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Electrochromic (EC) materials have the ability to change their optical properties
when exposed to a low electrical voltage. They have found a wide range of
applications in smart windows, low-power displays, and spacecraft thermal
control. To improve the practical applicability of EC materials, rational design
and exploration of their architectures play a crucial role. Among various
architectures, forms of inverse opal structure including two dimensionally and
three dimensionally ordered macroporous structure (2DOM and 3DOM) exhibit
outstanding and specific performance. In this review, several examples of
2DOM and 3DOM EC materials with detailed preparation methods are presented, followed by a detailed discussion of various aspects in ordered
macroporous structural EC films, including common features, structure transition and photonic band gap tuning. In addition, the typical five layered design
for the EC material-based device is given, as the device is of the most importance in researches as well as applications. Finally, conclusions and outlook are
provided at the end of this review.
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Introduction
An ongoing work related to situation regarding rapid
increase in energy consumption and chain reaction on
the global environment, is to create a society that will
function more in harmony with the environment. In
order to meet our growing requirements for less

energy consumption and green technology, materials
that are capable of saving and transforming energy are
of high desire. Chromogenic materials have been part
of the solution. Chromogenic materials have the ability
to change their optical properties when an external
stimulus is applied, such as change in light intensity,
surrounding temperature and the application of a low
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electrical signal. These are usually called photochromic-, thermochromic- and electrochromic (EC)
materials, respectively. Among them, EC materials,
which this review is about, have been brought to public
attention since the nineteenth century [1]. Most of the
change in their optical properties derives from charge
inserting or extracting. Devices based on the EC
materials are called electrochromic devices (ECD).
Usually, they have a five-layer structure consisting of
two transparent conductor layers, the EC film layer,
the ion conductor, and the ion storage film (Fig. 1). As
the core layer of the ECD, the EC layer can change its
optical properties and turn back to the original state
under alternating potential modulation, thus altering
the absorption, reflection and transmission of the
whole device.
Several kinds of materials, such as transition metal
oxides, organic molecules, and conducting polymers,
have been reported to show EC properties. Not surprisingly, these materials are widely applied in smart
windows, low-power display devices, and spacecraft
thermal control.
Transition metal oxides EC materials drew widespread attention thanks to the founding research on
tungsten oxide by Deb [3–5] and then carried forward
by Granqvist [6–11], Niklasson [12, 13], Lampert
[14–16], Monk [17, 18], Mortimer [19–22], Milliron
[23–25] and many other scientists. Generally speaking, the transition metal oxides EC materials can be
divided to two different kinds: ‘‘cathodic’’ materials
which can be colored under cation insertion and
include the oxides of W, Mo, Ti, Nb, Ta, and ‘‘anodic’’
materials that can be colored under cation extraction
or anion insertion, including the oxides of Cr, Mn, Fe,
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Co, Rh, Ir, Ni. As a special case, the oxides based on V
are intermediate [8]. For most transition metal oxide
EC materials, the colored form is in the range from
blue or brown to black. Among them, the oxides of
W, Mo, Ir, Ti, V, Co and Ni have the most obvious EC
color changes.
When referring to cathodic EC materials, tungsten
trioxide (WO3) always comes first since it is the most
widely studied EC inorganic material. In addition,
the first commonly accepted work of the ECD is
carried out by Deb in 1969 [4], based on WO3. When
tungsten atoms are in the electrochemical oxidation
state, the film is transparent or light yellow. In electrochemical reduction situation, oxidized WVI changes to reduced WV, the film turns blue. Although the
detailed coloration mechanism is still under controversy, it is commonly accepted that the insertion and
extraction of cations and concurrent electrons play a
key role in the EC process [26–30]. The reaction can
be written as

V
WO3 þ x Aþ þ e ¼ Ax WVI
ð1Þ
ð1xÞ Wx O3
transparent

deepblue
?

?

