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A B S T R A C T

In this study, the IR electrochromic films were constructed by dodecylbenzene sulfonate acid (DBSA)-doped
polyaniline (PANI) film and an indium tin oxide glass (ITO). We used the in situ electrochemical deposition
method for preparing the DBSA-doped PANI. The IR electrochromic properties of the double layer structure have
been investigated minutely. We discovered two operation modes of modulation IR emissivity of the double layer
structure with the increase of thickness of the PANI layer. When the thickness of the PANI film was within a
certain range, its switching between leucoemeraldine (LB) and emeraldine salt (ES) modulated IR transmittance
of the PANI film to realize regulation of the IR emissivity of the double layer structure (Mode Ⅰ). When the
thickness of the PANI film reached a certain value, its IR transmittance was lower, the IR emissivity modulation
of the double layer structure was determined mainly by the IR reflectance of the PANI film which depended on
the pseudo-metallic behavior of the PANI film (Mode Ⅱ).

1. Introduction

Electrochromic materials have attracted much attention due to their
reversible changes in optical properties (light-transmissive or -reflective
properties) under the applied electric field [1,2]. This feature provides
electrochromic materials wide applications in flexible optical display
[3], smart windows [4] and anti-glare mirrors [5]. Recently, the
properties of electrochromic materials in the mid-to-far IR range have
been widely studied due to their potential applications such as IR
stealth against IR detector and “smart” thermal control technique for
satellite [6–8]. Conducting polymers such as PANI have gained sig-
nificant attention and the efforts in using them in such devices have
shown great promise due to easy synthesis, fast response time, high IR
contrast, light weight and low energy consumption [9–13]. Hence, it is
extremely important to dissect the mechanism of the IR electro-
chromism of PANI.

The study of IR electrochromism of PANI is forwarded in the past
few decades. Topart's group [14] utilized the camphorsulfonic acid-
doped PANI films which prepared by spin coating to assembled an
electrochromic device with a conventional five-layer structure. The

device demonstrated the ability of the IR emissivity modulation during
the redox process. And the IR reflectance change of the device was close
to 55% under different voltages in the range of 5–20 μm. Chan-
drasekhar et al. [15–17] designed a two-electrode flexible electro-
chromic device based on PANI. The device had good electrochromic
properties in the mid-to-far IR wavelength range, which the emissivity
changed from 0.32 to 0.79, and the maximum emissivity variation was
greater than 0.5. Although great achievements have been made in the
development of electrochromic performances of PANI, there are few
reports about the mechanism of PANI IR electrochromism. Li et al.
[18,19] prepared the IR electrochromic device based on sulfuric acid-
doped PANI using in situ electrochemical deposition techniques. Al-
though it was proposed that the IR transmittance change of the PANI
film was the main reason that influences the change of its IR emissivity,
the study was not comprehensive enough.

In our previous study, DBSA-doped PANI films have been prepared
at different polymerization charges on Au/porous flexible substrate [6].
The ε values at −0.25 V and 0.45 V steadily increased when the poly-
merization charge is changed from 0.5C to 2.5C. When the poly-
merization charge exceeded 2.5C, the ε value at −0.25 V continued to

https://doi.org/10.1016/j.dyepig.2019.107570
Received 15 March 2019; Received in revised form 19 May 2019; Accepted 19 May 2019

∗ Corresponding author.
∗∗ Corresponding author.
E-mail addresses: jpzhao@hit.edu.cn (J. Zhao), yaoli@hit.edu.cn (Y. Li).

Dyes and Pigments 170 (2019) 107570

Available online 21 May 2019
0143-7208/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01437208
https://www.elsevier.com/locate/dyepig
https://doi.org/10.1016/j.dyepig.2019.107570
https://doi.org/10.1016/j.dyepig.2019.107570
mailto:jpzhao@hit.edu.cn
mailto:yaoli@hit.edu.cn
https://doi.org/10.1016/j.dyepig.2019.107570
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dyepig.2019.107570&domain=pdf


increase up to 5.0C, whereas at 0.45 V, the ε value reached a maximum,
showing a plateau, and then started to decrease at 3.5C. And the △ε
values revealed a reversal from positive to negative as the poly-
merization charge increases. However, the explanation of this phe-
nomenon has not yet been reasonably clarified.

