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Supplementary Fig. 1: Schematic of heat transfer across conventional single-glazed windows

(excluding convection effects). a, Summer conditions. b, Winter conditions.
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Supplementary Fig. 2: Yearly heating and cooling degree days of 19 cities worldwide, each
representing one of the 19 climate zones. It can be found most cities need both heating and cooling

throughout the whole year.
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Supplementary Fig. 3: Cooling (left) and heating (right) energy consumption mapping in Beijing
with varied Tso1 and erwir. The lowest energy usage for cooling is observed at epwir = 0.9 and Tsol
= 10%, whereas the least energy usage for heating occurs at ewir = 0.1 and Tso1 = 90%. This
highlights the significance of dynamic dual-band regulation of T (0.38-2.5 um) and erwir (2.5—

20 pm) through windows for achieving energy-efficient buildings.



§>I<§ g Winter 3;14; & Winter ;‘>I<§ & Winter
3 Rotating ] |
s Thermal
radiation
Back side Front side
(PE side) (ITO side)
Heating mode (Cu-Bi stripping state)
Cooling mode (Cu-Bi depositing state)
2 2 2 Summer 2 2 l Summer e 2 2 @ Summer
, 1
' ¥ Thermal
'I/ z radiation

Back side
(ITO side)

Front side
\‘ (PE side)

o

i

%)

Supplementary Fig. 4: Schematic of occupant-friendly mechanically-assisted rotating operation

of the STDEC window.
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Supplementary Fig. 5: The solar transmittance spectrum of double-sided ITO conductive glass

shows a Tyis of up to 76% and a Tso1 of up to 66%.



Supplementary Fig. 6: SEM image and EDS mapping of the ITO modified with Pt nanoparticles.
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Supplementary Fig. 7: Transmittance spectra of PE membrane ranging from 0.3 to 20 um.
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Supplementary Fig. 8: Transmittance spectra of the STDEC window in the solar range (0.38-2.5
um) for both the initial and bleached states, respectively. The solar transmittance returns to its

initial state value through the complete bleaching of the Cu—Bi film.
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Supplementary Fig. 9: Fourier-transform infrared spectroscopy of the aqueous Cu—Bi electrolyte.
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Without Pt

Supplementary Fig. 10: SEM images of the deposited Cu—Bi films on ITO substrates without and
with Pt nanoparticle modification. The Cu-Bi films lacking Pt nanoparticles exhibit a rough,
porous, and uneven surface morphology, whereas the films that include Pt nanoparticles display a

dense and uniform morphology with extensive surface coverage.

11



Os 15s 20s 30s >

Without Pt

With Pt

Supplementary Fig. 11: Optical images of the Cu—Bi film deposition processes reveal differences
between those without and with Pt nanoparticle modification. The former exhibit irregular
deposition and color variations, while the latter demonstrate a uniform deposition and consistent

coloration in a 25 cm? device.
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Supplementary Fig. 12: Transmission at 550 nm through the edge and the center of the 25 cm?

windows, without and with the modification of Pt nanoparticles.
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Supplementary Fig. 13: SEM images and corresponding EDS maps of the deposited Cu—Bi films

on Pt nanoparticle modified ITO substrate.

14



X R R
n o < _
00d 52N 2w [ visible
= 0 o
1388 338 [ NR
~ S - [ solar
N — N

7.83%
5.13%
6.62%

10_5

Transmittance (%)

Supplementary Fig. 14: The weighted average transmittance of visible (7yis, 0.38—0.78 um), near-
infrared (7nir, 0.78—-2.5 um), and solar spectrum (7501, 0.38—-2.5 um) at different deposition times.
The STDEC window demonstrates time-dependent 7vis and 7so1 values below 1.0% after 60 s of

deposition, and under 0.1% after 120 s.
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Supplementary Fig. 15: The sheet resistance (thickness dependent) of the ITO working electrode

on voltage drop for uniform deposition and tinting. The equation for voltage drops across a two-

2
dimensional electrode!? is given by AV = — (%) (Lz—e) , where Jis the current density (3.35 mA

cm™), Rsis the sheet resistance (as presented in supplementary Table 1), and Le is the electrode
length. This indicates that lower sheet resistance (such as 5 and 8 ohm/sq at 260 and 185 nm) can
reduce the voltage drop from the edge to the center of the STDEC window, facilitating uniform

deposition and coloration of the Cu-Bi films in a 100 cm? device.
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Supplementary Fig. 16: A visual representation of a 100 cm* STDEC window with homogeneous

deposition and coloration.
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Depositing state

Supplementary Fig. 17: A visual representation of a 900 cm? STDEC window with homogeneous

deposition and coloration.
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Supplementary Fig. 18: Solar transmission spectra of ITO electrodes with different thicknesses.
The ITO layer, when its thickness ranges from 13 to 185 nm, demonstrates a high 7vis of over 80%
and a high Tso1 of 60%—80%. In contrast, an overly thick ITO layer, such as one measuring 260 nm,

exhibits a low 7Tyis of around 60% and a low Tso of about 40%.
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Supplementary Fig. 19: UV stability. a, Photograph of the experimental setup for extended UV

exposure at 640 W m~2. b, Cycling stability over 1,000 cycles, showing 96.8% retention of optical

contrast.
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Supplementary Fig. 20: Outdoor weathering stability. a, Photograph of the experimental setup

for outdoor weathering test. b, Cycling stability over 1,000 cycles, showing 90.2% retention of

