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Experimental Section

Characterization

The UV-Vis-NIR spectra for the sample were measured with the UV-Vis-NIR
spectrophotometer system with the integration sphere attached (Avantes AvaSpec-
ULS2048L StarLine Versatile Fiber-optic Spectrometer and AvaSpec-NIR256-2.5-
HSC-EVO). The spectrophotometer is equipped with a heating and cooling stage
(Linkam PE120) to control the sample temperature. The luminous (Tlum, 380-780 nm),
NIR (TNIR, 780-2500 nm), solar (Tsol, 280-2500 nm) transmittance and the luminous (

Rium, 380-780 nm), NIR (®NIR, 780-2500 nm), solar (Xsol, 280-2500 nm) reflectance

were calculated using the method in the published work (Equation S1 and Equation S2)

1,2

f(plum/IR/sol(A)T(/l)dz
j-(plum/IR/sol(/l)d/1
fq)lum/IR/sol(/l)R(/l)dz

_f('Dlum/IR/sol(/l)d/1

Tlum/NIR/sol =

(1)

Rlum/NIR/sol =
()

Wherein, T(4) and R(4) denoted the spectral transmittance and reflectance, Prum is

the standard luminous efficiency function of photopic vision in the wavelength range

of 380-780 nm, and PIR/solar is the IR/solar irradiance spectra for air mass 1.5.

Scanning electron microscopy (SEM, JSM5900LV, Japan Electronics Co., Ltd.) and
nano-measurer software were used to observe and analyze the microscopic morphology

of photothermal films and post-phase transition gels (equilibrated at 60 °C for 15 min,
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rapidly cooled in liquid nitrogen and freeze-dried for 12 h). X-Ray Spectroscopy (EDS)
was used to characterize the species and distribution of elements on the surface of the

photothermal films.

An infrared thermal imaging camera (Flir T620) was used to determine the near-
infrared photothermal capabilities of different photothermal films and gel panels. The
thermal imaging camera and laser were placed on the same side of the samples, and the
photothermal capacity of the photothermal film and gel panels were recorded at
different powers. Meanwhile, the laser power meter was placed on the other side of the
samples to compare the dynamic modulation of modified gel panels in different phase

transition states.

The relative transmittance of different modified gels was measured in real-time using

a spectrometer (MAY A, Ocean optics, USA).

The emissivity curve of 2.5-25 um was collected on an FTIR spectrometer (Perkin

Elmer Frontier) with an integrating sphere attached? 4.

e(T,2) = A(T,2) =1-T(T,A) - R(T,2) 3)
25
f’" 1,5(T.)e(T,A)dA
_ 2.5 um
25
jmll BB(T,A)d/'l
2.5 um (4)
2hc? 1
Ipg(T,A) = PE *—
AT _ 4 5)

Wherein, A(T4) is the absorbance of different hydrogel panels, Ipp(T, ) is the
3
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intensity of radiation from an ideal blackbody at temperature (T) (Planck's law), 7t is
Planck's constant, 6.626x10-3* m2-kg/s, € is the speed of light, 2.998x108 m/s, X is the
Boltzmann constant, 1.380649x10-23 J/K, € is the base of the natural logarithm,

2.71828, and 4 is the wavelength of light.

The images and videos of different gel panels were obtained using a Canon M5

camera.

EnergyPlus software was used to simulate building energy consumption. A building
model with the dimensions of 8 m in length, 6 m in width and 2.7 m in height was
employed. And four windows with the dimension of 3 m in width and 2 m in height
were installed in the four orientations to avoid the influence of orientation. The
boundary conditions for heating and cooling were 18 °C and 26 °C, respectively. The
optical properties of different windows were listed in Table S1. The hourly weather
data for a Typical Meteorological Year (TMY) of Singapore and Bangkok were used

in this simulation?.

The thermal transmission coefficient (U-value) and solar heat gain coefficient
(SHGC-value) were calculated to compare the thermal and optical properties of

different windows>: ©.

(6)

()

Wherein, @ is the thickness (Table S2), 4 is the thermal conductivity, R is the thermal
4
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. R; R . )
resistance, ~ i and "'e are thermal resistance of internal surface and external surface,

respectively, Rpe is the thermal resistance of the window components, U is the U-value

(thermal transmission coefficient).

Zgy *Ag + ng * Ay
AW

SHGC =
()

Wherein, SHGC is the solar heat gain coefficient, 99 and 9f are the individual total
solar transmittance values of the glass and frame respectively, Ag and Af are the areas

of glass and frame respectively, Ay is the window total area.
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98 Fig. S1. Fabrication process of gel panels.
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Fig. S2. Optical photographs of (A) bulk hydrogels and (B) microgel.
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132 Fig. S3. (A) Schematic diagrams of the gel panels and (B) composite photothermal film
133 (PT film). "-0" and "-1" represent different surfaces of the photothermal film,
134 respectively. "-0" represent the direction of the photonic crystal layer. "-1" represent

135 direction of the photothermal coating.

