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Radiative cooling l{l{er )

-
m Solar

radiation £ Parasitic
T ﬂ ﬂ ‘ hee
low

heat
Coo : —
Rz_adl ing

Heating mode---Solar heating
« High solar absorption
* Low infrared radiation

(a) XUEHR ST AV HIHE P DX

Absorptivity/Emissivity/%

BORBLGZ A o R BARTE S5 A TSR OKBERE
VO, FEARICICREYEE), FIRIHAR L 8 A2 5 R/
JCTE LR A, A FERE AE ) v 5 in RS 2] 9k 0 1)
e, NI ZE MRS AR PERERR ], S0 FFEHL . HE N
ARVE B BE T — 2T TR

TE A 38 AR PR, Z I SRR T 2 R RE
PR

Min ST T 5 N—5 U HE Y AR 15 1 (poly (N—
isopropyl acrylamide), PNIPAM ) 7K ¢ i /ALO; &2 &8
REFATTOC, HACPH S5 6T 7E 0.962 5 0.059 [ A jif
DI, SCBL T B AR T EREE 5 K R R S v 5 4 2%
550 W-m'* [ KFHAEMI#, Tang ST W $82% VO,
(9 FH A2 £ T I BE [ A N 4R IR J2 (temperature—
adaptive radiative coating, TARC), H RS % [ & i %
RERA IR FEAE 0.20 5 0.90 Z[H] A 3h P14, 784 < IX.
JR L ARER T BB 1. Wei PR T R G FR A
Ve 5 PR SEARZE AR R B 245 A 1S N G Z W) (comple-
mentary, dynamic—responsive, and environment—adap-
tive metafabric, DREAM ), i i:f 0% v 5 38 i 07, 5%
BT A 124.4 Wem? B9l A5 H - 6.8 K
R, TR T R & N . Zhang S5
THE T — RINEETIERICIC R A Y 9K 5l 1 6 Hi 3L
R RS 1, Hod s Tt i it — R IR A2, A 3l
DI J2 19 R B REM W2 (MR 2 91% ., L1450 & 54
LY 8%) 5 b JZ W S v J= OR B B R 24 90% .
LLANR I RL) 97%), S T 2By “ -l 15
AU, anE 1R, s B g3 T Y
BN AR (859.8 W-m?, FEARA0R 919% ) FV-3591%
HHA(126.0 W-m?), FFRERFSZBR I H] b A UL EE 3 5h
FERZY 21 K, on AR5 RERN FHTE T

100
80 [~ Solar heating
——Radiative cooling
60
a0l Normalized AM 1.5 Atmosphel"ic
global solar spectrum  |infrared windo
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1.1.2 iRENA

T 5 M 7 TR S ) ¥ B R R K A3 Ry
CPRPETER”, MER A REAE TR SR T R sk, 630
T EREE T W A S R P R A A B, 2 % AR
TR, DT ST 30T A S50 AR 67 7 1) 1 35 17 9835, A AL
T T RGAE R T LR EHERL

Fei &2l —ilas 7 3R — )% (polyviny-
lidene fluoride, PVDF) £, 3& 41 4t & v VI 1 2 ZFL15
JZ (hierarchical porous coating, HPC) , HAZ /> 7E T 1%
TH T “GOKRALHE T A T ELHOK L 195302548, AT
G T A G RE SR SR 0 5 K BH BB I FA Al i) )&
LY LR AT R B K B 3 #6(96.6%) 5
LLAN KSR (>96%, 8~13 um), SEBLERGISAD, iR /5
W3 Sy v 3 I 25 O BH 325 55 56 86.6% ), S B T 4 R Ak
) ST B 5 4 S ) % R v T BB U S 1) (A Temp=47 K)
KRR, Zhang S K T —FhE TR A
AR F 38 N S BIEE ' (self-adaptive thermal manage-
ment device, STMD), i 11 i 25 3K g 7 5 2 D e ik {4
241 Si0, TR IZ R I sl LR, SEE R BHIGE S 3R 1
H sl R JER 208 AR GE SR 94% ) LI A
i, R ARBE S GBS 11%) IT PR HR %
RS H 93.6%) LRI LI . R B0 T Mk
83% YR FHOGIA S RE 77, EA P i (<3 min) 5 R
B RS 1 (500 YR A 24 J5 K BH O3 98 9% fig 01 4T B
0.13), JEEF W REIR AL T —Fh IR A 18 N B K w .
Galib EF FA RTS8 A &R, AR A
5N TR B A S Akl SRV M R T VA, SE R T 4R
B 578 RAGE G RGN TR T KRR
SYRN 93%. FPLLINAIT AR 99%, S U S A
PEAL T IR, R AR I TT R EEF T H ) 25 R
A1, 12 800 Wem * LR S TR T ARSI 5 K Y

