by FTIR technique with a wavenumber range from 400 to 4000 cm™' 34,
Stobinski et al. (2010) mention that MWCNTSs spectrum shows a peak at ~3444 cm™~! which corresponds
to OH stretching, and in the range of 1750-1550 cm™!, C=0 vibrational mode is found. Moreover, the
C=C streching and C-O vibrational mode are located at ~1640 and ~1550 cm™!, respectively*.



CHAPTER 2. THEORETICAL BACKGROUND

15

Finally, Annette, Sudhakar, Ursula and Andrea36-7 showed the applicability of FTIR for natural fibre

studies as can seen in the figure 2.738.

Peak wavenumber Peak wavenumber Av(cmt) Bonds
(without dislocation) (with dislocation)
(cm?) (cmyt)
3327 3332 5 OH stretching
2883 2882 1 C-H sy mmetrical
stretching
1724 1724 0 CIZO s.trel.ching
vibration
OH bending of
o i . absorbed w%\ter
- - C=C aromatic
T e = symmetrical stretching
HCH and OCH in-
1423 1423 0 plane bending
vibration
1368, 1363 1367,1363 1/0 ]I;;"h‘?'"}‘me ek
nding
1325 1325 0 S ring stretching
1314 1313 1 CH:rocking vibration
at C6
1259 1261 1 G ring stretching
C-C plus C-O plus
C=0 stretch; G
e s & condensed > G
etherfied
1232 1231 -1 COH bending at Cé
C-0-C symmetric
1204 1199 -5 stretching, OH plane
deformation
1152 1156 4 CcO0-C Ias;,—‘mmetrical
stretching
C-C, C-OH, C-H ring
1046 1043 -3 and side group
vibrations
C-C, C-OH, C-H ring
1020 1018 2 and side group
vibrations
C-C, C-OH, C-Hring
994 996 2 and side group
vibrations
COC,CCO and CCH
895 894 -1 deformation and
stretching
662 663 1 C-OH out-of-plane

bending

Figure 2.7: Bonds wavenumber related to regions without and with dislocations of natural fibers. Recovered

from?

8
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2.5.4 Raman Spectroscopy

In 1923, Smekal postulated the phenomenon of inelastic scattering of light; however, it could be observed
experimentally in 1928 by Raman and Krishnan?’. The fundamental base of Raman spectroscopy is the
interaction of light with the matter in which the photons that make up the light may be absorbed, scattered
or not interact with the material>®. A photon is absorbed when an incident photon of light corresponds to
an energy gap between the ground state and an excited state . It makes the molecule jump up to a higher
energy excited state, making this interaction be measured by detecting the loss of that energy of radiation

from the light*°. Moreover, this radiation could be analyzed and discussed in energy terms.
A=c/v, 2.2)

where A is the radiation expressed in terms of wavelength, ¢ is the speed of light, and v is the frequency.
Finally,
v=naE/h, (2.3)

@=v/c=1/2 2.4)

Considering these equations, it is clear that the energy (A E) is inversely proportional to the wavelength
(1). The radiation is employed in Raman spectroscopy because it uses a single frequency of radiation
to irradiate the sample°. At that moment, one vibrational unit of energy different from incident light is
detected.

It is important to consider that there is no change in electronic energy in molecular vibrations3°. For
instance, concerning the absorption of a photon and the jump up of an electron to an excited electronic
state, the molecule energy can be divided into degrees of freedom. With three of these degrees of freedom,
the translation of the molecule in space can be described, and with three more, the rotational movement,
except for linear molecules, can also be described®. Therefore, considering N is the number of atoms
in a molecule, the number of vibrations possible (freedom vibrational degrees number) is 3N-6 for all
molecules, except for linear ones, which is 3N-5 3 Furthermore, it is known that there is only one vibration
in a diatomic molecule, but a triatomic molecule will have three modes of vibrations, as can be observed

in figure 2.8. Spring and ball model is widely used to interpret vibrational spectra®®.
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Water

T V> s
Symmetrical Bending or Asymmetric
stretch deformation stretch

Figure 2.8: Vibration modes of H,O and CO, by Spring and ball model. Recovered from>°

Therefore, analyzing modes of molecule vibrations makes Raman spectroscopy a powerful technique
for quality dispersion characterization of MWCNTs-based composite*°. Nasouri et al. (2017) mention that
MWCNTS: consist of three characteristic main bands: D-band at ~1330 cm™!, the G-band at ~1590cm™!
and the G’-band at ~2715 cm™' 40,






Chapter 3

Methodology

3.1 Materials and reagents

Polyvinylpyrrolidone (PVP) (Mw 30 000 gmol~', Mw 40 000 gmol~', and Mw 1 300 000 gmol™")
and N,N-Dimethylformamide (99.9% purity) were obtained from Sigma and Aldrich Co. The commercial
multi-wall carbon nanotubes were obtained from Elicarb MW (Dry). The reagents used in the cobalt ferrite
synthesis were iron acetylacetonate, cobalt acetylacetonate, 1,2 hexadecanediol, oleic acid, oleylamine,

benzyl ether, were of analytical grade and used without further purification.

3.2 Methods

3.2.1 Preparation of PVP solutions

Polyvinylpyrrolidone (Mw 30000 gmol~') was prepared with 0.5 and 0.6 g of PVP flakes added to 4.5 and
4.4 mL of ethanol, respectively. PVP samples were stirred at 500 rpm for 30 min at room temperature until
homogeneous solutions were obtained at 10 and 12 wt%, respectively. PVP (Mw 40000 gmol~") of 10 and
12 wt% were obtained with PVP flakes (0.5 and 0.6 g) added to 4.5 and 4.4 mL of N,N-dimethylformamide
(99.9% purity). PVP samples were dissolved at room temperature under low agitation for 30 min to obtain
homogeneous solutions. PVP (Mw 1300000 gmol~') was prepared with 5 g of PVP flakes added to 45
mL of ethanol and stirred at 500 rpm for 30 min at room temperature to obtain a homogeneous solution of

PVP at 10 wt%. The PVP processes are represented in the figure 3.1.

19
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Polyvinylpyrrolidone Room
yvinyey temperature

Polymer Solvent | Time | RFM

l PVP (30kD) Ethanol |30 min | 300

. . . — PVP (40kD) DMF |30 min | 500
o - W]

PVP (1300kD)| Ethanol |30 min | 500

Solvent

Figure 3.1: Schematic representation of PVP solutions at different molecular weights.