?

which A refers to H , Li , Na?.
In cathodic EC materials, the colored state is
caused by electrochemical reduction, with cation
insertion at the same time. In contrast, anodic EC
materials become colored by electrochemical oxidation, accompanied by cation extraction or anion
insertion. Nickel oxide is one of the most typical
anodic EC materials. For nickel oxide, when it is
cycled in the alkaline aqueous solution, the electrochemical reaction is always illustrated as follows
NiO þ OH ¼ NiOOH þ e
transparent

brown

ð2Þ

However, the mechanism of nickel oxide coloration
in lithium-containing electrolyte is uncertain. Campet
et al. [31] suggested a model according to the idea
that hydrogen in NiOOH transferred from the surface to the bulk. The reaction can be written as
2xNiOOHsurf þ ð1  2xÞNiObulk þ 2xLiþ þ 2xe
¼ Li2x Nið1xÞ Osurf þ xNiðOHÞ2bulk

ð3Þ

2
2þ
2þ
3þ 2
Liþ
¼ Liþ
þ yLiþ
2x Nið1xÞ O
ð2xyÞ Nið1xyÞ Niy O
þ ye

ð4Þ
Figure 1 Basic design of an ECD. Reprinted with permission
from [2]. Copyright Ó 2016 American Chemical Society.

where NiOOH is the colored state, while the other
oxide phases are transparent. Later, Boschloo suggested that electrochromism of nickel oxide was
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caused by cation desorption/adsorption. The film
became colored by cation desorption, which was
coupled with electron extraction and increasing Ni3?
in the film, while cation readsorption resulted in
bleaching [32]. Recent work by Rougier [33] indicates
that the mechanism for electrochromism of nickel
oxide depends on the type of electrolyte, since
adsorbed triflate ions were detected in the colored
state when cycling in tetrabutylammonium triflate;
however, no perchlorate ions were detected in both
colored and bleached states when using LiClO4/PC
as the electrolyte.
For the organic molecules EC materials, viologens
are the most typical. There have been intensive
researches into the EC performance of viologens due
to the availability and ease of modifying the properties of the quaternizing reagent [34, 35]. The prototype viologen is methyl viologen, while other species
are named substituent viologen.
Polymerization of aromatic molecules, such as
aniline, thiophene, pyrrole, and their derivatives,
forms the conjugated conducting polymer and oligomer family [36]. Most of them can be applied in the
EC fields, and their relative properties have been
frequently reviewed [18, 37]. Specially, polythiophenes and polypyrroles derivatives have drawn
public attention in the past two decades. In the electrochemical doping state, the electron from the p–p*
orbits have been motivated and delocalized to form
several new energy levels (Polaron level, Double
polaron levels and Soliton level). In the electrochemical undoped state, counteranion extract or
cation insert can lead to the undoped electrically
neutral form by the removal of electronic conjugation. For the conjugated conducting polymer, the
optical bandgap (Eg) between the valence band and
the conduction band determines the EC performance.
It means Eg plays a key role to influence the chromaticity and optical contrast of the EC materials
between the colored and bleached state. Thin films
with Eg higher than 3 eV (with the thickness of about
400 nm) are colorless and transparent in the undoped
form, while they generally absorb visible radiation in
the doped form. Those with Eg between 1.7 and
1.9 eV (with the thickness of about 700 nm) are
highly absorbing in the undoped form, but the free
carrier absorption transfers from the visible region to
the near-infrared region in the doped form. Polymers
with intermediate bandgaps can exhibit several
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colors because they have diverse optical changes in
the visible region.
Examples of available EC products include the EC
window in Boeings Dreamliner. Instead of operating
window blinds manually, passengers are able to block
the sunlight just by pressing a button [38]. In addition,
EC windows for application in buildings are commercially available [39]. These applications are mainly
based on the inorganic EC materials, which possess
better cyclic and environmental stability than organic
EC materials. When they are considered for use in
display devices, the obvious advantage compared to
liquid–crystal displays is the low potentials required.
However, liquid–crystal displays are still the mainstream of the display market today. One of the most
important reasons is that they cannot change colors as
quickly as the liquid–crystal displays. And the same
problem exists in their other applications. To tackle the
slow-response issue and simultaneously keep the
structural integrity and good electrochemical conductivity of EC materials, researchers have explored
various solutions. A main field in EC materials
research is to alter composition to fasten the response
speed and improve the coloration efficiency (CE). One
of them is to prepare composite materials by incorporating inorganic EC materials with organic EC materials as their response time is relatively short, such as
viologens [40, 41], polyaniline (PANI) [42–48],
poly(3,4-ethylenedioxythiophene) (PEDOT) [49–52],
polypyrrole (Ppy) [53, 54] and so on [55]. Another
option is to focus on the rational design and exploration of architectures of these materials by using
porous materials. Porous structures possess unique
properties and characteristics that are generally not
achievable by their bulk counterparts. For example, in
bulk materials, the movement rate of Li ions is much
slower due to the long diffusion distance. Therefore,
porous materials can be applied to versatile technological processes nowadays, including electrochromism [56–65]. Among various porous
architectures, forms of inverse opal structure including two dimensionally and three dimensionally
ordered macroporous (2DOM and 3DOM) structures
exhibit outstanding performance.
2DOM and 3DOM structures belong to photonic
crystals, which are spatially periodically aligned
dielectric structures [66]. Because of the periodic
refractive index, 2DOM and 3DOM structures have a
photonic band gap (PBG), where particular range of

