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Construction of zinc bromide/cellulose-reinforced high-performance antifreezing
conductive poly(vinyl alcohol) hydrogels for flexible sensing applications

Qiu Dongxu Sun Shaoni Wang Pengfei Sun Lili
(State Key Laboratory of Efficient Production of Forest Resources, Beijing Key Laboratory of Lignocellulosic Chemistry, School
of Materials Science and Technology, Beijing Forestry University, Beijing 100083, China)

Abstract: [Objective] The mechanical flexibility and low temperature adaptability of hydrogels are crucial
for their application in flexible sensors. However, the existing poly(vinyl alcohol) (PVA) hydrogels are
prone to freezing and failure at low temperatures, and it remains difficult to simultaneously improve their

mechanical properties, conductivity, and environmental stability, which restrict their practical use under
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complex deformation and extreme environmental conditions. Therefore, this study aimed to develop a
composite hydrogel with anti-freezing capability, high conductivity, and excellent mechanical performance
to meet the requirements of flexible electronic devices in variable environments. [Method] In this study,
bamboo dissolving pulp cellulose (BDP) was used as the raw material, and a zinc bromide (ZnBr,) solvent
system was employed to dissolve BDP and construct a rigid conductive BDP/Zn*" network. This network
was then incorporated into a flexible poly(vinyl alcohol) network (PVA/GA) through glutaraldehyde (GA)
chemical crosslinking combined with one freeze-thaw, thereby preparing a composite hydrogel (BZPG) with
excellent overall performance. [Result] (1) Synergistic effect of BDP and Zn*' significantly enhanced the
mechanical properties of the BZPG hydrogels. When the mass ratio of BDP/ZnBr, solution to PVA solution
was 1.5:1 and the GA content was 2.0 wt%, the tensile strength and elongation at break of the obtained
BZ, sPG,, were increased by 75.7% and 330.2%, respectively, compared with the PVA hydrogel
(H, sPG, ). (2) BZ, sPG, exhibited excellent conductivity and freeze resistance. Under —20 °C conditions,
its ionic conductivity remained as high as 5.1 S/m, while the hydrogel still maintained good flexibility and
could be bent freely without fracture. (3) BZ, sPG,, demonstrated long-term stability and water retention.
When stored at room temperature for 40 days, its mass loss rate was only 22.4%, which is significantly
lower than that of the H; PG, hydrogel. (4) The flexible strain sensors assembled from the BZ; sPG,,
hydrogel showed sensitive and stable signal responses to external stimuli, enabling reliable monitoring of
human motion. [Conclusion] A biomass-based composite hydrogel with high mechanical strength, high
conductivity, and excellent freeze resistance was successfully developed by integrating a rigid BDP/Zn**
conductive network with a flexible PVA/GA network. Owing to its simple fabrication process, renewable
raw material, and outstanding comprehensive performance, this hydrogel showed great potential for
application in wearable flexible sensors.

Key words: biomass-based hydrogel; ionic gel; anti-freezing hydrogel; ionic conductivity; mechanical

properties; zinc bromide; flexible strain sensing; wearable electronics

548 4

B8 & A HL T RF UM St AR PR R R, 2R
PEAL RS AE RS W B REHLA AN AMLAE B4 40
AR 70 H 28 U2 il B AR A 22 A8 1 B FH A
B, X A 7 M B I Bk 22t e SR AR
WE e TR, B3 HUK B R R A1
TN AR AN S AT AR T A, O S N
AL AR I BRARR RIS, SR, 1 SRR AE (G A
BN o vRas KoK, REOLS BN S Ty vk ae 2Rl
LR, 77 EE R T AR A B B Ak R R B SRR
)EH[3*4]0

