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ABSTRACT

Electrochromic Properties of Vanadium Pentoxide Nanostructured Thin
Films

Afaf Almoabadi

The focus of this work is the improvement of the electrochromic properties of vanadium
pentoxide thin films in order to expand its use. Indeed, because of its rather poor electrochromic
properties, until now, vanadium pentoxide has only been used as a storage material in an
electrochromic device, in conjunction with tungsten oxide, molybdenum oxide etc. To this
purpose, vanadium pentoxide thin films were prepared under different conditions and
characterized by using optical and electrochemical methods. Films were deposited on indium tin
oxide (ITO) substrates by dip-coating at both room- and sub-zero temperature (-10°C) and
porosity in the sol-gel prepared vanadium pentoxide film was created by using templating
methods. The morphology, optical and electrochromic properties of the macro- and mesoporous
films, prepared in the presence of structure-directing agents such as polystyrene microspheres
and triblock copolymer, have been compared with those of dense films. By using various
methods to remove the template material, it was shown that the morphology of the vanadium
pentoxide film can be controlled and new nanostructures can be created. The transformation of
the lamellar into a nanorod structure, observed when the film is heated at 425-500-C for several
hours, resulted in the development of an elegant method for the synthesis of vanadium oxide
nanostructures. The electrochromic performance of the nanorods prepared through the thermal
treatment was found to be superior to that of the vanadium pentoxide with the layered structure,
especially in the near-infrared region, demonstrating their potential for electrochromic
applications. The structure, morphology, optical and electrochromic properties of dense and
porous vanadium oxide films, coated at low temperature were also determined and compared to
those of the corresponding films, deposited under room-temperature conditions. The results
indicated that in the films coated at -10°C, a residual compressive stress exists that originates
from a non-uniformity in depth of the film, most probably, due to the formation of micro voids

during the deposition. The micro voids are preserved during the heat-treatment of the films. The
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“micro void” morphology was found to account for the considerably improved electrochromic
properties of the sub-zero dip-coated films. Low-temperature coated films, heated at 450°C for
several hours, undergo the transformation from a layered to a highly uniform nanorod structure
with important potential optoelectronic applications. The overall aim of this work is thus to
evaluate how the morphology of vanadium pentoxide thin films is instrumental in obtaining a
material with a high lithium ion intercalation capacity. With an appropriate morphology, the
performance of vanadium oxide as electrochromic material and as cathode in lithium ion
batteries can be improved significantly. For this purpose, both layered (dense and porous) and
nanorod films were prepared and characterized. Scanning electron microscopy, cyclic
voltammetry and electrical impedance spectroscopy measurements were used for the

characterization of the different V,0s5 films.
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Chapter 1

1 Introduction

Vanadium pentoxide gels can be used in energy storage/conversion devices such as
electrochromic (EC) devices, rechargeable lithium ion battery technologies, and pseudocapacitor
applications [1-3]. Other interesting applications encompass optical filters, reflectance mirrors,
and surfaces with tunable emittance for temperature control of space vehicles [4]. Vanadium
oxide is used as cathode material in lithium batteries [5], in bolometric detectors [6], and as
ferromagnetic nanotubes [7-9]. Important examples are the use of vanadium oxide-based
catalysts in the synthesis of bulk chemicals like SOs, propene, etc., and in the reduction of
environmental pollution, for example, the reduction of nitrogen oxides NOy in the exhaust gas

from power plants.

1.1 Background of present study

Vanadium oxide thin films, as many other transition metal oxides, have been prepared using
physical techniques such as sputtering [10-12], thermal evaporation [13], pulse laser deposition

[14], e-beam deposition [15], flash-evaporation [16], chemical vapor deposition [17] and spray

pyrolysis [18].

The thermal evaporation and sputtering methods were among the first methods that were used for
the fabrication and characterization of vanadium pentoxide films and they continue to be used
today for specific applications. However, after the development of sol-gel route, many of the
studies in the field of electrochromism (EC) were based on sol-gel methods because of the

simplicity and the milder conditions.

Vanadium pentoxide showed good sensing and catalytic properties. However, the moderate
electrical conductivity (10° = 102 S.cm™) and quite low Li" diffusion coefficient in V,Os, are
limiting the intercalation properties. For practical applications, an important goal is to achieve a
large storage capacity, that is, to enhance lithium ion intercalation. One approach, developed

recently, is by using templating methods in order to create porosity in the sol-gel prepared

1



vanadium pentoxide. Studies have thus focused on maximizing the electrolyte contact area and

decreasing the Li-ion diffusion distance [19-21].

In addition, vanadium pentoxide xerogel films (hydrated metal oxide films formed through a sol-
gel process) have a layered structure; ions and molecules can be easily intercalated between
adjacent layers without changing its structural integrity. Ion insertion/extraction is facilitated by
the large contact area with the electrolyte and small sizes of nanostructures. Using
nanostructured vanadium pentoxide with various morphologies in EC devices is expected to
enhance their characteristics because of the inherently high surface area to volume ratio and short

diffusion paths that facilitate ion and electron transfer.

Among the different nanostructures for lithium intercalation applications, vanadium pentoxide
nanotubes and nanorods have been found to be the most promising, especially as electrode

material for lithium ion batteries [19].

Nanorod host matrices for lithium intercalation have been prepared by using a sol-gel method, in
combination with adequate structure-directing molecules. The fabrication of vanadium oxide in a
tubular form was first accomplished by Ajayan et al. in 1995 by using carbon nanotubes as
templates. Later on, a new soft-chemistry (sol-gel) method was developed by Nesper et al. using
vanadium oxide precursors and alkyl amines or o,o-diamines with long alkyl chains as templates.
Nanotubes were obtained in a high yield, after aging and a hydrothermal treatment [22-26]. They
could be obtained from an ammonium metavanadate precursor as well, and a rolling mechanism
for the formation of vanadium oxide nanotubes from lamellar structures has been described by
Chen et al [27]. They have a scroll-type morphology and the vanadium oxide layers inside the

walls have been found to be crystalline.

Vanadium oxide nanorods have been also synthesized by using a reverse micelle technique [28],
and arrays were grown by electrochemical deposition [29]. Wang et al. reported an interesting
method to transform the layered vanadium oxide thin films deposited on silicon wafer sub-
strates into nanorods by heating them in air to 400-500-C. They used a thermal oxidation

method and the nanorods were formed without any template material [30].



Except for the work by Wang et al., all the above-mentioned methods were very tedious, using
the hydrothermal treatment of a vanadium oxide precursor in the presence of a primary amine
template. The synthesis was carried out in an autoclave at 160—180°C for one week and led to the
formation of both nanotubes and nanorods in the form of a powder product. Only Wang et al.
reported on the preparation of vanadium pentoxide nanotubes and nanorods in the form of a thin
film [30]. In this work, the preparation of the film on a Si substrate was carried out by
electrodeposition, using a vanadium sheet. However, no data could be found in the literature on
the electrochromic (EC) properties of nanotubular or nanorod structures. In order to investigate
their performance, it is important to develop a simpler method to fabricate thin films to be used
as electrodes in an EC device. It should be noted that the vanadium pentoxide nanostructures
prepared by the above-described methods were found to be redox active, undergoing a reversible
reaction with lithium ions. The large lithium insertion capacity found for vanadium
pentoxideelectrode in lithium-ion batteries was associated to the different topological
intercalation sites provided by the nanotubular or nanorod host structures and the shorter

diffusion paths involved [1, 22-27].

It has been shown that length uniformity is of great importance in fabrication of nanorods and
nanowires as building blocks for applications that involve electron and ion flow [31]. In addition,
because of the large high aspect ratio, low dimensional nanostructures such as nanowires and
nanorods, have many nanotips that make them interesting for field emission displays. For this

application, the uniformity would be an asset as well [32].

1.2 Contribution of this work

Sol-gel synthesis has proven to be one of the most convenient methods to prepare electrochromic
nanostructured vanadium pentoxide films. In the sol-gel technique, the deposition sol is prepared
by the hydrolysis and condensation of a vanadium oxide precursor solution. The method is
relatively simple and the concentration of reactants can be controlled accurately. There is today a
plethora of precursor molecules both organic and inorganic, and, generally, the chemistry of the
reactions is well known. The solutions can be easily coated on indium tin oxide (ITO) substrates

by dip- and spin-coating, by using relatively simple equipment [33 — 39]. Kim et al. [40] recently



developed a new technique of dip-coating, termed “sol-gel synthesis at sub-zero temperatures”,
and used it for the deposition of zinc oxide thin films. They have studied the effect of the dip-
coating temperature on the structure and optical properties of the films and have found that at
sub-zero temperatures, the deposition rate is higher because of the higher viscosity of the

solution.

In this work porous vanadium pentoxide films were prepared by using templating methods. It has
been reported that templated sol-gel prepared vanadium oxide films yield, after removing the
template, meso- (pores in the size range of 2 to 20 nm) or macro porous films with significantly
enhanced electrochromic properties [41-51]. In order to create porosity in vanadium pentoxide
xerogel prepared from a vanadium alkoxide, we have used polystyrene microspheres or a non-
ionic polymer surfactant (Pluronic P-123) and heat-treated the dip-coated layers on indium tin
oxide (ITO) substrates at relatively high temperatures (400-500-C). Interestingly, the SEM
images of the samples revealed the formation of nanorod structures, similar to those reported
earlier [22-27]. The morphology, optical and electrochromic properties of the macro- and
mesoporous films, prepared in the presence of structure-directing agents, have been compared
with those of dense films [41]. The transformation of the lamellar into a nanorod structure,
observed when the film is heated at 400—500°C for several hours, resulted in the development of
an elegant method for the synthesis of vanadium oxide nanorods [41]. We intended to investigate
this transformation under different conditions, by dip-coating the precursor solution at a low

(sub-zero) temperature and to take advantage of the higher rate of deposition.

