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Abstract

Preparation of Dip-coated
Electrochromic Thin Film and
Its Application to
Photoelectrochromic Systems

Jae-Hyuk Park
School of Chemical & Biological Engineering
The Graduate School

Seoul National University

Electrochromic and photochromic materials with reversible transmittance in
response to an applied voltage and illumination, respectively, are the most
common materials for smart windows. An alternative, the photo-
electrochromic cell (PECC) was first demonstrated in 1996. For PECC,
coloration is attained by the photon-electron conversion with no need for
external power sources.

In this study, tungsten oxide (WOs3) thin film was fabricated by the sol-gel

method with film thickness control by repeated dip coating process.



Electrochemical analysis was conducted in a three electrode half-cell using a
lithium-based electrolyte and an optical transmittance change in
colored/bleached state could be shown by using He-Ne laser (4 =633 nm).

From a materials analysis perspective, WO; thin films fabricated by the sol-
gel method showed better adhesion with FTO glass after the annealing
process when compared with samples without annealing. In addition, WOs;
films with amorphous phases exhibited better electrochromic performance
than crystalline WO; films and film thickness control was possible by
repeated dip coating. These results suggest that these modifications would be
advantageous when assessing the electrochromic performance. Consequently,
the optimum thickness for the best electrochromic performance was decided
for employing to photoelectrochromic systems.

After that, we fabricated two types of WO; employed PECC. One is a
layered structure composed of dye-sensitized TiO, nanoparticle (NP) on the
crystalline WOj; electrochromic film as the photoanode and employed the Pt
counter electrode as a photocathode. The other is a separated structure
composed of amorphous or crystalline WOj; electrochromic film electrode as a
photocathode and dye-sensitized TiO, NP as a photoanode. In addition, we
apply WO; thin film with different thickness at two types of PECCs for
understanding the transmittance change tendency when illuminated with time
on cell compared to that of solely electrochromic sytems.

UV-vis spectra measurement results showed the sample with a thinner film



of WO;and with amorphous phases in separated structure exhibited the best
coloration switching kinetics compared with others over illumination time and
absolute transmittance change value was also quite remarkable.

Furthermore, WO; thin film in separated structure exhibited faster optical
transmittance switching kinetics with illumination time than that of in layered
structure.

Consequently, this results show that WO; employed two type of the
photoelectochromic system exhibited same tendency compared to crystalline
phase and film thickness dependent electrochromic properties.

Lastly, for enhancing the optical properties of photoelectrochromic systems,
which were dip-coated WO; electrochromic thin film was employed, more
transparent dyes on TiO, NP have to be used for higher initial transmittance

value (as-prepared state) in two types of photoelectrochromic systems.

Keywords: WO;, Dip coating, Photoelectrochromic systems

Student Number: 2012-23977
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Chapter 1. Introduction

1.1 Electrochromism

Electrochromism is a phenomenon which involves persistent and reversible
change in transmittance or reflectance that is associated with an
electrochemically induced oxidation-reduction reaction by simultaneous
cation and electron injection/extraction. This color change results from the
generation of different visible region electronic absorption band on
switching between redox states. It is commonly between a transparent state
and colored state, or between two colored state[1]. This phenomenon is
termed ‘electrochromism’ in 1961 by Platt., whose discussions were amongst
the first published. Later, Byker had discussed the historical development of
electrochromism more in detail[2].

The electrochromic devices can be classified into three types: solution type,
hybrid type and battery type. Most often, for rechargeable batteries, the
electrochromic electrode is separated from the charge balancing counter
electrode via a suitable electrolyte[3]. This type has three parts; the working
electrode (electrochromic electrode), the electrolyte and the counter
electrode (ion storage electrode). Both electrodes are thin films which

consist of electrochromic materials, transparent conductor materials and



transparent glass. These thin film electrodes can be fabricated by many
methods such as by sputtering, electrodeposition, sol-gel, and so on. Thin
film electrodes require insertion/extraction of charge-compensating ions
during redox cycling[4]. Electrolyte used in electrochromic devices should
be transparent and possess ion-delivery properties. In the case of
electrochromic systems, two kinds of electrolyte, liquid or solid, are
available. Liquid electrolyte which is dissolved a salt has well known for the
least electrochemical interference and greatest stability.

They are usually used in electrochromic devices because liquid electrolyte
is the easiest to use and reproducible. In addition, high concentration can aid
in maintaining liquid-faction at very low operating temperatures[5].

Fig. 1 shows a basic design of battery-type electrochromic device and a
transport of positive ions when an electric field is applied. The color changes
occur by movement of small cation such as H" or Li', through the
electrochromic electrode, when a potential of only a few volts is applied.

There are four different types of application in electrochromic devices;
smart window, variable reflectance mirror, information display, and variable
emittance surface. Fig. 2 shows the four different applications of
electrochromic devices. The four schemes of systems and applications in

devices are quite different. Smart windows are the most important



application of electrochromism. These windows are used in energy-efficient
architecture. Because they adjust the inflow of luminous radiation and solar
energy through glazing in buildings, energy used for heating or air
conditioning can be minimized. A reflectance mirror is fabricated by
replacing one side of the smart window with a specula reflecting metallic
reflector. When light reflects off this mirror, electrochromic materials go to
the colored state and reduce the light via absorption. This system is applied
in rear view mirrors in cars or trucks to temporary blindness by light
reflectance. White pigment is contained in electrochromic devices, it shows
black/white contrast and off-normal viewing properties. The main benefit of
this system is that it has a low energy use during operation and therefore, it
is used in information displays such as signs or labels to notice some
information. Lastly, degree of surface emittance can be controlled, emission
or non-emission, by absorbing and reflecting light, it is concerned about

temperature stabilization of satellites[4,5].