3.2.2 Synthesis of CoFe,O, nanoparticles.

Co(acac)3 (1 mmol), Fe(acac)3 (2 mmol), 1,2-hexadecanediol (10 mmol), oleic acid (6 mmol), oleylamine
(6 mmol), and phenyl ether (20 mL) were mixed and magnetically stirred. The mixture was heated to 200
°C for 30 minutes and then to reflux (265 °C) for another 30 minutes. The black-brown mixture was cooled
to room temperature by removing the heat source. Under ambient conditions, ethanol (40 mL) was added
to the mixture, and a black material was precipitated and separated via centrifugation.

To prepare the sample CoFe,O4 (10 nm), 84 mg of CoFe,0,4 previously prepared nanoparticles
dispersed in hexane (4 mL) was added, and the mixture was heated to 200 °C for 30 min and then, heated to
reflux (265 °C) for another 30 min. The black-brown mixture was cooled to room temperature by removing
the heat source. Under ambient conditions, ethanol (40 mL) was added to the mixture, and a black material
was precipitated and separated via centrifugation. The same process was repeated using the previous core
for the 15, 20, and 25 nm samples.

3.2.3 Preparation of PVP/CoFe,0, composite

PVP/CoFe,04 composite was prepared using 0.3 mL of CoFe,O4 nanoparticles (size = 5, 10, 15, 20,
and 25 nm) were added to 2.7 mL of PVP (Mw 1300000 gmol™') (10 wt%) in ethanol. To obtain a
homogeneous solution, the PVP/CoFe,0,4 sample was sonicated for 3 minutes 50 seconds with a 90%
amplitude as can seen in the figure 3.2.
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3.2.4 Preparation of PVP/MWCNT composite

PVP/MWCNT composite was prepared using 0.3 mL of MWCNT (0.001g) was mixed with 2.7 mL of
PVP Mw 1300000 gmol‘l) (10 wt%) in ethanol, and then the solution was sonicated for 4 minutes 30

seconds with a 90% amplitude to obtain a homogeneous solution (Fig.3.2).

3.2.5 Preparation of PVP/MWCNT/CoFe,0, composite

PVP/MWCNT/CoFe,04 composite was prepared using 0.3 mL of MWCNT (0.001g)/CoFe,0,4 nanopar-
ticles (size = 5, 10, 15, 20 and 25 nm) were added to 2.7 mL of PVP (Mw 1300000 gmol™") (10 wt%) in
ethanol. The solution was sonicated for 3 to 4 minutes with a 90% amplitude until a homogeneous solution
(Fig.3.2).
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Figure 3.2: Schematic representation of the process of PVP/CoFe,O4, PVP/MWCNT, and
PVP/MWCNT/CoFe;0O4 composites using PVP (Mw 1 300 000) at 10 wt%.

3.2.6 Electrospinning of PVP, PVP/CoFe,0,, PVP/MWCNT, and PVYP/MWCNT/CoFe,0,
composite.

PVP,PVP/CoFe; 04, PVP/MWCNT, and PVP/MWCNT/CoFe, 4 fibers were fabricated using SprayBaseTM
electrospinning technique. The SprayBase’™ electrospinning equipment consists of three primary parts: a
solution release system, a power supply, and a collector. The nanofibers were deposited onto an aluminum
foil, which was the collector. A DC voltage supply was used to release the PVP solutions at a controlled
flow rate between 0.010 mL/h and 0.500 mL/h. An electrical potential was applied to solutions to evaporate
the solvents. It was under a high electric voltage ranging from 3.80 kV to 13.84 kV power source. The
distance between the emitter and collector was between 9 and 14 cm. The diameters of emitters used
were 0.35 and 0.55 (24G). The electrospinning process was realized under room temperature (16°C). The

specific parameters used for each solution are shown in tables 3.1 and 3.2.
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Figure 3.3: SprayBase™ electrospinning equipment and setup.
Solution Concentration Flow rate Voltage Distance Emitter
Polymer/Solvent (%) (mL/h) kV) (cm) diameter (mm)
PVP (30 000 g/mol) / 10 0.500 13.84 9 0.45
Ethanol 12 0.400 12.51 9 0.35
PVP (40 000) / 10 0.350 8.42 9 0.45
DMF 12 0.350 6.63 9 0.45
PVP (1 300 000)/
10 0.150 6.00 13 0.55
Ethanol

Table 3.1: Electrospinning parameters of PVP solutions.




24 3.2. METHODS

S 1 Syringe Flow rate Voltage Distance Emitter
ample
P volume (mL) (mL/h) kV) (cm) diameter (mm)
0.500 3.95 13
0.150 4.50 14
PVP (10 wt%) /
3 0.010 4.60 13 0.55
CoFe;04 (5nm)
0.015 4.00 13
0.050 4.30 13
PVP (10 wt%) /
3 0.050 4.00 14 0.55
CoFe;04 (10nm)
PVP (10 wt%) /
3 0.050 3.40 14 0.55
CoFe;0Oy4 (15nm)
PVP (10 wt%) /
3 0.050 3.81 14 0.55
CoFe,;04 (20nm)
PVP (10 wt%) / 4.05 13.5
3 0.050 0.55
CoFe;04 (25nm) 4.00 14
PVP (10 wt%) /
3 0.030 4.50 14 0.55
MWCNT
PVP (10 wt%) / MWCNT/ 10 0.030 4.50 14 0.55
CoFe;0y4 (5nm) 0.050 4.25 14 ’
0.050 4.00 14
PVP (10 wt%) / MWCNT/
10 0.050 3.75 13 0.55
COF6204 (10nm)
0.020 3.75 14
PVP (10 wt%) / MWCNT/
10 0.020 3.80 14 0.55
CoFe, 04 (15nm)
PVP (10 wt%) / MWCNT/
3 0.020 4.10 14 0.55
CoFe,04 (20nm)
PVP (10 wt%) / MWCNT/ 3 0.020 4.10 14 0.55
CoFe;04 (25nm) 0.025 4.10 14 '

Table 3.2: Electrospinning parameters of PVP/CoFe;04, PVP/MWCNT, and PVP/MWCNT/CoFe,04
samples using the PVP (Mw 1 300 000) at 10 wt%.
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3.2.7 Fabrication of interdigitated circuit

The fabrication of interdigitated circuits began by cutting twelve 8 x 5 cm bakelite plates (a). After, an
interdigitated design was printed onto photographic paper and stamped onto the bakelite plates. Heat and
pressure were applied using a clothes iron for 5 minutes to transfer the design onto the plates. Then, the
plates were introduced in water for 7 minutes to remove the paper easily (b). After that, stamped bakelite
plates were introduced in ferric chloride until the copper exposed was removed (etching process)(c). Again,
devices were put in water to clean the ferric chloride, and finally, printing ink was removed by thinner (d),

as can seen in the figure 3.4

Figure 3.4: Interdigitated circuit process (a) 8 x 5 cm bakelite plate, (b) electrodes mask printed, (c) after
etching process and (d) interdigitated circuit device.

