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Resumen 

 

 

El quitosano (CS) es un biopolimérico natural altamente biocompatible que se produce en países 

con grandes camaroneras, como Ecuador. La ventaja de CS es que, debido a su estructura, se puede 

combinar con una variedad de compuestos para obtener diferentes propiedades, para aplicaciones 

específicas. Entre ellos, el diseño de nuevos dispositivos electrónicos tales como 

supercondensadores, sistemas de bioimagen, diodos emisores de luz orgánicos (OLED) desde un 

polímero natural siguiendo una síntesis aplicando química verde es un desafío digno de emprender. 

Aunque se ha informado poco sobre el uso de CS para estas aplicaciones, se ha demostrado que la 

adición de ciertas sales aumenta sus propiedades eléctricas. Por lo tanto, el objetivo del presente 

trabajo es modificar CS para mejorar sus propiedades eléctricas y de luminiscencia con el fin de 

obtener nuevas aplicaciones en dispositivos biomédicos y optoelectrónicos. Se prepararon películas 

delgadas híbridas CS que contenían iones de ZnO y Li usando el método de fundición de solución. 

Se agrega litio para aumentar la conductividad iónica y ZnO para propiedades de luminiscencia. 

Para seguir los cambios estructurales en la película de quitosano se realizaron diversas técnicas de 

caracterización. Difracción de rayos X (XRD), espectroscopía infrarroja por transformada de 

Fourier (FTIR), microscopía electrónica de barrido (SEM) y UV-Visible. Además, la conductividad 

iónica de las diferentes soluciones se midió mediante impedancia compleja, y también se realizaron 

mediciones de fotoluminiscencia. La adición de Li se observó muy claramente en el FTIR con la 

presencia de la banda de vibración a 623 cm-1 hasta el 10%. La DRX mostró los picos 

característicos de quitosano a 11.94 y 18.70°. La adición de Li en alta concentración (hasta 40%) 

indujo la amorfización en la membrana de quitosano. La conductividad iónica de las películas de 

polímero aumentó con las concentraciones de LiClO4. El análisis UV-Vis reveló que la 

concentración de LiClO4 afecta la banda de absorción. La fotoluminiscencia de quitosano se 

observó a 497 nm y su intensidad aumentó ajustando la concentración de LiClO4. Por lo tanto, estos 

resultados sugieren que las películas de quitosano dopadas con iones Li y Zn tienen un potencial 
como electrolito polimérico para diferentes aplicaciones. 
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Abstract 

 

 

Chitosan (CS) is a natural biopolymer highly biocompatible produce in countries with large shrimp 

farms, like Ecuador. The advantage of CS is that due to its structure it can be combined with a 

variety of compounds to obtain different properties, for specific applications. Among them, the 

design of electronic devices of new electronic devices such as supercapacitors, systems for 

bioimaging, organic emitting diode (OLED) from a natural polymer following a green chemistry 

synthesis is a challenge worthy to undertake. Although, little work has been reported on the use of 

CS for these applications, however the addition of certain salts has been proved to increase its 

electrical properties. Therefore, the objective of the present work is to modify CS to improve its 

electrical and luminescence properties in order to obtain new applications in biomedical and opto-

electronic devices. CS hybrid thin films containing ZnO and Li ions were prepared by using 

solution casting method. Lithium is added to increase the ionic conductivity and ZnO for 

luminescence properties. To follow the structural changes in the chitosan film various 

characterization techniques were performed. X-ray diffraction (XRD), Fourier Transform Infrared 

spectroscopy (FTIR), Scanning Electron Microscopy (SEM), and UV-Visible. Additionally, the 

ionic conductivity of the different solutions was measured by Electrochemical Impedance 

Spectroscopy (EIS), and photoluminescence measurements were also carried out. The addition of Li 

was very clearly observed in the FTIR with the presence of the vibration band at 623 cm-1 up to 

10%. XRD showed the characteristic peaks of chitosan at 11.94 and 18.70°. The addition of Li in 

high concentration (up to 40%) induced amorphization in the chitosan membrane. The ionic 

conductivity of the polymer films increased with LiClO4 concentrations. UV-Vis analysis revealed 

that the LiClO4 concentration affect the absorption band. The chitosan photoluminescence was 

observed at 497 nm and its intensity increased by tuning the LiClO4 concentration. Therefore, these 

results suggested that the chitosan films doped with Li and Zn ions have a potential as a polymer 

electrolyte for different applications. 
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Chapter 1

Introduction

The polymer stated to use massively in 1950, and since then they were used in more applications, now the volume of
polymer used in our world is higher than metal. Thus, the development of potential materials that are friendly to the
environment with low toxicity, biocompatibility, sustainability and profitability have been increasing over the years.
The blending of polymer and salt is an important process to create polymer electrolytes that provide ions as charge
carriers into a polymer matrix. Different solid polymers electrolytes have been studied, such as, chitosan thin film due
to its wide use in protonic batteries1, lithium rechargeable batteries2, secondary cells of lithium3, supercapacitors4

and fuel cells5. Chitosan is a polysaccharide derived from chitin, which is extracted from shells of crustaceans. It
has advantages such as biodegradability, biocompatibility, non-toxicity and is excellent film-forming. On the other
hand, the most common salts for preparing solid polymer electrolytes are lithium perchlorate (LiClO4)4 and lithium
triflate (LiCF3SO3)3 because the lithium ion is the lightest metal and could give largest energy content. Finding
constant ways to improve the properties of different materials, as for example, conductivity, luminescence, strength,
among others, have become a challenge for scientists. Hence, ways to discover low cost manufacturing methods and
materials with low metal content to avoid damages in the environment are looked for with positive impacts on living
conditions within society. This approach has become an important key for researchers. Extensive research has shown
that the polysaccharide chitosan can disperse inorganic salts in sufficient quantities into its matrix to form new hybrid
material which differs in its properties compared to pure state. Thus, chitosan enables to incorporate ions to its
matrix due to its amorphous phase, and nanoparticles because of its adhesive and sorption properties can retain NPs
onto its surface producing advanced materials. On the other side, luminescence-based advanced functional materials
attracted considerable attention in recent years. Therefore, adding nanoparticles with luminescence properties such
as ZnO can result in solid electrolytes with these properties. This project proposes the doping of chitosan using
LiClO4 and ZnO to study the conductivity and luminescence properties.
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2 1.1. PROBLEM STATEMENT

1.1 Problem Statement
The use of chitosan for the development of new devices is an alternative contribution to the design of product
and processes that minimize the use and generation of hazardous substances (green chemistry). Additionally, this
polymer comes from shrimp waste subproduct that can be valorized. In Ecuador there is the exploitation of the
shrimp resource, so finding applications to add value to the chitosan is of great importance. The use of low-cost
natural materials for the manufacture of electronic devices is currently of great interest. Chitosan and lithium ions
are soluble in organic solvents and have already shown applicability in solid polymer electrolytes such as proton
batteries1 and supercapacitors4.

The need to create hybrid compounds based on chitosan capable of having good properties, such as luminescence
and high ionic conductivity, with possible applications in solid polymer electrolytes, such as lithium batteries, solar
cells or supercapacitors is an important challenge. The addition of an ion solvating to a solid polymer forms a
solid polymer electrolyte (SPE), assuring a homogenous ion distribution within the active layer6. Herein knowing
that chitosan provides good ion solvating properties, the addition of specific ions may contribute to higher ionic
conductivities in the material. Therefore, this project proposes the preparation of chitosan membranes doped with
LiClO4 and ZnO for potential applications in electronic devices. Furthermore, currently there are no systems reported
about ZnO and LiClO4 dispersed onto chitosan. Adding these two components can enhance the chitosan properties.

Based on previous research, lithium perchlorate can extend and improve the conductivity of chitosan due to the
interactions between the lithium and chitosan, such as ionic interactions and chemical bonding. Also, the use of
inorganic components like zinc oxide that emit light can increase luminescence in this polymer.

1.2 General and Specific Objectives

1.2.1 General Objective

The study of hybrid chitosan based compounds to improve their properties of conductivity and luminescence.

1.2.2 Specific Objectives

1. Prepare thin films of chitosan with different proportions of LiClO4.

2. Prepare thin films of chitosan with ZnO.

3. Prepare thin films of hybrid chitosan/LiClO4/ZnO.

4. Evaluate the prepared hybrid materials by using Electrochemical Impedance Spectroscopy, Infrared Spec-
troscopy, X-ray diffraction, Scanning Electron Microscopy, and Photoluminescence measurements.