The present study examines the effect of meso- and macroporosity on the optical and
electrochromic properties of sol-gel prepared vanadium oxide films. The formation of nanorods
under different conditions is investigated in order to perfect a relatively simple method to
synthesize vanadium oxide nanorod structures for EC applications. Vanadium pentoxide is
prepared by the catalyzed hydrolysis and polycondensation of vanadium tr (isopropoxide)oxide
in a 2-propanol solution in the presence of polystyrene microsphere or triblock copolymer
template. Our discussion will be focused on the EC properties of the highly porous vanadium
pentoxide thin films. The EC properties of the nanorod films are also compared to those of the

layered sol-gel films.



The mechanism of the coloring/bleaching process determines the response time and the cycling
stability of the electrochromic device. Understanding the mechanism of ion insertion into the EC
film and its relation to the microstructure of the film is crucial for the fabrication of films having

improved electrochromic properties and, consequently, better device performance.



Chapter 2

2 Experimental
The specific methodology used for the preparation and experimental set-up is presented in this
chapter. The procedure for preparing the thin electrochromic films is based on the method of dip-

coating.

First, the vanadium oxide precursor solution was prepared as described in detail in section 2.2

and then it was coated onto an ITO substrate and further the film was annealed.

2.1 Preparation of glass substrate

Indium tin oxide (ITO) has been used as the transparent conductive substrate. Indium tin oxide is
coated on polished soda lime float glass. The resistance of the ITO substrate was about 15 €/sq.
Figure (2.1) shows the visible and near-infrared regions of transmittance spectrum of the ITO-

glass.

Once the substrates are dried after cleaning, they are tested with a multimeter to determine which
side has the ITO. Then the non-ITO side is covered with scotch tape. This ensures that the

coating solution will be applied only to the ITO side, resulting in more transparent substrates.

The large ITO-glass sheets were cut into smaller (4cm x 2cm) pieces, so that they could be
utilized as substrates for the optical and electrochemical measurements. The substrates were

thoroughly cleaned by following the procedure described below:

1) Laboratory soap, water and deionized water are used to clean and remove dust from both sides

of the substrates.

2) Contaminants from both sides of the substrate as well as water were removed with acetone.
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Figure 2.1: Visible and near-infrared spectrum of the indium tin oxide (ITO)-glass

3) Acetone was removed with isopropyl alcohol (IPA).

4) Samples were left to dry vertically.

2.2 Preparation of the coating solution

The preparation of the coating solution is described in the flow chart shown in Figure (2.2). The
coating solution was prepared according to reference [52]. The reaction of hydrolysis of the

vanadium alkoxide that leads to the formation of hydroxyl bonds can be written as:

(C3H70), OV(OC3H5) + Hy0 — (OC3H7),0V(OH) + CsH7OH. ..o (1)



Further, the reaction of the hydroxyl groups with the alkoxy groups of the neighboring molecules

leads to the formation of the vanadium oxide network:

(C3H70), OV(OH) + (C3H,0)VO(OC3H7)—> = (OV — O — VO) + C3Hy OH....voovoe )
100uL Acetic acid
1.2 mL Vanadium
oxytriisopropoxide 30 mL Isopropyl alcohol
Stirring 2 h

T

Dip-coatinglonITO glass

Dense films Porous films

PS template Tri-block copolymer template

Annealing  Extraction THF Annealing and
extraction

V.0, film
ITO
Glass

Figure 2.2: Flow-chart showing the fabrication of V,0s xerogel and the porous films
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The synthesis is carried out in an open beaker; therefore, the hydrolysis does not need
additional water. After 2 hours of stirring, a transparent, yellow-orange solution was obtained

and used for dip-coating.

Figure 2.3: Coating solution of vanadium oxide

For the sub-zero temperature experiment the coating solution was kept at -10C for 40 min in

order to deposit thicker films.

2.3 Dense films
The dense films (in the absence of a template material) were built up by depositing successively
five layers of film leading to 160 nm thick films. The films were annealed at different

temperatures after each layer.



2.4 Porous films
In order to create porosity in vanadium pentoxide xerogel prepared from a vanadium alkoxide,
we have used polystyrene microspheres or a non-ionic polymer surfactant (Pluronic P-123) and

heat-treated the dip-coated layers on ITO substrates at relatively high temperatures (400-500°C).

2.4.1 Polystyrene microspheres (PS)

For the polystyrene microsphere templated films, the template was built up as follows:

The suspension of polystyrene microspheres (5.0% w/v) was sonicated for 15 min to assure the
homogeneity of the suspension. 1-3 drops of the suspension were diluted in 10 ml of ethanol and
the mixture was further sonicated for another 15 min to well disperse the microspheres in the
solvent. The cleaned and dried substrates were placed vertically in small beakers containing the
suspension of the microspheres in ethanol and kept at room temperature. Microspheres with a
diameter of 0.63 and 1.0 um were used in this work. The template is built up on ITO/glass
substrates by thermal convection. After dip-coating, polystyrene microspheres were removed

from the samples, either by annealing, or by extraction with tetrahydrofuran (THF).
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Figure 2.4: Thermal convection method for depositing the PS template

2.4.2 Triblock copolymer

The non-ionic surfactant, EOQ,o/PO7¢/EOyy (Pluronic P123) was dissolved in the coating solution
(concentration of 2, 10, and 20%, respectively.) To remove the triblock copolymer at the end of

the process, the samples were soaked in a mixture of water-ethanol (1:1) for 1 h, or they were
heat- treated at high temperatures.

2.5 Deposition techniques

2.5.1 Dip coating

Coating by immersion is one of the simplest thin deposition methods, widely used for the
controlled deposition of a variety of organic and inorganic compounds. The substrate is

immersed vertically in the solution in small, 10mL beakers, at a constant speed and is totally
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submerged to ensure an even coating on the substrate. Subsequently, the substrate is removed at
a controlled rate, in order to obtain a uniform layer. The thickness of the film is controlled by the
viscosity of the coating solution, the rate of withdrawing from the coating solution, the density
and surface tension of the solution. The layer stays wet for several minutes until the solvent
evaporates although this process can be accelerated by heat. The coating can be annealed by
conventional heat, UV or IR techniques, and once a layer is, dry, another layer can be applied by
immersion / annealing. By varying the number of cycles of soaking, the concentration and
composition of the solution of coating, and the temperature of the coating solution (Room
Temperature [RT] 27°C or Low Temperature [LT] -10°C), different thicknesses and film
structures can be made. For example, dip coating is used to make thin films in manual assembly
and the sol-gel method. Manual assembly can result in film of a thickness of one monolayer.
The sol-gel method results in films that are perfectly controlled in terms of thickness, which can

be controlled via the deposition speed and solution viscosity [53].
2.5.2 Steps of dip coating
There are three steps to the dip coating method (indicated in Figure 2.5, below):

e Submersion: the substrate is submerged in a coating material at a precise speed (45
mm/min)

e Submersion time: the substrate stays submerged and static to permit the coating material
to fully encase the substrate (120 s).

e Removal: the substrate is removed at a constant speed (60 mm/min, because at this speed
the uniformity of the film proved to be the best). It should be noted that a rapid removal

results in a thinner coating.
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Figure 2.5: Steps corresponding to the dip-coating method

13



2.6 Electrochemical Cell

Figure (2.6) demonstrates the typical setup for the electrochemical characterization of the
samples. The electrochemical cell has a diameter of S5cm and a height of 9cm (cylinder). The
vanadium oxide film functions as the working electrode, with platinum functioning as the
counter electrode, and a 0.1M lithium perchlorate solution as the ion-conducting electrolyte.

A three-electrode set up is generally used for the electrochemical measurements. The ITO
substrate was put in contact with the lithium and then we deposited the working electrode onto
the substrate, attaching the other side of the substrate to the electrochemical cell with screws.
Silver/silver chloride (Ag/AgCl) is then submerged into the electrolyte to function as the
reference electrode. This electrode is a AgCl coated Ag wire, with a Teflon cap and a porous
Teflon tip from CH Instruments Inc. The potential is inserted between the working and reference
electrode and the reaction (current or charge counter) is measured between the working and
counter electrodes.

Using a non electrochromic material for the counter electrode and positioning it so that it does
not disturb the incoming beam allows us to substitute the second transparent conductor with a

non-conductive, transparent glass slide.

14



Figure 2.6: Device Setup

The connections from the electrodes are color coded and they go to the analyzer as shown in

picture in Figure 2.6b
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Figure 2.7: Top (upper) and cross-section view (bottom) of electrochemical cell device

2.7 Sample identification

Table 2.1a shows the parameters used for the fabrication of V,Os films prepared either at room
temperature or under the sub-zero condition (-10°C), without using a template material. For each
sample, the name, the number of layers (thickness), the temperature and duration of the heat-

treatment are given. For the heat-treated samples, the concentration of the precursor solution and
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the number of layers (the thickness) of films were kept constant. The samples with templates are

described in Table 2.1b.

Table 2.1a Conditions used for the fabrication of V,0s5 dense films

Sample Number of layers Annealing/drying temperature (°C ) and
duration

27

27

N | —

10 27

200 for 60 min

300 for 60 min

400 for 60 min

450 for 60 min

T Qmm O wE >

N[ DN WD Wl

500 for 60 min

Table 2.1b Conditions used for the fabrication of V,0s porous films

Sample | Number of layers Type of the template Template removal method
I 5 PS 600 nm Extraction
J 5 PS 600 nm Annealing
K 5 PS 1000 nm Extraction
L 5 Triblock copolymer, 2% Extraction
M 5 Triblock copolymer, 10% Extraction
N 5 Triblock copolymer, 20% Extraction
O 5 Triblock copolymer, 20% Annealing
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Chapter 3

3 Characterization methods

3.1 Morphology and optical properties

Vanadium oxide films were characterized morphologically, by using SEM and AFM. The
spectral properties of the films were determined by UV-Visible and Photoluminescence
Spectroscopy. Raman spectroscopy was used to study the crystallinity of the film. The spectra
were measured with a Renishaw Raman spectrometer (InVia) by using the excitation of a 514
nm Ar laser. To determine the electrochomic properties of electrochromic materials, we used
both electrochemical and optical methods, including cyclic/linear sweeping voltammetry,

chronoamperometry, chronocoulometry and electrochemical impedance spectroscopy.