NIRRT K EE R PR BE I 32 M, A RSN &
AN & | R e B S R L 2 S RSP i
PUR I (1) 8 I SREmE o A AL A 51 N W] BARER 43K,
55 KT BB 1) 8 X 46, DT A R 1 UK & 1
RS K, R gRA Ko 28K SR, A HLEFIE
AR, FLOR B 51 NS BAAS B 1, AN AT A
iy BOK BRI LT R R B o 4E #h 7K P (molten
salt hydrates, MSHs) 72 — F 2L A 28 55 1 44 M o 1)
e VR BEE P SR &R, TE IR T K B S B 4R A D[R] I
PR i 5 F MR T THD R AL URR R AL %5 . MSHEs B8
TE R ZU ) B AR AR BLAE R K 4y IR A Y

SN2, T 3 PRI AR R UK S . B4, MSHs A
G BRI YE, fe B T /K EE R 5 AR
KMERE. BT, 28 MSHs(1 ZnCly-3H,0%, ZnCl,-
3H,0/CaClL,"”. ZnCl,-3H,0/AICL," 1 LiCl-3H,0M""
SO CHE T T & PR T KB R, 78 4R SK
7 MSHs TE MR /K SR 2R R m) /BRI 77 .
5 FIRE AR R, IR (ZnBrp IS KGR
A SRR Lewis BRPEA T = (1 55 AL RE 7T, Zn e
g 55 oy 1ok b IR R T O AR E AR, A
By T4 2 B 0 850 1) 43 1 R g S A U AR, AX
MR SETLALAE FH P T2 3G P 19 6% 368 85 A e It it B2
5, S A T MSHs 14 £ 1 45 1 7K Bt i 77
TE 75 EREAN R (R 1) R, BRI T A B AR AR g 5
NS PR, dn AT E DR K RE IR B R PR R
HLPE R [E IS, ST 3L 2t R, U 4l — S a vl &
BRI TR

AU FAE N — PRI 2 AR R A1)
RIRE T ARE B S KA LRSS R & 55
R, BB T3 s K BRI 0 ) 2 e o BE T bR
B, WG T 4E 2/ MSHSs 3t — 25 5] NTRIGIR TR
Pz . 58 2} 1% (polyvinyl alcohol, PVA) K I 15 B2 5



10 4

PUIRNEAE: TR B/ 2T 2 22 D [ 1 9 LR 3 HRLU IR L R R e B LR SRR 3

LR RS, U@ A RE S 3
P () v 1 ReAL A R . I AEERT IR AR 4E AN TR
PR 945 R 7K R P 389 577, L AICTy/ZnCl ¥ 7744 2
BB RIS NERIR RN R G, W4 T RNETR/
LR R B T KRB s 12 KR I 1) s 448 e 5 2
RN KBRS T T 2 £, EUE T 284 2= 1138 0
RO o PVA DRI [ G (0 AR P AH 45 PR R J e, 6 4
FIAE et 5 F 7K BRI (R AR AR BT b, o 2T 4
R /MSHs #5173 BT PVA 24k, 7E4RFF PVA
A FYPER R, G B S 0 NI R 2R AT LA R
SRIKBEI /152 P RE

FET b, ARSCRL ZnBr, 18 5 KA IR 718 R 4L
5 874 SR, BLATVE R K 4T 4E R (bamboo
dissolving pulp cellulose, BDP)3 5 % £ £ € 4, -
SEME G LB FEE ], L4 R
/PVA UM 2% itk 3 LK IR . R 42 % %¢ ZnBr,
J¢ BDP H ot #48E ) 2t g S B MR RE S DL VERE
S ARTKAE BE B S0, 8 77 FG 2546 1 3 5 P e e R 2
[F) FR) A FE R 2R o T 27K R IR 2 206 S 1 1 38 A% R %
FRAE AT S W RAT A5 AR s il ae 7y, B 78
v VE RE BT R 3 L ZKGRER 1 BT SR S B AR A, I
N HAE ] 2 BT AR A S B P R AR S

