Chapter 1 Introduction
1.1 What is chromism and electrochromism?

1.1.1 Chromism

Chromism is a reversible change in the color of a compound that occurs in response
to an external stimulus. Many materials are chromic, including inorganic and organic
compounds and conducting polymers (CPs), and many different mechanisms are
involved. In recent years, the growing interest in low-power systems has led to the
development of various energy-efficient chromic technologies with promising
applications in smart windows, sunglasses, and information displays.1) In most cases,
chromism is based on a change in the electronic states of molecules, particularly the πand d-electron states; hence, this phenomenon is induced by various external stimuli
that can alter the electron density of substances. Many natural compounds are known to
exhibit chromism, and many artificial compounds with specific chromism have been
synthesized to date. Chromism is classified on the basis of the type of external stimulus
that causes the color change. The major types of chromism are summarized in Table 1.1.

Table 1.1 Classification of chromism caused by external stimuli.
Chromism

Type of stimuli

Thermochromism
Photochromism
Gasochromism
Ionochromism
Solvatochromism
Halochromism
Piezochromism

Heat
Light irradiation
Gas
Ions
Solvent polarity
Change in pH
Mechanical pressure

Electrochromism

Change in potential
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Thermochromism is a reversible color change of a substance induced by a change in
temperature. A large variety of substances, including organic, inorganic, organometallic,
and supramolecular and polymeric systems exhibit this behavior. VOx2) and cobalt
hexacyanoferrate composites are two examples.3)
Photochromism is a phenomenon in which a compound changes color when exposed
to light of a specific wavelength and reverts to its original color when irradiated with
light of a different wavelength.4) Various transition metal oxides, such as MoO3, WO3,
TiO2, V2O5, Nb2O5 show color changes upon exposure to either sunlight or UV
radiation.5)
Gasochromism is observed when a reversible color change is induced by the reaction
of a substance with gases such as oxygen, hydrogen, or argon. Tungsten oxide6-7) is one
of the most promising examples. V2O5,8) Mg-Ni,9) and Mg alloyed with alkaline-earth
metals10) have also been reported to exhibit gasochromism.
Ionochromism is a phenomenon in which a reversible color change is caused by the
addition of ions. This phenomenon can occur in addition to photochromism and can
trigger an alteration in conductivity. When ionochromism does occur alongside
photochromism, both relaxed and excited states can undergo ionochromism.11)
Solvatochromism is a reversible color change induced by solvents and often derives
from a change in solvent polarity. The color change in solvatochromic compounds
occurs via charge-transfer (CT) mechanisms. Poly(3-alkylthiophenes) are known to be
solvatochromic.12)
Halochromism is observed when a reversible color change is due to a change in the
pH of a solution. Halochromic compounds include phenolphthalein and titanium
dioxide. The compounds themselves are weak acids or bases and become involved in
acid base reactions.13)
Piezochromism involves a reversible color change in response to mechanical grinding.
The induced color reverts back to the original if the material is left in the dark over time
or dissolved in an organic solvent.14)
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1.1.2 Electrochromism

Upon electron-transfer or redox reactions, certain electroactive materials undergo
visible and reversible color changes with significant variations in their optical
absorbance spectra. This phenomenon is called “electrochromism (EC)”. Some
materials also undergo reversible color changes when a burst of charge is applied. The
color changes in electrochromic materials typically involve conversion from a
transparent (bleached) state to a colored state or from one colored state to another at
varying voltages. A wide range of materials and structures can be used to construct
electrochromic devices (ECDs) for specific applications. The electrochromic effect
results from the generation of different electronic absorption bands in the visible region,
which correspond to the changes in at least two redox states.15-17)
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1.2 Applications of electrochromic devices

In recent years, research on EC has become very attractive due to its applicability to
energy-saving facilities and extremely low energy consumption. Accordingly,
electrochromic materials are now used in ECDs such as (a) smart windows, (b)
anti-glare rear view mirrors, and (c) information displays, as shown in Figure 1.1. That
is, ECDs can be used for various architectural and nonarchitectural applications.
Architectural applications include energy-efficient glazing, privacy glasses, skylights,
among others. Automotive glazing includes sunroofs and mirrors. Most recently,
electrochromic windows have been used in the Boeing 787 Dreamliner. The new
Boeing 787 has windows that are 50% larger than those in other commercial aircrafts
(12 to 20 in), which they can darken or clear electrochromically at the touch of a button.
The delicacy and cost of installation are justified by expensive air-transport
considerations.18-21)
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Figure 1.1 Applications of electrochromic devices.22)
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1.3 Electrochromic devices (ECDs)

1.3.1 Structure of ECDs

Figure 1.2 presents an illustration of the components of a standard ECD, showing the
basic features and operating principles. The design embodies five superimposed layers
on one substrate or positioned between two substrates in a laminate configuration.
Normally, the substrates are made of glass or flexible polymer foils. The central portion
consists of two conductive layers, two electrochromic layers and an electrolyte (ion
conductor).

Substrate
Conductive layer

Working electrode

V

Electrolyte
Counter electrode

Conductive layer
Substrate

Figure 1.2 Standard construction of an ECD.

Prototype ECDs may be fabricated using optically transparent electrodes in a
“sandwich” configuration, where the primary electrochromic electrode (working
electrode, WE) and the charge-balancing counter electrode (CE) are separated by a layer
of a liquid, gel, or solid electrolyte. Upon the application of appropriate electrode
potentials, the ECD charge-discharge process provides switching between two colored
states or between bleached and colored states; the ECD essentially operates similar to a
rechargeable battery. For transmissive/absorptive ECDs, the CE system involves a redox
reaction which undergoes an imperceptible visible color change or is composed of an
electrochromic material that undergoes a color change which is complementary or
reinforcing to that at the primary electrode.23) A complementary device offers the benefit
of increasing coloration efficiency, which enhances the colored/bleached contrast and
also promotes cycling stability by preventing undesirable side reactions between the
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electrolyte and CE.15) After the resulting current pulse has decayed and the color change
has been effected, with little or no input of power, the new redox state persists because
of the so-called “memory effect”24) or nonvolatile effect, which is an important property
for energy-saving applications.25)
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1.3.2 Transmissive ECD and reflective ECD
There are two types of ECDs: transmissive (absorptive) and reflective.26) Generalized
cross sections of transmissive and reflective ECDs are shown in Figures 1.3 (a) and (b),
respectively.
A transmissive ECD requires that the CE, which provides electrochemical balance in
these devices, be in the optical path. Hence, the CE in a transmissive ECD must be
either optically passive (i.e., colorless in both oxidized and reduced states) or
electrochromic in a complementary sense to the primary electrochromic element.27)
In reflective ECDs, the CE is not visible because it is hidden behind a light-diffusing
background. In this case, the CE can be made of any material that undergoes reversible
electrochemistry; it is often constructed of the same material as that used for the primary
electrochromic element. Reflective ECDs have an inherent white background because
the micrometer scale electrolyte particles (TiO2, polystyrene, etc.), completely scatter
the light and change color by the redox reaction of electrochromic materials according
to the potential.28)

Reflection
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CE
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Figure 1.3 Cross-section diagram of (a) general transmissive ECD and (b) reflective
ECD.
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1.4 Electrochromic materials

To date, many types of electrochromic materials have been developed for ECD
applications. In general, electrochromic materials can be roughly categorized into four
major groups. First are metal hexacyanoferrate (MHCF) complexes such as
Fex[Fe(CN)6]y (FeHCF, Prussian blue, PB), Nix[Fe(CN)6]y (NiHCF), Znx[Fe(CN)6]y
(ZnHCF), and Cux[Fe(CN)6]y (CuHCF). Second are transition metal oxides such as
WO3, NiOx, CoOx, V2O5, and TiO2. Third are organic monomeric compounds such as
viologen. Last are CPs such as polyaniline (PANI), polypyrrole (PPy), polythiophene
(PT),

poly(3-methylthiophene)

(PMeT),

and

poly(3,4-ethylenedioxythiophene)

29)

(PEDOT).

1.4.1 Metal hexacyanoferrate complexes (MHCFs)
Metal hexacyanometallate complexes (Figure 1.4), AxMA[MB(CN)6]y∙zH2O (A = Li,
Na, K, Rb, and Cs, MA = Fe, Co, Ni, Cu, Zn, and In, MB = V, Cr, Mn, Fe, and Co) have
recently received attention as promising memory or switching materials, because their
physical properties can be controlled by changing the combination and composition of
their metal elements, that is, A, MA, and MB.30) In particular, MHCFs (e.g., PB and PB
analogs) have attracted renewed and growing interest for electrochemical applications,
such as ECDs, due to their unique structural characteristics, including a
three-dimensional network and tunnel structure (Figure 1.4) and their low cost and low
environmental toxicity.31-32)
The redox reaction of MHCFs is shown in equation (1.1):
M[FeIII(CN)6] + A+ + e↔ AM[FeII(CN)6].

(1.1)

MHCFs composed of different metal elements possess a wide variety of chromic
properties. (Table 1.2)
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Figure 1.4 Schematic illustration of metal hexacyanoferrate complexes formed by the
coprecipitation of transition metal and hexacyanoferrate components.

Table 1.2 Colors of electrochromic MHCFs.
MHCF
FeHCF
NiHCF
ZnHCF
CuHCF
CoHCF
InHCF

Color

Ref.

Oxidized state

Reduced state

Blue
Yellow
Transparent
Yellow
Green
Yellowish

Transparent
Transparent
Transparent
Reddish brown
Reddish brown
Transparent

29, 31
33
34
35
34,36
37

Here, a brief introduction to a series of cheap insoluble MHCFs, including iron,
nickel, zinc and copper HCFs, is provided.

1) Iron HCF

Iron HCF (Fex[Fe(CN)6]y, FeHCF,) is a well-known synthetic coordination compound,
This transition MHCF is also known as PB. Since the electrochemistry of FeHCF films
was reported in 1978,38) numerous studies concerning the EC of MHCFs have been
conducted. FeHCF is an anodically coloring electrochromic material with promising
electrochromic properties. It has been reported that an electrodeposited FeHCF film
exhibited a blue/colorless EC transition with a fast response (≤100 ms) and high
durability for 5 x 106 cycles.39-40) In addition, FeHCF can be matched with a cathodic
electrochromic material (e.g., WO3) for the fabrication of ECDs with superior
9

performance. Several attempts at using FeHCF films for higher contrast and faster
switching speeds have also been made in recent years.40) Furthermore, the excellent
electrochromic performance of FeHCF makes it an ideal candidate for applications in
smart windows and electronic paper displays.40)
FeHCF exhibits four redox states: colorless (Everitt’s salt, ES), sky blue (PB), light
green (Berlin green, BG) and yellow (Prussian yellow, PY). According to previous
reports, FeHCF exhibits fairly good stability in both ES and PB states.29,31)

2) Nickel HCF

Among the MHCFs, nickel HCF (Nix[Fe(CN)6]y, NiHCF) is considered as a model
material for certain fundamental and applied studies for the following reasons. NiHCF
films show well-defined and reproducible responses not only in supporting electrolytes
containing hydrated K+ but also in other alkali metal cations such as hydrated Li+, Na+,
Rb+, and Cs+. NiHCF structures appear to be open and thus permit the unimpeded
transport of alkali metal cations of different sizes while providing charge balance during
the system’s redox reaction.41)
As a film, NiHCF is also an anodically coloring electrochromic material, and NiHCF
films have been used as CEs of FeHCF in ECDs. NiHCF films exhibit EC between
yellow and colorless states. Correspondingly, Fe-NiHCF ECDs are blue and pale yellow
in the colored and bleached state, respectively.33)
Notably, NiHCF films can be readly fabricated (on various electrode substrates) by
electrodeposition using potential cycling and coprecipitation methods.33,41) In addition,
NiHCF has very good retention properties compared with other MHCFs, and it can
adsorb several elements from aqueous solutions. Furthmore, NiHCF-TiO2 composite
films exhibit interesting photoelectrochemical and/or photoelectrochromic behaviors.42)

3) Zinc HCF

Zinc HCF (Znx[Fe(CN)6]y, ZnHCF) is a candidate for use as a colorless CE. It is
nearly colorless in both oxidized and reduced states, and it is more cost-effective than
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other MHCFs.16) As mentioned above, NiHCF films have been used as a CEs in FeHCF
ECDs; however, Ni-FeHCF ECD are pale yellow in the bleached state. In contrast,
because ZnHCF is nearly transparent in both oxidized and reduced states, it is expected
to be more colorless in the bleached state of ECDs. Some ZnHCFs have been reported
to have hexagonal structures where the Zn atom is tetrahedrally coordinated by four N
atoms of the CN ligands.43) However, a typical ZnHCF thin film suffers from low
surface charge density, poor cycling stability, and uniformity problems, particularly
when it is deposited on an ITO glass substrate.16)

4) Copper HCF

Copper HCF (Cux[Fe(CN)6]y, CuHCF) exhibits two redox transitions, which are
reasonably attributed to the redox activity of the–CN bridged iron (III, II) and –NC
bridged copper (II, I) lattice ions.44) The two different metal ions, Cu and Fe, which are
located in the system lattice along linear, cyanide-bridged, repeating units of the type
–Fe–CN–Cu–NC–Fe–, are electroactive.44) CuHCF exhibits a color change from brown
to pale yellow upon reduction. The electrochromic characteristics of CuHCF are thus
suitable for interior architectural design applications, such as on wood and red brick.
There are also many reports on the application of CuHCF for hydrogen storage,45-47)
cesium absorption,48-51) hydrogen peroxide detection,52-54) battery electrodes,55) and
electrochromic electrodes.35)

