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Research progress of personal thermal management materials based on

infrared radiation regulation

SHI Tingting , LIU Dongqing , CHENG Haifeng’
(School of Aerospace Science and Engineering, Science and Technology on Advanced Ceramic Fibers and Composites
Laboratory, National University of Defense Technology, Changsha 410073, China)

Abstract: Maintaining thermal comfort is of essential significance for human normal life, but traditional heating,
ventilation, and air conditioning systems are inefficient and produce large carbon footprint. Personal thermal
management materials based on infrared radiation regulation provide new ways to mitigate the pressing burden of
energy crisis and keep thermal comfort of humankind, which harnesses thermal management of human body and
local microenvironment for personalized temperature control. Here, the latest progress on personal thermal
management materials with engineered infrared radiation properties are reviewed. The regulation principles of
radiative cooling and radiative heating are elucidated from both indoor and outdoor scenarios, and the bidirection-
al temperature regulation mode of radiative cooling/heating is discussed. The design ideas, fabrication, microstruc-
ture and temperature regulation effect of corresponding materials are elaborated, an outlook about development
trend is provided as well.
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Fig.1 (a) Major heat dissipation pathways of human body with corresponding proportions; (b) Human body infrared radiation

curve at the skin temperature of 34°C
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Fig.2 (a) Infrared transmittance and visible opacity of nanoporous polyethylene (nano PE) compared with other materials'™; (b) Infrared transmittance

and visible opacity of methoxypoly(ethylene glycol)-aminoethyl/polydopamine particles (mPPDAPs)/ultra high molecular weight polyethylene

(UHMWPE)-polyester composites and contrast materials with same thickness"?
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Fig.4 (a) Schematic heat transfer process and transmittance spectra of nylon 6 (PA 6)/SiO, fibrous membrane'®’; (b) Interaction between the polymer-

based nanophotonic textile (PBNT) and light, and optical properties of PBNT, cotton and linen"®?; (c) Schematic and measured reflectivity/emissivity

of the metafabric

[54]
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Fig.5 (a) SEM images and total spectral reflectance of polyacrylonitrile (PAN) nanofibers®”; (b) SEM images of polyvinylidene fluoride (PVDF)

nanomesh and its optical properties, thermal images compared with those of the normal textile*®
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Fig.6 (a) IR reflectance of Ag nanowire cloth’®’; (b) IR reflectance of nano Ag/polyethylene (PE) and other materials'; (c) IR reflectance and

Joule heating measurement of woven kevlar fiber (WKF) and its composites'®”
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Fig. 7 (a) Laminated structure and spectra characterization of the biomimetic carbon nanotube (CNTs)/cellulose acetate/Ag membrane'®;

(b) Schematic of MXene/nano PE and real-time temperature for switching its heating mode®”
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with dual mode'™; (d) Working principle diagram of the infrared radiation "gated" fabric material

76]



+ 2490 -

EEMRER

i% W] nano PE — 4% Wk S5 U0 AR 42 )@ AL 2150 I 5
2, 5 — A R BH D B i T MR R G A
K Cu, Zn FRL, BRI 5 [A] I DL BH 3 B
R LLA R AR B LN I R H R (PMMA)
U7 ePTFE MR T FRIR 2, RIR . FRIR)Z4E A
£ T BAJE X B 22 R M 1 4 KA A NI B
Bl HEMMAAMEL, ZEAMERERRY
8.1°C, FFIRZRL 6°C, o oy a5 3 7 A 1
T 22 38 W] 5 P B e 4R A (1] 8(b)). SiO, T Bk 1)
RS A4 [) A A 4 w5 A BH U Bt S B %, Dai 46
16 Al L JE — 3% Si0,/PDMS ZfLE A IRIEME N
R R TED 3200 K BRI B S 3 32 24 085, £L41 A it
ik 0.95; 55— & ¥k CNT/PDMS 1 kb K BH St
W), OB G R IR R TRLSOR 43 )
h2°C R 7C, KAEX PR S RO S g 2 R A
Y &F 4 i 2 4, Song 57 L) L 47 PVDEET 4 JI5 45
K, RIKBIER ZnO 9K i . CNT., Ag 41 K4
1 PDMS 75 31 5 557 B35/ DR T oBUSE R 25 M B
PDMS #h 2 HAT W VR, il B AR & 5 2% Ag 44
KZ . CNT )z WK FH 4R 59 52 30 3.8~4.6°C Y PRl
RO IRZ, 2Lk A5 3% PVDF 2 8 40 A] S5 )
8.2~12.6°C M FEIRALA , MR BT ZL 2B
MR B ] BT SR, B WL Al e
WEE (K 8(c)). Bk Lk iR EIE k172 &4,
Ye %5050 LU I I A 644, 4o 391 [) A H 08 Bt v
5 2R BaTiOs 151 W W R CB 43 BIR A 5 i 25 22 )
% T W& I8N & BaTiOs/PAN, {4 1% 1] %y CB/PAN [
X A e 52 A b RE, B SRR . AR TR
For5h 2.5°C f18.7°C,
3.2 WEEHEE/RE—EFR

