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For dual-band electrochromic smart windows to achieve widespread adop-
tion, challenges such as slow switching, poor stability, and high power con-

sumption must be addressed. This study introduces a polyviologen|zinc mesh|
WOs - 2H,0 electrochromic energy storage device (EESD) with a PEDOT: PSS
layer to enhance conductivity and prevent polyviologen degradation. By uti-
lizing a dual-cathode design, the EESD enables fast switching and operates in
four distinct modes—transparent, visible colored, near-infrared colored, and
fully colored—allowing adaptive light regulation (320-2500 nm) to optimize
energy efficiency across different seasons and times of day. Its self-operating
and energy recovery features achieve zero energy consumption while main-
taining functionality similar to conventional glass. Simulations indicate that a
large-scale deployment across the U.S. can save 66.87 billion MWh, amounting
to $7.35 trillion, and reduce CO, emissions by 66.94 billion tons. With its rapid
switching, long-term durability, and scalability, this device presents significant

economic and environmental advantages for real-world applications.

Numerous reports indicate that over 30% of energy consumption and
10% of greenhouse gas emissions stem from building energy use, with
a large portion dedicated to heating, ventilation, and air conditioning
(HVAC) systems'. The widespread use of building glass, particularly in
curtain walls, is a major driver of increased HVAC energy consumption.
Traditional windows allow heat and light to pass freely, making them
one of the least energy-efficient components in buildings® In this
context, electrochromic (EC) smart windows have emerged as a pro-
mising technological solution to address this issue®”. Ideal smart
windows should be able to dynamically adjust the transmittance of
light in both the visible (380-780nm) and near-infrared (NIR,
780-2520 nm) ranges under different voltage levels, enabling intelli-
gent management of indoor light and heat in response to varying
external conditions®”.

Zinc-based aqueous electrochromic energy storage devices
(EESDs) have garnered widespread attention in recent years due to

their low cost, safety, high performance, and energy-saving
characteristics®". Some researchers have successfully developed
EESDs that integrate dual EC electrodes with a zinc anode, enabling
independent light transmittance control in visible and NIR
regions>**, Additionally, these devices often featured energy storage
capabilities that could further improve energy efficiency. However,
their design commonly incorporated a center-placed zinc foil, which,
being opaque, could not be extensively integrated. This restricted its
contact with the electrolyte, making the devices suitable only for non-
solid-state and small-area applications'". A new approach is needed
to enable the solid-state architecture and large-scale fabrication of
such devices, bridging the gap from laboratory-scale research to
commercial application.

Viologen is a class of reversible redox-active materials commonly
used as cathode materials in electrochromic devices (ECDs)'*". In
energy storage applications, viologen was known for its high
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reversibility, long lifespan, high solubility, adjustable redox potential,
environmental safety, and low cost'?°. In the EC field, it has been
frequently researched due to its significant color change, high col-
oration efficiency (CE), robust reversibility and stability, and ease of
molecular modification and functionalization”**. However, amidst the
development of various materials for EESDs, studies related to
viologen-based EESDs are limited™.

Previously, our laboratory reported on viologen-zinc ion EESDs,
which showed promising results, but challenges such as slow switching
speed, low CE, and inability to scale up remained unresolved'®*. The
fundamental issue lies in the fact that viologen is a fundamentally non-
conductive organic material, so in ECDs, it is typically included in ion
gels to make direct contact with the anode material to improve
response speed”’?, However, this design structure is not conducive to
energy storage. To enhance the energy storage performance of
viologen-based EESDs, some studies have suggested mixing viologen
with other materials, such as carbon black and polymers, creating
separate films, and isolating the anode with an electrolyte*. The
main limitation of this design is the compromised electrochromic
performance, as the resulting devices lose transparency, exhibit
uneven coloration, and experience significantly slower response times.
Polymeric structures were suggested, but several challenges remain
unresolved, including limited transparency, low conductivity, and
instability caused by swelling and corrosion®**. In the field of viologen-
based EESDs, therefore, there is a need for a new approach that bal-
ances both aspects of performance to drive research progress.

Here, we propose fast-switching transparent viologen-based
EESDs with dual cathodes exhibiting four distinct EC modes and
achieving visible-NIR dual-band EC energy storage functionality.
Transparent polyviologen (PV) and WO; « 2H,0 are articulately chosen
as cathodic materials on both terminals, ingeniously adopting PED-
OT:PSS as a protective and proton-providing layer for polyviologen®.
Impressively, PEDOT:PSS not only effectively prevents the polyviolo-
gen from being degraded but also acts as a proton source to increase
the speed of the reversible redox reaction and enhance the interfacial
contact conductivity. Combined with the uniform electric field pro-
duced by the UV-cured solid-state electrolyte-coated zinc mesh®,
which is highly transparent, the resulting EESDs exhibit high trans-
parency, fast switching, exceptional capacitive contribution, uniform
coloration, and strong potential for large-scale manufacturing. The
current approach leads to significant energy-saving effects in two
ways. First, the device has a high energy storage capacity, allowing it to
return the energy used to drive it. Furthermore, the device features
self-coloring and self-bleaching capability, achieving zero energy
consumption. Second, the dual-band, four-mode EESDs, when used as
a smart window for buildings, can regulate the transmission of visible
and NIR light, enabling intelligent light-heat management and sig-
nificantly reducing HVAC energy consumption. Experimental and
simulation tests for all-day, year-round, and across the United States
demonstrate that smart building windows can effectively regulate the
light and heat entering indoor spaces, accounting for 10% energy
savings compared to conventional low-emissivity (low-E) glass.

