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Abstract: Flexible electronics, as a futuristic technology, is presenting tremendous impact in
areas of wearable displaying, energy saving, and adaptive camouflage. In this work, we constructed
a simple triple-layered electrochemical device with high flexibility using the electroplated
nickel (Ni) grid electrode and the multifunctional hydrogel. The Ni grid electrode with low
resistance (0.5 €/sq), high optical transparency (84.8%) and good mechanical flexibility, is
beneficial for efficient electron injection, while the transparent lithium chloride hydrogel functions
simultaneously for ion storage, ion transportation and counter-conducting. The thin polymer
poly(3.4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT: PSS) film is utilized as the
electrochromic (EC) material and it also distributes the electrons evenly for uniform coloration.
The triple-layered EC architecture not only simplifies the manufacturing procedures but also
improves the device performance in terms of optical contrast and mechanical robustness. The
device shows fast response for coloration and bleaching with an absolute transmittance contrast
of 40% and a contrast retention over 72% after 2500 bending cycles. The ability of the
flexible electrochromic device for conformable attaching was also investigated without obvious
performance degradation. The electroplated Ni grid electrode and the multifunctional hydrogel
are advantageous in constructing flexible electrochromic devices in terms of the response time, the
working stability and the bending capability, paving a way for next-generation flexible electronics.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The development of flexible, lightweight, inexpensive and low-power deformable electronics is
in urgent need as a futuristic technology, opening the possibility for diverse applications such
as wearable electronics, adaptive camouflage and biomimicry [1,2]. Optoelectronic devices
that dynamically alter their response in terms of the absorption/reflection/scattering spectrum
under the application of a suitable electric potential are known as electrochromic devices (ECDs)
and are attracting tremendous attention for practical applications [3]. Smart windows based
on ECDs are valued for their aesthetic glazing and low energy consumption, which can reduce
glare or visible/infrared irradiation on demand [4,5], have found widespread applications as
architectural building windows, auto-dimming rear view mirrors, and military camouflage
surfaces. In addition, the ECD has also positioned itself as one of the potential candidates for
the next-generation displays, owing to features such as low-power consumption, wide viewing
angles, high angle-independent contrast, and good coloration memory effects [6,7]. The basic
prerequisite of an EC material is the reversible electrochemical redox behaviour, with the ability
to undergo color switching through intercalation or de-intercalation of ions and injection or
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extraction of electrons with the exertion of electrical bias [8]. ECDs share the multi-layered
structure which commonly consists of the transparent conducting electrode, the electrochromic
material, the electrolyte, the ion storage layer and the counter conducting electrode, and it holds
the potential for flexible electronics as long as the multi-layered ECD structure was made flexible,
which requires a careful design of every component to be flexible and transparent [9].

To this regard, the flexible conducting electrode (TCE) with high transparency and low sheet
resistance is an important factor in realizing high performance ECDs. Flexible ECDs have
already been constructed using polyethylene terephthalate (PET) substrates coated with tin-doped
indium oxide (ITO) as the TCE from inorganic EC materials [10—12]. Further, a multi-colored
flexible ECD was demonstrated from a solution-processable electroactive aromatic polyimide
on the ITO flexible substrate [13]. However, ITO suffers from intrinsic brittleness, scarcity of
indium, and difficulty in getting conformal large-area coatings, which renders it not applicable
for extremely flexible and large-area ECD applications [14,15]. The PEDOT:PSS film owning
better compatibility with organic EC materials was used as the TCE to form all-polymer ECDs
with better flexibility [16] and the polymer surface was modified with surfactants to improve
the conductivity and the conducting potential window properties for high performance flexible
ECDs [17], however, limited successes were achieved due to its low conductivity and high redox
activity in the working potential window [18]. The Ag nanowire network with intrinsically
good conductivity and mechanical compliance has been successfully transferred onto the PET
[19], polydimethylsiloxane (PDMS) substrates [20,21] and adopted as the conductive layer to
demonstrate large-area, flexible and stretchable ECDs. In addition, the robustness of the Ag
nanowire network could be improved via the co-assembly with tungsten oxide or carbon nanotube
nanowires on flexible PET [22] or cellulose [23] substrates, however, Ag is electrochemically
unstable and prone to oxidation, and additional processing procedures such as UV or thermal
sintering and overcoating the protective reduced graphene oxide layer are often required [24-28],
which add manufacturing complexity and cost. On the other hand, the metal grid which has
advantages of high transparency, conductivity and flexibility, is emerging as the high performance
TCE to build flexible ECDs, where the blooming effect would be solved with an additional polymer
conducting layer. To date, silver and gold grids resulting from the self-assembling [29-32],
flexographic printing [33,34] and patterned etching [35] techniques have been successfully
utilized to construct flexible ECDs, however, new fabrication techniques with potential to yield
metal grids with volume manufacturing, excellent photoelectric properties and high stability are
still in demand for building high performance flexible ECDs.

