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Macroporous Nanostructures

Improved Electrochromic Performance of Poly(3,4ethylenedioxythiophene) by Incorporating a Three-Dimensionally
Ordered Macroporous Structure
Hangchuan Zhang,[a] Huiying Qu,[b] Haiming Lv,[a] Shuai Hou,[a] Kun Zhang,[b] Jiupeng Zhao,[b]
Xingang Li,[d] Endres Frank,[c] and Yao Li*[a]

Abstract: In this paper, three-dimensionally ordered macroporous (3DOM) poly(3,4-ethylenedioxythiophene) (PEDOT)
films were electropolymerized from an ionic liquid, 1-butyl3-methylimidazolium hexafluorophosphate ([Bmim]PF6). The
electrochromic performances of the 3DOM PEDOT films
were studied. The 3DOM films exhibited high transmittance
modulation (41.2 % at l = 580 nm), high ionic fast switching
speeds (0.7 and 0.7 s for coloration and bleaching, respectively), and enhanced cycling stability relative to that exhibit-

ed by the dense PEDOT film. The relationship between the
declining behavior of the transmittance modulation and the
nanostructure of the film was investigated. A three-period
decay process was proposed to understand the declining
behavior. The 3D interconnected macroporous nanostructure is beneficial for fast ion and electron transportation,
high ion accessibility, and maintenance of structure integrity,
which result in enhanced cycling stability and fast switching
speeds.

Introduction

dark opaque blue to transparent light blue during its redox
processes.
Relative to other electrochromic materials, PEDOT possesses
numerous advantages including vivid colors, high coloration
efficiency, high electrochromic contrast ratio, rapid response
time, especially low polymerization potential, and enhanced
thermal and electrochemical stability. However, the long-term
optical stability[7] of PEDOT is still a key challenge to realize
practical applications in light-modulating devices, such as
smart windows, antidazzling mirrors, and displays.
Some efforts have been devoted to improving the EC optical
stability of PEDOT, including the preparation of PEDOT derivatives and its copolymerization with other monomers.[8, 9] For instance, poly(diethyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepine)
(PProDOT-Et2) has been prepared to retain its optical response
without marked decay after 400 cycles.[8a] [P(CNIn-co-EDOT)]
obtained from 3,4-ethylenedioxythiophene (EDOT) and 5-cyanoindole (CNIn) possesses long-term stability.[10]
Building up a nanostructure is another effective strategy to
improve EC performance.[11] Recently, many studies have focused on the synthesis of PEDOT with various nanostructures
such as nanoparticles,[12] nanorods,[13] nanowires,[14] and nanotubes[15] that show improved EC performances. For example,
Lee et al. synthesized PEDOT nanotubes with a wall thickness
of 10–20 nm electropolymerized inside of a porous alumina
template, and this material exhibited an ultrafast switching
speed of less than 10 ms; however, the optical contrast ratio
was only 10–15 %.[16] Dehmel et al. prepared self-supporting
gyroidal PEDOT structures with a remarkable response time of
23 ms and a coloration efficiency of 285 cm2 C1.[17] In recent
years, EC materials with three-dimensionally ordered macropo-

Poly(3,4-ethylenedioxythiophene) (PEDOT), one of the most
promising conducting polymers, has attracted multitudinous
attention owing to its long-term environmental stability,
narrow band gap, and high electrical conductivity.[1] There are
several applications of PEDOT that capitalize on its controllable
conductive and optical properties, including solar cells,[2] organic light-emitting diodes,[3] sensor devices,[4] electric-energy
storage devices,[5] and electrochromic devices.[6] Electrochromism can be broadly defined as a reversible color change in response to an externally applied potential. PEDOT is a cathodically colored electrochromic (EC) polymer that changes from
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rous (3DOM) nanostructures made by self-assembled colloidal
crystal templates have received much attention owing to their
large accessible surface areas, bicontinuous networks, short diffusion lengths, and fast transportation of the electrolyte inside
the porous structures.[18] Previous studies showed that 3D
nanostructures exhibit better mechanical stability than lower
dimensional materials (e.g., nanowires or nanotubes). Therefore, the formation of 3D nanostructures in soft organic materials would provide access to EC materials with excellent performances.
In this work, we report the EC properties of 3DOM PEDOT
electropolymerized from an ionic liquid, 1-butyl-3-methylimidazolium hexafluorophosphate ([Bmim]PF6), for the first time. The
3DOM PEDOT films have interconnected pores that enable fast
electron transport and guarantee high ion accessibility. The
structure is also favorable for maintaining the structural integrity of the electrode. As expected, the 3DOM PEDOT film exhibits improved EC performance with fast response times (0.7 s
for coloration and 0.7 s for bleaching) relative to those of the
dense film (1 s for coloration and 2.6 s for bleaching) at the
same potential. The cycling stability of the 3DOM PEDOT film
was also greatly enhanced relative to that of the dense film. In
particular, herein we evaluate the relationship between the declining behavior of the transmittance modulation and the
nanostructure of the PEDOT film. These findings further elucidate the importance of 3D nanostructured features in controlling the electrochromic performance of polymer films.

