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ABSTRACT
The emergence of soft energy devices provides new possibilities for various applications, it
also creates significant challenges in the selection of structural design and material compat-
ibility. Herein, we demonstrate a stretchable transmissive electrochromic energy storage
device by inkjet-printing single layer of WO3 nanoparticles on an elastomeric transparent
conductor. Such hybrid electrode is highly conductive and deformable, making it an excellent
candidate for the application: large optical modulation of 40%, fast switching speed (<4.5 s),
high coloration efficiency (75.5 cm2 C−1), good stability and high specific capacity (32.3 mAh
g−1 and 44.8 mAh cm−3). The device consists of WO3-based hybrid electrode and polyaniline/
carbon nanotubes composite electrode. It maintains excellent electrochromic and energy
storage performance even when stretched up to 50%, and achieves a maximum areal energy
density of 0.61 μWh cm−2 and power density of 0.83 mW cm−2, which is one of the highest
values in stretchable transparent energy storage devices. A device featuring stretchable
transparent nanowires based electrode is illustrated as an energy indicator in which the
stored energy can be monitored via reversible color variation. This high performance and
multifunctional electrochromic energy storage device is a promising candidate for deform-
able and wearable electronics.
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1. Introduction

The recent advances in wearable electronic devices
with multi-functionality such as transparent, flex-
ible, stretchability or printability have inspired the
development of ‘smart and soft’ energy devices [1–
5]. Electrochromic devices can reversibly change
their colors at low power consumption and find
applications in many areas, such as information dis-
plays, electronic paper, camouflage clothing, energy
efficient smart windows and antiglare automotive
mirrors [6–9]. Recently, more attention has been

paid to flexible electrochromic devices because
their application range can be extended to flexible
displays, e-books, smart clothes and electronic
camouflage skin [10–15]. Furthermore, electrochro-
mic displays should be stretchable for future smart
clothes and implantable display applications [16],
because the stretchability is a primary condition
for wearable electronic systems [17]. Stretchable
electrochromic devices should be mechanically
robust and deformable without performance degra-
dation. They can conform to complex nonplanar
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surfaces, enabling integration into complex wearable
systems [18].

Integrating such electrochromic and energy sto-
rage effects is highly attractive to realize multifunc-
tional portable electronic devices, because they are
capable of indicating stored energy level and detec-
tion of these stored energy changes by visual color
variation [19–22]. Several groups have fabricated
electrochromic energy storage devices by deposition
of various electrochromic materials such as vanadium
oxide (V2O5) [23], polyaniline (PANI)/WO3 [24] and
Prussian blue [25] on transparent conducting oxide
glass substrates. Recently, flexible electrochromic
supercapacitors based on PANI nanowire (NW)
arrays on polyethylene terephthalate (PET) substrates
[10] and cellulose-nanofiber/AgNW/reduced-gra-
phene-oxide/WO3 composite electrode have been
reported [26]. However, there is a lack of reports in
addressing the feasibility of stretchable electrochro-
mic energy storage devices.

The electrochemical devices that possess both trans-
parency and high stretchability still present an unpre-
cedented challenge to date, because the electrode
materials need to meet high transparency over a broad
spectral range, high conductivity that does not degrade
severely upon deformation, outstanding flexibility and
compliance, and long-term atmospheric and electro-
chemical durability simultaneously. Silver nanowire
(AgNW) percolation networks embedded in a polymer
matrix have been widely studied as one of the most
competitive ST electrodes [27] for the wearable electro-
nic systems such as sensors [28], heaters [29], electro-
magnetic interference shielding films [30], etc.
However, it is still a great challenge to develop stretch-
able transparent (ST) electrodes with highly conductiv-
ity and stability for electrochemical devices, because of
the trade-off between required transparency and con-
ductivity/stretchability/durability. For stretchable trans-
parent electrochromic devices (STEDs), Bao and
coworkers reported a stretchable e-skin by coating elec-
trochromic polymers on single-wall carbon nanotubes
(SWCNTs) elastic conductors [18]. The device main-
tained its electrochromic properties at 20% strain state,
but the electrochromic properties degraded quickly at
50% strain state. Our group also demonstrated the
stretchable electrochromic devices which can maintain
their electrochromic properties up to 50% strain states
using AgNW/polydimethylsiloxane (PDMS) [16],
which is a reflective electrochromic type. Similarly, Liu
and coworkers reported an elastomeric electrochromic
device using AgNW/PDMS electrodes [31], but the
device could not be stretched. For stretchable transpar-
ent energy storage devices (STESDs), pre-strained CNT
or graphene electrodes have been used [32–34], but the
device had a low areal energy density as the nanocarbon
films need to be thin enough to secure the transparency.
Recently, the areal energy density of STESDs has been