1.2 Ezhimpz B
1.2 ML 7 m Bz

NS BRAE  BAS P B, B A Ve B TE A
HFEOEIE BOE M E T B AR i E i . Wit
R 258 g gk et (A il 51 519 3D 14 2 sl A
R T4, RGERENEAEN AR T, T
MR AT HOG A PP RE, TV )15 B =
[f] % 8
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Lee S5 1 HLAUE M H AR G485 1T — U AR
A, AT AR TR A e T i, PR
B 2D FTa g M, SEP R IR 59.5 K AR FHRE N4, B¢
TN A S S 3D S5, i R RS AIE, KR
223K 11.9 Ko Butler SF5 AT — ol A2 i i 7
RIS 2%, E bR A SN, R g5 R i R —H
I 7t 4 bt (polydimethylsiloxane, PDMS) s A, 275
PP AN R TR, ST A 132 Wom (R S
Y AN AR PP R PR EE 48 : ~199.5 Wem ?, $iifft
S5K4: ~67.56 W-m™) LA K2 5.1 K P IRIIR S IR
1.2.2 HIgk

2y FL M [0 S TRV R B OIS T TR | R
TR IER ST . 15 B R B B S, ST R R
SRRV HURAS 5 AR R S A SRR R 2 1] AT 33 4
e, DTS BT H LA A7 AT (9 £ Bh I

Deng 45 "4 i T 2 T g WE ¥ B8 7 (dynamic
multifunctional smart window, MPDLC), 5Z 3 &£ 3 /]
5 0B SRS IV A AR B T . e R
T Si0, 1Y & 5t 14 58 5 5 W) 73 HOR & (polymer—dis-
persed liquid crystal, PDLC ) i i 5 B 44 KA AR AR
RATEEE G 2] W s 2 GO R R &
I AT )48 28 4 B S g . K PH BB A2 i i AL B AR
X, LT HE I, Zhang P TR
EWIFaE W (polymer—stabilized liquid crystal, PSLC)
S A ) (K, Cs, WO, ) /PNIPAM il B57K
HEWCHY Janus RUE BB o % AR (F 0] o BHAL A5,
15 AT PSLC JZRHAM LI E Sl 4 0%, BAdIG
R KB )22 A SR B R, iR T
By 175 B Sl e 7 4 PLFR, I RE [R] Ik 5 a) WO | T
ZLAN Jo i 2040 3 9% Bt . Yang S CU5E i 1)
PDLC 15| A SiO, 44 K AL F4fs 24 7 4 (Cs, ;s WOs,
CWO) 44K Hi T, il % T J AL PDLC(FPDLC)-SiO,~
CWO &G, 2 IEAE i 3K 8l T ] gh 885 m]
UL a5 358 R, [A] B ) Si0, B9 Hh 21 70 & 5 e Pk A
CWO [T £LAMNEM I RE, SEI0 2 i B b R 4% .
HPSEIEE R, %2 AR R I 2 e T R
PERE: TEAZEE KM H, FPDLC-Si0, #FEAHA T A&
#2411 FPDLC HR, SCOL T fey 8.7 K Y R T
— T CWO 1 FPDLC—SIO,—~CWO H#ifi, 78 11
KAHEE FPDLC—SIiO, ¥ [ i FE A A FE AR T 4.3 Ko
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Sui 5515 Wang SFIBEST /R T n] 0 B LB R AR
SSRGS PR . WA 29, Sui M A
W PR B K AR AR, O T AR AR AE 00700
)5 0.92(v 11 ) ] m] 33 U1 H ) L SO e F, SHie R
GAVE AT RENE (B /R AR 1Y BEIS 43.1 Mbtu(FFE

