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Abstract

Electrochromism is the phenomenon where the optical transmittance or absorbance of a
material changes under an applied electric potential. When a voltage is applied to an
electrochromic material, the optical properties of the material are altered in a reversible
fashion. Owing to their optical switching behavior, electrochromic materials provide great
opportunities for a variety of energy-saving and color-tuning applications, including smart
windows, multicolor displays, electronic skins and color-tunable optical elements.

In this thesis, we developed a promising Zinc anode-based electrochromic device
(ZECD) platform. The ZECD platform not only reduces the energy consumption during
operation, via the energy retrieval functionality, but also exhibits a rapid spontaneous
switching behavior due to the high value of redox potential difference between the metal
anode and the electrochromic cathode. Furthermore, ZECDs enable independent operation of
top and bottom electrochromic electrodes, thus providing additional operation flexibility of
the devices through the utilization of dual electrochromic layers under the same or different
color states. As such, the color overlay effect can greatly broaden the color palettes via
altering the coordinates of the 2D Commission Internationale de l'Eclairage (CIE) color
space. Moreover, a dual-mode electrochromic device having both self-coloring and self-
bleaching operations is demonstrated via coupling the ZECD platform into a rocking-chair
type electrochromic device. By employing a hybrid electrolyte system, the rocking-chair type
device is shown to be capable of spontaneously bleaching through the redox potential
difference between the anodic and cathodic electrodes.

Furthermore, the demonstrations of the manipulation of plasmonic silver adatoms

through reversible metal deposition are presented for dynamic light modulation. The
il



reversible silver metal deposition on Indium Tin Oxide (ITO) glasses, having tunable
nanostructures, along with their localized surface plasmon resonance (LSPR), is considered
as a promising strategy for dynamic color displays. The voltage-activated reversible silver
nanoparticles deposition enables a wide range of dynamic plasmonic color change of 100 nm,
and also facilitates a size and shape control of the grown silver nanoparticles. The silver
nanoparticles interact with visible light through LSPR, the size and shape of the particles
affect their optical properties. We further demonstrate a novel concept for solar-regulated
dynamic windows by depositing thin films of gold on glass substrates to serve as transparent
conductive electrodes. By employing a reversible silver metal deposition technique, we
develop a dual-band dynamic window capable of independent regulation of visible light and
near-infrared radiation. This technique, which permits the targeted adjustment of visible light
and near-infrared radiation, opens possibilities for diverse operational modes — bright, light,
and dark modes. The developed platform not only has the potential to reduce building energy
consumption but also maintains optimal indoor lighting conditions.

The outcomes of this thesis represent novel strategies for fabricating dynamic windows,
provide indispensable building blocks for future generations of transparent multicolor
displays, as well as open up new areas of research into the development of future

electrochromic devices.
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Chapter 1

Introduction

1.1 Research background

Electrochromism is an intriguing phenomenon by which electrochemical oxidation and reduction
induce a reversible color change in materials.' This Phenomenon was first introduced in 1961 by
J. R. Platt from the University of Chicago.”? In 1969, S. K. Deb explained in detail the
electrochromic performance of WOs films.? Since then, researchers in the field of electrochromism
discovered numerous electrochromic materials, including transition metal oxides, plasmonic
metallic materials, and organic electrochromic materials. This compelling light control technology

endows a variety of applications, including electronic skins,** transparent displays,®’

optical
sensors,® and smart windows.”!! For example, Electrochromic technology offers an innovative
approach to conserving energy in buildings by allowing for the real-time control of solar radiation
and visible light transmission through windows.!?

Electrochromic films can be deposited on the surface of conductive glass, such as indium tin
oxide (ITO) or fluorine-doped tin oxide (FTO) glass. When a voltage is applied to electrochromic
films, the photochemical properties of the materials are altered in a reversible fashion.'* By
applying varying voltage levels or utilizing different types of electrochromic film materials, the
color and transparency characteristics of the window can be altered. Additionally, windows can
retain their transparency when the applied voltage is switched off. Hence, by regulating the voltage

supplied to the electrochromic film, windows can mitigate energy loss resulting from temperature

disparities between indoor and outdoor environments and the building’s energy consumption is



reduced. Along with light control, an interesting feature of electrochromic devices is their
supercapacitive ability to store and release an amount of the utilized electrical energy during the
switching process.'*!> Notwithstanding, the zero energy consumption advantage results in a slow
and complex energy release mechanism. Therefore, to meet the fast switching requirement, an
external voltage bias is still required to reverse the colored state of the device.'®!"”

Although the current electrochromic devices do not consume energy while maintaining their
colored or colorless states, the operation of conventional electrochromic devices requires external

voltages to trigger both the coloration/bleaching processes,?®*!

making the conventional
electrochromic devices far from a net-zero energy-consumption technology.

Electrochromic devices with a wide color gamut distribution have long been sought after for
non-emissive transparent display technologies. The current state-of-the-art multicolor
electrochromic devices utilize a single electrochromic layer.*? Such a configuration restricts their
color hues tunability to either a linear or curved segment trajectory on the International
Commission on Illumination (CIE) color space. As such, it is highly desirable to have an energy-
efficient electrochromic device expressing significantly broadened color palettes. Another
significant challenge in the development of electrochromic devices is their limited ability to
manage separately visible light radiation and near-infrared radiation (NIR). Beyond just adjusting
transparency and opacity, the ability to independently manipulate visible light and near-infrared
radiation could introduce a novel device state, specifically designed to modulate NIR radiation

alone. This approach has the potential to greatly reduce building energy consumption while still

providing adequate indoor lighting.



1.2 Research objectives

The main focus of this thesis is on the design and fabrication of energy-efficient electrochromic
devices for multifunctional applications. With recent rapid development of electrochromic
technology, there is a pressing demand for high-efficiency, extremely energy-efficient, and multi-
colored electrochromic devices to fulfill a range of applications. However, the current state-of-the-
art multicolor electrochromic devices utilize a single electrochromic layer, which leads to limited
color hues. Moreover, electrochromic devices are unable to independently regulate visible light
and near-infrared radiation. The primary goal of this thesis is twofold: first, to offer both theoretical
and experimental evidence of multifunctional electrochromic devices that combine high energy
efficiency with a broad spectrum of colors. The second goal is to create an electrochromic device
capable of precise control over visible light and near-infrared radiation. The approaches explored
in this thesis unlock a vast array of possibilities for a wide range of operational modes in dynamic

windows.

1.3 Thesis overview

This thesis is organized as follows:

Chapter 1 introduces the research background of electrochromism and highlights the challenges

currently faced in this field of study.

Chapter 2 examines the general categorization of electrochromic materials and the essential key
metrics used to assess their electrochromic properties. This is followed by in-depth design

strategies of electrochromic devices and their underlying working mechanism.

Chapter 3 introduces a Zinc-based electrochromic device (ZECD) platform. In the first section, we



provide a detailed explanation of the working mechanism of ZECDs, serving as the foundational
knowledge for the subsequent developments. The second part of this chapter focuses on
transparent multicolor displays enabled by ZCEDs. We show that the ZECD platform not only
enhances energy efficiency through energy retrieval functionality but also exhibits rapid and
spontaneous switching behavior due to the substantial redox potential difference between the metal
anode and the electrochromic cathode. The third part of this chapter explores multicolor displays
with tunability in the two-dimensional CIE color space, leveraging the color overlay effect to
expand the available color palettes by adjusting coordinates in the two-dimensional CIE color
space. Lastly, in the fourth section we present a dual-mode electrochromic device capable of both
self-coloring and self-bleaching operations, achieved by integrating the ZECD platform into a

rocking-chair type electrochromic device.

Chapter 4 presents a plasmonic-based electrochromic device platform that utilizes reversible silver
metal deposition on ITO glasses with adjustable nanostructures, combined with their localized
surface plasmon resonance (LSPR). This platform showcases a promising approach for dynamic
color displays. Additionally, a novel concept for solar-regulated dynamic windows is introduced,
achieved by depositing thin films of gold on glass substrates to serve as transparent conductive
electrodes. Through precise control of reversible silver metal deposition, a dual-band dynamic
window 1is realized, enabling independent regulation of both visible light and near-infrared

radiation.

Chapter 5 Provides a summary of the theoretical and experimental accomplishments within this

thesis, as well as offers insights into potential future research areas relevant to the thesis.



Chapter 2

Design of Electrochromic Devices

2.1 Introduction

With recent the rapid development of electrochromic technology, there is an urgent requirement
for high efficiency and ultralow energy consumption electrochromic devices for various
applications. Comprehensive reviews on electrochromic materials and devices outlining their
respective strengths and limitations have served to address some of such challenges. In light of
these investigations, this chapter provides a critical comprehensive review focusing on the
emerging electrochromic materials and their application in devices. Herein, the general
classification of electrochromic materials and the key metrics used in evaluating electrochromic
properties are introduced, followed by in-depth design strategies of nanostructured electrochromic
materials and correlations between the electrochromic properties and synthetic methods for
different nanostructured electrochromic materials. Next, the basic mechanisms, device structures
and electrochemical processes involved in the complementary electrochromic devices are
presented, followed by discussions on the major advancements, future challenges, and new

opportunities in electrochromic technology.

Versions of this chapter have been published in: Zhang, W.; Li, H.; Hopmann, E.; Elezzabi,
A. Y. “Nanostructured inorganic electrochromic materials for light applications.” Nanophotonics,
10, 825-850 (2021); Zhang, W.; Li, H.; Yu, W. W_; Elezzabi, A. Y. “Emerging Zn anode-based

electrochromic devices.” Small Science, 1, 2100040 (2021).



2.2 Electrochromic materials

As the core component in an electrochromic device, electrochromic materials, having different
optical properties, have been utilized for various electrochromic applications. Correspondingly,
the electrochromic materials can be classified into a variety of types, including inorganic
electrochromic materials, organic electrochromic materials, inorganic-organic hybrids, and

plasmonic materials.

2.2.1 Inorganic electrochromic materials

Inorganic electrochromic materials mainly consist of the oxides of transition metals, which exhibit
several different valence states upon reduction. Electron delocalization between the mixed-valence
states results in different bandgaps of inorganic materials, thus leading to different absorption of
the light and inducing distinct color changes of the material.>* There are two principally different
types of electrochromic transition metal oxides which are classified according to the coloration
mechanisms: cathodic electrochromic materials, which are colored under guest ion insertion
(reduction process); and anodic electrochromic materials, which are colored under guest cation
extraction (oxidation process).?* The transition metals whose oxides possessing electrochromic

properties are shown in the periodic table of elements (Figure 2.1).
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Figure 2.1 Electrochromic transition metal oxides showing both cathodic and anodic coloration.
Reproduced with permission from Ref. 2. Copyright 2017, Elsevier Ltd.
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As can be inferred from Figure 2.1, WOs3, TiO2, Nb2Os, MoOs3, and Ta>Os exhibit the cathodic
coloration effect, which means that these oxides can be tinted via a reduction or cation intercalation.
2330 These oxides commonly consist of highly distorted MOg octahedra crystalline structure,®!->
where M represents the transition metal atom. The layered structure, formed by the edge- and
corner-sharing MOg octahedra, facilitates ion transport through the conduits or chains of interstitial
sites.’ Notably, these oxides exhibit similar electronic band structures. Their intrinsically empty
d-bands become populated upon cathodic charge injection, and thus cause a color change through
new intraband transitions.>** Among this class of oxides, WOs is the most widely studied cathodic
electrochromic material, especially used for electrochromic smart windows platforms. The WOs3

layer is transparent in the oxidation state, while it can be tinted to blue as cations are injected into

the WOs structures via the following reaction,

WOs (bleached) + xe ™+ xM " <> MxWOj3 (colored) (2.1)



where M™ can be either H' or an alkali metal ion, such as Li*, Na*, K*, A’

, or the recently reported
Zn** 3% Compared with employed monovalent ions (e.g. H, Li*, K and Na"), multivalent ions
(e.g., Mg?", AI**, Zn*") are expected to provide multiple charges to accelerate the redox reactions
for fast electrochromic switching times.>”*® Another key advantage of multivalent ions, especially
the Zn?*, is their compatibility with aqueous electrolytes, which facilitates the formation of newly

developed Zn-based electrochromic devices.*’

On the other hand, the anodic coloration effect is observed in NiO, IrO», Cr20s, MnO», FeO»,
and Co0304.%*¢ Such anodic electrochromic oxides usually serve as a counter electrode which is
often used in conjunction with a cathodic electrochromic electrode in a complementary device.*”*
The most widely studied anodic electrochromic material is NiO, which is transparent in its reduced
state and colored gray in its oxidized state.*” The schematic reaction of NiOx cycled in the Li*-ion

electrolytes can be summarized as follows,*%>!

NiOx + ae + aLi” — LigNiOx (2.2)

LiaNiOx (bleached) «<» yLi" + ye~ + LigNiOx (colored) (o= B +v). (2.3)
The irreversible reaction (i.e. eq. 2.2) refers to an activation process in the initial cycling of NiOx.
The reversible reaction, represented by eq.2.3, indicates the color switching processes
accompanying the ion insertion/extraction. The insertion/extraction of OH™ can also lead to the
oxidation/reduction of nickel oxide owing to the transformation of nickel ions between Ni** and

Ni**.52 This process can be summarized as follows,>

NiO (bleched) - e + OH™ <> NiOOH (colored) (2.4)

In addition to the above-mentioned cathodic and anodic electrochromic materials, vanadium

oxides (e.g., V203, V307 and V»0s) are considered to be a type of bi-functional electrochromic



material. This is due to their multicolor change properties under both anodically and cathodically

potentials.>*

Along with the above transition metal oxides, Prussian blue (PB), represented as

Fe4[Fe(CN)s]3-nH20) and its analogs (e.g. KFe[Fe(CN)s] and NaxFe[Fe(CN)s]) is another

important type of inorganic electrochromic material. PB is a type of polynuclear transition metal
hexacyanometallates. Similar to the anodic electrochromic transition metal oxides, PB exhibits a
blue color in its oxidized state and can be reduced to Prussian white (PW, colorless) via
electrochemical redox reactions.’>>® Kang and co-workers deposited quasi-cubic PB particles with

diameters of =450 nm on top of a fluorine-doped tin oxide (FTO) coated glass substrate (Figure

2.2A).%”° Figure 2.2B depicts an ideal unit cell of PB with guest ions. The PB-based electrochromic
device achieved a high optical modulation of 84.9% at 633 nm during the voltage variation from
1.9 to 0.5V (Figures 2.2C and 2.2D). This PB-based device also exhibited excellent cycling
stability for up to 2000 cycles. The feature of PB that stands out, in comparison to transition metal
oxides based electrochromic materials, is its fast color response that results from the PB’s open

framework structures.®*-®!
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Figure 2.2. Structure, working principle, and application of PB-based electrochromic device. (A)
Scanning electron microscope (SEM) image of the PB thin films. (B) A schematic diagram of an
ideal PB unit cell. M** represents guest cations (e.g. Li*, Zn**, K*, AI’**, Na" and the corresponding
hydrated ions). (C) Transmittance spectra of the PB-based device at different discharge voltages
from 0.5 to 1.9 V. (D) Photographs of the PB-based electrochromic device at different discharge
voltages. (A-D) Reproduced with permission from Ref. . Copyright 2020, Wiley.

Another class of electrochromic materials that have attracted recent attention is based on
MXene. MXenes represent a large family of 2D transition metal carbides and nitrides which have
been utilized for energy storage and various optoelectronic applications.®> For example, titanium
carbide (Ti3C2Tx) has been shown to exhibit electrochromic properties cycling in 1 M phosphoric

acid polyvinyl alcohol gel electrolyte (H;PO4/PVA gel).5
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2.2.2 Organic electrochromic materials

Electrochromic characteristics are shown by a wide range of organic materials, including organic

6466 and conjugated polymers.®”7® Typically, organic electrochromic materials offer

molecules
multiple colors under different applied biases, which are highly desired for multicolor displays.

Viologens, 1,1'-disubstituted-4,4'-bipyridinium salts, are by far the most intensively investigated

small molecule-based electrochromic materials.®* Viologens exhibit three reversible redox states:
a dication (V?"), a radical cation (V") and a neutral form (V), thus yielding differently colored
species (Figure 2.3A). The intense color is produced upon reduction of the viologen dication,
leading to a strong absorption at its radical cation state. The substitution groups on the nitrogen of
the bipyridinium salt mainly control the colors of their reduction states. As illustrated in Figure
2.3B, an ethyl viologen-based electrochromic device exhibits a blue color in its reduced state and
a light yellow color in its oxidized state.%® The major advantages of Viologens as electrochromic
materials reside in their high optical contrast, excellent coloration efficiency, ease in molecular
design, and the feasibility for large-area assembly. A successful application is their use by Gentex

Corporation as a smart window in Boeing 787 aircraft.”’
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Figure 2.3. Characterization and demonstration of organic electrochromic materials. (A) Different
redox states of viologen. (B) The photographs of ethyl viologen-based electrochromic device at
bleached and colored states. (A—B) Reproduced with permission from Ref. . Copyright 2019,
Multidisciplinary Digital Publishing Institute. (C) The photographs of the flexible PANI film
electrode in its colored state at the different potentials. (D) The corresponding optical transmittance
spectra of the flexible PANI film electrode at different potentials. (C—D) Reproduced with
permission from Ref. 7. Copyright 2018, Elsevier Ltd. (E) Photographs of the electrochromic
symmetrical displays built from PEDOT: PSS films with different thicknesses, showing an
oxidized state for a potential of +1.6 V and a reduced (colored) state for a potential of —1.6 V. The
corresponding measured CIE L*a*b* parameters are labeled. Reproduced with permission from
Ref. 7. Copyright 2019, Multidisciplinary Digital Publishing Institute.

Some long-chain polymers, such as polypyrroles,®”% polythiophenes’’? and polyanilines
7475 are found to possess electrochromic properties by altering the structures of their n-conjugated
systems. Polyaniline (PANI) films exhibit reversible multicolors: transparent <> pale yellow <

green <> blue, as the applied potential is varied.”® As shown in Figure 2.3C, PANI films can be

prepared on flexible indium tin oxide (ITO)/polyethylene terephthalate (PET) substrates.”” The

12



optical transmission spectra of PANI films at different potentials and color states are shown in
Figure 2.3D. The transmittance variation between colorless and blue states can be as high as 49%
at 630 nm as the applied potential increased from —0.2 to 1.0 V. Another interesting polymer is
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (abbreviated as PEDOT:PSS).
PEDOT:PSS is a conductive polymer which exhibits a blue coloration upon electrochemical
reduction. Figure 2.3E depicts a series of images of the electrochromic symmetrical displays built
from PEDOT:PSS films of various thickness.”> A clear color gradient was observed with the
increase of thickness in reduced (colored) state as distinguished by the CIE L*a*b* color space
parameters. Clearly, utilizing PEDOT:PSS as a transparent conducting electrode is promising in

applications requiring a stretchable electrochromic platform.”®-3

2.2.3 Organic-inorganic hybrid electrochromic materials

Different electrochromic materials have their respective advantages and disadvantages, thus
instead of using a single class of electrochromic materials, organic-inorganic electrochromic
hybrids can combine the advantages of each platform, thus offering enhanced electrochromic
properties. Considerable efforts have been devoted towards the development of organic-inorganic
electrochromic nanocomposites, wherein the assembly of the organic polymers into an inorganic
porous framework is shown to lead to enhanced electrochromic performance and chemical
stability.®!** For example, the organic polymers PEDOT:PSS can also be introduced into porous
nanorod layers of tungsten molybdenum oxide (Wo.71Mo002003).%* Figures 2.4A and 2.4B
schematically illustrate the spray layer-by-layer assembly process used to prepare the
Wo.71M00.2903/PEDOT:PSS hybrid electrochromic films. The PEDOT:PSS chains were observed

to permeate into the porous nanorod layers of the Wo71Mo00.2903, forming an interconnected
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conductive network (Figures 2.4C and 2.4D). The Wo.71Mo00.2903/PEDOT:PSS hybrid
electrochromic films realized an improved electrochromic performance that is superior to both
pure PEDOT:PSS and Wo71M002903 films. In the organic-inorganic nanocomposites, the
interfacial interactions between the organic and the inorganic phases have a large impact on the
properties of the nanocomposites. A good distribution of the introduced materials within the matrix
material and their strong interfacial interaction is shown to improve the mechanical and
electrochromic properties of structural nanocomposites, due to the synergic effect of these
materials.3**° A recent study demonstrated that a class of hybrid electrochromic materials utilizing
polythiophenes and tin-doped indium oxide nanoparticles that enabled the independently
modulating visible and near-infrared light.®¢ This inorganic-organic hybrid electrochromic film
combines polythiophenes to modulate visible light with tin-doped indium oxide nanoparticles that
modulate near-infrared light. Such hybrid materials can be operated in three distinct voltage
regimes, each of which uniquely modulates visible and near-infrared light. Besides simple physical
contact, the strong interfacial interactions between the organic and inorganic components (e.g.
covalent bond, coordination bond, electrostatic interaction, hydrogen bond and =n-m stacking
interaction) are conducive for avoiding structural damage caused by the volume change during the
switching process and thus improving the structural stability of the hybrids.*”*° For example, Yang
et al. investigated covalently bonded WOs/polyvinylimidazole core-shell microspheres.®® It is
found that the chemical and thermal stabilities of covalently bonded WOs/polyvinylimidazole are
higher than those of pure WO3 nanoparticles and noncovalently bonded WOs/polyvinylimidazole.
The covalent bond (~100 kJ mol™! to 500 kJ mol™!) can supply solid strength for the
organic/inorganic electrochromic nanocomposites, leading to enhanced electrochemical and

electrochromic performances.®’
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Another important example of inorganic-organic hybrids is Metallo-supramolecular
polyelectrolytes (MEPEs). This hybrid electrochromic material is based on the metal-to-ligand
charge transfer and the intervalence charge transfer.”!”® Through altering the metal ion center or
the surrounding organic ligands, MEPE can switch between various colors. As shown in Figure
2.4E, Kurth et al. reported a reversible redox behavior of Fe'/Fe'! in FeL2-MEPEs device where
a color-switching between the red and the green colors was demonstrated.”* Furthermore,
electrochromic performance can be observed in Os! -based Metallo-supramolecular

polyelectrolytes.”® Figure 2.4F illustrates an electrochromic device using linear Os' - based

MEPEs, where a distinct color change from yellow-green to pale-pink was observed upon

reduction reaction.
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Figure 2.4. Preparation and characterization of organic-inorganic hybrid films. (A) Schematic
illustration of the spray layer-by-layer assembly process used to prepare the
Wo0.71M00.2903/PEDOT:PSS hybrid electrochromic films. (B) Schematic illustration of the
evolution of the Wo.71M00.2903/PEDOT:PSS hybrid electrochromic films during the initial four
cycles. Layers 1 and 3 depict the porous structure of Wo.71M00.2903 material, whereas Layers 2 and
4 depict the PEDOT:PSS material. (C) Field emission scanning electron microscope (FESEM)
image of the spray-coated pure Wo.71M00290;3 films (D) FESEM image of the spray-coated
Wo.71M00.29003/PEDOT:PSS hybrid films (A-D) Reproduced with permission from Ref. 2.
Copyright 2018, American Chemical Society. (E) Optical absorbance of FeL2-MEPEs at different
potentials with the corresponding photographs of the thin films. Reproduced with permission from
Ref. **. Copyright 2017, American Chemical Society. (F) Schematic illustration of linear Os'-
based MEPEs electrochromic device. Reproduced with permission from Ref. *°>. Copyright 2018,
Wiley.
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2.2.4 Nanoparticles and nanostructured plasmonic material

Plasmonic devices can experience an unconventional electrochromic process, where the color
modulation of the electrochromic device is primarily based on dynamically changing the resonance
of plasmonic nanostructures. Nanoparticles plasmonic materials are identified as either colloidal
metal nanoparticles, which allow for reversible metal deposition, or highly-doped metal oxide
nanocrystals that can be electrochemically charged in a capacitive manner due to their extremely
small size and high surface area.’® Light couples to the colloidal plasmonic material via the
resonant excitation of free charge carriers as localized surface plasmon resonances (LSPRs). Here,
LSPR enables a wide range of spectral tunability by changing the nanocrystal size, altering the
host environment, or via doping or injection of charges. When the incident electromagnetic
radiation frequency matches the natural resonance frequency of collective electron oscillations in
the conduction band (or holes in the valence band) of the nanocrystals (Figure 2.5A), light
absorption and scattering of nanocrystals are notably enhanced. Although the LSPR frequency of
nanocrystals is slightly tunable by their shapes, the doping level, and the nanostructure size, the
free electron density plays a key role because it determines the starting position, width, and
intensity of the LSPR absorption peak.’®”® Typically, metal-based plasmonic nanostructures
exhibit intrinsic free carrier density on an order of 10*2 ¢cm>,” which leads to high energy
electronic oscillations resulting in plasmonic resonance frequencies in the visible spectral range.
Metal-based electrochromic devices have been demonstrated via reversible electrochemical
deposition. Based on the size and shape of the deposited particles, which are strongly dependent
on the deposition time, bias voltage, and chemical make up of the solvent, the resonance frequency

can be modulated over a wide range. A recent study by Kobayashi et al. demonstrated a multicolor
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electrochromic device based on the Ag deposition mechanism.!’ Figure 2.5B illustrates the
morphology of Ag deposited on the ITO particle-modified electrode having a diameter size of 21
nm. With the deposition of Ag on the ITO electrode, the LSPRs of Ag nanoparticles result in

displaying multicolors (Figure 2.5C).

Highly doped metal oxide nanocrystals exhibit charge carrier densities in the range of 10 -
10?2 ¢cm™, which leads to pronounced surface plasmon resonances in the near-infrared spectral
range. The resonance of free carriers can be modulated through an electrochemical gating process
101 The change in carrier concentration leads to a shift in the LSPR frequency and a change in
absorption, giving rise to plasmonic electrochromism.** Even though this plasmonic
electrochromism does not lead to a change in the oxidation state of the material, devices based on
metal oxide plasmonic nanostructures show reversible optical transmission changes through
electrochemical charge modulation. Figure 2.5D depicts an illustration of the capacitive nature of
the plasmonic electrochromic mechanism. The modulation of the electron/hole density is
electrochemically controlled by the application of negative and positive potentials to the material.
Milliron et al. demonstrated a surface plasmon effect in tin-doped indium oxide (ITO)
nanocrystalline film.!°? Figure 2.5E illustrates a transmission electron microscopy (TEM) image

of the ITO nanocrystals having varying sizes of 4.1 + 0.6 nm. When different potentials are applied,

the surface plasmon resonance peak of the ITO nanocrystalline film (4.1 nm diameter, 16.8% Sn)

was shown to be enhanced and shifts to higher energy (Figure 2.5F).

Additionally, conventional electrochromic materials, such as tungsten oxide or polyaniline,
can be used to modulate the LSPR frequency of metallic plasmonic nanostructures. Chumanov et
al. utilized a WO3-sol on an array of Ag nanoparticles to reversibly modulate the resonance

frequency of the Ag particles by changing their dielectric surroundings.'® Recently, several
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studies have shown the potential of electrochromic modulation of the dielectric environment of
metallic nanostructures for a full-color generation.'%* 1% In general, these devices make use of the
inherent change of the refractive index of an electrochromic material during the intercalation and
the deintercalation processes. This change is utilized to shift the resonance frequency of plasmonic
nanostructures, such as colloids and nanohole arrays. Hopmann and Elezzabi reported a plasmonic
metal-insulator-nanohole cavity based on an electrochromic WO3 insulator layer. Through
intercalation and deintercalation of lithium ions (Li") into the WO3 film, a broad peak resonance

wavelength shift of 64 nm was realized, leading to distinct color reflection (Figure 2.5G).!%
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Figure 2.5. Depiction of plasmonic electrochromic nanocrystals and nanostructures. (A)
Ilustration of a localized surface plasmon in a nanocrystal. Incident electromagnetic radiation
displaces the free electron cloud, which then experiences a restoring force exerted by the positively
charged ion cores. Reproduced with permission from Ref>*. Copyright 2014, Royal Society of
Chemistry. (B) Scanning electron microscope (SEM) image of the Ag nanoparticles deposited on
the ITO particle-modified electrode. (C) Photographs of the working electrodes with various ITO
film thicknesses during the Ag deposition process. (B—C) Reproduced with permission from Ref.
100 Copyright 2014, American Chemical Society. (D) The mechanism of capacitive
electrochromism based on nanocrystal films. In the OFF state, a positive potential is applied to the
nanocrystals, no electrons and ions gather at the surface of nanocrystals. In the ON state, a negative
potential is applied to the nanocrystals, ions are absorbed to the surface of nanocrystals in order to
neutralize the injected electrons. Reproduced with permission from Ref.*>*. Copyright 2014, Royal
Society of Chemistry. (E) TEM image of ITO nanocrystals. (F) Potentials-dependent optical
density of a film composed of 4.1 nm diameter, 16.8% Sn ITO nanocrystals. (E-F) Reproduced
with permission from Ref. '2. Copyright 2011, American Chemical Society. (G) Schematic of a
plasmochromic device based on an electrochromic WOs3 layer and a gold resonator. Reproduced
with permission from Ref. 1%. Copyright 2020, American Chemical Society.
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2.3 Key metrics for electrochromic materials

An electrochromic material alters its optical and electrical properties in response to an external
voltage bias. A high-performance electrochromic material must possess fast color switching,
reversible light modulations, high color contrast, low energy consumption, and long-term chemical

and thermal stabilities. Key performance metrics are introduced and highlighted below.

