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Multifunctional devices integrated with electrochromism and energy storage or energy production functions are attractive because
these devices can be used as an effective approach to address the energy crisis and environmental pollution in society today. In this
review, we explain the operation principles of electrochromic energy storage devices including electrochromic supercapacitors,
electrochromic batteries, and the photoelectrochromic devices. Furthermore, the material candidates and structure types of these
multifunctional devices are discussed in detail. The major challenges of these devices along with a further outlook are highlighted
at the end.
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1 Introduction
The growing energy demand and environmental pollution require the development of renewable resources and energy efficient technology. Therefore, the reversible, persistent electrochromic change in optical parameters or colors controlled
by a temporarily small operating potential (<1 V) is attractive [1]. In recent years, electrochromism has been shown
wide promising applications in various electrochemical devices, such as smart windows, antireflection coatings, autodimming mirrors, smart thermal control coatings, displays,
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and electronic papers [1–4]. Especially, smart window is a
promising energy saving technology, and the first experimental investigation of smart windows was specifically considered appeared in 1984 [5]. Smart windows can not only dynamically control the amount of solar heat and lighting input of the building as an active response to the changes of
interior temperature and light conditions, but also aesthetically provide color changes for windows [1,5–7]. Work done
by Karlsson [8] in Uppsala University demonstrated that using smart windows can lead to a large building energy saving
value of 0–50 kW h m–2 per year in a Stockholm-like climate
or 50–150 kW h m–2 per year in a Miami-like climate. While
just small energy of approximately 0.08 kW h m–2 per year
was consumed for the operation of smart windows [9].
Electrochromic materials, devices and their applications for
chem.scichina.com link.springer.com
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optical modulations have been well reviewed by many famous experts, such as Granqvist [10], Mortimer [1], Deb [11],
Reynolds et al. [12], and Lee et al. [13]. Major advances
have been achieved both in the theoretical and practical aspects of electrochromic device. Still, integration of more
functionality or novel features into traditional optical modulation electrochromic device are being sought after to extend
their application areas.
One kind of the most promising multifunctional electrochromic devices is those devices simultaneously capturing
optical modulation performance and energy applications,
such as energy storage and energy production functionality.
Integrating energy storage functions (such as supercapacitor
and battery) with electrochromism into one device, i.e.
electrochromic energy storage devices, is highly attractive
[14–16]. These devices have great prospect in energy-efficient applications. And even interesting, the level of energy
stored in the devices can be monitored by the color variations. Meanwhile, multifunctional electrochromic devices
combing photovoltaic performance (defined as photoelectrochromic devices, PECDs) are also fascinating [17–20].
The electric power generated from the photovoltaic parts can
be directly used for the electrochromic optical modulations
of the PECDs; no external power is needed during operation.
In some cases where the PECD structures are delicately
designed, the PECDs can be able to supply power to an external load [18,19]. In this review, we will briefly introduce
the operation mechanism and applications of electrochromic
devices with particular focus on the integration possibility
of electrochromic energy storage devices and PECDs. The
structures, materials, and performance of electrochromic
energy storage devices are then summarized and compared.
Similar comparison is also done for PECDs. The challenges
of these two multifunctional electrochromic devices are
highlighted and a further outlook is provided.

2 Electrochromic device
Typically, electrochromic device (ECD) has a multilayer
structure consisting of transparent conductors (such as
Sn-doped tin oxide (ITO), fluorine-doped tin oxide (FTO),
and aluminum-doped zinc oxide (AZO)), electrochromic
film, ion conducting electrolyte, and ion storage film
(Figure 1). In ECD, electrochromic film plays a core role.
Under alternated potential modulation, electrochromic film
changes its optical parameters and reverts to the original
state, leading the device to exhibit reversible optical properties. Ion storage film with or without electrochromism
is needed to balance the charges shuttled from the active
electrochromic film through the electrolyte. The ion conducting electrolyte sits in the center of the device and usually
is transparent and without electronic conduction. For some
devices operating with liquid electrolyte or gel electrolyte,
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Figure 1 The structure of a typical electrochromic device (color online).

partitions are necessarily needed [1,10–13].
Many inorganic and organic materials can be used as electrochromic layer, such as widely used transition metal oxides
and conducting polymers. The electrochromic properties of
transition metal oxides are from the electric-field-induced intercalation/de-intercalation of small ions (Eqs. (1) and (2)),
while alternating electrochemical doping/dedoping process
of conjugated main chain is the origin of conducting polymers’ electrochromism (Eq. (3)) [1,10–13].
MOy + x A+ + xe

NiO + OH
PANI + nClO4

A xMO y(A : H, Li, Na, K)

NiOOH+ e
(PANI n+)(ClO4 ) n + ne

(1)
(2)
(3)

where Eq. (1) represents the electrochromic redox of metal
oxide in electrolyte containing alkali metal ion or hydrogen
ion; Eq. (2) represents the electrochromic redox of nickel
oxide or cobalt oxide in electrolyte containing hydroxyl
ion, nickel oxide as a representative; Eq. (3) represents the
electrochromic redox of conducting polymers, polyaniline
(PANI) as a representative.
Optical modulation and switching time are two most
important evaluation criterions for electrochromism. As
demonstrated in Eqs. (1), (2) and (3), the electrochromic
performance of both the metal oxides and conducting polymers is based on the redox process [10–15]. Thus, optical
contrast between bleached state and colored state is limited
by the amount of accessible redox sites, while the switching
time between bleached state and colored state is restricted by
the diffusion distance required to achieve satisfactory color
saturation. These two electrochromic phenomena give rise
to that nanostructuring is an effective strategy to improve the
electrochromic performance [21–27]. Tong and coworkers
[21–24] investigated the influence of three-dimensionally ordered macroporous (3DOM) structure on the electrochromic
performance of V2O5 (Figure 2(a, b)). Results showed that
the optical contrast and switching response were significantly enhanced by 3DOM structure, and the film with
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smaller pore size exhibited higher transmittance modulation
and faster switching response due to its higher surface area
and shorter Li-ion diffusion distance (Figure 2(c)). Nanostructuring-enhanced electrochromic performance of PANI
was also overserved in TiO2/PANI core/shell nanorod array
fabricated by Xia and coworkers (Figure 2(d, e, f)) [26].
Another merit of nanostructuring is the accelerated Li-ion
insertion/extraction kinetics. For example, Li-ion diffusion
coefficient is significantly improved when the V2O5 is in the
morphology of 3DOM structure and nanofibers [21–25,27].
And, the enhanced surface redox contribution (defined as
pseudocapacitive effect) also becomes important [23,24].
As mentioned above, the enormous applications of
electrochromism in various fields make the researches in
electrochromism booming. According to the site where
the users or observers are in, electrochromic devices can
be divided into two categories, transmittance-mode and
reflectance-mode electrochromic device. Smart windows
and electrochromic eyewears are typical transmittance-mode
electrochromic devices. Figure 3(a–c) describes the structure
and operation mechanism of a smart window which can
separately modulate the near-infrared and visible-light transmittance [7]. At open circuit voltage, Li-ion and electron
double injection process did not occur in the NbOx-ITO
electrochromic film, allowing near-infrared and visible-light
photons to enter the room. At this stage, the room was full
of sunlight and warming, that is, in Bright Mode. When the
voltage was reduced to an intermediate value, the window
switches to Cool Mode. Partly insertion of Li-ions into the
NbOx-ITO film leaded to restrict near-infrared photons while
allow visible-light photons to enter room, that is, the room
was still bright but cooling. At the even lower potential, the
window switched to Dark Mode. Both near-infrared and
visible-light photons were not allowed to enter the room. Of
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course, applying a reverse voltage which removes the Li-ion
from the NbOx-ITO film can lead the smart window to return
to Bright Mode or Cool Mode. And, this smart window also
showed high cycling stability. Only 4% charge capacity was
lost after 2000 cycles [7]. As shown in Figure 3(d), multimode transmittance switching enabled the smart window to
capture strong adaptability to different weather conditions,
beneficial to efficient building energy savings as well as
living comfort. Electrochromic eyewear is a kind of “smart
window” to some extent [4]. As shown in Figure 3(e),
only visible-light transmittance modulation was required for
electrochromic eyewear. On the other hand, electrochromic
displays are typical reflectance-mode electrochromic devices. Figure 3(f) exhibits a printed passive matrix addressed
electrochromic displays [3]. A water-based polymer gel
acted as electrolyte, carbon paste was used as the pixel
counter electrodes, and poly(3,4-ethylenedioxythiophene)
doped with poly(styrenesulfonate) (PEDOT:PSS) served
as the conducting, electrochromic pixel electrodes, leading
to exhibit blue/colorless reversible changes. The low-cost
screen printing technology for fabrication of electrochromic
pixels made the large-scale production possible. Another
example of reflectance-mode electrochromic device is the
smart thermal control film fabricated by Chandrasekhar et
al. (Figure 3(g)) [2]. In this structure, the key layer leading
the device to show reflectance modulation was the porous
gold layer on the microporous membrane. Under alternating
external voltages, the ions were reversibly driven to pass
through the membrane and gold layer, reaching the conducting polymer (PANI) layer locating on the working electrode.
Accompanying with the redox reactions of PANI shown in
Eq. (3), the porous gold layer can be alternately blanketed
(when the PANI was oxidized under positive voltage) or
unveil (when the PANI was reduced under negative voltage)

Figure 2 (a–c) Electrochromic performance of 3DOM V2O5 film between ±1 V [21]; (d–f) electrochromic performance of coaxial TiO2/PANI core/shell
nanorod array between –0.2 and 0.8 V [26] (color online).
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Figure 3 (a–c) NbOx-ITO layer-based smart window with ability of tunable near-infrared and visible-light transmittance modulation [7]; (d) smart windows
for building produced by Sage Glass®; (e) photographs of the electrochromic eyewear [4]; (f) printed electrochromic displays [3]; (g–i) PANI-based smart
thermal control device [2] (color online).

in the visible spectrum, leading to reversible ultraviolet-visible-near infrared spectroscopy (UV-Vis-NIR) diffuse
reflectance modulation of incoming solar light, i.e. solar
absorptance variation (0.39 to 0.79) (Figure 3(i)). Of course,
the redox process of PANI was also accompanied with the
reversible specular Fourier transform infrared spectroscopy
(FTIR) reflectance change, i.e. emittance variation (from
0.32 to 0.79) (Figure 3(h)).