1 MBS 7

1.1 # #

VT VR R AT 4E R (94.90% o-£T4E 2, 2.86% 4T
H4E3R, 0.69% K3 AN 776 + 200 H VU )1 H
FEAEAR) s ZnBry (A 999%) 1 [ BRI AL A
HIRAT; PVACEAE 1750 + 50006 3 % N EYR
AR A A5 X [ (glutaraldehyde, GA)IA H b 5L
PRI R A IR A A . AR5 A i g, A
B RdE— At
1.2 REERH &

1.2.1 BDP/ZnBr, i&i& . PVA &894 &

#To7K ZnBr, 5 % B T KL EEIRIG 114 1R A,
£ 80 °C F i #4#i £E 30 min, K F2 52 9 ZnBry-
4H,0 ¥R B 5 MW A N N BDP, 764 [R5
T HEFE 30 min & BDP 58 AV R, A& HIFIRIE N
350 mg/mL 1) BDP/ZnBr, % .

FREL 7.0 g PVA # AR DN B0 &5 25 55 77K,
1E 98 C T MM IFFFLL B HE, H 2 PVA BB,
IS R 5250 7.0% 1 PVA T
122 REA A H &

# BDP/ZnBr, ¥ 5 PVA ¥ 5 79 1% i & Eb
0.5:1.1.001. 1.5:1 A1 2.0:1 #H4TIRA, WH0 0.1 mol/L
BERRTAR pH EE 3. EH FHEERAYA)E,

TN 5.0% (22 B GA I G I A PVA i &
(1) 1.5% ~ 3.0%), 4k Z:4HE LA DR 70 805 &) e
BRI A SRS, TEIRHFE 12 h 5 iTys
BEAL, A AREOKFE AT — IR Uk R, 23R8 R
GKEE BZPG. BRI &R TEILE 1o fril 41
HKE R A 4449 BZ,PG,. H x {3 BDP/ZnBr,

TSWARX T PVA R IR & H, y AR 3R GA AT
PVA B & H 40t . NER T Zn® J BDP fE 1k &
MITEH, #1147 A% BDP KISHRFES Z, sPG, o LA K
ANE Zn®F1 BDP 146 PVA /K&t IR BE 5 H, sPG,
Horb GA A INE I 2 8 PVA JlER 2.0%.
1.3 KER SR R RIE
13.1 f34#h

K P {HE B T2 e 21 1 5 1% 4 (Fourier transform
infrared spectroscopy, FTIR; Nicolet iS50, 3¢ [F 5§k
KR BHE AT PR A FDX KB Hy sPGy o Z; sPGy
I BZ, sPG, o A2 85 My AT 3R AE, 34 9 2076 B
4 400 ~ 4 000 cm ™
132 #HAEEH

) F #% 43 BT 4% (thermal gravimetric analyzer,
TGA; DTG-60, HAE# AR AL KEL H) sPGy o~
Z, PGy o S BZ, sPG, o INEEMRAT J9 o MAHT, 7KEE
IEAE S & R TR DL L BR B HK, 76 Ny S50 F B
10 °C /min M 30 °C IFE 800 C
133 H 5k

KR T ERIEHL(UTM6503, R = B AR R
A A BR A FDAEZE IR N KEHL H, sPGy s Z1 PGy
H BZPG 1 775 M Re HEAT 7 3R o K A b ) 2%
P AE BE 2200 ORUSF 30 mm x 4 mm x 4 mm), FE7E
20 mm/min FfF7 (83 2 N BEAT IR . A IR & jd i
N =80 1 2 7R AR N AR X 8] (5% ~ 15% ) F 2R 14
AR EIRS, S FERAE 5% ~ 15% X [A] 145
PR e REUI KT 0.98. WIEI 5 SCA X iz
N F3—RAR 2R T IR AR . LAk, N PE Al KRR
(1) 6E S FEHLAE 71 5 U 9y M RE, XK EER BZ, sPG,,
£ 50 mm/min [ INEGE 2T AT 1B LG -
RS o b, FEHUREE LA A N A it 2k P
A G G O TR TH B, B 57 1 K 38 978 2R
T o 0 B ) 3 DR B AT VR A
134 BFwFE