136

137

138

139

140

141

142

143

144



145

146

147

148

149

150

151

152

153

154

25 == PNIPAM 25 = TP-0.02 25 w TP-004
* — Gaussian fitting ® — Gaussian fitting 2 — Gaussian fitting
5 20 3 20 3 20 TN
§15 _ 22pm 21 1.1 pm §15 0.5 um
810 <. 810 S 10
K N i 2 / &
1 | N ) . )
10 15 20 25 30 35 00 05 10 15 20 25 0 1.0 12

Particle size distribution Particle size distribution Particle size distribution

Fig. S4. The SEM (A-C) and the average pore size ((A-1)-(C-1)) of different samples

after phase transition (A, A-1) PNIPAM, (B, B-1) TP-0.02 and (C, C-1) TP-0.04.



A Early morning or evening at low latitudes Daytime at low latitudes

100 T NR ] TWIR 10 100 1] MR ] TWIR 100
80 Tsol (heating) RC (cooling) leo 80 Tsol (heating) RC (cooling) l a0 AM 1.5 solar spectra for:
£ High ¢ m & High ¢ m Visible (0.38-0.78 um
9 60 Vis transparent LR 60 ,% 9 60 L €0 2 ¢ b
5 2 5 < NIR (0.78-2.5 pm)
£ 40 402 F 40 402 A
5 g 5 g Blackbody radiation f
® lan © =~ ackbody radiation for:
=20 NIR blocking 20 =20 Vis/NIR blocking .
LWIR (2.5-25 um)
0 0 0 0
05 10 15 2.0 255 10 15 20 25 05 10 15 20 255 10 15 20 25
155 Wavelength (um) Wavelength (um)

156 Fig. S5. Concept of the ideal energy-saving smart window at low latitudes.

157

158

159

160

161

162

163

164

165

166

167

168

10



169

170

171

172

173

174

175

176

177

178

179

180

100 ‘?ﬁf

R
>
£ 801
i)
@
=
w
£ 60 Fo————————————————————
= : W Thiswork © Ref.7 ' Ref.7 Ref. 8 |
r |
= |
Z 404 | ® Ref.9 Ref. 10 Ref. 11 :

e e 4

30 40 50 60
Tium ! %o

Fig. S6. Thermochromic performance (NIR light shielding and Tlum) in some of the

best-reported smart materials’-!'!.

11




181

182

183

184

185

186

187

188

189

190

191

192

193

194

Fig. S7. LWIR emissivity curves

temperatures.

100 T——

80 1

Emissivity (%)

60 -

.'\’O

10 15 20
Wavelength (um)

of TP-0.04-PT

12

25

smart window at different



195

60 4 W 25°C @ 37°C

204
10 -
TLXY P90 90gloetatate
O T T T T T
0 100 200 300 400
196 Cycles

197 Fig. S8. The visible light transmittance (Tlum) at 25 °C (Black) and 37 °C (Red)

198 measured after every 20 heating-cooling cycles.

199
200
201
202
203
204
205
206
207

208

13



209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

50
40 PT
i'\f — Gaussian Fit
o 30 -
(=]
3]
S 204
<)
> 10 -

0 . . . ;
00 01 02 03 04 05
Average Thickness of Layers / um

Fig. S9. Statistical analysis of average monolayer thickness (4) of photothermal film

(PT film) (The difference between dp and d, is not significant, so it is assumed that
d=d, = dl_)_

The one-dimensional photonic crystal structure is a periodic nanostructure with a
refractive index distribution along one direction, resulting in the elegant optical
property called photonic band gap, which is defined as a waveband prohibiting light
propagation. In general, artificial one-dimensional photonic crystals consist of two

alternating materials. The calculation methods for the photonic band gap position (

ABTagg) and stop band width (W) are given by Equations S9 and S10, respectively.

_ 2 2
mxlegg =2D /neff - sin“O )

W 4|y -1y
nin, + n, (10)
D=d,+d, (11)
Norr = dn 0D /(d) + d) (12)

M is the diffraction order, ABmgg is the reflected light wavelength (photonic band gap

14
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position), D is the total of the thicknesses of the two adjacent layers, about 380 nm (Fig.
S9), "eff is the effective refractive index of the photonic crystal film, © is the incidence
angle measured from the normal, W' is the stop band width, i, and d are the

thicknesses of the two constituent layers, respectively, "h and ™ are the refractive index

of the two layers, respectively.

From Equations S9 and S10, it is evident that the theoretical ABTagg and W' can be
calculated when the values for the layer thickness (dh and dl) and refractive index (nh

and nl) of the one-dimensional photonic crystal structure are known. By analyzing the

cross-sectional SEM of the photo-thermal films, we can calculate the average layer
thickness (4) of the one-dimensional photonic crystal structure (Fig. S9) (Assuming
d=d,= dl). However, the refractive index of each layer cannot be fully determined,
thus we cannot accurately calculate the theoretical ABragg and W. Fortunately, the

photonic crystal structure with a ABmgg of approximately 1050 nm and W of around

300 nm can be achieved theoretically through methods such as designing a gradient in
layer thickness or controlling the refractive index difference between layers.

