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Solution-processable electrochromic materials
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large-scale applications
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Electrochromic devices (ECDs) that modulate optical transmission or reflection in a controllable manner

are attractive in energy-saving and colour-tuning applications. In this review, we discuss the key

components, fundamental working principles and performance metrics of ECDs using layman’s terms.

We also highlight recent materials development of each component and illustrate how the structure–

property relationships impact their processability, device performance and stability. We further introduce

emerging materials that exhibit electrochromic properties, and discuss the transition from laboratory-

scale, half-cell-based characterisations of electrochromic materials to the fabrication of solid-state

electrochromic devices and evaluation of their performances. Finally, we lay out major challenges for

fabricating large-scale and cost-effective ECDs, particularly the materials design and fabrication

strategies for achieving chemically and electrochemically stable, high performance ECDs that can be

produced by roll-to-roll techniques.

1. Introduction

Electrochromic materials that reversibly modulate optical
transmittance or reflectance under applied potentials are key
components for a variety of energy saving and colour-tuning
applications,1 especially when integrated into ‘‘smart windows’’
that switch between a coloured (dark) state and a colourless

(bleached) state to increase energy efficiency of buildings,2

or colour-tuning mirrors that adaptively modulate reflection
based on ambient light conditions.3 Since the initial reports
of electrochromism in WO3,4,5 intensive research efforts have
been focused on electrochromic materials of various categories,
including transition metal oxides,6,7 small molecules8,9 and
polymers.10,11 Other device components, including the ion
storage layer (counter electrode), electrolyte, and conductive
substrates, are also prerequisites for achieving functional solid-
state devices with desired performance and stability. Mean-
time, the availability of large-scale processing techniques
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including roll-to-roll coating are key to the integration of these
components into economically-attractive commercial devices.

In this review, we focus on the materials used for different
components of an electrochromic device, highlighting their
performance metrics, processability and advances in roll-to-
roll processing, together with the remaining roadblocks and
potential strategies that can be used for achieving large-scale
fabrication of all-printed devices. Several classes of electro-
chromic materials, including transition metal oxides, plasmonic
doped metal oxides, electrochromic polymers, and emerging
classes of materials exhibiting electrochromic properties are
presented, focusing on the technological challenges associated
with the synthesis, fabrication and assembly using large-scale
processing techniques. We then discuss materials for counter
electrodes, electrolytes, and conductive substrates, review
their chemical and electrochemical stability, and analyse how

each component can be compatible with roll-to-roll coating
techniques. We conclude by highlighting a few major hurdles
that need to be addressed as we move to develop roll-to-roll
manufacturing of ECDs.

2. Electrochromic device structures

The working mechanism of an electrochromic material involves
colour changes induced via an electrochemical process. Formally
defined, electrochromism is a reversible change, evocation or
bleaching of a material’s colour through an electron transfer
process (redox reaction) or application of a sufficient electro-
chemical potential.12 In its simplest form, a device incorporating
such an electrochromic material requires a working electrode at
which the active material undergoes electrochromic switching, a
counter electrode that functions as a charge balancing and/or
ion storage layer, and an electrolyte maintaining ionic transport
between the two electrodes, to form an electrochemical cell.
The observed colour changes are a result of the redox events
occurring in the ECD.

ECDs are constructed based on two major device architec-
tures: the layered arrangement (sandwich configuration)13

or the ‘‘all-in-one’’14 approach. In the layered structure, the
electrochromic material is coated on a conductive substrate as
the working electrode, and the electrolyte and ion-storage
material form distinct layers (Fig. 1).15 Alternatively, instead
of preparing separate films or layers, readily soluble electro-
chromic molecules can be dissolved in the electrolyte together
with a redox mediator in the ‘‘all-in-one’’ configuration.16,17

In terms of large-scale processing, the distinct layers in
the sandwich configuration can be separately prepared using
different coating techniques and assembled together to form
the final device structure through roll-to-roll techniques.
Advantages of this device architecture include the independent

Fig. 1 Schematic representation of a transmissive type electrochromic device (ECD), composed of electrochromic material, electrolyte and counter
electrode material sandwiched between transparent conductive substrates.
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optimisation of processing conditions of individual layers and
the broad versatility of using any type of solid-state electro-
chromic material to obtain uniform electrochromic switching
even in large-area devices. On the other hand, only small
molecules or metal–ligand complexes with high solubility in
the electrolyte can be employed in the ‘‘all-in-one’’ construct.
Depending on the specific application, ECDs can be fabricated
either in a transmissive or reflective configuration.18 Transmis-
sive devices controllably tune light transmission, and are useful
as smart windows,19 non-emissive displays,17,20,21 eye-wear22

and optical shutters.23 They function by altering the amount of
light transmitted in a given wavelength range in response to an
applied voltage, switching between different colours or between
a coloured and a transmissive state. Reflective-type devices are
commercially used in the auto-dimmable Gentex Night Vision
System (NVS) anti-glare rear-view mirrors,24 and are also
studied for potential applications in thermal control through
reflectance modulation in the infrared (IR) region as well as
for display applications.25–28 The major difference of the two
device configurations is the choice of conductive substrates.
The transparent substrate used in transmissive-type devices
is typically replaced by a reflective surface in a reflective-type
device. Occasionally, the electrochromic layer on the reflective
surface may face outwards, relying on slits or pores on the
conductive surfaces to establish the electrical connection with
the electrolyte.11,29

3. Characterisation and performance
metrices

The main feature identifying an electrochromic material is the
ability to change its optical properties in response to an external
electrical bias. As implied from its basic function, techniques
related to both electrochemistry and optical spectroscopy are
required to fully evaluate the performance of a given material as
a potential candidate for electrochemically induced colour
attenuation applications. A high-performance ECD is capable of
manifesting fast, reversible and controllable optical modulations
of high contrast, with chemical and electrochemical stability.
As the field grows, it becomes increasingly challenging to
compare reported performances of materials and devices using
ambiguously defined performance metrics. Thus, several critical
performance metrics used to characterise EC performance of a
material are highlighted below. We encourage the community to
provide a standardised performance measurement for the evalua-
tion of new electrochromic materials for specific applications.

3.1 Electrochemical properties

The first step in characterising the electroactivity of an electro-
chromic material is to understand the electrochemical processes
that give rise to reversible electrochromic switching. The initial
step of electrochemical characterisation is usually carried out
using a three-electrode setup, where the material of interest is
either coated on the working electrode or kept dissolved in the
electrolyte. The material’s redox properties can be understood

using cyclic voltammetry (CV) experiments, where the current
response is recorded as a function of varying voltages by
performing forward and reverse scans within a specified voltage
range at a given rate.30 During the initial scan from lower to
higher potentials (or vice versa), the material undergoes a
capacitive charging process, and is typically accompanied by
a faradaic electron transfer corresponding to the oxidation (or
reduction) of the material. During the reverse scan the dis-
charging and the opposite redox events occur. For certain EC
materials such as plasmonics, only an increase or decrease of
the free carrier concentration is required to cause the capacitive
electrochromic phenomenon.31,32 From the voltammograms,
the reversibility of the compounds upon oxidation or reduction
can be evaluated via the analysis of the peak-to-peak separation,
the ratio of the peak current densities, the peak current density
versus the scan rate or square root of the scan rate, etc.33

Materials that undergo readily reversible oxidations are referred
to as ‘‘p-type’’ materials and those that prefer reductions are called
‘‘n-type’’. The terms ‘‘anode-active’’ and ‘‘cathode-active’’ are
also used interchangeably to describe the above phenomena.

In an electrochromic device, the current responsible for inducing
the colour change (I) can be represented as follows:

I ¼ Ve

Rt
¼ Va � jIS � jECð Þ � Vb½ �

Rt
(1)

where Ve = effective colouring voltage, Va = applied voltage,
Vb = sum of all interface barrier potentials, jIS and jEC

represent the internal chemical potential differences of the
ion storage layer and the electrochromic layer, respectively,
and Rt = sum of resistances to the electronic and ionic currents
in the complete system.34 The effective voltage (Ve) and resis-
tance values are influenced by the choice of materials, the
thicknesses of the electrochromic and ion storage layers, as well
as the charge and mobility of the electrolyte ions.

It is clear from eqn (1) that the application of an over-
potential (greater than the voltage Ve, required for the colour
change) is necessary to overcome the barrier potentials present
in the system. However, overpotentials may also lead to
deterioration of the electrochromic materials and irreversible
side reactions. Therefore, it is important to identify a ‘‘safe’’
voltage range for an ECD by considering the electrochemical
stability of the electrochromic layer,35,36 as well as the other
materials used in the device.37 A stable operating voltage window
can be defined as the potential range in which the electro-
chromic material undergoes reversible electrochemical redox
reactions (pertaining to the colour change), in the absence of
irreversible side reactions involving the other components
of the ECDs, namely the ion-storage layer, electrolyte and
conductive substrates. The limiting potentials required for
complete and reversible switching of the device, should lie
within the stability window of the electrolyte.38 The electro-
chromic potential window of the device, which is the potential
range where the colour change occurs,39 can be readily determined
through spectroelectrochemistry (described in the following
section), while the electrochemical stability and reversibility
of the redox reactions of active materials are estimated by
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comparing changes in the peak positions, peak-to-peak dis-
tance and current densities of the forward and reverse scans of
a cyclic voltammogram.

A few approaches have been developed to prevent the use of
excessive switching voltages for a given pair of electrochromic
and ion storage layers, in order to increase the device lifetime
and improve compatibility with different electrolyte systems. Of
significant interest is the use of electrodes with unbalanced
redox capacities in an ECD.40 By using an ion-storage layer with
a substantially higher redox capacity with respect to the electro-
chromic layer, only partial switching of the ion-storage material is
required to balance the charge generated at the working electrode
corresponding to a complete switch of the electrochromic
material. Circumventing the requirement for complete switching
of one active layer enables narrowing of the voltage window.
Elevated temperatures have proven to decrease the voltages
required for the colouring and bleaching of metal-oxide materials
by improving charge transfer and ionic diffusion processes.41

Diffusion coefficients of ions are exponentially related to tem-
perature, therefore a slight increase in temperature can signifi-
cantly increase ionic diffusion, resulting in lower colour changing
voltages.42 Especially in the case of diffusion-limited systems,
such as those containing solid-state electrolytes, improving the
ionic conductivity in the electrolyte and decreasing the interfacial
barriers for ion intercalation–deintercalation by engineering
thinner, more porous electrolyte layers have shown to be beneficial
for obtaining smaller operating voltages.34

Apart from cyclic voltammetry, other electrochemical tech-
niques, including chronoamperometry and chronopotentiometry
can be used to track the charging/discharging process of the
electrochromic device.43,44 Electrochemical impedance data are
useful in determining the ionic mobility of the electrolyte, charge
transfer processes and resistive barriers present in the system.

3.2 Spectroelectrochemistry

Spectroelectrochemistry is a technique used to monitor a
material’s spectroscopic changes that occur during electro-
chemical experiments (Fig. 2). It enables characterisation of

single/multiple electron transfer processes and tracking the
generation of intermediate species during the redox processes
by identification of their unique spectral features.45 Spectro-
electrochemistry is used as a tool to determine the evolution of
colour spectra of an electrochromic material, and to assess the
potential of a material to achieve a certain colour.46–48 With the
aid of spectroscopic data, the scope of application is decided
(e.g. coloured to bleached transitions, multi-coloured electro-
chromism or minimal-colour change). For example, N-alkyl-
substituted poly(3,4-propylenedioxypyrrole) (PProDOP), which
has a low colouration efficiency was studied by Reynolds et al.49

The neutral state of the N-alkyl-substituted PProDOP has a
band absorption below 400 nm, and in intermediate oxidised
states the absorption shifts to B500 nm, and finally ends in
the near IR (NIR) region, with minimal colour residue in the
visible region. Owing to the unique spectroelectrochemical
behaviours, N-alkyl-substituted PProDOP was identified as a
candidate for counter electrode materials (described further
in Section 5).