3.2.8 Fibers deposition on interdigitated devices

Once interdigitated devices were fabricated, the oxide in the surface was removed using sandpaper (grain
number 1200). After that, the devices were sonicated in acetone, 2—propanol, and distilled water in an
ultrasonic bath for 10 minutes, respectively. Then, nitrogen gas was used to remove the water residues of
the devices. Next, a Kapton film was used to create a mask and determine the region where fibers would
be deposited. Finally, interdigitated devices were put into the electrospinning equipment, and fibers were
deposited (Fig.3.5). Each solution’s deposition time is shown in the table 3.3.
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. Flow rate Deposition time Deposition volume
Solution
(mL/h) (min) (mL)
PVP 10 wt% 0.150 25 0.0625
PVP 10 wt% / CoFe,04 (5nm) 0.015 250 0.0625
PVP 10 wt% / CoFe;04 (10nm) 0.050 75 0.0625
PVP 10 wt% / CoFe;O4 (15nm) 0.050 75 0.0625
PVP 10 wt% / CoFe,04 (20nm) 0.050 75 0.0625
PVP 10 wt% / CoFe;04 (25nm) 0.050 75 0.0625
PVP 10 wt% / MWCNT 0.030 125 0.0625
PVP 10 wt% / MWCNT / CoFe,O4 (5nm) 0.020 187 0.0625
PVP 10 wt% / MWCNT / CoFe,;0O4 (10nm) 0.020 187 0.0625
PVP 10 wt% / MWCNT / CoFe,0O4 (15nm) 0.020 187 0.0625
PVP 10 wt% / MWCNT / CoFe;0O4 (20nm) 0.020 187 0.0625
PVP 10 wt% / MWCNT / CoFe;O4 (25nm) 0.020 187 0.0625

Table 3.3: Deposition times of each solution remaining constant to deposition volume.

Figure 3.5: An interdigitated device with fibers deposited into electrospinning equipment. A Kapton film

(yellow) was used to determine the deposition region.
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3.3 Characterization

3.3.1 Optical Microscopy

The optical images were taken using an optical microscope from Raman equipment. The magnification

range was from 50 to 100 x. Each sample was observed at different points to analyze the size distribution.

-

Figure 3.6: Optical microscope integrated to Raman equipment.

3.3.2 Thermogavimetric Analysis (TGA)

TGA characterization was carried out using TA TGA 55. This equipment is located in the School of
Chemical Sciences and Engineering Laboratory at Yachay Tech University. TGA measurements were
made using nitrogen gas with a temperature range of 0 to 800°C, and a ramp temperature of up to
20°C/min.

Figure 3.7: Thermogravimetric analyzer, TGA 55



28 3.3. CHARACTERIZATION

3.3.3 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR characterization was made by AGILENT Cary-630 Fourier transform infrared spectrometer. FTIR

measurements were made in a range from 4000 to 500 cm™'.

-

Figure 3.8: FTIR spectrometer, AGILENT Cary-630

3.3.4 Raman Spectroscopy

The Raman spectroscopy analysis for all samples was taken by LabRam HR Evolution microscope, located
in the laboratory of characterization of the School of Physical Sciences and Engineering at Yachay Tech
University, Ecuador. To characterize, fibers were deposited in different glass slides using the following
parameters: a) wavenumber range from -20 to 3200 cm™!, b) the laser was 633 nm with a power of 50% ,

and c) acquiring time was set to 20 seconds with 5 five accumulations per measurement.

Figure 3.9: Raman spectrometer, HORIBA LabRAM HR Evolution
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3.3.5 Voltage vs Resistance

The equipment consists of a DC power supply (V,), a safety resistor (R1), a multimeter (with its internal
resistance RM), and a device that would be measured (Interdigitated circuit) (Rx). The applied voltage
range was 421 to 100 V, R1 was 1.18 MQ, and RM was 10 MQ. The measurement setup and equipment
are shown in the figures 3.10 and 3.11, respectively.

Interdigitated circuit
R1 RX|
1.18M
——— Multimeter
1
Power Supply : Vo RM 0.89 V|
—_
r—y

Figure 3.11: Homemade measurement equipment

As can be seen, the homemade equipment is connected in series. The resistance of the material is
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calculated by the following equation:

Vo
szRM(—— 1)—R1, (3.1)
Vi

where Ry is the calculated resistance, Ry is the internal resistance of multimeter, V,, is the applied voltage,

V is the output voltage in the multimeter, Ry is the safety resistor of 1.18MQ.



Chapter 4

Results & Discussion

Section 4.1 analyzes parameters that affect the electrospinning process using PVP polymer. Factors such
as molecular weight, solution concentration, and working parameters are discussed. Section 4.2 shows
the structure of the fiber through optical microscopy and explains the spectra from Raman Spectroscopy,
FTIR, and TGA. Section 4.3 exhibits an analysis of applied voltage against the resistance of fibers of PVP

and composites.

4.1 Electrospinning parameters optimization

The electrospinning technique is a powerful tool to fabricate new materials for several applications, from
textiles to electronic devices. These applications depend on three important conditions: a) the molecular
weight of the polymer, b) solution concentration, and c) the working parameters of electrospinning
equipment. This study used PVP polymers at three different molecular weights: 30 000, 40 000, and 1
300 000 g/mol. Once the PVP solutions were prepared, they were put into electrospinning equipment to
find each parameter, as shown in Table 3.1. Figure 4.1a shows an electrospray formation. The droplet
carries a charge distributed over its surface, leading to a Coulombic repulsion force. It makes an unstable
droplet, breaking into smaller droplets*!. This behavior was characteristic of PVP at molecular weights
of 30,000 and 40,000 g/mol. Figure 4.1b exhibits an electrospinning formation where the applied voltage
produces an electric force on the fluid droplet, forming a Taylor cone*?. It makes the solvent evaporate
fast, producing an elongated jet. This behavior was obtained by PVP at a molecular weight of 1 300
000 g/mol and composites solutions. Therefore, the molecular weight is the crucial difference between
electrospraying and electrospinning, as Li et al. (2021) mentioned*.