5) MHCF nanoparticles

The importance of printed electronics for the fabrication of functional thin films and
fine patterns intended for use in electronic devices has increased because solution
techniques such as inkjet printing and spin coating, are simple manufacturing processes
that consume less electricity and resources.56) Aqueous dispersions are also
environmentally friendly, inexpensive, and compatible with the nonaqueous electrolyte
solutions in ECDs.57)
The conventional MHCF particles synthesized by the coprecipitation method are
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insoluble in organic and aqueous solvents. These insoluble MHCF particles are
aggregate and form primary particles. Such nonuniform particle size distribution with
large secondary particles is unsuitable for inkjet printing and spin coating methods.
Therefore, to use MHCF thin films in ECDs, it is necessary to reduce their particle size
and synthesize solvent-dispersible MHCF nanoparticles (NPs). The preparation of
solvent-dispersible MHCF NPs (MHCF-NPs) has been previously proposed33,35,57-61) as
a new synthetic strategy for directly transforming insoluble MHCFs into MHCFs that
are soluble in various solvents by convenient and simple processes that are suitable for
industrial applications. Gotoh et al.56) and Ishizaki et al. 58) reported water-dispersible
MHCF-NPs. In these case, the insoluble MHCF aggregates were transformed into
water-dispersible MHCF-NPs via surface modification using [FeIII(CN)6]3 and
[FeII(CN)6]4.
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1.4.2 Oxides

Earlier electrochromic materials were mostly transition metal oxides (TMOs) due to
their unique characteristics, such as low cost and low environmental toxicity. Transition
metal oxides exhibit a large change in optical properties upon ion intercalation and
electron injection. EC has been well documented for oxides of the elements indicated in
the periodic table22) shown in Figure 1.5. All of these elements belong to the transition
series. Different shading is used to denote cathodic and anodic EC. The electrochromic
oxides are based on metallic elements that are located in a well-defined region of the
periodic table, and many transition metal oxides have been shown to possess both
(cathodic and anodic) electrochromic properties. In addition, transition metal oxide
films have been deposited by several techniques such as vacuum evaporation, sputtering,
spray deposition, electrodeposition, chemical vapor deposition (CVD), and sol-gel
methods. These transition metal oxide films can be electrochemically switched to a
non-stoichiometric redox state, which has an intense electrochromic absorption band
due to optical intervalence CT. The major types of electrochromic transition metal
oxides are summarized in Table 1.3.
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Figure 1.5 Inorganic electrochromic elements in the Periodic Table.22)
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Table 1.3 Electrochromic transition metal oxides.
Oxides

Color

Ref.

Oxidized state

Reduced state

WO3
TiO2
MoO3
V2O5
Nb2O5
MnO2
IrO2

Transparent
Transparent
Transparent
Transparent
Transparent
Brown
Brown

Blue
Blue
Blue
Dark yellow
Green blue
Pale yellow
Transparent

62,63
62
64,65
62
62
66
67

RhO2
NiO
Co3O4

Dark green
Brown-bronze
Brown

Yellow
Transparent or pale green
Transparent or green

68
69,70
62

1) Tungsten oxide

The most widely studied TMO is the tungsten trioxide (WO3) system, because its EC
was first reported in 1969. Tungsten oxide has a nearly cubic structure, which may be
simply described as a type of an “empty perovskite” formed by WO6 octahedra with
shared corners. There is considerable empty space inside the cubes, and a large number
of interstitial sites are present in which guest ions can be inserted. Tungsten trioxide
with all of the tungsten atoms in the WVI oxidation state is transparent. Upon
electrochemical reduction, WV sites are generated to give an electrochromic (blue
coloration) effect. Although there is still controversy about the detailed coloration
mechanism, it is generally accepted that the injection and extraction of electrons and
cations (Li+, H+, among others) play an important role. WO3 is a cathodic ion insertion
material. Notably, the blue coloration in thin films of WO3 can be erased by
electrochemical oxidation. The generalized equation can be written as follows:65-66)
WO3 + xM+ + xe → MxWO3
(Transparent)

(Blue)
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(M = H+ or Li+)

(1.2)

The fractional number of sites that are filled in the WO3 lattice is indicated by the
subscript x in the general formula MxWO3. At low values of x, the films have an intense
blue color due to photo-effected intervalence CT between adjacent WV and WVI sites. At
higher values of x, ion insertion results in the irreversible formation of a metallic
“bronze” which is red or golden in color. The process is promoted by cathodic
polarization, which induces ion insertion and electron injection. The inserted ions
expand the lattice of the guest oxide, while the compensating electrons modify its
electronic structure, and in turn, its optical properties.

2) Nickel oxide and hydroxide

Among the promising candidates for electrochromic materials, nickel oxide (NiOx) is
attractive for a complimentary ECD, which combines the anodic brownish color of
NiOx with the cathodic blue color of WO3. However, the practical use of NiOx remains
restricted because of its poor capacity retention upon cycling, which correlates to a
decrease in optical performance. Such a degradation phenomenon during cycling is
closely related to the mechanism involved in NiO thin films.70) The electrochemical
reaction between Ni(OH)2 and NiOOH is proposed for the EC mechanism of Ni
oxide,71) which is dominated by cationic transport. The reversible reactions describing
the intercalation-deintercalation of ionic species can be represented as follows:62,72-73)

Ni(OH)2
(Transparent)

↔

NiOOH + H+ + e−

(1.3)

(Bronze)

and Ni(OH)2 + OH− ↔ NiOOH + H2O + e−.

(1.4)

3) Cobalt oxide and hydroxide

Among typical inorganic EC materials, thin films of cobalt oxide (CoOx) and
hydroxide have recently received attention as possible electrochromic CE materials due
to their comparatively lower material costs.74) Cobalt oxide is one of the many versatile
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transition metal oxides with cubic spinel-type structures. Its particular properties give it
a wide field of applications.75)
Cobalt oxide and hydroxide films are anodically coloring electrochromic materials.
They become colored by reduction processes and are used as ion storage and second EC
layers. The possible electrochemical mechanisms can be expressed as follows:76)
3Co(OH)2 + 2OH ↔ Co3O4 + 4H2O + 2e,
(Pale yellow)

(1.5)

(Dark gray)

Co3O4 + OH + H2O ↔ 3CoOOH + e.

(1.6)

(Dark brown)

The EC behavior of Co oxide is similar to that of Ni oxide; the oxidized form is dark
brown, while the reduced form is pale yellow. Co hydroxide (Co(OH)2) and Co
oxyhydroxide (CoOOH) thin films have been prepared by electrodeposition,77-78)
CVD,79) and sputtering80) techniques.
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1.4.3 Organic compounds

Organic EC materials, including small molecules and CPS, show better EC properties
than inorganic EC materials, namely, rapid optical response, high color contrast, high
coloration efficiency, and various colors. In addition, these organic EC materials are
typically obtained by simple procedures.
Among organic EC materials, CPs have been widely used in various applications
because they exhibit several advantages, including good thermal stability, low cost, and
easy preparation. CPs are organic macromolecules that consist of one or more backbone
chains of alternating double and single bonds. In addition, conjugated polymers, and
particularly PPy derivatives and PT derivatives, are important as electrochromic
materials because they offer the possibility to develop devices with multi-color EC.

1) Viologens

Viologens are toxic bipyridinium derivatives of 4,4'-bipyridyl. The name is derived
from the intensely blue color of these compounds that is observed when they are readily
reduced to the radical monocation. They were first reported to possess electrochromic
behavior by Michaelis and Hill in 1933.81) The general chemical formula of the viologen
family (4,4'-dipyridinium compounds) is shown in Figure 1.6, where R may be an alkyl,
cyclo-alkyl or other substitutent.17)

R-N

N-R

Figure 1.6 Chemical formula of viologens.

Among the viologen family, 1,1'-diheptyl-4,4'-bipyridinium (heptyl viologen, HV)
and 1,1'-dimethyl-4,4'-bipyridinium (methyl viologen) are often used for EC
applications. Viologens exhibit three redox states, the di-cation, radical cation, and
di-reduced states, and each exhibits EC. Early applications of viologens were in
aqueous electrolyte display systems. However, the leakage of solution-type devices was
a potential problem. Thus, viologens were then immobilized on electrode surfaces to
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form thin films by the formation of polymer complexes, functional cross-linked
polymers, and electro polymerization. High switching speeds and memory effects are
advantages of thin film viologen electrodes.17, 82)

2) Polyaniline

One good example of an electrochromic polymer is PANI, which can be formed by
either the electrochemical or chemical oxidation of aniline. If an electrode is immersed
in hydrochloric acid containing a low concentration of aniline, a PANI film can be
grown on the electrode. Depending on the oxidation state, PANI can either be pale
yellow or dark green/black. The electrical and electrochromic properties of PANI
depend on not only its oxidation state but also its protonation state, and hence the pH
value of the electrolyte used. The electrochemistry of PANI thin films in aqueous acidic
solutions and in organic media has been extensively investigated, and several redox
mechanisms involving protonation-deprotonation and/or anion ingress-egress have been
proposed. PANI films are poly electrochromic (transparent yellow to blue green), and
the yellow-blue green transition is stable to repetitive color switching (equation 1.7).83)

N
H
(Yellow)

N
H

N

x

+2H+ + 2e-

N
x

(1.7)

(Blue-green)

3) Polypyrrole

The electrochromic properties of PPy have been investigated in the thin film form.
Ppy thin films are typically prepared by the electrochemical polymerization of pyrrole
(either in aqueous or organic solvents such as acetonitrile, in the presence of a suitable
electrolyte). Doped (oxidized) Ppy films are blue-violet (absorbance wavelength λ =
670 nm). Electrochemical reduction yields the yellow-green (absorbance wavelength λ
= 420 nm) “undoped” form. The doping-dedoping process is written as follows:
Ppyox + ne ↔ Ppyred.
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(1.8)

The removal of all dopant anions from Ppy yields a pale yellow film. However,
complete dedoping is only achieved if the Ppy films are extremely thin. The EC of Ppy
is unlikely to be mainly exploited because of film degradation on repetitive color
switching. CPs with improved electrochromic properties are, however, formed by the
electrochemical polymerization of 3,4-disubstituted pyrrole.83)

N
H

n

Figure 1.7 Chemical formula of PPy.

4) Polythiophene

Similar to Ppy, PT can be prepared via the electrochemical polymerization of
thiophene. The electrochromic properties of PT and of the polymers of several
substituted thiophenes have been reported. The tuning of the color states is possible by a
suitable choice of the thiophene monomer. For example, the electrochromic properties
of polymer films prepared from 3-methylthiophene-based oligomers are strongly
dependent on the relative positions of the methyl groups on the polymer backbone.
When a multi-color ECD is constructed, an electrochromic CP is often combined with a
second electrochromic polymer showing a different specific color.83)

S

n

Figure 1.8 Chemical formula of PT.

PMeT can be readly prepared by either chemical or electrochemical methods. It is
bright red in the oxidized state and light blue in the reduced state. In addition to this
vivid color change, PMeT shows high coloration efficiency.16) PEDOT, on the other
hand, can be reversibly switched between sky blue in the oxidized state and deep blue in
19

the neutral state. PEDOT offers numerous additional advantages, and thus has been
researched for many applications.29)
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1.5 Purpose of this study

EC materials for ECDs must exhibit 1) high coloration efficiency, 2) fast response
time, 3) long cycle durability, 4) a variety of colors, 5) large transmittance change, and
6) cost-effectiveness for fabrication.
Cycle durability is very important for realizing practical ECDs. MHCFs and oxide
materials have higher cycle durabilities than conventional organic EC materials.
Therefore, in this study, MHCFs and oxides were investigated as EC materials for use in
ECDs. Although FeHCF and WO3 have been studied by numerous researchers, the other
MHCFs and oxides have only been studied to a limited degree. Particularly, research on
CE materials must be advanced to realize the practical application of ECDs. ZnHCF is
considered to be a transparent CE for transmissive FeHCF ECDs, while CuHCF is
considered for new colored EC electrodes. CoOx is also considered to be a CE for oxide
ECDs.
In addition to the EC materials themselves, the development of methods for their
preparation and deposition as films is crucial for the fabrication ECDs. Fabrication
techniques for ECDs must be effective over large areas, must be inexpensive, and must
be appropriate for commercial-scale production. Possible methods that fit these criteria
include the 1) ultracentrifuge separation method, 2) micro-mixer synthesis method, 3)
chemical modification method, and 4) sputtering deposition method. The ultracentrifuge
method can be used to separate NPs from powdery materials of different sizes, while the
micro-mixer method can be used to rapidly synthesize homogenous MHCF-NPs and is
appropriate for large-scale production. Chemical modification, meanwhile can be used
to solubilize MHCF thin films, while sputtering is useful for the formation of
homogenous large-area thin films.
In this study, the electrochemical and electrochromic properties of size-classified
ZnHCF-NP thin films were investigated to improve the contrast and durability of ECDs.
The electrochemical properties of CuHCF synthesized using a micro-mixer and the
effects of chemical modification on CuHCF thin films were also investigated.
Furthermore, the electrochromic properties of cobalt oxide and hydroxide films
sputter-deposited in O2 and H2O atmospheres were studied.
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Chapter 2 Experimental method
2.1 Film deposition

2.1.1 Spin coating method

Spin coating has been used for several decades for the preparation of thin films. A
typical process involves the deposition of a small puddle of a liquid solution onto the
center of a substrate followed by the spinning of the substrate at high speed. Centripetal
acceleration causes the liquid solution to spread to the edge of the substrate leaving a
thin film of the liquid solution on the entire surface (Figure 2.1).
Dispersion liquid

Puddle of a fluid
Substrate

Rotation

Figure 2.1 Schematic of the spin coating method.