Figure 1. The basic design of battery-type electrochromic device.
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1.2 Types of electrochromic materials

Materials have shown an electrochromism largely classify organic and
inorganic materials. Conductive polymer materials mainly produce organic
systems. Organic materials are enticing due to various color options, high
contrast, and fast response time.

On the other hand, inorganic systems often employ transition metal oxides
(TMOs). Table 1 illustrates the metal oxides known to produce cathodic and
anodic electrochromic oxides.

Depending on its oxidation state, Ni oxide can exist in a colorless reduced
form or a dark brown oxidized form. Because Ni oxide has a large contrast
ratio between colored and bleached state and good optical balance with WO;,
they are a good candidate for a counter electrode material of WO;[6].

In addition, the layered structure of V pentoxide films makes them well
suited as hosts for ion intercalation/deintercalation, so V pentoxide are
commonly used as an ion storage layer. They have the visible color change
from a yellow pale blue to brown/yellow[7].

Ir oxide, which has a visible color change from colorless to dark blue, is
also widely researched as a counter material of WO;. The electrochromic
reaction was different from aqueous electrolyte and small alkali-ion

electrolyte. Although Ir oxide has good electrochromic properties, high price



of this material was the hindrance for commercialization[8].

Among the cathodic colored electrochromic TMOs materials reported thus
far, WO; has remained the most widely used material due to its higher
coloration efficiency, better cycle stability compared with other TMOs and
high contrast ratio between transparent and deep-blue. High color efficiency
can render an obvious optical modulation by a small change of the inserted
cations, thus promising long-term stability of the host matrix. It is comprised
of a corner-sharing WOg octahedral which is known as the defect perovskite
structure. lons such as protons or other cations can be intercalated or
deintercalated during the reversible electrochromic reaction through the

space region between the octahedral[9].



Metal Oxide Reaction Colour Change
Cobalt Oxide 3Co0+20H — Coy0y +H:O + 2 green — brown
Indivm Tin Oxide | In.0; + 2x(Li* 4 &) = Lindn™,.4In',05 | colourless — pale blue
Iridinm Crcide IfOH)Y;, = IrOoH, 0 + H + & colourless = blue/grey
Molybdenum | Mo0; + x(Li" + &) — LiMo".Mo"0s|  colourless — blue
Trioxide
Nickel Oxade [ NiOH, — [Ni%  Ni®JO.H,,., + zH" + colourless =
- brown/black
Tungsten Troxide | WO, + x{Li” + &) = LW, WY.0; | very pale blue — blue
Vanadivan Li;V:0s = V:04 + x(Li" +¢) wvery pale blue —
Pentoxide (brown/vellow)
Cerium Oxide Ce0, + ¥(Li" + &) = Li.CeO; vellow — very pale
Manganese Oxide | MnO, + z¢ # zH" — MnOp(OH) yellow — brown
Wiobinm Nb-0y + 211" + &) — LiNbOs colourless — pale blue
Pentoxade
Ruthenium Ru0s2H-0 + HO+¢ =% (bluebrown) — black
Dioxide (Ru,0,#3H,0) + OH:

Table 1. Some examples of electrochromic metal oxides.



1.3 Photoelectrochromic devices

Photoelectrochromic devices are a combination of dye-sensitized solar cells
and electrochromic layers. In contrast to electrochromic devices, no external
voltage source is necessary for coloring. Furthermore, in contrast to
photochromic devices, the system is externally switchable. The
transmittance can be decreased under illumination and can be increased
again in the dark.

It was first reported by Bechinger ef al. in 1996 and they demonstrated a
change in transmittance from 70 to 53% in about 1 min. The bleaching time
was about 4 min. This low transmittance change could be explained by short
circuit current[10]. The design of the photoelectrochromic device is shown
in Fig. 3. It consists of a dye-covered nanocrystalline TiO, layer on a TCO
coated glass substrate on the one side and a WO; layer on a TCO-coated
substrate on the opposite side. The pores of the WO; and TiO, layers and the
space between them are filled with the electrolyte (e.g. Lil in propylene
carbonate).

After 5 years later, new photoelectrochromic device with a modified layer
configuration was developed by A. Hauch er al(Fig. 4). In new photo-
electrochromic device, the photoactive layer (dye-sensitized TiO,) is situated

on the electrochromic WO; layer. The opposing electrode is a platinized



TCO-coated glass. This device has the advantage that the bleaching process
can be accelerated by a catalyst independently of the coloration process
compared to the conventional photoelectrochromic device. The electrolyte
contains Li" and a redox couple (I'and I) in an organic solvent (e.g.
propylene carbonate). When under open circuit conditions and illuminated,
photoelectrons generated at the anode move to the WO; electrode via an
external circuit, which drives Li ions in the electrolyte to intercalate into
WOj; in order to keep the charge balanced. Consequently Li,WO; is formed,
which possesses a color different from the starting material. The colored cell
is bleached in the dark at short circuit, but the bleaching rate is rather slow.
In the dark, a voltage equal to the photovoltage, but of opposite polarity,
appears across the device and drives the electrons back to the TiO, and from
there into the electrolyte. The WO; is bleached. The bleaching process is
limited by the electron transfer from TiO, into the electrolyte, which is an
unwanted loss reaction in the dye-sensitized solar cell. This means that if the
bleaching is fast, the coloring is weak and slow, because coloring and
bleaching are competing processes[11,12].

