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Stretchable electrochromic devices (SECDs) have steadily attracted widespread attention in wearable devices.
However, the delamination of device architectures (electrochromic layer, conductive layer and substrate) and
poor chemical stability of conductive layer (silver nanowires (AgNWs)) are the key issues to be resolved to ensure
the practical applications of flexible electrochromic devices. Herein, we designed a flexible and stretchable
WO3@AgNW-PrePDMS (Pre-cured Polydimethylsiloxane) electrode, through integrated and embedded design, to
build a high-performance electrochromic device. The integration of electrochromic layer and conductive layer in
the electrode is fabricated via a WO3@AgNW core–shell structure. And embed the core–shell structure into the
flexible substrate PDMS to form WO3@AgNW-PrePDMS electrode. This electrode architecture can prevent the
delamination of the stretchable electrode during bending tests. Moreover, WO3 as a shell structure protects the
conductive material AgNW to prevent its oxidation and improve the stability of the conductive substrate. The
WO3@AgNW-PrePDMS electrode displays outstanding electrochemical stabilities and excellent bi-functionalities
(flexible conductive film and electrochromic electrode): high conductivity (12 Ω/sq) as flexible transparent
conductive film and wide optical modulation range (ΔT = 72% at 550 nm) as electrochromic electrode. The
stretchable WO3@AgNW-PrePDMS electrode can still maintain stable electrical conductivity (ΔR/R≈8.3% and
14%) and electrochromic performance (90% and 92% retention) after 20,000 bending cycles and stretching to
70%, indicating the excellent mechanical flexibility. The WO3@AgNW core–shell nanowire network electrodes
with embedded structures can be a strong candidate for wearable electrochemical energy devices in the future.

1. Introduction
Portable, flexible and wearable devices are promising prospects for
next-generation electronics, ranging from flexible displays, smart
clothing, human–machine interfaces and energy storage devices.[1–4]
Electrochromic devices (ECDs) with controllable color switching, low
cost, and energy-saving advantages have been used in numerous appli
cations and green technologies.[5,6] The integration of electrochromic
technology with flexible and wearable technology has created a strong
impetus for the development of smart technology in future.[1,7–9]
Hence, flexible electrochromic devices are becoming focused hot spots
these days owing to its essential roles in wearable displays, camouflage
camouflage, electronic paper, and visual detection equipment.
[7,10,11].
Metal nanowire networks such as AgNWs show promise for use as the