increased more than tenfold by adopting metal nano-
wires networks, e.g. Au NWs [35], core-shell nanowires
structures, e.g. Ag-Au [36], Ag-Au-polypyrrole [37] and
Ag-Ni [38]. However, these values are still around a
tenth of those in the flexible transparent energy storage
devices, e.g. graphene-FeOOH//graphene-Co(OH)2
[39], because metal NWs or core-shell networks only
cover a small portion of the entire electrode to maintain
the transparency. In addition, metal-based ST electro-
des still suffer from oxidation and corrosion in both air
and electrolytes, impeding the practical electrochemical
applications. For these reasons, one prior work
attempted the stretchability of hybrid electrochromic-
supercapacitor device using PANI/pre-strained carbon-
nanotubes (CNTs) [40], but the electrochromic perfor-
mance of the device was not investigated under
stretchedmode. Therefore, innovative design of stretch-
able transparent electrode and device configuration are
urgently required to realize high-performance stretch-
able transmissive electrochromic energy storage devices
(STEESDs).

Herein, we proposed a novel strategy to fabricate
AgNWs-based ST electrode for high-performance and
stable STEESDs: (1) WO3 was selected as the electro-
chromic material because the operating potential of
WO3 could reach below 0 V vs Ag/Ag+ (−0.6 V to
−0.2 V), which was beneficial to the electrochemical
stability of AgNWs-based ST electrode by retarding the
electrochemical oxidation of AgNWs; (2) a thin poly
(3,4-ethylenedioxythiophene)-poly(styrene sulfonate)
(PEDOT:PSS) film as buffer and passivation layer was
deposited between WO3 and AgNWs/PDMS because
PEDOT:PSS could prevent the oxidation of Ag [41], as
well as provide better conductive pathway between
WO3 nanoparticles and AgNWs; (3) transmissive
WO3 nanoparticles were inkjet-printed uniformly on
the PEDOT:PSS/AgNWs/PDMS. As a precise and
non-contact direct write technique, inkjet-printing
allows high resolution patterns with efficient use of
materials, as well as low-cost and scalable production
of high-quality homogeneous film on all kinds of sub-
strates, which can provide multifunctionalities and
improved performance [42,43]. Moreover, the inkjet-
printing method allows precise thickness control as
well as flexible patterns design compare to traditional
coating process of WO3 such as spray coating, spin
coating and dip coating [44,45]. Inkjet-printing has
been extensively utilized for printing functional mate-
rials including metal nanoparticles [46,47] and metal
oxide nanoparticles [48,49] on various substrates for
flexible electronics. Despite some prior works on
inkjet-printed metal oxide films on hard (conductive
glass) [50] or flexible (PET, polyimide) substrates
[51,52], inkjet-printed metal oxide film on elastomer
substrate has been particularly daunting, because the
surface tension and wettability of the ink is not com-
patible with the elastomer substrate. In this study, a
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thin and uniform WO3 layer was successfully inkjet-
printed on the elastomer by virtue of PEDOT:PSS
buffer layer that could enhance the compatibility
between ink and elastomer substrate. As a result, the
inkjet-printed WO3 electrode can provide higher areal
capacity in comparison to the conventional core-shell
structures [36–38] or electrodeposited WO3 on
AgNWs [16], where active materials were just localized
around AgNWs network. Furthermore, it can maintain
its electrochromic and energy storage functionalities
when stretched up to 50%. Based on these findings,
the hybrid energy storage device was demonstrated for
STEESDs, in which the change of the stored energy
level can be monitored by coloration (or transmittance
modulation). Such hybrid electrode and device have
achieved the highest performance among other ST
electrodes based on their electrochromic and energy
storage properties.

2. Experimental details

2.1. Electrode preparation

The ST conductors were fabricated through a mod-
ified approach on previously reported methods as
shown in Figure 1(a) [53,54]. AgNWs solution was
diluted to 0.3 mg mL−1 before use. The glass slides
were washed with acetone, then de-ionized water, and
finally isopropanol in an ultrasonic bath for 15 min,
respectively, and then blow-dried with argon gas. The
diluted AgNWs solution was uniformly spray-coated
onto the pre-cleaned glass slides by a spray gun inside
the fume hood. The solvent was evaporated immedi-
ately by heating on a hot plate at 100 °C. Thereafter,
SiO2 nanoparticles suspension were prepared by

dispersing SiO2 nanoparticles in ethanol (concentra-
tion of 3.5 wt %) and then, the suspension was spin-
coated onto the AgNWs/glass surface at 1000 rpm for
50 s. PDMS was prepared by mixing the base and the
cross-linking curing agent in a ratio of 10:1. The
liquid mixture was poured onto the transparent con-
ductive substrate, and then cured at 60 °C for 2 h.
After that, the films were dipped into deionized water
at 50 °C for 30 min. The ST conductors were
obtained by peeling the composite film from the
glass slides. The stable ST conductors were fabricated
by spin-coating one layer PEDOT:PSS onto the ST
AgNWs/PDMS substrates. Finally, the ST conductors
were heated at 135 °C for 30 min for PEDOT:PSS
curing. The WO3 nanoparticles and ink were pre-
pared according to our previous report [55]. The
WO3 films were printed on stable ST PEDOT:PSS/
AgNWs electrode, and dried at 60 °C for 2 h.