3 Electrochromic supercapacitors
3.1 The possibility of integration between supercapacitors and electrochromic devices
The integration of supercapacitor with electrochromic device comes to be very much possible, due to the following
three aspects: device structure, electrode materials, and
state-switching time scale. Figure 4(a, b) shows a typical asymmetric supercapacitor fabricated with MnO2 and
Fe2O3, and its energy storage performance [28]. It can be
found that both supercapacitors and electrochromic device
share sandwiched structure, that is, work electrode/electrolyte/counter electrode structure [3–7,28]. It should be

noted that there is a slight difference between supercapacitors and electrochromic device in the case of separator.
For supercapacitors, separators should be good dielectrics
and simultaneously provide the maximal ion conductance
when permeated with an electrolyte [29]. However, in
some cases where the electrode active materials strongly
physically attach on conducting substrate, it is needless
to add a separator into the supercapacitors [30,31]. On
the other hand, because both supercapacitive and electrochromic performances are from redox mechanism (shown
in Eqs. (1) and (2)) [1,10–13], there are no differences about
the metal oxide-based electrode materials for electrochromic
devices and supercapacitors. For example, both of MnOx
and Fe2O3 can exhibit electrochromic performance in the
similar potential range within similar electrolyte (Figure 4(c,
d)) [32,33]. In addition, the mutual redox-based mechanism
leads nanostructuring to be an effective approach to simultaneously improve the supercapacitive and electrochromic
performances of transition metal oxides [21–28,30]. Finally,
for electrochromic films or devices which are desired for
practical applications, the switching time should be in the
scale of several minutes, and for some cases such as displays
and auto-dimming mirrors, shorter switching time of several
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Figure 4 (a, b) Asymmetric solid-state supercapacitor based on MnO2 nanowires@carbon cloth and Fe2O3 nanotubes@carbon cloth [28]; (c) electrochromic
performance of MnOx in various kinds of electrolytes [32]; (d) electrochromic performance of Fe2O3 in various kinds of electrolytes [33]; (e, f) flexible
PANI@graphene-based symmetric supercapacitor [35]; (g, h) PANI-based electrochromic device [36] (color online).

seconds is required [1–5,13–16]. While the charge/discharge
time scale of ca. 10–300 s is desired for electrochemical
supercapacitors fabricated with transition metal oxides [34].
Thus, it can be found that the scale of state-switching time required for electrochromic devices and supercapacitors is also
similar. Figure 4(e–h) compares the applications of polyaniline (PANI), a typical conducting polymer, for supercacitor
and electrochromic device [2,8,26,35–37].
It also can be found that the similarity of three aforementioned aspects in conducting polymer-based supercacitors
and electrochromic devices.
3.2 Structures for electrochromic supercapacitors
Based on the above discussion, it can be concluded that
the electrochromic supercapacitors share same structure
with electrochromic devices. When the electrochromic
supercapacitors operate with transmittance-mode, both
two conducting substrates should be transparent. For the
electroactive material film on the counter electrode, it can
show electrochromic performance or not, but it must have
supercapacitive properties.
3.3 Materials for electrochromic supercapacitors
3.3.1 Transition metal oxides
Just as the first observation of electrochromism was in
WO3 [10,11], transition metal oxides are widely considered
as the promising materials candidates for electrochromic
supercapacitors. When transition metal oxides are used as
electrode materials for electrochromic supercapacitors, they
capture many advantages, such as high theoretical specific
capacitance, high electrochromic memory effects, excellent
cycling performance, good mechanical strength, and good

environmental durability, especially high durability under ultraviolet exposure outdoors when the multifunctional devices
are used with partial function as smart window [1,2,10–13].
As the most widely investigated metal oxide which has
been used in commercial products [1,10–13,38], tungsten
trioxide (WO3) also has been studied for electrochromic supercapacitors [39–48]. For example, Tu et al. [39] designed
a multifunctional electrochemical film combining H+-based
supercapacitive and electrochromic performances by using
Mo-doped WO3 nanowire arrays prepared by sulfate-assisted
hydrothermal method (Figure 5(a)). During the galvanostatic
charge/discharge processes of the Mo-doped WO3 nanowire
arrays, the film exhibited obvious color changes and transmittance modulation [39] (Figure 5(b)). When the voltage
increases from –0.7 to 0.4 V at 2 A g–1, the continuous
de-intercalation of H+ from the Mo-doped WO3 crystalline
structure leaded the nanowire arrays to exhibit a specific
capacity of 48.67 mA h g–1 with transmittance change from
20% to 75% at wavelength of 750 nm as well as color
change from dark blue to transparent. The charge process
leaded the color and transmittance of Mo-doped WO3 arrays
to reversibly return to their initial stages at –0.7 V. These
results clearly confirm that the possibility of integration between supercapacitive energy storage and electrochromism
into one electrochemical devices using WO3 nanomaterials. As shown in Figure 5(c), Zhu et al. [45] fabricated a
symmetric electrochromic supercapacitor with the structure
of ITO/WO3/PVA-H2SO4 gel electrolyte/WO3/ITO. In situ
optical-electrochemical measurement showed that the device exhibited continuous transmittance changes during the
charge/discharge process at 0.05 mA cm–2 (Figure 5(d, e)).
Another interesting phenomenon of electrochromic supercapacitors specified in [45] was the quantifiably determining
electrical energy storage of devices by an optical measure-
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Figure 5 (a, b) Mo-doped WO3 nanowire arrays for electrochromic supercapacitor electrode [39]; (c–e) WO3 nanoparticle-based electrochromic supercapacitor
[45]; (f–i) tungsten oxide quantum dots for electrochromic supercapacitor electrode [41]; (j–l) WO3-based energy storage smart window [48]. Inset of (g) shows
optical images of five small pieces of devices connected in-series powering a red LED (color online).

ment (Figure 5(c)), which is helpful for people to easily monitor the devices’ energy storage level only by eyes. However, the large WO3 particle size leaded the assembled device to show relatively unsatisfied supercapacitive and electrochromic performance. The specific capacitance and transmittance modulation at 750 nm were only 3.5 mF cm–2 and
ca. 15%, respectively.
Downsizing the electroactive materials into nanoscale
range is an affective and widely used approach to improve
the performance of electrochromic devices and supercapacitors. For the film stacked by single-crystalline tungsten
oxide quantum dots (Figure 5(f, g)), the ultrahigh surface
area and ultrashort H+ diffusion distance leads to high transmittance modulation (∼94% at a wavelength of 633 nm),
fast switching time (coloration/bleaching time within 1 s),
high coloration efficiency of 154 cm2 C−1, and acceptable
specific capacitance (45 mA h g–1) [41] (Figure 5(h, i)). Yang
et al. [48] fabricated multifunctional supercapacitor smart

windows by WO3 film electrodes which were obtained by
thermal evaporation method (Figure 5(j)). This WO3 film exhibited a high surface capacitance of 102.4 mF cm–2 (specific
capacitance of 639.8 F g–1) at a scan rate of 10 mV s–1 with
high electrochromic performance: transmittance modulation
of 76.2% at wavelength of 633 nm, coloration time of 3.1 s,
and bleaching time of 0.9 s. The WO3 film-based symmetrically sandwiched electrochromic supercapacitors exhibited
high energy storage performance. As shown in Figure 5(k),
five small pieces of electrochromic supercapacitors connected in-series can successfully power a red light-emitting
diode (LED). What’s more, a large scale pseudocapacitive
WO3-based smart window (15 cm×15 cm) was fabricated as
a prototype (Figure 5(l)).
Vanadium pentoxide (V2O5) is another electrochromic
oxide which has been used for electrochromic supercapacitors [14,49–51]. Because V2O5 is amphoteric material,
which dissolves in both basic and acidic solutions, leading
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its electrochromic performance to be usually tested in Li-ion
organic electrolyte [10], that is, V2O5-based electrochromic
supercapacitors are usually fabricated with Li-ion organic
electrolyte [22–24,14,49–51]. In fact, the wider operation
voltage window of organic electrolyte can lead the corresponding electrochromic supercapacitors to exhibit higher
energy density than those devices fabricating with aqueous
electrolyte [34]. Compared with other metal oxides, V2O5
has its intrinsic advantages basically from three aspects:
(1) V2O5 is the only one oxide which can show both cathodic (blue-gray or olive) and anodic (yellow or orange)
electrochromic performance in the potential range of ±1 V
(vs. Ag/AgCl) [10,22–24,49], giving rise to comfortable
aesthetics when the V2O5-based electrochromic supercapacitors work; (2) the ability of the vanadium ion to change its
oxidation state from V to II leads that the V2O5 materials can
exhibit high theoretical specific capacitance [24,52]; (3) the
layered structure along the c-axis of orthorhombic V2O5 is
beneficial to the facile insertion/extraction of Li-ions during
the redox processes [52]. However, the electric conductivity
(10–3–10–2 S cm–1) and Li+ diffusion coefficient (10–13–10–12
cm2 s–1) of bulk V2O5 are both small, leading the intercalation
process to be relatively slow [22–24,52]. A large surface area
and a short diffusion distance are desired in order to achieve
faster Li-ion intercalation/extraction kinetics. For instance,
an ordered bicontinuous double-gyroid V2O5 film exhibited
much higher electrochromic and energy storage performance
than those of V2O5 compact films prepared by spin coating
of vanadia gel [50,51]. By using the P(F)S-b-PLA films
as the templates, Wei et al. [14] prepared double-gyroid
V2O5 nanostructured films with high surface area (4.94 L–1)
and small wall thickness of ca. 5 nm (Figure 6(a)). Such
high surface area and short Li-ion diffusion distance leaded
the assembled organic symmetric electrochemical device
to simultaneously demonstrate high electrochromic performance and energy storage performance (Figure 6(b, c)). This
double-gyroid V2O5-based supercapacitor exhibited distinct
color changes (green to yellow), as well as high energy
densities of 52 W h kg–1 at power densities of 1 kW kg–1 in
the potential range of ±3.5 V. At a high power density of 16.7
kW kg–1, the device still demonstrated an energy density of
13.9 W h kg–1. In contrast, the energy density of compact
V2O5-based supercapacitors exhibited only 1 W h kg–1 at a
power density of 50 W kg–1. Recently, works done by Tong
et al. [21–24] demonstrated that the enhanced surface redox
contribution (referred as pseudocapacitive effect) and Li-ion
diffusion coefficient were also important factors giving rise
to the improved electrochromic and supercapacitive performance in V2O5 nanostructures.
Nickel oxide (NiO) is also suitable to be used to fabricate
electrochromic supercapacitors. As mentioned in Eq. (2), the
redox reaction with OH– leads it to show a high theoretical capacity over 2080 C g–1 within a 0.5 V voltage window [34]. In
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addition, nanostructured NiO film also exhibited desired electrochromic performance [53,54]. For instance, ordered bicontinuous double-gyroid NiO film exhibited obvious transmittance modulation in the whole visible spectrum with maximum value of 82.2% at wavelength of 580 nm, and its switching responses were as fast as 63 and 53 ms for the coloring
and bleaching process, respectively [53]. Cai et al. [54] fabricated a NiO nanoparticle-based film by solvothermal method
(Figure 6(c)) and used it as film electrode for electrochromic
supercapacitors. The NiO nanostructured film exhibited high
capacitance of 1386 F g–1 at 1 A g–1, as well as large transmittance modulation of 63.6% at 550 nm and high coloration
efficiency of 42.8 cm2 C–1. More interestingly, as shown in
Figure 6(d), during the charge/discharge process at 2 A g–1,
the NiO showed large transmittance modulation, clearly indicating that it can be suitable film electrodes for high-performance electrochromic supercapacitors [55]. Furthermore,
the intrinsic nature of high cycling stability of NiO nanomaterials is another advantage when these NiO nanomaterials
were used (Figure 6(e)).
Other transition metal oxides, such as Ta2O5 [56] and MnO2
[45], were also used for fabrication of electrochromic supercapacitors, and these multifunctional devices exhibited good
supercapacitive energy storage performance accompanying
with acceptable optical modulation.
3.3.2 Conducting polymers
Conducting polymers are a large family of polymers which
can be used for both electrochromic devices [57] and supercapacitors [58]. Their advantages, when used for electrochromism, are multicolor redox states, high optical modulation, fast switching response, high coloration efficiency, and
facile preparation processes of some polymer types [36,57].
On the other hand, the electrochemical doping/depdoping derived high specific capacitance, fast redox kinetics, good electric conductivity, and low cost make conducting polymers to
be suitable electrode materials for supercapacitors [37,58].
PANI is a widely used conducting polymer for electrochromism and supercapacitors because of its various
advantages, such as high energy storage capability, high
redox reversibility, multiple stable doping states, inexpensive
cost, and facile preparing process [2,36,37,57,58]. Typically,
in the voltage range from –0.2 to 1 V (vs. Ag/AgCl) in
H+ based electrolyte, PANI can exhibit four stable electrochromic redox states: leucoemeraldine base (yellow),
emeraldine salt (green), emeraldine base (blue), and pernigraniline salt (purple) [26]. And PANI nanowire arrays
exhibited a desirable specific capacitance of 780 F g–1 at a
high charge/discharge current density of 40 A g–1 in the same
electrolyte and voltage range [58]. Chen et al. [59] fabricated
an electrochromic fiber-shaped supercapacitor with carbon
nanotubes and PANI by winding and electropolymerization
processes (Figure 7(a)). The devices exhibited high energy
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Figure 6 (a–c) Electrochromic supercapacitor fabricated with mesoporous V2O5 double-gyroid film [14]; (d, e) NiO nanoparticle-based film for electrochromic
supercapacitor electrode [54]; (f) cycling stability of the NiO glass electrode [55] (color online).