Results

Design and working principles of the devices

We propose conceptual EESD smart windows with four distinct modes:
transparent, visible colored, NIR colored, and fully colored, designed
to adapt to different times of the day, seasons, and regional weather
conditions. The structure of the polyviologen|Zn mesh|WOj3;«2H,0
device is illustrated in Fig. 1. It features a nearly symmetrical config-
uration, with polyviologen/PEDOT:PSS and WO;«2H,0 cathodes
attached to ITO-PET substrates on the top and bottom, respectively,
enabling independent control over visible and NIR light transmission.
The central layer consists of a UV-cured solid-state aqueous
electrolyte-coated zinc mesh, which serves as the anode. This

architecture allows for controllable self-charging (bleaching) and dis-
charging (coloration) independently in visible and NIR regions. When
sunlight enters a building, the visible light provides illumination while
generating significant heat, whereas NIR light contributes solely to
heat gain without enhancing visibility. Thus, our smart window was
designed to intelligently regulate these two spectral bands, optimizing
indoor brightness and temperature control. In cold weather (Fig. 1a),
the WO3« 2H,0 layer remains neutral and transparent, allowing NIR
light to enter and heat the interior. Meanwhile, the polyviologen layer
can either remain transparent to maximize indoor brightness and
warmth or switch to colored mode for privacy protection, functioning
as a dynamic “blind”. During hot conditions (Fig. 1b), the WO « 2H,0
layer darkens, blocking NIR light to reduce heat gain. Similarly, the
polyviologen layer can be adjusted based on indoor brightness and
temperature needs. For example, at midday, when sunlight is intense,
polyviologen switches to colored mode to reduce both visible light
and heat, maintaining a comfortable indoor environment. On cloudy
days, at dawn, or during dusk, it remains transparent to maximize
natural lighting. By dynamically modulating sunlight transmission, this
smart window effectively reduces the reliance on artificial lighting and
HVAC systems, significantly lowering building energy consumption.

Electrochemical properties of the polyviologen | Zn mesh | ECDs
In realizing the dual-cathode, four-mode smart window, we envisaged
the EESD based on a polyviologen|Zn mesh structure. To achieve this,
we specifically designed and synthesized a highly transparent poly-
viologen, with characterization as detailed in Methods. The sprayed
polyviologen thin film on ITO-PET exhibited over 90% optical trans-
mittance, surpassing conventional EC material films (Fig. S1, Supple-
mentary Information)***”. To address the inherent drawbacks of low
response speed due to low conductivity and poor stability due to
swelling in polyviologen, the conductive polymer, PEDOT:PSS, was
introduced as a protective and enhancement layer. The device archi-
tecture is illustrated in Fig. 2a, while Fig. 2b displays the morphology
and thickness of the corresponding layers, with the polyviologen layer
measuring 3.9 pm and the PEDOT:PSS layer measuring 80 nm. The Zn
mesh with a wire diameter of 36 um maintained high transmittance,
with an average optical transmittance of 88.5%, as shown in Fig. S2
(Supplementary Information). The electrolyte-coated Zn mesh also
retained high transparency, with minor absorption dips at 1437 nm,
1930 nm, and 2500 nm, indicating water absorption (Fig. S3, Supple-
mentary Information). PEDOT:PSS was chosen due to its high electrical
conductivity, stability, and low redox potential, mainly benefiting from
its relatively low interfacial resistance with aqueous zinc-ion
electrolytes®*°. During the charging and discharging process, rever-
sible Zn deposition and dissolution occur at the Zn mesh anode, while
the PEDOT" and polyviologen cathodes undergo redox reactions, as
described by the following electrochemical equations:

Anode reaction: Zn < Zn** +2e” @D

PEDOT* (transparent) + e~ <> PEDOT (light blue)
2

Cathode reactions:

PV2* (transparent) + e~ <> PV*'(deep blue — violet) 3)

The chemical structure changes of polyviologen during this redox
process are depicted in Fig. 2c.

Cyclic voltammetry (CV) tests were performed to analyze their
electrochemical performance (Fig. 2d). At a scan rate of 2mVs™, the
device without the PEDOT:PSS layer exhibits only one pair of a
reduction peak at -0.66 V and an oxidation peak at —0.41V, corre-
sponding to the reversible process transitioning from PV** to PV* and
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Fig. 1| Schematic diagram of the design and working principle of the devices. a The polyviologen|Zn mesh|WOj3 « 2H,0 EESD and its working principle for regulating
visible and NIR light in winter. b The polyviologen|Zn mesh|WO; « 2H,0 EESD in the coloring state and its working principle for regulating visible and NIR light in summer.

back to PV*'. For the polyviologen|Zn mesh EESD with the PEDOT:PSS
layer, besides the oxidation (-0.40 V) and reduction peaks (-0.58 V) of
polyviologen, there is an additional minor oxidation (-0.88V) and
reduction (-1.05V) pair associated with PEDOT:PSS (Fig. 2e). Thus,
during reduction, the voltage decreases from the neutral charging
state at -1.2V to -1.05V, causing PEDOT"* to convert into PEDOT.
Attributed to the enhanced ionic conduction and the presence of a
potential step provided by the PEDOT:PSS layer, faster reduction of
polyviologen occurs at —0.58V, which is reflected in a significant
increase in peak current.

At various scan rates from 1 to 10 mV's™, both the anode (I,,) and
cathode (I,) peak currents increased with the square root of the scan
rate but did not show a linear correlation, indicating that the device’s
behavior is not solely diffusion-controlled (Fig. 2f). The devices with
the PEDOT:PSS layer exhibited higher peak currents, with a significant
increase in peak current as the square root of the scan rate increased,
suggesting an enhancement in the electron transfer rate. Further
analysis of the charge storage mechanism was conducted. Based on
the equation i=av®*, a plot of log(i) versus log(v) was generated,
where i and v represent the peak current and scan rate, respectively
(Fig. 2g). The calculated b values are approximately 0.85, falling
between 0.5 (diffusion-controlled) and 1.0 (surface capacitive control).
This value indicates that the PEDOT:PSS layer does not affect the dual
control mechanism of charge storage, which is governed by both dif-
fusion and surface capacitance. To further elucidate the contributions
of diffusion and capacitive control, the capacitive contribution at
various scan rates was calculated. As shown in Fig. 2h, the results reveal
that capacitive contributions dominate, increasing from 65.5% to 85.7%
as the scan rate increases, with the PEDOT:PSS layer having no sig-
nificant impact on this behavior. It should be noted that, with such a
high capacitive contribution, the current EESDs demonstrate

exceptional surface-controlled charge storage and exceptional high-
rate performance.