To further study the behaviors of IR electrochromism of a double
layer, in this paper, PANI films doped with DBSA were synthesized at
different polymerization times by galvanostatic method. And their IR
spectral properties at different applied voltages were investigated in
detail. The evolution process of the IR emissivity change of the PANI
films with different polymerization times was dissected. The two op-
eration modes of modulation IR emissivity of the double layer structure
with the increase of thickness of the PANI layer were presented.

2. Experimental

2.1. Materials

Aniline (99.5%) was purchased from Acros and distilled under re-
duced pressure before using it. Dodecylbenzene sulfonic acid (DBSA)
was obtained from Aldrich and used without further purification.
Biaxially oriented polypropylene (BOPP) tape was obtained from
Chengdu Jinhua adhesive new material co. China. Commercial ITO
glasses (10Ω/□) were cut into samples of 2 cm×3 cm size; the actual
size for electrodeposition was 2 cm×2 cm. Before the deposition, ITO
glass was sequentially washed by acetone, ethanol and deionized water
for 20min respectively.

2.2. Electrochemical synthesis of the PAIN film

The DBSA-doped PANI film was synthesized with three-electrode
mode by galvanostatic method on the electrochemical workstation
using ITO glass as working electrode, a platinum foil and Ag/AgCl as
the counter electrode and reference electrode respectively. The DBSA-
doped PANI films were prepared in an aqueous solution of 0.3 M DBSA
and 0.03M aniline monomer by a galvanostatic method at
0.1 mA cm−2 for different polymerization time from 500 to 3000 s.
After electro-polymerization, the resulting DBSA-doped PANI films
were washed carefully using deionized water and dried by an electric
hair dryer.

2.3. Measurements

The surface morphology and the thickness of the DBSA-doped PANI
films were determined by AMRAY-1000B scanning electron microscopy
(SEM) by using a FEI Helios Nanolab600i. Cyclic voltammetry (CV) and
chronoamperometry (CA) tests were carried out with CHI660E elec-
trochemical workstation (Chenhua, Shanghai). Similarly, three-elec-
trode mode was used for the electrochemical measurements of PANI
films with 0.1 DBSA solution as the electrolyte. The PANI films were
applied with different voltages in an aqueous solution of 0.1 mol/L
DBSA by potentiostatic method for 50s respectively. Subsequently, the
PANI films were immersed in deionized water for 30 s to remove re-
sidual electrolyte and dried by an electric hair dryer. Finally, the con-
ductivity of the PANI films at different voltages were measured ex-situ
using ST2258C four-point probe. The DBSA-doped PANI films were
electrodeposited on an ITO substrate with different polymerization
times and peeled off by BOPP tape to test the conductivity. The con-
ductivity of five different PANI films was measured to calculate the
average value [20]. Chemical structures of the PANI film at different
applied voltages were tested by Fourier transform infrared (FTIR)
spectroscopy by using a PerkinElmer FTIR spectrometer. IR reflectance
and transmittance spectra of the PANI films at different voltages were
carried out by Vertex 70 Fourier IR spectroscopy (Bruker, Germany),
and the IR emissivity of the PANI films can be calculated by reflecto-
metric techniques in a spectral range of 2.5–25 μm according to the

following two formulas [7,21]:
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where c1 is the first radiation constant (3.7418×108W μm4m−2), c2 is
the second radiation constant (1.4388× 104 μmK), λ is the wave-
length, and T is the temperature. In order to measure IR transmittance,
the PANI films were peeled off with BOPP (Biaxially Oriented Poly-
propylene) tape from ITO glass substrate without any damage of the
PANI films.

