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Abstract
In this study, sulfuric acid (H2SO4)-doped novel binary copolymer films using
aniline and haloanilines as monomers, including aniline/o-fluoro-aniline (PFANI),
aniline/o-chloro-aniline (PCANI), and aniline/o-bromo-aniline (PBANI), have been
constructed

for

electro-emissive

devices

(EEDs).

Significantly

different

electropolymerization behaviors, surface micromorphologies and infrared (IR)
emissivity regulation ability are observed by these copolymer films. The results show
that PFANI film exhibits the highest IR emissivity modulation capability. The
nucleation process and surface morphology of copolymer films are explained by the
theory of atomic electronegativity. High emissivity changes (△ε) of 0.113, 0.417 and
0.343 in the wavelength ranges of 3-5 µm, 8-14 µm, and 2.5-25 µm, respectively, are
obtained by PFANI film. The EEDs based on PFANI films show promising
applications in IR thermal control, and dynamic visible light and IR camouflage.
Keywords: Electrochromic, Infrared, Emissivity regulation, Polyaniline copolymer
film.

1. Introduction
Electrochromic (EC) materials whose optical responses can be significantly
changed by applying external electrical signals have attracted increasing attention
due to their broad application prospects in smart windows, optical displays and
intelligent thermal control devices [1-2]. EC materials are mainly divided into two
categories: inorganic materials, e.g. transition metal oxides, and organic materials,
e.g. conducting polymers [3-5]. Compared with transition metal oxides, conducting
polymers have more advantages, such as higher coloration efficiency, lower
operating voltage, lighter weight, higher flexibility, better processability and lower
cost [6-7]. Among the conducting polymers, polyaniline (PANI) is one of the most
widely investigated materials, not only because of its good color tunability and
excellent environment stability, but also the high infrared (IR) emissivity adjustment
capability which endows it great potentials in the applications of dynamic military
camouflage and spacecraft intelligent thermal control [8-10].
The earliest research on PANI began in the 1980s by Macdiarmid et al, and the
research showed that PANI had excellent EC properties [11-12]. In 1995,
Chandrasekhar et al. reported the first electro-induced IR emissivity regulation
system by using PANI films doped with fennel brain sulfonic acid as the active layer
[13]. Since this landmark study, many efforts have been devoted to investigate the
electro-emissive devices (EEDs) based on PANI. For example, Topart et al. reported
an EED employing camphor sulfonic acid-doped PANI films as the active layer, and
the specular reflectance of the device can be continually adjusted between 0.2 and

0.65 at 12 µm [14]. Li et al. prepared an EED based on sulfuric acid-doped PANI
films, whose lowest emissivity in 8-14 µm can be adjusted from 0.4 to 0.68, and the
average reflectance dynamic range was 0.18 in the 3-5 µm [15]. Our group has also
reported various PANI-based EEDs, and the IR emissivity modulation mechanism
was investigated in detail [16-18]. Although PANI shows promising applications in
IR emissivity adjustment, more extensive researches and further performance
improvements have been restricted by its singularity of molecular structure.
As is well known, copolymerization is an effective method for tailoring the
optical and electrochemical properties of the organic EC materials by combining the
structure advantages of both monomers [19-23]. Wu et al. prepared an EC film based
on the copolymer of aniline and o-anisidine. The results showed that the copolymer
had greatly improved performance, such as the electroactivity, the dynamic
emissivity range and the response time [24]. Li et al. prepared a copolymer film of
aniline and o-phenylenediamine, which exhibited great formability, high
electroactivity and good color changing ability [25].
As derivatives of aniline, haloanilines have the advantages of stable chemical
properties and easy to save were widely used in medicine, agriculture and materials
science as an intermediate of chemical synthesis. In this paper, novel EC binary
copolymer films based on haloanilines and aniline are synthesized by
electro-polymerization method in order to enrich the sort of PANI materials and
expand the scope of the study on PANI-based EEDs. This paper attempts to explain
the nucleation process and surface morphology of the copolymer films from the

perspective of atomic electronegativity for the first time. One of the copolymer films
shows high IR emissivity modulation capability and fast response time, which can be
used as the heat dissipating material in high temperature environment (day) and
switched to heat insulation material in low temperature conditions (night), as shown
in Fig.1. In addition, the EEDs based on this new copolymer film show promising
applications in dynamic IR and visual camouflage.