optical contrast.
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Supplementary Fig. 21: Temperature/humidity stability. a—c, Photographs of the experimental
setup for temperature/humidity cycling tests in a constant temperature and humidity chamber
under 3 conditions: 25°C/40% RH (a), 25°C/90% RH (b), and 60°C/90% RH (¢). d-f,
Corresponding cycling stability over 1,000 cycles, with optical contrast retention of ~100% (d),
91.2% (e), and 92.4% (f).
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Supplementary Fig. 22: The switching times were derived from normalized transmission spectra
following the standard electrochromic measurement protocol. Defined as the time required for the
transmittance change at a specific wavelength to reach 90% of its total variation in response to a
step voltage, the switching times measured in experiments for the ~10 cm? STDEC window show

a bleaching time of 6.6 s for Cu—Bi stripping and a coloration time of 13.8 s for Cu—Bi depositing.
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Supplementary Fig. 23: Bistability of the STDEC window. Optical monitoring of the STDEC
window in the (a) colored (depositing) and (b) transparent (stripping) states were conducted under
open-circuit conditions for 36 hours. Excellent bistability is observed, with an optical loss of less

than 2% in the colored state and no measurable loss in the transparent state.
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Supplementary Fig. 24: Chronoamperometric curve of the STDEC window. The current—time
curve shows the distinct stages of the Cu—Bi film deposition and stripping: (i) instantaneous
nucleation of Cu-Bi clusters; (i1) concurrent nucleation and growth; (iii, iv) stripping and
dissolution of the Cu-Bi film. These symmetric peaks (charge ~100.5 mC/cm?) indicate excellent
electrochemical reversibility and stable cycling performance, with an average power consumption

of 3.35 mW cm™.
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Supplementary Fig. 25: Haze calculation of the STDEC window. a, Total transmittance spectra
of the STDEC window in the stripping and depositing states. b, Diffuse transmittance spectrum
measured without the window sample. ¢, Diffuse transmittance spectra of the STDEC window in

the stripping and depositing states.
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Supplementary Fig. 26: Color neutrality characterization of the STDEC window. a, Optical
photographs of a 25 cm?* STDEC window during the Cu—Bi depositing (coloration) and stripping
(bleaching) processes, illustrating a neutral color transition (clear-to-grey-to-black) throughout the
RME process. b, L*a*b* coordinates for various optical states at different depositing and stripping
times. ¢, The color neutrality is characterized by the chroma (C*) value in the CIE L*a*b* color
space. If C* is below 10, the STDEC window displays a neutral color across its full optical state

range during the RME process.
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Supplementary Fig. 27: Schematic of the horizontal measurement chamber. This chamber was
constructed from polystyrene foam for thermal insulation. The exterior was covered with Al foil
to reduce sunlight absorption. Thermocouples were placed at the center of the chambers to allow

for continuous real-time monitoring of temperature.
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Supplementary Fig. 28: A weather station located on roof of platform monitors solar irradiance,

ambient temperature, relative humidity, and wind speed.
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Supplementary Fig. 29: Four window samples measured in summer. a, A magnified top-view of
horizontally oriented samples (including normal glass, low-E glass, black EC window, and black
STDEC window; 100 cm? in size) for outdoor thermal measurement in hot summer. b, Emissivity
design of the STDEC window and other reference samples. The STDEC window has a high front
emissivity for radiative cooling heat dissipation and a low back emissivity to reduce secondary
thermal radiation. In addition, the STDEC window effectively blocks solar radiation, suggesting

its excellent cooling performance in the hot weather.
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Supplementary Fig. 30: Window temperatures, ambient air temperature, and solar irradiance,

measured in Nanjing over 72 continuous hours from 23 to 25 August 2024.
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Supplementary Fig. 31: Differences in the indoor air temperatures between the two testing

chambers using normal glass and STDEC window.
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Supplementary Fig. 32: Wind speed and relative humidity recorded in Nanjing from 9:00 to 17:00
on 25 August 2024.
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Supplementary Fig. 33: Differences in the indoor air temperatures between the two testing

chambers using standard RME-based EC window and STDEC window.
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Supplementary Fig. 34: Window sample temperatures and the ambient air temperature monitored
in Nanjing at night (19:00 to 24:00) on 24 August 2024. The STDEC window was found to be
1.3°C cooler than the ambient temperature of 31.9°C and 1.5°C cooler than the normal glass

temperature of 32.1°C, respectively.
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Supplementary Fig. 35: Wind speed and relative humidity recorded in Nanjing at night (19:00 to
24:00) on 24 August 2024.
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Supplementary Fig. 36: Vertical temperature measurements. a, Temperature tracking of different
vertically oriented samples measured from 12:00 to 14:00 on 18 September 2024. The inset is an
apparatus photograph showing the measurement setup for vertically oriented samples. Scale bars,

10 cm. b, Solar irradiance from 12:00 to 14:00 on 18 September 2024.
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Supplementary Fig. 37: Window samples measured in winter. a, A magnified top-view of
horizontally oriented samples (including normal glass, low-E glass, clear EC window and clear
STDEC window; 100 cm? in size) for outdoor thermal measurement in cold winter. b, Emissivity
design of the STDEC window and other reference samples. The STDEC window has a low front
emissivity that reduces heat loss from the interior, providing effective thermal insulation. Moreover,
its high transmission of solar radiation highlights its exceptional performance in capturing solar

heat in the cold weather.
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Supplementary Fig. 38: Outdoor thermal performance of the STDEC window and other reference
samples during the daytime in winter. a, Experimental setup used for the thermal measurements of
the horizontally oriented clear STDEC window and other reference samples at Nanjing University,
Nanjing, China (32°07'15"N, 118°57'17"E). Scale bars, 10 cm. b, Temperature measurements of
various horizontally positioned samples and ambient air under direct sunlight. The outdoor thermal

performance assessment was carried out from 10:00 to 14:00 on 29 November 2024.
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Supplementary Fig. 39: Solar irradiance, wind speed and relative humidity recorded in Nanjing

on 29 November 2024.
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Supplementary Fig. 40: Differences in the indoor air temperatures in two different test chambers,

each fitted with a specific type of window, including normal glass, low-E glass, clear RME-based