Figure 7 (a, b) Electrochromic fiber-shaped supercapacitors [59]; (c–e) PANI nanorod arrays-based flexible smart window combining supercapacitor [60]; (f,
g) all-organic electrochromic supercapacitor electrode based on polythiophen derivative [62] (color online).

storage performance with a specific capacitance of 215.6 F g–1
at scan rate of 10 mV s–1 (Figure 7(b)). The color changes between green and blue during the charge/discharge processes
clearly confirmed the electrochemical doping/dedoping is the
origin of electrochromic and supercapacitive performance for
PANI. Similar with the multifunctional V2O5-based device
[14], the energy storage states also can be observed by its
color. More interesting, due to the embedded elastic substrate, the device demonstrated a high mechanical flexibility;
it can be bended with any angles. Wang et al. [60] fabricated
a new multifunctional all-solid-state electrochemical device
using PANI nanowire arrays as electrodes and called it “energy storage smart window” (Figure 7(c–e)). In the voltage
window between 0 and 1 V, energy storage smart window
showed high areal capacitance with approximate 0.017 F cm–2
at a scan rate of 5 mV s–1. In addition, the multifunctional
device exhibited two significantly different colors under 0 V

(light yellow green) and 1 V (blue). This energy storage smart
window gives a very meaningful prototype for energy-saving
and energy-efficient devices. Furthermore, the PANI-based
smart thermal control device fabricated by Chandrasekhar et
al. [2] was also a reflectance-mode electrochromic supercapacitors to some extent, although the authors did not tested
its energy storage performance.
Polythiophene and its derivatives were also used for
electrochromic supercapacitors [61–63].
For example,
poly(2,2-dimethyl-3,4-propylene-dioxythipohene), widely
known as PProDOT-Me2, a famous polythiophene derivative, captured multicolor electrochromic performance as
well as high specific capacitance [61,62]. It exhibited deep
blue and transparent under cathodic and anodic coloration,
respectively. Galvanostatic charge/discharge measurements
showed that the PProDOT-Me2 film exhibited high energy
storage capability. It presented a specific capacitance of
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55 F g–1 at 0.5 mA cm–2 in the potential range between
0 and 1.0 V. Yuksel et al. [63] investigated the electrochromic and supercapacitive performance of another polythiophene derivative, poly(4-(dithieno[3,2-b:2′,3′-d]thiophen-2-yl)-2-(2-octyldodecyl)-2H-benzo[d][1,2,3]t-riazole)
in 0.1 M LiClO4/propylene carbonate electrolyte. Results
showed that the polymer exhibited multicolor changes (purple-red at –0.2 V and black at 1.3 V vs. Ag/AgCl), as well
as a high specific capacitance of 112.4 F g–1 at 1.0 A g–1
(Figure 7(f, g)).
3.3.3 Organic/inorganic hybrids and other materials
Organic/inorganic hybrids used for electrochromic supercapacitors are usually the transition metal oxide/conducting
polymer composites [15,26,43,47,64,65]. The purpose of
preparing hybrids is to overcome the drawbacks of each
component while integrate their advantages. Additionally,
in some cases, the underlying synergistic effect can significantly improve a certain property of one component or even
give rise to new functionalities for the hybrids [26].
Tian et al. [47] fabricated a hybrid film with a patterned
W18O49 nanofiber-stacked porous architecture and PANI
nanoparticles for background (Figure 8(a)). The different
operation voltage windows, –0.5 to 0 V (W18O49) and 0 to
0.8 V (PANI), leaded the hybrid film to work in a widened
(1.3 V) voltage window and display high color contrast
variations, when it was used for supercapacitor electrode. In
addition, the underlying synergistic effect between W18O49
nanofibers and PANI made the hybrid film exhibit high
energy storage performance with an areal capacitance over
10 mF cm–2 at 0.083 mA cm–2 (Figure 8(b)). Reddy et
al. [44] prepared a poly(3,4-ethylenedioxypyrrole)-gold
nanoparticle-tungsten oxide (PEDOP-Au@WO3) hybrid
film on FTO substrate by electrodeposition method and
investigated the electrochromic and supercapacitive perfor-
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mance. As illustrated in Figure 8(c), the strong synergistic
effect derived from the chemical interconnection among
the three components leaded the hybrid film to exhibit high
transmittance modulation and specific capacitance. The
hybrid film showed desirable transmittance modulation in
the whole visible spectrum range with a maximum value of
71% (λ=476nm) and high color contrast changes along with
the charge process (transparent at +1.5 V, blue at –0.8 V,
and deep red hue at –1.5 V) (Figure 8(d)). A high specific
capacitance of 130 F g–1 was obtained at 1 A g–1 (Figure 8(e)).
Similar enhanced optical modulation and energy storage
performance were also observed in the PEDOT:PSS/WO3
[15], V2O5/PANI [64], RuO2/PEDOT:PSS [65] hybrids.
Triggered by the fundamental breakthrough about the tunable bandgap phenomenon of multilayer graphene done by
MacDonald et al. [66], investigating the graphene film’s optical modulation derived from the ion insertion introduced
bandgap tuning process becomes a researching hotspot. Polat et al. [67] investigated the electrochromic and supercapacitive performance of multilayer graphene by fabricating
symmetric electrochemical device with aqueous electrolyte
(Figure 8(f)). This device showed high reflectance modulation with around 35% in the near-infrared and around 20%
modulation in the visible, as well as high areal capacitance
which was proved by electrochemical impedance measurement (Figure 8(g)). Bao et al. [68] did a more detailed investigation about the optical modulation performance of multilayer graphene by fabricating a transmittance-mode nanobattery device with a gel electrolyte for in situ optoelectronic
measurement. In the voltage range between 2 to 0 V (vs.
Li+/Li), it was that the formation of LiCx leaded the optical
response during the Li-ion intercalation process. For the 80
nm thick graphene film, the full intercalation of forming LiC6
resulted in an almost uniform transmittance modulation of ca.

Figure 8 (a, b) W18O49/polyaniline-based smart supercapacitor electrode [47]; (c–e) poly(3,4-ethylenedioxypyrrole)-Au@WO3-based electrochromic pseudocapacitor [44]; (f, g) graphene-based electrochromic supercapacitors [67] (color online).
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30% in the whole visible spectrum range accompanying with
a generation of light yellow color from the black state of pristine graphene. Recently, an electrochromic supercapacitor
based on carbon nanotube/xylan nanocomposites with NaCl
electrolyte have been fabricated by Tuukkanen et al. [69].
In the potential range from 0–0.9 V, the device exhibited high
specific capacitance with obvious transmittance modulations.