templates. The thicknesses of the 3DOM films are approximately 1 mm, as shown in the section-view SEM images (Figure 1 b, d, f). Photographs of the 3DOM PEDOT films (Figure S1,
Supporting Information) show that the reflection light of the
films reveals the full color, and a color change occurs with
a slight change in the angle of incident white light, which is attributed to Bragg diffraction of the highly ordered microstructure. Such an interconnected porous structure is expected not
only to provide continuous voids for electrolyte penetration
but also to shorten the ion-diffusion distances.
Raman and FTIR spectroscopy were used to study the chemical structure of the 3DOM film and the dense films. The
Raman spectra of both samples exhibit a strong absorption at
a Raman shift of 1425 cm1 (Figure 2 a), which can be attributed to characteristic symmetric Ca=Cb(O) stretching and is indicative of a high level of oxidation.[19] The band from CbCb
stretching at a Raman shift of 1369 cm1, the oxyethylene ring
deformation band at a shift of 990 cm1, and CaCa’ inter-ring
stretching at a shift of 1261 cm1 are all characteristic of
PEDOT.[20] Relative to the dense PEDOT film, the Ca=Cb(O)
stretching bands of the 3DOM PEDOT film are redshifted to
a Raman shift of 1438 cm1 owing to a different doping
level.[21] Figure 2 b presents the FTIR spectra of the 3DOM
PEDOT film and the dense film. Vibrations at ñ = 1519, 1475,
and 1344 cm1 are attributed to the stretching modes of C=C
and CC in the thiophene ring. The vibration modes of the C
S bond in the thiophene ring can be seen at ñ = 980, 842, and
691 cm1. The bands at ñ = 1203 and 1090 cm1 are assigned
to the stretching modes of the ethylenedioxy group, and the
band at approximately ñ = 920 cm1 is due to the ethylenedioxy ring deformation mode.[22] A slight redshift appears once
the 3D ordered architecture is introduced, which suggests
a change in the chain structure in the 3DOM PEDOT film as
a result of steric hindrance effect.[18f]

Results and Discussion
Figure 1 presents the scanning electron microscopy (SEM)
images of the 3DOM PEDOT films with different pore sizes. It
can be clearly seen that all 3DOM PEDOT films illustrate
a highly ordered porous architecture throughout their entire
volumes by replication of the polystyrene (PS) colloidal crystal

Figure 1. Top-view and section-view SEM images of the 3DOM PEDOT films: a, b) 3DOM700, c, d) 3DOM500, and e, f) 3DOM400. Insets are high-magnification
SEM images.

&

&

Chem. Asian J. 2016, 00, 0 – 0

www.chemasianj.org

2

 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ÝÝ These are not the final page numbers!

Full Paper
dense film. The ionic effective diffusion coefficients of the samples were studied by measuring the cyclic voltammetry (CV)
curves in a 1 m LiClO4/propylene carbonate (PC). Figure 4
shows the CV curves of the 3DOM PEDOT films and the dense
film at various scan rates between 0.6 and 1 V versus Ag/
AgCl. In terms of the dense film, two main reduction peaks at
potentials of 0.6 and 0.05 V observed in the cathodic scan
correspond to different dedoped levels (Figure 4 d), as previously shown in the literature.[23] For the 3DOM films, the reduction peak at a potential of 0.6 V shifts to a higher voltage
and overlaps the peak at a potential of 0.05 V to form an intense reduction peak (Figure 4 a–c), which is indicative of an
easier reduction process Although the CV behavior of the
3DOM PEDOT films with different pore sizes are very similar,
the anodic and cathodic currents of the 3DOM400 film are the
largest of all samples. As expected, the pore size impacts the
electroactivity of the polymer greatly. Upon decreasing the
pore size from 700 to 400 nm, the resulting film features
a more porous morphology, which facilitates the migration of
cations and anions, and this results in larger peak current
values.
For a simple solid-state diffusion-controlled process, the
ionic effective diffusion coefficient can be estimated from the
Randles–Sevcik[24] formula [Eq. (1)]:
Ip ¼ 0:4463 zFAð