3.3 Colour analysis

Colour is a core aspect of electrochromics, as these materials
and devices function as attenuators of visual stimulation, in the
form of colour-changing displays,17,20,21 dynamic eye-wear,22 active
camouflage materials or switchable windows and mirrors.3,19

Especially when considering visual comfort levels or commer-
cial applications such as advertising and interior lighting,
stringent colour requirements are often imposed. Since colour
perception is a subjective matter, internationally accepted
colour descriptions are required to confirm the extent of colour
matching of the electrochromic material with the expected
standards.50 Colorimetry (colour measurement) enables a scientific
quantification and a standardised description of colour by
mathematically simulating the perceived colour. ‘‘Colorimetric
analysis’’ is usually performed according to protocols set
out by the International Commission on Illumination (CIE,
Commission Internationale de l’Eclairage), that delineate
methods to represent the three main attributes that define

Fig. 2 Schematic representation of a three-electrode spectroelectrochemical setup consisting of a working electrode (WE), a reference electrode (RE)
and a counter electrode (CE). Changes in optical properties (e.g. coloured to bleached transitions) corresponding to electrochemical processes
(oxidation or reduction) can be recorded in situ.
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a colour: hue, saturation and lightness. Hue refers to the
dominant wavelength or spectral position of the light asso-
ciated with the colour, and it can be represented by its position
on a colour wheel or spectral axis. In simple terms, this feature
helps to identify the colour as red, blue, green, yellow, orange,
etc. The level of saturation describes how close the observed
colour is to the pure spectral colour, and if it is mixed with any
forms of grey, i.e. desaturated. This feature is sometimes also
known as the ‘‘tone’’ of a colour. The amount of brightness or
luminosity is considered the third attribute.51,52

Colour spaces which represent all possible colours in an
organised manner are constructed based on the tristimulus
values (XYZ).53 The XYZ values are analogous to the sensitivity
of the cone cells present in the human eye, which are respon-
sible for detecting long, middle and short wavelength radiation.
CIE 1931 Yxy50 and 1976 CIE L*a*b* 11 are two such frequently
used colour spaces. The L*a*b* system is widely used in the
electrochromic industry, as it has better numerical correlation
with visually observed colour changes.54 In this three-
dimensional colour space, L* axis represents lightness (ranges
between values of 0 and 100), and a* and b* axes denote
chromaticity (Fig. 3). +a* values indicate colours with rich red
hues, �a* values green shades, and the b* axis represents yellow
(+b*) and blue (�b*). The (0,0) point in the a*b* coordinate
system represents a neutral (achromatic) grey.55,56 Calculations
based on these L*a*b* values can be used to represent the colour
differences (DE) with respect to a reference.51,57,58

Frequently, electrochromic materials are mixed with each
other, or together with other dyes or pigments to create new

shades or tones to extend the accessible colour gamut. Since
electrochromics are typically used in non-emissive devices, the
subtractive theory of colour mixing, based on cyan, magenta
and yellow (CMY) as primary colours, is useful in predicting the
colour of mixtures. Appropriate combinations of the three
primaries are used to create black.59 On the other hand, if
combinations of transmitted light need to be considered, the
additive theory based on RGB (red, green and blue) primary
colours would be required.

3.4 Optical contrast

Optical contrast refers to the degree of optical change during
the switching process, and it is commonly expressed in one of
the following correlated forms: a change in optical density
(DOD), transmittance (D%T), reflectance (D%R), or relative
luminance (D%Y). All four measurements are a variable as
a function of wavelength. In a given instance, the choice
of measurement type to best represent the electrochromic
contrast depends on the optical properties of a material and
the intended application. Optical density changes (measured in
the form of absorbance) are reported for materials exhibiting
coloured to bleached transitions as well as for dual and multi-
coloured electrochromics. However, for materials switching
between coloured and highly transmissive states, the standard
approach is to measure relative transmittance changes (D%T)
at lmax (the wavelength at which the material shows maximum
optical change). As opposed to transmissive devices, reflective
systems (with low transmittance) track modulations in diffuse
reflectance. The transmission or reflectance changes are

Fig. 3 (a) 1976 CIE L*a*b* colour space used for colorimetric analysis. Adapted with permission from ref. 56. Copyright 2016 Institute of
Food Technologists. (b) Variations of a*, b* colour coordinates during coloured to bleached switching of seven conjugated electrochromic polymers,
(c) L* values of a black electrochromic polymer in its neutral and bleached (oxidised) states. Reprinted with permission from ref. 52. Copyright 2011
American Chemical Society.
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occasionally expressed in terms of a contrast ratio (CR) as
illustrated below:

CR ¼ Tb

Tc

� �
or

R0

Rx

� �
(2)

where Tb = intensity of light transmitted in the bleached state,
Tc = transmittance in the coloured state, R0 = reflected light
intensity in the bleached state (or a reference white substrate),
Rx = reflectance in the coloured state.

The above parameters are useful when describing the
contrast at a single wavelength, either at the wavelength of
maximum absorbance change (lmax) or at the wavelength of
maximum human visual sensitivity (555 nm). On the other
hand, when characterising a material that absorbs over a wide
range of wavelengths (e.g. black to transmissive ECDs), it is
more appropriate to report a change in luminance (D%Y)
covering the whole visible spectrum. Luminance (cd m�2) is a
summation of all light transmitted, reflected and emitted in a
given direction. Relative luminance, which is the normalised
luminous flux density with respect to the illumination source,
gives a better representation of the visually perceived colour
changes of an EC display. In the smart-window industry, optical
light modulations are mainly represented in terms of photopic
contrast (DTphotopic) between the tinted and bleached states.60

Photopic transmittance represents transmittance over the visible
region (380 nm to 780 nm) weighted to the sensitivity of the
human eye and is defined according to the following equation:61

Tphotopic ¼
Ð lmax

lmin
TðlÞSðlÞPðlÞdlÐ lmax

lmin
SðlÞPðlÞdl

(3)

where T(l) is the spectral transmittance of the device, S(l) the
normalised spectral emittance of the light source and P(l) the
normalised spectral response of the eye. When comparing
performance of electrochromic materials and devices, it is
therefore important to distinguish between the different
approaches used to report optical contrast.

Apart from the wavelength of measurement, optical contrast
depend on the thickness of the electrochromic layer39,62,63 as
well as its morphology64 and processing conditions.65,66 As the
film thickness is increased, the transmittance of both the
coloured and bleached states decrease usually in a non-linear
manner, and the maximum contrast (DTmax) is attained at an
intermediate thickness (Fig. 4). Although the maximum trans-
mittance change is generally determined on a trial-and-error
basis, several models have been proposed to predict the ideal
thickness,39,62 based on experimentally derived parameters,
such as the linear correlation of absorbance with film thickness
or redox capacity. It has been noted that a high volumetric
redox density (number of redox sites available per unit volume)
can be related to a high optical contrast for a given material.65

Along with this notion, there is a general consensus that more
porous structures facilitate better contrasts owing to the acces-
sibility of a greater number of redox sites.64,67

In general, high optical contrasts are desirable, however the scope
of expected performance is dependent on the field of application.

For example, electrochromic windows and eyewear generally
require photopic contrast to be greater than 60% (Tphotopic in
the range of 0.7 to 0.1 in the bleached and coloured states,
respectively).22,68 High contrast values have been reported using
various electrochromic materials, with metal oxides, conjugated
polymers and plasmonics being at the forefront. Metal oxides
show optical contrasts (D%T) typically around 50% (at 550 nm)69

with nearly ideal contrasts reported using porous tungsten
trioxide films (97.7% at 633 nm).64 Conjugated polymers can
also be engineered to show high optical modulations, especially
those based on propylenedioxythiophene monomer derivatives
(60–80%).67 Plasmonics can be combined with commonly used
electrochromic materials to increase their contrast by enhancing
light interactions.70 This strategy enables better contrasts to be
achieved from thinner EC layers, thereby not compromising
switching time in the effort to improve contrast.

3.5 Colouration efficiency

Colouration efficiency (CE) is a representative parameter of
electrochromic performance, as it accounts for the charge
requirement of electrochromic switching. It is defined as the
optical change caused by a unit charge density (charge per
unit area), usually measured at the wavelength of maximum
absorbance, lmax.

CEðZÞ ¼ DOD

Q C cm�2ð Þ (4)

Where DOD = change in optical density (measured in the form
of either absorbance or transmittance), Q = charge injected or
extracted per unit area of the electrochromic film.

Colouration efficiency is an intrinsic parameter of a
material, and eqn (4) suggests that a value for CE can be
obtained by the slope of a plot of absorbance change vs. charge
density. However, for commonly studied electrochromic materials,
including transition metal oxides and conjugated polymers,
neither the optical density nor the charge density varies linearly
over time when a constant potential (causing the oxidation or
reduction of the material) is applied (Fig. 5a).71 Hence a plot of

Fig. 4 Dependence of optical contrast on film thickness of PEDOT films.
Figures reprinted with permission from ref. 65 (Copyright 2005 Elsevier)
and ref. 62 (Copyright 2005 Elsevier).
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DOD vs. Q also does not remain linear over the complete colour
changing process. Therefore, the reported colouration efficiency
will depend on the selected percent change of transmittance
used for the calculation (Fig. 5b).

An approach using the linear portion of the DOD vs. Q graph
as shown in Fig. 5b(I), is commonly employed to report the
efficiencies of electrochromic transition metal oxides. However,
this could lead to an overestimation, as it only accounts for the
initial phase of colour change, but does not provide an accurate
depiction of the overall switching process. In an effort to
address this issue, the Reynolds group proposed measurement
of a ‘‘composite colouration efficiency’’ (CCE), which calculates the
charge required to attain a representative percentage (e.g. 95%)
of the total transmittance change (D%T), expressed in terms of:

CCE ¼ log
%T0:95D%T

%Tinitial

� ��
Q (5)

at the wavelength of maximum absorbance of the electrochro-
mic material (Fig. 5b(II)).71 The remaining percent colour
change (5%) that takes place much slowly should not contri-
bute to a significant visually perceptible difference. In contrast,
if the colouration efficiency calculation was to encompass the
complete (100%) switch, it would be misleading as it indicates
an underestimated performance than what is observed in an
actual device.67

Another important factor adding to the complexity of the
colouration efficiency calculation is the distinction between
faradaic and non-faradaic currents that contribute towards
the net current. Owing to the parallel, layered-like structure
of the electrochromic device, a capacitive current is inherently
present. In principle, however, it is only the faradaic current
that controls the colour change of redox-based electrochromic
materials. Calculation of the colouration efficiency based on
the net current will result in an underestimated CE values,
while delineating electrochemical processes that are directly
involved in the colour change would reveal more meaningful
details for the comparison of materials.72

There are continuing efforts to design materials which undergo
large absorbance changes with minimal charge, that can be
interfaced with low-power energy sources. Devices incorporating
amorphous WO3 have shown colouration efficiencies between
40–60 cm2 C�1, with variations arising from different morphol-
ogies and selected wavelengths.69 In general, organic electro-
chromic materials have higher CE values compared to
the traditionally used inorganic EC materials.67 For example,
electrochromic dyes and viologens have CEs in the range of
150–600 cm2 C�1 and conjugated polymers exhibit CEs close to
100–800 cm2 C�1. Devices made from polymer-based electro-
chromic and counter electrodes can operate at very high
efficiencies (41000 cm2 C�1).73

In summary, colouration efficiency determines the relative
ease with which the colour is modulated via the application of
an external bias. When using this parameter to evaluate the EC
performance, appropriate optical contrast measurements should
be made to reflect the applicability of the material. The intrinsic
redox activity of the material, the doping level, applied potential,74

film deposition process69 and electrolyte interactions also
influence this parameter.