5. Determine the conductivity and dielectric properties of the different materials prepared.

6. Correlate the properties to the structural characterization.



Chapter 2

Theoretical Part

2.1 Polymer Electrolytes
Polymer electrolytes are membranes which have a dissolution of salt in a polymer matrix with high molecular
weight7, i.e., they can be prepared by dissolving metal salts in polar polymer hosts. These membranes have ionic
conduction property and therefore are widely used in electrochemical devices such as rechargeable batteries8,9. They
possess interesting properties like transparency, solvent-free, light-weight, flexible, thin-firm forming ability, high
ionic conductivity, easy processability and wide electrochemical windows7,10. Polymer electrolytes have certain
advantages such as avoiding leaks, not causing internal short circuits, eliminating the use of corrosive solvents and
not producing harmful gases11. Most polymer electrolytes have been used in solar cells, fuel cells, electrochemical
sensors, electric vehicles, thin credit cards, mobile cellular phone, laptop computers, etc7.

The most outstanding property of the polymer electrolytes is the ionic conductivity12. This property is related
to the degree of crystallinity and the viscosity of the polymer electrolytes13. In the crystalline phase, the ions are
difficult to move, so they have low mobility12. Thus, the polymer electrolytes will have low conductivity. On the
other hand, when the polymer electrolyte has a lower viscosity, the ionic conductivity of the electrolyte polymer will
be higher because more voids will be produced in it14,15. In order to prepare the polymer electrolyte, it is necessary
to add a material on at least one base matrix, which may be a host polymer7. The most used dopant material in
the preparation of many polymer electrolytes are lithium salts like lithium perchlorate16–18, lithium tetraborate19,
lithium hexafluorophosphate20 and lithium trifluoromethanesulfonate21.

The preference for lithium salts is due to their cations that coordinate and solvate easily to show their character of
ionic conductivity. Adding salt to the polymers causes changes in the structure and optical and thermal properties22.
A dopant salt that has attracted attention because of its low interfacial strength is lithium perchlorate (LiClO4).
LiClO4 is composed of a large anion and a small cation. The advantage of this salt is that a complexation can be
obtained when the polymer electrolytes are prepared due to their high dissociation energy and a good solubility in
most solvents17. Figure 2.1 shows the chemical structure of LiClO4.

3



4 2.1. POLYMER ELECTROLYTES

Figure 2.1: Chemical Structure of Lithium Perchlorate7.

2.1.1 Chitosan as Electrolyte

Chitosan (CS) is a polysaccharide derived from chitin23,24 which is the second most important natural polymer
extracted from shells of crustaceans25. CS consists of a large number of hydroxyls and amine groups (Figure 2.2).
CS has been an attractive alternative because of its high safety, low toxicity, and its physical and chemical properties26

that can be advantageous for several technologies, including biomedical, pharmaceutical, environmental, and so on27

related to polymers. The functional groups on the CS backbone are sufficient for dissolving organic and inorganic
salts bymaking polyectrolyte28–30. CS is used as themembranematrix owing to its good film forming andmechanical
properties31,32.

Figure 2.2: Chemical Structure of Chitosan33.

2.1.2 Mechanisms of Chitosan Conduction

CS has a low electrical conductivity34 which can increase by dissolving it in acetic acid35. When CS is swollen in
acidic medium, its amino groups may be protonated or charged by leaving free ions in acidic medium36 and thus
contribute to ionic conduction in CSmembrane37. Likewise, adding a dopant salt in the polymer matrix improves the
conductivity of CS by promoting the ion migration rate through the film38 and increasing the amorphous content39.
Such is the case of CS membranes that have been used for active transport of chloride ions in aqueous solution40.
These membranes put in a closed circuit, it can show a corresponding ionic conduction. Thus, CS can be used as a
polymer matrix for ionic conduction41. For example, mixing CS with lithium nitrate changes the ionic conductivity
of CS film to 10−4 S.cm−1 by demonstrating CS film can be used to fabricate polymer batteries42. Also, a solid
polymer electrolyte was reacted by mixing CS and succinic anhydride with different ratios of lithium perchlorate.
The addition of succinyl group increased the ionic conductivity values from 2.88x10−6 S.cm−1 to 3.93x10−4 S.cm−1.
Then they added 10% (w/w) lithium perchlorate, and the conductivity increased to 8.01x10−3 S.cm−1 by suggesting
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that the polymer electrolyte can be used in lithium battery43.

2.2 Luminescent Properties
Luminescence is a way of making certain materials to emit light when stimulated by a radiation source. Depending
on this source, luminescence can occur in different ways such as electroluminescence or photoluminescence44. In
general, when the material is exposed to a source, the incident photon energy is absorbed by the material. Then
electrons move from a ground state to an excited state. When they return to the ground state, they release the excess
energy in the form of photons as shown in figure 2.3. The resulting wavelength is higher than the wavelength of the
photon source.

Figure 2.3: Basic Principle of Luminescence

In the past decade, some researchers have prepared nanocomposites that present luminescence by incorporating
inorganic compounds, which are interesting due to their optical properties, in an organic matrix acquiring properties
of both the nanoparticles and the matrix to adapt their physical and chemical properties45–48.

Zinc oxide (ZnO) is an inorganic compound that is insoluble in water. ZnO is an excellent semiconductor which
has a good transparency, thermal stability, biocompatibility, low cost, low toxicity, high mobility of electrons and
strong luminescence at room temperature49,50. ZnO presents a direct band gap in 3.37 eV at room temperature. It
produces UV emission at 370 nm due to direct exciton transition51,52, and visible emission which has been attributed
to Zn vacancies53,54, O vacancies54–57, Zn interstitials58, O antisites59 and transitions from Zn interstitials to Zn
vacancies60. For these reasons, it is widely used in electronic devices such as light emitting diodes or thin-film
transistors. The chemical, mechanical, electrical, structural, morphological, and optical properties of ZnO depend
on the size, composition, morphology, and crystallinity61–65.
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2.2.1 Luminescence of Chitosan

CS has demonstrated to be a solvent, stabilizing, and reducing medium for photonic applications. However, there are
few studies about the processes which involved CS photoluminescence. An emission band in the visible spectrum at
465 nm with a laser excitation of 369 nm has been reported and attributed to the amine groups of CS66. Furthermore,
the luminescence of CS in different concentrations has been investigated under an excitation of 325 nm to get
emission wavelengths from 400 to 415 nm67,68. This proved that the emission wavelength of CS can be affected by
its concentration, which may result in redshifts. On the other hand, CS system can be either stabilized or synthesized
with a luminescent agent or plasmonic NPs such as gold or silver to emit a good intensity of light69. The most
common luminescent systems of CS use europium complex like Eu(CF3SO3)3 to get a good luminescence properties
for possible applications in electrochemical devices70–72.

2.3 Characterization Techniques
There exist several ways to characterize thin films, here are a brief description of the characterization techniques
used in the present work is given.

2.3.1 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a technique that uses an electron beam to interact with the sample by
producing several signals like secondary electrons, backscattered electrons, and characteristic X-rays. Basically,
electron beam hits the sample surface penetrating to a low depth, which depends on the accelerating voltage and
the density of the sample. This interaction produces signals which are collected by one or more detectors to give
information about the topography and particle distribution73.

The signals produced depend on the atomic number of the specimen and the beam energy. With the increase
of the specimen atomic number, the volume and depth of the electron penetration decrease because the number
of particles in specimen increases, stopping the penetration of electrons. However, with the increase of the beam
energy, the volume and depth of the penetration increase74,75.

Secondary electrons are used to visualize the texture and roughness of the surface. These electrons give
information about the topography with good resolution. Backscattered electrons are used to give information about
features that are deep beneath the surface, such as composition. They also provide topographic information, however,
this information differ from secondary electrons because some backscattered electrons are blocked by regions of the
specimen. Characteristic X-rays give information about chemical composition of the specimen74,75.

2.3.2 Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) is a technique which uses electromagnetic waves to interact with
the sample in the infrared region, where these waves couple very well with the molecular vibrations. Thus, when
interaction occurs at a certain frequency, an excitation is caused in molecules that reach a higher vibrational state that
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helps them absorb infrared radiation, providing information on the chemical composition (the functional groups)
of the sample. The axes of the FTIR spectrum are given by the corresponding wavenumber against values of
transmittance or absorbance values76–78.

