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ABSTRACT

Flexible electrochromic devices (FECDs) demonstrate significant potential for applications in wearable elec-
tronics, military camouflage, and flexible smart displays. As a crucial electrochromic material, poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) is widely used in FECDs due to its excellent
mechanical flexibility, tunable conductivity, and non-toxicity. However, the manufacturing process for patterned
PEDOT:PSS electrochromic devices remains intricate, costly, and challenging to personalize. To address this
challenge, we have developed a 3D-printable ink with controllable rheological properties through a concentration-
tuning strategy, enabling programmable, patterned printing of PEDOT-based conductive polymer electrochromic
layers. The 3D-printed FECDs exhibit outstanding electrochromic performance, including a high optical contrast
(up to 47.9% at 635 nm), fast response times (tc = 1.6 s; tb = 0.6 s), high coloration efficiency (352 cm2 C−1), and
good cycling stability (with only a 9.3% decrease in optical contrast after 100 electrochemical cycles). Finally, we
utilize 3D printing technology to construct flexible, patterned PEDOT:PSS electrochromic devices with bespoke
butterfly designs. This work establishes the theoretical foundation for the application of 3D printing technology in
PEDOT:PSS flexible electrochromic devices.
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1 Introduction

In recent years, technological advancements and the drive for smarter living have propelled
the development of wearable electronics such as robotic skins and optoelectronic devices [1–3].
Electrochromic devices (ECDs) hold significant potential due to their low power consumption, fast
response times, and excellent controllability, making them well-suited for applications in smart displays
[4], wearable devices [5], and smart windows [6]. Electrochromism refers to the phenomenon where a
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material’s optical properties, such as absorbance and transmittance, change under an external electric
field, resulting in a reversible color change [7].

Electrochromic materials can be categorized into inorganic and organic categories [8–10]. Inor-
ganic electrochromic materials, predominantly based on transition metal oxides and their derivatives,
such as cathodic coloring from Group VI B metal oxides [11–13] and anodic coloring from Group
VIII B metal oxides [14,15], are renowned for their rapid response and exceptional stability. These
materials are capable of fast color change and maintaining stability over prolonged periods [16–
18]. However, despite these advantages, the production costs of inorganic electrochromic materials
remain relatively high. In contrast, organic electrochromic materials offer advantages such as a broad
spectrum of colors, ease of processing, low production costs, and highly tunable molecular structures
[19–21]. Conductive polymers [22,23], in particular, exhibit reversible color changes during the doping
and dedoping process, alongside benefits such as low driving voltage, vibrant color transitions, short
response times, high optical contrast, affordability, ease of molecular customization, and excellent
processability. PEDOT:PSS has been extensively studied due to its superior water dispersibility [24–26],
controllable miscibility, and adjustable conductivity. Because of these advantages, PEDOT:PSS has
found widespread applications in bioelectronics [27–29], flexible wearables, and other fields. Notably,
Naoji Matsuhisa and Professor Zhenan Bao’s team at Stanford University have utilized PEDOT:PSS
as a functional material for pixel integration, enabling visual signal representation in strain sensors
[30]. Although PEDOT:PSS hydrogels have been incorporated into electrochromic devices [5], the use
of PEDOT:PSS in dry-film electrochromic devices has not yet been explored.

However, the fabrication of flexible PEDOT:PSS electrochromic devices still faces challenges,
such as complex manufacturing processes, high costs, and difficulties with personalization, which
significantly limit their potential for low-cost, large-area patterned production [31–33]. To address
these challenges, there is an urgent need to develop a low-cost, efficient, and programmable fabrication
technique [34,35]. As an innovative additive manufacturing technology, 3D printing has gained
increasing attention from scientists. This technology offers high design flexibility and the ability to
produce complex components, reducing process complexity and enabling high production efficiency
without material waste. Therefore, integrating 3D printing technology [36] into the fabrication of
flexible PEDOT:PSS electrochromic devices shows promise for reducing overall process complexity,
enabling bespoke production, and conserving materials [37].

