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Summary

This thesis ams to investigate TiO> doped WOz thin films and their
corresponding electrochromism properties as a candidate for application on
“Smart Windows”. The configuration of the entire thesis includes seven
chapters. In chapter 1, a brief introduction on the importance of electrochromic
concept and literature review focusing on tungsten oxide based electrochromic
materials have been presented. Through reviewing the works done by other
scientists, the properties of tungsten oxide and the corresponding devel opment
on “Smart Windows” application based on WOz system have been exhibited.
Through comparing the fabrication methods, the hydrotherma and co-
anodization technique provides the advantages and conveniences on producing
oxides thin films on the desired substrates with different morphologies.
Moreover, to the best of my knowledge, co-anodizing of Ti/W thin film for
electrochromic investigation has not been reported except in this thesis. Next,
the experimental methods are elaborated in chapter 2, with results and
discussion presented in the later chapters. In chapter 2, the specific methods
used for the thin film synthesis have been listed. Furthermore, the related
characterization and testing conditions have been stated in this chapter as well.
In chapter 3, the critical technique used for the synthesis of TiO2 doped WOs
thin film is one step hydrothermal method which has the benefit of producing
thin films with good crystallinity. In addition, the hydrothermal parameters,

containing hydrothermal time, temperature and precursor proportion in
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hydrothermal proportions, are easily controlled. The hydrothermally
synthesized TiO> doped WOs thin films show two layer structures consisting of
nanopillars on top of a compact layer with uniform Ti/W atomic ratio of 4:1. In
the present work, on the one hand, this thin film presents a large light
transmittance change range of 67% at 632.8 nm, twice that of an equivalent pure
WO:s film. On the other hand, its coloration efficiency is increased by 50% to
39.2 cm? CL. Additionally, it is well adhered to the substrate and shows good
electrochromic reversibility. In the colored state, the transmittance of the TiO»
doped WOz thin film within visible light range is below 5%, whilst in the bleach

state this exceeds 70%.

Continuing the observation from chapter 3 which demonstrates the improved
electrochromic property through doping TiO2 into WOs host, chapter 4 also
investigates the TiO> doped WOs thin film but this time the film is produced by
the co-anodization of co-sputtered Ti/W thin film in an organic solution. The
purpose is to obtain the thin films with different nano-morphologies with
improved specific surface area and convenient charge transport channels like
pores to further enhance its electrochemical kinetic properties. The synthesized
TiO2 doped WOs thin film, with titanium atomic percentage of ca. 10 at.%,
shows honeycomb structure with macro-porous surface. Thelight transmittance
change range of this anodized film can reach at 70% at the wavelength of
632.8nm which is 12% higher than an equivalent pure WOs3 thin film. It also
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exhibits higher reversibility of 93% and coloration efficiency at a wavelength
of 800nm of 64cm?/C, compared to 73% and 19cm?/C for the pure WOs thin

film.

Based on these improvements on el ectrochromic properties by doping TiOz into
WOz thin filmsin chapter 4, chapter 5 studies the effect of different amounts of
titanium atoms in the WO3 matrix on the related morphological, structural,
electrochemical and electrochromic properties of the thin films. Furthermore, in
this chapter, the pure thin film and the titanium doped thin films are anodized
in aqueous acidic solutions, asthisis more attractive to industry than an organic
solvent. It was observed that the morphology of the thin films undergoes an
evolution from nano-pores, nano-flake to nano-block interweaved porous
structures accompanying with Ti atomic percentage varies from 0%, 7%, 10%
and 15%. The electrochromic experiments demonstrate that the optimum
titanium level is 10 at.%, with the TiO2 doped WQOs film at this level having a
transmittance change range of 58.5%, 72% and 77.7% at 550 nm, 632.8 nm and
800 nm respectively, which is more than a25% improvement at all wavelengths
over a pure WOs film formed in the same way. The 10 at.% titanium film also
provided shorter coloration/bleach times, especially in the critical near infrared
region with values of 10 s/64 scompared with 32 /90 s of apure WOz thin film.
Finally, cyclic voltammetry showed that the addition of titanium improved the

film’s stability, with the best films losing less than 5% of their capacity after

viii



1000 switching cycles.

Finally, physical characterization of the various electrochromic thin films was
also conducted. In all cases, XPS spectroscopy proves that the valence of
tungsten and titanium elements in both as prepared pure WOz and TiO2 doped
WOs thin films were 6+ and 4+ respectively without any traces of aternative
valences. In addition, both XRD and Raman results revealed no evidence of
separate TiO2 phases, with indications that the Ti*" replaced W& within the

WOz lattice causing areduction in the structural crystalinity.
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Chapter 1 Introduction

Nowadays, saving energy, which is more efficient than finding new ways of
energy generation, is critical for sustainable development of the world. In
tropical countries like Singapore, providing comfortable working environment
requires high cost on air-conditioning systems to resist on heating due to the
transmission of infrared (IR) light through window. Nevertheless the
aesthetically pleasing attribute of glass still warrants its widespread usage in
building construction.Therefore, investigations on “Smart Window” materials,
which can simultaneously impart energy efficiency and augment human
comfort by controlling the throughput of both solar radiation and visible light
into buildings, can greatly reduce energy consumption and thus raised interest
in energy efficiency research. Such “Smart Windows” hold out the promising
prospect of alowing the wide usage of glasses without the drawback of solar

heating.

Thecritical technique applied on “Smart Windows” isto add acontrollable layer
of thin film which can regulate the incoming solar flux by blocking the
transmission of IRkeeping rooms cool yet still allowing good visibility due to
its reversible color change. There are two advantages on “Smart Windows™:
firstly, only a small voltage needs to be applied so it can be considered energy

saving; secondly, it can regulate both the indoor light and temperature by



adjusting transmittance to different levels when required.

At present, there are a wide range of options for producing “Smart Windows”
including electrochromic windows, gasochromic windows and thermochromic
windows. Among all these, electrochromic windows are favorable in tropical
conditions for their guarantee on controlling solar light flux input while

providing better visua lighting inside of the buildings.

The electrochromic window is named under its chromic mechanism called
electrochromism. This phenomenon can be observed with a series of materials
which exhibit the property of reversible color change upon being imparted a
burst of electrical charges. Because of such unique behavior, these
electrochromic materials, fabricated by different method, have been

investigated to capitalize on their exceptional capability.

1.1 A brief history of electrochromism

History of the electrochromic materials involved many famous scientists and
started as early as in 1704, when Diesbach firstly discovered Prussian blue in
the laboratory of Dippel in Berlin. [Y 1n1815 Berzelius showed that pure WOs,

which is pale yellow, changed color when reduced by warming under a flow of



dry hydrogen gas @ and in 1824 Wohler effected a similar chemical reduction

with metallic sodium.®

Different applications of such useful material property soon followed suit. An
early form of photography, which is a ubiquitous example of a photochromic
color change involving electron transfer, was devised in 1842 by Sir John
Frederick William Herschel for technological application. ™ This technique
involveed generation of Prussian blue KFe[Fe(CN)gl(s) from moist paper
pre-impregnated with ferric ammonium citrate and potassium ferricyanide,
forming yellow Prussian brown Fe**[Fe(CN)s]* or Felll[Fell1(CN)e]. Wherever
light struck the photographic plate, photo reduction of Fe yielded Fe; in the
complex, hence Prussian blue formation. Herschel called his method
‘cyanotype’. By 1880s, the so-called ‘blueprint’ paper had already been
manufactured on a large scale. Soon after Herschel’s work, Bain patented a
primitive form of fax transmission that again relied on the generation of a
Prussian blue compound.™ Probably the first suggestion of an e ectrochromic
device involving e ectrochemical formation of color was presented in aLondon
patent of 1929, which concerned the el ectrogenration of molecular iodine from
iodideion.[®! Oneyear later, K obosew and Nekrassow reported the first recorded
color change following electrochemical reduction of solid tungsten trioxide.l”
By 1942 Talmay had a patent for electrochromic printing called electrolytic

writing paper involving MoO, and/ or WO3.89 In 1951, Brimm et al. extended



their work to effect reversible color changes, for NaxWOs immersed in 1 mol
dm® sulfuric acid.*® Two years later, Kraus elaborated the basis of a display

using the reversible col or-bleach behavior of WOs immersed in sulfuric acid. [

In the early 1960s, Philips developed commercia electrochromic products
utilizing an agueous organic viologen. Their first patent dated from 1971 and
published academic paper in 1973.1*2%3 However, the first widely accepted
suggestion of an electrochromic device should be attributed to Deb, who in 1969
formed an eectrochromic color by applying an eectric field of 104 V cm?
across a thin film of dry tungsten trioxide vacuum deposited on quartz.[*4 In
1971, Blanc and Staebler produced an electrochromic effect superior to most
prior arts by applying electrodes to the opposing faces of doped crystalline
SrTiOz and observed an el ectrochromic color moveinto the crystal from the two
electrodes.*™ The following year, Beegle developed a display of WOz having

identical counter and working electrodes, with an intervening opague layer. [261

Nowadays most workers make reference to Deb’s later paper, which dated from
1973, as the true birth of electrochromic technology with a film of WOs3
immersed in an ion-containing electrolyte.!” In 1975, Faughnan et al. of the
RCA Laboratories in Princetonreported WO3 undergoing reversible
electrochromic color changes while immersed in aqueous sulfuric acid in akey

review paper.l*¥ Mohapatra of the Bell Laboratories in New Jersey published



the first description of the reversible electro-insertion of lithium in 1978.% In
1979, Diaz et al. developed the first account of an electrochromic conducting

polymer by synthesizing of thin film poly(pyrrole).[*!

In this thesis the electrochromic material of interest is focused on transition
metal oxides and there have been many reports on the el ectrochromic properties
and uses of transition metal oxidesin the scientific literatures, such as tungsten
trioxide (WGOs), titanium oxide (TiOz), molybdenum oxide (MoOs) and

nobelium (NbzOs). 212

1.2 Brief review of the development of research on electrochromic

transition metal oxides

Electrochromism arises from ion intercal ation/de-intercal ation processes which
can be defined schematically by:

MeO, + xIt & xe™ + I,MeO,, (1.1)
where Me, I and € and n denote a metal atom, asingly charged small ion such
asLi* or H" and an electron and n is avariable parameter rel ated to specific type
of oxide. For example, the value of nis 3 for defect perovskites, 2 for rutile, 1.5
for carborundums and 1 for rock-salts. @ Accompanying with this ion
insertion/extraction, the electrochromic layer can regulate the optical

transmittance reversibly and persistently associating with coloring/bleaching



processes by alternated potential polarity.

Various eectrochromic materials have been investigated and these can be
classed into two main categories. The first is the inorganic transition metal
oxides and the second are organic materials, which accomplish the process of
color change by electrochemical redox reactions such as viologen, 1,1-
Diheptyl-4,4"-bipyridinium and some conductive polymers. [22 As compared to
the inorganic materials, the organic e ectrochromic materials, show advantages
in short response time, easy molecular design and relatively high coloration
efficiency. However, they also have limitations such as poor reliability and UV
instability results in irreversible side reactions that are a major limitation for

their applications. (2425

The electrochromic transition metal oxides can be further divided into three
subcategories based on their crystal structure: perovskite-like, rutile-like, and
layer and block structure. Alternatively these inorganic electrochromic
materials can be classified as being cathodic or anodic, depending on whether
coloration occurs when the materia is acting as a cathode or an anode. The
oxides of Ti, Nb, Mo, Taand W are all cathodic with coloration occurring with

the insertion of positive ions; 29

WO, +X(M* +e) > MW, WO,

(1.2)
transpar ent blue



MoO, + x(M* + &) - M,Mq( ,,Mo] O,

(1.3)
transpar ent blue
V0, +x(M" +e7) > M,V,0O, (1.4)
transparent pale blue '
Nb,O, + x(M " +e") > M,Nb,O, (L5)

transpar ent pale blue

whereM* = H*, Li*, Na"',or K" and 0 <x < 1.

Through comparing with other transition metal oxides, WOz shows the most
promising prospects for commercial eectrochromic displays and smart
windows by virtue of its appearance, response time, charge consumption,
reliability and manufacturing yield.1?”-3 Therefore there are a great number of
investigations on WOz which are focused on its morphology of nanostructure,

[39 fundamental electrochromic principle and widespread applications. 627

1.3 Fundamental resear ches on tungsten oxides

Tungsten oxide, which isan n-typeindirect band gap semiconductor, has proven
to be the most favored transition metal oxide aternative for application in
electrochromic displays or “Smart Windows”. [ Because that the band gap
of WOz isusualy reported as 2.7 eV, however, it can vary from 2.4 eV (cubic
ReOs structure) to 3.15eV (orthorhombic WOs crystal), which lead to high
transparency of tungsten trioxide deposited windows. (-4 With the rapidly

escalating research on semiconductor nanostructures, the texturing of WOz by
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different methods s also the subject of more attention for the purpose of further

enhancing its el ectrochromic performance.

1.3.1 Structural models for amorphous tungsten trioxide

Non-crystallite/amorphous tungsten trioxide (aaWQOs) films with characteristic
electro- and photo-chromic abilities have been extensively investigated in the
past years and severa structural models have been proposed. According to the
literatures, arranged in chronology, in 1977 Zeller and Beyelek pointed out
traces of corner sharing WOe octahedra information by analyzing their XRD
results. [3° Later, Shiojiri et al and Kaito et al, one after the other, observed
under TEM that the WOs film consisted of micro crystallites with sizes 10-30
A. 1441 1n 1987, Ramans et al.. [*%! claimed the film consisted of clusters
which were formed through three to eight WOs octahedral sharing their edges
and corners, with Raman spectroscopy showing evidence of W=0 bonds. In
addition, these authors suggested a layered structure similar to the findings in
MoOs system. [ In the meantime, Arnoldussen suggested that their amorphous
WOs films formed by evaporation consisting of trimetric W3Og molecules
werebonded weakly to each other by water bridges, aswell as hydrogen and van
der waals bonding. [*! In 1989, Nanba & Y asui investigated the microstructure
of amorphous WOs thin films in further details. They analyzed quantitative
water content in their films using TG & FTIR and pointed out WO3.1/3H20

cluster models in these amorphous WOs films. ¥ In recent years, the
8



transformation of WOs from amorphous to crystalline has been investigated
through annealing the film under different temperatures, with Ozkan et al.
finding that when the annealing temperature is increased to 390°C , the
amorphous structure of WOs can still be seen. However, after annealing at

450°C, only monoclinic crystalline WOz can be found. [l

1.3.2 Crystal structuresfor tungsten trioxide

Tungsten trioxide shows a perovskite-like (ReOsz) atomic configuration
comprising corner sharing with WOs regular octahedral. In this structure, the W
atom is positioned at the center of an octahedron constructed by O atomslocated
a the corners. However, respective to the ideal ReOs cubic structure the
symmetry islowered by two distortions. one originates from thetilt of the WOsg
octahedral and the other is the deviation of tungsten atom away from the center

of the octahedron. (1

These distortions, occurred as a consequence of the phase transitions, are
observed in crystal structures of WOsz. However, the magnitude of the
spontaneous distortions is reported to be dependent on the process temperature.
As the temperature is increased from -189°C to 900°C, the structures of the
single crystals of pure WOs are transformed following a sequence of monoclinic

— triclinic —monoclinic —triclinic — tetragonal, accompanying with the



space group transitions of Pc (monoclinic) (Z =4, D, 230 K) — (triclinic) ( Z
=8, D, 300 K) - P2,/n, (monoclinic) (Z = 8, C, 623 K) — Phbcn,
(orthorhombic) (Z = 8, D, 973 K) — P2,/c (monoclinic) (Z = 4, C, 1073 K)
— P4/ncc (tetragona) (Z =4, C, > 1173 K) — P4/nmm, (tetragonal) (Z = 2),
where D and C denotes discontinuous and continuous transitions respectively
and the temperatures are the transition points. [5? Therefore, the electrical and
optical performance of tungsten oxides is greatly influenced by the change of
crystal phases. According to the literature, the monoclinic structure is the most
stable form at room temperature and the orthorhombic phase will be formed
when temperature rises to 330C . This orthorhombic structure can be
maintained even as the temperature is increased to 740C . The phase boundary
regions from monoclinic to orthorhombic is recognized as the WOes octahedron
tilting caused by the shift of tungsten atoms ascribed to a decrease in the W-O
displacement at the (001) orientation. 3 However, according to the recent
studies, the monoclinic structure is obtained after annealing samples at 450C,

followed by natural cooling to room temperature, 545

1.3.3 Electrochromic mechanismsfor tungsten trioxide crystalls

Thewidely accepted el ectrochromic mechanism for crystalline WOz isaDrude-
like free electron absorption with a behavior very similar to a heavily doped
semiconductor with ionized impurities. 5 This model, used for explaining the

electrochromic property in crystalline WOs system, is built on adoubleinjection
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of electronsand ions. It proposes that the inserted ions and el ectronswould like
to occupy the extended state of the WO3 band structure, which are in the band
gap and could be caused by the variations in bond lengths and angles, grain
boundaries or strain effects, and be scattered by impurities inducing high

reflectance in the IR range. [58-59

1.4 Methods of synthesis of tungsten oxide

1.4.1 Sol-Gel

Sol-gel reaction was first discovered in the late 1800s and intensively
investigated since the early 1930s. [6%6U According to literatures, most of
hydrated tungsten oxides films are synthesized by sol-gel methods and heat

treatment is usually required for producing WOs with crystal structure. (91

The most popular precursors for WO3 sol preparation are tungstic acid and
peroxotungstic acid solutions in aqueous system. 6268 The tungstic acid
solution is usually prepared by acidifying sodium tungstate solution, (6% while
the peroxotungstic acid by resolving pure tungsten in 30wt%~35wt% hydrogen
peroxide to form [WO2(O2)H20].nH0 complexes. ["% The precipitates, formed
during the aging process in the tungstic acid solution, are ascribed to the
condensation of the intermediates due to the hydrolysis of HoWOa4. The same

agglomerates in the form of WO3.nH20O are observed during the gelation of

11



peroxotugnstic acid solution and a series of organic acids, assisting in the

gelation, need to be added into the solution at 50°C-60°C for 24h-48h. ['1

Despite the advantages of the sol-gel method in synthesizing materials with
desired structures, this method exhibits some drawbacks including long
processing time, difficultiesin removing organic residuals completely and large

shrinkage rel ated to the gelation processes.

1.4.2 Hydrothermal method

In the case of the hydrothermal technique, it shows advantages in scalability
(such asacommercial-scale hydrothermal process for culturing quartz crystals),
low energy consumption, reduced process steps, utilization of water as solvent
and low precursor cost. [’>7¥ However, the requirement for safe operation of a
large pressure vessel that needs to be combined with a high aggregation rate

currently hinders wider use of this technique.

Generally, the synthesis of WOs film consists of precursor solutions such as
H2WOa4, WCls or NaeWO4 solution, followed by addition of chelating ligands
or capping agent such as inorganic chemicals of LioSOs, (NH4)2S04, or NaCl
(7478 and organics of polyethylene glycol (PEG), polyvinyl acohol (PVA),
sulfates and oxalic acid for obtaining the crystals with desired shape. [72 7%-87

12



By now, different morphologies of WOs film have been reported through the
hydrothermal method, such as one dimensional nano-wires and nano-rods; [

884 two dimensional nano-belts and nano-plates. (&8¢!

Besides the capping agents, other hydrothermal parameters also play important
roles in shaping and controlling the morphologies. These parameters are pH of
hydrothermal solution, hydrothermal temperature and period, even the order of
adding precursors. All these conditions show different influences on the

property of the obtained materials.[¥”]

In 2009 Zhao et al .’ composed varieties of WOs with different morphologies
that evolved from hollow spheres, then hollow boxes and finally to nanotubes
originated from the prototype of hollow structures of tungstic acid. They
achieved the synthesis via the hydrotherma method through regulating the
component proportions in the solution, which consisted of WCle/urea/ethanol
system, as well as atering the experimental factors like hydrothermal

temperature, duration and pH value.

