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Integration of several functionalities into one isolated electrochemical body is necessary to realize
compact and tiny smart electronics. Recently, two different technologies, electrochromic (EC) materials
and energy storage, were combined to create a single system that supports and drives both functions
simultaneously. In EC energy storage devices, the characteristic feature of EC materials, their optical

Received 7th July 2022,
Accepted 20th September 2022

modulation depending on the applied voltage, is used to visually identify the stored energy level in real
time. Moreover, combining energy-harvesting and EC storage systems by sharing one electrode
facilitates the realization of further compact multifunction systems. In this minireview, we highlight
recent groundbreaking achievements in EC multifunction systems where the stored energy levels can be
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1. Introduction

Electrochromic (EC) materials have attracted enormous attention
since their discovery in 1961, and EC materials are used to
regulate optical modulation (non-emissive dynamic displays) via
redox reactions."® Their functional utilization in other related
fields has rapidly developed in the past few decades.”™ In
principle, the intercalation/de-intercalation of charge species by
external stimuli alters optical modulation not only in the visible
region but also in the infrared and ultraviolet (UV) regions, with
possible applications in heat shutters.**™** In addition, the utiliza-
tion of charge for coloration and bleaching in EC materials is
useful in energy-saving systems.'®® Furthermore, the mecha-
nism used for color switching could be recognized as the EC
memory state of the device."*>* On the basis of these features, as
well as fast response and low energy consumption, EC materials
have significant potential applications in energy-saving glasses,
smart windows, energy displays, EC electronic skin, information
displays, and biological camouflage.”*”

Recently, much effort has been devoted to the synthesis of
novel EC materials and designing them into a multifunctional
device. Two technologies, namely EC materials and energy
storage, have been combined into a single isolated EC energy
storage system. A noticeable feature of this technology is the
identification of the stored energy levels by color visualization,
and the color intensity helps protect the device from
overcharging.”®*° In addition to capacitive or battery like
materials, EC devices have also been integrated with photo-
voltaic materials and triboelectric/piezoelectric systems, where
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visualized using the color of the device.

one electrode plays a dual role, and the novel features of this
combined system have been explored for low power
consumption.’®** However, several challenges in terms of
development still exist. Additionally, it is equally important
and highly desirable to design materials with multiple func-
tions that will meet future requirements. Thus, researchers are
continually striving to generate more reliable and efficient EC
energy storage devices without compromising on individual
quality parameters in one integrated system. In this minire-
view, we focus on the design of EC energy storage devices and
their possible combinations for energy harvesting. The discus-
sion concludes with new designs and approaches to working
with existing challenges and future demands.

2. Materials and device fabrication

Chromophores, which are produced often under redox reactions,
are the basic units for realizing chromic modulation in EC
materials. Redox-active states are localized with respective color
states and can be reversibly tuned by changing the polarity. The
reversibility is often explained by faradaic reactions due to the
charge intercalation/de-intercalation at the electrode-electrolyte
interfaces which lead to a change in the oxidation state. This
change in the oxidation state is seen as a change in color, and
discharge under the reverse faradaic reaction (charge release)
changes the color back to the natural state.’*** The surface
architecture and electronic property of electrodes play a crucial
role in increasing the reliability of a self-assembled EC energy
storage system and improving its performance. Modified elec-
trodes with nano-/microporous morphologies and high conduc-
tivity have been explored in a variety of inorganic and polymer
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Fig. 1 Schematic illustration of the most common two-terminal EC energy storage device platform with three possible energy-dependent color

changes.

materials.'® However, most EC materials only show a limited
palette of colors. Therefore, various conjugated derivative, hybrid
and composite materials have been developed in EC energy
storage devices in order to achieve different color states for
measuring different charging levels by using different colors.>

Fig. 1 depicts a conventional EC device (in a two-electrode
system) where the electrodes and electrolytes work together for
an integrated capacitor or battery like system. In all EC device
systems, external power produces chromophores at the electrode
surface, creating energy-storing species. The stored energy level is
easily visualized by the naked eye through adjacently placed
transparent electrodes. Various conventional and novel materials
from the EC family are used to create such a system where the
materials are used either in the form of electrodes or in the form
of electrolytes.

2.1 Small organic molecule

Viologens (V) constitute one of the representative small organic
EC chromophores and they possess three reversible redox
states: dication (V**), radical cation (V**), and neutral form
(V°). The primary state of viologens, V**, is transparent and
converts into an intense colored state (V'*) upon reduction.
Viologen-based devices have been investigated due to their
structural simplicity (electrode/EC/electrolyte/electrode), low-
voltage operation, high optical contrast, redox stability, and
color tunability by modifying N-substituents. The introduction
of suitable counter anodic materials (e.g, ferrocene, ferrocene
derivatives, hydroquinone, and tetrathiafulvalene) is crucial for
higher performance and stability.>**° Otherwise, the coloration
of viologens appears at a high external voltage where electrolysis
of electrolytes occurs, leading to poor device stability.** Since all
components are contained in one electrolyte layer, the diffusion
of redox species should be considered. Usually, the diffusion of
colored V*™* and oxidized counter material from the respective
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electrode to the bulk electrolyte can induce undesired self-
bleaching (i.e., self-discharging). Recently, the use of zwitterionic
electrolytes has been proposed to reduce this diffusion issue and
improve the shelf-life stability of viologen-based EC systems.*®

The chemical structure of the viologen 4,4'-bipyridinium is
always open for nucleophilic substitution from both sites.**™**
Color tuning by virtue of the desired substitution is the main
advantage of viologens in EC devices. The desired substitution
of any group (symmetrically or asymmetrically), along with
selective anionic species, tunes versatile chromic states in the
newly derived viologen molecule. Various studies have reported
on modified viologen molecules in different combinations of EC
colors.*® The desired chromic modulation of viologens mainly
depends on the substituted organic groups, such as alkyl, aryl,
and benzyl groups. In addition, functionalized viologens with
polyionic liquids (PILs), cross-linked polymers, radical salts, phos-
phoviologens and triphenylamine-assisted ambipolar derived violo-
gens have been explored for designing novel EC materials. These
different viologen-conjugated systems define a clear change in the
band-gap value with a lower value (0.5-3.0 eV) and possess a variety
of color states.*>*”