Scanning electron microscopy (SEM)

A Hitachi S-4700 Scanning Electron Microscope (SEM) was used to investigate the micro- and
nano- structure of vanadium oxide films. Essentially, an electron beam is focused on the sample
and the backscattered electrons are detected. The electrons emitted from the sample produce the
SEM images. The number of electrons that reach the detector is dependent on the distance of the
film from the surface and the topology and atomic weight of the films. Any variation in the
thickness, smoothness or weight of the film will result in a variation in the contrast of the SEM
images, which is why so much care is given to the creation of good surface conductivity. A layer
of conductive material is coated onto nonconductive solid films to improve the image contrast
through the prevention of the build-up of static electric fields on the surface. Coating is required

for vanadium oxide films as they are usually semiconducting [54].

Photoluminescence spectroscopy (PL)

Because of the role of photons in this process, it is referred to as photoluminescence (PL). Once
the photo-excitation phase is complete, a period of relaxation typically occurs where other
photons are re-radiated. PL Spectroscopy is a popular method for analyzing the optoelectronic

properties of semiconductors because it is efficient, non-destructive, contact free, and requires
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very little sample manipulation. PL can provide detailed information on discrete electronic
states, using both intrinsic and optical methods, while avoiding the errors and defects found

when using practical semiconductor materials and extrinsic optical processes [55].

Raman spectroscopy

Raman measurements are used in this work to investigate the structural evolution, that is, the
phase transformations during the heating process. The film crystallinity was studied using
Raman spectroscopy. Raman spectroscopy is a method based on the inelastic scattering of
monochromatic light. This scattering indicates that the application of monochromatic light to the
sample alters the frequency of the photons. These photons are absorbed, then re-emitted by the
sample. The Raman effect refers to the correlation between the shift, up or down, in the
frequency of the reemitted photons and the original monochromatic frequency. This shift
indicates the rotational, vibrational and other low frequency transitions in molecules. The narrow
bands which are present in the spectrum at 300C and higher temperature belong to the crystalline

face.

X-ray diffraction (XRD)

X-ray powder diffraction (XRD) is an instrumental method often used to study crystalline
materials. To determine the phases in a given sample, an X-ray beam is focused onto these
planes. Parts of this beam are then transmitted, some parts absorbed, other parts refracted and
scattered, and some part diffracted. The diffracted portion of the beam allows us to measure the
distances between the planes using Bragg’s Law: mni=2d sin@, where n is the order of the
diffracted beam, 4 is the wavelength of the incident X-ray beam, d is the distance between
adjacent planes of atoms (the d-spacing), and @ is the angle of incidence of the X-ray beam. The
d-spacing create a unique “fingerprint” of that samples’ phases, and when interpreted properly,
identifies the sample material. Amorphous material in the sample can be identified if a wide

halo on the diffraction pattern is found.

3.2 Electrochromic properties

The electrochromic properties of the films were studied as a function of their thickness and

annealing temperature. The films were dried in air after the deposition of each layer. The
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voltammograms were obtained at a scan rate of 0.030 V.s-1 over a potential range of +£1 V. The
electrochromic properties were evaluated through cyclic voltammetry and the optical modulation
was measured simultaneously by UV-Visible spectroscopy. Chronocoulometry was used for
measuring the intercalated charge. A three-electrode cell was used, where the V,0s film on the
ITO/glass substrate is the working electrode, Ag/AgCl the reference electrode, and Pt, the
counter electrode. The electrolyte used in the experiment was a solution of LiClOy4 in propylene
carbonate (1M). The electrochemistry of the surface depends on the species, the solution and the
electrodes immersed in the solution. An electrode reaction involves the transfer of electrons
between the two electrodes immersed in a solution where the transfer of electrons causes the
transformation of a material between the forms of reduced and oxydated. In an electrochromic
material, the working electrode’s electrochemical reaction gives rise to a change in the color or
transparency. The electrochemical properties of the oxide layers of vanadium oxide were
determined using two techniques: cyclic voltammetry and chronoamperometry. Cyclic
voltammetry applies voltages that vary linearly between two optimum states. In one, the oxide
films have been reduced and transformed into a compound having a blue color, and in the other,
they were oxidized to its original transparent state. The current flowing through the sample
between the electrochromic material (a working electrode) and the counter electrode is measured
and plotted against the voltage. In chronoamperometry, the potential, doesn’t use linear time
dependence, but rather is stepped up between two voltages for a set time, and then stepped back
to its initial value. The current flowing through this sample is measured and plotted versus time.
All electrochemical measurements were made with CH Instruments Inc. 604 D working

electrochemical analyzer-station.

Cyclic voltammetry (CV)

The most common characteristic of voltammetric methods is the application of a potential to an
electrode and following the current passing through the electrode, when determining the type of
dissolved organic and inorganic substance. Various voltammetries include normal pulse
voltammetry (NPV), cyclic voltammetry (CV), and square-wave voltammetry (SWV), all
depending on the pulse method applied. CV potential is scanned linearly from the beginning
voltage toward a higher (lower) voltage value in positive (negative) polarization with a certain

scan rate, and scanned back to the initial value. CV is consists of two segments, controlled by
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mass transport, the transport of electrons and a mixture of both. The first often comes from the
movement of an ion in the presence of an electric field, either on account of a potential gradient,
known as migration, or on account of a concentration gradient, known as diffusion, or both
migration and diffusion may take place inside the films. However, the electron moves negative
charges to the surface (the reduction reaction). The electron flow increases over time, until the
surface concentration is neutralized. Subsequently, it begins to decrease (cathodic peak). At this
stage, the process becomes broader. Similarly, an oxidation (anodic) peak also appears if the

redox couple is reversible [56].

Impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) has been successfully used to understand the
interfacial behavior in electrochemical systems. Various processes such as ohmic conduction,
charge transfer, interfacial charging, mass transfer etc., can be separated, allowing a better

understanding of the electrochemistry of the intercalation process.

Impedance, the strength of opposition to power in a circuit, is measured in the same units as the
resistance. Unlike impedance resistance, resistance obeys Ohm's law, and can be monitored in
DC circuits, where resistance is, for all intents and purposes, the impedance with zero phase

angles on the non-alternating current.

Optical measurements

The insertion and removal of ions and load balancing electrons creates changes to the optical
appearance of electrochromic films. The rate of the transfer of ions and electrons is reflected in
the optical and electrochemical properties of the films. A tungsten halogen light source (Ocean
Optics HL-2000), projects a light beam passing through the electrochemical cell to achieve this
objective. A fiber-optic Spectrometer (Ocean Optics USB2000+) obtains the light from the
opposite side of the electrochemical cell through the optical fiber so that it can be monitored. The

resulting transmittance would then be:

%T) = (I()/Ii) x %100
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Where: Iy and [; are the intensity of transmitted and incident light at wavelength A, respectively.

In our study, the transmittance has been measured between 600 to 950 nanometers, in two ways:

e Transmittance vs wavelength at a specific time: this monitors optical performance of the
electrochromic device. General optical modulation of the device can also be determined
or measured.

e Transmittance vs time at a specific wavelengths: this alternate method provides detailed
information regarding coloring and bleaching processes and at the inflection point. If AT,
has a high value, the optical modulation at the wavelength A is expected to be high, as

seen in figure 3.1 below:
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Figure 3.1: Optical modulation, the difference between the transparent or highest points, to the

coloured state or lowest points in the figure

22



Key parameters for EC films

1. Colouration efficiency (CE)
CE is the ratio of the absorbance change per unit of inserted charge in the electrode area. The
formula below is used to calculate this change in optical density.
1

_ T 3
CE = I ()t ts s 3)

where Ty, and T, are the transmittances of the bleached and colored states, respectively. The unit
charge density (Q/A) is the charge consumed per unit electrode area and Q is the amount of

charge intercalated, derived from chronocoulometry measurements.

2. Diffusion coefficient (D)
The rate of the diffusion of the lithium ions into the film is represented by the following formula.
The film was cycled at different scan rates and the diffusion coefficients of Li" have been

calculated using the Randles-Sevick equation as shown

3/2 12 12
5226900000 AD TV oo 4)
P

where:

1,= current maximum (A)

n = number of electrons transferred in the redox event (usually 1)

A = electrode area in cm’

D = diffusion coefficient in cm?/s

C = concentration in mol/cm’

v = scan rate in V/s

The diffusion coefficient was calculated graphically, by calculating the slope (as shown in Figure

3.2), and introducing that number into the formula above.
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Figure 3.2: Maximum current (A) as a function of the square root of the scan rate (V/s)
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Chapter 4

4. Results and discussions
This chapter will examine the results found from the various samples prepared; some films being among
those identified in Chapter 2. While a large number of samples were analyzed, only a limited sampling

1s illustrated herein.

4.1 Vanadium pentoxide thin films dip-coated at room temperature
4.1.1 Vanadium oxide dense films prepared without a structure-directing

molecule

Morphology and structural property
Sol-gel dip-coated films, without any structure-directing molecule, have been heated under the

conditions specified in Table 1a in chapter (2).

Figure (4.1) shows the Atomic Force Microscopy (AFM) images corresponding to vanadium

oxide films heat-treated at 500°C (sample H in Table 1a).