2.2. Device fabrication

A stretchable electrode based on a mixture of PANI
and multi-wall carbon nanotubes (MWCNTs) was
synthesized by a previously reported water-surface-
assisted route with modifications [56]. In a typical
synthesis of the PANI/MWCNT, 4 g of PDMS and
0.4 g of MWCNT were dissolved and sonicated in
50 mL of xylene, and then poured onto the DI water
in a petri-dish. After the PDMS was completely cured
and the xylol had volatilized, 50 nm-thick gold layer
was deposited onto the MWCNTs conductor to
enhance the conductivity, and then PANI polymer
was electrodeposited onto the resultant stretchable
MWCNTs conductor in a solution of 0.1 M aniline
and 1 M H2SO4. Stretchable electrochromic energy

Figure 1. (a) Schematic illustration of fabrication procedure of the inkjet-printed stretchable WO3 transparent electrode. (b) SEM
images of the inkjet-printed stretchable WO3 transparent electrode, showing parts of printed WO3 track. (c) The cross-section
SEM images of printed WO3 PEDOT:PSS/AgNWs/PDMS electrode with about 400 nm thick WO3 layer and 530 nm thick PEDOT:
PSS/AgNWs. (d-f) SEM images of the WO3 printed ST electrode at (d) 0% strain, (e) 50% strain, (f) after releasing the sample from
50% strain to the relaxed state.
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storage devices have been assembled with WO3/
PEDOT:PSS/AgNWs/PDMS, PANI/MWCNT, H2SO4

/PVA gel and 3M VHB tape as the negative electrode,
positive electrode, electrolyte and separator, respec-
tively. The capacity of two electrodes in energy storage
device has been charge balanced by adjusting the area
ratio of each electrode.

2.3. Characterization

The structure, composition and morphology of the
stretchable samples were characterized by field emission
scanning electron microscopy (FESEM, JEOL 7600F,
Tokyo, Japan) and Energy Dispersive X-ray spectroscopy
(EDS) mapping. A customized stretching stage was used
to test the change in the resistance upon stretching.
Keithley analyzer (Model 4200, Cleveland, OH, USA)
was used to measure the relative resistance changes
under different strains. Sheet resistance of the ST electro-
des wasmeasured by a four-point probe (Jandel RM3000,
Linslade, UK), taking into the account that each reported
data is based on the mean of 5 measurement points. The
luminance of one LED was tested under different tensile
strains from 0% to 100% by a Konica CS-200 (Osaka,
Japan) spectroradiometer. Electrochromic performance
and galvanostatic charging/discharging curves weremea-
sured in the three electrode system with spring coiled Pt
wire and Ag wire as the counter and reference electrodes
in gel electrolyte composed of 0.5 M H2SO4 and 10wt %
PVA. The transmittance of sample was detected by
SHIMADZU UV-3600 spectrophotometer (Tokyo,
Japan). Solartron 1470E was used to measure CV, galva-
nostatic charging/discharging curves and EIS curves. For
the electrochromic energy storage tests, the tests were
performed in the two-electrode system, in which the
PANI/MWCNT electrode with a window frame design
was assembled as the working electrode and the stretch-
able WO3/PEDOT:PSS/AgNWs film was used as the
counter electrode, respectively.

3. Results and discussion

3.1. Microstructure change under strain

Figure 1(a) illustrates the fabrication procedure of a
stable ST electrode for STEESDs. The diluted AgNWs
solution was uniformly spray-coated onto the pre-
cleaned glass slides by a spray gun inside the fume
hood. Thereafter, SiO2 nanoparticles suspension was
spin-coated on the AgNWs/glass surface. The SiO2

nanoparticles can tremendously improve the transfer
efficiency of AgNWs via strong van der Waals inter-
action with PDMS polymer matrices and AgNWs
[57]. The ST electrode without SiO2 nanoparticles
was also prepared, the sheet resistance is more than
680 times higher than that of the ST electrode with
SiO2 nanoparticles. Therefore, the ST electrode