3. Results and discussions

To investigate the electrochemical behavior of DBSA-doped PANI
film, the cyclic voltammetry (CV) measurements were performed be-
tween −0.25 V and 0.8 V with a scan rate of 30mV s−1. Fig. 1 shows
the CV curves of the PANI films with varying polymerization times. The
electrochemical performance and color of the PANI films change re-
versibly as the applied voltages change. The CV curves display two pairs
(couples) of redox peaks, labeled as Ⅰ/Ⅳ and Ⅱ/Ⅲ. The first pair of
peaks (Ⅰ/Ⅳ) at all curves indicates the transition between LB and ES
(Fig. 2-①) [6,22,23], corresponding to the color change between yellow
and green. The second pair of peaks (Ⅱ/Ⅲ) is associated with transition
between ES and pernigraniline (PN) (Fig. 2-②). The redox peaks shift
toward high voltage and the peak current increase with increase of
polymerization time. This is attributed to the increase of the thickness
of the PANI films with the increase of the polymerization time. When
the voltage is −0.25 V, the PANI films with varying polymerization
times are at LB states. When the voltage exceeds 0.45 V, the PANI film
with 500s of polymerization time begins to undergo a process of tran-
sition from ES to PN. Based on the CV curves, the potentials of −0.25 V
and 0.45 V were chosen to ensure that the PANI films are at LB state and
ES state completely to test the IR electrochromic performance.

The thickness of the PANI films play a vital role on modulation of
their IR emissivity. The thickness of DBSA-doped PANI films at different
polymerization times were measured by SEM. Fig. 3 shows the SEM
images of the cross section of the PANI films prepared on the ITO
electrodes. A double-layer structure consisting of ITO layer (the

Fig. 1. CV curves of DBSA-doped PANI films prepared at different poly-
merization time from 500 to 3000 s measured in an aqueous solution of
0.2 mol/L DBSA at a scan rate of 30mV s−1 between −0.25 and 0.8 V.
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thickness is 180 nm) and the PANI film can be observed clearly. The
thickness of the PANI films increased with the polymerization time. As
the polymerization time increased from 500 to 3000 s, the thickness of
the PANI film increased from 270 to 1350 nm. This result corresponded
to the evolution process of the CV curves of DBSA-doped PANI films
with increase in the polymerization times. And it can be clearly seen
from Fig. 3 that the growth rate of thickness of the PANI film gradually
decreases with the increase of polymerization time. This is attributed to
the increase of the thickness of the PANI films with the increase of the
polymerization time which increases the interface resistance and causes

a decrease in the efficiency of electropolymerization.
In order to establish the relationship of FTIR spectra, the electrical

conductivity and emittance spectra and to determine the applied vol-
tages which ensure all the films completed state transformation be-
tween LB and ES to test the IR electrochromic performance of DBSA
doped-PANI film, we select the PANI film prepared at the polymeriza-
tion time of 1500 s to further study. FTIR characterization is an effective
method for determining the functional groups existing in materials and
the shift of the peak positions confirms the film doping [24]. FTIR
spectra of the DBSA-doped PANI films prepared at a polymerization
time of 1500 s under different applied voltages were measured. The
results are shown in Fig. 4. For the pure ITO glass, no obvious ab-
sorption peak is observed (Fig. 4(f)). Fig. 4(a) presents the FTIR spec-
trum of the PANI film in the reduced state, namely in the LB state. The
absorption peaks at 1559 cm−1 and 1488 cm−1 are related to the C=C
stretching vibration of the quinoid and benzenoid rings, respectively
[25,26]. The intensity ratio of these two absorption peaks reflects the
oxidation degree of PANI. The higher the degree of oxidation of the
PANI film, the stronger the characteristic absorption peak intensity of
the quinoid ring. The peak at 1295 cm−1 is attributed to the C–N
stretching vibration in arylamine. The characteristic peaks of PANI are
observed at 1115 cm−1 and 816 cm−1, which are due to the in-plane
and out-of-plane bending vibration of benzene, respectively [27]. The
peak at 1029 cm−1 is attributed to S=O=S stretching vibration of the
sulfonate group, which indicates the presence of the sulfonate ion in the
DBSA-doped PANI.