2.3.1 Color and optical contrast

Color is an important aspect in assessing the performance of electrochromic materials as their
applications rely on switching between different colors. The colorimetric analysis is usually
performed based on the protocols set out by the International Commission on Illumination (CIE).
The CIE 1931 xyY color space is widely used to specify color in practice. As shown in Figure
2.6A, an electrochromic film configured in ultracompact Fabry-Perot nanocavities displays seven
distinguished colors.!”” The Fabry-Perot nanocavities utilize partially reflective tungsten metal as
the current collector and the reflector layer. As the thickness of the WO3 thin film changes, various
structural colors are generated. These colors cause a significant shift of the CIE color coordinates
(Figure 2.6B), forming a circular area with different tints. More interestingly, the Fabry-Perot
nanocavity-type electrochromic films exhibit a large variety of multicolor states under different
applied potentials (Figure 2.6C). While the 163-nm-thick WO3/W electrode produces a gradual
color change from red to green at different biases (Figure 2.6D), the reflection spectrum displays

a drastic shift from 760 to 517 nm in its peak position (Figure 2.6E).
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Figure 2.6. Demonstration of electrochromic materials having different colors and light spectra.
(A) Photographs of the WO3/W electrodes having different thicknesses of the WOs layer. (B) CIE
color coordinates of the WO3/W electrodes having different thicknesses of the WO; layer. (C)
Color gallery obtained from the WO3/W electrodes under different voltage biases. (D) CIE color
coordinates of the 163/200-nm-thick WO3/W electrode under different voltage biases. (E)
Reflectance spectra and photographs of the 163-nm-thick WO3/W electrode under different
voltage biases. (A-E) Reproduced with permission from Ref. '°7. Copyright 2020, Nature
Publishing Group. (F) Transmittance spectra and photographs of MoO2+x-WOs3 electrochromic
device. Reproduced with permission from Ref. !, Copyright 2019, American Chemical Society.
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The intensity difference between the colors is an important factor in determining the quality
of the electrochromic coloration process. As such, the optical contrast, referring to the degree of
optical change during the switching process (intensity change in transmittance (AT %), absorbance
(AA %) or reflectance (AR %)), is another metric used in evaluating the electrochromic material
performance. However, when describing the optical contrast of electrochromic materials or
devices, it is customary to report this parameter at a single wavelength. This wavelength is selected
to be either the wavelength at which a maximum absorbance occurs or the wavelength of maximum
human visual sensitivity (i.e. 550 nm).* Figure 2.6F depicts a WOs-based electrochromic device,
where a 63% change in transmittance at 633 nm was achieved at an applied voltage of -2.5 V.19
The choice of the 633 nm wavelength used to calculate the optical contrast is dictated by the
maximum absorbance observed at this wavelength. In general, the optical contrast of a material
mainly depends on the thickness of the electrochromic layer.!” As the film thickness increases,
the transmittance of both the colored and bleached states will decrease. Typically, the maximum
optical contrast is reported at an attained intermediate thickness of a few hundred nanometers.!1%!!!
The design of nanostructured electrochromic materials is expected to enhance the electrochromic
performance (e.g., optical contrast, switching times, coloration efficiency and cycling stability).!!>
14 A recent study by Scherer et al. demonstrated that the gyroid-structured vanadium pentoxide

films surpass previous inorganic electrochromic materials in all relevant parameters: the switching

speed, coloration contrast, and composite coloration efficiency.!!?

2.3.2 Coloring and bleaching switching times
Switching times, also known as the response times, refer to the times required to switch between

the colored/bleached and the bleached/colored states of an electrochromic material or a device.
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The coloration and bleaching times are defined as the time required for 90% change in the entire
optical modulation.!'® As a key parameter when considering the suitability of an electrochromic
device for light modulation applications, fast switching between the different color states is highly
desirable. Figure 2.7A illustrates an Al anode—based electrochromic energy storage smart window
switching between 4V (transparent state), 2.2 V (cool state) and 1.6 V (dark state).!'” The
switching times of this device were calculated to be 71 s for bleaching and 19 s for coloration at
633 nm, and 56 s for bleaching and 18 s for coloration at 1200 nm (Figures 2.7B and 2.7C).
Generally, the switching times of an electrochromic layer will increase as the film thickness
increases. Thicker films with a fixed porosity would lead to longer ion-transport pathways to insert
into the inner active materials, which results in longer switching times.!'®12° The nanostructured
electrochromic materials with large surface active area are promising for fast switching times as
the active materials are easy to access for guest ions.!?!!?> For example, rapid switching times of
0.5/0.9 s for the coloration and bleaching processes, respectively, were reported for nanostructured
electrochromic materials: core—shell halloysite nanotube (HNT)@inherently conducting polymer
(ICP) nanocomposites.'?! Other Parameters, such as the electrolyte properties, counter electrode
material composition, substrate sheet resistance and device size, all have a significant effect on the

switching times.
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Figure 2.7. Al anode—based electrochromic energy storage windows. (A) Photographs of an Al
anode—based electrochromic energy storage window at different applied potentials. (B) The
dynamic test of the device between 4-2.2 V at 1200 nm. (C) The dynamic test of the device between
4-1.6 V at 633 nm. (D) Coloration Efficiency of the device switching at 633 nm and 1200 nm. (A-
D) Reproduced with permission from Ref. !'7. Copyright 2019, Wiley.

2.3.3 Coloration efficiency

An energy-efficient electrochromic material requires a high optical contrast while consuming
fewer charges in the process. In this regard, coloration efficiency (CE), representing the change
in optical density (AOD) per unit of charge intercalated into the electrochromic layer, is proposed

to evaluate the energy-related efficiency accordingly,

AOD =log(Tc/Tv) =nQ/A, (2.5)

where 1 is coloration efficiency (CE), Q is the charge (C), A is the active area of the electrochromic
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material (cm?), T and Ty are the transmittances of electrochromic devices at coloration and
bleaching states, respectively. An example of CE value calculation is shown in Figure 2.7D. Here,
the Al anode-based electrochromic energy storage window exhibited CE values of 165 cm? C™! at
1200 nm and 85 cm? C! at 633 nm, respectively. The coloration efficiency increases as the
thickness increases until a maximum value, then the coloration efficiency decreases as the
thickness keeps on increasing.!*»'?* The maximum CE value is obtained at an intermediate
thickness (~ a few hundred nanometers), which requires rational design and carefully screening
several thicknesses of electrochromic films. This phenomenon probably relates to the different
ionic/electric resistance of the electrochromic films at various thicknesses.!?* Since the coloration
efficiency is an intrinsic parameter of electrochromic materials and mainly relies on the
morphology of the materials,'?° the design of nanostructured electrochromic materials having large
surface active area is required to achieve high CE values. As reported by Ma et al., the CE value

of WOj3 nanoflake films film is much higher than the WO3 nanoparticle/nanorod films.!'?’

2.3.4 Cycling stability

Cycling stability is the loss of the optical contrast upon electrochemical cycling and is another
important parameter used to evaluate the long-term stability of the electrochromic device.!?® For
practical applications, electrochromic materials are expected to exhibit a cycle life of more than
10° cycles. However, in laboratory exploration, cycling stability is often reported for a small area
of electrochromic film which is not sufficient for real-world applications. Both physical and
chemical stabilities are crucial to the cycling stability of an electrochromic thin film. Generally, as
the electrochromic film’s thickness increases, the electrochromic film would suffer a poor
adhesion to the substrate and thus leading to the significant degradation of the cycle performance

due to the peeling of active materials.!?® A strong interfacial interaction between the film and the
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substrate will certainly enhance the cycling stability.!*® The design of nanostructures is expected
to improve both physical and chemical stability of thin films. Nanostructured electrochromic
materials can be designed to optimize the contacting area between the film and the substrate and
hence providing a strong interfacial adhesion.'*! Furthermore, the volume expansion of
nanostructured electrochromic materials during the switching process is supposed to be
significantly eliminated as the numerous surface active sites increase the capacitive contribution
during the redox reactions. '*? In other words, nanostructured electrochromic materials possess
excellent chemical stability upon cycling. Besides the stability of thin films, the cycling stability
of an electrochromic device is influenced by several factors, including the electrolyte properties,

the counter electrode material, and the device dimensions.

2.4 Design of nanostructured electrochromic materials

To develop electrochromic materials having high performance, including the above-mentioned
metrics for potential real-world applications, a list of recent achievements on the fabrication of
promising electrochromic materials is presented. It is hoped that universal strategies for fabricating
nanostructured electrochromic materials can be realized to advance the future development of the

electrochromism.

2.4.1 Tungsten oxides

The most commonly used cathodic electrochromic materials are based on tungsten oxides (e.g.,
tungsten oxide, hydrated tungsten oxide and doped tungsten oxide. Naturally, bulk tungsten oxide
exhibits intrinsic oxygen deficiencies,'**> making the material appear yellowish. In contrast, in a

thin film configuration, stoichiometric tungsten oxide is transparent and becomes blue upon
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applying a cathodic potential."** Tungsten oxide has a nearly cubic structure formed by WOs
octahedra that share corners.!*> The void space inside the cubes provides the accessibility of
numerous interstitial sites where guest ions (e.g., protons or alkali cations) can be inserted. The
first study on the electrochromic effect in tungsten trioxide was reported in 1969.!3¢ Over the past
decades, the most promising application of the WO3 electrochromic coating is as a switchable
glazing for smart windows. The color change in WO3 electrochromic smart windows offers an
important energy-efficient module for designing environmentally friendly buildings by reducing
the cost of air conditioning, controlling direct sun illumination, and simultaneously improving the

indoor living comfort for the occupants.'*

Recently, nanostructured WOs films have been realized for practical applications due to their
excellent electrochromic performance. A variety of crystallographic and morphological structures
of WOs films have been reported to exhibit shorter switching time, higher coloration efficiencies,

and higher cycling stabilities compared to their bulk counterparts. These nanostructured WOs3 films

53,137 139

include nanoparticles, nanowires,'*® nanosheets, nanofibers,'* and hierarchical
structures,'*! possess a large interfacial contact area with the electrolyte, short ions diffusion
pathway, and good structure stability associated with the intercalation/deintercalation of guest ions.
These advantages of nanostructured WOs; give rise to highly-efficient and stable electrochromic
performance. Shan et al. reported the first demonstration of tungsten oxide quantum dots (QDs)
for electrochromic applications.'** As shown in Figure 2.8A, since the QDs size is very small (~1.6
nm), this yielded a fast electron/ion transport during the coloration/bleaching process. Similarly,
Yao et al. reported WO3 QDs with an average diameter of 1.2 nm (Figure 2.8B).!* The cycle

stability of WO3 QDs electrochromic films can reach 20,000 cycles upon the intercalation/de-

intercalation of AI**. Moreover, larger WO3 QD nanocrystals and their inks (~4 nm in diameter,
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Figures 2.8C and 2.8D) were investigated by Zhang et al. for ink-jet printed flexible electrochromic
devices.!3” The printed tungsten oxide thin films are assembled into a novel electrochromic

pseudocapacitive device, which exhibits a relatively high capacity (=260 C g 'at 1 A g!). In

addition to the abovementioned QD WOs; nanocrystalline structures, Zhang et al. reported oxygen-
deficient monoclinic tungsten oxide nanowire (m-WOs3—x NW) (Figures 2.8E and 2.8F). With
efficient AI’*' intercalation/deintercalation, the m-WO3;—x NWs based electrochromic device
delivered not only efficient and independent control of near-infrared and visible light transmittance
but also exhibited high coloration efficiency.?” High optical contrast of 93.2%, high coloration
efficiency of 121 cm? C !, fast switching times of 16/13 s, and good cycling stability (5.5%
capacity loss after 2000 cycles) were reported. An interesting form of nanostructured WO3 films
is the hierarchical nest-like WO3-0.33H>O film (Figure 2.8G). Li and co-workers reported a self-
seeded hydrothermal process that eliminates the grain boundaries existing in the nanocrystalline
seed layer.!* This process accelerates electron transport to the FTO glass substrate and promotes
electron transfer efficiency. As shown in Figure 2.8H, the prepared WO3-0.33H>O films have an
optical contrast of 40.8% and 57.6% after applying voltages of -0.5 V and -1.0 V, respectively.
The response times of WO3:0.33H20 films are found to be 26 s and 5.5 s under +3.0 V bias. Due
to the large active surface area, this self-seeded film also exhibits a high CE value of 126.34 cm?

ch
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Figure 2.8. Structure and Characterization of WO3-based electrochromic films. (A) TEM image of
tungsten oxide QDs with average sizes of 1.6 nm. Reproduced with permission from Ref. 142,
Copyright 2014, Wiley. (B) High-resolution TEM image of as-prepared tungsten oxide QDs.
Reproduced with permission from Ref. ¥, Copyright 2020, Elsevier. (C) TEM image of WO3
nanocrystals. Inset shows the nanocrystals diameter statistics. (D) WO3—x inks based on four
different solvents. (C-D) Reproduced with permission from Ref. '*7. Copyright 2020, Wiley. (E)
XRD patterns and crystal structure (inset) of m-WO3;—x NWs. (F) Surface and cross-sectional (inset)
SEM images of m-WO3 x NW films. (E-F) Reproduced with permission from Ref. *’. Copyright
2018, Royal Society of Chemistry. (G) SEM image of self-seeded grown WO3-0.33H,0 electrode
with less amount of ethylene glycol. (H) Optical transmittance spectra and photographs of the self-
seeded grown WO3-0.33H,0 film measured at different biases. (G-H) Reproduced with permission
from Ref. '*4. Copyright 2014, Royal Society of Chemistry. FESEM images of WOj3 films doped
with different Ni content: (I) 0%, (J) 0.5%, (K) 1.5% and (L) 2.5%. (I-L) Reproduced with
permission from Ref. . Copyright 2016, Royal Society of Chemistry.
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Doping WO; with other elements has been realized as an efficient method to tune the
nanostructures of WO3.*’ Li and co-workers reported that the molybdenum doping of WO;
significantly reduces the particle size of the WO3. The solution-based fabrication process was
simple and inexpensive to allow for large-scale fabrication of electrochromic films.!'¢ Furthermore,
a slight increase of the Ni content (from 0% to 2.5%) alters the surface morphology of the WO3
film (Figures 2.81-2.8L).*” For the undoped WO; film (Figure 2.81), the SEM image shows a
porous network structure. Whereas by doping the film with only 0.5% Ni, the Ni-WO3 grows into
vertically-aligned nanorod array structures (Figure 2.8J). As the doping concentration of Ni is
increased to 1.5%, the nanorods become randomly distributed nanorods (Figure 2.8K). Once the
Ni doping content was increased to 2.5%, nanorods disappeared and nanoflowers composed of
clusters of nanoplates appear (Figure 2.8L). For the WOs3 films with 0-1.5% Ni doping, the
electrochromic performance is found to be enhanced with the increase of Ni concentration. The
optical contrast in both the visible and near-infrared region increases with increasing Ni doping.
At a light wavelength of 600 nm, the optical contrast enhanced from 50.9% to 86.0% at 0% and
1.5% Ni concentrations, respectively. Similarly, the coloration efficiency is also higher at 60.5 cm?
C! for 1.5% Ni content compared to 20.8 cm? C™! for the undoped WOs film. Notably, other doping
techniques with different elements, such as Nb,'*> Mo, !*¢ Fe,'*” and Ti,'*® were shown to greatly
improve the electrochromic performance of WO3 films. The most efficient strategy to develop the
high-performance electrochromic WO; films is the doping method,'* which requires further
investigation from the community. To distinguish the electrochromic properties of different

nanostructured WOs, Table 2.1 summarizes and compares the key electrochromic metrics.
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Table 2.1 Summary of the electrochromic properties of nanostructured WO; with different morphologies

Optical Contrast e e e Coloration Cycling
Ref. Nanostructures (AT) Switching time (s) Efficiency (cm*C")  numbers
WO; Coloration:4.5
143 0,
Yao et al. Quantum dots 97.8% at 633 nm Bleaching: 4 76.8 20000
Cong et WO; o Coloration: 0.9
al.'¥? Quantum dots 94%at 633 nm Bleaching: 1.0 154 >0
Zhang et WOs.« o Coloration:4.5
al.’¥7 Nanocrystals 76% at 633 nm Bleaching: 3.7 071 1000
Zhang at m-WOs3- o Coloration: 16
al.’’ Nanowires 93.2% at 633 nm Bleaching: 13 121 2000
Azam et WO; o Coloration: 10.7 o
al.'® Nanosheets 62.6% at 700 nm Bleaching: 6.9 1000
Adhikari et WO; o Coloration: 6.5
al.!4 Nanofibers 43% at 530 nm Bleaching: 4.0 63.15 >00
. WO; Coloration: 7.3
141 0,
Lietal. Nanotrees 74.7 % at 630 nm Bleaching: 2.6 75.35 250
Lictalis  WO¥033H0 g7 fo 633 qm  Coloration: 26 126.34 1000
Nanonests Bleaching: 5.5
Ni-doped WO3 Coloration: 19
47 0
Zhou et al. Nanorods 86% at 600 nm Bleaching: 6.2 60.5 5500
i- loration: ~1
Zhanetal i TEAOPA WO g g/ 633y COlomation: 15 106.6 3000
Nanoplates Bleaching: ~5
. Wo.71M00.2903 Coloration: 10
116 [
Lietal. Nanoparticles 42.9 % at 633 nm Bleaching: 7.5 36.3 2000
. Mo/Ti:WOs3 Coloration: 14
36 0, J—
Lietal. Nanowires 76 % at 633 nm Bleaching: ~10 100

2.4.2 Molybdenum oxides

Similar to tungsten oxides, molybdenum oxides (e.g., molybdenum oxide, hydrated molybdenum
oxide and doped molybdenum oxide) are transparent in their oxidized state and become colored
grey-blue upon reduction. The layered crystalline structure of MoOs3 allows it to exist in a quasi-
two-dimensional state.'”® The ion intercalation capabilities, bandgap tunability, and various
oxidation states allow MoOs to be a promising electrochromic material.'>! Naturally, MoOs exists
in three phases: orthorhombic a-MoOs, monoclinic p-MoOs, and hexagonal 4-MoO;.!>? The
orthorhombic a-MoOs is the most stable phase of MoOs. This phase is constituted by MoOs

octahedra that share edges and corners. The structure’s unique layers parallel to the (010) plane
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provide open channels for guest ion intercalation (Figures 2.9A and 2.9B). However, molybdenum
oxides suffer inferior cycling stability due to the large-volume expansion during the

intercalation/deintercalation processes. As such, nanostructured molybdenum oxides in the form

4 152

of nanoparticles,'* nanobelts!®® and nanosheets'>® have been shown to have improved

electrochromic and electrochemical performances. Xie et al. reported on the fabrication of
metastable hexagonal MoOs nanobelts for electrochromic device applications (Figure 2.9C).!5
The open channel structure of the hexagonal MoO3 nanobelts favors the efficient insertion of the
guest ions (Figure 2.9D). As such, the MoOs nanobelt films exhibit a more stable cycling
performance compared to orthorhombic a-MoOs films. Moreover, the nanohybridization of
molybdenum oxide nanoparticles with tungsten molybdenum oxide nanowires offers an interesting
electrochromic material platform as it circumvents many of the issues inherent to MoOs (e.g. slow
ionic transportation efficiency and volume expansion during cycling).!* Through a solution-
processed method, MoO3 nanocrystals were embedded in the nanopores of Wo.71M00.290;3
nanowire film to form a MoO3-Wo.71M00.2003 nanocomposite film (Figure 9E). The W¢.71M00.2003
nanowires not only serve as a buffer matrix which eliminates the large-volume expansion of MoO3
during the intercalation/deintercalation of guest ions, but also provides numerous charge transport

pathways to enhance transport kinetics. Notably, the MoO3-W¢.71M00.2903 nanohybrid films show

improved cycling stability compared to the intrinsic MoOs3 films.
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Figure 2.9. Structure and characterization of MoQOs-based electrochromic films. (A-B) Schematic
representation of orthorhombic a-MoOs. (C) SEM image (inset is a cross-section view) of
hexagonal MoQO3 nanobelts. (D) Schematic representation of possible intercalation sites in
hexagonal MoOs. (A-D) Reproduced with permission from Ref. !32. Copyright 2009, American
Chemical Society. (E) Schematic illustration of the matrix effect of the Wo.71Mo00.2003 nanowires.
Reproduced with permission from Ref. '*. Copyright 2018, Elsevier.
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2.4.3 Titanium oxides

Titanium oxides (e.g., titanium oxide, hydrated titanium oxide and doped titanium oxide) have
been recognized as one of the most promising electrode materials for semiconductor
electrochemistry.'>* Naturally, bulk titanium oxide exists in three crystalline phases: rutile, anatase,
and brookite.!>® Referring to the crystal structure of titanium oxide, the Ti*" ions are surrounded
by six O ions creating an [TiOs] octahedron, forming large vacant sites to accommodate guest
ions. With the intercalation of guest ions, the transmittance of titanium oxide changes from a
transparent state to a blue color. However, the electrochromic performance of intrinsic TiO: is
different from other open structures like WOs. A recent report by Tong et al. demonstrated that a
TiO2 mesoporous nanotube film exhibited an optical contrast of 33.5% at 700 nm, which is higher
than the bulk TiO; films due to the enhanced Li-ion insertion kinetics.!*® Although the optical
contrast is enhanced via designing nanotube structures, the electrochromic effect is still lower than
other electrochromic materials. This is attributed to the intrinsic moderate electrochromic effect of
pure TiO,.!>7 As such, the aliovalent doping strategy is supposed the most convenient method to
attain superior electrochromic effect of TiO»-based electrochromic materials.'*® Hence, the focus
of titanium oxide research has been shifted towards the synthesis of nanostructured doped-TiO»
films. Recently, Cao and et al. synthesized Ta-doped TiO» nanocrystals'>® (Figures 2.10A and
2.10B). The fabricated Ta-doped TiO; thin films showed excellent electrochromic performance in
terms of high optical contrast for both the visible and the near-infrared light spectra regions (i.e.,
86.3% at 550 nm and 81.4% at 1600 nm). After 2000 cycles, the optical contrasts of Ta-doped
Ti0; thin films slightly decreased by 1.3% and 6.7% at 550 and 1600 nm, respectively, indicating
good electrochemical stability. This Ta-doped TiO: nanocrystal represents a promising new

electrode material for smart windows applications.!?
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Figure 2.10. Structure and characterization of TiO»-based electrochromic films. (A) Photograph of
Ta-doped TiO2> nanocrystals dispersion in tetrachloroethylene. (B) Transmittance and
corresponding photographs of Ta-doped TiO; thin films electrode at different states. (A-B)
Reproduced with permission from Ref. '*°. Copyright 2018, American Chemical Society. (C)
Spectral variation of the optical transmittance at —1.6 V for four batches of Nb-doped TiO>
nanocrystal films with different doping levels (from 0% to 15% of niobium content). (D)
Transmittance spectra of a device embodying 10%Nb-doped TiO» nanocrystals electrode at
different bias potentials. Reproduced with permission from Ref. 2°. Copyright 2017, American
Chemical Society.

Another dopant of TiO,, reported by Barawi et al.?® to enhance the electrochromic
performance of TiO», is Nb. Four batches of Nb-doped TiO> nanocrystals having different doping
levels (from 0% to 15% of niobium content) were used to prepare highly transparent mesoporous

electrodes. As shown in Figure 2.10C, the 10% Nb-doped TiO2 nanocrystals electrode exhibit the
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best electrochromic performance in both the visible and near-infrared light spectral regions. A
dual-band (i.e., capable of independent control of visible light and near-infrared transmittance)
electrochromic device was constructed using a 10% Nb-doped TiO; nanocrystals electrode. This
dual-band electrochromic device is capable of independent control of visible light and near-

infrared transmittance, showing a 67% optical contrast at 2000 nm (Figure 2.10D).

2.4.4 Vanadium oxides

By virtue of their multicolor behaviors, vanadium oxides are regarded as the most favorable
inorganic materials for electrochromic displays.!'!>!16%1! Vanadium cation exists in V¥, V3*, V4,
and V°* states in vanadium compounds, thus inducing the associated multicolor characteristics.
While VO» is known to be a thermochromic material,'®> V,03,'®* V30,'% and V,05'® are found
to have attractive electrochromic properties. The most widely investigated vanadium oxide is V20s.
With the intercalation/deintercalation of guest ions, this oxide offers reversible three-color states
(i.e. yellow 2 green 2 blue).'®® However, owing to their low electrical conductivity, significant
volume expansion during cycling, and the slow reaction kinetics of bulk, intrinsic unstructured
vanadium oxides have not been widely used in electrochromic devices.'®” In recent years,
nanostructured vanadium oxides have been studied to mediate these drawbacks since the
nanostructures shorten the diffusion paths of ions and provide abundant active sites on the surface.
Steiner et al. demonstrated a self-supporting double-gyroid (DG) structure of V>Os (Figure
2.11A).'%! The DG nanostructured V205 possessed a highly-ordered structure having 11nm wide
struts and a high specific surface-to-bulk volume ratio of 161.4 pm ™!, leading to a fast and efficient

lithium-ion intercalation/extraction process. The assembled electrochromic supercapacitor based
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on two opposite DG nanostructured V205 electrodes is shown in Figure 2.11B, and its three-color

displays (i.e. yellow, green, and blue) are presented in Figure 12.1C.

Figure 2.11. Structure and characterization of vanadium oxide-based electrochromic displays. (A)
SEM of a mesoporous V205 double-gyroid film on an FTO substrate (B) Schematic illustration of
the electrochromic supercapacitor design based on two laterally offset double-gyroid structured
electrodes. (C) Photographs of an electrochromic supercapacitor device displaying color change
upon charge and discharge. The letters “NO” form the double-gyroid structured top electrode and
“KIA” form the bottom electrode (A-C) Reproduced with permission from Ref. '6!. Copyright
2012, American Chemical Society.

2.4.5 Nickel oxides

As typical anodic electrochromic materials, serving as complementary material to tungsten oxides
when assembling a device, nickel oxides (e.g., nickel oxide, hydrated nickel oxide and doped
nickel oxide) are known for their high coloration efficiency and optical contrast.>® In contrast to
the cathodic electrochromic materials like WOs3, the colored state of NiO is caused by
electrochemical oxidation, with anion insertion (OH) or cation extraction (Li*).*” On the other
hand, the NiO films become bleached by electrochemical reduction. The NiO film exhibits a
reversible color change that switches between brown color and transparent state.'®® Similar to other
intrinsic oxide electrochromic materials, critical issues, such as slow switching speed, low color

contrast, and poor cycle durability of NiO limit its practical utility in electrochromic devices.!6%!7°
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Enhanced electrochromic performances of NiO thin films have been recently achieved through
nanostructured NiO films. Boo et al. reported a nanoporous NiO thin film fabricated by chemical
bath deposition (CBD).*® The nanoporous NiO thin films having high porosity showed excellent
electrochromic properties, with a transmittance change of 77% at 550 nm and a coloration
efficiency of 99.5 cm? C!. Liou et al. described the growth of NiO nanorods via hot-filament
metal-oxide vapor deposition where large-area arrays of one-dimensional NiO nanorods were
grown on a conducting ITO film.!'”! The NiO nanorod films showed excellent electrochromic
performance, including high optical transmittance difference (60%), large diffusion coefficient

(~6.33x1078 cm? s°!) and very fast coloration and bleaching times (1.55 and 1.22 s).

An interesting platform of nanostructured NiO thin films is the one prepared by inkjet printing
of NiO nanoparticles.!”? Inkjet printing is a low-cost and efficient technology for patterning and
deposition of multi-layered nanostructured materials on various substrates. The printed NiO film,
with nine printed layers, exhibited an optical contrast of 64.2% at 550 nm and a coloration
efficiency of 136.7 cm? C!. Moreover, by doping NiO with other elements, such as Cu,'”® Al,'7*
and Co,'” the material electrochromic performance was greatly enhanced. As shown in Figures
2.12A-2.12F, with an increase in Co doping (from 0% to 3%), the thickness of the formed NiO
film becomes thin and the pore diameter of the nanoflakes decreases.'”> However, nanoflake-
shaped NiO films cannot form when the amount of Co doping reaches 3%. This suggests that an
optimum Co doping concentration is required for electrochromic applications. In this regard, the
1% Co-doped NiO nanoflake array film exhibited an outstanding optical contrast of 88.3% at 550
nm. Most recently, Liang et al. developed a self-templating method to build up metal-organic
framework (MOF)-derived hierarchical-porous carbon-embedded nickel oxide nanoparticle

(NiO@C) films for high-performance electrochromism.>® Figure 2.12G illustrates the preparation
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procedures of the hierarchical-porous NiO@C electrodes. As a result, the hierarchical-porous
NiO@C electrodes with both good ion diffusion and electrical conductivity were achieved. This
electrode showed a fast switching speed (0.46/0.25 s for coloring/bleaching), high coloration

efficiency (113.5 cm? C!) and excellent cycling stability (90.1% after 20000 cycles).
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Figure 2.12. Characterization of NiO-based electrochromic films. SEM images of the films: (A
and B) undoped NiO, (C) NiO-Co 0.3%, (D) NiO—Co 0.5%, (E) NiO—Co 1% and (F) NiO—Co 3%
(cross-sectional view is presented in the inset).Reproduced with permission from Ref.!”>.
Copyright 2014, Royal Society of Chemistry. (G) Preparation procedures of the hierarchical-
porous NiO@C electrode. Reproduced with permission from Ref.*. Copyright 2019, Royal
Society of Chemistry.
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2.4.6 Cobalt oxides

Cobalt oxide normally exists in three different polymorphs: CoO, C0304, and C0203.!7® Among
them, the crystalline Co3O4 phase has been widely studied because of its thermodynamic stability
and electrochemical properties.!”” Co3Os4 exhibits a reversible color change between a yellow-
brown and dark brown under potential cycling.!”® Similar to other metal oxides suffering the large-
volume expansion during the coloration and bleaching processes, Co3O4 suffers from structural
decomposition, poor stability, and cation kinetics. To minimize such shortcomings, several reports
described the growth of nanostructured Co3O4 thin films for electrochromic applications. Xia et al.
demonstrated a facile method for synthesizing ordered bowl-like Co3Os arrays.!” The as-prepared
C0304 films had a hierarchical porous structure (Figure 2.13A) when annealed at 200 °C, and it
exhibits reversible color switchings between dark gray and pale yellow (Figure 2.13B). The
coloration efficiency was calculated to be 29 cm? C™! at 633 nm, with an optical contrast of up to
33%. Notably, due to the microporous structures, the bowl-like Co3O4 arrays are found to have

good electrochemical stability.
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Figure 2.13. Characterization of Co30Os-based electrochromic films. (A) SEM images of the Co304
film annealed at 200 °C for 1 h. (B) Photographs of the Co3O4 electrode with a size of 1.5 x 1.5
cm? in the colored and bleached states. Reproduced with permission from Ref.!”. Copyright 2010,
American Chemical Society.
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The above-mentioned strategies for developing nanostructured electrochromic materials are
mainly focused on the solution process techniques. This nanofabrication process has several
advantages, such as low-cost, ease of designing nanostructures, and fast switching times which
allow the fabrication of electrochromic material having kinetics compared to the vacuum
deposition methods. To further enhance their electrochemical stability, future research needs to be
focused on the interface engineering of the solution-processed nanostructured films, via
strengthening the adhesion between the nanostructured electrochromic layers and the substrates.
Notwithstanding, there is still a need for innovative designs of high-performance nanostructured
electrochromic films to make the electrochromic device more practical for light control

applications.