EC window, and clear STDEC window, respectively.
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Items Specifications

Total floor area (m?) 4982.19

Number of floors 3

Window-to-wall ratio 33%

Window locations Even distribution among all four sides
Floor to floor height (m) 3.96

Floor to ceiling height (m) 2.74

Glazing sill height (m) 1.02

Supplementary Fig. 41: Schematic representation of the reference medium office building. The

schematic is reprinted from ref.?, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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Supplementary Fig. 42: Comparison of cooling and heating energy usage using static emissivity
window samples and dynamic emissivity window samples (i.e., STDEC windows). The static
emissivity window samples have a constant emissivity of 0.08 (heating mode) or 0.95 (cooling
mode) for heating and cooling, whereas the STDEC windows have variable emissivity values for

heating and cooling, with a value of 0.08 for heating and 0.95 for cooling.
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Supplementary Fig. 43: Annual HVAC energy consumption for four different window samples
(i.e., normal glass, low-E glass, EC window, and STDEC window) across 19 representative cities

in various climate zones.
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Supplementary Fig. 44: Year-round HVAC energy-saving map of the STDEC window in various

global climate zones, using a normal glass as the baseline.
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Supplementary Fig. 45: Annual CO; emission reductions of a medium office building with
STDEC windows in 19 representative cities of different climate zones, with an average reduction

of 39.3 tons compared with the normal glass baseline.
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Supplementary Tables

Supplementary Table 1. Sheet resistance and optical properties of ITO with different thickness.

ITO Elrlli;:ll;ness 13 65 185 260

She(e(‘: }les;s;a;nce 300 30 8 5
&) 80.81 81.19 80.90 59.33
({;‘3 81.48 80.86 63.39 40.65
R(%R 14.25 67.16 92.12 94.10
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Supplementary Table 2. Comparison of different recently reported electrochromic (EC) strategies

for modulating solar transmission and thermal emissivity, corresponding to Fig. 2e.

EC Operatin Cyclin Dual-band
Strategy . p £ yemns Bistability =~ Color modulation ATsol AeLwir
materials voltage ability 1
ability
+1.5V for
bright
heating; Clear: Ac =0
-1.5V for 1250 o (Fixed
WO3/VO2* WO3/VO2 bright (Retain 4h y No ATw0=44.7% :
T green- high
cooling; 95.8%) bl —0.79)
3.0V for ue e
dark
| v
Electrodeposit Ag +1.5V for 500 Na o Yellow No ATe=69% (Fixed
Ag#l triDDin mirror high
stpping £=0.96)
-1.5V for
. deposition; 350 . »
Eleiroi;};osn Ag +0.3V for (Retain 100s I\gigcolf_ No ((A)T:Zg) A€<=2.(5)—712
& stripping 80%) paq pm) =+
-0.7 V for
. deposition; 1800 _
Electrg d7e posit Cu +1.0 V for (Retain 55h Mirror No ((A)TSOI_O) Agi‘éfé;
u stripping 79%) paque ) -
0V for Li*
. extraction; 2200 _
Graphene® M;;ltlﬁgzr 3.8 VforLi*  (Retain N/A Blzili(_ No ((A)T:::g) Ajgo: ;n)
grap insertion 85%) & pad ‘
-2.5V for
electron
injection; 10,000 ) _
AZO° AZO +2.5Vfor  (Retain 113% 2 Clear No (Trfrf;“"ar‘;n " Agi 8““31
electron 83.4%) | P ) -
extraction
0V for white
. E7 nematic opacity; Clear-
Liquid liquid 60 V for 200 N/A white Yes ATw=d424%  Afes1
crystal . pm) =0.65
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Supplementary Table 3. Haze calculation of the STDEC window.

STDEC
sample u (%) 2 (%) 73 (%) 74 (%) Haze (%)
Suipping 100 55.90 0 0.24 0.43
state
Depositing 100 8.53 0 0.07 0.82
state

Note: To quantitatively assess the optical clarity of the window, we calculated the Haze in both the

stripping and depositing states using the following formula:

Haze (%) = [(:—‘2‘) — 13 (:—j)] x 100 (1)
where 7 is the total transmittance without the sample (100%); 72 is the total transmittance with the
sample; 73 is the diffuse transmittance without the sample; and 74 is the diffuse transmittance with
the sample. Supplementary Figure 25 presents the total and diffuse transmittance spectra of the
STDEC window in the stripping and depositing states, along with the diffuse transmittance
spectrum measured without the window sample. All spectra were obtained using an integrating
sphere. There is nearly no diffuse transmittance across the solar spectrum, which explains the low
measured haze values (Haze = 0.43% at Tsot = 55.90%; Haze = 0.82% at Tsot = 8.53%;

Supplementary Table 3) and demonstrates the excellent optical clarity of the STDEC windows.
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Supplementary Table 4. L*a*b* and chroma (C*) measurements of a STDEC window at various

depositing times.

Depositing time

s) L* a* b* C*
0 91.7 0.4 -1.0 1.1
5 73.7 -1.8 1.7 2.5
10 63.3 -1.7 3.5 3.9
30 322 -3.3 5.5 6.4
50 12.1 -0.7 2.0 2.1

Supplementary Table 5. L*a*b* and chroma (C*) measurements of a STDEC window at various

stripping times.