The final film thickness depends on the nature of the liquid solution (viscosity, drying
rate, percent solids, surface tension, among others); the final rotational speed,
acceleration, and atmosphere contribute to the properties of the coated film. It is
therefore necessary to choose the optimum parameters for the spin process to obtain
high-quality thin films.
The film thickness h (m) is determined from the film thickness h0 and viscosity η (Pa)
of the liquid solution and the process parameters, including the angular velocity (spin
speed) ω (s−1), and spin time t (s):1-3)
h=

(2.1)
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2.1.2 Reactive RF magnetron sputtering

Thin films of metal oxides (e.g. WO3, NiOx, CoOx, and Nb2O5) have been mostly
prepared by dry processes such as vacuum evaporation and sputtering.4-7) Sputtering is a
physical vapor deposition techniquess. In the basic sputtering process, the source
material (target) is bombarded by energetic positive ions generated in a glow discharge
plasma situated in front of the target.8) The positively charged gas ions from the plasma
are attracted and accelerated toward the target by an electric field obtained by applying
a negative potential to the target with respect to the substrate electrode. Thus, the source
electrode for the target is known as the cathode, and the substrate electrode is the
anode.8)
The sputtered atoms from the target then condense in a thin film on the desired
substrate. (Figure 2.2 (a)) For the deposition of insulating films, radio frequency (RF)
sputtering is preferred, because it avoids the positive charging of the target; an
alternating potential rather than DC is applied (AC power supply frequency 13.56
kHz).9) For the deposition of metal films, an inert sputtering gas (e.g. Ar) is used, and a
reactive component (e.g., O2 or H2O) is introduced as a process gas to deposit
compound thin films. Reactive magnetron sputtering occurs whenever the chemical
composition of the deposited coating substantially differs from the composition of the
sputtering targets.
Sputtered
atoms
Substrate
Magnetic field lines
Plasma
Process gas
(Ar, O2, H2O)

anion

Sputtered
atoms

RF
Power
supply

Target

N

S

N

Plasma
S
To vacuum
pumps

N

S

Target
(Cathode)

Water cooling circuit
(a)

(b)

Figure 2.2 Details of the (a) RF sputter deposition process and (b) magnetic structure of
a magnetron sputter gun9).
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Magnetron sputtering is used to increase the deposition rate. The magnets are
mounted outside the vacuum environment, as shown in Figure 2.2 (b). The plasma is
trapped by a combination of electric and magnetic field confinement based on the
magnetron principle.
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2.2. Particle-size classification

In general, a wide distribution of particle sizes is obtained for the as-synthesized
particles. Therefore, it is necessary to use a particle-size classification technique to
obtain uniform-sized particles. Centrifugation is a useful method for precise
classification.10) Figure 2.3 shows the centrifugal process for general colloidal liquid.
Protocols for centrifugation typically specify the level of acceleration to be applied to
the sample, rather than the rotational speed, such as revolutions per minute (rpm). The
acceleration is often quoted in multiples of g, the acceleration due to gravity at the
Earthʹs surface. This distinction is important because two rotors with different
diameters running at the same rotational speed will subject samples to different
accelerations.
Supernatant

Supernatant

Centrifuge
at higher
acceleration

Centrifuge

Decant

Precipitate

Colloidal liquid
Precipitate

Figure 2.3 Centrifugal process for general colloidal liquids.

The acceleration can be calculated as the product of the radius r and the square of the
angular velocity ω. The relative centrifugal force is a measurement of the force applied
to a sample within a centrifuge; it can be calculated by the following equation:11)
(2.2)
This relationship may be rewritten as follows:
RCF = 1.118 · 105 · r · N2,
where N is the rotational speed.
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(2.3)

2.3 Film thickness and surface and cross-sectional morphologies

2.3.1 Field emission scanning electron microscopy

The scanning electron microscope (SEM) is one of the most versatile instruments
available for the analysis of the microstructure, morphology, thickness, and chemical
composition of materials.
Field emission SEM (FE-SEM) relies on the generation and liberation of electrons
from a field emission source for image formation. In contrast to conventional SEM
(thermal electron emission type), in which a tungsten filament is heated to produce a
stream of electrons, the field emission source is a thin, sharp, single crystal tungsten
wire that remains at ambient temperature. Electrons are thought to originate from a
point source on the filament, which may be less than 5 nm in diameter; they are drawn
by an electrical field. This extremely fine source for the field emission system allows
the attainment of higher resolution. The field emission gun acts as a cathode in front of
first and second anodes. A potential difference (extraction voltage of 3 ~ 6 kV) is
applied between the first anode and the tip; this difference generates an electric field
concentrated at the tip, resulting in the emission of electron. The emitted electrons pass
through the first anode and are accelerated by the second anode voltage (Vo), or
accelerating voltage, of the gun, which is determined by the potential difference
between the tip and the second grounded anode (electron extraction voltage),12) as
shown in Figure 2.4 (a).
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Flashing power supply

Electron beam

Field emission tip
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First anode

Detector

Secondary
electrons

Second anode

SEM
Image
Sample
(a)

(b)

Figure 2.4 Schematic presentation of (a) a field emission gun and (b) the measurement
principles for the scanning electron microscope.

The higher the accelerating voltage, the faster the electrons travel down the column,
resulting in a more penetrating beam. These primary electrons are focused and deflected
by electron magnetic coils (lenses) to produce a narrow electron probing beam that
scans the object or specimen. The electrons are accelerated in a strong electrical field
within a high vacuum column (109 to 1010 Torr). This ultra-high vacuum acts to
stabilize the emission of electrons and prevent the contamination of the filament tip.
Subsequently, secondary electrons are produced as a result of interactions with the
atoms at the sample surface. These electrons are detected by a system in the microscope
column composed of a collector, scintillator, and photomultiplier tube. The
photoelectrons generated by the photomultiplier are then converted into an electronic
signal, which is further amplified and digitized. The end result is a detailed image of the
topography of the specimen surface that can then be displayed,12) as shown in Figure 2.4
(b).
The brightness on the screen is proportional to the number of secondary electrons
emitted from the specimen. It is also necessary to ensure that the tip of the tungsten wire
remains free of contaminants and oxides. Therefore, it is necessary to periodically heat
or flash the tip (voltage is applied momentarily to the tip) to remove any free absorbed
gas molecules, often resulting in reversible, momentary instability of the beam.
However, the failure to flash the tip results in the observer visualizing white flashes or
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“hot spots”. Compared to the diameter of the probing electron beam in conventional
SEM, that in FESEM (the beam current per unit area per solid angle) is smaller given
the very small source size as it travels down the column, which results in more intense
brightness (brightness linearly increases with accelerating voltage), greater spatial
resolution capabilities (1.5 nm; three to six times better than that of conventional SEM),
reduced in chromatic aberration, improved depth of field, and enhancement of surface
details at high magnifications (at low voltages, fine features are more easily observed).
A resolution of 0.5 nm has been achieved under ideal conditions, and 5 nm is regularly
achieved at an acceleration voltage of 30 kV with conducting materials.13)
In addition, the field emission scanning electron microscope operates at lower
accelerating voltages (0.5 to 30 kV), resulting in high-quality images that have less
electrostatic distortion and increased image contrast. The main benefit of using a lower
accelerating voltage when observing high-magnification views of specimens is reduced
beam penetration into the specimen, which can obscure surface details, and a reduced
likelihood of charging and damage to uncoated, nonconductive, and beam-sensitive
samples.12,14)
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2.3.2 Multi-beam interferometry

A thin film is a layer of material sub-nanometer to micron thickness. Multi-beam
interferometry is a method used to estimate film thickness via optical interference.
When light strikes the film surface, it is either transmitted or reflected at the upper
surface. The light that is transmitted reaches the bottom surface and may once again be
transmitted or reflected. The Fresnel equation provides a quantitative description of how
much light will be transmitted or reflected at an interface. In addition, the light reflected
from the upper and lower surfaces will interfere, and the degree of constructive or
destructive interference is dependent on the difference in their phases. This difference is
in turn dependent on the thickness of the film layer, the refractive index of the film, and
the angle of incidence of the original wave with respect to the film.15)

D

t

A θ θ

P1 Optical flat plane

C

P2 Reflection plane

B

Figure 2.5 Conceptual diagram of light reflection and transmission for parallel planes.
The optical path difference d for the light reflected by both upper and lower
boundaries must be calculated to determine the conditions for interference. When
parallel light is incident to the reflection planes P1 and P2, d is calculated by the
following equation:



.

(2.4)

Maximum reflections are obtained when



(2.5)
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and minimum reflections are obtained when

 ,

(2.6)

where m is an integer and λ is the wavelength of the incident light.
In multi-beam interferometry,  = 0; that is the incident light is vertical, as shown in
Figure 2.6.

Fringe pattern
Optical flat plane

a

A
A
B
B

b

d

Thin film
Substrate
θ

Reflective thin film
(Al or Ag)

Figure 2.6 Fringe pattern obtained in multi-beam interferometry.16)

If an optical flat is placed on a thin film sample, as shown in Figure 2.6, a fringe
pattern is obtained. From the distance between two adjacent fringes a and the difference
in fringes b, the film thickness d can be calculated by the following equation:

∙ .
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(2.7)

2.4. Plasma state

The plasma state during sputtering can be characterized by plasma emission
spectroscopy, which is a diagnostic tool that provides in situ information about the
deposition process and can be performed without disturbing film deposition
conditions.17)
In plasmas, a process gas molecules and atoms are typically excited by high-energy
electrons. The gas molecules and atoms absorb energy through collisions with the
electrons and are excited from their ground states. After a short lifetime, the excited
molecules and atoms return to their corresponding ground states, which simultaneously
results in the emission of electromagnetic radiation, generally in the form of light in the
UV visible region. The emitted radiation is analyzed using a spectrograph, which
separates the various wavelengths.
The intensity of each peak in the spectrum is directly proportional to the
concentration of the corresponding element in the gas. Therefore, plasma emission
spectroscopy is a method for analyzing various elements in the plasma.

Chamber
Spectrometer

Substrate
Process gas
(Ar, O2, H2O)

Plasma
Optical fiber
Ions
Collimating lens

Molecules

Atoms
Target
(Cathode)

PC

Figure 2.7 Schematic diagram of plasma emission spectroscopy.
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2.5 Crystal structure

X-ray diffraction (XRD) analysis is a very powerful and suitable technique for
characterizing the microstructure of thin films. It is nondestructive, noncontact, and
provides useful information, such as the presence and composition of different phases,
film thickness, grain size, and orientation and strain state.
X-rays are electromagnetic radiation similar to light, but with a much shorter
wavelength. They are produced when electrically charged particles of sufficient energy
are decelerated. Figure 2.8 presents the schematics of an X-ray diffractometer. In an
X-ray tube, the high voltage maintained across the electrodes draws electrons toward a
metal target (the anode). X-rays are produced at the point of impact, and radiate in all
directions. Tubes with copper targets produce their strongest characteristic radiation at a
wavelength of approximately 1.54 Å.

X-rays tube

Scattered
X-rays

Incident
X-rays
θ

Detector

θ
d

Layered structure

Thin film

2θ
Substrate

2θ/θ scan

Figure 2.8 Incident X-Rays are diffracted by the layers of atoms in a crystalline
material.

The relationship by which diffraction occurs is known as Braggʹs law, which is
given by equation 2.8:18)

,

(2.8)

where d is the interplanar spacing,  is the diffraction angle, λ is the wavelength of the
x-rays, and n is order of diffraction. Because every crystalline material has a
characteristic atomic structure, each diffracts X-rays in a unique and characteristic
pattern.

37

2.6 Film density

X-ray reflectivity (XRR) is a powerful, nondestructive tool for investigating the
thickness, surface roughness and film density of thin film.19-20)
When the incident angle is small (0 ~ 2 degrees), the X-ray beam is totally reflected.
The XRR technique requires the alignment of the incident and reflected angles θ with
and error less than ±0.005 degrees.20) Above the critical angle of total reflectance, the
beam penetrates the sample and is refracted. (Figure 2.9)

Detector
Incident
X-rays

Reflected
X-rays
θ

θ
Thin film
Substrate

Figure 2.9 X-ray reflection in thin films at low incidence angle θ (0 ~ 2°).

The slope of the spectrum and the decay rate of the oscillations provide information
surface roughness, as shown in Figure 2.10. In addition, the density and thickness of
thin films can be calculated from the critical angle and oscillation period of the
spectrum, respectively.20-21)

Reflectivity

Density

Roughness

Thickness

Angle of Incidence (degrees)

Figure 2.10 Analysis of the X-ray reflectivity spectrum.
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2.7 Chemical bonding state

Infrared (IR) spectroscopy involves the measurement of the absorption of different IR
frequencies by a sample positioned in the path of an IR beam. The main goal of IR
spectroscopic analysis is to determine the chemical functional groups in the sample.
Different functional groups absorb characteristic frequencies of IR radiation.22)
A molecule can be excited to a higher vibrational state by absorbing IR radiation. The
probability of a particular IR frequency being absorbed depends on the actual
interaction between this frequency and the molecule. In general, a frequency will be
strongly absorbed if its photon energy coincides with the vibrational energy levels of the
molecule. While the absorption frequency depends on the vibrational frequency of the
molecules, the absorption intensity depends on how effectively the infrared photon
energy can be transferred to the molecule, which in turn depends on the change in the
dipole moment that occurs as a result of molecular vibration.23)
The IR region is divided into three sections: near, mid, and far. The mid IR region
(4000 ~ 400 cm–1 or wavenumbers) is of the greatest practical use for IR spectroscopy.
An increase in wavenumber corresponds to an increase in energy.24) In IR spectroscopy,
infrared radiation is absorbed by molecules and converted into molecular vibrational
energy (stretching and bending) when the radiant energy matches the energy of a
specific molecular vibration. The absorption of radiant energy is represented by the
absorbance A, which is calculated as the logarithm, to the base 10, of the reciprocal of
the transmittance T:22)

A = log10(1/T).

(2.9)

The wavenumbers (also referred to as frequencies) at which a molecule absorbs
radiation indicate the functional groups that are present in the molecule. Certain groups
of atoms absorb energy and give rise to bands at approximately the same frequencies,
regardless of the molecule. The analysis of an IR a spectrum is thus possible with the
help of tables that correlate frequencies to functional groups.
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Fourier transform infrared (FTIR) spectroscopy has long been utilized as an
analytical technique for qualitatively determining the presence of various chemical
bonds in gases, liquids, solids, and on surfaces25) because it is a rapid, economical, easy,
and non-destructive technique.26) In FTIR spectroscopy an interferogram of the sample
signal is collected using an interferometer and then a Fourier transform of the
interferogram is performed to obtain the spectrum (Figure 2.11).

