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1.1 IEER

3 = A B i e (MTMS). N,N- - Fi 3L H
1 iz (DMF) ) 5 [J 25 8 B 2 H IR A A JRE
(Urea). JC/K OB H Rl 2 HBHE A BRA A 5
it % (acetic acid)s ¥AV& V0 4 (Pluronic F127)14 H
TR T AR A A IR A A s AN TR
BE(TPU)YRIURIG F VL 75 A DU ST AR A ]

1.2 el & R SRR TENET

FRYT LR PRI Bk, RETRAREL
6.0 g TPU ki 5 34.0 g DMF 5 55); Bfi)5, Kk
HYILE 80 °C N IMAIFHFF LA HE, B 2 TPU Bk
TR, TERPETEIZE IR 15 wt% TPU R .

] £ 5% H A% 2 Tk S e (PMISQ) it i 27K
MY 4% AT R R G5 2 I R R AL S R R
ive iy, WAVET AT TAE PR iS4
)7 ATV R I S SRR 2O, ik — P i
EMTIMS LA KR =& &, & T — R
RE AT ) PMSQ HE R 28 K (LR 1). N $ T+

Table 1 Compositions of typical gel inks obtained in the present study.

Composition in feed

MTMS/H,0 Urea/MTMS Gelation time

Sample W(MTMS) (g) W(CH,COOH-H,0) (g) W(Urea)(g) W(F127)(g)  (WIW) (WIW) (h)

My3Uo 5 5.0 15.0 2.5 1.1 0.3 0.5 About 3.5
M sUo s 5.0 10.0 25 1.1 0.5 0.5 About 4.0
M, Uo s 5.0 5.0 2.5 1.1 1.0 0.5 About 5.0
Mo.sUo» 5.0 10.0 1.0 1.1 0.5 0.2 About 4.0
MosU, o 5.0 10.0 5.0 1.1 0.5 1.0 About 3.0
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THAE. TRk, AW FE e F127 )R
B, RS %% 7 MTMS. [l /K (CH;COOH-
H,0)5 Urea =& i &AL ELEZMT . ik, FRATLA
MTMS 5 CH;COOH:H,0 i & Lb(M,) BA & Urea
EMTMS 5 & EL(U)ME AR B, ) il 46 1) 3
HIEE IR S K FE AT A 44, i AMU, (WK 1),
H h MTMS 5 CH;COOH-H,O i J5i & Lt i 7k 9
“M”, x NEAREUE; Urea5 MTMS B & ELfATRR
U7, y NEAEUE. SRR EIR, UMTMS
SR EAEEITEIM, Ugs), BRI 2858 B
Perm, SRUKTERT I AR S 43k Py BEP= A 55 I BY
PISHIEER, SEPMSQ R4 EAAM
. 24 JR 2% 2 8 AR (W1 Mo sUqy), 6 i s i) it
K, BURMZSIZISIEE R, ST H AR G
AR A IS . AR, Rk 2 S S8 K ) %
LTS PP ae 22, FBLHBE FLG Ao s A Okt
J 1 4 (1) FL &5 A 1 52 BAR K52, 4 MTMS 7%
B (UM, (U s) I, T 2B 40 Uk HE A 350
%, FESLAERN, 292831 nm. M MTMS & &
IR (W Mo 3Ugs) B, BER & Bk, FLAE 2
WK, FLR ST 130 nm. 24 R E A B (i
My sUp ), BRI R ZENS, I S R %,
A S AT YR LA LR 78 nm. AHELZ R,
M MTMS R 25 & 5 4b 138 B 36 I (W Mg sU 5
FMosU o), FTISSBR A4 HAMEE, S5t
feth e, HEANILEW, PR FEESME
~56 nm. LA H AR RS . OWEE M. 1%
e LA SR g, B A B I B AR T R B
My sUps. ARSI & B 4 5.0 g MTMS.
10.0 g CH;COOH'H,O (10103 mol'L™"), 5.0 g
Urea fil 1.1 g F127 1B & Thedth, 7E=R LS
PiFE 60 min, 3 235 SIS PIREIE I . B fE R rE