11254
wavelengths is forbidden in the propagation of light.
In particular, 2DOM and 3DOM structured materials
can operate the light in visible wavelength. This
feature allows EC materials to obtain a variety of
structure colors as well as tune the PBG. Besides,
ordered macroporous EC materials exhibit excellent
performance because of the controlled large surface
area and short diffusion distance as a result of high
porosity. Such features lead to large ion diffusion
coefficient and current density, good ion diffusion
reversibility, short response time, high coloration
efficiency and optical contrast.
Herein we review the latest progress of ordered
macroporous structured EC materials, including
preparation methods of the ordered macroporous EC
films, comparison of their EC properties and performance of the ordered macroporous EC devices.
Finally, a brief summary and perspective is given.
The purpose of this review is to offer an easy access

Figure 2 a Photograph of the PS template, SEM images of b the
PS template, c the 2DOM structure, d the 3DOM structure.
Reprinted with permission from [67]. Copyright Ó 2013 Royal
Society of Chemistry.

J Mater Sci (2017) 52:11251–11268

to the research field of ordered macroporous EC
materials.

Preparation methods of the ordered
macroporous EC films
Due to simplicity and controllability, template synthesis has become one of the most widely used
preparation techniques to fabricate the ordered
macroporous EC films. The films prepared by this
method exhibit high periodicity over large areas. The
method is based on replicating the structure of colloidal crystal templates by filling EC materials or
their precursors into the gaps of colloidal crystals.
Polystyrene (PS), poly(methyl methacrylate) (PMMA)
and silica spheres are often used as templates to
fabricate the ordered macroporous EC films through
the replica technique. They can be easily self-assembled in two or three dimensions and completely
removed by dissolution in suitable solvents or calcinations. Figure 2 shows the photograph of the template and the SEM image of templates and the typical
2DOM and 3DOM structures. Furthermore, various
kinds of compositions with ordered macroporous
structure can be prepared by sacrificing the colloidal
crystal templates, including polymers, metals, oxides
and hydroxides. Here, we mainly focus on those
processes that allow for the fabrication of ordered
macroporous EC films.
The template synthesis is widely used and can be
applied to sol–gel method, salt solution, atom layer
deposition, electrochemical and other preparation
methods to produce 2DOM and 3DOM films. 2DOM
and 3DOM EC films prepared so far include both
inorganic and organic materials, for instance, WO3
[67–75], TiO2 [61, 76–84], NiO [85, 86], vanadium
oxide [87–97], Co3O4 [98, 99], iridium oxide [100, 101],
PANI [102–105], PEDOT [106, 107], Ppy [108]. Despite
the simplicity and versatility of template synthesis,

Figure 3 Schematic illustration of the procedure used for fabrication ordered macroporous EC ﬁlms (taking PANI as an example).
Reprinted with permission from [103]. Copyright Ó 2005 American Chemical Society.
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Figure 4 Three-dimensional colloidal crystal templates assembled by sedimentation. a–e Top view SEM images and f–
j photographs of templates with spheres diameters of 350, 282,

270, 249, and 207 nm, respectively. Reprinted with permission
from [116]. Copyright Ó 2016 Elsevier B.V.

