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Further understanding of the mechanisms of
electrochromic devices with variable infrared
emissivity based on polyaniline conducting
polymers†
Leipeng Zhang,a Bo Wang,a Xiaobai Li,a Gaoping Xu, a Shuliang Dou,a
Xiang Zhang,a Xi Chen,a Jiupeng Zhao, *b Ke Zhang*b and Yao Li *a
Adaptive infrared (IR) electrochromic devices driven by electrical energy have considerable potential use
in intelligent IR thermal management application in the future. Polyaniline (PANI) is regarded as an ideal
material for IR electrochromic devices due to its intrinsic IR electrochromic properties. However, despite
extensive study focusing on improving the IR electrochromic properties of PANI, few experiments have
been performed for in-depth study of the IR electrochromic mechanism of PANI or to improve its
variable IR emissivity eﬃciency. Herein, an HClO4-doped PANI porous film with excellent IR regulation
ability was fabricated via in situ electrochemical deposition on an Au/microporous substrate, and the IR
electrochromic mechanism of the PANI film was further elucidated. A combination of Raman spectra,
UV-vis spectra, XPS analyses, transmittance curves and emittance curves of the PANI porous film in
distinct conjugation states and corresponding dedoping states confirms that the most direct and critical
factors for realizing the emissivity modulation of PANI films are the formation and the elimination of
polarons and bipolarons delocalized on PANI chains. The key factor to achieve large amplitude
emissivity modulation of PANI films is fully and eﬀectively regulating the transformations between the
various states of PANI. In addition, an IR electrochromic device was fabricated through assembly
with HClO4-doped PANI porous films. The device can realize modulation of the emittance variation
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from 0.735 to 0.316 (De = 0.419) and of the radiation energy variation from 273.503 to 117.661 W m2
(DP = 155.842 W m2) in the wavelength range of 2.5 to 25 mm. Furthermore, the device assembled with
nanoporous PE possesses lower a(s) and excellent IR control capability. Also, this study shows that the
device can change its color by electrical control in a thermal imaging system; these demonstrations
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suggest its potential for the future development of intelligent IR thermal management applications.

1. Introduction
Electrochromism is a physicochemical phenomenon in which
the optical properties of materials such as absorbance and
transmittance can be controllably tuned by the application of
electrochemically induced redox reactions.1–6 Many research
efforts have been made to study applications of electrochromism
in the visible and near IR regions, including auto-dimming rearview mirrors, smart windows, optical displays, and goggles.7–12
Compared to the focus on these applications in the visible and
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near IR regions, research on electrochromic devices in the
mid-to-far IR region for IR thermal management applications
have been rather limited to date.13,14 Currently, devices with
mid-to-far IR electrochromic properties based on transition
metal oxides (WO3)15,16 and conducting polymers (CPs) (PANI,
poly(3,4-ethylenedioxythiophene))17–20 have been reported. Due
to the high cost, brittleness, poor processability and difficulty
in obtaining flexible conformal coatings of transition metal
oxides for large-area applications, less expensive, lightweight,
flexible and easily processable conducting polymers have
gained significant attention, and the efforts to use these polymers
in devices have shown great promise.21–26
Among the CPs that possess the ability to modulate light in
the mid-to-far IR region, PANI is an attractive material with the
advantages of good environmental stability, excellent electroactivity and a fast doping/dedoping rate.13,17 Many groups
have contributed to the progress and refinement of the IR
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electrochromism of PANI systems with great success. Among
these, the work of the Chandrasekhar group stands out. As early
as 1995, Chandrasekhar et al. developed unique CP systems
that possessed the novel ability of dynamic control of their
IR-emissivity.27 Following this, tremendous eﬀort was directed
toward research into electrochromic materials and the structures of flexible electrochromic devices. They successfully
obtained a flexible and entirely solid-state electrochromic
device capable of dynamic variation of its infrared emittance
from 0.32 to 0.79.17,28 The unique, patented variable emittance
electrochromic device was then evaluated for its actual thermal
control eﬃciency by its assembly within the ST-5 micro
spacecraft.29,30 Thereafter, this controllable IR-emittance technology was applied to ground simulation experiments for the
Altair Lunar Lander.31,32 To date, breakthroughs have been
made in space durability, solar absorptance reduction-coating
and structural design of thermal control devices, and the
second generation of variable-emittance IR electrochromic
devices has been introduced for eﬃcient spacecraft thermal
control.22,33,34 However, widespread use of IR electrochromic
devices is still limited due to their costly macromolecular
polymer dopants. Other notable contributions have come from
Li et al., who relied on Chandrasekhar’s patented device design to
study the IR electrochromic properties of sulfuric acid dopedPANI,35 and from the group led by Topart, who employed
camphor sulfonic acid (CSA) as a dopant to investigate IR
electrochromic properties;36 Deng et al. should also be recognized for their studies of the IR electrochromic properties of
PANI derivatives.37,38
Previous studies have demonstrated that PANI is an excellent
IR electrochromic material and that IR electrochromic devices
assembled with PANI have potential wide-ranging applications
in IR camouflage and thermal control. It is therefore extremely
important to dissect the mechanism of the IR electrochromism
of PANI. Chandrasekhar found that the bipolaron states of PANI
contribute predominantly to the IR spectral regions by mining
a wealth of data accumulated over the course of many years.21
Li et al. showed that the transmittance changes of PANI films
under diﬀerent potentials were the main factor aﬀecting the
emissivity changes of the device by examining reflectance and
transmittance measurements of a PANI/polyethylene (PE)
composite film.39 Tian et al. analyzed the IR electrochromic
properties of PANI using the Drude free electron theory and the
Hagen–Rubens approximation at low frequency due to the
pseudo-metallic behavior of the conducting polymers.40 However, in-depth studies on both the IR electrochromic mechanism of PANI and ways to efficiently improve the variable IR
emissivity remain ambiguous.
To address this ambiguity, in this work, a small molecular
inorganic acid (HClO4)-doped PANI film with excellent IR
electrochromic performance was obtained by electrochemical
deposition on an Au/porous substrate with tailorable variation
values De 4 0.40; this is better than that reported earlier for a
PANI film only using small molecular inorganic acid as a dedoping
agent, although we note that De values 40.50 have been obtained
in prior work for PANI doped with other dopants.17,22,27–34

