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Synthesis of Tungsten Oxide Thin Film and Nanowires for

Highly Improved Electrochromic Smart Windows

Student: Tomy Abuzairi

Advisor: Bohr-Ran Huang (FEH12)

Abstract

Tungsten oxide, has many interesting optical, electrical, structural, and chemical
properties, are an ideal choice material for electrochromic smart windows devices. In
this study, tungsten oxide thin films were prepared by the thermal oxidization on
Tungsten/ITO/glass substrates at different heat-treatment temperatures. The optimum
heat-treatment temperature, corresponding to the maximum electrochromic
performance, was achieved by 550 °C. X-ray diffraction (XRD) analysis indicates that
a tetragonal WO; phase formed at temperatures below 550 °C and the phase
transformed to monoclinic WO, after the temperature was raised to 650 °C. The
electrical properties analysis confirmed that the highest electrical conductivity show
the superior electrochromic performance, with the maximum coloration efficiency
value of 60.4 cm?/C. The tetragonal WOs films, with heat-treatment temperature 550
°C and 450 °C, exhibit good electrochromic properties such as a high diffusion
coefficient (1.7)(10'11 cmz/s), fast electrochromic response time (coloration time 1.6 s,

bleaching time 1.2 s), and high coloration efficiency (60.4 cm?/C).

Furthermore, tungsten oxide nanowires were prepared on a tungsten film

(W)/ITO-glass substrate at 500 °C for electrochromic devices using the heat-treatment
I

Synthesis of..., Tomy Abuzairi, FT Ul, 2012



technique. The electrical properties analysis confirmed that the highest electrical
conductivity achieve the superior electrochromic performance with the maximum
coloration efficiency value. The tungsten oxide nanowires shows excellent
electrochromic properties such as a higher diffusion coefficient (2x10” cm?/s), faster
electrochromic response time (coloration time 1.7 s, bleaching time 1.1 s), and higher
coloration efficiency (67.41 cm?®/C) than other tungsten oxide films without
nanowires. Therefore, the tungsten oxides nanowire prepared by heat-treatment
technique, corresponding to the maximum electrochromic performance, would be

further adopted in the commercial application of smart windows.

Keywords: Electrochromic, smart windows, tungsten oxide thin films, tungsten oxide

nanowires, heat-treatment technique.

II
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Chapter 1

Introduction

1.1 Background

Tungsten is a transition metal, along with molybdenum, iridium, and nickel,
found in Group VI of the Periodic Table of elements. At the same time, tungsten
oxide, which is one of the transition metal oxides, has many interesting optical,
electrical, structural, and chemical properties. Those interesting properties make it
suitable for various technological applications such as catalysts ', gas sensors 2 field

. . . 4-6
emitters 3, or electrochromic devices ™.

Among the numerous transition metal oxides, tungsten oxide are an ideal choice
material for electrochromic devices and has been investigated in several books ™ and
review articles *'°. Other metal oxides of lesser colorability are therefore more useful

as optically passive, or nearly passive, counter electrodes ®°.

In fact, there are four different fields within which electrochromic devices offer
distinct advantages over alternative technologies " From four different fields, smart
windows attract more attention because of their proficiency in energy saving and

) . 12-13
comfortable indoor environment .
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Modern man normally spends some 90% of his time inside buildings and
vehicles, and the quality of the indoor environment hence is of the greatest importance.
More and more energy is used to maintain the indoor environment at a level that is
both comfortable and healthy. Looking at the EU, some 40% of the energy supply is
used for heating, cooling, ventilation, and lighting of buildings, as well as for
appliances; in financial terms this corresponds to about 4% of the gross national
product. Another example is a recent study from Kuwait stating that more than 75%
of the electricity is now consumed by air conditioning at peak load. When using
“smart windows” instead of conventional static solar control windows, the energy for

space cooling, on an annual basis, could be reduced by as much as 40-50% .

1.2 Motivation and aims

The motivation and aims of this study is mainly classified into two topics as

follows:

1°* topic: Effect of Heat-Treatment on the Properties of Tungsten Oxide

Thermally Oxidized Films for Electrochromic Smart Windows

Tungsten oxide films for material of electrochromic smart windows have been

115

grown by various methods, including sol-gel ", spray pyrolysis e electrodeposition
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17, sputtering 18, electron beam evaporation 19, pulsed laser ablation 20, and thermal

oxidization *'. We opted for thermal oxidization process to prepare tungsten oxide
film since it was, in comparison to thin film methods techniques, technically simple.
In addition, the growing of tungsten oxide thin film on a supporting substrate
(ITO-glass substrate) for smart windows is challenging yet essential for tuning the

electrochromic performance.

Many recent studies of tungsten oxide for smart window application have
focused on growth, structural, and electrochromic properties 20 However, there are
a few reports on the electrical properties of the tungsten oxide film and their influence
on electrochromic performance. In this work, a thermal oxidization process was
employed to synthesis tungsten oxide on ITO-glass substrates for smart windows.
Furthermore, the structural, electrical, and electrochromic properties of tungsten oxide

films have been investigated at different substrate temperatures.

2" topic: Tungsten Oxide Nanowires for Highly Improved Electrochromic

Smart Windows

The electrochromic smart windows performance of tungsten oxide, such as
coloration efficiency and response time, depends on its structure. Moreover,

One-dimensional (1D) nanostructures with high surface-to-volume ratio and small

3
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grain size have attracted extensive research interests. Nanostructure could enhance the
electrochromic performances of tungsten oxide thin film ***. Recently, the growth
method of tungsten oxide nanowires has been reported by many research groups **~°.

We opted for thermal oxidization process to prepare tungsten oxide nanowires since it

was technically simple.

Our group has successfully synthesized tungsten oxide nanowires using
sputtered films as tungsten material on Si Substrate *’, with advantageous technique
of catalyst-free and low temperature growth on sputtered W film. Sputtered films are
favorable for the fabrication of device containing nanowires, and this method is
capable of pattern growth. Since the growth of tungsten oxide nanowires on a
sputtered W Film/ITO-glass substrate is very difficult from direct oxidization, here a
simple thermal oxidization using heat-treatment technique was proposed to grow
tungsten oxide nanowires for electrochromic smart windows. However, many recent
studies of tungsten oxide nanowires for electrochromic devices have focused on
growth, structural, and electrochromic properties 226 There are a few reports on the
electrical properties and their influence on electrochromic performance. In this study,
we investigated not only structural, optical, and electrochromic properties but also
electrical properties and their influence on electrochromic performance of tungsten

oxide nanowires for electrochromic smart windows.
4
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1.3 Organization of Thesis

This thesis will be written in a report that consists of several chapters. The

chapters are as follow:

Chapter 1

Chapter 1 contains background and motivation of this research, as well as

research gap and state of the art of the issues. This chapter also contains organization

of research report.

Chapter 2

Chapter 2 explains basic theory whose relevancy with the research. This chapter

also describes literature review and background of the research including tungsten

oxide structure, electrochromic devices, electrochromic concept, and tungsten oxide

based electrochromic device.

Chapter 3

Chapter 3 describes the experimental techniques employed in the present study

to synthesis tungsten oxide for electrochromic devices.
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Chapter 4

Chapter 4 discusses about the effect of heat-treatment temperature on structural,

electrical, and electrochromic properties of tungsten oxide films for smart windows.

Chapter 5

Chapter 5 discusses about tungsten oxide nanowires for highly improved

electrochromic smart windows.

Chapter 6

Chapter 6 contains conclusion of the research result and suggestion for the future

research.

Synthesis of..., Tomy Abuzairi, FT Ul, 2012



Chapter 2

Literature Review

This chapter explains basic theory whose relevancy with the research. This
chapter also describes literature review and background of the research including
tungsten oxide structure, electrochromic devices, electrochromic concept, and

tungsten oxide based electrochromic device.

2.1 Introduction of Tungsten Oxide Materials

Tungsten is a transition metal, along with molybdenum, iridium, and nickel,
found in Group VI of the Periodic Table of elements. At the same time, tungsten
oxide, which is one of the transition metal oxides, has many interesting optical,
electrical, structural, and chemical properties. Those interesting properties make it
suitable for various technological applications such as catalysts ', gas sensors 2 field

. 3 : .46
emitters ~, or electrochromic devices ™.

