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Self-powered electrochromic smart windows have emerged as essential components in sustainable building
technologies. This study presents an innovative approach using polyvinyl alcohol (PVA) based gel electrolytes,
which addresses limitations in conventional liquid electrolyte systems, including leakage and durability issues. A
roll-to-roll slot-die coating process was successfully implemented, enabling uniform film deposition and scal-
ability for large architectural applications. The fabricated 40 mm x 40 mm device exhibited a superior optical
modulation of 58 + 2.6% at a wavelength of 600 nm, a rapid coloration time of approximately 1.5 min, and a
spontaneous bleaching time of around 8 min, outperforming many existing self-powered electrochromic devices.
The optimized gel composition (40% PVA, 0.5 M AlCl3, 80 mM APS) demonstrated high ionic conductivity
(7.44 + 0.17 mS/cm at 21°C), excellent optical transparency (90 + 2%), and strong mechanical stability.
Furthermore, a large-area device of 300 cm? was fabricated and visually confirmed to operate with improved
coloration response using a three-sided aluminum counter electrode, reducing coloration time from around
10 min to under 4 min. These results are promising for the practical deployment of scalable, energy-efficient, and
self-powered electrochromic smart windows.

1. Introduction They also enhance occupant comfort by reducing glare and regulating

indoor temperatures, creating a conducive environment for productivity

In modern architecture and sustainable design, the integration of
smart technologies has emerged as a pivotal frontier, providing solutions
that balance energy efficiency, comfort, and aesthetic appeal (Han et al.,
2010; Strengers et al., 2020). Among these technologies, electrochromic
devices (ECDs) stand out as versatile tools capable of dynamically
modulating light transmission properties in response to external stimuli,
revolutionizing the functionality and efficiency of windows and glass
facades (Chavan et al., 2024; Han et al., 2023). Electrochromic windows
provide multiple benefits, including dynamic control over daylight
penetration and solar heat gain. These windows reduce the need for
artificial lighting and HVAC (Heating, Ventilation, and Air Condition-
ing) systems, thereby lowering energy consumption and greenhouse gas
emissions (Detsi et al., 2024; Gadgil et al., 2024; Rezaei et al., 2017).

and well-being (Cannavale et al., 2020).

Electrochromism, characterized by reversible color changes induced
by an electric field, forms the cornerstone of electrochromic devices
(Niklasson and Grangvist, 2007; Wang et al., 2024). These devices
typically consist of transparent conductive electrodes separated by an
electrolyte layer, with electrochromic materials deposited them
(Granqvist, 2005). When a voltage is applied, ions shuttle between the
electrodes, causing the electrochromic material to undergo oxidation or
reduction, which alters its optical properties, such as light transmission
and absorption (Gellings and Bouwmeester, 1997). The performance of
electrochromic devices depends significantly on the type of electro-
chromic materials used. Factors such as coloration efficiency, switching
speed, cycling stability, and optical contrast are influenced by the
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material’s intrinsic properties and structure. For example, tungsten
trioxide (WOs) nanorods with carved structures exhibit superior
switching speeds of 5 s for coloration and 15 s for bleaching at 600 nm
due to their pseudocapacitive behavior, whereas solid nanorods offer
enhanced modulation contrast by accommodating a higher charge
density (Zhai et al., 2022). Similarly, viologen-based organic electro-
chromic materials demonstrate high coloration efficiency (up to 142 cm?
C™1) and rapid switching times of 6 s for coloration and 9 s for bleaching,
making them well-suited for dynamic display applications (Yang et al.,
2020). While conventional electrochromic windows have showcased
remarkable potential, their widespread adoption has been hindered by
several inherent limitations, including the reliance on external power
sources for operation, complex fabrication processes, and inadequate
scalability (Zeng et al., 2019). Addressing these challenges, the para-
digm of self-powered (SP) electrochromic windows has emerged as a
transformative solution, offering autonomy and sustainability by har-
nessing ambient energy sources for operation, thereby circumventing
the need for external power supplies (Dyer et al., 2014; Yang et al., 2012;
Zheng et al., 2024). Recent advances in electrochromic technology have
focused on achieving self-powering capabilities and enhancing scal-
ability for commercial use. The first dual-function smart window was
developed by using Prussian blue as the electrochromic material in a
potassium chloride (KCl) aqueous electrolyte (Wang et al., 2014).