without SiO2 nanoparticles could not meet the
requirements of the electrochromic device due to its
high sheet resistance. The liquid PDMS mixture was
poured onto the transparent conductive AgNWs/
glass substrate, and then cured. The ST conductors
were obtained by peeling the composite film from the
glass slides. After that, one layer of PEDOT:PSS was
spin-coated onto the ST AgNWs/PDMS conductors,
and then the ST conductors were heated for PEDOT:
PSS curing. As shown in the SEM images of the
AgNWs electrode before and after coating PEDOT:
PSS (Figure S1a and b), part of the AgNWs are
embedded in the elastomer matrix while part of
them are protruding, in which the exposed protru-
sions can serve as the conducting sites. The enlarged
image of the AgNW (the inset of Figure S1a) shows
that the SiO2 nanoparticles are wrapped tightly
around the AgNW. There is no obvious difference
in the morphology after coating PEDOT:PSS on the
AgNWs/PDMS except that an additional thin layer of
polymer can be observed on the surface. The homo-
geneous distribution of PEDOT:PSS on the whole
surface of AgNWs/PDMS was further verified by
EDS mapping by tracing the sulfur element that is
present in the PEDOT:PSS (Figure S1c). Finally, elec-
trochromic active WO3 nanoparticles were deposited
onto the PEDOT:PSS/AgNWs via inkjet-printing
approach. PEDOT:PSS as a buffer layer promotes
the uniform distribution of WO3 nanoparticles with
controlled thickness of about 400 nm on the conduct-
ing elastomer surface (Figure 1(b,c)). The microstruc-
tural change in the prepared electrode was observed
by SEM under 0% strain, 50% strain, and the relaxed
state (recovered from 50% strain) as shown in
Figure 1(d–f). The crack widths were about 250 −
500 nm at 0% strain (Figure 1(d)), and increased to
more than 1 μm at the 50% strain (Figure 1(e)), and
most of the wide cracks become narrower after the
electrode recovered from 50% strain to the relaxed
state (Figure 1(f)). These results imply that the pre-
pared electrode can retain its electrochemical func-
tionality under high mechanical deformation, which
is highly desirable for the STEESDs.

3.2. Optical and electrical properties under strain

The prepared ST electrodes offer the advantage of cor-
rosion resistance, strong adhesion and excellent
mechanical durability. The PEDOT:PSS/AgNWs elec-
trodes display flat transmittance spectra with excellent
transmittance in the wavelength range of 300−900 nm
(Figure 2(a)). The transmittances at 550 nm for the
9.2 Ω sq−1, 52.5 Ω sq−1 and 89.3 Ω sq−1 electrodes are
71%, 77% and 84%, respectively (the inset of Figure 2
(a)), which are comparable to the flexible Cu [58] and
Ag [59] based transparent electrodes, and superior to
graphene [60], carbon nanotube [61] and conducting
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polymer [62] based transparent electrodes. The normal-
ized resistance variation (R/R0) upon stretching indi-
cates that the R/R0 linearly increased to 4.4 until 70%
strain, and gradually reached 11.3 at 100% strain
(Figure 2(b)). This stretchability is superior to other
AgNWs-based conductors such as AgNWs embedded
in PDMS with Zonyl FS-300 fluorosurfactant [53] and
AgNWs embedded in polyurethane acrylate (PUA)
[63]. The figures of merit of our ST electrodes was
demonstrated by lighting up some LED indicators at
various tensile strains (Figure S2); the LEDmaintains its
brightness up to 70% strain and still displays significant
brightness at 100% strain. For metal-based transparent
conductors, maintaining long-term stability in air is of
dire concern as it may impede practical applications.
The degradation mechanism is largely due to the oxi-
dizing or corrosion effects in air [64–66]. In order to
illustrate the passivation role of PEDOT:PSS to prevent
the oxidation of Ag in air, the ST electrodes without
(9.3 Ω sq−1) and with PEDOT:PSS (6.0 Ω sq−1) was
exposing in air under 25 °C and 65% RH for 30 days.
The sheet resistance of the ST electrode with PEDOT:
PSS layer is reduced because the junctions between the
silver nanowires are tightly bridged by the conductive

PEDOT:PSS polymer. The ST electrode with a PEDOT:
PSS layer exhibits excellent stability than that of the ST
electrode without PEDOT:PSS layer (Figure 2(c)). The
result proves that the PEDOT:PSS passivation layer
can improve the corrosion resistance of the silver-
based transparent conductors. Remarkably, the
PEDOT:PSS passivation layer also enhances the adhe-
sion between AgNWs and the PDMS substrate. As
shown in Figure 2(d), the electrode with PEDOT:PSS
layer is able to withstand more cycles of repeated tape
peeling test compared to electrodes without PEDOT:
PSS layer. The enhanced mechanical stability of Ag
nanowire network is attributed to the nanojoining of
PEDOT:PSS at the metal nanowire junctions [67].

