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1. Introduction

Stretchable electrochromic displays, as 
emerging soft electronics, enabling infor-
mation visualization and interaction such 
as smart wearables and electronic skins, 
have huge potential for applications in 
next-generation electronics.[1,2] Endowing 
the typical electrochromic electrodes with 
stretchability is technically more chal-
lenging than that with flexibility. This is 
because stretchable electrochromic elec-
trodes not only need to endure tensile or 
shear deformation of the electrode but 
also require stable electrochemical reac-
tions upon stretching for satisfactory 
electrochromic performances.[3] Among 
these reported high-performance stretch-
able electrochromic electrodes,[1,4–8] the 
key strategies for fabricating these elec-
trodes are to design microstructures 
capable of stretching and to ensure high 
mechanical and chemical compatibility 
between the conductor and electrochromic 
layer. For instance,[4] the construction of 
Au/Ag core-shell nanowires embedded 
in polydimethylsiloxane (PDMS) con-
ductor provides high oxidation and defor-

mation resistance, capable of showing a good electrochromic 
performance by coating bistacked WO3 nanotube/ poly(3,4-
ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS) 
layer under the strain of 0–20%. And the electrochromic elec-
trodes with simplified interface constructed by PEDOT/polyu-
rethane (PU)[7] and PEDOT:PSS/thermoplastic PU (TPU)[1] 
exhibit stable electrochromic performance upon stretching. 
Moreover, by assembling anti-cylindrical photonic crystals with 
shape memory alloy composites, the obtained electrochromic 
electrode with high integration can dynamically change colors 
upon stretching.[8] In most cases, silver nanowires (AgNWs) and 
PDMS are used as conductive materials and elastic substrates 
for stretchable conductors.[9–11] For instance, a wrinkled AgNWs 
network in the PDMS substrate was demonstrated to improve 
the tensile properties of the conductor.[10] The embedment of 
AgNWs in PDMS has also been obtained, achieving conductors 
with high tolerance to tensile deformation.[11] To integrate the 
conductor well with the electrochromic layer, a wrapping struc-
ture/protection layer can be designed inside the electrochromic 
electrode. For example, the WO3@AgNWs core-shell structure 
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prevents the delamination and oxidation of the electrode,[5] and 
the PEDOT:PSS protection layer improves the conductivity and 
adhesion between layers and antioxidation of the electrode.[4,6,12] 
The above strategies suggest that the AgNWs/PDMS-based 
conductor with an electrochromic layer is an attractive candi-
date for stretchable electrochromic devices. Typically, stretch-
able electrochromic devices require the input of an external 
power supply, restricting the development of devices’ portability 
and autonomous deployment.[13] In this regard, imparting the 
stretchable electrochromic device with self-powered ability is 
urgently needed.

To date, several pioneering works have successfully developed 
self-powered electrochromic devices by utilizing the internal 
chemical potential to drive electrochromic behaviors.[14–16] The 
underlying reason for the self-powered ability of electrochromic 
devices attributes to the low potential and low energy consump-
tion attributes, which fit well with the chemical potential sup-
plying traits. Conventionally, the internal chemical potential 
is built by the work function difference between the electro-
chromic electrode and an active metal electrode (such as Al,[17] 
Zn,[18] Fe,[19] and Mg[20]). For example, Wang et  al. reported a 
self-powered Prussian blue (PB)/Al electrochromic device. The 
chemical potential difference between PB/Al electrodes drives 
the self-bleaching behavior simply by connecting the two elec-
trodes. During disconnection of the PB/Al electrodes, the O2 
involves in the chemical oxidation reaction of Prussian white 
(PW) to PB, leading to self-coloration.[14] A similar self-pow-
ered electrochromic system was also constructed in the high-
capacity WO2.72/Al electrochromic battery.[16] It is also shown 
that by adding a trace amount of H2O2 into the system, the self-
bleaching/charging process is accelerated due to the enhanced 
chemical potential difference between reduced tungsten oxide/
H2O2. However, this strategy of adding oxidants is not suitable 
for sealed/portable devices due to safety concerns. To resolve 
this problem, additional counter electrodes (Pt/carbon cloth/
etched carbon paper) can be introduced to facilitate faster oxida-
tion processes in self-powered electrochromic systems.[19,21,22] In 
these multielectrode systems, the chemical potential difference 
between the complementary electrode and the reduced electro-
chromic electrode promotes the oxidation process. Therefore, 
the rational design of device configuration for the self-powered 
electrochromic system is expected to show favorable and stable 
electrochromic performances.