Fig. 1. The principle of the binary copolymer films with IR modulation function.

2. Experimental
2.1. Materials
Aniline

(99.5%),

o-fluoro-aniline

(99%),

o-chloro-aniline

(98%)

and

o-bromo-aniline (98%) were purchased from Energy Chemical and distilled under
reduced pressure before use. Lithium perchlorate (LiClO4), propylene carbonate (PC)
and H2SO4 were obtained from Acros. PVDF-HFP (Mw: ~455000) was purchased

from Aldrich Chemistry. A porous nylon 66 substrate with a pore size of 0.5-2 µm was
purchased from Haining Zhenghao Filter Equipment Co. China. A 200-nm-thick Au
layer was deposited on the nylon 66 substrate by thermal evaporation to fabricate
porous Au electrolyte.

2.2. Preparation of H2SO4-doped aniline and o-halogenated aniline
binary copolymer films
The H2SO4-doped aniline and o-halogenated aniline binary copolymer films
were prepared by electro-deposition method. A typical fabrication route of aniline and
o-fluoro-aniline copolymer (PFANI) film was as follows: 14.7 g H2SO4 was firstly
dissolved into 250 mL distilled water, and then 4.7 g aniline and 16.6 g
o-fluoro-aniline were added into the solution. The polymerization solution was
obtained by stirring the above mixture for 6 h at the stirring speed of 900 r/min and
thereafter being left at room temperature for 24 h. The PFANI films were deposited by
a galvanostatic method using a platinum sheet as the counter electrode, a Ag/AgCl as
the reference electrode and the prepared porous Au electrode as the working electrode.
The polymerization currents were 0.2 mA, 0.4 mA, 0.6 mA, 0.8 mA, and 1.0 mA,
respectively, and the polymerization time was 3000 s. The binary copolymer films of
aniline/o-chloro-aniline (PCANI), aniline/o-bromo-aniline (PBANI) and the pure
PANI film were also prepared with the same process. The molar ratios of aniline and
haloaniline monomers in the three polymerization solutions are the same, i.e. 1:3.

2.3. Assembly of the EEDs based on the binary copolymer films
The EEDs were assembled on the basis of a “sandwich structure” including two

EC copolymer films as both front and back electrodes and an electrolyte membrane
between the two electrodes. The employed electrolyte membrane was a
P(VDF-HFP)/PMMA porous membrane containing liquid electrolyte (1M LiClO4/PC).
A 25-µm-thick polyethylene (PE) film was used as the protection layer. The device
was assembled layer by layer followed by a hot-pressing process at 155 ℃ for
sealing. The representative fabrication process of the EED based on PFANI film is
shown in Fig. 2.

Fig. 2. Schematic illustration for the preparation process of EED based on the PFANI
film.

2.4. Measurements
The surface morphology of H2SO4-doped binary copolymer films (PFANI,
PCANI, PBANI) was observed by Helios Nanoloab600i scanning electron
microscopy (SEM). Chronoamperometry (CA) and cyclic voltammetry (CV) tests
were implemented on an electro-chemical workstation (CHI660E, Shanghai Chenhua

Instruments, China). The spectral reflectance (2.5–25 µm) of the copolymer films and
the devices were measured in-situ and ex-situ by the reflection method on the
VERTEX 70 (Bruker) FT-IR spectrometer with an A562 integrating sphere. The △ε
values of copolymer films and devices were calculated according to the following
formulas (1) and (2) [26-28]:
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where T stands for the temperature (K), B(λ) is the spectral radiance of the black body
at λ, h is Planck's constant, λ is the wavelength of the incident wave, c is the speed of
light, and R(λ) is the reflectivity of the material at λ.