The electrochemical impedance of the device was measured
(Fig. 2i), and an equivalent circuit was employed for quantitative ana-
lysis of the impedance. In the equivalent circuit, the intersection on the
real axis represents the internal resistance (R), while the diameter of
the semicircle corresponds to the interfacial charge transfer resistance
(Rep). The results indicate that the presence or absence of the PED-
OT:PSS layer does not affect the internal resistance of the electrolyte,
which remains around 30 Q. However, the PEDOT:PSS layer sig-
nificantly influences the interfacial resistance, reducing it from 1356.7
Q to 532.3 Q. This result further confirms the role of the PEDOT:PSS
layer in enhancing the electron transfer rate.

Electrochromic properties of the polyviologen | Zn mesh | ECDs
The PEDOT:PSS layer enhances the electrochemical performance,
leading to a noticeable improvement in the electrochromic proper-
ties. When the transmittance was measured at various voltages ran-
ging from -1.5V to -0.1V, the PEDOT:PSS layer did not impact the
transmittance in its transparent state, which remains around 67.63%
(Fig. 3a, b). However, a considerable difference is observed in the
colored state, with the device containing the PEDOT:PSS layer
showing a transmittance contrast of 64.23%, compared to just 44.41%
for the device without it. Photographs of polyviologen|Zn mesh
EESDs with PEDOT:PSS during the discharge (coloring) and charging
(bleaching) processes are presented (Fig. 3c). The response speed of
the two devices also exhibits a notable difference (Fig. 3d). The col-
oring and bleaching times of the device without the PEDOT:PSS layer
are 30.1s and 38.2s, respectively. In comparison, aided by the
enhanced ion migration and electron transfer of the PEDOT:PSS
layer, the device achieved an astonishingly fast switching times of
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Fig. 2 | Comparative analysis of electrochemical properties. a Schematic dia-
gram of the structure and working principle of the polyviologen|Zn mesh EESD.
b Corresponding SEM images of the electrolyte-coated zinc mesh and the cross-
section of EESD. ¢ The chemical structure of polyviologen and its redox mechanism.
d Cyclic voltammetry curves of the polyviologen|Zn mesh EESDs with and without
PEDOT:PSS at different scan rates. e Cyclic voltammetry curves of the polyviologen|

Zn mesh EESDs with and without PEDOT:PSS at a scan rate of 2mV s™. f Linear plots
of I, and I, versus the square root of applied voltage from cyclic voltammetry
tests. g Calculation of b value from anodic and cathodic peaks of cyclic voltam-
metry tests. h Percentage of the capacitive contribution of the polyviologen|Zn
mesh EESDs with and without PEDOT:PSS at different scan rates. i Nyquist plots of
the two kinds of EESDs (the inset shows the corresponding fitted circuit).

1.6s for coloration and 0.8s for bleaching. To the best of our
knowledge, this is one of the few reports in which a viologen-based
EC device has achieved a response time of less than one second®*****,
The darker color in the colored state results in a higher optical
density, thereby increasing the coloration efficiency from 137.10 to
389.44 C cm™ (Fig. 3e). The PEDOT:PSS layer also offers protective
benefits for the polyviologen layer by preventing direct contact with
water and zinc ions in the electrolyte, effectively reducing water-
induced swelling and ion erosion of polyviologen. This protective
effect is evident in the long-term cycling stability test (Fig. 3f). After
6600 s of cyclic operations, the device with the PEDOT:PSS layer
maintains 90.58% of its AT, while the device without it retains
only 57.03%.

Moreover, the PEDOT: PSS layer dramatically enhances the energy
storage capacity of viologen-based EESDs by promoting the involve-
ment of more polyviologen molecules in redox reactions. In the dis-
charge test (Fig. 3g), the devices with and without the PEDOT: PSS layer
show capacities of 141.9 and 73.2mAhm™, respectively, at
0.5 mA cm™. The capacity measurements at varying current densities
revealed similarly significant improvements (Fig. 3h). A comprehensive
performance comparison between our device and other zinc-based
EESDs, presented in a radar chart (Fig. 3i), highlights the competitive
overall performances of the polyviologen|Zn mesh EESD with PED-
OT:PSS, particularly excelling in response speed and coloration effi-
ciency (Table S1, Supplementary Information)®764445,

Electrochromic properties of the polyviologen | Zn

mesh | WO « 2H,0 EESD

In contrast to the zinc foil, the zinc mesh offers the benefit of
preserving transparency and ensuring a uniform electric field
while functioning on both terminal sides. This advantage allows
for the innovative design of a large-area device featuring a double
EC cathode structure on both sides and a central zinc mesh
anode. Utilizing this configuration, combined with the NIR
transmittance modulation of WO5.«2H,0*, we implemented a
four-mode functioning EESD that can freely control visible and
NIR light (Fig. 4a). By separately managing the coloration of
WOs3« 2H,0 for NIR light and polyviologen for visible light, four
smart window operation modes were realized: transparent, visible
colored, NIR colored, and fully colored. The transmittance spec-
tra from 320 to 2500 nm for the four modes are shown in Fig. 4b.
The device in transparent mode demonstrates high transmittance
in the visible and NIR bands from 380 to 2500 nm. In the visible
colored mode, the device displays intense coloration in the 380
to 1000 nm range while maintaining high transmittance from
1000 to 2500 nm. In contrast, the NIR colored mode shows the
opposite transmittance patterns, and the fully colored mode
exhibits low transmittance throughout the 320 to 2500 nm range.
At representative wavelengths of 600 nm (visible) and 1800 nm
(NIR), the device demonstrated transmittance contrasts of 57.53%
and 43.76%. All four models exhibit low transmittance in the
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Fig. 3 | Comparison of electrochromic and energy storage properties.