2.5 Complementary electrochromic devices

A complementary electrochromic device is a “sandwich” structure that contains substrate,
transparent conductor, counter-electrode, ion conductor and electrochromic layer (the most
important part) as shown below in Figure 2.14A. The substrate is the outer layer of the
electrochromic device, which supports the device. It is typically made out of glass. The transparent
conductor can be either indium tin oxide (ITO) or fluorine-doped tin oxide (FTO) thin films. The
most important function of the transparent conductor is its ability to allow electrons flow. The
counter-electrode is also known as the ions store layer. This electrode provides space for ion
storage. When the voltage is applied to the electrochromic layer, electrons flow out of the
electrochromic layer and enter the counter-electrode. Therefore, the counter-electrode must exhibit
high ions storing capacity. The electrochromic layer is the most important part of an

electrochromic device. It is also called the working electrode. The coloration and bleaching of
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electrochromic material occur in this layer. In general, the optical contrast of a device mainly
depends on the thickness of the electrochromic layer.!®” As the film thickness increases, the
transmittance of both the colored and bleached states decreases. Typically, the maximum optical
contrast is reported at an attained intermediate thickness of a few hundred nanometers.!!! The ion
conductor layer (electrolyte) is used for the transport of ions. Based on the properties of the
electrochromic layer, the electrolyte can be either an acid or an alkaline solution. Typically, the
ion conductor is in a liquid or gel state, which provides high efficiency in terms of ions transport.
Some recent research studies showed that a solid ion conductor can also exhibit high working

efﬁciency. 172,180,181
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Figure 2.14. Complementary electrochromic devices. (A) Schematic of complementary
electrochromic devices. (B) Working principles of a typical complementary electrochromic device.

Usually, anodic electrochromic material serves as a counter electrode which is often used in
conjunction with a working electrode (cathodic electrochromic material) in a complementary
device. A  typical  complementary  electrochromic  device  configuration  is
substrate/ WOs/electrolyte/NiO/substrate (Figure 2.14B). The opposing redox reactions occur at
the electrodes in the complementary electrochromic device, while the WO; electrode is being

oxidized (bleaching) or reduced (coloring), the NiO electrode can be simultaneously reduced
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(bleaching) or oxidized (coloring) at the counter electrode. Hence, both NiO and WOs3 can be
transformed to a colored state by applying a voltage and reversed to a transparent state by applying

an opposite voltage.

2.6 Major challenges of electrochromic devices

In this chapter, the critical components and the system of electrochromism are discussed. The
classification of common electrochromic materials is outlined as inorganic, organic, inorganic-
organic hybrids, and plasmonic materials. The evaluation metrics for electrochromic materials,
including color and optical contrast, coloration efficiency, switching time, and cycling stability are
discussed. Electrochromic properties and synthetic methods for different nanostructured
electrochromic materials are evaluated based on structure/morphology engineering, doping
techniques, and crystal phase designs. The working mechanism and a typically electrochromic
device are demonstrated. Although the field of electrochromism has witnessed rapid development
and remarkable achievements, there are still some major challenges that hinder the high-

performance of electrochromic devices and their real-world applications:

(1) The operation of traditional electrochromic devices requires external voltages to trigger the
coloration/bleaching processes, which makes the traditional electrochromic device far from a net-
zero energy-consumption technology. It is necessary to develop energy-efficient electrochromic
devices. Moreover, the simultaneous redox reactions on both electrodes when operating a
complementary electrochromic device restrict the independent operation of a single
electrochromic electrode. Such a limitation hindered a single electrochromic electrode to reach its
maximum optical contrast. Notably, for a wide scope of applications, it is highly desirable to have

an energy-efficient device configuration while also offering precise manipulation of a single
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electrode.

(2) The current state-of-the-art multicolor electrochromic devices utilize a single electrochromic
layer, which restricts their color tunability within a linear or curved segment scope in International
Commission on Illumination (CIE) color space and thus leads to limited color hues. As such, it is
highly desirable to have an energy-efficient electrochromic device expressing significantly

broadened color palettes.

(3) A significant hurdle faced by electrochromic devices lies in their inability to independently
regulate visible light and near-infrared radiation for smart window applications. Beyond mere
transparency and opacity modulation, the capacity to independently control visible light and near-

infrared radiation could introduce a new device state — one that solely modulates NIR radiation.

This thesis tackles two sets of problems using different electrochromic devices. Problems (1) and
(2) are addressed using zinc anode-based electrochromic devices, as detailed in Chapter 3. Problem

(3) is tackled through plasmonic-based electrochromic devices, which is the focus of Chapter 4.
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Chapter 3

Zinc anode-based electrochromic devices

3.1 Introduction

Although the complementary electrochromic devices can also be used to store energy, the
operation of conventional electrochromic devices requires external voltages to trigger both the
coloration/bleaching processes. Nevertheless, the majority of the current electrochromic device
research has focused on developing electrochromic materials for fast response without paying
attention to reducing the consumed energy of the electrochromic devices. In this chapter, a
promising Zinc anode-based electrochromic device (ZECD) platform is presented. The ZECD
platform not only reduces the energy consumption during operation, via the energy retrieval
functionality, but also exhibits a rapid spontaneous switching behavior due to the high value of
redox potential difference between the metal anode and the electrochromic cathode. ZECDs that
incorporate electrochromic phenomena and energy storage functionalities in a single platform are
examples of innovative technologies with great potential.

In a zinc anode-based electrochromic device configuration, a thin metal Zn foil anode is
sandwiched between two electrochromic cathodes (Figure 3.1a). When the two electrodes are
connected together, the redox potential difference between the anode and cathode acts as a driving
force to cause the metal (anode) to be oxidized and the electrochromic material to be reduced
(Figure 3.1b). The electrochromic material acquires these electrons and metal ions for the
spontaneous color change process. Interestingly, the spontaneous color switching, which is a Gibbs

free energy downhill process, is the same as the discharge process in a battery.'®> Conversely,
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during the oxidation process (the reverse color switching), metal ions are extracted from the
reduced electrochromic cathode and metal atoms are plated onto the anode. This process is also
the same as the one taking place during the charging process in a half-cell battery. In other words,
this zinc anode-based electrochromic device operates as a secondary device where the guest ions
can be de-intercalated during the charging process and spontaneously intercalated during the
discharging process. This zinc anode-based electrochromic device is different from those
complementary electrochromic devices as it eliminates the need for an external bias needed to
reduce the electrochromic cathode and it is efficient in recovering the energy used during the
oxidation process. Moreover, such a device configuration enables independent operation of the top
and bottom electrochromic electrodes, thus allowing for operation flexibility via precise

manipulation of a single electrode.
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Figure 3.1. Zinc anode-based electrochromic devices. (a) Schematic of zinc anode-based
electrochromic devices. (b) Working principles of zinc anode-based electrochromic devices.

To further shed light on the functionalities of ZECDs, three EC platforms are demonstrated
in this chapter. The first example shows transparent multicolor displays enabled by ZCEDs. We
show that the ZECD platform not only enhances energy efficiency through energy retrieval

functionality but also exhibits rapid and spontaneous switching behavior due to the substantial
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redox potential difference between the zinc metal anode and the electrochromic cathode. A version
of this example has been published in: Zhang, W.; Li, H.; Yu, W. W.; Elezzabi, A. Y. “Transparent
inorganic multicolor displays enabled by zinc-based electrochromic devices.” Light: Science &

Applications, 9, 121 (2020).

The second example explores multicolor displays with tunability in the two-dimensional CIE
color space, leveraging the color overlay effect to expand the available color palettes by adjusting
coordinates in the two-dimensional CIE color space. A version of this example has been published
in: Zhang, W.; Li, H.; Elezzabi, A. Y. “Electrochromic displays having two-dimensional CIE color

space tunability.” Advanced Functional Materials, 32, 202108341 (2022).

Lastly, in the third example we present a dual-mode electrochromic device capable of both
self-coloring and self-bleaching operations, achieved by integrating the ZECD platform into a
rocking-chair type electrochromic device. A version of this example has been published in: Zhang,
W.; Li, H.; Elezzabi, A. Y. “A dual-mode electrochromic platform integrating zinc anode-based

and rocking-chair electrochromic devices.” Advanced Functional Materials, 33, 2300155 (2023).
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3.2 Transparent inorganic multicolor displays enabled by zinc-based
electrochromic devices

3.2.1 Introduction

Due to their zero energy consumption while maintaining either an optically transparent or colored
state, electrochromic devices have attracted increased attention for various applications, including
smart windows, displays, and color-tuneable optical elements.'*!>*” In particular, multicolor
electrochromic displays are one of the most versatile applications because they can retain their

colored states without the need to supply electrical power. While electrochromic displays based

1 73

on organic molecules,?! polymers’”® and metal-organic frameworks'®> have demonstrated
multicolor characteristics, these materials exhibit inferior thermal and chemical stabilities
compared to their inorganic electrochromic counterparts. These shortcomings seriously hinder

their real-world applications and potential commercialization.'?’

Inorganic multicolor

electrochromic displays are regarded as a paradigm shift in the field of electrochromic displays.
Recent demonstrations of inorganic multicolor electrochromic displays achieved multicolor

functionality from a monochromatic WO; film by incorporating either a plasmochromic metal-

106 or a photonic Fabry-Perot nanocavity.'’” These platforms enabled

insulator-nanohole cavity
multicolor addressing in reflective mode. For a wide scope of applications, it is highly desirable to
have a device configuration possessing high optical transparency while also expressing colored
states.’**! Notably, in terms of energy efficiency, the aforementioned reflective-mode devices

consume electrical energy since an external voltage is needed to trigger the coloration/bleaching

processes. Although this field is still in its infancy, electrical energy recovery from multicolor
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electrochromic displays will render such a platform highly energy efficient, especially for large-

area displays.

In addition to nanocavity-based inorganic multicolor displays, a color overlay strategy can be
a simpler approach to broaden the color palette of an inorganic electrochromic device by
superimposing layers of different colors (i.e., color overlay). Vanadium oxide (V20s) is regarded
as the most promising inorganic material for multicolor electrochromic displays.'!>!6%16! Tq the

best of our knowledge, there are only three colors (yellow 2 green 2 blue) that can be achieved by

vanadium oxides using the conventional electrochromic device configuration.!¢! Simultaneous
coloration of the counter layer when operating a conventional electrochromic device restricts the
color overlay effects. Since V20s electrodes can serve as both electrochromic and counter layers,
the configuration illustrated in Fig. 3.2a can be used to eliminate the simultaneous coloration effect
of the counter V20s electrode. However, only three colors can be realized under different redox
states since the top and bottom V20s electrodes can only color under inverse redox states when

operating the device.
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Figure 3.2. Schematic illustrations of two different types of electrochromic devices. (a) A
conventional electrochromic device using V20s films for both electrochromic and ion storage
electrodes. Note that in this configuration there is no overlap between the electrochromic layers,
as such no color overlay effect and no broadened color palettes are possible. (b) A Zn-based
electrochromic device using a Zn foil anode frame. This configuration facilitates color overlay
from the two segments of electrochromic electrodes.

On the other hand, the development of Zn-based electrochromic devices with independent
color activation of top and bottom electrochromic electrodes is still lacking and needs to be further
explored (as depicted in Fig. 3.2b). Specifically, the top and bottom electrochromic electrodes can
be independently addressed under the same or different redox states. As such, the color overlay
effect can greatly broaden the color palette. Moreover, the operation of conventional
electrochromic devices requires external voltages to trigger the coloration/bleaching processes,
which makes the conventional electrochromic devices far from a net-zero energy consumption
technology. Remarkably, this novel Zn-based electrochromic device architecture is able to self-
color via its built-in battery power without external energy input, thus enabling partial retrieval of
the electrical energy consumed during the bleaching process. In other words, this Zn-based
electrochromic device operates as a secondary device where the device can be bleached during the

charging process and spontaneously colored during the discharging process. Hence, to date, this
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Zn-based electrochromic device represents the most promising energy-efficient platform for

transparent inorganic multicolor display applications.

In this section, a novel concept for transparent inorganic multicolor electrochromic displays
by employing sodium ion stabilized vanadium oxide (SVO) nanorods as the electrochromic
material is demonstrated. Although the intercalation of sodium ions was shown to improve the
electrical conductivity of SVO in zinc-ion batteries'*, to date, there is no report on the utilization
of SVO for electrochromic devices. The current state-of-the-art vanadium oxide-based
electrochromic display research has focused on developing nanostructured vanadium oxides (e.g.,
V203, V307, V205)*3161163 without paying attention to potential electrochromic materials such as

SVO.

3.2.2 Characterization of SVO nanorods

The SVO nanorods were prepared at room temperature using a high yield facile liquid-solid
stirring method. Briefly, 100 g of commercial V20Os powder was added into 1.5 L of a NaCl
aqueous solution (2 M) at room temperature and stirred for 96 h to form a solution with a brownish
suspension. Next, purification was conducted by adding distilled water, followed by centrifugation.
The centrifugation process was repeated six times. Afterward, the product was diluted with
distilled water to form a precursor solution (15 mg mL™'). Next, the precursor solution was
sonicated in an ultrasonic bath until a clear SVO colloid was formed (see Appendix A, the Method
section).

To analyze the phase composition of the as-synthesized SVO, the suspension was dried at

room temperature and characterized by powder X-ray diffraction (XRD). As shown in Fig. 3.3a,
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the diffraction peaks of SVO can be indexed to the monoclinic NaV30s-1.5H>O (JCPDS No. 00-
016-0601) phase. The hydrated sodium ions, inserted between the V3Os layers, act as pillars to
stabilize the layered structure (Fig. 3.3b). Figures 3.3c, d show field emission scanning electron
microscopy (FESEM) images of the SVO, depicting a homogeneous nanorod morphology. The
SVO nanorods range from 0.5-2.0 um in length and 20—60 nm in diameter (Fig. A-1 and Table A-
1). The transmission electron microscopy (TEM) image (Fig. 3.3¢) also affirms the high aspect
ratio of the SVO nanorod morphology. The high-resolution TEM image (Fig. 3.3e inset) shows
crystalline lattice spacings of 2.27 A and 2.92 A corresponding to the (-303) and (-211) crystal
planes, respectively. The peak of the (-211) crystal plane observed in the HRTEM image is covered
by the (111) plane peak in the XRD pattern. As the standard crystal plane peaks from JCPDS No.
00-016-0601 in Fig. 3.3a show, the (-211) crystal plane peak is close to the highly preferred (111)
crystal plane peak with a much lower peak intensity. Thus, the (-211) crystal plane peak would be
covered by the (111) plane peak in the XRD pattern. The TEM elemental mapping images in Fig.
3.3f illustrate the homogeneous distributions of Na, V, and O elements in the SVO nanorods, thus

confirming that the sodium ions have been intercalated into the V3Os interlayers.
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Figure 3.3 Characterization of SVO nanorods. (a) XRD pattern of the SVO nanorods. (b) Crystal
structure of SVO nanorods. (¢, d) FESEM images of the SVO nanorods. (e) Bright-field (BF) TEM
image of a single SVO nanorod (scale bar: 100 nm). Inset: high-resolution TEM image of an SVO
nanorod depicting the lattice planes (scale bar: 2 nm). (f) Dark-field (DF) TEM image of an SVO
nanorod and the corresponding elemental mapping images of Na, O, V (scale bar: 200 nm).
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3.2.3 Fabrication of SVO electrodes via the bar-coating method

The facile bar-coating method is considered a promising candidate to replace the common

vacuum-processing techniques due to its great potential for large-scale, rapid, and inexpensive

manufacturing.'®> Notwithstanding, the fabrication of electrochromic films via the facile bar-
coating process requires a high-quality electrochromic paste. We therefore prepared a SVO paste
via the addition of water-soluble and eco-friendly cellulose. To meet the high viscosity
requirement for the bar-coating method, 3 g of cellulose was added to 60 mL of the SVO colloid
(15 mg mL") at 60 °C under stirring for 24 h. Prior to deposition, ITO-coated glass substrates were
cleaned with ethanol and deionized (DI) water. Next, the SVO/cellulose paste was bar-coated onto
an ITO glass substrate (2 cm x 5 cm), covering an effective area of 1 cm x 4 cm. Cellulose can be
uniformly dispersed in the SVO suspension due to its water-soluble property, while it can be easily
decomposed at a low temperature due to the oxidation nature of SVO. Complete decomposition of
cellulose prevents possible residual dispersion in the aqueous electrolyte system, which may affect
the electrical conductivity of the SVO films. Figure 3.4a illustrates a schematic diagram of the bar-
coating process that comprises three steps: (i) load the SVO/cellulose paste on one end of the
substrate, (i1) spread the SVO/cellulose paste over the substrate through horizontal sliding of a
coating bar, and (iii) anneal the bar-coated film at 200 °C for 24 h in air to decompose the cellulose.
Using this facile bar-coating method, we obtained ~800 nm thick SVO films as measured by an

Alpha-Step probe (IQ -W1-040).
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Figure 3.4 Fabrication of SVO films via a bar-coating method. (a) Schematic diagram of the bar-
coating process. The inset shows a digital photograph of the SVO/cellulose paste. FTIR spectra of:
(b) SVO, (¢) SVO/cellulose and the annealed SVO film. (d) XPS survey spectrum of as-prepared
SVO/cellulose film. V 2p core-level XPS spectrum of the bar-coated SVO/cellulose film under

different annealing states: (e) as-prepared, (f) annealed for 30 mins, and (g) annealed for 24 hrs.
Insets in Fig. 3.4e-g illustrate to the color of the corresponding films.

To confirm that the cellulose was fully decomposed from the film after heating, Fourier
transform infrared spectroscopy (FTIR) was employed to characterize the SVO nanorods,
SVO/cellulose paste and annealed SVO films. As shown in Fig. 3.4b, the absorption bands at
approximately 1633 and at 1003, 945, 830 and 714 cm ™! in the SVO film spectrum are assigned to

O-H vibrations of water and to stretching vibrations of V=0, V-O1, V-O3, and V-O-V!#>186,
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respectively. Figure 3.4c shows the FTIR spectra of the as-prepared SVO/cellulose paste and the
annealed SVO films. To distinctly reveal the cellulose absorption bands, the FTIR spectra were
corrected based on the SVO nanorod spectrum (Fig. 3.4b). In the spectrum of the as-prepared
SVO/cellulose film before annealing, the absorption bands at approximately 1158, 1106 and 1042
cm ! are assigned to the stretching vibration of C—C, C-H in-plane bending and stretching vibration
of C-O-C, respectively. These absorption bands originate from cellulose, confirming the existence
of cellulose in such films.!®”!¥® After annealing at 200 °C for 24 h, no functional groups of

cellulose are found in the spectrum (Fig. 3.4c), indicating complete decomposition of cellulose in

the annealed SVO film.

Ex situ X-ray photoelectron spectroscopy (XPS) measurements were carried out to investigate
the valence states of SVO during the heating process. As shown in Fig. 3.4d, the XPS survey
spectrum of the as-prepared SVO/cellulose film indicates the presence of Na, V, C and O elements.
The intense peaks of C and O elements are attributed to the presence of cellulose.'® Figures 3.4e-
g depict the high-resolution V 2p core-level XPS spectra of the bar-coated SVO/cellulose film
under different annealing conditions (as-prepared, annealed for 30 mins and annealed for 24 h).
The most intense doublet peaks, located at 517.2 and 524.6 eV, are assigned to V>".!" The other
pair of peaks centred at 516.2 and 523.2 eV correspond to V#*. In Fig. 3.4e, only V> peaks exist
in the spectrum of the as-prepared film, which is consistent with the valence state of V in SVO.
After annealing the bar-coated film for 30 mins (Fig. 3.4f), V** peaks appear, and the atomic ratio
of V¥/V3* increases to 0.41 (Table 3.1). The presence of the V** peaks indicates that SVO serves
as an oxidizer to oxidize the cellulose, leading to decomposition of the cellulose at a low
temperature. After 24 h of annealing, the spectrum, shown in Fig. 3.4g, shows that the V**/V>*

atomic ratio decreases to 0.12 (Table 3.1). This result affirms that the cellulose was fully
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decomposed and that the reduced V* was oxidized to V' by annealing. Figure A-2 shows FESEM
images of the SVO film after the annealing process. The homogenous nanorod morphology is

consistent with the morphology of the as-prepared SVO nanorods (i.e., Figs. 3.3c, d).

Table 3.1 Atomic ratio of V4" and V°" in the as-deposited, annealed for 30 mins, annealed for 24
h, reduced (0.2 V) and oxidized (2.0 V) SVO film.

Sample Atomic percentage of V in different VIV
valence states
V4+ V5+

As-deposited 0.00 1.00 0.00
Annealed for 30 mins 0.29 0.71 0.41
Annealed for 24 h 0.11 0.89 0.12
Reduced (0.2 V) 0.87 0.13 6.69
Oxidized (2.0 V) 0.09 091 0.10

3.2.4 Electrochromic performance of the SVO electrodes

The electrochromic performance of the SVO electrodes was characterized via a two-electrode
configuration. Here, zinc foil and a SVO electrode were used as the anode and cathode,
respectively, and 1 M ZnSO4 was used as the electrolyte solution. The choice of the ZnSO4 solution
as the electrolyte is supported by the fact that the SVO electrode is more electrochemically active
towards Zn** (Fig. A-3). To analyze the operation of the Zn-SVO electrochromic display, ex-situ
X-ray photoelectron spectroscopy (XPS) measurements were carried out to evaluate the valence
state of the V accompanied by Zn?" insertion/extraction. As illustrated in Fig. 3.5a, the ex-situ XPS
full survey spectra of the SVO electrode indicate the presence of Na, V, and O elements, without
other impurities (excluding C). The presence of Zn 2p peaks in the tinted SVO film (discharging

at 0.2 V) confirms the insertion of Zn**. The weak intensities of Zn 2p peaks in the bleached SVO
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film (charging at 2.0 V) indicate that most of the Zn?" cations are extracted from the SVO electrode.
The presence of Zn** residue in the electrode is due to the intercalated Zn?" cations trapped at the
“dead Zn>" sites”.!”! The trapped Zn>" ions can be extracted from the dead Zn*" sites by applying
a high current under a stable voltage window of the electrolyte for real applications.!”?> These
features are further confirmed by the high-resolution Zn 2p core-level XPS spectra (Fig. 3.5b).
Figure 3.5c depicts the high-resolution V 2p core-level XPS spectra of the SVO film under
different states (charging/discharging). As expected, the intercalation/deintercalation of Zn**
would induce the valence state change of the V. The most intense doublet peaks, located at 517.2
and 524.6 eV, are assigned to the V°*.3® Another pair of peaks, centered at 516.2 and 523.2 eV, are
corresponded to the V**. The atomic ratio of V#*/V>* for the as-annealed SVO film is estimated to
be 0.12 (Table 3.1). During the discharging process (0.2 V), the high valence state V>* was partially
reduced to V** and the atomic ratio of V#*/V>* increased to 6.69 (Table 3.1). In another part, the
V#/V3* atomic ratio of the bleached film (2.0 V) is estimated to be 0.10 (Table 3.1). The switch

of V¥/V3* ratio during discharging/charging induces the color switch of such Zn-SVO

electrochromic device.
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Figure 3.5. The ex-situ XPS survey spectra of the SVO electrode during discharging/charging: (a)
Full survey (b) Zn 2p, and (c) V 2p.

Figure 3.6a illustrates a schematic diagram of the working principle of the Zn-SVO
electrochromic display. The redox potential difference between the zinc foil and the SVO electrode
provides the driving force that activates oxidation of Zn and reduction of the SVO film. Such a
process is similar to the discharging process of a secondary battery. During the discharging process,

the redox potential difference induces oxidation of the Zn anode (Zn — Zn*") and intercalation of

Zn?" into the SVO cathode. Thus, this discharging process triggers a self-coloration behaviour. In
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the charging process, the applied external voltage induces deintercalation of Zn?** from the SVO

cathode and reduction of Zn*" (Zn** — Zn). The charging process, therefore, triggers a bleaching

behaviour. As depicted in Fig. 3.6b, the pair of reduction and oxidation peaks (at approximately
0.90/1.25 V) observed in the cyclic voltammetry (CV) curve indicate a single-step intercalation
and extraction process of Zn** through the SVO lattice. Figure 3.5¢ shows the change in the optical
transmittance spectra of the SVO electrode under different applied voltages. The spectroscopy test
was conducted with an Ocean Optics USB4000 Spectrometer without subtracting the transmittance
loss of ITO glass. Clearly, different colors are realized under different applied voltages. The
transmission peak blueshifts as the applied voltage decreases. The processes of Zn>" insertion (self-
coloring) and extraction (bleaching) allow the SVO electrode to exhibit reversible color switching
(orange 2 yellow & green, inset in Fig. 3.6¢). Remarkably, the SVO electrode displays different
colors while still preserving its high optical transparency of >50%. This key feature can potentially
provide access to new applications that are unattainable with reflective-mode electrochromic
displays.!?®197 The gradual color switching from orange to green results in a 73 nm blueshift of
the transmission peak from 643 to 570 nm, while achieving a 21% optical contrast at 632.8 nm
(without subtracting the transmittance loss of the ITO-coated glass). This gradual color switching
is attributed to the cathodic coloration effect of the SVO. To further investigate the self-coloration
behaviour (spontaneous color switching from orange to green) of this SVO electrode, the self-
coloration process was monitored by applying 0 V for 60 s (equivalent to connecting the Zn and
SVO electrodes together, Fig. 3.6d). The self-coloration time (spontaneous color switching time),
defined as the time required to achieve 90% of the maximum optical contrast®?, was measured to

be 7.8 s.
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Figure 3.6. Electrochromic performance of the SVO electrode. (a) Schematic illustration of a Zn-
SVO electrochromic display platform. (b) CV curve of the SVO electrode at a scan rate of 5 mV/s
over a voltage range of 0.2-2.0 V. (c) Visible-near infrared transmittance spectra of the SVO
electrode under different voltages for 60 s: green (0.2 V), yellow (1.2V) and orange (2.0 V). Inset:
the corresponding photographs of the SVO electrodes under different voltages. (d) In situ self-
coloring process (spontaneous color switching from orange to green) of the SVO film. (¢) Dynamic
test of the SVO film at 632.8 nm in the 0.2-2.0 V window. (f) Round-trip energy density
comparison of the SVO electrode during the selected cycle (dark-green region in Fig. 3.6¢e) of
dynamic test. (g) Schematic illustration of a large-scale Zn-SVO electrochromic display having
three intrinsic colors. (h) Digital photographs of the large-scale Zn-SVO display under different
voltage bias conditions. (i) Visible-near infrared transmittance spectra of the large-scale Zn-SVO
display under different voltages: green (0.2 V), yellow (1.2V) and orange (2.0 V).
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Furthermore, the dynamic transmittance characteristics of the SVO electrode were tested
within the applied voltage window between 0.2 and 2.0 V. The dynamic test was conducted by
transmitting a helium-neon laser (632.8 nm) through the samples. A voltage was applied from a
Zahner electrochemical workstation, and the photodiode output signal was collected with an
oscilloscope. The response times were calculated based on the time required to achieve 90% of the
maximum optical contrast. As shown in Fig. 3.6e, the response times are calculated to be 12.6 s
for coloration (green) and 25.4 s for bleaching (orange). Notably, this Zn-based SVO
electrochromic display eliminates the need for electrical energy to trigger the coloration process,
thus making it more energy efficient than existing electrochromic displays.!%!1931%* Remarkably,
the self-coloration (spontaneous color switching) process enables partial retrieval of the energy
expended during the bleaching process. An important metric that characterizes our Zn-based SVO
electrochromic display performance is the round-trip net energy consumption. The energy
densities of both the coloration process and the bleaching process during a selected round-trip
cycle in Fig. 3.6e are compared and presented in Fig. 3.6f. Here, the SVO electrode recovers 14.8
mWh m> from 112.3 mWh m™ in a selected round-trip cycle (i.e., the round-trip net energy
consumption is 97.5 mWh m). While the amount of retrieved energy can be further increased by
operating at higher discharge voltages, such a low discharge voltage is found to be adequate for
counterbalancing the interplay between the fast switching time requirement and the energy
retrieval capability. Along with the dynamic switching shown in Fig. 3.5e, the coloration efficiency
(CE) of the SVO electrode is calculated to be 61.2 cm? C! (Fig. A-4). This CE value is higher than

195.19 “indicating that Zn**

the values reported for Li*-based vanadium oxide electrochromic films
is efficient and promising in SVO-based electrochromic displays. Moreover, Fig. A-5 shows that

the cycling performance of the Zn-SVO electrochromic display is higher than those in published
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197,198

works , where it maintains 51% of its initial capacity and retains ~62% of the optical contrast

after 1000 CV cycles.