This journal is © The Royal Society of Chemistry 2019

Journal of Materials Chemistry C

More importantly, this work sheds light on the questions of
how the HClO4-doped PANI porous film achieves stronger IR
regulation ability compared to conversion performance between
the various states of PANI and what is the key parameter
affecting the variable IR emissivity. The electrochemical oxidation/reduction process of PANI and structural evolution analysis
indicate that the occurrence and disappearance of polarons and
bipolarons delocalizing on the PANI chains are the key parameters affecting the variable IR emissivity of PANI films. Fully
and effectively regulating the transformation between the
various states of PANI is beneficial to achieve large amplitude
emissivity modulation of PANI films. Moreover, an IR electrochromic device constructed with HClO4-doped PANI–Au/porous
substrate films exhibits higher IR modulation ability (De = 0.41
in the wavelength range of 2.5 to 25 mm).

2. Experimental details
Materials
Poly(vinyl alcohol) (PVA) with 98.0% to 98.9% hydrolysis and an
average Mw of ca. 31 000 to 50 000, poly(ethylene glycol) (PEG)
with an average Mw of 1000, HClO4 ca. 70% solution in water,
ammonium hydroxide, 28 to 30 wt% solution of NH3 in water
and N,N-dimethylformamide (DMF) were purchased from Acros.
Biaxially oriented polypropylene (BOPP) tape was obtained from
Chengdu Jinhua Adhesive New Material Co., China. Aniline
(99.5 wt%) was purchased from Alfa Aesar and distilled under
reduced pressure. An Au layer with a thickness of about 220 nm
was deposited on a microporous membrane substrate polyether
sulfone (PES) membrane with a pore size from 0.5 to 2 mm
via thermal evaporative deposition. Indium-doped tin oxide (ITO)coated glasses with a surface resistance of about 10 O sq1 were
cleaned ultrasonically in acetone, ethanol, and ultrapure water for
30 min before use.
Preparation of HClO4-doped PANI porous films
The HClO4-doped PANI films were electropolymerized on the
Au/microporous membrane (2  2 cm2) in an aqueous solution
of 1 M HClO4 and 0.5 M aniline monomer by a galvanostatic
method at a current density of 1 mA cm2 for diﬀerent polymerization times. Pt foil and Ag/AgCl electrodes were used as
the counter electrode and reference electrode, respectively.
After the electropolymerization, the deposits were washed with
ultrapure water and dried.
Device assembly
The route followed for the assembly of the device has been
previously described in the literature.40 As shown in Fig. 1,
firstly, electro-polymerization was utilized to obtain HClO4doped PANI porous films on the front electrode and counter
electrode of the IR electrochromic device, respectively. Then, a
50 mm-thick IR-transparent encapsulant layer of polyethylene
(PE) was heat-bonded directly to the surface of the front electrode to protect the PANI functional layer from being aﬀected by
the external environment. Subsequently, the back of the front
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Schematic of the fabrication process of the IR electrochromic device.