a Transmittances of the polyviologen|Zn mesh device without PEDOT:PSS at dif-
ferent voltages. b Transmittances of the device with PEDOT:PSS at various voltages.
c Photographs of the state of the polyviologen|Zn mesh EESD with PEDOT:PSS at
-1.2, -0.6, and -0.2 V. d Switching times of the polyviologen|Zn mesh EESDs
without and with PEDOT:PSS (- 0.1 and —2.0V, 40 s intervals). e Variation of the

optical density (AOD) versus the charge density. f Kinetic stability of two kinds of
EESDs (-0.1 and 2.0V, 40 s intervals). g The discharge capacity of the polyviolo-
gen|Zn mesh EESDs without and with PEDOT:PSS at 0.5 mA cm™. h The corre-
sponding discharge capacity at 0.1, 0.3, and 0.5 mA cm™ i Radar plot of the
performance comparison of the polyviologen|Zn mesh EESD with other zinc EC
energy storage devices.

ultraviolet (UV) region from 320 to 380 nm, blocking UV rays
from reaching the human body. Actual photos of the four modes
are shown in Fig. 4c (2.5 x 2.5cm?), and large-area device fabri-
cation has also been demonstrated (10 x 10 cm?, Figure S4, Sup-
plementary Information).

The integrated optical transmittance (T) and solar irradiance-
weighted transmittance (T’) of the polyviologen|Zn mesh|WO3 « 2H,0
EESD were calculated for the visible (380-780nm), NIR
(780-2500 nm), and entire solar spectrum (380-2500 nm) regions.
The results are presented in Fig. 4d and Table S2 (Supplementary
Information). It is evident that the visible colored and NIR colored
modes precisely regulate the transmission or blocking of solar light
and radiation within respective spectral ranges. Meanwhile, the
transparent and fully colored modes regulate solar radiation trans-
mittance across the spectrum, with 54.75% and 2.34%, respectively,
effectively controlling full-spectrum light transmittance.

The polyviologen and WO3 « 2H,0 layers are connected to the Zn
mesh via two separate electrochemical circuits. When the device is
switched to the colored state by selectively linking the Zn mesh to each
cathode, redox reactions occur independently within each circuit.
Specifically, a reversible redox reaction takes place in the polyviolo-
gen|Zn circuit, while the WO3+2H,0|Zn circuit simultaneously

undergoes the following reaction sequence:

Anode reaction: Zn < Zn** +2e”

“)

Cathode reaction: WO, - 2H,0 (transparent) + xZn** 5
+2xe” < ZnxWOj; - 2H,0 (blue) ©)

Each cathode operates through its redox mechanism without
interference. This is further supported by the nearly unchanged EC
performance observed in subsequent tests.

The response times of the polyviologen|Zn mesh|WO;«2H,0
EESD from transparent to fully colored mode were evaluated at
600 nm and 1800 nm, representing the visible and NIR regions,
respectively (Fig. 4e). Since polyviologen and WO;«2H,0 undergo
transmittance changes in respective spectral ranges, the switching at
600 nm and 1800 nm reflects the behavior of polyviologen and
WOj3 « 2H,0 -based Zn mesh EESDs, respectively. The results show an
ultrafast bleaching time of 0.8 s and a slightly delayed coloration time
of 1.8 s at 600 nm, while at 1800 nm, the switching times are 3.2 s and
1.6s, substantially outperforming most tungsten oxide-based
devices*. Additionally, the coloration efficiency at 600 nm and 1800
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Fig. 4 | Electrochromic properties of the polyviologen|Zn mesh|WO; - 2H,0 EESD.
a Schematic diagram of the structure and working principle of the polyviologen|Zn
mesh|WO; - 2H,0 EESD. b Transmittance curves of the polyviologen|Zn mesh|

WO; - 2H,0 EESD in the wavelength range from 320 to 2500 nm in transparent, visible
colored, NIR colored, and fully colored states, with the standard solar spectrum (AM
1.5G) in the background. ¢ Photographs of the device in the corresponding states,

device size: 2.5 x 2.5 cm? d Integrated solar irradiance transmittance (T) of this device
in the visible light (380-780 nm), NIR (780-2500 nm), and total solar irradiation
(380-2500 nm) in the four different states. e The coloring and bleaching response
times at 600 nm and 1800 nm (-0.1 and 2.0V, 20 s intervals). f Variation of the
optical density (AOD) versus the charge density at 600 nm and 1800 nm.

nm was obtained, yielding values of 296.28 and 233.61Ccm?
respectively (Fig. 4f). The driving dual cathode coloration increases the
charge density, which causes a tweak in CE values; however, these
values remain highly competitive compared to most previous
studies***°. The two independent circuits exhibit long-term cycling
stability, operating continuously for 6,000 s with negligible perfor-
mance degradation (Fig. S5, Supplementary Information). Both the
polyviologen|Zn and WO;+2H,0|Zn circuits demonstrated a bist-
ability capability, maintaining their colored states for approximately
30 min after disconnection (Fig. S6, Supplementary Information). This
behavior is beneficial for enhancing the energy-saving potential of the
smart window.

