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Doping engineering of the flexible polyaniline
electrochromic material through H2SO4–HClO4
multiple acids for the radiation regulation in
snow environment†
Gaoping Xu,
Leipeng Zhang, Bo Wang, Zichen Ren, Xi Chen, Shuliang Dou,
Feifei Ren, Hang Wei, Xiaobai Li* and Yao Li *
Flexible polyaniline films doped by H2SO4–HClO4 multiple acids were synthesized, and for the first time,
their electrochromic mechanism was studied via optical characterizations from the aspects of polarons
and roughness. The electrochromic device based on the doped polyaniline films as the active material
exhibits De of 0.47 in 8–14 mm and reflectivity higher than 80% in 250–400 nm, which can be integrated
with the white snow environment in the UV-vis-infrared spectroscopy due to the sunlight scatter from
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the abundant micropores. In addition, the device exhibits a superior fast electrochromic behavior and
stability of more than 200 cycles without compromising its performance. More importantly, the finite-
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element method and experimental results demonstrate that the device can achieve thermal management
upon flat and twisted configuration. The flexible device shows promise for a broad range of potential
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applications in optical and thermal regulation systems.

Introduction
Electrochromism is a phenomenon in which materials reversibly
change their color under the redox state.1 In general, the term is
commonly used to describe color changes in the visible spectrum
range. However, the phenomenon could occur in other spectral
ranges as well, such as mid-infrared and far-infrared regions.
The current research is mainly focused on the visible and nearinfrared region; however, there are few reports on the mid-wave
infrared and long-wave infrared regions.2–5 However, the study of
electrochromic (EC) materials in the infrared (IR) region is of
great significance in optical and thermal management.6,7 For
example, tunable emittance in 8–14 mm can be used to control
radiative cooling to achieve the thermal management of the
objects.8,9 Thus, EC materials, which have good optical tunability
in the mid-IR region, have great application potential.
Research over recent decades has yielded several EC materials,
which are mainly divided into inorganic (e.g., Prussian blue,10,11
graphene12,13 and WO314–18) and organic EC materials (e.g.,
polyaniline,19,20 polythiophene,21,22 and triphenylamine23–26).
Among them, polyaniline (PANI) has been widely studied owing
to its low cost, simple process, and high emissivity change
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(De).19,20,27 It was reported that the EC mechanism of PANI is
mainly responsible for the bipolaron generated by electrochemical regulation, thus realizing the EC performance regulation in
the visible and mid-IR region due to the change of energy band.28
Significantly, the dopant acid is one of the main factors affecting
the EC performances of PANI.29 Currently, the reported PANIs
with different EC abilities are mainly doped by single acids, such
as H2SO4,30 camphor sulfonic acid (CSA),19 dodecylbenzene
sulfonic acid (DBSA),20 and HCl,31 in which the low conductivity
of inorganic acids and the high cost of organic acids limit their
applications.32–34 In comparison, the electrochemical and thermal properties of PANI films doped with multiple acids have
been improved.35 Similarly, the multiple acids can affect the
molecular structure and doping degree of PANI in the electrochemical polymerization process, further affecting its EC
performances.36 However, there are no reports on the study of
EC performances in the mid-infrared region for the PANI doped
by multiple acids.19,20,30,31 In addition, the reported organic EC
devices have strong UV absorption in the ultraviolet spectrum,
which is difficult to achieve optical integrating with many
environments due to high UV absorption such as snow environment.30.31 Therefore, it is of great desire to develop PANI EC
devices with high UV reflectivity for the optical and thermal
regulation in the snow environment.
To address these problems, for the first time, we have
reported the flexible PANI EC materials doped with H2SO4–
HClO4 multiple acids. The schematic for the working principle
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electron microscopy (SEM) using the FEI Helios Nanolab600i
was carried out to characterize the surface morphology and the
thickness of the PANI films. The reflectivity of the PANI films
was measured using a UV-vis-NIR spectrophotometer (Lambda950, PerkinElmer).
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Preparation of PANI films doped by H2SO4–HClO4 multiple
acids