ST HLifi| B, AH 24 T~ 45473 MT)) . Wang 520 %4
TOlT S AR, 7R LR35 R BRI (29 0.6) 1)
()RS, SEBR T R LT AP A S R RS FRL A (Aeywie =
0.82, Aeyyir = 0.66) K 30 d A XURaZS, AR FHAR
LB RTTHE 11.0%~21.4%.

Lo Heating mode —— Cooling mode

? Q,:i“ Heating mode 0sl

PE w QS Ql‘Thermal radiation tot 2 o6l
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0 1 1 1 1 L
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Wavelength/um
(b) HPLISMRHITERE

K2 mBCEEhLsMET RS

2 EEHLS-EEWEES

FlG AR TRV S RE R R HOR, S S “ W A—&
HL R AL I ATV SR o SN A R G0 R ARG %
BIIE iR 22 | VR URERBE K S5 25, IK B HL ™Y | JRE 42
GRS LIS AR, SO Ve o AR S R IR RE R
R RAIKWCERSEHARAAZE A, DT 7E 5% 20
B4 [ FF, K PR ARG 67 AR EE . FLARE B PR A%
AL A REEIR K o X FI PRI R BT, S TR
—HRMIIRESRIR, AFF A AT HRLE . ZINRERTRETR—K
FEIRARIE AR TERE T s
21 RBEXRH

UTAER, A0 it 57 22 A A Ay Fi BB 1) W] 4 BRI
HOREZ 0 H, 485618 5 i 22 & 1 (thermo-
electric generator, TEG) M #E & $2fik T —Fh A 20 1 fi
TRy 58, HAZOAE TR IRTH A8 i 1 v v 4y

/

z

’/
Increase the

p /‘
Y/
&

Solar reflection

(a) BTFs SRR AER 3

2L H AR MR IR PR, DT A 250 K4k 47 TEG 1Y
TARIR 22, 5 2SI S 67 PR BB IS B A5CR 1Y 3 4
Fto Shi SFZ AW REST S5 R &, ddad 3D ATEIHIR
il 8 T B A 1 A 90 B £ 4k 25 ¥4 (biomimetic thorny
fiber structures, BTFs) (1Y) 4 £F 4k 2 5L 40 55 13 211 8
wE 3PFR, ZA MK S R AL S T R AT
WA (91.0%) 5K H RS (92.4%), JEBL
LS H RS2 20T RE . W SR A
& #%(B—thermoelectric generator, B-TEG)%E il J5 ,
FE30 KIR2ZE FEELT 7.61 Wem™ (¥ it D SR 25
R TR AT S AR S e A0 5 BRI AR A AL TR
B Li Y& T —Fh CO, sCBREF4EZ MR, K 4w
WRH MR REE T — 1k, R
CO, TELT YR B2 h 5| ABRPR IR BT, B il ig Y 241
RIS 1 H G RUR38 (29 90.0% ) R 250 A it

%y

e
’r Solar reflectio® g
Cold

g .
Cold end

Tmal gradient

(b) B-TEG AYJFHL L5

® 3 BTFs X&H B-TEG 45tk it
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(2 91.4%), AT LB RR ST RIS, DLz 4L
B Ay S A A 1 S - BRI v, BT IR R AR 0 TR
fifE B A5, AR5 Rk 25.4 mV-K ' 195 D1 5 (Seebeck)
FH BT A YR B RSOR BA G TR AT L
th 1200 mV LT, JEREBE 5.0 K AR .
22 PBEEEAKEZBE