In spite of the very thin layer (60-70 nm), the AFM image shown in Figure 4.2a reveals a few
features that could not be seen previously in the Scanning Electron Microscopy (SEM) images of
films dried at room temperature [57]. The image shows the presence of small spherical particles
as well as of holes. The spherical particles appear better defined in the image 4.2b corresponding

to the film heated at 300°C [3].

Figure 4.3 shows that under the longer nanorods, particles and short rods can be seen. It seems
that the transformation begins in the layers near to the substrate. This can be accounted for by the
weak interaction of this layer with the substrate, the thermal energy forcing the separated layer to

roll up. The nanorods are not oriented in a specific direction and their lengths are not uniform.
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Figure 4.1: High resolution 2D and 3DAFM images of the V,0s film heat-treated at 500°C
(sample H)
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Figure 4.2: AFM images of the vanadium oxide films dried at room-temperature (a), heat-treated

at 300°C (b), and 500°C (c)

27



TMG 10.0kV 6.4mm x30.0k SE

Figure 4.3: SEM image of the vanadium oxide film heat-treated at 500°C (sample H)

Both AFM and SEM images (Figures 4.1, 4.3, 4.4 and 4.5) show that, in the case of a dense film,
the temperature of 500°C corresponds to a profound morphological transformation. After heating
at 500°C for a duration of 1h after each dip-coated layer, nanorods seem to grow out of the film.
They can be seen more clearly in the SEM images shown in Figure 4.3 and Figure 4.4. The
length of the nanorods is in the range of several microns and their widths are in the range of
hundreds of nanometers. Figure 4.4 shows that the ends of the structures are closed and indeed,

contrarily to some previous works, the prevalent structures found are nanorods and not nanotubes.

TMG 10.0kV 6.4mm x70.0k SE 500nm

Figure 4.4: SEM image of one nanorod
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Figures 4.5 shows the length of the nanorod is in the range of several microns and their widths

are in the range of 20-50 nm or even wider.

Figure 4.5b shows that under the nanorod there is a smooth film from which the nanorods are
growing out, breaking it. From this experiment it is not clear what happens to the superior layers
but, nevertheless, it was worthwhile to investigate the optical and electrochromic properties of

the samples with this particular morphology.

Figure 4.5: SEM images of the non-annealed dense film (sample H)

Figure 4.6 shows the XRD pattern of the dip-coated V,0Os film, annealed in air at 500°C for one
hour. The signal includes the contributions from the 66 nm thick V,0s film and the ITO substrate.
Reference patterns from the JCPDS database are indicated by the vertical lines. Based on a fit to
the data (red line), the dimensions of the orthorhombic unit cell are a = 1.145 nm, b = 0.361 nm
and ¢ = 0.439 nm. Other authors have also reported orthorhombic structure for V,0s films
prepared by a sol-gel method [52, 37]. Based on the width of the diffraction peaks, the crystallite
size is 23 nm. Annealing at 300°C yielded a smaller crystallite size of 12 nm (data not shown)
with unchanged unit cell dimensions. The nanorods crystalize in the orthorhombic system, but

they are polycrystalline.
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Figure 4.6: X-ray diffraction signal of an orthorhombic V,Os film on an ITO covered glass
substrate, annealed at 500°C for one hour. The signal from the glass substrate has been

subtracted. Below the JCPDS reference patterns are shown. The fit (red line) includes the

contributions from V,0sand ITO to the signal

Optical properties
The UV-Visible spectra of the vanadium pentoxide films annealed respectively at 300 and 500°C

are given in Figure 4.7a together with the film dried at room temperature. Figure 4.7b shows the

photoluminescence (PL) spectra.
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Figure 4.7: UV-Visible (a) and photoluminescence (b) spectra of samples B
(red), E (green) and H (black), and (c) spectral deconvolution analysis of the PL

spectrum for sample H

The spectrum shows that the band in the 350-400 nm region of the spectrum (Figure 4.7a) grows
and becomes better defined as the temperature of the annealing increases. The band originates
from the VO, species in tetrahedral coordination and it corresponds to an oxygen—vanadium
charge transfer (CT) band, sensitive to the coordination of the central V°*. When the
coordination number is increased, the CT band shifts to higher wavelengths [57, 58].
Polycrystalline vanadium oxide can dissociate partially upon heating in the presence of air,
resulting in V*" defects. The PL spectrum (Figure 4.7b) shows a shift of the band, from 760 to
705 nm when the film is heated to 300° C and the intensity of the emission at 700 nm is

considerably higher than the case when the film is heat-treated at 500°C in air. By a spectral
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deconvolution analysis, two bands have been identified. Figure 4.7c shows the two fitted
Gaussian bands (694 nm and 727 nm). It can be seen that the intensity of the PL band around 880
nm is slightly increasing with the annealing temperature. Taking into account the phase change
observed at 500°C, the high intensity of the visible light emission may be explained by oxygen
vacancies or/and the V*" defects that could appear during the formation of the nanorods [30, 58].

To our knowledge, there is no literature data regarding the sol-gel prepared nanorods.

Raman measurements are used in this work to investigate the structural evolution, i.e. the phase
transformations during the heating process. Figure 4.8 shows the pattern of the Raman spectra
for a non-heated sample (as-deposited) and for a sample subjected to thermal treatment at 300
and 500°C, respectively. Non heat-treated samples show only broad bands corresponding to the
amorphous nature of the sample. The characteristic bands of V,0s appear in the spectrum of
samples treated at 300°C and become more prominent for the samples annealed at 500°C. In the
high-frequency region, the strong band at 1006 cm-' corresponds to the V=0 stretching vibration
of the vanadyl unshared oxygen [59-60], the one at 710 cm™ belongs to the stretching mode of
the doubly coordinated oxygen (V, - O), and the band at 532 cm™ corresponds to the stretching
mode of the triply coordinated oxygen (Vs- O). The bending vibrations of the V=0 bonds are
located at 403 and 285 cm™ and those of the V-O-V group, at 489 cm™. These bands correspond
to the orthorhombic phase of V,0s and their positions depend on the method of deposition and
the history of the sample [60, 61]. Our results show that the characteristic bands of the
orthorhombic a-V,0s phase are seen after the thermal treatment at 300°C and they coincide with
the beginning of the formation of the nanorods [62]. Our Raman results on the crystallization are

in agreement with XRD data on the sol-gel films [37-60].
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Figure 4.8: Raman spectra of vanadium pentoxide films without heat-treatment (black), annealed
at 300-C (blue) and 500-C (red) (samples B, E and H). The y axis on the right side of the figure

corresponds to the room temperature processed sample (B)

Electrochromic properties

The electrochromic properties of the films were studied as a function of their thickness and
annealing temperature. Figure 4.9 shows the EC properties of the vanadium pentoxide films

formed of 1, 5, and 10 layers, respectively.
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Figure 4.9: Electrochemical properties of vanadium pentoxide films as a function of the number
of layers (1, 5, 10 layers, without heat-treatment) Cyclic voltammograms (a) Intensity of the
current as a function of thickness (b), Transmission (c) and Optical modulation (----1 layer, ----5
layers, and ---- 10 layers) (d). The inset shows the color of the vanadium oxide film (yellow) and

of the lithium bronze (green-blue)

The films were dried in air after the deposition of each layer. The voltammograms were obtained
at a scan rate of 0.030 V.s-1 over a potential range of £1 V. These particular films show only one
couple of structureless redox peaks at around 0.70 V and — 0.4 V, ascribed to the V5+/V4+ pair.
Figure 4.9b shows the linear increase of the current (i,) with the number of layers and Figure
4.9c¢ displays the optical modulation, i.e., the change in transmission when the films are colored

by applying a voltage of -1 V and subsequently bleached under a voltage of 1 V. All samples
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have shown an excellent reversibility. The measurements were made at 600 nm and the
transmission of the three films is shown in Figure 4.9d. For the non-annealed films, the results
show that the highest optical modulation is obtained in the case of the thickest film (10 layers).
Table 4.1 shows the intercalated charge and the coloration efficiency (CE). The coloration
efficiency, which represents the change in the optical density (OD) per unit of inserted charge
(Q), was calculated by using formula (3) in Chapter 2.

The results (Figure 4.9) show that both the intercalated charge and the optical modulation
increased slightly when the number of layers increased and resulted in a slightly increased
coloration efficiency. The relatively low values of the intercalated charge may be attributed to
the presence of the residual solvents and organic compounds at room temperature that obstruct

the intercalation [63].

Table 4.1: Dependency of the coloration efficiency (CE) on the thickness of the film

Sample (no. of layers) Q (mC) CE (cmz/C)
(A)1 3.63 18
B)5 8.8 19
(©) 10 18 22

Because of the remarkable influence of the heat-treatment on the morphology and implicitly on
the EC properties, a thorough investigation was undertaken to pinpoint the conditions to achieve
the best CE and cycling stability of the films. Taking into account the profound morphological
transformation shown by the AFM and SEM images, we have studied the EC properties of five
layer films heat-treated respectively at 200, 300, 400, and 500°C.

Figure 4.10a shows that the highest optical modulation was obtained by annealing the film at
300°C when, as shown by the Raman data, the crystallization of the vanadium pentoxide started.
However, at 400°C, the CE is found remarkably high (Table 4.2) implying that the nanorods,

emerging around this temperature, may actually promote the diffusion of Li ions into the film.
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Figure 4.10: Optical modulation and transmission of 5 layer films without heat-treatment (black)

and annealed at 300°C (red) and 500°C (blue). (Samples B, E and H). (Continuous lines represent

Figure 4.10a shows the optical modulation corresponding to a 5-layer film dried at room

temperature and heat-treated at 300 and 500°C, respectively. For this film, the largest modulation

the colored states and dotted lines the bleached states)

is found when the film was annealed at 300°C as seen in Figure 4.10b as well.