Energy consumption, energy recovery, and self-operating
capability

Energy consumption and energy return are key performance indica-
tors for evaluating EESDs, playing a crucial role in energy conservation
and emission reduction®®”, The energy required to fully charge the
polyviologen and WO; « 2H,0 cathodes with the Zn mesh anode and
the energy that can be fully discharged were estimated. The percen-
tage ratio between these values represents the energy return effi-
ciency. As shown in Fig. 5a, a fully discharged polyviologen|Zn mesh
circuit was initially subjected to a potentiostatic charging process at
-2.0V for 60 s (bleaching process), during which a total energy input

of 132.50 mWh m™ was recorded (Fig. S7a, Supplementary Informa-
tion). The device was then galvanostatic discharged under 0.3 mA cm™
(coloring process), releasing a total energy output of 58.89 mWh m™
(Fig. S7b, Supplementary Information). Finally, an additional poten-
tiostatic discharge at O V for 60 s was carried out to complete the final
coloring process, consuming a negligible amount of energy, approxi-
mately 0.0018 mWh m™2 (Fig. S7c, Supplementary Information).
Overall, the charge-discharge cycle consumed 132.5018 mWh m2 and
delivered an energy output of 58.89 mWh m?, yielding an energy
return efficiency of 44.4%. Similarly, the energy return efficiency of the
WO3+2H,0|Zn mesh circuit was determined to be 31.0%
(Fig. 5b and S7d-f, Supplementary Information). The recovered energy
can be used to power other electrical devices, such as lighting or
heating/cooling systems. The polyviologen|Zn mesh and
WOj3 « 2H,0 | Zn mesh circuits produce open-circuit voltages (OCV) of
1.23V and 1.05V, respectively. When two identical devices are con-
nected in series, an OCV greater than 2 V can be achieved, sufficient to
power an LED light (1.8V, 2.2W, Fig. 5c and S10, Supplementary
Information).

Notably, both circuits are capable of self-coloration and self-
bleaching. By directly connecting the Zn mesh anode to either the
polyviologen cathode or the WO « 2H,0 cathode, the internal poten-
tial difference drives spontaneous redox reactions, completing the
coloration within 5's (Fig. 5d). After disconnecting the electrodes, the
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Fig. 5 | Energy consumption, energy recovery, and self-operating capability of
the polyviologen|Zn mesh|WO; « 2H,0 EESDs. a Potentiostatic charge at -2.0 V
for 60 s, galvanostatic discharge at 0.3 mA cm™, and potentiostatic charge at 0 V
for 60 s between polyviologen and Zn mesh electrodes; and the corresponding
changes of the transmittance at 600 nm. b Potentiostatic charge at —2.0 V for 60's,
galvanostatic discharge at 0.3 mA cm™, and potentiostatic charge at OV for 60 s
between WO; « 2H,0 and Zn mesh electrodes; and the corresponding changes of

Series connection

’ W“} ¢

the transmittance at 1800 nm. ¢ Photographs of a red LED powered by two series-
connected polyviologen|Zn mesh circuits (top) and two series-connected

WOs5 « 2H,0 | Zn mesh circuits (bottom), respectively. d The photographs exhibiting
the self-coloring and self-bleaching (middle) functions by connecting and dis-
connecting polyviologen|Zn mesh circuits (top) and WO3 « 2H,0 | Zn mesh circuits
(bottom), respectively.

device gradually undergoes complete self-bleaching within around
30 min. This cycle operates under zero energy consumption, further
enhancing the device’s energy-saving capability and contributing to
the realization of net-zero energy buildings***>.

HVAC energy-saving capabilities as building smart windows
We analyzed the solar irradiance spectra of our device under different
operating modes and calculated the corresponding Solar Heat Gain
Coefficient (SHGC) values using Equations S1-S3 (Supplementary
Information). The resulting SHGC values are as follows: fully trans-
parent - 0.654, NIR colored - 0.564, visible colored - 0.348, and fully
colored - 0.253. These findings highlight the device’s strong ability to
regulate solar radiation (Fig. 6a). Thanks to its dual-cathode config-
uration, the device supports bidirectional use based on weather
demands (Fig. 6b). For example, under hot climates, the electrode with
higher photothermal conversion efficiency can be oriented toward the
exterior. The thermal conductivity of the surrounding materials sig-
nificantly influences heat transfer, as indicated by Eqs. S4 and S5 in the
Supplementary Information, which show that thinner layers facilitate
faster thermal conduction. Accordingly, a 0.15 mm PET layer is placed
on the exterior side to promote heat dissipation, while a thicker
0.6 mm PET layer is used on the interior side to minimize heat influx.
Conversely, in cold climates, the device orientation can be reversed to
enhance indoor heat retention. To quantify the photothermal con-
version performance, we conducted laser-based photothermal mea-
surements for both polyviologen and WO5-2H,0 (Fig. 6c, d), yielding
conversion efficiencies of 35.8% and 62.3%, respectively (Eqs. S6-S9,
Tables S3 and S4). These distinct conversion efficiencies enable the
device to perform optimally in diverse thermal environments, thereby
broadening its usability across various climate zones.