Electromagnetic radiation is a combination of an electric field and a magnetic field that change or oscillate
periodically at the same frequency, but perpendicular to each other. These waves are propagated to a constant
velocity c, which is known as the velocity of the light of electromagnetic waves. c is given by the next equation79:

c = λv (2.1)

where λ and ν are the wavelength and frequency, respectively. The wavelength is the distance between two positions
in the same phase. Frequency is the number of oscillations or vibrations per unit time. The number of waves per
unit length is known as the wavenumber. The relation between the wavenumber and frequency is given by79:

v = cv (2.2)

The vibrational frequencies of any chemical group depend on both the type of atoms involved and the type of
chemical bonds. These frequencies are expected in specific regions80.

2.3.3 Powder X-Ray Diffraction

X-Ray Diffraction (XRD) is a technique used to determine the crystalline or amorphous structure of sample using
a focused X-ray beam in sample, where will occur an interaction inside of sample causing that a beam of incident
X-rays to diffract into many specific directions. These X-rays diffracted will be collected by a detector resulting in
peak positions and intensities that are used to identify the phase of the material81,82. A diffractogram is the result
of a XRD measurement. This diffractogram is compared with a reference pattern from an international recognized
database83.

A diffractogram shows phases which are present (peak positions), concentrations of these phases (peak heights),
amorphisation content (background hump), and crystallite size (peak widths). X-rays are generated by a cathode ray
tube, filtered to produce monochromatic radiation and collimated to concentrate the rays towards the sample. An
interaction is caused between the incident X-rays and the sample which generates constructive interference when
conditions satisfy Bragg’s law. This states that when X-rays beam, that is monochromatic and coherent, hits on a
crystal surface at an angle θ, scattering occurs. The scattered rays also occurs at angle θ, and depend on both the
number and distribution of the electrons at the lattice sites. The Bragg’s Law is expressed as83:

nλ = 2dsinθ (2.3)

where λ, d, θ and n are the wavelength of incident X-rays, the interplanar spacing, the angle of incident X-ray and
an integer, respectively. Each crystal has own characteristics such as the size and arrangement of its atoms so it has
interplanar spacings that are inherent in it. These interplanar spacings determine the angles at which strong X-ray
diffractions occur. They are the fingerprint of a crystalline compound and can be used to identify them. Diffraction
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occurs when there are highly regular structure, as for example, crystalline solids. Therefore, amorphous materials
will not diffract83.

Unlike the crystal structure where X-rays are scattered in certain directions when they hit the formed lattice
planes causing high intensity peaks, in an amorphous structure X-rays are scattered in many directions leading to a
large bump distributed in a wide range (2θ) instead of high intensity narrower peaks. This means that a broad peak
for amorphous structures and a sharp peak for crystalline materials.

A powder X-ray diffractometer makes the sample to rotate in the path of the collimated X-ray beam at an angle
θ while the X-ray detector rotates at an angle of 2θ to collect the diffracted X-rays. Data for typical powder patterns
are collected at 2θ from 5◦ to 70◦. XRD is used to analyze materials such as polymers, thin film, semiconductor,
metals, etc. With this analysis, defects can be detected in a particular crystal84.

2.3.4 Complex Impedance

Electrochemical Impedance Spectroscopy (EIS) is a usually technique used to measure impedance, resistance
capacitance or conductivity of electrochemical systems. The ability of these systems to resist the flow of electrical
current is known as resistance and follows Ohm’s law85:

R =
V
I

(2.4)

where R, V and I are resistance, voltage and current, respectively. However, resistance is replaced by the impedance
as a more general circuit parameter86. Hence, resisting the flow of electrical current is known as impedance
in electrochemical systems. It can be measured by applying an oscillating voltage, and measuring the current
response87,88 as shown Equation 2.5,

Z =
V
I

=
|V |sin(ωt)
|I|sin(ωt + θ)

(2.5)

where Z, |V|, |I|, ω, t and θ are impedance, the amplitude of the voltage signal, the amplitude of the current signal,
the angular frequency, time and the phase shift, respectively. Impedance has also a complex representation and is
defined as89:

Z = Z′ + iZ′′ (2.6)

where Z’ and Z” are the real and imaginary part of impedance, respectively. The resistance of a circuit to the flow
of electrical current is known as real impedance. While the storage of electrical energy in a circuit is known as an
imaginary impedance90. Z’ versus Z” data are presented as a plot of Nyquist. This graph provides information on
the resistance of the sample taken data from the intercept of the plot with the real impedance axis as shown Figure
2.4. The Nyquist graph usually contains several semicircles, although sometimes only a part of them can be seen.
At higher frequencies, film resistance can be found.

When an external voltage V and a uniform current I are applied to a sample, the resistance is defined as:

R =
ρt
A

(2.7)
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Figure 2.4: Basic Principle of Nyquist Plot

where ρ, t and A are the specific electrical resistivity of a material, thickness and area of the sample, respectively.
The inverse of electrical resistivity is conductivity. Conductivity is the ability of a material to conduct electrical
current between two bounding electrodes87. Therefore, having the value of the resistance, the conductivity can be
calculated from the following equation91,92:

σ =
t

RA
(2.8)

where R, t and A are the bulk resistance, thickness and area of the sample, respectively.

2.3.5 Complex Permittivity

Complex permittivity is important to know the propagation of the electric fields (behavior and interaction with the
material)93,94. It is a complex function which depends on some parameters such as frequency or temperature95. It can
be defined using both dielectric constant (real part) and dielectric loss (imaginary part). From the impedance data (Z’
and Z"), one can calculate the real and imaginary parts of complex permittivity (ε∗) using the next equations4,96,97,

ε′ =
Z′′

ωCo(Z′2 + Z′′2)
(2.9)

ε′′ =
Z′

ωCo(Z′2 + Z′′2)
(2.10)

where ω is the angular frequency (ω=2πf), Co is the vacuum capacitance (Co=εoA/t, where εo is the permittivity
of free space, A is the electrode cross sectional area and t is the film thickness), and ε’ and ε”are the dielectric
constant and dielectric loss, respectively. Dielectric constant is the ability of a material to store electrical energy.
This represents the alignment of dipoles. While dielectric loss represents the ionic conduction component87. When
increasing conductivity of a material, dielectric constant also increases98.



10 2.3. CHARACTERIZATION TECHNIQUES

2.3.6 Ultraviolet-Visible-Near Infrared Spectroscopy

UV/Vis/NIR Spectroscopy is used to measure optical properties of samples by considering the absorption over an
extended spectral range. Light energy hits the sample, which must match the energy difference between a possible
electronic transition within the molecule. A fraction of this energy is absorbed by the molecule causing a electron
excitation from ground state to an excited state. The excited state of an electron depends on the wavelength of the
incoming light. A spectrometer records the sample absorption at different wavelengths.

From these values, the optical band gaps can be calculated using the Tauc relation given by the following
equation99,

αhν = A(hν − Eg)n (2.11)

where α, hν, A, Eg and n are the absorption coefficient, the incident photon energy, a constant, energy band gap
and n is the exponent. The n value depends on the electronic transition type (of the sample as well as its preparation).
This value can be 1/2, 2, 3 or 3/2 for direct allowed transition, indirect allowed transition, direct forbidden transition
and indirect forbidden transition, respectively100.

The absorption coefficient can be calculated by Eq. 2.12101,

α(λ) = 2.303(
A
t

) (2.12)

where A and t are the absorption in a specific wavelength and thickness of the sample, respectively.
On the other hand, the photon energy can be calculated by Eq. 2.13102,

hν =
hc
λ

(2.13)

where h, c and λ are the Planck constant, the speed of light in the vacuum and the wavelength, respectively.
However, the photon energy can be expressed in electron volts, using the wavelength in nm, the equation can be
rewritten as,

hν(eV) =
1240
λ(nm)

(2.14)

The optical band gap values are extracted from a straight line of the (αhν)1/n versus hν plot. This line intersects
the X-axis at (αhν)1/n=0. Thus, the energy band gap can be estimated from this intercept103.

2.3.7 Photoluminescence Spectroscopy

Photoluminescence spectroscopy (PL) is an optical technique that performs a photon excitation process followed by
the emission of photons to test the electronic structure of the materials104. It helps to determine the band gap, purity,
crystal quality, levels of impurity defects of the semiconductor material and to understand the underlying physics of
the recombination mechanism105. PL is the spontaneous emission of light from a material under optical excitation.
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This light emission occurs by the photoexcitation of a sample where it absorbs the light that was directed towards it
and dissipates the excess energy through the emission of light (or luminescence).