3. Results and discussion
3.1. Preparation of the binary copolymer films
Fig. 3a, b and c show the electro-polymerization curves of PFANI, PCANI and
PBANI films with different polymerization currents of 0.2 mA, 0.4 mA, 0.6 mA, 0.8
mA and 1.0 mA, respectively, the electro-polymerization curves of PANI were
provided in supporting information. Red arrows in Fig. 3b and c were point to the
maximum nuclear potential and the minimum nuclear potential respectively. As
observed, two voltage change stages are included in the whole polymerization process.
The first stage (0-150 s for PFANI, 0-480 s for PCANI and 0-250 s for PBANI) is the
nucleation stage of the copolymers followed by the growth stage of the copolymer
films. Obviously, the growth patterns of these three copolymers are almost similar but

the nucleation curves are significantly different. The curve of PFANI shows a
two-dimensional instantaneous nucleation process, while, those of PCANI and
PBANI exhibit a two-dimensional continuous nucleation process [29, 30]. This
difference is mainly caused by the different substituted halogen groups which have
different electronegativity (χ: χ-F=3.98, χ-Cl=3.16 and χ-Br=2.96), and thus resulting in
different polymerization activities and nucleation behaviors of the copolymers [31,
32]. Because of the large electronegativity of -F, the electroactivity of o-fluoro-aniline
is significantly lower than that of aniline, therefore, the copolymer of PFANI exhibits
the characteristic nucleation behavior of PANI that is rapid nucleation process (Fig.
S1); the o-chloro-aniline has enhanced electroactivity owing to the much lower
electronegativity of -Cl compared with -F but still lower electroactivity than that of
aniline, thus the PCANI shows a slow nucleation rate combining the nucleation
characteristics of PANI and PCANI; and because of the lowest electronegativity of -Br,
o-bromo-aniline has similar electroactivity to aniline, and therefore, the PBANI
displays a similar nucleation behavior to PANI but slightly lower nucleation rate than
that of PANI. When compared the morphologies of the copolymer films prepared
under different deposition currents, we found that the films deposited at 0.6 mA
exhibited the most uniform film surface. This may be because these copolymers have
more uniform nucleation and growth behaviors at this polymerization current. Scheme
1 shows the polymerization route of the copolymer films on switching the potential
between reduced and oxidized states [33].

Fig. 3. The electrochemical deposition curves and CV curves of the binary copolymer
films: the electrochemical deposition curves of PFANI films (a), PCANI films (b) and
PBANI films (c); the CV curves of the copolymer films between -0.3 V to 0.8 V(d).

Scheme 1. The synthetic route of the copolymers PFANI, PCANI and PBANI.

3.2. Morphology of binary copolymer films
The surface nanostructures of polymer film are extremely related to its properties.
Mongwaketsi et al. designed the polymer at the molecular level, to obtain polymers
with special nanostructures, the designed polymers with varied performance have
great applications in the field of molecular photonics [34, 35]. The surface
morphologies of H2SO4-doped PFANI, PCANI and PBANI films with the deposition
current of 0.6 mA were investigated by SEM and quite different microstructures were
observed, as shown in Fig. 4. The compared SEM images of pure PANI film are
shown in Fig. S2. PFANI film shows an uniform and dense film morphology (Fig.
4a-c). PCANI film presents a network structure on which globular copolymers with
different sizes are distributed (Fig. 4d-f). While copolymer clusters are distributed on

the network structure of PBANI films (Fig. 4g-i). In addition, compared with PCANI
and PBANI, PFANI film is more compact. The significant difference of the
morphologies of PFANI, PCANI and PBANI films are mainly related to their quite
different nucleation behaviors as discussed above. And in the same polymerization
time, the longer nucleation times result in shorter growth times of the copolymer and
thus leading to thinner films. According to the SEM images of the copolymer films,
the histogram particle size distribution graphs were obtained by calculation as shown
in Fig. 4j-l. PCANI and PBANI have similar particle sizes (the average particle sizes
of PCANI and PBANI are 0.77 and 0.95 µm, respectively). Compared with PCANI
and PBANI films, PFANI film has a bigger average particle size of 1.34 µm.

Fig. 4. SEM images and histogram particle size distribution graphs of the copolymer
films with different magnifications: SEM images of the PFANI film with different
magnification (a-c); SEM images of the PCANI film with different magnification
(d-f); SEM images of the PBANI film with different magnification (g-i)；The
histogram particle size distribution graphs (j-l).