Stripping time I* e b C
(s)
0 12.1 -0.7 2.0 2.1
5 24.5 -2.2 3.4 4.0
10 45.7 -0.7 7.3 7.3
15 62.8 -3.0 8.4 8.9
20 90.4 0.7 0.2 0.7

Note: L* quantifies lightness on a scale from 0 (black) to 100 (white), a* indicates the green to red
ranging from -128 (pure green) to +128 (pure red), and b* measures the blue to yellow ranging
from -128 (pure blue) to +128 (pure yellow). C* is a metric that combines a* and b* values in the
color space to characterize the overall color of the STDEC window. When C* is less than 10, it
becomes challenging for the human eye to differentiate the color of the window, leading to a
perception of color neutrality. In these instances, the C* value falls below 10 for STDEC window,

resulting in a color-neutral appearance.
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Supplementary Table 6. Optical and thermal properties for window samples used in building

energy simulation.

. EC window EC window STDEC STDEC

Optical Normal Low-E . . window window
. (heating (cooling . )

properties glass glass (heating (cooling

mode) mode)
mode) mode)
Tvis (%) 88.1 85.0 67.2 0.04 64.8 0.04
Ryis-Front (%0) 8.0 5.6 11.2 10.3 15.0 16.0
Ryis-Back (%) 8.0 7.9 10.8 25.5 14.9 16.5
Tso1 (%) 77.5 63.0 533 0.06 52.2 0.06
Rsol-Front (%) 7.1 19.0 96 82 17.8 15.7
Rsol-Back (%) 7.1 22.0 16.5 33.8 11.4 20.2
ELWIR-Front 0.84 0.84 0.84 0.84 0.08 0.95
ELWIR-Back 0.84 0.1 0.84 0.84 0.95 0.08
U-value (W

m2K) 5.8 5.7 5.5 5.5 4.6 3.2
SHGC 0.89 0.76 0.79 0.69 0.69 0.40
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Supplementary Table 7. Annual CO; emission reductions of a medium office building with

STDEC windows in 19 representative cities of different climate zones.

Thermal climate zone

Annual CO; emission

Region Thermal zone name reduction (ton)
Bangkok, Thailand 0A Extremely Hot Humid 74.0
ég‘ilrg;"s‘bi’ United Arab 0B Extremely Hot Dry 84.7
Rio De Janeiro, Brazil 1A Very Hot Humid 54.5
New Delhi, India 1B Very Hot Dry 66.1
Hong Kong, China 2A Hot Humid 39.4
Lima, Peru 2B Hot Dry 17.5
Nanjing, China 3A Warm Humid 26.4
San Diego, USA 3B Warm Dry 27.7
Santiago, Chile 3C Warm Marine 21.8
Beijing, China 4A Mixed Humid 35.1
Tianjin, China 4B Mixed Dry 37.2
Pamplona, Spain 4C Mixed Marine 22.7
Graz, Austria 5A Cool Humid 253
Klamath Falls, USA 5B Cool Dry 323
Port Hardy, Canada 5C Cool Marine 17.8
Helsinki, Finland 6A Cold Humid 40.9
Helena, USA, 6B Cold Dry 343
Edmonton, Canada 7 Very Cold 34.6
Churchill, Canada 8 Subarctic/Arctic 54.9
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Supplementary Note 1. Heat transfer analysis of the single-glazed window.

In this section, we aim to analyze how solar and thermal radiation affect heat transfer across
traditional single-glazed windows, which will guide the creation of the STDEC smart window. The
total heat transfer through a window includes conductive, radiative and convective components
caused by a temperature difference. In general, heat transfer through conduction, long-wave
radiation, and convection is associated with the overall heat transfer coefficient (U-value) of the
window. Additionally, short-wave solar radiation largely contributes to the heat flows, and is
related to the solar heat gain coefficient (SHGC) of the window. To simplify our analysis, we
ignored the effects of convection. The total heat transfer (Qiwt) of the single-glazed window is
broken down into components:

Qiot = Qeond + Qsw + Q1w (2)
where, Qcond, Osw, and O are the conductive heat transfer, short-wave solar radiation heat gain,
and long-wave thermal radiation heat loss, respectively. Ocond can be quantified by:

Qeona=U-A-AT -t 3)
where U is the heat transfer coefficient (W/(m?-K)), 4 is the window area (m?), AT is the indoor-
outdoor temperature difference (K), and ¢ is the time duration (hours). Oswcan be simply calculated
as follows:

Qsw =SHGC-A- I -t 4)
where SHGC is the solar heat gain coefficient, and /s is the solar irradiance (W/m?). O can be

expressed as follows!:
Qlw =&w 0" A- (Tvtindow - Ts‘iy) L (5)
where eiw and ¢ are the emissivity of the window surface and Stefan-Boltzmann constant, 5.67 x

10 W/(m?-K*), respectively. Twindow is the window surface temperature (K), and Ty is the

effective sky temperature (K), as given by!>!3:

1
Tsky = (SskyTt;t)4 (6)

where &sky 1S the sky emissivity, which is usually adopted as 0.8, and 7. is the ambient temperature.
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To accurately determine the contribution of solar and thermal radiation in the total heat transfer
from the window, we conducted seasonal case studies. In hot summer, the calculated parameters
of the single-glazed window are described as follows:

A =10 m? U-value = 5.8 W/(m*-K); SHGC = 0.8; e = 0.84; indoor air temperature is 25°C,
outdoor air (ambient) temperature is 30°C, AT =5 K, and I = 500 W/m? (12 hours for daytime),
as specified by ISO 15099 (2003)'*1%; Tyindow = 313 K (daytime)'S, Twindow = 298 K (nighttime);
and Ty = 287 K. Using these criteria, we determined the Qcond, Osw, Ow and Qo values from the

window accordingly:

Quond = 5.8 X 10 X 5 X 24 = 7.0 kWh (7)

Q,, = 0.8 X 10 X 500 x 12 = 48 kWh (8)

Quw, day = 0.84 X 5.67 X 1078 x 10 x (313* — 287%) x 12 = 16.1 kWh )
Qlw, night = 0.84 X 5.67 X 1078 x 10 x (298* — 287*) x 12 = 6.3 kWh (10)
Qtot = Qcond + st + (Qlw, day + st, night) = 77.4kWh (11)

Ultimately, we calculated the contribution ratios of conductive heat gain, solar radiation gain, and
thermal radiation loss to the total heat transfer in hot summer. Note that solar radiation accounts
for more than 60% of the total heat transfer in these conditions. For more detailed results, please
refer to Supplementary Table 8.