Figure 5 a Cyclic voltammograms of dense ﬁlms (the black line)
and ordered macroporous ﬁlms (the red line), b CE curves of
ordered macroporous WO3 ﬁlms with different pore sizes of
325 nm (the black line), 410 nm (the green line) and 620 nm (the

red line), c coloration-bleaching characteristics in 3DOM WO3
ﬁlms at 800 nm with different pore sizes of 325, 410 and 620 nm
from the top to the bottom. Reprinted with permission from [69].
Copyright Ó 2012 Elsevier B.V.
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optimization of the parameters during preparing
processes and interactions between precursors and
templates must be tailored to control the structure
integrity.
In general, ordered macroporous films preparation
process can be summarized in the following processes: (1) colloidal crystal templates fabrication, (2)
materials filling and methods of conversion, (3)
removal of the spheres, as shown in Fig. 3. The second process and the third process may occur simultaneously. For instance, the crystallization procedure
and the chemical change of filling precursors in the
gaps of the template may occur during the removal of
the spheres in some methods like calcination. Below,
we will illustrate and introduce the details step by
step.

Preparation of colloidal crystal templates
Different kinds of methods have been investigated
for assembling monodisperse spheres to highly
periodic structures. The predominant assembly
methods have been discussed in summary with several reviews [109–115], presenting various methods
as well as their effectiveness in further details. To be
simple, typical methods available include sedimentation, vertical deposition, centrifugation, electrophoresis and so on.
Among the methods mentioned above, sedimentation is the oldest and simplest way to assemble twoor three-dimensional colloidal crystal templates,
shown in Fig. 4. With the help of gravity, colloidal
spheres in the solution will settle down to form
closed-packed ordered structures. By modifying the
Figure 6 a Transmittance
modulation of the 2DOM TiO2
EC device and b the
photographs of the device
under different potentials.
Reprinted with permission
from [61]. Copyright Ó 2014
Royal Society of Chemistry.
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concentration of the solution, the thickness of the
colloidal crystal templates can be controlled. The asprepared colloidal crystals can be used as templates
directly or after annealing, which can help increase
their stability and interconnection.

Fabrication of ordered macroporous
electrochromic materials
Ordered macroporous EC films have close-packed
structures of spherical voids, formed by filling gaps
of the colloidal crystal templates with EC materials
and then removal of the spheres by solution dissolution or calcination. The porosity of the film can be
controlled by this method. For the porous arrays
formed by removing the colloidal spheres, silica
spheres are often carried out by chemical etching in
aqueous HF solutions; with polymer spheres, it is
either by removal of organic solvent dissolution or by
calcination, sometimes accompanying with chemical
change of the precursor to produce a desired solid
phase at the same time. The choice of the used
spheres is based on the consideration of both the type
of infiltration materials and the preparation methods.

Comparison of the EC performance as well
as other properties
Common features
In the ordered macroporous structures, the connectivity of the skeleton allows efficient electron transport in the pores, while the ordered pore system
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the surface area of the ordered macroporous EC
materials is rapidly increased and the diffusion distance is sharply shortened, leading to large ion diffusion coefficient and current density, good ion
diffusion reversibility, short response time, high coloration efficiency and optical contrast. It makes them
attractive for use in electrochromism. In this part, we
will start with transition metal oxides: cathodic
materials (here we take WO3 and TiO2 as representatives), anodic materials (NiO, Co3O4 and iridium
oxide) and intermediate vanadium oxides, and after
that finish with organic EC materials.
Cathodic materials

Figure 7 a Nyquist plots, b optical transmittance spectra and
c chronoamperometric curves of dense and porous NiO ﬁlms.
Reprinted with permission from [86]. Copyright Ó 2010 Elsevier
Ltd.

facilitates transport of the charge species needed to
maintain electrical neutrality during electrochemical
processes. In addition, compared to the dense films,