To evaluate the potential of four-mode polyviologen|Zn mesh|
WO;+2H,0 EESDs as smart windows for buildings—capable of

controlling dual-band light transmittance, regulating indoor tem-
perature, and enhancing energy efficiency—we conducted a 24-hour
outdoor real-world model test. As shown in Fig. 6e, we constructed a
house model consisting of five identical rooms, each measuring 14 (L) x
14 (W) x 20 (H) cm?®. Each room had an identical upward-facing window
equipped with a 10 x 10 cm? sized EESD in four different modes:
transparent, visible colored, NIR colored, and fully colored, along with
a PET film for comparison. The house model was positioned on the
rooftop of an unobstructed building in Busan, South Korea, with the
windows facing upward. A temperature logger was placed inside each
room to record temperature data throughout the day on October 1,
2024 (sunny). The recorded minute-by-minute temperature variations
in each room exhibited significant differences between 8:00 and 18:00
due to variations in solar radiation intensity and the window’s ability to
block radiation (Fig. 6f). At solar noon, around 12:34, the interior
temperatures of the model rooms with PET film, transparent, visible
colored, NIR colored, and fully colored modes as windows reached
71.3°C, 70.0°C, 53.7°C, 66.4 °C, and 46.3 °C, respectively, while the
outdoor ambient temperature (with walls fully shaded) was 37.9 °C.
Figure 6gillustrates the temperature difference between the room and
ambient temperatures using PET film and fully colored mode as the
window at various local times. In the lower part of this figure, we also
indicate the recommended usage times for the four modes. During
midday, when solar radiation is intense, the fully colored mode helps
lower the temperature and block the glaring sunlight. During dawn and
dusk, the NIR-colored mode enhances brightness. At other times, the
self-bleaching transparent mode can be activated to store energy
efficiently. Additionally, visible light blocking can be applied at any
time to ensure privacy as needed.

Along with the 24-hour outdoor real-world test, we also per-
formed EnergyPlus building HVAC energy consumption simulations to
assess the device’s applicability for each month of the year, both in a

Nature Communications | (2025)16:9569


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64962-2

a b
1.6
—— Fully transparent
1.2 — NIR colored
Visible colored
— Fully colored

o
'S

Solar irradiance (W m2 nm™)
o
oo

0.0l A\ Wana e
300 600 900 1200 1500 1800 2100 2400
Wavelength (nm)

C
IR laser source 0 IR laser source |
(808 nm) o | (808 nm) o |
Thermal Thermal
camera camera 4
Smart windows Smart windows
(NIR colored) (Visible colored)
e
f g

70+ PET
Fully transparent
60 [ NIR colored
50 — Visible colored
— Fully colored
| — Ambient

Temperature (°C)
N
o

00:00 04:00 08:00 12:00 16:00 20:00 24:00
Local time

Fig. 6 | Photothermal control of the polyviologen|Zn mesh|WO; - 2H,0 EESD.
a Solar irradiance spectra of the EESD at different states. b Schematic diagram of
the light-heat conversion on the dual cathode as a smart window in operation.

¢ Schematic illustration of testing the photothermal conversion efficiency (PTE)
using the laser method (808 nm, 0.6 W), where the left is for the WO; - 2H,0 (NIR
colored) layer and the right is for the polyviologen layer (visible colored) of the
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EESDs. d Laser method for testing the photothermal conversion efficiency (PTE)
with heating up and cooling down curves. e Photographs of the thermal insulation
test on October 1, 2024, in Busan, Korea, including the four states (self-colored) of
the device and PET as the windows. f Ambient temperatures and corresponding
real-time temperatures throughout the day in five room models. g Temperature
differences between the different windows and the ambient surroundings.

specific city and across all U.S. states over the course of an entire year.
We created a 40% window-to-wall ratio office model with typical office
lighting, HVAC, and occupancy parameters (Table S5 and Fig. S9,
Supplementary Information). The HVAC energy consumption for
Phoenix, Arizona, was simulated monthly using climate data from the
EnergyPlus website. Phoenix has distinct seasonal temperature varia-
tions, serving as a representative example to illustrate seasonal energy
efficiency changes. The simulations compared commercial low-E glass
(SunGuard® SNX 62/27 on Clear) and the polyviologen|Zn mesh|
WOj3 - 2H,0 EESD as the sole variable window material, with the smart

window set to operate in its most energy-efficient mode at various
times and temperatures. The related data is presented in Fig. 7a and
Table S6 (Supplementary Information). It was observed that the
polyviologen|Zn mesh|WO; - 2H,0 EESD, in comparison to low-E glass,
proved to be more energy-efficient throughout the year, achieving
energy savings of 10%-15% during the winter months and saving 10-18
MJ m2 during the summer months. Expanding the use of this smart
window to other U.S. states, we simulated the annual building HVAC
energy consumption in 16 cities representing typical climates across
the country. The findings indicated comparable energy savings, with a
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climate zones in the United States. d Energy savings in U.S. office buildings and their
corresponding costs based on the levelized cost of electricity (LCOE) of various
generation technologies, along with the associated CO, emissions from generating
the corresponding amount of energy (CCGT: combined-cycle gas turbine, PV:
photovoltaics).

40 M) m? reduction accounting for more than 10% of the total annual
HVAC energy consumption (Fig. 7b). Similar outcomes were obtained
when implemented across the 50 U.S. states in 15 different climate
zones, demonstrating the widespread feasibility of the smart window’s
energy-saving capabilities (Fig. 7c). The U.S. energy-saving map
revealed a clear trend showing that the energy-saving effect is more
significant in warmer regions at lower latitudes. This is attributed to
the ability of the polyviologen|Zn mesh|WOj3 « 2H,0 EESD to block both
light and thermal radiation.

Our smart windows provide substantial economic and environ-
mental benefits, which can be clearly seen in the costs and carbon
emissions related to the energy savings. As shown in Table S7 (Sup-
plementary Information), the average energy savings across U.S. states
is calculated to be 26.72 M) m™. The U.S. Energy Information Admin-
istration (EIA) reported that the total commercial building area in the
U.S. was about 97 billion square feet in 2018, allowing for a calcula-
tion of total energy savings across the country to be as high as 66.87
billion MWh. We have also obtained the levelized cost of electricity
(LCOE) for different energy generation methods®. The economic costs
of producing this large amount of electricity using nuclear, coal, gas,
photovoltaic, onshore, and offshore wind power generation systems
are estimated to range from $2.67 trillion to $7.35 trillion (Fig. 7d and
Table S8, Eq. S10, Supplementary Information). By examining the
carbon emissions per unit of electricity generated by various
technologies®, the carbon emissions associated with these energy
savings can be calculated (Eq. S11, Supplementary Information). Even
clean energy sources, like nuclear, photovoltaic, and wind, produce
0.87 billion tons of CO,, while coal, a highly polluting energy source,
has an astounding 66.94 billion tons of CO, emissions. These results,
gathered from tests and simulations at various scales, demonstrate
that this dual-electrode, four-mode smart window effectively reduces

building HVAC energy consumption. It holds significant economic and
environmental value, aiding in energy conservation, emission reduc-
tion, and achieving net-zero energy buildings globally.

