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Abstract

Large (200 x 200 mm) electrochromic (EC) devices were fabricated using Fe(II)-based

metallosupramolecular polymer (MSP) as the EC material, nickel hexacyanoferrate (NiHCF) as the counter

electrode material, and LiClO4 solution as the electrolyte. The fabricated EC devices were installed in a south-

facing window of a high-rise building in the Ibaraki Prefectural Government Office. After about one year of

practical use, a reversible color change between purple and colorless was confirmed on the EC smart window,

suggesting the high durability of the EC device. The fading of the Ibaraki device in the colored state was
confirmed by a higher transmittance (12%) than the standard reference (STD) device (3%). The STD device
exhibited 57% optical contrast at 580 nm between +1.5 and 0 V, while the Ibaraki device maintained 66%

between +3.0 and 0 V.
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1. Introduction

The increasing global demand for energy-efficient
technologies in the building sector has driven significant
advancements in smart window systems that can
dynamically regulate light and heat transmission.!3
Buildings are responsible for a considerable portion of
global energy consumption, particularly in heating,
ventilation, air conditioning, and lighting.* Traditional
static glazing materials, while effective in providing
insulation, do not offer adaptive control over light and
thermal transmittance, leading to excessive energy
consumption in response to seasonal and daily
fluctuations in temperature and sunlight exposure.®
Electrochromic (EC) smart windows have emerged as a
transformative solution, allowing dynamic control over
optical properties via an externally applied low voltage. 7
These windows transition between transparent and
colored states, thereby optimizing indoor lighting

conditions and reducing reliance on artificial climate
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control, ultimately leading to energy conservation and
enhanced occupant comfort.8 9

To date, a variety of EC materials have been explored,
ranging from inorganic transition metal oxides such as
tungsten trioxide and nickel oxide, to organic-based
systems such as viologens, and conductive polymers like
polyaniline and poly(3, 4-ethylenedioxythiophene).10. 11
While these materials have demonstrated significant
advancements in terms of color variation, switching
efficiency, and durability, each has inherent
limitations.12 Metal oxides often require high-
temperature processing and may exhibit sluggish
switching times, limiting their practical application in
large-area coatings. Organic viologens and conductive
polymers, while offering greater tunability in coloration,
can suffer from long-term stability issues due to
degradation under prolonged redox cycling.13
Additionally, the cost and scalability of these materials
remain critical concerns for real-world applications.14
Consequently, there is a continued search for alternative
EC materials that combine ease of fabrication, structural
robustness, fast response times, and stable performance
over extended usage.15 16

Metallosupramolecular polymers (MSPs) have
emerged as an especially promising class of EC
materials.17. 18 Formed through coordination bonds
between metal centers and organic ligands, these

polymers can be tailored to exhibit specific redox
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Fe(ll)-based MSP

Fig. 1 The chemical structure of Fe(II)-based MSP.

potentials, coloration properties, and mechanical
characteristics.1®21 Among the variety of possible metal-
ligand frameworks, Fe(II)-based MSPs (Fig. 1) stand out
due to their cost-effectiveness, fast redox kinetics, high
structural stability over multiple switching cycles, and
pronounced color changes associated with the
Fe(II)/Fe(IIl) transitions.22 23 Beyond their favorable EC
properties, Fe(II)-based MSPs benefit from iron’s
relative abundance and low toxicity, making them
suitable for large-scale commercial applications.24 25

In this work, we describe the fabrication and real-
world testing of an EC smart window based on Fe(II)-
based MSP (polyFeL1l) and performance evaluation
using an image-based analytical technique. Through this
work, we contribute to the growing body of evidence
indicating that polyFeL1l can offer both the functionality
and durability necessary for sustainable architectural
applications. By thoroughly investigating the scientific
principles guiding material design, such as bonding
interactions, structural stability, and environmental

resilience—we also assess the practicality of large-scale

implementation in real-world building projects.

2. Experiment

2.1 Chemicals and instruments

All materials were of reagent grade and employed as
supplied, without any additional purification. Indium tin
oxide (ITO)-coated glass substrates (resistivity of 5 Q/sq)
were obtained from Sigma-Aldrich Co. LLC. Propylene
carbonate (PC), and methanol (MeOH) were purchased
from Wako Pure Chemical Industries, Ltd. Nickel
hexacyanoferrate (NiHCF) and lithium perchlorate
(LiClO4) were supplied by Kanto Chemical Co., Inc. The
polyFeL.l was obtained from Tokyo Chemical Industry
(TCD Co., Ltd.