1.4.3 Electrodeposition

Another commonly used liquid phase reaction is electro-chemical deposition

method, which is an effective way to produce coatings on the desired substrate

13



from the agueous solutions. A schematic description for an electro-chemical

deposition set up isshown in Figure 1.1.
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Figure 1.1 Schematic of an electrolytic cell used in the electrodeposition process.
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According to the literatures, the most favored electro-deposition precursor
solution for WOs is peroxotungstic acid. However, this peroxotungstic acid is
highly unstable and forms precipitations through condensation reactions within
several hours. Therefore, alcohols like iso-2-propanol or ethanol is usualy
added into the peroxotungstic acid solution to react with it and form a
peroxotungstic ester. The produced peroxotungstic ester is soluble and can be
kept for up to 2 weeks under the same conditions.!®® Additionally, a lamellar
structure of WOs is reported by Baeck et al. through adding sodium dodecyl
sulfate into the electrodeposition solution. Besides, this observed lamellar phase
exhibits not only enhancements on phtocatalytic activity, but aso greater

14



current density for hydrogen intercalation due to its larger surface area and
facilitated charge transport channels ascribed to its mesoporous morphology,
that are beneficial for electrochromism.!®® Wang et al. has reported nanoballs
morphology of WOz thin film with diameters ranging from 40nm to 350 nm,

which is achieved by electrodepositing from the agueous tungstic solution.*®

However, the electrodeposition method faces difficulty in obtaining thin films
with even surface and equal thickness, especially with porous structures. In
order to achieve this purpose of producing WOs thin film with ordered pores,

the e ectrochemical anodization method can be used.

1.4.4 Electrochemical anodization

Anodizing is an electrolytic passivation process for the purpose of increasing
the thickness of the oxide layer on metallic surfaces. This method has long been
used as a metallic surfaces finishing technique on the industrial scale. [°Y
Initially, this method was only used for obtaining a compact oxide layer on the
metallic surface for protection. However, in recent years the formation of
ordered porous morphologies have been found and many self-ordered nano-
porous structures were reported in the early 90’s, such as porous silicon and
porous aumina. %% Since then, other valve metals, like Ti, Ta, Zr, Cd and Bi,

have been investigated as well. [92 95101
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The formed nano-structures of these investigated materials can significantly
enhance their properties and extend the range of their applications due to
drastically increased surface areas. [ 19194 The nano-porous architecture can
also reduce resistances to mass and charge transport compared with bulk
materials for energy storage devices, such as batteries or electrochromic

windows, [101. 103]

By comparing with the other methods mentioned above for fabricating WOz
films, electrochemical anodization can synthesize the most ordered nano-porous
architectures with high ratio of surface to volume and advanced characters on
electro-optica aspects. 1% |n addition, the anodization parameters that are in
charge of controlling and modulating the morphology of the desired nano-
porous structures are easily tuned. Furthermore, the resulting nano-porous oxide
film exhibits good conformability and uniformity for large area applications.
[106-107 Besides, combining with other physicad methods like magnetron
sputtering, it is convenient to produce various oxide films with ordered nano-
porous structures on various substrates which significantly broadens the film

applications, especially for uses such as “Smart Windows”, [1%8]

1.4.4.1 Researches on anodic oxidation of tungsten

The first report on producing nanoporous WO3 by electrochemical anodization

16



method in 2003, realized under galvanostatic mode in the oxalic acid €l ectrolyte,
was not satisfactory due to its lack of thickness (150 nm) and non-uniform
nanoporous structures. 1% Subsequently, more WOs films with good
uniformity and desired thickness were synthesized by anodizing tungsten foil in
fluoride containing solutions, which can accelerate the etching rate during the
anodizing process. 119210319 pgrtjcularly, Tsuchiya et al. demonstrated their
self-organized nano-porous WOz film with thickness of approximate 500 nm
through the anodization of W foil under potentiostatic mode in NaF electrolyte.
(1021 |_ater on, Zheng et al. successfully transferred this method to apply it on
conductive glass by anodizing a tungsten film sputtered on a FTO substrate
through magnetron sputtering technique. This latter film greatly improved
electrochromic efficiencies in comparison with WOz sputtered directly on the
same substrate. The enhancement on the efficiency was ascribed to the formed
macro-porous structure. [*1% However, due to hazards associated with using HF,
handling of the chemicals and the experimental protocol must be in accordance

with applicable risk management practices.

Soon afterwards, various investigations on the anodized WOz were reported and
were focused on different aspects including anodizing mechanism, potentials,
duration, substrates, electrolyte, heat treatment and temperatures, even film
thickness and so on. [1% 111 A|| these conditions were important for controlling
the pore size in order to get optimized el ectrochromic properties.
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1.4.4.2 Electrochemical anodization mechanism

Recently, numerous efforts have been made in order to explore the mechanism
of the electrochemical growth of WOs by using the anodization technique. 2
However, unfortunately, experimental evidence is still lacking to substantiate
the presently proposed model or theory. According to previous investigations
on the anodization mechanisms of producing porous oxides, there are two main
theories that need to be discussed. One is deducted from the anodization of
nanoporous auminum oxide (AAQ). According to the work reported by
Jessensky et al., ¥ the anodic aluminum oxide with poresis formed viaatwo-
step process, with first step being metal oxidation under an applied electric field

and followed by oxide dissolution step in anodic electrolyte.

Although this analogous process is also used for explaining the tungsten
anodization process, there are ill discrepancies between auminum and
tungsten, such as the role of fluoride ions in pore formation processes during
anodization of tungsten. Hence, another more favored and accepted proposition
isthat the anodic growth of tungsten includes series of oxides at the metal/metal

oxide interface based on the following reactions: 14

W +2H,0 >WO,* +4H " +6e (16)
2\0,” +H,0+26" >W,0, +2H" 1.7)
W,0, +H,0 > 2W O, +2H" +2e (18)

Simultaneously, the dissolution of produced tungsten oxides will be dissolved
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into the electrolyte by the formation of fluoride complexes: 1%
WO, + HF — fluoride complex+H™ +H,O (1.9

From above description it can be concluded that the competition between
oxidation rate, which is determined by the magnitude of the external applied
voltage, and the dissolution rate, controlled by amounts of F in the solution, is
the prerequisite conditions for the pore formation. With the reactions going on,
eventually, a balance will be established between the oxidation rate and
dissolution rate to arrive at a steady state condition, under which the oxidation
rate equal sto the dissol ution rate. This mechanism of the anodic growth of WO3
isrecommended by various researchers based on the experimental results, hence

iswidely accepted. [101-102, 116]

1.4.4.3 Effects of anodization parameters on WOs structure

|. Anodization electrolyte

Over the past 35 years, numerous researchers found that a compact layer of
tungsten oxide will be formed during anodization of tungsten in HzPOa
solutions, which may imply the involvement of other anions coming from the
electrolyte into the film. 17138 |_ater on, Mukherjee et al. and Tsuchiya et al.
have reported the formation of nano-porous structure of WOs by anodizing in
oxalic acid solution and sulphate-fluoride electrolytes. [ 1% However,

Mukherjee et al. did not get very ordered pores as observed from Al203. 1%
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Subsequently, series of WOs films with self-assembled ordered nano-porous
structures were obtained by anodizing in F~ containing electrolytes, [0 10
Recently, Chin et al. synthesized WOs films with nanotube structures by
anodizaiton of tungsten in the solution including sodium sulfate and ammonium
fluoride. [** In view of astudy by Tsuchiyaet al., % which is focused on the
effects of NaF, the best quantity of NaF to obtain the most ordered pores should

be lied within the range of 0.2 wt% ~ 0.5 wt%.

Otherwise, for modifying the morphology of the obtained WO3, some additives
were also studied and it was found that the addition of organic solvents such as
poly(ethylene glycol) or ethylene glycol showed detrimental effects on
producing porous WOs3 film, as these caused aggregates which reduced the

surface area of the film greatly. (207

By contrasting with the acid solutions, basic electrolytes have also been
investigated, however these were found to be undesirable. According to
literatures, so far, the anodization of tungsten in sodium hydroxide solutions
performed by Chen et al. induced porous structure with mixture of irregular

trenches or separated nano-bubbles, 140

[1. Anodization potential

Besides the electrolyte composition, another significant anodization parameter
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isthe voltage. The voltageisthe critical sourceresulting inlocalized breakdown
during anodization process. Hence, in order to keep ordered porous morphology,
appropriate potentials must be selected otherwise the mesh-like morphol ogy
will be produced owing to the severe breakdown. Aiming at elucidating such
effect, Hahn et al. investigated voltage related structures of the oxides during
the anodization in their early work, especialy on TiOz and WOx. '8 They
pointed out that at least 10V must be provided to generate localize breakdown
in chloride containing solutions in the case of WO3.a4 or TiO2 and an optimum
voltage lied within arange of 40~60V, during which the WOz film with uniform
pores was obtained and the average pore size was 60~100nm, based on
discussions by numerous groups. [1%% 1%l Otherwise, thinner WOs film with
either scattered nano-hole or non-porous structures were obtained. On the
opposite aspect, if the voltage went beyond 60V, for example inwithinarange
of 60~80V, the results showed an evolution of nano-pores to tepee-like
nanowires due to the excessive electrical field intensity which leads to the

collapse of the formed pores, [141-142

I11. Anodization time

Tacconi et al. were the first to investigate the relationship between anodization
time and the morphology of the films at selected voltages. [*4? They observed
that when tungsten foil was anodized under 35 V for 30 minin 0.30 M oxalic
acid solution only a low fraction of the film’s surface exhibited a porous
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structure. However, on extending thetime to 300 min and increasing the voltage
to 55 V the porous structure was lost being replaced by cracks throughout the
entirefilm. Later asimilar observation was also reported by Watcharenwong et
al., who pointed out that the best anodization time to obtain the most porous
structure should be chosen within the range 1-3 hours. 1% |n other words, a
short period of anodization time, such as 30 min, was insufficient for forming
nanostructures, while a long period, such as 4-6 h, lead to the collapse of the
formed nanostructures. This has subsequently been confirmed by other authors,
where an anodization period of 1 -3 h exhibited optimum porous film

morphology. [1%5 143

Timeisalso afeasibletool to control thefilm thickness. Y ang et al. [**! obtained
WO3 films with a thicknesses from 500 nm to 2.5 um by extending the
anodization time from 5 min to 40 min in 8M HF and concentrated phosphoric
acid containing solutions. Besides, a film with thickness of 0.6 um-8.7 um was
synthesized by Lee et al. by anodizing in the range of 6 h~26 h in 10Wt. %
K2HPO4/glycerol electrolyte at 50°C. However, further extending the anodizing
period failed to further increase the film thickness, since the establishment of
steady state between oxidation and dissolution rates would inhibit any further

increase of the film thickness. [144
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1.5 Investigations on electrochromism of metal/metal oxide doped WO3

films

In the Section 1.4, it is explained that the properties of WOs films are related to
the synthesis method used. Among al the agueous-phase methods,
hydrothermal method and anodization are more flexible, smple and low cost-
effect ones in controlling and modelling the morphology of films. Therefore,
the hydrothermal and anodization method will be applied for the fabrication of
the desired films in this thesis. To improve the electrochromic properties, both
choosing an appropriate film synthesis method and doping of transition metal
oxide with WOz system are playing important roles. The application of doped
oxide films on electrochromism have been discussed earlier by Grangvist (52

and Monk. [143]

The previous researches showed that the addition of small quantity of guest
oxide into the electrochrome host can generate obvious effects on the material
properties, such as conductivity, absorption spectrum and the potential capacity
for electrochromic window application. (246149 Additionally, the oxide material
showed the capability to solve the problems related to materia reversibility,
stability or optical modulation and so on, which are difficult to be overcamein

pure metal oxide system [146 150-153]

By now, there are many reports on doping of metal or metal oxide with WOz
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system for improving its electrochromic properties. The metal or metal oxide
included oxides of barium, [*54 cobalt or nickel, (1552561 molybdenum, 57 tin
(18] and titanium. [*5%-16%1 Moreover, the oxides of silver and copper have also
been studied and incorporated into the WOs matrix respectively. % However,
theselast two oxidesmay not  bebeneficial for improving the electrochromism
of WO3, since metalic products, not oxides, will be formed during reduction

process.

More recently, many efforts of employing Ti or TiOx as dopant have been made
to improve the electrochromic performance of tungsten oxide. However, there
are few reports revealing the nature of the titanium incorporation. Some reports
claimed that the TiO2 doped WO3 system does not form solid solution, 160163
Most observations found that the incorporation of certain quantity of titanium
can improve the electrochromic reversibility, because titanium creates disorder
in the structure of the crystalline WOs that resultsin more convenient channels

for charges transport.

Hashimoto and Matsuoka firstly reported that the amorphous TiO2 doped WOz
film, produced by electron beam deposition method, exhibits longer lifetime
comparing with pristine tungsten oxide film.[*%4 Subsequently, Gottsche et al.
compared the electrochromic properties of TiO. doped WOs films that
fabricated by sputtering and sol-gel techniques. They pointed out that the
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addition of TiO2 with molar percentages from 10% to 15% reduces the
crystallinity of WOs host and leads to significant structural changes.!'®¥ Later,
Wang and Hu successfully composed TiO>-doped WOz film by spin coating
method and found that the Ti-addition can stabilize the peroxotungstic acid sol
in the spin coating solutions and preserve amorphous structure in the main

matrix, which in turn improves the el ectrochromic capacity of TiO.-doped WO3

film. (147

In 2005, Patil et al.[*%! investigated  the effects of TiO, on the electrochromic
property of WOs film, which was prepared through spray pyrolysis. They found
that the increase of TiO content improves el ectrochromic performance of WOs
film with electrochromic reversibility and coloration efficiency, and the
addition of TiOz is helpful in facilitating process of charge intercalation / de-
intercalation due to more open channels observed in the morphology of TiO2
doped WO;3 film.[*% However, the coloration efficiency was not improved
significantly in that study, and the other study showed that certain additions of
TiO aredetrimental to the coloration efficiency. Presently, Cai et al .[*67 studied
the effect of different concentrations of titanium on the el ectrochromic property
of WOs films prepared by a hydrothermal method and found the optimum
content of 3 mol%, leading to three times higher coloration efficiency than the
pristine WOz film. This improvement was because of the reduced charge

transfer and diffusion resistances that caused by the improved structure disorder
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after adding TiO.

In review of the previous researches, it can be seen that doping of TiO2in WOs
host is an effective way to change the film structure and in turn improve the
electrochromic properties. However, there are no reports on producing TiO»
doped WOs film by anodization of co-sputtered Ti/W films on conductive glass
substrates until now. In thisthesis, the objectsarei). to investigate the influences
of doping different percentages of TiOz into WOz matrix on the electrochromic
property in comparison with the pristine WOs film, and the determine the
optimized molar proportion between Ti and W; ii). to study the morphologies
of TiO2 doped WOz anodizing in agueous and non-agueous solutions
respectively and investigate the influence of morphologies on the coloration
efficiency and light transmittance; iii). to investigate the improvement of
electrochromic properties of TiO. doped WOs thin film with nano-rod
morphology fabricated by using hydrothermal method, which is first reported

here.

1.6 Scope of thisthesis

The scope of the whole thesis consists of seven chapters, except for chapter 1,

which is the introduction, the remaining chapters are:

Chapter 2 describes the experimental methods and characterization techniques

26



used in present work.

Chapter 3 presents the findings from the hydrothermally prepared TiO. doped

WOs thin films and its corresponding electrochromic properties.

Chapter 4 discusses the observations and el ectrochromic features of TiO. doped
WOs thin films prepared by the electrochemical anodization of co-sputtered

W/Ti in the organic electrolyte.

Chapter 5 elaborates influences of different amount of TiO> dopant on the
electrochromic properties of pure WOs thin film. The TiO. doped WOs films
are prepared by electrochemical anodization of co-sputtered Ti/W thin film with

varied atomic percentages of titanium in agueous el ectrol yte.

Chapter 6 makes general conclusions drawn from this work.

Chapter 7 points out works which are valuable to be investigated in future.
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Chapter 2 Experiments Details

2.1 Preparation of Samples Used for Hydrothermal Method

2.1.1 Substrates cleaning

Fluorine coated tin oxide (FTO) glass substrates of sheet resistance 15 Qesqg ™
were cut to 24 mm x50 mm rectangles and cleaned by sequential ultrasonication
in 5% Deconex@90, Milli-Q water (resistivity ~10 MQecm), isopropanol,
acetone and absolute ethanol, each for 15 minutes. The cleaned FTO glasses

were kept in isopropanol solutions to avoid contaminations and ready for use.

2.1.2 Seed layer fabrication

A TiO.2 blocking layer was deposited onto the clean FTO substrate by
immersing it in 0.1 M TiCls solution and keeping on a hot plate at 50°C for 1
hour, followed by rinsing with Milli-Q water (resistivity ~10 MQecm) and
ethanol, after that, the coated FTO substrate was heating at 120°C for 15 min to

evaporate any residual water or organic solvent.

A WO3 seed layer was deposited on to the TiCl4 processed FTO substrate using
a WOs precursor solution prepared following a standard procedure.t 1g
NaWO4e2H>0 was dissolved in 15ml de-ionized water, and then concentrated

HCI solution was added until no more precipitate formed. The precipitate was

36



washed using de-ionized water at least 5timesinal L beaker placed in anice
bath. Then 2 ml H2O. was added into the precipitate under intense stirring at
50°C to dissolve the precipitate and obtain transparent sol solutions. The excess
H20- in the sol solution was consumed by placing a platinum wire into the
solution until the bubbling ceased. The thin seed layer was obtained by casting
the prepared sol solution onto TiCls processed FTO substrate via spin-coating

at 3000 rpm for 15 s and annealing at 400°C for 30 min.

2.1.3 Hydrothermal deposition

For the hydrothermal deposition, the WOs precursor solution consisted of 0.12
M NaWO4 was agitated in an ultrasonic bath and the pH was adjusted to 2.0
with 3M HCl and 0.26 M (NH4)2SO4 powder. The TiO> precursor solution was
prepared following the method described by Liao and Wu. In brief, 0.05M Ti(I1V)
tert-butoxide was dissolved in 6 M HCI, and stirred for 1 hour to obtain TiO>

precursor solution.l?

Once both precursor solutions were prepared, 10 mL of the WOs precursor
solution and 20 mL of the TiO- precursor solution were transferred into a 50 ml
polytetrafluoroethylene-lined stainless steel autoclave tub, which gave a
nomina molar WOz to TiOo ratio of 1.2:1. The prepared FTO glass substrate
wasthen placed vertically in the autoclave. The autoclave was sealed and heated

at a rate of 1°C min* to 180°C and held for 2 hours, after that it left to cool
37



naturally. The processed WOsthin film was rinsed with Milli-Q water and dried

at 120°C for 4 hours.

For a comparison, a pureWOs film was prepared by the same hydrothermal
process except for 20 mL of 0.12M NaWOs, instead of TiO- precursor solution,
was added to the autoclave. Replicate electrochromic films were made for
comparison in this study, the minimum numbers of each type of electrochromic

film was three.

2.2 Preparation of Samples Used for Anodic Anodization

2.2.1 Film deposition by magnetron sputtering

Before sputtering, the substrate was cleaned followed the procedures described
in section 2.1.1. The clean substrate, with small part (20% of the whole length)
covered by aluminum foil for the purpose of exposing conductive surface for
electrical connecting with wires, was placed into the chamber of a DC
Magnetron Sputter. The targets, bought from AJA International, Inc., were
99.99% W and 99.99% Ti. The distance between each target and the substrate
was 8 cm. Before deposition, the sputtering chamber was evacuated to 6.0 x 10°
" Torr after 12 hours at room temperature, after that the sputtering of W and Ti
was conducted simultaneously in an inert argon atmosphere (2.0 x 10 Torr) on
a substrate temperature of 400°C. During sputtering, the flow rate of argon was

kept at 2710 > mmHg/min.
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The atomic ratios of titanium over tungsten in W/Ti films were obtained by
adjusting the RF power to the titanium target at 10 watt, 15 watt and 20 watt
respectively, while keeping the RF power to the tungsten target at 90 watt.
During the sputtering process, not all the atoms could be collected by the
substrate, hence there was aloss of atoms. Theinitial atomic ratio was estimated
from the sputtering power. Each target (pure tungsten or pure titanium) had its
own sputtering rate corresponding to the selected sputtering power. The
titanium sputtering rate was 10 nm/min at RF power of 100 W and the tungsten
sputtering rate was 6 nm/min at RF power of 90 W. The final atomic ratio was
obtained by SEM-EDS result. The temperature kept constant (400 + 3 €)

during the sputtering process. The thickness of the film was controlled at around

450 nm by optimized sputtering duration.