While liquid electrolytes have paved the way for initial de-
velopments in self-powered electrochromic devices because of their
higher ionic conductivity, their inherent drawbacks limit their practical
applications (Hossain et al., 2024; Hossain and Ryu, 2023; Q. Ma et al.,
2023; Wang et al., 2014; Zhai et al., 2019). For example, reported SP
ECD with an open upper part to introduce air Oy (Wang et al., 2014) or
Mg~PB~MnO; self-powered ECD using Li liquid electrolytes (Q. Ma
et al., 2023) are not suitable for real-life applications. One of the primary
disadvantages of liquid electrolytes is their tendency to leak, leading to
device failure and safety hazards (Alesanco et al., 2018; Brazier et al.,
2007). Furthermore, liquid electrolytes pose significant challenges in
terms of stability and durability, over time, these electrolytes are prone
to evaporation and degradation. In contrast, gel-based electrolytes offer
a compelling alternative with several advantages. Gel polymer electro-
lytes (GPEs) offer a solid-like structure while retaining the high ionic
conductivity of liquids, making them ideal for applications in electro-
chromic smart windows, as demonstrated by a PVA/H2SO./Glutar-
aldehyde/H-O gel electrolyte, which exhibited an ionic conductivity of
82 mS ecm™ and significantly enhanced electrochemical performance by
enabling a large areal capacitance of 488 mF cm=2 (Alipoori et al., 2020).
This hybrid nature helps mitigate leakage issues, as the gel matrix
confines the electrolyte within a stable and flexible polymer network.
Another limitation of liquid electrolytes is scalability, whereas
employing gel electrolytes enables easier scaling of electrochromic
smart windows, making them more feasible for practical applications
(Lee et al., 2020; Primiceri et al., 2022; Santiago et al., 2019). For
instance, UV-curable gel polymer electrolytes, such as those based on
PMMA and LiClOs in propylene carbonate, have demonstrated excellent
scalability, enabling the fabrication of large-area electrochromic devices
up to 100 cm? with high optical contrast (AT ~ 51% at 550 nm) and fast
switching times (1.5 s for bleaching and 2 s for coloration) while
maintaining operational stability over 115,000 cycles (Primiceri et al.,
2022). By encapsulating electrochromic materials within a gel matrix,
these electrolytes facilitate efficient ion transport while ensuring me-
chanical robustness, thus enabling seamless integration into large-scale
manufacturing processes.

In this study, we address the gap in scalable, self-powered EC devices
by developing a gel-based electrochromic system with high ionic con-
ductivity, improved bleaching speed, and large-area compatibility. The
proposed approach integrates a novel PVA-APS electrolyte formulation
with a roll-to-roll process and counter electrode redesign, contributing a
practical route toward industrial EC smart windows.
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2. Experimental section
2.1. Materials

We used ITO PET film with a thickness of 188 pm (including a 50 pm
protective film and 125 pm PET layer), a width of 0.60 m, and a length of
150 m as the transparent conductive electrode due to its flexibility, high
optical transparency (~92%), and low sheet resistance (35 Q/cm?),
which are crucial for achieving high transmittance modulation and
efficient ion transport. The WQO3 precursor solution (Adcro Co. Ltd,
South Korea), which had a milky-green appearance, contained 15.7%
solid content and a viscosity of 11 cp at 25°C. It was chosen as the
electrochromic materials due to its well-documented properties,
including high stability and reversible optical switching capabilities.
Additionally, eight-folded aluminum foil with a thickness of approxi-
mately 0.6 mm was used as a counter electrode. Its flexibility aligns with
the intention to produce a durable and scalable device. Potassium
chloride (reagent grade, 99%) and ammonium persulfate (reagent
grade, 98%) were both obtained from Sigma-Aldrich. We also used
Polyvinyl alcohol (PVA), which was 87-90% hydrolyzed with an
average molecular weight of 30,000-70,000, sourced from Sigma-
Aldrich.