conductive substrate material owing to their high transparency and low
sheet-resistances.[12,13] However, bare AgNWs are easily oxidized in
the long-term electrochemical cycling environment, leading to the per
formance of the thin film with AgNWs network electrodes rapidly de
teriorates.[14] To address the above problems of AgNWs electrodes,
many methods[14–16] have been proposed that an additional layer can
protect AgNWs from oxidation to increase the stability. For instance,
Kim et al.[2] successfully prepared low-voltage WO3-based electro
chromic devices with fabricated hybrid RGO (reduced graphene oxide)/
AgNW/metal grid/PET (poly(ethylene terephthalate)) electrodes using
RGO as the protective layer. Chen et al.[17] demonstrated a stable
AgNW transparent conductive films (TCFs) using a uniform TiO2 layer to
improve the stability of AgNW TCFs at high temperatures. Many
methods have obtained excellent results in preventing the oxidation of
AgNWs. However, films with these structures are prone to appear
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delamination problems commonly in flexible electrochromic devices
during bending applications.[1,18,19]
For flexible devices, delamination (electrochromic layer and
conductive layer, conductive layer and substrate) is commonly observed
upon bending when there is a large modulus mismatch between two
interconnected layers of materials, which leads to the deterioration of
the device performance.[20] Most reported flexible devices can only
withstand small bending angles, and this is far from satisfactory in
commercial flexible electronic products.[21–23] To overcome delami
nation in flexible electrochromic devices, it is necessary for every layer
to be intimately integrated together. Embedded structure is a universal
used integration method. For example, Liu et al.[24] fabricated the
elastomeric electrochromic device based on stretchable AgNWs elec
trodes with embedded structures. Kim et al.[25] presented the alltransparent stretchable electrochromic super-capacitor device, by
using Au/AgNW-embedded PDMS. These architectures reported before
integrate the substrate and the conductive layer to avoid the delami
nation during bending tests. However, the electrochromic layer pre
pared by universal methods (spin coating[2,26], evaporation[27],
electrochemical deposition[28], etc.) has low adhesion to the conduc
tive substrate. And it will delaminate during the bending process of the
device because of the poor adhesive ability, which may result in a
decrease in the stability of the electrochromic performance, and ulti
mately affecting its practical application.
Therefore, based on the above discussion, it is urgent to find a suit
able structure to achieve both mechanical flexibility and excellent
electrochemical stability of flexible electrochromic devices. The suitable
structure can not only solve the delamination problem, but also protect
the stability of the silver wire.
Here, we constructed a novel stretchable electrochromic electrode
(SECE) based on embedded WO3@AgNW core–shell nanowires on the
surface of PDMS, and realized high chemical stability and excellent
stretchability. The WO3@AgNW core–shell nanowires embedded in the
PDMS substrate (WO3@AgNW-PrePDMS) can tightly integrate every
layer together, which prevents the delamination of the flexible electrode
during bending. This indicates the special composition and structure
possesses an excellent mechanical flexibility and uniform WO3 nano
wires can improve the stability of AgNWs. To further evaluate the
properties and advantages of the WO3@AgNW-PrePDMS electrodes in
wearable electronic products, a SECD based on this novel structure has
also been constructed, which delivers excellent switching stability dur
ing 50 bending cycles. The results present that devices with
WO3@AgNW-PrePDMS have great potential applications in the fields of
stretchable and wearable electronics.

by a hydrothermal method. In a typical synthesis, a 20 mL mixed solu
tion contained 0.001 mol of sodium tungstate aqueous solution
(Na2WO4) and 10 mL of AgNWs (the concentration was 0.5 mg/mL),
recorded as A. The other suspension included 0.021 mol of sodium
sulfate (Na2SO4), 0.15 mL concentrated sulfuric acid (H2SO4, 18.4 mol/
L) and 20 mL water, recorded as B. Then A was added dropwise into B,
and stirred by magnetic stirring to form a homogeneous solution. The
mixed solution was then put into 80 mL Teflon-lined stainless-steel
autoclave and maintained at 200 ◦ C for 10 h. After the autoclave cooled
to room temperature naturally, the precipitates were collected by
centrifugation (5000 rpm) and washed several times by deionized water
to remove possible impurities. After that, the separated WO3@AgNWs
were kept in DI water for further use (the concentration was 0.001 g/
mL). The parallel experimental runs were also performed with different
concentration ratios (cAg:cW = 1:0.2,1:0.6,1:1.0, 1:1.4, 1:1.8 and 1:2.5)
of AgNWs and tungsten trioxide (WO3). Correspondingly, the samples
were labeled as 0.2-WO3@AgNW, 0.6-WO3@AgNW, 1.0-WO3@AgNW,
1.4-WO3@AgNW, 1.8-WO3@AgNW and 2.5-WO3@AgNW, respectively.
2.3. Fabrication of stretchable WO3@AgNW-PrePDMS electrodes
Herein, we developed an effective fabrication strategy of SECE based
on WO3@AgNWs. As a substrate for a stretchable electrode, PDMS films
were prepared by mixing PDMS solution and curing agent (Sylgard 184,
Dow Corning Co.) at 10:1 ratio. After curing at 60 ◦ C for 10 h, the PDMS
film was cut into rectangles. A layer of the liquid PDMS was firstly dropcoated on the cured PDMS to form a pre-cured flexible substrate, and
cured at 60 ◦ C for 1 h. Subsequently, 15 mL of 1 mg/mL WO3@AgNWs
solution was dispersed in deionized water and then was put onto the
polytetrafluoroethylene (PTFE) filter membrane through vacuum
filtering. The finished WO3@AgNWs film was inverted and placed on the
pre-cured PDMS film and easily transferred from the filter membrane to
the pre-cured flexible substrate by uniform pressure. Cured at 60 ◦ C for
9 h and obtained the anticipated SECEs. For comparison, we prepared
WO3/AgNW-PrePDMS electrode (electrode preparation process for de
tails in the Supporting Information).
2.4. Fabrication of stretchable electrochromic device
The fabrication process of the SECD based on the WO3@AgNWPrePDMS electrode was described in Fig. 3. The WO3@AgNW-PrePDMS
electrode as working electrode and the AgNW-PrePDMS electrode as
counter electrode. Then, the electrolyte solution (1 mol/L LiClO4/PC
(lithium perchlorate/ propylene carbonate)) was injected into the de
vice with a syringe. Finally, the device was encapsulated with an ul
traviolet curing resin to prevent the outflow of electrolyte during the
analysis.