Another major limitation for a flexible ECD is the complex five-layered architecture that
supports the injection and extraction of corresponding ions and electrons in the EC material
[36]. For example, as the solid electrolyte often suffers from low ionic conductivities and high
interfacial charge transfer resistances, the multiple interfacial layers render the ion transportation
even more difficult and thus deteriorate the device performance. In addition, solid electrolytes
commonly have poor contact with the other layers, resulting in detachment or dislodgement of
the function films during external deformations in long-term operations. Ionic hydrogels are
considered as an excellent transparent electrode material with combined advantages of high
transmittance, low resistance, biocompatibility and mechanical flexibility [37]. Furthermore, the
liquid electrolyte could reside in the 3D polymer network structure which allows the hydrogel to
serve as ion storage medium and simultaneously facilitates ion transportation via the continuous
3D channels. To date, simplified ECDs with the hydrogel layer acting tri-functions of ion
transportation, ion storage and counter-conducting have been constructed in the liquid state [38]
or on the fluorine-doped tin oxide (FTO) electrode [39], and further investigations into flexible
ECDs based on the multifunctional hydrogel are of importance, as the simple ECD may pave a
new approach for high performance conformal or wearable electronics.
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In this work, we constructed a highly flexible ECD based on the electroplated Ni grid electrode
and a multifunctional hydrogel. The electroplated Ni grid electrode bearing very low sheet
resistance (0.5 Q/sq), high transmittance (84.8%), and high flexibility functions as the supporting
motif for efficient electron injection, where the PEDOT: PSS layer homogenizes the electric field
across the film and experiences reversible redox reactions for electrochemical purposes. The
hydrogel with both good film-forming and high charge transfer abilities simultaneously serves as
the counter transparent electrode, the electrolyte and the ion storage layer, which is utilized to
complete the highly flexible solid-state ECD with good switching performance and long-term
stability.

2. Experimental details
2.1. The Ni transparent electrode fabricated by confined electroplating

The fabrication of the Ni transparent electrode with a high figure of merit consists of two
procedures of lithography and electroplating [40]. The grid pattern was first written into the
photoresist on the ITO substrate by the laser direct write technique where the linewidth could be
as narrow as 2 um and arbitrary grid patterns aiming for different applications could be easily
achieved. Then the Ni metal filled in the photoresist micro-grooves by means of electroplating
where the exposed ITO regions served as the patterned electroplating electrode. After that, the
photoresist was removed and the UV-curable resin (D10, Phichem) was drop-casted onto the
substrate, followed by fixing a flexible polyethylene terephthalate (PET) (thickness around 20
um) onto the UV resin through a roll-to-roll process. Finally, the UV resin was cured under UV
light (1000 mW/cm?, Led Lamplic) for 25 s and the PET substrate was peeled off from the ITO
substrate with the Ni grid electrode embedded in the cured resin on it.