In cold winter, the calculated parameters of the single-glazed window are described as follows:
A =10 m?; U-value = 5.8 W/(m?-K); SHGC = 0.8; &iw = 0.84; indoor air temperature is 20°C,
outdoor air (ambient) temperature is 0°C, AT = 20 K, and L1 = 300 W/m? (6 hours for daytime),
as specified by ISO 15099 (2003)'*!1%; Tyindow = 293 K; and Ty = 258 K. According to these

parameters, we calculated the QOcond, Osw, Oiw and Qo values from the window, respectively:

Quong = 5.8 X 10 X 20 X 24 = 27.8 kWh (12)

Quv = 0.8 X 10 X 300 X 6 = 14.4 kWh (13)

Qn, = 0.84 X 5.67 X 1078 x 10 x (293 — 258%) x 24 = 33.6 kWh (14)
Qiot = Qcond T Qsw + Q1w = 75.8 kWh (15)
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Finally, we quantified the contribution ratios of conductive heat loss, solar radiation gain, and
thermal radiation loss to the total heat transfer in cold winter. Notably, thermal radiation contributes
over 40% of the total heat transfer in these conditions. A more detailed outcome can be found in
Supplementary Table 8.

In conclusion, properly managing solar radiation and thermal radiation through windows could
reduce the year-round energy consumption in buildings, while enhancing energy efficiency. In the
summer, it's crucial to reduce the solar radiation entering through windows and further improve
their ability to emit thermal radiation to cool down buildings. On the other hand, in the winter, we
should aim to maximize solar radiation transmission and minimize thermal emissivity to warm up

buildings.

Supplementary Table 8. The contribution percentages of conductive heat transfer (Qcond), solar

radiation gain (QOsw), and thermal radiation loss (Qiw) to the total heat transfer (Qiot).

Season Qcond/ Qtot st/ Qtot Qlw/ Qtot
Summer 9.0% (heat gain) 62.0% (heat gain) 29.0% (heat loss)
Winter 36.7% (heat loss) 19.0% (heat gain) 44.3% (heat loss)
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Supplementary Note 2. Formation and removal mechanism of the Cu-Bi film.

This section elucidates the formation and removal mechanism of the Cu—Bi film under applied
bias and cycling conditions. Supplementary Figure 46 shows the cyclic voltammetry (CV) curve
for the deposition and stripping of the Cu—Bi film, obtained within a voltage range of —1.0 V to
+1.0 V at 50 mV/s. During the initial negative-going sweep, the cathodic current starts to rise at
0.52 V, attributed to the reduction of Cu®" to Cu* without any metal deposition. A further increase
in cathodic current at —0.2 V, corresponds to the reduction of Bi*" to Bi and Cu" to Cu. At this
phase, Cu" can participate in galvanic displacement reactions with dendritic Bi atoms and fill in
void spaces with three times the number of Cu atoms, resulting in a more condensed spherical
morphology that suppresses dendritic growth (Supplementary Fig. 47).

During the subsequent positive-going sweep, the negative current indicates the continued
reduction of metal ions to Cu—Bi films deposited on the working electrode. Anodic current begins
to increase at —0.1 V, due to the dissolution of the Cu and Bi back to Cu" and Bi*", respectively. At
this stage, Cu" can also speed up the dissolution of Bi via galvanic displacement reactions, leaving
no residual dead Bi (Supplementary Fig. 47). Cu" is then further oxidized to Cu®* at voltages more
positive than 0.65 V.

These deposition and stripping processes can be linked to the current-time curve
(Supplementary Fig. 24). When a negative voltage (—1.0 V) is applied, the current—time curve
exhibits a transient current peak (Supplementary Fig. 24, 1), indicating the instantaneous nucleation
of Cu—Bi clusters on the electrode surface. After this peak, the current slowly decays and reaches
a diffusion-controlled plateau phase (Supplementary Fig. 24, ii), reflecting the concurrent
nucleation and growth of the Cu—Bi film. When the bias is reversed to +1.0 V, a reverse anodic
current peak appears (Supplementary Fig. 24, iii) and then gradually diminishes (Supplementary
Fig. 24, iv), which corresponds to the stripping and dissolution of the Cu—Bi film. These symmetric
peaks, with a charge of about 100.5 mC/cm?, indicate excellent electrochemical reversibility and

stable cycling performance of the Cu—Bi film.
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Cu?" critically governs the deposition and stripping of Cu—Bi films, determining switching speed,
reversibility, and cycling stability. Upon deposition, Cu*" is reduced to Cu*, which drives galvanic
displacement of Bi and promotes the nucleation and growth of spherical particles. Upon stripping,
Cu is oxidized to Cu”, and the same displacement mechanism, aided by the spherical morphology,
enables fast and clean Bi dissolution. Together, these effects result in excellent switching speed,
reversibility, and cycling stability achieved in our work.