Tungsten oxide structure has a nearly cubic structure which may be simply
described as an “perovskite” type formed by WOg octahedron that share corners, with
the O atoms at the corner and W atoms at the center of each octahedron, as shown in

Fig. 2-1 "8 This structure is also found for the material of rhenium trioxide (ReO3)
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and is commonly named as the ReOs;-structure (corner-sharing arrangement of
octahedron). In fact, the symmetry of tungsten oxide is usually lower from the ideal
ReO; structure due to the tilting of WOg octahedral structure or the displacement of
tungsten from the center of its octahedral. Therefore, it results several transitions in
the symmetry of structure, with the sequence of tetragonal — orthothombic —
monoclinic — triclinic — monoclinic as the temperature is lowered from 900 to -189
°C 7. Souza-Filho et al. have reported that the coexistence of triclinic and monoclinic
phases of WO3 is common at room temperature 2 Moreover, it should be noted that
the tungsten trioxide structure is likely host several kinds of defect. One of the most
exist defect is the lattice oxygen vacancy, where the oxygen atom is absent from a
normal lattice site. It causes the formation of WOs4 compunds and influences the
electric properties of non-stoichiometric tungsten oxides. Consequently, these oxygen
vacancies lead donor-like effects for electrons and result in the n-type semiconducting

properties of non-stoichiometric tungsten oxide 19;
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(a) {b)

Figure 2-1. (a) Unit cell for the perovskite structure of (Li, Na) WOj3 (b) Octahedron

WO symmetry 5,

2.2 Electrochromic Concept

2.2.1 Chromism, Electrochromism and Electrochromic Materials

> 1 1t results from

Chromism, as a suffix, means “reversible change of color
a process caused by some form of stimulus. In most cases, chromism is based on
a change in the electron states of molecules, especially the n- or d-electron state,

so this phenomenon can be induced by various external stimuli which can alter

the electron density of substances '*.
9
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Electrochromism is the reversible and visible change in transmittance
and/or reflectance that is associated with an electrochemically induced
oxidation-reduction reaction. It results from the generation of electronic

absorption bands in the visible region, by switching between redox states B,

An electrochromic material is a material that changes color in a persistent but
reversible manner by an electrochemical reaction. These materials can exhibit
different oxidation states, the color resulting from the electron delocalization
between these states '*. It is important to notice that for any electrochromic
material to be able to exhibit electrochromism, it should be integrated in a system

where potential application is possible L

Electrochromic materials can be divided into two main categories
depending on the electron transfer process which results in the coloration,
namely they are anodic and cathodic materials. Cathodic materials colour when
they are reduced at a negative electrode while anodic materials are colored at an
anode. Ti, Nb, Mo, Ta and W (typically group VI-B) oxides exhibit cathodic
electrochromism while Ce, Mn, Fe, Co Ir, Rb and Ni (group VIII) oxides exhibit

. . 15
an anodic electrochromism .

10
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A generalised form of the electrochromic reaction may be written as

oxidized form, O + electron(s) — reduced form, R

color 1 color 2

where an electrode (O or R) acts as the source or sink of electron(s), e 1315,

During the electrochromic reaction of metal oxides, the electrons responsible for
the color enter or leave the metal oxide via the interface with the electrode while
the ions necessary for charge balance (‘electro-neutrality’) enter or leave the film

via the electrolyte '*:

MO, + x(H" + &) - HMOy

color 1 color 2

where the mobile ion here is a proton, but Li* is another popular choice. The

major color-forming phenomenon is an intervalence transition.

2.2.2 Electrochromic Properties

Diffusion coefficient, representing movement of mobile ions through
electrochromic materials, is obtained from analysis of cyclic-voltammetric peak

heights as a function of scan rate via the Randles—Servcik equation te.

11
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1 i
D/2= 3p 1
2.72%X105Xn/2x AX C, X v'/2

where D is the diffusion coefficient (cm2/s), ip is the cathodic peak current
density (A/cmz), n is the number of electrons, A is area of the film (cmz), C, is

the electrolyte concentration (rnol/crn3 ), and v is the scan rate (V/s).

The Coloration Efficiency is an important property to compare the efficiency of
electrochromic layers. It is also called electrochromic efficiency and has the units

cm?/C. It is defined as

_A0D(A)

CE
AQ

where 40D (L) represents the change in optical density at the wavelength 2,

resulting from 4Q charge transferred to the electrochromic materials.

The Optical density (OD) is an expression of the optical transmittance of an
element at a given wavelength and is expressed as In (7,/T,) where T}, and T, are
the transmittance of electrochromic materials in its respective bleached and

colored state at the wavelength A.

Response time is the time required for an electrochromic device to change from
its bleached to its coloured state (or vice versa). It is generally unlikely that

response times for coloration (z.) equal to response times for bleaching ().

12
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Electrochromic Devices

Electrochromic device contain four primary layers: (1) electrochromic
(active) layer; (2) ion conductor (electrolyte) layer; (3) ion storage layer; and (4)
transparent conductor layer 7 Figure 2-2 shows structure of an electrochromic

device.

A voltage applied between the transparent electrodes leads to charge being
shuttled between the electrochromic and ion storage layers, and the overall
transparency is thereby changed. A voltage with opposite polarity—or, with
suitable material combinations, short circuiting—makes the device regain its
original properties. The optical modulation requires a DC voltage of as little as
1-3 V. The charge insertion into the electrochromic layer is balanced by electron
inflow from the transparent conductor layer; these electrons can make
intervalency transitions (i.e., yield polaron absorption), which then is the basic

reason for the optical absorption '’

13
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Figure 2-2. Structure of an electrochromic device. Arrows indicate the transport
of Li* ions compensated by electron flow from adjacent transparent conductor

layer; figure adopted from '’.

In fact, there are four different fields within which electrochromic devices
offer distinct advantages over alternative technologies; they are schematically
represented in Figure 2-3 '®. The smart window in Fig. 2-3(a) is able to change
their optical property in response to an external voltage. Such windows are likely

to have important applications in innovative and energy-efficient architecture

14
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where they would adjust the inflow of luminous radiation and solar energy

through glazings in buildings and large atria. Smart windows may eventually

have a profound influence on architecture and lead to new design philosophies

with window apertures and wall claddings having regulatory functions, thus

making buildings perform intelligently in concert with their ambience.

By replacing one of the transparent electrical conductors of the smart

window with a specularly reflecting metallic reflector, one reaches the

variable-reflectance device of Fig. 2-3(b). Its applications include anti-dazzling

rear view mirrors for cars and trucks. If one integrates a white pigment in the

electrochromic device, it can serve for information display purposes as depicted

in Fig. 2-3(c). The black/white contrast and off-normal viewing properties can be

excellent, holding promise for important applications in “signs” and “labels” of

different kinds. Another possible device area concerns surfaces with variable

thermal emittance, as sketched in Fig. 2-3(d); such surfaces are of interest for

temperature stabilization of satellites.

15
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(a) SMART (b)  VARIABLE REFLECTANCE
WINDOW MIRROR

."'rh\ % Specular
Transmiseion reflection
| Q\’) C/é ~— Mirror

Absorption Absorption

(e) INFORMATION (d) VARIABLE EMITTANCE
DISPLAY SURFACE
Diffuse b
scattering
] <:| {Infrarad
i~ White absorbing)
= plgment '
Absorption Non-emitting
(infrared
reflecting)

Figure 2-3. The principles of four different applications of electrochromic
devices. Arrows indicate incoming and outgoing electromagnetic radiation

intensity 18,

16
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2.3 Tungsten Oxide Based Electrochromic Devices

Recently, many transition metals oxide, e.g. cobalt, iridium, molybdenum,
nickel, rhodium, tungsten, vanadium, etc., have been shown to possess
electrochromic property . The transition metal oxide can change their colors
due to optical intervalence charge transfer. The intervalence colored forms of
most transition-metal oxide electrochromes are in the range blue or grey through
to black; it is much less common for transition-metal oxides to form other

colours by intervalence transitions (see Table 2.1) i,

However, among the numerous transition metal oxides, tungsten oxide, are
of intense interest due to the most intense electrochromic color changes have

7,15

been investigated extensively in several books and review articles *'°. Other

metal oxides of lesser colorability are therefore more useful as optically passive,

. 15
or nearly passive, counter electrodes .

17
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Table 2.1. Summary of the colours of metal-oxide electrochromes.'

Oxidised form*

Reduced form*

Metal

of oxide of oxide

LiCoO, M;LiCoO, (M+#£Li1)
Cobalt

Pale yellow-brown Dark brown

II'(OH)3 II'Oz.Hzo
Iridium

Colorless Blue-grey

MOO3 MXMOO3
Molybdenum

Colorless Intense blue

Ni"Oq.yH, Ni' (1 yNi" Oy Hizx)
Nickel

Brown-Black Colorless

Rh,0; RhO,
Rhodium

Yellow Dark green

WO3 MXWO3
Tungsten

Very pale yellow  Intense blue

VZOS MXV2O5
Vanadium

Brown-yellow Very pale blue

18

*The counter cation M is lithium unless stated otherwise.
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Chapter 3

Experimental Procedure

This chapter describes the experimental techniques employed in the present
study to synthesis tungsten oxide for electrochromic smart windows. In this study,
tungsten films were deposited on ITO Glass substrates by RF magnetron sputtering
system. The as-prepared tungsten films were subsequently treated by
Thermal-Chemical Vapor Deposition (T-CVD). Furthermore, the microstructure,
electrical, optical, and electrochromic properties of grown tungsten oxides were
characterized by various analytical instruments. Figure 3-1 shows the experimental

procedure and analytical instruments used in this study.

