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In this study, camphorsulfonic acid (CSA)-doped polyaniline (PANI) films have been prepared on the surface of
an Au/nylon 66 porous flexible substrate by electrochemical deposition. The feature of the research was that
utilize an Au layer deposited onto a porous flexible substrate to deposite CSA-doped PANI film for modulation
infrared emissivity at first time. The morphology of Au/nylon 66 flexible substrate and PANI films and the
electrochromic properties of CSA-doped PANI film were investigated in detail to obtain a PANI film that possesses highly infrared modulation ability. The emissivity variation Δε was achieved as of 0.225, 0.399, and 0.426
in the wavelength ranges of 3–5, 8–12, and 2.5–25 μm, respectively. The switching times of the CSA doped-PANI
film for the coloration and bleaching are 6 s and 2.5 s, respectively. The IR electrochromic film investigated in
this work may find an application in IR devices for IR camouflage and thermal control.

1. Introduction
Electrochromic materials demonstrate their unique ability of changing color or transmittance in response to external applied potential,
which have been widely used in optical displays [1], automobile mirrors
[2] and optical-modulated windows (smart windows [3]) in the past few
decades. These applications are usually based on materials operating in
the visible and near-infrared spectral range. At the same time, some
electrochromic materials also have the ability of modulating light in the
mid-IR spectral range, and thus can be used for the purpose of thermal
control and infrared camouflage [4,5]. For example, switchable and
controllable electrochromic materials can act as a military camouflage
countermeasure for land vehicles [6], air-crafts [7], and soldiers’ clothing
[8], etc. The IR electrochromic materials reported in recent decades include tungsten oxide (WO3) [9,10], conducting polymers such as poly
(3,4-ethylenedioxythiophene) (PEDOT) [11,12], polypyrrole (PPy) [13]
and polyaniline (PANI) [14–16]. As compared to transition metal oxides,
conducting polymers show better appropriateness for practical applications because of their light weight, flexibility, large infrared control, fast
response time, simple preparation process.
In 1995, Chandrasekhar et al. reported the first IR electrochromic
polymer system with dynamic IR signature control [17]. Then, unfolding

⁎

a series of the optimization experiments, they obtained a flexible device
based on conducting polymers with excellent IR modulate ability. This
device used poly(anethosulfonate) doped-PANI film as the functional
layer, which had very high IR emissivity variation varied from 0.32 to
0.79 [18]. Li et al. studied the IR electrochromic property based on
sulfuric acid-doped PANI using Chandrasekhar's device design [19,20].
This inorganic acid-doped PANI system had a low emissivity variation Δε
of 0.24 in the range 8–12 μm, which is much smaller than that observed
by Chandrasekhar. Tian et al. successfully prepared the device based on
the dodecylbenzene sulfonate acid (DBSA)-doped polyaniline (PANI)
films [14]. In their study, the emissivity change (△ε) for the PANI films
showed a reversal from positive to negative as the polymerization charge
increases. Besides the flexible device, Topart et al. [21] prepared a nonflexible one based on the CSA-doped PANI film deposited by spin
coating, where the specular reflectance was regulated from 0.2 to 0.65 at
12 μm.
The researches above show that PANI is an ideal IR electrochromic
material and the IR electrochromic device assembled by PANI have a
potential to be widely applied in IR camouflage and thermal control.
However, it is still a great challenge to improve the IR modulate ability
of PANI film. Our work is to exploit the preparation technology to
obtain a PANI film which possesses the maximum variation of the
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emissivity Δε. Among the various researches of the IR electrochromic
property of PANI, it is found that the doping acid is a critical factor to
affect the emissivity modulation of PANI film. According to relevant
literatures, the PANI protonated with CSA has enabled the fabrication
of high quality, homogeneous thin films exhibiting a high conductivity
of up to as high as 300 S/cm. In this study, we prepared for the first
time the CSA doped-PANI films on Au/Nylon 66 porous substrate by
electrochemical deposition as in Topart’s research [21]. The film shows
improved Δε of 0.225, 0.399, and 0.426 in the ranges of 3–5, 8–12, and
2.5–25 μm, respectively, which is considered to be a valuable
achievement of our research. This method can be used to make devices
with high infrared emissivity change in the future.