3.6 Switching time

The time required to switch between different electrochromic
states, also known as the response time, is a key parameter
when considering the suitability of an electrochromic device
for applications. Similar to the parameters described above,
switching time is also interpreted in different ways and the
non-specificity of the reported data makes it challenging
to meaningfully compare between materials, fabrication
techniques and device designs. The generally accepted method
is to report the time taken for a required percentage (e.g. 90%)
of the complete optical switch to occur, when square-wave
potential pulses are applied on the working electrode (Fig. 6a
and b). Again, the optical contrast can be measured as
an absorbance or transmittance change at lmax, wavelength of
maximum sensitivity (555 nm), or as photopic contrast, as
described in Section 3.4. The alternative approach is to track
the current evolution when the switching potential is applied,
and to record the time taken for the current flow to change by a
specified percentage during the chronoamperometric measure-
ment (Fig. 6c).75–77

A recent study highlighted the importance of standardising
the method in which switching time is reported.78 This employs
application of square wave potentials of different pulse lengths
to the electrochromic material, and fitting the transmittance
changes corresponding to these pulses to an exponential
increase function to obtain a time constant (t) that is repre-
sentative of the switching kinetics of the material with respect
to its maximum attainable contrast (Fig. 6d–f). The time
constant t, measured in seconds, corresponds to the time taken
for the material or device to undergo E63% of its maximum
optical contrast (DT(%)max), with 2.3t and 3t representing 90%
and 95% of DT(%)max.

The above parameter provides an averaged switching time
for the colouration and bleaching processes, enabling a direct

Fig. 5 (a) Non-linear variation of absorbance and charge density of a
Prussian blue film coated on ITO measured by chronoabsorptometry and
chronocoulometry when switched between +0.5 V and�0.2 V vs. Ag/AgCl
reference in 0.2 M KCl. Adapted with permission from ref. 71. Copyright
2005 Royal Society of Chemistry. (b) General scheme representing a plot
of DOD vs. charge density, with (I) and (II) representing commonly used
approaches to calculate colouration efficiency.

Journal of Materials Chemistry C Review

Pu
bl

is
he

d 
on

 0
7 

A
ug

us
t 2

01
9.

 D
ow

nl
oa

de
d 

by
 M

IT
 L

ib
ra

ry
 o

n 
11

/3
0/

20
23

 3
:5

5:
11

 P
M

. 
View Article Online

https://doi.org/10.1039/c9tc02861g


12768 | J. Mater. Chem. C, 2019, 7, 12761--12789 This journal is©The Royal Society of Chemistry 2019

comparison of the switching kinetics of electrochromic
devices. However, the switching times for forward and reverse
reactions (switching back and forth) may be different due to
the different mechanisms involved in the process, with signifi-
cant differences arising for slow switching materials. The
aforementioned technique can then be adjusted accordingly
to reflect these changes. Apart from intrinsic parameters such
as colouration efficiency, film thickness and morphology,
extrinsic factors including electrolyte type, ionic diffusion
coefficients, counter electrode and substrate sheet resistance,
device geometry and size, can all influence the switching
kinetics of an ECD.78,79

3.7 Cycling stability

The long-term cycling stability of electrochromic materials
can be evaluated by observing the loss of the optical contrast
and charge density upon repetitive electrochemical cycling.
Materials capable of maintaining over 95% of its maximum
optical contrast during the application of boundary potentials
in the form of square-wave pulses, are deemed stable.80,81 The
loss of the charge or peak current density is also used to
evaluate the stability of the electrochromic materials when
they are subjected to repetitive cyclic voltammetry tests.82

Stable electrochromic materials are expected to exhibit cycle
life of more than 104 cycles depending on the applications. In
the application of the building windows, if the ECDs go
through a complete on/off cycle minimally twice a day, then
at least 15 000 cycles will be required for the materials to
maintain a stability over 20 years. Nevertheless, ECDs used in

eyewear and rear-view mirrors will be switched more fre-
quently and thus 106 cycles are required. In the laboratory
exploration of new materials, the stability of the electro-
chromic materials is often reported using only the loss of
the optical contrast with the light focused on a particular area
of the electrochromic film, while the failure could happen
outside of this focus point. To provide a complete picture, the
cyclic voltammograms before and after the cycling test should
be provided together, so that the condition of the overall thin
film can be evaluated.33 Moreover, the cycling stability results
obtained from the platinum electrode do not necessarily
reflect the stability on the ITO or FTO transparent electrodes
that are used in most of the applications, since the adhesion
of the electrochromic materials on different substrates might
be very different.83–85

3.8 Application-specific performance metrics

Apart from the standard performance parameters mentioned
above, additional characteristics related to specific applications
of electrochromic devices are also worth considering. The
following section will mainly focus on the performance indica-
tors used to evaluate stable electrochromic windows and their
practicality from the perspectives of energy consumption and
environmental stability.86 Windows are exposed directly to
solar radiation, encompassing wavelengths in the UV, visible
and near-infrared regions (300–2500 nm),87 and electrochromics
offer a method by which both light and heat transmittance can
be modulated. As described in Section 3.4 eqn (3), the photopic
transmittance (transmittance in the visible range, Tphotopic) is

Fig. 6 Measurement of switching time. (a) Square-wave potentials (V1 and V2) applied in a chronoamperometric experiment, (b) variation of
transmittance and (c) current response during switching. (d) New standardised approach for reporting switching kinetics of an electrochromic material
by application of symmetric potential pulses of different lengths and (e) simultaneous transmittance measurements, followed by (f) data fitting to an
exponential function to obtain the time constant t. Adapted with permission from ref. 78. Copyright 2018 Elsevier.
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used to represent the extent of visible light that is transmitted
through the window, in its bleached and tinted forms. However,
to evaluate the complete energy response, it is necessary to
consider parameters pertaining not only to visible light but also
to thermal energy.

3.9 Colour rendering index (CRI)

A switchable window glazing can alter the spectral profile of a
light source as the light passes through the device.88 Especially
when blocking natural daylight using the coloured (tinted) state
of the EC window, the spectral characteristics of the coloured
state can significantly impact the colour rendering of interior
objects. For example, if the tinted glass corresponds to dark
blue or brown, the colours and brightness of objects viewed
from the interior of the building would appear much different
to what’s usually observed under natural daylight (spectral
shift). The colour rendering index (CRI) is a quantitative
measurement of the colour appearance of an object illuminated
by an unnatural light source compared to its colour with an ideal
or natural light source.79 The method of calculation is outlined
by CIE,89 where a value of 100 implies perfect colour matching.
As the transmittance in the visible range decreases, the colour
rendering mismatch increases. In terms of lower colour attenua-
tion, neutral grey glazing is preferred over blue or brown.79 It has
been reported that a single CRI value is unable to accurately
describe the extent of colour desaturation caused by external
glazing,88,90 and a two-measurement method, IES TM-30-15,91

measuring both the colour fidelity and colour gamut (saturation or
vividness),90 or colour differences (DE, as described previously)88

would be more representative.

3.10 Solar heat gain coefficient (SHGC) and thermal
transmittance

Smart windows have the potential of minimizing energy con-
sumption for temperature regulation by controlling heat gain
or loss (cooling and insulation) through windows as desired, and
are therefore considered key components in energy-efficient,
green building technology.92 Solar irradiance incident on a
window is mainly transmitted, absorbed and reflected. The
absorbed solar energy can also be transmitted inwards through
processes of conduction, convection and radiation87 (Fig. 7a). As
such, the total energy transmitted through an electrochromic
window is quantified by a parameter known as the solar heat
gain coefficient (SHGC) that represents the solar radiation
entering a building as a fraction of the total incident radiation.
It is calculated either by simulations93 or by measuring the total
heat flow using a calorimeter chamber.94 SHGC values of 0.6
and 0.2 are usually recommended for winter and summer as a
general guideline.86 For example, according to the American
Society of Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE) 90.1 2007 national energy code, static
glass SHGC values of 0.25 and 0.4 are recommended for Arizona
and Minnesota, respectively.92 Electrochromic materials that
can bring about this change would be highly desired. Solar
heat gain alteration using electrochromic glazing as shown in
Fig. 7b aids the heating or cooling process of the building in
response to the climate.

Electrochromic polymers can be used to selectively block either
the IR-radiation, or visible light, or in certain cases, the UV radiation
(described further in the materials section). When compared to
traditional, single-component inorganic electrochromic materials,

Fig. 7 (a) Modes of solar energy transfer through an electrochromic window. Adapted with permission from ref. 87. Copyright 2009 Elsevier. (b) Angle-
dependent SHGC changes in the coloured and bleached states of an electrochromic window using WO3 and NiO as electrochromic and counter
electrodes, respectively. Reprinted with permission from ref. 86. Copyright 2015 Elsevier.
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NIR-modulating nanostructured electrochromic materials32,95

(nanocrystalline indium-doped tin oxide,31 aluminium-doped
zinc oxide96 and WO3 nanowires97) can be beneficial in obtaining
enhanced thermal control, without compromising the visible
light transmittance.

A building can also lose heat through its windows, and alter-
native products with lower thermal transmittance are sought
for better thermal insulation in colder climates. Thermal
energy loss through a material or device can be calculated
using the thermal transmittance coefficient (U). It quantifies
the rate of total heat flow (conductive, convective and radiative)
stemming from a temperature gradient across the window, and
is expressed in terms of W m�2 K�1 (or in Btu h�1 ft�2

1F�1).86

The electrochromic layer should meet standard thermal insula-
tion requirements. U-Values typically less than 1.2 W m�2 K�1,
or lower (0.57 W m�2 K�1)98 are recommended for regions with
warmer climates. Additionally, heat losses can be further
reduced by utilising device architectures with multiple glass panes
filled with transparent, low-conductivity gases or vacuum, which
are coupled with anti-reflective coatings and low-emissivity (low-e)
coatings such as FTO (fluorine-doped tin oxide).86 U-Value
calculation and SHGC calculation based on the U-value can
be described as follows.99

U ¼ 1

ho
þ 1

hi
þ L

kt

� ��1
(6)

SHGC ¼ Tsolar þ
AsolarU

ho
(7)

Where ho and hi are the thermal conductivities of the outer and
inner surfaces of the window, kt is the thermal conductivity of
the window material, L being the thickness of the window, and
Asolar and Tsolar representing the absorbance and transmittance
of solar radiation by the EC window.

4. Electrochromic materials

Over the past decades, the field of electrochromic materials has
evolved to encompass different classes of materials, including
transition metal oxides, small organic molecules, metal–organic
complexes, conjugated polymers and plasmonic materials.
Several review articles have covered these electrochromic
materials.12,100–107 The focus of this section is to provide
a brief overview of the transition metal oxide, plasmonic,
and polymer based electrochromic materials, their working
mechanisms, performance, stability, and their processing com-
patibilities with large-scale roll-to-roll techniques.