ANTR) T b 3% 7 25 0 ) 8 5 R R A B AL
B 2 8 I A U /DR TR — AR L T i i A B K G
LW N AEE RS . Zhang %Y I H R
7 ONT X S = MR T 4 R i thl 46 7 BA 41
AN CTTHET RN R B ) R X [ A R A B
219, TR A 35% LT AN BT . IR
SRR, CNT MR ILIRFE G308, Sk 9%
Pk, [ B 2 A i) B AR KT SEIN U . 28 K T )
B MTER THIREE T, 2F 48 LA Y Jr X
NP AR, BB AR S G (1] 8(d)). Leung
SR B EBR IR BILRY R OG- 2T =
-4 W (SEBS) 5 & )8 Cu KA Z R A il 4 T 1
A 0] 7 Y 2T A1 G Sl AR MR, R AR B HES)

1) 4 Jm J2 g e SEBS 3L M A 7E HLAK At T AT 3 7
A, TR AT Ut aF ok BN AR I B3R

0 ST AR R /AR TR — AP R L % 0 i ek 1Y i
i, HEASEHNZRAAEREHFRRT, =
SR FH AT il K BH 9 BEAIE X R W R A R,
B DA B R A T sh A 454 AT A 38 1
FRAE,  HR A A1 B 5 o o 9 3 DA A A
WRETR, BRI A Sh 3505 B IR /O R — b R
MR AERE A, WK W RT, g6
T fil e SR AT O P B KU TR, R RS
G R FEE I, B RO, TR
SR SRR HES AT . LB VO,
K EE 1O B 25 BE T AR 3 1 AH S 5t B
oM, 2% A S IR PH 5 S R A S % K W A 9
T LA DU 22 1 g B — o 1Y AT DO i R D
TERIET R, AR 5 A AT BB R A B X 34
B Ve AR ARy T 6 T SRAHAL A X B, (R
HASCAE G ML AT A F A& B L 3 3 o 1y L A RE A
A A AT BA R (G K . B RS R 5 AR
i il 4 22 R A 28 RS AN i T AR, oie )
Jikop e S, AR 1 T BRI T A AR
EHMOBL R HET o R, B RE T FH AR5 S e
e LR . T AR EE PR U R S L E T
NG R . FBHES . BE . RIS 5
SR A S 8 SRR RE P BEAE R 1] A B A5 R B
AR A2 I T I B Bk Ko

BHREWIM T HAR UG IERY 2% FrEdis.
FRURET Y | D HE R A5 T ST BRI el . AR AR
P AEAS NSRS FRATS BAT B I T Y
ZT 2 1) 45 AL R (5 O ) e R A i B R ME B
N AR, SHE . RZEMIEES A
WA . FIHY 24 T2, Peng %P Cai 46 %
il & 09 4% 95 2 {1 PE. & (4 PE f8 5 B I 214 Fn
ZnO/PE Y il 3% £ 1k 45 G B I 2149 . Song 45 % il
£ 1) 2 1. PEO/PE ¥4 J5 fR S PR IR 29 . Li %™ %
Xof 3 T HL 205 24 1) 45 1Y) PEO 39 45 1 i ST W UL 2 I
Zeng 5 il £ 1 5 BB AT RHEL I Y i Bh T A AR
St AR BB RL A PRl Ak R