WO3 is the most widely studied EC inorganic material, and inverse opal films of this cathodically coloring material have been fabricated by a variety of
methods. Regarding ordered macroporous WO3
films, we focus on films prepared by sol–gel deposition [68, 74] electrodeposition [67, 70] and salt solution [67, 71–73, 75]. Thin films prepared by sol–gel
deposition show that the three-dimensional ordered
macroporous structure can help with the diffusion of
ions/electrons and the light transmission as well. The
response time in the macroporous WO3 films shortens and the IR optical modulation improves [69],
which have potential practicality for aerospace thermal control systems. Films with smaller pore size
own larger surface area, resulting in higher capacity
for electrons and ions. Together with perfection of the
ordered porous structure, EC performance is greatly
improved, as presented in Fig. 5. EC devices fabricated based on 3DOM WO3 films also exhibit short
response time: 3.94 s for bleaching process and 9.22 s
for coloration process [70].
In order to verify the advantages of inverse opal
structures mentioned above, we take TiO2 for another
example. For the sake of excellent performance of
TiO2 EC films, temperature higher than 400 °C is
usually needed to obtain high crystallinity, which
may lead to cracks and collapse of the porous structure and limit to thermally stable substrates. Djaoued
et al. [61] first use the dynamic-hard-template infiltration strategy to fabricate large-area crack-free
nanocrystalline 2DOM TiO2 films to avoid the problems discussed above. The fabrication was carried
out on both rigid and flexible substrates. The transmittance change of the flexible 2DOM TiO2 EC device
is 44.7% at 700 nm wavelength and 14.5% at 1100 nm
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after coloration, which is a relatively large optical
modulation, presented in Fig. 6.
Anodic materials
Apart from cathodic materials like WO3 and TiO2,
electrochromic studies on anodic transition metal
oxides have been carried out as well. Ordered
macroporous structured nickel oxide has been electrodeposited using a polystyrene template by the
implementation of polar aprotic organic solvents [85].
Quicker reaction kinetics due to the ordered structure
has been verified by electrochemical impedance
spectrum [86]. Compared with the Nyquist plot of the
dense NiO film, that of the ordered porous NiO film
exhibits smaller semicircle and lower line slope, as
shown in Fig. 7a, indicating lower charge transfer
resistance and ion diffusion resistance, which leads to
smaller polarization and lower internal resistance.
This could be a reasonable explanation for the
enhanced optical modulation and fast switching time
of ordered porous NiO films (as presented in Fig. 7b,
c).
Studies of Co3O4 have been carried on as well
[98, 99]. For this anodically coloring EC material,
electrodeposition is preferred for producing largearea 2DOM Co3O4 array films based on monolayer PS
templates. Compared with dense Co3O4 films, hierarchically porous Co3O4 array films show improved
EC performance with higher optical modulation (42%
in the visible range), shorter response time (about 2 s)

Figure 8 Photographs of the
2DOM Co3O4 array ﬁlm in the
bleached and colored states.
Reprinted with permission
from [98]. Copyright Ó 2009
Elsevier Ltd.

Figure 9 Voltammograms for the growth of IrOx ﬁlms a with no
template, b with the PS template. Reprinted with permission from
[101]. Copyright Ó 2009 Royal Society of Chemistry.
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and better cycling performance [98] due to its highly
porous structure, which provides shorter ion diffusion distance and bigger surface area. The bleached
and colored photographs of a 2DOM Co3O4 film are
shown in Fig. 8.
As described, iridium oxide belongs to anodic EC
materials. The same as other transition metal oxides,
the hard-template-assisted method is chosen to fabricate IrO2 with hierarchically ordered porous structure. The calcination temperature plays an important
role on the pore structure. Compared with the
untemplated IrO2 prepared by a simple pyrolysis
method at 450 °C, the 3DOM IrO2 (450 °C) exhibited
more than two times enhancement in BET area. This
clearly reveals the control effect of the pore structure
on the surface, indicating that ordered macroporous
structures may have an effective impact on improving the EC performance and utilization of precious
metals [100]. What is more, larger current density of
cyclic voltammetry curves during deposition process
can be achieved when depositing with the PS template, suggesting a greater deposition efficiency, as
can be seen from Fig. 9a, b. In addition, the modified
reflectivity of the films indicates that they could be a
suitable candidate for tunable photonic devices [101].
Figure 10 a–c Transmittance
contrast, transmittance–time
switching response curve and
coloration efﬁciency of 3DOM
vanadium oxide ﬁlm. d EC
digital photographs of 3DOM
vanadium oxide ﬁlms under
different potentials. Reprinted
with permission from [93].
Copyright Ó 2015 Royal
Society of Chemistry.
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Figure 11 Schematic of a the electrodeposition setup, b the EC
performance testing setup. Images of c the reduced state (dark)
and d the oxidized state (orange) of the vanadium oxide ﬁlms.
Reprinted with permission from [90]. Copyright Ó 2010 Royal
Society of Chemistry.

