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A B S T R A C T   

The widespread use of the flexible infrared electrochromic device (IR-ED) fundamentally depends on not only the 
IR emissivity modulation ability of the functional layer but the component assembling structures. However, 
building integrated assembling structure for excellent flexibility and service life is an urgent but a challenging 
task due to exfoliation of the components of the traditional sandwich structure IR-ED during the use of bending 
and folding. Herein, we employed both sides of gold-plated nylon porous membrane as ion transport layer and 
electrode layer to construct highly-flexible monolithic integrated IR-ED. The dodecyl benzene sulfonate acid 
(DBSA)-doped PANI films were electrodeposited on the both side of gold-plated nylon porous membrane. Then 
the electrolyte was filled into the nylon porous membrane to successfully construct the highly-flexible monolithic 
integrated IR-ED. Compared with the traditional sandwich structure IR-ED, the unique configuration endows 
excellent IR electrochromic performance, ultra-high flexibility and structural stability. The monolithic integrated 
IR-ED can reversibly convert between colored state (dark green) and bleached state (golden yellow) upon the 
imposed external voltages, and the IR emission modulation of 0.43 and 0.40 is obtained at the wavelength ranges 
of 8–14 µm and 2.5–25 µm. The illustrated capabilities make the highly-flexible monolithic integrated IR EC 
device promising for thermoregulation related technologies and adaptive camouflage platforms.   

1. Introduction 

Electrochromic (EC) device, an effective option for modulating op-
tical properties (transmittance, emittance, absorption, etc.) by the ions 
insertion/extraction under the imposed external voltage, has been suc-
cessfully applied in smart window and optical displays for visible and 
near-infrared (NIR) range [1–7]. Recently, IR-ED has gained significant 
interests for dynamic infrared modulation in various fields including 
energy-efficient buildings, personal thermal management, adaptive 
thermal camouflage and spacecraft thermoregulation [8–12]. Transition 
metal oxide such as tungsten oxide [13–15] and conducting polymers 
such as polyaniline (PANI) and poly (3, 4-ethylenedioxythiophene) have 
been reported as IR EC materials [16–22]. As a typical conducting 
polymer, PANI has attracted considerable attention due to its excellent 
IR emissivity modulation ability at IR region and several developments 
of IR-ED based on PANI have accomplished in recent decades [23–26]. 
As early in 1999, Topart’s group [27] proposed a IR switching 

electro-emissive device, the camphor sulfonic acid (CSA) doped PANI 
film was used as electrochromic layer and the device achieved a dy-
namic adjustment of 0.2–0.65 at 12 µm under the actuated potential 
of-0.2 V and 0.45 V. In 2002, Chandrasekhar et al. [28] reported a IR-ED 
based on PANI/poly(diphenyl amine) and the emittance of device 
changed from 0.32 to 0.79. In 2009, Li et al. [29] investigated the 
spectral characteristics of sulfuric acid-doped PANI films and the emit-
tance change of the device was about 0.24 in the wavelength of 8–12 µm. 
Furthermore, our group has been continuously focused on the research 
of PANI-based IR EC. For example, we had synthesized dodecylbenzene 
sulfonate acid (DBSA) doped PANI film on Au/porous flexible substrate 
and the emittance of device was calculated to be 0.183, 0.388 and 0.315 
in the wavelength ranges of 3–5 µm, 8–12 µm and 2.5–25 µm [30]. We 
also [31] constructed a H2SO4-doped PANI film and the IR emittance 
change (∆ε) of the device was 0.4 and 0.3 in 8–14 µm and 2.5–25 µm, 
respectively. The above-mentioned PANI-based devices were usually 
obtained by layer-by-layer assembly of two electrodes and electrolyte 
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layer. 
However, the layer-by-layer assembled device always exhibits a 

large thickness, which results in a great ion transfer distance between 
the two electrodes. In addition, the poor interface contact between the 
electrode and electrolyte layer is unbeneficial for ion transfer. Further-
more, for the flexible device, the multiple bending/unbending process 
would lead to the separation between the conterminal layers, which will 
even damage the device irreversibly. Hence integrating the all compo-
nents into single porous membrane could be an effective and facile way 
to decrease the ion transfer distance and solve the delamination issue, 
which is inspired by the monolithic integrated supercapacitor reported 
by Li et al. [32]. 

In this work, DBSA-doped PANI films were electrodeposited on both 
sides of gold-plated nylon porous membrane and a monolithic integrated 
IR-ED was fabricated using LiClO4/PC as electrolyte. Compared with the 
traditional layer-by-layer assembled device, the integrated device 
exhibited excellent electrochemical properties and durability upon 
mechanical bending. Moreover, the integrated device could realize the 
dynamic conversion from dark green to golden yellow in the visible 
region upon the varied external voltages and exhibited an emittance of 
0.43 and 0.40 in the range of 8–14 µm and 2.5–25 µm, respectively. The 
fabrication of monolithic integrated IR ED device has a bright applica-
tion prospect in the field of infrared camouflage and thermal control. 

2. Experimental section 

2.1. Materials and regents 

Aniline (99.5%) was obtained from Alfa Aesar and distilled under 
reduced pressure before use, dodecyl benzene sulfonate acid (DBSA) was 
obtained from Alfa Company. Lithium perchlorate (LiClO4) and pro-
pylene carbonate (PC) were supplied from Aladdin chemistry. Nylon 66 
membrane was purchased from commercial suppliers. The Au layer was 
thermal evaporative deposited on microporous nylon substrate and the 
thickness of Au layer was about 200 nm. 

2.2. The preparation of DBSA-doped PANI film 

The DBSA-doped PANI film was electrodeposited with a typical 
three-electrode mode using Au/nylon/Au microporous substrate, Ag/ 
AgCl and Pt foil electrode as the working electrode, the reference elec-
trode and the counter electrode, respectively. In detail, the PANI film 
was electropolymerized on the surface of Au/nylon/Au membrane (2 
×3 cm2) by a galvanostatic method in an aqueous solution consisted of 
0.25 mol/L DBSA and 0.025 mol/L aniline monomer at a constant cur-
rent density (0.1 mA/cm2) with different electropolymerization charges. 
The prepared DBSA-doped PANI film was washed by ultrapure water 
and dried at room temperature. 

2.3. Fabrication of DBSA-doped PANI device 

The fabrication route of integrated PANI-based IR-EC device was 

briefly described in Scheme 1. The Au layer was thermal evaporated on 
the double sides of nylon and then PANI was successively electro-
chemical deposited on the surface of Au layer. The electrolyte solution 
(LiClO4/PC, 1 mol/L) was coated on one side of membrane and pene-
trated through nylon membrane via vacuum filtration. The integrated 
device was eventually assembled after hot packaging with two pieces of 
polyethylene (PE). 

For comparison, a reference device was fabricated according to the 
previous report [31] and the fabrication process is illustrated in Scheme. 
S1. Two pieces of PANI films deposited Au/nylon membrane were used 
as the front and back electrodes, while the [P(VDF-HFP)] membrane 
containing LiClO4/PC (1 mol/L) were served as the electrolyte layer. 
Furthermore, the schematic illustration for thickness and ion transfer 
distance of integrated device and reference device was depicted in 
Fig. S1. 

2.4. Measurements 

For DBSA-doped PANI films, the electrochemical measurements 
were measured in three-electrode model in which the LiClO4/PC (1 mol/ 
L) was served as electrolyte, Pt foil and Ag/AgCl was served as the 
counter electrode and reference electrode, respectively. For the device, 
the electrochemical tests were carried out by two-electrode model. Cy-
clic voltammetry (CV), multi-potential step (STEP) and electrochemical 
impedance spectroscopy (EIS) were tested using electrochemical work-
station (CHI660D, Shanghai Chenhua Instruments, China). Spectral 
emittance of films and devices was tested by a VERTEX 70 (Bruker) FT- 
IR spectrometer at the spectral range of 2.5–25 µm (equipped with an 
A562 integrating sphere) while the IR thermal imager (TI450, Fluke) 
was employed to record thermal images. 

3. Results and discussions 

The Au/nylon/Au membrane is a typical porous structure as shown 
in Fig. S2. The microscopic image of Au/nylon/Au membrane before and 
after 1000 bending cycles was demonstrated in Fig. S3a and S3b, there is 
no obvious cracks occurred (the bending radius is about 10 mm and the 
scratches were caused by marker to make bending position). Further-
more, the resistance of Au/nylon/Au membrane before and after 1000 
bending cycles (Fig. S3c and S3d) was slightly increased from 2.4 Ω to 
2.7 Ω, indicating excellent bending durability. The DBSA-doped PANI 
films were obtained via galvanostatic on one side the Au/nylon/Au 
substrate with varied polymerization charges from 0.5 C to 4.5 C. As 
shown in Fig. 1, the superficial pores of nylon membrane is gradually 
filled by deposited PANI and the thickness of PANI layer is increasing 
simultaneously as the ever-increasing polymerization charges. The 
electrochemical properties of PANI films were investigated by cyclic 
voltammetry in LiClO4/PC solution from the potential of − 0.3 V and 
0.8 V (vs. Ag/AgCl) at the scan rate of 50 mV/s. As shown in Fig. S4, the 
area of single curve increases with the increasing polymerization charge 
and the redox peak potential shifts to higher voltage due to the growing 
loading of PANI. Moreover, the reduction peak potential and oxidation 

Scheme 1. Schematic illustration for the fabrication of integrated device.  
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peak potential represent the leucoemeraldine (LE) state of PANI and 
emeraldine salt (ES) state, the transformation between the ES and LE 
state is caused by ClO−

4 anion doping and dedoping, the overall redox 
reaction equation is as follows [33–36]: 

PANI+ nClO−
4

(
LE state

)
⇌
(
PANIn+)( ClO−

4

)n
+ ne− (ES state) (1) 

It is reported that the ES state of PANI exhibits a high emittance due 
to the formation of polarons and bipolarons while the LE state shows low 
emittance on account of the elimination of polarons and bipolarons 
[37–39]. Therefore, the reversible transformation between the ES and 
LE makes the PANI films achieve the IR modulation. The oxidation peak 
potential of 0.45 V and reduction peak potential of − 0.3 V are chosen as 
actuating potential to obtain ES and LE state of PANI films. 

The emittance curves of PANI films are measured to investigate the 
influence of polymerization charge on the IR modulation at the actu-
ating potentials of − 0.3 V and 0.45 V and the relevant results are shown 
in Fig. 2. It can be seen that the emittance of ES and LE state both ex-
hibits a growing tendency due to the progressively filled pores and 
increased thickness weaken the high reflection of Au layer. The emissive 
power curves of PANI films with polymerization charges from 0.5 C to 
4.5 C is depicted in Fig S5, the relevant △ε values in 8–14 µm and 
2.5–25 µm are calculated according to Eq. (1–3) (Supplementary infor-
mation) to quantitatively evaluate the IR regulation and the results are 
shown in Fig. 2f. The △ε value of PANI films obtained by the poly-
merization charge of 2.5 C reaches 0.43 in 8–14 µm and 0.40 in 
2.5–25 µm. Therefore, 2.5 C is selected as the optimal polymerization 
charge for the preparation the PANI films and further fabrication of 

Fig. 1. SEM images of DBSA-doped PANI films prepared by different polymerization charges. (a) 0.5 C. (b) 1.5 C. (c) 2.5 C. (d) 3.5 C. (e) 4.5 C. (f) The thickness of 
the PANI films prepared by different polymerization charge. Inset: the cross-section SEM of PANI films with different polymerization charges. 

Fig. 2. Emittance curves of DBSA-doped PANI films prepared by different polymerization charges from 0.5 C to 4.5 C. (a) 0.5 C. (b) 1.5 C. (c) 2.5 C. (d) 3.5 C. (e) 
4.5 C. (f) The △ε values of PANI films prepared by different polymerization charges in 8–14 µm and 2.5–25 µm. 
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device. Furthermore, when the polymerization charge reaches 3.5 C, the 
emittance of LB state is partially greater than that of ES state especially 
in 5–10 µm due to the pseudo-metallic characteristic of PANI [40–43]. 

The integrated device and reference device were fabricated accord-
ing the above illustrated scheme1 and Fig. S1, while the DBSA-doped 
PANI films are obtained at a polymerization charge of 2.5 C. The 
crimp process was recorded in Video S1, indicating an ultra-high flexi-
bility of integrated device. A bending experiment was designed to 
quantitatively evaluate the mechanical resistance of integrated device. 
In detail, the integrated device was placed and immobilized at the edge 
of table while the half part was free-standing as depicted inset of Fig. S6. 
Under the gravity of object adhered at the edge of integrated device, the 
device bent and when the weight of objects increased, the bending angle 
of integrated device added gradually. Then the distances from the edge 
of device to the plane of table were recorded to calculate the bending 
angle. Finally, the curves of bending angle and the gravity of object was 
plotted as shown in Fig. S6, demonstrating that the integrated device 
could bend to 90◦ with only 27.44 mN. The EIS was employed to analyze 
the fundamental electrochemical performance of integrated device and 
reference device. The impedance spectras of integrated device (Fig. 3b) 
and reference device (Fig. 3c) are both composed by a semicircle at the 
region of high and medium frequency and a straight line at the region of 
low frequency. According to the equivalent circuit (Fig. 3a), the relevant 
fitting curves were also obtained and the calculated elements of pro-
posed equivalent circuit are depicted in Table S1 [44,45]. The equiva-
lent series resistance (ESR) of the integrated device (8.5 Ω) is much 
lower than that of reference device (39.0 Ω). The smaller diameter of the 
semicircle at high-to-medium frequencies of integrated device than the 
reference one suggests its much lower charge transfer resistance (Rct) 
and the higher slope in the low frequency of integrated device indicates 
the faster ion diffusion. Fast response time is significant essential for an 
EC device, the multi-potential measurement with voltage step between 
− 1.2 V for 20 s and 0.3 V for 20 s was carried out to investigate the 
switching time of integrated device and reference device. Fig. 3d in-
dicates that the integrated device needs shorter time to response than 
the reference one, which is attributed to the better electrode/electrolyte 
interface and shorter ion transfer distance [46]. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.synthmet.2021.116822. 

Compared with reference device, in the system of integrated device, 
the Au layers were employed as two individual electrodes, while the 
middle nylon membrane containing electrolyte solution was used for 
electrolyte layer. Importantly, the two PANI films was employed as EC 
layer and ion storage layer, respectively. In other words, when one of the 
PANI films was used as EC layer and another was acted as ion storage 

layer. Furthermore, the Fig. S7 shows the schematic illustration of 
working mechanism for integrated device. To evaluate the IR modula-
tion ability, the emittance curves of the integrated device at colored and 
bleached states were measured upon the potential of 0.3 V and − 1.2 V 
at the wavelength from 2.5 to 25 µm. The Fig. 4a and b demonstrates the 
emittance and emissive power curves of integrated device using upper 
PANI film as EC layer and the lower PANI film as ion storage layer, it can 
be calculated that the △ε value is 0.43 in 8–14 µm, while it is 0.40 in 
2.5–25 µm. The Fig. S8a and S8b exhibits the emittance and emissive 
power curves of the integrated device using lower PANI film as EC layer 
and upper PANI film as ion storage layer. The △ε value is 0.41 in 
8–14 µm, while it is 0.40 in 2.5–25 µm. Thus the two PANI films both 
could be employed as ion storage layer as long as another PANI film acts 
as EC layer. The emittance curves of reference device at colored and 
bleached state were also measured at the potential of 0.3 V and − 1.2 V 
at the wavelength of 2.5–25 µm (Fig. S9), the △ε value in 8–14 µm and 
2.5–25 µm are 0.38 and 0.37, respectively. Apparently, the integrated 
device exhibits better modulation ability than reference one at the same 
actuating potential which is mainly attributed that the shorten path 
between the electrolyte and electrode provided by the integrated device 
make more electrolyte ions could reacts with PANI effectively. The IR 
emittance was measured after multiple cycles of − 1.2 V for 20 s and 
0.3 V for 20 s to study the cyclic stability of the integrated device. The 
emittance curve and emissive power curve are depicted in Fig. S10, the 
△ε are 0.33 and 0.30 in 8–14 µm and 2.5–25 µm after 1000 cycles. The 
relative stable emittance indicates the integrated device possesses 
excellent cyclic stability. 