The switching behaviors of the 3DOM PEDOT films and the
dense film were analyzed by monitoring the transmittance at
a wavelength of 580 nm under the application of a squarewave voltage between + 0.6 and 0.6 V. Figure 3 shows the
transmittance–time response of these films. The response time
is defined as the time required to reach 90 % of the material’s
whole transmittance change. The 3DOM films with different
pore sizes exhibit a rapid change during potential transitions,
whereas the dense film shows gradual changes. The coloration
and bleaching times are only 0.7 and 0.7 s, respectively, for the
3DOM400 film. In contrast, the coloration and bleaching times
of the dense film are 2.6 and 1 s, respectively. Moreover, the
3DOM PEDOT film with smaller pore sizes shows a faster response time. The results indicate that the 3D interconnected
macroporous structures can significantly decrease the response
time owing to a large surface area, low mass-transport resistances, and short ion-diffusion distances.
The ionic diffusion coefficient (D) has an important effect on
the switching speed, and a porous network usually enhances
the transport of ions to the active materials. It is reasonable to
investigate the differences in D for the 3DOM film and the
www.chemasianj.org
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in which D, Ip, and v are the effective diffusion coefficient, peak
current, and potential scan rate, respectively; F is the Faraday
constant; z, A, and C0 represent the number of electrons transferred in a unit reaction (generally taken as 2[8a]), the effective
surface area of the electrode, and the concentration of the diffusion species (ClO4 anions), respectively; R is the gas constant, and T is the absolute temperature.
Figure 4 f shows an almost-perfect linear relationship between the peak current i and the square root of the scan rate
v1/2, which implies electrochemical reversibility. It also implies
that the working electrode process is controlled by ion diffusion during the redox processes. Calculated according to Equation (1), the effective diffusion coefficients of ClO4 for the
films are summarized in Table 1. It is clear that the 3D ordered
structure is beneficial to ion diffusion. The effective diffusion
coefficients of the 3DOM400 film are enhanced by up to approximately 60 times relative to that of the dense film during
the redox processes. Consistent with the result of CV analysis,
the 3DOM PEDOT film with the smallest pore shows the highest effective diffusion coefficients and, therefore, the fastest response time; this can be attributed to intrinsic structural advantages, that is, to larger surface areas and to 3D electron
and ion transport.
The digital photographs of the PEDOT films in the colored
and bleached states are presented in Figure 5. These films
clearly display different colors (dark blue, black, gray, and
purple) as a result of the different nanostructures. The visible
and near-infrared (NIR) transmittances of the films are shown
in Figure S2 a. It can be seen that the maximum transmittance

Figure 2. a) Raman spectra of the 3DOM PEDOT film and dense film (excitation wavelength: 633 nm). b) FTIR spectra of the 3DOM PEDOT film and
dense film.
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Figure 3. Transmittance variations and characteristic switching times between the colored and bleached states of the PEDOT films at a wavelength of
580 nm: a) 3DOM700, b) 3DOM500, c) 3DOM400, and d) dense film.

Nevertheless, for the 3DOM700 film, it retains 80.3 and
67.5 % of its initial value after 300 and 900 cycles, respectively.
Even after 3000 cycles, 32.3 % of the initial value is still retained
(Figure 6 a). The results show that the 3DOM PEDOT films display long-term cyclic stability; this is attributed to their moreopen structures, which thus results in a more stable optical
contrast.[8a] Comparison of the transmittance modulation of
the 3DOM PEDOT film with the literature data can be found in
Table S2.
The change in DT versus cycle numbers of the PEDOT films
is shown in Figure 7 a, and the data are summarized in
Table S1. It is clear that the nanostructure has a great influence
on the cycling stability. Interestingly, we find that the transmittance contrast drop of the 3DOM films exhibits three degradation periods, as marked with different colors in the curves and
the table. In the first period, the transmittance contrast of all
films falls rapidly and a drop of approximately 7 % (per
100 cycles) is observed before the first 300 cycles (orange color
in Figure 7 a and Table S1). During this period, the PEDOT films
undergo charge compensation by the cations and anions.
Once the ion pairs are trapped in the film, the trapped sites
cannot receive other ions; therefore, the electroactivity of the
film decreases and the transmittance contrast decreases sharply owing to the irreversibility of the ion-transfer process,[8a] as
schematically demonstrated in Figure 7 b. In the second
period, for the 3DOM700 film, the transmittance contrast decreases slowly and a drop of approximately 2.5 % (per
100 cycles) is found during cycles 300 to 1800 (green color in
Figure 7 a and Table S1). During the continuous redox process,

Table 1. Comparison of the effective diffusion coefficients of the 3DOM
PEDOT and dense films.