31
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(a) Electrospraying (b) Electrospinning

Figure 4.1: Electrospraying and electrospinning process

Figure 4.2 illustrates the Taylor cone formation necessary to fabricate fibers. Firstly, a PVP solution is
added, forming a spherical droplet. Then, a charge is applied to the fluid droplet, stretching into an ellipsoid
shape to maintain the force balance*>. When the optimal applied voltage is found, the Taylor cone is formed,
producing jet elongations (fibers)*?>*3. To achieve consistent fiber fabrication, maintaining a sufficient
amount of liquid to support the ejected amount during the electrospinning process*. Nevertheless, when
the applied voltage achieves the critical voltage, the balance of repulsive forces is broken, producing
flow instability and forming random fibers without a controlled diameter*'*>. Thus, the applied voltage

influences the formation of fibers in the electrospinning process*?.

(a) Formation of a PVP (b) Formation of an elon- (¢) Correct formation of (d) Flow instabilities in the
droplet gated PVP droplet Taylor cone needle tip

Figure 4.2: The influence of input voltage for the formation on Taylor cone
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4.2 Structural and composition characterization

4.2.1 Optical Microscopy

Once the fibers were fabricated using the electrospinning technique, they were characterized by optical mi-
croscopy to observe their morphology. Figure 4.3a shows PVP fibers free from beads, indicating that poly-
mer concentration was sufficient in the precursor solution for the electrospinning process** (optimal param-
eter). These fibers have a smooth appearance with an average diameter of 4.13 um (Fig.4.4a). Figure 4.3b
also exhibits PVP/CoFe,;04(5nm) fibers free from beads with an average diameter of 2.23 yum (Fig.4.4b);
however, some tiny drops are present. The fibers of PVP/CoFe;04(10nm) and PVP/CoFe;O4(15nm) are
aligned and free from beads (Fig.4.3c,d) with an average diameter of 1.20 and 1.82 um (Fig.4.4c,d), respec-
tively. Figure 4.3e also shows PVP/CoFe;04(20nm) fibers free from beads with a combination of align and
spiral fibers. Additionally. The fibers’ average diameter is 2.29 um (Fig.4.4e). The PVP/CoFe;04(25nm)
fibers are free from beads (average diameter=1.95um, Fig.4.4f), but there is a big drop between them,
which could affect the flow of electrons(Fig.4.3f). The PVP/MWCNTs fibers are free from beads and
have an aligned behaviour(Fig.4.3g) due to the electrical properties of carbon nanotubes. Moreover, these
fibers have an average diameter of 2.11 ym (Fig.4.5g). The fibers of PVP/MWCNT/CoFe,;04(5nm),
PVP/MWCNT/CoFe;04(10nm) and PVP/MWCNT/CoFe,04(20nm) are free from beads in which the ma-
jority of fibers are not aligned (Fig. 4.3h,i,k) with an average diameter of 0.55, 0.68, 0.55 um (Fig.4.5h,i,k)
while the PVP/MWCNT/CoFe;04(15nm) and PVP/MWCNT/CoFe;04(25nm) fibers have an aligned be-
havior (Fig.4.3j,1) with an average diameter of 1.07 and 1.05 um (Fig.4.5j,1), respectively.

To make a general fiber diameter analysis, it is necessary to consider four principal groups with
their average diameter: a) PVP (4.13um), b) PVP/CoFe,;04 (1.90um), ¢) PVP/MWCNTs (2.11um) and
d)PVP/MWCNTs/CoFe,04 (0.78um). There are remarkable size reductions against the PVP fibers. It
agrees with Lamastra et al.*>, which explains that this effect is associated with the conductivity prop-
erties of MWCNTs and CoFe,04. Nevertheless, PVP/MWCNTs have an average diameter higher than
PVP/MWCNTs/CoFe,0,4 and PVP/MWCNTs/CoFe,04. Nasouri et al.*0 reports that the increment of
diameter of PVP/MWCNTs is due to the concentration of MWCNTs in PVP due to the viscosity of the
solution increases when the concentration increases. As literature described*’, when the viscosity of

electrospinning solution increases, the diameter of fiber increases too*’.
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(a) PVP 10 wt% (b) PVP/CoFe,04(5nm) (c) PVP/CoFe,04(10nm)

(d) PVP/CoFe,04(15nm) (e) PVP/CoFe,04(20nm) (f) PVP/CoFe;04(25nm)

(g) PVP/MWCNT (h) PVP/MWCNT/CoFe,04(5nm) (i) PVP/MWCNT/CoFe;04(10nm)

(i) PVP/MWCNT/CoFe,04(15nm) (k) PVP/MWCNT/CoFe>04(20nm) (1) PVP/MWCNT/CoFe,04(25nm)

Figure 4.3: Optical images of PVP, PVP/CoFe,04, PVP/CNT and PVP/CNT/CoFe, 04 fibers.
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4.2.2 Raman Spectroscopy

Figure 4.6 shows the Raman spectra of PVP fibers, PVP/CoFe,0Q4 fibers, PVP/MWCNT fibers, and
PVP/MWCNT/CoFe;0;4 fibers. PVP spectrum of pure PVP fibers (a) shows peaks at 2928, 1670, 1450,
and 1232 cm™! are attributed to C—H stretching, C=0 stretching, CH, scissor vibration, and CH, twisting
vibration, respectively. These peaks are consistent with other research for PVP*%#7. The PVP/CoFe,0,
fibers spectrum (b) has the same behavior that the PVP fibers (black line) spectrum due to the very
low concentration of CoFe,O4 nanoparticles, making that PVP spectrum overlap the peaks of CoFe,0O4
nanoparticles. PVP/MWCNT spectrum (c) exhibits 2 well-defined peaks at 1329 and 1590 cm™! are
associated with D-band(~ 1330 cm™! ) and G-band (~ 1590 cm™), respectively40. The D-band usually
indicates the presence of defects as amorphous carbon (carbonaceous impurities with sp> bonding, broken
sp? bonds in the sidewalls) in the MWCNTs and G-band is attributed to sp? graphitic nature of the
MWCNTs 4048,

500 1000 1500 2000 2500 3000 3500
T v T v T v T v T v T

PVP
PVPICoFe 0,

PVP/MWCNTs
PVP/MWCNTs/CoFe O (5nm)
(a) 274

PVPIMWCNTS/CoFe O (10nm)
PVPIMWCNTSs/CoFe O (15nm)
PVPIMWCNTS/CoFe O (20nm)
PVPIMWCNTs/CoFe O (25nm)

(b)
(c)

Intensity (a.u.)