In contrast, a Bi-based RME device with the Bi-only electrolyte exhibits poor switching speed,
reversibility, and cycling stability (Supplementary Fig. 48). Even after 120 s of deposition, the
device still has a solar transmittance (T,,;) of over 5% (Supplementary Fig. 48a), indicating slow
switching speed. After only 10 cycles, non-uniform deposition and incomplete stripping are
observed (Supplementary Fig. 48b), reflecting poor reversibility arising from the dendritic growth
morphology of pure Bi deposits (Supplementary Fig. 48c). This is further supported by a charge
imbalance between deposition and stripping in the chronoamperometric curve (Supplementary Fig.
48d). As aresult, the device retains only 22.5% of its initial contrast after 50 cycles (Supplementary

Fig. 48e), demonstrating extremely limited cycling stability.
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Supplementary Fig. 46: Cyclic voltammogram of the Cu—Bi film measured between —1.0 V and

+1.0 Vat 50 mV/s.
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deposited Bi films at cycle 10, revealing a dendritic morphology. d, Chronoamperometric curve
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Supplementary Note 3. Calculation of the yearly electrical energy usage for

switching the STDEC window.

To determine the yearly electrical energy usage for operating the STDEC window, we first
computed the average power consumption of the STDEC window, as illustrated in Supplementary
Fig. 24:

P = 3.35 mW/cm? (16)
The STDEC window is capable of effectively blocking light and heat after 60 s of depositing Cu—

Bi films, resulting in 7visand Tso1 below 1.0%. According to the deposition time, we proceeded to

calculate the average electricity usage per unit area (Edevice) of the STDEC window:

Egevice = Pt = (3.35 x 10) x 60 = 2010 (J/m?) (17)
To calculate the total electricity consumption in a three-floor medium office (Supplementary Fig.
41), begin by multiplying the Edevice by the total window areas (652.62 m?). We then calculated the
average electricity usage per unit floor (Euwit) by dividing the total electricity consumption by the
number of floors (3 stories) and the area of each floor. This can be represented by the following
equation:

Egevice XSwindow __ 2010X652.62

Eppie = = = 263.29 (J/m?) (18)

3 storiesXSfoor 4982.19

Finally, we determined the yearly electrical energy usage (Eyearly) for operating the STDEC window

even with a conservative assumption of the windows being switched five times a day.

E

searly = 365 X 5 X Eypy = 480,504.25 (J/m?) ~ 0.48 (MJ/m?) (19)

It is important to mention that the annual electrical energy usage (0.12 to 0.96 MJ/m?) required to
attain different time-dependent optical states (as shown in Supplementary Fig. 14) can also be

calculated using the previously described method.
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Supplementary Note 4. Techno-economic assessment (TEA) analysis of the

STDEC window.

To assess the energy-saving performance of the STDEC window for real-world applications, we
conducted a comprehensive techno-economic assessment (TEA) accounting for manufacturing

costs, service life, or maintenance costs.

(i) Cost analysis of the whole device

As summarized in Supplementary Tables 9—11, the manufacturing cost of the STDEC window
is about $6.38 per square meter of window area. Based on our building simulation model with a
total window area of 652.62 m? and a total building area of 4982.19 m? this equates to
approximately $0.84 per square meter of building area.

To contextualize this cost in terms of energy consumption, we converted it into an equivalent
energy metric based on the electricity cost of $0.1745 per kWh, as reported by the U.S. Energy
Information Administration (EIA). This manufacturing cost corresponds to an energy equivalent

of 17.33 MJ m? of building area.

Supplementary Table 9. Cost analysis of electrolyte components.

Chemical's name Price (US $/gram)
PVA 0.0022
CuCl, 0.006
BiCl; 0.0017
HCI 0.0011
LiBr 0.0014
Water 0.00084
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Supplementary Table 10. Cost analysis of device materials.

Material Price (US $)
Glass 1.50/m? (Alibaba)
ITO 1.02/gram (Qinbangxc)
Cu mesh 3.76/m? (TWP)
PE 0.057/m? (Amazon)
3-nm-thick Pt 0.12/m? (Alibaba)
Butyl rubber tape 0.0047/gram (Alibaba)

Supplementary Table 11. Cost analysis of the whole device.

Component Price (US $/m?)
Electrolyte 1.9

Cu mesh 0.15
ITO/Glass/ITO 4.07
3-nm-thick Pt 0.12
PE 0.057
Butyl rubber tape 0.086
Device 6.38

(ii) Service life

As reported in our work, the STDEC window demonstrates excellent cycling stability over 2,000

cycles, with only 1% degradation in optical contrast. At a typical operational frequency of two

switching cycles per day for smart windows, this corresponds to approximately 2.7 years of service.

If we then assume a steady degradation rate of 1% per year, the optical contrast would decline to

80% of its initial value after another 19 years, which we conservatively define as the end of lifetime.

Therefore, the total estimated service life is ~21.7 years, which exceeds the 20-year service life for

commercial smart windows.
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The manufacturing cost (equivalent to 17.33 MJ/m? of building area), when amortized over the

service life, corresponds to an annualized energy equivalent of only about 0.80 MJ m™2 yr .

(iii) Maintenance cost

The maintenance cost is dominated by the electricity consumption during switching. As reported
in our work, the average electricity usage per square meter of building area of the STDEC window
is 263.29 J m2. At a typical operational frequency of two switching cycles per day, the yearly

electrical energy usage is about 0.19 MJ m~2 yr!.