Fourier
transform

Intensity, I

Intensity, I

(a)

Wavelength, λ

Interferogram

Fourier
transform

Intensity, I

Intensity, I

(b)

Wavelength, λ

Interferogram

Fourier
transform
Wavelength, λ

Intensity, I

Intensity, I

(c)

Interferogram

Figure 2.11 (a) He-Ne laser line through an interferometer and (b) He-Ne laser line
with 1/2 the intensity and λ/2 passed through an interferometer, (c) both λ and λ/2 line
sources passed through an interferometer.
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2.8 Particle size and colloidal stability

2.8.1 Dynamic light scattering

Dynamic light scattering (DLS) is an important tool for characterizing the size of NPs
in a solution. DLS measures the light scattered from a laser that passes through a
colloidal solution, and by analyzing the modulation of the scattered light intensity as a
function of time, the hydrodynamic size of the particles and particle agglomerates can
be determined. DLS measures Brownian motion, which is the random movement of
particles due to the bombardment of surrounding solvent molecules, and relates this
behavior to the size of the particles. Typically, DLS is used to analyze particles
suspended within a liquid, and the larger the particle, the slower the Brownian motion,
because smaller particles are moved further and with greater speed by the solvent
molecules (Figure 2.12).

(a)

(b)
Correlation function

1
Smaller particles

Brownian motion
Larger particles

Larger particles

Smaller particles
0
1

10

100

1000

Time

Figure 2.12 (a) Schematic representation of Brownian motion and (b) the relationship of
the correlation function with time.

An accurately known temperature is necessary for DLS, because the knowledge of
viscosity is required. The temperature must also be stable, otherwise, convection
currents in the sample will cause nonrandom movements that will lead to errors in data
interpretation. The velocity of the Brownian motion is defined by the property known as
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the translational diffusion coefficient D. The size of a particle is calculated from D using
the Stokes-Einstein equation:27)

,

(2.10)

where d(H) is the hydrodynamic diameter of the particles, D is the translational
diffusion coefficient, k is Boltzmann’s constant, T is the absolute temperature, and η is
the viscosity of the solvent.
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2.8.2 Zeta potential

Electrokinetic techniques are the most widely used experimental methods for
studying charged surfaces. The electrical potential at the slipping plane is defined as the
electrokinetic potential, or more commonly the zeta potential (ζ).28) The zeta potential
can be deduced from electrokinetic measurements, and in addition to being
experimentally accessible, correlates with particle stability. Highly stable colloidal
systems are characterized by high zeta potentials, whereas low zeta potentials indicate
less stable systems (see Table 2.1).29)
Table 2.1 Colloidal stability of particles and their zeta potentials30-31)
Zeta potential (mV)

Colloidal stability

0 to ±5,
±10 to ±30
±30 to ±40
±40 to ±60
more than ±61

Rapid coagulation or flocculation
Incipient instability
Moderate stability
Good stability
Excellent stability

In the case of ZrO2 particles, the formation of soft agglomerates in suspension is
observed to occur when the absolute value of the zeta potential is less than ~30 mV,
which is commonly observed in many oxide suspensions.30)
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Figure 2.13 Two methods for visualizing the double layer. The left view shows the
change in charge density around a colloid. The right shows the distribution of positive
and negative ions around a charged colloid.

NPs have a surface charge that attracts a thin layer of ions of the opposite charge to
the NP surface. This double layer of ions travels with the NP as it diffuses throughout
the solution, as shown in Figure 2.13. The zeta potential of particles typically falls in the
range from +100 mV to 100 mV. Dispersions with a low zeta potential eventually
aggregate because of Van der Waals inter particle attractions.
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2.9 Chemical composition

The chemical composition of the MHCF samples was measured by atomic emission
spectroscopy (AES), which involves the quantitative analysis of the optical emission
from excited atoms for the determination of analyte concentrations. Analyte atoms in
solution are aspirated into the excitation region where they are desolvated, vaporized,
and atomized by a flame, discharge, or plasma. These high-temperature atomization
sources provide sufficient energy to promote the atoms to high energy levels. The atoms
then decay back to lower levels by emitting light (see Figure 2.14 (a)). Because the
transitions are between distinct atomic energy levels, the emission lines in the spectrum
are narrow. However, the spectra of multi-elemental samples can be very congested, and
the spectral separation of nearby atomic transitions requires a high-resolution
spectrometer.
Exited state

Exited state
Energy

emitting
light
Ground state

Ground state

(a)
lens
Wavelength
selector

Exited
atoms

Excitation
source

Detector

(b)

Figure 2.14 Schematic diagram of (a) atomic emission and (b) an AES experiment.

AES has a high throughput with the capacity for multi-element monitoring. For
emission spectroscopy systems, various excitation sources have been used to produce
excited atoms that emit light for elemental analysis. Emission sources include flames,
electrical arcs/sparks, and plasma instruments (Figure 2.14 (b)). In particular,
plasma-based systems in which a microwave-induced plasma is produced via various
mechanisms have been widely used.32)
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2.10 Electrochemical and electrochromic properties

2.10.1 Electrochemical measurements

Electrochemical, parameters such as reversibility, ion storage capacity, and cycle
stability can be determined from cyclic voltammetry (CV), chronocoulometry (CC) and
chronoamperometry (CA) experiments using a WE, a reference electrode (RE), and a
CE, and the application of a potential (V) or current (I) as shown in Figure 2.15.

Power supply
A

V
Quartz cell

Electrolyte

Working electrode Reference electrode Counter electrode
(RE)
(WE)
(CE)

Figure 2.15 Schematic diagram of a three electrode cell.

1) Cyclic voltammetry

In linear sweep voltammetry (LSV), a fixed potential range is employed, similar to
that used in potential step measurements. However, in LSV, the voltage is scanned from
a lower limit to an upper limit, as shown in Figure 2.16 (a). The voltage scan rate (v) is
calculated from the slope of the line. Clearly, by changing the time taken to sweep the
range. The characteristics of a recorded linear sweep voltammogram depend on a
number of factors:
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(i)

rate of the electron transfer reaction,

(ii)

chemical reactivity of the electroactive species,

(iii)

voltage scan rate.

CV is very similar to LSV. In this case the voltage is swept between two values (V1
and V2, see Figure 2.16 (b)) at a fixed rate, and when the voltage reaches V2, the scan is
reversed, and the voltage is swept back to V1. A typical cyclic voltammogram recorded
for a reversible single-electrode transfer reaction is shown in Figure 2.16 (c).33)

(a)

(b)

(c)

Figure 2.16 Potential changes for (a) linear sweep voltammetry and (b) cyclic
voltammetry, and (c) a cyclic voltammogram.

The forward sweep produces a response identical to that obseved for the LSV
experiment. When the scan is reversed, we simply move back through the equilibrium
positions gradually converting the electrolysis product. The current flow is now from
the solution species back to the electrode, thus occurring in a sense opposite to that
during the forward sweep, but otherwise, the behavior can be explained in an identical
manner. For reversible electrochemical reactions, the CV has certain well-defined
characteristics.
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2) Chronocoulometry

CC is a the classical electrochemical technique frequently used in electroanalytical
chemistry. As its name implies, it is the measurement of charge (coulombs) as a function
of time (chrono). Applications of this technique include the determination of the surface
area of electrodes, diffusion coefficients, concentration, kinetics of both heterogeneous
electron transfer reactions and chemical reactions coupled to electron transfer,
adsorption, and the effective time window for an electrochemical cell. A potential step
experiment can also be used to record the charge versus time dependence. The analysis
of CC data is based on the Anson equation, which defines the charge-time dependence
for linear diffusion control:34)

,

(2.11)

where, Q represents the charge, n is the number of electrons transferred, A is the real
electrochemical surface area of the electrode, F is Faraday’s constant (96,485 C/mole),
C is the concentration of the mediator, D is the diffusion coefficient of the mediator, and
t is time. There is a linear relationship between the charge Q and the square root of time
(t1/2).
Given the number of electrons transferred n and Faraday’s constant F, which are well
known, the diffusion coefficient of the mediator D can be calculated by CC.
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3) Chrono amperometry

The study of the variation of the current response with time under potentiostatic
conditions is known as CA. The current resulting from a step in the value of the
potential in a system where there is no electrode reaction corresponding to the
mass-transport-limited current can be calculated for the simple system O (oxidant) + ne
↔ R (reductant), where only O or R is initially present. This current is the faradic
current, because it is due only to a faradic electrode process (only electron transfer).
However, the application of a potential step at to to an electrode as shown in Figure 2.17
(a), gives rise to a diffusion-limited current whose value varies with time. The Cottrell
equation35) (equation 2.12):

(2.12)

,

where

represents the diffusion-limited current,

concentration of the reducible analyte *, and

represents the initial

represents the diffusion coefficient for

species O, indicates a decrease in the current with t1/2, which is shown in Figure 2.17
(b).

Current (A)

Potential (V)

E2

t
E1

E1
t0

t
t0

(a)

(b)

Figure 2.17 (a) Potential step applied in a typical chrono amperometry study, and (b)
variation of the current with time according to the Cottrell equation.
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2.10.2 Electrochromic measurements

1) Coloration efficiency

The performance of ECD can be described by many parameters, such as listed below:

(i)

transferred charge during oxidation (Qo) and reduction(Qr),

(ii)

optical density change OD, and

(iii)

coloration efficiency η,

which is defined as the change in the optical density for the charge (Q) consumed per
unit electrode area (A). These parameters are calculated by the following equations:36)



= log



,

(2.13)

,

(2.14)

where Tb and Tc are the transmittance of the device in the bleached and colored states,
respectively. The determination of coloration efficiency is a good method for
quantifying the electroactive properties of an ECD.
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2) Response time

The response speed of an ECD device is an important parameter for devices that are
used as displays. The response time is calculated by taking the time for the
transmittance change from the bleached to the colored state when a potential step is
applied to the ECD. The in situ transmittance change is determined using a spectrometer.
The response times for coloring and bleaching are defined as the time required for
achieving an 80% change in the transmittance (Figure 2.18).

100

Response time, t2-t1

Bleached state

Transmittance (%)

80

ΔT = 80%

60
40

ΔT = 100%

20
Colored state
0

t1 t2

0

Time (s)

Figure 2.18 Definition of response time.
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Chapter 3 Improvement of Electrochemical and the Electrochromic
Properties

of

Particle

Size-Classified

Zinc

Hexacyanoferrate

Nanoparticles and Their Application in Electrochromic Devices
3.1 Introduction

Transmissive ECD requires a CE material that is colorless in both oxidized and
reduced states or electrochromic in a complementary sense to a WE. NiHCF films have
been used as CEs for FeHCF transmissive ECDs because of their good durability.
NiHCF films exhibit EC between yellow and colorless in the oxidized and reduced
states, respectively, and FeHCF films are blue and transparent, respectively. Therfore,
the Fe-NiHCF ECD is pale yellow in the bleached state. In contrast, an ECD with a
combination of FeHCF and ZnHCF films exhibits a color change resembling that of the
EC of FeHCF because ZnHCF is nearly colorless in both oxidized and reduced states.
However, ZnHCF films have a lower cycling stability.1-2) The typical particle size of
ZnHCF particles is 200–500 nm,1) which is much larger than those of FeHCF and
NiHCF-NPs (less than 100 nm).3-8) The large particle size of the ZnHCF particles may
explain its low cycling stability. To reduce the particle size of ZnHCF-NPs synthesis
methods that are environmentally friendly, inexpensive, and compatible with various
MHCFs have been reported.5) For example, the particle size of water-dispersible
FeHCF-NPs was estimated to be approximately 10 nm.9)
In this chapter, a method for the preparation of ZnHCF-NPs less than 100 nm in size
is described. First, a solution of water-dispersible ZnHCF particles was prepared.6) The
ZnHCF particles were segregated into components with different sizes via
centrifugation. The effects of the particle size on the cycle durability and transferred
charge density of ZnHCF-NP thin films were then examined to clarify their potential as
CEs for ECDs. In addition, transmissive ECDs with a combination of FeHCF-NP and
ZnHCF-NP thin films were fabricated, and the electrochromic and electrochemical
properties of these devices were evaluated.
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3.2 Experimental procedure

3.2.1 Preparation of zinc and iron HCF thin films

The method for preparing water-dispersible ZnHCF-NPs resembles that used to
prepare FeHCF-NPs:6) An aqueous solution (300 mL) of ZnCl2 (21.8 g), 10 wt% HCl (5
mL), and an aqueous solution (300 mL) Na4[Fe(CN)6]∙10H2O (38.8 g) was vigorously
stirred for 10 min using a homogenizer. The resulting white precipitate (insoluble
ZnHCF precursor) was washed with Milli-Q (Milli pore Milli-Q system) water five
times in a centrifuge to yield insoluble ZnHCF-NPs. Next, 200 mL of an aqueous
solution of Na4[Fe(CN)6]∙10H2O (11.62 g) was added to the ZnHCF precursor as a
surface modifier, and the mixture was stirred at room temperature for 1 day to afford the
desired water-dispersible ZnHCF-NPs (ZnHCF-NPmix).
The ZnHCF-NPs were then separated using an ultracentrifuge (Optima L-90K,
Beckman Coulter, Inc.), and three types of size-classified ZnHCF-NPs were obtained at
acceleration levels of 1,700 g, 9,000 g, and 20,000 g, where g represents the
gravitational acceleration unit (see Figure 3.1).