2. Experimental section
2.1. Synthesis of AgNWs

2.5. Characterization

AgNWs were synthesized by solvothermal method as follows.[13]
First, 2.0 g polyvinylpyrrolidone (PVP) and 0.51 g silver nitrate (AgNO3)
were dissolved in 30 mL of ethylene glycol (EG) to form a clear solution,
respectively. Then, the AgNO3 solution was added dropwise into the
PVP solution for initial nucleation of the silver seeds. Next, 0.03 mL of
sodium chloride (NaCl 0.032 mol/L) in ethylene glycol was added to the
mixture and stirred for 10 min. The solutions were then solvothermal
treated at 160 ◦ C for 2 h. After the reaction, the autoclave was allowed to
cool in air and the suspension was centrifuged at 6000 rpm (rpm: rev
olutions per minute) for 20 min. The solid was washed with deionized
water and ethanol to remove EG, PVP and other impurities from the
supernatant. The product was kept in ethanol to obtain a dispersion of
AgNWs.

Transmission electron microscopy (TEM) and field emission scan
ning electron microscopy (SEM) measurements were carried out to
characterize the microstructure of WO3@AgNWs. The nanostructure of
the WO3@AgNWs was characterized using an X-ray diffraction spec
trometer (XRD, D8 Bruker) with a Cu Kα1 X-ray source.[29] The
chemical composition of the electrodes was determined by XPS spec
troscopy (XPS Thermo Fisher, E. Grinstead, UK).[30] The sheet re
sistances of the electrodes were further analyzed with the four-probe
technique (Loresta EP MCP-T360). A stretching stage was used to
measure the resistance variations upon bending. The optical properties
of the prepared electrodes were recorded in a transmission mode using a
Vis–NIR fiber optic spectrometer (MAYA 2000-Pro, Ocean Optics). In
the aging test, all the electrodes were kept in the constant environment
of 22 ◦ C with 45% relative humidity. Electrochemical and electro
chromic properties measurements were performed with a traditional
three-electrode system on a CHI 660E electrochemical analyzer. The

2.2. Synthesis of WO3@ AgNW core–shell nanowires
WO3@AgNW core–shell nanowires (WO3@AgNWs) were prepared
2
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Scheme 1. Schematic illustration of the WO3@AgNW core–shell nanowires.

Fig. 1. AgNWs, WO3 NWs and WO3@AgNWs. SEM, TEM and HR-TEM images: AgNWs (a, b, c); WO3 NWs (d, e, f); WO3@AgNWs (g, h, i).

WO3@AgNW-PrePDMS electrodes was the working electrode, and a Pt
and an Ag wire electrode were used as the counter electrode and
reference electrode, respectively. 1 mol/L LiClO4/PC (lithium perchlo
rate/propylene carbonate) was employed as the electrolyte in the elec
trochemical measurements. The electrochemical behaviors of
stretchable electrochromic device were examined in a two-electrode
system.