electrode and the surface of the counter electrode were coated
with a hot (70 1C) solid electrolyte and allowed to ‘‘cure’’ over
72 h to remove residual water (the solid electrolyte was obtained
by adding PVA and PEG to 1 M HClO4 aqueous solution under
continuous stirring at 85 1C to form a clear solution. The weight
percentages of the PVA, PEG and HClO4 aqueous solutions were
5.7%, 0.3%, and 96%, respectively). Subsequently, 70% of the
water was evaporated. Finally, the working electrode and the
counter electrode with the solid electrolyte were assembled
in a two-electrode configuration by hot-pressing at 101 Pa
and 120 1C for 30 s.
Measurements
The typical electrochemical measurements of the HClO4-doped
PANI porous films were performed in a three-electrode system
with 1 M HClO4 aqueous solution as the electrolyte, Ag/AgCl as
the reference electrode and a Pt foil as the counter electrode.
For the device, the electrochemical tests were conducted in a
system with a two-electrode configuration. Cyclic voltammetry
(CV) and chronoamperometry (CA) tests were carried out using
an electrochemical workstation (CHI760D, Shanghai Chenhua
Instruments, China). The surface morphologies of the films
were observed by a field-emission scanning electron microscope (FEI Helios Nanolab 600i). The Raman spectra of the film
in diﬀerent states were recorded by an inVia Laser MicroRaman Spectrometer (Renishaw, UK) equipped with a confocal
microscope and a 532 nm excitation laser source with a
resolution of 4 cm1. The UV-vis spectra were taken from
diluted PANI/DMF dispersions using a UV-vis-NIR spectrophotometer (Lambda-950, PerkinElmer). X-ray photoelectron spectroscopic analyses (XPS) were carried out with a PHI 5700 ESCA
System using Al Ka radiation (1486.6 eV). Survey and highresolution spectra were collected using 23.50 and 187.85 eV
pass energies, respectively. XPS data were calibrated to the C1s
peak and analyzed using Casa XPS software. Thermal images of
the IR electrochromic device were obtained using an IR thermal
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imager (TiX660, Fluke) with a spectral range of 8 to 14 mm.
Reflectance and transmittance spectra (2.5 to 25 mm) of the
PANI films and the device were measured ex situ and in situ by a
Vertex 70 (Bruker) FT-IR spectrometer with an A562 integrating
sphere. Due to the opaque natures of both the PANI porous film
and the device, the value of IR emissivity (e) can be calculated
by weighting (1  R(l)) (namely, the spectral emittance) with
the blackbody spectrum for a particular wavelength and integrating this over the entire measured wavelength range according to
the following two equations:
BðlÞ ¼

C1 l5
exp½C2 =ðlTÞ  1

(1)

Ð lmax
e¼

lmin ð1  RðlÞÞBðlÞdl
Ð lmax
lmin BðlÞdl

(2)

where c1 is the first radiation constant (3.7418  108 W mm4 m2),
c2 is the second radiation constant (1.4388  104 mm K), l is the
wavelength, and T is the temperature.

3. Results and discussion
Fabrication and characterization of the HClO4-doped PANI
films
HClO4-doped PANI porous films were obtained by in situ electrochemical deposition of aniline molecules in 1 M HClO4 aqueous
solution on an Au/porous substrate with diﬀerent polymerization charges. Fig. 2 shows the CV curves of the HClO4-doped
PANI porous films/HClO4 aqueous solution/Pt vs. Ag/AgCl as a
function of polymerization charge at a scan rate of 50 mV s1
between 0.3 and 0.8 V. The shapes of all the curves are fairly
typical, with a pair of broad redox peaks corresponding to the
transformation between leucoemeraldine (LE) and emeraldine
salt (ES). The redox reaction is as follows (3):
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Fig. 2 CV curves of HClO4-doped PANI porous films electrodeposited at
diﬀerent polymerization charges measured in 1 M HClO4 aqueous solution
with a scan rate of 50 mV s1 sweeping between 0.3 and 0.8 V.

PANI+ClO4 + e + H+ (Oxidized state)
" PANI0ClO4 + H+ (Reduced state)

(3)

where e and H+ indicate the electron and proton of the
HClO4 electrolyte, respectively. The areas under the CV curves
increase with increasing polymerization charge, and both the
anodic and cathodic peaks shift to higher voltages due to
the higher loading of PANI on the porous films. According to
the literature,17,25,40,41 the IR electrochromic properties of PANI
films are directly related to their existential states. Hence,
potentials of 0.25 V and 0.5 V were chosen for the investigation of the IR electrochromic performance of the HClO4-doped

PANI porous films because the states of the films completely
transform between LE and ES at these potentials.
The surface morphologies of the HClO4-doped PANI porous
films deposited with diﬀerent polymerization charges are
shown in Fig. 3. As observed, the cavities of the porous films
are gradually filled by PANI as the polymerization charge
increases, which indicates that the loading amounts of
PANI on the porous films gradually increase with increasing
polymerization charge. Moreover, the aggregation process of
PANI on the porous films with increasing polymerization
charge can be observed for three stages. Firstly, PANI is coated
on the walls of the porous membrane and becomes thicker
until the cavities of the film are filled; then, PANI particles
begin to aggregate on the surface of the membrane; finally,
rod-like PANI appears on the surface of the films and is
enriched.
Emittance curves of the HClO4-doped PANI porous films
with diﬀerent polymerization charges at potentials of 0.25 V
and 0.5 V are shown in Fig. 4. From 0.5 to 11.0C, the diﬀerence
in the values of emittance between the curves at 0.25 and
0.5 V is enhanced with increasing polymerization charge,
while a decrease is observed when the polymerization charge
is further increased to 13.0C. As the polymerization charge
increases, the variation tendency of the emittance curves
at 0.25 V show three stages (Fig. S1, ESI†). At first, the
emittance curves present a growing tendency from 0.5 to
5.0C; then, they reach a relatively steady state from 5.0 to
11.0C. Finally, the emittance curves show a significant increase
at 13C. This indicates that the evolution of the emittance curves
at 0.25 V has a compact relationship with the corresponding
loading amounts and microstructures of PANI on the porous
films. For 0.5 V, the emittance curves present a stable rising
tendency as the polymerization charge increases (Fig. S2, ESI†).