1 BRERE

A A BB I ERSE S T,
LT RS T AT B . AL T T
SRS B9/ A AT 5 BR R BT BR SR S
PR AN B 5 B B AR



SRR AR HE T LD I PR B LB BB BB S 0

2491 -

A I AR IR /A TR T — A 8 O L R Y R % A
AR T T o EL T s o SRR A TR R 4
Fe ARG, A A BB RS R AR B B &
JE B R SR PR B S B, SIE AL . 2B,
LR . A 85 8] (4 4R AR A 0F 58 0 42
I A B2 0% 25 K8 1 T4 96 0 3 57 DA R A M4k
W RE TR, MR ZE MR T g 25 M (HVAC) R 4i6E
FEo 3T 20 MM S s 1 A A BB ) 5
&, TG LR A ML S kA

(1) B RTHSCHF 98 240 TR B BE . N SE B
WAk B AR, 745 H BT FIR R B 1 7 S o
B HERE, B . BR . WK, M.
PR OE R R R TR RN G 4 R S B R G
MAREEF I, LA 7= I T 2 SR SR R AR |
T MR T [l

(2) BAT A IS B R 2R T B — I
BRA . XU . ZRR AR HLE], IR R RE )
AR R IREEE N, T R R 2 R T AL
il 28 SURl A B BE AL A A BVE SMORL, b I
Btk AAEBRL . 05 2R bERE S AT Ry 4 Akt
%, WA, BERS R FRER, TR
N HRAE AR BB AL K 5

(3) 5 a7 3 FH AR A A A BB R I A
e, NMARERTERAS., 214, RS2
R, RGBS WA, CA
H 38 A B . PRIR AR I e E ik AR AR A
W, AN E | RS S HFE Rk
TR PLAEFE 22 5, AR RIAS NIV B MR AR
5%k L3 8 R HE

o

[1] WEBB P. Temperatures of skin, subcutaneous tissue,
muscle and core in resting men in cold, comfortable and
hot conditions[J]. European Journal of Applied Physiology
and Occupational Physiology, 1992, 64(5): 471-476.

[2] NASTOS P T, MATZARAKIS A. Weather impacts on
respiratory infections in Athens, Greece[J]. International
Journal of Biometeorology, 2006, 50(6): 358-369.

[3] FANGY, ZHAO X, CHEN G, et al. Smart poly-ethylene tex-
tiles for radiative and evaporative cooling[J]. Joule, 2021,
5(4): 752-754.

[4] WANG Z, DE DEAR R, LUO M, et al. Individual difference
in thermal comfort: A literature review[J]. Building and
Environment, 2018, 138: 181-193.

[5] FONGKF, HANBY VI, CHOW T T. HVAC system optimiza-

(6]

(7]

[8]

[9]

[10]

[11]

[12]

[13]

(14]

[15]

[16]

[17]

(18]

[19]

tion for energy management by evolutionary program-
ming[J]. Energy and Buildings, 2006, 38(3): 220-231.
HOTY T, LEE K H, ZHANG H, et al. Energy savings from ex-
tended air temperature setpoints and reductions in room
air mixing [C]//Proceedings of the 13th International Con-
ference on Environmental Ergonomics. San Jose: Curran
Associates, Inc., 2009: 1-5.

HSUP C, SONG AY, CATRYSSE P B, et al. Radiative human
body cooling by nanoporous polyethylene textile[]].
Science, 2016, 353(6303): 1019-1023.

CAIL, SONG AY, WU P, et al. Warming up human body by
nanoporous metallized polyethylene textile[J]. Nature
Communications, 2017, 8(1): 1-8.

ZHU F L, FENG Q Q. Recent advances in textile materials
for personal radiative thermal management in indoor and
outdoor environments[J]. International Journal of
Thermal Sciences, 2021, 165(6303): 106899-106912.