Table 4.2 Dependency of the coloration efficiency (CE) on the annealing temperature.

Temperature of Q(mC) | AT (%) CE AT (%) CE
drying/annealing (600nm) | (cm*C) | (843nm) | (cm?/C)
(°C) (600 nm) (843 nm)
(B) RT 8.8 8 19 5 3
(D) 200 21.3 6 10 2 5
(E) 300 26.5 22 25 30 65
(F) 400 12.2 19 42 26 77
(G) 450 22.9 21 23 30 52
(H) 500 12.9 9 24 20 68
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The results show that at 400, 450 and 500°C, respectively, there is a sharp increase in the CE at
843 nm. Indeed both the intercalated charge and the optical modulation show considerably

higher values when the film was heated at these temperatures.

4.1.2 Vanadium oxide thin film prepared with a structure-directing molecule

Effect of the heat-treatment on the morphology of vanadium pentoxide films prepared in
the presence of a structure-directing molecule

Macroporous vanadium oxide films were prepared by dip-coating the solution on a polystyrene
colloidal crystal template prepared by thermal convection as described in Chapter 2 Section 2.4.1.
The results show that by removing the PS spheres through extraction with tetrahydrofuran (THF)
a gentle, room-temperature method, the structure of the pores that replicated the microspheres
was preserved. In addition to the large pores, a number of small pores can be seen at the contact
area between the spheres as shown in Figure 4.11.a. A similar structure has been recently

reported by Tong et al [63, 64].

TMG 15.0kV 7.7mm x14.0k SE 4.00um TMG 15.0kV 7.7mm x7.00k SE

Figure 4.11: Effect of the method of removal of PS template on the morphology of the film (a)
extraction of the template in THF under sonication (five layer film dried only at room
temperature after each layer) and (b) annealing at 450-C for 1 h (five layer films were annealed
at 300°C for 1 h after each layer)
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However, when the sample was heated for a long time to remove PS (at 300°C for 1 h after each
layer and at 450°C for 3 h at the end), instead of a layered structure, the same nanorod
morphology emerged as in the case of the vanadium pentoxide without any structure-directing
molecule (Figure 4.11.b). The SEM images in Figure 4.12 show that the same phenomenon
happened in the case of another structure-directing molecule used in this work, the triblock

copolymer- EO2/PO7o/EOyy.

TMG 5.00kV 5.9mm x50.0k SE

Figure 4.12: SEM images of V205 films prepared in the presence of 20% EO20/PO70/EO020
(Pluronic P123 - sample N)
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Figure 4.13: SEM images of V,0s films prepared in the presence of 2% EO,¢/PO70/EO»
(Pluronic P123) (a) 5-layer film, and (b) 10-layer film. Both films were dried in air between
layers and annealed at 500°C for 3 h to remove the template (c) a close view of the nanorods

Indeed, our results show that nanorods of V,0Os are formed in the process of removing the

template, when the samples are annealed for a long time at temperatures higher than 400°C.

As shown in Figure 4.13, the density of the nanorod films depends on the number of the coated
layers, that is, on the amount of material. Further, we have investigated the electrochromic

properties of porous films prepared under various conditions with structure-directing molecules.
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Electrochromic properties of porous vanadium pentoxide films prepared with structure-
directing molecules

The EC properties presented in this section correspond to porous layered structures as the
processing of these films has been performed at room temperature. The inserted charge, optical
modulation, the coloration efficiency and the diffusion coefficient for vanadium oxide films
coated on PS colloidal crystals prepared with microspheres having two different sizes have been

calculated.

2.5 1

2.0 1

1.5 1

i(mA)

1.0 -

0.5 1 /

0.16 0.18 0.20 0.22 0.24 0.26 0.28 0.30 0.32 0.34
(v)1/2
Figure 4.14: Dependency of the current on the scan rate for a dense film(black) and for both PS
(600 nm) (red) and triblock copolymer-templated films (20%) (blue)

Figure 4.12 shows the SEM image of V,0s films prepared in the presence of 20%
EO20/PO70/EO20 (Pluronic P123 - sample N). The figure confirmed the high porosity of the
film.

Figure 4.14 shows that intercalation of Li" into the vanadium oxide film is diffusion-controlled.
The diffusion constant for the Li ion from the peak anodic current is calculated, using Randles-

Servicik equation in Chapter 2.
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The diffusion coefficient corresponding to the PS-templated films, together with the intercalated

charge, the optical modulation and the calculated coloration efficiency are shown in Table 4.3.

Table 4.3: Effect of annealing temperature on the coloration efficiency of copolymer-templated
films (nanorod structure)

Sample Q AT (%) CE (cm*/C)
(mC) (600 nm) (600 nm)
Dense film 8.8 7 19
Templated (600 nm) film 14.7 30 35
Templated (600 nm) film 15.5 7 15
(annealed at 450°C for 1h)
Templated (1000 nm) film | 17.1 14 21

The values obtained for a dense film, prepared without any structure-directing molecule, are
shown for comparison. The results confirm the higher coloration efficiencies of the porous films.
In the films coated on polystyrene colloidal crystals, the lithium diffusion coefficients were
found higher as compared to the dense film. The values are however lower than those reported

by Tong et al. for porous films prepared with smaller spheres [67].
A triblock copolymer was introduced into the coating solution and removed from the film, either

by soaking in a water-ethanol mixture or by annealing. The EC properties of the corresponding

porous films were investigated and the diffusion coefficients were calculated.
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Figure 4.15: Effect of the amount of triblock copolymer template on the cyclic voltammogram (5
layer films, annealed at 300°C for 1 hr after each layer. The template was removed by soaking
the film in a mixture of water and ethanol (1:1) for 1 h. (black — 2%, blue-10% and red-20%)

Figure 4.15 shows that over the -1.0-1.5 V potential range, the voltammogram shows at least
three couples of redox peaks at potentials that depend on the concentration of the triblock
copolymer. Compared to the two broad structureless peaks in the voltammogram of the dense
film (Figure 4.9), the features seen in Figure 4.15 indicate a more effective and highly reversible
Li intercalation and de-intercalation processes, respectively, in non-equivalent sites in V,0Os. The
diffusion coefficients in vanadium oxide prepared respectively with a PS and triblock copolymer
templates were calculated from the slope of the corresponding graphs in Figure 4.14 and are

given in Table 4.4.

-11
These coefficients were found considerably higher than in the dense films (7.95x10 ). The
highest value corresponds to the sample with the highest concentration of triblock copolymer,
having a larger porosity left behind after its removal [65]. The coloration efficiency (Table 4.4)

of this film is the highest, demonstrating the role of film porosity.
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Figure 4.16: Optical modulations corresponding to the films with different amounts of triblock
copolymer (black-2%, blue-10%, and red-20%)

Table 4.4: Effect of concentration of copolymer on the diffusion coefficient (layered structure)

Sample D (cm®/s) AT (%) CE (cm”/C)
(concentration of (600 nm) (600 nm)
copolymer)
Dense film 7.95x107™" 7 19
Templated (2%) 1.59x10"° 18 25
Templated (10%) 2.00x10"° 17 27
Templated (20%) 2.84x107° 20 57

As mentioned in the experimental part, the tri-block copolymer is a structure directing molecule

creating a porosity in the film.
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Cyclic voltammetry (CV)
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Figure 4.17: Cyclic voltammograms of a dense vanadium pentoxide film non-annealed (a) and
annealed at 500°C (b). The voltammograms correspond to the film stabilized electrochemically,

after 25 cycles at a scan rate of 30 mV.s™

The voltammogram corresponding to the non-annealed film in figure (4.17a) shows a well-
defined reduction/oxidation peak at 0.54 V and 0.055 V and weaker peaks at 0.775 and 0.261 V,
respectively. The process shows an excellent reversibility. The voltammogram corresponding to
the crystalline nanorod film has a more complex shape, with several reduction and oxidation
peaks, corresponding to the progressive crystallographic phase transformation with increased

lithium ion intercalation (0.79, 0.49, -0.42, -0.07 and 0.25 V).

Lithium insertion into vanadium oxide (during the cyclic voltammetry experiment) results in
drastic changes in the crystal structure. Depending on the amount of inserted lithium, a- and -
phases are formed for x < 0.01 and 0.35 <x < 0.7 in Li,V,0s, respectively. For a low content of
lithium (x < 1), the phase transitions are reversible and, upon lithium de-intercalation, the
original V;,0Os structure can be recovered. However, for x > 1 the transformation from the o6 phase

into the vy-phase, becomes irreversible. This y-phase can be reversibly cycled in the
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stoichiometric range 0 < x < 2 without changing the y-type structure. If x > 2, this phase will be

irreversibly transformed to the @ phase with a rock-salt type structure [20, 66].

In this kind of nanostructures, the electrolyte may be transported rapidly toward the intercalation
sites. It has been shown, for example, that in thin nanoribbons the Li diffusion is three orders of

magnitude faster than in bulk materials [1, 21].

1.5

1.0 ~
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-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
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Figure 4.18: Cyclic voltammogram of a porous vanadium oxide film prepared with 20% triblock
copolymer. The copolymer was removed from the film by extraction with a mixture of ethanol —

DI water (1:1)

The distinct peaks observed in the voltammogram at 0.963, 0.37, 0.0106, 0.51, 0.836, and 1.03 V

indicate a multi-step lithiation process.
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Figure 4.19: Cyclic voltammogram of a porous vanadium oxide film, prepared with a
polystyrene microsphere template by using 600 nm microspheres. (The polystyrene microspheres

were extracted from the film with tetrahydrofuran, at room temperature)

The removal of the microspheres leaves behind an extended multilayer network of uniform pores,
having a size slightly smaller than the diameter of the original microspheres, due to the shrinkage

of the network.