In this work, we demonstrate a self-powered stretchable 
electrochromic display by integrating the Zn/carbon elec-
trodes with the WO3 electrochromic electrode on the highly 
conductive and stable PEDOT:PSS/AgNWs/PDMS stretch-
able conductor. Assembled with an organohydrogel, the WO3-
based stretchable electrochromic electrode can be self-colored 
when connecting with the Zn electrode driven by the internal 
chemical potential. When disconnecting the WO3/Zn elec-
trodes, the self-bleached state is achieved within 60 s owing to 
the oxidation of the reduced WO3 electrode by O2 and facili-
tated by the leakage current inside the WO3/ carbon cloth elec-
trodes. Reversible and stable electrochromic performances are 
obtained upon stretching (0–50% strain) and 200 stretching/
recovery cycles; the electrochemical stability is also proved in 
400 coloring/bleaching cycles without any electrical input, signi-
fying zero energy consumption. In particular, a light-adaptable  

and self-powered stretchable electrochromic display is fabri-
cated by combining the device with a phosphorescent substrate. 
“On/off” states of the display are exhibited without an external 
power source in both bright and dark conditions, indicating 
promising applications in multifunctional portable and stretch-
able electronics.

2. Results and Discussion

2.1. Concept and Design of the Self-Powered Stretchable Electro-
chromic Display

The schematic illustration of the stretchable electrochromic 
display is shown in Figure  1. The stretchable electrochromic 
electrode consists of multilayers: the conductive AgNWs are 
embedded into the elastomeric PDMS substrate as the current 
collector; then a conductive polymer PEDOT:PSS layer is coated 
on it to form the stretchable conductor, aiming to improve the 
conductivity while protecting the AgNWs during mechanical 
stretching. WO3 is used as the cathodic electrochromic mate-
rial, which has been well-studied for its electrochromic per-
formances upon ions/electrons insertion/extraction.[23] The 
patterned WO3 is spray-coated on top of the PEDOT:PSS/
AgNWs/PDMS conductor as the electrochromic electrode.

To fabricate the electrochromic display, the WO3-based 
stretchable electrochromic electrode is assembled in parallel 
configuration with the carbon cloth and zinc electrode. A 
stretchable ZnCl2-Ethylene glycol (EG)/H2O-Polyvinyl alcohol 
(PVA) organohydrogel electrolyte is integrated with these elec-
trodes, forming the top layer of the device. The Zn electrode 
is chosen as the counter electrode to connect with the elec-
trochromic electrode for self-coloring, and the carbon cloth is 
used to induce the self-bleaching process. Specific mechanisms 
will be elucidated in the following discussion. The “on/off” 
(self-colored/bleached) states of the electrochromic display are 
expected to be realized when the WO3 electrode is connected/
disconnected with the Zn electrode.

2.2. Microstructure and Electrical Properties of the Stretchable 
Electrode

The as-prepared PEDOT:PSS layer coated on the AgNWs-
embedded PDMS is serving as the stretchable conductor and is 
further investigated as shown in Figure 2a,b. The AgNWs are 
released from the glass substrate to the PDMS substrate by our 
previously reported method.[12] This method provides strong 
interactions between AgNWs and PDMS substrate resulting in 
the high transfer efficiency of AgNWs and satisfactory conduc-
tivity of the AgNWs/PDMS conductor. The surface morphology 
from scanning electron microscope (SEM) analysis (Figure 2a) 
of the conductor indicates that AgNWs are partially protruding 
over the PDMS base for electrical conduction, which is the key 
component for the conductivity of the electrode. The sulfur ele-
ment mapping (Figure  2b) confirms a homogenous distribu-
tion of the spray-coated PEDOT:PSS layer. The sheet resistance 
of the stretchable conductor without PEDOT:PSS is 14 Ω sq−1, 
and the reduced sheet resistance of 12.3 Ω sq−1 is obtained 
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after coating the thin conductive PEDOT:PSS layer. This value 
of resistance is comparable with commercial ITO glass or ITO/
PET substrates.[24] The transmittance of the corresponding 
electrodes is slightly altered after coating the PEDOT:PSS 
layer, ranging from 70.9% to 70.5% @633 nm (Figure S1, Sup-
porting Information). Besides, compared with the stretchable 
conductor without PEDOT:PSS, the relative resistance varia-
tion (R/R0) of the stretchable conductor with PEDOT:PSS is 
smaller at various stretching strains (Figure  2c). In specific, 
the R/R0 of the conductor with PEDOT:PSS increases to 15.8 at 
70% strain, whereas that of the conductor without PEDOT:PSS 
reaches 128.9 at 70% strain. The PEDOT:PSS layer improves 
the electrical properties of the stretchable conductor because 
the additional PEDOT:PSS polymer can provide stable and 

effective conductive pathways between silver nanowires in 
the localized nanoscale domains during stretching.[25] During 
repeated peeling tests (Figure  2d), lower changes in resis-
tivity can be observed with the PEDOT:PSS-coated stretchable 
conductor compared to its counterpart without PEDOT:PSS 
coating, indicative of a stronger adhesion between the AgNWs 
and PDMS substrate protected by the PEDOT:PSS layer. The 
combination of PEDOT:PSS/AgNWs/PDMS as a stretch-
able conductor, thereby, shows improved durability against 
mechanical stretching and peeling.