(e) o ~— |
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Raman Shift (cm'1)

Figure 4.6: Raman spectra of fibers of PVP, PVP/CoFe,O4, PVP/MWCNT and PVP/MWCNT/CoFe;04.
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Figure 4.7 was used to study the interactions between CoFe,O4 nanoparticles(5,10,15,20,25nm), carbon
nanotubes and PVP polymer. The PVP/CNT/CoFe,04(5,10,15,20,25nm) spectra exhibit 2 well defined
peaks at 1329 and 1590 cm™! corresponding to D-band and G-band, respectively as can see in the table
4.1. Moreover, the position of these peaks remains in the same position as the PVP/MWCNTSs spectrum
(Fig.4.6).

500 1000 1500 2000 2500 3000 3500
! ’ ! ) ! ’ ' ) ' |~ PVPIMWCNTS/CoFe O (snm)
PVPIMWCNTS/CoFe,0 (10nm)
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-
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Figure 4.7: Zoom of Raman spectra of PVP/MWCNT/ CoFe, Oy fibers.
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Sample G-mode D-mode

(fibers) (cm™h) (cm™h)
PVP/MWCNT 1329 1590
PVP/MWCNT/CoFe;04 (5nm) 1329 1590
PVP/MWCNT/CoFe;04(10nm) 1329 1590
PVP/MWCNT/CoFe;04(15nm) 1329 1590
PVP/MWCNT/CoFe;04(20nm) 1329 1590
PVP/MWCNT/CoFe;04(25nm) 1329 1590

Table 4.1: Raman vibrational peaks of PVP/MWCNT/ CoFe, Oy fibers.

4.2.3 Fourier Transform Infrared Spectroscopy (FTIR)

Figure 4.8 shows the FTIR spectra of PVP fibers, PVP/CoFe, Oy fibers, PVP/MWCNT fibers, PVP/MWCNT/
CoFe; 04 fibers, CoFe,O4 nanoparticles and carbon nanotubes. The FTIR spectrum wavenumber ranged
from 4000 cm™! to 500 cm™!. The FTIR spectrum of PVP: The O-H stretching vibration of water
molecules is observed at 3337 cm™!, which is in the range of 3000-3700 cm~!*°. It means that PVP
nanofibers absorbed water molecules of the air because PVP is hydrophilic*
2972 cm™! is attributed to CH tensile band, while that at 1663 cm™~! corresponding to C=0 tensile band
(~ 1664 cm™")**. Then, CH, flexural band is represented by the peak at 1378 cm™! and C-N tensile band
by the peak at 1291 cm™" (~ 1290 cm™1)#.

The FTIR spectra of PVP/CoFe,;04, PVP/MWCNT, PVP/CNT/CoFe,04 have the same peak positions

of PVP as can see in the table4.2. It is due to the concentration of CNT and CoFe, 04 nanoparticles being

. Subsequently, the peak

lower than PVP polymer, making that PVP spectrum overlap the peaks of CNT and CoFe;O4 nanoparticles.

The FTIR spectrum of CoFe,04 nanoparticles: O-H streching vibration is observed at 3250 cm™', and
C=O0 tensile band at 1542 cm™! due to absorbed water on the surface of the synthesis>°. Furthermore, the
CH tensile band appears at 2914 cm™!, which is in the range of 2850-2931 cm™!3!. This peak is due to
oleic acid used in CoFe,04 nanoparticles synthesis>>. Additionally, the peak at 576 cm™! is identified as
Co-O stretching corresponding to vibrations of the metals (octahedral and tetrahedral sites) of the cobalt
ferrite 302,

The FTIR spectrum of MWCNTSs shows a characteristic peak at 3248 cm™! corresponding to tensile

band O-H. Band associated to water>>. Moreover, vibrational mode C=0 of the carboxyl functional groups



40 4.2. STRUCTURAL AND COMPOSITION CHARACTERIZATION

(-COOH) is observed at 1700 cm™', which is in the range of 1750-1550 cm™!33. The peak ~1640 cm™! is
associated with the C=C stretch of the MWCNTs>? while the peak 1547 cm™ is associated with vibrational
mode C-O%,
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Figure 4.8: FTIR spectra of PVP (black), PVP/CoFe,0O4 (red), PVP/MWCNT (green),
PVP/MWCNT/CoFe;04 (magenta) fibers, CoFe,O4 nanoparticles (purple) and carbon nanotubes (blue).
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PVP PVP/CoFe,04 PVP/MWCNT  PVP/MWCNT/ CoFe;O4  CoFe;O4 MWCNT  Assignment

FTIR wavenumber
-1

cm

3337 3337 3337 3337 3250 3272 O-H stretch

2972 2972 2972 2972 2914 - C-H stretch

1663 1663 1663 1663 1542 1700 C=0 stretch
- - - - - 1640 C=C stretch
- - - - - 1547 C-O stretch

1378 1378 1378 1378 - - CH, stretch

1291 1291 1291 1291 - - C-N stretch

- 576 - Co-0 stretch

Table 4.2: FTIR wavenumber of fibers of PVP, PVP/ CoFe;O4, PVP/MWCNT, PVP/MWCNT/ CoFe;Oy4,
CoFe; 04 nanoparticles and MWCNT.

4.2.4 Thermogavimetric Analysis (TGA)

Figure 4.9, shows the thermograms of the fibers of PVP, PVP/CoFe; 04, PVP/MWCNT and PVP/MWCNT/CoFe, 4.
The first decrease below 100°C corresponds to water/ethanol in these thermograms. Then, the pure PVP

fibers have a second state thermal decomposition starting at 410°C and completely decompose at 451°C.

The second thermal decomposition of PVP/CoFe,0, fibers starts to 407°C and fibers are completely
decomposed at 460°C. The PVP/MWCNTs and PVP/MWCNT/CoFe,0; fibers have a second decrease

from 407°C to 448°C and 408°C to 450°C, respectively. There is no evidence of a clear change in thermal
decomposition material due to the low concentrations of MWCNT, CoFe,0,4, and MWCNT/CoFe, O, into

the polymer matrix.