K H LAk 2 FH B0 3 Celectrochemical impedance
spectroscopy, EIS)VETE FEL AL % TAF 4l (CHI660E, |-
R AR AT BR 2 7)) B R K BB 1 1 L
0 MR, A5 KB BT A E A 2 (7]
O 2 B 6 AR L, DAORIIE RO ) T B A . BT R
SRMADITHE,



4  w K Mk X

OH OH OH

PVA %

> Zn* @ ¢aa
—_— A

S 48 &
F HO OH HO
= g
UTJJ H HO  OH

YR

ZnBr, 4H,0 5K

Zn’
HO OH O. HO OH

o)
w%wo@o\
HOHO OH { Ho0
OH,u, % &

OH, 'l"-;/_ n:}u, e
oH;" 3 "H;0 OH,™"2 ""H,0

HO ©O HO
O 0

[6) O,

W O (0] Ty,
HO O,,'l “\\O OH
HO

OH o
GA

K1 ZaKEt BZPG K &
Fig. 1 Preparation process of the hydrogels BZPG

o=L/RA )
KH: o BB THIFERS/mM), LA A 55 RKE:
JREAF: oits P9 B FEE (o) ANVAT 2350422 ik THT AR (m®) 5 R 3R 7R M\
EIS #1155 x il e Ab 42 A FRLBHLCQD .
1.3.5 #wHEH
N VEAk K I LR Tt BE, SR Z R R
#AY (differential scanning calorimeter, DSC; B 3 ]
ZARMAA R A JDOX K EE K Hy sPGy o Z, PGy
BZ, sPG, o HEATW A, IR i FE 950 ~ 30 °C
1.3.6 #RAKRE
FVFAL 7K EE R AE B AR B R RAK BE ), #K
B H) sPGyon ZysPGyg Fl BZ sPGy B T 5 I 5
P RCE 40 do 7ESLIIIE], € WIAR & IR D s R R
. KB B SRR H (2D T,
miRr = (mgy—m,)/mo x 100% 2)
e myp AZKEL ISR R, my FE AR 5T
wm(g), m, NIENE « KGR E(g .
137 HRtat
FIH HLAG 22 TAE S il 5% 7 KR BZ, sPG, 1E
P A T AR ik A% A (1) B BH AR 4K, DAYT Al 3 A mi B 47

o KT FELBE AR AL Z (AR/R ) & 2 1iE A% Ak B8 1 5%
Beie by, REUZER T (Gp) N AR/R, B A8 (&) B AR
30,

AR/Rg = (R—Rp) /Ry % 100% 3)

Gr = (AR/Ro) /& “)
o Ry NKERRIPIAE L (Q), R N KA TEALE 2
S B SE LR Q) .
TESE B o FH W 48 7K e 2H 25 i ““] B Al —
KU e~ FELAR” = BHR G K 1) S PR AL BRI B
TEBHEWFIE. T A 58 55 T4k Jid
L5l AR SRS A AR B L BELE BAS S, B Uz AE K
ARREAS [F] 0 B N A I Bl 52 i I Be 77 . B Nk
LI AR AR, HERE AN 22
SR H B R ET.

2 HER G0

2.1 BZPG /KBREHILFEH
MK 2afr~, T A /KERE 1257 em™
1 083 cm™' H B A W Y U 43 1) )5 )& F C¢—O0—C Al



10 4

PUIRNEAE: TR B/ 2T 2 22 D [ 1 9 LR 3 HRLU IR L R R e B LR SRR 5

A 0.1
BZ, PG, 100 —H, PG,
l.SPGZ.O
80 — BZ,;PG,,
. 3 S
] i ‘ < L
S |ZusPG, | 5 6
2 | 5
= i ‘ B o4}
HLSPG}QO 1662 =
_ 20}
3 459 /\-'\A/V
! 1639 i) 083 s
SELS LSO 0 200 400 600 800 "o 200 400 600 800
R A R/ C W/ C
BAU/em ! b TG Hh&k ¢ DTG Hh£k
aFTIR
2 KB ML 2 R R AR S B AT

