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a b s t r a c t
Nanostructured polyaniline (PANI) has the ability of fast and reversible acid/base doping/dedoping, multicolor changes and electron-donating/accepting using surface or near-surface reactions. Here we report
PANI ﬁlms with 3D ordered nanostructures through template-assisted electrodeposition method and aim
to study the ion diffusion behavior as well as optical switching properties. It is found the ion diffusion
coefﬁcient is greatly increased because of the chain and crystalline structural modulation of deposited
polyaniline arising from the template conﬁnement effect. The ion diffusion reversibility and ion storage
of 3D ordered macroporous (3DOM) PANI is highly improved due to the interconnected porous structure,
which beneﬁts for the fast penetration of ions. The optical switching properties of 3DOM PANI are also
highly enhanced especially in the infrared region mainly because of the extended optical transmission
path associated with the interconnected porous structure. The outstanding ion/electron doping/dedoping
performance and better interaction with lights shown here render the ordered porous polyaniline a
promising candidate as high-density electrochemical/electrochromic energy materials.
Crown Copyright © 2013 Published by Elsevier Ltd. All rights reserved.

1. Introduction
Among the family of conjugated polymers, polyaniline (PANI)
is unique because of its low cost, good environmental stability,
ease of synthesis and excellent controllability through an acid/base
doping/dedoping chemistry [1–3]. Considering of its excellent electronic conductivity, color or morphology changes, high capacitance
through redox reactions, electrochromic performance during doping/dedoping, PANI shows great potential in applications including
supercapacitor electrodes [4–6], ﬂexible battery electrodes [7–9],
electrochromic device [10,11] and sensors [12], barriers of lithium
air batteries [13], electromagnetic shielding devices. It is well
accepted that these mainly result from its outstanding reversible
doping/dedoping performance of counter ions such as proton,
lithium ion, OH− [14,15].
With the development of nanoscience and nanotechnology,
polyaniline with nanostructures such as nanoﬁbre, nanowire or
mesopore, provides the possibility of exceptional qualities including increased surface-to-volume ratio, porosity, reasonable high
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inter-granular contact and quantum conﬁnement effects with
advanced performance. For example, nanograined polyaniline
prepared by chemical bath deposition method reveals outstanding supercapacitive performance [16] while the electrochromic
switching time of mesoporous polyaniline is found effectively
shortened [17]. Additionally, PANI nanoﬁbers are shown to possess
enhanced electrocatalytic activity for dye-sensitized solar cells
[18]. Three-dimensional ordered macroporous (3DOM) structure
is another versatile structure to provide improved performance
due to the interconnected pores, large surface area, big porosity and facile fabrication method [19]. Tian demonstrated that
3DOM polyaniline prepared by using colloidal crystals represented higher electrocatalytic efﬁciency [20]. Caruso and Wang
also prepared 3DOM polyaniline via templating ordered colloidal
assemblies and studied the inﬂuence of electrochemical doping
on the photonic performance [21,22]. Moreover, the interconnected macroporous structure also enables polyaniline to possess
greatly increased interface with the inﬁltrated materials, which
results in the improvement of energy density, power density
and good ionic and electronic conductivity [23–25]. However, to
our best of knowledge, the study of ion doping/dedoping behavior, which is necessary for better understanding the improved
performance of 3DOM polyaniline, has never been addressed.
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In this work, pristine polyaniline, polyaniline with ordered PS
template or 3D macroporous architecture through (templateassisted) electropolymerization were fabricated. The ion diffusion
performance including the diffusion reversibility, coefﬁcient and
path, and the correlation with optical switching properties
during ion insertion/extraction were studied based on electrochemical/electrochromic tests. Both properties are found greatly
enhanced due to the modiﬁcation on the chemical structure
and ordered porous microstructure of polyaniline. These experiments provide an opportunity to address the fundamental studies
of polyaniline with three-dimensional periodic morphologies as
advanced energy conversion or storage materials.
2. Experimental
2.1. Preparation of polystyrene (PS) templates
Monodispersed PS latex spheres (diameters of 320 nm) were
obtained using an emulsiﬁer-free emulsion polymerization technique [26]. Indium tin oxides (ITO) substrates (1 cm × 3 cm) were
ultrasonically cleaned in acetone, ethanol and distilled water for
20 min, respectively. PS colloidal crystals were grown using a controlled vertical drying method [27]. ITO glass substrates were
placed into cylindrical vessels vertically. Then PS dispersion diluted
to 1.0 wt% was added into the vessels and evaporated in an incubator at a stable temperature of 60 ◦ C.
2.2. Electrodeposition synthesis of PANI with ordered architecture
There are two kinds of polyaniline with ordered architecture
to study here, namely PANI with ordered PS template and 3DOM
PANI. The PANI ﬁlms prepared by electropolymerization method
were reported previously [28]. Aniline hydrochloride salt (Aldrich)
was used as the monomer to prepare PANI. The concentration of
monomer and hydrochloride is 1 M and 2 M in the solutions. ITO
glass coated with PS templates and Pt sheet was used as working
electrode and counter electrode, and the reference electrode was
Ag wire. After installed the electrodes, electrodepositing was carried out at 0.85 V for 300 s under chronoamperometry. The resulting
PANI/PS composite ﬁlms were carefully washed by ultrapure water
to remove the remaining solution and then dried for 3 days at
50 ◦ C. The 3DOM polyaniline were obtained after the immersion
in tetrahydrofuran (THF) bath for 2 h following by washing with
THF and drying at 50 ◦ C. These two kinds of ﬁlms were both used
to study the effect of ordered architecture on the ion diffusion and
optical switching performance.
2.3. Characterization
The morphologies of PANI ﬁlms, PS templates and 3DOM
PANI samples were characterized by scanning electron microscopy
(SEM) using a QUANTA 200F (FEI, America) at an accelerating
voltage of 20 kV. X-ray diffraction (XRD) measurements were conducted using monochromatic Cu K␣ radiation with D/MAX2200
diffractometer (Rigaku, Japan). The chemical structure was tested
by Fourier Transform Infrared Ray (FT-IR) technique using a Nicolet
Avatar 360 spectrometer.
The electrochemical behavior was studied by cyclic voltammetry (CV) and chronoamperometry technique which was
performed in an electrolyte solution (1 M LiClO4 in propylene
carbonate) under CHI 660D (CH Instrument Co. Ltd.). The CV measurements were performed at room temperature between +0.6 and
−0.6 V at different scan rates. The chronoamperometry method
for oxidation and reduction process was carried out at +0.4 V and
−0.2 V for 20 s respectively. Before the tests, samples were kept at
−0.2 V or +0.4 V ﬁrst. PANI ﬁlms, Pt foil and Ag wire were used as the