Fig. 3 SEM images of HClO4-doped PANI porous films with diﬀerent polymerization charges: (a) 0.5C, (b) 1.0C, (c) 2.0C, (d) 3.0C, (e) 5.0C, (f) 7.0C,
(g) 9.0C, (h) 11.0C and (i) 13.0C.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Emittance curves of HClO4-doped PANI porous films with diﬀerent polymerization charges of (a) 0.5C, (b) 1.0C, (c) 2.0C, (d) 3.0C, (e) 5.0C,
(f) 7.0C, (g) 9.0C, (h) 11.0C and (i) 13.0C at 0.25 V and 0.5 V.

Table 1 The De values of the HClO4-doped PANI porous films with
diﬀerent polymerization charges

0.5C

1.0C

2.0C

3.0C

5.0C

7.0C

9.0C

11.0C 13.0C

e0.25V 0.105 0.105 0.158 0.165 0.310 0.318 0.326 0.382 0.497
0.113 0.203 0.372 0.381 0.616 0.690 0.732 0.794 0.835
e0.5V
De
0.008 0.098 0.214 0.216 0.306 0.372 0.406 0.412 0.338
De = e0.5V  e0.25V.

The e values of the HClO4-doped PANI porous films at diﬀerent
polymerization charges were calculated according to eqn (1)
and (2), and the results are summarized in Table 1 and Fig. 5.
The e values of the HClO4-doped PANI porous films at 0.25
and 0.5 V all present a tendency to grow as the polymerization
charge increases. The e values at 0.5 V present an S-type rising
trend as the polymerization charge rises. The e values at
0.25 V present a ladder-type rising tendency. The results show
that the area covered by the grid (9.0 to 11.0C) is the optimum
polymerization charge, and the corresponding tailorable variation De value is 0.4. However, the mechanism by which the
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Fig. 5 e data of HClO4 doped-PANI porous films with diﬀerent polymerization charges at 0.25 V and 0.45 V.

HClO4-doped PANI porous film achieves stronger IR regulation
ability and the key parameter aﬀecting the variable IR emissivity are still ambiguous.
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Mechanism of the HClO4-doped PANI films with variable IR
emissivity
In order to address this ambiguity, we further explored the IR
electrochromic mechanism of the HClO4-doped PANI porous
film based on the above experiments. The HClO4-doped PANI
porous film was obtained by in situ electrochemical deposition
of aniline molecules in 1 M HClO4 aqueous solution on the
Au/porous substrate at 10.0C. The CV curve of the HClO4-doped
PANI porous film is shown in Fig. 6a; it displays two pairs
(couples) of redox peaks, labeled A/A 0 and B/B 0 . The first pair of
peaks (A/A 0 ) is observed at potentials of +0.54 and 0.17 V and
is ascribed to the transformation between ES and LE (Fig. 6b-(1)).
The second pair of peaks (B/B 0 ) is observed at potentials of
+1.1 and +0.4 V, which are associated with the oxidation of ES
and the reduction of pernigraniline (PN), respectively (Fig. 6b-(2)).
Fig. 6b-(3) exhibits the transformation between ES and
emeraldine base (EB) accompanying the protonation/deprotonation process. The CV results indicate that the evolution
process from LE to PN is accompanied with the formation
and disappearance of polarons and bipolarons. Based on the

Journal of Materials Chemistry C

cyclic voltammogram, the potentials of 0.25 V, 0.5 V and 1.2 V
were chosen for further investigation into the IR electrochromic
performance of the HClO4-doped PANI porous film in the LE,
ES and PN states.
Fig. 7 describes the Raman spectra of the HClO4-doped PANI
porous film fabricated with a polymerization charge of 10.0C at
diﬀerent potentials. In Fig. 7a, the sharp peaks observed at
1623 and 1584 cm1 are assigned to the C–C stretching vibration of the benzenoid ring and CQC stretching vibration of the
quinoid ring. The shoulder peak at 1485 cm1 and a peak at
1260 cm1 with a shoulder at 1225 cm1 in the spectra are
attributed to the CQN stretching vibration of the quinoid ring
and the C–N stretching vibrations of the benzenoid ring and
quinoid ring, respectively. The shoulder peak at 1326 cm1 and
the peaks at 868 and 718 cm1 are assigned to the C–N +
stretching vibration of more delocalized polaronic structures,
benzenoid ring deformation in polarons and bipolarons and
amine deformation in the bipolaronic form, respectively.42 As
the applied voltage was increased, the intensity of the peak at
1623 cm1 significantly weakened, while the intensities of the

Fig. 6 (a) CV curve of the HClO4-doped PANI porous film with a polymerization charge of 10.0C measured in 1 M HClO4 aqueous solution at a scan rate
of 50 mV s1 sweeping between 0.3 and 1.3 V. (b) Illustration of the electrochemical oxidation/reduction process of PANI and the chemical reactions
associated with the interconversion.