Applications of these devices include, but are not limited to, switchable

sunroofs in cars or smart windows in buildings.
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1.4 Overview of this study

Out of many electrochromic materials, this study has focused on WO;
because WOj; electrochromic films have been fabricated by many research
groups for not only enhancing electrochromic performance but employing
photoelectro-chromic systems due to the suitable band position with TiO, in
these systems.

In addition, it has been reported that the optical properties of WOj; films
colored upon cations insertion rely critically upon the morphology and
crystallinity of WO;[13,14].

In this study, WO; thin films were prepared by using a sol-gel method in a
precursor solution dissolved in ethanol. This solution was deposited on the
FTO glass under room temperature by repeated dip coating for film
thickness control and deposited film was annealed at 200 C for amorphous
phase. The WO; thin films had a pm or nm-scale thickness and the optimum
thickness exhibiting the best electrochromic performance was decided for
employing to photoelectrochromic systems. WO; thin films exhibited good
electrochromic performance in a lithium-based electrolyte, such as enhanced
charge capacity, increased optical transmittance changes in a three-clectrode
electrochemical test.

After that, this film was applied to the two-type of photoelectrochromic

13



systems with two parameters, the thickness and annealing temperature of the
WO; thin film. This work was for observing the photoelectrochromic optical
transmittance kinetic tendencies with illumination time goes on and the
comparison it with that of crystalline phase and film thickness dependent
electrochromic properties of WOj; thin films prepared by sol-gel dip-coating

method.
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Chapter 2. Theory

2.1 The theory of sol-gel method

Electrochromic films are deposited as a thin film. The major methods of
deposition classified into physical, chemical, and electrochemical ones and
further subdivided into varieties[2]. Among many deposition methods, sol-gel
process is a chemical method widely used for synthesizing transition metal
oxide coatings. The fundamental of sol-gel was introduced by C. J. Brinker in
1991[15]. Originally, this method was used to prepare pure ceramics
precursors and inorganic glasses at relatively low temperatures. “Sol” is short
for any suspension, colloids or inorganic mono-molecules that are dispersed
in solution, and “gel” is designated that the solution has lost liquid like
properties by network structure of molecules. The sol-gel method is mainly
divided into the alkoxide method and colloid method. Inorganic materials
often employ the alkoxide sol-gel method which is generally divided into two

step: hydrolysis and condensation[16].

Hydrolysis:
M-OR + H,0 — M-OH + R-OH

Condensation:

15



Alcohol condensation (Alcoxolation)
M-OR + HO-M — M-O-M + R-OH
Water condensation (Oxolation)

M-OH + HO-M — M-O-M + H,0O

Where M(OR),, M represents a network-forming element such as Si, Ti, Zr,
Al, B, etc., R is typically an alkyl group (CiHx+1) and M(OR), represents
metal or semimetal alkoxide precursors. During sol-gel reaction, many
parameters such as pH, water content, properties and concentration of catalyst
(acid or base), temperature, and drying condition can change the reactivity
scheme and the properties of final product. For example, nucleophilic reaction
and faster condensation occur, and highly branched clusters are formed under
base catalyst. While, in condition of acid catalyst, electrophilic reaction and
faster hydrolysis occur, and primarily linear or randomly branched structure is
formed. These parameters also can affect pore size, pore volume, and specific
surface area[16].

Synthesis via this method has many benefits. Since it employs a low
temperature process, thermal degradation can be minimized and high purity
and stoichiometry can be easily achieved. Therefore, high purity nano-

crystalline materials or amorphous oxide materials can be easily produced. By

16



appropriate chemical modification of the precursors, colloid particle size, pore
size, porosity, pore wall chemistry of the final material, and microstructure of
the films can be easily controlled.

Liquid precursors are usually used in sol-gel method, it is possible to make
various shapes such as fibers, monoliths, and thin films at low cost compared
to other thin film processing methods. However, the methods need a careful

aging and drying process, change volume on densification and shrinkage or

cracking on drying, and take a long time for completing the whole process[16].

2.2 The theory of dip-coating

There are many methods for coating of films related to sol-gel method. The
most popular method is the dip-coating method because it is a fast and
efficient method. The process of dip-coating method is divided into five steps;
immersion, start-up, deposition, drainage, evaporation. All of these steps are
described as follows and Fig. 5[15] shows these by sequential stages of

structure development.

1. Immersion: The substrate is immersed in the solution of the coating

material at a constant speed.

2. Start-up: The substrate has remained inside the solution for a while and is

17



starting to be pulled up.

3. Deposition: The thin layer deposits itself on the substrate while it is pulled
up. The withdrawing is carried out at a constant speed to avoid any jitters.
The speed determines the thickness of the coating (faster withdrawal gives

thicker coating material).

4. Drainage: Excess liquid will drain from the surface.

5. Evaporation: The solvent evaporates from the liquid, forming the thin
layer. For volatile solvents, such as alcohols, evaporation starts already

during the deposition & drainage steps.

Film thickness is controlled by coating viscosity (1) and rate of withdrawal
(U) from the container. The faster a substrate is withdrawn from the container
of the sol, the thicker the coating material is applied to the substrate. The
lower viscosity solution is used in coating, the thinner films would be
obtained. In addition, rate of withdrawal and solution viscosity are not large
enough in dip-coating method, the ratio between liquid-solid surface tension
(yrv) also affects the film thickness. Therefore, film thickness (h) is calculated

by the landau-levich equation.

18



_0.94(nU)*"
(Vv )1/6 (pg)l/z

Where g represents the acceleration of gravity and p represents density of
solution[17].