WIRER 2% AT, 5T 60 °CH A
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R, B b AH [ 20 B ) 46 ) R 2H 8 i 552 7K
P

il % PMSQ@TPU #% 7o 45 f) Sl I 41 4. %
SEMFRY i 2G4, ahlEsEs
A Bl s 22 S Py AhER Sk L o Y AR SRR A
23G (WA%: 300 um; AME: 600 um), FT-Hiix
O JEPMSQ Y 223 s AMEF Sk LA A 18G (W 42 -
860 um; Ah%: 1260 um), FH T-#ii% 3% 2 TPU
iLL. M R EREN3.0mL-h!, SR
HEREHE 4 0.30 mmmin™', 3 LN vevsoiveu=
LR T, S5 %EEE I R &It
Be, TERL T S5M355) B A 45 & R AF A% 7o Uk
RS, AR R (Z12.1 MPa), #F
RACAE 312 mW-m K F4h, FRFEFH A 1) a3
EARHI A EIME B TS Opuso: Oreu N 42 B,
762 R FE W T (45 pm), 5207200 FE R
(0.9 MPa), PMSQ Tt 1% B ELARHE K (650 um),
B A B TR T (V3 %65 30.8 mW-m ™K ™);
%QPMSQ:QTPUy‘jz:“'BTJ" PMSQ S &A% I AL
N 540 pm, A 5E R EIRTHEAZ SRR R A VLA F
T A FEEEEARL), RS A
JRERAER, Rk ) 2= RE SR A BR (29 1.9 MPa),
HEg#H MR TRV FE R 331 mW-m K™, 3k
B 7 223 8 (Qpuso A Orpu 374 3.0 mL-h1)idk
11ite, 25 FREY L BGE L k. [F
B = LB K E R S KN
50 cm, ¥RSEN20°C, IREEIREE N 45% RH. 75k
[y, TPU 95 2230 R AR PR AR 7 B8 R [l 4k, T
BOESEFUCE A e ah b, NI SRAFAZ 7o 45 Fa Vg it
T4 . B5 H 5 TR 5 R 2T 24 A 4k ] 95 v 2 ik
51 3 B S e A B AR | R R TR
BWENO09 rmin!, HAEN8 ecm. IR 5 ¥H A H)
AR T RETKF, (2 TPU 72 2 HIBR &
MesEtfaE, HET 60 °Cui XL FH Z 1k 24 h,
DA 3 i X 45 ) 58 A 46 5K . B S AE K g%
REMARFRIEE TR, HEBIRATE, &
RIRAS L5 R 51 B PMSQ@TPU #5845 Wy S ki
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R AENNTIE, PMSQ K 4 4E (R % TPU
FoZEE) M & AR . K PMSQ B 82K
EIEN R EEFHE RS TR, TR
SLEAR N 600 um. H 41 PMSQ i 5t i £ 4 71 2%
SRR, MELURSZAMINAR S Ry, FIiZd AR
KRGS E, LT YE7E B H
B BEJSAE 60 °C& A~k 24 h, BT/KLEFE
Hoja T, RITT1S 24l PMSQ A B 4T 4k .
1.3 SDWRAE
1.3.1  SiMRAE

X H ¥ & 8 $31 $# ¥ 8% (Scanning electron
microscope, Hitachi, Hitachi SU8010, Japan)
WL 5525 S 2T 4 (1) 7% T SR oML 46 44 s R
H #)) bt 3% AR FL BR P 4 B 4 (ASAP 2020,
Micromeritics, USA Autosorb-iQ)X & 11 N, 1
Bt JBE PSSR R . LR THAR AN LA A AT AT SR AE
TEMEZ BT, FEMTE 150 °CHIEE 4% (<1 Pa) N i
<6 h.
1.3.2 AR RERAE

K% A2 (MCR302, Anton Paar)ill i
IS8/ AR e, B 71U RS A 50 mm, (7]
FE o 0.5 mm, & E N 25°C; 7E£107'~10% 57!
T TR AT S SEE, WA EAN [H B )
AR TR MAREE; EEEME 1 Hz ~, #17
N AR % S5 (1071~103 Pa), IR 3P4
FIRFEA 2 B BY D)) 1AL
133 Wbk RERAE

K T T3 BEA BHAZE AL (Instron 5969) X} =,
BRI AT 4 712 PERE AT IR, AR I8 R
100 mmmin~', MFREE S 10 mm, PMSQ “#EK
PYE) T E AR N 750 pm, TPU@PMSQ IR
LT YE (T 4 ELAR N 800 pum, A AL S AR 5 4,
BOPEME . MRAPA GRS A 15 °C, W 40% RH.
1.3.4  @#it R RAE

KBS VEIG FAL(TC3000E, 7% 5 iR H
TR MR B LR T R, M
AR 3 V0, S5 RECEIIME . TGS R
LRt R, A4 aagiz g N, Hhs
HH1AMY5 em, % 9 80 HY/5 em. SR A LLAM
J%4% (Fotric 347+-125, China) bt AN [F] 5 ke 5
R #AERE, M E TAREREEMRGER G
R, KHLLAMENAE SR SRR, I
O SR E TR TH] SR AR