4 Electrochromic batteries
4.1 The possibility of integration between batteries and
electrochromic devices
Similar with the relationship between supercapacitors and
electrochromic devices, the almost same device structure
and electrode materials make the integration between batteries and electrochromic devices to be possible. In fact,
transmittance-mode electrochromic devices are essentially
transparent rocking-chair batteries consisting of a pair
of complementary intercalation layers on the transparent
conducting glass, separated by an ion-conducting electrolyte [10,11,70]. While there exists a difference about
the state-switching time scale between batteries and electrochromic devices. For traditional rocking-chair batteries,
their phase-transformation energy storage mechanism leads
the charge/discharge time to be more than 800 s, which
is much longer than the switching time required for electrochromic devices [1–5,13–16,34]. However, with the
development of ultrafast charge/discharge battery electrodes
in which the charge/discharge time can be as short as 60 s
[71,72], the difference of state-switching time scale between
batteries and electrochromic becomes narrowed.
Differing from the traditional electrochromic batteries with
rocking-chair structure, a new kind of electrochromic batteries which can be self-powered and self-rechargeable becomes
more and more attractive [16,73]. These multifunctional devices were fabricated with an electrochromic material film
electrode and an electroactive metal foil, leading their operation mechanism to be similar to that of double-ion batteries
[58].
4.2 Materials for electrochromic batteries
Based on the results of literatures [16,73–88], it can be found
that the electrode materials for electrochromic batteries are
similar with the materials for electrochromic supercapacitors.
It is worth noting that the iron(II,III) hexacyanoferrate(II,III)
(commonly known as Prussian blue) which are not suitable to
be electrode materials for supercapacitor, were also used for
electrochromic batteries [16].
4.3 Structures for electrochromic batteries
For the electrochromic batteries with rocking-chair structure, the electrochemical materials used for the work and
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counter electrodes should be redox-based materials, and the
electrochemical materials of the work electrode must have
the electrochromic capability. Giannuzzi et al. [74] investigated the electrochromic property of ultrathin TiO2(B)
nanorods during the Li-ion intercalation process. As shown
in Figure 9(a), in the voltage range from 0.5 to –1.5 V (vs.
Ag/AgCl), the continuous Li-ion intercalation leaded the
TiO2(B) nanorods to demonstrate a high discharge capacity
of 222 mA h g–1 at current density of 168 mA g–1 with color
transformation from colorless to dark blue. Nagai et al.
[75] fabricated a transparent full Li-ion battery by using
Li3Fe2(PO4)3 film and Li4Ti5O12 film as cathode and anode,
respectively (Figure 9(b)). In the case of that Li3Fe2(PO4)3
exhibited negligible optical change during the Li-ion intercalation/de-intercalation process, while the Li-ion intercalation
gave rise to the decrease of Ti4+ in Li4Ti5O12 to Ti3+, leading
the color of anode materials to change from transparent
to blue-gray, that is, the device demonstrated same color
change with a transmittance modulation of ca. 30% at 600
nm (Figure 9(c)) [75].
Ho et al. [76] fabricated an all-solid-state electrochromic
battery using indium hexacyanoferrate (In[Fe(CN)6], InHCF)
film and WO3 film as electrode films, and KCl-saturated poly2-acrylamido-2-methylpropane sulfonic acid (K-PAMPS) gel
as electrolyte (Figure 9(d)). The K-PAMPS electrolyte accommodated the conduction of both K+ and H+, it is considered that the InHCF and WO3 electrodes immersed in the
K-PAMPS electrolyte undergo the following redox reactions
in different voltage range (vs. Ag/AgCl):
In[Fe(CN) 6] (yellowish at 1 . 1 V) + K+ + e
InK [Fe(CN) 6] (colorless at 0.5 V)

(4)

WO 3(colorless at 0.5 V) + x H + + xe
H xWO 3(blue at 0.5 V)

(5)

As shown in Eqs. (4) and (5), the assembled device displayed a good charge storage performance as well as high
transmittance modulation in the cell voltages between 0.7 and
1.7 V (Figure 9(e, f)). With the same device operation mechanism, Ho et al. [77] also fabricated an electrochromic battery
with Prussian blue, WO3, and K-PAMPS. This device also
demonstrated high energy storage performance and desirable
transmittance modulation.
A self-powered and self-rechargeable electrochemical device firstly designed by Wang et al. [16] brought a new and
promising model for electrochromic battery (Figure 10(a)).
The multifunctional device was fabricated by Prussian blue
film as electrochromic cathode, aluminum foil as anode film,
and KCl aqueous solution as electrolyte. Typically, the Prussian blue and aluminum foil can undergo the following halfcell reactions.
Anode: Al = Al 3+ + 3e

(6)
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Figure 9 (a) Electrochromic and Li-ion storage performance of ultrathin TiO2(B) nanorods [74]; (b, c) Li3Fe2(PO4)3 and Li4Ti5O12 based electrochromic battery
[75]; (d–f) In[Fe(CN)6 and WO3 based electrochromic battery [76] (color online).

Figure 10 (a–c) Bi-functional self-powered and self-rechargeable Prussian blue/Al electrochromic battery [16]; (d–f) Bi-functional self-powered and selfrechargeable WO3/Al electrochromic battery [73] (color online).

Cathode: KFe III[Fe II(CN) 6](Prussian blue) + K+ + e
II

II

= K 2Fe [Fe (CN) 6] (Prussian white)

(7)

The Gibbs free energy of anodic reaction was much lower
than that of cathodic reaction [16], leading these two reactions to undergo spontaneously when the cell was short-circuited, and the color of cell changed from colorless to blue.
As shown in Figure 10(b), the disconnecting of the two electrodes leaded to the recovery of the device. That is to say,
the Prussian blue/Al electrochromic battery worked in a selfpowered and self-rechargeable manner. The maximum optical modulation of the device between short-circuited and disconnecting was 52.2% at 670 nm, and the initial discharge and
charge capacities were 72.2 and 72.1 mA h g–1, respectively
(Figure 10(c)). Zhao et al. [73] also fabricated a self-powered

and self-rechargeable electrochromic battery with similar operation mechanism using WO3, Al foil, and 1 M AlCl3 aqueous electrolyte containing H2O2 or O2 (Figure 10(d–f)). The
high output energy when the cell was short-circuited could
light up LED.

5 Photoelectrochromic devices
5.1 The possibility of integration between
trochromic devices and photovoltaic devices

elec-

The multifunctional device combining electrochromic and
photovoltaic performance are usually defined as photoelectrochromic device (PECD). Usually, the PECDs are designed
for self-powered smart window applications [18,19,78–99].
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A self-powered smart window, which uses the energy of
incident sunlight to modulate its own transmissivity, could
be easily installed in the existing buildings without requiring
additional electrical connections, even in some cases, these
multifunctional devices can be able to supply power to an
external load [18,19].
A direct approach to realize the integration of the electrochromic and photovoltaic performance into one device is
to assemble electrochromic device part and photovoltaic device part (such as silicon solar cell, and dye-sensitized solar
cell (DSSC)) with a tandem manner (vertically integrated
through the window thickness direction) (Figure 11(a))
[78,79] or a side-by-side manner (horizontally integrated)
(Figure 11(b)) [80]. With the delicately choosing the materials used for each layer and controlling their thickness, these
two kinds of PECDs exhibited high transmittance modulation
and acceptable switching response [78–80]. However, the
complex fabrication process seriously limited their practical
applications.
Another more facile and widely used approach is to combine a DSSC electrode and an electrochromic film on either
side of the electrode [17–20,81]. The typical structure and
operation mechanism of DSSC are shown in Figure 11(c).
When illuminated, dye molecules absorb photons of the incident light. Then electrons are rapidly injected from the excited state of the dye into the conduction band of the TiO2
and diffuse to the TCO electrode. Ionized dye molecules are
reduced by I– ions in the electrolyte, and I– ions are oxidized
into I3– ions. Thus, the potential difference between TiO2/dye

Figure 11 (a) Structure of a PECD device vertically integrated by electrochromic device and silicon solar cell [78]; (b) structure of a PECD device horizontally integrated by electrochromic device and DSSC [80]; (c)
structure of a dye-sensitized solar cell; (d) a typical structure of photoelectrochromic device with TiO2 and WO3 on separate surfaces [81]. Note: TCO
is short of transparent conductive oxide, which usually contains ITO and
FTO (color online).
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electrode and the counter electrode is generated. As the cell
is in short-circuit state, electrons collected by TiO2 transfer
to counter Pt electrode, the reduction of I3– ions into I– ions
takes place. In the electrolyte, I– ions diffuse from the Pt electrode to the dyes, and I3– ions diffuse from the dyes to the Pt
electrode [81]. Comparing the structure of electrochromic devices (Figure 1) with that of DSSCs, it can be found both two
kinds of devices share sandwiched structure with ion-conducting electrolyte. And the potential difference and electrons generating by the TiO2/dye photoelectrode may become
a force to drive an electrochromic film locating on either side
of the electrode to exhibit optical parameter changes when
the electrolyte contains Li-ions. One structure type of PECD
integrating the DSSC function is shown in Figure 11(d) [81].
Under illumination and the cell is short-circuited, the PECD
is colored. And the device is bleached when it is in dark and
open-circuit state [81].
Furthermore, for the Type 2-1 PECDs which will be reviewed in the following part, their speeds of coloration and
bleaching in these PECDs does not depend on the device area,
but only on the internal electrical field or potential difference generated by the photovoltaic unit. Thus, the coloration
speed realized by small laboratory samples is also applicable
to large area windows.
5.2 Structures for photoelectrochromic devices
For the PECDs combining a DSSC electrode and an
electrochromic film, according to the site where the electrochromic film locates, these PECDs can be divided into
two types, the separated type (Type 1) in which the electrochromic film locates on the counter electrode and the
combined type (Type 2) where the electrochromic film locates on the dye-sensitized solar cell electrode, more exactly
between the TiO2/dye layer and FTO substrate (Figure 12).
In addition, according to the conditions in which: (1) the
TiO2/dye film or the electrochromic film is in patterned state
or not; (2) whether the PECDs contain a Pt layer or not, Type
1 can be further divided into four sub-types (Type 1-1, Type
1-2, Type 1-3, and Type 1-4), while two sub-types (Type
2-1 and Type 2-2) can be found in Type 2. Table 1 lists the
performance of PECDs with different aforementioned types
from the literatures.
5.2.1 Type 1-1: the fully-covered separated type without
Pt catalyst layer
Since the pioneering work about the PECD done by
Bechinger et al. [17] at National Renewable Energy Laboratory was published in 1996, worldwide researchers have
made great efforts in the field of PECDs. For the PECD fabricated by Bechinger et al. [17], the DSSC and electrochromic
elements (TiO2/dye film and WO3 film, respectively) are
deposited on different electrodes (as shown in Figure 12,
Type 1-1), separated by an electrolyte that contains Li+ for
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Figure 12 Structures of the PECDs including (a) the fully-covered separated type without Pt catalyst layer, (b) the fully-covered separated type with
Pt catalyst layer, (c) the partly-covered separated type with Pt catalyst layer,
(d) the fully-covered separated type with external power supply and without
Pt catalyst layer, (e) the fully-covered combined type with Pt catalyst layer,
and (f) the partly-covered separated type with Pt catalyst layer (color online).