working electrode, counter electrode and the reference electrode,
respectively. The effective surface area of work electrode is about
10 mm × 25 mm. The electrochromic character was performed on
the combination of CHI 660D and UV-vis-NIR ﬁber optic spectrometer (MAYA 2000Pro, Ocean Optics). The transmission spectra of
ﬁlms in the fully colored and bleached states were measured after
the ﬁlms have been subjected to CV activation for 10 cycles.
3. Results and discussion
3.1. Morphologies and microstructures
The top-viewed micrographs of PS template, pure polyaniline
ﬁlm without templates and corresponding PANI macroporous ﬁlms
are shown in Fig. 1. The PS template presents good ordering close
packed arrays with the average center-to-center distance of about
320 nm. Fig. 1b shows the morphology of bulk PANI ﬁlm which consists of monodispersed nanoparticles probably with diameter of
40 nm. It is reported that the deposition current decreases with the
deposition time under chronoamperometry which offers enough
diffusion time for monomers and leads to uniform, stable growth of
polyaniline [29]. However, the surface topography of PANI inverse
opals (seen in Fig. 1c) reveals some irregular or imperfect skeletons, which indicates a different microstructure from the pristine
PANI. This might mean different growth mode of polyaniline with or
without 3D templates. It can be also observed there are many windows to interconnect the macro-pores. However, the TEM image of
3DOM PANI (Fig. 1d) only presents the close-packed voids with
uniform size. It is indicated that 3DOM PANI has perfect threedimensional macroporous structure inside of materials even the
some irregular skeletons are exposed.
In order to further understand the microstructures of polymer
ﬁlms, the as-prepared PANI ﬁlms under the same electrodeposition
condition with and without templates are characterized through
FT-IR and XRD techniques. Fig. 2a presents the very close characteristic peaks of bulk PANI and 3DOM ﬁlms. The broad peak around
3441 cm−1 is responsible for the N-H stretching mode of PANI. The
strong absorption peaks at 1575 cm−1 , 1484 cm−1 and 1302 cm−1
indicate the typical quinonoid structure, benzenoid structure and
aromatic amine (C6 H4 )–N, respectively [30]. While the peaks at
1142 cm−1 and 816 cm−1 are the evidence for C-H in and out of
plane bending vibration. From the comparison between peaks of
two ﬁlms, a slight red shift appears when the ordered architecture is introduced, which suggest the change of chain structure
in PANI. According to the image of PANI in Fig. 1, it is believed
that the ordered templates bring the steric hindrance effect which
might shorten the chain or increase the interspaces between chains.
Fig. 2b shows the XRD pattern of polyaniline ﬁlms electrodeposited
on ITO substrates. It is clear that bulk polyaniline must be considered as an amorphous material and the presence of peaks indicates
the 3DOM polyaniline of partial crystalline nature. There are two
main peaks implying the presence of a rigid chain and localized
ordered structure. The peak at 6.08◦ 2 value can be linked with
the short-range order of nitrogen atoms and doping. The second
peak, located at 18.28◦ 2 value, is due to the ﬁxed inter space
between the chains in the quinoid and benzenoil forms [31]. It is
indicated that the chain structure and crystalline structure in PANI
are changed due to the introduction of ordered architecture.
3.2. Ion diffusion performance
The lithium ion insertion/extraction in polyaniline ﬁlms was
accomplished using cyclic voltammetry and chronoamperometry
in 1 M LiClO4 /propylene carbonate solution. Fig. 3 reveals the cyclic
voltammograms of polyaniline ﬁlms at scan rate of 0.03 V/s. Both
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Fig. 1. SEM images of PS templates (a), pristine PANI ﬁlms (b), 3DOM PANI ﬁlms (c) and TEM photo of 3DOM PANI ﬁlms (d). The diameter of PS spheres for templates was
300 nm and the electrodeposition was carried out at 0.85 V versus Ag/Ag+ for 300 s under chronoamperometry.