ZnHCF Synthesis
ZnCl2
21.8 g, H2O 300 ml

Homogenizer
Coprecipitation

10 wt% HCl
5ml

Na4[Fe(CN)6]‧10H2O
38.8 g, H2O 300 ml

Insoluble
ZnHCF
precursor

Washing

Stirring

Water-dispersible
ZnHCF-NPs
(ZnHCF (mixture))

Na4[Fe(CN)6]‧10H2O
11.62 g, H2O 200 ml

ZnHCF-NPs Separation

Centrifuge
separation
1700 g

Supernatant

Precipitate
(ZnHCF (1700 g))

Ultra
centrifuge
separation
20,000 g

Supernatant
(ZnHCF (20,000 g))

Precipitate

Ultra
centrifuge
separation
9,000 g

Supernatant
(ZnHCF (9,000 g))

Precipitate

Figure 3.1 Flow chart for ZnHCF synthesis and separation of the ZnHCF-NPs.
Water-dispersible FeHCF-NPs were also synthesized in a similar manner.6) An
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aqueous solution (90 mL) of Na4[Fe(CN)6]∙10H2O (17.42 g, 36 mmol) was added to 90
mL of an aqueous solution of Fe(NO3)3·9H2O (19.38 g, 48 mmol), and the mixture was
vigorously stirred for 3 min. The resulting blue precipitate was washed five times with
Milli-Q water, and then 60 ml of an aqueous solution of Na4[Fe(CN)6]∙10H2O (4.1 g)
was added to increase the dispersibility in the aqueous solution via surface modification.
The water-dispersible FeHCF-NP solution was stirred at room temperature for 1 week.
Generally, wet chemical deposition techniques are cost-effective methods for the
preparation of large-area thin films, and are also technically less demanding than
physical evaporation techniques.10-11) Spin coating is widely used for the deposition of
metal coordination complex thin films such as MHCFs. Thus, thin films of the ZnHCF
samples were fabricated on indium tin oxide (ITO)/glass substrates by spin coating
using aqueous dispersions of each ZnHCF-NP with a concentration of 0.1 g/mL. The
film thickness of the ZnHCF thin films was controlled by adjusting the rotation rate of
the spin coater. To fabricate the ECDs, the film thickness of the ZnHCF thin films was
also controlled to match the charge capacity of the redox reactions with that of the
FeHCF WEs. The conditions for spin coating are summarized in Table 3.1.

Table 3.1 Rotation rates of spin coating for the ZnHCF-NP thin films described in
section 3.3. (in dry air)
Dispersion liquids

For thin films

For ECDs

ZnHCF (mixture)
ZnHCF (1,700 g)
ZnHCF (9,000 g)
ZnHCF (20,000 g)

3000 rpm 10 s, 3500 rpm 10 s
3000 rpm 10 s, 3500 rpm 10 s
2500 rpm 10 s, 3000 rpm 10 s
2000 rpm 10 s, 2500 rpm 10 s

600 rpm 60 s, 1500 rpm 10 s
600 rpm 60 s, 1500 rpm 10 s
800 rpm 10 s, 1200 rpm 10 s
1300 rpm 10 s, 1800 rpm 10 s

The FeHCF-NP thin films used to fabricate ECDs were spin-coated at rotation rates
of 3000 rpm for 10 s and 3500 rpm for 10 s using 0.1 g/mL FeHCF-NPs aqueous
dispersions, and the thickness of the films was confirmed to be approximately 150 nm
by FESEM analysis as shown in Figure 3.2 (b).
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(a)

(b)

FeHCF
ITO
Glass
1 μm

500 nm

Figure 3.2 FESEM images of the FeHCF-NP thin film on an ITO/glass substrate: (a)
top-view and (b) cross-sectional image.
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3.2.2 Assembly of transmissive Fe-ZnHCF ECDs

The layered structure of the Fe-ZnHCF ECDs was prepared as schematically shown
in

Figure

3.3.

The

mixed

electrolyte

consisted

of

potassium

bis(trifluoromethanesulfonyl)imide (KTFSI)/ propylene carbonate (PC) electrolyte and
polymethyl methacrylate (PMMA) (KTFSI/PMMA/PC = 3.83 g/36 g/120.5 g). The
electrolyte was spread on the FeHCF film by an air pulse dispensing method (Shot
Master 200DS, Musashi Engineering Inc., Japan). The CE coated with the
size-classified ZnHCF-NP and the WE with the FeHCF-NPs were bonded together
using a UV-cured resin under a vacuum. The distance between the two ITO/glass
substrates of the ECDs was 100 μm, and the active area was 17 × 19 mm2.

ITO/Glass

ITO/Glass

ZnHCF

ZnHCF

Electrolyte

100 μm

in vacuum
FeHCF

Cured resin
electrolyte
(KTFSI/PMMA/PC)

ITO/Glass

FeHCF

Active layer
19 ×17 mm2

ITO/Glass

Figure 3.3 Schematic illustration and photograph of a Fe-ZnHCF ECD and its
preparation method.
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3.2.3 Characterization methods

The crystal structure and particle size of the ZnHCF-NPs were evaluated by XRD
analysis at room temperature using a Rigaku Ultima III X-ray diffractometer with
monochromatic Cu Kα (λ = 1.54 Å) radiation in the 2θ range from 5 to 65º with a scan
speed of 1º/min and a step size of 0.04º. The particle size, morphology and thickness of
the ZnHCF and FeHCF thin films were investigated using a field emission scanning
electron microscope (FE-SEM, S-4800II, Hitachi) at an acceleration voltage of 5kV and
a working distance of ~8 mm. The average particle size of the particles in the ZnHCF
dispersions was determined using a DelsaTM nano submicron particle size and zeta
potential particle analyzer (PN A54412AA, Beckman Coulter, Inc., Ireland). The
electrochemical response of the ZnHCF thin films and ECDs were studied by CV using
an electrochemical analyzer (ALS-6115D, BAS, Japan), and in situ optoelectrochemical
measurements were performed using a spectrometer (UV-USB4000, Ocean Optics). The
cyclic durability of the ZnHCF-NP thin films was determined by CC, in which constant
oxidation voltages of 1.4 V and 0.4 V for 15 s, respectively, were repeatedly applied for
10,000 cycles.
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3.3 Characterization of the ZnHCF-NPs and their thin films

3.3.1 Surface and cross-sectional morphologies and particle size

First, the particle sizes of the size-classified ZnHCF-NPs by the centrifuge process
were measured. The difference in the particle sizes is readily apparent in the FE-SEM
images of the films shown in Figure 3.4. The particle size of the ZnHCF-NPs mixture
(as-synthesized water-dispersible nanoparticles) was very widely distributed from 20
nm to 250 nm, as shown in the second column in Table 3.2. In contrast, the thin films of
the ZnHCF-NPs prepared by the centrifuge separation process had a narrow size
distribution, as can be seen in Figures 3.4 (b) ~ (d) and Table 3.2. The particle size
decreased with increasing acceleration in the centrifuge process. The results also show
that the separated ZnHCF-NP thin films had a dense structure. A similar tendency was
observed for the average particle size (davg) of the dispersed particles as estimated by
DLS, (third column in Table 3.2). Hereafter, the mixture of the water-dispersible
ZnHCF-NPs is referred to as ZnHCF-NPmix, and the classified NPs are referred to as
ZnHCF-NP214, ZnHCF-NP71, and ZnHCF-NP59, as listed in the fourth column in Table
3.2.
(b) 1,700 g

(a) mixture

300 nm

300 nm
(d) 20,000 g

(c) 9,000 g

300 nm

300 nm

Figure 3.4 Top-view FE-SEM images of the size-controlled ZnHCF-NP thin films on
ITO substrates.
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Table 3.2 Particle size distribution and average particle size, davg, of the ZnHCF-NPs.
Acceleration

Particle size distribution*

davg**

Sample name

w/o
1,700 g
9,000 g
20,000 g

20–250 nm
100–250 nm
30–80 nm
20–60 nm

183 nm
214 nm
71 nm
59 nm

ZnHCF-NPmix
ZnHCF-NP214
ZnHCF-NP71
ZnHCF-NP59

*The distribution were obtained from FE-SEM images. **The average particle sizes
were obtained from DLS measurement.
The thin films of the ZnHCF-NPmix and ZnHCF-NP214 NPs shown in Figures 3.5 (a)
and (b), respectively, had a rough structure with variously shaped NPs. In contrast, the
ZnHCF-NP71 and ZnHCF-NP59 thin films were uniformly spread on the ITO glass
substrates.
The film thickness of each sample was determined from three SEM images using 10
sections per image, and the standard deviations (SD) of the film thicknesses depended
on the particle sizes of the ZnHCF-NPs; those of the ZnHCF-NP71 and ZnHCF-NP59
films were calculated to be 9.67 nm and 7.26 nm, respectively. These values are smaller
than those for the ZnHCF-NPmix (21.27 nm) and ZnHCF-NP214 (27.25 nm) films. The
small SD values indicate that the films with smaller NPs Had smooth surface.
Film thickness: 274 nm
SD: 21.27 nm

Film thickness: 242 nm
SD: 27.25 nm

(a)

300 nm

300 nm
Film thickness: 202 nm
SD: 9.67 nm

Film thickness: 231 nm
SD: 7.26 nm

(c)

(b)

(d)

ZnHCF
ITO
300 nm

Glass

300 nm

Figure 3.5 Cross-sectional FE-SEM images of the ZnHCF thin films on ITO substrates;
(a) ZnHCF-NPmix, (b) ZnHCF-NP214, (c) ZnHCF-NP71, and (d) ZnHCF-NP59. SD means
the standard deviation of the film thickness measured from the SEM images.
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3.3.2 Crystal structure

The crystal structures of the ZnHCF-NPs were investigated by XRD analysis. The
powder XRD patterns of the dried size-classified ZnHCF-NPs are shown in Figure 3.6.
The crystal structures of all of the samples were found to be trigonal-Zn3[Fe(CN)6]2
(Zn:Fe = 3:2)12), indicating no change following the classification of the ZnHCF-NPs.
Moreover, the crystallite sizes of the classified ZnHCF-NPs were estimated using the
width of the main peak near 2θ = 16.3°, which corresponds to the (113) plane, using the
Scherrer equation, and the values are shown in Table 3.3. The crystallite sizes, of all of
the samples estimated from the XRD results were approximately 20 nm. The differences
in the particle sizes seen in Table 3.2 and the crystallite sizes listed in Table 3.3 can be
explained by the fact that the XRD peaks reflect the sizes of the primary particles, while
the DLS results reflect the sizes of the secondary particles.
Trigonal-Zn3[Fe(CN)6]2

Intensity (a. u.)

ZnHCF-NPmix

ZnHCF-NP214

ZnHCF-NP71

ZnHCF-NP59

10

20

40

30

50

60

2 theta (deg)

Figure 3.6 Powder XRD patterns of the size-classified ZnHCF-NPs.

Table 3.3 Full-width at half maximum of the (113) XRD peaks shown in Figure 3.6 and
the crystallite size for each size-classified ZnHCF-NPs calculated from the Scherrer
analysis.
Sample

FWHM (deg)

Crystallite size (nm)

ZnHCF-NPmix
ZnHCF-NP214
ZnHCF-NP71
ZnHCF-NP59

0.40
0.36
0.38
0.42

22
24
22
20
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3.3.3 Electrochemical properties

Cyclic voltammograms for each of the ZnHCF-NP thin films are shown in Figure 3.7,
in each of which a pair of main peaks can be observed due to the redox reaction of the
iron centers (FeII/III).13) The redox reaction at the main current peak of the ZnHCF-NP
thin films (approximately 1.0 V for oxidation and 0.8 V for reduction) is as follows:
Zn3[FeIII(CN)6]2 + 2K + 2e- ↔ K2Zn3[FeII(CN)6]2.

(3.1)

The difference in the oxidation and reduction peak current potentials decreased, and
the peak current increased with decreasing ZnHCF-NP particle size. This result
indicates the acceleration of the redox reaction due to the use of smaller particles. The
ZnHCF-NP thin films with smaller particles had smaller differences in the redox
potentials and peak voltages. The improved electrochemical properties, namely the
higher current density and smaller difference in the peak voltages, for the smaller
particle size ZnHCF-NPs may be due to the shortening of the ion-diffusion path for the
smaller NPs.

(a) ZnHCF-NPmix

(b) ZnHCF-NP214

(c) ZnHCF-NP71

(d) ZnHCF-NP59

Current density (mA/cm2 )

0.15
0.10
0.05

0.219 V

0.194 V

0.196 V

0.279 V

0.00
0.05

0.10
0.15
1.4

0.144 mA/cm2
1.2 1.0 0.8 0.6
Potential (V vs. SCE)

0.236
mA/cm2

0.186 mA/cm2
1.4

1.2 1.0 0.8 0.6
Potential (V vs. SCE)

1.4

1.2 1.0 0.8 0.6
Potential (V vs. SCE)

0.271
mA/cm2
1.4

1.2 1.0 0.8 0.6
Potential (V vs. SCE)

0.4

Figure 3.7 Initial cyclic voltammograms for the size-controlled ZnHCF-NP thin films.
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3.3.4 Electrochromic property

To clarify the electrochromic activity, the optical properties of the ZnHCF-NPs thin
films were evaluated. Figure 3.8 shows the transmittance spectra of the ZnHCF-NPs
thin films in the oxidized and reduced states. All of the thin films exhibit slight changes
in their transmittance spectra except in the short wavelength region below 500 nm.
Notably, the transmittance in the bleached state for the ZnHCF-NP films with smaller
particles (ZnHCF-NP71 and ZnHCF-NP59) was higher than that for the films with larger
particles (ZnHCF-NP214 and ZnHCF-NPmix). This result may be due to the suppression
of light scattering.
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Figure 3.8 Transmittance spectra of the ZnHCF-NP thin films in reduced and oxidized
states measured after applying constant voltages of 0.4 V and 1.4 V (vs. SCE) for 200 s.
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The degree of the color change was evaluated on the basis of the coloration efficiency
(η), and the spectra are shown in Figure 3.9. The coloration efficiency did not depend
much on the size of the NPs, indicating that the active electrochromic species in the
films were not that different for the different films. These results suggest that the
electrochromic species in all of the films was the same and that it was the iron center of
the HCF portion of the ZnHCF.
The ZnHCF-NP thin films exhibited maximum η values of 12.9 ~ 16.6 cm2/C at =
400 nm. In addition, the value of η decreased below 2.3 cm2/C in the long wavelength
region (> 450 nm). Such a low value for η is essential for the use of the films as CEs
in transmissive ECDs.