However, viologen moieties always work as a charge-trapping
layer for all kinds of substituent groups, with a significant
decrease in the driving voltage for their respective chromic
modulation or with faster switching kinetics due to improved
conductivity.*® Recently, ionic liquids have replaced the liquid
electrolyte medium and play a bifunctional role as an ion and a
solvent simultaneously. The extraordinary properties of ionic
liquids, such as high conductivity, large operating potential
range, nonflammability, high boiling point, and strong compat-
ibility with most organic solvents, enable the formation of a
most suitable composite with viologen molecules. Moreover,
PILs have properties of both polymers and ionic liquids and,
therefore, exhibit their immobilized electroactive species as a

This journal is © The Royal Society of Chemistry 2022
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viologen in an electrolyte medium. PILs slow down the recombi-
nation reaction, improving EC material performance; therefore,
ionic liquid electrolytes are increasingly used in multifunctional
applications of viologen-based EC devices.*?>!

2.2 Conducting polymers

Conducting polymer (CP)-based EC systems exhibit their EC
modulation in the form of thin films. We note that CPs are also
categorized as organic systems. However, their operation prin-
ciples including the device configuration and state of the EC
layer are different from those of viologen-based single-layer
platforms, so we describe CP-based systems separately. CPs
have a delocalized n-electron band structure, and the dynamic
electrochemical doping/de-doping process determines their EC
properties via changing the optical band gap.’*>® CPs show
distinct optical changes and vivid EC colors in the visible range.
The EC performance of the device with CPs includes advantages
of wide color diversity, fast switching speed, and low self-
bleaching. However, the optical contrast is relatively lower than
that of the viologen-based device.

All electrochromically active polymers, such as polyaniline
(PANI), polythiophene, polypyrrole (PPy), and their derivatives,
exhibit EC performance as thin films once the electrode
(or film) is used for a redox reaction. During the redox reaction,
doping and undoping of counter ions determines the unique
optical characteristics that are governed by the delocalization of
n-electrons in the energy band of the material structures.
Therefore, a change in the gap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) imparts to them their intrinsic EC properties.
A change in the spectral properties in terms of color tuning is
achieved by selecting appropriate substitutes and highly depends
on the length of the polymer chain. For example, a methyl group
in 3-methyl thiophene allows a possible color state of pale blue,
blue, and violet in its oxidized form and purple, yellow, red,
and orange in its reduced form. Similarly, the alkyl-substituted
thiophene poly(3,4-ethylenedioxy thiophene) (PEDOT) provides a
lower band gap, compared to its individual constituents, and is
recognized by its two-color state of blue/black (neutral state) and
transparent (oxidized state), while polythiophene shows apparent
EC color switching from its original magenta to a transparent
color with oxidation.>>*

Recently, Ming et al. developed a D-n-A-n-D-type conjugated
polymer. 3,4-Dihexoxythiophene was used as a m-spacer to design
a conjugated polymer, poly(4,7-bis(5-(2,3-dihydrothieno[3,4-b]-
[1,4]dioxin-5-y1)-3,4-bis(hexyloxy)thiophen-2-yl)benzo[c][1,2,5]thia-
diazole) (poly(BT-ThEDOT)). The modified D-m-A-n-D-type
polymer showed lower oxidation by exhibiting a blue color
instead of its neutral green.>® Different electron donor and
acceptor molecules have been used in polymer synthesis and
exhibit versatile color states, with better conductivity for charge
transportation and better performance.

2.3 Inorganic materials

Metal oxides and inorganic-inorganic composites are categor-
ized as inorganic EC materials and exhibit optical modulation

This journal is © The Royal Society of Chemistry 2022
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through the d-level splitting of transition metal atoms by virtue
of the intercalation/de-intercalation of ions in an electro-
chemical cell." Since the intercalation of ions into the thin film
is generally limited, modifying the surface structure leads to
improved EC performance. Inorganic nanostructures can easily
be synthesized, which provide more active sites that facilitate
ion diffusion, resulting in a high optical contrast.’®*” High
stability even under light (UV) exposure, long-term durability,
and a wide range of operating temperatures are common
advantages of most inorganic EC materials. However, the
achievable EC color from the inorganic system is relatively
limited to bluish and brownish.>®>°

Optical modulation in blue and black color states is gen-
erally achieved with NiO, WO3;, TiO,, and Prussian blue during
a change in the oxidation states at the electrode surface, while
V,0s5 is known for EC color switching from gray to yellow. Like
CPs, a solid thin film-based electrode is required for inorganic
EC modulation. Changing the oxidation states of these metal
atoms at the electrode surface changes the band gap, leading to
a color change. However, to achieve higher optical contrast, the
device prepared using inorganic materials needs high power
input and shows low efficiency for coloration. Despite the
change in color, electrochemical performance is determined
by the thickness of the film, composition, and metal doping.
Such changes tailor the charge transfer mechanism for better
EC performance.®®® Since every EC property is governed by the
faradaic reaction, inorganic materials also show a reversible
color change with recombination of oppositely polarized species,
either by providing a reverse voltage or by self-diffusing under an
open-circuit condition.