42 4.3. VOLTAGE VS RESISTANCE

0 100 200 300 400 500 600 700 800
I B B A B L L L

100 4 —PVP
—— PVPICoFe,0,
—— PVPIMWCNTSs
PVP/MWCNTS/CoFe,0,
80 -

60 -

Weight (%)

40 4

20

v l v l v ' v l v l v l '*— l v
0 100 200 300 400 500 600 700 800
Temperature (°C)

Figure 4.9: Thermograms of PVP, PVP/CoFe,;04, PVP/MWCNT and PVP/MWCNT/CoFe,O;.

4.3 Voltage vs Resistance

Once the fibers of PVP and the composites were obtained and deposited on interdigitated circuits, their
electrical properties were analyzed. The PVP and composite fibers were characterized with a DC voltage
from 421 to 100 V. Table 4.3 indicates an analysis of pure PVP fibers, achieving a resistance of 52.6 GQ with
an applied voltage of 421 V. Furthermore, it is clear that when the applied voltage is reduced, the resistance
of fibers increases. An linear tendency is observed in the voltage against resistance measurements (Fig.
4.10)

The PVP/CoFe,04(5nm) fibers exhibit a decrement in the resistance against PVP fibers (Table 4.4),
obtaining a resistance of 4.70 GQ with an applied voltage of 420 V. Moreover, figure 4.11 shows a linear

tendency of voltage vs. resistance where the applied voltage is inversely proportional to the resistance
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of composite fibers. The PVP/CoFe;04(10 nm) fibers achieve a resistance of 3.81 GQ with an applied
voltage of 421 V. It is evident that all measurements have lower resistance values than PVP fibers. In the
same way, the resistance is inversely proportional to the applied voltage with a linear tendency (Fig. 4.12).
The PVP/CoFe,04(15 nm) fibers have a resistance of 5.3 GQ with an applied voltage of 421 V (Table 4.6).
As can be seen in the figure 4.13, there is an exponential tendency where the resistance increases when
the applied voltage decreases. The electrons do not flow easily with an applied low voltage. In the case
of PVP/CoFe,,04(20 nm) fibers exhibit a linear tendency where the resistance increases when the applied
voltage decreases (Fig.4.14). These composite fibers got a resistance value of 0.99 GQ with an applied
voltage of 421 V, achieving the best results in these composite fibers as seen in the figure 4.22. It means
that the electrons flow more easily into the polymer matrix. The PVP/CoFe;04(25 nm) has a resistance of
5.2 GQ with an applied voltage of 421 V. This sample shows a resistance linear tendency with applied high
voltage values, but the resistance has an exponential increment while applied voltage decreases. As can
seen, the composite fibers of PVP/CoFe;04(5,10,15,20, and 25 nm) exhibit a resistance reduction from
around 4 to 50 times in comparison to PVP fibers. Lanus et al. (2020)> reported that adding CoFe,O4
nanoparticles to poly (3, 4-ethylenedioxythiophene) improves the electrical conductivity of polymer.

The PVP/MWCNTs fibers obtained a resistance value of 5.25 G with an applied voltage of 421 V
(Table 4.9). This value is 10 times less than the resistance of PVP fibers (Fig.4.22). It means that the
contribution of MWCNTs to the polymer matrix improved the electrical properties, making electrons flow
more easily into the composite fibers. It agrees with Nasouri et al. (2016) ', who reported that the electrical
conductivity of PVP fibers improved when MWCNTs were added to an an electrospinning solution. It
means that PVP/MWCNTs composite nanofibers presented lower resistance than PVP fibers. Additionally,
the figure 4.16 shows an exponential tendency where the resistance decreases when the applied voltage
increases.

The PVP/MWCNTs/CoFe,04(5 nm) presents a resistance of 14.51 GQ using an applied voltage of 421
V. Additionally, when the applied voltage decreases, the resistance increases, as can seen in the table4.10.
The voltage as a function of resistance measurements show an exponential tendency where the resistance is
inversely proportional to applied voltage (Fig.4.17). The PVP/MWCNTs/CoFe;04(10 nm) exhibits an ex-
ponential tendency between voltage and resistance. This behavior is similar to PVP/MWCNTs/CoFe;04(15
nm), and PVP/MWCNTs/CoFe;04(20 nm) due to electrons cannot flow easily, producing high resistance
values. In these cases, the resistance has a linear tendency with high voltages, but when the applied
voltage decreases until 100 V, the resistance increases exponentially. The PVP/MWCNTs/CoFe,04(25
nm) has the same behavior as their previous composites fibers, but the resistance values are lower than
PVP/MWCNTs/CoFe;04(5,10,15 and 20nm). Therefore, PVP/MWCNTSs/CoFe,04(5,10,15,20,25nm)
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composite fibers achieved lower resistance values than PVP fibers. Alghamdi et al. (2022)°% created
CMC/PVA nanocomposites doped with CoFe, O4/MWCNTs where the energy gap of nanocomposite films
decreased when CoFe,04/MWCNTs were added to the polymer. It means that the electrical properties of
CoFe; 04 and MWCNTs help so that electrons travel more easily through the composite structure of fibers.

PVP fibers
Input Voltage (V,) Output Voltage (V) Resistance (Ry) Interdigitated Voltage (V)
\" \" GQ \"
421 0.08 52.61 420.91
355 0.04 88.74 354.96
290 0.02 144.99 289.98
200 0.01 199.99 199.99
100 0.00 - -

Table 4.3: Voltage vs resistance results of PVP fibers.
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Figure 4.10: Voltage vs resistance results of PVP fibers.
PVP/CoFe;0,4 (5nm) fibers
Input Voltage (V,) Output Voltage (V) Resistance (Ry) Interdigitated Voltage (Vy)
\" \" GQ \"
420 0.89 4.71 419.01
354 0.71 4.97 353.21
284 0.52 5.45 283.42
209 0.38 5.49 208.58
94 0.15 6.26 93.83

Table 4.4: Voltage vs resistance results of PVP/CoFe,0,4 (5nm) fibers.
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Figure 4.11: Voltage vs resistance results of PVP/CoFe,O4 (5Snm) fibers.