GU B, LIANG K, ZHANG T, et al. Multifunctional lami-
nated membranes with adjustable infrared radiation for
personal thermal management applications[J]. Cellulose,
2020, 27(14): 8471-8483.

CUI'Y, GONG H, WANGYY, et al. A thermally insulating tex-
tile inspired by polar bear hair[J]. Advanced Materials,
2018, 30(14): 1706807-1706814.

LIU Z, LYU ], FANG D, et al. Nanofibrous kevlar aerogel
threads for thermal insulation in harsh environments[J].
ACS Nano, 2019, 13(5): 5703-5711.

LIU P, L1 Y, XU Y, et al. Stretchable and energy-efficient
heating carbon nanotube fiber by designing a hierarchic-
ally helical structure[J]. Small, 2018, 14(4): 1702926-
1702931.

HONG S, GU Y, SEO JOON K, et al. Wearable thermoelec-
trics for personalized thermoregulation[J]. Science
Advances, 2019, 5(5): 536-547.

MOKHTARI YAZDI M, SHEIKHZADEH M. Personal cool-
ing garments: A review[J]. Journal of the Textile Institute,
2014, 105(12): 1231-1250.

FORT J. On the nonequilibrium generalization of the Wien
displacement[J]. Physics Letters A, 1999, 253(5): 266-
272.

BORISKINA S V. Nanoporous fabrics could keep you
cool[J]. Science, 2016, 353(6303): 986-987.

STEKETEE J. Spectral emissivity of skin and
pericardium[J]. Physics in Medicine and Biology, 1973,
18(5): 686-694.

HARDY ] D, DUBOIS E F. Regulation of heat loss from the
human body[J]. Proceedings of the National Academy of
Sciences of the United States of America, 1937, 23(12):

624-631.


https://doi.org/10.1007/BF00625070
https://doi.org/10.1007/BF00625070
https://doi.org/10.1007/s00484-006-0031-1
https://doi.org/10.1007/s00484-006-0031-1
https://doi.org/10.1016/j.joule.2021.03.019
https://doi.org/10.1016/j.buildenv.2018.04.040
https://doi.org/10.1016/j.buildenv.2018.04.040
https://doi.org/10.1016/j.enbuild.2005.05.008
https://doi.org/10.1126/science.aaf5471
https://doi.org/10.1038/s41467-016-0009-6
https://doi.org/10.1038/s41467-016-0009-6
https://doi.org/10.1007/s10570-020-03354-9
https://doi.org/10.1002/adma.201706807
https://doi.org/10.1021/acsnano.9b01094
https://doi.org/10.1002/smll.201702926
https://doi.org/10.1126/sciadv.aaw0536
https://doi.org/10.1126/sciadv.aaw0536
https://doi.org/10.1080/00405000.2014.895088
https://doi.org/10.1126/science.aah5577
https://doi.org/10.1088/0031-9155/18/5/307
https://doi.org/10.1073/pnas.23.12.624
https://doi.org/10.1073/pnas.23.12.624

EEMRER

2492 -

[20] WINSLOW C E A, GAGGE A P, HERRINGTON L P. The in- [34] CHEN J, WANG Z L. Reviving vibration energy harvesting
fluence of air movement upon heat losses from the clothed and self-powered sensing by a triboelectric nanogenerat-
human body[J]. American Journal of Physiology, 1939, or[J].Joule, 2017, 1(3): 480-521.

127(3): 505-518. [35] UGBOLUE S C. Polyolefin fibres: Structure, properties and

[21] BOIS E. Heat loss from the human body: Harvey lecture, industrial applications[M]. Sawston: Woodhead Publish-
December 15, 1938[J]. Bulletin of the New York Academy ing, 2017: 14-15.
of Medicine, 1939, 15(3): 143-173. [36] LIU R, WANG X, YU J, et al. A novel approach to design

[22] SHINS, CHEN R. Cool textile[]]. Joule, 2021, 5(9): 2258- nanoporous polyethylene/polyester composite fabric via
2260. TIPS for human body cooling[J]. Macromolecular Materi-