using an IR thermal imager (Tix660, Fluke) with a spectral range of
7.5–14 μm. The spectral emittance of the PANI film at different states in
the wavelength from 2.5 to 25 μm was measured ex-situ and in-situ via
reflection method on a VERTEX 70 (Bruker) FT-IR spectrometer with an
A562 integrating sphere. The ε values can be calculated according to
the following formulae (1) and (2) [22,23]:
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2. Experimental section
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where h is the Plank constant (6.6261 × 10−34 J s-1), c is the speed of
light (2.998 × 108 m s-1), λ is the wavelength, T is the temperature (K),
B(λ) is spectral radiance of the black body at λ and R(λ) is the reflectivity at λ.

2.1. Materials
Aniline (99.5%) was purchased from Acros and distilled under reduced pressure before use. CSA was purchased from Alfa Company. A
microporous nylon 66 substrate with a pore size ranging from 0.5 to
2 μm was obtained from Haining Zhenghao Filter Equipment Co. China.

3. Results and discussions

2.2. Preparation of flexible Au/nylon 66 porous film

3.1. Morphology of the CSA-doped PANI film

An approximately 200-nm-thick Au layer was deposited onto a
nylon 66 porous substrate by thermal evaporation. In the processes of
deposition, the holder was rotated at a certain speed to ensure the
uniformity of film, and the vertical distances between targets and
substrate are approximately 1 m. The vacuum chamber was initially
pumped to a base pressure of 3.5 × 10−3 Pa. The obtained deposition
rates of the Au film ranged from 5.5 nm/min to 6 nm/min. The film
thickness was controlled by changing the deposition time. The sheet
resistance of the flexible Au/nylon 66 porous film was measured as 0.7
Ω/ߛ by ST2258C four-point probe.

The morphology of the CSA-doped PANI film was investigated by
SEM and the images are presented in Fig. 2. The surface of the nylon 66
presents a linear network structure which covers with micron-sized
voids. Compared with Fig. 2a, the Au/nylon 66 membrane remains
porous structure which benefits to diffusion of electrolyte. Fig. 2c displays the surface morphology of the CSA-doped PANI film. Due to the
steric hindrance induction effect of CSA− linking to the branch of PANI
which promotes the directional growth of PANI chains, PANI film
presents a fibrous structure which constructs a reticular membrane similar to the morphology Au/nylon 66 membrane. It means that the
CSA-doped PANI film has more ion channels which facilitate rapid
electrochemical reaction of PANI film. The Fig. 2d displays the crosssection image of the PANI film. The PANI layer (5 μm) is tightly attached to the Au/nylon 66 porous membrane (80 μm). And uniform
voids are covered in the cross-section.

2.3. Preparation of CSA-doped PANI film
As displayed in Fig. 1, the CSA-doped PANI film was deposited onto
the Au/nylon 66 porous substrate (2 × 3 cm2) in an aqueous solution of
0.8 M CSA and 0.2 M aniline monomer by a galvanostatic method with
a current density of 2.5 mA cm−2 and a polymerization charge of 2.0 C.
Ag/AgCl and a Pt foil (4 × 4 cm2) were used as the reference electrode
and counter electrode, respectively. The prepared film was air-dried at
room temperature and then washed with ultra-pure water.

3.2. Electrochemical properties of the CSA-doped PANI porous film
In this experiment, the CSA-doped PANI film was prepared by a
galvanostatic method. Fig. 3a shows the electrochemical deposition
curve of the CSA-doped PANI film. As the electrochemical polymerization time increases, the electrochemical deposition potential
rapidly reaches to the highest point (1.05 V) and then quickly falls and
stabilizes to 0.75 V, which respectively represents the two stages of
growth of the electrochemical polymerization of PANI [24]. At the first
stage, the growth of PANI is two-dimensional continuous nucleation
with the increase of polymerization voltage, which results in forming of
the dense and hundreds of nanometers thick PANI film. At the second
stage, the growth of PANI is one-dimensional nucleation, which yields a
branching structure.
To characterize the electrochemical properties and cycling durability of the CSA-doped PANI film, CV measurements were performed
at a scan rate of 50 mV s−1 over the potential window of −0.25–0.8 V.
Fig. 3b shows the evolutions of 50 CV cycles of the CSA-doped PANI
porous film measured in an aqueous solution of 0.4 M CSA. The CV