An automated spray coating machine manufactured
by Apeiros API Corporation (Tokyo), was used to
prepare polyFell and counter-material films.

2.2 Preparation of polymer solution

PolyFeL1 (3.5 mg/mL) was first dissolved in MeOH,
and the resulting mixture was stirred for one hour.
Before preparing the polymer film, the solution was
passed through a 0.45 pym PVDF syringe filter to remove
any insoluble residues.

2.3 Preparation of electrolyte

In a typical procedure, LiClO4 was dissolved in the
plasticizer (PC) under vigorous stirring, maintaining a
LiCl04/PC weight ratio of 1/113. Stirring continued for 30
minutes, yielding a colorless, transparent liquid electrolyte.

2.4 Dimensional measurement of ITO glass

substrates

Measurements of 200 x 200 mm bare ITO glass
substrates (Table 1) were performed to evaluate their
suitability for conductive electrode deposition and
subsequent lamination steps of the base materials. The

measured average lengths (200 mm) and thickness (0.71

Table 1 Dimensional measurement of 200 x 200 mm ITO glass substrates.

L direction (mm) T direction (mm) Thickness (mm)
ITO glass substrates 11 L2 L3 T1 T2 T3 di d2 [ d3 | d4 | db
No.1 200.04 | 199.98 | 200.02 | 199.99 | 200.01 | 20001 | 0.71 | 0.71 | 0.71 | 0.71 | 0.71
No.2 200.00 | 199.99 | 199.98 | 200.00 | 199.99 | 200.02 | 0.71 | 0.71 | 0.71 | 0.71 | 0.71
No.3 200.01 | 200.01 | 199.98 | 200.00 | 200.00 | 200.03 | 0.71 | 0.71 | 0.71 | 0.71 | 0.71
Number of
measurements 9 9 15
Average value 200.00 200.01 0.71
Standard deviation 0.020 0.013 0.000
Mm‘::i:;nmum 0.06 0.04 0.000
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mm) remained remarkably consistent, with standard
deviations near 0.013 mm and a negligible maximum-
minimum difference (0.06 mm in planar dimensions;
0.00 mm in thickness), emphasizing the superior
dimensional stability of the raw substrates. These
findings confirmed that the ITO glass substrates
exhibited the dimensional accuracy, minimal thickness
variation, and uniform electrode design needed for large-

scale smart windows.

3. Result and Discussion

3.1 Device Fabrication

To fabricate the electrochromic device (ECD) (Scheme
S1), indium tin oxide (ITO)-coated glass substrates (200
x 200 mm) were used as the base layer. Prior to
assembly, the ITO substrates underwent thorough
cleaning, they were first subjected to ultrasonic
treatment in acetone for 15 minutes, then boiled in
isopropyl alcohol for 5 minutes, and finally exposed to
ultraviolet-ozone for 20 minutes to eliminate organic
residues and any other potential contaminants.

The ITO substrate was placed on a hot plate
maintained at 58-60 °C and secured at the corners with
masking tape. The filtered iron polymer solution was
then applied via spray-coating, producing a smooth and
uniform film, used as the working electrode (WE).
Approximately 120 mL of solution were required for a
200 x 200 mm substrate, with the coating process
repeated 3 times to achieve the required film thickness.
Similarly, the counter material film was prepared on the
separate ITO glass substrate at 95 °C using a water
solution of NiHCF, used as counter electrode (CE). To
get the required film thickness, the coating process was
repeated twice.

Once the electrodes were fully prepared, a sealing
agent was precisely applied along the peripheral edges
of the CE (NiHCF-coated substrate). This seal created a
protective boundary to contain the electrolyte and
prevent leakage. Following the application of the
sealant, the WE substrate was carefully aligned and
positioned over the CE. The two substrates were brought
into contact under a vacuum-assisted lamination
process, during which a precisely measured volume of
transparent electrolyte solution was introduced into the
cell gap. This step was crucial in removing trapped air,
ensuring complete electrolyte infiltration, and promoting
uniform contact between the active layers. Proper
alignment was carefully maintained to prevent short

circuits and ensure homogeneous spacing, which are
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Scheme 1 Fabrication of large ECD with liquid electrolyte.

critical for optimal device performance. Once the
assembly was complete, the peripheral seal was cured
using UV exposure, ensuring a strong, permanent
enclosure of the electrolyte within the device (Scheme 1).