Then we put our focus on the studies of inverse
opal vanadium oxides. Compared with the dense
vanadium film, 3DOM vanadium oxide films prepared by anodic deposition exhibited a higher
transmission change in both visible and near-infrared
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regions. Furthermore, two more colors can be
obtained by 3DOM vanadium oxide film at 0.5 V
(yellow with light green) and 0 V (green) except for
orange and dark, as shown in Fig. 10d [93] and
Fig. 11 [90].
Organic materials
PANI is capable of quick and reversible acid/base
doping and de-doping, accompanied by electrondonating and accepting at the surface, and exhibits
multicolor changes. Simple methods for synthesizing
PANI with ordered macroporous structures by using
templates include polymerization and electrodeposition. Compared with films obtained by polymerization, the ordered macroporous PANI samples
prepared by electrodeposition had a much higher
structural integrity [43]. The conductivity of the
ordered macroporous PANI can be increased [42].
Owing to the large surface area, they present practical application for electrochromism. The channel size
connecting the pores can be modulated by appropriate selection of the size of the templated PS
spheres. The wall thickness between the pores can be
varied depending on the experimental conditions
used in preparing the PANI inverse opals. The
structures fabricated are expected to be attractive
candidates to adjust the PBG. Here, we take 3DOM
structured PANI films prepared through templateassisted electrodeposition method as the example
[105]. Due to the template confinement effect caused
by the modulation of the chain and structure, ion
diffusion coefficient of deposited PANI can be
rapidly increased, as shown in Fig. 12. As a result, the
switching time of the reduction process of 3DOM
PANI is 2.07 s for 100% optical modulation. For the
oxidation process, it is 2.85 s. Both switching times
Figure 12 Schematic of ion
diffusion paths in a PANI
ﬁlms, b PANI/PS and c 3DOM
PANI. Reprinted with
permission from [105].
Copyright Ó 2013 Elsevier
Ltd.

Figure 13 Durability tests of the 3DOM PEDOT ﬁlms over 3000
cycles and the dense ﬁlm over 900 cycles. a–c 3DOM PEDOT
ﬁlms with pore diameters of 700 nm, b 500 nm, c 400 nm, and
d dense ﬁlm. Reprinted with permission from [107]. Copyright Ó
2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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are shorter when compared with dense PANI films
(2.81 and 4.21 s, respectively).
Except for PANI, another typical EC material is
PEDOT. PEDOT has received much attention in recent
years. Its EC colors change from deep blue in the neutral state to light blue after oxidation [117]. As cathodically coloring conjugated conducting polymers,
PEDOT and its alkyl derivatives can be used with
anodically coloring polymers as the counter EC layer to
fabricate dual-polymer ECDs [118]. Ordered macroporous PEDOT films can be prepared by electrochemical
synthesis from the ionic liquids 1-ethyl-3-methylimidazolium
bis(trifluoromethyl
sulfonyl)amide
([EMIm]TFSA) [106] and 1-butyl- 3-methylimidazolium hexafluorophosphate ([Bmim]PF6) [107]. Electrodeposition occurs along the pores of the template.
They have the ability to turn into yellow, orange, blue,
and green colors owing to the Bragg reflection of the
incident artificial white light. Compared with dense
PEDOT films, 3DOM PEDOT films exhibit high transmittance modulation, high ionic fast switching (as
presented in Fig. 13) and enhanced cycling stability
due to the three-dimensional interconnected macroporous structure, which facilitates ion and electron diffusion and maintains structure integrity.

Structure transition
Except for the benefits of the ordered macroporous
structures to EC performance, it is interesting to
notice that some kinds of 3DOM transition mental
oxides can be transferred to other structures. We take
vanadium oxide for an example, an oriented

Figure 14 a–d Schematic of
preparation process for
coralline V2O5 nanorod
architecture, e SEM image of
V2O5 nanorod. Reprinted with
permission from [95].
Copyright Ó 2015 Elsevier
B.V.

attachment mechanism has been found in its solidstate crystallite coalescence process. The morphology
change from amorphous 3DOM vanadium oxide to
crystalline V2O5 nanorods and nanofibers can be
realized by a simple annealing treatment at
350–500 °C [94, 95, 97], shown in Figs. 14 and 15.
Colloidal sphere-assisted heterogeneous nucleation
and the anisotropic bonding of the V2O5 layered
structure are two important factors for the morphological changes. Moreover, EC performance of the
nanorods prepared through the thermal treatment
was found to be superior to that of the vanadium
pentoxide with the layered structure in the near-infrared region [97], making it a potential candidate for
EC applications.