2.2. Preparation of the multi-functional hydrogel

Acrylamide monomer (AAM, 0.8 g, Beijing Innochem Technology) was first added into 5 ml
deionized water and magnetically stirred for 15 minutes. Subsequently, lithium chloride (LiCl,
1.1 g, Beijing Innochem), ammonium persulfate (AP, 13 mg, Shanghai Aladdin Biochem),
methylene double acrylamide (MBAA, 4.7 mg, Shanghai Aladdin Biochem), and tetramethyl
ethylenediamine (TEMED, 2 mg, Beijing Innochem) were added into the solution consecutively
and the mixture was magnetically stirred for 2 h at room temperature to obtain a homogeneous
solution. After that, the solution was put into the vacuum oven for 1 h to remove the bubbles.
Finally, the solution was transferred into a plastic mold and heated at 60 °C using a hot plate for
1h to yield the cross-linked hydrogel.

2.3. The assembly of the ECDs

PEDOT: PSS solution (10 ml, 0.8 wt% PEDQOT, 0.5 wt% PSS, Heracus Deutschland GmbH &
Co. KG) was added with ethylene glycol (0.7 g, Shanghai Aladdin Biochem) and surfactant
(Triton-X100, 0.025 g, Shanghai Aladdin Biochem) and sonicated for 15 min to form a stable
mixture. The Ni grid transparent film was then treated with oxygen plasma to improve the
surface hydrophilic property and was spin-coated with the prepared PEDOT: PSS mixture at a
rotation speed of 3000 rpm for 30 s, and was subsequently annealed at 120 °C for 20 min for
solution evaporation and morphology improvement. The PEDOT: PSS film functions as the EC
material and also planarizes the electric-field in the triple-layered device architecture. After that,
the hydrogel film was cut into rectangles and was placed onto the PEDOT: PSS film owing to
its intrinsic compliance, completing the flexible transparent electrochromic device with a very
simplified triple-layered architecture.
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2.4. Characterization

The surface morphology and elemental analysis of the Ni grid electrode/PEDOT: PSS composite
film was carried out with the field emission scanning electron microscopy (SEM) (JEOL,
JSM-5400, USA). The thickness of the spin-coated PEDOT: PSS films and sheet resistance the
electroplated Ni grid electrodes were measured by a step profiler (XP-200, Ambios Technology)
and a four-point probe (CMT SR2000, A. I. T.), respectively. Electrochromic properties and
electrochemical behaviors were measured on a UV-VIS spectrophotometer (SPECORD 210
PLUS, Analytikjena) and an electrochemical workstation (CHI 760E, Shanghai CH Instrument),
respectively.