Ginss Sabstrates

l EF Magnetron Sputtering

Tungsten Film on
Class: Sub sirales

lTungsten Oxide
(nanowires, nanopa-ticles, eic)

Electrical Propertics Optical Properties

Faman IV Curve UV-Vis oW
XERD A

: SEM i oo

Figure 3-1. Experimental Procedure and Analytical Instruments
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3.1 Synthesis of Tungsten Oxide Film

In this study, thin films of tungsten were deposited on cleaned indium tin oxide
(ITO) glass substrates by RF magnetron sputtering system. The as-prepared tungsten
films were subsequently oxidized for different heat-treatment by Thermal-Chemical
Vapor Deposition (T-CVD). This has attracted much attention due to the simplicity of

the technique and high crystallinity of the products L
3.1.1 Cleaning of the Substrates

The glass substrates (glass coated with ITO, 5 /() with 0.7 mm thick were
cut into small pieces with the specific size of 2 cm (width) x 2 cm (length).
These substrates were ultrasonically cleaned using ethanol (C;HsOH) and
deionized water (Delta Ultrasonic Cleaner; 20 min). The ultrasonic cleaning was
followed by nitrogen jet spray to achieve removal of particles from the substrates.

The glass substrates cleaning procedure is shown in Fig. 3-2.

- Ultrasonically cleaned - Ultrasonically cleaned j
_ > DI water L - L
10min 10min |
[___m

Nitrogen Jet Spray
Figure 3-2. The glass substrates cleaning procedure

20
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3.1.2 Tungsten Thin Film Deposition

Tungsten thin films were deposited on ITO glass substrates by RF
magnetron sputtering system, manufactured by the Gordon Technology. A
tungsten target used in this experiment has a diameter of 2 inches of pure
tungsten target (99.5%). In addition, the chamber vacuum system consists of 2
pumps, mechanical pumps and high vacuum diffusion pump. The mechanical
pumps used for pumping the sputtering chamber until the pressure about 4 x 107
Torr and followed by the high vacuum diffusion pump to vacuum the chamber in
high vacuum pressure about 2 x 10° Torr. The samples were then generated at
an argon flow rate of 25 scem and working pressure of 2.1 x 107 Torr. The
deposition process was conducted for various sputtering time and RF power.
Prior to the deposition process, pre-sputtering was performed for about 5 min to

clean the target surface. The magnetron sputtering system is shown in Fig. 3-3.

21
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Figure 3-3. The magnetron sputtering system

3.1.3 Tungsten Oxide Film by Heat-Treatment Technique

The as-deposited tungsten films were subsequently thermally oxidized at
three different heat-treatment temperatures (450 °C, 550 °C, and 650 °C) in Ar
and O, ambient. The deposited samples were first loaded into a vacuum
condition and placed in the middle of a quartz tube furnace. The samples were
then heated to the desired temperatures in the total pressure of ~50 Torr for 2
hours with a continuous flow Ar/O, feed gas composition ratio of 10:1, as

shown in Fig. 3-4. The samples were then cooled in the furnace to room

temperature over ~4 hours.

22
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Figure 3-4. Heat treatment experimental details

3.1.4 Tungsten Oxide Nanowires by Two-Step Heat-Treatment

Technique

The reaction for growth of tungsten oxide nanowires was carried out in a

horizontal quartz tube furnace at various heat-treatment temperatures ranging

from 400 °C , 500 °C , 600 °C, and 700 °C. For the first step, the as-deposited

tungsten film samples were loaded into a vacuum condition and placed in the

middle of a quartz tube furnace. The samples were then heated from 400 to 700

°C in the total pressure of approximately 50 Torr for 1 hour with a continuous

nitrogen flow of 150 sccm. Then, the samples were cooled in the furnace to

room temperature. The final step, the annealed samples were oxidized with a

continuous O, flow of 10 sccm at 450 °C for 30 min to grow tungsten oxide

nanowires, as shown in Fig. 3-5. The samples were then cooled in the furnace to

room temperature over ~4 hours.

23
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Figure 3-5. Two-step heat treatment experimental details

3.2 Characterization

The surface morphology and microstructure properties of tungsten oxide films were

characterized by Raman Spectroscopy, X-ray diffraction (XRD), and Field Emission

Scanning Electron Microscopy (FESEM). The electrical and optical properties were

characterized by (Current-Voltage) I[-V and optical transmittance spectra

measurement system, respectively. The electrochromic properties were characterized

by Cyclic Voltametry (CV).

3.2.1 Raman spectroscopy

Raman spectroscopy is a vibrational technique using an indirect coupling of

high-frequency radiation, such as visible light, with vibrations of chemical bonds.

Raman spectrum is very sensitive to the lengths, strengths and arrangements of

chemical bonds in a material, but less sensitive to the chemical composition.

When the incident photon interacts with the chemical bond, the chemical bond is
24
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excited to a higher energy state. Most of the energy would be re-radiated at the
same frequency as that of the incident exciting light, which is known as the
Rayleigh scattering . In this study, the Raman spectrum were obtained by a
Raman Spectroscopy with the wavelength of 532 nm, laser power of 5 mW and

beam size of 5 um.

3.2.2 X-ray diffraction (XRD)

XRD is a very important experimental technique that has been widely used
for the determination of crystallinity, crystal structures and lattice constants of
nanoparticles, nanowires and thin films 2, XRD is nondestructive and does not
require elaborate sample preparation. A collimated beam of X-rays, with a
wavelength typically ranging from 0.7 to 2 A, is incident on a specimen and is

diffracted by the crystalline phases in the specimen according to Bragg's law *:

A= 2d sin®

where d is the spacing between atomic planes in the crystalline phase and A is

the X-ray wavelength. The intensity of the diffracted X-rays is measured as a

function of the diffraction angle 28 and the specimen's orientation. This

diffraction pattern is used to identify the specimen's crystalline phases and to

25
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measure its structural properties. In this study, the XRD pattern was recorded on
a 20 configuration using Bruker D8 Discovery X-ray diffractrometer with

non-monochromated Cu Ko, X-ray radiation (A= 1.54056 A).

3.2.3 Field Emission Scanning Electron Microscopy (FESEM)

The scanning electron microscope (SEM) permits the observation and
characterization of heterogeneous organic and inorganic materials on a
micrometer (um) to nanometer (nm) scale. A major reason for using SEM is the

high resolution and not destructive.

Electron gun in SEM provides a stable beam of electrons of adjustable
energy. The electron sources described so far rely on the use of high
temperatures to enable electrons in the cathode to overcome the work function
energy barrier and escape into the vacuum. These thermionic sources are
relatively inexpensive and need no special vacuum, but have the disadvantages
of low brightness, limited lifetime, and large energy spread. Field emission is an
alternative way of generating electrons which is free of these 4. In this study, the
surface morphology of the tungsten oxide films was visualized by JEOL

JSM-6500F Field Emission Scanning Electron Microscopy (FESEM).
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3.24 Current-Voltage (I-V) Measurement System

In this study, a Keithley 237 current-voltage (I-V) measurement system was

used for the resistance measurement. An external computer such as the PC

computer controller is required to control this measurement. Ohm’s law is used

in order to determine a resistance: R=V/I. A known current is sourced and flows

through the unknown resistance. We measure the voltage that develops across

the resistance by dividing the measured voltage by the sourced current.

3.2.5 Optical Transmittance Spectra Measurement System

Optical  spectrophotometer can precisely measure transmittance and

reflectance spectra over a wide range of wavelengths. The optical transmittances

spectra were recorded on a JASCO V-560 UV-Vis spectrophotometer in the

wavelength range of 300-800 nm. The JASCO V-560 UV-Vis spectrophotometer

allows nondestructively measuring and performs spectrophotometric

measurements across a wide wavelength range from the ultraviolet to the

infrared.

In this study, the optical transmission spectra recorded for all samples in

their bleached and colored states. The transmittance difference (A7) and the

27
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change in optical density (40D) between the bleached and colored states at

certain wavelength are respectively calculated using relations.

T
AT = |2
T,

AOD = | (T”>

c

where T}, and 7, are the transmittance of the electrochromic materials in its

respective bleached and colored states at certain wavelength.
3.2.6 Cyclic Voltametry (CV)

Cyclic voltammetry (CV) is a type of potentiodynamic electrochemical
measurement that working electrode potential is ramped linearly versus time like
linear sweep voltammetry. In this study, the CV cell contains the solutions of 1M
lithium perchlorate (LiClO,) in propylene carbonate (PC)-water mixtures as the
electrolytes, a platinum plate as the counter electrode (CE), tungsten oxide as the
working electrode (WE), and saturated calomel electrode (SCE) as the reference
electrode (RE). Figure 3-6 shows schematic representation of three electrode cell

used in electrochemical characterization.

To characterize the working electrode (WE), a current is passed through the

electrode in a controllable way by applying a potential to the electrode that is

28
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different from the equilibrium potential. The potential of the working electrode

(WE) is measured against the reference electrode (RE). The current is allowed to

pass through counter electrode (CE) to complete the current flow circuit. The

potential difference between working electrode and reference electrode is

controlled by means of a potentiostat.