Subsequently, a layer of WO3 is spray-coated onto the 
PEDOT:PSS/AgNWs/PDMS stretchable conductor to form the 
stretchable electrochromic electrode. SEM images in Figure 2e 
show that the WO3 nanoparticles with a film thickness of 

Figure 1. Schematic illustration of the self-powered stretchable electrochromic display.

Figure 2. a) The surface morphology and b) element mapping of the PEDOT:PSS/AgNWs/PDMS stretchable conductors, the relative resistance vari-
ation of the stretchable conductors(with/without PEDOT:PSS) upon c) stretching test, and d) peeling test by scotch tape, e) the surface and cross-
sectional morphologies of the WO3 electrode, f) the AFM image of the WO3 layer.
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around 550 nm provide dense coverage on the conductor. From 
the Atomic Force Microscope (AFM) image in Figure  2f, the 
roughness of the WO3 electrode is derived to be about 79.2 nm. 
This value is relatively large compared with other reported 
WO3-based electrochromic films,[26] which could provide a 
larger surface area for the electrochemical reaction and ions 
intercalation.[27] And the thickness difference of the electrode is 
randomly distributed in the microscale regions, so it will not 
affect the uniformity of the colored state of the WO3 electrode 
at a macroscopic visual perception. The chemical composition 
and phase structure of the WO3 electrode are confirmed by the 
X-ray diffraction (XRD) measurement, as shown in Figure S2, 
Supporting Information. The additional hump around 25° indi-
cates the existence of the amorphous phase of the WO3 when 
compared with the bare conductive substrate.[28]

2.3. Moisture Retention Ability and Optical Properties of the 
Stretchable Gel Electrolyte

There is a growing interest in the use of hydrogel electrolytes 
in the electrochromic field due to their semi-solid properties 
and high conductivity.[29] Especially, a stretchable gel electro-
lyte is expected to show high mechanical compatibility with 
the stretchable electrochromic electrode, and the lasting mois-
turizing traits of the gel can guarantee long-term usability 
when exposed to the environment. In this work, a durable and 
stretchable ZnCl2-EG/H2O-PVA organohydrogel is deployed 
as the electrolyte in this stretchable electrochromic system, as 
schematically illustrated in Figure 3a. By incorporating the EG 
into the electrolyte, EG molecules form hydrogen bonds with 
PVA chains and induce the crystallization of PVA,[30] affording 
mechanical stretching and twisting (Figure  3c). Besides, the 
EG humectant could bind and separate water molecules by 
hydrogen bonds, slowing down water evaporation and keeping 
the moisturizing effect of the organohydrogel.[31] And the ZnCl2 
as the salt exhibits the advantages of low-cost, high conduc-
tivity, and good chemical compatibility in the EG/H2O-PVA 
gel system.[32] During optimization, it is found that the ZnCl2-
EG/H2O-PVA organohydrogel with a volume ratio (EG/H2O) 
of 1:2 maintains the high conductivity (10.2 mS cm−1) of the 
pure ZnCl2-PVA hydrogel (14.7 mS cm−1), whereas increasing 
the ratio of EG/H2O (2:1) will sacrifice the conductivity of the 

organohydrogel (2.8 mS cm−1) (Figure S3, Supporting Infor-
mation). This ZnCl2-EG/H2O (1:2)-PVA organohydrogel keeps 
71% of its initial weight and high conductivity of 4.3 mS cm−1 
for 12 days in ambient conditions (25 °C and 65% humidity) as 
illustrated in Figure 3b. In addition, the organohydrogel shows 
a high transmittance (≈93%) over a wide range of wavelengths 
(350–950 nm) in Figure 3c, which is beneficial to its application 
in the electrochromic display. Correspondingly, this transparent 
ZnCl2-EG/H2O (1:2)-PVA organohydrogel can endure mecha-
nical deformation and holds long-lasting moisture with high 
conductivity. It is anticipated that the stretchable electrochromic 
electrode, integrating with this organohydrogel electrolyte, will 
exhibit high performances upon stretching deformation and a 
long cycling lifetime.