W AR SRR L T RIS T, BEIRAK &
1, /L. (triboelectric nanogenerators, TENG )5 4 5 il &
HUARG LB T M EREE IR T IR AL R 55 1% = i 4
ARZEME . TENG 9 1E F D 3 35 B8 580 f 3% 45
HL BRSO R o oAz R 2 PP B A A A
I L 1B T (B EE 62 el B M 2 55 ) AR R R 2 [) A 422 i
5or e, B hURe e i RE . 2RI TENG 7EfiE
SISO S AR A R R FRR R, Ak R S v
A RCAPL

Top electrode == nmmme==""

Lee S5 & T 42 MUK B AL SRS H)
098 BE YL 35 2 1 (TENG and RC, TeRC) , N [&] 42"
7R, 2t (e iE A 22 2 2540, F R Re RIS 5 A )
AT H DI RE AL, SCEL T RN AL IS R FRIR”
() 4 KAt TAERE o i 2% 18 B U i o o vl 7=k
248.28 W-m* BYIWEH IR L, 5@ B A e, AT
T T AT A 25 1) P I e K T R AIG 24.1 K, 3
ik 8.2 K, EHLH LW e /). Zhang 52 H
HR K, WHR T 22 RO H B R PE R G, B
K BH 5T R (96%) 5 2141 % 5 % (91% ), Al 5230 i
HEWHE SRS, Za S A R
MLAE B, 3 2 g Ak T A e 0 H i s PR e R T 24
150%; VE b m 28 3 1% 4 W B AR, R 5] s 1
IR S AR SR N AL I 22, SEEL 143 mWom ™ By I
iy o

Triboelectric layer

\ e ==== & thermal emitter
\ @ Lower electrode --Y (8~13 pm)
B\ \ O ==== Glass substrate
h { DMD reflector __ g
- 76~2.
B (L3525 i) __. Bragg reflector
\/ (0.76~2.5 pm)
IR absorber ____
(2.5~13 pm) z
y ‘Lx

(a) TeRC REHI/RNE

Pl 4 T EE RN K A L HLRAR S Ve & R T

23 KRSk

T X 4 3R TR 7K A fofe 11 7 0 Bk G, DR A<k Wi B
(atmospheric water harvesting, AWH) ¥ R £ 37 K 7,
B HAROR K Z IR T B B T T (s R0 IR . i
T g R ST TR e TR DAy v B SR I, T AR TR AR R
() 261 A R K 25 S BEAS, S B Ak, TR
VOKWERTERE T Frigte . oAb, (e nywsh X OK FH e
LK RGE A 2 R 5 BES AT R — 50T, &
P LA AR B 2 R 2 R v e 2 R
Tk AR T80, T ¥4 B o W) 5 ARG Ui LA AR F 2 VR
45, PIETEAS ] B R E SR G TR, MEL [FI A
& o Ahmad 25 R 48 55 il ¥ 5 9 3 3% 1 (lubricated
surface, LS)H AT G, Bit 7 — Rl T RAUK IR
e EORUI 2548 o G HIE T V BB TR Pt 5 ) R
25, (TR E D) R A AR A — A% . [FIRT,
HVA BRI B PDMS IR)2, THBR T $2h2k
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(b) TeRC 452 K HRE

ETHL, SEBE T /K 1 58 gk gl sl . P AME KSR R
21 g'm ™ h, AEBEK RN 2 F5, BB
FEA 90%. Chen 55" Y v AR A & n] 8 5T 45
4, el ST, KA P RE B e S 1 2 ) L
FEFEIT ORI % SRAD G B B SR RS
K Z R T8 L ROR, BT R AR AN By Bk 3 1
PR BE SRS o X RGAETCHMFREFE T L=
P 2.62 kg'm>h™', %&b 2.76 kg'm>h™ Y &5 4 7K B
R, RO BHREIR K AR AL T i