To characterize the working electrode (WE), a current is passed through the

electrode in a controllable way by applying a potential to the electrode that is

different from the equilibrium potential. The potential of the working electrode

(WE) is measured against the reference electrode (RE). The current is allowed to

pass through counter electrode (CE) to complete the current flow circuit. The

potential difference between working electrode and reference electrode is

controlled by means of a potentiostat.
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Figure 3-6. Schematic representation of three electrode cell used in
electrochemical characterization. A platinum plate as the counter electrode (CE),

tungsten oxide as the working electrode (WE), and SCE as the reference

electrode (RE). 2

Figure 3-7 shows a schematic cyclic voltammogram (CV). The CV
experiment involves applying a potential smoothly varying with time ¢, over a
range including the electrode potential Eor of the WE and observing the
resultant current, which will peak (with value I,) near Eor. A widely used
application involves the Randles—Sevcik equation linking the peak current I,
with concentration C,, v and the diffusion coefficient D. D is dealt with in further

detail in Chapter 2:

. i
D/Z: 3p T
272105 xXn/2x AX C, x v'/2
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The other symbols have already been defined.

-
T

Current |

Figure 3-7. Schematic cyclic voltammogram for a simple, reversible, one-electron

redox couple, in which all species remain in solution °.

3.2.7 Chronoamperometry (CA)

Chronoamperometry (CA) is an electrochemical technique in which the
potential of the working electrode is stepped and the resulting current (ampere)

from faradic processes occurring at the electrode (caused by the potential step) is

monitored as a function of time (crono).
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The response to a potential step is current due to the electrolysis of
Oxidation or Reduction. Hence, it is instructive to first consider the current vs.
time experiment, as shown in Fig. 3-8. The analysis of chronoamperometry (CA)
data is based on the Cottrell equation, which defines the current-time dependence

for linear diffusion control:

_ nFACD'/2

‘" x/2t2
where n is the number of electrons transferred, F is the Faraday's constant
(96,485 C/mol), A is the electrode area (cm”), D is the diffusion coefficient
(cmz/s), and C is the the electrolyte concentration (mol/cm3). This indicates that,
under these conditions, there is a linear relationship between the current and the

1/square root of time. A plot of i vs. £”* is often referred to as the Cottrell plot.
3.2.8 Chronocoulometry (CC)

Chronocoulometry (CC) is an electrochemical technique in which the
potential of the working electrode is stepped and the resulting charge (coulombs)
from faradic processes occurring at the electrode (caused by the potential step) is

monitored as a function of time.
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The response to a potential step is charge due to the electrolysis of
Oxidation or Reduction. Hence, it is instructive to first consider the charge vs.
time experiment, as shown in Fig. 3-8. The analysis of chronocoulometry (CC)
data is based on the Anson equation, which defines the charge-time dependence

for linear diffusion control:

2nFACD 72 y
=— "t /2

7'[1/ 2
where n is the number of electrons transferred, F is the Faraday's constant
(96,485 C/mol), A is the electrode area (cm”), D is the diffusion coefficient

(sz/s), and C is the the electrolyte concentration (mol/cm3).
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Figure 3-8. Potential wave form of (a) the double potential step technique,

(b) the current response, and (c) the charge response °.
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Chapter 4

Effect of Heat-Treatment on the Properties of Tungsten Oxide

Thermally Oxidized Films for Electrochromic Smart Windows

4.1. Experimental details

Tungsten films were deposited onto indium tin oxide (ITO) glass substrates by RF
magnetron sputtering system. ITO glass substrates were cut into small pieces with the specific size of
1.5 cm (width) x 1.5 cm (length). These substrates were ultrasonically cleaned using ethanol and
deionized water (Delta Ultrasonic Cleaner; 20 min). The ultrasonic cleaning was followed by

nitrogen jet spray to achieve removal of particles from the substrates.

The sputtering system used pure (99.99%) tungsten as a target and pure (99.99%) argon as the
sputtering gas with a base chamber pressure of ~3x10™ Torr. Prior to the deposition process,
pre-sputtering was performed for about 5 min to clean the target surface. The samples were then
generated at an argon flow rate of 25 sccm (standard cubic centimeter per minute) and an RF power of

150 W for 3 min. The thickness of the tungsten films were ~100 nm.

The as-deposited tungsten films were subsequently thermally oxidized at three different
heat-treatment temperatures (450 °C, 550 °C, and 650 °C) in Ar and O, ambient. The deposited
samples were first loaded into a vacuum condition and placed in the middle of a quartz tube furnace.
The samples were then heated to the desired temperatures in the total pressure of ~50 Torr for 2 hours
with a continuous flow Ar/O; feed gas composition ratio of 10:1. The samples were then cooled in the

furnace to room temperature over ~4 hours.

The surface morphology of the thermally oxidized films was visualized by a JEOL
JSM-6500F field emission scanning electron microscope (FESEM) at 15 kV. The crystallinity of the
35
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samples was characterized by X-ray diffraction (XRD) recorded at a 20 configuration using a Bruker
D8 Discovery X-ray diffractrometer with non-monochromated Cu Ko X-ray radiation (A= 1.54056
A). The 20 investigation region was in the 20°-70° range with a scanning speed of 2 degrees/s. In
addition, the electrochemical intercalation and deintercalation of the samples was carried out in a
potentiostat controlled by a personal computer in a three electrode cell configuration with 1 M lithium
perchlorate (LiClOy4) in a propylene carbonate (PC)-water mixture as the electrolytes, a platinum
plate as the counter electrode, tungsten oxide as the working electrode and the saturated calomel
electrode (SCE) as the reference electrode. A Keithley 237 electrometer was used for the electrical
resistance measurement. Optical transmittances spectra were recorded on a JASCO V-560 UV-Vis
spectrophotometer in a wavelength range of 390-800 nm. The transmission spectra switch of a

thermally oxidized tungsten film was examined in the spectral region between 390 and 800 nm by

applied coloring/bleaching voltage ( - 3.5 V/ +2.0 V).

4.2. Effect of heat-treatment on structural properties

Figure 4-1 shows the XRD pattern of the crystal phase transformation of the as-deposited
and thermally oxidized tungsten films at three different heat-treatment temperatures. The XRD
pattern of the as-deposited tungsten film on ITO glass substrate (Fig. 4-1a) displays three diffraction
peaks at 20 = 37.5° 39.8°, and 45.5°, which could be well indexed to a B-W phase (cell constants: a
= 5.05 A; JCPDS Card 47-1319). These three peaks are assigned to the (200), (210), and (211)
crystallographic planes of the B-W phase. Chen et al., showed that, based on the experimental
conditions, the lattice parameter of B-W varies from 0.496 to 0.518 nm '. These reported values are
in line with our obtained results. In addition, the diffraction peaks exhibit the broadened peaks of
the 260 region (33-46°) which indicates that the crystalline structure of the as-deposited tungsten film

coexists with an amorphous phase.
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Figure 4-1. XRD patterns of (a) as-deposited and thermally oxidized tungsten film at three different

heat-treatment temperatures: (b) 450 °C, (¢) 550 °C, and (d) 650 °C.
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Further heat-treatment at 450 °C and 550 °C (Figs. 4-1b and c) resulted in the formation of
tetragonal WO; (lattice constants: a = 5.250 A, c=3.919 A; JCPDS Card 85-0807) as indicated by
the presence of three diffraction peaks at 20 = 22.7°, 23.9° and 33.1°, corresponding to the (001),
(110), and (111) lattice planes. These results are comparable with the XRD analyses on WO; films
heated to 500°C after being cast by the chemical vapor deposition (CVD) method, which also
showed atetragonal WOj3 phase ? Both the thermal oxidization samples also show the (110) plane
appears with relatively higher intensity. The only detectable difference between the two samples is
the stronger intensity and narrowing of the diffraction peak at 20 = 23.9° when the heat-treatment
temperature is 450 °C. This suggests that the 450 °C sample has better crystallinity than the 550 °C
sample. Finally, a heat-treatment temperature at 650 °C (Fig. 4-1d) results in the disappearance of
the tetragonal WO; phase peaks and the emergence of new peaks at 20 = 23.5°, 23.8°, and 24.4°.
These peaks are assigned to the (010), (103), and (502) lattice planes of the monoclinic W3O
phase (lattice constants: a = 18.32 A, b = 3.784 A, ¢ = 14.035 A, p = 115.20° JCPDS Card
36-0101). Multiple sharp peaks appeared in the thermal oxidization sample when the temperature is
increased to 650 °C. This phenomenon was identified as a residual stress in the tungsten film at
higher temperatures ’. However, the 650 °C sample also results in the phase transition from
tetragonal WO; to monoclinic WgO49. Moulzolf et al. * also obtained a monoclinic phase for WO;3

film RF sputtered at 650 °C in deposition.