2.4. Electrochromic Performances of Stretchable Electrochromic 
Electrode under Strain

The electrochromic performances of the WO3 electrode are 
evaluated with the Zn electrode and carbon cloth parallelly inte-
grated and topped with ZnCl2-EG/H2O-PVA organohydrogel, 
according to the illustration in Figure  1. The incorporation of 
the Zn electrode with the organohydrogel electrolyte provides 
an effective interfacial construction that suppresses the zinc 
dendrite growth and hydrogen evolution in this electrochemical 
device.[33] Then by connecting the WO3/Zn electrodes, the WO3 
electrode exhibits the self-colored state; by disconnecting the 
WO3/Zn electrodes, the O2 oxidizes the colored electrochromic 
materials, resulting in the self-bleached state. The stark optical 
contrast between self-colored/bleached states shows great 
potential in reflective/non-emissive display applications.[34] 
To evaluate the feasibility of these electrodes, the reflectance 
spectra of the stretchable WO3 electrode are measured, where 
the reflectance in the initial state of the WO3 electrode is nor-
malized to 100% as the baseline. Figure S4, Supporting Infor-
mation compares the baseline with the colored state (the 
original reflectance spectra of the WO3 electrode in bleached/
colored states are also provided for reference in Figure S4, 
Supporting Information), where a large reflectance contrast 
is observed in the broad range of 580–780 nm. The switching 
behavior of the WO3-based electrochromic materials is always 
investigated in this wavelength range, where 633  nm is used 

Figure 3. a) Schematic illustration of the stretchable ZnCl2-EG/H2O-PVA gel electrolyte, b) the weight retention and conductivity change of the gel 
electrolyte after being exposed to the air in ambient conditions (65% RH, 25 °C), c) the transmittance of gel electrolyte, the stretched/twisted states 
of the gel electrolyte are shown in the inset.
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in most cases.[35] Stable in situ reflectance switching behaviors 
of the stretchable WO3 electrode are measured at 633  nm by 
connecting (self-coloring) with the Zn electrode for 6 s and dis-
connecting (self-bleaching) with the Zn electrode for 60 s at dif-
ferent strain states. Setting the bleaching time to 60 s to obtain 
the bleached state with ≈90% reflectance rather than the initial 
state is a strategy that balances the time efficiency and optical 
properties of the electrochromic electrode, which is expected to 
be improved in future works for excellent overall performance 
devices. The electrode is stretched by the stretching mold 
(detailed schematic diagrams in Figure S5, Supporting Informa-
tion) to fit the UV–vis spectrophotometer chamber for testing. 
As shown in Figure 4a, the reflectance contrast is about 40% 
under the 0% strain state. The reflectance contrast decreases 
with the increasing stretch, where the contrast of 30% and 27% 
are obtained at 20% and 50% strain states, respectively. The 
reflectance of the colored states increases during stretching 
because the increased resistance of the electrode causes a slow 
electrochemical reaction and the mechanical stretching causes 
a more sparsely distributed WO3 layer with a lighter blue 
color. The corresponding photos of the colored WO3 electrode 
at 0%/20%/50% strain states are shown in Figure  4b, illus-
trating that the stretchable electrochromic electrode could still 
operate under strain. The response time is then calculated as 
the time for 90% of the reflectance contrast during coloring/
bleaching.[36] The coloring response time increases during the 
stretching (2.5 s for 0% strain, 4 s for 20% strain, and 4.7 s for 
50% strain) and the bleaching response time slightly changes 
(between 35 and 36 s) upon stretching, which is owning to the 
increase in resistance of the electrochromic electrode, slowing 
down the electrochromic reaction speed and the response speed 
of the device. To more clearly illustrate the electrochromic effect 
of the electrode, the contribution of the protection PEDOT:PSS 

layer is analyzed, showing a slight electrochromic performance 
of 5% contrast at 633 nm (Figure S6, Supporting Information). 
The number of spray coating layers of the WO3 electrode is 
investigated with 6–20 spray layers. The WO3 electrode with the 
above electrochromic properties is based on the optimum spray 
coating layers of 12–14 layers. A thick WO3 (20 layers) would 
induce high resistance to the electrode resulting in a slower 
electrochromic reaction (Figure S7, Supporting Information). 
On the contrary, a thin WO3 (6 layers) would exhibit a limited 
electrochromic performance with a smaller reflectance contrast 
(Figure S8, Supporting Information).

To verify the mechanical durability of the electrode, this elec-
trochromic electrode was repeatedly stretched (50% strain) and 
recovered for 200 cycles, showing a reversible color/bleach per-
formance and keeping 81% retention of its initial reflectance 
(Figure  3c). The electrochromic electrode at unstretched and 
stretched (50%) states could also maintain 70% and 85% of 
their initial reflectance contrast after 400 continuous coloring/
bleaching cycles without any power consumption, suggestive 
of excellent electrochemical stability. More importantly, this 
stretchable WO3 electrochromic electrode with self-powered 
mode shows an overall comparable performance with other 
stretchable/foldable WO3-based electrochromic electrodes 
without self-powering capability[4,12,37] and those with flexible 
self-powered WO3-based electrochromic electrodes,[22] as shown 
in Table S1, Supporting Information.