3. Results and discussion

The simplified ECD structure is shown in Fig. 1(a) which consists of the Ni grid electrode
for efficient electron injection, the PEDOT: PSS layer for electrochemical reactions and the
multifunctional hydrogel for ion transportation, ion storage and counter-conducting. The thickness
of the Ni grid was around 4 pum and was embedded in UV resin on the flexible substrate with a very
small height difference to the upper surface of the UV resin, giving rise to ultra-high robustness.
In addition, the organic nature of other thin films ensures both good mechanical flexibility and
interfacial compatibility, which are beneficial for reliable operation of the device under repeated
bending or conformal attaching circumstances. Figure 1(b) shows the SEM image of the Ni grid
embedded in the substrate and it is a honeycomb pattern with a linewidth of 4 pm and a diagonal
length of 100 um. The optical loss caused by the diffraction of the Ni grid is low (below 5%) and
could be further reduced by redesigning the grid into a random pattern. The grid pattern and the
distribution of the grid line could be designed and realized on demand. The Ni grid electrode
appears quite transparent and merely influences the observation of a flower when placed in front
of it (Fig. 1(c)) due to the low metal aspect ratio, thereby providing a high transmittance. The
blooming effect caused by the Ni grid electrode is solved by the EC material PEDOT: PSS, where
the metal grid functions the motif for fast electron injection while the polymer conducting film
distributes the electrons across the whole plane for homogeneous coloration. The PEDOT: PSS
was spin-coated on the Ni grid film with a thickness of 90 nm and energy dispersive spectroscopy
(EDS) performed to investigate the elemental distribution of the composite film (Figs. 1(d)
and 1(e)) clearly reveal the honeycomb and homogeneous distribution of elements Ni and S
in the sample with regard to the metal grid and the PEDOT: PSS, respectively. As for the
semi-solid hydrogel, it was quite soft and transparent (Fig. 1(f)), meanwhile, the mobile lithium
chloride electrolyte endows the hydrogel with a high ionic conductivity and a red LED could be
lightened in a circuit connected by it (Fig. 1(g)), demonstrating the multi-functionalities of the
hydrogel in terms of ion storage, ion transportation and counter-conducting. In order to ensure
the color contrast of the ECD between the coloring and bleaching states, the optical transmittance
superiority in the electrode and hydrogel layers is very important and the simple triple-layered
structure could decrease optical loss to a great extent. In addition, the triple-layered device has a
better mechanical stability due to robust contact among the three functional layers under repeated
bending. As for the hydrogel, the volatilization of water would narrow the channels of the 3D
polymer network structure and reduce the ion mobility, and the long-term performance of the
device could be improved by sealing the device by encapsulation. The transmittance spectra
for the Ni grid electrode, the hydrogel, the ITO/glass and the ITO/PET are shown in Fig. 1(h).
The multi-functional hydrogel electrode displays the highest transparency (~95%) in a wide
wavelength range, due to its low refractive index and good film properties. The Ni grid electrode
film and the ITO/glass exhibit similar optical transmittance (~84%), while the ITO/PET shows a
significant decrease in transmittance, probably due to the PET deterioration under the stringent
ITO fabrication conditions. In addition, the sheet resistance of the Ni grid electrode is 0.5
Q/sq, indicating a figure of merit as high as 4383, which is advantageous for fabricating high
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performance ECDs. The sheet resistance as a function of bending cycles for the Ni grid electrode
and the ITO/PET film in Fig. 1(i) implies that the conducting properties of the electroplated Ni
grid film is quite stable over a bending number of 2000, further demonstrating the suitability of
the novel grid electrode for flexible ECDs. The Ni grid electrode could be designed into different
patterns for displaying particular information by the flexible ECD. Figure 1(j) presents the images
of a propitious cloud patterned ECD in the bleaching and coloring states (See Visualization
1).This also verifies that the grid electrode is an essential component in constructing the device,
although the PEDOT: PSS layer also is conductive.
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Fig. 1. (a) Illustration of the flexible ECD with simple triple-layered structure. (b) SEM
image of the Ni grid electrode. (c) A flower image taken behind the Ni grid electrode. The
yellow square denotes the electrode region. EDS mapping of (d) Ni element and (e) S element
in the composite grid electrode/PEDOT: PSS film. (f) An image of the semi-solid hydrogel.
(g) An image of a LED connected with the hydrogel in series. (h) The transmittance spectra
of the ITO glass (green), the flexible ITO PET (purple), the Ni electrode (brown) and the
hydrogel (blue) in the UV-Vis-NIR range. (i) Sheet resistance as a function of bending cycles
for the Ni grid electrode (purple) and the flexible ITO PET (blue) with the bending radius
of 0.5 cm. (j) Photographs of the bleached and colored state of propitious cloud using the
flexible ECD with a patterned Ni grid electrode.

The excellent performance of the Ni grid electrode and the hydrogel in terms of the optical,
electrical and mechanical properties, together with the simple working structure, would enable
flexible ECDs with satisfying operating characteristics. Application of a voltage (negative bias to
PEDOT: PSS) to the simple device switches the oxidation states of the PEDOT: PSS polymers so
that the material is colored. Figure 2(a) shows the photographs of such a device as a function of
the applied voltage and the transmittance spectra are provided in Fig. 2(b). The degree of the
redox reaction increases as the applied voltage increases, resulting a higher optical absorption.
The absorption of the EC material and thus the transmittance of the device can be continuously
tuned and the maximum transmittance change was 40% at 650 nm with an operation voltage
of 2V, while the ITO PET based device comprising the same EC material has a maximum
transmittance change of 28%, indicating the compatibility and superiority of the Ni grid electrode
in these ECDs. Under the influence of alternating positive and negative electric fields, Li* and
e~ were simultaneously injected and extracted in PEDOT: PSS layer, which induces the oxidation
and reduction of the EC material, resulting in an alternation of coloring and fading states with
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optical contrast. The PEDOT: PSS layer thickness was optimized in terms of the transmittance of
the colored and bleached states to obtain a high optical contrast.

