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nanogenerators, TENG)FIFHIAfE IS, ] FHFIT0
Wy 3B BRI AN K T T, LA B B T
[, AT d R AR BE ORI 47 AR A BELAR . PR LA K
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(1) FEGRBENGE 4 (aromatic  polyamide fiber,
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Table 1 Main characteristics of the high-performance intrinsic flame-
retardant fibers

4 RS FE R (%) PITRIRE (°C)
5T R TN 2T 4
(AF) 28~35 400
BRI IRPE IR I e
“T4(PBO) 68 650
BRI BELT4E(PPS) 34~35 500
RARIFWKIBLT 4 (PBT) 41 700
SV He 2T 44 (PT) 38 400
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FEAG M AMEZ R ES, mHEAR. Bk SEPERE,
ERRI, rd b . W2 ST i B A )
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BIOO AN WATE R IR 2 . RRY e B
/S AR e b rp s A SR TR ) A R B A 4T 4
HRRHANIE R (1) mTRERAAENTEA K
T ORSLBR, BERSA RO BHAFIVE S, [RIRF L pEk
W PUHCRT IR T, FRACAER S, (2) BAK
B SR, AR 4k RENS A 30 b 28 = TR AN

7~

2 >

Core solution Shell solution
(PVA+SiO, spheres) (PVA+SiO, sol)

TR Z M R A3, (3) RBEIEF A K oA T B <
TR b8, AR — R 2E AL SR, DR RCBEI 2F
e FR AR 25 25 TR BRATERE. BLob, Bt
JREEF 4 A = FRRON: (1) “Too5 K AR R0, R B E
A AR B HREER, fefl JOPR S K L A, (it
MELATES-[E FE AL 5. (2) “FXPi R0, B AIAL
#(20~50 nm)/N T2 A A HAR(70 nm), RIS
EEIE NERINZS TG HE A M IE. (3) “TEg5 Bk 0.
BRI B PR B A K T < To o5 A BRARRL N, IR
XA SRS ) T AR .

AR, PRIHCHR () BRI B S Rk, OB AT
AR UR R L BH R L A% JER AR 40 Bk HL A AR KR
SO S BRI R A s G AR T
R T TR IR T BRUE YT R  H, BT 2 T RE AN
KA AR B R H A B 2P Y Zhouss
VR P 27 2 2 90 K 27 45 70 42 8 A DL 28 (metal-or-
ganic framework, MOF)4 K E 478 20 Bk, 1013 A 41 %%
W & T — R KR 2 A AR 1%
B SRR 5 0 o AL TR R e B, BHAE
KNG NGB I, HA S AR, RO T bemt
KT JH(~1300°C) T ULAEMFoE%. Hus Ah T2
TR ICEE I 7 22 F3RGE S 2RSS, il e T 3c kgl
K LT Y % B2 4y i Zylon S BRI 4T 4 (hierarchical  Zylon
aerogel fibers, HZAFs). Z&F4E H A &AM
(LOI=54.2%) LB (98.6%). kTR
(0.036 W m™" K™ 2, REASIE I TH i
4 5 (-196~400°C), Hil 55 0 AN 2R, teAh,

)
af
’
4
s
\\n

-— PVA@PVA/SIO,
‘ hybrid fiber
Coaxial electrospinning
Calcination

Sio,

7N )
SiO,/Pl composite membrane

Imidization

-

Impregnation

Si0O, membrane

B 1 (MR (0)Si0y/PIE & £ 4 il 4 1 ZE™Y). Copyright © 2023 Elsevier Ltd
Figure 1 (Color online) Schematic diagram of the preparation of SiO,/PI composite fiber membrane””. Copyright © 2023 Elsevier Ltd
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B 2 (FIZ R () HZAFs i 4 UL R BRI I i Sl Be vy iR 25 MY, Copyright © 2023 Wiley-VCH GmbH
Figure 2 (Color online) Schematic diagram of the preparation of HZAFs and the dual functional application of thermal insulation and sensing[4°].
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Zylon TBERL LT AERE ST T 45 sl BN i 8L, RIS
R AR LT AR E, W848 = THZAFs)
FL £ 25 FEE AL MERE. R, SXFPHZAFZWI T T
TENGUs, FRILH R0 B AL AL GE T L) AR TR
MAZEGYERE, TENT R BB 210 Jr T A AR K
FRI N ).

(3) MZZ IR £F 4. 07544 % (phase change materi-
al, PCM)TERNFIR EE AR, 23 A AR AR AR, AHNE
AN SR A, e — R RS S LR RE R IR
FIhRERIAARE, SufE AR AT E AR 4 T R
SRARZS AR 220, 8 iR 5 ke 1 AL b e,
AR KR R PCMIR 2 V) 1 e A0 By I 1 i
BEWITRAL T 2%, AR 0y 4 5 0l R R Y
2B Erh s sk, Hrh ez i fml . #
ML BRI RY 255 1.2, ¥PCM S 44 )5k 245 &
AT ]t AR AR LT Y. 2T 2 v s S e R X rh s 24
FAEF 4RI FEPCM, LA ) HL A A R T R
MIEFLE. KPCM S YU BHRSS & B FOAR 2 th 26 [ i
RSB HE Y, 5w TR R R A B BE LAV
S ANZE S ) A3 B B Eh ™Y, M 0P E LA A
4B (thermal protective performance, TPP).