At this stage, the device was typically inspected for
uniformity in layer thickness and sealing integrity. The
resulting structure featured a well-defined active region,
isolated from the environment.

3.2 Dimensional Analysis of Laminated ECDs

After fabrication of ECDs dimensional measurements
were carried out by taking five laminated ECD samples
(No.1 ECD to No.5 ECD), which demonstrate a
consistent and reliable lamination process in both
planar dimensions (L and T directions) and overall
thicknesss (d), suitable for large area smart window
applications. Each sample was measured at three points
along the length (L1, L2, L3), three points along the
width (T1, T2, T3), and five points for thickness (d1-d5)
(Fig. 2) (resembling the dimensional measurement of
ITO substrates). in Table 2,

measurements along the L direction were approximately

As summarized

204—-205 mm, while those along the T direction were
around 200 mm, with a maximum difference of 0.59 mm
between the largest and smallest measured values. The

thickness, measured at five points (d1-d5) on each

L L, Ls
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/
_____________________ Epp—— _h_ electrode

T
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T3
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Fig. 2 Dimensional analysis of laminated ECDs.
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Table 2 Dimensional measurement of laminated ECDs.

L direction (mm) T direction (mm) Thickness (mm)
Laminated product L1 L2 L3 T1 T2 T3 d1 d2 [ d3 | d4 | db
No.1 ECD 204.67 | 204.91 | 205.07 | 200.16 | 200.07 | 200.02 [ 1.60 | 1.51 | 1.50 | 1.60 | 1.59
No.2 ECD 204.65 | 204.95 | 205.22 | 200.25 | 200.14 | 200.14 | 1.59 | 154 | 1.53 | 1.59 | 1.60
No.3ECD 204.86 | 205.03 | 205.30 | 200.24 | 200.16 | 200.09 | 1.55 | 1.54 | 1.53 | 1.60 | 1.54
No.4 ECD 204.90 | 205.19 | 205.33 | 19995 | 200.07 | 200.34 | 1.57 | 1.59 | 1.52 | 1.60 | 1.51
No.5 ECD 204.68 | 204.87 | 204.95 | 200.06 | 200.12 | 200.21 | 1.52 | 153 | 1.52 | 1.58 | 1.57
N
umber of 15 15 o5
measurements
Average value 204.97 200.16 1.56
Standard deviation 0.21 0.13 0.03
Maximum minimum 0.68 0.59 0.10
value

sample, ranges from about 1.50 to 1.60 mm, with a
maximum variation of only 0.10 mm. The results
revealed that the lamination process was well controlled,
yielding uniform sheets within acceptable tolerances for
ECD fabrication. In addition, in these EC samples
(ECDs), a conductive silver (Ag) electrode was applied
along the edges of each ITO-coated glass substrate. This
silver layer served as the current collector, enhancing
the electrical contact between the external power supply
and the ITO electrode. Positioning the Ag electrode
precisely at the edges minimized the potential drop
across the device, thereby promoting uniform charge

distribution over the EC film. The consistency

demonstrated across multiple samples underscores the
reproducibility and robustness of the lamination process.
Ensuring dimensional uniformity was essential for
smart window application, as uneven panel thickness or
inconsistent planar dimensions can result in non-
uniform electrical fields, leading to uneven coloration
and inconsistent switching times.

3.3 Installation of EC smart window

During this project, a structured and precise
installation process was successfully demonstrated for a
large-scale EC smart window in a high-rise building in
the Ibaraki Prefectural Government Office (Fig. 3). A

custom-built wooden framework, measuring 2, 462 mm
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Fig. 3 Diagram of wooden framework for installation of EC smart window.
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in width, 1, 483 mm in height, and 205 mm in depth,
was meticulously designed and constructed to
accommodate 60 ECDs, each measuring 200 x 200 mm.
The framework was thoughtfully organized into a grid,
consisting of inner columns 477 mm wide, outer columns
515.5 mm wide, and horizontal rails of 195 mm in
height, separated by rails 40 mm thick. This precise
configuration allowed each compartment to securely fit
exactly two EC panels. Special attention was given to
the precise measurement and consistent rebate depths
to facilitate proper sealing for airtight and watertight
insulation. Electrical wiring was methodically
integrated through specifically designed wiring channels
measuring 14 mm deep by 30 mm wide within the
wooden frame, providing neat and concealed connections
to the appropriate voltage supply. Upon applying
voltage, uniform EC behavior was observed across all
panels, confirming the effectiveness and accuracy of the
installation and wiring processes. The successful
that detailed

measurement planning, coordinated carpentry efforts,

implementation demonstrated
and careful integration of electrical systems could
reliably achieve large-scale EC smart window
installations, providing consistent functionality, visual
appeal, and energy efficiency.