Although dip-coating is popular, it is not without its drawbacks. These
include, but are not limited to lighter parts tending to float and fall from the
conveyor and film thickness varying from top to bottom (“wedge effect”).

Therefore, to obtain excellent thin films via the dip-coating method, these
factors must be considered and accounted for. For the coating material to
apply itself uniformly to the substrate during dwelling times, the substrate
must be fully immersed and remain motionless while in the sol. Withdrawal of
the substrate must be done at a constant speed to avoid any judders.

Up until now, many variations of the dip-coating technique have been
reported. For example, the comparative study of spin and dip coated
nanostructured thin films revealed a superior performance for the cycled dip
coated film in terms of higher transmission modulation and coloration
efficiency in solar and photonic regions, faster switching speed, higher
electrochemical activity as well as charge storage capacity[20]. Tailoring for
large-scale patterning of nanowires[21] and a rapid, continuous, utilization of

mesostructures in thin-film form by dip coating technique was also previously

19



reported[22].
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2.3 The values for electrochromic materials

2.3.1 Coloration efficiency (CE)

Visible color change is an important characterization of electrochromic
system. Therefore, to know how much the color change is essentially required

in electrochromic system. Contrast ratio (CR) is known below.

Where R, is the intensity of light diffusely reflected through the colored state,
and R, is the intensity of light diffusely reflected from bleached state. If
contrast ratio has large value, it means that difference of transmittance at
colored/bleached state in electrochromic device is quite comparable[2].

The optical absorption is also shown by the Beer-Lambert law. It represents
that the absorbance expressed as log of the ratio of the intensities is
proportionally related to the concentration and optical path length through the
sample. In transmittance mode, the optical absorption in electrochromic film
has similar expression of the Beer-Lambert law. This expression, related to the
injected charge per unit area Q, is shown below since Q is proportional to the

number of color centers.
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T,
Beer-Lambert law: A4 = log—2 = &cl

c

T,
The optical absorption in electrochromic film: A =log—2 =nQ

c

Where A is the absorbance, T. is the intensity of transmitted light in the

colored state, Ty is the intensity of transmitted light in the bleached state, and

1 is the coloration efficiency (CE) of the film[2].

Therefore, the coloration efficiency (CE) is related to an optical change

(20D) and charge density (Q) per unit area.

n= M[sz /C]

AOD(A) = logi
T,

It shows the ratio of the intensities in optical absorption when a charge is
injected in the film. If CE is large, it represents that change in optical
absorption is large and required charge is small. This may be a good
electrochromism. In general, organic electrochromes exhibit a greater 1 than
inorganic species because the molar absorptivity of the former are usually

higher than later[2].
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2.3.2 Response time

The time required to coloration from its bleached state is called response time.

For most electrical devices, response times are represented by the order of a
few seconds. For electrochromic devices, in general, response time is slower
than for either liquid crystal display (LCD) or cathode ray tube (CRT).

Electrical conductivity of conducting layer, the ion diffusivity of electrolyte
and ion diffusivity or electrical conductivity of electrochromic materials, is an
important factor in the response time of an electrochromic device. For
example, response time of organic electrochromic materials generally is much
faster than that of inorganic electrochromic materials and the ion diffusivity of
solid electrolyte is slower than that of liquid electrolyte.

There is no consistency in the criteria employer for determining response
time. It may be the time necessary for some fraction of the color to form, such
as is indicated by particular increment of optical density, or the time for all or
part of the charge to be injected. Because of these inconsistencies in reporting
response time, any comparison of response time would be limited value[2]. In
this study, the time for a percentage of 90 in optical change, from colored state

to bleached state, is called response time.
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2.3.3 Cycle life

When an electrochromic device is continually cycled between its colored and
bleached states, device failure will eventually occur resulting from physical
change in solid phases or from chemical side reactions. The cycle life is a
measure of its stability, being the number of the cycles possible before such
failure. A major aim of device fabrication is obviously to maximize the cycle
life. In some tests of electrochromic devices, extensive cycling, cited as
evidence of robustness, involves cycles of duration considerably shorter than
the response time. Such tests are clearly of extremely limited value. The cycle
life is a complicated function of the coloration required in the cycle: the cycle
life generally decreases if wide changes in composition are required, that is, if
the quantity of charge injected or removed is large. Some authors attempt to
address the variation in severity of the test inherent here by denoting a cycle
life as involving ‘deep’ or ‘shallow’ cycle, cycles of duration markedly less
than t for total color switching indicating ‘shallow’ cycles. Cycle lives, being
thus generally ill defined or at best only roughly illustrative, are therefore not

tabulated|2].
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Chapter 3. Experimental

3.1 Preparation of WQO; thin film

Based on a previous reports[18, 19], WO; electrochromic thin film was
prepared by sol-gel method. 0.1 M tungsten metal monocrystalline powder
(Aldrich, 99.9"%) and hydrogen peroxide (Junsei, 30%) were used as the
precursor and solvent, respectively. This solution was poached at 100 C about
1 hour and kept for 2 hours at room temperature for cooling down. And then,
diluted by adding the EtOH with 1:4 volume ratio followed stirring for 2 days
at room temperature.

Finally, orange-colored viscous solution was obtained. Compared with
before poaching process, this solution had a clear orange color and heavier
viscosity.