The PL principle consists of lighting the sample with photons of a source of excitation (usually ultraviolet light)
that are sufficiently energetic to excite the electrons and activate the PL106. Sample absorbs energy in the form
of photons and leads the electrons to an excited state. When these electrons return to the groundstate, in certain
materials, the excess energy is released in the form of photons. This emission is collected on the computer using
an optical fiber from the spectroscope. As a result, an intensity curve in arbitrary units (a.u.) as a function of the
wavelength are displayed in a spectrum107.

Luminescence has different mechanisms such as charge transfer, donor-acceptor and long afterglow. Charge
transfer luminescence is when transition occurs from the orbital of one ion to the orbital of other ion. In this
mechanism, the nature of bond and charge distribution of the optical cente can change. Donor-acceptor luminescence
is when transition occurs between neutral donor and neutral acceptor. This mechanism of luminescence exhibits in
semiconductor which are doped with both p-type and n-type impurities. Long afterglow luminescence is when inside
the lattice, a photo-excited ion is trapped emitting visible light after sometime108. The luminescent substance will
emit light at a specific wavelength that will not depend on the incident radiation109. Luminescence of a substance
depends on both molecular structure and chemical environment110.

Photoluminescence can occur in the form of fluorescence (short lifetime) and phosphorescence (long lifetime).
Fluorescence occurs when excited species are relaxed to the ground state, releasing their excess energy as photons.
While phosphorescence occurs very slowly to re-emit the radiation that material is absorbing111,112.



Chapter 3

Methodology

3.1 Experimental Part

3.1.1 Materials

Chitosan flakes, from shrimp shells (≥ 75% deacetylated) and white powder of zinc oxide were purchased from
Sigma-Aldrich. Lithium perchlorate was received as a white crystalline salt from Sigma-Aldrich and acetic acid
(glacial) 100% from Merck KGaA. Distilled water was used throughout the whole experiment, and all samples were
prepared by solution cast technique.

3.1.2 Preparation of Chitosan Films

Aqueous solution of CS was prepared by dissolving 0.1 g of chitosan in 10 mL of acetic acid aqueous solution (1%
v/v). The solution was stirred at room temperature until the solution is homogeneous. After the complete dissolution
of chitosan, the solution was stored at plastic petri dish and left to dry at room temperature.

3.1.3 Preparation of Chitosan/Lithium Perchlorate films

The solution of chitosan (0.1 g CS in 10 mL acetic acid 1%) was prepared under magnetic stirring until the chitosan
powder got completely dissolved. Lithium perchlorate salt was added in to the 10 mL chitosan solution to have 10,
25, 30 and 40% lithium perchlorate salt (with respect to weight of chitosan in the solution). After 15 min of stirring,
the solution were poured into a plastic petri dish and dried at room temperature for 3 days.

3.1.4 Preparation of Chitosan/ZnO films

0.1 g CS was dissolved in 10 mL of 1% (v/v) aqueous acetic acid using magnetic stirring until the solution is
homogeneous at room temperature. Subsequently, 0.001 g ZnO (1% with respect to weight of chitosan in the

13
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solution) were dispersed in approximately 1 to 2 mL of distilled water and then were added into chitosan solution.
The reaction mixture was again stirred to disssolve all ZnO. The mixture was casted in a plastic petri dish at room
temperature.

3.1.5 Preparation of Chitosan/Lithium Perchlorate/ZnO films

LiClO4 salt was dissolved in 10 mL chitosan solution by stirring until it was homogeneous. ZnO was dispersed in
approximately 1 to 2 mL of distilled water and poured slowly into this solution. Different proportions were made to
form films and observe the differences. ZnO were 1% with respect to weight of chitosan in the solution and LiClO4

salt was 10, 25, 30 and 40% with respect to weight of chitosan in the solution. All mixtures were poured into a
plastic petri dish and dried at room temperature for 3 days.

3.1.6 Summary of the compositions of each solution

The prepared solutions which were dissolved in 10 mL of 1% (v/v) aqueous acetic acid with their respective
composition can be seen in the table 3.1 or figure 3.1.

Table 3.1: Composition of Hybrid Compound

Sample CS [g] LiClO4 [g] ZnO [g]
A 0.1 0 0
B 0.1 0.01 0
C 0.1 0.025 0
D 0.1 0.03 0
E 0.1 0.04 0
F 0.1 0 0.001
G 0.1 0.01 0.001
H 0.1 0.025 0.001
I 0.1 0.03 0.001
J 0.1 0.04 0.001

3.2 Measurement of films

3.2.1 Scanning Electron Microscopy

The surface morphology of the samples was observed using a scanning electron microscopy (SEM) called INSPECT,
FEI brand with the programs called xT Microscope Server and xT Microscope Control.

Films were cut with scissors, mount on a aluminum stub with the help of a double-sided carbon tape, and are
covered with gold to make film more conductor on a vacuum desk before observation. Then, they were immediately
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Figure 3.1: Schematic representation of the preparation of the hybrid compound

inserted into the base of the chamber. An area of interest was looked to collect it in the computer. The procedure
was repeated in different areas of the sample.

3.2.2 Fourier Transform Infrared Spectroscopy

The functional groups of chitosan filmswith andwithoutmodificationswere characterized by using Fourier Transform
Infrared Spectroscopy (FTIR). The spectrophotometer used was Perkin Elmer model Spectrum 100, and by using a
program called Spectre, the data of the samples were acquired in the absorbance mode at room temperature to probe
the vibrational spectra of the samples.

When using FTIR program, it is essential to make a background of the air contained in the chamber to consec-
utively open the lid of the equipment to place the sample holder inside, and close it. Then, the program is ready to
run. Finally, the lid is opened to remove the sample and exchange it for the next film.

Films were cut into circles so that they could be placed in the sample holder. Then, the FTIR spectra of films
were recorded in the range from 450 to 4500 cm−1.

3.2.3 X-Ray Diffraction

The diffraction patterns of the samples were obtained with X-ray diffractometer called PANalytical X’Pert pro by
using X’Pert High Source Plus y X’Pert Data Viewer programs.

When using XRD program, it is fundamental to establish some operation parameters like voltage, current, 2θ
angle and counting time. Then, the equipment is ready to proceed with the reading, and to obtain the X-ray spectra.

The voltage was 40 kV and the current 30 mA. The 2θ angle was scanned between 10 and 70◦, and the counting
time was 10.160 s at each angle step using a Cukα radiation source (λ = 1.542 Å).

3.2.4 Electrochemical Impedance Spectroscopic

An impedance analyzer of BioLogic Science Instruments was used for the Electrochemical Impedance Spectroscopic
(EIS) test of the liquid samples. Using EIS, the values of the impedance, resistance and conductivity of acetic acid,
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CS, CS dopedwith different proportions of lithium perchlorate can be found by assembling each in an electrochemical
cell.

Films were cut into small discs of 1.1 cm diameter and placed between two identical circular smooth and cleaned
pin stubs electrodes with carbon tape to stick film like a sandwich. The impedance of the films was measured
using the SP-150 potentiostat that was connected to a computer in the frequency range from 50 Hz to 1 MHz.
An electrochemistry software called EC-Lab was used to control the measurements. The ionic conductivities (σ),
equivalent circuit and dielectric properties of the blends were determined from electrochemical impedance spectra
(EIS).

3.2.5 Ultraviolet-Visible-Near Infrared Spectroscopy

Optical properties of the chitosan films with and without modifications were determined by using a UV/Vis/NIR
Spectrometer called Lambda 1050 and a program called UV WinLab.

Films were put in the sample holder with the help of a support. Then, the UV/Vis spectra of films were recorded
in the range from 200 to 800 nm.

3.2.6 Photoluminescence Spectroscopy

The photoluminescence spectra were recorded on a High-Resolution Spectrometer called HR4000CG-UV-NIR
spectrometer using a program Ocean Optics SpectraSuite. This investigation was realized with an excitation
wavelength of 400 nm, and integration time of 5 seconds. Set up of photoluminescence is shown in Appendix A.
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Results & Discussion

4.1 Scanning Electron Microscopy
The surface morphology of the chitosan and chitosan dopedwith different concentrations of LiClO4 were investigated
using SEM. The SEM image of chitosan film (figure 4.1) shows a smooth and nonporous matrix as expected into
chitosan113. The micrographs of chitosan containing 25% LiClO4 (figure 4.2) indicate that the LiClO4 was dissolved
into chitosan matrix. It cannot be seen the presence of LiClO4 into chitosan surface, however the interactions caused
between them can be observed.

Figure 4.1: SEM image of chitosan film

Figure 4.3 shows the SEM image of chitosan containing 30% LiClO4. It can be seen that the presence of 30%

17
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(a) CS with 25% LiClO4 with 5000 magnification. (b) CS with 25% LiClO4 with 10000 magnification.