The bar-coating method, as expected, can be used to fabricate large-area electrochromic
displays with patterns. A 100-cm? display having three intrinsic colors was constructed to
demonstrate the scalability of the bar-coated SVO electrode (Fig. 3.6g). The SVO electrodes for
the “EE” display were prepared by bar-coating SVO/cellulose paste onto an “EE” shaped cut-out
mask on top of an ITO glass substrate (10 cm % 10 cm). The effective area of one “E” letter is 5
cm?, and the total effective area of the whole “EE” display is 10 cm?. Such a configuration enables
independent operation of the top and bottom SVO electrodes, thus providing additional
configuration flexibility in displaying patterns (i.e., different color arrays) compared to the device
illustrated in Fig. 3.2a. The colors of the two letters “EE”, as depicted in Fig. 3.6h, can also be

reversibly switched (orange 2 yellow 2 green) under different bias conditions. The “EE” patterns

exhibit a nine different color array, while the previously reported conventional V,0Os-based devices
(configured as in Fig. 3.2a) only exhibit a three different color array.'®" Figure 3.6i shows the
change in the optical transmittance spectra of the large-area display under different bias conditions
while maintaining an optical transparency of >40%. The reversible color switching between orange
and green colors of the display shows an optical transmission difference of 19% at 632.8 nm. The
bar-coating method shows great potential for a large-scale, rapid, and inexpensive manufacturing
capability, providing an efficient route to the commercialization of electrochromic indicators and
tags. For high-resolution electrochromic displays, the inkjet printing method might be a potential

approach because of its high-resolution features.!'®
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3.2.5 Electrochromic displays with broadened color palettes

As previously discussed, our newly established Zn-based electrochromic device enables a
compelling color overlay effect for electrochromic displays, which could significantly broaden the
color palettes of the displays. To implement such an innovative platform for multicolor Zn-based
electrochromic displays, a Zn-SVO device (5 cm % 5 cm) was assembled and is schematically
shown in Fig. 3.7a. The Zn-SVO electrochromic displays were constructed by sandwiching a thin
Zn square frame between two pieces of SVO electrodes. The SVO electrodes for the display were
prepared by bar-coating SVO/cellulose paste onto a 2 cm x 2 cm cut-out square mask on top of an
ITO glass substrate (5 cm x 5 cm). A PVA-ZnSO4 gel was used as the electrolyte, where the gel
was prepared by gradually adding 6 g of PVA to 60 mL of a ZnSOj4 solution (0.5 M), which was
stirred and heated in a water bath. The color overlay effect is achieved through a combination of
two SVO electrode segments to broaden the resultant color palette. Such a device configuration is
different from the configuration shown in Fig. 3.6g. To demonstrate the different color arrays
attained via the Zn-based electrochromic device, we assembled the device shown in Fig. 3.6g.
Here, the device configuration in Fig. 3.7a is used to demonstrate the color overlay of two SVO
electrode segments. Since the two SVO electrode segments can be colored and bleached
independently, multiple colors can be achieved via the color overlay effect of the three intrinsic
colors (i.e., orange, yellow, and green). Figure 3.7b illustrates the color overlay effect obtained by
superimposing the orange, yellow, and green colors. Since a single SVO electrode exhibits a three-
color behaviour (orange 2 yellow 2 green, Fig. 3.7c), the device can achieve six colors (i.e.,
orange, amber, yellow, brown, chartreuse and green). For example, the brown color can be

obtained via color overlay of the top orange electrode and the bottom green electrode.
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Figure 3.7. Design and performance of the Zn-SVO electrochromic displays with broadened color
palettes. (a) Schematic illustration of the Zn-SVO electrochromic display having six colors. (b)
Schematic illustration of color overlay effect via the combination of orange, yellow, and green
colors. The upper color code represents the color of the top SVO electrode, while the lower one
represents the color of the bottom SVO electrode. (¢) Visible-near infrared transmittance spectra
of the display under different color states. (d) Digital photograph of the display having an orange
color, showing an OCP of 1.56 V. (e) Digital photographs of a 0.5 V regulated LED powered by
the Zn-SVO electrochromic display at 1 min and 40 mins. (f) Digital photographs of the Zn-SVO
display showing six colors obtained through the color overlay effect. (g) CIE color coordinates of
the Zn-SVO electrochromic display under different color states. The labeled six numbers are
corresponding to the six colors in Fig. 3.7¢. (h) Dynamic test of the display at 632.8 nm in the 0.2-
2.0 V window. (i) Energy densities comparison during the selected round-trip cycle (dark-green
region) in Fig. 3.7h.
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Figure 3.7¢ shows the change in the optical transmittance of the electrochromic display under
different color states. There are four intermediate colors between the orange and green colors,
which significantly broadens the color palette of the display. The device maintains a
semitransparency of >30%, which is a great advantage compared to the recently reported
multicolor electrochromic displays using nanocavity structures.!?®!*31°* The gradual color
switching from orange to green results in a 76 nm blueshift of the transmission peak from 627 to
551 nm while achieving a 20% optical contrast at 632.8 nm. Interestingly, the orange-colored
display possesses an open-circuit potential (OCP) of 1.56 V (Fig. 3.7d) as it is in the fully charged
state, which enables a self-coloration behaviour.!'”!% This OCP stems from the redox potential
difference between the zinc foil and the SVO electrode, which provides the driving force that
activates oxidation of Zn (i.e., stripping of Zn into the electrolyte) and reduction of the SVO film
(i.e., intercalation of Zn?" into SVO). Thus, the built-in voltage allows the display to switch its
color from orange to green (including the four intermediate colors) due to the reduction of the SVO
film while powering an LED for more than 40 mins (Fig. 3.7e). These vivid colors from the
electrochromic display are shown in Fig. 3.7f. Conversely, the green-colored display can be
recovered to the orange color via a charging process, wherein Zn is plated onto Zn foil and Zn*" is
extracted from the reduced SVO electrode. This charging process leads to bleaching of the SVO
electrode. Figure 3.7g illustrates the corresponding chromaticity coordinates of the six colors
within the CIE color space. Such brilliant color changes cause a remarkable shift of the CIE color
coordinates, forming a circular area from orange to green with different tints. The dynamic
transmittance characteristics of the electrochromic display were evaluated in the 0.2-2.0 V window
(Fig. 3.7h), where the response times are calculated to be 23.2 s for coloration and 34.8 s for

bleaching. The orange color indicates that the device is in the fully charged state, while the green
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color indicates that the device is in the fully discharged state. Therefore, a color change between
the six displayed colors of the Zn-SVO electrochromic display can be triggered by lighting an
LED. Furthermore, the amber, yellow, brown, and chartreuse colors are intermediate color states.
As such, the response times of color switching between these colors are faster than the values (23.2
s for coloration, 34.8 s for bleaching) shown in Figure 3.7h. The energy densities during the
dynamic switching between the orange state and the green state are shown in Fig. 3.71, where 30.8

mWh m is retrieved from the operating 246.1 mWh m™.

3.2.6 Summary

In summary, the first demonstration of a transparent inorganic multicolor display, constructed by
utilizing zinc-based electrochromic devices, was presented. The SVO electrode was fabricated via
a bar-coating method with careful design of an eco-friendly SVO/cellulose paste. Such SVO

electrodes deliver reversible color switching (orange 2 yellow 2 green) associated with Zn?*

insertion (self-coloring/discharging) and extraction (bleaching/charging) while having a high
optical transparency. The three intrinsic orange, yellow, and green colors were utilized as basic
colors to develop multicolor Zn-SVO electrochromic displays via the color overlay effect of two
segments of the SVO electrodes. The constructed electrochromic display shows switching between
the multiple colors (orange, amber, yellow, brown, chartreuse and green). These key properties
mark a significant improvement over reported electrochromic displays, making the Zn-SVO
electrochromic displays promising for switchable optical filters, electrochromic tuneable micro-
optics, and transparent displays. Our platform represents a new paradigm in electrochromic
displays that can potentially facilitate new opportunities for the development of next-generation

electrochromic displays.
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3.3 Electrochromic devices having two-dimensional CIE color space
tunability

3.3.1 Introduction

Multicolor electrochromic displays can switch between multiple colors with minimal power
requirements and retain their colored states without the need for external electrical power.??° While
the color display of conventional electrochromic devices (Figure 3.8a) usually relies on the
intrinsic properties of the electrochromic materials, these devices can only switch their colors
following a single mode traversing a one-dimensional (1D) trajectory in the CIE color space. That
is, the chromaticity coordinate plots of conventional electrochromic devices distribute as a linear
or curved segment in the CIE color space (Figure 3.8b).”1%1% Such 1D color space tunability
characteristic of the conventional electrochromic devices introduces a major challenge to fabricate
multicolor displays as they can only exhibit limited color hues.?”!°2%! For example, the most
commonly reported cathodic electrochromic material, WO3, displays only a blue hue, which

significantly restricts its application in multicolor displays.
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Figure 3.8. Schematic illustrations of two different types of electrochromic devices and their
expected chromaticity coordinate plots in CIE color space. (a) Conventional electrochromic device
using ion storage electrode and electrochromic electrode. (b) In the configuration of (a), the single
variable parameter of the electrochromic layer restricts the color tunability within a linear or curved
segment scope in CIE color space and thus leading to limited color hues. (¢) Zn-based
electrochromic device using various electrochromic layers as two separate variable parameters for
generating vivid colors. (d) In the configuration of (c), two different electrochromic layers are
incorporated to work independently in an electrochromic device, thus, the two layers act in unison
to provide much wider 2D CIE color space tunability for vivid colors.

Recently, electrochromic devices based on asymmetric Fabry-Perot nanocavity-type thin
films have been investigated as a means to broaden the color hues of the WOs-based
electrochromic displays.”!?!** Compared to conventional electrochromic devices, where the

optical index of the electrochromic layer is altered through ions intercalation, !>3%:117.202

asymmetric
Fabry-Perot nanocavity-type thin films show a strong optical resonance interference, thus,

enabling multiple structural color hues.?”® Although the color hues of the electrochromic WO3;
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films are broadened via this unique structure, the chromatic coordinate plots of films are still
distributed as a linear or curved segment in the CIE color space. To realize electrochromic displays
having 2D CIE color space tunability, the thickness of the asymmetric Fabry-Perot nanocavity-
type thin films must be altered.”-!97-194294.205 However, thickness physical adjustment is impractical
for a viable and configurable color display device. Certainly, the current state-of-the-art
electrochromic displays are still suffering from the challenge of overcoming the 1D CIE color
space tunability. Although it is reported that using subpixels arranged side by side (i.e., multiple

micro electrochromic devices) can attain multicolors (Figure 3.9a),2°6:207

it suffers a costly
nanofabrication process for subpixels.?* In addition, the counter electrode for the subpixels
arranged side by side should also be divided into small segments to enable every single pixel to be
addressed separately. Furthermore, the counter electrode, serving as a charge storage layer, would
obstruct a considerable fraction of the incident light and further reduces the brightness of the device.
Notwithstanding, the subpixels design requires an expensive nanofabrication process, which
would hinder its practical commercialization. Therefore, it is of great importance to identify an

electrochromic display platform to reduce the number of subpixels while retaining multicolor

features.>*
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Figure 3.9. Schematic illustrations of two different types of displays and their expected
chromaticity coordinate plots in CIE color space. (a) An electrochromic display having three RGB
subpixels. R represents red, G represents green and B represents blue. (b) A Zn-based
electrochromic display utilizing various electrochromic layers as two separate variable parameters
for generating vivid colors.

The 1D CIE color space tunability of the conventional electrochromic devices stems from the
single variable parameter of the electrochromic layer. If two different electrochromic layers are
incorporated to work independently in an electrochromic device, each of the electrochromic layers
serves to display a color hue that traverses a 1D trajectory on the CIE color space map. When
combined, the two electrochromic layers act in unison to provide much wider 2D CIE color space
tunability for vivid colors (Figures 3.8c and 3.8d). This feature can be demonstrated via Zn-anode-
based electrochromic devices consisting of a thin Zn foil anode sandwiched between two different
electrochromic electrodes where electrical addressing of the top and the bottom electrochromic
layers allowed for vivid 2D CIE color space tunability (Figure 3.9b). Along with such enhanced
light performance, this class of electrochromic devices is also energy efficient as it offers
compelling electrical energy storage and retrieval functionalities.>'3” Consequently, such a device
platform architecture is highly attractive for the development of energy-efficient electrochromic

displays having significantly broadened color palettes. Also, since the zinc anode-based

electrochromic displays are assembled via sandwiching a zinc frame within two pieces of
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electrochromic cathodes, there is no big difference in active area between this type of device and
the conventional electrochromic displays. The active area is the area having electrochromic
material coatings.

In this section, the zinc anode-based electrochromic displays using various electrochromic
layers as two separate variable parameters for generating vivid colors are presented. The
electrochromic displays having both transmissive and reflective modes of operation are

constructed to display multiple colors traversing a 2D CIE regional color space.

3.3.2 Fabrication of transmissive-type and Fabry-Perot nanocavity
reflective-type WO3 electrochromic electrode

Since WOs3 is the most widely studied and commercially-relevant inorganic electrochromic
material,>72%2%% it is employed as the primary variable parameter for tuning the 2D CIE color
space of the zinc-anode-based electrochromic displays. Figure 3.10a illustrates a typical schematic
of a transmissive-type electrochromic electrode consisting of a WO3 thin film as the
electrochromic layer and an indium tin oxide (ITO) glass as the current collector. WO3 thin films
(230 nm) are sputtered onto ITO glass using DC sputtering at a power of 125 W. Here, the pressure
is set at 20 mTorr and gas flow is set to 20 sccm of Ar and 5 sccm of Oz (see Appendix B, the
Method section). The excellent uniformity of the 230 nm thick WO3 film sputtered on top of an
ITO glass substrate is evidenced by examining the scanning electron microscopy (SEM) images
of the electrode (Figure B-1). Shown in Figure 3.10b, the high optical transmittance (~85%) of a

WO; electrode spanning a wide wavelength range from 400 nm to 800 nm.
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Figure 3.10. Transmissive-type and Fabry-Perot nanocavity reflective-type WOs3 electrochromic
electrode. (a) Schematic illustration of a transmissive-type WO3 electrochromic electrode where
to, t1,...tm are the Fresnel coefficients describing the transmission of light when incident on the
air:-WO3 and WO3:ITO interfaces (b) Transmittance spectrum of the WOs3 electrode. Inset: Digital
image of the WOs electrode. (¢) Schematic illustration of a reflective-type W/WOs3 electrochromic
electrode where ro, 11,...1m are the Fresnel coefficients describing the reflection of light when
incident on the air: WO3; and WOzs:metal interfaces. (d) Reflectance spectrum of the W/WOs3
electrode. Inset: Digital image of the W/WOj; electrode having a light green color.

To combine the effects of optical interference and electrochromism into a single structure,
Fabry-Perot nanocavities have been developed using WO3 as the high index of refraction coating,
and tungsten (W) metal acting both as a current collector and a reflective layer. As schematically
illustrated in Figure 3.10c, this layered structure enables multiple reflections within the tungsten
trioxide thin layer and thus, leads to a strong optical interference. A reflective-type W/WO3
electrochromic electrode is fabricated via layer-by-layer sputtering thin films of metallic W (100
nm) and WO3 (230 nm) onto the ITO glass substrate. The choice of the 230 nm thick WOs3 layer

is beneficial for demonstrating a broad 2D color map of the device. Figure B-2 shows the digital

images of the Fabry-Perot nanocavity W/WOs3 (230 nm) electrode at different viewing angles.
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There is a small color change up to a large angle (50°), indicating a good angle-independent
reflectance behavior. The reflectivity of the W/WO3 electrochromic electrode is depicted in Figure
3.10d. The reflection spectrum shows a distinct peak having a broad Fabry-Perot resonance

centered at 545 nm (green) and having a maximum reflectance of 56%.

3.3.3 Electrochromic performance of working electrodes

The Zn*" intercalation (deintercalation) processes into (from) the WOs5 films were evaluated by
cyclic voltammetry in 1 M ZnSOjs electrolyte. As shown in Figures 3.11a and 3.11b, the presence
of the two anodic peaks located at 0.562 V (peak 1) and 0.802 V (peak 2), without the existence
of an obvious cathodic peak, suggest a multistep deintercalation and a single-step intercalation
process of the Zn** ions. Figure 3.11c presents the change in the optical transmittance spectra of
the WOs electrode under different applied voltages. The spectroscopy test for visible light
transmittance spectra was conducted with an Ocean Optics USB4000 Spectrometer without
subtracting the transmittance loss of ITO glass. The gradual color switching (i.e., from transparent
to deep blue while achieving a maximum 63% optical contrast at 632.8 nm) is attributed to the
cathodic coloration effect of WO3 electrodes under different applied voltages. The limited blue
hue coloration exhibited by the WOs3 electrode emphasizes the inherent color choice limitations
imposed by using a single electrochromic for multi-color display applications.

The switching time response of the WOs3 electrode was tested within the applied voltage
window between 0.2-1.4 V. As shown in Figure 3.11d, the response times, defined as the time
required for achieving 90% of maximum optical contrast,>!’ are measured to be 14.6 s for
coloration (at 0.2 V) and 7.1 s for bleaching (at 1.4 V). These response times are comparable to

those reported previously.!'!442!1 Along with the time switching dynamic test, the coloration
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efficiency (CE) of the WOs electrode is calculated to be 85.3 cm? C! (Figure B-3). This CE value
is much higher than that of previously reported.'%2!? This is because that the multivalent ions (e.g.,
Zn*") provide multiple charges that accelerate the redox reactions which results in high coloration
efficiency, compared to the typically employed monovalent ions (e.g., H', Li* or K*).37-*8

An interesting feature of the Zn-based electrochromic device platform is that it is different
from the conventional electrochromic platforms as it eliminates the need for an applied voltage to
reduce the electrochromic cathode. In this regard, this Zn-based electrochromic device platform
offers an interesting function where a portion of the consumed electrical energy during the
oxidation process can be retrieved. To shed light on the energy cycling efficiency, it is important
to measure the round-trip net-energy consumption. The energy densities of both the coloration
process and the bleaching processes during a selected round-trip cycle in Figure 3.11d are
compared and presented in Figure 3.11e. Here, the WOs electrode recovers 13.9 mWh m from
108.8 mWh m™ in a selected round-trip cycle (i.e., the round-trip net-energy consumption is 94.9
mWh m?). Thus, a portion of the consumed electrical energy during the bleaching process is
retrieved during the coloration process. Notwithstanding, benefit from the energy retrieval

2 is less than that of a

functionality, the round-trip net-energy consumption of 94.9 mWh m"
conventional electrochromic device using TiO2 as the active electrochromic layer.?’* Since a low
discharging voltage leads to a large potential difference between the Zn anode and the WOs3
cathode, there is an interplay between rapid color switching and high energy retrieval capability
as the low discharging voltage results in a rapid coloration process, but it contrarily reduces the
amount of energy retrieved from the device. A proper balance must be struck between the

electrochromic switching performance and the energy saving. After 1000 of CV cycling, the Zn-

WO3 electrochromic device, it was shown that the device retains a maximum optical contrast of
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34% (Figure B-4). Although such performance is not ideal, the main focus here is to demonstrate

proof-of-concept electrochromic displays having vivid colors.
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Figure 3.11. Characterization of the electrochromic electrodes. (a) Schematic illustration of the
Zn-based electrochromic device platform showing the Zn?* intercalation (deintercalation)
processes into (from) the electrochromic electrode. (b) CV curve of the WO3 electrode taken at a
scan rate of 50mV s™! over a voltage range of 0.2-1.4 V. (c) Optical transmittance spectra and
their corresponding digital images of the WOs3 electrodes under different applied voltages. (d)
Dynamic switching times of the WOjs electrode at 632.8 nm in the 0.2-1.4 V window. (e) Round-
trip energy density comparison of the WO3 electrode during the selected cycle [dark-green shaded
region in (d)] of the dynamic test. (f) Optical reflectance spectra and their corresponding digital
images of the W/WOs electrodes under different applied voltages. (g) CIE color coordinates of the
WOs electrode and W/WOs electrode at different color states. (h) CIE color coordinates of the
SVO electrode at different color states. (i) Optical reflectance spectra and their corresponding
digital images of the SVO electrodes at different applied voltages.
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To investigate the broadened color hues of the Fabry-Perot nanocavity-type W/WOs
electrochromic electrode, optical reflectance spectra of the W/WOj3 electrode, at 0.2 V-1.4 V, are
presented in Figure 3.11f. The spectroscopy test for optical reflectance spectra was conducted
with a Hitachi U-3900H Spectrometer. As the voltage decreased from 1.4 V to 0.2 V, the
reflectance peak gradually blueshifts while decreasing in amplitude. The gradual color switching
from light green to dark purple results in an 80-nm blueshift of the reflectance peak position from
520 to 440 nm. Such an 80-nm blueshift is larger than our previously reported electrochromic
displays using a plasmochromic metal-insulator-nanohole cavity structure.!°® When the vivid color
changes of the W/WOs electrode at different potentials are displayed on chromaticity coordinates
in the CIE color space (Figure 3.11g), a curved coordinate line is realized. The presence of the
Fabry-Perot nanocavity structure has greatly broadened the blue color hue of the WO; electrode.
Nonetheless, the chromaticity coordinates plots of the WO; electrode and W/WOs electrode still
distribute within a 1D linear or curved segment in the CIE color space, which limits the diversity
of display colors. For a wide scope of applications, it is highly desirable to have an electrochromic
display configuration expressing more color hues.

The Zn-anode-based electrochromic device platform enables independent electrochromic
activation of top and bottom electrodes, thus providing additional configuration flexibility of the
device to span more color states.”? Through the utilization of dual electrochromic layers, a color
overlay effect forms a 2D chromaticity coordinate plots distribution within the CIE color space,
and thus generating a broadened color palette. To explain the working principles of the dual
electrochromic layers, WO3; and W/WO; electrodes are incorporated with our previously
fabricated SVO (sodium ion stabilized vanadium oxide) electrodes.?> The zinc-anode-based

electrochromic displays possessing 2D CIE color space tunability are demonstrated in both
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transmissive and reflective modes. Figures 3.11h and 3.111 display the chromaticity coordinates
and the optical transmittance spectra, respectively, of the SVO electrode under different applied
voltages. The intercalation of Zn?" into SVO electrodes triggers a gradual color switching from
orange to green with a 120 nm blueshift of the transmittance peak position from 690 to 570 nm.

Such a bright color change stems from the intrinsic electrochromic properties of the SVO material.

3.3.4 Transparent electrochromic displays with broadened color
palettes

As previously discussed, the compelling color overlay effect of the =zinc-anode-based
electrochromic displays enables the realization of the 2D CIE color space tunability which
significantly broadens the color palettes of an electrochromic display. To implement such an
innovative platform for transparent multicolor electrochromic displays, an SVO-Zn-WO;
electrochromic device (5 cm x 5 cm) was assembled as schematically shown in Figure 3.12a. The
electrochromic electrodes for the display were prepared by depositing films through a 2.5
cm X 2.5 cm cut-out square mask placed on top of a 5 cm x 5 cm ITO glass substrate. The
transparent electrochromic displays were constructed by sandwiching a thin Zn square frame
between one piece of SVO electrode and one piece of WOs3 electrode. The PVA-ZnSO4 gel was

used as electrolyte.
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Figure 3.12. Transparent electrochromic display exhibiting broadened color palettes. (a) Schematic
illustration of the SVO-Zn—WOjs electrochromic display. (b) Optical transmittance spectra of the
display as the SVO electrode remains fully in a charged state (2.0 V) and the WO3 electrode tunes
its colors under different applied voltages (0.2-1.4 V). (c) Optical transmittance spectra of the
display as the SVO electrode remains partially in a charged state (1.2 V) and the WOj3 electrode
tunes its colors under different applied voltages (0.2-1.4 V). (d) CIE color coordinates of the SVO-
Zn—WOs electrochromic display for sixteen different color states which form an enclosed area in

CIE color space. (e) Digital images of the SVO-Zn—WO3 display sixteen colors realized through
the color overlay effect.
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The color overlay effect was achieved through the combination of an SVO electrode on top
of a WOs electrode. Since the two electrochromic electrodes can be colored and bleached
independently, Figure 3.12b illustrates the optical transmittance spectra of the display as the SVO
electrode remains in a fully charged state (2.0 V) and the WO3 electrode tunes its colors under

different applied voltages (0.2-1.4 V). The gradual color switching of the WO3 electrode results in
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a 73 nm blueshift of the transmittance peak position from 681 to 608 nm. As numbered from 1 to
4, four specified color states in Figure 3.12b are displayed on the CIE color space (Figure 3.12d),
demonstrating the capability for changing the color hues. Figure 3.12c illustrates the optical
transmittance spectra of the display as the SVO electrode remains in a partially charged state (1.2
V) and the WOs; electrode is color-tuned under different applied voltages. The spectra of the
display show a 67 nm blueshift of the transmittance peak position from 624 to 557 nm. Similarly,
four specified color states (numbered as 5 to 8) from Figure 3.12c¢ are displayed on CIE color space.
Figures 13a and 13b illustrate the change of the optical transmittance spectra of the display as the
SVO electrode remains in a partially charged state (0.6 V) or a fully reduced state (0.2 V) and the
WOs electrode gradually tunes its color states under different applied voltages. Thus, additional
eight color states (numbered from 9 to 16) are displayed on the CIE color space (Figure 3.12d).
Since the two electrochromic electrodes can be operated independently, while the SVO electrode
induces reversible color switching of the display as numbered: 1 25292 13;2262 102 14,
etc. The reversible color switching of the WOs3 electrode induces different color states as
numbered:1 222324;52627 28, etc. In essence, the SVO-Zn-WOs electrochromic device
is capable of displaying all color hues within the enclosed area formed by these chromaticity
coordinates (Figure 3.12d). While the chromaticity coordinate plots of conventional
electrochromic displays form a linear or curved segment in CIE color space (1D CIE color space
tunability), the dual electrochromic electrodes of Zn-anode-based electrochromic display is highly
versatile as its CIE color space spans a 2D space. Figure 3.12e shows the corresponding digital
images of the SVO-Zn-WO; electrochromic display under sixteen different representative color
states. Since our devices are non-emissive displays, the brightness of colors relies on the intensity

of natural light and the thickness of the electrochromic layers.?!° Some colors appear dark blue
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because the total thickness of our electrochromic layers is relatively thick, especially when dual
electrochromic layers are applied. The large family of vivid multi-color states attests to the color-
tunable characteristic of the device. Notably, it is possible to color or bleach the dual
electrochromic layers at the same time for fast switching. The color switching of the display

between 1 2 6 2 11 2 16 can also be attained via successively triggering the color evolution of the

dual electrochromic layers. The displaying colors of our devices are attributed to the intrinsic
colors generated by dual electrochromic layers (e.g., the light absorption of materials). By

choosing and incorporating different types of electrochromic materials, different 2D ranges of

color can be obtained.
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Figure 3.13. (a) Optical transmittance spectra of the display as the SVO electrode remains in a
partially charged state (0.6 V) and the WO3 electrode tunes its colors under different applied
voltages (0.2-1.4 V). (b) Optical transmittance spectra of the display as the SVO electrode remains

in a fully reduced state (0.2 V) and the WO3 electrode tunes its colors under different applied
voltages (0.2-1.4 V).
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3.3.5 Reflective electrochromic displays with broadened color
palettes

It is of great importance to realize further versatilities of such an electrochromic display platform
through its function as a reflective-type electrochromic display device. As aforementioned, the
W/WO3 Fabry-Perot nanocavity structure can broaden the color hues of the WOs3 electrode. In this
regard, a Scm X 5 cm reflective-type SVO-Zn-W/WOs electrochromic device was assembled
through sandwiching a zinc foil between a transmissive SVO electrode and a reflective W/WO3
electrode (Figure 3.14a). This design architecture enables the color overlay effect while
maintaining the reflectivity of the display. Figures 3.14b and 3.14c (and Figures 3.15a and 3.15b)
illustrate the optical reflectance spectra of the display as the SVO electrode remains at a specified
charged color states (e.g., 2.0 V, 1.2 V, 0.6 V or 0.2 V) and the WO3 electrode tunes its colors
under various applied voltages (0.2-1.4 V). As numbered from 1 to 16, sixteen representative color
states are displayed on the CIE color space (Figure 3.14d), demonstrating the excellent capability
for changing the color hue of the reflective-type electrochromic device. As such, the dual
electrochromic electrodes enable the SVO-Zn-W/WOs electrochromic device to display all the
color hues within the 2D enclosed area formed by the sixteen representative chromaticity
coordinates. Due to the wide color hues modulation of the W/WQOs3 Fabry-Perot nanocavity
electrode (from light green (520 nm) to dark purple (440nm)), this enclosed area is relatively larger
than the area formed by the transparent device (Figure 3.12d). The corresponding digital images
of the SVO-Zn-W/WOs electrochromic display under sixteen different color states further confirm

the compelling function of the color overlay effect (Figure 3.14e).
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Figure 3.14. Reflective electrochromic display exhibiting broadened color palettes. (a) Schematic
illustration of the SVO-Zn—W/WOs electrochromic display. (b) Optical reflectance spectra of the
display as the SVO electrode remains fully in a charged state (2.0 V) and the W/WOs electrode
tunes its colors under different applied voltages (0.2-1.4 V). (¢) Optical reflectance spectra of the
display as the SVO electrode remains partially in a charged state (1.2 V) and the W/WOs electrode
tunes its colors under different applied voltages (0.2-1.4 V). (d) CIE color coordinates of the SVO-
Zn—W/WO;3 electrochromic display under sixteen different color states which form an enclosed
area in CIE color space. (e) Digital images of the SVO-Zn—W/WO3 display showing sixteen colors
realized through the color overlay effect.