4.1 Transition metal oxides

Electrochromic transition metal oxides exhibit tuneable colour
change in the visible and infrared region under external
potentials, arising from simultaneous electron (from conduc-
tive substrate) and cation (from electrolyte) injection or extrac-
tion during the electrochromic processes.101 Most commonly
reported electrochromic transition metal oxide structures that
are both electron and ion conductive are composed of highly

distorted MO6 octahedra,108,109 with M denoting the transition
metal. The edge- or corner-shared octahedra form layered-like
structures, leaving atomic openings for the intercalation of
proton or alkali ion species. Main categories of electrochromic
transition metal oxides can be classified by their trends of
colour change under external potential: transition metal oxides
that are coloured by cathodic potentials are noted as cathodi-
cally colouring electrochromic materials (coloured in the ion-
intercalated state), as electrons injected to the materials are
balanced by ion intercalation, leading to the colouration
processes.110 Anodically and intermediate colouring materials
are also widely reported and utilised, and will be introduced
later in the counter electrode section.111

Tungsten trioxide (WO3) is one of the most extensively
studied cathodically colouring electrochromic transition metal
oxide, changing from a bleached state to a coloured state under
cathodic (reducing) potentials.69 Pristine, bulk WO3 exhibits
native oxygen deficiencies,112 giving rise to a light yellow/green
colour as compared to white colour of stoichiometric WO3, and
becomes blue upon application of a reducing potential.113

The colouration mechanisms have been predominantly
described as (intervalence) charge transfer and small polaronic
absorption.7,114–118 Additional consideration, especially the
effect of composition, defect type and density, oxygen vacancies
and crystallinity, need to be accounted to illustrate the colour-
ing mechanisms.119–123 However, despite the variance in syn-
thetic parameters and sample qualities, the electrochemically
triggered colour change in WO3 is typically described as WO3

(bleached) + xe� + xH+ 3 HxWO3 (coloured), where H+ can be
substituted by alkali cations, indicating the colouration process
is accompanied by the uptake of an electron balanced by proton
or alkali ion intercalation.111

The understanding of the electrochromic performances of
WO3 helps rationalizing the structure–property relationship of
electrochromic transition metal oxide materials extending
to many other compositions and structures. In particular,
crystallographic and morphological structures impact the
electrochromic switching time, optical contrast and cycling
stability. For example, nanoscale WO3 structures, including
nanoparticles,124 nanorods,125 nanosheets,126 hierarchical meso/
microporous structures,127 and anodised particle films128 are
typically reported to exhibit shorter switching time, larger
colouration efficiencies, and higher cycling stabilities than
their bulk counterparts, as they have higher interfacial contact
area with the electrolyte, shorter diffusion path lengths and
feasible strain relaxation and phase transformation associated
with the intercalation and de-intercalation processes (Fig. 8),
giving rise to their highly efficient and stable performances.
Amorphous WO3 films typically exhibit higher coloration effi-
ciencies (on the order of 102 cm2 C�1) than their crystalline
counterparts, although dissolution of the amorphous WO3

structures in proton and Li ion based electrolytes remain
a challenging issue.124,129–131 Hierarchical nanocrystal-in-
glass tungsten oxide thin films, where crystalline WO3 nano-
particles are embedded in amorphous WO3 matrix, encompass
the advantage of both attributes, leading to enhanced
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electrochromic properties.132 The structural and morphological
design principles for electrochromic WO3 share many parallels
with transition metal oxide based ion storage materials
for counter electrode, which will be discussed in the next
section.

Because the electrochromic properties of transition metal oxides
can be affected by their size,133 porosity134 and crystallinity,123 the
processing techniques and conditions need to be well-controlled
to achieve reproducible performances. Synthetic and fabrication
techniques like electrodeposition128 and evaporation methods135

typically produce amorphous films, while sputtering136 may
induce partial crystallinity depending on the deposition para-
meters. Commercialised electrochromic device manufacturing
processes employ magnetron sputtering on glass or on PET
substrates for ‘‘retrofitting’’ existing glass windows with flexible
PET substrates.137 With this method, sequential deposition
of metal oxide films as the working and counter electrodes
exhibiting stable device performances have been developed.
A proposed mechanism for a streamlined sputtering process
and device lamination is shown in Fig. 9(a).

4.2 Doped plasmonic oxide materials

Conventional metal-based plasmonic nanostructures exhibit
intrinsic free carrier densities on the order of 1022 cm�3,138

which give rise to enhanced localised surface plasmon resonance
(LSPR) near the surface of the particles.139 Some metal-based
plasmonic nanostructures like Ag particles have been used as
electrochromic active materials, as Ag+ undergo reversible
deposition (to Ag0, coloured) and dissolution (to Ag+, colourless)
under external bias.140–142 Similarly, dynamic windows based on
reversible electrodeposition of Cu–Pb, Cu–Ag143 and Bi/Cu144

composite materials have been demonstrated, exhibiting good
optical contrast and durability. While the specific colour of the

ECDs utilising conventional plasmonic nanostructures can be
tuned by the size and shape of the nanostructures,141,142 doped
metal oxide based plasmonic nanostructures allow for more
degrees of freedom in spectral selectivity, because of their
dynamically tuneable free carrier densities, which can be
synthetically and post-synthetically controlled, without involving
the size and morphology changes of the nanostructures.138

Degenerately doped metal oxide nanoparticles exhibiting
localised surface plasmon resonance (LSPR) properties allow
electrons to be accumulated within or depleted from the
plasmonic metal oxide nanoparticles under applied voltage.138

Shown in Fig. 10, electrochemically controlled injection or
extraction of the electrons, along with attraction or repulsion
of counterions at the electrode–electrolyte interface, are induced
by the application of negative and positive potentials. Such
capacitive charging processes lead to varying free carrier con-
centrations, thereby achieving changes in LSPR peak position
and intensity, and tuneable colour changes in the visible and
near infrared region.103

A large body of work has been demonstrated on the proto-
typical Sn:In2O3 (ITO) and Al:ZnO (AZO) nanoparticle systems,
where plasmonic resonance frequencies can by synthetically
tuned by varying the particle sizes and doping ratio during the
synthesis, and modulated post-synthetically by dynamic charge
injection via external voltage.31,96,145,146 For the application of

Fig. 8 (a–c) Improved switching kinetics (within 1 s) of WO3 QDs.
Adapted with permission from ref. 133. Copyright 2014 John Wiley and
Sons. (d) Bleached (top) and coloured (bottom) state of two dimensional
WO3 nanosheets. Reprinted with permission from ref. 126. Copyright 2018
American Chemical Society.

Fig. 9 (a) Schematic of streamlined ECD manufacturing with metal oxide
sputtered on PET substrates. Inset: Proposed layered ECD fabricated using
the streamlined process. Adapted with permission from ref. 137. Copyright
2017 Elsevier. (b) View through an electrochromic window in the coloured
and bleached states.

Fig. 10 Schematic representation of electrically modulated LSPR doped
metal oxide nanoparticles and corresponding spectroscopic responses.
Figures a–c are reprinted with permission from ref. 32. Copyright 2014
Royal Society of Chemistry.
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LSPR oxides and exploration of new LSPR metal oxide particles
as electrochromic materials, it is particularly important to
synthetically control the incorporation of dopant species
into host metal oxide particles, which requires not only the
balancing of precursor reactivities and dopant induced lattice
strain,147,148 but also the identification and understanding of
the nature and distribution of dopant species.149–152 For
ensemble LSPR metal oxide particles in the form of thin films,
the homogeneity and monodispersity of the particle sizes,
morphologies, dopant concentration and distribution are
all important factors that impact the LSPR properties.138 In
addition, ligand exchange, film thickness, porosity and inter-
particle coupling impact the LSPR properties of assembled
particle films,31,153–156 and design of ‘‘particle-in-matrix’’ composite
can potentially enhance the spectral selectivity of the composite
electrochromic materials.157–159

The solution processability of the aforementioned plasmonic
metal oxide materials typically relies on their surface ligands.
As the plasmonic nanostructures are generally monodisperse
particles within the size range of tens of nanometres, their
surfaces are capped with long hydrocarbon ligands that give rise
to good dispersibility in non-polar solvents, but form insulating
barriers and prohibit charge transfer in electrochromic devices.
Removal of the surface ligands have primarily been demon-
strated via ligand stripping96,152,160 and thermal annealing149,161

after the coating of plasmonic particle thin films. Film volume
change and chemical compatibility issues need to be considered
during the ligand stripping processes,162 and annealing methods
often require stringent control of processing conditions to avoid
alteration of the optical properties of the particles.149,161 Looking
forward, expanding the library of synthetic and post-synthetic
methods for removing or substituting the long hydrocarbon
ligands will benefit the large scale applications of plasmonic
nanostructures in electrochromic devices.

4.3 Electrochromic polymers

Semiconducting polymers have rendered themselves useful in
display technology (OLEDs), photovoltaics (organic solar cells),
transistors (OFETs) and charge storage devices (batteries,
supercapacitors), which benefit from the lightweight, flexible
nature of the polymers as well as their compatibility with large-
area, low-cost fabrication methods.163–167 Such advantages of
polymers hold true for ECDs as well, but they also bring a host
of added advantages unique to electrochromics, including
improved switching kinetics, better contrasts and lower power
consumption when compared with the previously mentioned
electrochromic transition metal oxides.168–171 Paired together
with the advanced synthetic versatility of organic chemistry,
ECPs enable guided design of material properties such as
colour, redox activity, solvent compatibility, and processability
along with polymer mechanical properties that relate to film
porosity, morphology and degree of crystallinity.172

Mechanism of colour change. Most EC polymers are highly
conjugated (containing alternating double and single bonds),
usually comprising of heterocycles along its backbone. The
high degree of p-orbital overlap creates a band-like electronic

structure, with the Highest Occupied Molecular Orbital
(HOMO) residing in the valence band and the Lowest Occupied
Molecular Orbital (LUMO) in the conduction band. Electronic
transitions from the HOMO to the LUMO (p–p* transitions)
determine the onset of a polymer’s absorption spectrum,
and transitions pertaining to wavelengths in the visible region
(380–780 nm i.e., 1.8 to 3.1 eV) are responsible for the colourful
appearance of most conjugated polymers. The mechanism
leading to their colour change is closely related to that of
metal oxides and involves oxidation (p-doping) or reduction
(n-doping) of the neutral polymer. In an electrochemical cell
these redox processes occur in conjunction with counter-ion
diffusion into the polymer layer to maintain electroneutrality.173

Based on this dual transport of ions and electrons, these
materials are also commonly referred to as mixed-ionic electronic
conductors.174 The doping process induces changes in the
electronic structure and lowers the HOMO–LUMO energy gap
when transitioning from the neutral polymer to a singly
charged (polaron) radical state, and subsequently to a doubly
charged state (bipolaron).175–177 The long conjugation and p–p
interactions of the polymers facilitate charge distribution in the
doped state, favouring the formation of the bipolaron, hence
enabling a switch in the spectral absorption into longer wave-
lengths, as observed by spectroelectrochemical measurements;
represented below in Fig. 11. These bandgap alterations resulting
from polymer doping can either cause spectral shifts within the
visible range (e.g. colour changes from red to blue) or be signifi-
cantly large to shift the absorption profile from the visible region
to the near IR (or from UV to the visible region).49,178,179 Polymers
that switch between coloured and transmissive states are com-
monly classified as cathodically colouring (coloured by reduction)
or anodically colouring (coloured by oxidation).180 These terms
are not to be confused with ‘‘anode-active’’ (p-type) and ‘‘cathode-
active’’ (n-type) polymers that refer to the intrinsic redox activity of
the polymer.