3.3. Electrochemical properties under strain

3.3.1. Electrochromic performance
The typical redox peak of WO3 material was observed
in the CV curves of the WO3/PEDOT:PSS/AgNWs
electrodes under different scan rates (10–100 mV s−1)
in the potential range of −0.7 to 0.05 V (Figure S3),
which is attributed to the H+ insertion/extraction
according to the following reversible reaction:

Figure 2. (a) Transmittance spectra of ST conductors with different AgNW densities that show different conductivities. Inset
shows the sheet resistance vs optical transmission (at 550 nm) for the ST conductors. (b) Normalized resistance (the ratio of the
instantaneous resistance under different strains to the initial resistance before stretching) of the ST conductor as a function of
tensile strain. (c) Variations in sheet resistance of the ST conductor with and without PEDOT:PSS exposed in air at ambient
temperature for 30 days. (d) Changes in sheet resistance of the ST conductor with and without PEDOT:PSS as a function of the
number of cycles of repeated peeling tests by 3M Scotch tape. The same batch electrodes were used in Figure 2(b–d), the initial
sheet resistance of the ST conductor without PEDOT:PSS is 9.3 Ω sq−1, it changes to 6.0 Ω sq−1 after coating PEDOT:PSS.
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WO3 þ xHþ þ xe� $ HxWO3 (1)

A dark blue color was observed when a negative
potential was applied to the film due to the insertion
of H+ ions into the film, leading to the reduction of
the W6+ ions to a lower valence state. The dark blue
color of HxWO3 film faded away when a positive
potential was applied due to the extraction of H+

ions from the WO3 film, in which the reduced
W-ions were oxidized back to the higher valence
states. As the scan rate increased, larger redox polar-
izations were observed where the oxidation peaks
moved to more positive direction and reduction
peaks shifted to more negative direction because of
the internal resistance of electrodes. The thickness of
PEDOT:PSS/AgNW/PDMS conductor is very impor-
tant, because it affects both transparency and con-
ductivity (Figure 2(a)), as well as electrochemical
properties of the electrode. The CV curves with
various thickness of PEDOT:PSS/AgNW/PDMS con-
ductors were also measured to determine the rela-
tionship between the electrochemical properties and
thickness of PEDOT:PSS/AgNW/PDMS conductors
(Figure S4). For thinner electrode (530 nm), higher
transparency was obtained but the electrode showed
poor electrochemical property. The thicker electrode
(1200 nm) showed higher electrochemical property,
but exhibited low transparency. Therefore, the opti-
mum thickness of the electrode was determined
around 680 nm.

Figure 3(a) shows the CV curves of the electrodes
with varying uniaxial strain up to 50%. During the
stretching process, the normalized area of the CVs
curves remained 87.2% at 40% strain and 73% even at

50% strain (Figure S5), illustrating the remarkable
stability under deformation. The transmittance spec-
tra of the sample in both colored and bleached states
were measured over a wavelength region from 300 to
900 nm (Figure 3(b)), respectively. The sample dis-
plays an optical modulation, ΔT% (ΔT% = Tb%−Tc%,
where Tc and Tb is the transmittance of the colored
and bleached electrochromic film at a certain wave-
length, respectively) of about 40% at 633 nm under
0% strain state. The optical modulation decreased
slightly with increasing strain, because the transmit-
tance in cathodic colored state was slightly increased
(less intense color) with increasing strain but the
transmittance in the anodic bleached state remained
similar. However, it still maintained 69.8% of its
initial optical modulation at 50% strain (Table S1).
Moreover, the optical modulation can be recovered to
90% of its initial value after releasing the sample from
50% strain to its relaxed state (0% strain), indicating
our sample has an excellent deformability without
largely sacrificing its electrochromic properties.
Under a square-wave potential between −0.7 and
0.05 V (Figure S6), the corresponding current density
(Figure S7) and in situ kinetic transmittance curves at
different strain states were obtained, respectively
(Figure 3c). The current density decreased with
increasing strain, which is consistent with the CV
curves. The switching time was calculated from the
in situ kinetic transmittance curves as 90% of the
optical modulation between the fully bleached and
colored states. At 0% strain, the switching time for
coloration and bleached process was 4.1 and 2.1 s,
respectively. The switching time was slightly
increased upon stretching, but all the switching

Figure 3. (a) CV curves of the printed ST WO3 electrodes with different tensile strains at a scan rate of 20 mV s−1. (b)
Transmittance spectra of WO3 coated ST electrodes with different tensile strains in the colored and bleached states. (c) In situ
transmittance response of WO3 coated ST electrodes with different tensile strains measured at 633 nm. (d) Photographs of the
WO3 coated ST electrodes in the bleached and colored states at 0 and 50% strain, respectively (scale bar: 5 mm). Galvanostatic
charge/discharge curves at current density of (e) 0.3 mA cm−2 and (f) 0.6 mA cm−2 in the potential range of 0.05 to −0.6 V and
corresponding in situ transmittance responses collected at 633 nm for the WO3 coated ST electrodes.
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processes were completed within several seconds to
tens of seconds. Moreover, the electrochromic films
still exhibited electrochromic performance even
under highly stretched states at 70% and 80% as
shown in Figure S8. Figure 3(d) and Figure S9 show
the electrochromic films at bleached and colored
states under different strain (0%−50%) states, indicat-
ing that our electrochromic films maintained their
electrochromic properties even at highly stretched
conditions.