pristine polyaniline ﬁlms and macroporous polyaniline ﬁlms show
ﬁrst oxidation process at 0.05 V and second oxidation peak at 0.35 V,
which are attributed to the transformation from leucoemeraldine
base (LB) to emeraldine salt (ES) to emeraldine base (EB) states.
However, PANI/PS composite has broader reduction and ﬁrst oxidization peaks, also the second oxidation peak almost disappears.
This is possibly due to the high resistance of PANI/PS electrode
which changed the potential of working electrode. Furthermore,
the area currents of the 3DOM polyaniline are much larger than
the other two PANI ﬁlms. From the integral value of CV curves,
the ion diffusion amount could be compared and the 3DOM PANI
ﬁlms has the best lithium storage capacity which is about twice as
much as that of pure PANI or PANI/PS composites. The ratio of the
intercalated charge Qc to deintercalated charge Qa during cyclic

voltammetry is calculated by integrating the cathodic/reduction
and anodic/oxidation currents curve in Fig. 3, respectively. The
Qc /Qa ratio in these three cases is found all smaller than 1. It
means that some lithium ions remain in the framework even
after extraction. However, the Qc /Qa ratio for ordered macroporous
PANI ﬁlms (96%) is much bigger than that of PANI ﬁlms (75%)
or PANI/PS composites (70%). Thus macroporous PANI exhibits
much better reversible Li+ ion insertion/extraction reactions, which
will highly beneﬁt the lifetime of polyaniline coating for practical
applications.
Fig. 4a shows the CV curves of 3DOM polyaniline ﬁlms at various
scan rates. The reduction peaks shift to lower potentials while the
oxidation peaks move to higher ones with the increase of scan rate.
For a simple solid state diffusion controlled process, the effective