3.3. FT-IR spectral analysis
In order to confirm the successful preparation of the copolymer films, FT-IR
spectral analysis of PFANI, PCANI and PBANI between 550–1900 cm-1 was

performed. For the three copolymers, as shown in Fig. 5, the absorption bands
centered at 1576 cm-1 are attributed to the vibration of N=Q=N of quinoid rings. The
characteristic bands around 1484 cm-1 are ascribed to the vibration of N-B-N of
benzene rings. The small difference of N-B-N positions of PFANI, PCANI and
PBANI are due to the different substituents (-F, -Cl and -Br) on the benzene rings
which cause the peak shift. The peaks at 873 cm-1, 805 cm-1 and 816 cm-1 are
identified as the vibration of C-F, C-Cl and C-Br of PFANI, PCANI and PBANI,
respectively [36]. The FT-IR results demonstrate that the copolymers are successfully
prepared.

Fig. 5. FT-IR spectra of PFANI film (a), PCANI film (b) and PBANI film (c).

3.4. CV curves of the copolymer films
Fig. 3d shows the CV curves of the copolymer films with the polymerization
current of 0.6 mA between -0.3 V to 0.8 V scanned at the rate of 30 mV s-1. All the
CV curves exhibit a pair of redox peaks attributed to the transformation of the
copolymers between an emeraldine salt (ES) state and a leucoemeraldine base (LB)

state similar to that of pure PANI film (Fig. S3). The proposed electron transfer in
redox reaction is as follows (3):
PXANI+•SO42- + e- + 2H+ (oxidized state)
⇌ PXANI0•SO42- + 2H+ (reduced state)

(3)

where e- and H+ indicate the electron and proton of the H2SO4 electrolyte,
respectively. Notably, positions of the redox peaks of the three copolymers are
different because of their different molecular structure. For the PFANI film, as the red
arrows point to, the oxidation peaks come out firstly need minimum corresponding
voltage of 0.31 V, the oxidation peaks shift positively and the corresponding reduction
peaks shift negatively compared with the other two films. Furthermore, PFANI film
has the largest CV area than those of PCANI and PBANI films, indicating that PFANI
has the highest polymer mass on the electrode. This result has a good agreement with
the SEM results that PFANI film exhibits a denser structure than that of PCANI and
PBANI films. Obviously,

3.5. IR emissivity of binary copolymer films and the devices
The change of IR emissivity (△ε) between ES state and LB state is a critical
parameter to evaluate the IR modulation ability of the binary copolymer films. Fig. 6
exhibits the IR emissivity curves and radiation energy spectra of H2SO4-doped
copolymer films deposited at the current of 0.6 mA under the applied potentials of -0.3
V and 0.6 V. The digital camera images at bleaching and coloring states of the
copolymer films are also presented in Fig. 6 respectively. The copolymer films show
the lowest IR emissivity at the LB state (-0.3 V) while they have the highest IR

emissivity at the ES state (0.6 V). The radiation energy spectra obtained from formula
(2). The △ε (△ε=ε0.6V-ε-0.3V) values of the copolymer films at different wavelength
ranges are calculated from the emissive curves in the ranges of 3–5 µm, 8–14 µm, and
2.5–25 µm at 0.6 V and −0.3 V, and the results are shown in Table 1, Table 2 and
Table 3. As observed, the three copolymer films have similar △ε (≈0.15) in the
wavelength range of 3-5 µm. Compared with PCANI and PBANI films, the PFANI
exhibits a much higher △ε values of 0.417 and 0.343 in 8-14 µm and 2.5-25 µm
regions, respectively. As reported by our group, the morphologies of polymer films
will significantly affect their IR regulation ability [18, 37]. As shown in Table 3-4 and
Fig. 6a, c and e, PFANI film has slightly higher ε values at LB state but greatly higher
ε values at ES state than those of PCANI and PBANI films. This is mainly because
that the denser film structure of PFANI leads to high IR absorbance and low
transmittance at ES state, and thus resulting in high IR emissivity. However, the more
sparse film morphologies of PCANI and PBANI lead to high IR transmittance and
thus lower IR emissivity at ES state caused by the high IR reflectance of the Au
electrolyte. The △ε value in 8-14 µm of PFANI is higher than that (0.388) of pure
PANI film previously reported by our group [16]. Beyond that, the △ε value in 8-14
µm of PFANI is higher than that (0.408) of the copolymer film of aniline and
o-anisidine previously reprted by Wu et .al [23].