In this work, we employ a concentration-controlled design strategy to develop a 3D-printable
PEDOT:PSS conductive polymer ink with controllable rheological properties. The 3D-printed
PEDOT:PSS films demonstrate excellent electrochromic performance, with an optical contrast of
up to 47.9% at 635 nm, a high coloration efficiency of 352 cm2 C−1, a fast coloration time of just
1.6 s, and an extremely short bleaching time of only 0.6 s. Notably, even after 100 electrochemical
cycles, the optical contrast of the films decreases by only 9.3%, highlighting their outstanding cycling
stability and durability. Finally, by leveraging the customization advantages of 3D printing, we
fabricate flexible patterned electrochromic devices with bespoke butterfly designs using PEDOT:PSS
conductive polymer ink. This work emphasizes the significant potential of 3D printing technology for
practical applications such as flexible patterned displays and letter displays.

2 Materials and Methods
2.1 Materials

Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) (Orgacon DRY, Agfa
Materials, Beijing, China), deionized water, lithium chloride (LiCl) were purchased from Aladdin,
Shanghai, China. poly(vinyl alcohol) (PVA, Mw 146-186 kDa). ITO-PET (<10 Ω sq−1) were purchased
from Zhuhai Kaivo, Guangdong, China.
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2.2 Preparation of Electrochromic Precursor Ink

First, 0.25 g of PEDOT:PSS particles (Orgacon DRY, Agfa Materials, Beijing, China) was added
to 4.75 g of deionized water. The mixture was filtered several hundred times at room temperature using
a syringe filter (40 μm) and then passed through a filter at least 15 times until fully homogenized. To
ensure the ink was bubble-free, it was degassed using a centrifuge at 8000 rpm for 15 min. This process
yielded a 3D-printable conductive polymer ink containing 5 wt% PEDOT:PSS. Additionally, the
concentration of PEDOT:PSS particles was varied to prepare inks with 1, 3, and 7 wt% PEDOT:PSS
conductive polymers.

2.3 PVA/LiCl Gel Electrolyte Preparation

First, 1 g of PVA and 1 g of LiCl were added to 8 g of deionized water. The solution was then stirred
continuously at 90°C for two hours to ensure thorough mixing and dissolution. Once the solution
cooled to room temperature and stabilized, it was ready to be cast onto the device.

2.4 3D-Printed Electrochromic Films

Flexible electrochromic films were produced using a direct ink writing 3D printer (DB 100, Shang-
hai MiFang Electronic Technology Co., Ltd., Shanghai, China) by optimizing 5 wt% PEDOT:PSS
electrochromic inks. Needles of various sizes (90, 160, 210 and 240 μm) were employed during the
printing process, with the air pressure adjusted between 0 and 500 kPa and the printing speed ranging
from 2 to 20 mm/s. The 3D-printed layers were initially designed in Adobe Illustrator 2022 and saved
in SVG format. Before printing, the SVG file was imported into the DB 100 software, where the model
could be fine-tuned and printing parameters set before initiating the printing process.

2.5 Fabrication of Flexible Patterned ECDs

To improve the quality of the 3D-printed films, the conductive substrate needed to be pre-
activated. The ITO-PET substrate was ultrasonically cleaned with acetone, ethanol, and deionized
water for 10 min each, followed by a 5 min treatment with a UV ozone analyzer. The printed
PEDOT:PSS film was dried and annealed at 60°C for 5 min. 3 M double-sided tape was then applied
around the edges of the dried film, and the gel electrolyte was drop-cast onto it. Finally, another layer
of ITO-PET was added to form a “sandwich” structure for the flexible electrochromic device (Fig. 1).

Figure 1: Integrated 3D printing of FECDs (a) Schematic diagram of the fabrication of a flexible
electrochromic device. (b) Schematic diagram of a flexible electrochromic device structure
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2.6 Electrochemical Properties

Electrochemical evaluations were performed using a Versa Stat 3 electrochemical workstation
(EG&G Princeton Applied Research, Beijing, China). The redox behavior of the PEDOT:PSS film was
examined through cyclic voltammetry using a conventional three-electrode setup, with glassy carbon as
the working electrode, Ag/AgCl as the reference electrode, and Pt wire as the counter electrode. These
analyses were conducted in an aqueous PVA-LiCl (0.1 M) solution under a nitrogen atmosphere, with
various scan rates applied.