[23] SILVERSTEIN R M, BASSLER G C. Spectrometric identifica- als and Engineering, 2018, 303(3): 1700456-1700465.
tion of organic compounds[J]. Journal of Chemical Educa- [37] KEY, WANG F, XU P, et al. On the use of a novel nanopor-
tion, 1962, 39(11): 546-553. ous polyethylene (nano PE) passive cooling material for

[24] STUART B H. Infrared spectroscopy: Fundamentals and personal thermal comfort management under uniform in-
applications[M]. London: John Wiley & Sons, Inc., 2004: 76- door environments[J]. Building and Environment, 2018,
79. 145: 85-95.

[25] LOTENS W A, PIETERS A M J. Transfer of radiative heat [38] PENGY, CHEN J, SONG AY, et al. Nanoporous polyethyl-
through clothing ensembles[J]. Ergonomics, 1995, 38(6): ene microfibres for large-scale radiative cooling fabric[J].
1132-1155. Nature Sustainability, 2018, 1(2): 105-112.

[26] HSUP C, LIU C, SONG A Y, et al. A dual-mode textile for [39] CAI L, PENG Y, XU J, et al. Temperature regulation in
human body radiative heating and cooling[J]. Science colored infrared-transparent polyethylene textiles[]].
Advances, 2017, 3(11): 1700895-1700903. Joule, 2019, 3(6): 1478-1486.

(27] LIENHARD ] H, LIENHARD ] H. A heat transfer [40] ALBERGHINI M, HONG S, LOZANO L M, et al. Sustainable
textbook[M]. 3th Edition. Cambridge: Phlogiston Press, polyethylene fabrics with engineered moisture transport
2016. for passive cooling[J]. Nature Sustainability, 2021, 4(8):

[28] TONG]JK, HUANG X, BORISKINA SV, et al. Infrared-trans- 715-724.
parent visible-opaque fabrics for wearable personal [41] WEIJF, HU XY, SUN L Q, et al. Technology for radiation
thermal management[J]. ACS Photonics, 2015, 2(6): efficiency measurement of high-power halogen tungsten
769-778. lamp used in calibration of high-energy laser energy

[29] BOHREN CF, HUFFMAN D R. Absorption and scattering of meter[J]. Applied Optics, 2015, 54(9): 2289-2295.
light by small particles[M]. London: John Wiley & Sons, [42] AKHALAYA M Y, MAKSIMOV G V, RUBIN A B, et al.
Inc., 2008: 72-78. Molecular action mechanisms of solar infrared radiation

[30] GULMINE ]V, JANISSEK P R, HEISE H M, et al. Polyethyl- and heat on human skin[J]. Ageing Research Reviews,
ene characterization by FTIR[J]. Polymer Testing, 2002, 2014, 16: 1-11.

21(5): 557-563. [43] CAIL, SONG A Y, WEI L, et al. Spectrally selective nano-

[31] &K, T 2245 B 7948 15 05 B of A48 e af 5 240 41 % composite textile for outdoor personal cooling[J].
WT 1], fb2% T FEI, 2016, 30(7): 75-78. Advanced Materials, 2018, 30(35): 1802152-1802158.
SHE Changhui, YU Hongwei. Temperature effect on FTIR [44] PANWAR K, JASSAL M, AGRAWAL A K. Ti0,-SiO, Janus
spectrum of polypropylene[J]. Chemical Engineer, 2016, particles treated cotton fabric for thermal regulation[]].
30(7): 75-78(in Chinese). Surface and Coatings Technology, 2017, 309: 897-903.