Discussion

In this study, we fabricated polyviologen|zinc mesh|WO; « 2H,0 elec-
trochromic energy storage device (EESD), containing the PEDOT:PSS
layer, greatly enhancing the redox activity of the polyviologen film
while improving its operational stability. By integrating the PEDOT:PSS
layer into the polyviologen|Zn mesh structure, we achieved enhanced
electrochromic (EC) and energy storage performances, including
response times of 1.6 s for coloration and 0.8 s for bleaching, an optical
difference of 64.23%, coloration efficiency of 389.44 C cm™, capacity
of 141.9 mAh m™ at 0.5mA cm™, and long-term cycling stability. The
dual-cathode, four-mode, dual-band tunable EESDs maintained EC
performance while demonstrating remarkable energy recovery rates
of 44.4% and 31.0% in polyviologen|Zn mesh and Zn mesh|WOj3 « 2H,0
circuits, respectively. The EESD supported fully power-free operation
through self-coloration (5s) and self-bleaching (30 min), making it a
genuinely electricity-independent EC smart window. The four-mode
smart window achieved a temperature reduction of up to 25 °C during
outdoor testing. Compared to low-E glass, this EESD excelled in intel-
ligent light and heat management, delivering energy-saving benefits
year-round. The smart window consistently displayed higher energy
efficiency across all states in the U.S., with an average value of 26.72 M)
m~2. If implemented nationwide in office buildings, it is estimated to
save 66.87 billion MWh of electricity. Depending on the power gen-
eration methods, the savings would translate into electricity costs
ranging from $2.67 trillion to $7.35 trillion and a reduction in carbon
emissions of between 0.87 billion and 66.94 billion tons. This work
introduces an innovative, high-performance polyviologen EESD
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architecture with broad potential applications and significant practical
advantages for improving building energy efficiency.

Methods
Materials
The synthesis and characterization of polyviologen and precursor
monomers are shown in Supplementary Information (Fig. S10-S12).
WO3+2H,0 was synthesized and characterized based on relevant
reports*® (details on page S17 and Fig. S13 of Supplementary Infor-
mation). Stainless steel mesh (50 mesh, 0.0012” wire diameter) was
purchased from TWP Inc. Zinc mesh was fabricated according to
previously reported methods, and detailed processes have been listed
in pages S18-S19 of Supplementary Information (Fig. S14 and S15)*.
Indium tin oxide coated polyethylene terephthalate (ITO-PET),
with sheet resistances of 10, 30, and 50 Q/[], was provided by
Wooyang GMS (Korea). PEDOT:PSS (1.3wt% dispersion in
water, Clevios pH 1000) was purchased from Heraeus. 4,4"-Bipyridine
(Sigma-Aldrich, >98.0%), 2-Bromoethylamine hydrobromide (TClI,
>98.0%), Ammonium hexafluorophosphate (NH4PFs, TCI, >98.0%),
hexamethylene diisocyanate (TCI, >98.0%), 2-acrylamido-2-
methylpropanesulfonic acid (AMPS, TCI, >98.0%), acrylamide
(Sigma-Aldrich, electrophoresis grade), zinc chloride (ZnCl,, Sigma-
Aldrich, 297%), N,N-methylenebis(acrylamide) (MBAA, Sigma-Aldrich,
99%), 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (Irga-
cure 2959, Sigma-Aldrich, 98%), zinc sulfate heptahydrate (Sigma-
Aldrich, >99.0%), sodium sulfate (Sigma-Aldrich, >99.0%), boric acid
(Sigma-Aldrich, >99.5%), poly(ethyleneimine) solution (PEI, Sigma-
Aldrich, analytical standard, 50% wt. in H,0), Sodium tungstate dihy-
drate (Na;WO,4-2H,0, Sigma-Aldrich, >99.0%), oxalic acid (H,C,0,,
TCl, >98.0%), dimethyl sulfoxide (DMSO, Sigma-Aldrich, >99.9%),
glycerol (Sigma-Aldrich, >99.5%), ethylene glycol (Sigma-Aldrich,
>99.8%), dodecylbenzenesulfonic acid (DBSA, TCI, >95.0%), and 1,4-
butanediol divinyl ether (DVS, TCI, >98.0%) were used without further
purification. The dialysis membrane (Molecular weight cut-off: 14,000)
was obtained from Sigma-Aldrich (D9527), and anhydrous N,N-dime-
thylformamide (DMF, 99.8%) was used as the solvent for
polymerization.

Fabrication of polyviologen, PEDOT:PSS, and WO; « 2H,0 films
ITO-PET was cleaned with deionized water, acetone, and isopropyl
alcohol for 20 min under sonication and dried under a nitrogen purge.
It was then irradiated with ultraviolet ozone (UVO) for 30 min to obtain
a hydrophilic surface. ITO-PET/polyviologen: polyviologen was dis-
solved in acetone to prepare a solution with a concentration of 10 g L.
Using a spray gun, the solution was uniformly applied to ITO-PET on a
heating plate at 80 °C. After further heating and drying for 30 minutes,
a polyviologen film with a thickness of 3.9 ym was obtained on ITO-
PET. ITO-PET/polyviologen/PEDOT:PSS: a PEDOT:PSS layer with a
thickness of 80 nm was coated onto the ITO-PET/polyviologen via
spray coating. To prepare PEDOT:PSS layer, 10 g of PEDOT:PSS, 2.5g
DMSO, 1g glycerol, 0.5mL ethylene glycol, 20 uL DVS, and 0.05 mL
DBSA were mixed and stirred for 2h at room temperature®’. The
solution is diluted 10 times and sprayed at 100°C. ITO-PET/
WOj3 .« 2H,0: spin-coat a 10 gL™ solution of the WO3«2H,0 in ethyl
alcohol onto the ITO glass five times, and then dry at 60 °C in air*°.