Figure 4.2: SEM images of chitosan with 25% LiClO4 .

LiClO4 into chitosan exhibits a rough structure with some regions forming circles which could be related to the
distribution of the salt in the chitosan matrix. As LiClO4 concentration increases, an increase in the formation of
these round features can be observed.

Figure 4.3: SEM image of chitosan film doped with 30% LiClO4

Figure 4.4 shows the SEM image of chitosan containing ZnO and 40% LiClO4. It can be seen that the hybrid
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compound containing chitosan doped with ZnO and 40% LiClO4 shows the ZnO dispersion, and uniformity of the
chitosan surface, compared to chitosan containg 30% LiClO4. ZnO seems to play an important role helping the
homogeneity of the membrane, as can be observed in figure 4.4. Also, a good distribution of ZnO particles can be
observed.

Figure 4.4: SEM image of chitosan film doped with ZnO and 40% LiClO4

4.2 Fourier Transform Infrared Spectroscopy
FTIR spectroscopy was used to analyze the functional groups of the films. Figure 4.5 shows the infrared absorbance
spectra of the chitosan film and chitosan doped with ZnO. The chitosan film spectrum (see figure 4.5a) shows at 3475
cm−1 the stretching vibration of the hydroxyl group114,115. The presence of broad band range of 3244 cm−1 is attributed
to the N-H stretching114,116,117. The absorbance band at 2907 cm−1 is associated with C-H stretching114,116–118. The
peak at 1636 cm−1 is assigned to the C-O stretching vibration115,118. The bending vibrations of N-H and C-H appear
in 1549 and 1405 cm−1, respectively114–118. The peaks at 1067 and 1144 cm−1 correspond to the C-O stretching
mode114–117,119. Peak observed at 653 cm−1 is ascribed to the N-H twist vibration119. Table 4.1 demonstrates
the FTIR peak assignments of chitosan. On the other hand, figure 4.5b which is chitosan with ZnO shows very
similar peaks to the chitosan spectrum. Comparing these two, the vibration at 3244 cm−1 corresponding to the N-H
stretching become broader, and the vibration at 1067 cm−1 shows a small change in intensity. However, figure 4.5b
does not show below 560 cm−1 the peak corresponding to the Zn-O stretching120–122. It is worth noting that the
absence of ZnO peaks could be related to the low amount of ZnO present or the bonding of Zn with the amide group.

FTIR studies were conducted to follow the chemical modifications in chitosan structure upon interaction with
LiClO4 at 10, 25, 30 and 40% (see figure 4.6). Comparing chitosan spectra with spectrum of chitosan with LiClO4,
there exist strong evidence which confirm the coupling of LiClO4 in chitosan matrix. In general, all signals of figure
4.6b, c, d and e coincide with the principal signals of chitosan (see figure 4.6a). However, several new signals
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Table 4.1: FTIR Analysis of Chitosan

Wavenumber (cm−1) Types of Vibration Functional Groups References
3475 Stretching O-H 114,115

3244 Stretching N-H 114,116,117

2907 Stretching C-H 114,116–118

1636 Stretching C=O (amide I) 115,118

1549 Bending N-H (amide II) 115,118

1405 Bending C-H (amide II) 115,116,118

1144, 1067 Stretching C-O 114–117,119

653 Twist N-H 119

Figure 4.5: FTIR spectra of a) chitosan and b) chitosan with ZnO

appear at each one. Figure 4.6b shows a shift from 3244 to 3304 cm−1, an increase in the vibration at 1405 cm−1,
an overlapping of the C-O peak at 1144 cm−1 together to the peak at 1067 cm−1, and a new peak at 624 cm−1

corresponding to complexation and incorporation of the LiClO4 can be seen. This new peak was due to ClO−1
4

stretching, which verify then chitosan complex formation123. Figure 4.6c shows a shift from 3244 to 3360 cm−1, a
decrease in the vibration at 1405 cm−1, an overlapping of the C-O peak at 1144 cm−1 with the peak at 1067 cm−1,
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and the peak at 624 cm−1 corresponding to ClO−1
4 stretching can be observed. Figure 4.6d shows some shifts from

3244 and 3475 to 3360 and 3554 cm−1 are observed, respectively. Also, an increase in the vibration at 1405 cm−1

is observed, and it does not show the C-O peak at 1144 cm−1. The ClO−1
4 stretching can be observed at 624 cm−1.

Figure 4.6 e shows some shifts from 3244 and 3475 to 3360 and 3582 cm−1, respectively. It also shows an increase
in the vibration at 1636 cm−1, and it does not show the C-O peak at 1144 cm−1. The vibration corresponding to
ClO−1

4 stretching at 624 cm−1 can be observed. It can be seen that figure 4.6b, c, d and e show some decreasing in
the C-H bending vibration at 653 cm−1 due to C-Cl bonding. Furthermore, it can be observed that with the increase
of the amount of LiClO4, the ClO−1

4 vibration also increases. In addition, as the LiClO4 concentration increases, the
interaction of the CS with the ions increases because of an unfolding is observed in the O-H and N-H bands124.

Figure 4.6: FTIR spectra of a) chitosan, and chitosan with LiClO4 at b) 10%, c) 25%, d) 30% and e) 40%.

The spectra of chitosan with ZnO and the hybrid compound with different concentrations were shown in figure
4.7. Comparing this spectra with the previous spectrum (figure 4.5 and 4.6), figure 4.7b, c, d and e show the
coincidence of the main peaks of chitosan doped with LiClO4 and the effect caused by ZnO to reveal the formation
of hybrid compound. Figure 4.7b shows an increase in intensity at 1636 cm−1, the overlapping of the C-O peak at
1144 cm−1 together to the peak at 1067 cm−1, and the peak at 624 cm−1 which corresponds to the incorporation of
the LiClO4. Figure 4.7c shows a shift in the O-H vibration from 3475 to 3546 cm−1. Also, some new peaks appear
at 3362, 3145 and 3089 cm−1 corresponding to the N-H stretching. The C-O peak at 1144 cm−1 disappears. Some
increase in intensity appear at 1636 and 624 cm−1 corresponding to the ClO−1

4 stretching. All of these confirm the
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strong interaction of the hybrid compound. Figure 4.7d shows a shift in the O-H vibration from 3475 to 3571 cm−1.
Also, a new peak appears at 3327 cm−1 corresponding to the N-H stretching. The C-O peak at 1144 cm−1 disappears.
Some increase in intensity appear at 3244, 1636 and 624 cm−1. The first one corresponds to the strong interaction
of the hybrid compound and the others corresponding to the ClO−1

4 stretching. Figure 4.7e shows a shift in the O-H
vibration from 3475 to 3588 cm−1. Also, a new peak appears at 3182 cm−1 corresponding to the N-H stretching.
The C-O peak at 1144 cm−1 disappears. Some increase in intensity appear at 1636 and 624 cm−1 corresponding to
the ClO−1

4 stretching. All these observations confirms the interaction of ZnO with lithium salt and chitosan matrix.
Table 4.2 demonstrates the FTIR analysis of the hybrid compound.

Figure 4.7: FTIR spectra of a) chitosan with ZnO, and chitosan doped with ZnO and LiClO4 at b) 10%, c) 25%, d)
30% and e) 40%.

4.3 X-Ray Diffraction
The phases of the chitosan films with and w/o modifications were studied by X-ray diffraction analysis. Figure 4.8
shows the XRD pattern of the films of chitosan and chitosan with LiClO4. This diffractogram revealed marked
differences in their structures when adding LiClO4. Figure 4.8a presents peaks at 2θ = 11.94 and 18.70◦. These
two are characteristic peaks of chitosan which corresponding to intramolecular and intermolecular hydrogen bonds.
While figure 4.8b, c, d and e do not show characteristic diffraction peaks due to the LiClO4, which implies the
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Table 4.2: FTIR Analysis of Hybrid Compound

Wavenumber (cm−1) Types of Vibration Functional Groups References
3475-3588 Stretching O-H 114,115

3089-3362 Stretching N-H 114,116,117

2907 Stretching C-H 114,116,117

1549 Bending N-H (amide II) 115

1405 Bending C-H (amide II) 115,116

1144-1036 Stretching C-O 114–117,119

653 Twist N-H 119

1636, 614 Stretching ClO−1
4

123

complete dissolution of salt in chitosan matrix. However, chitosan peaks show two broad peaks shifted, which
promotes changes of the chitosan structure as expected for lithium salt doping. The peak at 2θ = 11.94◦ of chitosan
decreases in intensity and is located at 2θ = 11.53◦ for chitosan containing LiClO4. The main peak (2θ = 18.70◦) at
40% LiClO4 was broader suggesting the increase in amorphization of the material with the addition of LiClO4125.
The formation of the chitosan complexes has been attributed to the interaction between the primary amino group
with the LiClO4 leading to increase in the amorphous phase126.