Thin films were deposited by using dip-coater (Kwanghak Mechanical Eng.
Co. Ltd., Korea). The substrates for thin film deposition were fluorine-doped
tin oxide glass (FTO glass; Pilkington glass Co. Ltd.). These substrates were
dipped into the coating solution for 5 minute and withdrawn at 6 cm/min
speed. During thin film deposition, we maintain a room temperature and low
humidity to get uniform WOj; thin film having fine surface. By repeating the

dip-coating process, film thickness could be controlled. After that, the coated
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thin films were dried in 80 C oven about 40 minute.

And then, dried films were treated annealing at 200 C for 2 hours by
applying two step processes. Heat was given by the increasing rate of
2 C/min at first step. When temperature reached at 100 C, this temperature
was kept for 30 minute to evaporate solvent. After that, heat was given by the
increasing rate of 2.5 ‘C/min to reach 200 C. Lastly, thin film was annealed
at 200 C for 2 hours and annealing process was needed to transfer W(OH), to
WO;. The annealing temperature affected optical modulation, charge density
and crystalline phase of thin film, so we optimized temperature up to 200 C
to obtain best coloration efficiency and maintain the amorphous phase of thin
film.

In this overall process, we could obtain about 350-1100 nm WO; thin film by
repeated dipping of FTO substrates. Fig. 6 was shown the overall flow chart

of fabrication of amorphous WOs thin film.

3.2 Preparation of photoelectrochromic cell

Transparent TiO, layers of 3-um thickness were deposited either onto the
WO; film or a FTO glass by doctor-blading technique using a commercial
TiO, paste (DSL 18NR-T, Dyesol) followed by sintering at 500 C for 30

mins.
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For the photoelectrochromic cells employing TiO, deposited WOj; electrode,
Pt-FTO electrode fabricated by thermal decomposition (spin coating the FTO
glass with 50 mM H,PtCls dissolved isopropanol solution and thermal
treatment at 450 C for 20 mins) was used as a counter electrode. For the cells
based on TiO, coated FTO, WO film prepared by the same method described
in chapter 3.1 was used as the electrochromic counter electrode. The only
differences were the temperatures for the thermal annealing, which were
200 C and 500 C. 50 um thick thermoplastic sealants (Surlyn, Dupont) were
used for the cell assembly, and 0.5 M Lil and 0.005 M I, in propylene
carbonate (PC) was used as the electrolyte. The active area of the samples for

optical property test was 1.5 x 1.5 cn’.
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3.3 Characterization

3.3.1 Material analysis

The characteristics of WO; thin films were examined following analytical
techniques. The phase and structure of thin films were investigated by XRD
(X-ray diffraction, Rigaku D-MAX2500-PC) with a Cu-Ko radiation
(A=1.54178 A).

The morphology and thickness of the WO; films were characterized by Field

emission scanning electron microscopy (FE-SEM, JEOL JSM 6700F).

3.3.2 Electrochemical and optical properties

The electrochemical tests were measured by a potentiostat/galvanostat
(AutoLab PGSTAT30). All electrochemical tests were conducted in lithium-
based electrolyte. The electrochemical cell for half-cell test was composed
by three-electrode; working electrode (WE), counter electrode (CE) and
reference electrode (RE). Pt wire was used as a counter electrode and
Ag/AgCl (sat. KCI) was used as a reference electrode. A solution of 1 M
LiClO, (Aldrich, 95'%) in propylene carbonate anhydrous (Aldrich, 99.7%)
was used as a lithium-based electrolyte for electrochemical tests.

In this study, cyclic voltammetry (CV) and continuous potential cycling
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with chronocoulometry (CC) method were used to measure the
electrochemical properties. CV was conducted in voltage range between -1.2
and 1.2 V and 10 cycles of continuous potential cycling with CC was
performed in the range of -1 and 1 V with a duration time of 30 seconds. In
this tests, the change of transmittance in colored/bleached state could be
shown by an in-situ optical transmittance system using He-Ne laser (A=633
nm) and potentiostat. We calculated the transmittance changes by using
standard condition in fully bleached state as a 100% transmittance at room
temperature. These test system was shown in Fig. 7. The 1000 cycles of the
change of transmittance with continuous potential cycling was also
performed in the same voltage range for observing the long-term stability of

WOj; thin film.

3.3.3 Photoelectrochromic properties

The electrochemical tests were measured by a UV-vis spectrometer (Jasco V-
670) for observing the transmittance changes in the visible, adjacent near-
infrared (NIR) and IR regions of two types of the photoelectrochromic
systems with illuminated time goes on.

In this test, we could compare the transmittance switching kinetics with

thickness and crystalline phase of WO; in layered and separate structure of
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photoelectrochromic cells, and also compare it with crystalline phase and
film thickness dependent electrochromic properties of WO; thin films

prepared by sol-gel dip-coating method.
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Chapter 4. Results and discussions

4.1 Electrochromic characterization

4.1.1 Material analysis

To compare with before and after annealing process at 200 C of WO;, XRD
measurement was taken. Fig. 8 was shown the XRD patterns of the three
times coated WO; thin films. WOs; thin film after heat annealing process was
(a) and after drying process was (b). The bare FTO glass substrate and
monoclinic WO; peak position were referenced at the bottom of the fig. 8 as
a bar shapes for easy comparisons.

As shown in Fig. 8(a) and (b), no peaks from the precursor were observed
in this film both before and after heat annealing process and only substrate
peaks appeared. These results prove that heat annealing process at 200 C
did not affect the amorphous phase of WO; although dip-coating process was
repeated several times. So, it notes that amorphous phase WO; thin films
were successfully deposited on the FTO glass substrate.