Fig. 6. IR spectra and radiation energy spectra of the binary copolymer films: PFANI
film (a, b), PCANI film (c, d) and PBANI film (e, f).
Table 1 The △ε values of PFANI, PCANI and PBANI films with the electric polymerization
charge of 4.8 C in 3-5 µm.

ε-0.3V
ε0.6V
△ε

PFANI

PCANI

PBANI

0.806
0.958
0.152

0.587
0.732
0.145

0.667
0.818
0.151

△ε=ε0.6V-ε-0.3V

Table 2 The △ε values of PFANI, PCANI and PBANI films with the electric polymerization
charge of 4.8 C in 8-14 µm.

ε-0.3V
ε0.6V
△ε

PFANI

PCANI

PBANI

0.374
0.791
0.417

0.217
0.309
0.092

0.224
0.331
0.107

△ε=ε0.6V-ε-0.3V

Table 3 The △ε values of PFANI, PCANI and PBANI films with the electric polymerization
charge of 4.8 C in 2.5-25 µm.

ε-0.3V
ε0.6V
△ε

PFANI

PCANI

PBANI

0.366
0.709
0.343

0.331
0.472
0.141

0.352
0.481
0.129

△ε=ε0.6V-ε-0.3V

In order to evaluate the performance of the films in practical application, an EED
was assembled based on PFANI films. The IR emissivity spectra and radiation energy
spectra of the device are measured and the results are shown in Fig. 7a and b. When
applying reversible voltages of -0.3 V and 0.6 V, the EED exhibited a △ε of as high
as 0.312 in the wavelength range of 2.5-25 µm. Compared with some other devices,
the performance of the device in this study is great. H. Pages et al. [38] reported an
EED used Polydiphenylamine and poly(3,4-ethylenedioxythiophene) as active layers,
the △ε of the EED around 2.5-5 µm less than 0.3. The △ε value in 8-12 µm of EED
based on PFANI film is much higher than that (0.24) of EED based on pure PANI
film previously reported by Li et, al [15]. In addition, the cycling stability of the EED
based on PFANI film is measured by applying step voltages of 0.8 V and -0.5 V. As
shown in Fig. 8c, after 100 cycles, the current of the device did not decrease but
slightly increased, implying good cycling stability. We took the device to the forest in

Harbin and discovered that the assembled device could blend itself with different
backgrounds very fast under reversible voltages of 0.8 V and -0.5 V (Fig. 7d), which
imply that the device could not only be used for infrared regulation, but also for visual
camouflage.

Fig. 7. IR spectra (a), radiation energy spectra (b) and the I-t curve of the device based
on the PFANI films (c), the camouflage state of the device based on the PFANI films
in the forest in Harbin (d).

4. Conclusions
In summary, H2SO4-doped novel binary copolymer films (PFANI, PCANI and
PBANI) have been prepared via electro-polymerizing aniline and haloaniline
monomers on porous Au electrodes. These copolymer films exhibit significantly
different electropolymerization behaviors, surface micromorphologies and infrared

(IR) emissivity regulation ability. It is worth highlighting PFANI film exhibits the
highest IR emissivity modulation capability. Beyond that, an EED was assembled
successfully based on PFANI films. The EED based on PFANI films exhibit a △ε of
as high as 0.312 in the wavelength range of 2.5-25 µm. In addition, the cycling
stability of the EED based on PFANI films performs well.
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Highlights
(1) Novel aniline and haloanilines binary copolymer films were prepared;
(2) The copolymer films exhibited significantly different polymerization behaviors;
(3) Good IR emissivity tunability was obtained by the PFANI copolymer film;
(4) The EEDs based on PFANI films showed good cycling stability;
(5) The PFANI-based EEDs showed promising applications in IR thermal control.

Declaration of interests
☒ The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.
☐The authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:

