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A B S T R A C T   

A flexible reflective-type electrochromic device based on PB films has been constructed. Based on the subtractive 
color-mixing theory, the demonstrated electrochromic device exhibits a unique reversible color changes from 
leaf-green to sand-yellow by electrochemical operation. Fast response time of 0.9 s for bleaching and 1.3 s for 
coloring is observed, which is faster than most reports. In addition, the device exhibits high electrochromic 
stability of more than 100 cycles without compromising its performance. The flexible device shows promise for a 
broad range of potential application in the wearable electrochromic displays and camouflage.   

1. Introduction 

Electrochromism refers to a phenomenon that the change in optical 
properties of active material induced by the intercalation/de- 
intercalation of ions and electrons under an electric field [1]. The 
spectral modulation capabilities and reversible redox properties of 
electrochromic materials have been widely used in smart window [2] 
and thermal control devices [3]. Among them, Prussian blue (PB) has 
attracted increasing attention of researchers due to its excellent prop-
erties such as uniform coloring and bleaching, high optical contrast and 
reversibility of electrochemical cycles [4]. 

Electrochemical oxidation or reduction of the iron centers in PB 
compound requires electron transport and ion motion to maintain 
charge neutrality in the electrode, as shown in Equation (1) and (2). The 
initial color of PB is blue, while it is bleached to a colorless state 
(Prussian white (PW)) when reduced, it is also possible to be oxidized to 
light green state (Prussian green (PG)). Also, it can be reversibly 
recovered to its original colored state [5]. 
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With the development of military and electronic technology, elec-
trochromic device has been applied in camouflage and flexible display 

fields, which require different colors or three primary colors [6–7]. 
However, the characteristic of single color for PB film limits its appli-
cation in these fields. A distinct Prussian blue analogue (PBA) showing a 
different color can be obtained by replacing the coordinate iron in the PB 
framework with other transition metals [8]. However, PBA, usually 
prepared by hydrothermal and chemical methods, has the disadvantages 
of complex preparation process, non-uniformity and low electro-
chemical stability. 

In this study, The PB films were prepared on Au/nylon 66 flexible 
substrate by electro-deposition method. Utilizing advantages of the 
excellent flexibility and high chemical inertness of Au/nylon 66 sub-
strate, the flexible devices were constructed. Based on the subtractive 
color-mixing theory [9–10], the devices can change color between sand- 
yellow and leaf-green, which is similar to the colors of the desert and 
oasis, respectively. It is feasible to apply the devices to adaptive cam-
ouflage in these environments. The light and flexible characteristics of 
the device make it possible to be applied in the potential field of wear-
able displays. 

2. Experimental section 

All experiments were carried out in room temperature environment. 
Detailed route of preparation process is shown in scheme S1. Four kinds 
of PB films were prepared by electrodeposition. By varying the deposi-
tion time from 10 to 30, 50 and 70 s, the films were denoted as PB-10, 
PB-30, PB-50, and PB-70, respectively. The device with a sandwich 
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structure was assembled using the PB films as both the front and back 
electrodes, with polyethylene (PE) as a protective layer. 1 M LiClO4/ 
Propylene carbonate/Acetic acid (LiClO4/PC/HAc) was used as the 
electrolyte. 

The morphologies were characterized by SEM (Zeiss supra 55). XRD 
data were measured by X-ray diffraction (PANalytical B. V. Model X′pert 
Pro). Fourier transformation infrared (ATR-FTIR) spectra of samples 
were obtained with Nicolet is50 spectrometer. Raman spectra were 
recorded by a Horiba Jobin Yvon LabRAM spectrometer. The Cyclic 
voltammetry (CV) and chronoamperometry (CA) tests were carried out 
by using electrochemical workstation (CHI 660E). Visible and near 
infrared characterizations were performed in the reflectance mode using 
UV/VIS/NIR Spectrometer (PerkinElmer). 

3. Results and discussion 

SEM images of Au substrate and PB films with different deposition 
time are shown in Fig. 1. The morphology of the flexible substrate is a 
linear network structure constructed by the network of intersecting fi-
bers. The PB film presents a fibrous structure covered with voids, which 
means that the PB films have more ion channels and it is facilitate rapid 
electrochemical reaction. In Fig. 1(b)-(e), with the increase of the 
deposition time, the diameter of the fibers gradually increases, while, 
the voids did not disappear. When the time increases to 50 s, the 
diameter of the fibers no longer changes significantly. Fig. 1f displays 
the Raman spectra of PB film with deposition times of 50 s. The ab-
sorption peaks located at 271 cm− 1 can be assigned to the stretched 

Fig. 1. SEM images of Au substrate (a) and PB films with different deposition times: (b) 10 s, (c) 30 s, (d) 50 s, (e) 70 s. (f) Raman spectra of PB film.  