Figure 4-2 shows the SEM images for the surface morphology of the as-deposited and the
thermally oxidized tungsten films at three different heat-treatment temperatures. As seen in Fig.
4-2a, the as-deposited tungsten film has a smooth surface and no grains. However, when the thermal
oxidization temperature was increased to 450 °C (Fig. 4-2b), nanoparticles with spherical grains
diameters of ~40 nm are clearly seen. This SEM result is consistent with the narrowing of the
diffraction peaks on XRD patterns as a result of increasing heat-treatment temperatures °. As shown
in Figs. 4-2c and d, nanoparticles with spherical grains diameters of ~55 nm and 80-100 nm were
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grown on the thermally oxidized tungsten film at 550 °C and 650 °C, respectively. In addition, the
heat-treatment temperature at 550 °C had a uniform and dense surface morphology of tungsten
oxide film. When the temperature is increased to 650 °C, the grain size is the largest. The grain size
increases due to the growth and agglomeration of grains at higher heat-treatment temperature 6,
Furthermore, the surface roughness of the 650 °C is higher than those of the 450 °C and 550 °C
samples, as shown in Figs. 4-2. Consequently, increasing the oxidization temperature not only
increases the grain size but also increases the surface roughness of the tungsten oxide films. The
effects of the thermal oxidization of as-deposited tungsten film on the tungsten oxide surface

morphology and crystal phase are described in Table 4-1.

. ﬁ 4577

NTUST SEI 15.0kV X100,000 100nm WD 96mm 150k X100,000 100nm WD 9.7mm

Figure 4-2. SEM images of (a) as-deposited and thermally oxidized tungsten films at three different
heat-treatment temperatures: (b) 450 °C, (¢) 550 °C, and (d) 650 °C.
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Table 4-1. Effect of heat-treatment on tungsten oxide surface morphology and crystal phase

Crystal phase (Crystal structure; lattice

Thermal condition  Surface morphology constants; space groups)

Smooth crystalline

. Cubic B-W; a = 5.05 nm; Pm3n
surface and no grains

As-deposited

450 °C Nanoparticles with Tetragonal WOs3; a = 5.250 A, c=3.919 A;
spherical grains (~40 nm) P4/nmm
550 °C Nanoparticles with Tetragonal WOs3; a = 5.250 A, c=3.919 A;
spherical grains (~55 nm) P4/nmm
650 °C 2;1‘;?&2“;;‘:‘(3‘0_100 Monoclinic W5O40; a = 18.32 A, b =3.784
A, c=14.035 A, B = 115.20° P2/m

nm)

4.3 Effect of heat-treatment on electrical property

Figure 4-3 show electrical measurement of the thermally oxidized tungsten films at three
different heat-treatment temperatures. Tungsten oxide thin films show the variation from highly
conductive to a high-resistive one at three different heat-treatment temperatures. As seen in Fig. 3,
the conductivity of thermally oxidized tungsten film increase continuously up to 550 °C and then
decrease till 650 °C. According to Alam et al. ’ with increasing annealing temperature, the ITO thin
films would perform higher resistivity. As observe in the SEM, the films exhibit the grain-like
structure. The grain size increases due to the growth and agglomeration of grains at higher
heat-treatment temperature ® Thus, the increase in conductivity of heat-treatment temperature at
550 °C may be due to various processes such as agglomeration of grains, uniform and dense surface

morphology, etc. leading to evolution of tungsten—oxygen networks.
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Figure 4-3. I-V measurements of thermally oxidized tungsten films at three different heat-treatment

temperatures: 450 °C, 550 °C, and 650 °C.

4.4 Effect of heat-treatment on electrochromic properties

Figure 4-4 shows cyclic voltammograms recorded at a 100 mV/s scanning rate with a linear
potential sweep of -1 to 1 V (Versus SCE) for thermally oxidized tungsten film at three different
heat-treatment temperatures. The cathodic peak current (/,¢) and anodic peak current (/,,) values are
given in Table 4-2. The current recorded is due to a cation intercalation/deintercalation according to

the reaction

WO;(bleach) + xLit + xe™ < Li,WO05(blue) (D

where Li" is ion in the lithium perchlorate organic solution. The integrated cathodic-current density

equates to the amount of lithium ions intercalated to form a tungsten bronze.
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Figure 4-4 shows that the voltammogram area, hence the charge storage capacity, is
maximized in the 550 °C sample, followed by 450 °C and 650 °C samples. The absolute value of
peak current density is an indication of the electrochemical activity of the working electrode 8 The
results presented in Table 4-2 show that the value of the peak current (/. and I,,) is highest in the
550 °C sample. Furthermore, the insertion efficiencies for these samples are determined by
diffusion coefficients calculated using the well-known Randles-Servcik equation ?

i

: )

1
D72 = 3 1
2.72x 105X n/2X Ax Cy X v /2

where i, is the cathodic peak current, n=1 is the number of electrons, A is area of the film, Co is the
electrolyte concentration (1 M), and v is the scan rate. Calculated values are given in Table 4-2. The
diffusion coefficient of 1.7x10™"! ecm?/s for the 550 °C sample is the largest, closely followed by the
diffusion coefficient of 5.2x10"> cm?/s for the 450 °C sample. The lowest diffusion coefficient of
4.1x10™" em?/s is found in the 650 °C sample, which is a natural consequence of its peak current.
Therefore, the sample oxidized at 550 °C has the greatest electrochemical activity and diffusion
coefficient, may be due to the highest conductivity of tungsten oxide film thermally oxidized at 550

°C which allows for the easy transport of ions across the film and thus enhances the peak current.

42

Synthesis of..., Tomy Abuzairi, FT Ul, 2012



150
100

o
o O
|

\

1
I
!
I
!
!

-
. - = Pl
i .-

O
o

L
N\

100 s
-150{ i 7
2004 7/ .
250 iy i 4500
-300{ 4 e 550 °C
-350 ¢ —— 650 °C
40— =
-1000  -500 0 500 1000
Voltage (mV) Vs SCE

Current density (chmz)

Figure 4-4. Cyclic voltammograms spectra for thermally oxidized tungsten films at three different

heat-treatment temperatures: 450 °C, 550 °C, and 650 °C.

Table 4-2. Effect of thermal oxidization on electrochromic performance

I8 oo Diffusion coefficient Reversibility
Heat-treatment condition (uAlcmz) (uA/cm2) (cm?/s) (%)
450 °C 194 66.4 5.2x107" 10.4
550 °C 348 121 i 7 451
650 °C 17.4 s 4.2x10™ 1.4

Figure 4-5 shows typical chronoamperometric (CA) traces recorded during coloration and
bleaching of the thermally oxidized tungsten film at three different temperatures. During the
experiment, CA cycling was performed on the thermally oxidized tungsten film between +1 and -1

V (versus SCE). The voltage was stepped from 0 to -1 V for 10 s (coloration) and then reversed to
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+1 V for the next 10 s (bleaching). The CA technique was used to measure the response time for the
thermally oxidized tungsten film. Response times for coloration (#) and bleaching (#,) were
calculated from current time transients. The plots suggest that the response time is the fastest for
450 °C sample (coloration time 1.6 s, bleaching time 1.2 s) and closely followed by 550 °C
(coloration time 2 s, bleaching time 1.5 s). However, response time for thermally oxidized tungsten
film at 650 °C could not be calculated because of the small current peak density value. The best
response time exhibit in the tetragonal WO; films (450 °C and 550 °C samples), possibly because
the sample’s higher conductivity allows for easy transport of ions and hence results in a faster

coloration-bleaching time behavior.
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Figure 4-5. Chronoamperometric response (i-t) for thermally oxidized tungsten film at three

different heat-treatment temperatures: 450 °C, 550 °C, and 650 °C.
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Figure 4-6 shows the chronocoulometry data of thermally oxidized tungsten film with the
potential being stepped from -1 to +1 V (Versus SCE) for a step of 10 s. The electrochromic
reversibility was calculated as the ratio of deintercalated charge (Qg;) to intercalated charge (Q;),
and the results are given in Table 4-2. Samples thermally oxidized at 450 °C and 550 °C are easily
reversible for lithium ion insertion and extraction, but the reversal of the 650 °C sample is
somewhat inhibited, possibly due to the sample’s higher resistance, hence the lithium ion insertion

and extraction are hardly reversible. These results are in agreement with ',

b y ¥ = .
.'.:.\"- f,- :
B0 L e e
-~ / Sl
-1000-
I 500
I3 .
< -2000-
T _2500-
‘ i i 450 °C
-S40 - 80 °C
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Figure 4-6. Chronocoulometry curve for thermally oxidized tungsten film at three different

heat-treatment temperatures: 450 °C, 550 °C, and 650 °C.
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4.5 Effect of heat-treatment on the optical transmittance studies

Transmission spectra recorded for all samples in their bleached and colored states are shown
in Fig. 4-7. The transmittance difference (A7) and the change in optical density (10D) between the

bleached and colored states at 630 nm are respectively calculated using relations (3) and (4).

AT = [Tb] 3)
TC A=630
Ty
AOD = In (—) 4)
¢’ 1=630

where Ty, and 7. are the transmittance of the thermally oxidized tungsten film in its respective
bleached and colored states at A = 630 nm. It has been observed that increasing the thermal
oxidization temperature decreases from 450 °C to 650 °C, AT and hence 40D, at 630 nm from 2.16

to 0.49.

Coloration efficiency (CE) is defined as the change in optical density (4OD) per unit of

inserted charge and is calculated by relation (5), with results listed in Table 4-3.