Coloration efficiency (CE) is one of the most
important parameters that relates the efficiency with
the optical density (ΔOD) and the unit charge inser-
tion (ΔQ), as follows:

CE λð Þ ¼ ΔOD=ΔQ ¼ log Tb=Tcð Þ=ΔQ (2)

Higher CE indicates that the electrochromic materials
can achieve larger optical modulation with less
energy. Figure S10 shows the relationship between
ΔOD and ΔQ at a wavelength of 633 nm during a
typical coloration at −0.7 V under different strain
states. From the linear region of the ΔOD-ΔQ curves,
CE was calculated to be 75.5 cm2 C−1 at 0% strain
state (Table S1). Up-to-date, the CE of 75.5 cm2 C−1

is the highest value among the stretchable electro-
chromic films and devices [16,31]. Although the CE
decreases under stretched states, the value still
reached 36.2 cm2 C−1 and can be recovered to
57.1 cm2 C−1 after releasing the sample from 50%
strain to its relaxed state (0% strain). The underlying
stretchable mechanism can be illustrated by the
unique microstructural change in the WO3 printed
ST electrode as shown in Figure 1(d); most of the
wide cracks that are induced during stretching
become narrower after releasing the electrode to the
relaxed state. Indeed, some irreversible microcracks
can also be formed on the film after the first cycle of
stretching and releasing, which would affect the elec-
trochemical performance slightly.

The EIS of the WO3 coated stretchable transparent
electrode under different strain states were further
measured in the frequency range of 100 kHz to
0.01 Hz to understand the electrochemical behaviors
as shown in Figure S11. All Nyquist plots of the elec-
trode under different strain states exhibited a semicir-
cle in the high-frequency and a straight line in the low-
frequency region. The semicircle represents the
charge-transfer resistance during the electrochemical
reaction. The straight line in the low-frequency region
can be ascribed to the diffusion-controlled Warburg
impedance. Apparently, in the stretched state, there is
minimal change in the Nyquist plot of the ST elec-
trode. The semicircle becomes slightly larger (from
10 Ω to 30 Ω) while the slope of the straight line
experienced slight decrease with the increased strain
states up to 50%, indicating that the higher strain state

has led to higher charge-transfer resistance and lower
ion diffusion.

3.3.2. Energy storage performance
In order to illustrate the feasibility of the ST electrode
as an electrochromic energy storage electrode, charge/
discharge curves and in situ kinetic transmittance
curves at 633 nm were measured at different current
densities (Figure 3(e,f)). The charge/discharge curves
exhibit approximate symmetrical triangle shape, indi-
cating good reversibility. When charging, the ST elec-
trode experienced a color change from transparent to
dark blue. During the discharging process, the color of
the ST electrode faded away and the electrode recovered
its transparent state when the charged energy has been
consumed. Hence, the level of the stored energy in the
electrochromic energy storage device can be predicted
by the noticeable color change. The areal capacity was
calculated according to the equation of C = IΔt/A/3600,
where C (mAh cm−2) represents the areal capacity, I
(mA) denotes the discharge current, and Δt (sec) and
A (cm2) is the total discharge time and the area of the
film, respectively. The areal capacity of the WO3 coated
ST electrodes reached 4.84 μAh cm−2 (32.3 mAh g−1 at
2 A g−1 based on the weight of dried WO3 ink,
44.8 mAh cm−3 at 2.78 A cm−3 calculated based on
the total volume of WO3/AgNWs-PEDOT) and
3.88 μAh cm−2 (25.8 mAh g−1 at 4 A g−1, 35.9 mAh
cm−3 at 5.56 A cm−3) at current density of 0.3 and
0.6 mA cm−2, respectively. Such areal capacities are
much higher than those previously reported pure
WO3 materials [68–70] and our recently reported
WO3/PEDOT:PSS composites [50], and is also compar-
able to theWO3/PANI composites [68] and other trans-
parent capacitor films such as graphene wrapped Ni
(OH)2 nanosheet film [71] or graphene-hollow-cubes
film [72].

3.3.3. Electrochemical and mechanical stability
To evaluate the electrochemical and mechanical stabi-
lity, the long-term kinetic transmittance curves at
633 nm were measured at initial 0% strain
(Figure S12) and relaxed state after the electrode recov-
ered from 50% strain (Figure S13). The unstretched
sample retained a transmittance modulation of 69.5%
of its initial optical modulation after 20,000 s contin-
uous coloration–bleaching testing (500 switching
cycles, Figure S12). The sample that was initially
stretched to 50% strain then recovered to relaxed state
still sustain a transmittance modulation of 70.1% of its
original value after 10,000 s continuous coloration–
bleaching testing (250 switching cycles, Figure S13).
Additionally, the sample retained a transmittance mod-
ulation of 72.3% of its original value after 500 stretch/
recover cycles between 0% and 50% strain (Figure S14).
Moreover, the sample could withstand the compressive
and tensile bending tests for 1000 cycles, respectively
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(with a curvature radius of 5 mm), and without com-
promising the transmittance modulation (Figure 4).
The resistance of the ST electrode was gradually
reduced during compressive bending mode, finally
reached a relatively stable value. The resistance was
slightly increased during the first 100 tensile bending
tests, and then attained a relatively stable value. All in
all, there is no big resistance fluctuation under long
term bending cycling test (Figure S15). These results
indicate that the ST electrodes exhibit remarkable elec-
trochemical and mechanical stability.