84



—~30F ~ 30}

& X

§ 25} 8 25}

3 s

© 20p 5 20}

: £

Q 15| © 15k

o 15 o 15
10} 10}

5 . ; . . ;
400 500 600 700 800 ioo 500 600
Wavelength (nm)

700 800
Wavelength (nm)

Figure 3.15. (a) Optical reflectance spectra of the display as the SVO electrode remains in a
partially charged state (0.6 V) and the W/WOj3 electrode tunes its colors under different applied
voltages (0.2-1.4 V). (b) Optical reflectance spectra of the display as the SVO electrode remains

in a fully reduced state (0.2 V) and the W/WO3 electrode tunes its colors under different applied
voltages (0.2-1.4 V).
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Figure 3.16. Color images of (a) the transparent-type displays and (b) the reflective-type displays
at different viewing angles with respect to the surface normal.
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Moreover, Figure 3.16 depicts the color images of both the transparent-type and the
reflective-type displays at different viewing angles. Four representative color states (#1, 4, 13 and
16) are demonstrated. The transparent-type displays show an excellent angle-independent
transmittance behavior as no detectable color change is observed. For the reflective-type displays,
there is a slight color change up to a large angle (70°), indicating a good angle-independent

reflectance behavior.

3.3.6 Demonstration of a dual-mode prototype transparent-
reflective zinc-based electrochromic display

To demonstrate that the zinc-anode-based electrochromic display can be used for electronic shelf
labels or optical filters for projectors, a 25-cm? display having a “W” letter pattern was formed and
schematically shown in Figure 3.17a. WOs3 film was sputtered onto a W-shaped metallic layer to
form a color-changing display pattern. In this way, the assembled display can be addressed by two
parts of the structure, namely, the reflective part of the letter “W” and the transmissive part of the
remaining surrounding area. Figure 3.17b depicts a schematic illustration of the principle operation
of the patterned display where the device can be used as an optical filter for projectors where
different colors can be tuned while the pattern remains as a dark background for presenting
designed information.

Interestingly, the fully charged display possesses an open circuit potential (OCP) of 1.21 V
(Figure 3.17c). This OCP, which stems from the redox potential difference between the zinc foil
and the incorporated dual electrochromic electrodes, enables self-coloration behavior and energy
retrieval functionality. This display offers an interesting function where a portion of the consumed
electrical energy during the oxidation process can be retrieved. That is, the display is able to switch

its color from orange to deep green (transmissive region) without the need for applying an external
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voltage, while at the same time powering an LED for more than 30 mins (Figure 3.17d). The
reflective part (i.e., the letter “W”) of the display exhibits additional color change which varies
from brown to deep blue. Figure 3.17e shows the digital images of the display at some
representative colors, confirming its great promise for optical filters and projectors. Here, the
reversible switching of the display is operated either via powering a 0.5 V regulated LED for the
self-coloration/discharging processes or through applying external voltages (2.0 V) for the
bleaching/charging processes. Notably, this type of electrochromic display is highly energy
efficient as its color change can be triggered by cycling back a portion of the stored electrical
energy in the display during the bleaching process.

a b
4— Glass

4+— ITO

N 4— syo

\ 44— Zn* electrolyte Light
4—2Zn
4+—— WO3
W

4+— ITO
4—— Glass

2.0V

Figure 3.17. Demonstration of prototype zinc-based electrochromic displays. (a) Schematic
illustration of a hybrid electrochromic display. (b) Illustration of the prototype device, having an
exemplary letter W-shaped pattern. The pattern can be used as an optical filter for projectors,
where different colors can be tuned while the pattern remains as a dark background. (c) Digital
image of the display for a fully charged state, showing an OCP of 1.21 V. (d) Digital images of a
0.5 V regulated LED powered by the electrochromic display for 1 and 30 min. (e) Digital images
of the electrochromic display showing four different color states obtained via lighting an LED.
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3.3.7 Summary

To summarize, multi-color electrochromic displays having 2D CIE color tunability were
demonstrated via utilizing the Zn-anode-based electrochromic device platform. This novel
electrochromic display platform can be addressed to both transmissive-type and reflective-type
devices. The device's architecture is configured to have two independent electrochromic electrodes,
as such, they can achieve rich color tunability over a wide color gamut distribution via the color
overlay effect. As a result, the chromaticity coordinate plots of these displays form a 2D enclosed
area in CIE color space, which is rather distinct from those 1D linear curves of conventional
electrochromic displays. Our presented Zn-anode-based electrochromic platform is expected to
accelerate future electrochromic display technology that brings the full-color tunability in a single

electrochromic device within reach.
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3.4 A dual-mode electrochromic platform integrating zinc anode-
based and rocking-chair electrochromic devices

3.4.1 Introduction

Electrochromic technology platform is typically realized through a device architecture comprised
of an electrochromic electrode (i.e., working electrode), a counter electrode and an electrolyte.?!?
Such a rudimentary electrochromic device is operated in a fashion where cations in the electrolyte
are intercalated/extracted and moved back and forth between the electrochromic electrode and the
counter electrode as the applied voltage is reversed. By properly matching the cathodically
coloring working electrode material and the anodically coloring counter electrode material, both
electrodes are able to be colored and bleached in a simultaneity, which offers an optimized optical
contrast of this complementary-type electrochromic device. Many pioneer studies on this type of
electrochromic device have been reported by matching different electrochromic materials, such as
WOs and NiO,*197:214 or TiO; and NiO,!""!> or WO; and KFeFe(CN)s (Prussian blue, PB) or its
analogs (PBAs),2!>2!7 etc., which showed low operating potentials and rapid switching speed.
However, the performance of the complementary-type electrochromic devices is restricted by the
charge balance between the working and counter electrodes, as the different cations storage
amount in working and counter electrodes will cause side reactions and thus leading to electrolyte
decomposition, poor optical contrast, and low coulombic efficiency. Therefore, the careful design
of both electrodes to have a matching electrochemical capacity is critical to achieve an optimized
electrochromic performance.

It is well accepted that the complementary-type electrochromic devices are thin film devices

possessing low capacity.'*!>2!® During the charging process, external voltage acts as the driving
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force to trigger the cation intercalation into the working electrode, thus, resulting in a
corresponding color switching. Conversely, during the discharging process, cations are released
from the working electrode and are intercalated into the counter electrode. In this regard, such
electrochromic devices are of great interest for their use in energy-efficient optoelectronic devices
where the cations stored in the devices can be retrieved while simultaneously having light
transparency control. However, not all of the stored cations can be self-retrieved during the
discharging process, due to the inherent bistability of electrochromic materials and the low
electrode redox potential difference between working and counter electrodes.'®?!® Most
importantly, this class of electrochromic devices cannot be fully switched to its original color state
via draining its electrical power through an external load (i.e., via powering external an electronic
device). Due to the strong electrostatic interactions between embedded cations and the
electrochromic material, even for devices having matching capacity, an external voltage bias is
still required to switch the electrochromic device.!' Therefore, the electrode redox potential of the
working and the counter electrodes should be tailored for developing self-switching
electrochromic devices.?!

To overcome the limitations (e.g., charge balance, matching electrode potential, and long-
term reversibility) imposed by the complementary-type electrochromic devices, zinc anode-based
electrochromic devices can be applied.?>*??° Here, the zinc anode acts as the counter electrode,
and thus facilitates self-color-switching via the redox potential gradient differences between the
zinc anode and the electrochromic cathode.’ Notwithstanding, such devices exhibit only a one-
way self-switching mechanism by discharging its voltage similar to a secondary battery.

Accordingly, the exploration of reversible electrochromic devices having dual self-switching

90



functionalities perhaps should be one of the primary tasks to be undertaken by the electrochromic
community.

To date, there is no report on the study of tailoring electrode redox potentials of the anodic
and cathodic electrodes within a complementary-type electrochromic device. Similar to the zinc
anode-based electrochromic devices, where the redox potential gradient differences between the
zinc anode and the electrochromic cathode facilitate a self-color-switching behavior, by employing
a redox potential gradient difference between the anodic and the cathodic electrodes, the
complementary electrochromic device is able to inherently self-discharge and thus facilitating a
self-color-switch. As shown in Figure 3.18, during the discharging process, the redox potential
gradient difference between the anodic and cathodic electrodes triggers a self-color-switch of both
electrodes in a simultaneity (according to the redox potentials of two electrodes, this self-color-
switch process may lead to a beaching of the device (Ecathodic<Eanodic) Or a coloration of the device
(Ecathodic>Eanodic)). On the other hand, during the charging process, both electrodes return to the
initial optical states by applying an external potential between the two electrodes. Consequently,
this type of device, where the flow of cations back and forth between anodic and cathodic
electrodes can be triggered by its built-in voltage, is operated in a rocking-chair fashion (i.e.,
rocking-chair type electrochromic devices). Notably, this rocking-chair type electrochromic
device platform is highly manipulative as it exhibits a self-color-switch. As such, by coupling the
zinc anode-based electrochromic platform and the rocking-chair type electrochromic platform into
a single platform, the coming age of electrochromic devices having dual self-switching

functionalities is appearing on the near horizon.
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Rocking-chair type electrochromic devices
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Figure 3.18. Schematic diagram illustrating the rocking-chair type electrochromic devices. During
the discharging process, both the anodic and cathodic electrodes can self-bleach (or self-color) in
a simultaneity due to the redox potential gradient difference between the two electrodes. By
applying an external potential between the two electrodes, during the charging process, both
electrodes return to the initial optical states.

In the following section, we investigate a novel dual-mode electrochemically reversible
platform enabled by sandwiching a Zn metal anode within a PB-WOs rocking-chair type
electrochromic device, by virtue of utilizing a well-designed hybrid electrolyte system to tailor the
redox potential difference between the WO3 and the PB electrodes (Figure 3.19a). To prepare the
WO:s electrode, the W powder (1.8 g) was added to 60 mL of H>O» solution (30%) and stirred for
12 h to form a yellow peroxotungstic acid colloid. Next, the sediments were filtered to obtain a

clear colloid. The clear colloid was electrodeposited onto a cleaned ITO glass substrate at —0.3 V

for 180 s to obtain a WOs electrode. To prepare the PB electrode, the K3[Fe(CN)s] (10mM),
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FeCl3'6H20 (10 mM), and KC1 (50 mM) were dissolved in distilled water under stirring. Next, the
electrodeposition was performed at a constant current density (-0.05 mA/cm?, 240 s) onto a cleaned
ITO glass substrate to obtain a PB electrode (see Appendix C, the Method section).

Such a WOs3-Zn-PB device configuration enables independent operation of the WO3 and the
PB electrodes, thus providing additional operation flexibility (e.g., self-coloring/self-bleaching) in
addition to offering precise manipulation of a single electrode. We show that the redox potential
differences between the zinc anode and the WO3/PB electrodes endow the self-color-switching of
these electrodes (Mode I shown in Figure 3.19b). By further altering the redox potential difference
between the WOs and the PB electrodes through the utilization of a well-designed hybrid
electrolyte system, we demonstrate a rocking-chair type electrochromic device having spontaneous
self-bleaching functionality for the first time (i.e., a rocking-chair type electrochromic device,
Mode II shown in Figure 3.19¢c). As such, the full utilization of the redox potential differences
between the three electrodes enables dual-mode operations, which is a highly promising function

for electrochromic devices having dynamic light control.
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Figure 3.19. Schematic diagram illustrating the dual-mode operation processes. a) Schematic
diagram illustrating the basic operation of a reversible dual-mode electrochromic device having a
self-switching functionality. b) Schematic diagram illustrating the Mode I operation processes. ¢)
Schematic diagram illustrating the Mode II operation processes.
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3.4.2 Mechanism of the dual-mode electrochromic platform

To better elucidate the basic operating mechanism of this dual-mode electrochromic device
platform, it is important to examine the energy level transition diagrams for WOs, Zn, and PB
shown in Figure 3.20a,b. While the large redox potential difference between Zn and PB/WOs3
electrodes (~1.12/1.06 V) is expected to serve as a driving potential to trigger the spontaneous
color switching process, the similar redox potentials between WOj3 (0.30 V)*® and PB (0.36 V)?%°
brings great challenges to realize a PB-WOs rocking-chair type electrochromic device having
spontaneous self-color switching. Therefore, to realize a dual-mode electrochromic platform
having self-coloring and self-bleaching functionalities, it is critical to alter the redox potential
difference between the WO3 and the PB electrodes. This can be accomplished by coupling the zinc
anode-based electrochromic device and the aforementioned PB-WOs3 rocking-chair type
electrochromic device with a well-designed electrolyte into a single platform as illustrated in
Figure 3.19a. In such a configuration, the first operating mode (i.e., Mode I, Figure 3.19b) is
realized by electrically connecting the Zn anode to either the WO3 or equivalently to the PB
cathode, wherein, the redox potential difference between the Zn anode and the WOs3 (or the PB)
cathode allows the Zn metal to be oxidized and the WOs3 (or the PB) electrochromic layer to be
reduced. During this discharging process, the Zn anode is oxidized and releases Zn>" and, at the
same time, the K™ from the KCI-ZnSOs electrolyte are intercalated into the WO3 (or the PB)
electrochromic cathode. This discharging process triggers a spontaneous color-switching of the
WO; (or the PB) electrochromic electrode where the WO3 layer changes its color state from being
transparent to a light blue color (or when the Zn anode is connected to the PB, the PB layer changes
its color from dark blue to be transparent). To return to the initial color state(s), the direct electrical

contact between the Zn anode and the WOs3 (or the PB) cathode is disconnected, and an external
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potential (1.0 V or 1.8 V) is applied between the Zn anode and the WO3 cathode (or between the
Zn anode and the PB cathode). During this charging process, the Zn>" are reduced and plated onto
the Zn anode and the K" are de-intercalated from the WOs3 (or the PB) electrochromic cathode.
The second operating mode (i.e., Mode II, Figure 3.19¢) requires taking advantage of the
redox potential difference between the WO3 and PB electrodes. During the discharging process,
the Zn anode and the WO3 electrode are connected, thus inducing the oxidation of the Zn anode

(Zn — Zn*") and the reduction of the WO; electrode (due to the K intercalation). When this

process is followed by a direct electrical contact between the WO3 and the PB electrodes, the K*
are extracted from the reduced WOs; electrode and intercalated into the PB electrode. This
discharging process triggers a spontaneous color-switching process of both the WOj3 electrode (i.e.,
from light blue color to transparent) and the PB electrode (i.e., from dark blue color to transparent).
On the other hand, during the charging process, the WO3-Zn-PB device returns to its initial color
state. Here, the Zn>" are reduced and plated onto the Zn anode while the K* are de-intercalated
from the PB electrode by applying an external potential of 1.8 V between the Zn anode and the PB

electrode.
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Figure 3.20. Characterization of the electrochromic electrodes in different electrolytes. The energy
level transition diagram of WOs3, Zn, and PB in: a) IM ZnSO4 and b) 1 M KCI - 0.1 M ZnSO4
electrolyte system. ¢) The diffusion coefficients of the WOs3 electrode. d) The diffusion coefficients
of the PB electrode.

To realize the operating Mode II, it is important to tailor the redox potential difference
between the WO3 and PB electrodes. Therefore, it is critical to properly alter the electrolyte
composition to tailor the redox potential difference between the WO3 and the PB electrodes
according to the Nernst equation (i.e. Eq. (3.1)),221:%2

(3.1)

Areq

o RT
Ecen = Ecenn — n_Fln ( )

aox

Where E,,; is the cell potential of interest, ES,; is the standard cell potential, R is the universal

gas constant, T is the temperature (K), F is the Faraday constant, n is the number of electrons
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transferred in the cell, and a is the chemical activity for the relevant species (i.e., @, eq 1S the

chemical activity of the reduced product and a,, is the chemical activity of the oxidized product).
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Figure 3.21. Cyclic voltammetry (CV) performance of the WO; electrode at different scanning
rates: a) IM ZnSO4 and b) 1M KCI - 0.1M ZnSOs.
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Figure 3.22. Cyclic voltammetry (CV) performance of the PB electrode at different scanning rates:
a) IM ZnSO4 and b) 1M KCl - 0.1M ZnSOg.
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Of particular importance, when investigating the cell potential of electrochromic devices, it
is able to have the flexibility to modify the redox potential through the chemical activity for the
relevant species within the cell. The chemical activity is related to the efficiency of gaining/losing

electrons,???

as such, the redox potential difference between the WO3 and the PB electrodes can be
tailored by selecting the types of cations used in the electrolyte solution. Figures 3.21a and 3.22a
depict the cyclic voltammetry (CV) curves for the WO3 and the PB electrodes in a 1 M ZnSO4
solution measured at different scan rates. Here, the diffusion coefficient of Zn?* for intercalation
and extraction can be estimated from the measured peak current, I, (Amps) (Eq. (3.2)),'%8

I, = 2.69 x 105ACy/Dvn? (3.2)
Where 7 is the number of electrons transferred, 4 is the contact area (cm?), D is the diffusion
coefficient of the cation ions (cm? s !), C is the concentration of the cation ions in the electrolyte
solution (mol cm ™), and v is the scan rate (V s ). Accordingly, the diffusion coefficients of Zn**

s land

for intercalation and extraction of the WOj electrode are calculated to be 2.38 x 107! cm
3.17 x 107" ecm? s, respectively (Figure 3.20c); whereas for the PB electrode are 1.87 x 107!!
cm? s~! for intercalation and 5.21 x 107! cm? s™! for extraction as depicted in Figure 3.20d.
Interestingly, since there is no significant difference between the diffusion coefficient values of
the WO3 and the PB electrodes, they must exhibit a very similar electrochemical activity, and, thus,
the PB-WOjs cell potential is close to their standard cell potential. This is further confirmed in a
device platform, where the open circuit potential (OCP) of the PB-WO; cell is measured ina 1 M
ZnSO4 solution, to be 0.076 V (Figure 3.23a), which is nearly the same as the standard cell
potential of 0.06 V shown in Figure 3.20a. As discussed, since the presence of the Zn>" is necessary

for the striping/plating of the Zn anode in the zinc anode-based electrochromic devices,*'® a hybrid

electrolyte is needed for the dual-mode electrochromic operation. As such, it is important to select
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the proper cation to intercalate and extract the PB electrode. It is well-known that the intercalation
of K" into PB structures is a highly reversible and fast kinetics process due to the ease of diffusion
of the K into the open-framework atomic structure of PB lattice.!**?*} Thus, a hybrid electrolyte
consisting of Zn?>" and K™ is suitable to tailor the redox potential difference between the WO3 and
the PB electrodes. Figures 3.21b and 3.22b depict the cyclic voltammetry (CV) curves for the WO3
and the PB electrodes in a 1 M KCI-0.1 M ZnSOg4 solution measured at different scan rates. As
shown in Figure 3.20c,d, the diffusion coefficients of K" into the WOs3 electrode are calculated to
be 3.95 x 1071 cm? s7! (for intercalation) and 4.75 x 107!° cm? s™! (for extraction) and for the PB
electrode are 3.78 x 10~ cm? s™! (for intercalation) and 3.95 x 10~ cm? s™! (for extraction). In our
experiments, we determined that the measured diffusion coefficients of K* into the PB electrode
are much higher than those diffusion coefficients into the WO3 electrode. These results confirm
that the K™ is an excellent choice for the hybrid electrolyte since it can be easily extracted from the
WOs electrode and efficiently intercalated into the PB electrode. Notably, since there is a
significant difference between the diffusion coefficient values of the WO3 and the PB electrodes,
the differentiation of electrochemical activities of the two electrodes is created. As such, the redox
potential difference between the WO3 and PB electrodes is increased in the hybrid electrolyte. In
order to put all our aforementioned findings into practice, a hybrid electrolyte, consisting of 1 M
KCI-0.1 M ZnSOs4, was used as the ion-conducting layer of the dual-mode electrochromic device.
In this system, the OCP of the PB-WOs cell is found to increase from 0.076 to 0.376 V (Figure
3.23b). Such a relatively high OCP is critical for the self-bleaching process of the PB-WOs3

electrodes.
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Figure 3.23. Digital photograph of the dual-mode device showing an increased OCP of 0.376 V
between the WOs3 electrode and the PB electrode in a IM KCI - 0.1M ZnSOq4 electrolyte system
(b), compared to 0.076 V in the 1M ZnSO; electrolyte system (a).

3.4.3 Optimization of the electrochromic electrodes

It is important to further show that the inclusion of the K into the electrolyte makes the WO3 and
PB electrodes more electrochemically active, compared to a pure Zn** electrolyte. Figure 3.24a,b
depicts the cyclic voltammetry (CV) scans of the WO3 and the PB electrodes in 1M ZnSO4 and in
the hybrid 1 M KCI - 0.1 M ZnSOjs electrolyte. As indicated in Figure 3.24ab, the Zn?"
intercalation/extraction in pure Zn>" electrolyte is a relatively slow kinetic process (i.e., smaller
enclosed area of CV), compared to the K* intercalation/extraction process in hybrid K*-Zn**
electrolyte. This is attributed to the fact that the multivalent Zn** cations lead to a large lattice
distortion, due to the strong electrostatic interactions, hence, resulting in a drastic depreciation in
current densities during successive cycling (Figure C-1a).!°%22* For the PB electrode, a pair of
well-defined redox peaks (at 1.1 and 1.5 V, Figure 3.24b) is observed in the hybrid electrolyte.
These peaks are attributed to the reduction/oxidation processes of low-spin Fe'/Fe!! coupling to
the C atoms via the intercalation/extraction of K*.!”” Remarkably, the redox peaks of the PB film
in the hybrid electrolyte remain almost unchanged during cycling (Figure C-1b), suggesting a

highly reversible redox reaction is taking place during cycling.
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Figure 3.24. a) The CV scan of the WOs electrode taken at a scan rate of 20 mV s™! over a voltage
range of 0.1 V-1.2 V. The insets show the WOs3 electrode displays a transparent state in its oxidized
state and can be reduced to a blue state via the intercalation of K. b) The CV scan of the PB
electrode taken at a scan rate of 20 mV s~ ! over a voltage range of 0.3 V—1.8 V. The insets show
the PB electrode displays a blue state in its oxidized state and can be reduced to a transparent state
via the intercalation of K. ¢) The areal capacities of the WO3 electrode and the PB electrode. d)
Visible-near infrared transmittance spectra of the PB-WO; device under different voltages by
using the hybrid electrolyte. €) Dynamic of 632.8 nm optical transmittance of the PB-WOs device
in two voltage ranges of -1.0 V-0 V and -1.0 V-0.5 V. f) Visible-near infrared transmittance spectra
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The redox reactions induce color variations of both the WO; and the PB electrodes. As
presented in the insets in Figure 3.24a, the WO3 electrode exhibits a transparent color in its
oxidized state and a blue color via the intercalation of the K. On the other hand, the PB electrode
exhibits a blue color in its oxidized state and a transparent color when intercalated with the K*
(insets in Figure 3.24b). The color behaviors of PB and WO3 electrodes are consistent with the
classification of anodic and cathodic electrochromic materials, respectively.?!°

The areal capacities of the PB and the WO; electrodes when intercalated with the Zn?" and
the hybrid K*/Zn>" are evaluated and compared in Figure 3.24c. Both the PB and the WO;
electrodes show relatively high capacities of 147 mAh/m? and 92 mAh/m?, respectively in the
K*/Zn*" hybrid electrolyte compared to the capacities (i.e., 56 mAh/m? (for PB) and 47 mAh/m?
(for WOs)) measured in the pure Zn>" electrolyte. The 2.6 times increase in the PB electrode
capacity and the 1.9 times increase in the WOs3 electrode capacity further confirm the higher
activity of the K" intercalation/extraction process. Notably, since the capacity of the PB electrode
is slightly higher than that of the WOs electrode, fully self-bleaching of the reduced WOs electrode
can be easily achieved by electrically coupling the WO3 and the PB electrodes. As shown in Figure
3.24d,e, the optical transmittances of the PB-WO3 rocking-chair type device for the two voltage
values of -1V and OV are demonstrated. Clearly, a relatively high 47.8% optical contrast is
observed when using the hybrid 1 M KCI1-0.1 M ZnSOq electrolyte in comparison to the 20.3%
achieved with the 1M ZnSOy electrolyte (Figure 3.24f). Although such a PB-WOj3 rocking-chair
device enables self-bleaching of the WO;3 and PB electrodes due to the redox potential gradient
difference, this moderate optical contrast (47.8%) of the PB-WOs device is not satisfactory for
high-performance dynamic light control applications. A major source of this limitation is due to

the insufficient charging/discharging of the PB electrode, where the charge imbalance between
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two electrodes (i.e., different capacities) impedes the device from achieving its optimal
performance. Nonetheless, a fully bleaching and coloration of the PB electrode can be realized by
increasing the capacity of the WO3 electrode (by increasing the thickness) or decreasing the
capacity of the PB electrode (by decreasing the thickness), and thus, matching the charge balance
of both electrodes. In this way, the optical contrast of the PB-WO3 device is supposed to increase
but cannot achieve its maximum value. To achieve the maximum optical contrast of the device, a
single electrochromic electrode must express its maximum optical contrast; however, the optical
contrast of a single electrochromic electrode is also determined by the thickness of the electrode
film, as such, critical choice of the film thickness is required. In spite of that, the optimum film
thickness for maximum optical contrast may not be the same as the thickness needed for the charge
balance. To overcome such a limitation, the zinc anode is sandwiched between the PB and the
WOs electrodes to offer independent coloration/bleaching of the PB and the WOj3 electrodes to
maximize the optical contrast of each electrode.

To determine optimum operating voltages for real-world applications of the dual-mode
electrochromic devices, the electrochromic performance of the WO; and the PB electrodes at
various voltage activations are investigated and presented in Figure 3.25. Figure 3.25a,b depicts
the optical transmittances of the WO3 and PB electrodes in a 1 M KCI -0.1 M ZnSOq electrolyte,
respectively. The WOs electrode is transparent when it is charged to 1.0 V and colors blue when
discharged at 0.1 V. It is worth noting that the maximum optical transmittance change (defined as
the transmittance difference between the charged and discharged states’”) of the WOs electrode, is
71.5% (Figure 3.25a, without subtracting the transmittance loss of an ITO/glass substrate), which
is higher than those previously reported values.'**?*> On the contrary, the PB electrode is blue

colored when it is charged to 1.6 V and bleached when it is discharged to 0.8 V. The optical
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transmittance change of the PB electrode is 76.8% (Figure 3.25b), which is higher than those of
previous reports. 8226

While high optical contrast is highly sought after in electrochromic devices, it is same
important to have fast color switching times. To highlight the fast-switching times of the device,
the switching times between the different optical states (colored and bleached) were determined
from transmittance changes at a specific wavelength (i.e., 632.8 nm) in real time. Figure 3.25¢
shows a coloration time, tc, of 3.2 s at 0.1 V and a bleaching time, ty, of 2.6 s at 1.0 V for the WO3
electrode. As a comparison, at a midpoint voltage value of 0.5 V, t. = 5.5 s, which is slower than
the coloration time of 3.2 s at 0.1 V. The voltage dependency of t. is attributed to the initial
charging voltage of the electrode. The low discharging voltage accelerates the ion intercalation
process, thus resulting in a shorter switching time.??’ Similar to the WOs electrode, the PB
electrode also exhibits a relatively fast bleaching time t, = 3.6 s at 0.8 V, compared to 6.7 s at 1.0
V, while the coloration time tc =4.3 s at 1.6 V (Figure 3.25d). Interestingly, the switching tc and ty
times in the hybrid KCI-ZnSOj4 electrolyte system are much faster than the switching times (tc =
8.5 and t, = 7.8 for the WOj3 electrode, and tc = 8.2 and t, = 7.9 for the PB electrode) in the pure 1
M ZnSO; electrolyte system (Figures C-2 and C-3). These faster switching times further confirm
that the K" intercalation/extraction process is more electrochemically active, compared to that of
Zn*",

Along with the high optical modulations and the fast-switching times exhibited by the
K*/Zn*" electrolyte system, the coloration efficiency (CE), defined as the change in optical density
(AOD) per unit of charge intercalated into the electrochromic layer at a particular wavelength,'#*
is calculated to be 101.6 cm?/C for the WOs electrode and 129.9 cm?/C for the PB electrode in

such a hybrid electrolyte system (Figure 3.25¢,f).
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Figure 3.25. Electrochromic performance of the electrodes. a) Visible-near infrared transmittance
spectra of the WO; electrode taken at 0.1 V, 0.5 V, and 1.0 V. b) Visible-near infrared
transmittance spectra of the PB electrode at different voltages of 0.8 V, 1.0 V and 1.6 V. ¢)
Dynamic of 632.8 nm optical transmittance of the WOs3 electrode at two voltage ranges of 0.1 V—
1.0 V and 0.5 V-1.0 V. d) Dynamic of 632.8 nm optical transmittance of the PB electrode at two
voltage ranges of 1.6 V-0.8 V and 1.6 V-1.0 V. e) Coloration efficiency of the WO3 electrode in a
hybrid K*/Zn?* electrolyte. f) Coloration efficiency of the PB electrode in a hybrid K*/Zn**

electrolyte.

Charge density (mC/cm?)

106

Charge density (mC/cm?)