_ (A0D) =630
=0 &

CE )

where 4Q is the amount of charge intercalated in the sample to cause change in optical density (40D),
which was estimated by the curve of current density versus time. The 550 °C sample has the
maximum CE (60.4 cm*C), which indicates that the coloration efficiency might be affected by the
larger diffusion coefficient, electrochromic reversibility, and electrical conductivity of the film
thermally oxidized at 550 °C. It is important to note that the CE values measured for the thermally
oxidized tungsten film at 550 °C (60.4 cm*/C) is comparable and possibly improved over state of

the art nanostructured tungsten oxides thin films (63.7 cm*C) %
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Table 4-3. Effect of thermal oxidization on coloration efficiency and optical modulation

Heat-treat t 2 2
CORAMNENL T (%) To(%)  UThessomm  (A0OD)iz30 mm AQ(Clem )  CEgzpnm (cm /C)

condition
450 °C 63.4 7.3 56.1 2.16 0.072 30
550 °C 67.2 13.9 53.3 1.57 0.026 60.4
650 °C 72.1 441 28 0.49 0.078 6.3

The smart windows device with higher coloration efficiency only needs low charge transfer
and this also provides better stability. Therefore, the tungsten oxides thin film with heat-treatment
temperature at 550 °C, corresponding to the maximum electrochromic performance, would be

further adapted in the commercial application of smart windows.

47

Synthesis of..., Tomy Abuzairi, FT Ul, 2012



90
80
70
60
50
40-
0] ==

20 £

10 i "

Bleached
SR Colored

Transmittance (%)

,,,,,,,,

400 500 600 700 800
Wavelength (nm)

- Bleached (b)
80‘_ e~ Colored
70

60 -
50
40
30+
20+
10+

Transmittance (%)

—t——, ]
SRl
—eain
.....................

400 500 600 700 800
Wavelength (nm)

o0 Bleached
80---- Colored
70+

60-
50-
40
30-
20-

Transmittance (%)

400 500 600 700 800
Wavelength (nm)

Figure 4-7. Transmission spectra for thermally oxidized tungsten film at (a) 450 °C, (b) 550 °C and (c)

650 °C in its bleached and colored states.
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4.6 Conclusion

Tungsten thin films were thermally oxidized to form tungsten oxide films using the
heat-treatment technique. The X-ray diffraction (XRD) analysis indicates that a tetragonal WO;
phase was formed at temperatures below 550 °C, and the phase transformed to monoclinic WgOq9
when the temperature was raised to 650 °C. Scanning electron microscopy (SEM) shows that the
morphology and structure of the tungsten oxide film could be changed by heat-treatment technique.
Electrochromic performance measurements were performed in electrolyte (1 M LiClO,4 in PC-water
mixtures). The recorded cyclic voltammogram, hence the diffusion coefficient, is maximized in the
550 °C (1.7x10'" em?/s), followed by 450 °C (5.2x10™"* cm%/s) and 650 °C (4.2x10™"* cm?/s). The
chronoamperometric plots suggest that the response time and the electrochromic reversibility is the
best for tetragonal WO; films (450 °C and 550 °C samples). The electrical properties analysis
confirmed that the highest electrical conductivity show the superior electrochromic performance,
with the maximum coloration efficiency value of 60.4 cm?/C. Therefore, the tetragonal WO; films,
with heat-treatment temperature 550 °C and 450 °C, exhibit good electrochromic properties such as a
high diffusion coefficient (1 Ix101 cmz/s), fast electrochromic response time (coloration time 1.6 s,

bleaching time 1.2 s) and high coloration efficiency (60.4 cm”/C).
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Chapter 5

Tungsten Oxide Nanowires for Highly Improved Electrochromic

Smart Windows

5.1 Experimental Details

Tungsten films were deposited onto indium tin oxide (ITO) glass substrates by a reactive RF
magnetron sputtering system. ITO glass substrates were cut into small pieces with the specific size of
1 cm (width) x 1.5 cm (length). These substrates were ultrasonically cleaned using ethanol and
deionized water (Delta Ultrasonic Cleaner; 20 min). The ultrasonic cleaning was followed by

nitrogen jet spray to achieve removal of particles from the substrates.

The sputtering system used pure (99.99%) tungsten as a target and pure (99.99%) argon as
the sputtering gas with a base chamber pressure of ~3x10™ Torr. Prior to the deposition process,
pre-sputtering was performed for about 5 min to clean the target surface. The samples were then
generated at an argon flow rate of 25 sccm (standard cubic centimeter per minute) and an RF power of

100 W for 3 minutes. The thickness of the tungsten films were ~150 nm.

The reaction for growth of tungsten oxide nanowires was carried out in a horizontal quartz
tube furnace at various heat-treatment temperatures ranging from 400 to 700 °C. For the first step,
the as-deposited tungsten film samples were loaded into a vacuum condition and placed in the middle
of a quartz tube furnace. The samples were then heated from 400 to 700 °C in the total pressure of
approximately 50 Torr for 1 hour with a continuous nitrogen flow of 150 sccm. Then, the samples
were cooled in the furnace to room temperature. The final step, the annealed samples were oxidized

with a continuous O, flow of 10 sccm at 450 °C for 30 min to grow tungsten oxide nanowires.
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The surface morphology of the tungsten oxide films was visualized by a JEOL JSM-6500F
field emission scanning electron microscope (FESEM) at 15 kV. The crystallinity of the samples was
characterized by X-ray diffraction (XRD) recorded at a 20 configuration using a Bruker DS
Discovery X-ray diffractrometer with non-monochromated Cu Ka X-ray radiation (A= 1.54056 A).
The 20 investigation region was in the 20°-70° range with a scanning speed of 2 degrees/s. In addition,
the electrochemical intercalation and deintercalation of the samples was carried out in a potentiostat
controlled by a personal computer in a three electrode cell configuration with 1 M lithium perchlorate
(LiClOy) in a propylene carbonate (PC)-water mixture as the electrolytes, a platinum plate as the
counter electrode, tungsten oxide as the working electrode and the saturated calomel electrode (SCE)
as the reference electrode. A Keithley 237 electrometer was used for the electrical resistance
measurement. Optical transmittances spectra were recorded on a JASCO V-560 UV-Vis

spectrophotometer. The transmission spectra switch of a tungsten oxide films was examined in the

spectral region between 300 and 800 nm by applied coloring/bleaching voltage ( - 3.5 V/ +2.0 V).

5.2 Structural Properties Analysis

5.2.1 Structural Properties Analysis of Two-Step Heat Treatment

Tungsten oxide can exhibit different crystal structures, such as cubic and hexagonal
WOj3, monoclinic WO,g,, and monoclinic WgOy9. Figure 5-1 shows XRD pattern of the
crystal phase transformation of the as-deposited and tungsten oxide films at four different
growth temperatures (400 °C, 500 °C, 600 °C, and 700 °C) with oxidization process. The
XRD pattern of the as-deposited tungsten film on ITO-glass substrate (Fig. 5-1a) displays
three diffraction peaks at 20 = 37.5°, 39.8°, and 45.5°, which could be well indexed to a p-W
phase (lattice constants: a = 5.05 A; JCPDS Card 47-1319). These three peaks are assigned to
the (200), (210), and (211) crystallographic planes of the B-W phase. Chen et al., showed that,

based on the experimental conditions, the lattice parameter of B-W varies from 0.496 to 0.518
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nm ', These reported values are in line with our obtained results. In addition, the diffraction
peaks exhibit the broadened peaks of the 20 region (33-46°) which indicates that the

crystalline structure of the as-deposited tungsten film coexists with an amorphous phase.

The heat-treatment temperature at 400 °C (Fig. 5-1b) resulted in the formation of
monoclinic WO, ., (lattice constants: a = 11.93 A, b = 3.820 A, ¢ = 59.720 A, B = 98.300°;
P2/c; JCPDS Card 30-1387) as indicated by the presence of three diffraction peaks at 20 =
23.2°, 24.2° and 33.4° corresponding to the (010), (1016), and (1116) lattice planes.
Further heat-treatment at 500 °C and 600 °C (Figs. 5-1c and d) can be well indexed to be
hexagonal WOj; structure. The heat-treatment at 500 °C resulted in the formation of hexagonal
WO; with cell constants: a = 7.324 A, ¢ = 7.662 A; P63/mem; JCPDS Card 85-2460. On the
other hand, the heat-treatment at 600 °C resulted in the formation of hexagonal WO; with
lattice constants: a = 7.298 A, ¢ = 3.899 A; P6/mmm; JCPDS Card 33-1387. The detectable
difference between the two samples are the stronger intensity and narrowing of the diffraction
peaks at 20 = ~23° and ~27°, and also ITO peaks. Finally, a heat-treatment temperature at 700
°C (Fig. 5-1d) results in the disappearance of the hexagonal WO; phase peaks and the
emergence of new peaks at 20 = 29.2° 23.4° and 27.9°. These peaks are assigned to the
(130), (001), and (200) lattice planes of the monoclinic W3Og phase (cell constants: a = 6.386
A, b=1043 A, ¢ = 3.800 A; C222; JCPDS Card 81-2262). Multiple sharp peaks appeared
when the temperature is increased to 600 and 700 °C. This phenomenon was identified as a
residual stress in the tungsten film at higher temperatures * However, the 700 °C sample also
results in the phase transition from hexagonal WOs3 to orthorhombic W30s. Tungsten oxide

crystal phase at four different heat-treatment temperatures are described in Table 5-1.