In summary, the total annualized energy usage accounting for manufacturing costs, service life,
and maintenance costs of the STDEC window is calculated to 0.99 MJ m™ yr'. This value is
nearly two orders of magnitude lower than the simulated annual HVAC energy savings (up to 80

MJ m2 yr '), confirming the excellent energy-efficient performance of the STDEC window.
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Supplementary Note 5. Calculation of SHGC and U-value for the windows.
The solar heat gain coefficient (SHGC) is defined as:
U
SHGC = (T, + h—oAsol) (20)

where Tsol is the solar transmittance;
Asol 18 the solar absorbance;
ho is the outdoor surface heat transfer coefficient, 4, = 8.0 W m2 K (refer to ISO-15099-2003)'%;

U is the universal heat transfer coefficient, which can be given by:

1

U=s—73—""+ 21)

! Levice

T
hconV,0+hrad,o hconv,i+hrad,i kgevice

where Acony, o is the outdoor convective heat transfer coefficient, Acony, o= 8.0 W m2 K!;
heonv, i is the indoor convective heat transfer coefficient, Acony,i= 3.6 W m=2 K;

hrad, o 18 the outdoor radiative heat transfer coefficient;

hrad. i 18 the indoor radiative heat transfer coefficient;

kdevice and Ldevice are the thermal conductivity and thickness of the window device.

The outdoor convective heat transfer coefficient (%, 0) can be calculated as:

. 4 _T4
h _ SdeVlCC,OO_(Tdevice,o Trm,o)
rad,o —

= Edevice,oo-(szevice,o + Trrzn,o)(Tdevice,o + Trm,o) (22)

Tdevice,o - Trm,o

where device, 0 18 the emissivity of the outside device surface;
o is Stefan-Boltzmann constant, 5.67 x 108 W m2 K™
Tevice, o 18 the temperature of the outside device surface;

Tim, 0 1s the mean radiative temperature of outside ambient, which can be expressed as:

1

- 4 st
Trm,o = ((ng+(1 fCIr)FSkiBO-TeX+fCIrF5k)’]5ky)4 (23)
T (4)
1+cos ¢
Fsky = CZOS (25)
Jaey = 5:31 X 107HT (26)

where Fgq and Fsky are the view factors from the outside glass surface to the ground and sky,

65



respectively;

feir 1s the fraction of the sky that is clear;
Tex is the external air temperature;

@ is the tilt angle of the glass;

Jsky 1s the radiosity of clear sky;

Tuir 1s the dry bulb temperature.

For a horizontal window (Fky=1, Fga=0, forr=1):

1

Tono = (22 (27)

g

The indoor radiative heat transfer coefficient (/:aq,i) can be determined by:

4 4 4 4
h _ gdeVice,iU(Tdevice,i_Trm,i) _ gdevice,io(Tdevice,i_Tim)
rad,i — -

Tamscoi~Tor ToveerTo | Edevicei0 (Téwicei + T (Taevicei + Tint)  (28)
where &gevice, i 1S the emissivity of the inside device surface;

o is Stefan-Boltzmann constant, 5.67 x 108 W m2 K™*;

Tdevice, i 18 the temperature of the inside device surface;

Tim, i = Tint 1s the internal air temperature.

Supplementary Table 12 presents the temperatures recorded from outdoor thermal
measurements required for the calculation. Based on these data and the optical properties of the
windows (Supplementary Table 6), we calculated the U-values and SHGC for the STDEC window
and the control windows (normal glass, low-E glass, and EC window). Among all the windows
tested, the STDEC window has the lowest U-value and the largest dynamic SHGC modulation

range between the heating and cooling modes, highlighting its excellent optical and thermal

regulation capability.
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Supplementary Table 12. Outdoor temperature measurement conducted at a dry bulb temperature

Of Tair = 298 K-
Temperature EC window EC window STDEC window STDEC window
(K) (heating mode) (cooling mode) (heating mode) (cooling mode)
Outside surface 315 319 316 318
(T device, 0)
Inside surface 320 323 320 319
(T device, i)
Internal air 305 314 323 310
(T int)
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Supplementary Note 6. The theoretical formulas of optical properties'’ .

The averaged transmittance and reflectance in the visible (0.38—0.78 um) and solar (0.38-2.5 um)

spectra, respectively, were calculated as follows:

Tis = Joygm T - Ianizs(DAA/ [ g i sy s (1) dA (29)
Tt = Jymmam T - Iavizs (DAA/ oo Lays(A)dA (30)
Ruis = [y o RO - Ianins (DAA/ [ M7 L s (1) dA (31)
Ruat = Jy g om RO - Ianias AR/ [ ' L s(A)dA (32)

where 7(/) and R(/) are the transmissivity and reflectivity as a function of wavelength (um),
respectively, /ami.5(4) is the standard solar spectral irradiance spectra for air mass 1.5. The ATvis
and AT, were calculated with the formulas:
ATyis = Tyis-n — Tvis—c (33)
ATso1 = Tso1-1 — Tsol-C (34)
where, Tvis-n and Tvis-c are the visible transmissivity in heating and cooling modes, respectively;
Tso-nand Tiolc are the solar transmissivity in heating and cooling modes, respectively. Similarly,

the average emissivity in long-wave infrared (LWIR; 2.5-20 um) can be defined as:

etwie = [ygim €A T) - Iep(A,T) dA/ [,

20 pm

" Iap(A,T) dA (35)

where, €(4,7) is emissivity as a function of wavelength (um), /gs(4,7) is the spectral irradiance of
a blackbody at a certain temperature. The eLwir spectral profile was plotted according to the
Kirchhoff's law of thermal radiation: (1) = A(A) = 1 — T(A) — R(L), here R(}) is the spectral LWIR
reflectance and 7(A) 1s the spectral LWIR transmittance, as measured by Fourier-transform infrared
spectroscopy. The Aerwir was calculated with the formula:

AgLwiR = ELWIR-C — ELWIR-H (36)
where, eLwir 1 and eLwir ¢ are the integrated LWIR emissivity of window samples in heating and

cooling modes, respectively.
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  Δ V = −  (   J   R s 2 )    (     L e 2 ) 2