Colour tuning of ECPs. When ECDs are designed for display
and window applications, it is important to design aesthetically
appealing colour combinations. Conjugated polymers have a
significant advantage in terms of colour tunability when com-
pared to the widely used transition metal oxides. Although the
band gap mainly dictates the absorption onset, the perceived
colour of a p-conjugated material is a result of the combinative
input of all optical transitions present across the spectrum
taken together with their relative intensities. Intermolecular
interactions including vibronic transitions, charge-transfers
and aggregation features can significantly influence the colour
of a polymer.181

Colour tuning of electrochromic polymers (ECPs) have been
extensively studied, especially for those that are cathodically
colouring, switching from a coloured to a bleached state upon
oxidation. Two approaches have been mainly used: (1) spectral
engineering through structural modifications to tune the absorp-
tive properties and (2) blending of electrochromes to generate
new colours by superposition of absorptive features guided by
the subtractive colour mixing theory. Some excellent reviews on
both strategies have been published over the past years,
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delineating methods for monomer design and polymerisation
techniques to attain polymers of desired colours.10,11,52,59,181–188

When looking into the toolbox available for colour control, some
key factors can be clearly identified regarding the design of the
polymer backbone and/or the side chains.10,189 The vast majority
of reported ECPs stem from a few main building blocks, namely
the thiophene, pyrrole, benzothiadiazole, fluorene, carbazole
and phenylenevinylene units. To tune the bandgap of the
pure polymers, the monomer can be altered by replacing the
heteroatom of the structure, functionalising with substituents
that enhance or deplete the electron density of the conjugated
system, or be copolymerised with other conjugated systems in a
random or statistical manner.190–195 It needs to be noted that
these modifications not only affect the colour but can also have
an impact on the redox potentials, optical contrast, switching
kinetics and thin film processability.196–198

The critical role of backbone substituents can be clearly
understood by considering the classic example of designing
polythiophene-based electrochromic polymers (Chart 1).

Polythiophene (1), which is usually deposited via electropolymeri-
sation, has a bandgap of approximately 2 eV and shows a colour
change from red to blue upon oxidation.185 The absorption
spectrum of polythiophene can be blue-shifted by substituting
the 3 and 4 positions of the thiophene monomer with bulky
substituents, such as ethylhexyloxy groups (2). The branched sub-
stituents induce sufficient torsional strain on the backbone to
disrupt the conjugation, which makes the neutral polymer appear
orange, while also improving its solution processability.192 Con-
versely, attaching an electron donating ethylenedioxy unit at
the 3 and 4 positions of thiophene (PEDOT, 3) increases the
electron density at the thiophene unit, lowering the oxidation
potential and decreasing the band gap to 1.6 eV. Therefore, the
absorption spectrum of PEDOT is red-shifted with respect to
polythiophene. Neutral PEDOT, which is prepared through
oxidative or electrochemical polymerisation techniques, is
dark blue and switches to a transmissive light blue upon
oxidation.184,199,200 Due to solubility limitations, PEDOT is
frequently used in the form of a polyelectrolyte dispersion,
together with the polystyrene sulfonate (PSS) anion. Several
attempts have been made to improve solution-processability of
PEDOT by attaching solubilizing groups such as long alkyl
chains (C14) and charged groups such as sulfonates, or by
copolymerizing with monomer units such as propylenedioxy-
thiophene (ProDOT).198,201–203 In the case of ProDOT (4), the
incorporation of an additional C atom onto the alkylene bridge
(propylene instead of ethylene) enhances the non-planarity of
the polymer backbone, inducing a slight blue-shift in the
absorbance onset and improved optical contrast.196 Addition-
ally, ProDOT allows for tetrahedral substitution at the central

Fig. 11 Spectral changes occurring in a cathodically-colouring polymer (ECP-magenta) tracked by spectroelectrochemistry (potential range 0.0
to +1.0 V). Absorbance of the neutral polymer (a) in the visible region gradually shifts to the near IR range upon oxidation, forming the polaron (b),
followed by the bipolaron (c).

Chart 1 Chemical structures of thiophene-based electrochromic polymers.
Polythiophene (1), 3,4-substituted polythiophene (2), polyethylenedioxythio-
phene (PEDOT) (3), poly(propylenedioxythiophene) (PProDOT) (4), alkyl-
substituted PProDOT (5) and poly(butylenedioxythiophene) (PBuDOT) (6).
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carbon (5) and the presence of bulky substituents orthogonal to
the main chain causes further blue-shifting of the absorption
spectrum (e.g. ethylhexyloxy substituted ECP-magenta), improve
solution processability and favour the formation of more ‘‘open’’
or porous morphologies that facilitate counter ion transport
through the film, leading to even higher optical contrasts, faster
EC switching and better colouration efficiencies.204–209 If the size
of the ring fused onto the thiophene monomer is made even
larger, as in the case of poly(butylenedioxythiophene) (6), the
switching time and optical contrast is enhanced further, owing
to the favourable morphology of the polymer film allowing
facile interaction with the electrolyte.196 It needs to be noted
that side-chain engineering for electrochromic polymers is
much less stringent than for transistor or solar cell applica-
tions, as maintaining high conductivity is not a crucial
factor.210 These strategies taken together enable conjugated
polymers to attain an improved electrochromic performance
than metal oxides. Pioneering work developed by the Reynolds
group demonstrated the rational design of anode-active cath-
odically colouring ECPs covering the entire colour palette,52

making use of the aforementioned strategies and the versatility
of organic synthesis (Fig. 12).21,192,194,211–216

Design of certain coloured polymers are more challenging
than others. For example, many research efforts were dedicated
in designing a green polymer, which required dual band
absorption (absorption in the red and blue regions, leaving
the green region transmissive).181 Donor–acceptor copolymer
approach is now commonly established as a route for attaining
such colourations, and also when synthesizing widely
absorbing polymers, such as ECP-Black.216–219 A few examples

on anode-active, anodically colouring polymers are also available,
mainly based on N-substituted (3,4-dioxypyrroles), fluorenes and
triarylamines.188,220–226 These polymers have much wider band
gaps, absorbing in the UV region in their neutral state and
switching to the visible region upon oxidation. Especially in the
case of triarylamine-based polymers, the N atom acts as a
conjugation breaker due to the non-planar conformation of the
neighbouring phenyl rings, hindering the ready formation of the
fully oxidised form. This makes the isolated radical cations
accessible, and leads to the observation of differently coloured
transition states depending on the number of triarylamine
groups present in the repeating unit (Fig. 13).227 Not many
n-type EC polymers have been reported as a result of the instability
of the doped states in the presence of oxygen and moisture.

As described earlier, a key advantage of ECPs is the ease of
processing. The main strategy for achieving solution processability

Fig. 12 Absorption spectra of cathodically-colouring conjugated polymers of different colours. Reprinted with permission from ref. 52. Copyright 2011
American Chemical Society.

Fig. 13 (a) Chemical structure and (b) anodic colouration of triarylamine
polymers. Figure (b) is reprinted with permission from ref. 227. Copyright
2008 American Chemical Society.
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is to reduce the inter-chain packing using linear or branched
alkyl side chains.210 Enhanced solubility in organic solvents
enable thin films to be fabricated using fast and efficient
processes such as spin-coating, blade coating, spray casting
or drop-casting, instead of electrodeposition, which has intrinsic
limitations in scale and productivity.52,194,202,208,228 Commonly
employed solvents include dichlorobenzene, chlorobenzene and
chloroform, because of their ability to form uniform thin
films with favourable morphology. However, when considering
scaled-up deposition, substitution of such halogenated solvents
with environmentally-benign ones would be favourable, as large
volumes of solution are continuously used up and evaporated in
the drying process of a roll-to-roll printing setup. To this end,
toluene and xylene are currently used in large-scale depositions,
while the ultimate goal would be to achieve processability from
green solvents such as esters, alcohols or water.229–232 The
prototypical conducting polymer, PEDOT:PSS, is available as an
aqueous dispersion, and has been widely used in ECDs in
conjunction with metal oxides or viologens. Aqueous processa-
bility has also been achieved in other undoped ECPs in the form
of polyelectrolytes, i.e. containing ionic groups such as sulfonate
and carboxylates on the side chains.233–235 However, aqueous
solution-based fabrication has problems with drying time, mor-
phology control, and interfacing with aqueous electrolytes due to
their enhanced solubility. A recent report on a ProDOT-based
system consisting of carboxylate side chains has shown to
be processable from water, and subsequently made aqueous
electrolyte compatible with a mild acid wash.236 An alternate
compromised strategy is to use polar functional groups such as
ethers, esters and amides on the side chains of conjugated
polymers that render processability in benign polar organic
solvents, such alcohols and acetates, but afford electroactivity
when interfaced with aqueous electrolytes.237–239

4.4 Emerging electrochromic materials

Several classes of strongly correlated transition metal oxides
exhibiting metal–insulator transition (MIT) properties have
been reported for inducing electrochemically triggered colour
changes. For example, the prototypical vanadium dioxide
exhibits a near room-temperature metal–insulator transition,
between a high temperature stable, metallic VO2 that adopts
tetragonal rutile structure (R-VO2), and a room temperature
stable, insulating phase of VO2 that adopts monoclinic struc-
ture (M1-VO2).240–243 The transition in electrical conductivity
between the rutile and monoclinic phases of VO2 is accompa-
nied by a change in optical reflectance in the near infrared
region.244 Electrochemically driven optical transition of the
metal–insulator transition materials has been demonstrated
using mesoporous VO2 particle films,161 and another strongly
correlated transition metal oxide, samarium nickelate (SmNiO3),
exhibiting metal–insulator transition at 403 K,245 has been
demonstrated to undergo transition under external bias mediated
by salt water.246 Although the switching kinetics of the metal–
insulator transition materials are correlated to the oxygen vacancy
formation and structural change,244,246 such findings have signifi-
cantly expanded the library of materials that can be utilised

as electrochromic materials for optical changes in the infrared
region.

Several other kinds of functional materials with emerging
electrochromic properties are also reported, including micro-
porous metal–organic frameworks,247,248 organic-halide hybrid
perovskites,249 and two dimensional MXenes.250 Composite
materials blending two or more electrochromic materials also
serve as common strategies for designing electrochromic layers
with enhanced properties.251–256 While the specific electro-
chromic mechanisms, especially for emerging electrochromic
materials, may require further studies, the synergy arising from
their energy storage functions and electrochromic properties
offer opportunities for multifunctional devices including
electrochromic batteries,257,258 supercapacitors,259,260 and self-
powered electrochromic windows.261,262

5. Counter electrode materials

The counter electrode (ion storage layer) balances the charges
consumed at the electrochromic working electrode, through a
redox event opposing that occurring at the working electrode.
The use of a counter electrode enables the ECD to operate in a
smaller voltage range to achieve faster switching with high
contrast and long-term stability.263 The choice of an appropriate
counter electrode material mainly depends on its electrochromic
properties, which can be categorised as complementary, non-
colour changing, and minimally colour changing (MCC) counter
electrode materials.