The morphology, film adhesion with substrate and thickness of once coated
WO; thin films were shown in SEM image of fig. 9. In fig. 9(b), it was

shown that after heat annealing process, WO; thin film had a good adhesion
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with substrate and fine surface compared with before heat annealing process
in fig. 9(a). The surface morphology of WOj; thin film by repeated dip-
coating was shown in Fig. 10(a-e). It was believed that there is no difference
of surface morphology from once coated to five-times coated film.

In addition, the thickness of these films measured by each cross-section FE-
SEM image was shown in Fig. 11(a-e). Compared with a once coated film
(1.1 um), three-times coated film was thinner (460 nm) and four-times
coated film was the thinnest among the five different samples. Thickness
range of each sample was shown in fig. 11(f) for indicating the few
differences of thickness value with position in same sample.

Approximately, the thickness of deposited thin film was observed to

inversely proportional to the repeating number of dip-coating process.
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Figure 8. XRD patterns of three-times coated WQO; thin film; (a)
annealed at 200 C and (b) dried at 80 C.
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Figure 9. Cross-sectional image of once coated WO; thin film; (a) dried
at 80 C and (b) annealed at 200 TC.
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Figure 10. FE-SEM images of WQO; thin film; (a) once, (b) twice, (c)

three-times, (d) four-times, and (e) five-times coated film.
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Figure 11. The thickness of WO; thin film; (a) once, (b) twice, (c) three-
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4.1.2 Electrochemical and optical properties

Fig. 12(a) showed the cyclic voltammogram of the WO; thin film with
repeated coating number. We measured 10™ cycle at a scan rate of 20 mV/s
carried out in solution of 1 M LiClO, in propylene carbonate (PC) vs.
Ag/AgCl (sat. KCI) reference electrode.

The shapes of the CV curves were similar for all samples. The three-times
coated film, however, showed slightly larger current densities (higher
exchanged charge densities) compared to others, which reflects the fact that
lithium ions insertion/extraction into the host lattice was facilitated at a given
applied potential[23]. Furthermore, the onset potential of the cathodic
current for the three-times coated film was slightly shifted in the positive
direction compared to the others. That is, insertion could be achieved at a
considerably lower applied voltage. So, I think the electrochromic properties
of charge acceptance might be enhanced compared with others.

So, we measured charge density during cyclic test with fixed voltage range.
Fig. 12(b) showed the charge density with the repeated coating number. The
three-times coated film had the largest charge density of 28.53 mC/cm® It
was so remarkable value compared to that of other electrochromic film
deposition techniques and it might be attributed two factors; the thickness of

film and adhesion of thin film with substrate. As we explained in material
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analysis section, as coating number increased, thinner film was obtained.

Thinner film had advantage of fast cation movement into the host lattice
with electrons although total charge capacity of film was small compared
with thicker film. This indicated that even a higher lithium ion movement
was provided with electrons due to the short pathway of ions.

To quantitatively compare the optical properties of the electrochromic thin
films, transmittance measurements were performed by using the in-situ
transmittance measurement technique.

Fig. 13(a) showed in-situ transmittance curves obtained during the
continuous potential cycling applied between -1.0 and 1.0 V. All
transmittance data were measured in He-Ne laser (633 nm) and normalized
by the transmittance in fully bleached state in air at room temperature.

Consequently, three-times coated film exhibited the largest optical
transmittance changes (about 69.7% at bleached state and 4.7% at colored
state). Long-term stability of three-times coated film was also quite good as
shown in fig. 13(b). This test was measured in same condition of 1,000
cycles with continuous potential cycling.

The coloration efficiency (CE) was expressed as the ratio between the
contrast in the bleached state (T,) and the colored state (T.) with charge

capacity (Q); CE = log(Ty/T.)/Q. As shown in table 2, the coloration
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efficiency of three-times coated film was 1.3 times higher that of once
coated film, which was similar value compared to five-times coated film, but
slightly poor than four-times. But in terms of charge capacity and optical
transmittance changes, three-times coated film exhibited the quite
remarkable electrochromic properties among samples.

In addition, as shown in fig. 14(a) and (b), three-times coated film exhibited
higher charge capacity and optical modulations both during 1* and 10™ cycle
than others. So, we decided the optimum thickness of thin film exhibiting
best electrochromic performance and employed it to the two types of
photoelectrochromic systems in next chapter.

Fig. 15 showed charge capacity and optical modulations of WO; thin film
heat annealed at 500 C with same measurement condition of heat annealed
at 200 C. From the comparison of fig. 12(b) and fig. 15(a), crystallized WOj
thin film exhibited extremely poor charge density compared to amorphous
phase both once coated and three-times coated film.

It is believed that charge extraction reaction occurred slowly in crystallized
WO;, so few amount of charge inserted in film were not extracted
completely.

When comparing optical property of three-times coated film that had

amorphous and crystalline WO; from fig. 13(a) and fig. 15(b), crystalline
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WO; thin film annealed at 500 C also exhibited quite poor optical changes
about one-third compared to amorphous film (about 48.61% in bleached
state and 24.76% in colored state at first cycle).

In addition, in the case of crystallized WO; film, quite severe optical
degradation occurred during continuous potential cycling even just after 10
cycling. When compared first with 10" cycle, three-times coated film
(16.4%) exhibited about two times higher degradation values than that of

once coated film (8.1%).