(321 RIF5%, A, ZEnTnk, 55, 3R DU 6 & s RS A ) 4 S 4T 4k [45] WONG A, DAOUD W A, LIANG H H, et al. Application of ru-
SEIEIFE (1], A4, 1997, 46(9): 1764-1767. tile and anatase onto cotton fabric and their effect on the
ZHU Kaigui, SHI Jianzhong, LI Kebin, et al. Preparations NIR reflection/surface temperature of the fabric[J]. Solar
and infrared spectrum studies of polytetrafluoroethylene Energy Materials and Solar Cells, 2015, 134: 425-437.
thin films[J]. Acta Physica Sinica, 1997, 46(9): 1764- [46] MEHRIZI M K, MORTAZAVI S M, MALLAKPOUR §, et al.
1767(in Chinese). The effect of nano- and micro-TiO, particles on reflective

[33]  JRR 2%, ZDAMLHE 1 S N R R 2 i R Ik L (7] 9L, 2009, behavior of printed cotton/nylon fabrics in VIS/NIR re-
38(3): 114-117. gions[J]. Color Research & Application, 2012, 37(3):
ZHU Wulan. Discrimination of different polyamides by 199-205.

IR[J]. Plastics, 2009, 38(3): 114-117(in Chinese). [47] WEI W, ZHU Y, LI Q, et al. An Al,O;-cellulose acetate-


https://doi.org/10.1152/ajplegacy.1939.127.3.505
https://doi.org/10.1016/j.joule.2021.08.011
https://doi.org/10.1021/ed039p546
https://doi.org/10.1021/ed039p546
https://doi.org/10.1021/ed039p546
https://doi.org/10.1080/00140139508925178
https://doi.org/10.1126/sciadv.1700895
https://doi.org/10.1126/sciadv.1700895
https://doi.org/10.1021/acsphotonics.5b00140
https://doi.org/10.1016/S0142-9418(01)00124-6
https://doi.org/10.16247/j.cnki.23-1171/tq.20160775
https://doi.org/10.16247/j.cnki.23-1171/tq.20160775
https://doi.org/10.3321/j.issn:1000-3290.1997.09.015
https://doi.org/10.3321/j.issn:1000-3290.1997.09.015
https://doi.org/10.1016/j.joule.2017.09.004
https://doi.org/10.1002/mame.201700456
https://doi.org/10.1002/mame.201700456
https://doi.org/10.1002/mame.201700456
https://doi.org/10.1016/j.buildenv.2018.09.021
https://doi.org/10.1038/s41893-018-0023-2
https://doi.org/10.1016/j.joule.2019.03.015
https://doi.org/10.1038/s41893-021-00688-5
https://doi.org/10.1364/AO.54.002289
https://doi.org/10.1016/j.arr.2014.03.006
https://doi.org/10.1002/adma.201802152
https://doi.org/10.1016/j.surfcoat.2016.10.066
https://doi.org/10.1016/j.solmat.2014.12.011
https://doi.org/10.1016/j.solmat.2014.12.011

S

A T LD AN S IR R A N B SR R 5T i R

- 2493 -

[48]

[49]

[50]

[51]

[52]

(53]

(54]

[55]

[56]

[57]

(58]

[59]

[60]

coated textile for human body cooling[J]. Solar Energy
Materials and Solar Cells, 2020, 211: 110525-110531.
ZHU B, LI W, ZHANG Q, et al. Subambient daytime radia-
tive cooling textile based on nanoprocessed silk[J]. Nature
Nanotechnology, 2021, 16(12): 1342-1348.

LID, LIU X, LI W, et al. Scalable and hierarchically de-
signed polymer film as a selective thermal emitter for high-
performance all-day radiative cooling[J]. Nature Nano-
technology, 2021, 16(2): 153-158.

SONG YN, LIY, YAN DX, et al. Novel passive cooling com-
posite textile for both outdoor and indoor personal thermal
management[J]. Composites Part A: Applied Science and
Manufacturing, 2020, 130: 105738-105746.

XIAO R, HOU C, YANG W, et al. Infrared-radiation-en-
hanced nanofiber membrane for sky radiative cooling of
the human body[J]. ACS Applied Materials & Interfaces,
2019, 11(47): 44673-44681.

SONG Y N, LEI M Q, DENG L F, et al. Hybrid metamaterial
textiles for passive personal cooling indoors and
outdoors[J]. ACS Applied Polymer Materials, 2020, 2(11):
4379-4386.

WANG X, LIU X, LI Z, et al. Scalable flexible hybrid mem-
branes with photonic structures for daytime radiative cool-
ing[J]. Advanced Functional Materials, 2020, 30(5):
1907562-1907570.