2.4. Measurements
Cyclic voltammetry (CV) and chronoamperometry (CA) tests were
carried out by an electrochemical workstation (CHI660E, Shanghai
Chenhua Instruments, China). The electrochemical measurements of
the CSA-doped PANI porous film were performed in a three-compartment system with an 0.4 M aqueous solution of CSA as the electrolyte,
Ag/AgCl as the reference electrode and a Pt foil (4 × 4 cm2) as the
counter electrode, respectively. The Raman spectra of the CSA-doped
PANI films were measured in the range of 100–2000 cm−1 by an inVia
Laser Micro-Raman Spectrometer (Renishaw, UK). The morphologies of
surface and cross-sectional of the CSA-doped PANI film were observed
by a FEI Helios Nanoloab600i scanning electron microscopy (SEM).
Thermal images of the PANI film at different voltages were obtained

Fig. 1. Scheme of the preparation of the CSAdoped PANI porous film.
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Fig. 2. SEM images of (a) nylon 66, (b) the Au/nylon 66 porous membrane, (c) the CAS-doped PANI film, and (d) the cross section of the PANI film.

curves of the CSA-doped PANI film present a good cycling durability
and exhibit a pair of redox peaks which similar to the traditional PANI
material. The peak at −0.121 V in the cathodic process corresponds to
the conversion of emeraldine salt (ES) to leucoemeraldine (LB), while
the peak at 0.384 V in the anodic process corresponds to oxidation of
the LB [25,26]. The potentials of −0.25 V and 0.5 V were chosen to test
the IR electrochromic performance of the CSA-doped PANI porous film,
because the PANI porous film was completely in the state of LB and ES
at two voltages respectively.
The response time from coloring state to bleaching state is a critical
parameter for the CSA-doped PANI film. The CA tests of the CSA-doped
PANI film with voltage step between −0.25 V (30 s) and 0.5 V (30 s)

was carried out in 0.4 M aqueous solution of CSA. The switching times
are defined as the times required for achieving 95% change of the full
current density. Fig. 4 shows an amplification of the 1st and 50th cycles
of CA curves of the CSA-doped PANI porous film and digital camera
images at bleaching and coloring states respectively. The 1st and 50th
cycles of CA curves of the CSA-doped PANI porous film present a good
cycling durability. When the bias voltage is 0.5 V, the response time of
the CSA-doped PANI film is about 6 s (1st cycle) and 6.3 s (50th cycle)
respectively for coloring state and the ultimate color is dark green.
When the bias voltage is −0.25 V, the response time of the film is about
2.5 s (1st cycle) and 2.7 s (50th cycle) respectively for bleaching state
and the color present light yellow. The response time of the CSA-doped

Fig. 3. (a) The electrochemical deposition curve for the CSA-doped PANI porous film, (b) The cyclic voltammograms of 1st, 10th, 30th and 50th cycles for the CSAdoped PANI porous film measured in an aqueous solution of 0.4 M CSA with a scan rate of 50 mV s−1 between −0.25 and 0.8 V.
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Table 1
Raman characteristic peaks of CSA doped-PANI applied different voltages. B,
benzoid ring; Q, quinoid ring; δ, stretching vibration; γ, bending vibration.
As prepared/cm−1

0.5 V/cm−1

−0.25 Vcm−1

Raman assignment

1622
/
1491
1323
1258
1187
/
830
/
713

1622
1597
1491
1323
1258
/
1157
/
815
713

1622
/
1491
1323
1258
1187
/
830
/
713

δC]C in B ring
δC]C in Q ring
δC]N in Q ring
δCeN in B ring
δCeN in Q ring
γCeH in B ring
γCeH in Q ring
γCeH in B ring
γCeH in Q ring
σCeC in B ring

stretching vibration in the benzenoid ring. Therefore, the benzenoid
structure and the quinoid structure constitute main chain of PANI, as
shown in Eq. (3) [28].