PVP/CoFe;04 (10nm) fibers

Input Voltage (V,) Output Voltage (V) Resistance (Ry) Interdigitated Voltage (Vy)
\" \" GQ \"
421 1.10 3.82 419.77
367 0.90 4.07 365.99
290 0.70 4.13 289.22
200 0.48 4.16 199.46
100 0.22 4.53 99.75

Table 4.5: Voltage vs resistance results of PVP/CoFe;O4 (10nm) fibers.
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Figure 4.12: Voltage vs resistance results of PVP/CoFe, 04 (10nm) fibers

PVP/CoFe, 0,4 (15nm) fibers

Input Voltage (V,) Output Voltage (V) Resistance (Ry) Interdigitated Voltage (Vy)
\" \" GQ \"
421 0.79 5.32 420.12
355 0.66 5.37 354.26
290 0.50 5.79 289.44
200 0.34 5.87 199.62
100 0.14 7.13 99.84

Table 4.6: Voltage vs resistance results of PVP/CoFe;O4 (15nm) fibers.
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Figure 4.13: Voltage vs resistance results of PVP/CoFe, 04 (15nm) fibers

PVP/CoFe;04 (20nm) fibers

Input Voltage (V,) Output Voltage (V) Resistance (Ry) Interdigitated Voltage (Vy)
\" \" GQ \"
421 4.20 0.99 416.30
355 3.39 1.04 351.21
290 2.42 1.19 287.29
200 1.50 1.32 198.32
100 0.67 1.48 99.25

Table 4.7: Voltage vs resistance results of PVP/CoFe;04 (20nm) fibers.
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Figure 4.14: Voltage vs resistance results of PVP/CoFe, 04 (20nm) fibers

PVP/CoFe, 04 (25nm) fibers

Input Voltage (V,) Output Voltage (V) Resistance (Ry) Interdigitated Voltage (Vy)
\Y% \% GQ \%
420 0.90 4.67 419.99
355 0.75 4.72 354.16
290 0.61 4.74 289.32
200 0.33 6.05 199.63
100 0.15 6.66 99.83

Table 4.8: Voltage vs resistance results of PVP/CoFe;O4 (25nm) fibers.
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Figure 4.15: Voltage vs resistance results of PVP/CoFe, 04 (25nm) fibers

PVP/MWCNTs fibers
Input Voltage (V,) Output Voltage (V) Resistance (Ry) Interdigitated Voltage (Vy)
\" \" GQ \"
421 0.80 5.25 420.11
355 0.65 5.45 354.27
290 0.52 5.57 289.41
200 0.35 5.70 199.61
100 0.16 6.24 99.82

Table 4.9: Voltage vs resistance results of PVP/MWCNTs fibers
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Figure 4.16: Voltage vs resistance results of PVP/MWCNTs fibers

PVP/MWCNTs/CoFe;04(5nm) fibers

Input Voltage (V,) Output Voltage (V) Resistance (Ry) Interdigitated Voltage (Vy)
\" \" GQ \"
421 0.29 14.51 420.68
357 0.24 14.86 356.74
290 0.19 15.25 289.80
200 0.13 15.37 199.87
100 0.06 16.66 99.94

Table 4.10: Voltage vs resistance results of PVP/MWCNT/CoFe,04 (5nm) fibers
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Figure 4.17: Voltage vs resistance results of PVP/MWCNT/CoFe; 04 (Snm) fibers

PVP/MWCNTs/CoFe;04(10nm) fibers

Input Voltage (V,) Output Voltage (V) Resistance (Ry) Interdigitated Voltage (Vy)
\" \" GQ \"
421 0.19 22.15 420.79
357 0.14 25.35 354.84
290 0.06 48.32 289.93
200 0.03 66.66 199.97
100 0.01 99.99 99.99

Table 4.11: Voltage vs resistance results of PVP/MWCNT/CoFe,;04 (10nm) fibers
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Figure 4.18: Voltage vs resistance results of PVP/MWCNT/CoFe;O4 (10nm) fibers

PVP/MWCNTs/CoFe;04(15nm) fibers

Input Voltage (V,) Output Voltage (V) Resistance (Ry) Interdigitated Voltage (Vy)
\" \" GQ \"
420 0.21 19.99 419.77
355 0.17 20.87 354.81
290 0.13 22.30 289.86
200 0.08 24.99 199.91
100 0.03 33.32 99.67

Table 4.12: Voltage vs resistance results of PVP/MWCNT/CoFe,04 (15nm) fibers
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Figure 4.19: Voltage vs resistance results of PVP/MWCNT/CoFe;O4 (15nm) fibers

PVP/MWCNTs/CoFe;04(20nm) fibers

Input Voltage (V,) Output Voltage (V) Resistance (Ry) Interdigitated Voltage (Vy)
\" \" GQ \"
420 0.18 23.32 419.78
355 0.15 23.66 354.83
290 0.12 24.16 289.87
200 0.08 24.99 199.91
100 0.03 33.32 99.97

Table 4.13: Voltage vs resistance results of PVP/MWCNT/CoFe,;04 (20nm) fibers
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Figure 4.20: Voltage vs resistance results of PVP/MWCNT/CoFe;0O4 (20nm) fibers

PVP/MWCNTs/CoFe;04(25nm) fibers

Input Voltage (V,) Output Voltage (V) Resistance (Ry) Interdigitated Voltage (Vy)
\" \" GQ \"
421 0.30 14.02 420.67
357 0.24 14.78 354.73
290 0.19 15.25 289.79
200 0.12 16.66 199.87
100 0.05 19.99 99.94

Table 4.14: Voltage vs resistance results of PVP/MWCNT/CoFe,04 (25nm) fibers
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Figure 4.21: Voltage vs resistance results of PVP/MWCNT/CoFe;O4 (25nm) fibers

Figure 4.22 shows a semi-log comparative graph of resistance values at high and low voltages. It is
important to consider the samples as four classifications: a) PVP, b) PVP/CoFe,0,4 c) PVP/MWCNTs, and
d) PVP/MWCNTs/CoFe, ;. Firstly, pure PVP fibers exhibit the highest resistance value at ~420 V. Never-
theless, it was not possible to calculate the resistance value at ~100V due to electrons not flowing through
the polymer matrix. Secondly, PVP/CoFe;04 (5,10,15,20,25nm) fibers show resistance values from 0.99
to 5.31 GQ and from 1.48 to 7.13 GQ at ~420 and ~100 V, respectively. It is clear that PVP/CoFe,04
(20nm) had the lowest resistance of all samples at high and low voltages. Thirdly, PVP/MWCNTs also
reduced resistance against the PVP fibers at high and low voltages. Finally, PVP/MWCNTs/CoFe,04

(5,10,15,20,25 nm) also exhibited a reduction of resistance but obtained the highest resistances of all
composites.
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Figure 4.22: A semi log comparative graph of resistance values at a) high and b) low applied voltages.
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To sum up, an average analysis of voltage against the resistance was done, as seen in the table 4.15.