Preparation of electrolyte and electrolyte-coated zinc mesh
The UV-curable hydrogel electrolyte was prepared by dissolving 1M
AMPS as the negatively charged monomer, 1M acrylamide as the
neutral monomer, 2 M ZnCl, as the salt source, 0.05 mol% MBAA as the
crosslinker, and 0.1 mol% Irgacure 2959 as the UV initiator in deionized
water. The mixture was then stirred thoroughly until a clear solution
was formed.

Electrolyte-coated zinc mesh: as shown in Fig. S16, the zinc mesh
was initially fixed onto the glass using adhesive tape, with a180 pm gap

at both the top and bottom. Next, the prepared UV-curing electrolyte
was applied, and the glass was covered to cure for 3 min. Finally, the
glass and adhesive tape were removed to obtain a zinc mesh coated
with the solid-state electrolyte. (Zinc mesh thickness: 36 um, electro-
lyte thickness on both sides: 180 +180=360um, total thick-
ness: 396 um.)

Electrochromic device fabrication

As illustrated in Fig. S17, the fabrication process for all three types of
devices is the same and straightforward. Specifically, the prepared
electrodes were directly applied to the top and bottom of the pre-
coated zinc mesh with electrolyte. After gently pressing and securing
the electrodes with glass, the device edges were sealed with AB epoxy
resin. Due to its strong absorption in the NIR region, low-resistance ITO
(10 Q/]) has been limited to device applications for visible light
modulation. In contrast, ITO-PET, with a sheet resistance of 50 Q/[],
was chosen for fabricating the dual-cathode, dual-band smart window,
as it offers high transmittance across the entire spectral range (Fig. S18,
Supplementary Information).

Photothermal experiments

An IR semiconductor laser (808 nm, 0.6 W) was employed to irradiate
the devices under various conditions for 100 s. Temperature mea-
surements were taken every 10 s using a high-resolution FLIR E-Series
infrared camera. Following the irradiation period, the laser was turned
off, and the devices were allowed to cool naturally at room tempera-
ture for another 100s, with temperatures recorded at the same
intervals. Photothermal conversion efficiency was calculated based on
the recorded temperature profiles and related parameters, as detailed
in the Supplementary Information (Pages S28-S30).

Property characterization
Nyquist impedance plots were obtained by plotting Re(Z)/ohm vs.
Im(2)/ohm, from which the ionic conductivity was calculated accord-
ing to the Nyquist equation®®. The polymer and zinc mesh morpholo-
gies were examined using a scanning electron microscope (SEM, Supra
40VP, Carl Zeiss). Electrochemical and spectroelectrochemical mea-
surements were taken in a two-electrode system using an electro-
chemical workstation and a UV-3600 UV-Vis spectrophotometer
(Shimadzu). The optical spectra of all devices and materials were
measured with air as the reference background, except for several
films where otherwise indicated. Essential parameters in evaluating the
electrochromic performance, including the percent transmittance
contrast (AT), the charge in optical density (AOD), and the coloration
efficiency (CE), were calculated with the following formulas:
AT =T o — Trin, AOD= Iog%, and CE= %", where T, and T,
are the bleached and colored transmittance, respectively, and Q, is the
injected charge per unit area®. The switching time is defined as the
time required to realize 95% of the transmittance difference at a given
wavelength. Integrated optical transmittance (7) and integrated solar
irradiance transmittance (7") of the polyviologen|Zn mesh|WOj3 « 2H,0
EESD at four states for visible (380-780 nm), NIR (780-2500 nm), and
entire solar spectrum (380-2500 nm) are calculated based on the
. TA)dA THgda
equation: T = jfaa ,and T/= W
tance at wavelength A, and ¢()) is the solar irradiance at 1.5 air mass.
The consumed and released energy (W) is calculated based on the
equation: W= [U(t)l(t)dt, where U(®) is the voltage, /(®) is the current,
and t is time, respectively. Detailed calculations of the thermal con-
ductivity and photothermal conversion efficiency (PTE) for the devices
are provided in the Supplementary Information (Pages S27-S30).

, where T(A) is the transmit-

The contribution of EESD windows to reducing HVAC energy
consumption in buildings was determined through simulation using
the EnergyPlus software. A building model of 20 m (L) x 10 m (W) x3 m
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(H) with twelve 3 m (W) x 2 m (H) glazed windows was adopted with a
window-to-wall ratio of 40%. A year-long simulation of monthly
building energy consumption was performed for Phoenix, Arizona,
along with an annual analysis of building energy consumption across
various climate zones in all 50 U.S. states to investigate regional
impacts. The city's meteorological data were obtained from the Ener-
gyPlus website. The fundamental parameters used in the simulation
are listed in Table S5. The HVAC system was meticulously designed in
the simulation, incorporating typical operation and occupancy sche-
dules while accounting for all loads, including equipment, occupants,
and lighting. The energy-saving performance of the building windows
was determined by measuring the numerical differences between this
EESD and commercial low-E glass. The spectral data for the respective
window glazing materials are presented in Table S9 (Supplementary
Information).

Data availability
All data supporting the results of this study are available in the paper
and the Supplementary Information. Additional data related to this
work are available from the corresponding authors upon request.
Source data are provided as a Source Data file. Source data are pro-
vided with this paper.
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