the electrochromic film coloration and a redox couple (I–/I3–)
for internal charge transfer. Type 1-1 PECDs are “fully covered” e.g. the thin electrochromic layer covers the entire device area of counter electrode. When the cell was illuminated
at intensity of ~75 mW cm–2 in short-circuit state, the photoelectrons produced from the dye-sensitized TiO2 film injected into the WO3 film through the external circuit accompanying with the intercalation process of Li-ions, leading the
battery-like charging process of blue coloration occurring in
PECD. When the light is blocked after the WO3 was colored,
a voltage equal to the circuit photovoltage, but of opposite polarity, appeared across the PECD. At this time, as the device
was open-circuit, the build voltage drew out the electrons and
Li-ions of LixWO3 film with a diffusion manner [18], leading the bleaching process of PECD (Figure 13(a)). This device exhibited high absorbance modulation in the spectrum
range from 500 to 1000 nm, with acceptable coloration response (~100 s). But its bleaching responses were not desirable to some extent, due to the slow Li-ion and electron
diffusion kinetics. Following Bechinger’s work, many researchers have done enormous efforts to improve the performance of Type 1-1 PECD by changing the electrolyte components, electrochromic materials, dye types, and other factors [82–86]. Pichot et al. [82] used a cross-linked polymer electrolyte containing LiI to replace the solution electrolyte in Ref. [17] for the construction of flexible solidstate photoelectrochromic windows. The decreased Li-ion
conductivity and I–/I3– mobility in polymer electrolyte leaded
the transmittance modulation of this new PECD to be lower
than that of solution electrolyte-based PECD, but the use of
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polymer electrolyte indubitably improved the device security by avoiding electrolyte leak, simplified the device assembly procedure, and made the device possible to be flexible. Hechavarría et al. [100] used another solid-state electrolyte, polyethylene glycol-titanium complex with LiI to fabricate a Type 1-1 PECD. Because of the improved Li-ion
conductivity and I–/I3– mobility as well as decreased charge
transfer resistance which was confirmed by electrochemical
impedance spectroscopy analysis, the PECD exhibited enhanced transmittance modulation of 40% and faster coloring speed of 9 s, but still slow bleaching speed of 1 d under short circuit conditions without illumination. In Type
1-1 PECD, the coloration process and bleaching process are
strongly influenced by the maximum short-circuit current (Jsc)
and open-circuit photovoltage (Voc), respectively. Thus, by
delicately designing the DSSC electrode and using the high
coloration efficiency electrochromic materials, the fabricated
PECD could exhibit high optical modulation and fast switching response. Reddy et al. [83] fabricated a PECD with a
CdS quantum dots sensitized TiO2 photoanode, a poly(3,4ethylenedioxypyrrole) (PEDOP)/vanadium pentoxide (V2O5)
nanobelt hybrid film cathode, and a 0.1 M aqueous Na2S solution as electrolyte. The high Jsc (7.2 mA cm–2) and Voc
(0.62 mV) values accompanying the high electrochromic performance of PEDOP/V2O5 hybrid leaded the PECD to exhibit high transmittance modulation of 65.5% at 475 nm, as
well as multicolor changes (yellow at bleaching state and
green at coloration state). Kumar et al. [84] further improve
the performance of PECD by adding graphitic nanoparticles
into the photoanode and replacing PEDOP/V2O5 hybrid film
with MoO3 film (Figure 13(b)). With the delicately designed
band gap matching among the materials used in photoanode
and the high electrochromic performance of MoO3 under the
Na+-intercalation/de-intercalation process (MoO3+xNa++xe–
↔ NaxMoO3), the further improved Jsc (16.989 mA cm–2)
and Voc (0.856 mV) values gave rise to a high transmittance
modulation in the whole visible spectrum range with a maximum value of ~43% at 550 nm, and the color changed from
deep blue (colored state) to yellowish grey (bleached sate)
(Figure 13(c)). Its coloration switching response was 51 s
while the bleaching switching response was still very slow
under short circuit conditions without illumination. To accelerate the bleaching response, the authors applied a bias voltage of +1V on the device, resulting in a bleaching switching
response of 60 s.
Another kind of electrochromic materials, conducting polymers, is also widely used for PECD. The advantages of conducting polymers for electrochromism are mainly from their
high optical modulation ability, high coloration efficiency,
fast electrochemical doping/dedoping kinetics, and relatively
lower redox potential compared to transition metal oxides
[1,12,13]. Li et al. [85] firstly tested the PECD with PANI
compact film as electrochromic layer (Figure 13(d)).
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Table 1 Performance of photoelectrochromic devices in different types from literatures
PECD
type

EC film

PProDot-Et2 film

Electrolyte/Dye

d)

0.1 M LiI and 0.1 M LiClO4
in MPN/Ru dye e)
1.0 M TBABr and 0.1 M LiClO4
in MPN/Ru dye f)

Light
intensity
(mW cm–2)

τb (s) c)

Voc (V)

Jsc
(mA
cm–2)

14.1% at 620 nm

3

3

0.57

0.89

33.7% at 620 nm

36

96

0.66

0.12

50

Ref.

[88]

30% at 590 nm

3

21

0.75

0.164

[89]

PEDOT film h)

0.1 M LiI and 0.1 M LiClO4
in PC/Ru dye

100

20% at 630 nm

50

60

0.175

/

[87]

PANI nanofiber

0.5 M LiI and 0.04 M I2 in a mixture
of PC and ACN (v:v, 4:1)/Ru dye

100

~32% at 700 nm

7

6

0.58

0.47

[86]

PEDOP/V2O5
hybrid film i)

0.1 M Na2S aqueous solution/CdS
quantum dots

100

65.5% at 475 nm

/

/

0.62

7.2

[83]

WO3 film

Mixture of 900 mg PEGDMA, 4
mg AIBN (1 mol%) and 58 mg
LiI (0.5 M)/Ru dye j)

75

20% at 700 nm

/

/

/

/

[82]

44% at 582 nm

2.5

2.6

0.702

0.633

[20]

15% at 582 nm

1

4

0.479

2.3

[90]

0.3 M LiBr and 0.002 M Br2
in PC/Ru dye

100

0.1 M LiI, 0.001 M I2 in PC Ru dye

WO3 film

0.5 M LiI, 0.005 M I2 in PC/Ru dye

100

41% at 620 nm

120

120

0.575

/

[81]

PANI film

0.5 M LiI and 0.04 M I2 in a mixture
of PC and ACN (v:v, 4:1)/Ru dye

80.4

5.8%

4

2–3

0.416

0.37

[85]

40%

9

3.2 (1
V)

/

/

25%

26

6.3 (1
V)

/

/

Mixture of PEG (3g), 2-propanol,
HCl (1 mL), LiI, and TTIP (0.06
mL)/Ru dye l)

100

Mixture of PEG (3 g), 2-propanol,
HCl (1 mL) and LiI/Ru dye

[100]

WO3 film

0.1 M LiI and 0.01 M 4-TBP
in PC/Ru dye m)

75

19% at 788 nm

100

250

/

/

[17]

MoO3 film

0.1 M Na2S aqueous solution/CdS
quantum dots

100

43% at 550 nm

51

60 (1
V)

0.856

16.9
89

[84]

ProDOT-Me2 film

0.1 M LiI and0.001 M I2 in PC/Ru dye

100

38% at 637 nm

1

3

0.66

2.92

[90]

WO3 film

0.5 M LiI and 5 mM I2 in PC/Ru dye

4

11% at 788 nm

50

1800

0.06

0.67

Patterned WO3 film

0.5 M LiI and 5 mM I2 in PC/Ru dye

4

45% at 788 nm

4

60

0.57

2.23

Patterned WO3 film

0.7 M LiI, 0.03 M I2, and 0.3 M
4-TBP in ACN/a donor-acceptor
dibranched organic dye

100

51% at 650 nm

a few
seconds

<5

0.68

6.02

[19]

100

35.8% at 800 nm

19

19

/

/

[92]

6.2

0.42

1.15

[93]

Patterned WO3 film 0.5 M LiI and 0.005 M I2 in PC/Ru dye

Type
2-1

b)

100

WO3 film

Type
1-4

τd (s)

0.5 M TBABr, 0.1 M LiClO4,
5 wt% PVDF-HFP and 2 wt%
succinonitrile in PC/Ru dye g)

PProDOT-Me2
film k)

Type
1-3

a)

PProDot-Et2 film

Type
1-1

Type
1-2

ΔTλ

[18]

Prussian blue film

0.1 M LiI and 0.01 M 4-TBP in
γ-butyrolactone/Ru dye

100

70% at 700 nm

0.6
(2 V)

PProDOT-Me2
film

[Co(bpy)3]3+/2+ redox couple and 0.1
M tetrabutylammonium perchlorate
in ACN/a polymer of D-π-A
structured organic dye monomers

100

34% at 620 nm

1

1
(1.5 V)

0.9

8.9

[94]

WO3 nanoparticle
formed film

0.5 M LiI and 0.005 M I2 in PC/Ru dye

100

46.2% at 620 nm

180

180

0.58

0.16

[95]

Viologen
molecules
absorbed on TiO2

0.5 M LiI and 0.05 M I2 in PC/Ru dye

10

17.7% at 630 nm

<1

<1

0.27

0.67

[101]

WO3 film

0.5 M LiI in PC/Rhodamine B

70–100

36% at 620 nm

720

/

0.44

0.7

[102]

WO3/SWNT
composites film n)

5 wt% PEDOT:poly(styrenesulfonate) solid-state electrolyte/Ru dye

/

55% at 800 nm

10

5

/

/

[103]

(To be continued on the next page)
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(Continued)
PECD
type

Type
2-1

Voc (V)

Jsc
(mA
cm–2)

Ref.

900

900

0.5

0.16

[98,99]

60.4%

600

600

/

/

[104]

100

46% at 655 nm

180

/

~0.45

0.17

[97]

100

46% at 620 nm

180

/

~0.46

0.29

[105]

30

58% for
as-prepared
device; 56% for
device stored
for 90 d

/

/

0.441

3.57

/

/

/

/

Electrolyte/Dye

Light
intensity
(mW cm–2)

WO3 nanoparticle
formed film

0.5 M LiI and 0.005 M I2 in gel
electrolyte with an ormosilane
network/Ru dye

100

60.5% at 655 nm

WO3 film

0.5 M LiI and 0.005 M I2 in gel
electrolyte with an ormosilane
network modified with a cationic
surfactant/Ru dye

100

WO3 film

0.5 M LiI and
0.005M I2 in PC/Ru dye

WO3 film

0.5 M LiI and
0.0025 M I2 in PC/Ru dye

WO3 film

Quasi-solid polymer electrolyte
formed with BEMA:PEGMA
(w:w, 30:70) and irgacure 1173 (2
wt%) soaked with ACN electrolyte
containing 0.5 M LiI, 0.005 M I2,
and 0.50 M 4-TBP/Ru dye o)

Type
2-2

Other
types

τb (s) c)

EC film

ΔTλ

a)

τd (s)

b)

[106]

WO3 film

ACN electrolyte containing 0.5
M LiI, 0.005 M I2, and
0.50 M 4-TBP/Ru dye

30

58% for
as-prepared
device;
44% for device
stored for 90 d

WO3 film

0.5 M LiI, 0.005 M I2, and 0.5 M
4-TBP in ACN/Ru dye

100

~55%

/

/

~0.47

~4

[107]

WO3 film

0.7 M LiI, 5 mM I2 and 0.5 M
4-TBP in ACN/Ru dye

100

46% at 620 nm

~100

~250

0.75

11.01

[108]

Vertically
integrated by
electrochromic
device (WO3 film
for EC layer) and
silicon solar cell

/

100

60% at 670 nm

/

/

/

/

[78]

Vertically
integrated by
electrochromic
device (WO3 film
for EC layer) and
DSSC cell

/

100

40% at 650 nm

/

/

0.7

6.1

[79]

Horizontally
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a) ΔTλ: transmittance modulation at wavelength of λ. b) τd: darkening time or coloration time. c) τb: bleaching time. For some cases, the provided potentials are used as external force to accelerate the bleaching response. d) PProDot-Et2: poly(3,4-alkylenedioxythiophene). e) MPN: 3-methoxypropionitrile.
f) TBABr: tetrabutylammonium bromide. g) PVDF-HFP: poly-(vinylidenefluoride-hexafluoropropylene); PC: propylene carbonate. h) PEDOT: poly(3,4alkylenedioxythiophene). i) PEDOP: poly(3,4-ethylenedioxypyrrole). j) PEGDMA: bisphenol A ethoxylate dimethacrylate; AIBN: 2,2′-azobis-isobutyronitrile. k) PProDOT-Me2: poly(3,3-diethyl-3,4-dihydro-2H-thieno-[3,4-b][1,4]dioxepine). l) PEG: Polyethylene glycol; TTIP: tetra-n-butyl titanate. m) 4-TBP:
4-tert-butylpyridine. n) SWNT: single wall carbon nanotube. o) BEMA: bisphenol A ethoxylate dimethacrylate; PEGMA: (poly(ethylene glycol) methyl ether
methacrylate.