Fig. 4(b)∼(e) show the FTIR spectra of the PANI films under posi-
tive voltages. The peaks at 1559 cm−1 and 1488 cm−1 are shifted ap-
proximately to 1549 cm−1 and 1446 cm−1, respectively, due to the
doping of PANI after oxidation. The absorption peak at 1115 cm−1

shifts toward lower wave numbers to 1088 cm−1. An inductive effect is
produced whereas the doping increases polarons and bipolarons
density on the molecular chain of the PANI and lowers the inter-atomic
force constant. Due to the doping the delocalization of polarons and
bipolarons on the molecular chain is enhanced. As a result of these
effects, the vibration frequency of the group decreases and the ab-
sorption peak shifts toward lower wave numbers [28]. As the applied
voltage increases, the intensity of the absorption peak of the PANI film
at 1559 cm−1 increases gradually and the intensity of the absorption
peak at 1488 cm−1 decreases gradually, which indicates the oxidation
degree of PANI increases with the increase of applied voltage.

Fig. 5 exhibits the change of electrical conductivity of the DBSA-
doped PANI film prepared at the polymerization time of 1500 s as a
function of the applied voltage. When the applied voltage is −0.25 V,

Fig. 2. Illustration of electrochemical oxidation/reduction process of PANI.

Fig. 3. SEM images of the cross section of the DBSA-doped PANI films prepared
at different polymerization times: (a) 500 s, (b) 1000 s, (c) 1500 s (d) 2000 s, (e)
2500 s and (f) 3000 s.

Fig. 4. FTIR spectra of the DBSA-doped PANI films on ITO glass substrate with
different applied voltages of (a) −0.25 V, (b) 0.25 V, (c) 0.45 V, (d) 0.65 V, (e)
0.85 V and (f) ITO glass.
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the PANI film is transformed into LB state which has the lowest con-
ductivity. At this state, PANI film doesn't contain polarons and bipo-
larons delocalized on PANI chains that lead to the lower conductivity.
When the applied voltage increases gradually, the evolution of con-
ductivity of the double layer goes through three stages. Firstly, the
conductivity of the PANI film increases markedly with the applied
voltage; then reaches a steady state; finally, the conductivity of the
PANI film declined obviously. The highest conductivity is obtained at
0.45 V. According to literature [29–31], the PANI film is transformed
into ES state at this voltage, the ratio of the benzene structure to the
quinoid structure is 3:1 ideally, and the occurrence of a number of
polarons and bipolarons on the PANI chains leads to the highest con-
ductivity. When the applied voltage exceeds 0.45 V, the PANI film is
transformed into PN state gradually which restricts the delocalization of
the polarons and bipolarons on the PANI chain that lead to the con-
ductivity decrease gradually.

The IR emittance and transmittance spectra for the DBSA-doped
PANI film prepared at polymerization time 1500 s at different applied
voltages in the wavelength range from 2.5 to 25 μm are shown in Fig. 6.
The low transmission around 3.5 μm and 7–9 μm is caused by the ab-
sorption of BOPP tape (Fig. 6(b)). The emittance and IR transmittance
values of the DBSA-doped PANI films at different voltages were calcu-
lated from the emittance and IR transmittance curves integrals and the
results are listed in Table 1. The emissivity of the PANI film is the
lowest at−0.25 V, and the corresponding IR transmittance of PANI film
is the highest at this state. On the other hand, the emissivity of PANI
film is the highest at 0.45 V, and the emissivity at 0.25 V and 0.65 V is
slightly lower than that at 0.45 V. Meanwhile, IR transmittance of the
PANI film is the lowest at 0.45 V, and the IR transmittance at 0.25 V and

0.65 V is slightly higher than that at 0.45 V. This result is consistent
with previous researches [15,19] and indicates that the PANI film at the
ES state originating from polarons and bipolarons hinders mid-to-far IR
light to present lower IR transmittance. When the applied voltage in-
creases further, the emissivity of the PANI film decreases obviously and
the IR transmittance increases significantly. The evolution of the IR
optical properties of PANI film corresponds to the change of electrical
conductivity. Therefore, the change of the IR transmittance of the PANI
film caused by the change of the electrical conductivity realizes the
emissivity modulation of the double layer structure. And, the applied
voltages corresponding to the highest emissivity and lowest emissivity
of the PANI film are 0.45 V and −0.25 V, respectively. In the next
section, the research was carried out only at two voltages of −0.25 V
and 0.45 V, which represent the reduction and semi-oxidation state.