3.4 Evaluation of EC smart window performance

ECDs were installed into wooden frames for the
application of smart windows in a south-facing window
of a high-rise building in the Ibaraki Prefectural
Government Office. The EC windows demonstrated
clear, reversible EC transitions triggered by
electrochemical redox reactions when subjected to
applied potentials. As illustrated in Fig. 4, the original
state of the EC smart window (Fig. 4a) exhibited a
uniform purple coloration, due to the metal-to-ligand
charge transfer occurring between Fe(II) center and the
bis-terpyridine ligand moiety of MSP. Upon application
of a potential of +1.5 V (Fig. 4b), a notable bleaching
effect was observed due to the oxidation of Fe(II) to
Fe(IIl), resulting in regions of smart window undergone
EC transition from purple to a transparent, colorless
state. Returning the voltage to 0 V reversed the
oxidation, reinstating the reduced Fe(Il) state and
restoring the purple coloration. Visual inspections
clearly depicted the EC switching capability of these
windows, transitioning consistently between purple and
colorless states upon the application of respective
voltages. The operational stability and durability of the

EC windows were rigorously evaluated under typical
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Original state

Reduced state
Reduced state

Oxidized state

Fig. 4 EC smart window into a wooden framework (a) original
state and (b) partially oxidized and reduced state of window
after application of +1.5 and 0 V.

ambient environmental conditions, demonstrating
reliable EC performance consistently throughout an
extensive testing duration exceeding one year.

Regarding early operation, the deployed devices
installed as smart window in the Ibaraki Prefecture
building were switched at least once daily during the
initial weeks following installation and were not
subjected to continuous or high-frequency cycling.
However, within the first month of operation, the
bleached state could no longer be achieved at 1.5 V,
necessitating the application of a higher voltage (3.0 V)
to attain bleaching, which in turn led to a reduction in
switching frequency to only a few times per month.

EC smart window utilizing was systematically
evaluated for its EC performance, particularly focusing
on color transition dynamics, uniformity, and stability
over extended operational periods. For this evaluation,
comparative analyses were conducted between a
standard reference device (referred to as STD device)
stored under controlled laboratory conditions more than
1 year and an operational device (referred to as the
Ibaraki device) selected from among 60 devices deployed

at the Ibaraki Prefecture building, after continuous real-
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world usage within the same period. Movies capturing
the EC transition processes were recorded for both
devices, facilitating detailed analysis of the transition
patterns at defined time intervals. Selected time-lapse
images extracted from the movies (for the STD device
and for the Ibaraki device) are presented in Fig. 5 and
Fig. 6, respectively, showing the transition from purple
(colored) to colorless (bleached) states.

Initially, the STD device exhibited a deep and saturated
purple color (Fig. 5a) prior to voltage application,
indicative of minimal exposure to environmental stresses.
Time-lapse analyses at intervals of 2.00 s, 4.00 s, 8.00 s,
13.00 s, and 16.00 s, under an applied potential of 1.5 V,
revealed gradual and complete bleaching at 16.00 s. We

(a O0s (b) 2.00s (c) 4.00s

(d 8.00s (e) 13.00s (f) 16.00s

Fig. 5 Time-lapse images at (a) 0's, (b) 2s,(c)4s,(d) 8, (e) 13 s,
and (f) 16 s of the STD device that was kept under

laboratory conditions, showing EC transition at 1.5 V.

(a) (b) 2.00s (c) 4.00s

(e) 13.00s

Fig. 6 Time-lapse images at (a) 0 s, (b) 2 s, (c) 4 s, (d) 8 s and (e) 13
s of the Ibaraki device that was used continuously as a
smart window under real-world conditions, showing EC
transition at 3.0 V.
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investigated the EC properties of the STD at 3.0 V. The
results were added in Fig. S1. The EC changes were
almost same as those observed at 1.5 V. The device
notably displayed subtle yet discernible non-uniformities,
particularly around the edges. These non-uniformities
likely arose due to localized micro-defects, potentially
resulting from unnoticed physical or chemical degradation
accumulated during long-term storage. Additionally, the
relatively lower applied voltage of 1.5 V likely provided
insufficient driving force to fully overcome localized
resistance to ion transport or minor physical and chemical
alterations, leading to incomplete and uneven bleaching
in affected regions.

