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Abstract: With the continuous growth of the global population and accelerated advancement of industrialization,
energy consumption in the construction sector has been rising steadily. Energy conservation and consumption
reduction have become a key task for this field to achieve the "dual carbon" goals. As a central component for

photothermal exchange within buildings, the thermal insulation and daylighting performance of windows directly
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determine the energy consumption for regulating the indoor thermal environment, and play a decisive role in the
overall energy-saving efficiency of buildings. Traditional energy-saving windows are limited by their static structure,
rendering them ill-suited to adapt to changing environments. Smart windows with single-stimulus response,
characterized by their singular regulation mode, cannot meet the diversified energy-saving demands. In contrast,
photo-thermal dual-responsive smart windows can simultaneously and accurately respond to changes in external light
intensity and temperature, realizing dynamic and coordinated regulation of light transmission and heat conduction.
This innovation provides an effective solution for building energy conservation. This review systematically
summarizes the latest research progress of photo-thermal dual-responsive materials and their smart windows, focusing
on three core design strategies: firstly, single-component photo-thermal dual-responsive materials with functional
dual-responsive multi-component composites integrating photochromic and

secondly, photo-thermal

synergy;
thermochromic properties; thirdly, coupled systems of photothermal materials and thermochromic materials. For each
strategy, the design concept, microstructural characteristics, and photo-thermal dual-responsive color-changing
mechanism are elaborated in detail. Meanwhile, the application potential of photo-thermal dual-responsive smart
windows in actual building scenarios is deeply discussed, the current technical challenges are systematically analyzed,
and the future development prospects are prospected. This review aims to provide comprehensive theoretical
references and practical guidance for the structural design optimization, performance improvement, and engineering
development of photo-thermal dual-responsive smart windows, thereby promoting the innovation and industrial
upgrading of building energy-saving technologies.

Key words: photochromic; thermochromic; dual-responsive material; smart window; zero-energy building; review
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Fig. 1 Overview of the design strategy, structure and principle
for the photo- and thermo-chromic dual-responsive materials
and smart windows in zero-energy buildings
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Fig. 2 Photo-thermal dual-responsive of organic functional molecules
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Fig. 8 (a) Schematic diagram of color-changing mechanism of the smart window integrated with Cu;S,4 and traditional
VO,-based TC film!®”; (b) Schematic diagram of structure (i), color-changing mechanism (ii), and optical photos
at different time of the day (iii) of the smart window integrated with Li,,Cs,WO; and PVA-PNIPAM hydrogel®®*;
(c) Schematic diagram of color-changing mechanism and dimming and temperature control performance of the smart window

integrated with fluorine-doped ATO nanocrystals and PNC hydroge

3.4 HEX#MEF TC MEEE

A TEHUA B AT FPE SR RL, B LRGP
KL O YKL T (PDAPs) A FE R & IX—Thig. 5
eGP R LG, PDAPs HA 1L 5 (130T 20 41 i 7 14 A
AT R, I R R4 r A A 2 b A
PEo & T M SRR, Hr=Em,
SIRRARIE] o DY KA e 7 R AU O 5ot R A
HiERIh #1457 PDAPs 5 PNIPAM [ 5 &K &R,
FHg LN TR R A R AT . % R S KRR A
PDAPs [ )% #4520 B, R % 76 36 85 0 B AR T
PNIPAM [P I S At £ (LCS TR, £ B FH 6 R
SR AR, SEEL TC. i 9(a)fiR, kAR
J7l, £E20 CHF, HAr WoOGE G 82%, e
40 CHI AT EIE R B E R, JFHASHAER
KA GE I R A HBE 11 (>86%). LAk, 5I\ PDAPs
BRI T HAEE NS A TERE: 41 PNIPAM & et
(R e 2 BNF (8] 9 130 s, T S 0 5T &2 4 20 0.42% 11
PDAPs J&, MM [A 45 % 33 s; &0t 100 RAEH
M5, MR AR R FEfS e . X g R, W
PDAPs {f PNIPAM % TC FRE % 72 KPHE F R & R

J. Inorg. Mater., 2026, 41(6): 723—-738

11681

UF (e B RE 7, R E T TR RE A 1 e R A AR
SEME, TR BT IR AR AL TR LR

Rt — PR TR A B B R, AT
N BRI R T A RFRHE RU2 fildn, whoR
AR AN 7 B e el U N g S N |
TisC3T, MXene/GO/ ¥ 2 #h 21 4 E 2i% A1 (GMF) J=
F1 P(NIPAM-co-DMAA)(PAD)/K i 2 4H ) B &
&, L Ti;C3T, MXene/GO & & i JIE = 2K (1)
WL N PAD JKEERE) TC FME(LCST A
37.7 °C), shAWHIKMHGEEZEE 9(b)). 45
AT LCST B, /KEHRHIHIELFIE 67.59%,
AR T BRI #REN,; MBI T LCST B,
FIBEL R FE N 0, A RBHSAHEREN . BhAh, @it i
I MXene 5 GO LU, 6 HRIT A AR 0~ i il B2
AT PEHILE 32~36 C, &35 MRS AL