Complementary counter electrode materials have coloura-
tion efficiencies comparable to that of the working electrode,
and exhibit a noticeable electrochromic performance in
the device.264,265 In this configuration, the counter electrode
material is required to change the colour from a coloured state
to a bleached state (or from bleached to coloured) simulta-
neously as the working electrode material changes from a
coloured to a bleached (or bleached to coloured) state. For
example, nickel oxide (NiO) a commonly reported anodically
colouring electrochromic oxide,266 which can be used as the
complementary counter electrode for cathodically colouring
WO3 based ECDs. During the application of cathodic potential
to the WO3 electrode, the WO3 layer changes from transparent
to deep blue, while the NiO counter electrode changes from
transparent to brown/black. Both WO3 and NiO electrodes
switch back to the colourless state upon reversal of the applied
potential. Similarly, anodically colouring polymers have also
been integrated as counter electrode materials in dual electro-
chromic systems.267 In both cases, the ECD presents colour
residue (bleached state) and additive colour (coloured state) of
both the working electrode and counter electrode, resulting in a
lower device optical contrast when compared to the optical
contrasts of each individual electrode.39

Non-colour changing counter electrode materials are
electrochromically inactive in the visible wavelength region;
e.g. the nitroxyl based radical polymer, poly(2,2,6,6-tetramethyl-
piperidinyloxy-4-yl) (PTMA) (Scheme 1).268 The redox active
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nitroxyl radical groups are attached to the nonconjugated
poly(methyl methacrylate) (PMMA) backbone, which makes
this material highly transparent in both redox states (radical
and oxoammonium cation). However, high optical contrast and
stable redox cyclability of PTMA materials is hindered by the
dissolution of the polymer during the redox reactions, which is
observed as de-lamination of the device occurring simultaneously
with decreased optical contrast upon cycling.269 To stabilise the
PTMA based radical polymers during the redox reactions,
synthetic strategies including the use of polymer blends (PTMA/
PMMA) and crosslinkable block copolymer PTMA-co-(4-benzoyl-
phenyl methacrylate) (PTMA-co-BP) have been proposed to
address the dissolution problem and to achieve a high optical
contrast.80,270 However, while polymer blends composed of electro-
chemically inactive components increases the stability of the active
PTMA, it decreases the redox activity of the counter electrode, which
in turn necessitates a high voltage range for colour switching of the
device. The crosslinkable radical polymer PTMA-co-BP allows colour
switching in a smaller voltage window with high optical contrast.
Further, both the polymer blend PTMA/PMMA and the cross-
linkable PTMA-co-BP require a pre-oxidation step prior to device
assembly, when paired with cathodically colouring electro-
chromic polymers, hindering application of these polymers as
counter electrode materials for p-type electrochromic materials.

The third class of counter electrode materials is the mini-
mally colour changing materials that present a low colouration
efficiency in the visible wavelength region. Owing to their low
colouration efficiency, only minor changes in visible colour are
obtained by consuming/generating a large amount of charge
during the redox reactions, making these materials useful for
compensating the charges of the high colouration efficiency
electrochromic materials. As discussed in Section 3.2, the neutral
and fully oxidised states of N-alkyl-substituted PProDOP absorbs
at UV and NIR regions, respectively, leading to a low colouration
efficiency (B35 cm2 C�1) in the visible wavelength region. Thus, it
has been widely used as the minimally colour changing counter
electrode material for a variety of ECPs that have colouration
efficiencies of B600 cm2 C�1,49 and demonstrated excellent
stability with optical contrast of B40%.271 A potential hurdle
towards the large scale application of the MCCP materials is
associated with the additional step of pre-oxidation before the

device assembly, as MCCP films in their as-cast state do not
exhibit the best performance.263

In addition to the polymer based counter electrode
materials, a large body of cathodically colouring transition
metal oxides have relatively low colouration efficiencies on the
order of 10 cm2 C�1, and undergo stable ion intercalation/
de-intercalation processes that provide significant ion storage
capacities. As an alternative to the aforementioned anodic
electrochromic transition metal oxide NiO, minimally colour
changing transition metal oxides that transform from a trans-
parent state to coloured state under reducing potentials
(cathodic colouration) have also been used as counter electrode
materials for polymeric ECDs.272–274 Because of the minimised
colouration efficiencies of the MCC transition metal oxide
materials, the colour change in counter electrode component
is minimal and does not interfere significantly with the device
optical contrast. For example, niobium oxide nanostructures
that exhibit high structural stability during Li intercalation and
de-intercalation process and low colouration efficiency275 have
been demonstrated as minimally colour changing transition
metal oxides on counter electrodes, to balance the charge flow
during the electrochromic processes without inducing much
colour change at the counter electrode.274 The optical purity of
the ECDs can be further improved if working electrode and
counter electrode are paired in an unbalanced configuration
(Fig. 14).272 For example, amorphous WO3 counter electrode,
which has a charge density of B20 mC cm�2, was used to the
balance the charge of the ECP with charge density 2 mC cm�2.
In the operation of an ECD, only a small fraction of the charge
for achieving full colouration is needed from the counter
electrode, which causes it to have a minimal colour change,
so the colour purity of the working electrode can be maintained
in the ECDs.

Scheme 1 Chemical structures of PTMA in its neutral radical and cationic
states. Reprinted with permission from ref. 268. Copyright 2018 Springer
Nature.

Fig. 14 Use of polymers and metal oxides as counter electrode materials.
(a) Films of a minimally colour changing polymer (MCCP) with two
different thicknesses (70 nm and 343 nm) at different redox states.
Reprinted with permission from ref. 49. Copyright 2012 Royal Society of
Chemistry. (b) Cyclic voltammograms of the balanced and unbalanced
configurations of ECDs made of PProdot-Me2/WO3. Reprinted with per-
mission from ref. 272. Copyright 2016 Elsevier.
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Future materials optimisation and exploration for the MCC
transition metal oxides require understanding of the structure–
property relationship to optimise the charge capacity, electro-
chromic properties, as well as chemical and electrochemical
stability of the counter electrode materials. Because the require-
ments of MCC counter electrode material share many parallels
with that of the Li ion battery cathode materials, understanding
of the structure–property relationship of prototypical Li
ion battery materials helps rationalizing the design rules for
MCC transition metal oxides. For instance, intermediate-type
vanadium pentoxide (V2O5) materials are both cathodically and
anodically colouring (Fig. 15),111,276 and are widely used as a
cathode material in Li ion battery for their high charge capa-
citance stemming from reversible and fast transformations
between several structurally related, compositionally different
LixV2O5 phases, as the layer-based structure of V2O5 allows for
feasible intercalation of proton or alkali metal ions concomi-
tant with electron injection,277,278 although irreversible phase
transformations occur at more reducing potentials. Both
crystallographic279,280 and morphological engineering259,281,282

strategies have been demonstrated to address the irreversible
deformation of the materials by facilitating the ion intercalation
and de-intercalation processes, leading to higher charge densities,
faster switching time and prevent the fracturing and de-
lamination of the oxide structures.

Solution-based processing methods for polymeric counter
electrode materials highly depend on the specific properties of
the polymer. While radical polymers can be processed using
solution based methods, the additional pre-oxidation step
limits the scalability of the fabrication, as electrochemical
pre-oxidations are typically performed in liquid based
electrolytes.80,268–270 Moreover, strategies for addressing the
dissolution problems observed in the radical polymers require
additional steps of optical crosslinking or blending of compo-
site materials, that increases fabrication time and/or cost.270

For MCCP based polymers, electrochemical pre-oxidation

processing is also required, and oxidation of the as-cast polymers
in ambient conditions induces difficulties in the control of their
electrochemical performances.263 For inorganic transition metal
oxide based nanomaterials and thin films, the solution process-
ability has been demonstrated, often combined with ligand
stripping,133 optical processing274 and thermal annealing,161

which also increase fabrication cost. Solution processable
synthesis and processing are necessitated for both polymeric and
inorganic counter electrode materials to achieve commercial-
grade solid-state electrochromic devices.

6. Electrolyte materials

In the multi-layer structured solid-state electrochromic device
shown in Fig. 1, the solid (gel) electrolyte layer functions as the
separator and adhesive layer while providing the ionic conduc-
tion. Different categories of electrolytes, including organic,
inorganic, and organic–inorganic hybrid have been reviewed
by many groups in energy storage devices, and their applica-
tions in the ECDs have also been discussed by Lu et al.105,283,284

Herein, we mainly focus on the polymer-based electrolytes, and
the evaluation of their physical and chemical properties from
the perspective of assembly and performance of the multi-
layered ECDs.

In typical device assembling procedures as illustrated in
Fig. 16, electrochromic thin films and ion storage layers
are coated on transparent conducting electrodes to fabricate
working electrode and counter electrode, respectively. The
electrolyte is selectively drop-casted on either electrode based
on its wettability. Several protocols have been established for
this process, and they can be classified based on how the
electrolyte forms a thin film and establishes the electrode/
electrolyte interfaces.

Polymer based electrolyte layers processed via solvent casting
are typically employed in literature, including polyvinyl alcohol
(PVA), poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF–
HFP), poly(methyl methacrylate) (PMMA), and polyethylene
oxide (PEO).285–288 In the solvent casting process, the polymers,
solvent plasticisers (e.g. propylene carbonate, acetonitrile) and
salts (e.g. LiTFSI, LiClO4) are dissolved in a low-boiling point
solvent, and the mixture is heated up for partial removal of the
solvent to form a gel (Fig. 16b). The gel is then directly deposited
to either the working or counter electrode to construct ECDs
(Fig. 16c and f). A few challenges arise during the electrolyte layer
fabrication process. For example, the low boiling point solvents
need to be chemically compatible with both the working and
counter electrode to ensure functionality of both components in
assembled devices. The residue solvent needs to be stringently
controlled to avoid the batch-to-batch variation of device perfor-
mance. Most importantly, the highly viscous polymer gels are
non-Newtonian fluids which show complex correlations with the
shear force. Finding the suitable large-scale, cost effective and
highly efficient printing techniques remains to be a challenge.289

To avoid the above-mentioned issue, an alternative, solvent-
free method for fabricating uniform cross-linkable electrolytes

Fig. 15 (a) Anodically colouring NiO, reprinted with permission from
ref. 266. Copyright 2013 Elsevier. (b and c) Intermediate (cathodic and
anodic) colouring electrochromic V2O5, reprinted with permission from
ref. 276. Copyright 2015 Elsevier.
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consisting of organic monomers (e.g. MMA, PEGDA, and deri-
vatives) and dissolved salts are considered (Fig. 16d). Plasticisers
like propylene carbonate can also be blended with the monomer/
salt solution, and the in situ formation of polymer gel electrolyte
can be triggered by heat or UV light (Fig. 16e and f).290 One major
issue of the electrolyte layer formed via in situ cross-linkable
method is the volume contraction, which causes the instability
of the electrode/electrolyte interfaces and leads to the decreased
stability of ECDs. The volume contraction originates from
(1) chemical contraction, where the change of shorter double
bonds to longer single bonds during crosslinking process leads
to volume shrinkage of the electrolyte, (2) thermal contraction,
as the interfaces between the electrolyte and the working/
counter electrode are stabilised during the thermal crosslinking
process, where thermal expansion takes place, a subsequent
decrease in volume occurs after being cooled down to the room
temperature, and (3) post-contraction, where residue active
sites that remain unreacted during the crosslinking process
become further crosslinked over time.291 Therefore, to achieve
reproducible and stable performance of the electrochromic
materials, efforts in both molecular and electrolyte interface
design are needed to solve the volume contraction problems in
electrolyte layers fabricated by in situ crosslinking. An example
for another type of monomer-based electrolyte is the organic–
inorganic composite ormolyte synthesised via in situ sol–gel
reactions. Dahmouche et al. mixed monomer 3-isocyanato-
propyltriethoxysilane,O,O0-bis(2-aminopropyl)polypropyleneglycol
with lithium salts to prepare the sol–gel precursor, where PEG
ionic conductive spacers are inter-connected by –Si–O–Si– bonds.
The as-deposited solid-state electrolyte exhibits an ionic conduc-
tivity of 10�6 O�1 cm�1 at room temperature.292 A drawback
of the ormolyte based electrolyte, however, is the residual

by-product (e.g. methanol, ethanol, HCl) generated during the
sol–gel reactions, which could be detrimental to the electro-
chemical stability of the electrochromic materials.