2.5. The Self-Coloring and Self-Bleaching Mechanisms of the 
Electrochromic Device

To reveal the self-powered mechanism in this electrochromic 
system, an energy level transition diagram is constructed in 

Figure 4. a) The stable in situ reflectance response (2th–5th) and b) corresponding photos of the colored electrochromic electrode at 0%/20%/50% 
strain states, c) the in situ reflectance response of the electrochromic electrode under repeated stretching/recovery cycles between 0% and 50% strain, 
the cycling stability of the electrochromic electrode at d) 0% strain and e) 50% strain.
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Figure 5a. During the coloration process (when two electrodes 
are connected), the work function difference between the Zn 
electrode (Zn2+/Zn =  −0.76  V vs standard hydrogen electrode 
(SHE)) and WO3 electrode (W6+/W5+  = 0.3  V vs SHE) would 
drive Zn to release electrons, forming Zn2+ ions into the elec-
trolyte. Meanwhile, the WO3 electrode would spontaneously 
receive these electrons from the circuit alongside the concomi-
tant intercalation of Zn2+ ions, leading to the reduction of W6+ 
to W5+. The self-coloring process can be elaborated by the fol-
lowing electrochemical reactions:

Zn Zn− →− +Zn electrode: 2e 2
 (1)

α α+ + → α
+ −WO electrode: WO Zn 2 e Zn WO3 3
2

3  (2)

The valence transition of the W element during the reaction 
was further evidenced by the X-ray photoelectron spectroscopy 
(XPS) measurements. The peaks at 38.2 and 36.1  eV corre-
spond to the binding energies of W6+ 4f5/2 and 4f7/2 species, and 
the peaks at 36.9 and 34.7 eV are assigned to the W5+ 4f5/2 and 
4f7/2 species due to the reduction process. The relative quan-
tity of W5+ in W species (W5+ and W6+) increases from 6.8% in 
the initial state (Figure S9, Supporting Information) to 23.1% 
in the colored state (Figure  5b). These values are in the rea-
sonable range when compared with the reported literature.[38] 
Moreover, the open circuit potential between the WO3 electrode 
and Zn electrode (Figure 5c) was tested to reveal the chemical 
potential variation of the WO3 electrode with ion-insertion/
extraction during the self-coloring/bleaching process,[39] which 

was associated with the optical properties of the WO3 electrode 
inside in Figure  5c. When the two electrodes are connected/
disconnected, the WO3 undergoes the self-coloring/bleaching 
process with decreasing/increasing reflectance. In this case, 
there is an open circuit potential of 0.8  V between the fully 
bleached WO3 electrode and Zn electrode, providing the driving 
force for the subsequent self-coloring process.

As for the self-bleaching process, the O2 plays a critical role 
in oxidizing the colored WO3 to the bleached state. In this elec-
trochromic system, the organohydrogel electrolyte is assembled 
on top, which provides a large open area for air/oxygen to dif-
fuse into the electrolyte. During oxidation, oxygen molecules 
trap the electrons from reduced WO3

[40] and are directly in con-
tact with the surface of the WO3 film. In this case, the larger 
surface roughness of the WO3 film (Figure  2f) is expected to 
promote the self-bleaching behavior.[41] The corresponding 
Equation (3) for bleaching is shown below:

α+ → + +α
+ −Zn WO O WO Zn O3 2 3

2 2  (3)

The role of oxygen in this self-bleaching reaction was proved 
by regulating the oxygen content of the atmosphere in the 
sealed box for device testing. As shown in Figure  5d, higher 
oxygen content can lower the self-bleaching time to as short as 
90 s. Unlike in an oxygen-saturated condition, the self-bleaching 
process slows down to 300 s in ambient conditions due to the 
low rate of oxygen diffusivity into the electrolyte. Improving the 
self-bleaching rate in the ambient environment without com-
plicated oxygen regulating set-up is crucial because it could not 
only avoid the oxidation of AgNWs substrate in high content 

Figure 5. a) The schematic illustration and corresponding energy level transition diagram of self-coloring/self-bleaching mechanisms, b) the XPS 
spectra of the W element of the WO3 film in the colored state, c) the open-circuit potential between the WO3 electrode and Zn electrode during self-
coloring/bleaching with/without the carbon cloth, the inset shows the corresponding optical properties of the WO3 electrode, d) the open-circuit 
potential between the WO3 electrode and Zn electrode during self-coloring/bleaching in Air or with O2/N2 injection, e) the open-circuit potential 
between the WO3 electrode and carbon cloth during self-coloring/bleaching, f) the XPS spectra of W element of the WO3 film in the bleached state.
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of oxygen but also simplify the use of the device for promising 
futuristic applications.