Coloration efficiency (cm2/C)

20
ZnHCF-NPmix
ZnHCF-NP214
ZnHCF-NP71
ZnHCF-NP59

15

10

5

0
5

400

500

600
700
Wavelength (nm)

800

900

Figure 3.9 Coloration efficiency of the size-classified ZnHCF-NP thin films as functions
of wavelength.
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3.3.5 Durability

To study the durability of the ZnHCF-NP thin films, the transferred charge density
during oxidation and reduction was measured, and the results are shown in Figure 3.10.
The transferred charge density of the ZnHCF-NPmix film drastically decreased during
the initial 500 cycles and subsequently stabilized. By contrast, the thin films fabricated
from the smaller classes of ZnHCF-NPs (ZnHCF-NP71 and ZnHCF-NP59) maintained a
large transferred charge density, even up to 2,500 cycles.

(a) Oxidation

0.8

0.8

0.6

0.6

0.4

0.4
ZnHCF-NPmix
ZnHCF-NP214
ZnHCF-NP71
ZnHCF-NP59

0.2

0.0

(b) Reduction

1.0

C/C0

C/C0

1.0

0

500

ZnHCF-NPmix
ZnHCF-NP214
ZnHCF-NP71
ZnHCF-NP59

0.2

1000 1500 2000 2500
Cycle

0.0

0

500

1000 1500 2000 2500
Cycle

Figure 3.10 Cycle stability of the transferred charge density for the ZnHCF-NP thin
films during (a) oxidation at 1.4 V and (b) reduction at 0.4 V for 15 s. C0 and C indicate
the transferred charge density at the initial cycle and those after cycles, respectively.

The best cycle durability was obtained for the thin film with the smallest class of
ZnHCF-NPs59. This thin film was then subjected to 10,000 cycles, and the CV, and CC
results are shown in Figure 3.11. In this case, 80% of the initial charge capacity was
maintained, even after 10,000 cycles. Consequently, the smaller ZnHCF-NP film is
regarded as a very promising material for use as CE for FeHCF ECDs.
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Figure 3.11 Cycle stability of the ZnHCF-NP59 thin film: (a) cyclic voltammograms for
the initial and 10,000th cycles and (b) transferred charge density during CC for the
initial and 10,000th cycles.
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3.4 Electrochemical and electrochromic properties of Fe-ZnHCF ECDs.

Transmissive ECDs were prepared using a combination of FeHCF-NP and
size-classified ZnHCF-NP thin films, and the electrochromic and electrochemical
properties of these ECDs were evaluated. Hereafter, the ZnHCF-NP/FeHCF-NP ECDs
composed of ZnHCF-NPmix, ZnHCF-NP214, ZnHCF-NP71, and ZnHCF-NP59 are
referred to as ZnHCF-NPmix, ZnHCF-NP214, ZnHCF-NP71, and ZnHCF-NP59 ECDs,
respectively.
The cyclic voltammograms of the ECDs are shown in Figure 3.12, in which the
horizontal axis represents the potential between the FeHCF-NP (WE) and ZnHCF-NP
(CE). A main current peak was observed at potentials from 0.8 V to 0.5 V with
subpeaks at 0.2 V to 0.2 V. The potential for the reaction corresponds to the redox
potential difference between the FeHCF-NP and ZnHCF-NP films.
The redox reaction of ZnHCF-NP thin films was shown in equation (3.1), and that of
FeHCF-NP thin films is expressed by the following equation:9)
FeIII4[FeII(CN)6]3 + 4K + 4e- ↔ K4FeII4[FeII(CN)6]3.

(3.2)

When the Fe-ZnHCF ECD is colored, ZnHCF undergoes reduction (Fe3+ is reduced
to Fe2+) accompanied by the intake of a K+ ion while FeHCF undergoes oxidation (Fe2+
gets oxidized to Fe3+) accompanied by the release of a K+ ion. Because of polarity
reversal, the reactions proceed in the opposite directions. The electrochromic reaction of
the ECD can be written as follows:
FeIII4[FeII(CN)6]3 + 2K2ZnII3[FeII(CN)6]2
(Blue)

(Transparent)

↔ K4FeII4[FeII(CN)6]3 + 2ZnII3[FeIII(CN)6]2.
(Transparent)

(colored state)

(bleached state)

(3.3)

(Transparent)

In the CV curves for the Fe-ZnHCF ECDs shown in Figure 3.12, a pair of
well-defined redox peaks was observed. Similar to the results obtained for the ZnHCF
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films (Figure 3.7), the Fe-ZnHCF ECDs with smaller ZnHCF-NP particles had smaller
differences in their redox potentials. The smaller differences in the redox potentials for
the ZnHCF59 ECDs may again be due to the shortening of the ion-diffusion path in the
ZnHCF-NPs films with smaller NPs.
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Figure 3.12 Cyclic voltammograms (1.4 V  0.4 V, 5 mV/s) for the Fe-ZnHCF ECDs.
(a) ZnHCFmix, (b) ZnHCF214, (c) ZnHCF71, and (d) ZnHCF59.

The changes in the transmittance spectra for the particles in response to applied
voltages of V= 0.2 V and 1.2 V are shown in Figure 3.13. The Fe-ZnHCF ECDs, with
both ZnHCF-NPs and FeHCF-NPs, exhibited clear EC. The maximum transmittance
change ΔT at = 700 nm for all of the ECDs was approximately 60%, which was due to
the transmittance change of the FeHCF-NPs between blue and colorless. In the
shorter-wavelength region, in contrast, the value of ΔT was quite small (2-6% at =400
nm) and less than 1/10 that at = 700 nm. This result indicates that the coloration
change of the Fe-ZnHCF ECDs in the bleached state at = 400 nm is suppressed. Note
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that the transmittance at = 400 nm changes in the direction opposite to that at = 700
nm for the redox reaction. Thus, when the change in the transmittance increases at =
700 nm, it decreases at = 400 nm. In addition, the transmittance change is fairly
independent of the size of the NPs, as was the case for the ECDs mentioned in section
3.3.4.
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Figure 3.13 Transmittance spectra of the Fe-ZnHCF ECDs. (a) ZnHCF-NPmix, (b)
ZnHCF-NP214, (c) ZnHCF-NP71, and (d) ZnHCF-NP59 ECDs. Insets show photographs
of ECDs in the colored and bleached states under the application voltages of V= 0.2 V
and 1.2 V, respectively.

Figures 3.14 and 3.15 show the charge and transmittance changes during coloring
(0.2 V) and bleaching (1.2 V) of the Fe-ZnHCF ECDs, respectively, where constant
potentials were applied for 200 s for each step. It can be seen in Figure 3.14 that the
charging speed increased by decreasing the size of the ZnHCF NPs. This behavior may
be due to an increase in the diffusion rate of the K+ ions into the ZnHCF particles.
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Figure 3.14 Charge during coloring (0.2 V) and bleaching (1.2 V) of the ECDs with
size-classified ZnHCF films; (a) ZnHCFmix, (b) ZnHCF214, (c) ZnHCF71, and (d)
ZnHCF59.
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Figure 3.15 Transmittance changes for the Fe-ZnHCF ECDs at 700 nm.
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Table 3.4 Electrochromic response times for the Fe-ZnHCF and Fe-NiHCF ECDs.
Structure

Coloring time (s)

Bleaching time (s)

ZnHCFmix ECD
ZnHCF214 ECD
ZnHCF71 ECD
ZnHCF59 ECD
Fe-NiHCF ECD

6.1
13.7
3.9
2.1
6.7

2.8
5.1
1.7
1.7
7.1

This study
This study
This study
This study
Ref. 9

The response times for coloring and bleaching are defined as the time required for an
80% transmittance change to occur from the initial state to the final state, as shown in
Figure 2.18. Table 3.4 lists the response times for the Fe-ZnHCF ECDs during coloring
and bleaching along with those of the Fe-NiHCF-NP ECD. The coloring and bleaching
response times depended on the ZnHCF particle size, and the response times for the
ZnHCF71 and ZnHCF59 ECDs were shorter than those for the ZnHCFmix and ZnHCF214
ECDs. The high response speed may be caused by the increase in the surface area of the
ZnHCF-NPs and a decrease in the ion-diffusion path for the acceptance of K+ ions from
the electrolyte, as schematically shown in Figure 3.16.
Notably, the coloring and bleaching response times of the Fe-ZnHCF71 and
Fe-ZnHCF59 ECDs were shorter than those of the Fe-NiHCF ECD.9)
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K+
Electrolyte

Electrolyte

K+
K+
Slow K+ ion
insertion

K+
Fast K+ ion
insertion

ITO
Glass

Large
ZnHCF particle

(a)

ITO
FeHCF Glass

ITO
Glass

ZnHCF-NP

(b)

ITO
FeHCF Glass

Figure 3.16 Schematic illustration of the mechanism for the increased response rate for
the Fe-ZnHCF ECDs. FeHCF ECDs with (a) large and (b) small ZnHCF-NPs.
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3.5 Summary

ZnHCF-NPs with particle sizes less than 100 nm were prepared by ultracentrifuge
processing at accelerations of 9,000 ~ 20,000 g. The current density and transferred
charge density of the ZnHCF-NP thin films during redox reactions increased with
decreasing particle size. ZnHCF-NP thin films with smaller NPs exhibited more stable
redox reactions compared to thin films with larger particles. The largest current density
and maximum transferred charge density of 5.0 mC/cm2 were obtained for the
ZnHCF-NP thin film with an average particle size of 59 nm. The ZnHCF-NP59 film
exhibited stable cycling up to 10,000 cycles. In addition, the transmittance of the
ZnHCF-NP thin films with smaller particles near λ = 400 nm for the bleached state was
higher than that of the ZnHCF thin films with larger particles.
Furthermore, blue-colorless ECDs were fabricated using FeHCF films as the WEs
and size-classified ZnHCF-NP thin films as the CE. A rapid response of the Fe-ZnHCF
ECD (coloring time of 2.1 s and bleaching time of 1.7 s) was realized by the size
reduction of the ZnHCF-NPs. The increased surface area of the ZnHCF-NPs and a
decreased ion-diffusion path are thought to cause the improvement in response time.
These results indicate that ZnHCF-NPs thin films prepared by an ultracentrifuge
process should be regarded as promising candidates as CE materials for FeHCF ECDs.
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Chapter 4 Improvement of the Electrochemical Properties of
Water-Dispersible Copper Hexacyanoferrate Nanoparticle Films by
Cu2+ Injection
4.1 Introduction

Copper HCF (Cux[Fe(CN)6]y, CuHCF) can be applied to wood and red brick surfaces
because it exhibits a color change between brown and pale yellow due to redox
reactions. For using CuHCF in ECDs, it is necessary to prepare solvent-dispersible NPs.
Previously, Ishizaki et al. reported the synthesis of water-dispersible CuHCF-NPs via
surface modification using [FeII(CN)6]4 ions.1) The surface modification mechanism for
the water-dispersible MHCF-NPs was explained later in reports by Gotoh2) and
Ishizaki3). However, surface-modified CuHCF-NPs have two major disadvantages: 1)
useless side reactions in the cyclic voltammogram due to the surface modifier, which
decrease the coloration efficiency of ECDs and 2) the high solubility of spin-coated
films, which makes it difficult to fabricate multi-layer structures.
Currently, CuHCFs are synthesized by batch methods, which suffer from several
disadvantages, such as limited reproducibility, extensive, time, high cost, and the
consumption of large amounts of raw materials. To address these issues, a micro-mixer
method was used in this study for the preparation of CuHCF. This method has been used
for the mass production of organic compounds and drug substances, but has not yet
been reported for the synthesis of MHCFs.
In this study, Cu2+ ions were injected into surface-modified CuHCF-NPs to reduce
their solubility and eliminate side reactions. The electrochemical and electrochromic
properties of CuHCF-NP thin films synthesized using the micro-mixer method and
treated with Cu2+ injection were then investigated.
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4.2 Experimental procedures

4.2.1 Preparation of CuHCF-NPs and thin films
Insoluble CuHCF particles were prepared by reacting a 0.6 mol/L CuSO4∙5H2O
aqueous solution and a 0.4 mol/L K3[Fe(CN)6] aqueous solution in a micro-mixer at a
flow rate of 50 ml/min for each solution (Figure 4.1). Approximately 30 ml of insoluble
CuHCFs (sol) was collected and washed with Milli-Q water four times using a
centrifuge to yield the as-synthesized insoluble CuHCFs. Next, a 2.25 mM K3[Fe(CN)6]
aqueous solution (10ml) was added to the as-synthesized insoluble CuHCFs and the
mixture was stirred at room temperature for 3 days to achieve the surface modification
of the dispersed CuHCF-NPs. Films of the surface-modified CuHCF NPs were
deposited by the spin coating method on ITO/glass and Si substrates.