Figure 4.8: XRD pattern of a) chitosan, and chitosan doped with LiClO4 at b) 10%, c) 25%, d) 30% and e) 40%.

Figure 4.9 shows the XRD pattern of the films of chitosan with ZnO and the hybrid compound. Figure 4.9a
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showed peaks at 2θ = 11.87, 18.77, 42.93, and 50.22◦. The first two peaks are the same chitosan peaks but there
exist some differences in intensities and peak positions. The peaks of bare chitosan at 2θ = 11.94 and 18.70◦

become stronger and weaker and appeared at 11.87 and 18.77◦, respectively127. The variation of them is due to
incorporation of ZnO and also due to the lattice strain developed in the chitosan matrix because of the presence of
ZnO128. Therefore, this variation confirms the presence of ZnO on the chitosan matrix. The incorporation of ZnO
in chitosan increases the crystallization of the polymer and decreases its flexibility. While figure 4.9b, c, and d show
the characteristic diffraction peaks of chitosan almost defined and with higher intensities at 2θ = 11.87 and 18.77◦

comparing to the diffractograms from figure 4.8b, c, and d, respectively. In addition, all diffractograms show the
characteristic peaks of zinc at 2θ = 42.93 and 50.22◦. The diffractogram from figure 4.9c shows more intensity and
wider band at 18.77◦ suggesting a greater amorphous phase than others. However, the diffractogram from figure
4.9e does not show the peak at 2θ = 11.87, and it shows a very defined peak at 20.22◦ suggesting a greater crystalline
phase than others.

Figure 4.9: XRD pattern of a) chitosan with ZnO, and chitosan doped with ZnO and LiClO4 at b) 10%, c) 25%, d)
30% and e) 40%.
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4.4 Electrochemical Impedance Spectroscopy

4.4.1 Conductivity Studies

Electrochemical impedance is a powerful tool to study the ionic properties of the material. The Nyquist plots of
the chitosan and chitosan with ZnO, chitosan with LiClO4, and chitosan doped with ZnO and LiClO4 are given in
figures 4.10, 4.11, and 4.12, respectively. The Nyquist plots show the resistance of the material to the electrical
current. The Nyquist plot in figure 4.10 for chitosan shows a semicircle in the higher frequency region followed by
other broadened semicircle in the lower frequency region. While, similar behavior with two semicircles can be seen
for chitosan with ZnO. At higher frequencies, the semicircle is ascribed by the resistivity properties of both chitosan
and chitosan with ZnO, and at low frequencies, could be related with the electrodes. The diameter of the semicircle
for chitosan was smaller than chitosan with ZnO. This means that addition of ZnO increases the bulk resistance.

Figure 4.10: Nyquist plot for chitosan and chitosan with ZnO.

On the other hand, in order to study the increase in LiClO4 concentration, the size of the semicircle of the Nyquist
plots is analyzed, which displays a noticeable decrease in the resistance when increasing LiClO4 concentration.
Figure 4.11 shows the dependence of amount of salts of impedance spectra of chitosan with LiClO4 at different
concentrations as a representative plot. It can be seen that with increasing LiClO4 concentration, the bulk resistance
is decreasing, i.e., the diameter of the semicircle of high frequency region decreases with increase in lithium salts.
As it is known, the ionic conductivity of polymer depends on the resistance, the number of charge carriers and the
ion mobility129. This means that when adding LiClO4 in CS polymer matrix, the mobility of the ions and the number
of charge carriers increase, and the resistance decreases. Correlating these measurements with the XRD results, it
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can be observed that the bulk resistance decreases when chitosan is more amorphous (reducing the diameter of the
semicircle). It has been attributed to the decrease of the resistance to the increase of the conductivity91,130.

Figure 4.11: Nyquist plot for chitosan doped with LiClO4.

The Nyquist plots are analyzed to display the bulk resistance (see figure 4.12). These plots show the changes
caused for ZnO and different concentrations of LiClO4 in chitosan matrix as a representative plot. It can be seen that
chitosan with LiClO4 at 25% and ZnO shows the lower semicircle compared to others. From XRD results, chitosan
with LiClO4 at 25% and ZnO shows the higher amorphous peak for the hybrid compound. It can be observed that
amorphisation of the structure can cause a reduction in the bulk resistance of the material.

It has been reported that the amorphous phase improves the ionic transportation through polymer which aids to
acquire high ionic conductivity131. Therefore, the ionic conductivity values of all measured samples were calculated
by using the Nyquist diagram plots and Eq. 2.8132. The values of thickness, area, bulk resistance and conductivity
of the samples are displayed in Table 4.3. The bulk resistances are taken from the intercept of the semicircle with
the real axis at low frequency. The analysis of Table 4.3 reveals that the addition of LiClO4 promotes an increase
of ionic conductivity. The chitosan doped with ZnO and LiClO4 at 10 and 40% have the same ionic conductivity
values. In general, adding ZnO decreases the ionic conductivity comparing with films without ZnO. Conductivity
of the chitosan film has been reported to 8.3x10−5 S cm−1 133. While, Wu et al. reported the ionic condutivity of
chitosan to be 10−9 S cm−1 134. In the present work, these values differs from the value obtained 3.2x10−7 S cm−1.
On the other hand, Rathod et al. have achieved a value of 3x10−6 S cm−1 for a composite of chitosan, PVA and 20%
LiClO4

100. Although they use a more amorphous matrix, it could be established that conductivity obtained is within
the range. The highest ionic conductivity was 2.1x10−6 S cm−1 obtained on chitosan containing LiClO4 at 40%.
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Figure 4.12: Nyquist plot for chitosan doped with ZnO and LiClO4.

Table 4.3: Conductivity values for all the samples

Sample Thickness (cm) Area (cm2) Bulk resistance (Ω) σ (S cm−1)
CS 4.3x10−3 0.95 1.5x104 3.2x10−7

CS+10% LiClO4 4.4x10−3 0.95 1.4x104 3.3x10−7

CS+25% LiClO4 4.4x10−3 0.95 1.2x104 3.9x10−7

CS+30% LiClO4 4.1x10−3 0.95 6.9x103 6.3x10−7

CS+40% LiClO4 4.3x10−3 0.95 2.2x103 2.1x10−6

CS+ZnO 2.1x10−3 0.95 1.0x104 2.2x10−7

CS+ZnO+10% LiClO4 4.5x10−3 0.95 1.6x104 3.0x10−7

CS+ZnO+25% LiClO4 3.5x10−3 0.95 9.6x103 3.8x10−7

CS+ZnO+30% LiClO4 3.3x10−3 0.95 1.3x104 2.7x10−7

CS+ZnO+40% LiClO4 4.3x10−3 0.95 1.5x104 3.0x10−7

To know the frequency responses of the films with phase change, the Bode plots are used. The Bode plots of
the chitosan and chitosan with ZnO, chitosan with LiClO4 (10, 25, 30 and 40%), and chitosan doped with ZnO and
LiClO4 (10, 25, 30 and 40%) are given in figures 4.13, 4.14, and 4.15, respectively. As can be seen in figure 4.13, the
Bode plot of chitosan shows two phase shifts of φ = 76 at high frequency ranges, and φ = 57 at low frequency ranges.
These phase angles at higher and lower frequency could be related to the capacitive and diffusive characteristics of
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the chitosan. However, when ZnO is incorporated to the chitosan shows phase angles very similar comparing to the
Bode plot of chitosan. The Bode plot of chitosan with ZnO shows two phase shifts of φ = 76 at high frequencies, and
φ = 53 at low frequencies. These phase angles could be related to the capacitive and diffusive behavior of chitosan,
or its own resistivity135.

Figure 4.13: Bode diagram of chitosan and chitosan with ZnO.