Fibers ‘ Applied voltage (V) ‘ Output voltage (V) ‘ Resistance (GQ) ‘

PVP 316.5 0.0375 121.58
PVP/CoFe;04(5nm) 272.2 0.530 5.38
PVP/CoFe;04(10nm) 275.6 0.68 4.14
PVP/CoFe;04(15nm) 273.2 0.486 5.90
PVP/CoFe;04(20nm) 273.2 1.5925 1.20
PVP/CoFe;04(25nm) 273.2 0.548 5.37
PVP/MWCNTs 273.2 0.496 5.64
PVP/MWCNTs/CoFe;04(5nm) 273.6 0.182 15.33
PVP/MWCNTs/CoFe;04(10nm) 273.2 0.086 52.49
PVP/MWCNTs/CoFe,04(15nm) 273 0.124 24.29
PVP/MWCNTs/CoFe;04(20nm) 273 0.112 25.89
PVP/MWCNTs/CoFe,;04(25nm) 273.2 0.18 16.14

Table 4.15: Average applied voltage, output voltage and resistance values
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Figure 4.23: A semi log graph of average resistance values.

Figure 4.23 shows that the PVP fibers have the highest resistance value due to the insulating properties
of the material, making electrons cannot flow easily between the insulator matrix '°. PVP fibers obtained
were smooth and free from beads (Fig. 4.3a) because the collecting distance parameter was optimum in
the electrospinning process as reported in the literature >,

PVP/CoFe;04(5,10,15,20,25nm) fibers present a resistance reduction by two orders of magnitude
(Tab.4.15). It agrees with Lanus et al. (2020), who reported that adding CoFe, 0,4 nanoparticles to polymer
improves the electrical conductivity>>. Nevertheless, a good dispersion of CoFe,04 nanoparticles into
the PVP solution was not obtained. It is evident because the figures 4.3b,4.3c,4.3d, 4.3e and 4.3f present
droplets between the fibers where the size of droplets increased against the size of the nanoparticles. This

effect occurs because the magnetic nanoparticles tend to agglomerate due to their large surface energy and
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strong magnetic interactions>’. Therefore, when the size of nanoparticles increases, the surface energy and
magnetic interaction increases, too, producing an increment of droplet sizes. However, if the droplets do
not affect the fiber’s formation, they appear as islands, helping to flow of electrons. In fact, if the amount of
islands is high, the electrical conductivity would increase because electron transport in composite usually
occurs between nearest-neighbor particles at close proximity 8. It is because PVP/CoFe;04(20nm) fibers
obtained the lowest resistance value. Nevertheless, FTIR and Raman spectra indicated that CoFe;04
vibrational modes were overlapped by the PVP spectrum due to low concentration of nanoparticles in
polymer matrix (Fig. 4.6,4.8).

The PVP/MWCNTs and PVP/MWCNTs/CoFe, 04 fibers also exhibit a resistance reduction against the
PVP fibers in which CoFe, 04 and CNTs provided electrical conduction to polymer matrix 8. Nevertheless,
the literature reported that PVP/MWCNTs and PVP/MWCNTs/CoFe,04 have the highest conductivity
than PVP/CoFe;04 in solution/suspension. It could be affected by the dispersion of nanomaterials into
polymer solutions. PVP/CoFe,;04, PVP/MWCNTs, and PVP/MWCNTs/CoFe, 04 were sonicated at 3min
50 s, 4 min 30 s, and from 3 to 4 min, respectively. The time difference between them is very close,
which would produce agglomerations of MWCNTs in PVP/MWCNTs and PVP/MWCNTs/CoFe,O4. It
is known that when MWCNTs tend to agglomerate due to dispersion and interfacial interactions, they
do not allow the formation of conductive pathways>®, increasing the resistance of composites (Fig.4.23).
Furthermore, FTIR spectra exhibited an overlap of MWCNTs and CoFe;O4 vibrational modes by PVP due
to low concentration of these nanomaterials (Fig.4.8). Raman spectra show the vibrational bands (D-band,
G-band) of MWCNTs in composite fibers.

The last composite obtained the worst resistance results by analyzing the resistance values of PVP/MWCNTs
and PVP/MWCNTs/CoFe;O4. It would be affected by dispersion time and concentration of MWCNTs
and it is observed in the composite intensities of Raman spectra (Fig.4.6,4.7) Finally, low concentration
of nanoparticles and MWCNTs into PVP solution made that TGA thermogram does not exhibit major
changes between them (Fig.4.9).



Chapter 5
Conclusions & Outlook

The present work reported the fabrication of PVP, PVP/ CoFe,;04 (5,10,15,20,25 nm), PVP/MWCNT,
and PVP/MWCNT/CoFe;0;4 (5,10,15,20,25 nm) fibers by electrospinning technique, obtaining an average
diameter of 4.13um, 1.90um, 2.11um and 0.78um, respectively. To find the optimum parameters for
obtaining fibers, 20 electrospinning trials were conducted. The fabricated fibers were characterized
by optical microscopy, TGA, Raman, and FTIR to observe their structure and composition. Electrical
properties were characterized using a homemade electrical device. The voltage against the resistance
analysis showed that the resistance of PVP and the composite fibers reduces when the applied voltage
increases. Furthermore, considering an applied voltage of 421V (high voltage), the PVP fibers showed
a resistance of 52.61GQ. Nevertheless, PVP/CoFe,04 (5,10,15,20,25 nm) composite fibers showed a
resistance from 0.99 GQ to 5.31 GQ. It indicates that adding cobalt-ferrite nanoparticles into a polymeric
matrix helps electrons flow. PVP/CoFe;O4(20nm) shows a resistance reduction of 50 times against the PVP
fibers. PVP/MWCNTs fibers exhibited a resistance reduction of 5.2513 GQ. This value is around 10 times
less than PVP fibers. Additionally, it was necessary to observe the effect of multi-walled carbon nanotubes
and cobalt-ferrite nanoparticles into a polymeric matrix. PVP/ MWCNTs/CoFe,04 (5,10,15,20,25 nm)
composite fibers showed a resistance range from 14.02 to 23.32 GQ. The best result of these composite
fibers was from PVP/CoFe,O4 (25 nm) with a resistance of 14.02 G(2, maintaining a high applied voltage
around 420 V. At low voltage values ~100 V, the resistance reduction effect of composite fibers concerning
pure PVP fibers also was observed. To sum up, voltage as a function of resistance characterization analysis
showed that the resistance is inversely proportional to the applied voltage at PVP polymer, and its electrical

properties improve when the cobalt ferrite nanoparticles and carbon nanotubes are added.
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