In addition to derivative inorganic materials, different
nanostructures of transition metal electrodes are most promising
materials with better EC performance. Recently, a 2D titanium
carbide (known as MXene) thin film synthesized by Pol et al.
showed a reversible shift from the green to the blue color state of
metal electrodes, and their color states could be tuned by varying
the surface functionalities of Ti;C,T,.**** Even beyond chromism,
inorganic materials are also combined with organic materials
such as viologens and CPs for use as counter electrodes to
improve the overall performance of EC devices. Therefore, a
transition metal-based EC device shows a fast response and
higher efficiency without the support of counter ion species.®®

2.4 Hybrid and composite materials

The combination of organic and inorganic materials offers high
thermal and chemical stability, and it has the potential to
prevent structural damage. Due to their redox properties,
inorganic EC materials can be used for counter electrodes
when combined with organic or inorganic EC materials. It is
important to distinguish between the inorganic and organic
phases since they interact differently in a combined system.®®
The hybrid materials are formed by a strong chemical inter-
action via interfacial ionic or covalent bonds, whereas the
composite materials are formed due to physical contact
between the inorganic and organic phases through a weak
interaction such as hydrogen bonds and van der Waals forces.

Mater. Horiz., 2022, 9, 2949-2975 | 2951
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The characteristics of inorganic materials (i.e., short ion diffusion
length) and organic materials (low band gap, color tuning and fast
switching) improve long-term stability, optical contrast and fast
switching time in their thin solid film electrode geometry.®”%®
Designing a composite structure with large interfacial areas and
strong interactions is crucial for achieving synergistic effects
between organic and inorganic phases. Many strategies, such
as incorporating compatibilizers (organic acids) for providing
inter-chain metal charge transfer leading to less resistance and
preparation by layer-by-layer (LBL) assembly for large areas and
strong interfacial interaction, have been deployed recently for
designing EC active electrodes.®®”® An LBL nanocomposite thin
film assembly reported by De-Long et al. with a PANI/PB structure
exhibited a fast response (<1.5 s) and high optical contrast
(61.1%).”* Zhu et al. synthesized WO, nanoparticles by using
chlorosulfonic acid to serve as a charge transfer center in
poly(p-phenylenebenzobisthiazole), which improved the contrast.
Similarly, the core-shell structure of WO3/PEDOT enhances the
charge transfer process and therefore reflects a quick hike of 50%
improved optical contrast.”> Zhang et al. reported an inorganic-
organic composite of WO;-PANI which improved the electron
transfer kinetics, resulting in the EC switching time of 0.9 s from
5 s in the case of pure WO;.”> Researchers have found high EC
coloration efficiency in the combination of PEDOT:PSS/WOj;,
PEDOT:PSS/W, 71MOy ,503;, PEDOT/V,05, antimony doped tin
oxide/PANI and in many other such composite structures.”*

Moreover, interfacial covalent bonds are also investigated
to enhance interchain electron transfer and modulate donor-
acceptor interaction between organic and inorganic phases to
facilitate ion transport in EC hybrid materials. This is much
required because the kinetics of chromic modulation in EC
polymers is controlled by ion diffusion. For realizing such
characteristics, a star-like geometry of compact crystalline
structures of hybrid materials has been synthesized by
researchers.””””® The star-like approach in multilayer thin film
of the POSS(polyhedral oligomeric silsesquioxane)-PANI/poly(2-
acrylamidomethane-2-propanesulfonic) hybrid structure shows
much higher contrast under dynamic switching conditions.
The covalent approach has also been extended to prepare
SWCNT-PANI hybrids.””®" In addition to this, a new class of
porous crystalline metal-organic framework (MOF) materials,
where the inorganic and organic phases refer to the metal
source and organic ligand respectively, illustrate a ligand
charge transfer process at the low potential value in hybrid
materials. MOFs still face challenges with their insulating
nature; however, the introduction of redox-active organic lin-
kers improves charge-transfer properties, resulting in better
performance.

Moreover, the transition metal complex system produces an
additional absorption band, leading to other colors, due to the
existence of metal-to-ligand or ligand-to-metal or d-d transition
characteristics.*"”®* Synthesis and solubility problems are often
exhibited in these complex structures due to the high molecular
weight conjugated polymer containing the transition metal.
However, Cu(m) and Fe(mr) based metallo-supramolecular polymers
with an aromatic azo ligand confer good solubility to the

2952 | Mater. Horiz., 2022, 9, 2949-2975
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metal complex for the preparation of metallopolymers using
polycondensation.®* Therefore, Sergiusz et al. designed a series
of polyazomethine metal complexes with Fe(u) and Cu(1) metal
ions by on-substrate polymerization, exhibiting a color change
from orange to grey and yellow to blue respectively.** Color-to-
color transitions are sometimes influenced by thin film electro-
des with different ligand structures and porosity. Indulekha
et al. designed Fe(u)-terpyridine metallopolymer for a tunable
capacitive response with supercapacitive properties.®> Recently,
one more complex material, two-dimensional coordination
nanosheets (CONASHs), has attracted much attention because
of its tunable chemical and physical properties, high ion mobility
and excellent mechanical stability. CONASHs have also been
found to be attractive for making NIR active multicolored EC
displays and show excellent performance for long cycles.***
Because of their two-dimensional lateral network, the in-plane
and internanosheets show anisotropic charge-transfer behaviors,
resulting in improved charge storage performance when com-
pared to conventional metal complexes with a one-dimensional
structure. %%

2.5 Device operation and approach

EC device manufacturing is easy, where two electrodes
(ITO/FTO) are assembled in crossbar geometry with a suitable
electrolyte, as shown in Fig. 1. EC devices are analyzed in two
detection modes, transmission (for smart glasses and windows)
or reflecting (displays) mode. An EC device is developed into a
five-layer system with two transparent conducting layers, one
ion storage layer, one electrolyte layer, and one EC layer. The EC
layer at the electrode and the ion storage layer together serve as
the working and counter electrodes, respectively, while the
electrolyte layer mainly creates a transmission channel for ions
(Li*, Na', K") under external electrical biasing. A higher con-
ductivity of electrolytes leads to better performance of the EC
device. Since a traditional EC device is highly brittle, EC devices
are now being designed in flexible, stretchable, and foldable
geometries to increase effectiveness. Different polymers, such
as polyurethane (PU), butadiene rubber (SBR), natural rubber
(NR), and poly(dimethylsiloxane) (PDMS), are used.’>®" These
substrates are made conducting by performing metal/nanometal
conductor- and CP-assisted electrode fabrication using silver nano-
wires (AgNWs), carbon nanotubes (CNTs), graphene, poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), and
PPy materials. However, the chromic modulation mechanism in
such devices is still the same as in traditional devices.