2.2.2 Anodization of W/Ti thin filmsin organic solution

After magnetron sputtering deposition, the Ti/W thin film was anodized under
asweep rate of 0.1V s to 10 V and then fixed at 10 V for 40 min (Keithley
236 Source Mearuring Unit) against a platinum cathode in 0.3M NH4F
dissolved in ethylene glycol (98% anhydrous, Sigma Aldrich) and 2 vol%
deionized water. After anodization, the samples were carefully washed with
Milli-Q water (resistivity ~10 MQ.cm) and dried under a stream of nitrogen gas,
after that the samples were baked at 450°C for 3 hours to ensure complete
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oxidation. The rising rate of the temperature was 2°C  min'. The pure tungsten

thin film was anodized under the same conditions.

2.2.3 Anodization of W/Ti thin filmsin aqueous solution

Ti/W thin film was anodized under a sweep rate of 1V s to 40 V and fixed at
40 V for 40 min (Keithley 236 Source Mearuring Unit) against a platinum
cathodein 1 M H>SO4 solution with 0.3 wt.% NaF. The heat treatment condition

after anodization was the same as described in section 2.2.2.

2.3 Characterization

2.3.1 Morphology, Elemental Distribution and Structure Characterization

The morphologies and elemental distributions of the prepared films were
investigated by using a Zeiss Field Emission Scanning Electron Microscopes
(FESEM) and a high resolution JEM 3010 F transmission electron microscope
(HRTEM) equipped with afield emission gun. Sample preparation for the TEM
investigations involved scrapping the desired thin film from the FTO substrate,
dispersing the nanoparticles in absolute ethanol by ultrasonication, and then
coating it onto copper grids. The crystal structure of thin film was probed using
a Bragg-Brentato theta two theta diffractometer (Bruker D8 Advance) scanning
from 20° to 80° with Cu K-a X-ray source (1.54A).

The oxidation state and surface composition of the as-prepared sample was
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confirmed by high-resolution X-ray photoelectron spectroscopy with a Kratos
Axis UltraP-P X-ray photoel ectron spectrometer equipped with an Al K, X-ray
source (1486.6 eV), with the high resolution HRXPS spectra being analyzed
with the aid of Casa-XPS software. The elemental carbon, which exists in
ambient environment at constant concentration, was used as an internal standard
for calibrating binding energies. Except for this, there were no other discernable

impurities in samples.

Raman measurement was performed by Renishaw Raman microscope with an
Arionlaser at 532 nm excitation wavelength. Stretching and bending vibrations
of WO3 were occurred within the ranges 950 cm2-600 cm® and 400 cm-200
cml, respectively. There were also sub-classifications reported for the short
terminal W=0 bonds which are not the stable phase and the bridging W-O-W

bonds beyond 950 cm? (You should rewrite this sentence).

2.3.2 Electrochemistry Characterization

The electrochemical properties of film were investigated by applying thin film
as electrode in a conventional three electrode cell containing 1 M LiClO4
(anhydrous) dissolved in propylene carbonate.The non-aqueous reference
electrode was a Ag/Ag+ system constructed by immersing a silver wire in
0.01M AgNO3 plus 0.1M tetrabutylammonium perchlorate dissolved in
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acetonitrile. All potentials in this study were this reference system (0.30 V vs
SHE). A Pt wire behaves as counter electrode to complete the circuit. Cyclic
voltammetry (CV), electrochemical impedance spectroscopy (EIS) and
chronoamperometry (CA) measurements were conducted at room temperature

and controlled by an Autolab PGSTAT302N potentiostat with Gpes software.

The CV tests were carried out at ascan rate of 50 mV st from —1.0 V to +1.0V
for hydrothermal produced films and from -2.0 V to +1.0 V for films fabricated
by anodization method. EIS tests were carried out with a superimposed 5 mV
sinusoidal (RMS) perturbation over the frequency range from 100 kHz to 0.01
Hz and analyzed by fitting to an equivalent circuit with the aid of Z-View
software (Scribner Associates Inc.). The fit errors were calculated as in the
following example: if the best value for a particular resistor is 200 Q, the value
isincreased from an estimated one until the goodness of fit startsto decrease; if
196 Q and 104 Q produce a very similar goodness of fit, but 195 Q and 105 Q
produces apoorer fit, the error isreported as 4 Q and the percentage fitting error
is 2%, which is calculated by (200 Q-196 Q)/200 Q. CA was measured by
stepping the potentia repeatedly between —2.0 V and 2.0 V holding for 60 s
and 100 s at the negative and positive limits respectively for hydrothermal
produced films. CA tests on films prepared by anodization method were
measured by stepping the potentia repeatedly between —1.0 V and 1.0 V
holding for 50 s and 150 s at the negative and positive limits, respectively.
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2.3.3 Characterization of Electrochromic Feature

The eectrochromic properties of the target films were recorded by conducting
in situ electrochemical experiments in a quartz cuvette using a Shimadzu UV-
Vis 1800 spectrometer. The changes in the transmittance of the films were
followed simultaneously with their respective CA tests. The reference side of
the UV-Vis spectrometer contained a quartz cuvette filled with 1 M LiClO4
dissolved in propylene carbonate. All solvents and chemicals were of analytical

grade and used without further purification.
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Chapter 3 A self-assembled two-layer structured TiO2 doped

WOs film with improved electrochromic capacities

Inthis chapter, aself-assembled two-layer structured TiO2 doped WOs film with

improved electrochromic capacities will be introduced.

3.1 Introduction

The electrochromism of WOz involves color switch between transparent and an
intense blue state, believed to be caused by W color centers, (4 and its
absorption in the red and near infrared region has resulted in it becoming the
preferred material for “smart window” applications. [? Granqvist estimates that
the energy savings from using smart windows for cooling would be equivalent
to that which could be generated by replacing the windows with thin film solar
cells (assumed 17% efficiency for the solar cells) with the obvious advantage
that the windows maintain their primary function of providing unmitigated
visual contact.l®IThis will be especially true in tropical climates where heating
of office buildings and factories is largely by the transmission of infrared light
through windows, causing 40% of their electrical demand to be used on air-
conditioning. % Indeed, it is recently forecast that by 2020 the market for
dynamic window technologieswill be worth US$418 million and could grow to
more than $1.4 billion if cost come down quickly. (¥ Many methods have been

used to fabricate WOs3 films on transparent conducting as described in section
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In this section, the hydrothermal method has been adopted to fabricate
electrochromic films. According to literatures reported on hydrothermally
produced pure WOs thin films recently, they show relatively lower light
modulation range of 40% to 60% at 632.8 nm. [ Therefore, in order to obtain
films with large transmittance change, morphology of films with spacious
channels for intercalation of more charges is the aim of this thesis and the
doping of TiO2 into WOs films is an applicable consideration with expectation
of changing morphology by TiO- incorporations. In this chapter, the synthesis
of TiO2 doped WOs films via a ssimple one step hydrothermal technique is
presented, along with pure WOz films. All the detailed preparation procedure

and characterization methods have been elaborated in chapter 2.

3.2 Result and discussion

3.2.1 Morphology and composition analysis

Figure 3.1 shows surface and cross-sectioned SEM images of WOs films with
and without TiO. dopants. It can be seen that the pure WOs films are composed
of nano-wire structures, in agreement with the observations of Zhang et al. [*°
However, the TiO. doped WOs film is composed of two parts, with polygonal

nano-pillars of varying lengths (200 to 500 nm) on top of an approximately 250
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nm thick compact layer of nano-particles (Figure 3.1c). This contrasts with the
work of Liao and Wu who used similar conditions, but without the WOs
precursor solutions, and observed only TiO2 nano-rods. ™ The appearance of
the compact layer islikely due to higher acidity used in the WO3/TiO; reaction
vessel (pH <-0.5) compared to that of its pure WOs counterpart (pH 2)

accelerating the hydrothermal reactions:

W04__ + 2H+ + TLHZO A xd H2W04.nH20 (31)
H,WO0, .nH,0 & W03+ (n+ 1)H,0 (3.2

Figure 3.1 SEM images of a plan view of (a) TiO2 doped WOs film, (b) pure
WO:s film, a cross-sectional view of (c) TiO2 doped WOs film and (d) pure WOs
film.

Nevertheless, EDS analysis, as shown in Figure 3.2, reveads that the atomic
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WITi ratios in the nano-pillars and the compact layer are identica at
approximate 3.8:1 calculated from Table 3.1, about three times the value of
1.2:1 expected from the concentrations of theinitial reactantsindicating that the
WO;3 deposition is more efficient than its TiO2 counterpart. This is consistent
with the more complicated reaction mechanism required to deposit the TiO-
(Reactions 3.3 to 3.8).1'2 The weights of the uncharged films (including seed
layers) per unit area of FTO substrates are determined to be 6.4 x10™* and 5.4

x10* g cm™ for the TiO, doped and pure WOs films respectively.

Ti(OH),(0 — C4Ho), + H,0 < Ti(OH)3(0 — C4Ho) + HO — C4Hy  (3.5)

Ti(OH)3(0 — C4Hy) + H,0 < Ti(OH)4 + HO — C,H, (3.6)
Ti—OH+HO-TioTi—0-Ti+H,0 (3.7)
Ti—OR+HO—-TioTi—0-Ti+ROH (3.8)
@)~ RIS R ——
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Figure 3.2 SEM-EDS spectrum of TiO. doped WOs film. () Mapping result of

atop view and (b) Point distribution of across-sectional view of underlayer and
nano-pillar respectively. The insect image is the corresponding SEM image.
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Table 3.1 Element distribution list corresponding to the SEM-EDS results

Weight percentage % Atomic percentage %

Element  Top Top
underlayer Nano-pillar underlayer Nano-pillar
mapping mapping

W 65.4+50 67.0+£58 58.84+3.6 150+46 16.0+29 11.4+16
Ti 44405  46%03 4.1+0.2 3.9+14 4.210.7 3.0+0.4

O 283150 264431 33.0+04 744448 725142 734174

The error (%) is the standard deviation.

In order to investigate the evolution of the growth of nano-pillars and the
compact underlayer, TiO> doped WOs3 films grown for shorter hydrothermal
time of 30 minutes are fabricated. It is found that the compact underlayer is
already formed to 200 nm (compare 250 nm after 2 hours), but the nano-pillars
are short at an average length of 100 nm (compared with 350 nm after 2 hours).
Furthermore, the total weights of WOs-TiO> oxide deposited film plus powder
precipitation, after drying at 450°C for 10 hours, are 0.138 g and 0.287 g after
30 minutes and 2 hours of hydrothermal reaction respectively; this compares to
a maximum possible weight of 0.360 g which is calculated after hydrothermal
for 4h and also drying at 450°C for 10 hours; i.e. 80% of the reacts have been
consumed after 2 hours. This suggests that the switch from predominately
compact film growth to the formation of nano-pillars is caused by the film

deposition process becoming mass transport limited.

In addition, through comparing the morphology of pure WOz film with TiO-

doped WOs film, it can be seen that the pure WOz shows higher aspect ratio.
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The rod could be recognized as a combination of wires and slower growth rate
of the formed crystallite. This variation from wire to rod is believed to be
controlled by the different capping agents of sulfate ion (SO4%) and (Cl")
respectively. (2315 |n the pure WO3 precursor solution, the sulfate ions play the
dominate role, whereas Cl™ plays a decisive role in morphology control in the
solution with mixture of WOz and TiO. precursor. This is due to the
concentration of the CI” in TiO2 precursor solution (20ml) being 6M, so even
after mixing with WOs precursor solution (10ml) it remainsat 4M, which is till
much higher than the concentration of sulfate ions (0.09M). However, both of
the SO4> and Cl- prefer to take up the faces parallel to c-axis of the WOs
crystallite and hence lead to growth along preferential directions reflected from
both the wire and rod structures. >*1 Additionally, the absorbed Cl-on the
nano-rod can behave as a diffusion barrier for the further growth of the rods and
prevent the solute diffusing to surfaces. [*8% Therefore, arelative lower aspect
ratio of nano-rod structure is observed in TiO. doped WOs3 film where the
chloride concentration is high. Besides, a compact underlayer can be found in

this TiO2 doped WOs film.

According to Liu and Aydil, [ the optimum ratio between de-ionized water (DI)
and concentrated hydrochloric acid (37%, kg HCI/kg) is 1:1 for the growth of
TiO2 nano-rods under the hydrothermal conditions of 180°C for 2h and when

the ratio goes beyond one, the hydrolysis of TiO» precursor will be accelerated.
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This could be one reason responsible for the formation of acompact layer under
the rods because of the higher ratio of 2:1 for the mixed precursor solutions.
Another reasonabl e explanation isthat the higher acidity (pH -0.6) of the mixed
precursor solution, compared with pure WOz precursor solutions (pH 2), will
also accelerate the precipitate rate of H2WO4 which then is decomposed to WO3
as a relatively compact underlayer at the initial stages. Later on, once the film
deposition process becoming mass transport limited, the crystallite starts to
grow and form nano-rods structures. A proposed schematic illustration of the

formation process of the nanorodsis depicted in Figure 3.3.

20ml 0.05M
Ti(1V) tert-butoxide *
in6M HCI

0.12M Na,WQO,

Solution
180°C pH:2.0

i

120min

Figure 3.3. Schematic growth development of the double-layer structured TiO-
mixed WOz thin film
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3.2.2 Structural analysis

Figure 3.4 shows XRD patterns for pure WOz films which conform to the
hexagonal structure with preferential growth of the planes (002) compared to
the standard powder diffraction pattern. Based on the XRD patterns, the TiO>

doped WOs films still maintain the same crystal structure as pure one.

The lattice parameters, listed in Table 3.2, are obtained by doing Refinement.
The software of Topas version 4.2 is used for refinement. The XRD of titanium
doped WO:s is refined by assuming that the substitution of Ti atoms for W in
WOz lattice does not change its phase and occupancy of Ti/W is assumed to be
4/1 according to the SEM-EDS analysis. From the result of the lattice
parameters after refinement, it can be seen that the dope of titanium leads to a
decrease of cell volume. Further comparing, it can be seen that this decrease
should be attributed to compressive strain along ¢ axis, which also can be
determined by the shift of 20 toward higher angle and shorten of d between two
planes which are orthogonal to a direction (0 0 1) relative to pure WOs. The
right shift of 20 is possibly due to the substitution of titanium for tungsten
introducing distortion in the film owing to the possibility of disturbing WO

octahedra by titanium cations.

In addition, it can be seen that the relative peak intensity diffracted from (00 1)

plane, compared with peak intensities diffracted from other planes of itsdlf, is
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decreased relative to the pure WOz thin film. This decrease could come from

the increased disorder in WOs lattice after doping of titanium.

Besides, there is no definite rutile or anatase peaks observed, the intensity of
peaks at 27.77 and 25.46 degrees are stronger when TiO2 is present in the film,

which might indicate the presence of some rutile as its strongest peak appears

at 27.75 degrees.
100 :
Rexp: 411  T10,doped WO,
Rwp: 5.71 raw data
Rp :4.34 + caculated data
o GOF: 1.39 background data
i O FTO

O

50 |- Rexp:4.00  Pure Tungstun Oxide

Rwp: 6.21 raw data
40 Rp : 4.68 + caculated data
0 GOF: 155 background data
20
L 1 L 1 L 1 L 1 L 1 L
20 30 40 50 60 70 80

Figure 3.4 XRD patterns of pure WOs films and TiO2 doped WOs filmson FTO
substrates. Peaks of Hexagonal WOs recorded by ICDD No. 01-085-245g. (21

Table 3.2 Lattice parameters of pure WOs and Titanium doped WOz thin films
after refinement

. Lattice Parameter (A )
Thin film Spacegroup | Cell Volume (A3)
a c
Pure WOs P6/mmm 176.97 7.33 3.81
Titanium doped WOz P6/mmm 176.81 7.34 3.78
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Besides the XRD anaysis, Figure 3.5 shows TEM images of TiO. doped WOz
that has been scrapped from the FTO substrate and dispersed on copper grids
for a further investigation on its structures. The average diameter of the nano-
pillars is about 40 nm, while their length is typically 60 nm, which is much
shorter than suggested by the SEM cross section images (Figure 3.1) suggesting
that the nano-pillarsfractured during the TEM preparation procedure. Theinsets
of Figure 3.5a shows a high-resolution TEM image and a selected area el ectron
diffraction pattern (SAEM). The HRTEM image shows a high degree of
crystallinity with lattice spacing of about 0.361nm corresponding to the d-
spacing of (002) planes. Y Thisis consistent with the right shift of the peaks
observed in XRD diffraction pattern so supports the idea of some W®* being

substituted by Ti** ionsin the WOs lattice structure.

Figure 3.5b shows the elemental distribution in TiO2 doped WO3 nano-pillar
selected from Figure 3.5a, from which it can be seen that both the titanium and
tungsten are evenly distributed throughout the structure. The EDS attachment
on the TEM also revealed that the atomic ratio of W: Ti in the nano-pillar is
approximately 2.86:1, which is more than two times the value of 1.2:1 expected
from the concentrations of the initial reactants but close to that determined by
EDS. The proposed reason is the different nucleation rates between the
hydrophilic WOz precursor and the lipophilic Ti(1V) tert-butoxide solution. In

addition, tert-butyl alcohol produced during hydrolysis has been report to act as
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a buffer controlling the rate of hydrolyze of the TiO, precursor. 23 Therefore,

the obtained W/Ti ratio is higher than calculated from the initial concentrations

of the reactants.

20 nm it .

Ti
T 200nm

200nm 250nm

Figure 3.5 (@) HRTEM image of TiO. doped WOz nano-pillar and (b)
corresponding elemental distribution maps.

3.2.3 Electrochemical analysis

After analyzing the structures of the obtained film, in this section, the results of
electrochemical analysis will be displayed and discussed. Figure 3.6 shows the
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cyclic voltammograms (CV) of the synthesized WO3 films with and without
TiOz incorporations. As the potentia is swept in the negative direction both
films switch from being transparent to a deep blue color due to lithium ion

intercalation: (23

WOz + x(Lit + e7) = Li, Wi W/ 05 (3.9

transparent blue

The stability of the electrochromic process can be ascertained from the charge
passed during successive cycles, i.e. changes in the area enclosed by the CV
curves. Figure 3.6 revealsthat the CV curvesof TiO, doped WOz filmsare much
more stable than those of their standard WOz counterparts. It can be seen that
theintercalation (charge) capacity of the former showsonly asmall decline after
1000 cycles, whereas the latter declines rapidly after about 300 cycles. Thiscan
be ascribed to the more compact structure of the TiO2 doped WOs film (Figure
3.1), since a film’s dissolution rate is expected to be directly related to its

porosity.

Further inspection of the CV curves of the TiO.> doped WOs film reveals that
the anodic deintercalation (bleaching) peak, due to oxidation of the W(IV/V)
back to W(V1), 24 dightly narrows and shifts towards more negative potentials
following asequence of 0.037V, -0.069 V, -0.083 V and -0.118 V corresponding

to observations at its 1%, 100", 500" and 1000™" cycle respectively. This slight
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variation should be due to the partly distributed charges which are not extracted
in time. However, there is no significant change in the magnitude of the peak’s
current density, which suggests good film stability; i.e. the overall charge under
the peak remains almost constant even though its position shifts dlightly.
Furthermore, the overal cathodic profile CV for the TiO2 doped WOs film
shows few variation within 1000 cycles, indicating a stabl e intercal ation process
(there is some growth near -0.6V, perhaps indicating evolution of hydrogen
absorbing from atmosphere). In contrast, the standard WO3 film the current
densities of both the deintercalation (anodic) and intercalation (cathodic) peaks

decreased significantly after about 300 cycles (Figure 3.7).

Current density/A ci

003t
-1.2-0.8-0.4 0.0 0.4 0.8 1.2

O:, L | L L L | L | L |
-1.2-0.8-0.40.0 0.4 0.8 1.2

Potential/V vs Ag/Ag" Potential/V vs.Ag/Ag

Figure 3.6 Cyclic voltammograms showing the 1%, 100", 500" and 1000 cycles
for (a) TiO2 doped and (b) pure WOsfilmsin 1 M LiClO4 dissolved in propylene
carbonate at a sweep rate of 50 mV s,
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Figure 3.7 Comparison of (&) intercalated charge density against the number of
circles and (b) extracted charge density against the number of circles
corresponding to Figure 3.6. Solid squares with TiO. dopants, open triangles
without TiO> dopants. (The values and the corresponding deviation in theimage
come from the average of the result based on conducting the test twice.)