3 Result and Discussion
3.1 Device Design Strategy

The modern 3D printing technology has become quite mature, and integrating it into device
fabrication processes offers numerous advantages [38,39]. The 3D printing technology used in this
study allows for programmable and continuous printing of electrochromic materials with complex
patterns, significantly reducing manual labor costs. Compared to screen printing and spin coating, this
method also saves substantial amounts of raw materials, thereby reducing costs. This study introduces
3D printing technology to fabricate PEDOT-based conductive polymer electrochromic functional
layers by designing different solid content PEDOT:PSS conductive polymer inks and optimizing the
3D printing parameters (Fig. 1a). The optimal printing parameters for 5 wt% PEDOT:PSS conductive
polymer ink involve printing at a pressure of 100 kPa and a speed of 10 mm/s using a 160 μm nozzle.
This allows precise printing of various patterns of PEDOT:PSS thin-film electrochromic functional
layers on a flexible ITO-PET substrate. Additionally, the device structure is simplified, and the
assembly process is optimized (Fig. 1b), providing theoretical guidance for subsequent 3D printing
of PEDOT-based conductive polymers and the assembly of flexible electrochromic devices.

3.2 3D Printability Evaluation of Electrochromic Inks

To explore the 3D printability of the prepared PEDOT:PSS conductive polymer ink, the effects
of different solid contents (1, 3, 5, 7, and 10 wt%) of PEDOT:PSS film on the viscoelasticity of the
3D-printable conductive polymer ink are investigated. Small amplitude shear oscillation experiments
are conducted using strain sweep tests to eliminate ink overflow effects. As shown in Fig. 2a, the ink
exhibits general characteristics of a viscous solution, with the storage modulus and loss modulus
gradually increasing as the solid content of PEDOT:PSS increases from 1 to 10 wt%, and the
storage modulus is higher than the loss modulus. This indicates that as the solid content increases,
the elasticity of the ink is enhanced, leading to energy storage mainly in an elastic form rather
than dissipation in other forms such as heat. Rheological behavior results show that the prepared
3D-printable PEDOT:PSS conductive polymer ink meets the characteristics of a polymer solution
with pseudoplastic fluid behavior, specifically shear thinning (where the viscosity of the tested ink
decreases as the shear rate increases), as shown in Fig. 2b. This occurs because the long, thin polymer
chains align in the direction of flow to maintain a steady state as they move between layers of
different flow velocities. This alignment becomes more pronounced as the shear rate increases, causing
a reduction in solution viscosity. Additionally, as the solid content of PEDOT:PSS increases, the
solution viscosity also gradually increases. The 3D-printed PEDOT:PSS electrochromic films exhibit
excellent performance, and the microscopic morphology shows that the printed films are relatively
uniform (Fig. A1).
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3.3 Electrical and Optical Properties

Cyclic voltammetry of the PEDOT:PSS film is tested at different scan rates, ranging from 500
to 25 mV s−1, in an electrolyte without a monomer. As shown in Fig. 2c, the results display broad
anodic and cathodic peaks similar to those of PEDOT and its derivatives. The redox peak current
density shows a good linear correlation with the potential scan rate, with a ratio close to 1 (Fig. 2d)
[40,41], indicating that the PEDOT:PSS film has good adhesion to the modified electrode and exhibits
reversible electrochemical activity and non-diffusion behavior.

The color change of the PEDOT:PSS films is directly tested in a three-electrode system using
the PVA-LiCl gel electrolyte (0.1 mol L−1). As shown in Fig. 2e, the PEDOT:PSS films exhibit a
color transition from deep blue to light blue. The spectroelectrochemical curves of the PEDOT:PSS
film is tested during the transition from its reduced state (−1 V) to its oxidized state (0.1 V), and
the result is similar to those of other PEDOT:PSS electrochromic materials. The reduced (deduped)
PEDOT:PSS film exhibits a deep blue color with an absorption peak at 635 nm, attributed to the
π–π∗ transition of the molecules. As the applied potential gradually shifts from a negative voltage
(−1 V) to a positive voltage (0.1 V), the absorption peak at 635 nm decreases, indicating that with
the increase in oxidation (doping), new polaron energy levels are formed between the valence and
conduction bands, leading to the gradual formation of a new absorption peak at 948 nm. This peak
is attributed to the π-polaron transition. The PEDOT:PSS film displays significant spectral and color
changes throughout the redox process across the entire spectrum range (350 to 1100 nm). To more
precisely identify the material’s color, colorimetric measurements are conducted. The Commission
Internationale de L’Eclairage (CIE) system is used as a quantitative scale to define and compare colors.
As shown in Fig. 2f, during the redox conversion, the PEDOT:PSS film exhibits a deep blue color in
its undoped (reduced) state (0.438, 0.395) and a light blue color in its fully doped (oxidized) state
(0.371, 0.359).