3. Results and discussion
3.1. Structure and morphology
We developed the core–shell structure of WO3@AgNWs through a
facile hydrothermal method. Herein, AgNWs modified with PVP are first
prepared as the previously reported literature.[31] PVP as a common
3
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Fig. 2. XRD patterns of AgNWs and WO3@AgNWs (a); XPS spectra (b); Ag 3d (c); and W 4f (d) of WO3@AgNWs.

surfactant has been reported to play an important role in the solutionphase synthesis and assembly processes of nanomaterials.[3,32–34]
Then add the tungsten source (Na2WO4) in a solution containing AgNWs
and follow a hydrothermal process. Finally, an uniform WO3@AgNW
nanowire with a high aspect ratio is obtained (Scheme 1).
Scheme 1a, b, c, d and e are the schematic diagrams and HRTEM
images of WO3@AgNW reacting different hydrothermal time,

respectively. At the initial stage of the hydrothermal reaction, the
tungsten source forms many WO3 nanoparticles on the surface of the
AgNW (Scheme 1b). With the hydrothermal time was extended to 2 h,
WO3 nanoparticles grow into small “island” structures, but they could
not completely cover the surface of AgNW, and the surface of AgNW is
partially exposed. After the reaction time is about 4 h, the small islands
gradually fused together with the growth of WO3 particles on its surface,

Fig. 3. The fabrication process of the wearable WO3@AgNW-PrePDMS devices.
4
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Fig. 4. Top (a), schematic diagram (b) and cross-sectional (c) SEM images of WO3@AgNW-PrePDMS electrodes; transmittance spectra (d) and haze (e) of
WO3@AgNW-PrePDMS electrodes with various sheet resistances; sheet resistance versus transmittance at 550 nm for WO3@AgNW-PrePDMS electrodes with pre
viously reported for comparison (f).

and finally form a coating on the surface of silver nanoparticles. The
hydrothermal time is further extended, and the free tungsten source
could form WO3 nanowires ineluctably intertwined with WO3@AgNW
(Scheme 1e).
The structure of the AgNWs, WO3 and WO3@AgNWs is characterized
by SEM and TEM (HR-TEM). Fig. 1a shows the SEM image of the AgNWs
prepared by the polyol method. From the image, AgNWs with an
average length of 80 um and diameter of 60 nm are obtained. The highresolution transmission electron microscopy (HR-TEM) image focused
on a single silver nanowire shows that it is well crystalline (Fig. 1c), and
AgNWs has a lattice spacing of 0.24 nm. Note that a thin layer of PVP
with amorphous properties is detected on the silver wire surface in the
Fig. 1c. The morphology of WO3 is examined by SEM and TEM (Fig. 1d
and e), which reveal that WO3 has a nanowire morphology with an
average diameter of 10 nm. Fig. 1f depicts HR-TEM image of a single
WO3 nanowire. The 0.39 nm lattice spacing corresponds to the inter
planar distance of WO3.[35] This suggests that the nanowires grow
along the [0 0 1] direction, which is consistent with XRD result.
The morphology of WO3@AgNW core–shell nanowires is as shown in
the SEM image in Fig. 1g. The well-dispersed WO3 layer are clearly
coated on the AgNW surface (Fig. 1g). The unchanged core structure of
AgNW, and superior electrical conductivity as well as the mechanical
robustness of the AgNW are expected to be preserved. More close ex
amination on the surface area of AgNW is showed in the HR-TEM image
(Fig. 1i), which clearly shows that the WO3 nanomaterials grows along
the [0 0 1] direction (indicated with an arrow). This is consistent with
the results of TEM (HR-TEM) for WO3 (Fig. 1f) nanowires. The results of
TEM confirm that AgNW is conformally covered by the WO3 nano-layer,
and eventually covered the whole surface to form a shell structure.
To further evaluate the microstructures and modalities of
WO3@AgNWs, the XRD analysis techniques are conducted. The obvious
diffraction patterns for the AgNWs are shown in Fig. 2a, which are
systematically indexed to face-centered cubic Ag (JCPDS No.04–783). In
addition, other diffraction peaks of WO3@AgNWs match with WO3
(JCPDS No.35–1001). To study the atomic species and bonding char
acteristics information of the sample, XPS measurements is performed.
From the binding energy ranges of 0–800 eV, the typical Ag and W el
ements are detected through the full spectrum (Fig. 2b). For further
determining the valence states of elements in WO3@AgNWs, highresolution analyses of Ag3d and W4f are carried out. Fig. 2c shows