In a device that combines EC and energy storage functions,
the standing charge level is anticipated by displaying the color
state and such a device is generally referred to as an EC energy
storage device. Studies have investigated a set of inorganic,
organic, and polymer materials and their hybrid device struc-
tures to design such functional devices. Fig. 2 depicts the recent
research intensity in different types of EC energy storage
devices, where the height of the bars indicates the level of
research. In energy storage systems, various EC materials have
not only been functionalized to design electrochromic super-
capacitor (ECS) and electrochromic battery (ECB) systems but

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Intensity profiles of recent EC energy storage systems. EC: electro-
chromic; ECB: electrochromic battery; ECS: electrochromic supercapacitor.
Searching keywords (searched date August 2022) from Google Scholar; for
all above device structures (top to bottom): viologen electrochromic super-
capacitor, conducting polymer electrochromic supercapacitor, inorganic
electrochromic supercapacitor, hybrid and composite electrochromic
supercapacitor device, flexible stretchable electrochromic supercapacitor
device, self-powered electrochromic supercapacitor, and electrochromic
battery.

also have gained an extraordinary advantage in self-charging
devices for energy-harvesting systems.'®*>%* In addition, ECBs
and hybrid and composite based ECSs have been equally explored
in recent years, while few studies have been conducted on the
small organic molecule based (viologen based) ECS system. There
have been many attempts to improve device performance with
different color combinations; however, this minireview only
focuses on recent achievements in EC energy storage systems
rather than the detailed mechanism of the functioning of chromic
modulation and energy storage separately.

3. Electrochromic energy storage
devices: EC supercapacitor

With the advent of nanomaterials, energy storage devices
(capacitors) with ultrahigh capacitance have been extensively
explored in academic and industrial areas. High energy density,
fast charging/discharging, and low equivalent series resistance,
compared to other energy storage systems, are the major
advantages of supercapacitors. The operational mechanism of a
supercapacitor depends on two basic principles of charge storage:
physical adsorption of charges at the electrode surface and storage
in the mixed-valance redox state defined by electric double-layer

This journal is © The Royal Society of Chemistry 2022
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capacitor  (EDLC) respectively.®*

Numerous EC materials have been investigated for designing

ECSs, where the electrochromically active material is used either

in a single-layered form between two electrodes or in a thin-film

form at the electrode surface. Here, we highlight viologen,

inorganic, polymer, hybrid and composite materials for ECS

devices that exhibit bifunctional applications when designed
properly with a suitable electrolyte channel.

and pseudocapacitor,

3.1 Small organic molecule-based ECSs

Although the diversity of colors in various modified viologen
structures has been explored over the years, no literature
is available on viologen based ECSs. Some studies have inves-
tigated the capacitive property of viologen molecules but have
not highlighted its simultaneous effect with chromic modulation.
Sethuraman et al. reported that a single redox-active viologen
(1,1-diethyl-4,4’-bipyridinium bromide)-based molecule mixed
with 1 M H,SO, improves capacitive performance, when com-
bined within charcoal-based conventional electrodes, because of
the redox behavior of bromide and 1,1’-diethyl-4,4’-bipyridinium
ions.”® The presence of cationic and anionic species in viologen

Tata

molecules leads to a maximum capacitance of 408 F g~
current density of 0.25 A g~ ', which is higher compared to the
neat electrolyte (H,SO,) and triethylbutylammonium bromide
(N2224Br) electrolytes. It means that viologen develops a m-n
interaction at the carbon electrode surface and leads to the
development of an EDLC ion layer; therefore, the system acquires
a higher capacitance. In addition, the zerovalent viologen inhibits
the capacitive property due to its insoluble ability in an aqueous
medium. To resolve this issue, the 1,1’-bis[3-(trimethylammonio)-
propyl]-4,4"-bipyridinium (NV**) molecule, which transforms into
an NV** redox state by accepting two electrons and shows high
solubility in an aqueous solution, is used.”” The redox property is
due to the presence of electrolyte viologen (NV**/NV*'; act as an
anolyte) and bromide (Br; act as a catholyte) ions. To solve the
cross-diffusion issues of these species, the tetrapropyl ammonium
cation (TPA') and the quaternized styrene ethylene butylene
styrene membrane (SEBS-QA) are used to make a complex with
the Br’~ anion and the NV cation, respectively. The formation of
an NV*'/TPA"/Br electrolyte with the SEBS-QA membrane in over-
all geometry results in appreciable performance toward energy
and power density. However, these studies did not investigate
any EC property of the viologen, along with energy storage
characteristics.