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Raman spectra of the HClO4-doped PANI porous film with a
polymerization charge of 10.0C at 0.25 V, 0.5 V and 1.2 V (a) and after
dedoping with 1 M ammonium hydroxide (b) at 532 nm excitation wavelength with a resolution of 4 cm1.

peaks at 1584 and 1485 cm1 were enhanced simultaneously.
This demonstrates that the benzenoid ring structure on the
molecular chain of LE is gradually oxidized to a quinoid ring
structure as the applied voltage increases. Compared with the
Raman spectra of the HClO4-doped PANI porous films at 0.5 V,

Paper

the intensities of the peaks at 1326, 868, and 718 cm1 weakens
when the applied voltage is 0.25 or 1.2 V. This reveals that a
large number of polarons and bipolarons delocalized on the
PANI chains are formed at 0.5 V. When the applied voltage is
0.25 or 1.2 V, a few polarons and bipolarons remain on the
PANI chains. Moreover, this suggests that a small fraction of
PANI on the porous film is not involved in the redox reaction. In
the Raman spectra of the PANI porous film dedoped with 1 M
ammonium hydroxide at 0.25, 0.5 and 1.2 V (Fig. 7b), the
shoulder peak at 1326 cm1 and the peaks at 868 and 718 cm1
disappear, which implies the elimination of polarons and
bipolarons delocalized on the PANI chains after dedoping.
UV-Vis spectral analysis was carried out to further investigate the protonation levels and molecular structures of the
PANI film in diﬀerent states. The PANI film in diﬀerent states
was respectively dissolved in DMF, and the UV-vis spectra of the
dispersions are shown in Fig. 8. The changes in the absorption
bands at AE950 (assigned to the p - polaron transition) and at
AE440 (assigned to the polaron - p* transition)43 are compared
for the PANI film in diﬀerent states in Fig. 8a. When the applied
voltage was 0.5 V, the diluted PANI/DMF dispersions showed
higher absorption intensities at AE950 and AE440, which is
indicative of the formation of polarons and bipolarons delocalized on the PANI chains. When the applied voltage was 0.25 V
or 1.2 V, the two dispersions showed certain absorption intensities at AE950 and AE440, which implies the existence of
polarons and bipolarons on the PANI chains. Furthermore,
the PANI film in diﬀerent states was dedoped and then dissolved in DMF to obtain dispersions. These dispersions were
measured by a UV-vis-NIR spectrophotometer, and the UV-vis
spectra of the dispersions are shown in Fig. 9b. The remarkable
diﬀerences in the absorption bands at AE630 (assigned to the
excitation transition of benzenoid to quinoid)44 are exhibited
in Fig. 8b. These two dispersions (dedoping-PANI0.25V and
dedoping-PANI1.2V) have certain absorption intensities at
AE630, which implies the existence of EB segments. As the
applied voltage increases, the absorption intensity at AE350
(assigned to p–p* within the benzenoid segment)44 decreases
obviously, which indicates that the benzenoid ring structures
on the molecular chains of LE are gradually oxidized to quinoid
ring structures. These results suggest that a small fraction of

Fig. 8 The UV-vis-NIR spectra of an HClO4-doped PANI porous film with a polymerization charge of 10.0C at 0.25 V, 0.5 V and 1.2 V dissolved in DMF
(a) and after dedoping with 1 M ammonium hydroxide (b).
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PANI on the porous film remains in the ES state during the
redox reaction.
XPS is an eﬀective tool to obtain more detailed information
on the diﬀerent states of PANI films. First, XPS wide scans of
the PANI porous film in diﬀerent states are shown in Fig. 9. The
relative concentrations of Cl in the PANI porous film in
diﬀerent states calculated from the corresponding photoelectron peak area were compared. When the applied voltage
is 0.5 V, the relative concentration of Cl in the PANI film is
significantly higher than in the other two states, indicating that
there is a large amount of ClO4 as the dopant in the PANI film
and that a certain amount of ClO4 still exists in the PANI
film in the LE and PN states. After dedoping treatment, no
binding energy peak of Cl was observed in the XPS spectra,
indicating that the PANI film was completely dedoped. In
addition, the imine nitrogen atoms of PANI are fully or partially
oxidized to produce a series of oxidation states which are
accompanied with varying degrees of protonation. The changes
in the oxidation states and protonation levels of the PANI film

Journal of Materials Chemistry C

were monitored through N 1s core level spectra (see Fig. 10).
Each spectrum could be fitted into four major components with
binding energies at 398.5 eV, 399.5 eV, 400.8 eV and 402.2 eV,
which are attributable to the quinonoid imine (–NQ), benzenoid amine (–NH–), protonated amine (–NH+ –) and protonated
imine (QNH+–), respectively.45 As the applied voltage increases,
the intensities of the components corresponding to the protonated amine and protonated imine increase, along with a
decrease in the intensity of the component originating from
the benzenoid amine. When the applied voltage depth
increases to 1.2 V, the intensities of the components corresponding to the benzenoid amine, protonated amine and
protonated imine decrease obviously, along with a significant
increase in the intensity of the component originating from the
quinonoid imine; however, some benzenoid amines are not
oxidized, and certain amounts of protonated amines and
protonated imines are present. When the applied voltage is
0.25 V, the photoelectron signals associated with the protonated amine and protonated imine are observed in the XPS

Fig. 9 XPS wide scans of an HClO4-doped-PANI porous film with a polymerization charge of 10.0C at 0.25 V, 0.5 V and 1.2 V and after dedoping with
1 M ammonium hydroxide.