two peaks at 368.2 and 374.2 eV, belonging to signatures of Ag 3d5/2
and Ag 3d3/2 of metallic Ag respectively.[36] Likewise, there are two
peaks at 35.8 and 37.8 eV in Fig. 2d, which are represented signatures of
W 4f5/2 and W 4f7/2 of WO3 respectively.[37] The XPS spectra
reconfirm that the WO3@AgNWs consist of AgNW and WO3, and this is
in good agreement with the XRD result. These results further unravel the
formation process of the core–shell WO3@AgNWs.
3.2. Preparation and mechanical stability of stretchable electrochromic
electrode
The schematic design of the main process to fabricate the stretchable
WO3@AgNW-PrePDMS electrodes is shown in Fig. 3 (the detailed steps
seen in the Experimental Section 2.3). For a typical preparation, amount
of WO3@AgNWs solution is filtered onto the PTFE membrane in vac
uum. The film formed is successfully transferred into the pre-cured
PDMS substrate and stretchable electrodes with embedded structures
is obtained. Instead of the electrode with conducting path such as CNTs
on top of the elastomer substrates,[38,39] the WO3@AgNWs are
embedded inside the elastomer PDMS with the top-layer nanowires
exposed for electrical contact. The unique embedded structures possess
excellent flexibility and stretchability, significantly improved durability
against mechanical scratching, which are free of delamination and
peeling off problems during repeated bending and stretching. Further
more, the WO3 layer in the WO3@AgNWs not only contributes to the
protection of silver wires but also enables the films to own electro
chromic property. The WO3@AgNWs embedded in the elastomer PDMS
exhibit ideal bi-functionalities, namely electrochromic layer and elec
tron conductive layer.
The detailed structural features of the stretchable WO3@AgNWPrePDMS electrodes are depicted in Fig. 4. Fig. 4a and b reveals the
uniform distribution of WO3@AgNWs and WO3 nanowires, which en
sures the superior transparency of the substrate. And the high conduc
tivity of the substrate is assured by the interconnectivity of the
WO3@AgNWs. In addition, the SEM images about the cross-section
(Fig. 4b and c) confirm that the WO3@AgNWs are embedded in the
elastomer PDMS substrate with only the top NW layer exposed which act
as an active site and conductive sites. The electrical and optical prop
erties of the samples are estimated. The SEM images about the crosssection (Fig. S1), transmittances and haze for WO3@AgNW-PrePDMS
5
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Fig. 5. Relative resistance changes of the WO3@AgNW-PrePDMS and WO3/AgNW-PrePDMS under bending tests (a); stretching test (b) and transmittance spectra
dynamics of colored and bleached states before and after bending cycles (c): WO3@AgNW-PrePDMS (1), WO3/AgNW-PrePDMS (2); Schematic diagram of delam
ination (d).