3.2.4 Electrochromic results

The main idea of fabricating TiO> doped WOs film is for the purpose of
application on “Smart Windows”, hence, the electrochromic properties are
important in this study. The electrochromic features of the two types of WO3
filmswereinvestigated by UV-vis spectroscopy. With freshly prepared samples
being subject to either +2'V for 30 sor -2V vs. Ag/Ag"* for 60 s to obtain the
bleached and blue colored states respectively. The transmission curves and its
corresponding optical imagesin Figures 3.8 and 3.9 reveal that the presence of

TiO2 leads to a more intense blue color. The transmittance of pure WOs thin
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filmis 33 % at a wavelength of 500 nm after coloration which is 30 % lower
than the titanium doped WOz thin film. In addition, within infrared range, the
transmittance of the titanium doped WOs thin film is close to zero at 1100 nm

but 17 % for pure WOs thin film.

In the bleached state the presence of the TiO leads to increased transmission
over the entire visible region, except for the far blue end below 420 nm as the
band gap of TiO. (3.2 eV; 387 nm) is approached. The transmittance
modul ation range of TiO> doped WOs films reaches 67.4% at 632nm, whilethe
pure WOs films is only about 30% at the same wavelength. Figure 3.9 shows
optical images that confirm the relative el ectrochromic performance of the two
types of WOs films, aswell as revealing the excellent uniformity of these films

produced through the one step hydrothermal method.

100 - = 'Pure WOS/coIor
— Pure WO3/bIeach
80y - = TiO, doped WO /color

X — TiO, doped WO /bleach
8 60
C
s
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= 20t
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Figure 3.8 UV-vis transmittance spectrum of the TiO. doped (red solid lines)
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and pure (black dashed lines) WOs films in the colored and bleached states.

Figure 3.9 Digital photographs of the TiO> doped WOz films at different stages:
(8) as-prepared; (b) colored at -1.0 V for 30's; (c) colored at -2.0 V for 30 s; (d)
bleached at 2.0V for 60 s.

Figure 3.10 shows the chronoamperometry response of WO3 films with and
without TiO2 incorporations, aong with their corresponding in situ
transmittance at 632.8nm, in response to a series of potential pulses of -2 V for
60 s and 2V for 100 s. It can be seen that TiO2 incorporations increase the
magnitude of both the anodic and cathodic current densities peaks, which
suggest that the dope of TiO> has increased the number of coloring centersin
the WOs film. Likewise it improves the stability of the adhesion of the filmsto
the FTO substrates, with the chronoamperometry response showing only a
small decrease after 500 pulse cycles. In contrast, for the pure WO3 film, a
sudden increase in current density and decay time during charge insertion and
extraction processes implies that this film is detaching from the FTO substrate

due to aweak adhesion.

Inspection of Figure 3.10 (b) showsthat in the absence of TiO2 bleaching occurs

at a faster rate than coloration, but this trend is reversed in the TiO2 doped
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samples. Switching times for both the coloration (t¢) and bleaching (), are
defined as the time required for a 90% change within the full transmittance
change range at the selected wavelength. For TiO. doped WOz thin film, tc and
T Were found to be 21 s and 26 s respectively, while values of 16 sand 12 s
were obtained for pure WOz thin film. Although the presence of TiO- increased
the switching times this does not mean it decreased the switching rates as it
almost doubled the modulation range of the transmitted light from about 35%
to 68%. To illustrate this point the coloration (rc) and bleaching (rp) rate is
determined 10 seconds after the switch in applied voltage from the gradients of
Figure 3.10 (b) and (d) as4.51% s* and 0.77% s for the TiO2 doped film which
are faster than the 2.62% s* and 0.25%s* for pure WOs3 counterpart. Thus the
switching rates of TiO> doped WOs thin film is twice as fast as the pure WO3
film. Furthermore, after 500 cycles, the TiO> doped WOs film still retains a
good light modul ation ability and high el ectrochromic switching rate. However,
for the same 500 cycles the transmittance in color state of the pure WOs film
increases to 43%, indicating partial peeling off of film. This result is in
agreement with conclusions of the chronoamperometry curves, which are

expected to depend on morphologies.

The observed changes in optical transparency with the pure WOs film likely
arises amost exclusively from near surface intercalation processes, whereas in

the presence of TiO> bulk intercalation processes dominate giving rise to a
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greater modulation range but longer switching times. The impact is the greatest
on the deintercalation process, suggesting that it is harder for ions to migrate
out of the bulk of the film than into it. This should be attributed to the compact

under layer of the obtained TiO, doped WOs film.
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Figure 3.10 Chronoamperometry curves and the corresponding in situ
transmittance at 632.8 nm for TiO. doped WOs films (@), (b) and pure WOs3
films (c), (d). Recorded by switching the applied potential repeatedly between -
2.0V and +2.0V vsAg/Ag" in 1 M LiClO4 dissolved in propylene carbonate for
60s and 100s respectively. Solid lines show the initial response, dashed lines

61



show the response after 500 cycles.

Figure 3.11 depicts the change in optical density at 632.8 nm as a function of
the inserted charge density for WOz films with and without TiO> dopants. From
thisfigure, an important el ectrochromic parameter can befound and it is defined
ascoloration efficiency. Coloration Efficiency (CE) isacharacteristic parameter

used for comparing the electrochromic property of different materials and is

defined as:
cE(1) = 29P (3.10)
Tb
AOD(A4) =log T (3.11)

c

Where AOD isthe changein optical density, which is proportional to the amount
of created color centers of the film, Ty, and T, are the transmittances before and
after coloration at a given wavelength (1) and Q is the corresponding amount of
injected (or gected) charges per unit area, obtained by integration of the

corresponding current density transient curve (Figure 3.10).

According to Equation (3.10~3.11) the coloration efficiency is obtained from
the slope of the linear portion of the plots, reflecting the change in optical
density per amount of inserted charge and giving rise to values of 39.2 cm? C*
and 26.5 cm? C* for WOs films with and without TiO, dopants respectively.

The higher CE vaue of TiO, doped WOs film can be ascribed to its larger
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optical modulation range. Analysis of Figure 3.11 also reveals that in the
absence of TiO. the change in optical density becomes inefficient after the
passage of the first 13 mC cm, which is equivalent to 24 C g* of WQOs. If it is
assumed that all the charge is solely due to insertion of Li* ions this yields an
average composition of colored state of LioosWOs, which is half an order of
magnitude higher than that reported by Fabregat-Santiago et al for films

prepared by dip-coating. (%
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Figure 3.11 The variation of the in-situ change in optical density (AOD) versus
the charge density for the (&) TiO2 doped WOs films and (b) pure WO3 films.
The AOD was measured at 632.8 nm at a potential of -2.0V Ag/Ag". (Note that
the deviation of the CE is calculated based on the Figure 3.10(b). In Figure
3.10(b), the transmittance - time curve of TiO> doped WOs has four cycles, so
each cycle gives a value of CE, based on these values an average deviation of
the CE of TiO doped WOs is obtained and shown in the aboveimage. Thevalue
of 23.8 isthe average value of the four values of CE. The CE deviation of pure
WQO:s is obtained with the same method.)

Until this point the electrochromic investigation focused on a selected
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wavelength at 632.8 nm, so in order to study the electrochromic propertiesin
more depth the experiments were repeated at an addition two wavelengths, 500
nm and 1200 nm. Figure 3.12 showsthein-situ transmittance change at different
wavelengths (500, 632.8 and 1200 nm) under the same electrochemical
conditions. It exhibits that overal the TiO> doped WOs show a better light
adjusting capacities reflected from the larger light modulation range at these
three wavel engths respectively through comparing with the pure WOz thin film.
Based on Figure 3.12, the influence of wavelength (500, 632.8 and 1200 nm)
on the coloration efficiency was calculated and listed in Table 3.3; aso
including the coloration and bleaching times and the transmittance modulation
range for the two types of film. It can be seen that for the pure WOs film the CE
decreases at shorter wavelengths, with a >70% decline on going from 1200 nm
to 500 nm, largely due to a decrease in AT. Although for the TiO2 doped WOs
film the CE showed the same trend, the decline is much smaller <15% over the
same wavelength range, with the AT values also | ess dependent on wavelength.
There is no clear correlation between wavelength and the coloration/bleaching
times, however, the magnitude of the variations are unlikely to be significant in

apractical smart window.
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Figure 3.12 in situ transmittance at 500nm (solid line), 632.8 nm (dashed line)
and 1200nm (dot-dash line) for pure WOs films (&) and TiO2 doped WOs films

(b).

Table 3.3 Influence of wavelength on the coloration efficiency, the coloration
and bleaching times and the transmittance modulation range for the two types

of film.

Wavelength CE te th AT

nm Cm2Ct s s %

500 8.840.05 30 12 20

PureWQOs3 632.8 26.54#.53 16 12 35

1200 34.04.12 26 20 41

500 36.74.06 39 17 58

TiO2 doped WO3 632.8 39.240.15 21 26 68
1200 42.440.18 23 22 62

Theerror isthe standard deviation obtain fromlinear simulations by Origin 8.0

software.

3.2.5 Electrochemcial impedance analysis

In order to obtain more details of the charge transportation on the surface of and
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within the discussed films, electrochemical impedance measurements were
performed. Figure 3.13 showsimpedance spectrain the Nyquist format for WO3
films with and without TiO> dopants measured in their colored state at —0.4 V
Ag/Ag+, corresponding to the cathodic peak position observed in their cyclic
voltammetry curves. The solid lines in the plots are the fitting result related to
the experimental data based on the equivalent circuit shown in Figure 3.14,
often used to describe Li batteries that are mechanistically very similar to
electrochromic windows, (% where: Rs represents contact resistance originating
from FTO substrate, electrical wire and solution. Qg is constant phase element
used to describe the double layer capacitance formed between the
inhomogeneous inner surfaces and the el ectrolyte inside the bulk material. Rris
the resistance resulted from the inter valence charge transfer between WY and
WVl inside bulk materias. Qin is the double layer capacitance at the contact
between the inhomogeneous film surface and the el ectrolyte solution. R isthe
resistance of inter valence charge transfer between WY and WV' on the film
surface and Ws is the finite length Warburg impedance, designated by Ry, used
for describing the diffusion resistance of the species from electrolyte bulk
solution to the film. The same equivalent circuit and meaning of respective

symbol isalso used in later chapters for EIS simulation and explanation.
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Figure 3.13 Nyquist plots for WOs films with (a) and without (b) TO. dopants
a -0.4V vs Ag/Ag" 1 M LiClO4 dissolved in propylene carbonate. (c)
Magnification of the high frequency region for the pure WOs film.
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Figure 3.14 Equivaent circuit used to fit the impedance data of WOs films
both with and without TiO. dopants.
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1

Z = (3.13)
CPE (i a}Q)n
ZWarburg = RN tmh(l a)TVX) i (314)
(lozy,)?
Ty = LBZ (3.15)

where Q and n are the prefactor and index of the constant phase element, o is
the angular frequency of the applied voltage perturbation, Ry is the resistance

of the Warburg element at zero Hz, 7, isatime constant, L is the film average

thickness and D is the chemical diffusion coefficient. (22

Table 3.4 shows the parameters required to fit the equivalent circuit shown in
Figure 3.14 to the impedance plots of Figure 3.13. Table 3.4 also shows the
variationsin thefitting parameters between nominally the samefilmsalong with
the percentage fit errors that report the quality of the fit to an individua film,
which in most cases was very good. The semicircle observed at higher
frequencies has been attributed to the diffusion of lithium ions onto the surface
of the film (Figure 3.13). The absence of this semicircle for TiO. doped WO3
thin film indicates a faster process of ion diffusion onto the film surface, which

is consistent with the faster switch rate observed for the coloration process.

Table 3.4 revealsthat the addition of TiO> has reduced the resistance of the film
(Rs) by amost a factor of 20. The improved conductivity of the film could be

dueto the substitute of W®* with Ti** ionsresulting in ahigher density of oxygen
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vacancies. A further comparison can be found for the Warburg impedance in
Table 3.4 where the lower R,, of the TiO> doped WOs film, compared to its
pure WOz counterpart, indicates that the presence of TiO. allows better
diffusion of ions in depth, which is consistent with the observed deeper blue
coloration. Thehigher R;,, andlower Q;, valuesof the TiO, doped WOsfilm,
could result from alower specific surface area making harder to insert Li* ions
into the film’s surface; the nanowire structure of the pure WOs3 film can be
expected to have alarge surface area (Figure 3.1). This result is consistent with
the cyclic voltammetry curves which show that during the first cycle the amount
of chargeinserted into TiO> doped WOs film isless than that into the pure WO3
thin (Figure 3.6). Therefore the impedance data shows that the TiO, improves
the electrochromic properties of theWOs films by reducing both the film’s

electrical resistance and resistance to diffusion of ions within the film.
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Table 3.4 Parameters determined from fitting the EIS data to the equivalent circuit in Figure 3.14, along
with the variation between nominally the same films and the percentage fit errors that give an indication
of the quality of thefit to an individual film (see Chapter 2).

Rs Ry ®Rin u Qi Rw Tw
Film N Nin
Qem? Qem? Qem? (P cm-3)vn (LF cm 3)¥n Q cm? s
TiO2doped WO3 19 29 29000 31 0.82 14 0.96 180000 110
Error(+/-) 3 16 13000 29 0.01 04 0.04 57000 37
Fit error (%) 2 19 2 2 1 32 2 4 6
WOs3 14 520 45002 50 0.87 22 0.96 63000 6
Error(+/-) 0.1 345 4500 n 0.02 8 0.03 32000 3
Fit error (%) <1 2 >200 1 <1 1 <1 2 6

Rin values for individual pure WOs; films vary from 0 to 9000Q cm?; the large
error is due to its small magnitude as compared to Rw.

3.3 Conclusions

The influence on eectrochromic properties of TiO2> doped WOz thin film has
been investigated by both optical and electrochemical techniques, with both
types of films being obtained through a simple one step hydrotherma method.
The synthesized TiO> doped WOs thin films show a two layer structure
consisting of nanopillars on top of a compact layer, with both layers having the
same Ti/W atomic ratio. It is postulated that the switch from growth of the
compact layer to nanopillars is due to hydrothermal reaction becoming mass
transport limited at the surface. The obtained TiO. doped WOs thin film shows
a preferential growth of (002) plane and good crystallinity with hexagona

70



structure. XRD and TEM investigations on TiO- doped WOs thin films suggest
substitution of W®* by Ti#* ionsin the WOs lattice structure, rather than discrete

phases of WOz and TiOx.

The TiO2 doped WOs thin film shows improvements on the electrochromic
properties as compared to the pure WOs films. Thisincludes more than doubling
the transmittance modulation at 632.8 nm to 67% and increasing the coloration
efficiency by 50% to 39.2 cm? CL. If it is assumed that &l the measured
cathodic current is due to insertion of Li* ions, then the presence of the TiO>
more than doubled the loading to 80 C g%, which is of the same order as
materials designed for use in lithium batteries. Electrochemical impedance
measurements suggest that the improvement in the electrochromic properties
are dueto the presence of the TiO- reducing both the film’s electrical resistance
and resistance to diffusion of ions within the film. Additionally, the stability of
the TiO2 doped WOz thin film is also improved, with only limited degradation
being observed after 500 coloration/bleaching cycles, compared to significant

degradation after 500 cyclesin its absence.

In summary, in this chapter the main contribution is the investigation on
electrochromic properties of TiO> doped WOz thin films fabricated by using the
hydrothermal method, which is a simple inexpensive way to obtain crystalline
thin films with good morphology. Although hydrothermal TiO2/WOsz mixed
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films have previously been produced these were for photocatal ytic applications,
with TiOz being the major component rather than WOs. The high reversibility
and stability of TiO. doped WOz thin film appears to be in agreement with the
electron-beam deposited mixed films produced by Hashimoto and M atsuoka (2
as well as films formed by sputtering and sol-gel by Gottsche et al. %8 The
coloration/bleaching time of the hydrothermally synthesized TiO, doped WOs3
thin films are aso very similar to films produced by the other two more

expensive methods.

The greater than 68% transmittance modulation range at 632.8 nm of the present
TiO2 doped WOs thin film is comparable to the 70% (700 nm) modulation
reported by Nguyen et al. [ for amore complicated two step method of doctor
blading TiO> followed by electrochemical WO3 deposition, but superior to the
50% (450 nm~900 nm) and 40% (630 nm) modulations reported for films
prepared by spray pyrolysis by Bathe and Patil. 3% and spin coating by Wang
and Hu, [ respectively. Furthermore, unlike TiO2 doped WOs thin film
produced by spray methods the TiO. doped WOs thin film reported in thisthesis

does not show any detriment to the transparency of its bleached state.
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Chapter 4 Comparison of WOz and TiO2 doped WOs3 thin films
formed by co-anodizing in organic solutions and their

electrochromic properties

Chapter 3 shows that a self-assembled two-layer structured TiO, doped WO3
film has improved electrochromic properties compared to the pure WOs
fabricated by the same method. However, the compact under-layer produced by
the hydrothermal method exhibits negative effect on the aspect ratio. Therefore,
in order to further improve the electrochromic properties of WOz based thin
films an effective way is to further enlarge its specific surfaces area, asthisis
responsible for accommodating more charges and creating spacious channels
for the charge transportation. Based on this consideration, in this chapter, a
convenient way of synthesizing oxide thin films with ordered porous structures
based on el ectrochemical anodization in afluoride containing electrol yte of pre-
sputtered mixed Titanium/Tungsten films is introduced. The titanium/tungsten
(Ti/W) thin film on FTO substrate is obtained by sputtering pure titanium and

pure tungsten target simultaneously in RF the sputtering chamber.

4.1 Introduction

The electrochromic properties of the TiO> doped WOs system has attracted

significant interesting due to its special enhancement in stability and cycle
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life.lS Especially, in Chapter 3, a self-assembled two-layer structured TiO2
doped WOs film prepared by a one-step hydrothermal method shows improved
electrochromic capacities of light modulation range. However, an undesirable
compact layer is observed in thisfilm, so an alternative method to produce TiO>
doped WOs3 thin film in liquid phase is, presented in this Chapter, the

anodization method.

The anodization of pure tungsten for the purpose of fabricating WOs
nanostructures has been previously reported in solutions containing HF,
highly concentrated nitric acid™® and phosphoric acidl®. However, in this
chapter, an organic anodization solution of ethylene glycol is prepared, as
previously used for the growth of titanium nanotubes.® Besides, the addition of

HF is replaced by a small amount of NH4F.

Previous methods used to produce WOz-TiO2 composite thin films include
electron-beam deposition reported by Satoshi Hashimoto and Hideki
M atsuokal¥ and asol-gel techniqueinvestigated by Gottsche et al .14 who found
a reduction in coloration efficiency of 35% with doping of 30% Ti atoms.
However, there is no reports on the study of electrochromic TiO. doped WO3
thin films prepared by anodizing of co-sputtered Ti/W thin film on conductive
glass. The methods used to both preparation and characterization of the obtained

thin filmsin this chapter have already been presented in Chapter 2.
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4.2 Results and discussion

4.2.1 The anodization transient curves

Figure 4.1 shows characteristic anodizing transient current curves of pure
tungsten (W) and Ti/W (nominal 13% Ti) thin films. The anodization voltageis
determined after a series of experiments of anodizing under different voltages.
At first time, as analogues to anodizing in aqueous solution under 40V, the film
isbroken quickly and it isdifficult to obtain an entire film on the substrate. After
that, 20 V and 10 V weretried and it was found that the film anodized under 10
V has the best integrity. The anodization time is determined by observing the
change of the film transparency during anodization from opague with metallic
surface to semi-transparency. The point at which the film is broken obviously
or the current isincreased suddenly is the limit of the anodization time and this
phenomenon is usually observed after anodizing for 40-45 min under 10 V.
Finally, 40 minisset for the anodization time. From figure 4.1, theinitial current
decay time starts after 48 sand 36 s for pure W and Ti/W thin film respectively,
which is during the potential sweep process from 0 V to 10 V at 0.05 V s™.
Before these decay points, the increased current density is caused by increasing
voltage. At a certain point, the fast growth of a high resistance oxide barrier
layer leads to the decay of the current density.l 1! Finally, the current density
reaches a steady state at the end of the sweep potential with afixed value at 10
V. This plateau is caused by the competition between the electrical oxidation
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rate at metal/oxide interface and chemical dissolution rate at oxide/electrolyte
interface.[2

Through comparison of the curves shown in Figure 4.1 it can be seen that the
addition of titanium atoms leads to decrease of oxide growth energy. This is
concluded from the turning potential in Figure 4.1 whichis 0.6 V ahead relative
to the oxidation of pure W film. Accordingly, afurther observation and contrast
can be found in that the anodizing current density of Ti/W thin film at the steady
state is higher than that of pure W, revealing a faster dissolution/oxidation rate
achieved for anodizing Ti/W film. The higher oxidation rate is attributed to the
doped titanium atoms.!*® Otherwise, the faster dissolution rate acts as indirect

evidence for the higher porosity observed later in SEM images (Figure 4.4).