Fig. 1 (a) The schematic for the working principle of the device. (b)
Polymerization potential–time curves of PANI films obtained from different current densities. (c) CV curves of PANI films obtained from different
current densities.

of the device is shown in Fig. 1a. The PANI films were electrochemically deposited on the flexible substrates at different
polymerization current densities and then assembled into an
IR EC device with high UV reflectivity. The IR EC mechanism
of the PANI film doped by H2SO4–HClO4 multiple acids is
determined via scanning electron microscopy (SEM), X-ray
diffraction (XRD), atomic force microscopy (AFM), Raman
spectroscopy techniques. In addition, the IR EC device exhibits
a high De value of 0.47 in the range of 8–14 mm and reflectivity
higher than 80% in 250–400 nm. Further, the device can
achieve optical modulation retention of as high as 96% even
after 15 000 s. More importantly, the device has successfully
achieved the concealing and thermal regulation. These results
demonstrate the great promise of the developed complementary EC device doped by H2SO4–HClO4 multiple acids for its
radiation regulation in a snow environment.

Experimental section
Materials and instruments
Commercially available chemicals were purchased from Energy
Chemical and Aladdin, and were used directly as received
without further purification. The reagents involved here are
aniline (99.5%, Energy Chemical), propylene carbonate (Aladdin), and lithium perchlorate (Energy Chemical). Nanoporous
polyethylene was purchased from Hubei Liantai Plastic Products Co. China.
A multichannel electrochemical analyzer (PARSTAT MC,
Advanced Measurement Technology, Inc., USA) was used to
test cyclic voltammetry (CV) AC impedance and chronoamperometry (CA). A VERTEX 70 (Bruker) FT-IR spectrometer was used
to test the spectral emittance (2.5–25 mm) of the PANI films.
The thermal images of films and the device were recorded by
an IR thermal imager (TI450, Fluke) with a spectral range of
7.5–14 mm. Raman spectroscopy was carried out using a Via
Laser MicroRaman Spectrometer (Renishaw UK). The scanning
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The solution containing 2.72 mL H2SO4, 2.91 mL HClO4,
4.665 g aniline, and 200 mL water was stirred for 30 min at
RT. Then, 30 mL of the mixed solution was used to polymerize
the PANI films by a galvanostatic method with diﬀerent polymerization current densities (0.0001 A cm 2, 0.00015 A cm 2,
0.0002 A cm 2, 0.00025 A cm 2 and 0.0003 A cm 2). The Au/
nylon 66 porous substrates (2  3 cm2), Pt foil, and Ag/AgCl
were used as the working electrode, the counter electrode, and
the reference electrode, respectively.

Results and discussions
PANI films were measured by chronoamperometry, as shown in
Fig. 1b. The polymerization potential of PANI goes through two
stages with the increase in the polymerization time. The first
stage is a sharp increase process corresponding to the growth
stage of the tight layer, and the second stage is the gradual
decrease process corresponding to the growth stage of the loose
layer.38 Cyclic voltammetry was used to study the electrochemical properties of PANI films. As shown in Fig. 1c, PANI
films exhibit one oxidized peak at 0.4 V from the transformation
from leucoemeraldine base (LB) to emeraldine salt (ES) and one
reduction peak at 0.1 V from the transformation from ES to
LB. In general, under the external voltage, the PANI film can be
reversibly transformed between LB and ES. Thus, the potentials
of 0.5 V and 0.4 V are chosen as the actuating potentials of
PANI films to study the EC behavior of PANI films.19
The performances of charge and ion transport were studied
via electrochemical impedance spectroscopy (EIS) curves of
PANI films (Fig. S1, ESI†). The impedance curve in the lowfrequency region is a straight line almost perpendicular to the
X-axis, indicating that it is conductive to the transmission and
diﬀusion of electrolyte ions.37 It also can be seen that the slope
of PANI films at the oxidized state is higher than that at the
reduced state. Moreover, the equivalent series resistance of
PANI films at either oxidized state or reduction state is very
small around 3–4 O from the intercept between the impedance
curve and the X-axis. In addition, we can obtain the gradual
decrease in the charge-transfer capacity of the PANI films
from the diameter of the semicircle in the impedance curve.
These results uncover the higher charge and ion transport in
our films.
The as-prepared PANI films, prior to use in an EC device,
have been characterized to understand their molecular structure at the oxidized state and reduced state (Fig. 2a and b).
The shoulder peak at 1567 cm 1 is assigned to the CQC
stretching vibrations of the quinoid ring. The shoulder peaks
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Fig. 2 (a) Raman spectroscopy of PANI films in the oxidized state
(b) Raman spectroscopy of PANI films in the reduced state (c) XRD patterns
of PANI films polymerized at diﬀerent current densities (d) XPS of PANI
films polymerized at diﬀerent current densities.