Figure 2(c) shows electrochromic switching behaviors of the device at 650 nm with a voltage
of 1V for 7 s and -2V for 8 s for 16 cycles where the optical transmittance alternately changes.
It can be further seen from Fig. 2(d) that the coloring time to reach 90% of the highest contrast
is about 2.7 s and the corresponding bleaching time is about 4.7 s. When compared with the
flexible ITO (See Appendix Fig. 5), the electrochromic device based on the Ni grid electrode
has slightly faster response, because the Ni grid motif can provide direct electrical pathways for
electrons and improve the electron transport rate to speed up the switching process. Without
the application of the bleaching voltage, the EC material would return back to the neutral state
with a relaxation time of around 3 min and suitable chemical modification of the conjugated
polymer molecular structure may elongate the relaxation time and pave the way for bi-stable EC
devices aiming for ultra-low power consumption smart windows. The long-term performance
stability concerning the optical contrast and switching behaviors of the device was investigated
in Figs. 2(e) and 2(f). The transmittance changes AT gradually decreased from 40% to 32%
(about 80% contrast retention) after 1000 working cycles, and with a further increase in the
recycling number, this working characteristic remained almost constant (See Appendix Fig. 6).
The degradation of the transmittance modulation may be assigned to ion-trapping in the deep
traps of the electrochromic material, which renders the reversible color change reaction difficult
to be carried out. As for the switching characteristics, the coloring time increased from 2.7 s to
4.4 s and the bleaching time increased from 4.7 s to 6.4 s, probably due to the evaporation of
liquid electrolyte in the hydrogel during the long working term. These results confirm that the Ni
grid electrode is more stable than the Au grid and is almost free from oxidation and corrosion
even without any protection layer [35].
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Fig. 2. Electrochromic performance of the ECD. (a) Photographs of the device at different
coloration voltages. (b) Transmission spectra of the ECD at different coloring states. (c)
The switching characteristics of the ECD, where the coloring and bleaching voltage was
-2V and 1V, respectively. (d) Optical responses for coloring and bleaching steps. (e) The
transmittance of the ECD at 650 nm as a function of the operation cycles at the bleaching and
coloring states. (f) The response time as a function of the operation cycles for the bleaching
and coloring steps.

Due to the high electron and ion conductivity of the Ni grid electrode and the semi-solid
hydrogel, the simple triple-layered device exhibits good electrochromic performance in terms
of the optical contrast and the switching speed. Apart from this, the Ni grid electrode and the
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transparent hydrogel also have the advantage of mechanical flexibility and the intact surface
contact among these three layers is also beneficial to fabricate the flexible ECD. In order to
demonstrate the potential of the device for wearable electronics, the ECD was conformably
attached to bottles with different radii. The switching behaviors of the device at different bending
radii are shown in Fig. 3 and the photographs of the sample in the bleaching and coloring states at
the corresponding bending radius are also given in the lower panel. A video presenting a dynamic
operation of the device at the bending state was also provided in the supplementary material
(See Visualization 2). The conformably attached device preserves satisfying electrochromic
characteristics in terms of the optical contrast and the switching speed, indicating that the
electrochromic device is very flexible without performance degradation. The transmittance at the
bleaching and coloring states become lower at the higher bending curvature, due to the increased
tested area and optical loss including scattering, reflection and absorption.
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Fig. 3. Switching performance of the ECD at a bending radius of 1.3 cm (a), 1 cm (b)
and 0.8 cm (c), respectively. The transmission spectra were monitored at the wavelength of

650 nm. The low panel are photographs of samples in bleached and colored states at the
corresponding bending radius.