PureWO3
— TiO, doped WO |

L —)

Anodizing Current Density (A cm™)
N

0 500 1000 1500 2000 2500
Anodizing Time (s)

Figure 4.1 Characteristic anodization profiles of pure W and Ti/W thin film in
0.3 M NH4F solution dissolved in ethylene glycol/DI water solution (volume
ratio of 50:2). The anodize potential wasincreased from0V to 10V at 50 mVs
L and fixed at 10 V for 40 minutes.
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4.2.2 Morphology observation and corresponding el emental distribution

analysis

After anodization the elemental distribution in the film was analyzed by using
SEM-EDS which revealed that the atomic proportion of titanium atomsin TiO>
doped WOs thin film is 10 at.% without consideration of oxygen atoms. This
atomic ratio of Ti/W isdecreased compared with the 13 at. % in the co-sputtered
Ti/W film. The reduction can be explained by the higher current density
observed during the anodization of Ti/W thin film than its pure W counterpart
during the steady state part at the end of the transients (Figure 4.1). Thisimplies
that the chemical dissolution rate of TiOz is faster than that of WO3 under the
same anodizing conditions, hence leading to the decrease of titanium content in
the obtained TiO> doped WOz thin film. This phenomenon is aso observed in
the later works by anodizing in aqueous solutions in Chapter 5. In neither case

did annealing alter the Ti/W atomic ratio.

— Pure WO, thin film
- = -TiO, dope WO, thin film

- e e m e e e e m e = o e

KeV

Figure 4.2 elemental distributions of pure WOs film and TiO> doped WOs film
detected by SEM-EDS. Accordingly the titanium contributes 10 at.% of the
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metallic component.

SEM images were used to compare the morphologies of the two films. Figures
4.3aand 4.3b display the top and cross section views of an as sputtered W thin
film. Its top view shows octahedral morphology and its corresponding cross
sections appear arrow shape, which are stacked compactly and aighted
vertically with good adhesion on the FTO surface. Thethickness of the sputtered
thin film is around 450nm. The morphology and thickness of sputtered Ti/W
thin film was shown in Figure 4.3 (¢) and (d). It’s found that there is no obvious
difference onits octahedral structure observed from itstop view. However, those
arrows, observed from the cross section of pure W, become indistinct as shown
in the cross section of Ti/W thin film. This implies the interruption of titanium
on the array of tungsten atoms. The thickness of the Ti/W thin film is around

450 nm as well under the careful control of sputtering conditions.
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Figure 4.3 SEM images of (a) top and (b) cross section view for sputtered pure
W on conductive FTO glass and likewise (c), (d) for the co-sputtered Ti/W.

After anodizing and heat treatment, porous structures are formed for both pure
WOs3 and TiO2 doped WOs thin films (Figure 4.4). The statistical average
diameters of all pores for both WOs and TiO2 doped WOz thin film are around
45nm; based on measuring 100 pores from the respected SEM images. However,
the film with TiO. exhibits better integrity than the pure WOs thin film which
contains obvious cracks with average dimensions of approximately 100
nm>600 nm. Furthermore, the cross section of pure WOz in Figure 4.4¢c shows
randomly stacked short nano-column that are either solid or hollow inside. On
the contrary, the film with TiO- in Figure 4.4d exhibits honeycombed structure.
The pores connected with each other creating spacious channels as shown in
Figure 4.4e. The formation of convenient channelsin TiO. doped WOs thin film
are expected to be convenient for charges transport and diffusion. Meanwhile,

this honeycombed structure also provides large surface areas for ions insertion.
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Figure 4.4 SEM images of films formed by anodization (a) Pure WOs thin film
top view; (b) TiO> doped WOs3 (10 at.% Ti) thin film top view; (c) Pure WOs
thin film top view cross section; (d) TiO> doped WOz thin film cross section; (€)
TiO2 doped WOs thin film bottom view. All these anodized film images were
captured after annealing at 450°C for 3 hours.

Based on the literature, under high-field conditions, ethylene glycol can be
oxidized in a series of stepsto COz:*

C2HeO2—C2H402—C2H202 or CoH403—CoH203—C2H204—CO2
In addition, because of the 2% water content of the ethylene glycol solution, a

conventional oxidation and dissolution processes will also exist:[*>17
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Ti+ 2H,0 & TiO, + 4H* + 4e~ (4.1)

TiO, + 6HF & TiF?~ + 2H,0 + 2H™ (4.2)
W + 2H,0 & WO + 4H* + 6e~ 4.3)
WOs + HF & fluoride complex + H,0 + H (4.4)

The use of ethylene glycol in this chapter is with expectation of obtaining
nanotube structure as reported for growth of nanotube TiO.. From the literature
on anodic growth of TiO2 nanotubes, it can be found that the viscosity of the
electrolyte hasadirect impact on diffusion of reactants and productsto and from
the titania nanotubes surface.[*® The viscosity of ethylene glycol is 0.016 Pas
at 25 € which is less viscous compar ed to glycerol and results in a lower
diffusion resistance. Therefore compared with agueous solutions, ethylene
glycol-based electrolytes can slow down the dissolution rate of the formed
oxides to form tubes. Furthermore ethylene glycol is a protic solvent which can
solvate F- strongly via hydrogen bonding and from the solvent-Berg model it is
known that the solvent molecules immediately adjacent to the ion are rigidly
bound to it and thus these move together as a kinetic unit. Consequently, the
conductivity of HF in the ethylene glycol-water mixtureislimited by the solvent
molecule mobility, hence the dissolution rate of the formed oxides in this
ethylene glycol-water mixture is slower than in agueous solution. Conversely,
relative to other organic solvents with high viscosity, the oxygen produced by

water splitting can reach metal/oxide interface quickly to aid oxide formation.[*

18-19]
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However, instead of separate nanotube, poreswith very short tube-like channels
are observed from figure 4.4(€). These structure differences between WOs and
TiO2 could be ascribed to the different physical and chemical properties
between tungsten and titanium. Even though, in general, three stages are
involved in the process of either pure titanium or pure tungsten anodization and
the respective corresponding chemical reactions at each stage are introduced

below:

In the first stage of anodization, small oxide pitswill start to form randomly on
either the titanium or tungsten surface, due to a hydrolysis process from the
presence of the water content in the solution. The field-assisted migration of O
through either the titanium or tungsten surface towards the respective Ti/TiO>
and W/WOs interface results in further growth of the oxide pits under increased
voltage until the formation of a compact oxide layer on the surface. The

chemical reactions occurring are:2>-24

Wé* 4+ 3H,0 > W05 + 6H* (4.5)
Ti** 4+ 2H,0 - Ti0, + 4H* (4.6)

From these equations it can be seen that less O is required to migrate to the
surface for form 1 mole of TiO> than to form 1 mole of WOsg, therefore under
the same anodization condition, i.e. the same electric field strength, the TiO2
formation rate should be faster than that of the WOz and thisis can be confirmed
by observing the films’ color changes during the anodization process. This color

change comes from constructive interference between the light reflected from
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the surface of the oxide layer and the light reflected from the metal surface. This
color change which is observed when anodizing W/Ti thin film is severa
seconds ahead of that happed when anodizing pure W thin film. In addition,
from the anodization current density-time curves in Figure 4.1, it also can be
found that when anodizing the Ti/W thin film the current density decreases
sooner than is the case for the pure W thin film, implying a faster growth rate

of the oxide on the Ti/W than that on pure W.

In the second stage the formation of tungsten fluorocomplex ions that readily
dissolve into solution lead to the enlargement and deepen these pores and voids.
The formation and dissolution of titanium fluorocomplex ions also occurs once

there is the formation of TiO layer. The chemical reactions occurring are:[??

W05 + 6HY + 8F~ —» (WF3)?~ + 3H,0 4.7
TiO, + 4H' + 6F~ — (TiF;)* + 2H,0 (4.8)

At the final stage, a balance between the oxidation of metal and dissolution of
oxide rate will be built up as shown in Figure 4.1, with anodization current
density adopting an almost constant value. Again during this stage it found that
the current density for anodization of Ti/W thin film is higher than that for pure
W thin film, implying a higher rate for both the oxidation of Ti/W thin film and

dissolution of its oxide.

The end result of the mechanism described above is that the honey comb

morphology displayed in Figure 4.4(b), (d) and (e) is likely caused by both
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oxidation and dissolution rates being higher at the points where titanium atoms
are located within the tungsten matrix. Meanwhile, the local conductivity in
electrolyteis also higher at the points where titanium atoms are positioned from
at tungsten matrix according to their respective equations. It can be seen that
firstly, either oxidation of titanium or tungsten will produce H*, however, the
oxidation rate of titanium is faster than that of tungsten resulting in faster
increase of local conductivity at the position where the titanium exists. Secondly,
the amount of consumed H* for dissolution of titanium oxide isless than that of
tungsten oxide indicating a larger magnitude of decrease of local conductivity
a the position where the tungsten oxide formed. Therefore, a localized
imbalance between oxidation and dissolution rates will be built up that might
lead to the connection of adjacent pores instead of the compact wall surface
shown by cross section of pure WOs thin film. So the observed steady state

during the anodization of Ti/W thin film could be an average effect.

4.2.3 Structural analysis

Figure 4.5 shows XRD patterns of the thin films with and without titanium as
sputtered, after anodizing and after annealing at 450°C for 3h. The structure of
pure W and Ti/W thin film are cubic identified from their XRD peaks and there
are no traces of titanium characteristic peaks in the XRD result of Ti/W film.

After anodizing, the XRD pattern remains the same except a sharp decreased
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intensity of the main peaks belonging to pure tungsten, implying that after
anodization there is still a small amount of non-oxide tungsten residues left in
the matrix. Before the heat treatment, there are no peaks that can be assigned to

the oxides, meaning that the as anodized films have an amorphous structure.

TiO, doped WO, thin film

— after sputtering
after anodization

Pure WO3 thin film
—— after sputtering
after anodization

—— cubic structure

L Iiriur II .VI PR | L |||77|
20 30 40 50 60 70 80

2 Theta

Figure 4.5 Comparison of the XRD results before and after anodization of W
thin films with and without titanium. (Cubic structure” is indexed from ICDD
00-001-1204)

However, after annealing the anodized WOz and TiO. doped WOs thin film
become crystalline with monoclinic structure that matches the ICDD card 00-
005-0364 (Figure 4.6)[% and the | attice spacing of (001), (020) and (200) planes

are 0.384 nm, 0.375 nm and 0.365 nm respectively for pure WOs thin film.
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Figure 4.6 Comparison of the XRD results of pure WOz and TiO> doped WOz
thin film formed by anodization after annealing at 450°C for 3h. The peaks
passed through by dash lines belong to FTO substrate.

Asintroduced in Section 1.3.2, the structures of the single crystals of pure WO3
are transformed following a sequence of monoclinic —  triclinic —
monoclinic — orthorhombic — tetragonal with the temperature from -189°C
to 900°C? Therefore, the annealing temperature plays important role in
forming WOs structures and the monoclinic structure of WOs after heat
treatment at 450°C seen in the present work is also reported by Sadek et al.[”
and Judeinstein et al.[®! when they studied the influence of annealing on the

phase transformations of WOs at this temperature.
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From comparing the XRD spectrum, it can be seen that, after doping, the peaks
at 50.030°50.737and 55.925¢n the XRD spectrum of pure WO s thinfilmare
disappear, which possibly indicates an increase of symmetry. According to the
reported literature, higher symmetry may result from static disorder, which can
be ascribed to the presence of clusters of edge-sharing octahedral randomly
distributed in the lattice” Indeed, the tendency to form edge-sharing
octahedral isfound in oxygen deficient tungsten oxides phase and the titanium
substitution for tungsten will induce the same effect of oxygen

substoi chiometry.[?”]

The peaks shift toward lower angle, observed in the XRD spectrum of titanium
doped WOz thin film, results in a minor increase of d-values. This minor shift
is indicative of mild lattice strain that possibly arises from the differences
between ionic radius of Ti** and W®, the radius of which is 132 pm and 130 pm

respectively.

Table 4.1 List of peak positions for pure WOz and TiO. doped WOs films

(001) (020) (200) (111) (221) (040) (-240) (-222)

Monoclinic
23.1 23.6 24.4 29.0 42.0 48.4 54.9 60.6
Pure WO3 23.1 23.7 24.4 289 41.8 484 54.8 60.1
TiO2 doped WOs3 -- 235 24.2 28.8 414 48.2 54.2 59.9
N20 -- 0.2 0.2 0.1 04 0.2 0.6 0.2

£20=2 6 (Pure woz)-2 0 (Ti02 doped WO3)
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The values of 2 @for Monoclinic in above table are from ICDD card 00-005-
0364

A further analyzing on the structure of the annealed WOs thin film reveals a
lattice spacing of 3.659A of (200) planes, a preference perpendicular to the
electrode’s surface is commonly observed in electrochemistry formed films.
However, through comparison, it can be seen that the incorporation of TiO-
leads to reduce the crystallinity as seen from the decreased intensities of
characteristic peaks at (001) and (200) resulting in difficultiesin resolving these
two into separate peaks from the peak of (020) as observed in pure WOs thin
film. The disorder induced by the addition of TiO, was aso found by Patil et al.

when they studied on TiO, doped WOs thin film by spray deposition.[?

Figure 4.7 shows HRTEM imagesfor pure WOs and TiO- doped WOs thinfilms
analysis of which isagreement with the conclusions summarized from the XRD
patterns. From Figure 4.7a, the cal culated lattice spacing of pure WOs thin film
is0.365 nm, which is exactly the same with the one detected by the XRD, with
the corresponding diffraction pattern being observed clearly in Figure 4.7b.
Additionally, the HRTEM diffraction patterns showed in Figure 4.7d displays
poly-crystalline features and the corresponding lattice spacing cannot be
resolved from Figure 4.7c due to the less crystallinity. Thusit is not possible to
deduce from the XRD and HRTEM data if the Ti** ions replace W®* ionsin the

WOs lattice, which is in contrast to the case of the hydrothermally produced
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filmsin Chapter 3 where this conclusion could be drawn. However, asthe XRD
pattern in Figure 4.6 still does not show any peaks that can be assigned to TiO2
(e.0. rutile or anatase) but left shifts of peaks, it islikely that lattice substitution

still occurs.

Figure 4.7 High-resolution TEM image of (&) Pure WOz thin film formed by
anodization after scratching from FTO substrate and being dispersed in ethanol
onto aCu grid. Theinset is the region outlined by a square after performing a
reversed Fourier transform; (b) diffraction image corresponds to (a); (c) TiO2
doped WOs thin film after the same process as pure WOs3 and (d) diffraction
image corresponding to (c).

4.3.4 Raman spectroscopy
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In order to probe TiO- dopants in the TiO2> doped WOs thin film, the Raman
spectroscopy technique was adopted. The Raman spectrain the range of 150cm’
1.1050cm™* at room temperature of WOs thin films with and without TiO, are
presented in Figure 4.8. The broad peak, from 600 cm™* to 900 cm?, with two
sharp peaks located at 811 cmt and 720 cm* for the pure film are characteristic
Raman peaks of crystalline WOz with monoclinic structure for the sample
annealed at 450°C, corresponding to its W-O stretching (v) mode in WOs
octahedral units.?>%! |n addition, two peaks located at 276 cm™* and 332 cm*
for the annealed film at 450°C are assigned to the O-W-O bending () vibration,
which are also signature peaks reflecting a monoclinic structure of this pure
WO; film.l 2%, These observations are consistent with the XRD result
discussed in Section 4.2.3 which proves the obtained films have monoclinic

structures.

Through comparison of the Raman spectrum of TiO, doped WOs thin film with
that of the pure WOs thin film (Figure 4.8), it can be seen that the W-O
stretching (v) modes have blue shifted to 799 cm™ and 702 cm™. This migration
towards lower frequency (lower energy) is consistent with the appearance of
oxides with lower oxidation state, i.e. substitution of W®* by Ti**. In addition,
the observed broadening of the characteristic Raman peaks for TiO. doped WOs
thin film reflects increase of structure disorder. This effect, induced by the

incorporation of titanium atoms, is also consistent with a transformation from
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corner to edge sharing octahedral ascribed to the deficiency of oxygen in the
lattice.3¥l This evidence is consistent with the suggestions in the XRD analysis

(Section 4.2.3).

Additionally, an obvious peak aligned at around 993 cm™* can be found in the
Raman spectraof TiO- doped WOz thin film, but not observed in pure WOs film,
which can be assigned to representing stretching modes involving W=0
terminal oxygen atoms.!*® The appearance of W=0 stretching mode suggests a
decrease in grain-size since the addition of titanium atoms can inhibit the
mobility of grain boundaries.®@ Finally it should be noted that there are no
distinct peaks assigned to TiO observed for TiO2 doped WOs thinfilmin Figure

4.8.

[o2]
(o2}
~

811

PureWO3

276
720

178

200 400 600 800 1000
Raman Shift cm™

Figure 4.8 Raman spectra of Pure WQOs thin film and TiO2 doped WOs thin
film
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4.2.5 XPSinvestigation

Figure 4.9 depicts the X PS spectrafor the pure WOz and TiO> doped WOz thin
films. The identified peaks with strong peak intensities displayed in Figure
4.9(a), (b) and (c) are ascribed to W 4f, Ti 2p and O 1s orbits separately.
According to the statistical calculation, the quantity of titanium atoms on the
surface of this TiO- doped WOz thin filmisaround 12 at.%, which is 2% higher
than the conclusion from the SEM-EDS, but closer to the 13 at.% expected from
the sputtering conditions. By considering that X PS measurement only reflects
surface information, the elements distribution analyzed by SEM-EDS technique
is closer to bulk situations. From analyzing, it can be seen that the peaks in
Figure 4.9(a), located at 35.93 eV and 38.03 eV (with distance of 2.1 eV), are
attributed to spin-orbit splitting of W 4f and confirm tungsten with a valence
state of six in both of the pure WO3 and TiO doped WOj thin films.B" In the
meantime, the peak of O1s, positioned at around 530.8 eV in Figure 4.9(b) is
contributed by the oxygen bonded with W®* and thereis no peak shift within an

allowable error range between these two films.[%8!

A further observation finds that the full peak width at half maximum (FWHM)
and peak intensity of TiO. doped WOz thin film are broader and lower
respectively than in the pure WOz film. This is caused by the appearance of
weak Ti 3p peaks found from the de-convoluted components embedded in the

peak of W 4f.[3% Otherwise, the characteristic peak of Ti 2p is captured at the
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position of 459.13 eV and 464.93 eV, which is ascribed to O-Ti**-O, [

confirming the presence of Ti*" in the-synthesized TiO2 doped WOs thin films.

(@) TiO,doped WO,
W4f 7/2 (b) TiOZdoped WO3
O1ls
Ti3p 12 PUreWo,
PureWO,
34 36 38 40 5I28 5:;0 552 5I34
Binding Energy (eV) Binding Energy (eV)

(©

Ti2p
WA

456 458 460 462 464 466 468
Binding Energy (eV)

Figure 4.9 XPS spectra of the orbits of (a) W 4f, (b) O 1sand (c) Ti 2p.