electrodes of several different densities are shown in Fig. 4d and 4e.
High transparency and low haze is achieved in the visible and nearinfrared spectrum. We further compare the optoelectronic perfor
mances of the WO3@AgNW-PrePDMS electrodes with other flexible
transparent electrodes reported previously. As can be seen from Fig. 4f,
the WO3@AgNW-PrePDMS electrodes show 12 Ω/sq of sheet resistance
with 81% of transmittance at λ = 550 nm. Compared with the electrodes
reported previously, the photoelectric properties of WO3@AgNWPrePDMS electrodes are relatively excellent.[2,3,15,16,24,28,40–42]
The WO3@AgNW-PrePDMS electrodes are stretchable electrodes
with bi-functionalities of conductivity and electrochromism. To further
evaluate the properties and advantages of the electrodes in different
harsh working environments, the mechanical flexibility of
WO3@AgNW-PrePDMS electrodes is investigated. We have prepared
WO3/AgNW-PrePDMS electrodes as reference. As shown in Fig. 5a, the
sheet resistance changes of electrodes are recorded during the bending
test. After 20,000 bending cycles with a radius of 0.8 cm, the sheet
resistance growth rate of the WO3/AgNW-PrePDMS increases 175%. The
reason for the increase in resistance (the green circle in Fig. 5a) is that
the electrochromic layer falls off from the electrode surface after 12,000
bending cycles (Fig. S2), resulting in no protective layer on the surface of
the AgNW. And the resistance growth rate increases fast in the later
bending cycle. In contrast, after 20,000 bending cycles, the resistance
growth rates of the WO3@AgNW-PrePDMS remain stable (ΔR/R
≈8.3％), indicating their excellent flexibility under bending stress
(Fig. 5a).
Apart from mechanical flexibility, stretchability is another important
feature of stretchable electrochromic devices. The unique embedded
structure of the WO3@AgNW-PrePDMS electrodes ensures excellent
robustness and durability against repeated stretching and even surface
scratching. Fig. 5b exhibits the stability of 1000 cycles at 70% strain. The
WO3@AgNW-PrePDMS electrode still could retain a relatively low
resistance change (ΔR/R≈14%) after stretching 1000 cycles, indicating
their excellent stretchabilitys (Fig. 5b). However, the resistance growth

rates of the WO3/AgNW-PrePDMS electrodes exhibit a larger rise (ΔR/
R≈138%). The SEM image of the electrode after 1000 stretching cycles
is shown in Fig. S2. It can be seen that the WO3 of the WO3/AgNWPrePDMS electrode has fallen off, while the WO3@AgNW-PrePDMS
electrode has not changed significantly.
The sheet resistance change under mechanical bending and stretch
ing can be explained to the weak adhesion to substrates resulting a
delamination of the film. The sheet resistances of WO3/AgNW-PrePDMS
electrode cannot be recovered to the original state because WO3 are
easily disconnected and delaminated from the substrate (Fig. 5d and
Fig. S2). It can be seen from Fig. 5d and Fig. S2, WO3/AgNW-PrePDMS
electrode becomes delaminated. However, WO3@AgNW-PrePDMS
electrodes with embedded structure present outstanding durability. The
films are not delaminated, so that the film resistance can easily recover
by itself after removing mechanical forces.
Besides, the dynamics of colored and bleached states of the
WO3@AgNW-PrePDMS electrodes at a wavelength of 550 nm are also
tested before and after 2000 bending times (Fig. 5c). Compared with
WO3/AgNW-PrePDMS, the WO3@AgNW-PrePDMS electrodes remains
stable in the coloring and bleaching cycling tests (transmittance contrast
from ~72% to ~68%) after bending cycles. WO3/AgNW-PrePDMS have
low interaction between two interconnected layers of materials, which
reveals that AgNWs and WO3 nanowires are easily delaminated after
stretching leading to a poor coloration stability (Fig. 5d and Fig. S2). The
WO3@AgNW-PrePDMS electrodes based on stretchable WO3@AgNWs
with embedded structure integrate every layer intimately and over
comes the problem of delamination after stretching.
3.3. Adjustment of electrochromic performance for stretchable
electrochromic electrodes
To further control the electrochromic property of the electrodes,
stretchable electrodes with different ratios of AgNWs and WO3 are
investigated. Here, it is important to find the optimal reaction ratio,
6
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Fig. 6. Transmittance spectra for the bleaching and coloration states (a); Transmittance spectra dynamics of colored and bleached states at different pulse-type
voltages (b); Bleaching and coloration time (c) and Coloration efficiency of WO3@AgNW-PrePDMS (d).