HHT, 2 Fh2EA AR AR AR 4E DR O 2 AE I 9
S TN, R TR T R SV L Bk RE
YRR, O ERIR TR A R R BB M. Zha
25 N SUZ BRI S 2R T PCM, AR KA
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A RIBENS B & BT - MU AR, R8I IR FR N
FRJRBEAARRE, A TR R DL R S,
W RTIT & Z IR RER IR, R T, Ak
CACHP R VR R IZ, TR B3 i DA i s /0>
HaErPEA; EVERERS)ZE, MR TR Wiz
3, FECRAWNEBLBRY 5K, iR HORAL AL
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W, e T R EAA LRI RICIC YRR T
Yk, FURIE ZHIE E R0 P IE9 1% 71%, JXFRET4E
TE 22 AR P AT R Bt 5 KA R 7. PanZE APV
FIBARICAL & 4 22 S V2B T 10FIRARIE 124



P A
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TR DIRELF AE 0 &5 T vk ARl i Ko A e
AIE], InF2FTR.

2 TS
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FRAREHAR)Z « FPTE] A B K R AR R IRZ L S
FRAYETIE R, XA 22 B A I3 PR,

2.1 B2

2282 A G5 B AT B AR B A1 2 R R ALY
R E ok, L& BB Tt $il
F BRI B SR, A R P ERE AR AE AR
WRER e, H R b S 3 RSN A BEER 2= SU b Rk
FENSLYE. PBIZFYE. PBOL4ESE. M THMNEEL
FERGBAEPAEE T, IfEH AT IR 5 i 5 HA 243 55,
Rk, HFERZE I HURAE REFIABE P — B2 2] 211
. Ohalele5 \PIWFFE T HEALX BT IRANZ Y3

F2 MRAEHHETE. EEBERNA

FKevlar/PBIRZT S il BE A 2R, DFFE4 R,
MU IR YR B i i, 2 BRI
JEE -5 T 38, F A5 2 DR A e v JEE 4 N ]

22 FikiERZ

Wi K32 REBT Lk mRR AR . SRR ZE R 2B B
PRHRZE, JF LI AR A TR E L 2 R S HE
ELINTS7 S M INTTE: RPN LN AT i T a1 & (A=
TAEANG B POV ER i, R
AT N B e 4. B KBS )2 R e8I R I 55
— )2 FHBAPTFER KB S IESUE M M G MR, i
FHEAHE AR, RSN K. Meena
i NSRBI BB 5 SR R R B A ), B Ul
ISR I PTFEE I S S R &, il 17—
RN Al A0 A D B 7K B S BRIA B IS . LAk, b
AR IR E 51 AR KR & T X Fh 2L AR 11 By
PR, FERB P A LA TR R .

2.3 PEPRIZ

i FAPR 2 ) 2 I REAE T Ik G BRI [ A AR 4 4
P S, IFRA PRI RE S HE A, DATITAT 25 11
PARTER NI ERUR. ARG i B PR S50 R
SEAA R R B ZRUA B RS fif 723 U AR S A R
B4, — R IV REA ROT U800 TRt Z 1Y
i, AR ABER . SRR RS, B2 T
1L geul SR ) £ SRk R EE 2. Shaid
S NP BRI AR LI M, 7 1 #Ad s
AJFHARK R R84 ©HAE,  [RI SORPCMIfR A SE B
JR—0, PSR i A AR, XA BRI 5 PCM
AEE B 13 SO S AT AR, B S AR

Table 2 Preparation methods, main characteristics, and applications of functional fibers

P ik S i1
ok WO SR . LRI, B, Wl T Mg, B DR BB
AR BT R 2 D) K Pk TR R AE ARG R bER

GREEE . WS L e e kg BRI . R

SR k. SRR, e CILEMBURICEE TR P i e,

WGk s ey TNTERE, T BIELF s L AN A

e L WL BRSNS MG, ARSI, B LA, NP B ARSI,

LT . sk AT 1 St B P
s . . - . = RS P S
AR e A e POBNIE URES, Wz, e DI
Hestenir it 1 TSR B N
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Bl 3 (MR ()AL T 22 E A a5 B 37 I
Figure 3 (Color online) Multi-layer composite structure thermal
protective clothing
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24 FHEZ
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1117 LR 75 B A i Mg LA BT PERE. 8 SR HIBEAA
R BELIR TR e el 2 a7 3 P A P ) BELA 7 A R 2L R
ALY/ RNIIEN A= MR (NG (A&