The emittance of integrated device and reference device were 
measured at the potential of − 1.2 V and 0.3 V after multiple bending/ 
unbending operation to confirm the structural stability of integrated 
device and reference device. The devices were bent more than 90◦

(Fig. S11) and bending radius is about 10 mm. The △ε values of inte-
grated device and reference device after per 20 bending cycles is 
depicted in Fig. 5a and b, respectively. It can be obviously seen that the 
△ε values of the integrated device remain relative stable and there is 
only 0.07 decreased even after 100-cycle bending/unbending. In 
contrast, the reference device shows that △ε decreases apparently 
during the bending process, which is mainly attributed to the separation 
between the electrolyte membrane and electrodes, as shown in Fig. S12. 
The Nyquist plots of integrated device and reference device during the 
bending/unbending operation are depicted in Fig. S13a and S13b. The 
ESR before and after 100 cycles is 8.4 Ω and 55.24 Ω for integrated 
device, while it is 39.0 Ω and 469.1 Ω for reference device. This further 
confirms that the monolithic integrated configuration endows the device 
structural stability. To further verify the durability, the △ε values of 

Fig. 3. (a) The equivalent circuit fitted with EIS spectra. (b) The EIS spectra of integrated device. (c) The EIS spectra of reference device. (d) The current-time curves 
of integrated device and reference device carried out by multi-potential measurement of − 1.2 V for 20 s and 0.3 V for 20 s. 
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integrated device and reference device after 1000 bending/unbending 
cycles were characterized as depicted in Fig. S14, there are 0.20 (in the 
wavelength of 8–14 µm) and 0.15 (in the wavelength of 2.5–25 µm) 
remaining for integrated device and the reference device lost the mod-
ulation ability merely after 200 cycles. 

The integrated device was placed on the heating plate keeping a 
constant temperature of 50 ◦C to capture IR thermal imaging. The digital 
camera images of the integrated device in the colored and bleached state 
are shown in Fig. 6a and b and corresponding IR thermal image are 
recorded in Fig. 6c and d. During the transformation from colored state 
and bleached state, the device converts from dark green to golden yel-
low, while the apparent temperature of device changes from hotter to 
colder according to the right rainbow scaleplate. It is because that high 
emittance of integrated device at colored state makes the thermal image 
display a high apparent temperature, while high reflectance of inte-
grated device at bleached state allows it appears low apparent temper-
ature. The dynamic video S2 shows that the integrated device could 
transform between dark green to golden yellow upon the external 
voltage of 0.3 V and − 1.2 V and the video S3 demonstrates that the 
apparent temperature of integrated device converts between higher to 
lower. Thus the integrated device could achieve the controllable cam-
ouflage in the vis-infrared regions and IR thermal management. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.synthmet.2021.116822. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.synthmet.2021.116822. 

4. Conclusion 

In summary, we fabricated a highly-flexible monolithic integrated 
IR-ED by electrodeposition PANI on both sides of Au/nylon/Au porous 
membrane. The integrated device demonstrated a variation emittance of 
0.43 and 0.40 in 8–14 µm and 2.5–25 µm. More importantly, compared 
with layer-by-layer assembled device, the prepared integrated device 
exhibits enhanced electrochemical performance, ultra-high flexibility 
and excellent structural stability, which makes it as a promising candi-
date for practical application. Furthermore, the excellent IR electro-
chromic performance provide a bright prospect for applying in dynamic 
infrared modulation related technologies including energy-efficient 
buildings, personal thermal management, adaptive thermal camou-
flage and spacecraft thermoregulation. 
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