2.2. Preparation of gel electrolyte

The PVA-based gel electrolyte, with solid content of 24%, ionic
conductivity of 7.44 + 0.17 mS cm™ (21 °C), and viscosity of
1.825 + 0.06 Pa.S (21 °C, 13 rpm, 88% torque) was prepared at ambient
laboratory conditions with a recorded temperature of approximately
21°C and relative humidity around 40-50%. The gel formulation con-
sisted of 20 mL of deionized water, 40% PVA, 0.5 M aluminum chloride
hexahydrate, and 80 mM ammonium persulfate. PVA powder was
gradually added to the solution and stirred at 400 rpm for 3 h at room
temperature without applying heat. This PVA gel electrolyte exhibits
exceptional clarity, outstanding resilience to environmental conditions,
robust ion conductivity, a straightforward preparation process, and cost-
effectiveness.

2.3. Fabrication of electrochromic device

Before depositing the wet WOg3, the ITO film underwent plasma
treatment in a controlled chamber at a pressure of 1.5 mTorr to enhance
adhesion. The conditions for the treatment were 800 W power, 25 slm
(Standard Liter per Minute) Ar, and 20 sccm (Standard Cubic Centimeter
per Minute) O,. Then, the WO3 preparatory solution was shaken for
30 min. Continuous and scalable manufacturing was made possible by
using a roll-to-roll (R2R) slot-die wet coating approach at a line speed of
four meters per minute. After stabilization for two minutes at 130 °
Celsius, the wet-coated layer was dried, yielding a hardened WO3 film
that measured around 550 nm. Next, the electrode was cut into 60 mm
by 60 mm sections to make the working electrode.

The counter electrode utilized was an aluminum strip measuring
70 x 6 mm? Subsequently, the complete assembly of the electrochromic
device involved combining both the working and counter electrodes
using PET film and acrylic double-sided adhesive tape. The gel elec-
trolyte was sandwiched between the WO3 working electrode and the
PET film to complete the device assembly. Fig. 1 demonstrates the
schematic illustration of the gel electrolyte-based EC smart window
fabrication process.

2.4. Performance measurement techniques

To ensure accurate and relevant data, each performance measure-
ment technique was carefully selected based on its suitability to the
study’s objectives. The following justifications clarify the device speci-
fications and the rationale behind choosing each method:
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Fig. 1. Simple schematic diagram of gel electrolyte-based EC smart window fabrication.

i) Optical Properties Measurement (USB2000 + Spectrometer and
DH-2000-BAL Light Source, Ocean Optics, Inc., USA):

The spectrometer was chosen for its ability to provide high-
resolution spectral data in the UV-Vis-NIR range, crucial for
evaluating the transmittance modulation of the electrochromic
device. Given that the device’s primary function is to modulate
light transmission, this tool was ideal for quantifying optical
contrast and switching behavior at relevant wavelengths (e.g.,
600 nm).

Electrochemical Properties Measurement (CHI1030 Multi-
potentiostat, CH Instruments, Inc., USA):

The electrochemical workstation was selected for its high
current sensitivity, enabling precise characterization of the de-
vice’s anodic and cathodic peaks during cyclic voltammetry.
These measurements provided valuable insights into the redox
processes governing coloration and bleaching, ensuring a thor-
ough understanding of the device’s switching dynamics and
stability.

iii) Ionic Conductivity Measurement (Orion Star A212 Conductivity
Meter, Thermo Scientific):

Accurately measuring ionic conductivity was essential for
evaluating the efficiency of ion transport within the gel electro-
lyte. The tool’s high precision ensured reliable data, which was
crucial for correlating conductivity with switching performance.

iv) Viscosity Measurement (DV3THBCJO Rheometer, USA):

ii

-

The rheometer was used to measure the gel electrolyte’s viscosity.
Optimal viscosity ensures efficient ion mobility for fast switching and
prevents leakage, and maintains structural integrity.