4.2.6 Cyclic Voltammetry

Figure 4.10 shows the cyclic voltammograms (CV) of the pure WOs and TiO>
doped WOs; thin films at their 1%, 500" and 1000™ cycle. Integration of the CV

current density yields the inserted charge density (gin (MC cm?)) values
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displayed in Table 4.2. It can be seen that for the first cycle the gin of TiO2 doped
WOs is ca75mC cm which is about twice that of the 30mC cm of the pure
WO:s. This indicates that the structure of TiO. doped WOs thin film exhibits
better ion accommodation capacity due to either its more open morphology or
lower crystallinity. Besides, the calculated reversibility (gin/Gout) of TiO2 doped
WQOs thin film is 98%, higher than 87% of pure WOz thin film. The benefit of
improved reversibility of the thin film ascribed to the addition of TiO isin
agreement with the reported studies in which titanium oxide was mixed into

tungsten trioxide matrix directly.[*!

Table 4.2 Charge density list of pure WOz and TiO. doped WOz thin films for
their first cyclein CV test

Pure WOs thin film WOs/TiOz thin film
gin MC cm 30 75
Gout MC cm? 27 73
Qout / Gin 0.98 0.87
(Gin - Qout)/ Qin 13% 2%

gin = inserted charge density; Qout - extracted charge density; Qouwt/Qin =
reversibility

In the present case, this higher reversibility likely resulted from the more porous
morphology observed in the TiO> doped WOz mixed film. A comparison
between the SEM images in Figures 4.4(c) and (d) yields that the TiO. doped

WOs thin film provides more spacious channels for the charge transport due to
9%



the poresalso found at itsbase. Meanwhileit isa so believed that these channels
provide larger surface area for more charge occupation leading to a deep blue
induced by the reversible redox reaction between W°* and W®" and convenient
passages for extraction of chargesin time, hence exhibiting abetter reversibility.
In addition, afurther analyze of Figure 4.10 indicates the better cyclic stability
of TiO. doped WOs thin film over that of the pure WOs thin film. Although
after 500 cycles the profile of the CV curve for TiO. doped WOs thin film is
dlightly degraded there is not as significant change in its shape. Whereas, after
the same number of cycles, the area enclosed by the CV curve of the pure WO3
thin film is reduced greatly, implying that the effective places for the charge
insertions are blocked, possibly due to narrower channels leading to the

accumulation of charges.

However, as compared to the hydrothermally produced TiO> doped WOs thin
film in chapter 3, the degradation of the thin film produced by anodization
method is worse. This is possibly due to the disadvantage of using a physical
method for the production of theinitial metallic thin films rather than chemical
deposition; the latter can provide better adhesion between the thin film and

substrate.
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Figure 4.10 Cyclic voltammetry curves of (a) Pure WOz thin film and (b) TiO-
doped WOs thin film. The CV is conducted in 1M LiClO4 dissolved in
propylene carbonate solutions with a sweep rate of 50mV s* from -2V to 1V

vs. Ag/Ag". The solid line “—” denotes the first cycle; dash line ““------ “ denotes
the 500" cycle and dotted line”...... ”denotes the 1000'" cycle.

Figure 4.11 shows the insertion charge densities at selected numbers cycles.
Through comparison, it can be seen that the TiO> doped WOz thin film exhibits
larger capacity than the pure WOz film, which is believed to be ascribed to the
honey comb morphology of the former. Furthermore, the decrease in the amount
of intercalated ions per area from the first to the 500" cycle is 50% for pure
WOz thin film, which istwicethat for the TiO> doped WOz thin film. Thisresult
is agreement with the observed change of the CV profiles in Figure 4.10.
However, the degradation phenomenon observed in this TiO, doped WOs thin
filmisduetoasmall amount of detachment of the thin film from FTO substrate.
This drawback is believed to originate from the sputtering method which may

not have provided good linkage of the W or Ti/W atomswith the FTO substrate.
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Figure4.11 Comparison of inserted ion charge density at sel ected cycle numbers

corresponding to the cyclic voltammetry curves of pure WOz and TiO> doped
WQOs thin film.

4.2.7 Electrochromic properties

Figure 4.12 shows chronoamperometry curves of the pure WOz and TiO. doped
WOs thin films being charged and discharged between -1V and 1V vs. Ag/Ag*
for 50 s and 150 s respectively. The reversibility calculated by g¢/q; are 77.8%
and 95% for pure WOz and TiO. doped WOs thin films respectively (ge denotes
the amounts of extracted ions at 1 V after 150 s; qi represents the amounts of
inserted ions at -1V after 50s). Thisis in good agreement with the calculation

from Figure 4.10, based on the cyclic voltammograms.

99



0.005

I — Pure WO,
0.004 | - - -TiOZdoped WO3
§
< 0003}
> i
@ 0,002}
o
()]
T 0001t
5 -
O 0.000F
o012 L L
0 20 40 60 80 100

Time(9)
Figure 4.12 Chronoaperometry curves of pure WO3 and TiO2 doped WOs thin
films. The test is conducted by providing alternative potentials between -1 V

and 1V vs. Ag/Ag" (0.1M AgNOs/0.01M TBPA in acetonitrile) for 50 s and
150 srespectively in 1 M LiClO4 dissolved in propylene carbonate solutions.

In order to record the corresponding effect on the light absorption by these
electrochromic thin films as the applied potential is changing from-1V to 1V
vs. Ag/Ag” in situ UV-vis spectroscopy is conducted at the same time with the
chronoamperometry measurement. This reveals the electrochromic properties
as assessed by the coloration efficiency, which was previously defined in
Equations 3.10 and 3.11.

From Figure4.13, it can be seen that TiO. doped WOs thin film exhibitsalarger
light transmittance change (AT) of 57.6%/71.5%/68.7% at wavelengths of 550
nm/632.8 nm/800 nm than pure WOz which shows only 41.4%/57.3%/40.6%
at the same wavelengths. The addition of ca. 10at.% TiO» has greatly improved

the color contrast over a wide wavelength range, which is consistent with the
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study result shown by Patil et al. adopting spray pyrolysis method and finding
that the optical density was increased from 20% to 63% at 630nm after the
doping concentration of TiO2 varying from 13% to 38%128l. Therefore, it can be
inferred that the presence of ca.10 at.% titanium atoms relative to tungsten in
TiO2 doped WOs thin film can achieve the purpose of improving light
transmittance change range, providing a comfortable visual view at its bleach
state on the one hand and good heat energy insulation in the colored one. Finally
note that the AT of this TiO. doped WOs thin film produced by anodization is
higher than that synthesized by hydrothermal method which is 68% at 632.8nm
(Section 3.2.4). This comparison further proves the advantages of removing the
compact inner layer found in the hydrothermally produced films discussed in

Chapter 3.

In order to further assess its performance as a candidate for applications on
“Smart Window” the electrochromic durability of the TiO2 doped WOz thin film
was characterized by running it through 500 cycles. From Figure 4.13 and 4.14
it can be seen that after 500 cycles the light modulation range of TiO, doped
WOz thin film has a dlight increase due to an enhanced transmittance in the
bleach state implying the small amount of film detachment. However, this does
not affect the coloration of TiO. doped WOs thin film under this condition. This
means that the amount of theionsinserted into the film is still large enough for

the film to reduce the light transmittance to amost zero at the wavelength of
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800 nm (the import near IR region) even after 500 cycles. This dlight

detachment of the film can also be seen in the cyclic voltammetry tests (Section

4.2.6). Besides, the coloration efficiency of thefilm isnot changed after running

500 cycles. All the calculated data are listed in Table 4.3
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Figure 4.13 (@), (b) and (c) are in-situ UV-vis kinetic curves corresponding to
Figure 4.12. The black and red solid line “—” represent AT%~A features of
the TiO2 doped WOs thin film at the first and the last five cycles of 500 cycles

102



respectively; the dash line *------ “ represents pure WOz thin film at itsfirst five
cycles.
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Figure 4.14 (a), (b) and (c) are the related coloration efficiency at different
wavelengths. Thefilled square “Il” represents the coloration efficiency of pure
WOs; empty square “[1” for TiO. doped WOs at the 1% cycle and the filled
triangular “A” for TiO2 doped WOj at the 500" cycle.

The coloration/bleaching time is defined as the time consumed to reverse the
transmittance whole the coloration (yc)/bleaching (yv) rate is the same as
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elaborated in Chapter 4, Section 4.2.4. From Table 4.4, it can be seen that the
coloration rate (yc) of WOs/TiO2 thin film is comparable with that of the pure
WO;3 at wavelengths of 550 nm and 632.8 nm, but almost twice as fast in the
import near infrared region at 800 nm. The bleaching rates of the WO3/TiO2
thin film (yn) are faster than the pure WOs film at all wavelengths, being more

than three times faster at both 550 nm and 800 nm..

Comparing the coloration/bleach rate of the TiO, doped WOs thin films
synthesized by hydrothermal method in Chapter 3 (H-WO3/TiOz) and
anodization in this chapter (A-WO3/TiO) respectively at 632.8nm, yc of H-
WO3/TiO2 is4.51% s, two times faster than A-WOs/TiO- thin film. However,
v of H-WQO3/TiOz isonly 0.77% s, comparable with that of the anodized pure
WOs thin film in this chapter and three times slower than A-WO3/TiO2 thin film.
These results are as expected, since on the one hand, the faster y. of H-
WO3/TiO: is caused by its larger top surface area, which can be quickly
occupied and lead to faster transmittance change at the beginning. On the other
hand, the slower v, of both H-WO3/TiO2 and anodized pure WOs thin film is
induced by the compact under layer and non-porous base respectively. The
porous channels in A-WOs/TiO: thin film that goes through the whole film
provide convenient channels for extraction of charges during the bleaching
process and hence, greatly improving its bleach rate as discussed above. Even

though, the bleaching is still to be incomplete as shown in figure 4.15. This
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incomplete bleach is closely related to their electrochromic reversibility which

isnot 100% for both pure WOz thin film and the TiO- doped WOs thin film.

Table 4.3 List of optical and kinetic parameters for pure WOz and TiO> doped
WOs thin films obtained from Figure 4.13 and 4.14 at wavelengths of 550,

632.8 and 800 nm.
CE Coloration/Bleach Time
AT%
(Ccm?)t (9
Wavelength
am 550 632.8 800 550 632.8 800 550 632.8 800
pure WOs 414 573 406 131 227 453 41/*60/F31/x5 38/ 272/P41/xQ 24/ *107/P72/x24
WO3/TIO: 576 715 687 21.8 352 638 41/228/B17/x8 36/ *50/P34/x16 24/ *61/P40/x18
AWOS/TIO: 587 746 724 225 397 643 41/023/B15/x8 34/ *31/P20/x10 23/*50/#33/x16

Note: AT% denotes transmittance change

2 same TiO> doped WO:s film after 500 cycles under -1V for 50 sand 1V for 150 svs Ag/Ag*
. the time required for 90% change within the full transmittance modulation range

after bleach at the selected wavelength
A: the time required for 80% change within the full transmittance modulation range
after bleach at the selected wavelength
Z: the time required for 50% change within the full transmittance modulation range
after bleach at the selected wavelength

Table 4.4 List of electrochromic rate parameters for pure WOz
and TiO2 doped WOs at wavelengths of 550, 632.8 and 800 nm

respectively
Pure WO3 WO3/TiO;
550 632.8 800 550 632.8 800
nm nm nm nm nm nm
vcl%st 14 2.2 15 14 2.2 2.7
1/%st 0.7 11 0.7 25 2.6 25

1 and 7 were determined 10 seconds after the switch in applied

voltage from the gradients of Figure 4.13
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4.2.8 UV-vis spectroscopy

Figure 4.15 displays UV-vis spectra of the pure WOz and TiO. doped WOz thin
films in their bleached and colored states for wavelengths from 300nm to
1100nm and their related optical images. Through comparison, it can be seen
that the addition of ca. 10at.% titanium shows an advantage in adjusting the
light transmittance within the range of both visible and NIR light. Besides, a
deeper blue observed at the color state of TiO. doped WOs, seen from its
corresponding optical image, confirms its larger ion accommodation ability
which is consistent with the cyclic voltammetry conclusion (Section 4.2.6). In
addition, after bleaching, the TiO> doped WOs shows an improved reversibility
as the average light transmittance returns to 72%, which is 92% of its original

value before coloration.

100
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Figure 4.15 UV-vis spectra of pure WOs and TiO2 doped WOsthin filmsin their
bleached and colored states and their corresponding optical images. “O” stands
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for original state (i.e. before coloration); “C” for color state (after coloring under
-1V for 50 s) and “B” for bleach state (after bleach under 1V for 150 s”). The
solid line “—" denotes TiO- doped WOs thin film and the dash line “— — -7
represents pure WOz thin film.”

4.2.9 Electrochemical |mpedance Spectroscopy

In order to investigate the kinetic properties of the charges within the films and
their related interfaces, the impedance spectra of the pure WOs and TiO> doped
WOz thinfilmsin 1M LiClO4 dissolved in propylene carbonate at apotential of
-0.4V Vs Ag/Ag" were recorded and are presented in Nyquist format. The data
obtained was analyzed by Z-View software based on the same equivalent circuit

asin Chapter 3 Figure 3.14.

Rs Qai

Figure 3.14 Equivalent circuit for impedance fitting; reproduced here for
convenience.

Table 4.5 shows the parameters required to fit the EIS data to the equivalent
circuit in Figure 3.14. It can be found that both the pure WOz and TiO. doped
WOs thin film display asemicircle at the high frequencies and the characteristic
Warburg diffusion behavior at low frequencies. The semicircle that appears at

the high frequency stands for charge transport process at the FTO/film interface.

107



From comparing the fitting parameters it can be seen that within the
experimental error Qa, Ry and 7. are the same for the two films. The latter two
parametersimply that the TiO2 incorporations have no effect onthe Li* diffusion

inthe WOs film.

However, the value of R is 21 Q cm™ for pure WOs which is three times
higher than 7 Q cm™for TiO, doped WOj thin film, indicating a faster charge
transfer process for latter film. Additionally, the value of Qin for pure WOgz thin
film is four times higher than that for TiO> doped WOs thin film revealing a
larger accumulation of intercalated Li* on the surface of pure WOs films. This
can be explained through analyzing the SEM imagesin figure 4.4. From the top
view of the pure WOz thin film, the integrated net of larger pore diameters
observed in TiO2 doped WOz thin film provides spacious channel for the faster
charge transport and diffusion into the film rather than residing on its surfaces.
Therefore, the Qin value for TiO. doped WOs thin filmsislower. In contrast, the
Rin of the TiO2 doped WOs thin film is four times lower than that of the pure
WOz, manifesting a faster charge transfer process on pore surface inside the

film.
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Table 4.5 List of impedance fitting parameters for the pure WOz and TiO>
doped WOs thin films.

Ro Ry Rin Qi Qin Rw Tw
Film Nal Nin
Qem? Qem? Qem?  (Fem?)vn (F cm)vn Q cm? S
PureWQOs 55 21 1670 8E-4 0.82 2E-4 0.97 6 E+3 78
Fit error
0.1 72 5.6 59 0.8 23 3.5 4.5 7.3
(%)
TiO2 doped WOs 73 7 454 5E-4 0.83 8E-4 0.82 4 E+3 93
Fit error
0.2 72 5.6 114 18 74 9.0 2.0 3.7
(%)
-1600F ® PureWO,

4 TiO,doped WO,

-1400

-1200

-1000

O _800

-600

-400
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Figure 4.16 Electrochemical impedance spectra of the pure WOz and TiO»
doped WOs thin films. The solid line is the fitting results, for the equivalent
circuit shown in Figure 3.14.

4.3 Conclusions

In this chapter, the binary transition metal oxides of TiO- doped WOz thin films
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with atomic ratio around 10 at.% of Ti/W were obtained by anodizing co-
sputtered Ti/W thin films in fluoride containing ethylene glycol solution. The
targeted TiO2 doped WOs thin film exhibits better electrochromic capacities
than the pure WOz thin film fabricated under the same conditions. Firstly, the
honeycomb structure of this TiO> doped WOs3 thin film shows good charge
accommodation ability of 75mC cm which istwo and a half times larger than
the pure WOs thin film. In addition, its superior ion storage property resultsin
alarger light modulation range relative to the pure WOs thin film. Its average
light modul ation range is about 65% within the visible light and 70% within the
NIR, which is 15% and 30% higher respectively than the pure WOs for the same
wavelength ranges. Furthermore, the discussed TiO. doped WOs thin film
displays faster electrochromic kinetic processes compared with the pure WO3
thin film, especialy in extraction of charges. This comes from its reduced
interface resistance simulated through el ectrochemical impedance spectroscopy
and its honey comb structure that gives more channels for ion transportation.
Therefore, based on the above discussion, the TiO2 doped WOs thin film has a

promising potential for applications on “Smart Windows”.
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Chapter 5 Studying on influence of different amount of TiO>

dopants on the eectrochromic property of WOs

5.1 Introduction

In Chapter 4, thethin films, with an atomic Ti/W ratio of approximately 10 at.%,
produced by anodization in a fluorinated organic solvent show an equivalent
large light transmittance change as those synthesized by the hydrothermal
method in chapter 3, but in the former the switch was triggered under at alower
voltage. In addition, relative to pure WOs thin film fabricated under the same
anodization conditions in chapter 4, the titanium doped WO3 thin film displays
enhancements on light transmittance change, bleach time and coloration
efficiency. However, it would be much more attractive to industry if the organic
solvent could be replaced by an aqueous one, which will be the focus of the
present chapter. Furthermore, this chapter will also look at the influence of

varying the titanium content in the doped WOs thin films.

Previous work in agueous media include that of Mukherjee et al. who in 2003
produced nanoporous tungsten oxide by galvanostatic anodization of tungsten
foil in oxalic acid,[¥ as opposed to the non nanoporous structures observed by
anodization of tungsten foil in either HNOs or H2SO4 solutions.>3 However,
Mukherjee et al.’s porous structures are not entirely regular and they did not

explore the respective applications. Later on, in 2005, Tsuchiya et al. observed
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aself-organized nanoporous morphol ogy with high regularity by anodizing pure
tungsten foil at a constant potential in various NaF concentrations.[¥! In their
work, they investigated the relationship between pore morphology and the F
concentration and the selected constant voltage. They did a good job on
providing preliminary anodization data for obtaining good porous WOs thin
films and investigated a series of aqueous solutions however, they only focused

on tungsten foil .[58

It was not until 2009 that nanoporous anodic WOs3 thin film grown on
conductive glass were synthesized by Zheng et al .I®! who adopted RF magnetron
sputtering to deposit a layer of pure tungsten on FTO glass, followed by
anodizing in NH4F dissolved in ethylene glycol. Their work was focused on
studying the different pore morphologies obtained different anodization times
a 40 V. However, these authors did not work in aueous €lectrolytes.
Nevertheless, they did briefly compared the photocatalytic activities among
these WOs films under UV illumination and observed improved photocatal ytic
activities for thick porous WOz thin films which they attributed to its large
surface area produced by its rich pore structures. This suggests that the
advantages of pore structures for increasing the surface area could also benefit

the films electrochromic properties.

Therefore, in this chapter the anodization technique will be extended to the
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fabrication of TiO> doped WOs thin films, which the two preceding chapters
suggest have several advantages over their pure counterparts, in an aqueous
electrolyte. In addition, the influence of varying the titanium content on the
electrochromic properties will also be discussed in this chapter and it will be
seen the optimum level isabout 10 at.%. The electrolyte used for all anodization
was 1 M H2SOs containing 0.3 wt.% NaF, with the anodizing conditions being
previously described in Chapter 2, Section 2.2. The choice of this electrolyte is

based on the previous work of Tsuchiya et al. on tungsten foils.[*l

5.2 Results and discussions

5.2.1 Morphology and elemental distribution analysis

The amount of titanium mixed into the tungsten matrix through co-sputtering
was controlled by adjusting the separate sputtering powers. The sputtering
power applies to pure tungsten was fixed at 90 W and the power selected for
sputtering titanium simultaneously was set to either 10 watt, 15 watt or 20 watt.
The elemental distribution of titanium atoms after the co-sputtering was
anayzed by the SEM-EDS. This reveded that the atomic percentages of
titanium in the as-sputtered Ti/W thin films were 10 at.%, 13 at.% and 17 at.%,
a minor variation of 0.6 at% was found at various locations across a single
surface. In addition, by adjusting the electron beam density of SEM-EDS from

10KV to 20 KV it was possible to analyze the titanium distribution within the
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filmsin further depth, it isfound that it is uniform throughout the samples.