43



m

=

(=]
T

—W1_200
—W2_200
—W3_200

- —W4_200
N ——W5_200

Current density (mAlc
& & & & @ = =
G S dm D P e

)

0.5 0.0 0.5 1.0 1.5
Voltage ! V (vs AglAgClI)

o o
nh =
)

1
A-
=

(b) o r ﬂ 7 r‘| r

- InaAne [

E

L]

o -10

E

2

2

o 20

g

L

o

.

o

ﬁ -30 —W1_200 —— W2_200 ——W3_200
—W4_200 —— W5_200

0 60 120 180 240 300 360 420 480 540 600
Time (sec)
Figure 12. Electrochemical performance of WO; thin film with repeated

coating; (a) cyclic voltammogram (CV) and (b) charge density (Q).

) A 2ol & i



(E.:] 100

—W1_200

—W4_200
80 |

E r-*f = |
= B o B

S eol [ H

o

& y

E ‘

E 40| ‘

0

c

& _

|_

A

W2 200
W5 _200

R}

?-i—?
77
i
7

57 _
T _
o
i
7

W3_200
= A
L = ~

NMumber of cycles

8 10

(bj 100

—W3_200 (1000 cycles)

- =2] =]
= = [=]

Transmittance (%)

[
=

'] L L

0 200 400

600

Number of cycles

800 1000

Figure 13. Optical properties of WO; thin film with repeated coating;

(a) optical transmittance change (AT) and (b) long-term stability with

continuous potential cycling.

45



—
]

—
b
=

Pt
-

Pt
&

Charge density{mCiem?)

il ]

G

Charge density{mCiem?)

T

< 1st cycle >

Il
-
-

=z
{ %) uonenpow jeando

£

Wi w2 W3 W4 W5
Sample No.

T

< 10th cycle =

Il
-
-

=
{ %) uonenpow |eando

£

Wi W2 Wi W4 W5
Sample No.

Figure 14. Comparison of charge density and optical modulation with

repeated coating; (a) 1* cycle and (b) 10™ cycle.

46



Q | I | 2135
mClem) g4 | 22.60

1= 0739
10e | 0.747

CE = 33.06
Ty g2 | 3305

24.53
1373
0.907
0.913
Jo.93
3347

23.53
2175
1.17%
1.163
41.13
42.09

23.76
24.58
1.086
1.091
41.16
44.39

1327
2414
1.006
0.993
Jo.31
41.34

Table 2. Electrochromic properties of WQO; thin film with repeated

coating in half cell.
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4.2 Photoelectrochromic characterization

4.2.1 Material analysis

To observing the effect of heat annealing at 200 C and 500°C on WO; thin
film, XRD measurement was taken. As shown in Fig. 16(b), monoclinic
WO; (JCPDS No.43-1035) peaks appeared after the heat annealing process
at 500 C, indicating crystallization of WO; from amorphous phase obtained
by heat annealing process at 200 C (Fig. 16(a)).

In addition, in sample of layered structure as a photoanode, some extra
peaks were observed except of monoclinic WO;. These peaks represented
the anatase phase of TiO, (JCPDS No.21-1272) from Fig. 16(c). These
results noted that the WO; thin film was crystallized by sintering process of
TiO, layer onto the WO; in photoanode. WO; had monoclinic crystalline
phase and we confirmed that TiO, layer onto the WO; thin film for

photoelectrochromic cell (layered structure) were successfully deposited.
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annealed at 500 C, and (c) TiO; layer on WOj; thin film.
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4.2.2 Optical properties

Fig. 17(a, b) represent the design of a two types of PECC that we applied for
photoelectrochromic study. As explained to previous chapter, both photo-
electrochromic systems were designed by combining the electrochromic
device (ECD) and dye-sensitized solar cell (DSSC). In this kind of device,
the electrochromic reaction can proceed without an external power source,
because the power for coloration of electrochromic film was directly
supplied from the DSSC part of PECC[11].

In contrast to that, clear difference between two systems was that if this
device is exposed to light, in the case of separate structure, electrons are
generated in the TiO, and are injected into the WOj; via the external circuit.
This leads to the coloration of the WO;.

So, we employed the WOs thin film prepared by dip-coating method to two
types of photoelectrochromic systems for observing optical transmittance
kinetics as illumination time goes on and compared it with solely
electrochromic optical properties in previous chapter.

We abbreviated each sample related to coating number (once as 1 and
three-times coated as 3) and heat annealing process (200 C as LT and
500 C as HT) in two types of photoelectrochromic systems, layered

(layered 1 HT, layered 3 HT) and separate structure (separate 1 LT,
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separate 1 HT, Separate 3 LT, Separate 3 HT).

Fig. 18(a, b) and fig. 19(a-d) were shown transmittance spectra of the as
prepared and colored state of PECCs after AM 1.5 illumination (100
mW/cm?) for 1 - 30 min.

We could compare once-coated crystalline WO; thin film (1.1 um)
employed PECC with that of three-times coated thin film (460 nm) in
layered structure in Fig 18(a). The optical transmittance changes were so
small and exhibited slow coloration change kinetics for both sample,
indicating that the WO; thin film in layered structure was performed to
transfer electron to current collector from TiO, conduction band.

In other words, Li ions in liquid electrolyte were not well inserted in WO;
matrix with electrons. Instead of that, electrons from the TiO, conduction
band were moved just along the WOj; conduction band pathway to current
collector.

When compared three-times coated films employed PECC with that of
once-coated, three-times coated films employed PECC exhibited slightly
higher optical properties than once-coated film as illumination time goes on.

Transmittance spectra of PECC in separate structure were also shown fig.
19(a-d). Comparison fig. 19(a) with (c¢) and (b) with (d), we could under-

stand the effect of the heat annealing process of WOj; thin film. It showed
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that the amorphous WO; employed PECC strongly exhibited higher optical
transmittance properties with fast switching kinetics compared to that of
crystalline WO; employed regardless of film thickness.