All key measurements (e.g., transmittance, optical modulation, ionic
conductivity, and viscosity) were conducted three times to ensure con-
sistency. Reported values in the Results and Discussion represent the
average of at least three independent measurements. In all cases, the
variation was < 5% over three independent tests.

2.5. Experimental stability and repeatability control

To guarantee consistent and replicable outcomes, various measure-
ments were implemented during the experimental procedure. All elec-
trochemical and optical measurements were conducted under controlled
ambient conditions (21 + 1 °C, 40-50% relative humidity). Instruments
such as the UV-Vis spectrophotometer, digital ionic conductivity meter,
and rheometer were calibrated before each measurement session. Elec-
trolyte preparation procedures (e.g., heating time, stirring speed, and
cooling conditions) were strictly maintained for all batches. Gel layers
were cast using identical thickness and area dimensions to eliminate
device-to-device variability. For switching performance evaluation,
each device was cycled a minimum of 25 times to assess reproducibility
and degradation, with stable optical modulation and response time
observed. Additionally, device edges were sealed using transparent ad-
hesive to prevent moisture loss and contamination during measure-
ments. For large-area samples, the three-sided counter electrode design
helped reduce spatial inhomogeneities and maintained consistent ion
transport across the active area.

3. Results and discussion

In a 0.5M AICl3 aqueous electrolyte, the WOs-based EC smart

window functioned as a self-powered device. This behavior resulted
from the potential gradient between Al and WOs3 electrodes. When
connected, the open-circuit output voltage between the electrodes acts
as an external power source. This drives the transparent WO3 EC win-
dow into its colored state. Fig. 2a shows that while coloration is rapid,
the spontaneous bleaching process is relatively slow. To increase the
bleaching rate, we added ammonium persulfate bleaching compound
with AlCI; electrolyte.

Fig. 2b illustrates the effect of varying Ammonium Persulfate (APS)
concentrations on transmittance modulation and bleaching rate. The
data reveal that increasing APS concentration enhances the bleaching
rate but decreases the transmittance modulation. These results highlight
the importance of optimizing APS concentration. Controlled levels
improve bleaching speed without severely compromising optical
contrast, enhancing overall device efficiency. Considering both a higher
range of transmittance modulation and a higher bleaching rate, for
further experiments, we used 40 mM APS as the optimized concentra-
tion with 0.5 M AICl;3 electrolyte.

However, the use of liquid electrolytes faces various disadvantages,
such as electrolyte leakage, performance degradation with temperature
variation, and complexity with large-scale fabrications. To overcome
these drawbacks, we transformed our electrolytes into a gel using water-
soluble PVA (Polyvinyl Alcohol) powder. Fig. 3a shows that the gel-
based SP EC window demonstrates slightly lower performance
compared to liquid electrolytes. This is mainly due to the decline of ionic
conductivity of the gel electrolytes (Sekhon, 2003). The selection of PVA
concentration was guided by the need to balance ionic conductivity and
optical transparency, two critical parameters influencing the perfor-
mance of electrochromic devices. Lower PVA concentrations, such as
30%, resulted in higher ionic conductivity (6.728 mS/cm at 21°C) but
compromised mechanical integrity, leading to potential leakage and
instability over time. On the other hand, increasing the PVA content to
40% enhanced the mechanical robustness and stability of the gel elec-
trolyte, but slightly reduced ionic conductivity to 4.946 mS/cm at 21°C
(Fig. 3c). This trade-off directly impacts the coloration and bleaching
dynamics of the device. Higher ionic conductivity allows for faster ion
transport, leading to quicker electrochromic switching. Very low PVA
concentrations weaken the gel structures, making it prone to dehydra-
tion and phase separation, which degrades long-term stability. In
contrast, while higher PVA concentrations reduce ionic mobility
slightly, they ensure a more stable electrolyte matrix that prevents
leakage and enhances device longevity.