R BRIk, BIEEGSKIEHGOL CDs). 54
(Au. AQPAKFRL . - FAE(Cu, Sy Cs,WO5 F5)gHK
i M H A R R e B bR S TC MRHSERA R, 16
- B fe W N RS AR A S R IR . R
MOEFSCAR AT H5 . MR Bob#vcR R e, FRHSE

www.jim.org.cn



734 T Bl Mok R %41 %
(@
100 4 100 4 —a—15 T
——35T
_ 80+ 804
g £
E 60 4 g 60
£ . fa
£ §
20 ) = 204
0 ki ‘:"? 04
500 1000 1500 2500 00 1 2 0.3 04 o 20 40 60 100
Wavelength (nm) Concentration (wt%) Number of cycles
(b)
100
——PAD hydrogel
PAD hydrogel after heating
80 k
S
z 60}
2
g r =,
= P
Transparent Opaque - 2
20 F o
0 " a aaala

Light irradiation

500 1000 1500 2000 2500
Wavelength (nm)

K19 (a) PDAPs 55 PNIPAM % & /K ke 8 A A (1) 6 - #o0mi B2 PE ET™; (b) TisCsT, MXene/GO 5 4 6 A
55 PAD 7K ik 5 4 F5 110 84 A 747 140738 €8 ML 7 75 PR - A 0o 7 4 g 172
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Table 1 Properties comparison of typical photo- and thermo-chromic dual-responsive materials
PC performance TC performance
Photo- and thermo-chromic ) Optical Stimulus- Optical
dual-responsive materials Stimulus-response  modulation =~ Response eSDONSE modulation
condition or color time % i or color
change condition change
Salicylaldehyde Schiff Irradiation with . o Heating at White to
base! }' 365 nm UV light White to red 90 C yellow
Organic Spiropyran l}‘rad1at10n with UV Purplish red 6.0 s (UV . Heating at Colorless to
functional [33] light (365 nm) or light), 12 min . .
derivative to colorless 60 C purplish red
molecule visible light (>420 nm) (visible light)
Viologen Irradiation with UV Yellow to 20's Heating at E{gﬁtl ow t(;n d
derivativer®” light light green 120-170 'C darkg[;reen en
. . p6) Irradiation with UV Pale-yellow . Heating at Pale-yellow
Single- Inorganic ZnSe-doped MoO; light to blue 180 min 23-125 ‘C to deep blue
component transition Y - :
material metal oxide Oxygen -deficient Irradiation with UV Colorless to 0 . Heating at Colorless to
MoO,E light dark blue 250 C dark blue
[41] Irradiation with Heating at
H 00, o R0
PZNNT ceramic 395 nm UV light 9% (AR) 120 s f2~05r010Cmin 8% (AR)
Perovskite 365 nm
material .. . itati
Cs,ZrClg:Bi* 4] Irradiation Wl'th ~27% (AR) 20 min Z)f(tcelra % Blye to
254 nm UV light being kept Y2
at 250 C
. Purple to
Mixing TC with PC Irradiation with UV  Purple to gg?ﬁlg% green and
. organic pigment! light blue t0 45 C then to
é)lllq-l;rliimc 0 colorless
Host—guest complex Irradiation with Colorless to 7 ggiﬁlgg rCe%ldoirslgss to
CBV-CD* 365 nm UV light blue 0100 C brown
Multicomponent L . Heating
composite . _ MoOs/Cdsl! Irradiation witha ¢ (\Op)  45-180 min from 100 1.0 (AOD)
material All-inorganic 100 W tungsten lamp to 225 C
composite Heating
film MoO;/CdSe and Irradiation with .
CdSe/MoO;! 254nm UV light 07 (A4 180min  from25 1.0 (Ad)
to 225 C
Organic- W15040/PAM-PNIPA  Irradiation with UV 34.6% . Heating 79 49,
inorganic com- /404 o 127] lioht (ATyum) 20 min from 20 (AToum)
posite film ydrog g Tum t0 40 C fum
PNDYV hydrogel & Solar irradiation of ~ Colorless to Heating at Transparent
Carbon-based  52] 22.8 mW/em? yellow 40 C to opaque
photothermal Solar irradiation of  65.6% Heating at T, t
terial [54] olar irradiation o .6% . ransparen
fateria HPMC & CDs 100 mW/cm® (AT) > min 33 C to opaque
T Heating
PNIPAm hydrogel &  Solar irradiation of o o
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