In addition, when compared fig. 19(a) with (b) and (¢) with (d), thinner
WO; film employed PECC (fig. 19(b, d)) exhibited the slightly fast
switching kinetics after 1 min illumination especially. These results showed
that in the case of photoelectochromic system, optical modulation changes
exhibited same tendency compared to crystalline phase and film thickness
dependent electrochromic properties.

Furthermore, WO; thin film in separated structure exhibited faster optical
transmittance switching kinetics with illumination time than that of in
layered structure from fig. 18(a, b) and fig. 19(a, b). These two samples,
however, showed a poor optical properties compared to the amorphous WO;
employed PECC in separate structure from fig. 19(c, d).

Table 3(a-c) was shown the absolute changing values of optical
transmittance both layered and separate structure in PECC. In amorphous
WO; employed PECC at separate structure in table 3(c), higher than 50%
decrease in optical transmittance was exhibited just after 1 min illumination
compared to as-prepared state.

It was believed that WOs; thin film at separate structure in PECC was
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performed almost as chromism by cation insertion with electrons from the
photoanode via external circuit.

UV-vis optical transmittance change at 633 nm (visible region) was also

shown in fig. 20 for observing that in visible region. As I mentioned from fig.

18 and fig. 19, this gave us same meaning that amorphous WOs; thin film
employed PECC in separate structure exhibited the fast coloration kinetics
compared to others

However, when compared as-prepared state with final state of PECC,
absolute values of optical transmittance changes were almost same in both
structures even if film thickness was different. It is believed that because
PECC:s in this study used the ruthenium based dye having red color.

Therefore, we could observe the gradual color change of PECCs from red
color at as-prepared state to dark black color as illuminated time goes on.

In overall, UV-vis optical transmittance test results showed same tendency
compared to crystalline phase and film thickness dependent electrochromic
properties from previous chapter and we could also observe that separate

structure in PECC exhibited better optical property than layered structure.
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Layered 1 HT Layered 3_HT

Wavelength (nm) T (%) Wavelength (nm) T (%)
As-prepared 738 52.21 740 49.21
30 min-illnminated 706 44.54 728 41.31

Shift (nm) | Decay (%) 32 7.67 (14.70%) 12 7.90 (16.05%)

< Layered-structure >

Separate_1 HT Separate 3 _HT
Sample No. T
Wavelength (nm) T (%0) Wavelength (nm)
As-prepared 775 68.80 744 65.59
10 min-illuminated 707 47.97 691 42.62
30 min-illuminated 620 17.08(64.37%) 627 18.58(56.40%0)
Separate_1 LT Separate 3 LT
Wavelength (nm) Wavelength (nm)
As-prepared 729 48.05 700 44.26
1 min-illuminated 660 25.02 627 16.36

Shift (nm) = Decay (%) 69 23.03 (47.93%) 73 27.90 (63.04%)

< Separate-structure >

Table 3. UV-vis transmittance change in (a) layered structure and (b),

(c) separate structure.
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Chapter 5. Conclusions

In this study, the electrochromic WOj; thin film was fabricated by sol-gel dip-
coating method and heat annealed at 200 C to transfer from W(OH)s to WOs
by evaporating water. We confirmed the amorphous phase of WO; via XRD
measurement. In addition, we observed good film adhesion with substrate
after heat annealing process and thickness changing tendency for WO; thin
film by repeated dip-coating were also observed by FE-SEM cross-sectional
images.

All samples with different coating number were electrochemically evaluated
by cyclic voltammogram and continuous potential cycling test in lithium-
based electrolyte. Three-times coated film had the largest capacity and
degradation of optical transmittance change was noted less than 3% even after
1,000 cycles of continuous potential cycling, which means long-term stability
of this film was quite good. So, we decided the electrochromic film exhibiting
best electrochromic properties and once coated film as control group for
employing the two types of photoelectrochromic systems.

UV-vis optical transmittance test results showed WO; of thinner film with
amorphous phases in separated structure exhibited the best coloration

switching kinetics compared to others as illuminated times goes on.
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Furthermore, absolute optical transmittance changes value also quite
remarkable. It would mean that the photoelectrochromic system in separate
structure, WOj; thin film performed almost as a chromic by cation insertion
with electrons from the photoanode via external circuit.

In other words, iodine was not well transferred triiodide by accepting
electrons followed by dye regeneration in photoelectrochromic system. In
layered structure, however, which TiO, layer is on the WO; film, Li ions in
liquid electrolyte were not inserted well in WO; host matrix with electrons
because WO; thin film performed as electron transfer pathway from TiO,
conduction band edge to current collector. Therefore, WO; thin film in
layered structure exhibited poor electrochromic properties than in separate
structure.

In overall, we fabricated the WO; electrochromic thin film by sol-gel dip-
coating method and these films were applied two types of photoelectro-
chromic systems. We could observe that two photoelectrochromic systems
exhibited same tendency compared to crystalline phase and film thickness
dependent electrochromic properties and we could also observe that separate
structure in PECC exhibited better optical property than layered structure
from the UV-vis optical transmittance test results.

In addition, when compared as-prepared state with final state of PECC,
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absolute values of optical transmittance changes were almost same in both
structures even if film thickness was different because we used the
ruthenium based dye having red color in this study.

So, for enhancing the optical properties of photoelectrochromic systems,
which were dip-coated WO; electrochromic thin film was employed, more
transparent dyes on TiO, NP have to be used for higher transmittance value at

initial state (as-prepared state) in two types of photo-electrochromic systems.
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