Additionally, inorganic electrolytes like transparent lithium
phosphorus oxynitride (LiPON) are often used for all-inorganic
electrochromic devices. LiPON presents high electrochemical
and physical stability. Moreover, it is highly transmissive and
has an ionic conductivity in the order of B10�6 S cm�1. However,
they are not compatible with low-temperature, solution-processing
fabrication methods. Magnetic sputtering has been widely used
for the LiPON processing, and has been integrated into the
in-line roll-to-roll fabrication methods, although the high-cost
of the set-up and the low-processing capacity need to be
considered for the commercialisation of the ECDs.293

7. Aspects of roll-to-roll processing

As previously hinted, ECDs have demonstrated potential to be
turned into low-cost printable assemblies as roll-to-roll (R2R)
manufactured electronics. Given their stacked nature, however,
the all-printed devices remain a challenge to be materialised.
The performance metrices discussed above have achieved mile-
stones on wafer-size devices, mainly processed using spin-
coating or spray-coating techniques in laboratories, but these
performances are yet to transition into meters-long devices.
This leap, if made a reality, will enable ECDs to realise their
full potential as low-cost flexible electronics. The holdup has
mainly been due the fact that ECDs are composed of multiple
layers in a stacked configuration, within which each interface
can be crucial to the overall device performance. Besides,
the ink properties between the stacked layers tend to vary

Fig. 16 Schematic representation of steps followed when fabricating the electrolyte layer of an ECD. (a) As-fabricated WE and CE. (b) Evaporation of
solvent to form gel electrolyte. (c) Gel polymer electrolyte applied on either WE or CE. (d) Coating of the cross-linkable electrolyte precursor. (e) Photo-/
thermal crosslinking of cross-linkable precursor to form solid(gel) polymer electrolyte. (f) Assembling the working and counter electrodes on either side
of the electrolyte to fabricate the ECD.
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immensely, and the integration into a single web-line process
becomes difficult. To circumvent this roadblock, a lamination
approach as shown in Fig. 17 has been proposed. Principally,
the ECD is considered as a two-sided sandwich assembly i.e. the
colour-changing side and the ion-storage side, separated by
the electrolyte layer. This approach thus allows the coating of
individual layers, and through a post processing step, the two
sided can be brought together as a laminate. This approach
enables the investigation of engineering and chemistry
know-how that are needed for each layer and interface. In the
following section, we first highlight deposition techniques
that have shown to be compatible with different layers in ECDs,
and then discuss the choice of substrates adaptable to R2R
manufacturing.

7.1 Deposition techniques

For laboratory scale studies, spin coating and spray coating are
used as quick deposition techniques for small-scale
substrates.294 To deposit thin-films onto moving substrates, a
continuous supply of the ink is warranted, and is to be matched
up with the web speed. Combinatorial studies on ink properties
and web rolling to enable the transition from wafer-scale to
meters-long rolls have gained a great deal of attention, and still
constitute a large aspect of the next step towards the commer-
cialisation of printed devices. For ECDs manufacturing, the
deposition technique will vary in accordance to the ink proper-
ties i.e. viscosity, drying rate, etc., and these properties may vary
from layer to layer. Molecular designs enabling solution-
processable electrochromic polymers have been extensively
studied and discussed above. For inorganic materials, which
are typically deposited thermally or by sputtering,295,296 our
discussion will be applicable to sol–gel processable inks297,298

that are readily compatible with plastic substrates used in R2R.
We do note, however, that sputtering units can be appended
onto the R2R machines given the compatibility with the flexible
substrates. But such features usually require either high
vacuum (closed chamber setup) or high purity gas flow (open
chamber), which can significantly increase the cost.

In this review, we only highlight works that utilised slot-die
coating, inkjet printing, and gravure printing as representative
techniques that have shown promising outcomes approaching
commercialisation quality film deposition (Fig. 18).299 In all
these deposition methods, the goal is to uniformly deposit a
thin film as the web line moves, allow for any necessary
molecular packing or self-assembly, then dry before collecting

the coated web. In slot-die coating, the ink is supplied through
a miniscule opening orthogonal to the moving substrates
forming a meniscus, and the extra ink is wiped away by the
back lip. The ink supply is typically controlled by an external
pump to continuously fill the die-head. The coating gap
between the die-head and the substrates is typically small,
as the resulting thickness is estimably half of the coating gap.
Slot-die is commonly suitable for low viscosity inks, which can
be continuously dispensed through the die-head. For these
reasons, slot-die has shown to be an excellent technique to
deposit electrochromic polymers, whose layers are typically a
few hundreds of nanometres thick. For extremely low viscosity
inks, difficulties tend to rise as the die-head is no longer able
to contain the solution. In such cases, other techniques or the
use of additives to increase the viscosity would be needed.
A common remedy for low viscosity scenarios is using gravure
printing. In gravure coating, commonly, the ink solution is
contained in a well and is picked up by a rotating roller to bring
it in contact with a gently touching web. The thickness is now
controlled by the roller pick-up speed, the web speed, and the
ink viscosity. Gravure printing thus enables coating a wider
range of inks as well as a wide range of thickness. Fig. 19 shows
high quality films of ECP-magenta coated using both slot-die

Fig. 17 Lamination approach enabling the roll-to-roll (R2R) manufacturing
of ECDs.

Fig. 18 Several ink deposition techniques used for R2R processing
of ECDs. Reprinted with permission from ref. 299. Copyright 2015 John
Wiley and Sons.

Fig. 19 Printing of ECP-magenta with slot-die and microgravure coating.
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coating and microgravure using R2R. The wet films could be
passed through a drying chamber and meters long rolls could
be collected.

7.2 Substrates

Polyethylene terephthalate or naphthalate (PET or PEN) and
polyimide-based substrates are commercially available in the
forms of meters-long webs for R2R setups. Owing to their
mechanical durability and optical transparency, PET and PEN
serve as great candidates for the winding and unwinding during
the printing. Machine precision has also been developed to
reduce any vibrations along the web line. Frictional force along
the press-on rolls is also to be considered as the substrate moves
along the commonly-used stainless rolls. Friction is commonly
minimised by precisely adjusting the web tension, as well as
controlling the web speed. Since the development of plastic
substrates is much more matured, the challenging part in this
regard is to coat the roll with highly conductive inks.

ITO, as it is the case for glass substrates, is the most
commonly used conductor on flexible substrates. But these
substrates are costly and exhibit relatively high sheet resistance
(35 Ohm sq�1 for PET/ITO), which has incited the search for cost-
effective and more flexible alternatives. Metal (i.e. silver) wire grids
have been studied as alternative transparent conductors.300,301

These metal grids could further be embedded into semiconducting
polymer films (e.g. PEDOT:PSS), enabling the printing of cost-
effective conducting films for all-polymer ECDs. Other alterna-
tives include graphene, but it imposes a larger sheet resistance
(41 kO sq�1) for practical applications.302

8. Current status, challenges, and
proposed solutions

While the field of electrochromic materials continues to
progress, there remains a few scientific and technological
challenges that need to be addressed by both materials
optimisation/exploration and device engineering methods, to
further improve the optical performance and stability of the
ECDs in order to meet the demands of large-scale, cost-effective
and commercialised applications.

8.1 Ion-trapping

As mentioned in the introductory section, the electron oxida-
tion/reduction processes of both the polymer and the transition
metal oxide based electrochromic films are accompanied by
counter-ion de-/intercalations to maintain charge-neutrality.
Literature reports of both transition metal oxides303–306 and
polymer based electrochromic layers307,308 indicate a decrease
of the optical contrast upon repeated cycling, along with a
decrease in charge density. In metal-oxide based electrochromic
materials, this phenomenon has been attributed to counter-ions
being bound to trap-sites, and the concentration, site, and
depth-dependent distribution are affected by both the intrinsic
properties of the materials and the protocols of voltammetric
cycling.306 Application of sufficient overpotentials for long

periods have been able to drive out ions in ‘‘shallow’’ traps,
reviving the performance to a certain extent.303 In electrochromic
conjugated polymers, both cations and anions are trapped
and absorbed on polymers to form compact and dense micro-
structures, which prevents further intercalation of counterions,
resulting in less electroactive sites. Cycling performance can be
improved by forming a more porous morphology,307 reducing
the interaction time between polymers and counterions by
using a lower concentration of electrolyte, applying a smaller
voltage, or reducing the anodic or cathodic polarisation time.
However, decreasing the interaction between polymers and
counterions also leads to the decrease of the optical contrast.
Up to now, the strategies investigated for both inorganic and
organic materials do not provide a permanent solution. Further
investigations are warranted for the study of the ion-trapping
phenomena and the design of EC materials with minimum
trap sites.

8.2 Optical memory

The optical memory describes the tendency of the electro-
chromic materials to maintain its coloured or bleached states
after removing the external bias.11 Self-bleaching properties are
commonly observed in small molecule based ECDs, in which
the small molecules can easily diffuse into electrolyte and
undergo electron transfer.309 For conjugated polymer electro-
chromic materials, self-bleaching and self-colouring310,311

phenomena have also been observed due to the spontaneous
electron transfer from the ECPs to the transparent conductive
substrates. In order to maintain the optical state of the ECDs,
refreshing potential pulses can be applied, which increases the
power consumption of the devices.

While side-chain modifications of the electrochromic poly-
mers could effectively tune the HOMO levels of the electro-
chromic materials to address the self-bleaching issue, chemical
modifications inevitably change their colour and electrochemical
properties.312 Alternatively, a general protocol with the combi-
nation of cathodic polarisation and surface modification of the
ITO electrodes has been proposed to minimise the self-bleaching
of ECPs, as cathodic polarisation closes up the opening conforma-
tion of ECPs after electrochemical conditioning, while partial
surface modifications impede the spontaneous charge transfer
between the ECPs and the ITO substrates.311

8.3 Electrochemical conditioning

Oftentimes, an electrochromic polymer needs to undergo an
initial electrochemical redox cycling process to attain the
appropriate morphology that results in the optimum electro-
chemical performance. As a common observation during
laboratory measurements of the electrochemical properties of
conjugated electrochromic polymers, the charge density of the
electrochromic curve typically increases during the initial tens of
cycles before its stabilisation. This initial difference in electro-
chemical response is typically phrased as the memory, first cycle
effect, or the electrochemical conditioning process.231,313 Both
microscopic and electrochemical studies indicate that the
change in electrochromic polymer thin film morphologies leads
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to the electrochemical conditioning processes that are observed
during the initial electrochemical measurements.311,314–316

Heinze et al. proposed a different model to describe the
memory effect based on a study using a polypyrrole system.
In the beginning of the charging process of polypyrrole, the
formation of s-dimers impedes the motion of the anions. As a
result, the cations are incorporated into the polymers to main-
tain the electroneutrality in the following discharging process,
which leads to the memory effect.317,318

8.4 Residual colour and black-to-transmissive switching

When designing polymers to switch between coloured and
transmissive states, as required for window applications, it is
crucial that the absorption of the doped state does not overlap
or tail into the visible region, so that a residual colour is not
observed in the transmissive state. This is increasingly difficult
for high bandgap yellow, orange and red polymers, as high
potentials may be required for complete bleaching. The higher
potentials may cause devices to show slow and incomplete
transitions, as well as decreased lifetime. An alternative strategy
is to use anodically colouring materials, which are already
transmissive in the neutral state with oxidation leading to
colouration. However, the presence of the intermediate colours,
as mentioned before, makes it not suitable for most applica-
tions, and similar issues related to the cathodically colouring
polymers may be encountered.