2 GRS

2.1 PMSQ@TPU ¥ 5= &S BT 4ERi% T

PMSQ S8 2 11 B 42 g K L a6 it ffs 55 11
e T ST, R IR 2 AL
YK X 45 2548 . X PR As % 7 AR T <
BRI % FE AT 2, (B S BOH [ e
A ATHE LA T frg 1) 2728, B s PMISQ #i s S 7K
P 2 L TR AT DY BSOS SRS A B IR AT 4
(BIL D 5REA,  MELLS I SR e B SRk .
TR fE B AN Ss, FR& AR A
SR SEBRN A L R, R R AR TR AR Z
L RE R R — EEEN R A5, 1T
PASEIAF LRSS, TR G 0RTF T4t
TR 5 RSB R 1A 1 R ik R () 1(a)).
BT ZHN, 4% T PMSQ@TPU K58 45 4 ikt
JeF4E, HA TPU NEU SR, HAESNFLN
25 (1) PMSQ B A2 A0 (B 1(b)). bl 4F 4k 1%
MR TR S gmEWE, et —bin T
R, TE e G B AT B H S F 7
2.2 PMSQ B Z /KM T H4

TEIRIEG et Rih, 97 L2 IR I i AR e 2
VAR LT YE Y . SRR R A S B IR R 129-30, e
IR, 97 2 I B RS Bk = 4 X 4%
ghby, HRARVEREIL R R R IRIA Y L T2 E
KWK 2@ R, 954k B BT AR R
TEET BRI S5 S BT DI 261 R, B R E R,
AR TR T H 5 1S RS, s 2T
T E N BE VR I, B DRI R, R RH
B2 WK, B BT 4R 4F 4 TR 4 9 22 ¢
A8, AT PRAZ S 48 R 1 S 88 5 ST R
BRBTUIARARRR AL, 95 2 R R S B A7 A
(G R FEAE 5 (G TE 91 42 31 B2 R A e DA
B2 i 2(b)Fs, SAERLH (Mo sUgs)B, G'5
G"/3 5921 1800 PaMIZ1300 Pa, 4742 ELAEAE
PR ORFR R AP s, X REAE 5 TP 5 i
KBS R, ST YT AS [ S IR
gr b, B R A A L, ALY 2
WA PERE, X T SeBlRasE i Rl Fimid gt 22 5
PRAFLERI 5] H e B S A 4 28 G EL B
23 SRERSHLEHFNFHEERR

W B AR L E (Mo sU ) B SR K B HEFF N RS
TR, AITERCES RS EIRAYE, ST 5
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Fig. 1 Illustration of the preparation of PMSQ@TPU aerogel fiber by coaxial wet-spinning method. (a) Schematic illustration of

aerogel fibers fabricated by direct spinning and coaxial spinning, producing a brittle porous skeleton and a flexible core-shell

structure, respectively; (b) Schematic illustration of the preparation of PMSQ@TPU aerogel fiber by coaxial wet-spinning method.
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Fig. 2 (a) Apparent viscosity as a function of shear rate for PMSQ gel inks with different component ratios; (b) The storage

modulus G’ and loss modulus G" as a function of shear stress for PMSQ gel inks with different component ratios.

15545 PMSQ SRR 47 4 . TR A LT 4E () 1%
SREEARAG, MELLEZWE, TS HEILBRE L
KIS E R G, SRR, K
FCACIRES . B 3() R 3(b) Bk I TS R, BRI
214 BT U 1 (5 T AR TR AN IS ST Aok 2 AL = 4
W 2% 2540 AR L D125 BEA AN I, M LUK SZ 1 %%
/A, 1EANITT G RKAEMR(E 3(c)). ik, At
TR A R 1 277 22 K SUA% 70 45 WA S I 41 4
K 3(d)E M, A3 PMSQ@TPU &1 4k HA7 W & (1)

MFe sy, BEAARZI750 pm, PMSQHIIELAL)
9600 um, TPU5E)Z2JEFEZ) N 75 pm. AT BOK
B3 — 20 g tH PMSQ A% 31 L R i oK RO 42 DA
J i 2 FLIR A F R (B 3 (e)). FI BRI TPU
bhFela, SFYEZRVER EIGE, TER RN Y
T, hERIRFFA AR E (B 3(D).
KRB, #—2HE 7 PMSQ@
TPU B AF 4L Lb R AR 5 AL45 0 . B Kl 4(a)
AT, LRI T 2645 A TV BRI
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Twisting

Fig. 3 (a) SEM cross-sectional image of the PMSQ aerogel fiber and (b) the magnified SEM image; (c) The twisting test of a
PMSQ aerogel fiber; (d) Cross-sectional SEM images of the PMSQ@TPU aerogel fiber and (e) the magnified SEM image; (f)
High flexibility demonstrated by twisting test of a PMSQ@TPU aerogel fiber.
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Fig. 4 (a) Nitrogen-sorption isotherms of PMSQ@TPU

aerogel fiber and (b) pore-size distribution plots obtained

from desorption branch using the BJH method.