The voltammogram is similar to that corresponding to the dense film, with only one

reduction/oxidation peak at 0.731 and — 0.004 V.
Electrical impedance spectroscopy (EIS)

The equivalent circuit that best fits the experimental data is Jin et al.’s model [67] and it is shown

in Figure 4.20.
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Rq

Figure 4.20: Equivalent circuit used to obtain the fitting parameters

In Figure 4.20, Ry, is the sum of the ohmic resistance(s) of the solution and the vanadium
pentoxide electrode, Ry is the ionic resistance due to the diffusion of lithium ions, R is the
charge transfer resistance due to the process occuring at the V,0s/solution interface. Q, and Qs
are constant phase elements. CPEs model the behavior of an imperfect capacitor [67]. The
electrochemical impedance spectra (Nyquist plots) corresponding to the four samples (see Table
2.1a and 2.1b) subjected to dc potentials of -0.5 and -1.0 V, respectively, are shown in Figure
4.21 —4.24.
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Figure 4.21a: Nyquist plot corresponding to the dense film (without a template), subjected to a
dc potential of -0.5 V (sample B).
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Figure 4.21b: Nyquist plot corresponding to the dense film (without a template), subjected to a
dc potential of -1.0 V (sample B)
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Figure 4.22a: Nyquist plot corresponding to the porous film, prepared with a PS template,
subjected to a dc potential of -0.5 V (sample I)
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Figure 4.22b: Nyquist plot corresponding to the porous film prepared with a PS template,
subjected to a dc potential of -1.0 V (sample I)
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Figure 4.23a: Nyquist plot corresponding to the porous film prepared with a triblock copolymer
template, subjected to a dc potential of -0.5 V (sample N)
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Figure 4.23b: Nyquist plot corresponding to the porous film prepared with a triblock copolymer
template, subjected to a dc potential of -1.0 V ( sample N)
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Figure 4.24a: Nyquist plot corresponding to the film prepared without a template and annealed at
500°C (nanorod film), subjected to a dc potential of -0.5V (sample H)
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Figure 4.24b: Nyquist plot corresponding to the film prepared without a template and annealed at
500°C (nanorod film), subjected to a dc potential of -1.0 V (sample H)
Generally, for all of the samples, in the high frequency range, the impedance spectra consist of a
depressed arc and, in the low frequency range, a straight line with a phase angle of 45°. The high
frequency arc is usually assigned to the charge transfer at the electrolyte/electrode interface,
while the inclined line in the low frequency range is due to the Constant Phase Element,
associated with the semi-infinite diffusion process of lithium ions through the vanadium oxide
film. The presence of the charge transfer semicircle in the high frequency range does not depend

on the degree of lithium intercalation [67].

Our results show that, in some of the samples (for example the porous film prepared with
polystyrene microspheres), the phase angle is higher than 45°, indicating a faster diffusion of Li

ions, compared with the other samples.

The high frequency arc is severely depressed in some of the graphs, for example in Figure 4.22
and in a slighter extent, in Figure 4.23, as a result of the porous character of the corresponding
sample. The degree of depression of the high frequency arc is determined to be 0.7- 0.8, by using
the parallel combination of a resistor and a constant phase element (CPE). In order to consider
depressed semicircles, the commonly used capacitor is replaced with constant phase elements Q;.
The CPE had been the object of many discussions in the literature, and a discussion of its
significance is beyond the scope of the present work. The CPE is calculated with the formula:
Z(Q)=1/Yi(o)™,
where o is the angular frequency, and Yj, j and n; are constants.
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The location of the Warburg impedance (the frequency range) appears to be shifted toward
higher frequency when the degree of insertion of Li" is higher. This is in agreement with Vivier
et al.’s observation for the case of lithium insertion in crystalline vanadium pentoxide thin films
[67]. The shift of Zw was accounted for by the evolution of the diffusion coefficient, Dy;, with

the composition (x in LixV,0s).

The charge transfer resistance (Rep) is the most important parameter related to the V°'/V*
reduction process occurring at the electrolyte/vanadium oxide film. Table 4.5 shows the values
found by curve fitting for the dense and porous samples as well as their dependency on the
applied dc potential. The result show that, in general, the values of Ry, are increasing with the
applied potential but the changes appears to be more significant for the dense film (non-
templated) and for that templated with polystyrene microspheres (1450 to 4600 €2 and 593 to 875
Q, respectively). Only a slight dependency on potential was found for the samples templated
with the tri-block copolymer and the non-templated, annealed to 500°C (153 to 173 Q and 185 to
206 Q, respectively). Jin et al. [67] suggested that the decreased conductivity is due to an excess
of V*' sites over the V°" sites, corresponding to a higher degree of lithium intercalation. At the

same time, the electrostatic repulsion between the lithium atoms restricts their mobility.

The low values of Ry corresponding to the copolymer-templated and the 500°C- annealed
samples, found by the impedance measurements, show a good agreement with the high mobility
of Li" found for these samples (D = 3.3x107'% and D = 2.84x10"° cm?/s, respectively). The high
values found for the coloration efficiency (see Table 4.4) confirm as well that the electrochromic
properties are strongly correlated with the charge transfer resistance R.», determined from EIS
measurements.

The parameters estimated through curve fitting are summarized in Table 4.5.
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Table 4.5 Fitting parameters corresponding to the non-porous and porous vanadium pentoxide

films
Sample de R R. R4 Y3 a3 Yo, a,
Voltage ohm ohm ohm Siemens/ Siemens/

\%) (seconds)™ (seconds)™
0.5 216 667 9.18x10° | 317x10° | 0.613 75x10° 0.385

B 0.5 301 1.4x10° | 31x10° 402x10° | 0.592 2.5x10°° 0.753
0.5 310 1.9x10° | 154x10° | 419x10° | 0.486 1.5x10° 0.802
-1.0 260 | 4.6x10° | 616x10° 58x10° 0.573 1.7x10° 0.762
0.0 202 185 113x10° 510x10° | 0.478 6.5x10” 0.984
0.5 175 225 1.97x10° 59x10° 0.641 17x10° 0.898

H 0.5 169 232 3.81x10° 40x10°° 0.665 20x10” 0.876
0.5 175 225 5.93x10° 35x10°° 0.664 15x10” 0.9
-1.0 183 206 16.2x10° 84x10° 0.582 8.4x10” 0.951
0.5 71 320 41x10° 37x10° 0.782 | 513x107 | 0.617
0.5 0.871 593 428x10° 14x10° 0.856 18x10° 0.351

I 0.5 93 569 371x10° 12.6x10° | 0.870 17x10°° 0.405
-1.0 212 716 461x10° 10x10°° 0.846 9.2x10° 0.535
-1.0 215 875 1.1x10° 8.9x10° 0.842 | 8.14x10° | 0.541
0.5 142 158 5.35x10° | 236x10° | 0.474 4.5x10° 1
0.5 151 154 9.73x10° 191x10° | 0.508 5.9x10° 1

N 0.5 132 173 58.5x10° | 236x10° | 0.486 8.6x107 0.967
-1.0 68x107 351 9.87x10° 5.4x10° 0.573 | 459x10” | 0.967

4.2 Sol-gel prepared vanadium pentoxide thin films dip-coated at sub-zero

temperature

As mentioned earlier, by dip-coating the precursor solution at a low (sub-zero) temperature, we
can take advantage of the higher rate of deposition associated with this method [40]. The
structure, morphology, optical and electrochromic properties of dense and porous vanadium
oxide films coated at low temperature were determined and compared to those of the
corresponding films deposited under room-temperature conditions. The results indicated that in
the films coated at -10°C, a residual compressive stress exists that would originate from the
formation of micro-voids during the deposition. These micro-voids are preserved during the
heat-treatment of the films. The micro-void morphology would favor the formation of
nanostructures that would be responsible for the improved electrochromic properties of the sub-

zero dip-coated films. Low-temperature coated films, heated at 450°C for several hours, undergo
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the transformation from a layered to a highly uniform nanorod structure that would be an

important feature for different applications.

Effect of the sub-zero temperature deposition on the structure and morphology of the film
Vanadium pentoxide has an orthorhombic structure and crystallizes in the Pmmn space group,

with the unit cell parameters: a=11.51 A, b=3.563 A, and ¢ = 4.369 A.

0,

Figure 4.25: Coordination of vanadium with oxygen in vanadium pentoxide.

The layered structure of orthorhombic V,0s is built up of edge-sharing VOS5 square pyramids.
As shown in Figure 4.25, vanadium atoms form five bonds with the atoms of oxygen: one with
O, atoms, one with O, atoms and three with O; a toms. The shortest bond is the one with O,
(1.585 A) and this oxygen is usually called the “vanadyl” oxygen. The O, oxygen is called the
‘bridging” oxygen and the Oz oxygen atoms are called “chain” oxygen. The layers are held

together by weak V- O;" bonds in the crystallographic ¢ direction.
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Figure 4.26: XRD pattern of the vanadium oxide films dip-coated at -10°C and annealed at
300°C (sample D) (a) and 500°C (sample H) (b). X-ray diffraction signal of an orthorhombic
V,0s film (ICDD 41-1426) on an ITO covered glass substrate, annealed at 500°C for one hour

The signal from the glass substrate has been subtracted. Below the JCPDS reference patterns are

shown. The fit (red line) includes the contributions from V,0sand ITO to the signal.