Herein, a carbon cloth electrode is simply integrated into 
this system, which is placed parallel to the electrochromic elec-
trode and indirectly connected to the electrochromic electrode 
by the common upper organohydrogel layer. With the addition 
of the carbon cloth electrode, a faster self-bleaching behavior of 
the WO3 electrode is exhibited in Figure 5c, to which bleaching 
time is reduced from 300 s (without carbon cloth) to 60 s 
(with carbon cloth) at the wavelength of 633 nm. Furthermore, 
the role of carbon cloth is elucidated from the perspective of 
charge transfer inside the electrochromic device during the 
self-bleaching process. It is known that the oxygen molecules 
at the interface between the electrolyte and WO3 electrode 
have already trapped most of the electrons over a large surface 
area of the reduced WO3 electrode. As shown in Figure  5e, 
the carbon cloth electrode displays a more positive poten-
tial (≈0.8  V) than the fully reduced WO3 electrode, which can 
directly extract the trapped electrons out of the WO3 electrode 
via the leakage current between the two electrodes. To further 
clarify this conclusion, we test the chronoamperometry curves 
(Figure S10, Supporting Information) under the condition that 
connects the WO3/carbon cloth electrodes for bleaching and 
connects the WO3/Zn electrodes for coloring to derive the 
leakage current between the WO3/carbon cloth electrodes with 
the disconnected states. It is calculated that the charge extracted 
from the WO3 electrode through the external circuit connected 
to the carbon cloth electrode only accounts for 25% of the 
charge inserted into the WO3 electrode connected to the Zn 
electrode. With that, the electrochromic performance improve-
ment by connecting the WO3/carbon cloth electrodes for self-
bleaching is limited as shown in the corresponding reflectance 
changes in Figure S10, Supporting Information. Therefore, in 
the case of bleaching by disconnecting the WO3/carbon cloth 
electrodes, the charge extraction is caused by the leakage cur-
rent inside the electrochromic device. Given that when the 
reduced WO3 electrode is oxidized to the bleached state, the val-
ance transition from W5+ to W6+ is realized. It is verified by the 
XPS measurements that the ratio of W5+ in W species (W5+ and 
W6+) is decreased from 23.1% in the colored state to 7.6% in the 
bleached state (Figure 5f). In this case, the Zn2+ ions will dif-
fuse out of the WO3 electrode during the bleaching process due 
to the charge balance inside the bleached WO3 electrode. And 
the Zn2+ ions will not be converted into Zn, the consumption 
of Zn exists but is negligible due to the thin WO3 film with a 
diminutive mass.

2.6. Application of Self-Powered and Light-Adaptable Stretchable 
Electrochromic Display

Benefitting from the self-powered (self-coloring/bleaching) fea-
tures, the stretchable electrochromic device can be employed 
to construct a promising reflective display with zero power 
consumption, which is highly sought-after for futuristic port-
able electronics. In most cases, the electrochromic display 
exhibits high visibility under bright conditions by utilizing 
the reflection of ambient light, but its use is hindered under 
dark conditions with the absence of light sources.[34] To explore 

its applicability in every light condition, the phosphorescent 
stretchable substrate is being deployed here serving as the 
“backlight” under dark conditions. As a proof of concept, a 
light-adaptable electrochromic display with the phosphorescent 
substrate (9 cm × 3 cm) has been assembled and is shown in 
Figure 6a. Under a bright environment, the patterned electro-
chromic “ECD” electrodes regulate the reflection of ambient 
light by simply connecting/disconnecting the Zn electrode. In 
the meantime, the phosphorescent substrate absorbs and con-
verses the energy of the visible light. Under a dark condition, 
the conversed energy is then gradually released as greenish 
blue phosphorescence, where the “ECD” pattern is in the 
“on” state by blocking the emitted phosphorescence. The cor-
responding electrochromic function of the displays is shown 
in Figure 6b. By referencing the reflectance in the initial state 
of the display @633 nm, the stable “on” (colored) state (46.8% 
@633 nm) of the display can be maintained for at least 30 min 
by connecting the WO3 /Zn electrodes. Subsequently, this 
colored WO3 electrode is disconnected from the Zn electrode, 
exhibiting the stable “off” (bleached) state (100% @633 nm) for 
more than 30 min without the concern that the ions inserted 
in the electrode for a long time cannot be extracted. It ensures 
the continuous display ability with large optical contrast of 
the display without any power input. Moreover, the stretch-
ability of the display was also demonstrated in Figure S11, Sup-
porting Information, where the “ECD” pattern of the display is 
still visible at 35% strain state under bright/dark conditions. 
Besides, the phosphorescent lifetime of the displays is inves-
tigated after being exposed to the light for 12 h (similar to the 
daytime). When the light irradiation is terminated, the phos-
phorescent substrate spontaneously emits light with a broad 
wavelength which peaked at 498  nm as shown in Figure  6c. 
There is an emission intensity contrast between the “on/off” 
states because the colored electrochromic part could block the 
emitted light which helps to distinguish the pattern. Over time, 
the emission intensity of the phosphorescent substrate would 
decrease as the stored energy is slowly depleting in the form of 
light.[42] Because of that, the prototype shows only a faint dis-
play effect after 20  min in the dark as shown in Figure S12, 
Supporting Information. Furthermore, the spray-coating fabri-
cation method of the electrochromic layer enables it to desired 
patterns. As shown in Figure  6d, the light-adaptable electro-
chromic display (3.5 cm × 4 cm) exhibits the transition from the 
“off” to “on” states with flower patterns under both bright and 
dark conditions without power input. Overall, this is the first 
stretchable display that exhibits its promising application pros-
pects in various scenarios for outdoor use without an external 
power source.