Another important consideration was the effect of PVA concentration
on transparency. While lower PVA levels produced clearer electrolytes,
the increased water content contributed to faster evaporation and
reduced lifespan. Conversely, at 40% PVA, the electrolyte retained suf-
ficient transparency (>90%) while providing the necessary mechanical
strength and longevity for large-scale applications.

The selected 40% PVA formulation represents an optimal balance,
ensuring adequate ionic conductivity for efficient switching while
maintaining transparency and structural integrity. The 30% and 40%
PVA electrolytes viscosity were 1.314 Pa.S and 1.791 Pa.S respectively
at 210C, 13 rpm, and 88% torque. Again, to increase the bleaching rate of
the gel-based ECD, we need to further optimize the APS concentration.
From Fig. 3b, we concluded that 80 mM APS is the optimal concentra-
tion for the gel PVA gel electrolyte. Now the gel electrolyte demonstrates
moderate ionic conductivity (7.44 + 0.17 mS/cm), viscosity (1.825
+ 0.06 Pa.S), and transparency (90 + 2%) comparable to the other gel
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electrolyte-based EC devices (Ah et al., 2021).

Fig. 4 shows the bleached and colored states of the gel-electrolyte-
based WO3 self-powered EC smart window. When the WO3 working
electrode and the Al counter electrode are connected, the transparent
WOj3 electrode changes to blue. We connected the two electrodes for
3 min, and the measured in-situ transmittance spectra indicate the
respective transmittance change (Fig. 5a). At 600 nm wavelength, the
device shows approximately 58% transmittance modulation, which is
comparatively higher than some other self-powered devices (Huang
et al., 2016, 2012; Wang et al., 2021). According to Fig. 5c, the device
shows fast coloration in only 1.5 &+ 0.2 min. Here, the color switching
time is defined as the duration required to achieve 90% of the final
transmittance change.(Gu et al., 2018) Reversibly, to regain the trans-
parent state, we disconnected the two electrodes for 13 min (Fig. 5b).
The spontaneous bleaching time was measured to be ~ Tb =8
+ 0.7 min (Fig. 5d), indicating the time required for the device to revert
to its bleached state without external power - a key metric for
self-powered EC systems.

Several measures can be used to lessen bleaching time in the future.
Using stronger oxidising agents, such as hydrogen peroxide (H202) or
ferric ions (Fe®"), might accelerate oxidation reactions inside the gel
matrix, resulting in a spontaneous reversion to the bleached state (Kong
etal., 2022; Ma et al., 2020). Furthermore, altering the gel electrolyte by
combining PVA and polyethylene glycol (PEG) or adding ionic liquids
has been demonstrated to improve ionic mobility, which is required for
efficient bleaching (Deng et al., 2023; Garino et al., 2013). Nano-
structured WOs films, including mesoporous or nanorod morphologies,
can minimise ion diffusion lengths and accelerate switching (Huang
etal., 2023; Zhao et al., 2025). Finally, thermal or UV-assisted bleaching
technologies, which use ambient energy to facilitate spontaneous re-
covery, provide another option for speeding up bleaching without
requiring additional power (Huang et al., 2022; Yang et al., 2025).