To further evaluate the mechanical flexibility and reliability of the electrochromic device, the
triple-layered device was repeatedly bent to a radius of 0.5 cm and the in situ electrochromic
behaviors during the bending test were measured by the spectrometer and the electrochemical
workstation. The transmittance spectrum in the UV-VIS-NIR and the dynamic switching
performance at 650 nm as a function of the bending cycles was shown in Figs. 4(a) and 4(b),
respectively. The characteristic absorption peak remains the same, albeit with an attenuation in
the intensity, resulting in a slight degradation in the optical contrast. From Fig. 4(c), the optical
transmittance of the bleaching state remains almost constant during the bending, while that of
the colored state experiences a slight decrease, and this may probably due to the detachment of
the electrochromic material from the Ni grid electrode or the non-uniform conformal contact
between the PEDOT: PSS layer and the hydrogel after the bending cycles. However, the results in
Fig. 4(c) show that the AT (the transmittance contrast between the colored (-2 V) and bleached
(0'V) state) remained around 87.5% of the initial value (from 40% to 35%) after 1000 bending
cycles, and still, after 2500 bending cycles the transmittance contrast preserves as high as 30.4%
(Corresponding to 76% retention). The bending performance of the triple-layered device is
comparable to the flexible ECD based on Ag and W;3O49 nanowire assemblies [22], and could
be further improved by reducing the thickness of the PET substrate and the thickness of the
hydrogel, as predicted by the significantly mitigated strain difference. As for the switching
time, the coloring time increased slightly from 2.7 s to 4.3 s while the bleaching time first
exhibited a fast increase from 4.7 s to 7.3 s in the initial 1000 bending cycles and remain almost
constant with further bending operations (Fig. 4(d)). The different dependence of the switch
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behaviors on bending cycles could be explained by the different influences of the bending on the
processes of intercalation and deintercalation, where the device bending may result in defects
in the PEDOT: PSS material which act as the traps for ions. In general, the device preserves
satisfying electrochromic performance after a number of bending cycles, which is promised to be
used in conformable smart windows and wearable devices.
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Fig. 4. Electrochromic performance of the ECD as a function of the bending cycles. (a) The
transmission spectra of ECD in the coloring state after 0, 500, 1000, 1500, 2000, and 2500
bending cycles. (b) Switching behaviors of the ECD at 650 nm after 0, 500, 1000, 1500,
2000, and 2500 bending cycles. (c) The dependence of bleached transmittance, colored
transmittance and transmittance change at 650 nm on the bending cycles. (d) The dependence
of the bleaching time and the coloring time on the bending cycles. The coloring voltage is
—2'V, and the bleaching voltage is 1 V.

4. Conclusion

In summary, we have presented a new flexible electrochromic device enabled by the electro-
plated Ni grid electrode and the multifunctional hydrogel. Compared with previous flexible
electrochromic devices on ITO or silver nanowire, the Ni grid electrode has advantages of high
conductivity, high optical transmittance, high mechanical flexibility and high stability from
oxidation, which guarantee the fabrication of the novel high-performance device. In addition, the
hydrogel is multi-functional in terms of ion storage, ion transportation and counter-conducting
and is beneficial to construct a very simple electrochromic device with a triple-layered archi-
tecture, thereby simplifying the fabrication process and improving the device flexibility. The
electrochromic device presents a transmittance contrast of 40% with a coloration time of 2.7
s at —2 V and a bleaching time of 4.7 s at 1 V, and good performance retention on conformal
attaching and a bending cycle number of 2500, opening a way for highly flexible and reliable
electrochromic devices with volume manufacturing potential.
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A. Appendix

A.1. Electrochromic performance of the device on a flexible ITO substrate
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Fig. 5. Electrochromic performance of the ECD on the flexible ITO substrate. (a) The
transmittance spectra of the flexible ITO PET (purple) and the completed ECD at the
bleaching state (green) in the UV-Vis-NIR range. (b) Transmission spectra of the device at
different coloring states. (c) The switching characteristics of the device at 650 nm, where
the coloring and bleaching voltage was —2 V and 1V, respectively. (d) Optical responses for
coloring and bleaching steps at 650 nm.

A.2. Long-term switching performance of the electrochromic device based on the Ni

grid electrode
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Fig. 6. The switching characteristics of our device at 650 nm (a) up to an operation cycle
number over 3200, where the absolute transmittance contrast first decreases and then flattens;
(b) in stable manner with an operation cycle number between 1000 and 1100. The coloring
and bleaching voltage was —2 'V and 1V, respectively.
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