Figure 4.26 shows the XRD pattern of the sub-zero dip-coated V,Os film, annealed for one hour
in air at 300 and 500°C, respectively. The data are shown as a function of modulus of the
scattering vector, q=4nk'lsin9, where 20 is the scattering angle. The signals include the
contributions from the V,0s film and the ITO substrate. Reference patterns from the JCPDS
database are indicated by the vertical lines. Based on a fit to the data (red line), the dimensions of

the orthorhombic unit cell for the sub-zero dip-coated films are shown in Table 4.6.
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Table 4.6 Crystallographic data corresponding to sub-zero dip-coated vanadium pentoxide films

Sample Deposition a, nm b, nm ¢, nm Unit cell Size,
temperature volume, nm’ nm
-10°C 1.1477 0.3574 0.4385 0.1799 14.54
0
300°C RT 1.1440 0.3592 0.4375 0.1798 12.27
. -10°C 1.1478 0.3521 0.4380 0.1770 23.14
S00°C RT 1.1454 0.3608 0.4387 0.1813 23.07
Literature 1.1516 0.3565 0.4372 0.1795
data

In general, we find that the lattice parameters of the vanadium oxide crystallites are close to the
literature values. However, the parameter a is found to be somewhat larger in the film deposited
at -10C and annealed at 500°C, than in the film dip-coated at room-temperature and annealed
under the same conditions (1.1477 nm, compared to 1.1454 nm), while b appears to be shorter
(0.3521 nm compared to 0.36087 nm). The smallest unit cell volume corresponds to the sub-zero
deposited film, annealed at 500°C (0.1770 nm”’. After annealing at 300°C, the crystallite size
estimate by the Scherrer equation is 15 nm, whereas upon annealing at 500°C the crystals grow

to 23 nm.

In order to account for the changes observed in the crystallographic data, the Raman spectra of
the film dip-coated at -10°C have been investigated. Figure 4.27 shows the Raman spectrum of
the film dip-coated at -10°. The positions and assignments of the Raman bands corresponding to
the sub-zero and room-temperature dip-coated samples are shown in Table 4.7. The point

symmetry group of V,0s is Dyy.
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Figure 4.27: Raman spectrum of the V,0s film dip-coated at -10°C and annealed at 500°C
(sample H)
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Table 4.7 Position of the Raman bands in the spectra corresponding to the sub-zero- and room-
temperature dip-coating. The Raman bands were assigned according to references [15,16].

Position of Raman bands (cm™)
Assignment
RT* SZT® Av (cm™)

997.49 997.96 +0.47 v(terminal O)
708.44 711.26 +2.82 v(V2-0)
528.15 532.16 +4.01 v(V3-0)
484.75 486.71 +1.96 3(V-0O-V)
406.06 408.03 +1.97 d(V=0)
303.32 303.66 +0.34 -
283.97 286.95 +2.98 d(V=0)

“room - temperature dip-coated and annealed at 500°C

zsub—zero temperature dip-coated and annealed at 500°C

SZT-RT

Table 4.7 shows that all the Raman bands of the low-temperature dip-coated samples are at
higher wave numbers than those of the RT-coated samples annealed at the same temperature, i.c.,
500°C. The most sensitive bands (the most affected by the temperature of the coating) are the
V2-0O and V3-O stretching bands and the vanadyl bending band. Both XRD and Raman
spectroscopy results indicate that a residual compressive stress (or strain) exists in the sub-zero
dip-coated V,0s film. This stress may originate in a difference in the thermal expansion
coefficients of the thin film and its substrate (thermal mismatch stress) and/or in the grain
structure, fabrication process etc. In addition, the stress is possibly due to non-uniformity
through the depth, for example the formation of micro voids when by-products may escape as
gases. Due to the slow diffusion of atoms at low-temperature, there remain empty spaces in the
film that results in an intrinsic stress. The micro voids formed during the low-temperature
deposition can be clearly seen in the SEM images of the films (Figure 4.28 and Figure 4.29).
Interestingly, micro voids can be seen in the micrographs corresponding to both the annealed and

extracted films, reinforcing the idea that they are formed during the dip-coating process.
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Figure 4.28: SEM image of a low-temperature coated dense film (a) and, image of the RT dip-
coated film (annealed at 300°C, sample D)(b)

TMG 5.00kV 6.9mm x5.00k SE 10.0um

Figure 4.29: SEM image of the vanadium oxide film obtained by dip-coating at -10°C (templated
with PS microspheres and extracted with THF (sample 1)

However, after heating the sub-zero coated film to 450°C for 3 hours, the formation of nanorods

can be observed as it has been noted in the case of the room-temperature coated films.
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TMG 10.0kV 6.6mm x50.0k SE

Figure 4.30: SEM image of the V,0s nanorod film dip-coated at -10°C and annealed at 450°C for
3h (templated with the triblock copolymer (sample G)

The SEM image in Figure 4.30 shows that, indeed, the nanorods, formed by the extended

annealing of the low-temperature deposited film, are more uniform than those formed from a

layered film, dip-coated at room temperature. This is a significant result as it opens the door to

the preparation of uniform nanorods with important future applications.
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Figure 4.31: Photoluminescence spectra of the sub-zero temperature dip-coated film (a) and of

the RT deposited film (b), both annealed at 27 (green), 300 (red), and 500°C (black), respectively

The results show that the sub-zero temperature deposition of the V,0s films significantly varied

its photoluminescence properties, as seen in Figure 4.31.

Figure 4.31(a), corresponding to the sub-zero deposited film, displays no PL bands at room
temperature and the band around 750 nm, in the case of the films annealed at 300 and 500°C,
have almost the same intensity. The second band is missing, possibly, because of less structural

defects such as vacancies in the crystal lattice, in the low-temperature deposited film.

The PL spectrum corresponding to the room-temperature coated film (Figure 4.7 (b)), shows a
shift of the band, from 760 to 705 nm when the film is heated to 300°C and the intensity of the
emission at 700 nm is considerably higher than when the film was heat-treated at 500°C in air. It
can be seen that the intensity of the second PL band, around 880 nm, is slightly increasing with

the annealing temperature. Taking into account the phase change observed at 500°C, the high
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intensity of the visible light emission has been explained by oxygen vacancies or/and the V**

defects that could appear during the formation of the nanorods [30].
Mechanism of the formation of nanorods by high-temperature annealing

In order to investigate the mechanism of transformation of the layered structure in nanorods, in
the case of the sub-zero temperature dip-coated films, the time of annealing was varied between
1 and 3 hours. The SEM images of the resultant films are shown in Figure 4.32. The figure
shows that, after only one hour heating, the film still shows the micro voids, after two hours,
some star-like structures are formed that will lead after an extended heating to the formation of

nanorods.

TMG 10.0kV 6.4n

TMG 15.0kV 6.7mm x4.00k BSE3D 10.0um

Figure 4.32: SEM image of the film templated with PS microspheres (600 nm) and annealed at
450° C for 1h (sample I) (a) 2 hours (b) and 3 hours) (c)
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Effect of the sub-zero temperature deposition on the electrochromic properties

In this section, we compare the electrochromic (EC) properties, namely, the coloration efficiency
and diffusion coefficients of the sub-zero coated films with those of the films, deposited under
the same conditions at room-temperature, thoroughly investigated in our previous work [41]. The
EC measurements were carried out both on the dense films and on those fabricated by using
structure-directing molecules, that is, on “templated films”. The intercalated charge (Q) and the
coloration efficiency (CE) in the Visible (600 nm) and Near-Infrared (843 nm) for the dense, and

templated films are shown in Table 4.8 and 4.9, respectively.

Before performing the EC measurements, the thickness of the films were determined by AFM.

Figure 4.33: AFM images of scratched films coated at -10°C (a) and room temperature (b)

The thickness and the roughness of both films were measured by scratched films, by using AFM
measurements (Figure 4.33). The results indicated that, indeed, the thickness of films dip-coated
at -10°C, under precisely the same conditions, is almost twice, compared with the RT- deposited
films (around 130 versus 66 nm, respectively). This result is in agreement with the data found for
the sub-zero coated ZnO films and accounted for by a higher deposition rate because of the

increased viscosity of the coating solution at low-temperatures [40]. The roughness of the films
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was found quite high, around 63 nm, compared to 54 nm corresponding to the RT-deposited
film.

Figure 4.34(a) shows a typical voltammogram of a sub-zero deposited (and annealed at 500°C)
film and Figure 4.34(b) illustrates the optical modulation corresponding to the same film, in the
visible (red) and near-infrared (green) range of the spectrum, respectively. The voltammogram
corresponds to the film-stabilized electrochemically, after 25 cycles at a scan rate of 30 mV.s™
and shows a strong peak at -0.10 V corresponding to the lithium intercalation. Weaker peaks are
seen at 0.20, 1.20 and 0.50 V. Compared to the room-temperature coated film, the

voltammogram has less peaks and they appear to be shifted.
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Figure 4.34: Cyclic voltammogram (a) and optical modulation (b) corresponding to sample G.

The modulation is shown at 600 nm (red) and at 843 nm (green)
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Table 4.8 Coloration efficiency (CE) of the sub-zero coated dense films, subsequently annealed
at different temperatures

Temperature of Q (mC) CE. (cmZ/C) CE (cmz/C)
Sample | drying/annealing (600 nm) (843 nm)
(O
RT SZT RT SZT RT SZT

B RT 9 14 19 32 3 13

D 300°C 18 16 28 4 28 44
450'C 23 19 22 23 51.9 73

500°C 13 19 24 53 68 38

The coloration efficiency of the sub-zero (SZT) coated films are compared with those of the RT-
deposited films. The CE values shown in Table 4.8 are invariably higher, especially in the NIR
range, than those corresponding to the room-temperature deposited films and the same tendency
is shown by the data given in Table 4.9 for the templated films. However, in this case, the CE
values are not significantly increased. The high values of the diffusion coefficient found for the
templated films confirm the porous nature of the films. The largest CE, that is, 73 cmz/C, was
found for the SZT- coated film, annealed at 450°C for 1 hour (sample C), while for the RT-
deposited films, the highest CE is reached for the film annealed at 500°C (sample D). For the
SZT-coated films, annealed at 300°C, the higher CE may be due to the presence of micro-voids.
For temperatures of 450 and 500°C, respectively, the formation of uniform nanorods may

account for the enhanced CE values.