Figure 5-2 shows the SEM images for the surface morphology of the tungsten oxide
films at four different heat-treatment temperatures. As shown in Fig. 5-2a, the heat-treatment

temperature at 400 °C has a smooth surface and no grains. However, when the temperature
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Intensity (a.u.)

was increased to 500 °C (Fig. 5-2b), nanowires with length of 212 nm are clearly seen. The
growth of the tungsten oxide nanowires at the 500 °C sample appears similar to the tungsten
oxide nanostrucuture morphology reported by Seongho et al 3. The surface morphology of
tungsten oxide nanowires coalesced to form irregular block-like morphology with length of
250-700 nm when the growth temperature increased up to 600 °C (Fig. 5-2c). The size
increases at the 600 °C sample possibly due to the growth and agglomeration of the tungsten
oxide nanowires at the higher temperature 4, Finally, a heat-treatment temperature at 700 °C
(Fig. 5-2d) result tungsten film of nano grains with spherical grains diameters of 60-130 nm.

Tungsten oxide surface morphology at four different heat-treatment temperatures are

described in Table 5-1.
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Figure 5-1. XRD patterns of (a) as-deposited and tungsten oxide at four different growth

temperatures: (b) 400 °C, (c¢) 500 °C, (d) 600 °C, and (e) 700 °C, with oxidization process.
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Figure 5-2. SEM image of tungsten oxide at four different growth temperatures: (a) 400 °C, (b) 500

°C, (¢) 600 °C and (d) 700 °C, with oxidization process.

Table 5-1. Tungsten oxide surface morphology and crystal phase at four different heat-treatment

temperatures (400 °C, 500 °C, 600 °C, and 700 °C) with oxidization process.

Thermal condition

Surface morphology

Crystal phase (Crystal structure; lattice
constants; space groups)

400 °C
500 °C

600 °C

700 °C

Smooth crystalline
surface and no grains
Nanowires ( 212 nm
length)

Irregular block-like (
250-700 nm length)
Film of nano grains with
spherical grains (60-130
nm)

Monoclinic WO505; a = 11.93 A, b = 3.820
A,¢=59.720 A, p = 98.300°%; P2/c
Hexagonal WOs3; a=7.324 A, c=7.662 A;
P63/mcm

Hexagonal WOs3; a =7.298 A, c=3.899 10\;
P6/mmm

(o)rthorhombico W;30g; a =6.386 A, b=1043
A, c=3.800 A; C222
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5.2.2 Oxidization Effect on the Structural Properties of Two-Step Heat Treatment

To investigate oxidization effect on the structural properties of the two-step heat
treatment, we deposited under the same conditions as those given in the Sec. 5.1 and annealed a
sputtered W film at 500 °C and 600 °C for 1 hour without oxidization. From this investigated,
we try to examine what is the effect of oxidation on the structural properties tungsten oxide
film. Figure 5-3 shows (a) SEM images and (b) XRD pattern of the surface morphology of W
films before and after oxidization of tungsten oxide 500 °C growth temperatures. As seen in Fig.
5-3a, surface morphology of tungsten oxide film after annealed at 500 °C for 1 hour without
oxidization show nanowires structure with length of 65 nm. The length of nanowires increases
after oxidization process, from 65 nm to 212 nm. Moveover, the density of tungsten oxide
nanowires after oxidation is higher than before oxidization. The XRD pattern indicated that
WO;, tungsten oxide structure presence on the before and after oxidation samples. The only
detectable difference between the two samples is the stronger intensity of the WOs; at the
diffraction peak at 20 = ~27° when the samples oxidized after annealing. This suggests that the
oxidized sample has better crystallinity than without oxidization. These results indicate that the
oxidization process must be important for growing tungsten oxide nanowires with long

nanowire formation and good crystallinity.

Furthermore, Fig. 5-4 shows (a) SEM images and (b) XRD pattern of the surface
morphology of W films before and after oxidization of tungsten oxide 600 °C growth
temperatures. As seen in Fig. 5-4a, surface morphology of tungsten oxide film after annealed at
600 °C for 1 hour without oxidization is not uniform of irregular block-like tungsten oxide.
Moreover, the density and uniformity of irregular block-like tungsten oxide increase after the
oxidation process. The XRD pattern indicated that WO; tungsten oxide structure presence on
the before and after oxidation samples. The difference between the two samples is the stronger

intensity of the WOs; at the diffraction peak at 20 = ~27° when the samples oxidized after
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annealing. This suggests that the oxidized sample has better crystallinity than without
oxidization. These results indicate that the oxidization process must be important for better

crystallinity of tungsten oxide structure.

5.3 Electrical Property Analysis

Figure 5-5 shows electrical measurement of the tungsten oxide at four different
heat-treatment temperatures. This figure shows that the best conductivity is in the 500 °C growth
temperature. When the temperature raised up to 600 °C, there was a significantly decrease of
conductivity, which may be due to the interface of tungsten oxide—ITO could be modified by
making the electrode very resistive when the higher temperature caused the ITO tend to decompose
’, According to Alam et al. ® with increasing annealing temperature up to 500 °C, the ITO thin films
would perform higher conductivity. Moreover, as observe in the SEM, the tungsten oxide in the 500
°C heat-treatment temperature exhibit the nanowires structure. Thus, the increase in conductivity in
the 500 °C heat-treatment temperature might be the reason that the nanowires structure leading to

evolution of tungsten—oxygen networks.
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Figure 5-3. (a) SEM image of the tungsten oxide film at growth temperatures 500 °C with

oxidization process. Inset is the image of the tungsten oxide film sample before oxidization. (b)

XRD pattern of the tungsten oxide film at growth temperatures 500 °C before and after oxidization.
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Figure 5-4. (a) SEM image of the tungsten oxide film at growth temperatures 600 °C with

oxidization process. Inset is the image of the tungsten oxide film sample before oxidization. (b)

XRD pattern of the tungsten oxide film at growth temperatures 600 °C before and after oxidization.
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Figure 5-5. -V measurements of tungsten oxide at four different growth temperatures (400 °C, 500

°C, 600 °C, and 700 °C) with oxidization process.
5.4 Electrochromic Properties Analysis

Figure 5-6 shows cyclic voltammograms recorded at a 100 mV/s scanning rate with a linear
potential sweep of -1 to 1 V (Versus SCE) for tungsten oxide at four different heat-treatment
temperatures. The cathodic peak current (), anodic peak current (/,,), cathodic peak voltage (Vp),
and anodic peak voltage (V) values are given in Table 5-2. The current recorded is due to a cation

intercalation/deintercalation according to the reaction

WOs(bleach) + xLi* + xe~ & Li,WO05(blue) (1)

where Li" is ion in the lithium perchlorate organic solution. The integrated cathodic-current density

equates to the amount of lithium ions intercalated to form a tungsten bronze.
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Figure 5-6 shows that the voltammogram area, hence the charge storage capacity, is
maximized in the 500 °C sample (tungsten oxide nanowires structure), followed by 400 °C, 600 °C
and 700 °C samples. The absolute value of peak current density is an indication of the
electrochemical activity of the working electrode . The results presented in Table 5-2 show that the

value of the peak current (/,c and I,,) is highest in tungsten oxide nanowires structure.

Furthermore, the insertion efficiencies for these samples are determined by diffusion

coefficients calculated using the well-known Randles-Servcik equation ®

Dl/z = 3lp 1 (2)
2.72x105xn/2Xx AXC, x v /2

where i, is the cathodic peak current density, n = 1 is the number of electrons, A is area of the film,
Co is the electrolyte concentration (1 M), and v is the scan rate. Calculated values are given in Table
5-2. The diffusion coefficient of 2x10”° cm?s for the 500 °C sample (tungsten oxide nanowires
structure) is the largest, closely followed by the diffusion coefficient of 1.3x10"° cm?s and
6.7x10"" cm?/s for the 400 °C and 600 °C samples, respectively. The lowest diffusion coefficient of
5x10™"° cm?/s is found in the 700 °C sample, which is a natural consequence of its peak current
density. Therefore, the heat-treatment at 500 °C, which exhibit tungsten oxide nanowires structure,
has the greatest electrochemical activity and diffusion coefficient, may be due to short diffusion
path of Li" on the tungsten oxide nanowires " and the highest conductivity '2 which allows for the

easy transport of Li* ions across the film and thus enhances the peak current.
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Figure 5-6. Cyclic voltammograms spectra for tungsten oxide at four different growth temperatures

(400 °C, 500 °C, 600 °C, and 700 °C) with oxidization process.

Table 5-2. Electrochromic performance of tungsten oxide at four different growth temperatures

(400 °C, 500 °C, 600 °C, and 700 °C) with oxidization process.