3.4. Applications

3.4.1. Inkjet-printing and wearable devices
One of the appealing merits of the inkjet-printed
STEESDs is the aesthetic versatility. To prove the con-
cept of STEESDs for wearable electronics application,
the letter (‘NTU’)-shaped WO3 was inkjet-printed on
the ST conductors. The letter-printed electrode showed
distinct pattern switching between colored and
bleached state under 0% and 50% tensile strains
(Figure 5(a)). Moreover, such color change can still be
observed clearly during stretching/releasing process,

demonstrating the almost non-destructive printed elec-
trode under repetitive stretching test. Figure 5(b) illus-
trates the mounting of letter-printed WO3 electrode
(working electrode) on the glove and connected to a
coiled Pt wire that serves as the stretchable counter
electrode. The charged single cell of the letter-printed
electrode was used to power the digital watch and
continued to function during repeated hand gripping
and releasing. A single charge of the letter-printed elec-
trode could power the watch for more than 2min 20 sec
(Movie S1). It is noteworthy that the letter-printed
electrode was charged with its color changing from
transparent to dark blue, and was accompanied by the
blue color fading during power delivery, demonstrating
both the electrochromic indicator and power delivery
functions. It demonstrates that the inkjet-printed
STEESD is useful as a monolithically and aesthetically
mountable power source in diverse future soft electro-
nic systems, e.g. wearable sensors, transparent displays,
human-machine interfaces, and IoT.

3.4.2. Device performance under strain
For the versatile applications such as integration into a
smart window or deformable display, two-electrode
system and all solid state STEESD was further

Figure 4. The mechanical stability of the WO3 coated ST electrode in the bleached and colored state under repeated
compressive and tensile bending tests with a curvature radius of 5 mm. (a) The transmittance of the WO3 coated ST electrode
at 633 nm in the bleached and colored state as a function of number of bending cycles. (b) The optical modulation of the WO3

coated ST electrode at 633 nm as a function of number of bending cycles.

Figure 5. (a) Photographs of the inkjet-printed, letter (‘NTU’)-shaped WO3 on ST conductors in discharged (bleached) and
charged (colored) states under 0% and 50% tensile strains. (b) Photographs show the operation of the watch by a single cell of
the inkjet-printed, letter (‘NTU’)-shaped WO3 electrode (negative electrode) that was mounted on the glove and connected to a
Pt wire as the counter electrode, demonstrating the electrochromic and power delivery functions under both stretched and
relaxed states.
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demonstrated using a hybrid-type energy storage
device. To ensure the stability of AgNWs-based ST
electrode in the negative potential range, the stretchable
PANI/MWCNT/PDMS composite was selected as the
positive electrode material because it has a higher capa-
citive potential range (0–0.8 V vs Ag/AgCl) than that of
WO3. By placing the stretchable PANI/MWCNT/
PDMS electrode at the lateral sides of the device, the
STEESD was successfully assembled. Because the pre-
pared PANI/MWCNT electrodes covered only the lat-
eral sides of the device, most area of the as-prepared
device is transparent as shown in Figure 6(a). The
PANI polymer was uniformly deposited onto the
MWCNT/PDMS composites and exhibited a typical
faradaic behavior between 0 and 0.8 V vs Ag/AgCl
(Figure S16). The electrochromic performance of the
device is almost not affected in this two-electrode device
configuration (Figure S17), except for a reduced switch-
ing speed (22.4 s and 34.2 s for coloration and bleached

processes, respectively). In addition, reversible color
changes were clearly observed up to 50% strain during
the charging/discharging (Figure 6(a)). Movie S2 illu-
strated the charge-discharge cycles of the device under
various tensile strain from 0 to 50%. The device showed
deep blue coloration during the charged state and
became transparent during the discharged state even
at 50% strain, demonstrating the good stretchability of
STEESD. Relative capacity change also indicates the
good stretchability of the device – the original
capacity could be maintained at 94% until 50% strain
(Figure 6(b)) and no substantial change was observed in
the CV curves when stretched up to 50% strain (the
inset of Figure 6(b)). Such CV response of the
assembled device exhibited a broad redox peak at
0–1.5 V, signifying that the capacities of the
negative (WO3) and positive (PANI/MWCNT) electro-
des were well-modulated to balance the charges. The
device delivered reversible discharge capacity of

