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(a) PEG/PAN Z5 224N 515, 6:4, 7:3 I WM EE PEJE /R ; (b) PAN-H,0-
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Fig. 1. Preparation principle and demonstration photographs of fluffy structure phase change fibers: (a) Demonstration of phase sta-
bility for PEG/PAN spinning solutions with different mass ratios (5:5, 6:4, and 7:3); (b) cloud point curve of the PAN-H,0-DMF
system; (c) ternary phase diagram of the PAN-H,O-DMF system; (d) photograph of phase change fibers; (e) the ultra-lightweight
PEG/PAN phase change fibers standing on a leaf surface; (f) cold protection demonstration of the PEG/PAN phase change fibers

applied on a snowman under freezing conditions.
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TV BT WA 25 KA 2 245 1) DG BRI 2224200 AR5 R
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Fig. 2. XRD image of PEG/PAN phase change fibers.

3.3 AT IEREFNIIERE

&Y PCMs P RAS R 1 A2 i 24 FL S B g
FISEHEVERERSRR. 18] 4(a), (b) 223IE/R T4 PEG Al
NG PEG /PAN AZBZF4ETE 20 °C F1 40 °C 1)
FMIESARE. 1E 20 CIKT PEG AR R L) B,
PRI AA RS PR R LS, R R A TR AR 1.
SR, MIRETHE 40 C(7= T PEG MHASHE) 1,
4 PEG 2 MBS 2GR M. M2 T,
PEG/PAN HHAE A AEATh e AR i e R a1, oK
WMELH I Y PEG Hibe. X FP 2 iR IR AR E P

ZRFEEHKT PAN 455K 5 PEG 4> 1]
MEAEH, e A R R A S PEG i sh, B
7 S RIS N RE ORI S a5 A R Pk 29,

1 pm

Kl 3 (a) 4l PAN £F4E (b) PEG/PAN AHASZF 4k SEM &
Fig. 3. SEM images of (a) pure PAN fibers and (b) PEG/
PAN phase change fibers.

FHAS M B hE 1 FEARIR PR EE T R, 76 =il
ISR A IR 1 ] A AR S AR, SEIEABE 1Y =K
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FHAR LT AE B 54 PEG AHARL Y W P AT
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YRV A TR, (AR IRRS (A H,,) FIZs ks
(AH,) A AFF7E 80.6 J/g Ml 71.3 J/g B K,
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W N AR A YL 2 55 7 8 4 W TR BE IR P, DA
TR 405 )7 28 B MR TR 19 & 2B FELL, @At
PR B HTYL (TC3100) WAL & 0 #CF R PEFT 43
Br. 4nE 4(d) iR, PEG/PAN MIAS LT 4iAE 5 iR 4%
T (25 C) BRI EEEZS AR TR (0.0395
W/(m-K)), 53¢k [3,30-34] H EHRIE T2 B
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Kl 4 PEG/PAN HZSLF4E AR MERE FIFAMERE () 4l PEG 1 (b) PEG/PAN #ZS£F 4 4 20 °C 1 40 °C 17 MUK S 4 B8
(c) 4l PEG Fl PEG/PAN tHZELF 4 () DSC 4k ; (d) AR 5T PEG/PAN HHZELF 4t 5 SCHk v 4R 8 19 9 B P i AR U e I R
PERE Y X L B4130; (e) PEG/PAN £F 4 7E-20—40 C 19 #4 T %L & ; (f) 4l PEG Il PEG/PAN R £F 4 19 TG £k ; (g) PEG/
PAN AHAS£F 4 2 JJj 1—500 R BAE IR 19 DSC 14k ; (h) PEG/PAN 22 £F 4k 28 77 $E P11 5 19 5 HoR

Fig. 4. Phase change performance and thermal properties of PEG/PAN phase change fibers: Digital photos of the macroscopic mor-
phology of (a) pure PEG and (b) PEG/PAN phase change fibers at 20 C and 40 °C; (c) DSC curves of pure PEG and PEG/PAN
phase change fibers; (d) comparison of thermal conductivity between the PEG/PAN phase change fibers in this study and phase
change fabrics reported for cold protection in the literaturel3! 34; (e) thermal conductivity of PEG/PAN phase change fibers from
20 C to 40 °C; (f) TG curves of pure PEG and PEG/PAN phase change fibers; (g) DSC curves of PEG/PAN phase change fibers
after different numbers of thermal cycles; (h) thermal conductivity of PEG/PAN phase change fibers before and after thermal

cycles.
#1 PEG/PAN HVELFAERMVE ISR AR SV RE BB B 2 IR R 3, X 15 48
Table 1. Phase change thermal parameters of F ;H\:am fl% E(J = ’E g}l_‘%m&ﬂ‘ ;l:ﬁi_&?ﬂ:,fg% $ *E

PEG/PAN phase change fibers.