Fig. 2. CA curves evolution of PB films with different deposition times under potential window of − 0.3 V ~ 0.45 V for a step time of 5 s.  
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vibration of Fe-N bond. The peak centered at 543 cm− 1, assigned to Fe-C 
stretching bending mode [11]. The strong peak at 2158 cm− 1 is related 
to the stretching vibration of C≡N group [12]. The result of FTIR and 
XRD shown in Fig S1 and S2. Therefore, as indicated by the above re-
sults, the PB film has been successfully synthesized. 

Electrochromic performances of the films are directly related to their 
electrochemical properties. The electrochemical performance of the PB 
films with different deposition time were explored by CV measurements. 
Corresponding results shown in Fig. S3, all the films present two pairs of 
redox peaks which can be attributed to the reduction/oxidation of Fe3+/ 
Fe2+ ions [13]. During the CV measurements, the films exhibit reversible 
color changes from green to yellow. 

To reveal the cyclic stability of PB/Au films in the LiClO4/PC/HAc 
electrolyte. The corresponding current density variations are obtained 
via CA method. As shown in Fig. 2, all the films show similar curve 
profiles in 200 cycles. The values of peak current density (jpc, jpa) are 
shown in Table S1. Overall, the peak current density increases with the 
film deposition time and the peak current density of the cathode is 
higher than that of the anode, which is related to the lower applied 
negative voltage. Furthermore, there are only slight decreases in the 
peak current density during 200 cycles. The critical reason is that H+ at 
the active interface of the PB films can inhibit the formation of Fe(OH)2/ 
Fe(OH)3 compound, causing the [Fe3+Fe2+(CN)6]- complex to be 
maintained. 

Besides the cyclic stability, response time is also important to assess 
the electrochromic performances of the film. The process from green to 
yellow color is “bleaching process” and from yellow to green color is 
“coloration process”. Response time is defined as the time used to reach 
90% of total current density change. The corresponding values of first 
and final cycle are listed in Table S2. In general, the response time in-
creases with the increase of the film deposition time. The bleaching time 
is between 2 and 3 s, and the coloring time is between 1 and 2 s. 

To realize the practical applications, the flexible electrochromic 
devices with a structure of PE/Au/nylon/PB/electrolyte/PB/Au/nylon/ 
PE are assembled. In Fig. S4, different voltage windows are applied to 
the device to test its electrochromic property. As the voltage increases, 
the color transition of the device is gradually obvious. The device shows 
the most obvious color change between yellow and green when the 
applied voltage is − 1.8 and 1.0 V. 

The reflectance spectrum of the device in visible and near infrared 
region (0.4 ~ 1.2 μm) are shown in Fig. 3. When the applied voltage is 
− 1.8 V, the reduced PB exhibits high reflectance, which is correspond-
ing to the yellow state. Low reflectance is obtained under 1.0 V corre-
sponding to the green state. Device PB-50 shows the largest reflectance 
modulation of 15.5%. The reflectance modulation of device PB-10, de-
vice PB-30 and device PB-70 are 13.0%, 14.8%, and 14.0%, respectively. 
After 100 cycles, the reflectance modulation of devices is 8.9%, 14.6%, 
15.3% and 14.5%, respectively. The changes of reflecting properties for 
the devices are reversible, with only minor performance degradation 
observed after 100 cycles, indicating excellent structure stability of the 
device. 

Fast response time is a key factor of the electrochromic device for the 
practical applications. As shown in Fig. 3 (e), the coloring/bleaching 
time of device PB-50 is 1.3 s/0.9 s, which is faster than most reports with 
the similar electrochromic system listed in Table S3. The fast switching 
response is due to good conductivity of Au and short ion diffusion dis-
tance between electrode and electrolyte. Fig. 3 (f) displays a very uni-
form and highly contrasting color variation of the device. When a 
voltage of − 1.8 V is applied to the device, its color is similar to the green 
of leaf, and when a voltage of 1.0 V is applied, the color changes to 
yellow which is similar to the yellow of sand. The results demonstrate 
that the PB film can tunably blend with green or yellow background 
under different voltages. The flexibility of the device is also verified, the 
color change of the device PB-50 was measured at potentials of − 1.8 V 
and 1.0 V in the case of bending. As shown in Video S1 (Supporting 
Information). the device presents color changes from leaf-green to sand- 
yellow under different bending states. 

4. Conclusion 

In summary, PB film has been deposited successfully onto the flexible 
Au/nylon 66 substrate for the first time. Color states and reflectance of 
the PB-based device can be reversibly controlled, which could change 
from leaf-green to sand-yellow and from high to low reflectance states 
simultaneously. The device PB-50 shows the best optical reflectance 
modulation of 15.5% at 700 nm. And the coloring/bleaching time of the 
device is 1.3 s/0.9 s. Moreover, the device exhibits high durability after 
100 cycles and great electrochromic property under different bending 

Fig. 3. Reflectance curves of (a) device PB-10 (b) device PB-30 (c) device PB-50 (d) device PB-70 under potential window of − 1.8 V ~ 1.0 V before and after 100 
cycling. (e) The response time for the device PB-50 with switching potential between − 1.8 and 1.0 V. (f) Digital camera images of device PB-50. 
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