Fig. 2 Chemical structural characteristics and thermal degradation behavior of hydrogels

C—O I MAFYREN, X ERFAEIESE T 485 1T A%
EIE TS PVA Z IAIAZ G Y 7E H sPG,
H, 1639 cm™' AR AR UG RN 3 459 em! A 1) R V& Sy
B BT 45 7K O—H 1) 25l 9% 2 A4 45 91 2 20,
FEZ T, 91N Zo" HIKER Z, sPG, o F1 BZ, sPGy
) O—H 2 #i IRz H 1639 cm™ (R E 1662 cm™,
M O—H 4R shEH 3 459 cm™ B & AR B0
AL 45 3 340 om™, KUK R FR 5L K 4 B KIIME
R8s R A4, H Zn® 5 B 547 78 e AL 1E A 2,
A, 5 7, PGy, #H I, BZ, sPG,, F C—O—C
C—O i 4y 4f 2y e 552 52 3% i FLWE 58, % B BDP #2 2k
5 GA WL (AR T 4l s U2, TR BZ, sPGa
(1) O—H fifi 45 4i 2/ g 8 B2 3% it FL& %, 1549 BDP &5
PVA Z[BIJERL T MG 45
2.2 BZPG /KERHIFERRITA

UWIFE 2b, ¢ A7, H, sPG, o HIR K il R iR
FECT, )N 314.7 °C, £ 800 °C I FIFRFRZEALN 9.8%,
XEBIERET PVA 5 GA ) 8 1 4h 5 58 BRI 25 45
MU M, 9IN Zn* J5 1 Z, sPGyo RN
H B R AR R (17.0%) F1 T,,,,,(458.3 °C), BEA
T H, PG, . #— 5|\ BDP J&, BZ, sPG, o 1 Tax
Fem A 4603 Co X F B N R 5K Zn*
5425 L RIR R BT AR AT A BRI 25,
BRIRE| T HREY T HAE iR T I #agzh™. ik
Gb, YR TR IETRAT S GA K AE46 RS B
H—DREEARNZREE . RN F4ERERNES
i JE ) RAR & 0 1 LA BRI e B T 42
T K UE I P B A R
2.3 BZPG KgHI N ZFHERE

T AR A IR A T B RUF (1 70 5 R, LA
JETE SR AR B 1R AR 75 SRPY. an s 3a, b BR, B
% BDP/ZnBr, ¥ 5 PVA VAWRUFR & HL A8 hn, Kkt
JB (R B AH R B2 L B0 AN A ERARE e 2 22 3 L S 3 s

FEARi&ss . BRI E, A EILH 0.5:1(BZsPG, )
B 1.5 1(BZ, sPG, I, 7K Bk B 7 e 588 7 e
46.2 kPa # Ft # 79.6 kPa, I H 104.4 kI/m’® & 7+
F 173.5 kl/m’, # KA & H 3.2 kPa $#2 7+ % 9.5 kPa.
XA SR TR R B T E R AR I NEE T
H5 PVA Z IS EREMNS GA M4iREsER:, M
T T KE R 15 e . SR, 4 & bk — b
P A 2.0:1(BZ, oPGy ), 7K EE R (K437 A 58 JF . ]
PE AR B & 43 1) N B 22 32.3 kPa. 90.8 kJ/m® Al
4.2 kPa, X ReE T S A4 R 52 F EUKE:
JAEFEAR T 73 BOANE, WA 1 7K IR 28 35— 1, =
HOIFEERE T R