Fig. 2. (a) FT-IR spectra and (b) XRD patterns of pristine PANI and 3DOM PANI ﬁlms.
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I and square root of scan rate D1/2 . The perfect linear relationship
reﬂects that the oxidation/reduction process of polyaniline is controlled by the ion diffusion from the electrolyte to the electrode
surface [35]. The linear relationship from those of PANI and PANI/PS
composites could be also obtained. Calculated from Eq. (1), the diffusion coefﬁcients for the three kinds of ﬁlms are shown in Table 1.
The absolute value of diffusion coefﬁcients may not be correct due
to the limit of practical tests but we still could compare those values for understanding diffusion process in those ﬁlms. It is obvious
that three-dimensional ordered structure is beneﬁcial to the ion
diffusion in PANI ﬁlms. Especially for the oxidation/coloration process, the effective diffusion coefﬁcient in macroporous PANI ﬁlms
is improved up to ∼4 times as big as the former PANI ﬁlms.
To be a strong complementary, the diffusion coefﬁcients of three
ﬁlms were also tested using chronoamperometry technique. Fig. 4c
shows the dependence of current on time during oxidation and
reduction process and Fig. 4d presents the relationship between
the currents and negative square root of time. The Cottrell equation
which also tells the relationship is shown as:
Fig. 3. Cyclic voltammogram comparison between pristine PANI, PANI/PS composites and 3DOM PANI ﬁlms at scan rate of 0.03 V/s. The counter electrode was a Pt
ﬂag and the reference a Ag/Ag+ (0.26 V versus SCE).

diffusion coefﬁcient can be estimated from Randles–Servcik formula [32–34]:
I = 2.69 × 105 × A × n2/3 × D1/2 × C0 × V 1/2

(1)

where I, D, V stand for the peak current, the effective diffusion
coefﬁcient, potential scan rate and A, n, C0 represent the effective
surface area of the electrode, the number of electrons transferred
in unit reaction, the concentration of diffusion species (Li+ ions),
respectively. Fig. 4b shows the correlation between peak current

I(t) =

nFAD1/2 c0
1/2 t 1/2

(2)

where F, D, I, t represent the Faraday constant, diffusion coefﬁcient,
current and time respectively. Calculated from Eq. (2), the diffusion
coefﬁcients are also listed in Table 1. Compared with those two set
of values calculated from CV test or chronoamperometry technique,
the absolute values are not equal which proves that the diffusion
process of PANI during oxidation/reduction is complicated. But
similar with those results from CV tests, the oxidation diffusion
coefﬁcient of 3DOM PANI ﬁlms is about ∼3 times of pristine PANI
ﬁlms and that of PANI/PS composites is about ∼2 times. Combining the results from these two kinds of techniques, it is distinct
that diffusion coefﬁcient of both 3DOM and PANI/PS composites

Fig. 4. (a) Rate-dependent cyclic voltammetry curves of 3DOM PANI ﬁlms at various scan rates (0.01–0.05 V/s). (b) The relationship between oxidation/reduction peak
currents vs. square root of scan rate curve. (c) Time-dependent current of 3DOM PANI ﬁlms under chronoamperometry. (d) The relationship between oxidation/reduction
peak currents vs. negative square root of time curve.
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Table 1
Ion diffusion coefﬁcient calculated from Randles–Servcik equation and Cottrell equations of pristine PANI, PANI/PS composites and 3DOM PANI.
Reduction (×10−10 cm2 s−1 )

Films

PANI ﬁlms
PANI/PS PCs
3DOM PANI

Oxidation (×10−10 cm2 s−1 )

Randies–Servcik

Cottrell

Randies–Servcik

Cottrell

0.64 ± 0.05
1.63 ± 0.07
2.09 ± 0.11

4.82 ± 0.28
6.09 ± 0.32
18.13 ± 1.24

0.43 ± 0.04
1.17 ± 0.07
1.87 ± 0.08

2.36 ± 0.12
3.26 ± 0.17
5.86 ± 0.24

is improved due to the micro-structural modulation of deposited
polyaniline through template conﬁnement effect.