As can be seen in figure 4.14, the diagram of chitosan with LiClO4 at 10% shows one phase shift of φ = 83 at high
frequency ranges and another phase shift of φ = 58 at low frequency ranges. The diagram of chitosan with LiClO4

at 25% shows two phase angles of φ = 73 and 55 at high and low frequency ranges, respectively. The diagram for
chitosan with LiClO4 at 30%, with phase angles φ = 71 and 72 at high and medium frequencies, respectively. The
diagram of chitosan with LiClO4 at 40% shows two phase angles φ = 68 and 65 at medium and higher frequencies,
respectively. Comparing all of these, chitosan with LiClO4 at 10% shows the maximum phase angles of φ = 83 at
high frequency ranges and φ = 58 at low frequency ranges. These phase angles presents the minimum capacitive
behavior and the maximum resistivity behavior, respectively136. As the LiClO4 concentration increases, a more
capacitive behavior can be observed137. Regarding to the literature, chitosan with LiClO4 at 40% shows a very low
resistance behavior and a high capacitive behavior135. Therefore, by increasing the concentration of LiClO4, the
phases shift to the medium frequencies which could be related to the increase of the ionic species.

As can be seen in figure 4.15, the diagram of chitosan with LiClO4 at 10% and ZnO shows two phase angles
of φ = 79 and 56 at high and low frequency ranges, respectively. The diagram of chitosan with LiClO4 at 25% and
ZnO shows two phase angles φ = 75 and 51 at medium and low frequency ranges. The diagram for chitosan with
LiClO4 at 30% and ZnO, with phase angles φ = 82 and 78 at high frequencies, and 55 at low frequencies. The
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Figure 4.14: Bode diagram of chitosan doped with LiClO4.

Figure 4.15: Bode diagram of chitosan doped with ZnO and LiClO4.
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diagram of chitosan with LiClO4 at 40% and ZnO shows phase angles φ = 82 and 79 at high frequencies, and 56 at
low frequencies. The phase angles are lower in chitosan with LiClO4 at 25% and ZnO compared to others. This has
been attributed to the low resistance in the material135. For hybrid compounds containing a LiClO4 concentration
greater than 25% could have free Li ions that could get too close and recombine to form Li salts that are immobile
and that increases the resistance.

4.4.2 Dielectric Properties

The dielectric properties help to understand the conductivity behavior of the polymer electrolyte, since that trend can
be followed. This trend is related to ion transport in polymer electrolyte138. The understanding of the mechanism
of ion conduction together with the relaxation processes in the polymer electrolyte makes it possible to get the
information of the ionic interaction in the polymer electrolyte139. At low frequency, it has been reported that
peaks in both dielectric constant and dielectric loss can be attributed to the electrode polarization and space charge
effects140,141. On the other hand, at high frequencies, it has been attributed to the non-excess ions for the rapid
inversion of the electric field and the absence of polarization140–143.

Figures 4.16, 4.17 and 4.18 show the dielectric constant vs. frequency for all samples at room temperature. As
can be seen in these figures, the dielectric constant decreases with the increase in frequency. This has been related to
the orientation of the charge carriers to the applied electric field at low frequencies144. The dielectric constant has
been attributed for storage of charges4.

Figure 4.16: Variation of dielectric constant with frequency of chitosan, and chitosan with ZnO.

Figure 4.16 shows a greater polarization of the electrode in the chitosan than the chitosan doped with ZnO.
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When chitosan is doped with ZnO, space polarization decreases in the interface of matrix leading to decrease of
dielectric values. While Figure 4.17 shows that the dielectric constant is increased as LiClO4 increases in the low
frequency part, except for the sample with 25% LiClO4. It can be seen the chitosan with 40% LiClO4 shows the
highest dielectric constant. This means that it has the best storage of charges. In general, with the addition of
LiClO4, the charge carriers are dependent of frequency up to medium frequencies. This means the charge carriers
orient themselves in the field direction up to medium frequencies. This could be related to the contribution of ionic
properties in films.

Figure 4.17: Variation of dielectric constantwith frequency of chitosan dopedwith LiClO4 in different concentrations.

As can be seen in figure 4.18, chitosan doped with ZnO and 25% LiClO4 shows a different behavior than others.
At frequency 104 is greater than others. This could be related to ionic interactions between them. In addition, free
ions may be nearby but avoiding recombination to form Li salt. In the other cases, there are few ions in the matrix
or an excess of ions that causes the formation of Li salt, avoiding the storage of charges to increase. In general, the
dielectric constant is shifted to the low frequency with the incorporation of ZnO. However, for chitosan containing
LiClO4 can be observed in medium frequencies (see figure 4.17). These results suggest that the greatest amount of
free ions can be observed in medium frequency.

Figures 4.19, 4.20 and 4.21 show the dielectric loss vs. frequency for all samples at room temperature. As
can be seen, the dielectric loss decreases with increasing frequency at the low-frequency range. Figure 4.19 shows
relaxation peaks for chitosan and chitosan with ZnO. However, it can be seen that figure 4.20 shows the shift of
the relaxation peaks to higher frequencies as increasing LiClO4 concentration, which prove that the increase in
conductivity is due to the increase in number of ion mobility100. The addition of LiClO4 increases the strength of
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Figure 4.18: Variation of dielectric constant with frequency of chitosan doped with ZnO and LiClO4 in different
concentrations.

bulk relaxation. Chitosan with 10% LiClO4 shows the higher dielectric loss (see figure 4.20). Figure 4.21 shows
the dielectric loss peak at low frequencies. Chitosan with 25% LiClO4 is shifted to high frequency comparing to
others. This could be related to conductivity processes. In general, ε’ and ε” increase as LiClO4 concentration
increases because increase in the number of free ions. Therefore, as the number of free ions is proportional to the
conductivity145, the conductivity also increases.

4.5 Conductivity Mechanism Model
As a discussion to explain the conductivity mechanism, a model is proposed based on the proposal of Begum et
al.146. When the film is dried after adding LiClO4 to the chitosan solution, both mobile and immobile (crystallites)
species of lithium perchlorate and free lithium ions are formed (Fig. 4.22 (b)). Only the mobile species contribute to
the conductivity when an electric field is applied. When ZnO is added to chitosan solution, ZnO particles are bonded
to the chitosan membrane (Fig. 4.22 (c)) and therefore the conductivity is decreased due to the ZnO nanoparticles as
they make the electron paths more difficult. Inclusion of ZnO to Chitosan/LiClO4 solution results in the formation
of complexes and the formation of lithium salt crystallites (that contribute to the immobile species) is enhanced
during film formation (Fig. 4.22 (d)). The acceleration of crystal growth of lithium salts during film formation due
to ZnO results in unavailability of more mobile species of lithium salt with a result in decreasing conductivity in
chitosan/LiClO4/ZnO hybrid compound when compared to that of chitosan/LiClO4 films.
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Figure 4.19: Variation of dielectric loss with frequency of chitosan, and chitosan with ZnO.

Figure 4.20: Variation of dielectric loss with frequency of chitosan doped with LiClO4 in different concentrations.
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Figure 4.21: Variation of dielectric loss with frequency of chitosan doped with ZnO and LiClO4 in different
concentrations.

Figure 4.22: Model for formation of chitosan hybrid compound.
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4.6 UV-Vis Spectroscopy

4.6.1 UV-Vis Spectrum

Figure 4.23 shows the optical absorption spectroscopy at room temperature of the chitosan (control) and chitosan
containing ZnO in the UV-Vis spectral region. It can be seen from this figure that chitosan reveals two absorption
peaks at 254 and 311 nm, while chitosan with ZnO shows just one wider band at 311 nm which can be attributed to
the dispersion of ZnO in chitosan matrix120,147,148. The absorption of ZnO has occurred in the normal range and its
intensity is low due to the low concentration of ZnO149–152.

Figure 4.23: UV-Visible spectrum of a) chitosan and b) chitosan with ZnO.

The UV-visible spectrum of chitosan containing LiClO4 (10, 25, 30 and 40%) are shown in figure 4.24. After
incorporation of different concentrations of LiClO4 in chitosan, the chitosan peaks are shifted from 254 and 311
nm to 246 and 313 nm, respectively. It can be also seen that the intensity of the absorption increases due to the
increase in the salt concentration. These changes were induced due to the interaction between chitosan and LiClO4.
Therefore, it can be proved that the salt concentration affected the optical properties of the chitosan.