Heat-treatment I Ipa Epe Ep, Diffusion coefficient
condition (pAlem®) (pA/cm?®) - (mV) (mV) (cm?/s)
400 °C 972 112 1003 204 1.3x10™"
500 °C 3826 3607 1002 1105 2x10”
600 °C 691 213 1002 402 6.7x10™"
700 °C 6 2 1002 202 5x107™"°

Figure 5-7 shows typical chronoamperometric (CA) traces recorded during coloration and
bleaching of the tungsten oxide at four different heat-treatment temperatures. During the

experiment, CA cycling was performed on the tungsten oxide between +1 and -1 V (versus SCE).
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The voltage was stepped from O to -1 V for 10 s (coloration) and then reversed to +1 V for the next
10 s (bleaching). The CA technique was used to measure the response time for the tungsten oxide.
Response times for coloration (#.) and bleaching (#,) were calculated from current time transients
and the results are given in Table 5-3. The plots suggest that the response time are the fastest in the
500 °C sample (coloration time 1.7 s, bleaching time 1.1 s), which exhibit the nanowires structure

possibly due to decrease the diffusion distance of the Li* ions by tungsten oxide nanowires structure

11,13

[l =+/Dt:l =dif fusion distance, t = response time ] and hence results in a faster

coloration-bleaching time behavior.

Figure 5-8 shows the chronocoulometry data of tungsten oxide with the potential being
stepped from -1 to +1 V (Versus SCE) for a step of 10 s. The electrochromic reversibility was
calculated as the ratio of deintercalated charge (Qg;) to intercalated charge (Q;), and the results are
given in Table 5-3. Heat-treatment temperatures samples at 400 °C, 500 °C, and 600 °C are easily
reversible for lithium ion insertion and extraction, but the reversal of the 700 °C sample is
somewhat inhibited, possibly due to the sample’s higher resistance, hence the lithium ion insertion

and extraction are hardly reversible. These results are in agreement with -
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Figure 5-7. Chronoamperometric response (i-t) for the tungsten oxide at four different growth

temperatures (400 °C, 500 °C, 600 °C, and 700 °C) with oxidization process.
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Figure 5-8. Chronocoulometry curve for tungsten oxide at four different growth temperatures (400

°C, 500 °C, 600 °C, and 700 °C) with oxidization process.

62

Synthesis of..., Tomy Abuzairi, FT Ul, 2012



Table 5-3. Chronoamperometry and chronocoulometry measurement of tungsten oxide at four

different growth temperatures (400 °C, 500 °C, 600 °C, and 700 °C) with oxidization process.

Heat-treatment  Response time o} Qi (Oi- Q4i) -
condition t.(8)  tp(s) (uC/em?) (C/em?) (uC/ecm?) Reversibility (%)
400 °C 2.5 1.3 29260 12160 17100 41.7
500 °C 1.7 1.1 32910 16840 16070 51.2
600 °C 3 1.3 27900 8320 19580 29.8
700 °C - - - - - -

5.5 Optical Transmittance Studies

Figure 5-9 shows the transmission spectra for all samples in their bleached and colored
states. The transmittance difference (A7) and the change in optical density (40D) between the

bleached and colored states at 500 nm are respectively calculated using relations (3) and (4).

AT = [Tb] 3)
TC A=500
Ty
AOD = In (—) 4)
€7 1=500

where T}, and 7. are the transmittance of tungsten oxide in its respective bleached and colored states

at A =500 nm.

Coloration efficiency (CE) is defined as the change in optical density (40D) per unit of

inserted charge and is calculated by relation (5), with results listed in Table 5-4.

_ (80D)-500

CE
AQ

)
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where AQ is the amount of charge intercalated in the sample to cause change in optical density
(40D), which was estimated by integrating the area under the curve of current density versus time.
The nanowires structure in the 500 °C heat-treatment temperature has the maximum CE (67.4
cm?/C), which indicates that the coloration efficiency might be affected by the morphology

structure, electrical conductivity, and larger diffusion coefficient.

Table 5-5 shows the response time and the coloration efficiency of the nanowires reported
by other researchers. Our work exhibit faster response time and higher coloration efficiency than
that reported earlier by Liao et al. >, Yoo et al. "', and Shim et al ', for nanowires WOj films. The
electrochromic smart windows with higher coloration efficiency only need low charge transfer and
this also provides better stability. Therefore, the tungsten oxides nanowire prepared by
heat-treatment technique at 500 °C, corresponding to the maximum electrochromic performance,

would be further adopted in the commercial application of smart windows.

Table 5-4. Coloration efficiency and optical modulation of tungsten oxide at four different growth

temperatures (400 °C, 500 °C, 600 °C, and 700 °C) with oxidization process.

Heat-treatment 2 2
Ty (%) Tc(%) (ATh=s00mm (AO0DN=soonm AQ(Clem )  CEsponm (cm /C)

condition
400 °C 41.2 13.2 28 1.14 0.043 26.51
500 °C 60.4 9.8 50.6 1.82 0.027 67.41
600 °C 31.9 15 16.9 0.76 0.059 12.88
700 °C 86.2 84.7 1.5 0.02 - -
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Figure 5-9. Transmission spectra for tungsten oxide at four different growth temperatures: (a) 400 °C,

(b) 500 °C, (c¢) 600 °C, and (d) 700 °C in its bleached and colored states.

Table 5-5. The response time and the coloration efficiency of the tungsten oxide nanowires

Diffusion ~ Response Coloration  Transmittance Synthesis Morphology
Reference coefficient v efflclzency difference of tungsten of tungsten
(cm?s) I (8) 1 (s) (cm /C) (AT %] oxide oxide
Th 1
Liao et al. ° . 30 15 613 64.8 erme Nanowires
evaporation
N :
Yooetal. ' 17x107" 35 1.1 Solvothermal oo
Bundles
Shim et al. '? - 4.2 1.0 64.8 Electrospinning ~ Nanowires
Our Work 2x10” 1.7 1.1 67.41 50.6 Heat-treatment ~ Nanowires
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5.6 Conclusion

Tungsten oxide nanowires were prepared on a tungsten film (W)/ITO-glass substrate at 500

°C for electrochromic devices using the heat-treatment technique. The X-ray diffraction (XRD)

analysis indicates that a cubic B-W phase at as-deposited tungsten film on ITO-glass substrate, a

monoclinic WO, in the 400 °C heat-treatment temperature, a hexagonal WO; phase was formed at
temperatures of 500 °C and 600 °C; and the phase transformed to orthorhombic W30g when the
temperature was raised to 700 °C. Scanning electron microscopy (SEM) shows that the morphology
and structure of the tungsten oxide nanowires exhibit in the 500 °C heat-treatment temperature.
Electrochromic measurements were performed in electrolyte (1 M LiClOs in PC-water mixtures).
Electrical conductivity of tungsten oxide and the corresponding electrochromic performance is the
best in the 500 °C heat-treatment temperature. The recorded cyclic voltammogram, hence the
diffusion coefficient, is maximized in the 500 °C (2x10™ cm?/s), followed by 400 °C (1.3x10™' cm?s),
600 °C (6.7x10" cm2/s), and 700 °C (5)(10'15 cmz/s) heat-treatment temperature. The
chronoamperometric plots suggest that the response time are the fastest in the 500 °C sample
(coloration time 1.7 s, bleaching time 1.1 s), which exhibit the nanowires structure. Furthermore,
tungsten oxide nanowires structure prepared by the heat-treatment technique shows the maximum

coloration efficiency of 67.41 cm”/C.
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Chapter 6

Conclusion and Future Works

6.1. Conclusion

In this study, tungsten oxide was successfully synthesized (not only thin film structure, but
also nanowires structure) on ITO-glass substrate. Thus far, growing of tungsten oxide thin film or
nanowires structure on a supporting substrate (ITO-glass substrate) is challenging yet essential for
tuning the electrochromic smart windows performance. The resulting of tetragonal WOj3 thin film,
with heat-treatment temperature 550 °C and 450 °C, exhibit good electrochromic properties such as
a high diffusion coefficient (1.7)(10'I 1 cm2/s), fast electrochromic response time (coloration time 1.6

s, bleaching time 1.2 s), and high coloration efficiency (60.4 cm?/C).

Furthermore, tungsten oxide nanowires shows excellent electrochromic properties such as a
high diffusion coefficient (2x10? ecm?/s), fast electrochromic response time (coloration time 1.7 s,
bleaching time 1.1 s), and high coloration efficiency (67.41 cm?/C). Therefore, the tungsten oxides
nanowires prepared by heat-treatment temperature at 500 °C, corresponding to the maximum
electrochromic performance, would be further adapted in the commercial application of smart

windows.

6.2 Future Works

In the future work, we should conduct some analysis in the 450 °C and 550 °C by
heat-treatment technique to make sure that the tungsten oxides nanowires in the 500 °C is the best

electrochromic properties prepared by heat-treatment technique.
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Furthermore, we could do further studies for electrochromic durability and stability of
tungsten oxide nanowires based smart windows. Since smart windows are usually intended for use
everyday, deterioration of smart windows is best gauged by eye and with the same illumination,

environment and cell driving conditions, which would be employed during normal operation.
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