3 RETHIS-HMIAIhEERS

R T Ve BER TE MR — BRI DI RE, 19035 5 2 A
B INBEGR AL R 7 [l S WFFE B i ek
FORHSCT 5007 TR, dE— R soe™, 2k
RSB RER AR R o X RE A URR

79


http://www.kjdb.org

PSR 2026,44(8)

WFsE

Waste water

Fresh water

Solar radiation

O
- L vs.
F QO <
E. ) "

2D normal evaporation

=== Incoming thermal radiation

(@]
%
Q:

Ground

Normal PDRC Directional PDRC

3D reverse evaporation

» Outgoing thermal radiation

Bl 5 RS ) R S v 5 R BHBE I PO ICEE R G Sk B

T RO R A B . DA 1 553 142 11
WAE &, BESCBL T el 2R 80 1 R PEIE RS 5t
NHE S E B ACH M3 AE R PR, SR T g
RNV AR I A, e AR R e . 3 Y
ZIReFamE RS .
31 RHENIIEE

PECRICHLTN B 5| A G S v h o 5
TV PERER P G PR AL TR R AR T4 % @M
R DRSBTS D1 3 B B S 3 5 v R g
Ko, DA R A W2 W 1 5 A1 G e 4 Sy Tl 7'67i
55, 7R S IE Gy Rl i, A 561 AT 3 A ROK
PH G2, H 2 e 1 2RAE 100% /56 is KgT, A
MAMEE A R ATREE I, AN, S O EBUL
7% (photoluminescence quantum yield, PLQY ) #4
BEAT D R R AR R . Ma SEYITF R T R T
DNA-I A AESGEBUR A W o BRI, 30 R
W 52 MGG AR R P WG HEAT BRI, 75 7T DG X S8

Heat
stress

Thermal
load

Infrared
emission

(a) BitJF3

I
& &

> 4 HXR

T A 104% BRBHAMSR SF4, S8 T 1009% 1 B
WS BR o A S rpoR] S BUIR T IR BT IR 16.0
K BFERSCR . Wang S50 7 —Fh9Et 3 2R E
¥) 1% )2 (photon—engineered fluorescent tri—layer poly-
meric coatings, PETPCs), ifi i BaSO,/%¢ Y ¥ /Y,0/
Si0, Z5 44} Purcell 0, fif g T E R HIR0R 5 i
CRMELIGRARMERS, ZIRETELL, 8, S T A
1 A ROK BH R 3T #6(>94%) 5 Kk 414 R 5T %
(>96%), SLEL T 5.4~7.2 K ) H 0] 7 SR 55 f4 i . Fu
SEENZ IR A K, TT R T AR TTOREUR e e A
& ¥4 B} (photoluminescence—based aesthetic composite,
PLAC), N 6™ 7, 13 9 G e #0500y 7 52 B
o%. B LR AP R, A AR T AR AT
GRS BATRT o TZARHE A G B A U S %
AL 100%, VE(E A 141%, FFFL4& i BEASBUR T
b, PANIEEE A, PLAC fESEBE 2.2~3.9 K 1Y
PRGN, BRI ARSI EE F i 6.1~7.9 Ko

||
G[Y[R

(b) Jlﬁ%ﬁh‘w

Ko FETOCECRCRARST R bR S5 45

32 fRRAIhEE
BN M A e DR B U P 0 5 S B PR RE IR
A5 I ™ A PR S [, A A3 v 5 12 S g
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T oAt TR R .

FEZ M FL e S, SRR AT 205 R B = AL
AT — D KPR . Peng S5 IF & T —Fh A
EER EL R I RN A 0F R DA LN AL/ P 3 2L B ]
PR ALO, WOk T AR O T M Bt R
¥) (styrene—ethylene/butylene—styrene, SEBS)#ft 1 £F
Ak ITA8 1 2 QAL IR, 7E R 5 1] 249 8 R i o 1Y
il ¥ 28R, I B 4L 3% T D R B T B G 4
(gallium—indium eutectic, EGaln) #Y ¥ % 4> J& (liquid
metal, LM)JE AT Hr A i i, WIVE SR &7 . B3R
B A= Wy e i, AR W 0 H 8] (electrocardiography,
ECG) . /I # [%] (electroencephalography, EEG ) 1 & il
AILH ] (surface electromyography, SEMG ) &5 i {4 A=
PE S, HAEK T B A DR FF B4 i 14 M R