at 1328 cm 1, 881 cm 1, and 707 cm 1 correspond to the C–N+
stretching vibrations of more delocalized polaronic structures,
benzenoid ring deformation in polarons and bipolarons, and
amine deformation in the bipolaronic form, respectively. Compared with the Raman spectra of the PANI films at the oxidized
state, the peak intensity of the reduced PANI film at 1567 cm 1
is higher corresponding to the transformation of the benzenoid
ring to quinoid ring, and the peak intensity at 1328 cm 1,
881 cm 1, and 707 cm 1 is lower, indicating the decrease in the
number of polarons and bipolarons delocalized on the PANI
chains. The XRD patterns of PANI films are shown in Fig. 2c.
Obviously, the peak positions of PANI samples do not significantly vary with the polymerization current densities. The
diffraction peak observed at 16.01 is the characteristic repeating
units and doping diffraction peak of PANI.38 The diffraction
peaks at 20.11 and 25.01 are ascribed to periodicity parallel and
perpendicular to the PANI chain, respectively,39,40 indicating
that PANI films have an ordered structure.41 With the increase
in polymerization current densities, the intensity of the diffraction peak for PANI films increases, which implies the improvement of the order for PANI films. It is well-known that the
electrical conductivity of polymer improved with the increased
crystallinity and doping degree.38 The surface morphology of
PANI films was also determined via SEM, as shown in Fig. S2
(ESI†). The gold substrate is completely filled by PANI, forming
a compact rough surface. The thicknesses of the PANI films
gradually increase (Fig. S2f, ESI†) with the increase of the
polymerization current densities, which indicates that the
content of the PANI film continuously increases. More importantly, the PANI films doped by H2SO4–HClO4 multiple acids
are formed by crossing fibers that are different from the PANI
films doped by single acids, such as CSA19 and DBSA.20 Further,
to get an insight into the effect of H2SO4–HClO4 multiple acids
in the progress of electrochemical deposition for PANI films,
XPS studies have also been performed. The full scan of the XPS
spectra in Fig. 2d clearly exhibits the peak of the S element and
Cl element indicating the existence of co-doped PANI films by
the H2SO4–HClO4 multiple acids during the polymerization of
PANI, but the doping degree of HClO4 is lower than that of
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H2SO4 due to the proton scavenging behavior SO42 . Moreover,
with the increase in polymerization current densities, the
chlorine–sulfur ratio shows a tendency of initial increase and
then decrease, and reaches its maximum at 0.00025 Am cm 2
(Fig. S3, ESI†). In addition to the above results, the roughness
of the PANI films was also characterized by AFM (Fig. 3).
The observed morphologies of PANI in the AFM data
are consistent with those in the SEM data reported above.
The PANI film exhibits a random rough surface with the surface
roughness of around 100–200 nm. The darker polymer regions
are the pores of PANI films, which are conductive to the
electromagnetic wave loss in its inner wall and electrolyte ion
transport. The above results confirm the successful preparation
of PANI films doped by H2SO4–HClO4 multiple acids with
random roughness.
In order to further investigate the eﬀect of multiple acids on
the EC properties of PANI films, the emittance curves of PANI
films were measured, and these results are shown in Fig. 4 and
Fig. S4, S5 (ESI†). With the increase in the polymerization current
densities, the emittance (e) of the film at 2.5–25 mm at 0.4 V
exhibits an increasing trend due to the increase in the thickness
of the films. However, the e of the film at 0.00015 A cm 2 is
higher than that at 0.0002 A cm 2, which is due to the higher
roughness of the PANI film at 0.00015 A cm 2, resulting in the
electromagnetic loss in the microporous structure on the surface
of the PANI film (Fig. 3b and c).42 Meanwhile, the IR radiation
performances of PANI films at the oxidized state are higher than
those at the reduced state because the IR absorption of PANI
films mainly depends on the concentration of polarons, which is
higher at the oxidized state than that at the reduced state
(Fig. 2).43 However, the e value at the LB state is higher than that
at the ES state in the range of 2.5–5 mm when the polymerization
current density is above 0.00015 A cm 2 because of the pseudometallic behavior of PANI. The De values of PANI films were also
calculated and are shown in Fig. 4f. The PANI film formed at
0.00025 A cm 2 is used to fabricate an EC device due to its
highest De value at 0.00025 A cm 2 using (polyvinylidene
fluoride-hexafluoropropylene) copolymer-LiClO4/PC and nanoporous polyethylene as the electrolyte layer and protective layer,
respectively. Details involved in the fabrication of the device have
been mentioned in the ESI.†