Figure 6. (a) Photographs of the electrochromic energy storage device composed of WO3/PEDOT:PSS/AgNWs and PANI/MWCNT
electrodes as the anode and cathode, respectively. The device was discharged (bleached) and charged (colored) under 0% and
50% tensile strains. (b) Change of the capacity of the device with increasing strains. The inset shows CV curves at a scan rate of 20
mV s−1 with various strains (0 – 50%). (c) Areal capacity versus cycle number of the device cycled 10 times at different current
densities (0.6, 0.8, 1, and 1.2 mA cm−2) and its corresponding Coulombic efficiency. (d) Areal capacity versus cycle number of the
device under relaxed (0%) and stretched (50%) states at every 10 cycles. (e) The long-term cycling performance during 500 cycles.
The inset shows the corresponding galvanostatic charge–discharge profiles in the voltage range from 0 to 1.5 V. (f) PANI/MWCNT
(+)//WO3/PEDOT: PSS/AgNWs(−) electrochromic energy storage devices connected in series lit up a commercial LED, demonstrat-
ing the energy storage performance and optical color change during power delivery and upon completion of discharging. (g) Two
devices connected in series turned on a LED light under relaxed (0%) and stretched (50%) states.
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0.83 μAh cm−2 at 0.6 mA cm−2, 0.63 μAh cm−2 at
0.8 mA cm−2, 0.5 μAh cm−2 at 1.0 mA cm−2 and
0.42 mF cm−2 at 1.2 mA cm−2 (Figure 6(c)), which
surpassed the values reported on stretchable
transparent energy storage devices (Table S2)
[32,33,35,37,38,73]. Figure 6(d) shows the capacity
retention of the device measured from galvanostatic
charge-discharge profiles under relaxed (0%) and
stretched (50%) states alternatively in every 10 cycles,
indicating that the device retained its capacity even
under the repeated stretching/releasing. The average
equivalent internal resistance (ESR) values were esti-
mated to be ~ 2.4 kΩ from the IR drop in discharge
curves (Figure S18a) in both 0% and 50% tensile states,
indicating that ESR values were almost unchanged dur-
ing deformation. It is consistent with the EIS analysis of
WO3 electrode, where the series resistance of WO3

electrode maintained similar (~ 15 Ω) during all range
of tensile states (Figure S11). Furthermore, the capacity
of the device maintained approximately 85% of its
initial value after 400 charge–discharge cycles
(Figure 6(e) and S18b), demonstrating good cycling
stability as an energy storage unit. The capacity slowly
decreased to 69% after 500 cycles. Additionally, the
capacity of the device only shows a minute fluctuation
during the 500 cycles bending tests (Figure S19). In
addition, the device can deliver a maximum areal
energy density of 0.61 μWh cm−2 and still maintain
0.3 μWh cm−2 at a high power density of 0.83 mW
cm−2 (Figure S20), which is much higher than those
stretchable energy storage devices with 50% transmit-
tance [38,73,74]. As a proof of concept, two devices
were charged (color changing from transparent to
dark blue) could successfully light up an LED and
were accompanied by the blue color fading during
power delivery (Figure 6(f), Movie S3), demonstrating
practical application as an indicator of the energy sto-
rage state. Furthermore, as shown in Figure 6(g) and
Movie S4, two devices that were connected in series
could power the LED even at 50% strain. These color
changes could be clearly observed during the entire
charge-discharge cycles. The prototype device has
demonstrated that it can maintain its electrochromic
and energy storage performance, as well as powering
the LED light even when subjected to tensile strain.
Such multi-functional and high-performance electro-
chromic energy storage device could be a versatile
power source for next-generation soft electronics.

4. Conclusions

In summary, multifunctional STEESDs were validated
using highly stretchable transmissive metal-based com-
posite electrodes, where the stored energy can be mon-
itored by reversible color variation. The hybrid electrodes
exhibit remarkable mechanical properties, high

conductivity and high stability against oxidation. It is
noteworthy that inkjet-printing technology was used to
prepare the thin WO3 layer on the transparent conduct-
ing elastomer. We found that PEDOT:PSS as a buffer
layer promoted the uniform distribution of WO3 nano-
particles with a controlled thickness of a few hundred
nanometers on the elastomer surface, so that the elec-
trode retained its transparency and stretchability after the
printing of metal oxide nanoparticles. As a result, the
electrode can maintain its electrochromic and energy
storage functionalities even when stretched up to 50%,
because the WO3 film cracks uniformly without incur-
ring any debonding. Even if highly stretched (80% strain),
the electrode still demonstrated electrochromic perfor-
mance. Moreover, as a proof of concept, a hybrid energy
storage device was demonstrated as STEESDs with novel
features. Such hybrid electrodes and devices achieved
large optical modulation, fast switching speed, high CE,
good stability and high energy density, which is one of the
highest value among other ST electrodes-based electro-
chromic or energy storage system. These results illu-
strated the potential of our STEESD as a promising
candidate for stretchable and wearable electronic device
applications.
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