Keep warming

Maintain working temperature

Zhong 5P Bl IR AT AR . WKl 7P ER,
% TAE IR O AE T R BAT 50 G5 0 21 4 22 R B
JiZ (hierarchical cellulose aerogel, HCA )/ Ay B 18 11 Hy,
JE NP LT, 38 P R AR S 20 5 R 2 FhL I
PUSEPR A 3 W HGE 1T . HCA B ELH 58 K BHYE 2
513(95.6%) MFPLLAN A ST 3R (92.7% ), Tk sk i
H ] 55 55 v 508 J75 [R) B, oAl R A9 25 0 T 2T 4 25
14 5 w5 AL BR #8(99.7% ) 4 % 1 8 I A #4338 ((28.9+
1.1) mW-m"-K™), BEA 2 il i 2R IR PR T 1Y
Uk FET UL, Bl 28 A A5 AR REFE 0~100°C 1Y 98 ik
BN e R OE W TARIRLEE, 78 RO B T H R A
0.3 K, AR FAE G AL B3k (12.3 K, IFAEMHR R /44
TR LA S P Az B W D 45 37 50 R B R AR E AR 5
LT

Radiative cooling

Cold, ﬁ f

Stable sensing

= o J"\l“‘{“J“J"‘- AN
MIR radiation
2 e g

Low thermal conduction

Overcooling

B 7 #shEiR

3.3 HiTheE—i{k
3.3.1 ‘gt

SER T RE— RS2 Se it A K S A A% 0 T ), T
FERR SV AT, S5 (5| AR SE B R 5% H)
PEREDM R AL A BLEE 5L Gepcms ok Bkt (G
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Research progress in multifunctional coupled radiative cooling materials
ZHANG Yifan'?, ZHOU Yuetong', YAN Dingxiang”’, MA Rujun"

1. School of Materials Science and Engineering, Nankai University, Tianjin 300350, China
2. School of Aeronautics and Astronautics, Robotic Satellite Key Laboratory of Sichuan Province, Key Laboratory of Advanced Spatial

Mechanism and Intelligent Spacecraft, Sichuan University, Chengdu 610065, China

Abstract Passive daytime radiative cooling (PDRC) enables electricity—free heat dissipation through the atmospheric transparency
window, yet conventional static spectral designs struggle to adapt to diverse climatic conditions and application demands. This review
systematically examines the recent progress in multifunctional coupling strategies for PDRC across three key directions: intelligent
thermal management, energy harvesting, and integration with emerging functionalities. In the realm of intelligent thermal management,
we summarize passive mechanisms responsive to temperature and humidity, as well as active regulation via mechanical and electrical
stimuli, highlighting the transition from continuous cooling to on—demand thermal control. Regarding energy harvesting, we analyze
synergistic approaches combining PDRC with thermoelectric generators, triboelectric nanogenerators, and atmospheric water harvesting,
revealing the mechanisms that enable integrated cooling, power generation, and water collection. For emerging functionalities, we
introduce coupling schemes involving photoluminescence, sensing, and structural color design, illustrating innovative solutions that
resolve the inherent trade—off between coloration and cooling performance while expanding application boundaries. Based on these
analyses, we identify common challenges in current research, including trade—offs in material performance, long—term stability, system
integration complexity, economic feasibility, and environmental adaptability. Future efforts should focus on the synergistic design of
stimuli—responsive materials and efficient energy conversion structures, establish performance evaluation frameworks under diverse
service conditions, and promote the evolution of multifunctional coupled radiative cooling technologies toward adaptive, scalable, and
multi—energy complementary intelligent platforms.

Keywords radiative cooling; multifunctional coupling; intelligent thermal management; energy harvesting; smart materials
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