This journal is © The Royal Society of Chemistry 2019
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Fig. 10 High resolution N 1s core line spectra of an HClO4-doped PANI porous film with a polymerization charge of 10.0C at 0.25 V, 0.5 V and 1.2 V
and after dedoping with 1 M ammonium hydroxide.

spectra. After dedoping treatment with 1 M ammonium hydroxide, the photoelectron signal of the quinonoid imine was
observed in the XPS spectra. Taking all these facts into account,
it is evident that a small fraction of PANI on the porous film
always remains in the ES state, which enriches certain amounts
of the protonated amine and protonated imine during the
redox reaction.
The emittance curves of the PANI porous film in distinct
conjugation states, the corresponding dedoping states and the
Au/microporous membrane are shown in Fig. 11. When the
applied voltage is 0.5 V, PANI is in the state of ES. Some of
the benzene rings on the main chain are oxidized to quinone
rings, accompanied by the formation of large numbers of
polarons and bipolarons. The HClO4-doped PANI porous film
presents the highest IR emissivity in this state. When the
applied voltage is 0.25 or 1.2 V, the PANI film is in the states
of LE and PN, respectively, and its IR emissivity decreases
significantly. Moreover, the IR emissivity values of PANI in
these two states are almost the same, with some diﬀerences
in the characteristic absorption peaks. After dedoping, the IR
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Fig. 11 Emittance curves of a PANI porous film in distinct conjugation
states, its corresponding dedoping states and the Au/microporous
membrane.
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emittance curves of the three states show obvious changes, and
their IR emittance curves almost overlap. Combined with the
Raman spectrum analysis, UV-vis spectra and XPS analyses,
the polarons and bipolarons delocalized on the PANI chains are
eliminated after dedoping of the three states at 0.25, 0.5 and
1.2 V; the only diﬀerence is in the ratio of quinone rings to
benzene rings in the main chain structure. This suggests that
the transformation of the structure of the main chain alone
cannot cause changes in the IR emissivity. According to the
evolution of the emittance curves of PANI films in diﬀerent
states and the structural characterization of each stage, it was
found that the formation and the elimination of polarons and
bipolarons delocalized on the PANI chains are the direct and
most critical factors in realizing emissivity modulation. Under
ideal conditions, there should be no polarons and bipolarons
delocalized on the PANI chains in the LE and PN states. The
emittance curves of the PANI film in both states and after being
soaked in 1 M ammonium hydroxide should overlap. However,
the experimental results show that the emittance curves of the
PANI film in the LE and PN states are significantly higher than
those after soaking in 1 M ammonium hydroxide. Combined
with Raman analysis, UV-vis spectra and XPS analyses, it was
found that a small fraction of PANI on the porous film always
remains in the ES state, which enriches a certain amount of
polarons and bipolarons delocalized on the PANI chains during
the redox reaction. This reveals that part of the PANI in the film
does not participate in the redox reaction (this part of the PANI

Journal of Materials Chemistry C

is known as inactive PANI), resulting in the higher actual
emissivities of these states. Therefore, fully and eﬀectively
regulating the transformation between the various states of
PANI is the key factor to achieve large amplitude modulation of
its IR emissivity.
To further understand the mechanism of the HClO4-doped
PANI films with variable IR emissivity, the mid-to-far IR optical
properties (light-transmissive, reflective and absorbent properties) of the PANI film should be determined in the diﬀerent
states. However, because the HClO4-doped PANI film cannot be
peeled from the Au/porous substrate, the HClO4-doped PANI
film was electrodeposited on an ITO substrate and peeled oﬀ
with BOPP tape to test its mid-to-far IR optical properties in the
diﬀerent states. Fig. 12a shows the emittance curves of the
HClO4-doped PANI film on ITO glass in distinct conjugation
states, the corresponding dedoping states and the bare ITO
glass. When the applied voltage is 0.5 V, the HClO4 doped-PANI
film on ITO glass shows the highest IR emissivity. When the
applied voltage is 0.25 or 1.2 V, the IR emissivity of the PANI
film decreases remarkably and the values are almost the same,
which is consistent with the results of the films deposited on
the Au/porous substrate. After dedoping, the IR emittance
curves of the three states almost overlap. The evolution rule
of the emittance curves of the PANI film on ITO glass in
diﬀerent states is consistent with that of the PANI film on the
Au/porous substrate, which implies that the mid-to-far IR optical
properties of the HClO4-doped PANI film on the Au/microporous