Sample

Effective diffusion coefficients of ClO4 [cm2 s1]
Oxidation
Reduction

3DOM700
3DOM500
3DOM400
dense film

3.54  1011
8.71  1011
3.68  1010
6.05  1012

1.86  1011
6.75  1011
2.17  1010
3.17  1012

modulation (DT) of the 3DOM700 film is approximately 41 % at
l = 580 nm and approximately 45 % at l = 1000 nm, whereas
for the dense film, it is approximately 37.7 % at l = 580 nm and
approximately 29 % at l = 1000 nm. To clarify the relationship
between the diameters of the 3DOM structures and the color
changes in the visible range, the absorption spectra of all four
films were tested, as shown in Figure S2 b.
The cycling stability is an important parameter for electrochromic materials. To further reveal the relationship between
the 3DOM nanostructure and the cycling stability, long-term
transmittance durability tests were done at intervals of 9.5 s
under the application of a square-wave voltage between 0.6
and 0.6 V in 1 m LiClO4/PC versus Ag quasireference electrode. Figure 6 shows the transmittance sequence chart of the
3DOM and dense PEDOT films at l = 580 nm. The transmittance modulation of the dense film is reduced to 67.1 % of its
initial value after 300 cycles and to 12.5 % after 900 cycles (Figure 6 d).
&

&

Chem. Asian J. 2016, 00, 0 – 0

www.chemasianj.org

4

 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ÝÝ These are not the final page numbers!

Full Paper
ly, the transmittance contrast worsens (Figure 7 c). In
the third stage, the surface of the film is covered
with granules. The transmittance contrast becomes
relatively stable after 1800 cycles, and a slower drop
of 0.9 % (per 100 cycles) is observed (color purple in
Figure 7 a and Table S1).
Figure 8 shows the morphologies of the 3DOM700
film before and after 3000 cycles. It is clear that the
surface of the 3DOM film becomes very rough after
3000 cycles. The wall thickness increases from 40 to
110 nm owing to the formation of the granules, and
the diameter of the pore size shrinks from 700 nm to
approximately 600 nm. However, the films maintain
their structural integrity because of the 3D macroporous structure. The 3DOM500 and 3DOM400 films
also have the similar three periods. However, 3DOM
films with different pore sizes show different transmittance modulation declining behaviors. The start
time of the third period for the three 3DOM films are
different because of the different effective diffusion
coefficients. Unlike the 3DOM films, which exhibit
three periods, the dense film exhibits only one
period with a fast transmittance contrast decay
during the entire cycling process because of its
dense structure and limited trapping sites for ions.
Thus, the 3D open-pore structure is stable and advantageous in allowing fast ion diffusion and helps
the electrolyte accessibility even after long-term
cycles, which will give rise to enhanced optical cycling stability.

Conclusions
Figure 4. CV curves of the PEDOT films at scan rates of 10, 20, 30, 40, and 50 mV s1:
a) 3DOM700, b) 3DOM500, c) 3DOM400, and d) dense film. f) Plots of the peak current, i,
versus square root of the scan rate, v1/2.

In summary, three-dimensionally ordered macroporous
(3DOM)
poly(3,4-ethylenedioxythiophene)
(PEDOT) films were electrodeposited in the ionic
liquid 1-butyl-3-methylimidazolium hexafluorophosphate by using a polystyrene colloidal crystal as the template.
The 3DOM films exhibited excellent electrochromic performance with high transmittance modulation, fast switching
speeds, and good cycling stability, which were attributed to
their 3D interconnected macroporous structures. It was found
that the pore size of the film also affected the electrochromic
performance. A three-period decay process was proposed to
explain the declining behavior of the transmittance modulation during the cycling tests. The 3D open structure could significantly increase the rate of ion diffusion and electron transportation, as well as the optical stability of the electrochromic
material.

Figure 5. Photographs of the PEDOT films in colored and bleached states:
a) 3DOM700, b) 3DOM500, c) 3DOM400, and d) dense film.