Jang et al. attempted to fabricate a single-layered viologen-
based ECS device.”® The device was fabricated using EtV(PF),
and the anodic counterion species dimethyl ferrocene. Both were
mixed in an ionic liquid 1-ethyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl)imide ([EMI|TFSI]) and a random copolymer
gelator poly(styrene-ran-methyl methacrylate) (PS-~PMMA) to pre-
pare a solid electrochromic electrolyte. The fabricated device,
shown in Fig. 3a, contained a single layer of electrochromically
active material sandwiched between two ITO substrates. The device
showed a dark-blue color upon charging and became transparent
upon discharging at a certain current density. However, the device
geometry did not fully recover its initial optical characteristics, even

Mater. Horiz., 2022, 9, 2949-2975 | 2953
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Fig. 3 An ECS device structure carrying single-layer viologen with a TGE electrolyte (a). Synchronized transmittance of the device with different possible
states of charging—discharging functions of TGE-0 (b) and TGE-45 (c). Operating mechanism of a TGE-45-based ECS in six different steps (d). ECS:
electrochromic supercapacitor; TGE: ternary gel electrolyte. Reproduced from ref. 98. Copyright [2021] Elsevier.

after achieving a cell potential of 0.0 V upon discharging, and
the cell potential was surprisingly reinstalled at 0.57 V under the
open-circuit condition, as shown in Fig. 3b. Therefore, the device
showed delayed self-discharging to return to its initial color state.
To resolve this unusual trend of charging-discharging of electro-
chromic ionic species, a binaty liquid system containing [EMI|[TFSI]
and polycarbonate was mixed with the same solid electrolyte,
named ternary gel electrolyte (TGE). A selective concentration
of TGE-45 showed high conductivity (5.84 mS cm™') and elastic
modulus (62.4 kPa). TGE-45 supported the diffusion of faradaic
charge species of viologen and ferrocene and therefore did not
leave any unusual residual charge species at 0.0 V during
discharging, as shown in Fig. 3c. The device did not show a
significant open-circuit voltage after complete discharging, and
therefore, completely recovered its initial color state, showing
high optical contrast (AT ~ 94%). Typically, a high capacitance
(6.3 mC cm?) was observed, compared to the ionic gel, with
the TGE-45-based single-layer electrolyte. This is due to
the diffusion-controlled mechanism between the redox-active
species and can be understood with the help of a cartoon
representation of the ECS device mechanism,’*'® as shown
in Fig. 3d. During the charging state of the device, TGE-45
contributes to quick accumulation of both redox-active species
(Etv®" and dimethyl ferrocene) at the electrode surface, leading
to an intense deep-blue color. Therefore, many redox species
are used to obtain an intense deep-blue color and more charge
storage with a longer charging time. Fast ion transportation is
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not allowed for complete neutralization of the redox species
with TGE-0 during discharging. During discharging with TGE-45,
controlled diffusion of the redox-active species occurs, and full
energy consumption is achieved with high capacity. Complete
recovery of the redox-active species in its neutral form restores the
original transmittance. The diffusion of mass transport redox
species follows Fick’s law in a single-layer viologen-based ECS,
reported recently by Seon et al'®’ Residual charges that are
generally not extracted under normal discharging conditions
and left over in the cell were examined and were found to be
responsible for suppressing energy storage. Therefore, the concen-
tration gradient during device fabrication could help extract the
maximum stored energy by reducing residual charges.

3.2 Conducting polymer-based ECSs

In contrast to the limited reports on viologen-based ECSs, there
are a variety of active polymers whose color-to-colorless and
color-to-color switching has been examined for ECS devices.
The molecular structures of CPs are easily controllable for
bifunctional activity and lead to improved capacitance due to
their optimized morphology.'®*'%* Recently, there have been
many attempts to design conjugated polymers with donor (D)
and acceptor (A) units, called D-A and D-A-D type polymers,
which exhibit wider absorption spectra due to intermolecular
charge transfer among these units and therefore show different
colors. Modulating the donor and acceptor units is an effective
approach to designing a series of CPs.’*>'° The first neutral
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green color of a CP was obtained by Sonmez et al, who
synthesized a polymer using thiophene (donor) and thieno|3,4-
b] pyrazine (acceptor) units.'®” The similar polymer unit affected
ionic transport channels and was especially noticeable in thicker
films for suppressing performance.

A m-spacer was introduced between donor and acceptor units
(D-n-A-n-D-type polymer) and the polymer was shown to dis-
play excellent optical properties and device performance. A
D-n-A-n-D-type polymer, shown in Fig. 4a, with 3,4-ethylene-
dioxythiophene (EDOT), benzo[c][1,2,5]thiadiazole (BT), and
3,4-dihexoxythiophene as donor, acceptor, and m-spacer units,
respectively, was designed for ECSs.>® Three main factors in
this system contributed to high performance: (1) a noncoplanar
feature of the side chain played a critical role in modulating
aggregation, (2) a noncovalent S-O interaction between the
n-spacer and the donor unit ensured planarity between them
during the formation of a high-quality polymer, and (3) the
degree of torsion caused by substituted groups resulted in the
polymer having a compact morphology due to its steric
hindrance.’®®™'® Therefore, the synthesized polymer named
poly(BT-ThEDOT) exhibited a planer and porous structure to
realize high EC performance with a green-and-blue color state.
The porous microstructure morphology of the poly(BT-ThEDOT)
film also contributed to enhancing the capacitance to 92 F g™ %,
even at a 1.0 A g ' current density, as shown in Fig. 4b.
Coloration (blue to green) and bleaching (green to blue) indicate
the corresponding EC color modulation for charging and dis-
charging states with 46% optical color contrast.