And the coloration efﬁciency is deﬁned as the change of optical
transmittance (OD ) per unit area (S) of inserted charge (Qin ),
which is described as follows:

3.3. Optical switching performance
=
The optical switching properties of polyaniline ﬁlms
with/without ordered architecture were studied using the spectroelectrochemistry under lithium ion insertion/extraction process.
Fig. 5(a–c) shows the transmittance modulation of three kinds of
ﬁlms under different potentials (−0.6 V to 0.6 V). It is observed that
a typical absorption peak at about 450 nm (associated to polarons
of PANI) ﬁrstly increased and then declined with the increase of
applied potential. This is due to the superimposed contributions
of polaronic and biplaronic species of PANI at the wavelength
longer than 500 nm [36]. Compared with the optical curve of
pristine PANI, the transmittance of polyaniline/PS composites in
either oxidation or reduction state is both decreased. To the best
of our knowledge, electrochromic materials are usually evaluated
by the optical contrast value (T), optical density (OD) and
coloration efﬁcient (CE, ). The optical contrast value is deﬁned as
the transmittance difference between its coloring (oxidization, Tc )
and bleaching (reduction, Tb ) states, which is described as:
T = Tb − Tc

(3)

While the optical density could be calculated according to Eq. (4):
OD = log

T 
b

Tc

(4)

OD
Qin


Qin =

i dt
S

(5)

(6)

Fig. 5(d–f) presents the calculated optical contrast, optical density
and coloration efﬁciency curves of PANI, PANI/PS composite and
PANI inverse opals. It is exhibited that the transmittance switching range of 3DOM polyaniline is notably improved. Especially in
the infrared region, the switching range is increased from ∼40%
to ∼60%. However, there is an apparent suppression of optical
modulation in the visible region for PANI/PS ﬁlms. For PANI/PS
composites and 3DOM PANI ﬁlms, they both possess rough surface
due to the ordered PS structure. When the wavelength of incidental light is in the range of 500–700 nm, Mie scattering was greatly
improved. And the Bragg scattering from the ordered structure was
both enhanced shown as the wave troughs at ∼720 nm. This is the
main reason for that either PANI/PS or 3DOM PANI has relatively
lower optical switching ability in the visible region. However, in
3DOM PANI ﬁlms there are interconnected ordered pores through
windows instead of the PS spheres in PANI/PS composites. The
continuous air/PANI interfaces in 3DOM PANI provides the pathway for lights transmission, which increases the opportunities for

Fig. 5. Transmittance switching under different potentials of (a) pristine PANI, (b) PANI/PS composites and (c) 3DOM ﬁlms at the potentials of −0.6, −0.4, −0.2, 0.2, 0.4 and
0.6 V versus Ag/Ag+ ; and their calculated (d) optical contrast, (e) optical density and (f) coloration efﬁciency curves.
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Table 2
Optical switching time of pristine PANI, PANI/PS and 3DOM PANI based on the 50%
and 100% optical variation.
Films

PANI ﬁlms
PANI/PS PCs
3DOM PANI

50% T (s)

100% T (s)

Reduction

Oxidation

Reduction

Oxidation

1.28
3.36
0.77

0.79
0.98
0.48

2.81
7.57
2.07

4.21
6.95
2.85

optical modulation. While in PANI/PS composites the absorption
and scattering of lights is also enhanced because of the existence of
PS templates. On the other hand, the wavelength of incident lights
is very close to the characteristic size of cavities/extrudes on the
surface of PANI/PS or macroporous ﬁlms. Thus the surface of ﬁlms
can be considered as a rough surface, which clearly enhances the
Mie scattering. Both factors lead to the remarkable decrease of light
harvesting and suppress the optical modulation accordingly.
However, it is shown that in the infrared region the optical
density or coloration efﬁcient of PANI/PS is higher than that of
3DOM PANI. This indicates that the calculation of optical density or coloration efﬁcient has some limitation, in which the ratio
not the speciﬁc difference between the transmittance in oxidation/reduction state is calculated (seen in Eq. (3)).
The optical switching rate is evaluated by the response time
which is deﬁned as the time required by the system to change 50%
and 100% of the total transmittance variation (50% T and 100%
T). Table 2 shows the switching time of PANI samples on the
basis of both 50% and 100% transmittance changes. It seems that the
reduction/bleaching process of PANI ﬁlms has a linear relationship