Figure 2: (Continued)
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Figure 2: Evaluation of 3D printable electrochromic ink and the electrical and optical performance of
electrochromic films. (a) Rheological properties of 3D printable conducting polymer inks about 1, 3, 5,
7 and 10 wt% PEDOT:PSS concentration. G’ (open symbols) and G’’ (closed symbols) as a function of
shear strain. (b) Apparent viscosity as a function of shear rate for PEDOT:PSS conducting polymer
inks of varying PEDOT:PSS concentration. (c) CVs of the PEDOT:PSS film-modified Pt electrode
in PVA-LiCl at varying potential scan rates of 500, 450, 400, 350, 300, 250, 200, 150, 100, 75, 50,
and 25 mV s−1. (d) Corresponding linear dependence between scan rate and peak current density.
jp,a, anodic peak current density; jp,c, cathodic peak current density. (e) Spectroelectrochemistry for
PEDOT:PSS film on the ITO-glass in blank PVA-LiCl (0.1 mol L−1). The applied potential was
increased in 0.1 V increments from −1 to 0.1 V vs. Ag/AgCl. (f) CIE analysis of PEDOT:PSS film
in the bleached and colored states

3.4 Electrochromic Properties of Integrated 3D Printed PEDOT:PSS FECDs

This work evaluates the effect of different solid contents PEDOT:PSS electrochromic films on the
electrochromic performance, the optical contrast of 1, 3, 5, 7, and 10 wt% PEDOT:PSS electrochromic
films are tested at 635 nm (Fig. A2). Among them, the 5 wt% PEDOT:PSS electrochromic films exhibit
the highest optical contrast of 47.9%, while the other films achieve optical contrast of 33.7%, 29.5%,
and 40.1%, respectively. The 5 wt% PEDOT:PSS electrochromic films demonstrate their coloring
and bleaching times of 1.6 and 0.6 s at 635 nm (Fig. 3a). This electrochromic films exhibit excellent
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coloration efficiency of 352 cm2 C−1 (Fig. 3b). Stability is a crucial parameter for evaluating the
practical application of PEDOT:PSS conductive polymers in flexible electrochromic devices. Long-
term electrochemical testing of the PEDOT:PSS conductive polymer films is conducted under an
applied voltage of −1 and 0.1 V at a wavelength of 635 nm (Fig. 3c). After 100 cycles of electrochemical
testing, the optical contrast of the PEDOT:PSS film decreases by only 9.3%, maintaining excellent
stability. After 1000 cycles, the optical contrast decreases by 46%. For electrochromic kinetics tests,
parameters such as transmittance, response time, and stability are influenced not only by the applied
voltage but also by the interval between voltage applications. The voltage range for electrochromic
kinetics testing is −0.8 to 0.2 V. The transmittance-time curves of 5 wt% PEDOT:PSS electrochromic
film are systematically studied at potential switching intervals of 20, 15, 10, 8, 5, 3, and 1 s (Fig. 3d).
As the potential switching interval decreased, the optical contrast of the PEDOT:PSS film shows a
decreasing trend. When the time interval decreased from 20 to 10 s, the optical contrast only decreased
by 0.6%; when the interval was reduced to 1 s, the optical contrast of the PEDOT:PSS electrochromic
film decreased by 11.7%. In comparison with other PEDOT:PSS based electrochromic materials
[42–46], the superior electrochromic performance of this work is demonstrated (Table A1, Fig. A3).