However, after anodization the detected atomic percentage of titanium (only
considering the metal components W and Ti) decreased to 7 at.%, 10 at.% and
15 at.% respectively, which likely reflects the faster dissolution rate, which can
be controlled under different pH value, solvent viscosity and water contents, of
the titanium over tungsten as discussed in Chapter 4. This conclusion is
confirmed by observing and comparing the change of the thickness from the
SEM cross-section images before and after anodization. The films discussed in
this chapter are named asWTO, WT7, WT10 and WT15 corresponding to the O

at.%, 7 at.%, 10 at.% and 15 at.% of titanium in WO3 matrix respectively.

In order to observe the effect of titanium incorporations on the morphology
change of the oxide films after sputtering, SEM images were captured. Figure
5.1(a) demonstrates atypical top view of films after sputtering, the morphol ogy
of which is independent of the amount of titanium co-sputtered. It can be seen
that the as-sputtered films consist of octahedral particles. Otherwise, cross
section images in Figure 5.1(b) show arrow-head shaped particles that stack
layer by layer to form column structures. Furthermore, these columns with
arrow-head shape appear to adhere on the FTO substrate strongly as no cracks
are found at the interface between FTO surface and the bottom of the grown

films. Besides, these columns also stick to each other closely, implying a
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compact structure which is important for obtaining an oxide film with good
qualities during the anodization. From SEM cross section, the thickness of the

as-sputtered films are estimated to be around 450 nm.

tungsten thin film. The morphologies of the as-sputtered tungsten/titanium thin
films with different atomic percentage of titanium do not show significant
variations from the pure WO:s.

SEM images were again collected after the films have been anodizedinthe 1 M
H2SO4 contain 0.3 wt% NaF. Figures 5.2 and 5.3 shows series of morphology
changes asthe amount of titanium incorporated in the film increases. from nano-
porous, observed in WTO0 and WT7; undergoing nano-flakes in WT10; to nano-
block inter-weaved porous structures of WT15. The formation of the nano-
porous structure of pure WOs films anodized in fluoride ion (F) agueous
solutions are the commonly formed morphologies reported by many other
groups and as described above in Section 4.1. As described in Chapter 4 the
pore formation is ascribed to the built-in balance between electrochemical

oxidation and chemical dissolution,[*? the ratio of which can be deduced from
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the steady state region (Ilong times) of the characteristic anodic transient current
density curves. It can be clearly seen in Figure 5.4 that the long-term current
density increases with increasing titanium content, implying both faster
electrochemical oxidation and chemical dissolution, thus a lower degree of

order in the formed nanoporous morphologies.

The average pore size of WT0is80 nm which is much larger than that of 20 nm
of the pure WOz anodized in ethylene glycol solutions. Furthermore, the WTO
has good integrity without any of the cracks appearing in pure WOs thin filmin
Chapter 4. This implies that the aqueous system is advantageous in anodizing
films with uniform surface. The similarity in the porous structures of WT7 as
WTO indicates that 7 at% titanium has only a very limited effect on film
morphology. However, WT10 consists of nano-flakes instead of completely
pores. These nano-flakes are perpendicular to the substrate and disorderly
arranged, forming spacious channelsand largewall surface. Thisisnot observed
in TiO2 doped WOs thin films produced by anodizing in fluorinated ethylene
glycol in Chapter 4, even though it contains ca. 10 at. % titanium. By increasing
the atomic percentage of titanium to 15% continuously, the pores collapse and

become pores with scattered nano-blocks seen in WT15 (Figure 5.3d).

Additionally, the cross section SEM images of the final anodized and annealed

specimens reveal that the thickness of all the films has been reduced from 450
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nm to 350 nm for WTO and to 300 nm for WT7, WT10 and WT15 (Figure 5.3).
Thisisin contrast with observations of the films formed in ethylene glycol in
Chapter 4 where the thickness of both pure WOz and TiO> doped WOz thin films
isincreased after anodization. The reduction of films thickness in the aqueous
solution implies that the dissolution rate of the oxide film in aqueous solution
(or direct corrosion of the metals) isfaster than that in organic solution. Because
NaF has a much higher solubility in water solution than in any organic system,

it enhances the dissolution reactions displayed previously in Equations 4.2 and

Figure5.2 SEM top imagesof (&) WTO, (b) WT7, (c) WT10 and (d) WT15films.
All these films were anodized in 0.3 wt% NaF dissolved in 1 M H>SO4 under 40
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V for 40 mins and annealed at 450°C for 3 h.

From the cross section SEM images in Figure 5.3 it can also be seen that the
pores are arranged orderly in WTO and WT7, but there no pores are observable
close to the oxide / substrate interface. In WT10 vertically aligned plates are
found, which are agreement with its nano-flake structures viewed in the top
image. A less porous structure is observed for WT15 due to coverage of

interweaved nano-blocks, so again the top and cross section views are consi stent.

Figure 5.3 SEM cross section images of (a) WTO, (b) WT7, (¢) WT10 and (d)
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WT15 films. All these films were anodized in 0.3 wt% NaF dissolved in 1 M
H>S0O4 under 40V for 40 mins and annealed at 450°C for 3 h.

Although the details of the morphological evolution of WOsz films are not fully
understood, it is clear that complex reactions involved during anodization of
Ti/W thin films play important roles. Inspection of the steady-state current
densitiesin Figure 5.4 indicates that under the same anodization conditions the
film’s oxidation rate increases with increasing titanium content. The possible

anodic chemical reactions could be occurred:

Ti** + 2H,0 - Ti0, + 4H* (5.1)
W* + 3H,0 -» WO, + 6H* (5.2)
W* + 2H,0 > WOZ* + 4H* (5.3)
WO; + 2H* & WO02* + H,0 (5.4)

The thicken of the walls observed in Figure 5.2(c) and the blocks scattered in
porous structure in Figure 6.2(d) is possibly induced by the precipitation of
primary particle nuclei induced by the supersaturation condition and crystal
growth of the soluble products on the film surface.™! Based on above equations,
W02t could have the role of the soluble product since the dissolution rate of
titanium oxide to form (TiF,)?~ is faster than that of tungsten trioxide. This
means that the local acidity in the titanium doped WOs is higher. Therefore, the

produced H* may lead to increased dissolution of the WOs thin film.[*
WO; + 2H* & W02t + H,0 (5.5)

The soluble species W02t near the surface of the formed oxide layer will be

attacked by water to form W, 0 intermediately, followed by the formation of
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WOj3 causing thickening of the WOs nanostructured film.[***3 However, thefull
mechanism model for the morphology change during anodization of titanium
doped tungsten oxide with different titanium contents still needs further and

detailed investigations.
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Figure 5.4 Anodic current density transients for Ti/W films in 0.3 wt% NaF
Dissolved in 1 M H2SO4 under a sweep potential rate of 1V s for 40 sto afixed
potential of 40 V for 40 min.

5.2.2 Structural analysis

Figure 5.5 shows XRD patterns for WTO, WT7, WT10 and WT15 thin films,
along with indicated positions of the peaks belonging to the FTO substrate. All
the remaining peaksin the diffraction patterns can be indexed to the ICDD data
filefor WOz with monoclinic structures and all the filmsdisplay polycrystalline
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features. The easily identified (001), (020) and (200) peaks in the diffraction
patterns for pure WOs thin film are assigned to the typical monoclinic

structures.[*

It can be seen from Figure 5.5 that the titanium dopants cause sharp decrease on
the relative intensity of (001) and (200) peak so that it is no longer resolved as
separate peaks. The details of peaks’ positions are listed in Table 5.1, thereisno
obvious peak shift for these TiO> doped WOs thin films with an atomic
percentage of titanium from O to 15, except (200) peak of WT7 and WT10,
shifting -0.2° and -0.4° respectively compared with pure WOz thin film. These
phenomena reflect that firstly the titanium is likely to prefer occupying (020)
plane inducing lattice constant variations and secondly the titanium interrupts
orderly arranged atoms on other planes. These two factors result in peak shift
and decrease on peak intensities. A similar small angular displacement was also
observed in Chapter 4 for ca. 10 at% TiO- doped WOz thin films anodized in
ethylene glycol solutions, for which an average peak shift toward smaller two

thetaanglesis found.
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Table 5.1 List of XRD peak positions for WTO, WT7, WT10 and WT15

(001) (020) (200) (-111) (-221) (022) (041) (-401) (-222)

Monoclinic

23.1 23.6 24.4 28.7 41.5 53.6 54.3 55.8 59.4

WTO 23.2 23.6 24.3 28.7 414 53.6 54.5 55.9 --

*Pure WOs 23.1 23.7 24.3 28.8 41.6 53.4 54.7 55.8 --

WT7 23.2 23.6 24.1 28.9 414 -- 54.5 -- --

WT10 23.2 23.6 239 28.6 41.6 -- 54.2 -- --
*TiO2 doped WOs -- 23.5 24.2 28.8 41.3 -- 54.0 -- 59.7

WT15 23.3 23.6 24.1 -- -- -- 54.6 -- --

a denotes the corresponding films discussed in Chapter 4 where anodization
was in an organic solvent

For WT15 thin film, it can be seen that entire intensity of XRD peaks dropped
greatly; despite the same detectable surface area as the other films. These
aterationsindicate less crystalinity in the TiO> doped WOs thin films than the
pure WOs film and that the degree of the disorder is enhanced with the
increasing percentage of titanium in pure WOz matrix. This conclusion is
consistent with the SEM images in which the pure WOs thin film shows self-
ordered porous structures, WT10 exhibited randomly arranged nano-flakes
verticaly sticking on the FTO substrate and WT15 totally disorder structures
with scattered nano-blockswithin the formed network of the nano-pores (Figure
5.5). Additionally, the same phenomenon is also observed by Lethy et al. who

used a pulsed laser deposition technique to produce WOs/TiO- films on quartz
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substrates.[*¥  Finally, no traces of TiO, can be found in any of the XRD
patterns suggesting that the titanium is incorporated into the WOs lattice rather
than forming a separate phase, although the lack of TiO2 peaks could also be
due to the low content of titania or this could remain amorphous even after

annealing.

50 60 70 80
Cu 26 Ka

Figure 5.5 XRD patterns for WTO, WT7, WT10 and WT15.

Figure 5.6 shows the room temperature Raman spectra of the electrochromic
films, in which the previously reported O-W®"—O stretching and bending modes
expected for monoclinic WOs can be found, although the two bending modes
cannot be resolved for the TiO2 doped WOs thin films (Chapter 4, Section 4.3.2).
Nevertheless, it can be seen that on incorporation of titanium atoms into the
WO;s films the O-W®*-O stretching band at 719 cm® in pure WO3 (WTO) red-
shifts by about 20 wavenumbers and broadens considerably. Shigesato et al.[*¢l
pointed out that the width of the Raman peak at about 800 cm? isrelated to

structural disorder aspects of W-O-W bonding angle and length. According to
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Lethy et al., *™ the same phenomenon is also observed when titanium oxide is
incorporated into tungsten oxide thin films via a pulsed laser deposition
technique and these authors explained the broadening of stretching mode in
terms of neighboring geometric disorientation based on the molecular theory of
vibration.[*1 This explanation is consistent with the XRD observations. The
broadening of the main peaks with increasing titanium contents implied an
interruption on the atoms alignment. Alternatively, the red-shift of the Raman
peaks at 719 cmt could be attributed to increased tensile strain as proposed by
Liao et al.[*® and Portinhaet al. [** when studying on ZrOz and IrO,. Otherwise,
the same phenomenon is also observed in figure 4.8 for the films anodized in an

organic electrolyte presented in Chapter 4.

In addition, figure 5.6 reveals that the frequencies of the two low frequency
bending modes are broadened and weakened with the increasing of titanium
contents to the extent that they are amost undetectable at the highest titanium
incorporations (WT15). In the light of the molecular theory of vibration, it is
likely that the substitution of W®" by Ti** ions caused local geometric
disorientation in WOs thin film.[*?% Besides, the TiO, dopants also lead to the
appearance of anew Raman band near 983 cmt, which is also detected in TiO2
doped WOs thin films anodized in ethylene glycol solutions (Figure 4.5). This
band, which has been reported at 996 cm™® for WOs/transition metal oxide
catalysts, including WO3/TiO2, has been assigned to a W=0O symmetrical
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stretching mode characteristic of the WOs monolayer dispersion,!?!
Furthermore, this additional band proves a change of structures due to the

titanium dopants as well.

Meanwhile, thereis no evidence of any separate TiO. phases, for which the A g
mode at 612 cm™ / 512 cmtis the strongest followed closely by the Eq mode at
447 cmt / 634 cm for rutile / anatase TiO2.?2% This also supports the
discussions from XRD results that the TiO2 in WOz matrix does not form a
separate phase. In addition, this phenomenon is observed in all WO3/TiO- thin
films regardless of whether anodized in ethylene glycol solution discussed in

chapter 4 or aqueous solution in this chapter.

200 400 600 800 1000 1200
Raman Shift (cm'l)

Figure 5.6 Raman spectraof WTO, WT7, WT10 and WT15.
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In order to ascertain the surface chemical composition and their chemical state,
XPS scans of as-prepared thin films of WTO, WT7, WT10 and WT15 were
obtained and are shown in Figure 5.7. As expected all the films contain tungsten
and oxygen elements, with titanium element also detected in WT7, WT10 and
WT15 with atom ratio of Ti/W 7 at.%, 12 at.% and 18 at.% separately. Thisis
an average difference of 2% from the SEM-EDS. Furthermore, through
investigating peak positions, the W4fz, and W4fs, peaks are found to be well
resolved in the spectra of al films as listed in Table 6.2, being located at 35.2
eV~35.8 eV and 37.3 eV~38.9eV belonging to W®" without other oxidation
states being present.[?#?1 Otherwise, the binding energies of Ti 2p3/2 and Ti
2p1/2 located at 458.4 €V~459.0 eV and 464.2 eV~464.8 eV are attributed to
Ti**[2%29 Additionally, The O1s binding energy of 529.9 eV~ 530.5 eV are

identified and classified to the oxygen in the WO; structure. 2

Table 5.2 Binding energy list of atoms orbits of W4f, Ti2p and O1sfor
filmWTO, WT10, WT10 and WT15

WT WT1
WT7 WT15
0 0

(5/2) 373 37.5 37.7 389

Waf
(7/2) 352 354 357 358
Binding Energy
) 1o (12) 4641 4646  464.9
P32 4586 4589  459.2
O1s 5305 5304 5306 530.7

532.1 5319 532.5 532.4
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From Table 5.2, it can be seen that all the XPS peaks exhibit a trend toward
higher binding energies with an increase of titanium content. This shift of
binding energy impliesacontraction of the WOz unit cell. However, information
from XPS only reflects surface information which is mostly influenced by the
ambient such as absorption of water molecules resulting a positive pressure on
surfaces.[®! Nevertheless, through observing the XRD data, it can be seen that
all the peaks do not shift to the same side, maybe implying different internal
stresses. According to the Raman spectrain this chapter, the peaks shift toward
lower wavenumber and this has been reported due to the increase of tensile
strain by Liao et al. and Portinha et al.[*¥% Therefore, a compressive stress
should also be provided to balance stress at grain boundaries. These two kinds

of strain will result in changes in the dimensions of the unit cdl, i.e. lattice

constants.
(a) (waf) wtis (D) (019)  sgpsay WT15
35.8eV 37.9eV 532.0eV
3576V 3778V w110 M
———@/\— 1eV
37.5eV WT7
.2€ 529.9eV
3.3eV WTO € WTO
531.3eV
34 36 38 40 5I28 5éo 5é2 5é4

Binding Energy (eV) Binding Energy (eV)
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(c) (Ti2p)

459.0eV
464.8¢V  WT15
458.7eV
464.3ev  WTI10
458.4eV WT7
w
455 460 465 470

Binding Energy (eV)

Figure 5.7 Comparison of XPS spectrum of thin film WTO, WT7, WT10 and
WT15 (a) W4f orbit, (b) Ols orbit and (c) Ti2p orbit

5.2.3 Cyclic voltammetry

Figure 5.8 shows cyclic voltammograms for each of the four thin films at their
first, 500" and 1000 cycle at a sweep rate of 50 mV s™. Besides that Figures
5.9 compares the cyclic voltammetric features of these four thin films at their
respective first and 1000" cycle respectively. Figure 5.10 shows the amounts of
charge inserted into WTO, WT7, WT10 and WT15 calculated by integration of
the current density recorded in Figure 5.8. (i.e. the area enclosed by the CV

curves).
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Figure 5.8 Cyclic voltammograms collected on their 1%, 500" and 1000" cycle
in IMLiClOa dissolved in propylene carbonate at a sweep rate of 50 mV s?
from -2V to 1V vs. Ag/Ag" for (a) WTO, (b) WT7, (c) WT10, (d) WT15.
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Figure 5.9 Comparison of cyclic voltammograms corresponding to figure 5.8
at their respective (a) first cycle and (b) the 1000 cycle.

From Figure 5.10 and Table 5.3 it can be seen that the amount of inserted Li*
increases with increasing titanium content which also can be determined by
comparing the current densities of WTO, WT7, WT10 and WT15 shown in Fig.
5.8. Meanwhile the charge insertion rate, defined as the total amount of Li*
intercalated into the thin film within 40 seconds, also increased with the same
trend. Thisincreasing trend with increased titanium quantity in the WOs matrix
is believed to be due to the more disordered structure induced by incorporating

the titanium.

After 1000 cyclesthe capacitanceloss of WTO, WT7, WT10 and WT15 reaches
40%, 15%, 5% and 32% respectively, corresponding with the change of in the
CV profiles seen in Figure 5.8. The capacitance loss is caused by losing
effective places for ion intercalation again. It seemsthat up to 10 at.% titanium

greatly decreased the capacitance loss rate, but a further addition of titanium to
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15 at.% was detrimental. The possible reason is ascribed to morphology of
WT15, in which the randomly distributed nano-blocks may impede the
transport of charges. (Figure 5.2d) The morphology of WT10 is more
convenient for ions insertion/extraction to avoid retention of ions during de-
intercalation process which will prevent the intercalation of ions in the

following circles.

Comparing the charge capacitance of films obtained in the present chapter, via
anodizing in an aqueous media, with those formed in ethylene glycol presented
in Chapter 4, Table 4.2 reveals that the gin of films formed in the organic
electrolyte are more than twice that of their aqueous counterparts; this also
applies to the pure WOs films. Thisislikely resulted from two aspects. Firstly,
the thin films from ethylene glycol solution are approximate 2.5 times thicker
than these obtained from the aqueous electrolyte. Secondly, the morphology
differences could be largely responsible for these charge capacitance variations,
as it can be seen from their respective SEM images in chapter 4 that the TiO2
doped WOs thin film has more volume for charge insertion due to its denser

honey-comb structure.

133



o 004+ = 1%cycle .

g o 500" cycle

O 4 1000" cycle §

< 003}

"55‘ ’y
n

E A

o 002} .

@

=

o n

8 ool °

Q A

C PR (TR IR S NUTN N N NI R——|

= -2 0 2 4 6 8 10 12 14 16

Atomic Ratio of Ti/W

Figure 5.10 Charge accommodation capacities of WTO, WT7, WT10 and
WT15 at their 1%, 500" and 1000™" cycle respectively calculated from the result
of Fig.5.8.

Table 5.3 List of charge densities and charge/discharge rate of all films
corresponding to curvesin Figure 5.8

1 500" 1000™
mAqgm'2 mAqu'2 A% mAqu'2 A%
WTO 13.2 11.5 -13 8 -39
WT7 25.2 19.9 -21 215 -15
WT10 33.3 32.8 -2 318 -5
WT15 40.0 27 -33 27.4 -32
1 500" 1000"
fin Arm% fin Al’m% fin Al’in%
mA cm? st mA cm? st mA cm? st
WTO 0.3 0.3 -- 0.2 --
WT7 0.6 2 0.5 2 05 3
WT10 0.8 3 0.8 3 0.8 4
WT15 1.0 3 0.7 2 0.7 3

gin denotes the intercalated charge densities related to the CV curve in Figure
5.8;

Aqin% isthe difference between theinserted charges at the 500" cycle or 1000™"
cycle and that at the first cycle;

rin €quals to the amount of charges inserted into thin films per second. The
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measured

charge insertion and extraction period was 40 seconds and 70 seconds
respectively;

Arin% isthe charge rate ratio between the films with titanium and pure WO3 thin film.