Although the transmittance modulation in this work was not
attractive, mere 5.8%, the switching speeds were fascinating, 4 s for coloration and 2–3 s for bleaching (Figure 13(e)).

Compared to the needed long time for transition metal oxide
to be bleached [82–84], it is the intrinsic fast de-doping kinetics of conducting polymers, as well as the existence of
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Figure 13 Performance of PECD within Type 1-1 structure. (a) Absorbance modulation and digital photos of a PECD with WO3 electrochromic layer [17];
(b, c) schematic and transmittance modulation of the PECD with MO3 electrochromic layer [84]; (d, e) schematic and transmittance modulation of the PECD
with PANI electrochromic layer [85]; (f, g) transmittance modulation and current-voltage (I-V) characteristics of the PECD with PProDOT-Me2 electrochromic
layer [20] (color onine).

electron transfer reaction occurring between conducting
polymers and redox couples (such as I–/I3–) in electrolytes
[85–89] leading the fabricated PANI-based PECD to show
fast bleaching speed. Yu et al. [86] fabricated a PANI-based
PECD with PANI nanofiber architecture for electrochromic
layer. Results showed that this PECD exhibited higher
transmittance modulation due to the increased surface area
of PANI nanofiber.
Poly(3,4-ethylenedioxythiophen) (PEDOT) and its derivatives are also widely used to be the electrochromic materials for PECDs because of their high optical modulation, long
cycling stability, and more importantly, the high coloration
efficiency which are high enough to lower the required photoinduced Jsc and Voc in PECDs [87–90]. In 2005, Liao et
al. [87] fabricated a PECD in Type 1-1 with PEDOT as electrochromic layer. Because of the high coloration efficiency of
280 cm2 C–1 in PEDOT, the as-assembled PECD could work
at a low Voc of ca. 0.175 V with a transmittance modulation
over 20% at 630 nm. Ho et al. [88] investigated the influence of electron transfer reaction rate on the performance of
conducting polymer-based PECD by using poly(3,3-diethyl3,4-dihydro-2H-thieno-[3,4-b][1,4]dioxepine) (PProDot-Et2)
as electrochromic materials and 1.0 mM various redox couples (I–/I3–; SeCN–/(SeCN)2; Cl–/Cl3–; Br–/Br3–) and 0.1 M LiClO4 in 3-methoxypropionitrile as electrolyte. It was found
that the rate constant of the electron transfer (k0) was the main
factor determining the speed of switching responses, and the
k0 is defined as the following equation.

k 0 = RT / (n 2F 2R ctAC )

(8)

where A is the area of the electrode, C is the bulk concentration of the redox couple and Rct is the charge transfer

resistance obtained by fitting the electrochemical impedance
spectroscopy (EIS) data from the equivalent circuit [88]. The
values of k0 were consequently as following: 1.3×10–3 cm
s–1 for I–/I3–, 1.2×10–3 cm s–1 for SeCN–/(SeCN)2, 3.0×10–4
cm s–1 for Cl–/Cl3–, and 2.8×10–4 cm s–1 for Br–/Br3–, that
is, the switching response time was prolonged in the same
sequence. However, the k0 had no apparent relationship with
the optical modulation. For example, the PECD with Br–/Br3–
redox couple showed higher transmittance modulation than
that with I–/I3– redox couple. Ho et al. [89] promoted their
works further by fabricating a solid-state PECD with gel
electrolyte containing poly-(vinylidenefluoride-hexafluoropropylene), propylene carbonate, LiClO4, and Br–/Br3–
redox couple. Compared with many other Type 1-1 PECDs,
this device exhibited superiorities in the aspects of switching response speeds (bleaching time of less than 30 s and
coloration time of 3 s), Jsc (0.164 mA cm–2) and Voc (0.75
V). Recently, work done by Xu et al. [20] compared the
performance of PECDs fabricated with two different redox
couples (LiBr/Br2 and LiI/I2) in the precondition of same
electrochromic material, poly(3,4-(2,2-dimethyl-propylenedioxy) thiophene) (PProDOT-Me2) (Figure 13(f, g)). It was
showed that the lower visible light absorption and the higher
Voc of Br–/Br3– redox couple electrolyte gave rise to the high
transmittance modulation in the spectrum range from 500 to
700 nm with a maximum value of ca. 44% at 582 nm, while
the PECD based on I–/I3– showed a much lower transmittance
modulation of 15% at the same wavelength. In addition,
the Br–/Br3– based PECD also exhibited fast switching response speed of 2.5 s for coloring process and 2.6 s for
bleaching process, with a robust cyclic durability over 1000
cycles.
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5.2.2 Type 1-2: the fully-covered separated type with Pt
catalyst layer
From the literatures [88–90], electrons could transfer across
the electrochromic (EC) polymer-electrolyte solution interface through the redox couples’ reaction to alter the redox
state of the conducting polymer, resulting in a color change.
Thus, introduction of a Pt layer under the conducting polymer film is believed to accelerate the electron transfer reaction and decrease the charge transfer resistance, further accelerating the bleaching speed as well as improving the optical modulation and cycling stability, which has been confirmed by the work done by Xu et al. (Figure 14(a)) [90].
The PECD exhibited high transmittance modulation with the
maximum value of 38% at the 637 nm wavelength, and apparent color contrast between the coloration state and bleaching
state (Figure 14(b)). Furthermore, the accelerated electron
transfer reaction and decreased charge transfer resistance also
leaded that the PECD exhibited fast switching responses (1 s
for coloration and 3 s for bleaching) and high cycling stability over 1500 cycles (Figure 14(c)). In contrast, for the Type
1-2 PECD fabricated with WO3/Pt film as counter electrode,
the improvement of optical modulation and bleaching switching response were not desirable [18]. The reasons were from
two aspects: (1) the closely packed WO3 nanoparticle seriously decreased the contact area between the electrolyte and
Pt substrate; (2) the rate of the electron transfer between the
LixWO3 and I–/I3– redox couple was much lower than that between the reduced conducting polymer and I–/I3– redox couple
[81].
5.2.3 Type 1-3: the partly-covered separated type with Pt
catalyst layer
To address the problems of transition metal oxide-based
Type 1-2 PECD, Wu et al. [18] designed a new WO3/Pt
counter electrode structure with patterned WO3 film on Pt
substrate, resulting in that both WO3 and Pt had large contact
area to electrolyte, and denominated this new PECD as photovoltachromic cell (PVCC) (Figure 15(a)). Compared to the
Type 1-2 PECD with fully-covered WO3/Pt electrochromic
electrodes, the PVCC they proposed achieved a much faster
bleaching time of only 60 s by blocking the light at short
circuit. The accelerated bleaching response was believed to
be large electrolyte/Pt interface area derived strong catalytic
effect on the electron transfer interaction between LixWO3
and I–/I3– redox couple. In addition, this strong catalytic
effect was so strong that the colored PVCC even can be
quickly bleached (4 s) at open circuit under illumination and
exhibited a highly stable cycling performance (Figure 15(b)).
Furthermore, during coloration, the current was the sum of
electron streams flowing through the WO3 and Pt portions
of the electrochromic electrode. The electron flow through
WO3 was accompanied by the charging of Li ions. Once the
charging of Li ions into WO3 was saturated, the electrical

Figure 14 Performance of PECD within Type 1-2 structure. (a) Schematic
design, (b) transmittance modulation, and (c) switching responses of a Type
1-2 PECD fabricated with PProDOT-Me2 electrochromic layer on Pt film
[90] (color online).

current became constant, which was attributed to the electrons flow through Pt only, that is, the PVCC acted as a DSSC
(Figure 15(c)). When PVCC was in series with a resistor of
high resistance, a substantially positive potential was built
up at the electrochromic electrode, leading the transmittance
modulation values to be controllable (Figure 15(d)). Thus, it
can be found that this PVCC was also able to supply power
to an external load.
Cannavale et al. [19] fabricated a PVCC within the same
structure to that fabricated by Wu et al., but used a new dye
with higher photo sensitivity, which leaded the assembled
PVCC to exhibit high transmittance modulation (ca. 51% at
650 nm) and fast switching responses (Figure 15(e)). Chou et
al. [92] fabricated a new PVCC by a pattern WO3/Pt counter
electrode with WO3 film locating on the center of the Pt
substrate and a pattern TiO2/dye photoanode with TiO2/dye
hybrid circle locating on the edges of the ITO substrate
(Figure 15(f)). Such a new device structure could eliminate
the light scattering and absorption of TiO2/dye hybrid film
which occurred in the device designed by Wu et al. Under
spectral property of AM 1.5, this designed PECD exhibited
acceptable transmittance modulation with 18.8% and 35.8%
at wavelength of 550 and 800 nm, respectively. Furthermore,
the device also showed desirable switching response. Both
coloration and bleaching responses were around 19 s.
5.2.4 Type 1-4: the fully-covered separated type with
external power supply and without Pt catalyst layer
As conclude above for the Type 1-1 PECDs with transition
metal oxide electrochromic layer, their switching response of
bleaching processes is relatively slow due to the sluggish rate
of electron transfer reaction between metal oxides and the
redox couples in the electrolyte. To solve the problem, the
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strategy developed by Deepa et al. [83,84] for accelerating
the Li-ion de-intercalation speed was applying an external
voltage.
Jiao et al. [93] reported a novel PECD composed of
a dye-sensitized TiO2 electrode and the Prussian blue
electrochromic film sandwiched with a LiI electrolyte as
illustrated in Figure 16(a). Prussian blue is an anodically
electrochromic material. Under illumination, electrons generated by the TiO2/dye were injected into the Prussian blue
electrochromic layer through external circuit, accompanying
the intercalation of Li-ions into the Prussian blue film. Ac-
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cordingly, the Prussian blue film exhibited colorless, but the
colors of dyes and I–/I3– redox couple gave rise to the yellow
color of the device at bleaching state. The coloration process
was carried out by applying a positive 2 V bias on Prussian
blue electrode until the current density was stabilized, during
which Li-ions were driven out from Prussian blue film to the
electrolyte, leaving the Prussian blue in blue color, that is,
the device exhibited blue at the coloration state. A maximum
absorbance modulation of 0.44 recorded at 700 nm was
obtained between the bleached and colored states for the cell
when the thickness of Prussian blue film was 452 nm. The

Figure 15 Performance of PECD within Type 1-3 structure. (a–d) Schematic design, transmittance modulation, J-V curves, and transient optical transmittance
at 788 nm of Type 1-3 PECD [18]; (e) transmittance modulation of Type 1-3 PECD with a high photo sensitive organic dye [19]; (f) sketch of Type 1-3 PECD
with patterned TiO2/dye photoanode and pattern WO3/Pt counter electrode [92] (color online).