CuSO4 ·5H2 O
0.6 mol/L

K 3 [Fe(CN)6 ]
0.4 mol/L

Y-type
micro-mixer
d = 150 μm
insoluble
as-synthesized CuHCF-NPs
Pump

Pump

Figure 4.1 Schematic diagram of the micro-mixer process used in this study.
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CuSO4·5H2O
0.6 mol/L

K3[Fe(CN)6]
0.4 mol/L

Micro-mixer
Washing
Insoluble as-synthesized CuHCF-NPs
K3[Fe(CN)6], 0.741 g (2.25 mmol), 10 ml
Surface-modified CuHCF-NPs
Spin coating
Surface-modified CuHCFthin film
Dipping in
0.1 mol/L CuSO4·5H2O aqueous solution
Cu2+-injected CuHCF-NPs film

Figure 4.2 CuHCF surface modification and Cu2+-injection process.
Cu2+ ions were injected into the surface-modified CuHCF film by rapidly dipping it
into a 0.1 mol/L CuSO4∙5H2O aqueous solution. Thus, three types of CuHCF films were
prepared to compare their properties: (a) from as-synthesized NPs, (b) from
surface-modified NPs and (c) Cu2+-injected NPs (Figure 4.2). The effects of the surface
modification and Cu2+ injection processes on the structure of the CuHCF NPs are
schematically shown in Figure 4.3.
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surface sites
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(C) Cu2+-injected CuHCF

Figure 4.3 Effects of surface modification and Cu2+ injection processes on the structure
of the CuHCF NPs.
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4.2.2 Characterization methods

The crystal structures of the as-synthesized and surface-modified CuHCF powders
and Cu2+-injected CuHCF films were evaluated by XRD analysis at room temperature
with Cu Kα (λ = 1.54 Å) radiation in the 2θ range from 10º to 70º (Ultima III, Rigaku).
The zeta potentials of the three aqueous CuHCF particle solutions were measured using
a Delsa™ nano submicron particle size and zeta potential analyzer (PN A54412AA,
Beckman Coulter, Inc., Ireland) to characterize the dispersivity of the CuHCF-NPs. The
compositions of the CuHCF samples were characterized by microwave plasma atomic
emission spectrometry (MP-AES) (4100 MP-AES, Agilent Technologies). The surface
morphology and structure of the CuHCF films were studied using a field emission
scanning electron microscope (FE-SEM, S-4800II, Hitachi) at an accelerating voltage of
5 kV. The electrochemical and electrochromic properties of the CuHCF electrodes were
determined by CV using an electrochemical analyzer (ALS-6115D, BAS, Japan). In situ
optoelectrochemical measurements were conducted using a UV vis spectrophotometer.
The CuHCF films, Pt wire, and saturated calomel electrode were used as the WE, CE
and RE, respectively. The electrolyte was a mixture of 0.1 M KTFSI and PC.
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4.3 Characterization of the CuHCF-NPs and thin films

4.3.1 Crystal structure

Figure 4.4 shows the XRD patterns of the as-synthesized and surface-modified
CuHCF powders and the Cu2+-injected thin film on a Si substrate. The crystal structures
of all of the samples were found to be cubic CuII3[FeIII(CN)6]2; however, the XRD
pattern for the surface-modified CuHCF also exhibited XRD peaks due to
K3[FeIII(CN)6], which was added as a surface modifier. Because the XRD peaks due to
K3[FeIII(CN)6] disappeared in the XRD pattern for the Cu2+-injected film, it was
concluded that the surface modifier was removed during the injection of Cu2+. The
crystallite sizes of the CuHCF particles were estimated on the basis of the width of the
main peak near 2θ = 17.5°, which corresponds to the (200) plane of CuII3[FeIII(CN)6]2,
by the Scherrer equation, and the values are listed in Table 4.1. The crystallite size for
all of the samples estimated from the XRD results was approximately 20 nm.
CuII3 [FeIII(CN)6 ]2
K3 [FeIII(CN)6 ]

Intensity (arb. units)

Si

(c) Cu2+-injected

10

20

(400)

(420)

(220)

(200)

(b) Surface-modified

(a) as-synthesized

50
40
30
2 theta (deg)

60

70

Figure 4.4 XRD patterns of the CuHCF particles and film.
Table 4.1 Full-width at half-maximum for the (200) plane and the crystallite size
estimated by the Scherrer equation for each type CuHCF-NP and the film.
Sample

FWHM (deg)

Crystallite size (nm)

as-synthesized
surface-modified
Cu2+-injected

0.37
0.41
0.42

23
21
20
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4.3.2 Zeta potential

The zeta potentials of each of the CuHCF particle solutions are shown in Table 4.2.
The zeta potential of the as-synthesized CuHCF particle solution was ca. 40 mV due to
the presence of residual Fe(CN)63 ions on the surface of the CuHCF-NPs. This zeta
potential value increased to ca. 47 mV after surface modification and then decreased to
less than 30 mV after Cu2+ injection. The high zeta potential of 47 mV indicated that
the surface-modified CuHCF film was soluble in the aqueous solution, and the
decreased zeta potential (<30 mV) revealed the low dispersivity of the Cu2+-injected
CuHCF film. The low dispersivity of the film after Cu2+ injection indicated that it was
suitable for use as an electrode in ECD with aqueous electrolytes, and that it should be
possible to fabricate a multi-layer structure by stacking the insoluble coating.

Table 4.2 Change in the zeta potential of CuHCF particle solutions following surface
modification and Cu2+-injection.
CuHCF samples

Zeta potential (mV)

Dispersivity

as-synthesized

39.70

Medium

surface-modified

46.56

High

Cu2+-injected

27.48

Low
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4.3.3 Surface and cross-sectional morphologies

Figure 4.5 shows the SEM images of the CuHCF films deposited on ITO coated glass
substrates. The film thickness of the as-synthesized and surface-modified CuHCF thin
films was approximately 200 nm (Figures 4.5 (d) and (e)). Dispersed CuHCF NPs were
observed for the sample after surface modification (Figure 4.5 (a) and (b)). The change
in the particle size of the surface-modified CuHCF-NPs is attributed to their high
dispersivity, as mentioned in Chapter 4.3.2. However, the size of the CuHCF-NPs
(Figure 4.5 (c)) decreased after Cu2+ injection onto the film surface. The NPs of Cu2+
injected into the CuHCF film are thought to be formed as a result of the reaction of the
injected Cu2+ with the Fe(CN)63 surface modifier on the film surface. The formation of
the newly synthesized CuHCF-NPs was confirmed in the cross-sectional image of the
Cu2+-injected CuHCF film (Figure 4.5 (f)).
as-synthesized

Cu2+-injected

surface-modified

(a)

(b)

(c)

300 nm
(d)

300 nm
(e)

300 nm
(f)
Newly synthesized CuHCF-NPs

CuHCF
ITO
Glass
500 nm

500 nm

500 nm

Figure 4.5 Surface (a) ~ (c) and cross-sectional (e) ~ (f) morphologies and structures of
the CuHCF films.
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4.3.4 Chemical composition

Table 4.3 lists the compositions of the CuHCF samples determined by MP-AES, and
the change in the amounts of potassium, copper, and iron due to surface modification
and Cu2+ injection was observed. The amount of copper in the surface-modified CuHCF
film decreased by 39% compared with that of the as-synthesized CuHCF film, while the
copper content in the Cu2+-injected CuHCF NP film increased by 39% compared to that
of the surface-modified CuHCF film.

Table 4.3 Compositions of the CuHCF samples determined using MP-AES.
CuHCF samples

Compositions

Cu/Fe

as-synthesized
surface-modified

K0.08Cu1.46[Fe(CN)6]1.00
K1.01Cu1.01[Fe(CN)6]1.00

1.46
1.01

K0.01Cu1.40[Fe(CN)6]1.00

1.40

2+

Cu -injected
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Increased amount
Cu ions
39%
+39%

4.3.5 Electrochemical properties

Figure 4.6 shows the cyclic voltammograms for each of the CuHCF films. The main
peaks in Figures 4.6 (a) and (c) at approximately 0.5 ~ 0.6 V for oxidation and 0.9 ~ 1.0
V for reduction indicate the redox reaction between Fe2+ and Fe3+. The electrochemical
reaction can be written the following equation (4.1):4)
CuII3[FeIII(CN)6]2 + 2K+ + 2e ↔ K2CuII3[FeII(CN)6]2.

(4.1)

However, the surface-modified CuHCF film exhibited a side redox reaction as indicated
in Figure 4.6 (b). The anodic peak at 0.0 V and the cathodic peak at 0.4 V are
considered to be due to the Cu+/Cu2+ couple.4-6) The current density of the main peak
increased after Cu2+ injection due to the presence of newly synthesized CuHCF-NPs,
which were formed by the reaction of Fe(CN)63 in the surface modifier with the
injected Cu2+. In addition, the small peaks due to side reactions disappeared after Cu2+
injection because the Fe(CN)63 ions of the surface modifier were converted to
CuHCF-NPs.
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Figure 4.6 Cyclic voltammograms of the CuHCF films. (Scan rate: 5 mV/s)

84

1.5

4.3.6 Electrochromic properties

Figure 4.7 shows the absorbance spectra of the each CuHCF film electrodes after
reduction (0.4 V) and oxidation (1.6 V) for 200 s. The values seen in Figure 4.7
indicate the difference in the absorbance A in the reduced and oxidized states at
wavelengths of 400 and 500 nm. The broad band at λ = 500 nm is associated with the
CT of iron to copper in cupric ferrocyanide, and the band at λ = 400 nm is attributed to
the CT from cyanide to iron for the ferricyanide species.5) The ratios of the percent
increases in absorbance at 400 and 500 nm (A400nm and A500nm) following surface
modification and Cu2+ injection are listed in Table 4.4. The A500nm/A400nm of the
surface-modified CuHCF film was 24% after surface modification, and this value
corresponds well to the 39% decrease in the amount of copper shown in Table 4.3. In
addition, the 32% increase in the A500nm/A400nm value for the Cu2+-injected
CuHCF-NP film corresponds to the 39% increase in copper shown in Table 4.3. These
results indicate that the absorbance spectra can be explained by the change in the
chemical compositions of the CuHCF film electrodes.
0.30

(a) as-synthesized

0.25

0.25

Reduction (-0.4 V)

 A400nm = 0.051
 A500nm = 0.046

0.10

0

0.20
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500 600 700
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Oxidation (1.6 V)

Absorbance

Absorbance
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Figure 4.7 Absorbance spectra for CuHCF thin films in the reduced and oxidized states
measured after application of constant voltages at 0.4 V and 1.6 V (vs. SCE),
respectively, for 200 s.

Table 4.4 Change in the absorbance of the CuHCF films
CuHCF film
as-synthesized
surface-modified
Cu2+-injected




0.90
0.68
0.90
85

Percent change
24%
+32%

4.4 Summary

Insoluble and aggregated CuHCF particles were synthesized for the first time using a
micro-mixer. The insoluble CuHCF particles were then converted into water-dispersible
CuHCF-NPs using a surface modifier. Finally, a film prepared from the soluble
surface-modified CuHCF-NPs film was converted to an insoluble CuHCF-NPs film
using Cu2+ injection.
The quantity of iron and copper ions in the as-synthesized and Cu2+-injected
CuHCF-NPs films corresponded to the changes in the absorbance of the films at 400
and 500 nm. This quantitative agreement can be explained by the charge-transfer
absorbance of Fe and Cu species in the CuHCF films.
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Chapter 5 Effects of Substrate Temperature on the Electrochromic
Properties of Cobalt Oxide and Oxyhydroxide Thin Films Prepared by
Reactive Sputtering Using O2 and H2O Gases
5.1 Introduction

A Co oxide film is an anodically coloring electrochromic material that is becoming
increasingly important in the field of ECDs. It is used as ion storage and second EC
layers that are colored by oxidation.1-2) The EC of Co oxide is similar to that of Ni oxide,
for which the oxidized form (NiOOH) is a dark brown, and the reduced form (Ni(OH)2)
is transparent.3-4)
Various methods have been developed for the preparation of Co oxide films.5-10)
However, cobalt hydroxide thin films have been mainly prepared by wet-processing
techniques such as electrodeposition11-12) and chemical bath deposition,13) and
applications of dry-processing techniques are scarce.
Sputtering techniques have been widely used to fabricate metal and oxide thin films
because it is superior in its ability to form large-area films with high productivity, and
the stoichiometry of the deposited films can be easily controlled. In our laboratory, Ueta
et al.14) prepared nickel hydroxide thin films by reactive sputtering using an O2 + H2O
mixed gas and obtained an EC coloration efficiency of 29 cm2/C in a 1 M aqueous KOH
electrolyte solution. Moreover, Li et al.15) prepared hydrated ZrO2 thin films by reactive
sputtering in an H2O atmosphere and found that substrate cooling was very effective for
increasing the H2O content and decreasing the film density and resulted in high
proton-conductivity films.
In this study, the sputter deposition of cobalt oxide and hydroxide thin films in O2 and
H2O gases was performed, and the structure and electrochemical properties of the thin
films were investigated with the aim of clarifying the applicability of sputtering
techniques to the fabrication of cobalt hydroxide thin films.

88

5.2 Experimental procedures

5.2.1 Preparation of Co oxide and oxyhydroxide thin films

Thin films with a thickness of approximately 100 nm were prepared using an RF
magnetron sputtering apparatus, as schematically shown in Figure 5.1. A 2-inch Co
target disk (99.9% purity) was sputtered with O2 and H2O gases. The total sputtering gas
pressure and sputtering power were maintained at 6.7 Pa and 50 W, respectively. The
substrate temperature was varied from 20 °C to 200 °C. Glass, Si, and ITO-coated
glass were used as substrates. The deposition rate of the films prepared in O2 gas was
0.6 ~ 0.7 nm/min, and no remarkable temperature dependence was observed. On the
other hand, the deposition rate of the films deposited in H2O gas decreased from 1.2
nm/min at a substrate temperature of 20 °C to 0.5 nm/min at a substrate temperature of
200 °C. In Table 5.1, the sputter parameters used in this study are summarized.