Fig. 4. The chronoamperometric curves of 1st and 50th cycles and digital
camera images of the CSA-doped PANI porous film at 0.5 V and −0.25 V respectively.

(3)
The evolution of the characteristic absorption peaks can reflect the
transformation process of the molecular chain structure of the PANI at
different states. Fig. 5(b) and (c) are the Raman spectra of the PANI
films at 0.5 V and −0.25 V. The peaks at 1157cm−1 and 815 cm−1 in
Fig. 5(b) represent CeH in-plane bending vibration and out-plane
bending vibration in the quinoid ring [27], which shift to the left
compared with the peaks in Fig. 5(a) and (c). Furthermore, the peak at
1597 cm-1 represented the C]C stretching vibration in the quinoid ring
obviously appears in Fig. 5(b). It means that the PANI film at 0.5 V has
the highest degree of oxidation, and the PANI film at −0.25 V is in a
completely reduced state. Compared with the Raman spectrum of the
PANI film at 0.5 V, when the bias voltage is −0.25 V, the PANI film has
a sharp absorption peak at1622 cm-1 and a weak absorption peak at
1492 cm−1, which means that the molecular backbone of the PANI at
−0.25 V is mainly in the form of benzene ring, and some proportion of
benzene ring on the molecular backbone of the PANI transform to
quinoid ring at 0.5 V. The reversible transformation of PANI between
these two structures can explain the fundamental reason of the electrochromic properties of PANI at the molecular level. The reaction
process of the reversible transformation can be simply shown by Eq. (4)
[29].

PANI film are faster than those that have been reported in the literature
[14,18,20]. The improvement of switching speeds is due to the reticular
structure that provide more ion channels which facilitate rapid electrochemical reaction.
3.3. Raman spectra analysis
In order to study the IR electrochromic property of the CSA-doped
PANI film, its molecular structure at different states is very necessary to
determine. The Raman spectra of the CSA-doped PANI film at different
states were measured in the range between 100–2000 cm−1 using a
laser with an excitation wavelength of 532 nm and shown in Fig. 5. And
the Raman characteristic peaks of the CSA-doped PANI film at different
states are displayed in Table 1. Fig. 5(a) shows the Raman spectra of the
freshly prepared CSA doped-PANI film. The characteristic peaks at
1622 cm-1 and 1491 cm−1 represent the C]C stretching vibration in
the benzenoid ring and C]N stretching vibration in semi-quinoid and
quinoid ring, respectively [27]. The peaks at 1323 cm-1 and 1258 cm-1
are due to the CeN stretching vibration in the benzenoid ring and
quinoid ring. The peaks at 1187 cm-1 and 830 cm-1 respectively represent CeH in-plane bending vibration and CeH out-plane bending
vibration in the benzenoid ring. The peak at 713 cm−1 represents CeC

(4)
3.4. IR emissivity analysis
The IR emissivity of the CSA–doped PANI film at −0.25 V and 0.5 V
is obtained by testing its corresponding IR reflectance in the range of
2.5–25 μm and showed in Fig. 6. The film at −0.25 V has lower IR
emissivity. It means that the PANI layer at LB state present lower IR
absorption. The IR light that transmit the PANI layer is reflected due to
the strong reflecting of the Au layer. As for 0.5 V, the film present high
IR emissivity because of the stronger absorption by polarons and bipolarons [18,20]. The CSA–doped PANI film has higher IR emissivity
compared to those that have been reported in the literatures
[17,19,21]. Because the reticular structure of the PANI film possess
larger specific surface area to absorb IR light.
The emissive power spectra obtained from formula (2) of the PANI
film at −0.25 V and 0.5 V are presented in Fig. 7, as well as the