because too less WO3 nanomaterials will not completely cover the
AgNWs and too much WO3 nanomaterials will result in lower electronic
conductivity of the electrodes. SEM and photoelectric performance of
the AgNWs and WO3 in different ratios can be found in Supporting In
formation. As shown in the SEM image in Fig. S3, AgNWs are encap
sulated gradually by increasing the amount of WO3 nanowires.
Moreover, the resistance of these electrodes are augmenting with the
increase of the AgNWs and WO3 (cAg:cW) ratios at the same time, while
the change in transmittance is negligible (Fig. S4).
Transmittance spectra of the electrodes with different ratios of
AgNWs and WO3 in colored (-1.0 V) and bleached (+1.0 V) states are
depicted in Fig. 6a and Fig. S5. The 1.4-WO3@AgNW-PrePDMS elec
trode presents an optical transmittance of 81% in its original state at a
wavelength of 550 nm. When a voltage of − 1.0 V (vs. Ag/AgCl elec
trode) is applied on the electrode, its color changes to uniform blue (as
shown in the inset of Fig. 6a) and the electrode shows an optical
transmittance of 9% at the same wavelength. The ΔT (transmittance
contrast between the coloration (-1.0 V) and bleached (+1.0 V) state) of
the electrodes with different ratios of AgNWs and WO3 prepared is 79%,
77%, 75%, 72%, 38% and 20% corresponding to the cAg:cW ratios of
1:0.2, 1:0.6, 1:1, 1:1.4, 1:1.8 and 1:2.5 at the wavelength of 550 nm
(Fig. S5). Possible reason for the decrease of ΔT may be that too much
WO3 nanowires cause lower electronic conductivity of the electrodes.
To study the switching stability of the films, 30 cycles of electro
chromic switching for the stretchable electrochromic electrodes with
different ratios have been carried out (Fig. S6). Herein, the 0.2WO3@AgNW-PrePDMS and 0.6-WO3@AgNW-PrePDMS electrodes
show about 79% and 77% of the contrasts in the first cycles, respec
tively. After more cycles proceeding, the contrasts of the films decrease
by 34% and 29%, respectively. The main reason for the loss of contrast is
that the AgNWs would be oxidized during the reaction, especially after
long-term cyclic testing.[14,43,44] Fig. S6 shows the values of ΔT
during 30 cycles of electrochromic switching. The ΔT becomes more
stable with the increasing of the cAg:cW (1:1.0,1:1.4,1:1.8,1:2.5) ratio,

which indicates the coverage of WO3 nanomaterials on the AgNWs plays
a protecting role. To elucidate the dynamics of this electrode, the optical
transmittance spectra of the electrodes are recorded under different
applied pulse-type voltage (from − 0.3, − 0.6 and − 1.0 V for 30 s to +
1.0 V for 30 s) shown in Fig. 6b and Fig. S7. Compared with other ratio
electrodes, the 1.4-WO3@AgNW-PrePDMS electrode exhibits a best
optical contrast in coloring and bleaching states (Fig. 6b and Fig. S6) at
550 nm. The photographs representing the color changes of electrodes
with different cAg:cW ratio are shown in Fig. S8. Therefore, 1:1.4 is the
best ratio for preparing the electrode because AgNWs are well protected
and the electrode has high conductivity and excellent switching
stability.
As a crucial parameter of electrochromic devices, the switching time
is defined as the time that is required for an electrode to reach 90% of the
full switch.[3] When voltages are − 1.0 V (coloring) and + 1.0 V
(bleaching), the switching time of the 1.4-WO3@AgNW-PrePDMS elec
trode for bleaching (tb) and coloration (tc) is 8 s and 11 s according to the
magnified transmittance spectrum (Fig. 6c). The switching time is much
faster than that of other electrodes with different cAg:cW ratio (Fig. S9).
For electrodes with cAg:cW ratio of 1:0.2, 1:0.6 and 1:1.0, AgNWs would
be oxidized by the electrolyte during the electrochromic process at 550
nm and lose conductivity, which result in a slower response time (tb/tc =
22 s/24 s, 20 s/22 s, 18 s/14 s). When the cAg:cW ratio in the electrodes
increase from 1:1.4 to 1:1.8, and 1:2.5, the bleaching/coloring time
increase from 8 s/11 s to 15 s/17 s and 16 s/25 s (Fig. S9). The reason
may be that too much WO3 nanowires brings lower electronic conduc
tivity of the film, resulting in a longer response time.
Coloring efficiency (η) is one of the important characteristics of
electrochromic devices, which is defined as the change in optical density
(ΔOD) per unit charge density (ΔQ = Q/A) at a certain wavelength. The
η can be calculated from the following equations:[27]