Figure 4.25 shows the absorption spectroscopy of the chitosan doped with ZnO and LiClO4 at 10, 25, 30 and
40% in the ultraviolet-visible spectral region. Chitosan doped with ZnO and 10% LiClO4 shows two peaks at 251
and 313 nm with low intensity. The peak is shifted from 259 to 251 nm comparing with chitosan doped with 10%
LiClO4. This shift could be related to the ZnO147 and the low intensity to the low concentration of the LiClO4.
Chitosan doped with ZnO and 25% LiClO4 shows two peaks at 251 and 313 nm. Peaks can be observed with higher
absorbance. This could be related to the increase of the salt concentration. Chitosan doped with ZnO and LiClO4
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Figure 4.24: UV-Visible spectrum of chitosan doped with LiClO4 at a) 10, b) 25, c) 30 and d) 40%.

at 30% and 40% show two similar peaks at 246 and 313 nm. It can be seen that the intensity of the peaks decrease
with respect to chitosan doped with ZnO and 25% LiClO4. This could be related to the less interaction of the
salt concentration with chitosan and ZnO. Therefore, the hybrid compound (CH/ZnO/LiClO4) shows its maximum
absorbance when chitosan is doped with ZnO and 25% LiClO4. Then, it can be proved that the salt concentration
affects the optical properties.

4.6.2 Optical Band Gap

The conductivity of the polymer is related to the optical properties. From the absorption spectrum of all samples,
an estimated optical band gap is calculated using Eq. 2.11 taking into account that any change observed in the
optical properties affect the band gap100. It has been used an indirect allowed transition for chitosan systems100,153.
Therefore, the values of the band gap are determined in a plotted graph of (αhν)1/2 vs. photon energy (hν) by
extrapolating the straight line of the curve at the point (αhν)1/2=0 in photon energy-axis. The Tauc plot of the
samples is shown in Appendix B and the band gap energy value for the allowed indirect transition are displayed in
Table 4.4. The analysis of this table reveals that the band gap energy decreased with the LiClO4 doping and further
doping at 40% is the higher value. The decrease has been related to the low concentration of free electrons in the
films154. The band gap reduction is attributed to the charge transfer of different mixtures100.



CHAPTER 4. RESULTS & DISCUSSION 37

Figure 4.25: UV-Visible spectrum of chitosan doped with ZnO and LiClO4 at a) 10, b) 25, c) 30 and d) 40%.

Table 4.4: The band gap values from the experimental data

Sample Band gap (eV)
CS 2,60

CS+10% LiClO4 2,72
CS+25% LiClO4 2,69
CS+30% LiClO4 2,77
CS+40% LiClO4 2,70

CS+ZnO 2,88
CS+ZnO+10% LiClO4 2,57
CS+ZnO+25% LiClO4 2,57
CS+ZnO+30% LiClO4 2,70
CS+ZnO+40% LiClO4 2,62

4.7 Photoluminescence Spectroscopy
Photoluminescence is carried out to investigatemuch better the optical properties. Themeasurementswere carried out
with an excitationwavelength of 400 nm, and integration time of 5 seconds. Figure 4.26 shows the photoluminescence
spectra recorded at room temperature of chitosan and chitosan with LiClO4 at 10, 25, 30 and 40%. Chitosan film
shows an emission peak at wavelength of 497 nm (see figure 4.26a). It has been reported that for excitation of
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longer wavelength, the emission peak of chitosan could be beyond 480nm155. It can be seen that with increase
in concentration of LiClO4, the intensity of excitonic peak increases. It can be observed that chitosan doped with
LiClO4 at 40% shows the highest luminescence triplicating the emission value with respect to the pure chitosan. It
is interesting to note that with increase in LiClO4, luminiscence increases and also the ionic conductivity. Then, the
influence of LiClO4 on the luminescence properties of chitosan causes strong luminescence at 497 nm, which could
have many important applications.

Figure 4.26: Photoluminescence spectrum of a) chitosan and chitosan doped with LiClO4 at b) 10, c) 25, d) 30 and
e) 40% at 400 nm excitation wavelength.

On the other hand, figure 4.27 shows the photoluminescence spectra recorded at room temperature of chitosan
with ZnO and the hybrid compound at different concentrations. Chitosan with ZnO shows an emission peak at
wavelength of 497 nm (see figure 4.27a). Comparing with chitosan, this peak is reduced in intensity with the
addition of ZnO. For all the composite chitosan/LiClO4/ZnO, the addition of ZnO decreases the luminescence
intensity except for the sample of chitosan containing 25% LiClO4 and ZnO. At this specific sample, luminescence
and ionic conductivity are higher than others with ZnO. Correlating with XRD results, it can be seen that the peak
intensity at approximately 18◦ is stronger than others. An interaction between ZnO and LiClO4 at this specific
concentration could be occurring to show its maximum luminescence. This means that the interaction between them
modifies the structure of chitosan to show luminescence.
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Figure 4.27: Photoluminescence spectrum of a) chitosan with ZnO, and chitosan doped with ZnO and LiClO4 at b)
10, c) 25, d) 30 and e) 40% at 400 nm excitation wavelength.

4.8 Photoluminescence Mechanism Model
As a discussion to explain the photoluminescence mechanism, a model is used. When the film is excited after being
illuminated (or pointed) with a laser, electrons jump from valence band to conduction band, and then when they return
to valence band, they emit light. It is known that ions help electrons to move in order to occur recombination between
electrons and electron holes156. This recombination could be reflected in the intensity of photoluminescence spectra.
In few words, photoluminescence intensity could be proportional to the recombination. When photoluminescence
intensity is higher, higher recombination occur between electrons and electron holes. In chitosan film occurs few
recombination because it has few ions and electrons (fig. 4.28 (a)). While chitosan doped with LiClO4 (at 10, 25, 30
and 40%) have more recombination as increase their concentration (fig. 4.28 (b)). When the LiClO4 concentration
increases, more mobile ions also increase. Then, these ions help electrons to move easily for recombination process,
i.e. intensity increases. On the other hand, the doping of chitosan with ZnO inhibits the recombination process of
charge carries (fig. 4.28 (c)). Therefore, the inclusion of ZnO in Chitosan/LiClO4 causes fewer electrons to return
to the valence band, emitting less energy in the form of light (fig. 4.28 (d)).
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Figure 4.28: Model to explain Photoluminescence mechanism.



Chapter 5

Conclusions & Outlook

To sum up, a novel type of hybrid compound of chitosan with ZnO and LiClO4 in different concentrations was
synthesized. Physicochemical characterization was performed by FTIR spectroscopy and UV-Vis spectra. Strong
interactions between LiClO4 and chitosan were confirmed by FTIR. UV-Vis analysis revealed that the LiClO4

concentration increased the absorption band. SEM results showed the salt distribution, the ZnO dispersion and
uniformity of the chitosan surface. XRD results demonstrated the amorphisation of the chitosan matrix with addition
of LiClO4, and the crystallization induced by ZnO on CS matrix. Results of SEM and XRD suggest that LiClO4

plays a vital role in composite properties. The addition of LiClO4 in high concentration induces amorphization in
the chitosan membrane. The resistances of the system confirmed the same results. The presence of a amorphous
structure served as an evidence for the better interaction between chitosan and LiClO4 which indicated that LiClO4

concentration in chitosan formed polymer electrolytes. EIS technique showed the increase of the ionic conductivity
as LiClO4 concentrations increased. The maximum ionic conductivity at room temperature was for chitosan with
40% LiClO4 with a conductivity value of 2.1x10−6 S/cm. The presence of LiClO4 in chitosan resulted in higher
photoluminescence of chitosan/LiClO4 films. The chitosan photoluminescence was observed at 497 nm and its
intensity increased by increasing the LiClO4 concentration. Therefore, the hybrid compound exhibited excellent
stable ionic conductivity and tunable photoluminescence, indicating their potential as a polymer electrolyte for
different applications such as supercapacitors or batteries.
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Appendix A

Set up of photoluminescence

Figure A.1: Set up of photoluminescence: (a) Excitation laser of 400 nm and (b) photoluminescence of chitosan.
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Appendix B

Tauc plots for band gap determination

Figure B.1: Tauc plot for band gap of chitosan and chitosan with ZnO
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Figure B.2: Tauc plot for band gap of chitosan with 10% LiClO4

Figure B.3: Tauc plot for band gap of chitosan with 25% LiClO4



APPENDIX B. TAUC PLOTS FOR BAND GAP DETERMINATION 47

Figure B.4: Tauc plot for band gap of chitosan with 30% LiClO4

Figure B.5: Tauc plot for band gap of chitosan with 40% LiClO4
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Figure B.6: Tauc plot for band gap of chitosan doped with ZnO and 10% LiClO4

Figure B.7: Tauc plot for band gap of chitosan doped with ZnO and 25% LiClO4
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Figure B.8: Tauc plot for band gap of chitosan doped with ZnO and 30% LiClO4

Figure B.9: Tauc plot for band gap of chitosan doped with ZnO and 40% LiClO4
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