Fig. 3 AFM images of PANI films at diﬀerent polymerization current
densities (a) 0.0001 A cm 2 (b) 0.00015 A cm 2 (c) 0.0002 A cm 2
(d) 0.00025 A cm 2 and (e) 0.0003 A cm 2 Insets: 3D AFM images of PANI films.
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Fig. 4 Emittance curves of PANI films prepared at diﬀerent polymerization current densities at potential of 0.4 V and 0.5 V. (a) 0.0001 A cm 2.
(b) 0.00015 A cm 2. (c) 0.0002 A cm 2. (d) 0.00025 A cm 2.
(e) 0.0003 A cm 2. (f) The De of the PANI films.

The above-mentioned EC device is a five-layer sandwich
structure, which is diﬀerent from the previously reported EC
devices,19,20,28–30 using a nanoporous polyethylene as the protective layer (Fig. 1). As reported,1,44 a porous polyethylene (PE)
membrane with a pore size of a micron can achieve Rayleigh
scattering of visible light, while IR light is transparent. Therefore, the device packaged with this film is a white and IR
transparent EC device, as shown in Fig. 5. When the device is
applied with a voltage of 0.4 V, the PANI film in the device is
oxidized into a state of high radiation. Conversely, PANI in the
device is reduced into a high IR transparent state at 0.5 V,
leading to high IR reflection owing to the effect of the gold film
underneath (Fig. 5a and b). Also, the device exhibits De of 0.47