In comparison, the Ibaraki device, subjected to
continuous real-world environmental exposure,
displayed a visibly faded initial purple color (Fig. 6a). It
is considered that this diminished color intensity is
attributed primarily to environmental factors, such as
daily sunlight exposure, fluctuating temperatures, and
varying humidity levels. In addition, the device doesn’t
work at 1.5 V, probably because the counter material
has been partially damaged. In our previous report,26. 27
ECDs with a NiHCF counter electrode worked at 1.5 V,
whereas devices without a counter material required
voltages exceeding 2.5 V to attain the bleached state.
Thus, in this work both the STD and Ibaraki devices
were fabricated with the same NiHCF-based structure
(Scheme S1) and initially worked at 1.5 V for bleaching.
The Ibaraki device, however, stopped working at this
voltage and required a higher driving potential (+3.0 V)
to achieve a rapid and uniform EC transition.
Furthermore, to confirm the degradation state of counter
electrode films, the NiHCF layers from both the Ibaraki
and STD devices were measured by optical microscopy
(Fig. S2). However, no significant morphological
differences were observed between the two electrodes,
suggesting that nanoscale degradation may have
occurred. Time-lapse images of Ibaraki device captured
at 2.00 s (Fig. 6b), 4.00 s (Fig. 6¢), 8.00 s (Fig. 6d), and
13.00 s (Fig. 6e) revealed uniform bleaching across the
entire EC active area of 384.4 cm2, reaching a fully
transparent colorless state within approximately 13.00 s
at 3.0 V. This rapid and uniform transition, despite the
reduced initial color saturation, demonstrated the
robustness of the device’s electrochemical processes (ion
insertion/extraction) and confirmed that no irreversible
degradation had occurred, even after one year of
extensive real-world use.

To quantitative validation of these observations,
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optical transmittance spectra were measured for both
the STD and Ibaraki devices (Fig. S3 and Fig. 7). The
optical properties were summarized in Table 3. The
fading of the Ibaraki device was confirmed by the higher
transmittance (T.) in the colored state (12%) compared
to the STD device (3%). The STD device exhibited an
optical contrast (AT) of 57% at A =580 nm, while the
Ibaraki device retained 66% despite its faded initial
coloration. Both devices recovered their spectra after
reduction, confirming that the faded color was fully
reversible and not due to irreversible degradation. The
STD device showed response times of t, = 17.2 s
(bleaching) and t. = 12.2 s (coloration) at +1.5 to 0 V,
whereas the Ibaraki device exhibited faster switching
with t, =12.0 sand t.=5.6 sat +3.0to 0 V.

These findings demonstrate that although prolonged
environmental exposure may attenuate the initial
coloration intensity of EC devices, their core
electrochemical switching behavior and structural
stability remain largely preserved. The results

underscore the reversibility of the observed changes and
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Fig. 7 (a) Transmittance spectrum of the Ibaraki device. The
spectrum confirms a reversible color change with AT of 66%
at 580 nm. (b, ¢) Time-resolved transmittance change at 580
nm during bleaching and coloration process, indicating a
bleaching time (tp) of 12.0 s and a coloration time (t.) of 5.6
s based on 95% of AT.

Table 3 Optical properties of STD and Ibaraki devices.

Device | AT Ty | Te(%) | t» te Vb
%) at | (%) & | & | W
580
nm
STD 57 60 3 1721122 | 15
Ibaraki 66 78 12 120 | 5.6 3.0

highlight the critical role of optimizing driving voltage to
maintain uniform switching performance under real-

world operational conditions.

4. Conclusion

In conclusion, we successfully fabricated and deployed
a large-scale EC smart window utilizing polyFel.1,
demonstrating its practical viability for energy-efficient
building applications. The device exhibited rapid EC
switching, with consistent coloration and bleaching
behavior over extended operational use. After one year of
real-world exposure in a south-facing window of a high-
rise building, the EC window maintained its EC
functionality, with only a slight reduction in initial color
intensity and increase of the driving voltage due to
environmental factors. Image-based analysis over time
confirmed the uniformity of switching and a minimal
degradation of performance over time. These analyses
validate the structural and electrochemical stability of
polyFeLl as an effective material for smart windows.
Future work will focus on optimizing polymer formulations
and tailoring device architectures to preserve color depth,
reduce switching voltages, and maintain long-term

durability under diverse operational conditions.
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