Heat lamp
(100, 200 ºC)
Capacitance
manometer

Chamber

Mass flow
controller

O2
Flow meter

Peltier device
(20, 10 ºC)

H2O
Water tank

O2+
H2O+
OH+

OH
Co

Constanttemperature
water tank
(20 ºC)

O2

Lowtemperature
water tank
(10, 10 ºC)
Substrate
(Glass, Si, ITO/Glass)

Co target
(Pure 99.9%)

CoOx thin film
(Thickness: 100 nm)

Figure 5.1 Schematic illustration of the RF magnetron sputtering apparatus.
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Table 5.1 Summary of the sputtering parameters for the deposition of Co oxide and
oxyhydroxide thin films.
Apparatus
Target
Substrate
Sputtering gas
Gas pressure
Gas flow rate
Sputter power
Substrate temperature
Film thickness
Deposition rate

RF magnetron sputtering
Co (Purity 99.9%)
Glass, Si, ITO/Glass
O2, H2O
6.7 (Pa)
1 (ccm)
50 (W)
20, 10, 100, 200 (°C)
100 (nm)
O2 (0.6 ~ 0.7), H2O (0.5 ~ 1.2) (nm/min)
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5.2.2 Characterization methods

The film thickness was measured by multi-beam interferometry. The crystal
structures of the deposited films were characterized by XRD analysis (X’pert PRO,
PANalytical) at room temperature using Cu Kα (λ = 1.54 Å) radiation in the 2θ range
from 10º to 65º. The film density and optical properties were characterized by XRR
analysis (X’pert PRO, PANalytical), and UV vis spectrophotometry (U-2910,
HITACHI), respectively. The chemical bonding state was evaluated by FTIR (FT-IR
6100, JASCO Inc.). The plasma state during sputtering was characterized by plasma
emission spectroscopy (S2000 fiber optic spectrometer, Ocean Optics Inc.). CV
(HSV-100, Hokuto Denko, Japan) and in situ optical modulation measurements
(USB2000 Spectrometer, Ocean Optics) were performed in a 0.1 M aqueous KOH
electrolyte solution over the voltage scan range from 0.44 to +0.56 V and at a potential
scan rate of 20 mV/s. Ag/AgCl and Pt were used as the RE and CE, respectively.
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5.3 Characterization of cobalt oxide and oxyhydroxide thin films

5.3.1 Plasma emission spectra

Figure 5.2 shows the spectra obtained from plasma emission in O2 and H2O gases.
Emission peaks due to O2+ ions and O atoms are observed for the O2 plasma. In contrast,
the emission peak intensity due to O atoms decreased, and the emission peaks due to H
atoms and OH radicals appeared16) in the spectrum for the H2O plasma. This result
indicates that some H2O molecules were decomposed into active species, such as O and
H atoms and OH radicals, through the following reactions in the plasma:17)
H2O → H + OH,

(5.1)

OH → O + H.

(5.2)

It is thiught that the OH radicals and H atoms are incorporated into the films and
promote the formation of Co hydroxide.

O
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O
O2 gas
H
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H
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H2O,
H2O+
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O
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O

H2O gas

900

Wavelength (nm)

Figure 5.2 Plasma emission spectra in O2 and H2O gases.
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5.3.2 Crystal structure

The structures of the films deposited on Si substrates were studied by XRD analysis
using Cu Kα radiation. As can be seen in Figure 5.3 (a), the diffraction peaks of the
spinel Co3O4 phase18) were observed for the films prepared in O2 gas at all substrate
temperatures. In H2O gas, diffraction peaks due to the spinel Co3O4 phase were
observed for the films prepared at substrate temperatures of 100 °C and 200 °C (Figure
5.3 (b)). However, the peak intensity decreased with decreasing substrate temperature,
and no remarkable peaks were observed for the films deposited in H2O gas at 10 °C and
20 °C, which indicates that these films were amorphous.
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−20 C

−20 C
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Figure 5.3 XRD patterns of films prepared at various substrate temperatures in O2 (a)
and in H2O (b) gases.
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5.3.3 Chemical bonding state

Figures 5.4 (a) and (b) show the FTIR spectra in the low-wavenumber region for the
films deposited on Si substrates at various substrate temperatures in O2 and H2O gases.
Absorption peaks at 564 ~ 566 and 664 cm1, were observed for all of the films
deposited in O2 and for the films deposited at 100 °C and 200 °C in H2O gas. The
intensity of the lower-wavenumber peak at 566 cm-1 decreased, and its peak
wavenumber shifted to 575 cm1 for the films deposited in H2O at lower substrate
temperatures. The intensity of the higher-wavenumber peak at 664 cm1 also decreased
with decreasing substrate temperature and nearly disappeared for the film deposited at
20 °C in H2O. These results indicate that all of the films prepared in O2 and the films
deposited at 100 °C and 200 °C in H2O were Co3O4, and that deposited at a substrate
temperatures of 10 °C in H2O was a mixture of Co3O4 and CoOOH, because the
absorption peaks at 566 cm1 and 664 cm1 have been reported for Co3O419) and that at
584 cm1 has been reported for CoOOH20). The film deposited at 20 °C in H2O is
thought to be cobalt oxyhydroxide due to the disappearance of the peak at 664 cm-1.

575 cm-1
566 cm-1

564 cm-1
(a) O2

(b) H2O

664 cm-1

Absorbance (arb. units)

Absorbance (arb. units)

664 cm-1

200 C
100 C

200 C
100 C

10 C

10 C

−20 C

−20 C

700 650 600 550 500
Wavenumber (cm-1)

700 650 600 550 500
Wavenumber (cm-1)

Figure 5.4 FTIR spectra of the films prepared at various substrate temperatures in (a) O2
and (b) H2O gases.
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5.3.4 Film density

Film density was estimated by XRR analysis. Figure 5.5 presents the obtained XRR
data and data simulated using “X’pert Relectiveity” software. The film densities were
obtained by curve fitting.
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Figure 5.5 Comparison of measured and simulated XRR data for the films deposited in
O2 and H2O gases at different substrate temperatures.
The film density results are plotted in Figure 5.6 as a function of the substrate
temperature. It can be clearly seen in this figure that the film density decreased with
decreasing substrate temperature, and the densities of the films deposited in H2O were
lower than those deposited in O2, which is similar to the results obtained for hydrated
ZrO2.17) The density of the film prepared at a substrate temperature of 20 °C in H2O
gas was estimated to be approximately 4.2 g/cm3, which is less than that of bulk Co3O4
(6.0 g/cm3)18) and CoOOH (5.2 g/cm3)21).

95

6.5
in H2O
in O2
Density (g/cm3)

6.0
5.5
5.0

4.5
4.0

0

40

80

120

160

200

Substrate temperature (C)

Figure 5.6 Density of the films deposited in O2 and H2O gases as a function of substrate
temperature.

96

5.3.5 Electrochemical and electrochromic properties

The electrochemical properties of the films deposited on ITO-coated glass substrates
were studied in 0.1 M aqueous KOH electrolyte solutions. Figures 5.7 (a) and (b) show
the CV curves for the films deposited at substrate temperatures of 20°C to 200 °C. The
current density increased with decreasing substrate temperature, which corresponds to
the decrease in the film density. Square CV curves were obtained for the films deposited
in O2 and in H2O at high substrate temperatures of 100 °C and 200 °C, and redox peaks
cannot be clearly observed. However, the redox peaks can be clearly observed in the CV
curves for the hydroxide films deposited at substrate temperatures of 10 °C and 20 °C
in H2O, and the film deposited at 20 °C exhibited the highest current density.
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Figure 5.7 Cyclic voltammograms of the films prepared at various substrate
temperatures in (a) O2 and (b) H2O gases.
The EC properties of the films were also studied in 0.1 M aqueous KOH electrolyte
solutions. Figure 5.8 shows the bleached and colored transmittance spectra of the films
obtained by applying constant voltages of 0.44 V and +0.56 V for 5 min.

97

Transmittance (%)

100

(b) TS = 10 ℃, in O2

(c) TS = 100 ℃, in O2

(d) TS = 200 ℃, in O2

60
40

100

Bleached

Bleached

10%

12%

Colored
500 600 700 800
Wavelength (nm)

Colored
500 600 700 800
Wavelength (nm)

500

(e) TS = −20 ℃, in H 2 O

(f) TS = 10℃, in H2 O

(g) TS = 100 ℃, in H 2 O

20
0

Transmittance (%)

(a) TS = −20 ℃, in O 2

80

3%

Bleached

Bleached

Colored
600 700 800
Wavelength (nm)

500

Colored
600 700 800
Wavelength (nm)

900

(h) TS = 200 ℃, in H2 O

80
60

Bleached
Bleached

40
26%
Colored
0

500

600 700 800
Wavelength (nm)

Bleached

21%

20
500

Bleached

1%

Colored
600 700 800
Wavelength (nm)

500

Colored
600 700 800
Wavelength (nm)

500

Colored
600 700 800
Wavelength (nm)

900

Figure 5.8 Bleached and colored transmittance spectra for the films prepared at various
substrate temperature (Ts) in O2 and H2O gases.
For the cobalt oxide thin film deposited at 20 °C in O2 gas, a transmittance change
of approximately 10% at 600 nm was observed compared to 26% for the cobalt
oxyhydroxide thin film deposited at 20 °C in H2O gas. However, the width of the
transmittance change decreased with increasing substrate temperature, and no
remarkable transmittance change was observed for the films deposited at 200 °C in
either O2 or H2O.
The transmittance changes at 600 nm for the thin films deposited in O2 and H2O
gases over 100 cycles are shown in Figure 5.9. Notably, stable transmittance changes
were observed from the first cycle up to 100 cycles. The thin films deposited at 10 °C
and 20 °C exhibited larger transmittance changes than those deposited at 100 °C and
200 °C. Again, the transmittance change of the cobalt oxyhydroxide thin film deposited
at 20 °C in H2O gas was larger than that of the cobalt oxide thin film deposited at
20 °C in O2 gas. These results indicate that the increase in the width of the
transmittance change with decreasing substrate temperature corresponds to the decrease
in the film density.
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Figure 5.9 Transmittance changes (λ = 600 nm) for the films prepared at various
substrate temperatures (Ts) in O2 and H2O gases.

Figure 5.10 shows the transferred charge density (Q) and optical density change
(ΔOD) at 600 nm in the bleached and colored states for the films deposited in O2 and
H2O gases as a function of the substrate temperature. The ΔQ and ΔOD values were
obtained from the cyclic voltammograms after 10 cycles and were found to increase
with decreasing substrate temperature. The ΔQ and ΔOD values of the films deposited
in H2O gas were higher than those of the films deposited in O2 gas, and the highest ΔQ
(18 mC/cm2) and ΔOD (0.372) were obtained for the oxyhydroxide film deposited at
20 °C in H2O. A large EC coloration efficiency of approximately 20 cm2/C, which is
similar to the reported values for Co oxide films,2,4,7) was obtained, and these values
were nearly almost independent of the substrate temperature.
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Figure 5.10 Transferred charge density (ΔQ) and optical density change (ΔOD) at 600
nm for the films deposited in O2 and H2O gases as a function of substrate temperature.
These results indicate that the substrate temperature has a great influence on the
structure and chemical composition of the deposited films and that cobalt hydroxide
thin films, which exhibited better electrochromic properties, were prepared at lower
substrate temperatures in H2O. It is thought that the low film density and amorphous
structure of the latter films are responsible for the enhancement of electrochromic
performance.
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5.4 Summary

Cobalt oxide and oxyhydroxide thin films were prepared by reactive sputtering using
O2 and H2O gases. The electrochemical and EC properties of the cobalt oxide and cobalt
oxyhydroxide thin films were examined in 0.1 M aqueous KOH electrolyte solutions,
and the highest transmittance change of 26% and EC coloration efficiency of 20 cm2/C
were obtained for the cobalt oxyhydroxide film deposited at 20 °C in H2O gas.
Reactive sputtering using H2O gas at low substrate temperatures was thus found to be a
promising method for the fabrication of cobalt oxyhydroxide thin films with good EC
properties.
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Chapter 6 Research Summary and Conclusion
6.1 Research summary
Zinc hexacyanoferrate nanoparticles (ZnHCF-NPs) were classified by a centrifugal
separation method, and ZnHCF-NPs thin films were deposited on ITO/glass substrates.
The EC properties of the ZnHCF-NP thin films improved with decreasing particle size,
and a large current density and long cycle durability were obtained for the films with
average particles sizes less than 100nm. Furthermore, ZnHCF-NP ECDs fabricated
using FeHCF-NPs thin films exhibited improvement in transmission spectra and
response properties compared to NiHCF-NP ECDs. An increase in the surface area of
ZnHCF-NPs and a decrease in the ion-diffusion path for K+ ion acceptance from the
electrolyte are thought to cause the improvement EC properties.
Copper hexacyanoferrate (CuHCF) was synthesized by a micro-mixer method. The
disadvantages of surface-modified CuHCF-NPs, such as side reactions and high
solubility in aqueous electrolytes, were overcome using Cu2+ injection into a
surface-modified film. Cu2+ injection removed the surface modifier ([Fe(CN)6]3) and
insolubilized the CuHCF particles due to the formation of CuHCF by the reaction of
Cu2+ and [Fe(CN)6]3. In addition, the quantitative relationship between the amount of
Fe and Cu ions and the electrochromic properties was discussed.
Cobalt oxide and hydroxide thin films were deposited by a reactive sputtering method.
The transferred charge density and optical density change increased with decreasing
substrate temperature, and the CoOOH films deposited in an H2O atmosphere exhibited
transmittance changes greater than those observed for Co3O4 films deposited in an O2
atmosphere. The largest transferred charge density and optical density changes were
obtained for the CoOOH thin film deposited in an H2O atmosphere at Ts = 20 °C. The
low film density and amorphous structure of the CoOOH thin films are thought to cause
the improvement in EC properties.
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6.2 Conclusion
In this dissertation, new methods for the preparation of MHCF and oxide thin films
with good EC properties were presented.
1) Particle size classification of powdery MHCFs with different sizes using an
ultracentrifuge is a promising method for improving the EC properties of these
materials.
2) The micro-mixer synthesis method for MHCFs is expected to lead to the low-cost,
mass production of ECDs.
3) Chemical modification by Cu2+ injection into aqueous solutions of
water-dispersible MHCFs to enable the deposition of the MHCF films, is a method that
can be applied for the fabrication of ECDs with aqueous electrolytes.
4) RF magnetron sputtering deposition using H2O process gas at low substrate
temperatures is a promising method for the fabrication of homogenous large-area
oxyhydroxide thin films with good EC properties.
These new methods will contribute to the development of future low-cost, large-area
ECDs that can be mass-produced with high performances.
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