PBG tuning
Ordered macroporous EC materials provide an
interesting chance to tune the PBG. A large number of
methods to achieve this goal have been carried out,
including polarization of liquid crystals, thermal
effects and more. As mentioned above, EC materials
are capable of changing their optical properties continuously and reversibly by applying a low voltage
signal. This unique nature offers a novel possibility to
adjust their PBG in a controlled way. WO3 inverse
opals prepared by PS colloidal crystal templating
have been used for band gap tuning [74]. By inserting
the Li? ions from the electrolyte into the crystals, the
first reflection peak gradually shifts 36 nm toward
shorter wavelength, while the second reflection peak
shifts toward longer wavelength for about 28 nm, as
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Figure 15 a–d Schematic of preparation process for coralline V2O5 nanoﬁbers, e SEM image of V2O5 nanoﬁbers Reprinted with
permission from [91]. Copyright Ó 2015 Nature Publishing Group.

The same phenomenon has been found in 3DOM
TiO2 films [79]. They exhibit superior and versatile
color stability which is caused by the insertion of Li?
into the TiO2 lattice. PBG varies with the change of
optical properties of 3DOM TiO2, enabling facile
tuning of EC colors, as shown in Fig. 18. The position
of the reflection peak is controlled by both the pore
size of the 3DOM TiO2 films and their index change
by lithium insertion. Lithiated TIO288 (pore size:
288 nm) shows strong absorption in the visible light
region and a very sharp reflection peak appears at
about 610 nm, while that of TIO424 (pore size:
424 nm) has broad absorption below 550 nm and a
sharp reflection peak at about 950 nm in the infrared
region, shown in Fig. 18.
Figure 16 a Reﬂection spectra of WO3 inverse opal as a function
of inserted lithium, b ﬁrst reﬂection peak, c second reﬂection
peak. Reprinted with permission from [74]. Copyright Ó 2005
American Institute of Physics.

shown in Fig. 16. This 3DOM WO3-based photonic
crystal device was then fabricated with the ITO/WO3
inverse opal and a bare ITO glass, using LiClO4/PC
as the electrolyte, shown in Fig. 17 [68]. As can be
seen from reflection spectra, its stop band exhibits
small but distinct shifts under applied voltage over
time. This work sheds more light on the combination
of the EC performance and the PBG.

Conclusions and outlook
The past few years have seen rapid development of
ordered macroporous EC materials. This new
research field has aroused academic attention not
only because of the esthetics of inverse opal structures, the simplicity and versatility of the methods,
but also due to the interesting and excellent EC
properties that ordered macroporous materials exhibit. Researches of physical and chemical properties of
ordered macroporous EC materials has just begun,
and more work should be carried out to control the
quality and performance of the materials. This review
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Figure 17 a Schematic
representation of device,
b reﬂection spectra as a
function of time under ±3.5 V.
Reprinted with permission
from [68]. Copyright Ó 2006
COPYRIGHT SPIE–The
International Society for
Optical Engineering.

penetration, solidification, and shrinkage during
template removal, which in turn affect the structural
integrity and the EC properties of the films. Moreover, most of the researches published now ignore
the combination of the EC performance and the PBG.
There is still a long way to go to look inside the
relationship of them on optical properties. With the
understanding of the above issues, ordered macroporous EC materials will come closer to mature
applications.
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Figure 18 Reﬂectance spectra measured for TIO424 when
charged at different voltages. Inset pictures show the corresponding color change of the inverse opal in different states. Reprinted
with permission from [79]. Copyright Ó 2011 Elsevier B.V.

summarizes researches on ordered macroporous EC
materials, the preparation method, comparison of
their EC performance as well as some other features.
In order to prepare EC materials with better quality
and performance, it is quite necessary to know more
about the current research status. Although many
studies focus on defect minimization and control,
only a few number of sphere compositions (mainly
silica, PS, PMMA) have been applied. It is obvious
that they cannot meet all the requirements and
experiment conditions for easier template removal or
for adding other features. Besides, improvements
may become possible with a deeper understanding of
interactions between EC materials and templates.
Functional groups on the surfaces of the spheres have
a great influence on the sample, including wetting,
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