  Haze  ( % )  =  [  (     𝝉  𝟒    𝝉  𝟐 ) −   𝝉  𝟑  (     𝝉  𝟐    𝝉  𝟏 ) ] × 𝟏 𝟎 𝟎


    Q  tot =   Q  cond +   Q  sw +   Q  lw


    Q  cond = U ⋅ A ⋅ Δ T ⋅ t


    Q  sw = SHGC ⋅ A ⋅   I  sol ⋅ t


    Q  lw =   𝜀  lw ⋅ 𝜎 ⋅ A ⋅  (   T  window 4 −   T  sky 4 ) ⋅ t


    T  sky =    (   𝜀  sky   T  a 4 )   1 4


    Q  cond = 5 . 8 × 10 × 5 × 24 = 7 . 0  kWh


    Q  sw = 0 . 8 × 10 × 500 × 12 = 48  kWh


    Q  lw, day = 0 . 84 × 5 . 67 × 1  0  − 8 × 10 ×  ( 31  3 4 − 28  7 4 ) × 12 = 16 . 1  kWh


    Q  lw, night = 0 . 84 × 5 . 67 × 1  0  − 8 × 10 ×  ( 29  8 4 − 28  7 4 ) × 12 = 6 . 3  kWh


    Q  tot =   Q  cond +   Q  sw +  (   Q  lw, day +   Q  sw, night ) = 77 . 4  kWh


    Q  cond = 5 . 8 × 10 × 20 × 24 = 27 . 8  kWh


    Q  sw = 0 . 8 × 10 × 300 × 6 = 14 . 4  kWh


    Q  lw = 0 . 84 × 5 . 67 × 1  0  − 8 × 10 ×  ( 29  3 4 − 25  8 4 ) × 24 = 33 . 6  kWh


    Q  tot =   Q  cond +   Q  sw +   Q  lw = 75 . 8  kWh


    T  sol


    P ¯ = 3 . 35     mW  c  m 2


    E  device =   P ¯ t =  ( 3 . 35 × 10 ) × 60 = 2010   (  J   m 2 )


    E  unit =     E  device ×   S  window  3   stories ×   S  floor =   2010 × 652 . 62  4982 . 19 = 263 . 29   (  J   m 2 )


    E  yearly = 365 × 5 ×   E  unit = 480 , 504 . 25    (  J   m 2 ) ≈ 0 . 48   (   MJ   m 2 )


  SHGC =  (   T  sol +   U   h o   A  sol )


  U =  1   1   h  conv,o +  h  rad,o +  1   h  conv,i +  h  rad,i +     L  device    k       device    


   h  rad,o =     𝜀  device,o 𝜎  (   T  device,o 4 −   T  rm,o 4 )    T  device,o −   T  rm,o =   𝜀  device,o 𝜎  (   T  device,o 2 +   T  rm,o 2 )  (   T  device,o +   T  rm,o )


    T  rm,o =    (    (   F  gd +  ( 1 −   f  clr )   F  sky ) 𝜎   T  ex 4 +   f  clr   F  sky   J  sky  𝜎 )   1 4


    F  gd = 1 −   F  sky


    F  sky =   1 +  cos ⁡  𝜙 2


    J  sky = 5 . 31 × 1  0  − 13   T  air 6


    T  rm,o =    (     J  sky  𝜎 )   1 4


   h  rad,i =     𝜀  device,i 𝜎  (   T  device,i 4 −   T  rm,i 4 )    T  device,i −   T  rm,i =     𝜀  device,i 𝜎  (   T  device,i 4 −   T  int 4 )    T  device,i −   T  int =   𝜀  device,i 𝜎  (   T  device,i 2 +   T  int 2 )  (   T  device,i +   T  int )


    T  vis =     ∫  0 . 38   ​ ​ μm  0 . 78   ​ ​ μm  T ( 𝜆 ) ⋅   I  AM 1 . 5 ( 𝜆 ) d 𝜆    ∫  0 . 38   ​ ​ μm  0 . 78   ​ ​ μm    I  AM 1 . 5 ( 𝜆 ) d 𝜆


    T  sol =     ∫  0 . 38   ​ ​ μm  2 . 5   ​ ​ μm  T ( 𝜆 ) ⋅   I  AM 1 . 5 ( 𝜆 ) d 𝜆    ∫  0 . 38   ​ ​ μm  2 . 5   ​ ​ μm    I  AM 1 . 5 ( 𝜆 ) d 𝜆


    R  vis =     ∫  0 . 38   ​ ​ μm  0 . 78   ​ ​ μm  R ( 𝜆 ) ⋅   I  AM 1 . 5 ( 𝜆 ) d 𝜆    ∫  0 . 38   ​ ​ μm  0 . 78   ​ ​ μm    I  AM 1 . 5 ( 𝜆 ) d 𝜆


    R  sol =     ∫  0 . 38   ​ ​ μm  2 . 5   ​ ​ μm  R ( 𝜆 ) ⋅   I  AM 1 . 5 ( 𝜆 ) d 𝜆    ∫  0 . 38   ​ ​ μm  2 . 5   ​ ​ μm    I  AM 1 . 5 ( 𝜆 ) d 𝜆


  Δ   T  vis =   T  vis − H −   T  vis − C


  Δ   T  sol =   T  sol − H −   T  sol − C


    𝜀  LWIR =     ∫  2 . 5   ​ ​ μm  20   ​ ​ μm  𝜀 ( 𝜆 , T ) ⋅   I  BB ( 𝜆 , T ) d 𝜆    ∫  2 . 5   ​ ​ μm  20   ​ ​ μm    I  BB ( 𝜆 , T ) d 𝜆


  Δ   𝜀  LWIR =   𝜀  LWIR − C −   𝜀  LWIR − H