ZENG S, PIAN S, SU M, et al. Hierarchical-morphology
metafabric for scalable passive daytime radiative
cooling[J]. Science, 2021, 373(6555): 692-696.

SONG Y N, MA R J, XU L, et al. Wearable polyethylene/
polyamide composite fabric for passive human body cool-
ing[J]. ACS Applied Materials & Interfaces, 2018, 10(48):
41637-41644.

SONG Y N, LEI M Q, LEI J, et al. A scalable hybrid fiber and
its textile with pore and wrinkle structures for passive per-
sonal cooling[J]. Advanced Materials Technologies, 2020,
5(7): 2000287-2000295.

KIM H, MCSHERRY S, BROWN B, et al. Selectively enhan-
cing solar scattering for direct radiative cooling through
control of polymer nanofiber morphology[J]. ACS Applied
Materials & Interfaces, 2020, 12(39): 43553-43559.

KIM G, PARK K, HWANG K J, et al. Highly sunlight reflec-
tive and infrared semi-transparent nanomesh textiles[J].
ACS Nano, 2021, 15(10): 15962-15971.

DOE U S. Buildings energy databook[M]. US Department of
Energy: Energy Efficiency and Renewable Energy Depart-
ment, 2011: 286-287.

HAYES S G, VENKATRAMAN P. Materials and technology
for sportswear and performance apparel[M]. Boca Raton:

CRC Press, 2016: 153-169.

(61]

(62]

[63]

[64]

[65]

(66]

(67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

HSUP C, LIU X, LIU C, et al. Personal thermal manage-
ment by metallic nanowire-coated textile[J]. Nano Letters,
2015, 15(1): 365-371.

LIU Q, HUANG J, ZHANG J, et al. Thermal, waterproof,
breathable, and antibacterial cloth with a nanoporous
structure[J]. ACS Applied Materials & Interfaces, 2018,
10(2): 2026-2032.

HAZARIKA A, DEKA B K, KIM D, et al. Woven kevlar
fiber/polydimethylsiloxane/reduced graphene oxide com-
posite-based personal thermal management with free-
standing Cu-Ni core-shell nanowires[J]. Nano Letters,
2018, 18(11): 6731-6739.

LUO Y, FU B, SHEN Q, et al. Patterned surfaces for solar-
driven interfacial evaporation [J]. ACS Applied Materials &
Interfaces, 2019, 11(7): 7584-7590.

PRECIADO J A, RUBINSKY B, OTTEN D, et al. Radiative
properties of polar bear hair [C]//ASME 2002 International
Mechanical Engineering Congress and Exposition. New
York: ASME Press, 2002: 57-58.

YUE X, HE M, ZHANG T, et al. Laminated fibrous mem-
brane inspired by polar bear pelt for outdoor personal radi-
ation management[J]. ACS Applied Materials & Interfaces,
2020, 12(10): 12285-12293.

SHI M, SHEN M, GUO X, et al. Tiz;C,T, MXene-decorated
nanoporous polyethylene textile for passive and active per-
sonal precision heating[J]. ACS Nano, 2021, 15(7):
11396-11405.

LUO H, LI Q, DU K, et al. An ultra-thin colored textile with
simultaneous solar and passive heating abilities[J]. Nano
Energy, 2019, 65: 103998-104006.

YANG H C, HOU J, CHEN V, et al. Janus membranes:
Exploring duality for advanced separation[J]. Ange-
wandte Chemie International Edition, 2016, 55(43):
13398-13407.

YUE X, ZHANG T, YANG D, et al. Multifunctional Janus
fibrous hybrid membranes with sandwich structure for on-
demand personal thermal management[J]. Nano Energy,
2019, 63: 103808-103817.

QIU S, JIA H, JIANG S X. Fabrication and characterization
of thermal management fabric with heating and cooling
modes through magnetron sputtering[J]. Materials Letters,
2021, 300: 130217-130220.

LUO H, ZHU Y, XU Z, et al. Outdoor personal thermal
management with simultaneous electricity generation[J].
Nano Letters, 2021, 21(9): 3879-3886.