3. Conclusion

In this work, we have successfully demonstrated a novel self-
powered stretchable electrochromic display assembled by dif-
ferent functional layers. The PEDOT:PSS/AgNWs/PDMS 
stretchable conductor ensures excellent conductive proper-
ties against mechanical stretching and peeling, in which the 
PEDOT:PSS layer functions as the binding layer for stronger 
adhesion and conductivity. By integrating the transparent and 
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stretchable ZnCl2-EG/H2O (1:2)-PVA organohydrogel as the 
top layer, the WO3 on the conductor as the stretchable electro-
chromic electrode exhibits its reversible self-coloring/bleaching 
performances upon stretching when assembled in parallel with 
the carbon cloth and zinc electrodes. When connecting the Zn/
WO3 electrodes, the self-coloring is achieved by the chemical 
potential gap between Zn/WO3 electrodes; when disconnecting 
the Zn/WO3 electrodes, the self-bleaching is exhibited due 
to the oxidation of reduced WO3 electrode by dissolved O2 in 
electrolyte and is facilitated by the leakage current inside the 
carbon cloth/WO3 electrodes. Furthermore, the stable mechan-
ical and electrochemical properties of the stretchable electrode 
are also shown upon 200 stretching/recovery cycles and 400 
coloring/bleaching cycles without electrical consumption. The 
as-prepared device combined with a phosphorescent substrate 
shows its promising application for light-adaptable electro-
chromic display. This stretchable display exhibits the “on/off” 
(colored/bleached) states without an external power source and 
is applicable in every light condition, which provides new pos-
sibilities for futuristic multifunctional stretchable and portable 
display electronics.

4. Experimental Section
Materials: Silicon dioxide nanopowder (5–10 nm particle size), ZnCl2, 

PVA polymer (Mw  ≈ 130  000, hydrogen peroxide solution (30% H2O2), 
tungsten powder, and mono ethylene glycol (EG) were purchased from 

Sigma-Aldrich. The commercial silver nanowires (AgNWs) were bought 
from Nanjing XFNANO Materials Co., Ltd with diameters of 50  nm 
and lengths of 100–200  µm. PEDOT: PSS (PH 1000) was purchased 
from Ossila Ltd. The commercial phosphorescent paint materials were 
obtained from Shanghai Zhendi New Material Technology Co., Ltd. 
Carbon cloth (WOS 1009) was purchased from CeTech Co., Ltd.

Preparation of the Stretchable Electrochromic Electrode: First, the 
AgNWs/PDMS substrate was prepared by the reported method:[12] the 
commercial AgNWs were diluted in isopropanol solution (1  mg mL−1). 
The glass substrates were cleaned in acetone, de-ionized water, and 
isopropanol solution with 15  min sonication, respectively. Then the 
diluted AgNWs solution was spray-coated onto the glass substrate 
using a spray gun in the fume hood. Then the SiO2 suspension with a 
concentration of 3.5 wt% in ethanol was spin-coated onto the AgNWs/
glass surface (1000 rpm, 50 s). The PDMS was prepared by mixing the 
base and curing agent (Sylgard 184, Dow Corning) with a ratio of 10:1. 
The PDMS mixture was poured onto the AgNWs/glass substrate and 
cured at 80  °C for 2  h. Then the sample was immersed in de-ionized 
water at 50 °C for 30 min. Therefore, the AgNWs/PDMS substrate was 
successfully peeled from the glass substrate. Next, the PEDOT:PSS 
solution was diluted in IPA with a concentration of 10 wt%, then the 
prepared PEDOT:PSS solution was spray-coated onto the AgNWs/
PDMS substrate for two layers at a spray rate of 0.03 mL s−1 and a spray 
distance of 15 cm, where 5 s spraying for each layer was followed by a 10 s  
delay between layers. Then the sample was heated at 120  °C (vacuum 
state) for 30  min for PEDOT:PSS curing. The WO3 precursor solution 
was prepared in our previous report:[43] Tungsten powder was reacted 
with hydrogen peroxide solution (30% H2O2) in a water bath (100 °C) for 
5 h, then the product was dried in the vacuum oven (100 °C) overnight. 
The resulting residue was ground and ultrasonically dispersed in IPA 
with a concentration of 0.25 wt%. Then the pale yellow WO3 precursor 
was obtained after filtering (Figure S13, Supporting Information). After 