3.4.4 Operation of dual-mode electrochromic devices

The next step is to investigate the device performance of the dual-mode electrochromic platform.
Here, a 5 cm x 5 cm WO3-Zn-PB electrochromic device is assembled as depicted in Figure 3.19a
and Figure 3.26a. As previously discussed, the redox potential difference (built-in voltage, 1.467
V between Zn anode and PB cathode allows the device to switch its color while simultaneously
supplying electrical power to light an LED, as shown in Figure 3.26a. The demonstrated self-color-
switching feature points out the fact that this electrochromic device platform is energy efficient
and operation flexible.

The optical transmittance spectra of the device, taken at different color states (fully colored,
fully bleached, PB colored, and WOs3 colored), are shown in Figure 3.26b. At a wavelength of
632.8 nm, the maximum optical modulation of 72.6% (without subtracting the transmittance loss
of the ITO-glass substrates) is higher than most of the electrochromic devices reported to
date.29%228-331 Ag a key parameter when considering the suitability of the device for practical
applications, fast switching between the different color states is highly desirable. Figure 3.26¢,d
shows the dynamic at 632.8 nm optical transmittance of the device along with the color switching
of the WOs3 and PB electrodes. The response times, defined as the time required to achieve 90%
of the maximum optical contrast,?? are measured to be 4.0 s for coloration (at 0.1 V) and 3.8 s for
bleaching (at 1.0 V) along with the color switching of the WOs3 electrode (Figure 3.16c).
Comparable response times of 4.4 s for coloration (at 1.6 V) and 3.6 s for bleaching (at 0.8 V) are
obtained, along with the color switching of the PB electrode (Figure 3.26d). These response times

are shorter than those previously reported electrochromic devices.!>!17-1%
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Figure 3.26. Design and performance of the dual-mode electrochromic device. a) Digital
photographs of a 0.5V regulated LED powered by the dual-mode electrochromic device. b)
Visible-near infrared transmittance spectra of the dual-mode device at different color states. c)
Dynamic of 632.8 nm optical transmittance at a voltage range of 0.1 V-1.0 V along with the color
switching of the WO3 electrode. d) Dynamic of 632.8 nm optical transmittance at a voltage range
of 0.8 V-1.6 V along with the color switching of the PB electrode.

Figure 3.27 depicts the reversible color switching processes between four different color
states (fully colored, fully bleached, PB colored and WO; colored) of the dual-mode
electrochromic devices. These color states are realized either via powering a 0.5 V regulated LED
or by directly connecting the colored WO3 and PB electrodes for the discharging process, or

through applying an external voltage for the charging process. For example, the device displaying

a PB-colored state at the initial state (a combination of colored PB electrode and bleached WO3
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electrode), can be self-colored (via discharging) to a fully colored state via connecting the Zn and
WO;3 electrodes to power a 0.5 V regulated LED. Hence after, the fully colored device is able to
self-bleach itself to a fully transparent state via connecting the PB-WO3 and the Zn-PB
subsequently. Through applying an external voltage of 1.8 V between the PB and Zn electrodes,
the device switches to the initial PB-colored state. Interestingly, as such a device configuration
enables independent operation of the WO3 and PB electrodes, the PB-colored device can self-
bleach to a fully bleached state via directly connecting the Zn anode and the PB electrode.
Although the choice of WO3 and PB results in a blue color of the device, the design of PB analogs
(e.g., cobalt hexacyanoferrate) is considered a promising platform for electrochromic devices
having color neutrality.?*

Notably, the operation processes shown in Figure 3.27 are highly flexible and effective as
their color change (discharging process) can be triggered by powering external electronics. Even
though the external biases are still required for operations, such an approach is more effective and

reliable for real-world electrochromic devices, thus offering a promising platform for

multifunctional electrochromic devices.
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N

Figure 3.27. The functionalities of the dual-mode electrochromic device with digital photographs.
The reversible switching of the device (fully colored, fully bleached, PB colored and WOs3 colored)
is operated via powering a 0.5 V regulated LED or directly connecting the colored WO3 and PB

electrodes for the discharging process, or through applying an external voltage for the charging
process.
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Along with the exciting self-coloration and self-bleaching characteristics of the dual-mode
electrochromic devices, an additional advantage offered is the enhanced device bistability,
featuring a zero-energy consumption while maintaining a colored or colorless state. Such an
attribute is a key function of an electrochromic device.?! Figure 3.28a and Figure 3.29a depict the
optical transmittance change of the PB and WOs electrodes, respectively, during 420 s under the
open circuit conditions (off voltage after the operation). At a fully discharged state, the optical
transmittance contrast is increased by 18.8% for the WO3; electrode and decreased by 16.2% for
the PB electrode, while showing no apparent change for both electrodes at the fully charged state.
This self-charging characteristic is a common phenomenon for inorganic electrochromic materials
as the intercalated guest ions (e.g., Zn>*, K*) can be spontaneously extracted from the materials
and diffuse into the electrolyte.?**?3* As such, a conventional complementary type electrochromic
device cannot maintain its colored/colorless state after turning off the power supply for a long
time.** On the other hand, the zinc anode-based electrochromic device platform exhibits a
spontaneous color-switching behavior (i.e., discharging property) due to the high value of redox
potential difference between the zinc metal anode and the electrochromic cathode. In other words,
the extracted guest Zn** or K* ions can be spontaneously re-intercalated into the electrochromic
electrode by simply connecting the Zn anode with the electrochromic cathode (Figure 3.28b and
Figure 3.29b). Thus, the zinc anode-based electrochromic device platform is able to firmly
maintain a fully discharged state without the need for external power input and it can also power
an external electronic device. To further shed light on the device bistability, the open circuit
potentials (OCP) between the Zn anode and the WO3/PB cathodes were measured and displayed
in Figure 3.28c and Figure 3.29c¢, respectively. As shown in Figure 3.29c¢, in a bleached state (WO3

charged state), the high OCP value between the Zn anode and the WO;3 cathode provides the
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driving potential that activates the oxidation of Zn (i.e., stripping of Zn into the electrolyte) and
the reduction of the WO3 electrode (i.e., intercalation of K* into WO3), and through this color-
switching mechanism, electrical energy is spontaneously supplied. On the other hand, in the
colored state (WOs3 discharged state), the OCP value gradually increases with time. It is realized
by the intercalated guest ions (e.g., K*) that are spontaneously extracted from the WOs3 electrode
and diffuse into the electrolyte, thus increasing OCP. By connecting the Zn anode with the
electrochromic cathode, the dual-mode device is able to maintain its discharged color state and
also supply electrical energy to an external load (Figure 3.28b and Figure 3.29b). While the
aforementioned results are remarkable for electrochromic devices, they warrant further
investigation of the cycling durability of this device. As depicted in Figure 3.28d and Figure 3.29d,
the capacity of the PB electrode (in a device platform) remained nearly constant for 1000 cycles,

while the WO3 electrode maintains 50.5% of its initial capacity after 1000 cycles.
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Figure 3.28. Optical transmittance changes of the PB electrode monitored at a wavelength of 632.8
nm during open-circuit conditions after being operated at 1.6 V and 0.8 V for 10 s, respectively,
a) without Zn anode connected after cut-off and b) with Zn anode connected after cut-off. ¢) Open
circuit potential between the Zn anode and the PB electrode at different color states. d) Cycle
performance of the PB electrode in a device platform.
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3.4.5 Summary

In summary, a dual-mode electrochromic device having both self-coloring and self-bleaching
operations is demonstrated via coupling the zinc anode-based electrochromic platform into a
rocking-chair type electrochromic device. It is demonstrated that the zinc anode-based
electrochromic platform induces a self-color-switching behavior, reduces the energy consumption
during operation, enables the independent operation of a single electrochromic electrode, also
augments the bistability of the devices. By employing a hybrid electrolyte system of Zn**/K", the
colored PB-WOs3 rocking-chair type device is shown to be capable of spontaneously bleaching by
utilizing the redox potential difference between the anodic and cathodic electrodes. Such a dual-
mode light-control strategy enables the electrochromic devices to possess four distinct optical
states exhibiting a high optical contrast of 72.6% and fast switching times (less than 5 s for the

bleaching/coloration processes).
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3.5 Summary of zinc anode-based electrochromic devices

In this chapter, the critical components and the system of zinc anode-based electrochromic devices
are discussed. Compared to complementary electrochromic devices, ZECDs exhibit a rapid
spontaneous switching behavior due to the high value of redox potential difference between a
metal anode and an electrochromic cathode, thus enabling an energy retrieval functionality.
Moreover, ZECDs enable multicolor displays with tunability in the two-dimensional CIE color
space, leveraging the color overlay effect to expand the available color palettes by adjusting
coordinates in the two-dimensional CIE color space. Furthermore, a dual-mode electrochromic
device having both self-coloring and self-bleaching operations is demonstrated via coupling the
zinc anode-based electrochromic platform into a rocking-chair type electrochromic device. It is
demonstrated that the ZECD platform induces a self-color-switching behavior, reduces the energy
consumption during operation, enables the independent operation of a single electrochromic

electrode, also augments the bistability of the devices.
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Chapter 4

Plasmonic-based electrochromic devices

4.1 Introduction

In this chapter, the demonstrations of the manipulation of plasmonic silver adatoms through
reversible metal deposition are presented for dynamic light modulation. The voltage-activated
reversible silver nanoparticles deposition enables a wide range of dynamic plasmonic color
change, and also facilitates a size and shape control of the grown silver nanoparticles. The silver
nanoparticles interact with visible light through localized surface plasmon resonance (LSPR), the
size and shape of the particles affect their optical properties. This platform showcases a promising
approach for dynamic color displays. A version of this concept has been published in: Zhang, W.;
Li, H.; Elezzabi, A. Y. “Manipulating silver adatoms for aqueous plasmonic electrochromic
devices.” Advanced Materials Interfaces, 9, 202200021 (2022).

We further demonstrate a novel concept for solar-regulated dynamic windows by depositing
thin films of gold on glass substrates to serve as transparent conductive electrodes. Through precise
control of reversible silver metal deposition, a dual-band dynamic window is realized, enabling
independent regulation of both visible light and near-infrared radiation. The developed platform
not only has the potential to reduce building energy consumption but also maintains optimal indoor
lighting conditions. A version of this concept has been prepared in: Zhang, W.; Li, H.; Elezzabi,
A.Y. “Spectral-selectively modulation of solar heat and light through dynamic windows coupled

ultrathin Au film with reversible Ag electrodeposition.” Under Review (2024).
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4.2 Manipulating silver adatoms for aqueous plasmonic
electrochromic devices

4.2.1 Introduction

Amongst the electrochromic devices, those that incorporate plasmonic nanomaterials are by far
the most intriguing. Through electrochemical control from the application of voltage stimuli,
dynamic color displays, generated by noble metal nanoparticles (e.g., Ag, Au), have been realized
in a variety of platforms.!%%23>-37 This class of electrochromic devices not only can switch between
multiple colors but also retains their colored states without the need for external electrical

22243 polymers, 2

power.?*3241 While the electrochromic displays, based on organic molecules,
246 or transition metal oxides,'>>71%247 have demonstrated multicolor characteristics, these devices
exhibit inferior cycling stability compared to reversible metal deposition (RME).?*3-2** Such a
limitation hindered their practical applications and their potential commercialization. With the
advancement of nanofabrication processes of various plasmonic metal nanostructures, the coming
age of electrochromic RME plasmonic high-resolution color displays is appearing on the near
horizon,?1-2%3

Recently, Ag nanoparticles, having tunable nanostructures, along with their localized surface
plasmon resonance (LSPR), have been investigated for multicolor electrochromic films. 00238254
Compared to the nonmetallic-based electrochromic materials, whose optical indices are altered

through ions intercalation or redox reactions,’!81-204

various LSPR color bands are tuned by
manipulating the size and shape of the Ag nanoparticles.’*>*> However, to realize stable and

reversible Ag nanoparticles electrodeposition, these LSPR-based electrochromic displays are

administered in non-aqueous electrolyte environments that require high electrodeposition
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voltage.!90238.239 A5 such, this platform is far from being energy-efficient and reliable, especially
when considering large-area displays.?? Notably, for a wide scope of applications, it is highly
desirable to have a dynamically reconfigurable plasmochromic device operating at a safe low

voltage window (i.e., aqueous electrolyte compatible platform)°%2>7

while also offering precise
manipulation of Ag adatoms to prevent nucleation and growth on the displaying substrate.

To circumvent these challenges, an underpotential metal electrodeposition process (UPMD)
needs to be explored as a candidate to precisely manipulate the growth of Ag atoms at the interface
between a substrate and the electrolyte. The UPMD process occurs as a result of the strong
adatom/substrate adsorption between the electrodeposited metal and the solid substrate.?*® The
reduction of a metal cation can be achieved at a low voltage, where metal adatoms and adlayers
are formed on the solid substrate at a potential that is positive relative to the metal’s equilibrium
(i.e., Nernst) reduction potential.>***° When compared to the high deposition voltage in a non-
aqueous electrolyte, the low voltage of the underpotential deposition is compatible with aqueous
electrolytes, as such, underpotential deposition of Ag is highly desirable for operational safety,
low production costs, and rapid switching speeds of plasmonic electrochromic devices.

In this section, we investigate an aqueous Ag plasmonic electrochromic device based on the
manipulation of Ag adatoms through a reversible plasmonic silver underpotential deposition. We
show that size-tunable Ag nanostructures can be grown onto a conducting indium tin oxide (ITO)
glass substrate at an operation voltage as low as -0.5 V and can be efficiently dissolved at 0.5 V.
Furthermore, we demonstrate that the ITO electrode is able to display various plasmonic colors

resulting from the resonant interactions between light and the Ag nanostructures which can be

manipulated via voltage-induced size and shape control.
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4.2.2 Underpotential deposition of Ag nanoparticles

To elucidate the basic operation of this Ag-based electrochromic device platform, its working
principle is illustrated in Figure 4.1a. Here, the Ag foil serves as an anode, while an ITO glass
substrate serves as a cathode. During the coloration process, the Ag anode is oxidized (Ag — Ag")
and the Ag" ions are reduced and grown onto the surface of the ITO electrode, forming a thin film
of Ag nanoparticles. As a result, the grown Ag thin film on the ITO electrode triggers a coloration
of the device due to the LSPR of Ag nanoparticles. Conversely, during the bleaching process, the
Ag nanoparticles are dissolved from the ITO electrode and the Ag® ions are plated onto the Ag

anode (Ag" — Ag). The processes of plasmonic Ag nanoparticles growing (coloring) and

dissolving (bleaching) allow the ITO electrode to exhibit reversible color switching.
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Figure 4.1. The working mechanism of the Ag-based electrochromic devices. (a) Schematic
illustration of the Ag-based electrochromic device platform showing the Ag nanoparticles growing
(dissolving) processes onto (from) the ITO electrode. (b) CV curve of the ITO electrode taken at

a scan rate of 20mV s~ over a voltage range of -1.5 — 1.5 V. (c) Digital images of the ITO

electrodes under different applied voltages.

To facilitate the underpotential deposition of Ag nanoparticles onto the ITO electrode, we
developed an electrodeposition method using an electrolyte solution consisting of ImM AgNO3
and 50mM LiClOs in distilled water (see Appendix D, the Method section). The Ag nanoparticles
growing (dissolving) processes onto (from) the ITO electrode were evaluated by cyclic
voltammetry (CV) in the modified electrolyte. As shown in Figure 4.1b, the primary pair of
reduction and oxidation peaks (at -0.32 and 0.14 V) observed in the CV curve are signatures of the
reversible growing/dissolving processes of the Ag nanoparticles. Remarkably, the -0.32 V,
required for the growth of Ag nanoparticles, is 2.5 times less than the Nernst potential for the

reduction of Ag" (i.e., -0.8 V), as such confirming the underpotential deposition of Ag
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nanoparticles. The second reduction peak appears at -0.75 V. This -0.75 V is close to the Nernst
potential for the reduction of Ag” (i.e. -0.8 V). Thus, this peak is due to the standard reduction of
Ag". When the applied negative voltage is larger than -1.0 V, Ag nanoparticles are deposited onto
the substrate surface in a fast manner. However, the -1.0 V is unfavorable for the growth of uniform
nanoparticles (A detailed discussion for the formation of Ag nanoparticles under various applied
voltages 1s demonstrated in section 4.2.3). For the oxidation process, the peaks are almost paired
to the peaks during the reduction process. These peaks correspond to the plating of Ag" ions onto
the Ag anode and the detachment of Ag nanoparticles from the ITO electrode. In a controlled
electrodeposition process (i.e., without the LiClO4 additive), the CV curve (Figure 4.2a) exhibits
no obvious reduction peak. However, the addition of a trace amount of LiClO4 to the electroplating
solution facilitates the underpotential deposition of Ag nanoparticles (Figure 4.1b). This is
attributed to the fact that LiClO4 serves as a supporting electrolyte that enhances the ionic
conductivity of the electrolyte.?®® Figure 4.1c shows digital images of the ITO electrode activated
at different applied voltages. The various plasmonic colors obtained at different depositing
voltages (from -0.5 V to -1.0V) are attributed to the formation of the different size Ag nanoparticles.
The marked high stability and reversibility of such an underpotential deposition process is
supported by the unchanged shape and enhanced capacitance of the CV curves for 1000 CV cycles
(Figure 4.2b). The enhancement of capacitance during CV cycling is a result of increased Ag"

concentration in the electrolyte as the Ag leaches from the abundant Ag anode.?¢!
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Figure 4.2. (a) Cyclic voltammetry (CV) performance of the ITO electrode at a scanning rate of
20 mVs' in ImM AgNO;s (b) CV of the ITO electrode at a scanning rate of 50 mV s for 1000
cycles.

4.2.3 Size and shape control of Ag nanoparticles

To shed light on the generation of the observed plasmonic colors at various voltage activations
(i.e., -0.5 V to -1.0 V), Field Emission Scanning Electron Microscopy (FE-SEM) images and the
corresponding extinction spectra of the ITO electrode, are presented in Figure 4.3. When the
applied negative voltage is increased from -0.5 V to -0.8 V (Figure 4.3(a-d)), the Ag nanoparticles
shrink in size and grow uniformly on the ITO substrate. The size shrinkage is due to the fact that
the slightly larger deposition voltage (but less than the Nernst potential for the reduction of Ag")
allows for more nucleation sites to be formed and, thus, leading to a relatively high density of the
Ag nanoparticles.”® The uniform growth of the nanoparticles under an appropriate deposition
voltage is caused by the underpotential deposition of Ag where the low applied voltage suppresses
adatoms aggregation.”®? That is, decreasing the applied potential results in a lower flux of the
adatoms deposited onto the substrate surface and fewer small nucleation sites are formed. This

results in a slow formation of the Ag nanoclusters by decreasing the probability of adatom
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aggregation.?®*?%% On the other hand, as the applied negative voltage is increased from -0.8 to -1.0
V (Figure 4.3(d-f)), the Ag nanoparticles begin to cluster to form larger Ag nanoparticles while
having a sparse distribution of small Ag nanoparticles. This is attributed to the fact that the high
applied voltages (i.e., higher than the Nernst potential for the reduction of Ag metal of -0.8 V) are
unfavorable for the growth of uniform nanoparticles. That is, increasing the applied potential

results in a higher flux of adatoms deposited onto the substrate surface which leads to a fast

263,264

formation of clusters where adatoms aggregate to form larger particles.
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Figure 4.3. FE-SEM images and the corresponding extinction spectra of the Ag nanoparticles
grown on ITO electrode under different applied voltages: (a) -0.5 V (b) -0.6 V (¢) -0.7 V (d) -0.8
V (e) -0.9 V and (f) -1.0 V. The inset panels are digital images of ITO electrodes under
corresponding applied voltages, where the Ag nanoparticles are grown on ITO electrodes under
different applied voltages (top) and released of the ITO electrodes at +0.5 V (bottom). Scale bars:
400 nm.

Meanwhile, the corresponding extinction spectra of the ITO electrode activated from -0.5 V
to -0.1 V (Figure 4.3(a-f)) reveal the blue-shift of LSPR peaks. A clear blueshift of 47 nm (i.e.,

from 498 nm to 451 nm) for the LSPR peak of the Ag nanoparticles is observed as the voltage is
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tuned from -0.5 V to -1.0 V. Along with the formation of the Ag nanoparticles under different
applied voltages, the extinction band arising from LSPR shift results in multiple plasmonic colors.
To further understand the effect of the applied voltage on the LSPR peaks, Figure 4.4a illustrates
the combined extinction spectra of the ITO electrode at different applied voltages. Along with the
blueshift of LSPR peak under different applied voltages (Figure 4.4b), the peak extinction contrasts
gradually increase from 0.077 to 0.145 as the voltage is tuned from -0.5 V to -0.8 (Figure 4.4c).
This is consistent with the Ag nanoparticle distributions (Figure 4.3(a-d)) where the Ag
nanoparticles shrink in size and grow uniformly as the voltage is tuned from -0.5 V to -0.8 V. The
observed uniform and homogenous growth of Ag nanoparticles makes the absorption of the LSPR
bands relatively narrower, thus, leading to a relatively high color purity and high peak extinction
contrasts of the films. Interesting, although the Ag nanoparticles begin to cluster to form larger Ag
nanoparticles as the voltage is tuned from -0.8 V to -0.9 V (Figure 4.3(d,e)), there is a slight peak
extinction increase from 0.145 to 0.150. This is attributed to the formation of more nucleation sites
at high applied voltages. As the voltage is tuned from -0.8 V to -0.9 V, more nucleation sites
formed and more Ag nanoparticles grew, although the Ag nanoparticles begin to form slightly
larger Ag nanoparticles, the overall performance of Ag nanoparticles leads to a relatively high
peak extinction of 0.150 at -0.9 V. However, due to the growth of larger nanoparticles while also
having a sparse distribution of small Ag nanoparticles, the observed non-uniform growth of Ag
nanoparticles at -1.0 V affects the plasmonic color purity of the films, making the absorption of
the LSPR bands relatively broad.?*® Thus, there is a dramatical peak extinction contrast drop at -
1.0 V (from 0.150 to 0.100) and no obvious plasmonic color change can be noticed from visible

images (Figure 4.3(e,f)).
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In comparison to the obvious LSPR peaks of the colored samples shown in Figure 4.3, as a
positive 0.5 V was applied, the Ag nanoparticles dissolve from the ITO substrate and the samples
exhibit a flat spectrum. As depicted in the FE-SEM image of the ITO electrode at 0.5 V (Figure
D-1), the electrodeposited Ag nanoparticles are detached from the ITO electrode, confirming the
reversibility of Ag underpotential deposition. Since 0.5 V is a critical voltage within the range
between the primary oxidation peak (0.14 V, Figure 4.1b) and the secondary oxidation peak (0.60
V), the choice of 0.5 V allows for a fast and a stable operation of detaching the Ag nanoparticles.
In addition, since the 0.5 V potential is within the electrochemical window of aqueous electrolytes,
it prevents the decomposition of the aqueous electrolytes.

Ag nanoparticles interact with visible light through LSPR, the size and shape of the particles
affect their optical properties. As shown in Figure 4.3(a-f), there is a visible size and shape change
of the Ag nanoparticles under different applied voltages. Seen from the SEM images (Figure 4.3(a-
f)), most Ag nanoparticles are close to a circular shape in a top view, thus, to statistically evaluate
the size and shape change of the Ag nanoparticles, Ag nanoparticles were assumed to be ideal
spheres. The average diameter distribution (p) and the standard deviation (c) of the nanoparticles
were evaluated and shown in Figure 4.4(d-1). The sample numbers (n) of Ag nanoparticles were
counted in arandom 1 um X 1 pm area of Ag nanoparticle films. The average diameter distribution
and the standard deviation of the Ag nanoparticles were evaluated in Excel. Two-sided confidence
intervals (CI) of 68.3% were determined by p + o. The average diameter of Ag nanoparticles
gradually decreased from 68.9 nm to 23.6 nm as the applied voltage changed from -0.5 V to -1.0
V. This trend is in good agreement with the extinction spectra where the extinction band arising

from LSPR shifts to shorter wavelengths as the Ag nanoparticles decrease in size (Figure 4.4(a,b)).
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Figure 4.4. The LSPR and size distribution of Ag nanoparticles. (a) Extinction spectra of the Ag
nanoparticles grown on ITO electrodes under different applied voltages. (b) Peak wavelength of
the extinction spectra from (a) as a function of the applied voltage. (c) Peak extinction contrast of
the extinction spectra from (a) as a function of the applied voltage. Distribution of Ag nanoparticles
diameter and the standard deviation under different applied voltages: (d) -0.5 V (e) -0.6 V (f) -0.7
V (g)-0.8 V (h)-0.9 Vand (i) -1.0 V. Sample numbers (n). Confidence interval (CI): 68.3%. The
inset scale bars: 200 nm.

Moreover, as the particles were assumed to be ideal spheres, the diameter’s standard deviation,
G, 1s an important indicative metric of the color purity of the grown films. The high ¢ of 31.3 nm,
as the applied voltage increased to -1.0 V, is consistent with the nonuniform growth of the Ag

nanoparticles and a relatively broad LSPR band (Figure 4.3f), whereas at -0.7 V, 6 =19.9 nm, a
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uniform thin film and a relatively narrow LSPR band were observed (Figure 4.3c). Clearly, the
underpotential deposition (i.e., voltage < -0.8 V) of the Ag nanoparticles not only reduces the
power consumed during operation, but it also facilitates uniform size control of the grown Ag
nanoparticles compared to high deposition voltages (> -0.8 V). As such, the precise manipulation
of Ag adatoms underpotential deposition enables a relatively high color purity in comparison to
the high voltage-induced electrodeposition technique. However, as shown in the SEM images
(Figure 4.3(a-f)), the Ag nanoparticles are not identical (same size and shape) at a certain applied

voltage. Thus, the colors created by Ag nanoparticles are not absolute pure colors.

4.2.4 Transparent Ag-based plasmonic electrochromic devices

To implement such an innovative Ag-based platform for a dynamic plasmonic color display, a
transparent Ag-ITO electrochromic device (5 cm X 5 cm) was assembled by combing one piece of
a flat ITO glass as cathode and one piece of an Ag anode (Figure 4.5a). A 1 um thick Ag anode
was prepared on a commercial glass substrate and formed as a square frame around the glass
substrate by the sputtering/masking techniques. The AgNO3-LiClO4 solution was used as the
electrolyte.

Figure 4.5b illustrates the CV curve of the device, where reduction and oxidation peaks are
observed at -0.26 V and 0.20V, respectively. These peaks are signatures of the reversible
growing/dissolving of the Ag nanoparticles onto/from the ITO glass. The slight differences from
the primary reduction and oxidation peaks (i.e., -0.32 and 0.14 V) observed in the CV curve of a
electrochemical measurement utilizing an Ag wire as a counter electrode (Figure 4.1b) is attributed
to the area of the counter electrode.?®®> The Ag underpotential deposition is sensitive to the area of

the Ag counter electrode, slight variations in the area can lead to reduction and oxidation peak
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shifts. The optical transmittance spectra of the device, taken at different applied voltages, are

shown in Figure 4.4c. The spectroscopic measurements for optical transmittance spectra were
conducted using an Ocean Optics USB4000 spectrometer, without subtracting the transmission
loss due to the substrate. As the applied negative voltage increases from -0.5 V to -1 V, the
transmission trough is shown to blueshift from 535 to 460 (i.e., 75 nm shift). The voltage-

dependent blueshift is also accompanied by significant optical contrast of 46% at 460 nm.
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Figure 4.5. Transparent Ag-based electrochromic device. (a) Schematic illustration of the
transparent Ag-ITO electrochromic device. (b) CV curve of the ITO electrode taken at a scan rate
of 20mV s~ ! over a voltage range of -1.5-1.5 V. (c) Optical transmittance spectra of the device at
different applied voltages. (d) Dynamic switching times of the device at 632.8 nm in the -1.0-0.5V
window. (e) Digital images of the transparent Ag-ITO electrochromic device at different applied
voltages: the full-size device image (top) and the enlarged image (bottom).

The switching times of the device were measured within an applied voltage range between -
1.0 Vto0 0.5 V. As a key parameter when considering the suitability of the device for color display

applications, fast switching between the different color states is highly desirable. As shown in

Figure 4.5d, the response times, defined as the time required for achieving 90% of maximum
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optical contrast,?!? are measured to be 38.6 s for coloration (at -1.0 V) and 10.2 s for bleaching (at
0.5 V). These response times are comparable to those previously reported electrochromic devices
based on metal deposition.?¢?®” Remarkably, the round-trip energy consumption required to
switch the device is very low (28.8 mWh m™, see Figure 4.6a), which is much lower than that of
previously reported electrochromic devices (e.g., ~120 mWh m™?).''1522% This high energy-
efficiency of the underpotential deposition process favors such emerging technology for color
displays.

Figure 4.5e displays digital images of the transparent Ag-ITO electrochromic device at
different applied voltages ranging from -0.5 V to -0.8 V. Following the images in Figure 4.5¢ from
left to right, both the full-size device image (top) and the enlarged image (bottom) attest to the
device’s color spatial uniformity and tunable characteristic. Notably, when the voltage is increased
from -0.8 V to -1.0 V and the corresponding transmittance trough shifts by 20 nm, there is no
obvious plasmonic color change. This is attributed to the nonuniform growth of the Ag
nanoparticles at high applied voltages (Figure 4.3f), where the plasmonic LSPR absorption

becomes broad.

130



.30 ~ 30
G'IE = 1.0V ‘*-'E =05V ,
ay 25.0 mWh m"
= 25108V 23.3 mWh m?2 c 25} ¢ 10V |
= ' =
E 20t E 20}
3 : o total 30.9 mWh m?
2 15 total 28.8 mWh m? 2 15} otal 30.9 mWh m
= =
5 5
S 1ot 8 10} ,
> 5.5 mWh m? > 59 mWhm"
2 st 2 st
@
2 2
|.|J 0 L L 1 L L m 0 L L L L 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (s) Time (s)

Figure 4.6. (a) Round-trip energy consumption of the transparent-type Ag-based electrochromic
devices. (b) Round-trip energy consumption of reflective-type Ag-based electrochromic devices.