A further inspection of the first cycle of CV in Figure 5.9(a), it shows that the
anodic peak position is shifted negative and the peak current density increases
asthe amount of titanium in the film increases, suggesting an energetically more
favorable and faster de-intercalation process with optimized atomic ratio of
Ti/W.[32 Based on the CV test, the estimated chemical diffusion coefficient (D)
of these films can be calculated by using the Randles-Sevcik equation:

nFvD
RT

Iyc = 0.4463nFCA - (5.2)

where I is the cathodic peak current density estimated from Figure 5.8(e); n:
the number of inserted Li* ionsinvolved in reducing 1 mol WOs (i.e. n=1); F
is Faraday constant, *; C is the concentration of Li* ions in the solution. (i.e. C
=1 mol dm®); A isthe area of the working electrode, making an assumption of a
condensed surface; v is the scan rate during the cyclic voltammetry test (i.e. v =

50 mV s?); Risthe universal gas constant and; T is the absolute temperature.

Figure 5.11 reveals that WT10 has the largest chemical diffusion coefficiency

of the five films and this is agreement with its superior ion storage capacity

discussed above.
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Figure 5.11 Comparison of chemical diffusion coefficiency caculated from the
respective cyclic voltammograms at their first cycle based on the Randles-Sevcik
equation. 14!

5.2.4 Electrochromic properties

Figure 5.12 shows chronoamperometric curves obtained by applying potential
pulsesof -1V or 1V vs. Ag/Ag' in 1M LiClO4 dissolved in propylene carbonate
for 50 s or 150 s respectively. Based on their respective first cycle
chronoamperometric curve the reversibility of the electrochromic processin the
WTO, WT7, WT10 and WT15 films is calculated to be 94%, 88%, 100% and
86% respectively, implying that the optimized ratio Ti/W is ca.10%. For the
WT10 film, it seems that virtually all inserted Li* can be extracted during the
reversed electrochemical process. In the work reported by Patil et al,[* they
found that the reversibility of films produced by spray deposition wasincreased
dramatically from 69% to 96% with an increase of titanium content from 13%

to 38% (volume ratio of titanium precursor over tungsten precursor). In the
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present case, an optimum reversibility is found in the WT10 film, for which a
possible reason is its nano-flake morphology that exhibits large pore diameters

providing more convenient channels for charge transport.
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Figure 5.12 Chronoamperometric measurements performed by applying
alternative potentials of -1V for 50 sfollowed by 1V for 150 s, i.e. coloration
and bleaching respectively, in 1M LiClOa4 dissolved in propylene carbonate.

Figures 5.13 and 5.14 displays the corresponding optical images and related
kinetic transmittance changes at 550 nm, 632.8 nm and 800 nm respectively.
From the optical image, the color of deep blue comes from the charge injection
and fading of color is caused by extraction of charges. Through visual
observation, WT10 performs the highest color contrast indicating superior

electrochromic properties.
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Figure 5.13 Photo images of the films at their colored (left) and bleached (right)
states. The films are placed in traditional three electrode cell containing 1M
LiClO4 dissolved in propylene carbonate and supplied negative potential of -1
V for 50 s, followed by positive potential of 1V for 150 s. The suffix character
of C or B in the figure denotes color and bleach state respectively.

Figure 5.14 reflects the change of the transmittance at selected wavelengths
related to color/bleach process. Through comparison, it can be seen that the
addition of titanium is advantageous in producing adeeper blue color compared
with the pristine WOz thin film. This agrees with CV tests in which the
capacance of the thin film increases with the increasing titanium contents. In
addition, the transmittance of WT7 and WT10 is close to zero after coloration
at the wavelength of 800nm, indicating an improvement in light absorption near
the NIR range, which is vital for efficient cooling of buildings. This could be
caused by a defect energy level formed within the forbidden band gap of TiO2
doped WOs thin films resulting in a decrease of the band gap during the
calcination process®+2¥ Furthermore, for all three wavelengths investigated
WT10 exhibits the largest transmittance change range of 58.5%, 72% and 77.7%
at the wavelength of 550 nm, 632.8 nm and 800n m respectively, which are 1.8,

1.7 and 2.1 times higher than the pure WOs thin film at the corresponding
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wavelength.

Comparing with films presented in Chapter 4, Section 4.2.7, WTO (anodized in
agueous solution) shows alarger transmittance change range than the pure WO3
thin film anodized from ethylene glycol solution. Likewise a comparison
between the agueous WT10 with the TiO. doped WOs thin film in Chapter 4
(also contain ca. 10 at.% Ti) shows that the two exhibit equivalent abilities to

regulate visible light but the former (WT10) is better within the NIR range.
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Figure 5.14 In situ transmittance corresponding to Figure 5.10 recorded at a
wavelength of (a) 550nm, (b) 632.8nm and (c) 800nm.

The transmittance change range of each thin film at selected wavelength and
respective dynamic electrochromic process parameters have been calculated
and are listed in Table 5.4. By analyzing the kinetic features of each film
through calculating their respective coloration/bleach time (defined as the time
required for a 90% change within the full transmittance change range), it can
be seen that the average coloration time for the pure WOz is ca. 35 s regardless
of the wavelength. The addition of titanium has few impacts at 550 nm, but at
longer wavelengths the coloration time of WT10 is reduced to 10 s at a
wavelength of 800nm. However, if too much titanium is added this advantage
is lost, since the coloration time of WT15 is the same as WTO a 800 nm. In
addition, WT10 aso displays a shorter coloration time than the TiO, doped
WOs thin film, anodized in ethylene glycol solution in chapter 4, at al the

wavelengths investigated.
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The improvement in the coloration rate of WT7 and WT10 films over the pure
WTO film possibly comes from morphology differences. Firstly, the
morphology of WT10 provides more channels for charge transport which is an
important determinant of coloration time. Secondly, the nano-flake structures
of WT10, takes advantages in both of the larger intercalation capacitances as
discussed with the CV (Section 5.2.3) and convenient channels due to its larger
pore diameter (Figure 5.2) than either WTO or the TiO, doped WOs thin film
anodized in ethylene glycol in Chapter 4. The same conclusion can be made for

the bleaching time.

Table 5.4 List of optical and kinetic parameters for WTO, WT7, WT10 and WT15
obtained from Figure 5.12 at wavel engths of 550, 632.8 and 800 nm

Transmittance CE Coloration/Bleaching
Change (%) cm? C? Time (s
Wavelength
m 550 632.8 800 550 632.8 800 550 632.8 800
WTO 319 419 370 188 311 491 39/52 39/50 32/90
WT7 411 593 497 192 365 754 35/32 28/85 21/90
WT10 585 720 777 432 46.8 1058 38/34 33/60 10/64
WT15 250 364 645 235 334 628 35/38 32/48 32/72

Continuing the discussion of the electrochromic properties of the films, the
coloration efficiency, as defined in Equations 3.10 and 3.11 of Chapter 3 is
calculated and depicted in Figure 5.15. The calcul ated value of CE for each film
increased with increasing wavelength. Furthermore, the extent of the increase

in CE is larger for TiO. doped WOs thin films relative to the pure one at al
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wavelengths, WT10 showing the largest values. Thisis ascribed to it having the

largest transmittance change range. In addition, within the visible light range,

the CE of WT7, WT10 and WT15 are 0.4/5.4 cm? C1, 24.4/15.7 cm? C! and

4.7/2.3 cm? C1 higher than WTO at the wavelengths of 550nm/632.8nm

respectively. While, at 800 nm, CE isimproved 1.5, 2 and 1.3 times for WT7,

WT10 and WT15 as compared with WTO. Therefore, it can be seen that the

value of CE is very sensitive to the light modulation range and the WT10 film

has the best electrochromic coloration efficiency across the whole of the

spectrum investigated.
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Figure 5.15 Plots of the variation of the in situ optical density vs. the charge
density corresponding to the in situ transmittance in Figure 5.12 at wavelengths
of (a) 550 nm, (b) 632.8 nm and (c) 800 nm.

5.2.5 Electrochemical | mpedance Spectrum

Figure 5.16 depicts impedance spectra in the Nyquist format measured in 1 M
LiClO4 dissolved in propylene carbonate solution at a potential of -0.4V vs.
Ag/Ag®. The potentid is chosen according to the cyclic voltammetry tests in
which the onset potential of reduction is around -0.4 volts. The equivalent

circuit model is the same as depicted in Figure 3.14 of Chapter 3 Section 3.2.5.

Rs Qui

N
r

Rs

Figure 3.14 Equivalent circuits for impedance fitting, reproduced here for the
convenience of the reader. The equivalent circuit model was based on the
impedance data of the characterized film WTO, WT7, WT10 and WT15.
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Figure 5.16 Impedance spectrums of WTO, WT7, WT10 and WT15. The
squares are the raw data collected and the solid lines are the fitting results.

One the basis of the fitting results in Table 5.5 it can be concluded that the

incorporation of certain titanium content can reduce the charge transfer

resistance symbolized by Ry effectively. This phenomenon was also observed

by Park et al who studied TiO> mixed WOs film electrodes formed by a doctor-

blading method.l 3 This is aso consistent with the CV test in which a larger

current density is observed with an increase in titanium content. Meanwhile, the
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double layer capacity (Qaq) of the samples exhibits a dightly increasing trend
for the sequence WTO, WT7 and WT10, but WT15 shows a very low value.
This can be attributed to the morphology of W15 with less specific area. Table
5.5 aso reveds that WT10 has the lowest charge transfer and diffusion
resistance, represented by Rn and Ry respectively, as well as the highest
capacitance symbolized by Qin, indicating that this sample has the optimized
quantity of titanium in the film and the best morphology. These lower Rin and
Rw values help to explain why WT10 has the fastest intercalation rate and its
high Qin explainswhy it has the largest transmittance change range (Figure 5.12).
Furthermore, the diffusion coefficients calculated from tw wWhich is stated in
equation 3.15 shows same trend as that determined in the CV experiments and
shown in Figure 5.10, assuming the differences among the thicknesses of the

samples can be ignored.
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Table 5.5 List of impedance fitting parameters of film WTO, WT7, WT10 and WT15

Film WTO Er%  WT7 Er%  WT10 Er%  WT15  Er%
/ QFism_z 589 0.2 116 0.1 713 02 38.7 6.8
/ QFifm_z 212 164 203 151 163 10 165 15.9
/ QR(‘:’;n_z 16E+4 65 53E+3 30 18E+2 43 11E+3 04

Q
IE n‘:'_z)ﬂn 12E4 10 19E4 08 96E-4 09 87E7 317
Na 0.9 0.2 08 02 08 03 0.8 30.7
Q.
IF n']”_z)l,n 57E6 118 60E6 161 14E3 37 32E4 19
Nin 1 0.9 1 08 09 10 0.8 0.2
/ QRCV:n_Z 25E+5 14 11E+5 04 13E+3 35 20E+4 08
tw /s 47 20 289 07 522 58 302 0.4

The method of E;% calculation is stated in section 2.3 in chapter 2

5.3 Conclusions

In this chapter TiO- doped WOz thin films have been produced by anodization

of co-sputtered Ti/W containing 0 — 15 at. % titanium in a fluorinated aqueous

electrolyte. After annealing the tungsten and titanium element in all films are

totally oxidized with valence of +6 and +4 respectively. SEM images reveal ed

that the films exhibit a morphology evolution from nano-porous structure,

undergoing nano-flake, to nano-block decorated porous structure as a sequence

of WTO, WT7, WT10 to WT15. Both XRD and Raman spectrum results revedl

that the higher the quantity of incorporated titanium the lower the crystallinity.
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Through comparing the electrochromic property of these films, WT10 displays
the best durability and superior capacity in adjusting the transmittance within
the visua light, especially near the NIR range. Besides, WT10 shows shorter
coloration/bleach time and the highest coloration efficiency. Furthermore,
analysis by electrochemical impedance spectroscopy implies that the TiO>
dopants reduce the charge transfer and diffusion resistances with minima being
found for 10 at.% Ti, which explains the fast dynamic behavior on

electrochromic applications of the WT10 sample.
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Chapter 6 Conclusions

Tungsten trioxide (WOs) has been intensely investigated since the first
discovery of its electrochromic properties in 1815. Many methods have been
used for the fabrication of WOz films with different morphologies. Among all
these methods, the hydrothermal treatment is attractive dueto its facile and cost
effective features. Although many researchers have made significant
contributions on synthesize pure WOz powder or films by adopting
hydrothermal method for the electrochromic application, there are some
drawbacks, such as relative low light modulation range, that need to be
improved for its applications on smart windows. Therefore, the mixing or
doping of a second transition metal oxide having electrochromic functions is
adopted in this thesis. According to the reported studies, TiO; is a favorable
candidate for doping with WOz based on its positive effect on increasing film
reversibility and stability.l*"? However, to obtain the TiO, doped WOs thin film
on conductive glass substrates with one step hydrothermal method for
investigating the related electrochromic properties has not been previously
reported. Therefore, in Chapter 3, the morphology, structure and corresponding
electrochromic properties of TiO> doped WOs thin film on FTO glass
synthesized by hydrotherma method was discussed and can be summarized

from three aspects.

1. The synthesized TiO> doped WOz thin film by using hydrothermal
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method in this work showed a two layer structure consisting of
nanopillars on top of a compact layer, with both layers having the same
Ti/W atomic ratio of 4:1. It was postulated that the switch from growth
of the compact layer to nanopillars was due to hydrothermal reaction

becoming mass transport limited at the oxide / electrolyte interface.

2. Inchapter 3, XRD investigations revealed that the TiO> doped WOs thin
film, obtained by hydrothermal method, kept the same structure as pure
WOs thin film after comparing the XRD patterns between each other,
showing apreferential growth of (002) plane and good crystallinity with
hexagona crystallographic structure. XRD and TEM investigations
suggested that the TiO. doped WOs thin film was achieved by
replacement of W®* by Ti#" ionsin the WOs lattice structure, rather than
discrete phases of WOs and TiOx.

3. TheTiO2 dopant was found to improve the electrochromic properties as
compared to the pure WOs films. This included more than doubling the
transmittance change range at 632.8 nm to 67%, increasing the
coloration efficiency by 50% to 39.2 cm? C! and approximately
doubling the coloration and bleaching rate relative to pure WOz thin film.
The electrochemical impedance measurements suggested that the
improvement in the el ectrochromic properties were due to the presence
of the TiOz reducing both the film’s electrical resistance and resistance
to diffusion of charges within the film. Additionally, the stability of the
TiO2 doped WOs thin film was improved, with only limited degradation
being observed after 1000 cycles of coloration/bleaching circulation,
compared to significant degradation in pure WOs thin film only after
500 cycles.

Under the enlightenment of the advantages on the TiO2 doped WOs thin film
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from the results of Chapter 3, a continued investigation was devel oped through
using electrochemical anodization, which is easier to scale-up for industrial
applications than the hydrothermal method. Chapters 4 and 5 demonstrated the
electrochromic properties of anodized co-sputtered Ti/W thin films which were
produced from organic and agueous el ectrol yte solutions respectively. From the
results exhibited in these two chapters an overall conclusions can be stated as

follows.

1. Through comparing the morphology of pure WOs and TiO> doped WOs
thin film obtained from organic and aqueous solution respectively, it
was found that changes were more drastic in the latter where the
morphology evolved from nano-porous, to nano-flake and finally nano-
block interweaved porous network as the titanium content increased. In
both Chapters 4 and 5 the preferential growth orientation seems
sensitive to the addition of titanium as this disappeared in the TiO»
doped WOs thin film. However, the crystal structuresin both case favor
monoclinic due to the same heat treatment conditions but hexagonal
crystallographic structure was observed for hydrothermally produced

thin filmsin Chapter 3.

2. Aswith the hydrothermal method XRD and TEM investigations of the
anodized films suggested that the TiO> doped WOs thin film was
achieved by replacement of W®" by Ti** ions in the WOgs structure,

rather than discrete phases of WOz and TiOo.
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3.

In Chapter 5, both XRD and Raman spectroscopy results revea ed that
the higher the quantity of incorporated titanium the lower the
crystallinity. This phenomenon was al so observed when comparing pure
WOs3 thin film with TiO> doped WOs3 thin film synthesized by
hydrothermal method.

XPS spectroscopy proved that the valence of tungsten and titanium
elements in both as-prepared pure WOz and TiO. doped WOs thin film

were 6+ and 4+ respectively without any traces of alternative valences.

Through comparing the capacitances, electrochromic properties and
electrochemical impedance spectra among al thin films, the data
showed that the optimum atomic percentage of mixed titanium contents

was around 10 at.% which exhibited obvious improvements in these

aspects:

e First for the films anodized in an agueous environment WT10
displayed best durability only having aloss of charge capacitance of
5% after 1000 cycles, contrasting with 39.4%, 14.6% and 31.5% for

WTO, WT7 and WT15 respectively.

e TheTiO. doped WOs thin film anodized in ethylene glycol and also
have ca. 10 a.% Ti, in Chapter 4, which lost 26% of its charge

capacitance after 1000 cycles, also exhibited better durability than

153



6.

pure WOs thin film 51%, but worse than WT10 possibly due to the
thicker thickness of films in chapter 4. Therefore, the inserted
charges cannot be extracted totally within the same discharge period;

hence these impede the insertion of chargesin later cycles.

The WT10 film exhibited superior transmittance modul ation ability
of 58.5%, 72% and 77.7% at 550 nm, 632.8 nm and 800 nm
respectively, which was 26.6%, 30.1% and 40.7% higher than WTO.
Inaddition, WT7 and WT15 also illustrates significant improvement
on transmittance change range within the NIR range, indicating that
the addition of titanium contents assists in promoting the absorption

of the light within NIR range.

TheWT10 aso provided shorter coloration/bleach time of 38 §/34 s,
335/60 sand 10 5/64 srespectively compared with 39 /52 s, 39 /50
s and 32 ¢90 s of WTO. Furthermore, the electrochemical
impedance spectroscopy implied that the titanium oxide has positive

impact by reducing the charge transfer and diffusion resistance.

Finally, a comparison of the properties between WT10 and the TiO2
doped WOs thin film anodized from organic solutions (O-WO3/TiOy)
showed that, firstly, the charge capacitance of O-WO3/TiO> thin film

was 0.05 C cm? higher than WT10 at the first cycle, which was likely
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ascribed to the film thickness differences. Secondly, the transmittance
change (AT) was amost the same for both films except the AT at 800
nm. WT10 was 8 % higher than O-WOs/TiO> thin film due to the
essential lower transparency of the later film. Thirdly, the coloration
time of WT10 was shorter than O-WO3/TiO2 thinfilm, but it hasalonger
bleach time. The shorter coloration time was originated from the smaller
capacitance respect to O-WO3/TiOz thin film, thinner thickness and
gpacious charge transport channels observed from respective SEM
images. However the shorter bleach time observed in O-WOs/TiO; thin

film benefited from the pores penetrating to the substrate.
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Chapter 7 Suggestions on futur e resear ch work

To further understand the TiO- doped WOs system, investigation on its structure
such as structure refinement can be considered. Besides, for applications, the
design of electrochromic device and looking for other alternative materials

focusing on shortening el ectrochromic response time should be studied in next

steps.

1, Study further on the arrangement of the mixed Ti atomsin W matrix after co-
anodization by doing simulations and the structural refinement in order to find
the accurate role of mixed Ti in the evolution of the structures during the co-

anodization process.

2, In addition to WOz, viologens have also attract intensive interesting due to
their property of high contrast and fast kinetic process on electrochromic
display applications. Viologens are derivatives of 4,4’-bipyridyl. Based on
recent literature, the studies on viologen-based electrochromism have been
combined with TiO2 by confining viologen molecular on surface of TiO2 nano-
tubes. Therefore, in the future work the investigation of viologen/WOs3 and
viologen/WOs /TiO2 electrochromic systems could be developed by coating a
monolayer of self-assembled, phosphonated, chemisorbed viologen molecules
on the electrodeposited or anodized oxide thin film. Under the consideration of

commercia application, the industry standard printing techniques, such as
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flexographic, screen and inkjet, could be applied on producing the
viologen/WOs electrochromic thin films.

3, A solid system will be more flexible and show better resistance to mechanical
shock. Therefore, the fabrication of solid EC device by replacing agueous
solutions with ion containing sol-gel electrolyte, such as polystyrene sulfonic

acid, on the studied WOs/TiO, system above will be another interested topic.
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