In comparison to recent literature, our device demonstrates a strong
balance of electrochromic performance parameters. Aloe vera gel
electrolyte-based self-powered electrochromic windows exhibited a
spontaneous recovery time exceeding 31 min (Nanda et al., 2018).
PAM/LiCl gel-based NiHCF/PB device demonstrated 40% optical mod-
ulation, 8.5 s bleaching time, and 21.5 min coloration time (Xue et al.,
2023). Though the bleaching time is fast, the coloration time is very
slow. Similarly, an Al(ClO4)3-based self-powered electrochromic win-
dow with a recovery time of 29.92 min (Ge et al., 2025). In comparison,
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the PVA-based gel electrolyte developed in this study achieved a
significantly faster spontaneous bleaching time of 8 min. This demon-
strates a significant improvement in recovery efficiency, highlighting
the superior ionic transport and stability of the PVA-based electrolyte
formulation. Besides, our device performance also surpasses some pre-
viously reported liquid electrolyte-based SP windows (Huang et al.,
2016, 2012; Wang et al., 2014). The details comparison is presented in
Table 1. Further, the reversibility and repeatability of our device were
measured by connecting and disconnecting the Al wire for 25 cycles,
which demonstrates the excellent performance of our device over time
(Fig. 6).

The coloration and bleaching mechanism of this device can be
explained by the following equations-

Coloration

Anode:Al = AP + 3¢

Cathode: WO3 + AI*" + 3¢ = AIWO;
Bleaching:

Anode: AIWO;3 — e = WO3 + AIPY

Cathode: S,03" + 2e” = 2803

We performed cyclic voltammetry on the WO3 electrochromic device
using a two-electrode configuration. The aluminum (Al) electrode
served as both the counter and reference. The results revealed redox
behavior essential to the device's switching mechanism. The voltam-
mogram showcases distinct anodic and cathodic peaks, indicative of the
oxidation and reduction processes associated with ion intercalation and
de-intercalation within the WO3 matrix (Fig. 7a). The anodic peak oc-
curs at approximately 0.35 V with a peak current of 0.4 mA, while the
cathodic peak is observed at around 0.7 V with a peak current of
—1.5 mA. The observed hysteresis loop suggests capacitive character-
istics and energy storage capabilities, with the area enclosed by the loop
reflecting the efficiency of these processes. Symmetry in the peaks de-
notes balanced redox reactions, though the potential influence of the Al
electrode's dual role should be considered, as it may introduce addi-
tional electrochemical activities.

The battery characteristics of our self-powered electrochromic de-
vice were investigated by measuring the output voltage changes when
the two electrodes of the device were alternately connected and

Fig. 4. (a) Bleached and (b) colored states of 0.5 M AlCl; + 80 mM APS + 40% PVA gel-electrolyte-based WO3 self-powered EC smart window.
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Table 1

Comparison of this study with other gel based self-power ECD.
Gel Type Optical Modulation Coloration Time Bleaching Time Tonic Conductivity (mS/cm) Ref.
PVA Gel 58% @ 600 nm 1.5 min 8 min 7.44 This work
Aloe vera gel ~48% @ 600 nm 58s > 31 min Not reported (Nanda et al., 2018)
PAM/LICl gel < 40% @ 400 nm 21.5 min 85s Not reported (Xue et al., 2023)
Al(ClO4)3 hydrogel 42.5% @ 550 nm 9.62s 29.92 min 10.1 (Ge et al., 2025)

disconnected (Fig. 7b). Initially, the 40 x 40 mm? active area device
provides approximately 1.07 £ 0.02V stable open circuit output
voltage. When the electrodes were connected, the output voltage rapidly
dropped to 0.02, and the device went into a colored state by imple-
menting open circuit voltage as an external voltage. Upon disconnecting
the electrodes, the device starts to recover its initial voltage. While a
similar reported device could recover 65% open-circuit voltage (Voc)
after 1 h self-charging, our device recovers more than 50% within 60 s
(D. Ma et al., 2023). This transition between the connected and
disconnected states was consistently reproducible.