Although colour tuning for a specifically coloured polymer
can be achieved based on the understanding of polymer
compositions and structures, obtaining a polymer that can
be switched between black and transmissive state can be
nontrivial, as it requires high absorption over the visible region
in the neutral state, and suppression of the absorbance in the
bleached state. The reversible and controlled tuning of such
broad absorption has been demonstrated using triarylamine
based polymers, donor–acceptor based conjugated polymers,21,216

colour mixing blends319 or multi-layers of electrochromes that
cover the whole visible spectrum.319,320 However, challenges in
controlling the optical contrast, switching time, and uniformity of
colour transition for the black-to-transmissive switching ECPs
may arise when using these approaches.

8.5 Environmental stability

The primary application of ECDs are electrochromic windows
that can be integrated to buildings for energy saving purposes.
However, the high production cost has become one of the
biggest barriers to market penetration.321 One way to compen-
sate the high cost is to extend their lifespan and save energy in
the long run. In general, lifetimes greater than 20 years are
targeted for energy saving applications. To achieve long-term
stable performances, the thermal and photo- stabilities of the
ECDs need to be considered. Unfortunately, investigations on
the thermal stability of the ECDs are scarce and not many
conclusions and clues from the instability of materials at high-
temperature have been drawn.322 One factor that plays
an important role in multiple layered ECDs is the thermal
expansion coefficients. Different components integrated within

a single electrochromic device can have very different thermal
coefficients, which causes problems in mechanical and physi-
cal stabilities upon heating and cooling cycles.

Photostability of the electrochromic materials is another key
factor that determines the lifetime of the ECDs used in outdoor
conditions. The photochemical breakdown of the conjugation
in the polymers is known as a combinatory effect of oxygen,
moisture and light, which induces oxidation of the alkyl side
chains, leading to chain scission and/or loss of conjugation in
the backbone.323 A group of ECPs has been investigated to
analyse the effect of the chemical constitution on the photo-
chemical stability (Fig. 20).324 ECPs with relatively lower lying
HOMO levels typically have better photochemical stability,
although the position of the HOMO level is not necessarily
correlated with the photochemical stability. With the addition
of methacrylate functionalities on the side chain, ECP-magenta
has a five-fold increase in photochemical stability, which could
be attributed to the absorption of high-energy photons by the
carbonyl groups and further induced crosslinking reactions.
Two main degradation mechanisms have been proposed based
on the degradation curves of different ECPs.324 In the group 1,
the ECPs only degrade from the terminal positions, which have
fixed number of active sites. Therefore, a linear degradation
behaviour can be observed. While in the group 2, there are no
preferred attacking sites for these ECPs. As a result, the
degradation rate decelerated overtime due to the decreased
number of active sites. Photostability issues not only exist in
ECPs, but also in metal oxide based electrochromic materials
due to photocatalytic and photoelectrochemical reactions in
the presence of water and oxygen.325–328 To address the issues
of the photochemical degradation of electrochromic materials,
the encapsulation of devices in an inert atmosphere is required
for the fabrication and assembly of the ECDs, which further
increase the cost of the device.329

8.6 Haze and transparency

While the optical properties of the electrochromic and ion
storage materials have been extensively studied, the overall
device refractive index arising from each component, including
the transparent conductive substrate and electrolyte, have been
overlooked in reported solid-state ECDs. When light transmits

Fig. 20 (a) Variation of the normalised maximum absorbance of three
different ECP thin-films (ECP-orange, ECP-magenta and ECP-blue in
order of increasing stability) as a function of solar irradiation time,
(b) schemes of photoelectrochemical degradation mechanisms of ECPs.
Adapted with permission from ref. 324. Copyright 2013 Royal Society of
Chemistry.
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through an interface of two materials with different refractive
indexes at normal incidence, the reflected fraction (r) is calcu-
lated by the following equation:

r ¼ n1 � n2

n1 þ n2

� �2

(8)

where r is the fraction of light that is reflected at the interface,
n1 and n2 are the refractive indexes of the media before and
after the light crosses the interface.

Then, the fraction that is transmitted can be derived as:

T = 1 � r, (9)

where T is the fraction of the light that is transmitted through
the interface.

When the device is assembled from m parallel layers,
including solution processable materials coated onto sub-
strates, (m + 1) interfaces will be generated. For a typical solid
state, five-component ECD, six interfaces will affect the overall
optical transmittance of the device. The total transmittance of
the electrochromic device can be obtained from the product of
the transmittance values at these six interfaces (Fig. 21, eqn (10)
and (11)). For certain applications of ECDs, for example, trans-
mittance type electrochromic windows, which require a higher
fraction of incoming light to go through the device with higher
transmission in the bleached state, the materials for electrolyte
should be carefully selected based on their refractive indexes, so
that the Dn at each interface can be smaller, which gives a clearer
view through the ECD.

Tnet = T1 � T2 � T3 � T4 � T5 � T6 (10)

Tnet ¼ 1� n1 � n2

n1 þ n2

� �2
" #

1� n2 � n3

n2 þ n3

� �2
" #

1� n3 � n4

n3 þ n4

� �2
" #

� 1� n4 � n5

n4 þ n5

� �2
" #

1� n5 � n2

n5 þ n2

� �2
" #

1� n2 � n1

n2 þ n1

� �2
" #

(11)

Where Tnet is the net transmittance after passing all layers in
ECDs, T1, T2, T3, T4, T5, T6 are the fraction of light transmitted
at different interfaces in the ECD. n1, n2, n3, n4, n5 are the
refractive indexes of the media (each layer of materials) in
the ECD.

Other than the refractive index mismatch between each
layer, the heterogeneity of the refractive indexes for some types
of electrolytes, especially semi-crystalline polymers like PVDF,
PEO, etc., needs to be noted. For example, PVDF polymers tend
to form large crystalline domains during the drying processes,
which generate crystalline phases with different crystallographic
symmetries and orientations,330 mixed with amorphous phases.
These phases with different crystallinity have different refractive
indexes, leading to the formation of a translucent thin film,
resulting in a decrease of the optical transparency of the ECDs.

To improve the ionic conductivity of polymer-based electro-
lytes, inorganic nanoparticles, like SiO2, Al2O3, and TiO2, are often
used as additives to reduce the crystallinity and to increase the
motion of the polymer chains. Matching of the refractive
indexes between metal oxides and polymer electrolytes is
necessary to obtain a transparent electrolyte layer.

9. Closing remarks

We have reviewed and discussed the operating principles,
materials design rules and technical roadblocks for the com-
mercialisation of ECDs that are compatible with large-scale
processing methods, including the roll-to-roll techniques.
Synthesis and processing of materials with excellent electro-
chromic, charge balancing and transport properties not only
requires materials design that consider performance metrices
measured by standard laboratory electrochemical and optical
methods, but also take into account other parameters includ-
ing the materials homogeneity, scalability, and stability under
device operating conditions, many of which lead to trade-offs
between parameters that require in-depth understanding of the
device operations.

Several key issues need to be solved when fabricating the
next generation of ECDs that are more efficient and stable,
based on the understanding of the following questions:

1. How does the electrochromic materials–electrolyte inter-
face vary in physical and chemical aspects as a function of
applied potential in real application conditions, for example, at
above ambient temperatures in the presence of UV irradiation?
Are there experimental or simulation methods that can provide
microscopic mechanistic insights into these processes on the
molecular or nanoscale?

2. Given the inevitable nature of chemical and electro-
chemical heterogeneity in the composition, stoichiometry and
ordering of the materials especially during large scale synthesis
and processes, are there alternative methods to address the
inhomogeneity issue? For example, instead of porous thin film
electrode materials, can we combine the mechanical robustness of
matrix materials and the electrochromic or ion storage properties
of the electrochemically active materials, in a highly dispersible

Fig. 21 Schematic representation of a light beam incident normal to a
multi-layer ECD surface and the notation of the refractive index of air (n1)
and each layer (n2–n5).
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and permeable way that is compatible with current fabrication
methods?

3. How could we rationally design and optimally match the
chemical, electrochemical, optical and thermal compatibilities
between each component of the ECDs, to achieve more stable
ECDs with excellent optical performances?

Such questions illustrate the importance of understanding
electrochromic materials and device interfaces on the nano-
scale, as well as the consideration of synthesis and processing
compatibility of each device component in large scale. With the
rapid advances in materials science, future progress in the
exploration of material properties as a function of synthetic
parameters, processing methods, compatibility between com-
ponents and robustness towards environmental conditions
will further inspire the development of ECDs exhibiting out-
standing performance.
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88 M. K. Gunde, U. O. Krašovec and W. J. Platzer, J. Opt. Soc.

Am. A, 2005, 22, 416–423.
89 C. I. de l’Eclairage, CIE publ.
90 N. Aste, F. Leonforte and A. Piccolo, Sol. Energy, 2018, 176,

51–61.
91 I. E. S. of N. America, IES TM-30-15.
92 N. L. Sbar, L. Podbelski, H. M. Yang and B. Pease, Int.

J. Sustainable Built Environ., 2012, 1, 125–139.
93 B. Paule, E. Sok, S. Pantet and J. Boutiller, Energy Procedia,

2017, 122, 199–204.
94 A. Piccolo, Energy Build., 2010, 42, 1409–1417.
95 M. Casini, Renewable Energy, 2018, 119, 923–934.
96 G. Garcia, R. Buonsanti, A. Llordes, E. L. Runnerstrom,

A. Bergerud and D. J. Milliron, Adv. Opt. Mater., 2013, 1,
215–220.

Review Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 0
7 

A
ug

us
t 2

01
9.

 D
ow

nl
oa

de
d 

by
 M

IT
 L

ib
ra

ry
 o

n 
11

/3
0/

20
23

 3
:5

5:
11

 P
M

. 
View Article Online

https://doi.org/10.1039/c9tc02861g


This journal is©The Royal Society of Chemistry 2019 J. Mater. Chem. C, 2019, 7, 12761--12789 | 12785

97 H. Gu, C. Guo, S. Zhang, L. Bi, T. Li, T. Sun and S. Liu, ACS
Nano, 2018, 12, 559–567.

98 D. Arasteh, H. Goudey, J. Huang, C. Kohler and R. Mitchell,
ASHRAE Trans., 2007, 113, 176–186.

99 G. B. Smith, C. A. Deller, P. D. Swift, A. Gentle, P. D. Garrett
and W. K. Fisher, J. Nanopart. Res., 2002, 4, 157–165.

100 P. M. Beaujuge and J. R. Reynolds, Chem. Rev., 2010, 110,
268–320.

101 W. Wu, M. Wang, J. Ma, Y. Cao and Y. Deng, Adv. Electron.
Mater., 2018, 4, 1800185.

102 G. Cai, J. Wang and P. S. Lee, Acc. Chem. Res., 2016, 49,
1469–1476.

103 A. Agrawal, R. W. Johns and D. J. Milliron, Annu. Rev.
Mater. Res., 2017, 47, 1–31.

104 C. M. Amb, A. L. Dyer and J. R. Reynolds, Chem. Mater.,
2010, 23, 397–415.

105 V. K. Thakur, G. Ding, J. Ma, P. S. Lee and X. Lu, Adv.
Mater., 2012, 24, 4071–4096.

106 A. L. Eh, A. W. M. Tan, X. Cheng, S. Magdassi and P. S. Lee,
Energy Technol., 2018, 6, 33–45.

107 C. G. Granqvist, M. A. Arvizu, İ. B. Pehlivan, H.-Y. Qu,
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