Fig. 7 shows the emittance spectra of the DBSA-doped PANI films
deposited onto ITO glass substrate with different polymerization times
at −0.25 V and 0.45 V in the wavelength ranges of 2.5–25 μm. The
emissivity values of the double layers calculated from the emittance
spectra using reflectometric techniques are shown in Table 2 and Fig. 8.
The emissivity of the double layers increases gradually at −0.25 V with
the polymerization time. As for 0.45 V, the emittance increases at first
and then decreases after the polymerization time exceeds 2000 s. In the
wavelength ranges of 2.5–25 μm, the change in the IR emissivity (Δε)
between −0.25 and 0.45 V first increases and then decreases with the
polymerization time. When the thickness of the PANI film is 620 nm,
the double layer structure realizes the highest modulation of IR emis-
sivity. When thickness of the PANI film exceeds 1350 nm, the Δε value
changes from positive to negative. The results exhibit two operation
modes of modulation IR emissivity of the double layer structure with
the increase of thickness of the PANI layer.

To explain the evolution process of the Δε of the double layers with
different polymerization times, the IR transmittance of the PANI films
were measured. The PANI films synthesized with different poly-
merization times were peeled off by BOPP tape to measure the IR
transmittance. Fig. 9 presents the transmittance spectra of the DBSA-
doped PANI films prepared with different polymerization times at
−0.25 V and 0.45 V. The IR transmittance of the PANI films were cal-
culated via integration of the IR transmittance spectra; the results are
shown in Table 3. It can be seen that the IR transmittance at −0.25 V
and 0.45 V gradually declines with the polymerization time. Combined
with emittance spectra of the DBSA-doped PANI films deposited on the

Fig. 5. The electrical conductivity of the double layer at different applied
voltages.

Fig. 6. (a) Emittance spectra of the DBSA-doped PANI film on ITO glass substrate prepared with the polymerization time of 1500 s at different applied voltages; (b)
Transmittance spectra of the DBSA-doped PANI film on BOPP tape at different applied voltages.

Table 1
The emittance and transmittance values of the DBSA-doped PANI films in the
wavelength range from 2.5 to 25 μm prepared at a polymerization time of
1500 s at different applied voltages.

Applied voltage −0.25 V 0.25 V 0.45 V 0.65 V 0.85 V

ε 2.5–25 μm 0.457 0.651 0.664 0.648 0.498
T 2.5–25 μm 0.515 0.265 0.244 0.274 0.472
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ITO glass substrate with different polymerization times, two operation
modes of modulation IR emissivity of the double layer structure with
the increase of thickness of the PANI layer are presented and deeply
analyzed. Fig. 10 shows two operation modes of modulation IR emis-
sivity of the double layer structure with different thickness of the PANI
layer. When the thickness of the PANI film is within a certain range, the
double layer structure realizes modulation IR emissivity mainly ac-
cording to the model Ⅰ. In this case, the IR transmittance of PANI film is
higher, and the DBSA-doped PANI on the ITO glass substrate is affected
by the highly reflective ITO substrate and exhibits a higher IR re-
flectivity (blue dotted box). Hence the most direct and critical factor
within the mode Ⅰ for realizing the emissivity modulation of the double
layer structure is the variation the IR transmittance of the PANI film at
the different states. Since the IR transmittance of the PANI film at the
LB state is higher than that at the ES state, the highly reflective ITO has
dominative input in the reflection at the reduction state, and the

emissivity of the double layer structure at the reduction state is lower
than that at the semi-oxidation state.