η = ΔOD/ΔQ
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Fig. 7. Transmittance spectra of WO3@AgNW-PrePDMS-based SECD after stretching tests (a). Transmittance spectra dynamics of colored and bleached states (b)
(The insets are photographs of the devices at bleached, colored, bended and stretched state).

ΔOD = log(Tb /Tc )

surface of PDMS. The embedded electrodes possess ideal bifunctionalities, which can be simultaneously used as stretchable trans
parent conductive electrode (12 Ω/sq) and electrochromic electrode
(81% at 550 nm). The WO3@AgNW-PrePDMS electrodes overcome the
disadvantages of delamination due to the embedded structure of
WO3@AgNW core–shell nanowires. The stretchable electrode can still
maintain stable electrical conductivity and electrochromic functional
ities after 20,000 bending cycles and stretching to 70%. Stretchable
devices fabricated with the WO3@AgNW-PrePDMS electrodes could
exhibit excellent flexibility and electrochromic behavior even after 200
stretching cycles. We believe that devices with this novel structure may
have important applications in stretchable and wearable solar cells,
flexible displays and many other stretchable devices. Furthermore, it can
be expected that the preparation of devices with AgNW-WO3 core–shell
structure embedded on the surface of PDMS will be extended to the
design of various devices based on AgNW-other material core–shell
structures.

(2)

Here, Tb and Tc are the corresponding transmittance in the bleached
and colored states, respectively, Q is charge amount, A is electrode area.
Fig. 6d shows the relationship between ΔOD and intercalation charge
density during a typical coloration process (-1.0 V) at 550 nm. The η of
electrodes with different cAg:cW ratio are calculated to be about from
21.09 to 79.49 cm2/C as shown in Fig. S10. When the cAg:cW ratio is
1:1.4, the η fitted from the linear region of ΔOD charge density curve is
78.64 cm2/C.
3.4. Fabrication of stretchable electrochromic devices.
Stretchable electrochromic devices can be potentially applied in
various fields with special requirements, especially in terms of wear
ability and portability. Here, we fabricate stretchable electrochromic
devices using the WO3@AgNW-PrePDMS electrodes applied in portable
smart windows. Fig. 3 shows the schematic diagram of the stretchable
electrochromic devices. To confirm the mechanical durability of the
device, the optical transmittance spectra of the SECDs based on
WO3@AgNW-PrePDMS electrodes and their dynamics of colored and
bleached states at a wavelength of 550 nm are also tested after 200
stretching times (Fig. 7a and 7b). As can be seen from Fig. 7b, the
stretchable device remains stable in the coloring (-1.0 V) and bleaching
(0 V) cycle tests which demonstrates that it could maintain its func
tionalities even at stretching state. Fig. S12 shows that the WO3@AgNWPrePDMS electrode-based device with up to 16 cm × 5 cm can be bent,
and which shows obvious and uniform blue color when applied with a
negative voltage, indicating the excellent mechanical flexibility of de
vices. The example images of the stretchable electrochromic devices at
bleached and colored state are shown in Fig. 7, which demonstrate the
possibility for fabricating flexible wearable and implantable displays.
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