with the ion extraction while the oxidation/coloration process goes
fast ﬁrst and then slows down with the ion injection. The great
effect of the ordered structure on the response time is also achieved.
The electrochromic switching time is highly increased due to the
introduction of ordered PS template however decreased due to the
present of ordered macroporous structure.
To our best knowledge, the intercalation/extraction of ions
depends on both the diffusion coefﬁcient and the length of diffusion path [37]. While the former is determined by the materials’
chemical structure and crystal structure; and the latter is limited
by the microstructure. From the FT-IR and XRD results, it can be
concluded that the chain and crystalline structure of polyaniline
changed during the deposition with templates because of the different growth/aggregation mode. It has been reported that the
diffusion process of ions in polyaniline solid matrix requires some
degree of relaxation time [38]. Thus shorter regular-packing chains
possess larger interspaces, which is good for the ion diffusion process between chains. As shown in Table 1, the macroporous PANI
has much higher ion diffusion coefﬁcient than PANI/PS composite
ﬁlms. It is believed that this is attributed to the effect of swelling
process on the chemical structure of chains during the removal
process of templates.
Fig. 6(c–e) represents the schematic diffusion path in PANI ﬁlms
with or without ordered architecture. It is believed that ions and
electrons only diffuse through the PANI framework due to the insulating property of PS materials in PANI/PS composite ﬁlms, which
results in the great increase of the diffusion paths. This is also
the reason for the disappearance of second oxidation peak. The
increased diffusion path enable the diffusion time is longer than
the scan time. Thus the response rate is much decreased because

Fig. 6. (a) Current and (b) optical transmission variation at 800 nm of 3DOM PANI ﬁlms during oxidation/reduction process. Schematic of ion diffusion paths in (c) PANI ﬁlms,
(d) PANI/PS and (e) 3DOM PANI. The brown spheres represent the Li+ and the double-headed arrow means the diffusion path of Li+ . (For interpretation of the references to
color in ﬁgure legend, the reader is referred to the web version of the article.)
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the diffusion path is greatly increased even though the diffusion
coefﬁcient is improved. While for the macroporous PANI ﬁlms,
the diffusion path is highly decreased because of the electrolyte
solution easily penetrated through the ordered interconnected
macro-pores. This is another proof for that 3DOM PANI ﬁlms have
much larger lithium ion storage but the PANI/PS composites have
similar storage even the diffusion length is decreased. Finally the
response time is remarkably decreased due to both improved ion
diffusion coefﬁcient and shorted ion diffusion path.
4. Conclusions
Polyaniline ﬁlms with three-dimensional ordered architectures
were fabricated using colloidal crystal templating and electropolymerization method. The ion diffusion behavior and optical
modulation properties were electrochemically/electrochromically
studied. The oxidation/reduction process of polyaniline through
lithium ion insertion/extraction is controlled by the diffusion process. Compared with the pristine PANI ﬁlms, the ion diffusion
rate of PANI/PS composites or 3DOM PANI is greatly improved
due to the change of their chain structure and crystalline structure originally from the conﬁned growth under ordered templates.
3DOM PANI also shows excellent ion diffusion reversibility and
ion storage capacity because the interconnected macro-pores with
high volume fraction provide highly effectively penetration of
electrolyte and lithium ions. The optical modulation ability in
the infrared region is also enhanced mainly owing to the prolonged optical transmission path through multi-refraction effect.
The experimental results highlight the potential applications of
ordered macroporous polyaniline as advanced energy conversion
or storage materials with high ion doping/dedoping and optical
switching performance.
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