Steric hindrance

(©) (d) 0.‘ ;-

pCDB-EDOT

Noncovalent interaction

Side chain modulate the aggregation
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PEDOT has already been extensively studied for supercapacitors
due to its broad operational potential window, high conductivity,
and stability, and its capacitance is found to be lower compared to
that of known ordinary polymers, such as PANI and PPy.''* The
reason is the unavailability of a doping site and its large molecular
weight. Therefore, introduction of 3,6-dialkoxythieno[3,2-b]thio-
phene in PEDOT-benzo[c|[1,2,5]thiadiazole (BTD) renders an
appropriate donor unit and forms a relatable D-A-type polymer
for charge transportation. A p-doped poly[4,7-bis(3,6-dihexyloxy-
thieno[3,2-b]thiophen-2-yl)]-benzo[c][1,2,5]thiadiazole (PBOTT)-
BTD electrode was used to fabricate a symmetrical (polyethylene
terephthalate [PET)/ITO/PBOTT-BTD//PBOTT-BTD/ITO/PET) and
asymmetrical (PET/ITO/PEDOT//PBOTT-BTD/ITO/PET) flexible
ECS device.""? The asymmetrical ECS device achieved high energy
density (5.7 W h kg™ '), power density (1.2 kW kg %), and
capacitance (21 F g ') at an operating voltage of 1.4 V compared
to the symmetrical ECS device. The device showed its charging-to-
discharging color state as blue (0.6 V) to green (—0.4 V), and the
change in color was due to the formation of poloron and
bipoloron carriers. In addition, the reversibility and stability of
the colored states during charging-discharging cycles indicated
that the device was a smart ECS device. Several studies have
explored D-A-D-type polymer-based devices to monitor the real-
time energy storage level. A single-electrode system of EDOT
(donor) and isoindigo (acceptor) shows a poor response for
charge/discharge stability with a capacitance of 1.7 mF ecm™>.'*?
A polymer film was analyzed by adding n-spacers in a D-A-D-type
polymer to optimize the thin-film structure, which enhanced the
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Fig. 4 Chemical structure of the D—n—A-n—D-type polymer (a) and the charging—discharging response of a film with color notation at 1.0 A g~ (b).
Adapted from ref. 55. Copyright [2020] Elsevier. Chemical structure of pCDB-EDOT (c) and ECS device of pCDB-EDOT//PEDOT with synchronized
optical and GCD curves with a glowing LED (d). Reprinted from ref. 116. Copyright [2021] American Chemical Society.
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capacitance compared to the respective independent polymer
units. However, selective donor and acceptor units in a complete
D-A-D-type polymer also decide the electronic and optical
properties.!* 4113

This new strategy of D-A-D-type conjugated polymer synth-
esis with donor EDOT and acceptor chalcogen-diazolobenzo-
triazole (CDB) units has been investigated."'® A bulky planer
structure of the CDB unit with a long alkyl chain at the N
position usually exhibits a large steric hindrance with the EDOT
unit and inhibits the formation of a dense membrane. Fig. 4c
shows the polymer structure of synthesized pEDOT-CDB.
A loosely stacked structure promotes fast ion transport and
protects the film from damage under a repetitive redox process,
leading to enhanced performance.'®® Therefore, a solid-state
asymmetric ECS device was designed using pCDB-EDOT
(positive electrode) and PEDOT (negative electrode) with a LiBF,/
[BMIM]BF, electrolyte in a two-electrode system. The combination
of the ECS led to a fast coloration (1.19 s) and bleaching (0.98 s)
response toward the dark-green and blue state of the device.
The device showed different color intensities of dark green and
blue depending on the applied voltage, as shown in Fig. 4d, which

View Article Online
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shows a linear change for charging-discharging at a fixed
current density. Charging-discharging and absorption of the
device were simultaneously analyzed in accordance with the
changing EC color intensity. The device showed a change from
dark green to blue during the charging period and reverted to
its natural color state on discharging, delivering a maximum
energy density of 0.658 W h ¢cm™> and a power density of
80.24 uyW cm > at a current density of 0.1 mA cm 2 This
excellent output of the device has been depicted by a glowing
light-emitting diode (LED), as shown in Fig. 4d. The pCDB-
EDOT//PEDOT ECS was discharged through a yellow LED (1.8 V,
0.04 W), and the LED lit up for more than 60 s, showing a high
discharge capacity characteristic of the D-A-D polymer unit.
In addition to designing a molecular structure, an efficient
charge transfer process and low sheet resistance of the sub-
strate equally enhance the ECS operation. Continuous use of
ITO and FTO transparent electrodes, AgNWs, encapsulated
graphene layers, and CNT-embedded structures also improves
the charge transportation mechanism. However, AgNWs suffer
from oxidation and corrosion, which lead to poor performance
and stability."'”"**® Therefore, Cai et al. prepared an Ag grid PET
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Fig. 5 Schematic illustration of an Ag grid/PET substrate with a PEDOT:PSS film (a). Transparent spectra of colored (—0.7 V) and bleached (0.1 V) state of
WO3z@Ag and WOs@Ag-PEDOT films (b). Synchronized GCD and transmittance spectra of WOs@Ag-PEDOT films at 1 A g~ (c). Reproduced from
ref. 119. Copyright [2015] Wiley-VCH. Schematic illustration of a wearable v-AuNW/PANI device (d) with each photograph having a different color
modulation at a different potential (e). CV performance (f) and GCD profile at different current densities of the device (g). Reprinted from ref. 122.

Copyright [2018] Wiley-VCH.
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substrate covered by PEDOT:PSS to create a hybrid film, as
shown in Fig. 5a."™ This conductive hybrid film over the PET
substrate exhibited high transparency (~70%) with 0.62 Q sq "
sheet resistance. One additional advantage of a PEDOT:PSS
layer is protection of the Ag grid from natural oxidation. This
substrate was used for the electrodeposition of a WO; film.
A significant difference was found between the colored and the
bleached state in transmittance spectra, as shown in Fig. 5b,
with and without the PEDOT:PSS structure of the WO;-coated
Ag grid. High optical modulation (~81.9%) at 633 nm was
achieved by the WO;/PEDOT/Ag/PET hybrid film. The char-
ging-discharging process was due to the production of possible
redox species of W and W°* at a current density of 1 A g™,
Fig. 5¢ shows the instantaneous behavior of energy storage
levels with a change in optical transmittance. The dark-blue
color of the film indicates a fully charged state, and its reversal
to a natural colorless state shows the discharging state.
A complete reversible color state developed within the potential
range of 0.0 to -0.7 V, with a capacitance of 221.1 F g ' at a
current density of 1 A g™,