Experimental Section
Preparation of the polystyrene template

with more trapping and gathering of ion pairs in the film,
granulated deposits begin to form on the surface of the film,
and this hinders ion diffusion and electron transfer; accordingChem. Asian J. 2016, 00, 0 – 0
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Monodispersed polystyrene (PS) spheres (diameters of 428, 552,
and 703 nm) were obtained by using emulsifier-free emulsion polymerization technology.[25] The self-assembled PS colloidal crystal
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Figure 7. a) Change in the transmittance modulation versus the switching
cycles of the PEDOT films. b–d) Schematic illustration of the three periods in
optical contrast degradation: b) ionic transfer process, c) granulated deposit
formation, and d) surface covered with granules.

Figure 8. SEM images of 3DOM700 before and after 3000 cycles: a) as-prepared film and b) the film after 3000 cycles.

made of Teflon, and electropolymerization of PEDOT into the PS
colloidal crystal templates was performed at a constant current
density of 104 A cm2 from [BmIm]PF6 containing 0.1 m EDOT.
During the electrochemical deposition, an Ag wire and a Pt sheet
(1 cm  4 cm) were used as the quasireference and counter electrodes, respectively, with Ag giving a suitably stable reference electrode potential. After the electrochemical experiments, the films
were rinsed with ethanol to remove any remaining ionic liquid left
on the films. The samples were immersed in tetrahydrofuran (THF)
for 10 h to remove the polystyrene templates. Finally, the as-prepared samples were dried at 120 8C for 30 min to remove the absorbed solvent molecules and the 3DOM PEDOT films were obtained. 3DOM PEDOT films with three different pore sizes of 700,
500, and 400 nm were prepared and are denoted as 3DOM700,
3DOM500 and 3DOM400, respectively. For the sake of comparison,
a dense PEDOT film with almost the same thickness was also prepared without the template.

Figure 6. Durability tests of the 3DOM PEDOT films over 3000 cycles and the
dense film over 900 cycles: a) 3DOM700, b) 3DOM500, c) 3DOM400, and
d) dense film.

template was achieved as follows: Indium tin oxide (ITO) substrates
(  10 W cm2, 1 cm  4 cm) were cleaned ultrasonically in acetone,
ethanol, and ultrapure water for 20 min. The cleaned ITO glass substrates were placed into cylindrical vessels. A PS sphere suspension
diluted to 0.5 wt % was added into the glass vessels and then
evaporated in an incubator at a stable temperature of 60 8C.

Fabrication of 3DOM PEDOT
The ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate
([BmIm]PF6, 99 %) was purchased from IOLITEC (Germany). It was
used after drying under vacuum at 100 8C for 24 h, which usually
led to a water content below 2 ppm. Even this ionic liquid can contain various impurities. Our experiments showed that the electrolyte did not alter in the electropolymerization process. EDOT (99 %)
was purchased from Alfa Aesar. The electropolymerization experiments were performed in an argon-filled glove box with water and
oxygen contents below 2 ppm. The glove box was purchased from
Vigor Glove Box (Suzhou, China). The electrochemical cell was

&
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Characterization
The morphologies of the PEDOT films were determined by scanning electron microscopy (SEM) by using a Hitachi SU8010 at an
accelerating voltage of 20 kV. Chemical structures of the PEDOT
films were tested by Fourier transform infrared (FTIR) spectroscopy
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by using a PerkinElmer FTIR spectrometer. Raman characterization
was performed by using a Renishaw 1000 instrument, with a 50 
objective lens and 633 nm regular laser. In situ visible and near-IR
(NIR) electrochromic measurements were performed by using an
experimental setup produced in-house (the same setup used in
Ref. [26]) in combination with a CHI660E electrochemical workstation (Shanghai Chenhua Instrument Co. Ltd.). One side of the
setup was connected to a white lamp (DT-mini-2-GS, Ocean Optics)
by an optical fiber; the other side was connected to an optic spectrometer (MAYA 2000-Pro, Ocean Optics). The transmittance of the
ITO glass in the electrolyte was used as a reference for 100 % transmittance. Cyclic voltammetry (CV) measurements were performed
at various scan rates in the potential range of + 0.6 and 1.0 V at
room temperature. The PEDOT film, Ag/AgCl electrode, Pt wire,
and 1 m solution of LiClO4 in propylene carbonate (PC) were used
as the working electrode, counter electrode, reference electrode,
and electrolyte in three-electrode cells.
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On the PEDOT: Three-dimensionally ordered macroporous (3DOM) poly(3,4ethylenedioxythiophene) (PEDOT) films
are electropolymerized from 1-butyl-3methylimidazolium hexafluorophosphate. The 3DOM films exhibit high

transmittance modulation (41.2 % at
l = 580 nm), high ionic fast switching
speeds (0.7 and 0.7 s for coloration and
bleaching, respectively), and good cycling stability.
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