DAI B, LIX, XU T, et al. Radiative cooling and solar heating
Janus films for personal thermal management[J]. ACS Ap-
plied Materials & Interfaces, 2022, 14(16): 18877-18883.
SONG Y N, LEIM Q, HAN D L, et al. Multifunctional mem-


https://doi.org/10.1016/j.solmat.2020.110525
https://doi.org/10.1016/j.solmat.2020.110525
https://doi.org/10.1038/s41565-021-00987-0
https://doi.org/10.1038/s41565-021-00987-0
https://doi.org/10.1038/s41565-020-00800-4
https://doi.org/10.1038/s41565-020-00800-4
https://doi.org/10.1038/s41565-020-00800-4
https://doi.org/10.1016/j.compositesa.2019.105738
https://doi.org/10.1016/j.compositesa.2019.105738
https://doi.org/10.1021/acsapm.0c00234
https://doi.org/10.1002/adfm.201907562
https://doi.org/10.1126/science.abi5484
https://doi.org/10.1002/admt.202000287
https://doi.org/10.1021/acsnano.1c04104
https://doi.org/10.1021/nl5036572
https://doi.org/10.1021/acs.nanolett.8b02408
https://doi.org/10.1021/acsnano.1c00903
https://doi.org/10.1016/j.nanoen.2019.103998
https://doi.org/10.1016/j.nanoen.2019.103998
https://doi.org/10.1002/anie.201601589
https://doi.org/10.1002/anie.201601589
https://doi.org/10.1016/j.nanoen.2019.06.004
https://doi.org/10.1016/j.matlet.2021.130217
https://doi.org/10.1021/acs.nanolett.1c00400

EEMRER

dynamic thermoregulatory material inspired by squid

skin[J]. Nature Communications, 2019, 10(1): 1-10.

- 2494 -
brane for thermal management applications[J]. ACS Ap- [78] TANG K, DONG K, LI J, et al. Temperature-adaptive
plied Materials & Interfaces, 2021, 13(16): 19301-19311. radiative coating for all-season household thermal regula-
[75] YEG, WAN Y, WU J, et al. Multifunctional device integrat- tion[J]. Science, 2021, 374(6574): 1504-1509.
ing dual-temperature regulator for outdoor personal [79] WANGS, JIANG T, MENG Y, et al. Scalable thermochromic
thermal comfort and triboelectric nanogenerator for self- smart windows with passive radiative cooling
powered human-machine interaction[J]. Nano Energy, regulation[J]. Science, 2021, 374(6574): 1501-1504.
2022, 97: 107148-107161. [80] LINC, HUR J, CHAO C Y H, et al. All-weather thermo-
[76] ZHANG X A, YU S, XU B, et al. Dynamic gating of infrared chromic windows for synchronous solar and thermal radi-
radiation in a textile[J]. Science, 2019, 363(6427): 619- ation regulation[J]. Science Advances, 2022, 8(17):
623. 7359-7369.
[77] LEUNG E M, COLORADO E M, STIUBIANU G T, et al. A [81] ZHANGX,LIUC, SHEN C, et al. Promising commercial fab-

rics with radiative cooling for personal thermal manage-

ment[J]. Science Bulletin, 2022, 67(3): 229-231.


https://doi.org/10.1016/j.nanoen.2022.107148
https://doi.org/10.1126/science.aau1217
https://doi.org/10.1038/s41467-018-07882-8
https://doi.org/10.1126/science.abf7136
https://doi.org/10.1126/science.abg0291
https://doi.org/10.1126/sciadv.abn7359
https://doi.org/10.1016/j.scib.2021.08.019

	1 个人辐射降温材料
	1.1 室内个人辐射降温材料
	1.2 室外个人辐射降温材料

	2 个人辐射保温材料
	2.1 室内个人辐射保温材料
	2.2 室外个人辐射保温材料

	3 个人辐射降温/保温一体材料
	3.1 静态辐射降温/保温一体材料
	3.2 动态辐射降温/保温一体材料

	4 结论与展望
	参考文献