Fig. 12 (a) Emittance curves of an HClO4-doped PANI film on ITO glass in distinct conjugation states, its corresponding dedoping states and the bare
ITO glass. (b) Transmittance curves of an HClO4-doped PANI film on BOPP tape in distinct conjugation states, its corresponding dedoping states and the
bare BOPP tape. (c) Schematic depicting the method used to measure the reflectance curves of the surface of the PANI film. (d) Reflectance curves of an
HClO4-doped PANI film in distinct conjugation states, its corresponding dedoping states, BOPP tape on the high emittance membrane and the high
emittance membrane.
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substrate on diﬀerent states can be reflected by those of the
HClO4-doped PANI film peeled from ITO glass. Fig. 12b exhibits
the transmittance curves of the HClO4-doped PANI film on BOPP
tape in distinct states and of the bare BOPP tape. Although BOPP
tape has intense and extremely narrow IR absorptions at 3.47,
5.75, 6.86, 7.27 and 11.9 mm, respectively, and a wide IR absorption at 7.78 to 10.7 mm, it has good transmittance in the entire IR
band, which can be used to test the IR transmittance of the
HClO4-doped PANI film. When the applied voltage is 0.5 V,
the HClO4-doped PANI film attached to BOPP tape presents
the lowest IR transmittance. When the applied voltage is
0.25 V or 1.2 V, the IR transmittance of the PANI film attached
to BOPP tape increases remarkably and remains almost the
same, with the exception of deviations at characteristic peaks.
After dedoping, the IR transmittance curves of the three states
rise significantly and almost overlap. Considering that the IR
reflectivity of the surface of a PANI film influences the IR
regulation ability of PANI in its diﬀerent states, the IR reflectivity
of the surface of the PANI film in diﬀerent states was also
investigated. The model constructed to measure the IR reflectivity of the surface of the film is shown in Fig. 12c. First, diﬀerent
voltages were applied to change the states of the PANI layer;
then, the PANI layer was stripped with BOPP tape and finally
attached to the high emittance membrane to test the reflectivity
of the surface. Because the IR light which penetrated the PANI
film adhered to BOPP tape was completely absorbed by the high
emittance membrane, the test results obtained only show the
reflection of the film surface, avoiding the reflections of other
interfaces. Fig. 12d presents the reflectance curves of the HClO4doped PANI film in distinct states, the BOPP tape on the high
emittance membrane and the high emittance membrane. The IR
reflectivity of the surface of the PANI film does not change
obviously in diﬀerent states of the PANI film and retains lower
IR reflectivity, which indicates that the IR reflectivity of the
surface of the PANI film does not distinctly influence the
emissivity modulation of the PANI film during the evolution
process of the redox reaction.
According to the above results, it can be deduced that IR
transmittance of the PANI film dominates the modulation of
the IR emissivity of the film during the redox reaction. These
results imply that the formation of polarons and bipolarons
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delocalized on the PANI chains induce intense absorption to
hinder transmittance of IR light and thus present higher IR
emissivity, while the elimination of polarons and bipolarons
delocalized on the PANI chains enables IR light to penetrate
the PANI layer without intense hindrance and exhibit lower
emissivity depending on the strong reflection of the Au layer.
IR electrochromic device
To demonstrate the practical applications of the HClO4-doped
PANI–Au/porous substrate films for satellite thermal control
and controllable IR military camouflage, we further investigated the IR electrochromic behaviors of devices. As shown in
Fig. 1, the IR electrochromic device I was assembled with
optimized PANI porous films, solid electrolyte and normal PE
film. Fig. 13a shows the emittance curves of the IR electrochromic device I at different voltages. The intense and extremely narrow IR absorption peaks at 3.5, 6.8 and 14 mm are
attributed to the absorption of the normal PE layer. When the
applied voltage is 0.5 V, the device presents the highest emissivity
because the PANI layer is in the ES state. When the applied voltage
decreases gradually, the polarons and bipolarons delocalized on
the PANI chains decrease due to the gradual reduction of the PANI
layer, leading to an increase of the intensity of the IR light that
penetrates the PANI layer. The IR light can be transmitted through
the PANI layer to exploit the bottom layer of gold to achieve high
reflection; thus, the IR electrochromic device exhibits lower
emissivity. The emissive powers of the IR electrochromic device I
at different voltages were calculated according to eqn (1), and the
results are shown in Fig. 13b. The emissive power spectrum of the
ideal blackbody presents an asymmetric Kuznets curve with a long
wavelength tail. Compared with the emissive power spectrum of
the ideal blackbody, the emissive power curves of the device at
different voltages feature some raised peaks and sunken valleys.
As the applied voltage declines, the integral area of the emissive
power curve of the device decreases significantly, implying that
the device possesses thermal radiation regulating capacity. The e
values and emissive power of the IR electrochromic device at
different voltages were calculated by eqn (2) and the emissive
power curves in the wavelength ranges of 2.5 to 25 mm were
obtained; the results are summarized in Table 2. When the
applied voltage is 0.5 V, the e value and the emissive power of

Fig. 13 IR electrochromic performance of the device I. (a) Emittance curves of the IR electrochromic device at diﬀerent voltages. (b) Emissive power
curves of the IR electrochromic device at diﬀerent voltages and ideal blackbody at 298.15 K.
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Table 2
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Summary of the e values, emissive power and a(s) data of the IR electrochromic devices at diﬀerent voltages

Applied voltage (V)

IR electrochromic device I

Published on 12 July 2019. Downloaded on 10/16/2019 10:23:47 AM.