Polymer-based supercapacitors have also been explored in
wearable energy storage devices, skin-mountable electronics, and
on-skin biomedical healthcare systems.'**'*" The impressible
electrochemical features of such devices with multiple applica-
tions in wearable electronics at the same time have attracted
much attention. An et al. successfully fabricated a wearable skin
like ECS self-assembled with gold nanowires (v-AuNWs) and a
PANI film over a PET substrate, as shown in Fig. 5d."*> A AuUNW
film provides high stretchability, conductivity, and softness for
retaining integrity under several deformations and provides a
high surface area for PANI deposition.’*® This pattern can also
be used for making tattoolike patches on soft human skin and
for direct use in wearable devices. Symmetrical EC devices are
designed by using fabricated PANI/AUNW electrodes, where
two different color possibilities exist at one potential value. The
positively charged electrode shows a deep-blue color, while the
negatively charged electrode shows a yellow color. AuNW-based
electrodes have also been designed for human skin to draw a
tattoo electrode patch, as shown in Fig. 5e. Under a complete
potential scan from —0.8 to 0.8 V, as shown in Fig. 5f, a reversible
color-switching cyclic voltammetry (CV) pattern shows a quasi-
reversible rectangular pattern with an aerial capacitance of
5.13 mF cm ™, while a linear trend of the charging/discharging
profile is observed under varying current densities, as shown in
Fig. 5¢g, with simultaneous color-changing ability.

Moreover, CPs can be combined with carbonaceous materials
for improving the overall device performance. Carbonaceous and
nanostructured materials are widely applicable for designing
commercial energy storage devices.'** Jiao et al recently fabri-
cated an electrode using CNTs/Au/PPy/PET, which exhibits low
charge transfer resistance and low equivalent series resistance
compared to Au/PPy/PET and PPy/PET electrodes and therefore
shows a high capacitance of 23.9 mF cm™? at a current density
of 0.5 mA cm™> Due to the formation of polorons at negative
(—0.9 V) potential, visual identification of the electrode was notice-
able, from black/brown color to yellow color, during charging.'*

This journal is © The Royal Society of Chemistry 2022
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De-doping of anions at a negative voltage forms a neutral
molecular chain, resulting in a strong absorption band corres-
ponding to the yellow-green color. Therefore, to keep the same
electrode characteristics, an asymmetric flexible ECS was
designed by selecting a counter electrode MnO,/PET (as a
positive electrode) through a PDMS spacer filled with aqueous
LiClO, solution. This asymmetric flexible ECS device showed
color-to-color switching (blue to yellow) between 0 and 1.8 V,
with a maximum areal energy density of 4.03 kW h cm ™2 at a
current density of 0.2 mA cm 2.

Improving the working potential window to realize high
energy density in practical applications is still a great challenge.
Therefore, an attempt has been made to synthesize a multi-
walled carbon nanotube-poly dibromo monomer and benzo-
dithiophene compound (BDT75) (MWCNT-PBDTC) composite
film.">” In this synthesized material, MWCNTs work as an
electron acceptor group and form a stable n-doped constituent
polymer, which improves not only the polymer’s conductivity
but also mechanical strength. A symmetric supercapacitor was
designed using a polyacrylamide (PAAM)-based electrolyte for
MWCNT-PBDTC-based electrodes and provided a wide
potential window of 4.8 V. A brown and gray color of the device
was obtained in the uncharged and charged states, reflecting its
high energy density of 174.7 W h kg~ ". A faster EC and energy
storage function is governed by efficient electron transport
between conductive MWCNTs and the polymer PBDTC. A few
other works have also synthesized different conjugated polymers
for exhibiting simultaneous ECS performance. Table 1 lists the
polymers that have been investigated recently in the ECS field.

3.3 Inorganic material-based ECSs

Handling and fabrication of inorganic material-based ECS devices
are much easier compared to others and improve surface-
controlled application via nanomaterials. A self-supporting
double-grid (DG) mesoporous V,05 nanostructure-based electrode
was designed for achieving enhanced pesudocapacitance.”*® The
DG porous morphology provides high structural stability and a
large active surface area, creating an accessible path for elec-
trolyte ions."*' A free-standing V,05 network was fabricated by
electrodeposition into a voided copolymer template network
with a DG morphology. The surface morphology is shown in
Fig. 6a with a scanning electron microscopy (SEM) image along
with a symmetric design of a device filled with the lithium
bis(trifluoromethylsulfonyl)imide (LiTFSI) electrolyte. Fast ion
transportation was seen in the symmetric DG-V,05 device in
terms of the respective color change during the charging-
discharging cycle. In Fig. 6al, the letters “NO” and “KIA”
correspond to the upper and bottom electrodes, respectively.
The conversion from green-gray to a yellowish color is due to
oxidation under charging conditions. Color modulation was
observed in different colors (Fig. 6all-III). Dynamic responses
of optical behavior with a potentiometric measurement at a
current density of 2.0 mA cm™? are plotted together in Fig. 6b.
A high color contrast and a high specific capacitance of 155 F g~ *
were measured for this combination, which are governed by the
extremely small pores of DG.
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Table 1 Polymer-based ECS electrode/device assembly

Chromic modulation ECS device performance

Number Polymer ECS* device combination Charging Discharging Optical Electrical Ref.
1 Triphenylamine triazine/ditriaine PTAPTZ/LiBF 4//pEDOT? Blue Light green/ — — 126
(pTPATz and pTPADTZ) red
2 CDB‘-EDOT-CDB pCDB-EDOT//PEDOT? Blue Dark green AOD° = 83% 4.65 mF cm > 116
3 MWCNT-PBDTC? MWCNT-PBDTC//LiClO,/PC- Gray Brown — 174 W h kg™ " and 127
, 4 PMMA"//MWCNT-PBDTC 4.8 kW kg
4 CNTs'/Au/PPy//PET CNTs/Au/PPy/PET//MnO,/ITOY/  Yellow  Dark brown — 4pWhem 2at 125
PET green 0.2 mA cm 2
5 Poly(4,7-bis(5-(2,3-dihydrothieno[3,4- Electrode-poly(BT-ThEDOT)/ITO Blue Green AT = 46% 92Fg at1Ag ' 55

b][1,4]dioxin-5-yl)-3,4-
bis(hexyloxy)thiophen-2-
yl)benzo[c][1,2,5]thiadiazol)