3 BRESWIHRAD

HI T 227} 22 AT 52 S K Z2 R B 4 A il
A, B RERABIT IR SR A HA R A DL SR B S,
AR TR K R 1 Az RS AR
PR R IR 2 BT FH T4 1 UK
7 10), 32 B BB A CTERIA AT, O HESIR I 9%
AR TR R, BUANA, 8 e 0F i s i BELA 2T 4
DA Rk RE DD e B U AT T 5 00 Ak, A2 SE 3B
IR AE ELAR B A K PR BT 1R 7 T A e T AR
(TR RN VB2 2t iiEZ S Wi S AN i b
E H AR A T 1A AT A A= il e RROIR B0 AN BT A B35
PRI, AR s ) A R A 0 R T B Ay i Y
R, VAR 5 T AR R I A 2 4 KUK

MREALEIRET AR, 7T 73Sy PR A= iy (R 0
FISNRERSGE . Horb, Az i A 4 00368 8 15 1 Ay
FOIRAES, AT SR R T AR BAOIARL . R
MR B BRASE. T ARERSEE I 3= 200 A £ B
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Figure 4 (Color online) Application diagram of intelligent breathing signal monitoring. (a) Breathing curves of four breathing modes'®L. Copyright ©
2022 Elsevier B.V. (b) Structural diagram of graphene/PBO intelligent fire mask™. Copyright © 2023 Tsinghua University Press
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Figure 5 (Color online) Responsiveness of the MXene-based flexible gas sensor to different toxic gases. (a) Comparison of the gas response of
MXene film, rGO fiber, and MXene/rGO hybrid fiber sensors to NH;; (b) dynamic resistance response of the MXene/rGO fiber sensor at different NH;
concentrations®. Copyright © 2020 American Chemical Society. (¢) Real-time gas response curve of TiO,/Ti;C, depending on NO, concentration; (d)
The maximal resistance change dot graph of TiO,/Ti;C, under the NO, concentration of 0.125-5 ppm[ég]. Copyright © 2020 Wiley-VCH GmbH
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Figure 6 (Color online) Application research of temperature-sensitive early warning sensing. (a) Photos of G;H, 5 paper before and after exposed to

butane torch flame for 60 s, (b) Under various environmental temperature and flame invasion, G,H, s paper shows a rapid fire warning response

[79]

(c) Fire warning trigger time and continuous alarm time for different concentrations of A-CNT, Copyright © 2022 Elsevier Ltd. (d) Schematic of
smart gloves for temperature response and hazard sensing and resistance-time curves'”, Copyright © 2021 American Chemical Society. (¢) New
multifunctional intelligent fire-proof cotton fabric MXene/CCS@CF for temperature sensing, fire warning, pressure response, flame retardant and joule
heating[gz]. Copyright © 2021 American Chemical Society. (f) Voltage curve of TET in three cyclic fire warning tests and early warning trigger time at

. . 6
various environmental temperatures[ 1
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Operators are often threatened by extreme high temperatures and flames in fire protection, aerospace, emergency rescue,
metallurgy, mining and other special industries. According to the China’s firefighting statistics, more than 300 firefighters
are injured or even disabled in extreme fire conditions every year in China alone. Therefore, in order to ensure the safety of
high-temperature workers and effectively carry out tasks, it is necessary to wear specific thermal protective clothing to
protect human skin from burns and even the risk of death. Traditional thermal protective clothing uses multiple layers of
insulation materials, metal or ceramic layers to provide additional protection. This type of thermal protective clothing is
usually thick and heavy, which can seriously affect the efficiency of high-temperature workers. Researchers have reduced
the bulkiness of protective clothing by improving its materials and structure, while meeting requirements for flame
resistance, heat insulation, waterproofness, and breathability. However, this passive protection still has many limitations,
and it is difficult to quickly judge the risk and safely evacuate in time in case of emergency.

In recent years, with the development of electronic information, function materials and high-performance fibers and
other technologies, the development direction of safety protection textiles has gradually become more intelligent. Due to
the integration of a variety of technologies, the thermal protective clothing can actively respond to changes in the external
environment or internal state, so as to better provide life safety protection for aerospace, military, public security, fire
protection, etc. This makes the intelligent thermal protective clothing have a strong market development potential and a
wide range of application prospects.

In order to further explore the development status and application of intelligent thermal protective clothing, this review
introduces several high performance intrinsically flame retardant fibers and heat insulation fibers, and nano fibers, phase
change temperature regulating fibers, aerogel fibers and shape memory fibers in the field of thermal protection. At the same
time, the flame-retardant layer, waterproof breathable layer, heat insulation layer and comfort layer of thermal protection
fabric are briefly overviewed. In addition, the ideal thermal protective clothing should not only be able to protect the human
body from injury, but also have intelligent functions such as monitoring physiological signals and detecting potential
hazard. In order to meet these functions, it is necessary to combine new functional materials with fibers or textiles. So far,
the combination of flexible wearable electronics and traditional textile technology has been widely reported in the thermal
protection applications. This review analyzes the current demand for intelligent improvement of thermal protection and its
application research progress from three aspects: Vital signs monitoring, toxic gas monitoring, and high temperature
warning. On this basis, the possible future development direction of functional fibers and intelligent textiles in the field of
thermal protection is prospected, and the possible challenges and opportunities are analyzed.

flame retardant fiber, heat insulation fiber, thermal protection, high temperature warning, intelligent textile
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