Fig. 5. Raman spectra of the PANI film at different states.
91

Synthetic Metals 248 (2019) 88–93

L. Zhang et al.

Fig. 8. Digital photographs and IR thermal images of the CSA-doped PANI film
at different voltage.

regulating capacity. According to the formula. (2), the ε values of the
film are calculated from the emissive curves in the ranges of 3–5 μm,
8–12 μm, and 2.5–25 μm at 0.5 V and −0.25 V, and the results are
shown in Table 2. The Δε values of the PANI film are 0.225, 0.399, and
0.426 in the ranges of 3–5, 8–12, and 2.5–25 μm, respectively, indicating that the film prepared in this article has more excellent thermal
regulation. After 100 cycles, the Δε values of the PANI film are 0.219,
0.376, and 0.412 in the ranges of 3–5, 8–12, and 2.5–25 μm, respectively, indicating that the film prepared in this paper has a good cycling
durability. In particular, the emissivity change (Δε) of the CSA-doped
PANI film have been remarkably improved which has exceeded those
previously reported (Table 3).
The IR electrochromic film has great potential in infrared camouflage for military. In order to exhibit the IR electrochromic ability of the
CSA-doped PANI film under IR thermal imager. Fig. 8 exhibits the digital photographs and IR thermal images of the CSA-doped PANI film at
different voltages. When the applied voltage is 0.5 V, the PANI film
exhibits a higher IR emissivity. The PANI film presents dark green in a
digital camera and vermilion in the IR thermal imager. When the applied voltage is −0.25 V, the PANI film exhibits a lower IR emissivity.
The PANI film presents light yellow in a digital camera and emerald
green in the IR thermal imager. The electrochromic properties of the
CSA-doped PANI film in the visible and IR regions shows great potential
in camouflage applications.

Fig. 6. Emissivity spectra of the CSA-doped PANI film at different voltage.

Fig. 7. Emissive Power spectra of the CSA-doped PANI film at different voltage.
Table 2
The Δε values of 1st and 100th cycles for the PANI film at different applied
voltage and in different spectral ranges.
3–5 μm

ε

0.5V

ε -0.25V
Δε*

* Δε = ε

8–12 μm

1st cycle

100th
cycle

1st cycle

100th
cycle

1st cycle

100th
cycle

0.930
0.705
0.225

0.935
0.716
0.219

0.900
0.501
0.399

0.907
0.531
0.376

0.857
0.431
0.426

0.861
0.449
0.412

0.5V

−ε

4. Conclusions

2.5–25 μm

In summary, the CSA-doped PANI film has been deposited successfully onto the Au layer that covered the nylon 66 porous substrate
for the first time, which make it possible to achieve large amplitude
emissivity modulation of PANI film. The CSA-doped PANI film demonstrated variations in the emissivity Δε: 0.225 in 3–5, 0.399 in
8–12 μm, and 0.426 in 2.5–25 μm spectral ranges. These achievements
may be considered as a remarkable advance in the preparation of the
prototype of the electrochromic device operating in the IR range. The
response times is 6 s and 2.5 s, for the coloration and bleaching process,
respectively. Furthermore, the technological process used is a small
time-consuming, it lasts only 250 s. These features give an opportunity
to consider this technology as a promising candidate for manufacturing
of commercial electrochromic devices.

−0.25V.

corresponding ideal black body spectra (298.15 K) from formula (1).
Compared to the black body spectra, two emissive power spectra of the
film exhibit a completely asymmetric shape. As shown in Fig. 7, the
emissive power spectra of the film at different voltage show obviously
different integral areas, suggesting that the film has a thermal radiation

Table 3
Comparison of Δε of CSA-doped PANI film with other films reported in the literatures.
Material

Substrate

Status

Δε

Our work
Copolymer of aniline and o-anisidine [30]
DBSA-doped PANI [14]
Tungsten oxide film [31]

Au/nylon 66
ITO
Au/nylon 66
ITO

flexible
non-flexible
flexible
non-flexible

0.399(8–12 μm) /0.426(2.5–25 μm)
0.408(8–14 μm)
0.337(2.5–25 μm)
0.328(2–20 μm)
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