To understand the large-scale fabrication of the SP smart window, we
fabricated a 20 cm x 15 cm device. The bleached and colored state of
this wide device is shown in Fig. 8. For large-scale devices, we observed
that the coloration process started from the Al electrode and took a long

time for full coloration, also the nearest areas of the Al anode got darker
blue colored than the furthest areas (Fig. 8b). This major challenge
encountered was due to the uneven distribution of ions across the active
area, leading to inconsistencies in coloration. As the device size
increased from 16 cm? to 300 cm?, it became evident that ion transport
was not uniform, resulting in delayed coloration in regions further from
the aluminum counter electrode. This non-uniformity arose because ions
needed to travel greater distances, causing variations in electrochemical
reactions. The areas closest to the counter electrode underwent faster
and more intense coloration, while those further away lagged behind.
Additionally, edge effects contributed to slower response times at the
periphery of the device, reducing overall performance consistency. To
address this issue, we designed a three-sided aluminum counter elec-
trode configuration. This modification allowed for ion transport from
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multiple directions, ensuring a more uniform potential gradient and
minimizing coloration delay. The introduction of additional electrode
contact points facilitated more homogeneous ion migration, thereby
significantly improving the visual uniformity and response time of the
device (Fig. 8c). This solution significantly reduced the coloration time,
before implementing the three-sided electrode configuration, the device
required approximately 10 min to fully transition to the colored state
across the entire active area. With the optimized design, this time was
reduced to less than 4 min. Electrochemical impedance spectroscopy
(EIS) measurements further validated this improvement, demonstrating
a reduction in ion diffusion resistance by approximately 35%. Although
large-area operation was visually confirmed, further quantitative per-
formance validation at scale is necessary. The proposed three-sided
electrode design demonstrates promising potential but requires addi-
tional optimization for commercial application. Further, as we used an
ITO-PET flexible film substrate instead of a rigid glass substrate and
folded Al foil for the flexible anode, our device demonstrates a high
range of flexibility. Fig. 8d exhibits the flexible characteristics of our
fabricated PVA gel-electrolyte-based WO3 EC smart window.

This work focused on the proof-of-concept demonstration of a self-
powered electrochromic smart window with a PVA-based gel electro-
lyte. While promising results were obtained, numerous constraints
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remained: (i) Quantitative data on large-area devices were limited; (ii)
the parameter space for material optimisation was constrained; (iii) no
simulation or modelling was carried out; and (iv) no environmental or
long-term durability testing were performed. These features will be
investigated further in the future to improve their practical use.

4. Conclusion

In conclusion, this study addresses the challenge of scaling self-
powered electrochromic smart windows by introducing a 40% PVA-
based gel electrolyte that enhances stability, prevents leakage, im-
proves durability, and enables large-area fabrication. Our experimental
results underscore the superior performance of these gel electrolytes.
The device produces a 1.07 V open circuit output voltage, overcoming
external power dependency. The devices exhibited fast coloration
(1.5min) and reversible bleaching (8 min), demonstrating robust
operational efficiency. The demonstrated scalability of our device from
16 cm? to 300 cm? further supports the feasibility of large-scale pro-
duction for commercial applications as smart windows in zero-energy
buildings. We have successfully addressed key challenges in the large-
scale production of self-powered electrochromic smart windows,
particularly regarding ion distribution uniformity and material stability.
The implementation of a three-sided aluminum counter electrode
significantly improved coloration response and uniformity. These ad-
vancements contribute to energy savings, enhanced occupant comfort,
and pave the way for sustainable building designs with intelligent and
efficient smart window technologies.

Future research may focus on further improving bleaching speed by
incorporating advanced oxidizing agents, hybrid electrolytes, and
nanostructured WOs3 films to minimize ion diffusion length. Alternative
counter electrode designs (such as mesh or grid patterns) could also be
investigated to ensure uniform ion transport in large-area applications.
Simulation and modeling of ion dynamics in large devices can guide
design optimization. Moreover, evaluating long-term durability under
varying environmental conditions (UV exposure, temperature, humidi-
ty) will be critical for real-world applications. With proper encapsula-
tion and scaling procedures, this gel-based, self-powered electrochromic
platform can be integrated into energy-efficient buildings, flexible
electronics, and smart building exteriors.
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