4.2.5 Reflective Ag-based plasmonic electrochromic devices

It is of great interest to explore further capabilities of Ag-based platform as a reflective-type
electrochromic device. Here, a 5cm x 5 cm reflective-type Ag-ITO electrochromic device was
assembled by incorporating a transmissive ITO cathode and a reflective Ag anode (Figure 4.7a).
The Ag anode was prepared on a commercial glass substrate by sputtering 1 pm thick Ag film.
The AgNOs3-LiClO4 solution was used as the electrolyte.

Figure 4.7b illustrates the optical reflectance spectra of the device at various applied voltages.
Interestingly, as the applied negative voltage increases from -0.6 V to -1.0 V, the reflectance peak
gradually blueshifts from 780 to 680 nm while increasing in amplitude. The 100-nm blueshift of
the reflectance peak position is higher than the 75-nm blueshift observed from the transparent
device. This increase arises from the uniformity of the electrical field spatial distribution between
the planer reflective surface of the Ag anode and the ITO cathode which allows for spatially
uniform electrodeposition of Ag nanoparticles.>* Depicted in Figure 4.7c, digital images of the

device illustrating representative strong plasmonic colors activated at +0.5 V, -0.6 V, -0.8 V, and
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-1.0 V. It is important to note that since these colors are triggered by the underpotential deposition
of Ag nanoparticles, the reflective-type Ag-ITO electrochromic device is also energy efficient

since device consuming only 30.9 mWh m™ in a round-trip energy (e.g., Figure 4.6b).
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Figure 4.7. Reflective Ag-based electrochromic devices. (a) Schematic illustration of the reflective
Ag-ITO electrochromic device. (b) Optical reflectance spectra of the device at different applied

voltages. (c) Digital images of reflective Ag-ITO electrochromic device at different applied
voltages.
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4.2.6 Summary

In summary, for the first time, an energy-efficient aqueous-based multicolor plasmonic
electrochromic devices were demonstrated via manipulating silver adatoms through an
underpotential deposition technique. The underpotential deposition technology not only reduces
the energy consumption during operation, but also facilitates a uniform size control of the grown
Ag plasmonic nanoparticles. Such a strategy enables wavelength color shift of ~100 nm for both
transmissive-type and reflective-type devices. The underpotential deposition is easily adaptable
for fabricating different sizes of plasmonic Ag nanoparticles, which provides a novel platform for

rapid, scalable, and green preparation of plasmonic nanoparticles.
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4.3 Spectral-selective dynamic windows: a new horizon in light and
heat management technologies

4.3.1 Introduction

Keeping indoor temperatures at a comfortable level demands a lot of energy. This results in a
considerable amount of energy usage nationwide. For example, in the United States, about 20% of
the total energy consumption is for this purpose, and in other developed countries, it can be as high
as 40%.2°® Notably, windows constitute a substantial fraction of a building's external surface,
making them a key source of energy loss. In the colder months, a significant amount of heat is lost
through windows. This loss accounts for approximately 25% to 30% of total heat loss in the US
and between 40% to 50% in northern China.?®® Conversely, in warmer months, windows allow
unwanted near-infrared solar energy to penetrate, thus, burdening the cooling systems. The
combined energy demands of heating, ventilating, and air conditioning (HVAC) systems account
for around 50% of building energy consumption.?’”’ To address these losses, dynamic windows
have emerged as a promising avenue for research and development over the past few decades,

aiming to enhance energy efficiency and occupant comfort.

Dynamic windows offer a potential energy-saving solution, boasting an average of 20%
reduction in energy consumption through adjustable tint that decreases lighting, heating, and
cooling requirements.?’! Unlike passive technologies, such as low-emissivity coatings and
radiative coolers, which can curtail energy usage under specific conditions but lack adaptability to
dynamic (diurnal and seasonal) variations,>’>?”®* dynamic windows are well-suited for future
energy-efficient building envelopes. Among these, electrochromic smart windows stand out as one

of the most advanced and effective technologies. Leveraging redox reactions, these smart windows
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enable reversible control of optical transmission through ion accumulation or depletion in the
active layer, responding to an electric field between two transparent conductive electrodes.'!
Notably, the reversible metal electrodeposition (RME) approach, where a solid metal thin film
grows on a transparent electrode and metal ions dissolve into an electrolyte,’*?”> has proven its
superiority in overcoming cost, contrast, scale, and durability challenges that have hindered wider

15,39,276

adoption of other electrochromic technologies based on transition metal oxides, polymers?”’

or small molecules.?!

However, despite these advancements, the majority of RME research has concentrated on
modulating dynamic windows' transmission within the visible light range (typically 400 to 800
nm),?**2"8 primarily involving transitions between transparent and opaque states. Furthermore, the
widespread application of these windows for regulating near-infrared (NIR) light proves
challenging due to commonly employed transparent conductive electrodes such as ITO (indium
tin oxide) or FTO (fluorine-doped tin oxide) glasses.”* Unfortunately, both ITO and FTO films

strongly absorb near-infrared radiation,?”*%

rendering such windows platforms incapable of
entire solar spectrum control. Previous attempts to address this challenge have explored replacing
ITO/FTO glasses with polymer-based conductive electrodes,?®!?%2 but such substrates sacrifice the
durability of glass inherent in dynamic windows. Furthermore, a significant hurdle faced by RME-
based dynamic windows lies in their inability to independently regulate visible light and near-
infrared radiation. Beyond mere transparency and opacity modulation, the ability to independently
control visible light and near-infrared radiation could introduce an additional window state — one
that solely modulates NIR radiation. If put into practice, this method could reduce energy

consumption in buildings while preserving indoor lighting. Despite efforts, the RME dynamic

windows developed to date have yet to show dual-band modulation of visible and near-infrared
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transmittances across the solar spectrum, largely due to limitations posed by the transparent

conductive substrates and the electrolytes.

) Glass
Solar light Stainless steel mesh
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Figure 4.8. Schematic diagram illustrating the solar-regulated dynamic window basic components.
The gel electrolyte containing Ag" is sandwiched between an Au-coated glass electrode and a
stainless-steel-mesh (SSE) mounted glass electrode. During the electrodeposition process, by
applying a cathodic potential between the two electrodes, a solid thin Ag film of plates on the
Au/glass electrode and blocks light. Conversely, by applying an anodic potential, Ag dissolves
back into the electrolyte and the window is bleached.

In the realm of research and technology, gold emerges as an especially important metal due
to its chemical inertness, high conductivity, high work function, and noteworthy plasmonic
properties.'81:2%> With the advancement of thin-film deposition methods that allow for ultra-thin
thickness control,?®* there has been considerable technological interest in creating ultra-thin gold
films on glass substrates and understanding their optical behaviour. This interest extends to

applications, such as transparent electrical contacts, optical metamaterials, and nanoplasmonic

devices.!'®!?%% Consequently, the notion of depositing thin films of gold on glass substrates to serve
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as transparent conductive electrodes for creating exceptional dynamic windows has gained traction
(see Fig. 4.8). However, the chemical inertness of gold impedes the potential for reversible metal
deposition. In a similar vein, silver emerges as a noteworthy plasmonic material that has garnered
considerable attention for photonic applications.?*®** Unlike gold, the RME of silver can be
controlled within a low voltage range, owing to silver's low standard redox potential (-0.8 V).2%

Moreover, gold can serve as a catalyst to surmount kinetic barriers to the reduction of Ag” ions,

thus, facilitating the electrodeposition of silver.?%¢

In this section, we investigate a novel concept for solar-regulated dynamic windows by
depositing thin films of gold on glass substrates to serve as transparent conductive electrodes. By
employing a reversible silver metal deposition technique, we present a dual-band dynamic window
capable of independent regulation of visible light and near-infrared radiation. This versatility

allows for operation in three distinct modes: bright mode, light mode, and dark mode.

4.3.2 Mechanism of selective modulation of visible and NIR lights

To elucidate the operation of this solar-regulated dynamic window, thin films of gold of varying
thicknesses are deposited on glass substrates. A deposition rate of about 0.2 A/s and a base pressure
of around 2 x 10~%mbar were used. The thickness during deposition was recorded with a calibrated
QCM (quartz crystal microbalance) detector (see Appendix E, the Method section). In this study,
we describe in detail the initial growth phases of ultrathin Au films through scanning transmission
electronmicroscopy (SEM) observations, and we identified the structural evolution from quasi-
zerodimensional (0D) nanodroplets to quasi-2D thin films in the initial growth stage (Fig. 4.9a,b).

The ideal initial growth of Au thin films on glass substrates follows four stages (Fig. 4.9a): stage
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I, nanodroplet nucleation and lateral growth; stage II, coalescence; stage III, film with irregular

holes, and stage IV, homogenous film.
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Figure 4.9. Schematic diagram illustrating the selective modulation of the visible and NIR light
spectra. (a) Series of schematic diagrams of the structural evolution from quasi-zerodimensional
nanodroplets to a quasi-two-dimensional film. (b) Schematic diagram illustrating the growth of Au
on glass substrates (non-reversible). (c) Visible-near infrared transmittance spectra and digital
images of the Au/glass electrodes for seven different thicknesses. (d) Schematic diagram
illustrating the growth of Ag on 5 nm Au/glass substrates (reversible) which is presented for three
distinct operational modes for dynamic windows — bright, light, and dark modes.
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Figure 4.9b also illustrates the growth of gold on glass substrates with increasing film
thickness. At a deposition thickness below 5 nm, the Au film is composed of small, isolated gold
nano-islands. These are tiny isolated clusters of gold atoms, often in the nanometer scale, dispersed
across a substrate, rendering the Au film to be nonconductive. The Au nano-islands slightly absorb
visible light which appear as a dip in wavelength between 600 and 700 nm due to their LSPR,
along with a negligible or slight decrease in NIR transmittance (Fig. 4.9c). Transition to the film’s
continuity occurs as more Au is deposited and these nano-islands begin to grow and eventually
coalesce, or merge. At a film thickness of 4.4 nm marks a transition to a point of the percolation
threshold, where there is just enough connectivity between these islands to allow for the continuous
flow of electrons across the entire Au film. Beyond the thickness of ~ 5 nm, the film forms a
continuous metallic network. This network still retains some of the characteristics of the original
nano-islands, like LSPRs, but also exhibits properties typical of bulk gold, such as high electrical

conductivity and reflectivity.

Figure 4.10. FESEM images of the Au films taken at (a) 4 nm and (b) 5 nm.
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Table 4.1. Sheet resistance versus transmittance in visible and near-infrared regions of the
Au/glass electrodes with seven different thicknesses.

Au (nm) on glass Sheet resistance Visible transmittance NIR transmittance
electrodes (ohm/sq) (632.8 nm) (1550 nm)
1 N/A 0.89 0.90
2 N/A 0.85 0.90
4 584 0.76 0.80
5 34.7 0.72 0.68
6 28.6 0.67 0.54
8 23.4 0.64 0.42
12 18.6 0.63 0.21

This transition is observable in the FESEM images of gold films taken at 4 and 5 nm (Fig.
4.10), where discontinuous gold islands evolve into a gold film with irregular holes. This transition
is also evident in the sheet resistance measurements of Au films (Table 4.1), indicating a significant
decrease in sheet resistance from 584 to 34.7 ohm/sq as the film’s thickness increases from 4 to 5
nm, respectively. The sheet resistance of various electrodes was measured by a four-probe
resistivity measurement system Pro4 4000. Consequently, the formation of a continuous Au
network film leads to flat NIR transmittance (Fig. 4.9¢). Figure 4.9¢ depicts the transmittance
spectra of Au/glass electrodes for seven thicknesses, over the wavelength range of 0.4-2.5 um.
The visible-infrared transmittance spectra within a wavelength range of 0.4 to 2.5 um were
measured using a Perkin-Elmer NIR-UV spectrometer. As expected, there is a consistent pattern
at NIR wavelengths, namely the transmittance decreases progressively with increasing film
thickness. For example, the NIR transmittance decreases from 90% to 23% (at 1550 nm) as the
film thickness is increased from 1 nm to 12 nm. This decrease is primarily attributed to the high
reflectance of the Au films within the NIR range, along with their morphological transition from
being isolated Au nano-islands to cohesive metallic network films.?33%7 On the other hand, while

there is a minor drop in transmittance within the visible light range with increasing film thickness,
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the Au/glass electrodes retain a relatively high level of transparency (the visible transmittance
decreases from 88% to 63% at 632.8 nm as the film thickness is increased from 1 nm to 12 nm).
Since the size of the Au nano-islands (or nanoparticles) varies with the film’s thickness, these Au
films exhibit wavelength-specific absorptions seen in Fig. 4.9¢c, due to LSPR absorption. For a
comparison, the transmittance spectra of ITO/FTO glasses were also measured in the wavelength
range of 0.4-2.5 um (Fig. 4.11). Notably, the ITO and FTO films absorb heavily in the NIR spectral
region, rendering them unsuitable for controlling NIR wavelengths. Notably, for Au film thickness
above 5 nm, the NIR transmittance decreases progressively with increasing film thickness, driven
by enhanced reflection of gold films in NIR range.?®” The findings reveal that the processes of
reversible deposition and detachment of Au on glass substrates can effectively regulate the
transmittance of solar light within the NIR range while maintaining a notable visible transparency.
However, the inherent inertness of Au presents a limitation for its use in reversible metal

electrodeposition (RME), hindering its potential in this application.
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Figure 4.10. Visible-near infrared transmittance spectra of the ITO/FTO glasses.
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Unlike gold, the electrodeposition of silver can be controlled within a low voltage range,
owing to silver's low standard redox potential (-0.8 V). On the other hand, gold can serve as a
catalyst to surmount kinetic barriers to the reduction of Ag" ions, facilitating the electrodeposition
of silver.?® Therefore, it is expected that the reversible metal electrodeposition (RME) of silver on
gold-coated glass electrodes will be a highly effective approach for dynamically regulating the
transmission of solar light in the near-infrared (NIR) range. As illustrated in Fig. 4.9d, a thin 5 nm
Au film is deposited on the glass substrates, thus providing transparent conductive electrodes for
dynamic windows. This 5 nm Au/glass electrode exhibits a sheet resistance of 34.7 ohm/sq (Table
4.1) due to the high electrical conductivity of metallic Au, which is comparable to the sheet
resistance of ITO/FTO glasses (typically 10 to 20 ohm/sq). Since both the visible and NIR radiation
are transmitted through the glass, this operating condition is known as the bright mode. While it is
feasible to apply a thicker Au film (e.g., 6 nm), where the relatively lower sheet resistance of 28.6
ohm/sq at 6 nm facilitates the electrodeposition of silver; however, this comes as a cost of
decreasing NIR transmittance. By employing a reversible Ag metal deposition, a thin layer of Ag
can be deposited onto this Au/glass electrode, effectively blocking most NIR light. As a result, a
new window state is created, called 'Light mode', which specifically adjusts the intensity of the
NIR radiation. Intriguingly, as the deposition of the Ag metal is prolonged, the Ag film becomes
thicker, effectively blocking most of the visible and near-infrared (NIR) radiation. This results in
a dark mode for the dynamic windows. Through precise control of the reversible Ag metal
deposition, solar-regulated dynamic windows can switch between these three modes (bright, light

and dark modes), allowing for selective modulation of the visible and the NIR light spectrum.
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4.3.3 Three-mode solar-regulated dynamic windows

To implement such an innovative three-mode platform for dynamic window applications, a 10 cm
% 10 cm window was assembled. This window utilized a 5 nm Au-coated glass as the working
electrode and a Ag-coated stainless-steel mesh (Ag-SSE) mounted on glass as the counter electrode
(Fig. 4.12a). The gel electrolyte used in the dynamic window was prepared by adding 10 wt%
polyvinyl butyral (PVB) in DMSO solution containing 0.05 M AgNO; and 0.25 M LiBr. To avoid
short-circuiting between the working and counter electrodes, a 2 mm thick 3M double-sided tape
was placed as a spacer. The spacer provides the volume for the gel electrolyte. The stainless-steel

mesh (50 Mesh, 0.0012" Wire Diameter) was purchased from TWP Inc. The Ag-coated stainless-

steel mesh was prepared via an electrodeposition method using a two-electrode configuration,
where a piece of Ag foil serves as an anode and the stainless-steel mesh serves as a working
electrode. The electroplating solution was prepared by mixing 0.05 M AgNOs3 and 0.25 M LiBr in
dimethyl sulfoxide (DMSO). The half-cell was then discharged at a constant voltage of —0.8 V for
3 mins. The Ag-SSE mounted on glass exhibits an optical transmittance of around 83% in the
wavelength range of 0.4-2.5 um (Fig. 4.12b). This low haze and high optical transparency mesh
electrode balances the charge flow of the RME and facilitates a uniform electric field spatial
distribution between the counter and the working electrodes, which is crucial for the consistent

and uniform switching processes in dynamic windows.!?
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Figure 4.12. (a) Digital image of an Ag-coated stainless-steel mesh (Ag-SSE) mounted glass. (b)
Visible-near infrared transmittance spectrum of the Ag-SSE mounted on glass.

Figures 4.13a,b depict the reversible switching processes between the bright, the light and the
dark modes of a dynamic window. This window possesses initial transparencies of around 60%
across the visible and NIR spectral range (Fig. 4.13c, black line). In this mode, representing the
bright mode setting, the visibility through the dynamic window is so clear that even intricate
patterns, such as 'Alberta,’ can be distinctly observed. Upon applying an external voltage of —1.2
V to the window, the NIR transmission (at 1550 nm) rapidly decreases from 61% to ~10% within
10 seconds (Fig. 4.13c, blue line) while maintaining a satisfactory level of visible transmittance,
about 50% at 632.8 nm, the window transitions to the light mode. In this mode, due to the adequate
visible transmittance, the pattern 'Alberta’ continues to be clearly visible. Interestingly, extending
the application of -1.2 V to the window for 60 seconds resulted in a transition to the dark mode
where the window completely blocks both the visible and the NIR radiation. In the dark mode, the
window's near-infrared (NIR) transmission drops to less than 1%, and its visible transmittance
reduces to 2% (Fig. 4.13c, red line). For a more accurate evaluation of the dynamic window’s
performance for solar irradiation modulation, the solar irradiance is calculated at different

operating modes (Figure 4.13d). In the light mode, the window effectively blocks approximately
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85% of the solar irradiance in the NIR region while still maintaining favorable visible irradiance.
On the other hand, in the dark mode, nearly all solar irradiance (98%) is blocked. To confirm the
reversibility of different modes, the dynamic responses of the window were measured at 1550 nm
(Fig. 4.13e) and 632.8 nm (Fig. 4.13f). Clearly, when a voltage of 1.2 V is applied, the window is
able to quickly revert to its original transparency within 60 seconds. This fast and reversible
characteristic due to the growth and dissolution of Ag, is further corroborated by a cyclic
voltammetry scan of the device (Fig. E-1) and observed through FESEM images of Au/glass and
Ag-SSE electrodes taken at different modes (Fig. 4.14). We next assessed the durability of the
solar-regulated dynamic windows. Figure 4.13g illustrates the maximum and minimum
transmission of the dynamic window at 632.8 nm during switching over 2500 cycles between the
bright and the dark modes. This extended cycle life is credited to the exceptional electrochemical
reversibility of Ag growth on the film, achieved by varying the applied voltages. During cycling,
the applied deposition voltages were incrementally increased by 0.05 V per 500 cycles (from -1.2
V to -1.5 V) to sustain a stable contrast ratio, while during the reverse process, the applied stripping
voltage is kept fixed at 1.2 V. It is important to highlight that the gel-type electrolyte plays a
significant role in enhancing the device's stability as the potentials increase. The window's

switching speed remained constant at a 60-second deposition time and a 60-second stripping time.
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Figure 4.13. Performance of the solar-regulated dynamic windows. The (a) schematic illustrations
and (b) digital images of dynamic windows in three distinct modes: bright, light and dark. (c)
Visible-near infrared transmittance spectra of the dynamic window under an applied potential of -
1.2V for 0 s (black), 10 s (blue), 30 s (yellow) and 60 s (red). (d) Solar irradiance spectra at three
distinct modes. Real-time transmittance changes measured at (e¢) 632.8 nm and (f) 1550 nm in a
voltage range of -1.2 V to 1.2 V. The maximum and minimum transmission of the dynamic window
at (g) 632.8 nm and (h) 1550 nm during switching over 2500 cycles and 10,000 cycles, respectively.

146



Similarly, the durability of the solar-regulated dynamic windows was also examined between
bright mode and light mode at 1550 nm, where the applied deposition voltages were increased by
0.05 V per 2000 cycles and the switching speeds of the window were kept constant at a 10-second
deposition time and a 10-second stripping time. Remarkably, the dynamic window exhibits an
enduring switching capability, maintaining performance over an impressive 10,000 cycles as
shown in Fig. 4.13h. To further shed light on the window’s bistability, optical transmittance
changes at 632.8 nm were monitored over an hour under open circuit conditions (off voltage after
the operation, Fig. 4.15.) The dynamic window displays a remarkable bistability, indicating that it

does not require additional energy to remain in any of its operating modes.

Figure 4.14. FESEM images depicting the reversible silver growth and dissolution on (a,b)
Au/glass electrodes and (c,d) stainless-steel mesh.

147



|—Voltage on (60 s) |— Voltage off (3600 s)

~100

X

8 80 Transparent state AT=0% |

§ 60

E 40

(7))

S 20

— Colored state AT = 0%

= e e ey
0 600 1200 1800 2400 3000 3600

Time (s)

Figure 4.15. Optical transmittance changes of the solar-regulated dynamic windows monitored at
632.8 nm over an hour under open circuit conditions (off voltage after operation).

To demonstrate the modulation of solar energy by the dynamic windows, we devised an
experimental setup aimed at visualizing the temperature fluctuations across the various operating
modes of an object made of carbon fibres (Figure 4.16a,b). Here, a solar simulator replicated solar
illumination, while a thermal camera observed object temperature during the three modes of
operation. To prevent undesired thermal interference, we introduced a heat shield, constructed
from paperboard layered with thick aluminum foil, to shield excess thermal radiation from the
solar simulator’s housing. The dynamic window was placed between the object and the solar
simulator to prevent additional convective heating or cooling of the object while modulating the
transmitted solar light. As depicted in Fig. 4.16¢, the thermal camera recorded the object's
temperature fluctuations at 45-second intervals for the three modes. After an illumination duration
of approximately 180 seconds, the object's temperature stabilized, registering a rise of 4°C under

the bright mode condition and a 2.3°C increase during the light mode as shown in Fig. 4.16d.
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Remarkably, during the dark mode, the temperature remains consistently stable and perfectly
aligned with the room's ambient temperature range of 21 to 22°C. These observed temperature
variations are consistent with the calculated spectral irradiance of the dynamic window (Fig. 4.13d).
Specifically, the dynamic window obstructs solar irradiation in the dark mode, selectively hinders
NIR irradiance while maintaining effective solar irradiation in the visible spectrum during the light
mode, and enables significant solar irradiation transmission under bright mode conditions. It is
essential to emphasize that in this experiment, although the dynamic window transmits 2% in the
visible range during the dark mode, this level of transmitted solar energy does not induce a

noticeable temperature increase in the object due to the object's thermal radiative properties.
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Figure 4.16. Demonstration of solar energy transferred to thermal radiation. (a) Experimental setup
used to measure temperature increase in an object. (b) A dynamic window was positioned between
the object and the simulator, effectively modulating the transmission of solar light. To capture the
temperature variations, a thermal camera was utilized, enabling simultaneous temperature
measurements in three distinct modes: bright mode, light mode, and dark mode, all tracked over
time. (c) Measured time-dependent temperatures of the object in three different modes. (d)
Calculated time-dependent temperature rises in the three different modes.

4.3.4 Large-scale dynamic windows

A large-area dynamic window (30.4 cm % 30.4 cm) was fabricated to showcase the scalability of
this three-mode platform. The transmittance data recorded at the centre of the device emphasizes
the applicability of selective modulation for visible and NIR lights in a large-scale dynamic
window (Fig. 4.17a). Similar to a 100 cm? window, this large window initially exhibits around 60%
transparency across the visible and NIR spectra (Fig. 4.17a, black line), making it distinctly

discernible to the naked eye (Fig. E-2). Through applying an external voltage of —1.2 V to the
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large-area window for 10 seconds, the NIR transmission (at 1550 nm) diminishes to about 18%
(Fig. 4.17a, blue line) while maintaining a high visible transmittance (about 54% at 632.8 nm). In
comparison, the 100 cm? window experiences a decrease in transmission of about 10% at 1550 nm
and 50% at 632.8 nm within the 10-second interval (Fig. 4.13c). These findings suggest that despite
the nine-fold increase in window’s area, the reduction in device switching speed is only marginal.
This observation is further supported by measuring the dynamic responses of the large-area
windows at 1550 nm and 632.8 nm (Fig. 4.17c,e), where the switching speed at the window's
centre is only slightly slower than at the corners by ~4 seconds. It is worth noting that due to the
resistance induced voltage drop across the conducting electrodes, differing switching times at
various locations (centre and edge) of the large-area window are common.?’> In our device design,
the Ag-SSE mounted glass electrode establishes a uniform electric field spatial distribution
between the counter and the working electrodes, which greatly promotes the uniform switching in

large-area windows.!?

Upon applying -1.2 V to the window for 60 seconds, the NIR transmission of the large-area
window decreases to < 1% and the visible transmittance reduces to ~ 5% (Fig. 4.17a, red line).
Such a transmittance profile also aligns with the solar transmittance record of a 100 cm? window
(Fig. 4.3¢c). Further application of -1.2 V to the window for an extended duration of 180 seconds
results in the dynamic window transitioning to a completely opaque state, with both visible and
NIR transmittances falling below 1% (Fig. 4.17a, green line). As the Ag metal film grows, the
reflection of the dynamic windows gradually changes (Fig. 4.17b). When the dynamic window
shifts to a fully opaque state (via a 180-second application of -1.2 V), the high reflection (~90%)
transforms the window into a reflective state, effectively rendering the dynamic window to be a

mirror-like (see Fig. 4.17d, f). The opaque state can be reversed to its original transparency within
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180 seconds by applying a voltage of 1.2 V. It is important to note that the dark mode of the
dynamic window has already demonstrated the capability to block nearly all of the solar irradiation,
as evidenced in Fig. 4.16. The reflective state (or mirror state) of the dynamic window holds
promise for specific requirements where the window is intended to obstruct all visible and NIR

light or function as a mirror.
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Figure 4.17 Performance of the large-area dynamic windows. The (a) visible-near infrared
transmittance and (b) reflection spectra of the large-area window under an applied potential of -
1.2 V for 0 s (black), 10 s (blue), 30 s (yellow), 60 s (red) and 180 s (green). Real-time
transmittance changes measured at (c) 632.8 nm and (e) 1550 nm in a voltage range of -1.2 V to
1.2 V. The digital photographs of the large-area dynamic window at (d) transparent state (applying
1.2 V for 180 s) and (f) reflective state (applying -1.2 V for 180 s).
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4.3.5 Flexible thermal-regulated devices

As previously discussed, our newly presented solar-regulated dynamic window platform enables
a three-mode operation for selective modulation of the visible and the NIR light spectra. This has
prompted a keen interest in exploring the versatility of this dual-band platform within the mid-
infrared region. However, the challenge lies in the fact that mid-infrared light cannot penetrate the
glass substrates (as shown in Fig. 4.18). Consequently, the potential application of dynamic

windows across the broader mid-infrared range is limited.

100

Glass substrates

Transmittance (%)
N o [=2] =}
o o o o

o

AII 8 1l2 1I6 20
Wavelength (um)

Figure 4.18. The mid-infrared transmittance spectrum of the glass substrates.

However, polyethylene (PE) membrane possesses exceptional optical transmittance within
the 0.4—20 wm wavelength range, rendering it a suitable substitute for glass substrates. This enables
the dual-band platform to fulfill its solar and radiative heat management capabilities. Remarkably,
the Ag-SSE exhibits high transparency within the mid-infrared wavelength range (around 87%,

Fig. 4.19), making it an ideal candidate for a counter electrode within this thermal-regulated device.
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Figure 4.19. The mid-infrared transmittance spectrum of the Ag-coated stainless-steel mesh.

To this end, a flexible thermal-regulated device has been assembled by replacing the glass
substrates with PE substrates (Fig. 20a). The collected transmittance data, spanning the 0.4-20 um
wavelength range, underscores the applicability of selective light modulation for this thermal-
regulated device (Fig. 4.20b,c). In its initial state, the device exhibits an initial transparency of
around 67% across visible and NIR spectra (Fig. 4.20b, black line), signifying the bright mode.
Interestingly, the thermal-regulated device also exhibits an initial transparency of around 60% in
the mid-infrared region (Fig. 4.20c, black line). The presence of diverse absorption bands and line
shapes in this wavelength range is marked by the strong intrinsic absorption of DMSO and PE
substrates. For example, the absorption bands at 3.4, 7.2, and 13.9 um in the spectrum are assigned
to stretching vibrations of CHz, CH3 and CHa rocking, respectively. Through applying an external
voltage of —1.2 V to the device for 10 seconds, the mid-infrared transmission of the device
decreases to around 3% (Fig. 4.20c, blue line), along with a decrease in the NIR transmission (at
1550 nm) to 35% (Fig. 4.20b, blue line). Notably, the visible transmittance at 632.8 nm remains

relatively high at around 60%, effectively shifting the device into a light mode. Extending the
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application of -1.2 V to the device for 60 seconds prompts a transition to a dark mode, effectively
blocking the majority of visible and infrared radiation. In dark mode, both the NIR and the mid-
infrared transmission drop to < 1%, while the visible transmittance of the window decreases to
about 3% (Fig. 4.20b,c, red lines). The light modulation modes are visually confirmed through
digital photographs of the flexible devices taken for the three different operating modes (Fig.
4.20d). To verify the reversibility of these distinct modes, the dynamic responses of the thermal
devices were measured at 632.8 nm (Fig. 4.20¢) and 1550 nm (Fig. 4.20f). Evidently, the thermal
device quickly returns to its original transparency state within 60 seconds when a voltage of 1.2 V

is applied.
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Figure 4.20. Performance of the flexible thermal-regulated devices. (a) Schematic diagram of the
flexible thermal-regulated devices featuring reversible silver metal deposition. The (b) visible-near
infrared and (c) mid-infrared transmittance spectra of the device under an applied potential of -1.2
V for 0 s (black), 10 s (blue), 30 s (yellow) and 60 s (red). (d) Digital images of the device captured
in three different modes (bright, light and dark). Real-time transmittance changes of the device
measured at (¢) 632.8 nm and (f) 1550 nm in a voltage range of -1.2 Vto 1.2 V. (g) Thermal images
of the device taken during heating and cooling states. (h) Emissivity spectra of the device in heating

and cooling states. (i) The maximum and minimum emissivity of the device at 10 um during
switching over the course of 2500 cycles.