Fig. 5 (a) Emittance curves of the PANI film prepared at 0.00025 A cm 2.
(b) Emissive power of the PANI film prepared at 0.00025 A cm 2. (c)
The reflectance of the device at 250–400 nm. (d) Digital photos of the
device on the Al plate. (e) IR thermal images of the EC device at oxidized
and reduced states on the Al plate.
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in 8–14 mm under different voltages. More importantly, the UV
reflection spectrum of the EC device shows that the reflectance
of the device at 250–400 nm is higher than 80% (Fig. 5c),
which is higher than that of the previously reported EC devices
(Table S1, ESI†). These results indicate that the device has the
potential of UV concealing in the snow environment.
In addition to striking EC performances, a good device
should have fast response times. Here, the response time of
the device was studied based on the I–t curve under applied
voltage, as shown in Fig. S6a (ESI†). The coloring time is about
14.5 s and the fading time is about 13.2 s, which is faster than
those of most EC devices.19,20,29,30 Apart from these key parameters, the switching capability of the device is also a factor
affecting the practical application, which is further studied.
The device shows excellent switching stability for more than
200 cycles or 15 000 s (Fig. S6a and b, ESI†) when continuously
toggled between ON/OFF states with applied square pulses of
0.4 V and 0.5 V. All the results demonstrated that the device
has excellent durability.
For practical applications, the device is expected to be
flexible and suitable for the surfaces of various shapes and
durable enough to bear wind when exposed to open air. The
emittance of the device was measured before and after the
bending test by multiple bending at the potentials of 0.5 V
and 0.4 V, and these results are shown in Fig. S6b and Video S1
(ESI†). The device could be bent more than 90 degree without
breaking and still retained the EC ability under an external
voltage at the bent state (Fig. S6c, ESI†), which is promised to
meet the need for practical application, thus making it a
candidate for potential use.
The excellent performances of the device encourage us to
further study its concealing performance in the snow environment. The device was placed on the Al foil to capture visible
imaging and IR thermal imaging. As shown in Fig. 5d, the
device has the same color as snow because of the eﬀect of the
nanoporous PE film, which endows it with potential concealing
applications in the snow environment. In addition, the device
appears colder under the reduced state and hotter under the
oxidized state, similar to the Al foil and paper, respectively
(Fig. 5e). Meanwhile, the dynamic video of the device in the
voltage range from 0.4 V to 0.5 V also verifies this phenomenon (Video S2, ESI†). These results indicate that our device has
excellent UV and IR concealing capability in the snow
environment.
To investigate the practical thermal regulation performance
of the device, the thermal regulation performance was first
simulated by the finite element method (FEM). It is evident in
Fig. 6a–d and Fig. S7 (ESI†) that the steady-state temperature of
the pipe under the oxidized state is lower than that under the
reduced state and higher than the temperature in the vacuum,
mainly owing to the thermal convection. Moreover, it can also
be seen from the temperature–time curve that the temperature
of the pipe under the oxidized state reaches the thermal stable
state rapidly (Fig. 6e). These results show that the EC device can
theoretically achieve thermal management. In addition, we also
conducted ‘‘indoor experiments’’ with a self-designed testing
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scatter. Also, the device can also surround with a hot environment at 0.4 V and with a cold environment at 0.5 V. Meanwhile, theoretical and experimental results uncover that the
device can achieve different thermal management functions.
These results demonstrate that the device is appropriate for
real applications in optical and thermal management.

Conflicts of interest
There are no conflicts to declare.

Published on 02 September 2020. Downloaded on 4/28/2021 2:39:09 AM.

Acknowledgements
We thank National Key Research & Development Program
(2016YFB0303903, 2016YFE0201600).

References
Fig. 6 (a–d) The steady state temperature of the pipe under different
conditions: (a and c) under the oxidized state; (b and d) under the reduced
state; (a and b) with thermal convection and radiation; (c and d) without
thermal convection. (e) The temperature–time curve of the pipe under
different conditions. Ra-Con-OX is the convection and radiation in the
oxidized state. Ra-Con-Re is the convection and radiation in the reduced
state. Ra-OX is the radiation in the oxidized state. Ra-Re is the radiation
in the reduced state. (f) The temperature-time curve of the EC device
under the oxidized state and reduced state recorded by the thermal
imager. The unit of temperature for a–d is 1C.

device. As shown in Fig. 6f, Fig. S8 and Video S3 (ESI†), the
temperature of the paper and the device sharply decrease
because of the high IR radiation of the device under the voltage
of 0.4 V. Also, the temperature of the EC device slowly decreases
because of the high IR reflection under the voltage of 0.5 V.
The cooling speed of the device at 0.4 V is higher than that at
0.5 V, which is consistent with the simulation results. These
results indicate the potential use of our device in thermal
regulation.

Conclusions
The EC mechanism of PANI EC films doped with H2SO4–HClO4
multiple acids has been studied for the first time from the
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