6 Ag/PEDOT:PSS Electrode WO;@Ag/PEDOT:PSS  Blue Transparent AOD ~ 81.9% 221.1 Eg* at 19
1Ag
7 QA™ derivatives (C10QA-2T, C10QA- pC10QA-2EDOT//pC10QA-2EDOT Blue Yellow AOD ~ 40% 322 Fcm™® at 128
2EDOT, C10QA-2DT) 5Acm
8 PBOTT"-BTD’ PBOTT-BTD//PEDOT Blue Green — 3-6 Whke™' & 112
0.6-8 kW kg '
9 AuNWSs?/PANT? Symmetric AUNWs/PANI Blue Green — 11.7 mF cm 2 122
at10 mvs '
10 Triphenylamine-triazine-based con- Two-pTTPATA polymer electrode Red Light yellow — 81mAhg! 104
jugated microporous polymer
11 Thiophene-based polythiophene Single pPHBT electrode Green  Yellow — 96.7mAhg™! 129

derivative (pPHBT)

@ ECS: electrochromic supercapacitor. © EDOT: 3,4-ethylenedioxythiophene. ¢ CDB: chalcogena-diazolobenzotriazole. ? PEDOT: poly(3,4(ethylenedioxy)-
thiophene). ¢ OD: optical density.” MWCNT: multiwalled carbon nanotube. ¢ PBDTC: poly dibromo monomer and benzodithiophene compound
(BDT75). ¥ PMMA: polymethylmethacrylate.  CNT: carbon nanotube.” PPy: polypyrrole. ¥ PET: polyethylene terephthalate. ' ITO: indium tin oxide.
" QA: quaternized. " PBOTT: poly[4,7-bis(3,6-dihexyloxy-thieno[3,2-b]thiophen-2-yl)]. ° BTD: benzo[c]|[1,2,5]thiadiazole. ¥ AuNW: gold nanowire. ¢ PANI:

polyaniline.

Tae et al. manufactured a high-performance WO;-based ECS
that displayed the real-time capacity in dual functions."*> A
single-layer WO;-coated ITO electrode was used with ferrocene
(counterion), hydroquinone (HQ,) and Li‘-doped [EMI][TFSI]
ion gel. A selective combination made the device transparent in
the bleached state and display excellent performance. A notice-
able difference in color contrast during charging-discharging
was achieved (Fig. 6¢ and d), yielding 91% optical contrast with
an aerial capacitance of 13.6 mF cm 2. A selective process to
design a WOj-based ECS with an ion gel electrolyte was
explored for utilization in wearable devices and it was shown
that it can operate under high-temperature conditions. Nearly
64% higher capacitance was achieved at 40 °C compared to 0 °C
due to the higher diffusion of ions at the same current density.
Such dual-function ECSs are a real need for future technologies
and for practical applications.

Shen et al. synthesized a novel flexible ECS based on AgNWs and
WO; over a PDMS/PET substrate. Ultralong AgNWs (>200 pm)
provided excellent interconnectivity to WO;, with high conductivity
and improved mechanical strength.’** A strong conductive
interaction between WO; and AgNWs led to improved inser-
tion/extraction of ions, enhancing their EC performance. The
combination of AgNWs-WO; electrodes displayed high ECS
performance in a linear pattern of charging-discharging,
with a CE of 80.2 cm”® C™* and a gravimetric capacitance of
138.2 F ¢~ '. To make better contact between the metal and
inorganic EC oxide, a new and unique strategy was investigated
by Kim et al. to form a nanofilament array (NFA)-embedded
WO, film."**

2958 | Mater. Horiz., 2022, 9, 2949-2975

An amorphous WO; film was initially deposited using radio-
frequency (RF) magnetron sputtering, followed by electroforming
treatment with Au tips, to create an NFA-embedded structure, as
shown in Fig. 6e. Due to the formation of NFA, the insulating WO3
film exhibited reversible bistable resistance between high and low
resistance states. This resistive switching mechanism is explained
by the reversible redox reaction at the electrode-electrolyte
interface, and a low resistance state leads to accessible charge
transfer dynamics."*'*® This can be understood during the CV
scan, where an NFA-WO;-based electrode showed a large area
compared to the pristine WO; electrode. NFA provides a conducting
path for electron transport during long-term stability. This
mechanism also induces a negatively charged oxygen ion in
NFA regions, which is highly responsive to absorbed Li" at the
electrode-electrolyte interface and, thus, responds to a fast
redox reaction. Only WO; is an electrochromically active material
in this system; therefore, it shows a change in the intensity of
blue color in pristine WO; and an NFA-embedded WO, system,
as shown in Fig. 6f. A significant optical contrast between them
(NFA-WO3; ~67%, pristine WO3; ~ 55%, Fig. 6g and h) was
measured with a change of 12%. Due to the same operating
mechanism, the specific capacitance of WO; and NFA-WO;
electrodes was measured as 133 and 214 F g~ ' at a current
density of 0.25 mA cm?, respectively (Fig. 61 and j). Thus,
enhanced conductivity, higher electrochemical active surface
area, and fast charge kinetics in an NFA-embedded WOj; struc-
ture facilitate the design of a high-performance ECS.

Inorganic WO; is known for only a one-fold EC characteristic
from transparent to blue color, and it is little difficult to
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