When the polymerization time exceeds 2500 s, the thickness of the
PANI film increased significantly, its IR transmittance decreased ob-
viously, the double layer structure realized modulation IR emissivity
mainly according to the model Ⅱ. The IR control principle of model Ⅱ
was according to the Drude free electron theory and the Hagen–Rubens
approximation. The behavior of electromagnetic radiation at the in-
terface is determined by Maxwell's electromagnetic field equations, and
at low frequencies there is an approximate equation as follows
[6,32,33]:

= −R ωε
σ

1 8 0

(3)

where R is the reflectivity, ω is the circular frequency of electro-
magnetic radiation, ε0 is the vacuum dielectric constant, and σ is the

Fig. 7. Emittance spectra of the DBSA-doped PANI films deposited onto the ITO glass substrate with different polymerization times of (a) 500 s, (b) 1000 s, (c) 1500 s,
(d) 2000 s, (e) 2500 s and (f) 3000 s at −0.25 V and 0.45 V.

Table 2
The emittance data and the thickness for the DBSA-doped PANI films deposited onto the ITO glass with different polymerization times from 500 to 3000 s.

Polymerization time 500 s 1000 s 1500 s 2000 s 2500 s 3000 s

Thickness 270 nm 620 nm 930 nm 1130 nm 1250 nm 1350 nm
ε -0.25 V 0.256 0.488 0.535 0.689 0.834 0.852
ε 0.45 V 0.487 0.748 0.780 0.859 0.830 0.803
Δε 0.231 0.260 0.245 0.170 −0.004 −0.049

Δε= ε0.45V-ε-0.25V.
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conductivity of the material. It is noted that the ε of the double layer is
closely related to the conductivity of the PANI film. To further in-
vestigate the relation between the conductivity and IR modulation
ability of the double layers with different polymerization times. The
PANI films synthesized at different polymerization times were peeled
off by BOPP tape to measure the conductivity. The electrical con-
ductivity of the PANI films synthesized at different polymerization
times is showed in Fig. 11. The conductivity of the PANI film gradually

enhances with the increase of polymerization times. The ability of
modulation IR emissivity of the double layer structure depends on the
pseudo-metallic behavior of the PANI film. The absolute △ε value is
determined by the reflectance change of PANI layer between two dif-
ferent potentials. Because the conductivity of the PANI film in the ES
state is larger than that in the ES state. The reflectance in the ES state is
larger than that in the LB state in the other wavelength range.

4. Conclusion

In summary, the DBSA-doped PANI films have been synthesized by
galvanostatic method on the surfaces of the ITO glass substrates. We
have studied deeply modulation of the IR emissivity of a double layer
constructed by proton acid-doped PANI film and ITO layer. The beha-
viors of IR electrochromism of the DBSA-doped PANI film with different
thickness on the ITO glass substrates have been explained by two
modes. When the thickness of the PANI film is within a certain range,
the reflection from the double structure ITO/PANI is mainly determined

Fig. 8. Emissivity of the DBSA-doped PANI films on the ITO glass at −0.25 and
0.45 V and the thickness of the films versus the polymerization time.

Fig. 9. Transmittance spectra for the DBSA-doped PANI films on BOPP tape prepared at different polymerization times; (a) 500 s, (b) 1000 s, (c) 1500 s, (d) 2000 s,
(e) 2500 s and (f) 3000 s at −0.25 V and 0.45 V.

Table 3
The transmittance (T) of the DBSA-doped PANI films prepared with different
polymerization times.

Polymerization time 500 s 1000 s 1500 s 2000 s 2500 s 3000 s

T -0.25 V 0.547 0.453 0.436 0.385 0.309 0.278
T 0.45 V 0.353 0.231 0.198 0.167 0.141 0.141
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by the high IR reflectance of the ITO substrate, the change of the IR
transmittance of the PANI film at different states realizes the modula-
tion of the IR reflectivity from ITO layer. When the PANI film is thick
enough, the IR transmittance of the PANI film decreases to a certain
value. The ability of modulation IR emissivity of the double layer
structure depends on the pseudo-metallic behavior of the PANI film.
Overall, this work provides a key reference for understanding the be-
haviors of IR electrochromism of the DBSA-doped PANI film with dif-
ferent thickness on ITO glass substrates.
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