Actually, the photothermal films are commercially available products that consist
of an alternate stacked structure and surface photo-thermal components as indicated by
SEM (Fig. 3A) and EDS (Fig. 3B) analyses. Moreover, this alternating laminated
structure can selectively reflect light in the 850-1150 nm range and exhibits the
characteristics of a one-dimensional photonic crystal (Fig. 3D). Therefore, the
mechanism of photothermal thin films can be understood from the fact that photonic

crystal structures selectively reflect light in the 850-1150 nm range toward the

15
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275 Fig. S12. DSC heating curves of PNIPAM gel.
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Fig. S16. Digital photos of different writing styles (-Normal (1.5 s/Byte, 640.1

mW/cm?), -Slow (6.0 s/Byte, 640.1 mW/cm?), -High (1.5 s/Byte, 853.8 mW/cm?)).

The real-time image of the hydrogel panels was captured using a digital camera
(Fig. S16). White (RGB: 255, 255, 255) lines were used to write the same letters in
Microsoft PowerPoint using the color of the hydrogel panel image (RGB: 139, 143,
153) as the background, and the colored image was captured using the screenshot
function of the Windows operating system. To quantitatively compare the clarity of the
two writing methods, the RGB values in the image were converted to grayscale values
using Equation S13.

A higher number of grayscale values indicates greater color richness in the image,
while a larger difference in grayscale values corresponds to higher contrast and greater
clarity of the writing. The clarity of writing in the two methods was quantitatively
compared using the Brenner gradient (P f )) and the sharpness difference between light
and dark regions (P (i)) (Equation S14 and S17). The former reflects the cumulative
difference in pixel grayscale values between adjacent pixels, while the latter indicates

the difference in the average pixel grayscale values between the writing and non-writing

22
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regions. Therefore, higher values of D(f) and D(¥) can indicate clearer writing results.

f(x,¥y) =0.299R(x,y) + 0.587G(x, y) + 0.114B(x, y) (13)

DN =Y Y If+2.9) - f I’
Y

(14)
Nx Ny
1
Dy==D ) F16oy)
L=1y=1 (15)
y
N_ZZ 2(5)
=ly= (16)
D(i)=D,-D, (17)

The grayscale value (f (x,y )) of a pixel can be calculated from its red (R (x,y )), green
(G(x, }’)), and blue (B (%, 3’)) values. Brenner gradient (D f )) is a fast edge detector

which measures the difference between a pixel and its neighbor (Fig. S17). D (@) is the

difference in sharpness between light and dark (Fig. S18); by and b, are the average
grayscale values of the light and dark regions, respectively; f1(oy) and f2(xy) are the
grayscale values of the light and dark regions, respectively; Ny and Ny are the number
of grayscale points of the light region and dark region, respectively; Xp is the grayscale

differentiation value of the light and dark regions. Xp=155

was chosen to compare
the writing clarity of different gel panels (Fig. 4E). The reason was that the writing

background is uniform (PNIPAM-PT, D (i):()) at this time.
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412 Table S1. Optical properties for the samples used in building energy consumption

413 simulation.

414

415

416

417

418

Glass PNIPAM PNIPAM-PT  TP-0.04-PT
923 (25°C)  81.4(25°C) 31.7(25°C)  31.8(25°C)
Tsol (%)
92.3(37°C)  29.0 (37 °C) 53(37°C)  3.20(37°C)
Rsot Front 6.0 (25°C) 6.4 (25 °C) 132(25°C)  12.9 (25 °C)
(%) 6.0 (37 °C) 32.9 (37 °C) 33.8(37°C)  41.1(37°C)
Rsot Back 6.0 (25°C) 6.4 (25 °C) 22.0(25°C)  24.4(25°C)
(%) 6.0 (37 °C) 32.9 (37 °C) 27.5(37°C)  28.2(37°C)
89.8(25°C)  91.3(25°C) 54.8(25°C)  54.9 (25°C)
Tlum (%)
89.8(37°C)  15.6 (37 °C) 73(37°C) 4.9 (37°C)
Rim Front — 7.1(25°C) 7.4 (25 °C) 122(25°C)  12.4(25°C)
(%) 7.1 (37 °C) 46.0 (37 °C) 46.7(37°C)  53.5(37°C)
Rium Back ~ 7.1(25°C) 7.4 (25 °C) 9.0 (25 °C) 9.2 (25 °C)
(%) 7.1 (37 °C) 46.0 (37 °C) 19.3(37°C)  19.4 (37°C)
1C (°C) - 32 32 28

28



419 Table S2. Thickness of the window components.

Glass / (mm) Gel / (mm) TP / (mm) Glass / (mm)
Glass 0.5 -- -- -
PNIPAM 0.5 0.5 - 0.5
PNIPAM-PT 0.5 0.5 0.075 0.5
TP-0.04-PT 0.5 0.5 0.075 0.5
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433 Table S3. Thermochromic performance (NIR light shielding and Tlqu) in some of the

434 best-reported smart materials’-!!.

Ty / (%) Near-infrared Light Shielding / (%)
This work 55 99
30 76
Ref. 7
60 47
Ref. 8 31 99
Ref. 9 37 80
Ref. 10 58 30
Ref. 11 57 97
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