Figure 16 Performance of PECD within Type 1-4 structure. (a) Operation mechanism and digital photos of transmittance modulation of Type 1-4 PECD
fabricated with Prussian blue as electrochromic layer [93]; (b–d) operation mechanism, transmittance modulation, and switching response of a Type 1-4 PECD
fabricated with PProDOT-Me2 as electrochromic layer [94] (color online).
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in situ transmittance response depicted that the bleaching response was 6.2 s under 100 mW cm–2 illumination in shortcircuit configuration, and the coloration time was about 600
ms under 2 V bias recorded at 780 nm.
On the other hand, the consumption of external energy is
not desirably energy-efficient to some extent. With the assistance of a high photosensitive organic polymeric dye and
a cobalt redox couple ([Co(bpy)3]3+/[Co(bpy)3]2+), Taya et al.
[94] fabricated a photoanode with high power conversion efficiency of 4.5% under AM 1.5 irradiation. As shown in
Figure 16(b), the PECD was fabricated with TiO2/organic
polymeric dye film as photoanode, PProDOT-Me2 film as
electrochromic layer, and electrolyte containing cobalt redox couple and Li-ions. Under illumination, the generated
photocurrent drove electrons with an accompanying potential of up to 0.82 V that pushed PProDOT-Me2 to a slightly
reduced state and stored energy in the external load; however,
due to the electron transfer reaction with the [Co(bpy)3]3+
species, it remained light blue (bleaching state). When the
harvested energy was used to perform electrochromism in
the device by applying a potential of +1.5 V to the working electrode when the counter electrode was referenced as
a ground, leading the dark blue coloration of PProDOT-Me2
layer, that is, the PECD was in coloration state. In the colored state, there was no photocurrent generation from the dye
molecules. In the visible spectrum range, the PECD exhibited obvious transmittance modulation with maximum value
of 34% at 620 nm (Figure 16(c)), as well as fast switching
speeds (Figure 16(d)). Furthermore, the tight attachment between TiO2 and organic polymeric dye avoided the desorption
process of dye molecules from the TiO2 nanoparticles which
was widely found for micro dye molecules, the PECD exhibited excellent cycling stability. Only 3% degradation of the
power conversion efficiency was observed after 5000 cycles.
5.2.5 Type 2-1: the fully-covered combined type with Pt
catalyst layer
In Type 1 PECDs, because the bleaching process is a Li-ion
diffusion process basically driven by the photovoltage,
leading the bleaching speed to be an intrinsic drawback
[17–19,95]. To overcome this problem, Type 2 PECDs are
proposed where both electrochromic and photovoltaic layers
are deposited on the same electrode, with a Pt layer on the
counter electrode (Figure 12, Type 2-1 and Type 2-2). These
devices share the advantage that the bleaching process can
be accelerated by the Pt catalyst independently from the
coloration process [81,95–99]. These devices are colored
under illumination in open circuit, as the photoelectrons are
injected directly from the TiO2/dye layer into the bottomed
electrochromic film. Simultaneously, Li-ions are intercalated
into the electrochromic film and I– ion are oxidized into I3–.
Bleaching involves charge flow through the external circuit
to the Pt layer of counter electrode when the devices are
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in short-circuit state, giving rise to the regeneration of I–
ions in the electrolyte, and Li-ions are expelling from the
EC film (Figure 17(a)). It is notable to point out that these
devices can be bleached by electron transfer (loss reactions)
occurring between TiO2 or LixWO3 and the electrolyte, when
the devices are under the open circuit in the dark.
Type 2-1 PECDs are “fully covered” e.g. the thin TiO2/dye
layer covers the entire photoanode area. Hauch et al.
[81,95] first proposed the Type 2-1 PECD using WO3 as
electrochromic material in 2001 and then compared the
photoelectrochromic performance of PECDs with structures
of Type 2-1 and Type 1-1. Although there were no apparent differences about the transmittance modulation and
coloration response between these two kinds of PECDs, the
Type 2-1 PECDs exhibited faster bleaching response due
to the above mentioned operation mechanism. In addition,
Type 2-1 PECDs showed that it was possible to switch the
transmittance not only from the illuminated to the darken
state but also during continuous illumination. Under 1 sun
illumination, the WO3 based Type 2-1 PECD exhibited transmittance modulation in the whole visible spectrum range
(Figure 17(b)), with switching responses of ca. 3 min for
coloration and bleaching. By investigating the difference
of transmittance modulation under different illumination
intensity, Georg et al. [97] found that the rate of the coloring process at open circuit was determined by the electron
excitation at the dye by the incident light. Furthermore,
the electron transfer from the WO3 to the I3– in the solution
electrolyte was the dominating loss reaction and the phase
change of the WO3 during the charge injection was also of
importance. Electron transport processing in the TiO2 or
WO3 and loss reactions occurring on TiO2 had not significant
influence on the optical modulation performance.
To further improve the transmittance modulation, Georg et
al. [98] used the nanoporous WO3 film to replace the compact
WO3 film, and gel electrolyte was employed to fabricate the
solid-state PECD. Due to the large surface area of WO3 and
good electrolyte penetration, the solid-state PECD exhibited
high transmittance modulation from 62% to 1.6% with high
color contrast (Figure 17(c)). But the slow Li+, I–, and I3– diffusion kinetics in gel electrolyte leaded the device to show
longer switching response times of ca. 15 min for both coloration and bleaching (Figure 17(d)). Solid-state Type 2-1
PECD was also fabricated and investigated by Krašovec et
al. [99]. Although the transmittance modulation was improved to some extent, the coloration and bleaching time were
still long, also around 15 min. De Filpo et al. [103] described an effective method to improve the coloration and
bleaching response speeds of solid-state Type 2-1 PECDs. By
adding highly electrical conducting single wall carbon nanotubes among the TiO2 and WO3 nanoparticles and placing
a highly conducting PEDOT:PSS film as a hole conducting
layer between the TiO2/dye layer and the ITO counter elec-
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Figure 17 Performance of PECD within Type 2-1 structure. (a, b) Device structure, operation mechanism, and transmittance modulation of a WO3-based Type
2-1 PECD with solution electrolyte [81]; (c, d) digital photos and switching responses of a WO3-based Type 2-1 PECD with polymer gel electrolyte [98]; (e, f)
TiO2/dye/viologen hybrid layer and the switching response of the Type 2-1 PECD fabricated with TiO2/dye/viologen hybrid [101].

trode, the electron transport rate was significantly enhanced,
giving rise to 10 s of coloration response and 5 s of bleaching
response, respectively.
Leftheriotis et al. [102] used PECD for dynamic solar
control in buildings. The fabricated devices consisted of a
400 nm thick WO3 film, a 300 nm thick dye-sensitized TiO2
layer, a 0.5 M LiI/PC electrolyte and an electrodeposited Pt
counter electrode. All layers were developed aiming to increase the device transparency without reducing its functionality. The PECD exhibited acceptable coloration response
(about 12 min) under sunlight with considerable transmittance modulation of 36%. In addition, the as-fabricated device exhibited high cycling stability. After 100 cycles, no obvious transmittance modulation degradation was found.
Viologens (1,1′-disubstituted 4,4′-bipyridinium salts), a
well-known class of cathodic electrochromic compounds
displaying different colors depending on their oxidation
state and the nature of the substituents at the nitrogen atoms,
were also used for fabricating Type 2-1 PECD [101]. By
simultaneously anchoring the viologen molecules and photosensitive dye molecules on the surface of TiO2 nanoparticles
(Figure 17(e)), the molecular level mixture between electrochromic and photosensitive molecules leading to a high
charge transport, giving rise to high photoelectrochromic performance. Coloring and bleaching times of the device were
less than one second and a transmittance change from 38.7%
(bleached) to 21% (colored) was achieved (Figure 17(f)).
5.2.6 Type 2-2: the partly-covered separated type with Pt
catalyst layer
During the fabrication process of PECDs within Type 2-1,
each layer has to be designed for maximizing the device trans-

parency without hampering its functionality, as described in
Ref. [102]. To improve the optical contrast between coloration and bleaching states, it is desirable to make the devices to be transparent when they are in bleaching state. However, the requirement for high transmittance in the bleached
state imposes limitations on the device performance. For instance, the thin (~300 nm) TiO2 layer cannot absorb neither
sufficient amount of dye molecules, nor sufficient photons
when sensitized, thus resulting in a solar cell with modest Jsc
and Voc that seriously limit the WO3 electrochromic switching
speed and coloration modulation [81,102]. Furthermore, the
mesoporous TiO2 film causes a decrease of specular transmittance at short wavelengths (below 500 nm) due to scattering
losses at the oxide grains. Accordingly, the Type 2-2 PECDs
are developed to overcome these issues [105–108]. Instead of
a thin TiO2/dye film fully covering on the electrochromic film,
the partly covered device of the Type 2-2 PECDs employs a
thick and opaque TiO2 film, which covers only a fraction of
the electrochromic film on one end of the device as shown in
Figure 12(f).
Leftheriotis et al. [105] proposed the Type 2-2 PECD with
an opaque 5-μm-thick TiO2/dye film covering only a fraction
of 30% WO3 area as shown in Figure 18(a), and made comparison about transmittance modulation between the fullycovered PECD (Type 2-1) and partly-covered PECD (Type
2-2) (Figure 18(b, c)). Benefit from the elimination of optical disturbance from TiO2/dye layer, the Type 2-2 PECD presented transmittance values of 51% in the colored and 5% in
the fully bleached, respectively. In contrast, the transmittance
of fully-covered PECD varies from 50% to 14%. In addition,
the high transmittance contrast of partly-covered PECD in the
spectrum range from 500 to 600 nm indicated that it was more

Tong et al.