Furthermore, in the context of thermal management considerations, an evaluation of the
emissivity of this thermal-regulated device was undertaken (Fig. 4.20h). Within the mid-infrared
tuning range (i.e. 2.5-20 pum wavelength range), this thermal-regulated device can effectively
adjust its emissivity (i.e. weighted average by 300 K blackbody radiation) between 0.17 and 0.85.

This 68% emissivity contrast is achieved by transitioning the thermal-regulated device between
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cooling and heating states where in the cooling state Ag film is deposited by applying -1.2 V for
60 seconds, while in the heating state the Ag film is tripped by applying 1.2 V for 60 seconds. The
effectiveness of this heat management approach is visually confirmed through thermal images
captured during the heating and cooling states (Fig. 4.20g), showing a noticeable temperature

difference of 8.5 °C.

The durability of the thermal-regulated device underwent further investigation. Figure 4.201
illustrates the emissivity of the device at 10 pum during 2500 cycles of switching between heating
and cooling states. Throughout the cycling process, the switching speed of the thermal device
remains consistent with 60-second deposition and stripping times. However, the deposition
voltages experience a gradual increment of 0.05 V per 500 cycles (ranging from -1.2 V to -1.5 V)

to ensure a stable contrast ratio, while the stripping voltages remain at 1.2 V.

4.3.6 Summary

In summary, we presented a ground breaking solar-regulated dynamic window platform. This
innovative window architecture is achieved through Ag-based reversible metal deposition onto a
thin layer of Au film. This ingenious technique permits the targeted adjustment of visible light and
near-infrared radiation, opening up possibilities for diverse operational modes — bright, light, and
dark modes. This strategy not only has the potential to reduce building energy consumption but
also maintains optimal indoor lighting conditions. Furthermore, the ingenuity of this device design
extends to its adaptability with flexible substrates, facilitating dynamic control of solar and
radiative heat emission up to a wavelength of 20 micrometers. Our device design represents a new
paradigm in electrochromism, potentially unlocking novel avenues for the advancement of next-

generation dynamic windows and innovative thermal management solutions.
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4.4 Summary of plasmonic-based electrochromic devices

In this chapter, we demonstrated the manipulation of silver adatoms through reversible metal
deposition for dynamic light modulation. The reversible silver metal deposition on ITO glasses,
having tunable nanostructures, along with their localized surface plasmon resonance, is presented
as a promising strategy for dynamic color displays. We also presented a novel technology for solar-
regulated dynamic windows. This innovation involves the operation of a window through Ag-
based reversible metal deposition onto a thin layer of Au film. This ingenious technique permits
the targeted adjustment of visible light and near-infrared radiation, opening up possibilities for
diverse operational modes of dynamic windows. This approach not only holds the promise of
decreasing building energy consumption but also ensures optimal indoor lighting conditions are

upheld.
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Chapter 5

Conclusion and Future Outlook

5.1 Conclusion

This thesis presents recent efforts in developing energy-efficient electrochromic devices for the
applications of transparent displays and smart windows. We demonstrate a novel design of zinc
anode-based electrochromic devices (ZECDs). Compared to complementary electrochromic
devices, ZECDs exhibit a rapid spontaneous switching behavior due to the high value of redox
potential difference between a metal anode and an electrochromic cathode, thus providing the most
energy-efficient consumption during operation. Moreover, ZECDs enable independent operation
of top and bottom electrochromic electrodes, thus providing additional configuration flexibility for
the devices through the utilization of dual electrochromic layers under the same or different color
states. As such, the color overlay effect can greatly broaden the color palettes via altering the
coordinate of the 2D CIE color space. Furthermore, a dual-mode electrochromic device having
both self-coloring and self-bleaching operations is demonstrated via coupling the zinc anode-based
electrochromic platform into a rocking-chair type electrochromic device. It is demonstrated that
the ZECD platform induces a self-color-switching behavior, reduces the energy consumption
during operation, enables the independent operation of a single electrochromic electrode, also
augments the bistability of the devices. The advances of ZECDs detailed in this thesis are expected
to accelerate future dynamic light control technology for self-powered smart windows, colorful

displays, spatial light modulators, optical sensors and optoelectronic devices.
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Moreover, a plasmonic-based electrochromic device is demonstrated via manipulating silver
adatoms through an electrochemical deposition technique. The electrochemical deposition
technology not only reduces the energy consumption during operation, but also facilitates a
uniform size control of the grown silver plasmonic nanoparticles. This thesis also presents a ground
breaking platform for solar-regulated dynamic windows. This innovation involves the operation
of a window through silver-based reversible metal deposition onto a thin layer of gold film. This
novel technique permits the targeted adjustment of visible light and near-infrared radiation,
opening up possibilities for diverse operational modes — bright, light, and dark modes of smart
windows. This strategy not only has the potential to reduce building energy consumption but also

maintains optimal indoor lighting conditions.

5.2 Future Outlook

Future research on ZECDs should be more focused on the assembly of high-performance
electrochromic devices for practical use. Notwithstanding, like any newly emerging technology,
there are still some challenges that hinder the development of high-performance ZECDs for real-
world applications. Examples of such challenges include: 1) the energy retrieval functionality is
currently poorly understood. A better understanding of this intriguing process will assist in
designing more energy-efficient ZECDs that can reclaim back more of the consumed energy. 2)
The ion intercalation mechanism is still not clear, especially for hybrid electrolyte systems and
further investigation is needed to optimize such a process. 3) The ZECDs also suffer from dendrite
growth of anodes that degrade the device's performance. 4) Practical use of ZECDs requires long-
term stability and excellent light modulation. As such, a better understanding for both of the

electrochromic material and the electrolytes involved is critical to promote performance and to

161



enhance overall device stability. Although such drawbacks need to be remedied, the extraordinary
functionalities of ZECDs make them very promising for the future development of electrochromic
devices. It is expected that the ZECDs platform will be broadly incorporated in transparent
batteries, durable smart windows, multicolor displays, and variable optical devices.

Furthermore, the color-changing mechanism in plasmonic-based electrochromic devices
differs from that of ZECDs. In plasmonic-based electrochromic devices, the color change is
initiated by metal deposition, whereas in ZECDs, it is triggered by ion intercalation. Therefore,
combining metal deposition and ion intercalation in a single device holds great promise for
multifunctional applications. Conducting further research on electrochromic devices that leverage

this dual color-changing mechanism could represent a compelling direction for future studies.
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Appendices

Appendix A: Characterization of sodium vanadium
nanorod films

Methods of preparation, SEM, CV, and stability test of sodium vanadium nanorod films are

included.

Materials and methods

Materials

All the chemicals were of analytical grade and were used without further purification. Zinc sulfate
heptahydrate (ZnSO4-7H20, 99%), zinc foil (Zn, 99.9%), vanadium oxide (V20s, 99%), sodium
chloride (anhydrous, 99%), and polyvinyl alcohol (PVA, Mw ~130,000) were purchased from

Sigma-Aldrich. Cellulose was obtained from Alberta-Pacific Forest Industries Inc.

Synthesis of sodium vanadium nanorods

Briefly, 100 g of commercial V20s powder was added into 1.5 L of a NaCl aqueous solution (2 M)
at room temperature and stirred for 96 h to form a solution with a brownish suspension. Next,
purification was conducted by adding distilled water, followed by centrifugation. The
centrifugation process was repeated six times. Afterward, the product was diluted with distilled
water to form a precursor solution (15 mg mL™!). Next, the precursor solution was sonicated in an
ultrasonic bath until a clear SVO colloid was formed.

Fabrication of electrodes
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To meet the high viscosity requirement for the bar-coating method, 3 g of cellulose was added to
60 mL of the SVO colloid (15 mg mL™") at 60 °C under stirring for 24 h. Prior to deposition, ITO-
coated glass substrates were cleaned with ethanol and deionized (DI) water. Next, the
SVO/cellulose paste was bar-coated onto an ITO glass substrate (2 cm x 5cm), covering an
effective area of 1 cm x4 cm. The SVO electrodes for the “EE” display were prepared by bar-
coating SVO/cellulose paste onto an “EE” shaped cut-out mask on top of an ITO glass substrate
(10 cm x 10 cm). The effective area of one “E” letter is 5 cm?, and the total effective area of the
whole “EE” display is 10 cm?. The SVO electrodes for the display with the color overlay effect
were prepared by bar-coating SVO/cellulose paste onto a 2 cm x 2 cm cut-out square mask on top
of an ITO glass substrate (5 cm % 5 cm). To remove the cellulose, all the bar-coated samples were
annealed in air at 200 °C for 24 h.

Assembly of electrochromic displays

A PVA-ZnSO4 gel was prepared by gradually adding 6 g of PVA to 60 mL of a ZnSO4 solution
(0.5 M), which was stirred and heated in a water bath. The Zn-SVO electrochromic displays were
constructed by sandwiching a thin Zn square frame between two pieces of SVO electrodes. The
PVA-ZnSO4 gel was used as the electrolyte.

Characterization

To analyze the composition and morphology of the samples, X-ray powder diffraction (XRD)

(Bruker D8-Advance) with Cu Ka-radiation, X-ray photoelectron spectroscopy (XPS) (Kratos

AXIS Ultra), transmission electron microscopy (TEM) (JEM-ARM200CF, JEOL), Fourier
transform infrared spectroscopy (FTIR-iS50) and field emission scanning electron microscopy
(FESEM) (Zeiss SIGMA FESEM, Germany) were used. Ex situ XPS measurements were

conducted immediately after the samples were annealed, colored and bleached. An Alpha-Step
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(IQ-W1-040) was used to reveal the thickness of the bar-coated SVO film. All electrochemical
measurements were carried out using a Zahner electrochemical workstation (Zennium CIMPS-1).
For the CV measurements of the SVO electrode in 1 M LiCl and 0.5 M ZnSOs, a three-electrode
configuration was used with Pt wire and Ag/AgCl as counter and reference electrodes, respectively.
Other electrochemical measurements were performed using a two-electrode configuration. The
spectroscopy test for visible light transmittance spectra was conducted with an Ocean Optics
USB4000 Spectrometer without subtracting the transmittance loss of ITO glass. Dynamic
characterization of the SVO electrode was conducted by transmitting a helium-neon laser (632.8
nm) through the samples. A voltage was applied from a Zahner electrochemical workstation, and
the photodiode output signal was collected with an oscilloscope. The response times were
calculated based on the time required to achieve 90% of the maximum optical contrast. The
International Commission on Illumination (CIE) 1931 color space was used to demonstrate

chromaticity coordinates.
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Figure A-1. FESEM image of the SVO nanorods.

Table A-1. Diameter and length of the SVO nanorods.

Sample Diameter (nm) Length (pum)

1 50 1.4

2 20 0.5

3 30 1.7

4 20 0.6

5 50 1.3

6 60 2.0

7 40 1.9

8 30 0.8
Range 20-60 0.5-2.0

Figure A-1 shows the FESEM image of the SVO nanorods. Eight SVO nanorods with a specific
diameter and length are shown in Table A-1. The SVO nanorods range from 0.5-2.0 um in length

and 20—-60 nm in diameter.
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Figure A-2. FESEM images of the bar-coated and annealed SVO films.

Figure A-2 shows FESEM images of the bar-coated SVO films after the annealing process. The
homogenous nanorods morphology is consistent with the morphology of SVO nanorods shown in

Figs. 3.3c, d.
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Figure A-3. Cyclic voltammetry (CV) measurement of SVO electrodes performed at 50 mV s!in
1 M LiCl electrolyte and 0.5 M ZnSOq electrolyte.

The CV curves of the SVO electrodes in different electrolytes (1 M LiCl and 0.5 M ZnSOy4) are
shown in Fig. A-3. The reduction and oxidation peaks (around 0.10/0.56 V) suggest the
intercalation and deintercalation processes. The CV curve of the SVO cathode, measured in the
ZnS0y electrolyte, exhibits 1.4 times higher capacity compared to that tested in LiCl. This
indicates that the SVO cathode is more electrochemically active towards the Zn?". The underlying
process may be attributed to the large radius of hydrated sodium ions that enlarge interlayer space

and voids.
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Figure A-4. Coloration Efficiency (CE) of the SVO film.

The coloration efficiency, defined as the change in optical density (AOD) per unit of charge
intercalated into the electrochromic layer at a particular wavelength, is calculated to be 61.2 cm?

C! for the SVO film.
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Figure A-5. Cycle performance of the SVO electrode: (a) CV measurement performed at 50 mV
s, (b) Visible-near infrared transmittance spectra after 1000 cycles measured at 0.2 V and 2.0 V.

The cycling measurements for extended cycles were conducted by the cyclic voltammetric
scanning between 0.2 V and 2.0 V at a scan rate of 50 mV s’'. As shown in Fig. A-5, the SVO
electrode retains 51% of its initial capacity and has a 13% optical contrast after 1000 CV cycles.
This degradation can be attributed to the expansion and exfoliation of the SVO film, and

electrochemical grinding phenomena during cycling.
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Appendix B: Characterization of tungsten oxide
electrochromic electrodes

Methods of preparation, SEM, CV, digital photos and stability test of transmissive-type and Fabry-

Perot nanocavity reflective-type WO3 electrochromic electrodes are included.

Materials and methods
Fabrication of electrodes: The ITO-coated glasses are obtained from eBay (item number:
293148898668). The thickness of the ITO-coated glasses is 1.1mm with an ITO conductive layer
of around 220 nm. Prior to the deposition, ITO-coated glass substrates were cleaned with ethanol
and deionized (DI) water. Next, WOs thin films were sputtered onto ITO glass using DC sputtering
at a power of 125 W. Here, the pressure is set at 20 mTorr and gas flow is set to 20 sccm of Ar and
5 sccm of Oa. For SVO electrode fabrication, 100 g of commercial V205 powder was added into
1.5 L of a NaCl aqueous solution (2 M) at room temperature and stirred for 96 h to form a solution.
Next, the solution was purified and diluted with distilled water to form a SVO colloid (15 mgmL ™).
Afterward, 3 g of cellulose was added to 60 mL of the SVO colloid at 60 °C under stirring for 24 h.
Finally, the SVO electrode was obtained via a bar-coating method. The effective area of all
electrochromic electrodes in electrochemical measures was 1 cm x4 cm. The electrochromic
electrodes for the display with color overlay effect were prepared by depositing films through a
2.5 cm %X 2.5 cm cut-out square mask placed on top of a 5 cm x 5 cm ITO glass substrate.
Assembly of electrochromic displays: A PVA-ZnSOs gel was prepared by gradually adding 6
g of PVA to 60 mL ZnSO4 solution (0.5 M) which was stirred and heated in a water bath. The

electrochromic displays were constructed by sandwiching a thin Zn square frame between one
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piece of SVO electrode and one piece of WO3 or W/WOs electrode. The PVA-ZnSO4 gel was used
as electrolyte.

Characterization: To analyze the morphology of the sputtered WO3 films, field emission
scanning electron microscopy (FE-SEM) (Zeiss SIGMA FESEM, Germany) was used. All
electrochemical measurements were carried out using a Zahner electrochemical workstation
(Zennium CIMPS-1) via a two-electrode configuration. The spectroscopy test for visible light
transmittance spectra was conducted with an Ocean Optics USB4000 Spectrometer without
subtracting the transmittance loss of ITO glass. The dynamic characterization of the WOs electrode
was conducted by transmitting a helium-neon laser light (632.8 nm) through the samples. The
voltage was applied from Zahner electrochemical workstation and the photodiode output signal
was collected with an oscilloscope. The spectroscopy test for optical reflectance spectra was
conducted with a Hitachi U-3900H Spectrometer. The International Commission on Illumination

(CIE) 1931 color space was used to demonstrate chromaticity coordinates.
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Figure B-1. Field emission scanning electron microscopy (FESEM) images of the sputtered WO3
films.

Figure B-1 shows FESEM images of the sputtered WO3 films. The sputtered WOs3 films are dense,

smooth, and homogeneous.

——
—

, !

Figure B-2. Digital images of the Fabry-Perot nanocavity W/WO3 (230 nm) electrode at different
viewing angles with respect to the surface normal.

Figure B-2 depicts the digital images of the Fabry-Perot nanocavity W/WO3 (230 nm) electrode at
different viewing angles. There is a slight color change up to a large angle (50°), indicating a good

angle-independent reflectance behavior.

189



0.7

0.6
CE=85.3 cm?’C"’
0.5

0.4

0.3
0.2

0.1

Change in optical density

0 2 4 6 8 10 12 14 16
Charge density (mC cm™)

0.0

Figure B-3. Coloration Efficiency (CE) of the sputtered WO3 film.

The coloration efficiency, defined as the change in optical density (AOD) per unit of charge
intercalated into the electrochromic layer at a particular wavelength, is calculated to be 85.3 cm?

C! for the sputtered WO; film.
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Figure B-4. Cycle performance of the WO3 electrode: (a) CV measurement performed at 50 mV
s, (b) Visible-near infrared transmittance spectra after 1000 cycles measured at 0.2 V and 1.4 V.

The cycling measurements for extended cycles were conducted via the cyclic voltammetric (CV)
scanning between 0.2 V and 1.4 V at a scan rate of 50 mV s™\. As shown in Figure B-4, the WOs3
electrode retains 36.8% of its initial capacity and has a 34% optical contrast after 1000 CV cycles.
This degradation can be attributed to the expansion and exfoliation of the WOs film, and the

unpreventable trapping of Zn** ions during cycling.
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Appendix C: Characterization of dual-mode
electrochromic devices

Methods of preparation, CV, stability test and dynamic test of dual-mode electrochromic devices

are included.

Materials and methods

Materials: All solvents and chemicals were of analytical grade and were used without further
purification. Zinc sulfate heptahydrate (ZnSO4-7H20, 99%), Potassium chloride (KCl, 99%),
Tungsten powder (W, 99.99%) and Zinc foil (Zn, 99.9%) were purchased from Sigma-Aldrich.
Potassium hexacyanoferrate (III) (K3[Fe(CN)s], 99%) and Iron (III) chloride hexahydrate
(FeCl3'6H>O, 97%) were purchased from Alfa Aesar. Hydrogen peroxide (H202, 30%) was
acquired from ACS reagent.

Preparation of the WOj3 electrode: The W powder (1.8 g) was added to 60 mL of H>O»
solution (30%) and stirred for 12 h to form a yellow peroxotungstic acid colloid. Next, the
sediments were filtered to obtain a clear colloid. The clear colloid was electrodeposited onto a
cleaned ITO glass substrate at —0.3 V for 180 s to obtain a WO3 electrode. The thickness of the
WOs film was measured to be 300 nm.

Preparation of the PB electrode: The K3[Fe(CN)s] (10mM), FeClz*6H>0 (10 mM), and KCl
(50 mM) were dissolved in distilled water under stirring. Next, the electrodeposition was
performed at a constant current density (-0.05 mA/cm?, 240 s) onto a cleaned ITO glass substrate

to obtain a PB electrode. The thickness of the PB film was measured to be 300 nm.
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Assembly of the PB-Zn-WQ3 electrochromic device: The PB-Zn-WOj3 electrochromic device
(5 cm x 5 cm) was constructed by sandwiching a thin Zn square frame between a PB electrode and
a WOs electrode. The effective area of the prototype device is 9 cm?. The 1M KCI - 0.1M ZnSO4
solution was used as the electrolyte. For better comparison, 1M ZnSO4 solution was also used as
the electrolyte for the devices.

Electrochemical measurements and materials characterizations: All the electrodeposition,
electrochemical and electrochromic measurements were carried out using a Zahner
electrochemical workstation (Zennium CIMPS-1). The electrochemical measurements were
performed using a three-electrode configuration. The dynamic of 632.8 nm optical transmittance
of the electrodes/devices was conducted by directing a helium-neon laser beam onto or through
the samples and onto a photodiode and the dynamic data are collected using a storage oscilloscope.
The spectroscopic measurements for optical transmittance spectra were conducted using an Ocean

Optics USB4000 spectrometer, without subtracting the transmission loss due to the substrate.
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Figure C-1. Cyclic voltammetry (CV) performance of the PB electrode at a scanning rate of 20
mV s': a) IM ZnSO4 and b) 1M KCI - 0.1M ZnSOs.

The CV curves of the PB electrode in different electrolytes (1M ZnSO4 and 1M KCI - 0.1M ZnSO4)
are shown in Figure C-1. While the PB electrode retains 99% of its initial capacity in the KCI -
ZnSO4 electrolyte during successive cycling, only 59% capacity is retained in the ZnSOs4
electrolyte. Remarkably, the hybrid KCl - ZnSOj4 electrolyte is more electrochemical effective,
compared to the pure Zn** electrolyte. This is attributed to the multivalent cations (e.g., Zn*")
which lead to a large lattice distortion due to the strong electrostatic interactions. This results in a

drastic depreciation in current densities during successive cycling.
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Figure C-2. Dynamic of 632.8 nm optical transmittance of the WO3 electrode at two voltage
ranges of 0.1 V-1.0 V and 0.5 V-1.0 V in a pure 1M ZnSOs electrolyte system.

In a pure ZnSO4 electrolyte system, the response times of the WO3 electrode are calculated to be
8.5 s for coloration and 7.8 s for bleaching in a voltage range between 0.1 V-1.0 V (Figure C-2).
The switching times of 3.2 (for coloration) and 2.6 s (for bleaching) in the hybrid KCI-ZnSO4
electrolyte system (Figure 3.25c) are much faster than the switching times (8.5/7.8 s) in a pure 1
M ZnSOs electrolyte system. This further confirms that the K* intercalation/extraction process is

more effective compared to that of Zn**,
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Figure C-3. Dynamic of 632.8 nm optical transmittance of the PB electrode at two voltage ranges
0of 0.8 V-1.6 V and 1.0 V-1.6 V in a pure 1M ZnSO; electrolyte system.

In a pure ZnSOy4 electrolyte system, the response times of the PB electrode are calculated to be
8.2 s for coloration and 7.9 s for bleaching in a voltage range of 0.8 V-1.6 V (Figure C-3). The
switching times of 3.6 (for coloration) and 4.3 s (for bleaching) in the hybrid KCI-ZnSO4
electrolyte system (Figure 3.25d) are much faster than the switching times (8.2/7.9 s) in a pure 1

M ZnSO4 electrolyte system.
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Appendix D: Characterization of silver nanoparticle
films

Methods of preparation, CV and SEM of silver nanoparticle films are included.

Materials and methods

Preparation of aqueous silver-based electrolyte: The electrolyte for the underpotential deposition
process was prepared by dissolving ImM AgNO3z and 5S0mM LiClO4 in distilled water. The
inclusion of LiClO4 serves as a supporting electrolyte to enhance the ionic conductivity of the
electrolyte. The gel electrolyte was prepared by gradually adding 6 g of polyvinyl alcohol (PVA)
to 60 mL of a solution dissolving ImM AgNO3 and 50mM LiClOy (stirred and heated in a water
bath).

Assembly of the transparent-type electrochromic devices: A 1 pm thick Ag anode was
prepared on a commercial glass substrate and formed as a square frame around the glass substrate
by the sputtering/masking techniques. The transparent-type device was assembled by combing one
piece of a flat ITO glass as cathode and one piece of an Ag anode (5 cm x 5 cm). The AgNO3-
LiClOg4 solution was used as the electrolyte.

Assembly of the reflective-type electrochromic devices: The Ag anode was prepared on a
commercial glass substrate by sputtering 1 um thick Ag film. The reflective-type device was
assembled by combing one piece of a flat ITO glass as cathode and one piece of an Ag anode (5
cm X 5 cm). The AgNO;3-LiClOg4 solution was used as the electrolyte.

Electrochemical measurements and materials characterizations: All the electrodeposition,

electrochemical and electrochromic measurements were carried out using a Zahner
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electrochemical workstation (Zennium CIMPS-1). SEM images were obtained using a Zeiss
SIGMA FE-SEM microscope. The dynamic test was conducted by directing a helium-neon laser
(632.8 nm) onto or through the samples and onto a photodiode The dynamic test data is collected
using a storage oscilloscope. The spectroscopic measurements for optical transmittance spectra
were conducted using an Ocean Optics USB4000 spectrometer, without subtracting the
transmission loss due to the substrate. The spectroscopic measurements for optical reflectance
spectra were conducted using a Hitachi U-3900H spectrometer.

Statistical Analysis: To quantify the size evolution of the Ag nanoparticles, the average
diameter distribution (p) and the standard deviation (o) of the nanoparticles were evaluated. The
sample numbers (n) of Ag nanoparticles were counted in a random 1 ym x 1 pum area of Ag
nanoparticle films. The average diameter distribution and the standard deviation of the Ag
nanoparticles were evaluated in Excel. Two-sided confidence intervals (CI) of 68.3% were

determined by p + c.
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Figure D-1. FE-SEM image of the ITO electrode at 0.5 V.

Figure D-1 demonstrates the FE-SEM image of the ITO electrode at 0.5 V. The dissolving of Ag

nanoparticles confirms the recyclability of Ag underpotential deposition.
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Appendix E: Characterization of spectral-selective
dynamic windows

Methods of preparation, CV and digital photo of spectral-selective dynamic windows are included.

Materials and methods

Preparation of the Au electrodes. Au films were deposited onto clean fused silica (glass) or
polyethylene (PE) substrates using a Kurt J. Lesker electron-beam evaporation PVD 75 system. A
deposition rate of about 0.2 A/s and a base pressure of around 2 x 107® mbar were used. The
thickness during deposition was recorded with a calibrated QCM (quartz crystal microbalance)
detector. Postdeposition annealing of Au electrodes was carried out at 100 °C for 12 h and the

annealed electrodes were left to cool in air to room temperature.

Preparation of the Ag-coated stainless-steel mesh electrodes. The stainless-steel mesh (50

Mesh, 0.0012" Wire Diameter) was purchased from TWP Inc. The Ag-coated stainless-steel mesh

was prepared via an electrodeposition method using a two-electrode configuration, where a piece
of Ag foil serves as an anode and the stainless-steel mesh serves as a working electrode. The
electroplating solution was prepared by mixing 0.05 M AgNO;s and 0.25 M LiBr in dimethyl

sulfoxide (DMSO). The half-cell was then discharged at a constant voltage of —0.8 V for 3 mins.

Assembly of dynamic windows and thermal-regulated devices. The dynamic windows were
assembled using an Au-coated glass electrode as the working and an Ag-coated stainless-steel
mesh mounted glass as the counter electrode. The gel electrolyte used in the dynamic window was

prepared by adding 10 wt% polyvinyl butyral (PVB) in DMSO solution containing 0.05 M AgNOs
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and 0.25 M LiBr. To avoid short-circuiting between the working and counter electrodes, a 2 mm
thick 3M double-sided tape was placed as a spacer. The spacer provides the volume for the gel
electrolyte. To assemble the flexible thermal-regulated device, the Au-coated glass electrode was

placed with an Au-coated PE electrode.

Measurements and characterizations. All the electrodeposition and electrochemical
measurements were carried out using a Zahner electrochemical workstation (Zennium CIMPS-1).
SEM images were obtained using a Zeiss Sigma FE-SEM microscope. The sheet resistance of
various electrodes was measured by a four-probe resistivity measurement system Pro4 4000. The
visible-infrared transmittance spectra within a wavelength range of 0.4 to 2.5 um were measured
using a Perkin-Elmer NIR-UV spectrometer. The mid-infrared spectra within a wavelength range
of 2.5 to 20 um were measured by FTIR-iS50. The reflection spectra were measured using a
UV/VIS spectrophotometer (Hitachi U-3900H) equipped with an integrating sphere. In situ
spectroelectrochemical properties of the devices were tested by directing a helium—neon laser
(632.8 nm) or a fiber laser (1550 nm) through it onto a photodiode and collecting the data with a
storage oscilloscope. For thermal characterization, a solar simulator (Ealing Beck Ltd 022/011)

simulated solar light, and a FLIR thermal camera (FLIR TG165) monitored temperature changes.
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Figure E-1. Cyclic voltammetry (CV) measurement of 5 nm Au/glass electrodes performed at 20
mV s in 0.05 M AgNO; and 0.25 M LiBr electrolyte.

The CV curve of the 5 nm Au/glass electrodes in 0.05 M AgNO3 and 0.25 M LiBr electrolyte is

shown in Fig. E-1. The reduction and oxidation peaks suggest the growth and dissolution of Ag.
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Figure D-2. Digital image of a large-area dynamic window.

Figure D-2 shows the digital images of a large-area dynamic window (30.4 cm % 30.4 cm). This
window initially exhibits around 60% transparency across the visible and NIR spectra (Fig. 4.17a,

black line).
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