In the case of porous films (Table 4.9), the values of the coloration efficiency are lower than for
the dense films (Table 4.8). Except for the nanorod film (sample H) that results from the PS-
templated film that are particularly rich in micro voids, the CE values of the low-temperature

dip-coated films are comparable with those previously calculated for the RT deposited films.
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Table 4.9 Coloration efficiency (CE) and diffusion coefficient of Li" in porous films prepared

with structure directing agents

Sample Templated CE (cmz /C) D (cmZ/s)
film (843 nm)
RT | SZT RT SZT
Copolymer | 28 | 35 | 510" 2.9x10
0 (20%)
3 1 57 | 83x10 1.5x10
I PS (600nm)

Electrical impedance spectroscopy

The equivalent circuit used to obtain the fitting is shown in Figure 4.35.

R

|

Rct[’]

Figure 4.35: Equivalent circuits used to obtain the fitting parameters [68]

Q==
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In Figure 4.35 R, is the resistance of the electrolyte, Ry is the resistance representing the
adsorption of the Ilithium ion into the oxide film, R is associated with the charge transfer
process occurring at the cathode / electrolyte interface, and Zw is the Warburg impedance
associated with the diffusion of the lithium ion through the oxide film. Q; and Q, are constant

phase elements.
The electrochemical impedance spectra (Nyquist plots) corresponding to the copolymer-

templated samples (see Table 2.1b), subjected to dc potentials of -0.5 and -1.0 V, respectively,

are shown in Figure 4.36.
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Figure 4.36: Nyquist plots corresponding to the tri-block copolymer templated sample subjected
to potentials of -0.50 V (top) and -1.0 V(bottom), respectively
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When compared to the spectrum measured at -0.5 V, the curve measured at -1.0 V is displaced

towards lower resistances — associated with faster kinetics.

The measured electrochemical impedance spectra at different electrode potentials were analyzed.
The results show that the Nyquist plot impedance spectra consist of two medium frequency
depressed arcs and a low frequency straight line. The low frequency line with a phase angle of

45° corresponds to the diffusion of lithium ion through the vanadium oxide phase.

In Table 4.10, the charge transfer resistance values found for the sub-zero dip-coated samples are
compared with those of the room-temperature deposited samples. The charge transfer resistance
(Re) is the most important parameter related to the V>*/V*" reduction process occurring at the
electrolyte/vanadium oxide film. Table 4.10 shows the values found by curve fitting for the

dense and porous samples as well as their dependency on the applied dc potential.

Table 4.10 Fitting parameters corresponding to the sub-zero temperature dip-coated films

Sample dc R, R, W R Q a; Q, a,
Voltage ohm | ohm | S's"° ohm S*s? S*s?
V) SZT RT
-0.5 378 91 | 3.6x10° | 246 |225 | 82x10° | 700x10” | 69x10° | 809x10~
H -0.7 343 123 4822;10' 1158 | - 135x10° | 650x10° | 61x10° | 817x10°
-1.0 43x10° | 502 | 42x10° | 15004 | 206 | 49x10° | 804x10° | 7.1x10° | 303x10°
-1.2 5x10° | 493 | 28x10° | 307 |- 55x10° | 820x10° | 1.7x10° | 514x10~
N -0.5 289 97 | 12x10° 40 173 | 410x10° | 594x10° | 743x10” | 720x107
-1.0 36 357 | 1.1x10° | 101 | 351 768x10° | 678x10~° | 1.1x10° | 475x10~
-1.2 257 155 76493(10' 110 |- 469x10° | 624x10° | 645x10” | 697x10~

In Table 4.10, the charge transfer resistance (Rcr) values of the low-temperature deposited films
(SZT) are compared to those corresponding to the films coated at room temperature (RT). Table
4.10 shows that for sample H (nanorods obtained from the dense film), Rcr is increasing
significantly with the applied dc potential, while for the porous sample (N), Rcr is increasing
only slightly. Compared with the RT- deposited samples, Rcr values appear to be larger for the

dense film and significantly lower for the porous film, indicating that the intercalation of lithium
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ions is easier in the porous films. This result is in agreement with our previous work on dense

and porous V,0s films.
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Chapter 5

5 Conclusion and outlook

5.1 Concluding remarks

V,05 dense and porous films have been prepared through a sol-gel method. Films were deposited
on indium-tin-oxide substrates by dip-coating at both room- and sub-zero temperatures (-10°C).
Polystyrene microspheres or a non-ionic polymer surfactant (Pluronic P-123) were used to create

porosity in the vanadium pentoxide thin films in order to enhance their electrochromic properties.

In the first part of this work, the study of the room-temperature coated films has confirmed that
by using template materials, the morphology of the vanadium pentoxide film can be controlled
and new nanostructures can be created. We have shown that the optical modulation of the V205
films strongly depends on the number of the deposited layers and, hence the thickness of the
films. The coloration efficiencies of the dense films in the near-infrared region of spectrum was
found around 68 cm?/C, when the sample was annealed at 500° C, which is considerably higher

than those found in the literature (in the range of 12-14 cm?/C).

We have observed that vanadium pentoxide films, with or without templating materials, when
heated at around 450°C, show a morphological transformation from a layered to a nanorod

structure showing improved electrochromic properties, especially in the near infrared region.

The electrochromic performance of the nanorods prepared through the thermal treatment was
found to be superior to that of the vanadium pentoxide with the layered structure, especially in

the near-infrared region, demonstrating their potential for different electrochromic applications.

The diffusion coefficient corresponding to the nanorods morphology of the vanadium oxide was

found considerably higher than that corresponding to the layered structure (7.95X10_H),
indicating different topological lithium intercalation sites. The highest value corresponds to the
sample with the highest concentration of triblock copolymer, having a larger porosity left behind
after its removal. In the films coated on polystyrene colloidal crystals, the lithium diffusion

coefficients were found higher as compared to the dense film. SEM images have shown that
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annealing the films at 450-500°, even without structure-directing molecules, leads to the
transformation of the layered structure into a nanorod structure. The electrochromic properties,
especially the coloration efficiency of the nanorod films are considerably improved in the near-
infrared region of the spectrum. The Raman spectra give evidence of the crystalline structure of
the nanorods and the photoluminescence spectra show a high intensity of the visible light
emission. The yield of nanorods can be controlled through the number of deposited layers. The
electrochromic properties of the vanadium oxide nanorods proved to be different from the
layered film: the cyclic voltammogram displayed additional redox peaks indicating a good
reversibility of the intercalation. The features of the curves point toward a multi-step lithiation
process. The optical modulation was found to be larger in the near-infrared region than in the
visible, giving surprisingly high coloration efficiencies. Electrical impedance spectroscopy
measurements indicated low values of the charge transfer resistance for the porous films as well
as for the nanorod films, in agreement with the high coloration efficiency and the diffusion

coefficient.

In the second part of this work, vanadium oxide thin films have been prepared by a sub-zero
temperature dip-coating method. Structural properties as well as Raman spectroscopy and the
morphologic characteristics have indicated the presence of a residual compressive stress in the
films dip-coated at -10°C. The stress is believed to exist due to the formation of micro-voids
during the deposition process, micro-voids that are preserved during the heat-treatment of the
films. The micro-voids are pores that provide additional sites for the intercalation of lithium ions
in both dense and porous films, and their presence may explain the enhanced electrochromic
properties of the vanadium oxide films. The results indicated that, indeed, the thickness of films
dip-coated at -10°C, under precisely the same conditions, is almost twice, compared with the RT-
deposited films (around 130 versus 66 nm, respectively). This result is in agreement with the
data found for the sub-zero coated ZnO films and accounted for by a higher deposition rate
because of the increased viscosity of the coating solution at low-temperatures. The roughness of
the films was found quite high, around 63 nm, compared to 54 nm corresponding to the RT-
deposited film. The coloration efficiencies in the near infrared region of the PS microsphere-
templated films were improved for the samples coated at sub-zero temperature as compared to
the same sample coated at room-temperature. The voltammogram of the film annealed at 450°C,

shows a strong peak at -0.10 V corresponding to the lithium intercalation. Compared to the
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room-temperature coated film, the voltammogram has less peaks and they appear to be shifted.
Regarding the vibrational spectrum, it is found that all the Raman bands of the low-temperature
dip-coated samples are at higher wave numbers than those of the RT-coated samples. Both the

crystallographic and Raman data indicate the presence of a stress in the film.

Highly uniform nanorods, interesting for future applications such as field emission displays,
interconnects, etc. have been obtained by annealing at 450°C of the sub-zero coated films. The
transformation of the layered film into the nanorods is thought to happen slower and through a
mechanism that seems to be different from the transformation of room-temperature deposited

films.

For both techniques mentioned above, the charge transfer resistance (Rct) values appear to be
larger for the dense film than for the porous film, indicating that the intercalation of lithium ions

is easier in the porous films.

The method suggested in this work is a straightforward way to prepare vanadium pentoxide
nanorods for EC applications.The fabrication method proposed is simple and it may be used for

deposition on larger surfaces as well.
5.2 Possible extension of present work

There would be several avenues possible for an extension of the present work. First, the
improved electrochromic properties of the vanadium oxide films obtained in this study can make
them a good candidate for EC applications, especially in the NIR spectral range. Secondly, our
ability to fabricate by the simple sol-gel process the nanorod structures as well as the highly
porous ones by templating methods can be exploited further in composites involving vanadium
pentoxide and other EC materials such as WO3 or MoOs. A mixture of V,0s in nanorod structure
with WOs3 will result in a highly porous EC film, susceptible to exhibit a higher EC performance,
especially regarding the response times and the modulation capacity both in the VIS and the NIR
ranges. Another possible extension would be the perfecting of the fabrication of uniform
nanorods of V,0s for potential applications as interconnects or field emission displays as

mentioned previously.
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