Sci China Chem

January (2017) Vol.60 No.1

33

Figure 18 Performance of PECD within Type 2-2 structure. (a–c) Digital photos of a WO3-based Type 2-2 PECD, and comparison of transmittance modulation
between WO3-based Type 2-1 PECD and Type 2-2 PECD [105]; (d, e) schematic and digital photos of a WO3-based Type 2-2 quasi-solid PECD [106]; (f–h)
digital photos, transmittance modulation, and time-dependent DGP values for east exposure of a WO3-based Type 2-2 PECD used for building smart window
[108] (color online).

comfortable and sensitive to the human eyes. Furthermore,
the authors also investigated the influence of TiO2 to WO3
area ratio and dye type on the optical performance of the device. Reduction of the area ratio decreased the speed of coloration but did not affect either the coloration homogeneity
or the end coloration result due to the high electron mobility and Li-ion diffusion coefficient. The use of N3 ruthenium
dye has led to substantial photocoloration efficiencies (up to
four times more than those achieved with Rhodamine B) and
improved the durability of the devices. Recently, Bella et
al. [106] fabricated a Type 2-2 PECD employing WO3 electrochromic layer, polymer-based TiO2/dye photoanode, and a
photocurable polymeric membrane as quasi-solid electrolyte
(Figure 18(d)). Furthermore, a photocurable fluoropolymeric
layer was incorporated as external protective thin coating film
with easy-cleaning and UV-shielding functionalities. Due to
this rational design of the device structure and high performance of components, this device exhibited high Jsc (3.57
mA cm–2) and Voc (0.441 V) values with a desirable transmittance modulation of near 60% (Figure 18(e)). More importantly, compared to the poor outdoor aging performance of
PECD fabricated with liquid electrolyte (transmittance modulation loss of 14% after being exposed for 90 d), the PECD
with quasi-solid electrolyte and fluoropolymeric coating exhibited highly stability. Only negligible transmittance modulation loss of 2% was found.
As reflected in Ref. [106], most liquid electrolyte-based
Type 2-2 PECDs exhibited poor storage stability. After

being stored in the dark at open circuit conditions, the dye
desorption, moisture ingress, loss of electrolyte, undesirable
side reactions occurring among the device’s components
and other factors leaded the stored PECDs not to exhibit
good performance that showed in the freshly fabricated
PECDs. Syrrokostas et al. [107] tried to address this issue
by using several strategies including annealing treatment of
the WO3 electrochromic film, electrochemical treatment of
the WO3/TiO2 multilayer film before incorporation into the
device, and altering the composition of the electrolyte. It
was found that the stability of the devices was improved with
increasing annealing temperature due to the weakened loss
reactions on the WO3-electrolyte interface for self-bleaching.
However, the stable devices exhibited a residual coloration
due to Li+ trapping into the denser tungsten oxide film
morphology generated after high temperature annealing.
The electrochemical treatment improved the reversibility
of the device, because the residual coloration, caused by
trapping of Li-ion, was suppressed after the treatment. The
composition of the electrolyte can affect significantly the
stability of the devices. The Voc and the Jsc were found to be
dependent on the nature of the solvent used in the electrolyte,
while the concentration of I2 did not affect considerably
the performance and stability of the PECDs. In addition,
for the 4-tert-butylpyridine (4-TBP), an additive commonly
used in dye sensitized solar cells for enhancing the Voc, its
concentration had strong effect on the stability. Low 4-TBP
concentration suppressed the loss of the thiocyanato ligand
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from the Ru dye, leading to long term stability. While too
much 4-TBP molecules adsorbed on the surface of WO3
occurring when high 4-TBP concentration was employed,
blocked some of the entry points for Li ions thus hindered
the reversibility of coloration and bleaching processes of the
devices. The authors proposed that reversible devices with
shelf life exceeding 5 months can be fabricated using an
anode annealed at 100 °C and an electrolyte consisting of 0.5
M LiI/0.005 M I2/0.5 M 4-TBP/acetonitrile.
Cannavale et al. [108] investigated WO3-based PVCCs
(Type 2-2 PECDs) for dynamic solar control in buildings
(Figure 10(f)). It was found that the thickness of WO3 layer
significantly affected the optical modulation, and the PVCC
fabricated with 300 nm thick WO3 layer (named as PVCCB)
(Figure 10(g)) showed higher transmittance modulation both
in the visual and near-IR spectrum range than that of PVCC
assembled with the 230 nm thick WO3 layer (named as
PVCCA). When tested in the practical building, the PVCCB
showed a power peak of 4.22 mW cm–2 at the maximum
power point and a smart modulation of optical transmittance
of 50.16% (at 700 nm). Simulations of natural light penetration in office buildings showed that the integration of
PVCCBs in traditional windows could dramatically increase
indoor visual comfort. An increase of the average UDI
(useful daylight illuminance) for a typical room up to 71.8%
and a decrease of intolerable glare levels (DGP, daylight
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glare probability, higher than 0.45) down to 12% were the
major benefits of the substitution of traditional clear glasses
with integrated PVCCs (Figure 18(h)).
5.2.7 Other structure types
Apart from the aforementioned six different types of PECDs,
there are several PECDs with other structure types, such as
the assemble electrochromic device part and photovoltaic device part with a tandem manner [78,79] or a side-by-side manner [80], as shown in Section 5.1. For example, the PECD
fabricated with silicon solar cell and electrochromic device in
a tandem manner modulated the transmittance by more than
60% over a large portion of the visible spectrum, and the coloring and bleaching times of the device were approximate 1
min under 1 sun illumination [78]. The PECD integrated by
dye-sensitized solar cell and WO3-based electrochromic device in a side-by-side manner also exhibited high transmittance modulation of ~25.9% at 670 nm and high conversion
efficiency of 1.27%, as well as fast switching response of <30
s for coloration and bleaching under 100 mW cm–2 [80].
Malara et al. [79] designed a PECD with functions of producing electric energy by solar conversion and modulating
optical transmittance in a smart and aesthetically sounding
fashion. As shown in Figure 19(a), the devices were fabricated by integrating a TiO2/dye photoelectrode and of a bifunctional patterned counter electrode made of platinum and

Figure 19 (a, b) Schematic and transmittance modulation of a PECD fabricated with a DSSC part and electrochromic device part [79]; (c, d) schematic and
switching response of a photovoltaic electrochromic device [109] (color online).
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amorphous tungsten oxide, leading that the as-designed
PECD can be regarded as the combining with a dye-sensitized solar cell and an electrochromic device. Furthermore,
the authors respectively used two dyes (N719 and DYE1)
as the photosensitive elements and investigated their optical
modulation capability. Both two PECDs exhibited high
transmittance modulation of 40% at 650 nm under 1 sun
illumination (Figure 19(b)), with high conversion efficiency
of 1.91% and 2.01% for N719 PECD and DYE1 PECD,
respectively.
Huang et al. [109] developed an innovative concept of
a solution type PECD as shown in Figure 19(c). The device included a semi-transparent silicon thin-film solar cell
(Si-TFSC) substrate, an electrochromic solution, and a transparent non-conductive substrate, wherein the electrochromic
solution was located between the transparent non-conductive substrate and the Si-TFSC substrate. When sunlight entered the PECD device, the Si-TFSCs generated electronhole pairs. The photopotential difference at the anode and
cathode of the Si-TFSC induced redox reaction of the electrochromic solution. Simultaneously, cathodic and anodic
electrochromic color change occurred at the cathode and anode of the Si-TFSC, leading to a high transmittance modulation of approximately 70% at 590 nm with coloration response of 200 s but much slower bleaching speed of 160 min
due to that the bleaching process was controlled by the slow
electron transfer reactions (Figure 19(d)). Since the Si-TFSC
cells were designed to be evenly distributed on a transparent substrate, the electric fields in the peripheral area and the
center area were uniform, with a result that the color density
in the peripheral and the center areas of the PECDs were the
same, regardless of the size of the device.

6 Conclusions and outlook
6.1 Electrochromic supercapacitors and electrochromic
batteries
Electrochromic supercapacitors and electrochromic batteries changes their optical parameters and colors during
the charge/discharge process, giving people more available
options when using electrochromic devices. The similar electrochemical operation mechanism (ion intercalation/de-intercalation for transition metal oxides and electrochemical
doping/de-doping for conducting polymers), electrode materials, and structure devices make the functional integration
into one device possible. While taking into account the
aspect of state-switching time scale, majority of investigation
about the electrochromic energy storage devices is focused
on fabrication of electrochromic supercapacitors. The investigation about the electrochromic batteries is relatively
less to some extent. However, the novel self-powered and
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self-rechargeable electrochromic batteries proposed by Wang
et al. [16] and Zhao et al. [73] bring new insights for device
design. On the other hand, for many electrochromic energy
storage devices, their optical modulation and energy storage
performance are much lower than that of electrochemical
devices with single function. This indicates that there is a
long way to go for realization of the electrochromic energy
storage devices with high optical modulation as well as high
energy storage performance.
Improving pseudocapacitive effect may be an effective
approach to make materials simultaneously show high
electrochromic performance and energy storage. As demonstrated by Dunn et al. [34] and Tong et al. [23,24] within
TiO2, Nb2O5, and V2O5 nanomaterials, the enhance surface
redox contribution derived from pseudocapacitive effect is
beneficial to high rate capability when they are used for
supercapacitors, as well as to the high optical modulation
and fast switching response when these materials are used
for electrochromic devices.

6.2 Photoelectrochromic devices
Photoelectrochromic devices, which combining energy saving and producing functions, are superior to the simple electrochromic devices and photovoltaic devices (such as silicon
solar cell and dye-sensitized solar cell). Due to the facile
fabrication process and simple device structure, the PECDs
combining a DSSC electrode and an electrochromic film are
much more attractive for academic researching and practical
application. However, similar to the electrochromic energy
storage devices, the optical modulation and conversion efficiency are still unsatisfied. To improve the performance of
PECDs, the factors including device structure, semiconductor metal oxide, dye molecules, electrochromic materials and
the electrolyte components should be seriously considered.
In addition, the photosensitive dyes employed in majority of
PECDs contain the rare ruthenium material; therefore, exploring much cheap dye molecules is also an important aspect
of future works. Furthermore, as shown in Ref. [107], storage stability is also a serious obstacle the PECDs face now.
Preparation of flexible PECDs and those devices which are
able to supply power to an external load is much more fascinating for practical application. As the roll-to-roll technology
has been widely used for fabricating large-scale DSSCs and
electrochromic devices, it is believable that roll-to-roll technology is feasible for fabrication of PECDs and can make the
PECDs be closer to the practical application.
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