AL 2T A B8R A2 21 4 17 TEAROR 8] 25 4% & 19 R BR,

FEamAE To/C AHL/(Jgt) T/C AH/(Jg")

PN A5 R 1) R 7 1 A3 ok £ A ) 5 A Y O

PEG 25.1 1524 261 1466
PEG/PAN 218 <06 035 18 F, FEE | SAE A PMREVE T, JE R Rk 4
EI00KIF 218 801 235 713 BELIBTJZ=: XS MEA SO M 2 LR X Py AT LA
200U 217 79.4 23.4 70.6 T ARG HOR . R S bR FH RS, FRAT3—
H00KIGH 217 80.3 23.5 711 EWEGE T APRHE-20—40 °C Y 5 1R X I Bl Y A4
HAOUARER 21,9 80.1 23.6 70.0 547K, W 4(e) i, PEG/PAN FHAS L7 4k
HEH00KIEHA  21.8 79.4 23.6 70.5 IS % LA T YL R I SO s 4 PR L B A
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40 C FEZ-20 C I, HITHM 0.0403 W/ (m-K)
R 0.0362 W/(m-K), X—MG4 BT PEG/PAN
FAR AR PR T 3R LT I S o B Ak B8,
R 2hE 7 R BT 47 I A5 AR e ATl Py o7 FH 4 it
TEBESE

PRRE MRV AR 2 PR BRI OGS4 8
HRE T (TGA) 1E N, U P A PEG/PAN &
G AR LT R R A AT R AT EIET, SE I R AN
Kl 4(f) Ii7x. PEG /PAN FHAE £F 4k () #4453 it 2 4y
LS 300 C, W3 & T HAB R 246
MR ST FE R AT PEG 4150 19 53
Ik, PEG/PAN FAELF 44 300 °C LU HATH
ERyAERETE, S8 R SEPR N T i K.

AR 2T A 7E R 92 Al ke v i 4 203 e v AR
WOHPEFRFAETE. PEG/PAN AHASL 4628 i A ]
PEI AR 1) DSC M2 an i 4(g) Bz, AR AR
ARSI 1 iR, L 500 YR 58 2 116 -5
A IRER IS, AR ARAZ IR AT DR R AR X R E , AR
IR T 1.5%. J34b, PR s AR
YRR RLAF, PG AR KRS0 (18] 4(h)). Bk
S5 ST UE B AR S B PR A A SE B
N FHANA.

3.4 MRS
HIUBECIH: BE J2 PR R 38 1) 235 40 A A8 21 24 512 s o7 FH

Pr{E DG HE R 2, 15 452 i H A 2 1 35
(R ST STRERER cAPR T TP IN - gt
JE, RIS REORAE RS BT AR TR 68 LR SZ H R A7
B ATE B A= BB ). 4l 5(a) Bk, PEG/
PAN HARLF AL S B RIPE R OR T 2R B &7 a1,
FORLRESE MG & TR S e, fE2 )i £
K - S IS AT RE DR A5 S8 BE N AR ISR i — 20
fhi i (1 5(b)) ML (K 5(c)) B, %M
REEA LT B RS (36.1%) FIAR = A9 A B 47
5RIE (253.5 kPa). 1 40% MIE4EN 1T, PEG/
PAN AHAR£F 4E R B 3k 668.7 Pa Y 1) €4 5 45
V7. XS S A AU B fo L RE A 5T 43 1 A M4
BB HE AR 7 A 1 S R R AR

3.5 A& BIFEE

N R GG ER SR PEG /PAN MR £ 4 7
RIS N B Re, AR T anE 6(a)
JIT 7 1 00 P SI2 6. 9 A A ) A 1) /)N B 8
(50 mL) FMI4rFf5E 2 g FARMIAER PEG/PAN
AAR LT 2, BB T 36 °C AYTEIRFREE R4 -1y
30 min, DIBIIAMBIARE. BijA R L83 B3 2
FER I ANEREE (5 °C), i P B AR A SR
SR PR L EE AR Ak, T A5 32 B B ] A8 £k iih Ze 25 ) T
&1 6(b). 7K 2 85 o A i, A0 22 P 2 A O R
PR 2T B #, (H{12E PEG/PAN #E42
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]
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Abstract

Phase change fibers, as an advanced functional material for human body thermal management, have
significant potential for practical applications. However, current research systems face critical limitations:
traditional phase change fibers prepared via wet spinning and electrospun phase change fiber films encounter

insufficient thermal insulation due to their structural compactness deficiencies, thereby failing to effectively
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prevent body heat loss in cold environments. To tackle this technical challenge, this work breaks through
traditional material system limitations by innovatively employing electrospinning technology to integrate
polyethylene glycol (PEG) into polyacrylonitrile (PAN) fiber systems. We successfully fabricate fluffy structured
phase change fibers that integrate both phase change thermoregulation and thermal insulation functions using
the principle of non-solvent-induced phase separation. The internal porous structure of the fluffy fibers
constructs an effective cold protection layer, exhibiting an ultra-low thermal conductivity of 0.0395 W/m-K. At
the same time, the PEG phase change component provides a high latent heat of 80.6 J/g, achieving a
synergistic effect of temperature regulation and thermal insulation. The material exhibits excellent structural
and thermal stability: maintaining stable phase change performance after 500 thermal cycles and exhibiting
exceptional thermal reliability up to 300 “C. Even above the phase change melting point, the material effectively
prevents leakage of the phase change component. Furthermore, it possesses sufficient mechanical properties to
withstand various deformations such as bending,

compression (668.7 Pa), and stretching (253.5 kPa)

without structural collapse. Practical application

* Phase change exotherm

* Phase change endotherm « Thermal insulation}

evaluations further demonstrate that the material’s

cold protection performance significantly exceeds that

of natural cotton. This study not only provides an »’?\}j’)\,
-

innovative strategy for fabricating integrated “heat / A v

storage-thermal insulation” fibers, but also -

conceptually expands the design dimensions of phase J L \

change fibers in thermal management, offering = ¢ ¥

. . . . ===

important solutions and theoretical guidance for C e = -
- S

developing high performance wearable cold protection

materials.
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