HAWEMIRHA, R PMSQ@TPU R B LT
e LA LG LRI R IE 318 m2-g .
Kl 4(b) fT 7=, K H Barrett-Joyner-Halenda (BJH)
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2, HPHILRL 8 46 nm. F 5 AL A
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2.4 PMSQ@TPU S EERLT 4 N1 F MEEA R
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. W SR, EFeerde s PMSQ A B LT 4k
b p -pAR 2k A B 2R 35T TPU
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AR AT YRR AR 202 2.1 MPa, Wi K
REIE 670%. 43 ) N4l PMSQ R Bt ik 4T 4 i1 4
20 s MLy 76 1%, E—HUEM] T e S5 M i AE
W BRSBTS T M R EAE . B
Bl S(b) P, PMSQ ke 41 4 52 BR T AL 42
[ A 1 v A B R e i e, SR SR A R T
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geE R R, R TPU 72 248 N J1 2k 3R
G, RS MGEHMMEAT . R PMSQ Ak
JRAZAE f AR 26 1F T Al g H BRI T, (HANE
TPU L7 G5 IR AR FFIE S e, AT SERF <k
Ji A1 2 Ak 5 1 | AR e 121, (R I PMSQ@TPU =,
B A A mRE SRR T, Hgs 1%
PERE R E ST, WG A 5 ) M AN g 2 i i
SRA S PRI R AR 2 23 AT
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Fig. 5 (a) Tensile stress-strain curves of PMSQ aerogel fibers and PMSQ@TPU aerogel fibers; The inset represents a

magnified view of the stress-strain curve of the PMSQ aerogel
aerogel fibers and PMSQ@TPU aerogel fibers.

(b)

@

——

fiber; (b) Tensile strength, modulus and elongation of PMSQ

© . ~
VR (
N2 )

Fig. 6 (a) The optical image of reels of PMSQ@TPU aerogel fibers; (b) Photograph of a single aerogel fiber suspending a 100 g
weight; (c) The optical image of a Chinese knot woven by PMSQ@TPU aerogel fibers; The inset represents a magnified view
of the central region of the Chinese knot; (d, ¢) Optical images of PMSQ@TPU aerogel fibers knitted and woven textiles;
(f) The optical image showing the surface morphology of the aerogel fiber textile.
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Fig. 7 (a) Infrared images of textiles with different thicknesses woven from PMSQ@TPU aerogel fibers when placed on a
plate (=20, 0 and 100 °C); Ambient temperature: 20 °C, ambient humidity: 60% RH; (b) Temperature difference (|A7]) between
the textile surface and the stage is plotted against the stage temperature for different thickness textiles; (c) When the stage
temperature increases from —20 °C to 100 °C, the temperature curves of the textile surfaces are recorded.
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Fig. 8 (a) Optical and infrared images of PMSQ@TPU aerogel fiber, cashmere, and cotton textiles with the same thickness

(1.2 mm) on a hot stage (40 °C); Ambient temperature: 15 °C, ambient humidity: 40% RH; (b) Surface temperature-time

curves of three textiles measured over 200 s on the hot stage.
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Research Article

Highly Flexible and Thermally Insulating Weavable Core-Shell
Aerogel Fibers

Meng-yue Gao, Jun-jie Zheng, Xin-hai Zhang, Wei-wei Zuo, Yan-hua Cheng”, Mei-fang Zhu
(State Key Laboratory of Advanced Fiber Materials, College of Materials Science and Engineering,
Donghua University, Shanghai 201620)

Abstract Silica aerogels are among the most promising super-insulating materials owing to their extremely low
thermal conductivity. However, their application in thermal insulating textiles is severely restricted by the fragile
“pearl-necklace-like” connections between building blocks and the highly porous skeleton, which result in
intrinsic brittleness and poor processability. Moreover, a fundamental trade-off exists between mechanical
flexibility and thermal insulation. Herein, a core-shell aerogel fiber is developed via coaxial wet spinning. In this
design, nanoporous polymethylsilsesquioxane (PMSQ) aerogel skeleton serves as the core to ensure excellent
thermal insulation, while a dense and elastic thermoplastic polyurethane (TPU) shell endows the fiber with
outstanding flexibility and stretchability. The resulting fibers exhibit a high elongation at break of (670+23)% and
a tensile strength of (2.10+0.02) MPa, whereas the corresponding woven textiles exhibit a low thermal
conductivity of (31.2+0.1) mW-m™-K-!. The woven aerogel textiles exhibit better warmth retention than
cashmere at the same thickness, while displaying a lower surface density, indicating an advantage in lightweight
thermal insulation. Overall, the core-shell structural design provides a new pathway to overcome the trade-off
between mechanical robustness and thermal insulation in aerogels and provide new opportunities for next-
generation high-performance thermal insulating textiles.
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