IR electrochromic device II

Fig. 14

e(2.5–25mm)
Emissive power (W m2)
a(s)
e(2.5–25mm)
Emissive power (W m2)
a(s)

0.5

1.2

0.735
273.503
0.926
0.774
287.997
0.3146

0.316
117.661
0.903
0.406
150.993
0.3126

De = 0.419 DP = 155.842 W m2
De = 0.368 DP = 137.004 W m2

Digital camera images and IR thermal images of the IR electrochromic device I in the LB state (a) and ES state (b).

the IR electrochromic device reach the maximum values of 0.735
and 273.503 W m2, respectively. When the applied voltage is
1.2 V, the e value and the emissive power of the IR electrochromic
device reach the minimum values of 0.316 and 117.661 W m2,
respectively. Driven by the applied electric field, the IR electrochromic device can realize modulation of the emittance variation
from 0.73 to 0.316 (De = 0.419) and radiation energy variation
from 273.503 to 117.661 W m2 (DP = 155.842 W m2).
Although the IR electrochromic device I fabricated using
normal PE film has better thermal radiation modulation capability, its higher solar absorptance (a(s)) limits the use of the
device in satellite thermal control. For an IR electrochromic
device, eﬀectively reducing a(s) is a key factor for thermal
management eﬃciency. According to the principle of Mie
scattering, we proposed nanoporous PE as a lower a(s) encapsulation film for assembly of the IR electrochromic device II
(Fig. S3, ESI†). The nanoporous PE has interconnected pores
that are 50 to 1000 nm in diameter (Fig. S4, ESI†). The pore
sizes are in a comparable size range with wavelengths of 250 to
1000 nm, which scatter visible-near IR light strongly. The pore
sizes are also much smaller than the mid-to-far IR wavelength;
therefore, the nanoporous PE film is still highly transparent to
IR (Fig. S5, ESI†). To further probe the eﬀects of diﬀerent
‘‘flexible encapsulation films’’ (PE) on the IR regulation ability
and a(s) of the devices, typical experimental comparisons of the
a(s) and e(2.5–25mm) were conducted at different applied voltages.
Fig. S6 and S7 (ESI†) show the hemispherical reflectivity spectra
in the wavelength ranges of 250 to 2500 nm and the emittance
curves of the devices at different voltages, respectively. Obviously,
the device assembled with nanoporous PE possesses lower a(s)

This journal is © The Royal Society of Chemistry 2019

and excellent IR control capability. Table 2 summarizes the e
values, emissive power and a(s) values of the IR electrochromic
devices at different voltages. The results imply that the IR
electrochromic device II possesses excellent thermal radiation
regulation ability and maintains a lower a(s), which is especially
suitable for satellite thermal control.
To demonstrate the scalability of the thermal radiation regulation capability of the IR electrochromic device, we constructed a
camouflage system using our IR electrochromic device fixed on a
heating plate which simulated a hot automobile hood to verify the
camouflage capability of the IR electrochromic device. This system
used a controller to adjust the output voltage to modulate the IR
radiation energy of the device. The rainbow and grayscale display
modes of the IR thermal imager were used to monitor the
camouflage capability of the device. The digital camera images
and IR thermal images of the IR electrochromic device in the LB
state and ES state are exhibited in Fig. 14. During the conversion
from the LB state to the ES state of the device, the color of the
device changes from golden yellow to dark green, and the color
and grayscale of the device under the IR thermal imager change
significantly; thus, it shows outstanding controllable IR camouflage. In general, the observed changes in the IR radiation signal of
the device under IR visualization are stable and fully reversible
over numerous electrochemical cycles (Videos S1 and S2, ESI†).

4. Conclusions
In summary, a PANI porous film with excellent IR electrochromic performance has been successfully prepared via
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in situ electrochemical deposition of aniline monomer in 1 M
HClO4 aqueous solution on an Au/microporous substrate.
Meanwhile, by combining the Raman spectra, UV-vis spectra,
XPS analyses and emittance curves of the HClO4-doped PANI
porous film at diﬀerent bias voltages and the corresponding
dedoped states, we provide new insight into the correlation
between the molecular chain structure and IR spectral characteristics to elucidate the IR electrochromic mechanism of
PANI films. The results reveal that the existence and elimination of polarons and bipolarons delocalized on PANI chains are
the direct and most critical factors to realize emissivity modulation. In follow-up work, we will systematically study the IR
regulation abilities of diﬀerent acid-doped PANI materials
using techniques such as specular and diﬀuse IR spectra,
electron paramagnetic resonance spectra and theoretical computations to establish the relationship between the dopants,
micromorphologies, molecular chain arrangements and IR
regulation abilities of diﬀerent acid-doped PANI materials;
also, we will propose a strategy to eﬀectively improve the IR
regulation ability of PANI. Furthermore, a flexible IR electrochromic device has been fabricated with HClO4-doped PANI
porous films which shows modulation of the emittance variation from 0.735 to 0.316 (De = 0.419) and radiation energy
variation from 273.503 to 117.661 W m2 (DP = 155.842 W m2)
at voltages of 1.2 and 0.5 V. In addition, the device assembled
with nanoporous PE possesses lower a(s) and excellent IR
control capability. Overall, this work not only further elucidates
the mechanism of PANI films with variable IR emissivity and
proposes a method to obtain HClO4-doped PANI films with
excellent IR modulation ability, but also paves the way for IR
electrochromic applications in the future.
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