Figure 6. a) The schematic diagram and photos of the light-adaptable stretchable electrochromic display in “on/off” states in dark/bright conditions 
with the “ECD” pattern, b) the electrochromic performances of the display in “on/off” states, c) the emission intensity of the display in “on/off” states 
in dark conditions, d) the photos of the flower-patterned light-adaptable electrochromic display.
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that, the electrochromic electrode was prepared by spraying the WO3 
precursor for 12–14 layers with the same above spray parameters. Then 
the electrode was dried at 120 °C (vacuum state) for 30 min.

As for the light-adaptable electrochromic display, the conductive 
phosphorescent substrate was integrated with the electrochromic 
electrode. The conductive phosphorescent substrate was fabricated by 
following steps: first, a thin layer of PDMS was spin-coated (800  rpm, 
5  s) into the spray-coated AgNWs-glass substrate and cured. The 
commercial phosphorescent paint materials, the PDMS base, and the 
curing agent were mixed with a weight ratio of 2:10:1. Then the mixed 
phosphorescent materials were poured into the top of the thin PDMS-
AgNWs-glass substrate, degassed, and cured at 80 °C for 2 h. After the 
same water bath treatment, the conductive phosphorescent substrate 
was obtained after peeling from the glass substrate.

Preparation of the Stretchable Electrolyte: The PVA polymer was 
dissolved and stirred mixed with 9 g EG/H2O binary solvent (1:2/2:1/0:1, 
v/v) in an oil bath (95 °C) for 2 h. Then 1.363 g (0.1 mol) ZnCl2 was added 
and stirred into the solution for 1 h. The sticky solution was poured into 
a glass mold and placed at -20 °C for 2 h. After that, a transparent PVA/
EG-ZnCl2 gel was obtained.

Fabrication of the Electrochromic Device: The Zn electrode, WO3 
electrochromic electrode, and carbon cloth electrode were placed 
in parallel, then the electrolyte gel was assembled on top of the 
electrodes.

Characterization: The resistance of the electrodes upon stretching was 
tested by a motorized forced test stand (ESM303, Mark-10) with a speed 
of 2  mm min−1. The chronoamperometry curves of the electrochromic 
device and the electrochemical impedance spectroscopy (EIS) of the gel 
electrolyte were performed using an Autolab PGSTAT30, where the gel 
electrolyte was sandwiched by two copper plates during the test. Then 
the conductivity of the electrolyte is calculated by the σ = l/RS. l, S, and 
R represent the thickness, cross-section area, and resistance of the gel, 
respectively. The transmittance of the gel electrolyte and the reflectance 
of the electrochromic devices were recorded using the UV–vis NIR 
Spectrophotometer (Lambda 950). In the reflective mode, the integrating 
sphere was inside to gather the reflective signal. And the cycling test 
of the device was combined with the self-customized time-controllable 
switch (Figure S14, Supporting Information), which controls the 
connecting/disconnecting time of the device. The open-circuit potential 
of the WO3 electrode and carbon cloth/Zn electrodes was tested by 
the digital multimeter (DAQ6510, Keithley). The atmosphere regulating 
the oxygen content for the device was conducted in a self-made sealed 
box by injecting the O2/N2 flow for 10  min with 5  psi before testing. 
Emission from the phosphorescent-PDMS substrate was recorded by an 
optical fiber with an Acton SP-2300 monochromator. Then the spectrum 
was tested by a Princeton Pixis 100B spectroscopy CCD detector. The 
microstructure and element mapping of the electrodes were conducted 
by the SEM (FE-SEM, JSM 7600F). The crystal structure of the WO3 
film was measured by X-ray diffraction (Shimadzu XRD-6000, Cu Kα 
X-ray). The element analysis of the WO3 film was characterized by the 
X-ray photoelectron spectrometer (Physical Electronics Inc. Quantera 
II). The surface roughness of the WO3 film was tested by atomic force 
microscopy (AFM, Asylum Research Cypher S).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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