Figure 3: Evaluation of the electrochromic performance of PEDOT:PSS films. (a) Optical contrast
and response time of a 5 wt% PEDOT:PSS film at 635 nm. (b) Coloration efficiency of a 5 wt%
PEDOT:PSS film at 635 nm. (c) Long-term stability test of PEDOT:PSS films at 635 nm. (d) Optical
contrast evaluation of a 5 wt% PEDOT:PSS film at different switching times (20, 15, 10, 8, 5, 3, and
1 s) at 635 nm
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3.5 Integrated 3D Printed FECDs for Patterned Displays

To better observe the electrochromic phenomenon, a large-area (4 cm × 4 cm) butterfly-patterned
PEDOT:PSS electrochromic device is constructed. A flowchart is drawn to illustrate the continuous
production process of the PEDOT:PSS conductive polymer electrochromic functional layer through
3D printing (Fig. 4a), and the reversible color transition of the rigid electrochromic device on an ITO-
PET substrate in the voltage range of −1 to 0.1 V is demonstrated (Fig. 4b). The flexible PEDOT:PSS
electrochromic device clearly exhibits a reversible color transition from deep blue to light blue under a
voltage range of −1 to 0.1 V. At −1 V, a deep blue butterfly is displayed, and as the voltage increases,
the color gradually fades until a light blue butterfly appears. The device’s color-changing effect is
unaffected by bending or folding. Fig. 4c shows that the device achieved the deep blue-to-light blue
transition even when bent. These patterned applications highlight the multifunctionality of 3D-printed
FECDs and demonstrate their potential for use in flexible display electronics.

Figure 4: Process flow diagram for 3D printed electrochromic films, color change images, and
patterned applications of flexible PEDOT:PSS electrochromic devices in the visible light region.
(a) Process flow diagram for 3D printing a 5 wt% PEDOT:PSS butterfly-patterned electrochromic
functional layer. (b) Reversible color change images of the 5 wt% PEDOT:PSS film under different
voltages. (c) Images of the butterfly-patterned flexible electrochromic device that reversibly changes
color under relaxed and bent conditions

4 Conclusion

This study employs a concentration control strategy to develop a 3D-printable ink with tailored
rheological properties, enabling programmable patterning and the rapid fabrication of PEDOT-based
conductive polymer electrochromic functional layers. The electrical and stability performances of
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the prepared PEDOT:PSS films are evaluated, demonstrating excellent electrochromic properties.
A flexible electrochromic device based on PEDOT:PSS conductive polymers is then constructed,
highlighting its potential applications in flexible electronics, such as patterned and letter displays. This
work provides theoretical insights and technical support for advancing the research and large-scale
application of high-performance flexible electrochromic devices.
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Appendix A.

Figure A1: Microscopic images of PEDOT:PSS films. (a) Microscopic image at 2 mm scale. (b)
Microscopic image at 0.5 mm scale
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Figure A2: Optical contrast of PEDOT:PSS electrochromic materials with different solid content

Table A1: Comparison of electrochromic performance of different PEDOT:PSS-based electrochromic
materials

Electrochromic
materials

�T (%) Response
time (s)
tc / tb

CE (cm2 /C) Stability Ref

PEDOT:PSS 47.9 1.6/0.6 352 53.6% This work

635 nm 1000th
MoO3–x/PEDOT:PSS 65 7/5 87 91% [42]

670 nm 500th
PEDOT:PSS/PMMA-
TBAPF6

22 1/1 325 90% [43]

644 nm 500th
PEDOT:PSS
(Gelatin electrolyte)

36 1.6/1.4 105 47% [44]

685 nm 1000th
PEDOT:PSS
(PMMA-LiClO4)

62 3.2/5.7 135.1 85% [45]

700 nm 60th
WO3-
PEDOT:PSS/H2SO4

73.3 12.7/15.8 108.9 76.7% [46]

633 nm 200th
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Figure A3: Images of the flexible electrochromic film that reversibly changes color. (a) The reversible
color change of thin-film electrochromic devices in a relaxed state under voltage stimulation ranging
from −1 to 0.1 V. (b) The reversible color change of thin-film electrochromic devices in a bent state
under voltage stimulation ranging from −1 to 0.1 V
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