HE— BRI T GA HINEXS BZ, PG, /KEEIL )
SEVERE RIS . W 3e, d T, 24 GA IR INE M
1.5%(BZ, sPG, )3 & 2.0%(BZ, sPG, OB, /K &R
(10 A A 5 5 RN 0 M 357 38 B AR, 73 5l 9 79.6 kPa
1735 kIim’s SR, 4 GA IR INE G N A 3.0%
(BZ, sPGs oI, 7K EE I i Aef i B A 7 i) %
% 25.4 kPa 1 36.9 kJ/m?, X2 K4 GA W8I 1) 3
T2 52 K eI B A A BT, e PR 7P 4E R S
PVA 4> FHEMIE 8l o BLAb, K& 108 KR & b
GA WS INE RGN 22 BT EH . 4 GARINE
M 1.5%(BZ, sPG, )1 % 3.0%(BZ, sPG; OHF, 7K i
JiE (A7 B & 1 4.7 kPa 39 N 1 9.8 kPa, X2 i T
R PR RN GA [A] S B2 FE B THIG 38 T /KB
W2 BRI o Bl S, B8 AN 3] 2H 40 0 K Bk IR 7 5
PERE I 2w (] 3a). 45 KW, 2RI Zn* H
BDP It} #ill #4321 H, sPG, o ZKEEIK 1) 7122 M R
72, F b A o A0 W A K #8430 45.3 kPa I
145.1%. M2, 51 N\ Zn*F1 BDP [f] BZ, sPG,,
T JS T A A 5 B R T A 5 4y il 4R T & 79.6
kPa fl 624.3%, MK T H, sPG, /35T T 75.7%
H1330.2% . XFPH SRR F LN T Zn” 5k R



6 [T 7 N N S ZO 74 548 %
100 a 250 b 20
— BZ,sPG,, — i
— BZ,,PG,, W AR
80 — BZ,,PG 200 | 72116
1.5 2.0 7
I BzszPGz,o é
Z, PG - % s
« 60 e = 150 abE
i H,;PG,, - g ]JEH
= -~
3 - 7 .2
= 40 /I 100 é - 8
g = % =
é %
20 50 | 14
0 100 200 300 400 500 600 700 oS oY o oS o o
RS PPN % P
SRR
100 - © 250 12
— BZ,;PG,;
— BZ,PG,, 10
80 —— BZ, PG, 200
I BZmPGw
o 18 =
s 60F = 150 £
[aW T
=2 = ¢ H
= z =
=40+ = 100
S 14 %
20 F 50 1,

0 100 200 300 400 500 600 700
AR /%

0 0
BZ,PG,s BZ,PG,, BZ, PG, s BZ,;PG;,

a Fll b 23 B KEEE BZPG, o Z, PGy, Fll H, PG, o IR 3 A% 6 K HXT IS AR PRI SR AR s ¢ A d 3 Kk BRI

BZ, PG, RN 31 A i £ K Hxsh 2 A0 A OB A

B3 KB R
Fig. 3 Mechanical properties of hydrogels

BRI R A VE R, BDP 5 GA B4R 22 B: LA K
BDP/Zn* NI 28 5 PVA [ 2% 8] & 8 (1) 7 R o
2% LTI, BZ, sPGy o KERTE ) FVERE S R et 2
(B SEBL T RUT~F A, DRIl A 3 1k 97 A8 A Je s |
I FRARSERT

WA 4a iR, £ 50% ~ 500% F7AH 328 56 B A,
KB JE 1 I8 — I A% g 2 50 S 300 B S A0 i (Rl 2k
HLBt A AR 1S O, i S B T AR O, R B
BZ, sPG, o /K& BRI A BOFERIRE &« PUIE 57 PERE 2
FMEAR AR K IIAR E TAE M Gk . nl& 4b BoR, 18
300% FIFLAHAE R HEAT 20 V0 2 G I i A S 56
J&i s B — RGN I S5 R T AR B 2 k2>, X AT BB A2 B
THE— G 52 7B R 1T DAY 308 ) 8% 2 R AE Al
I, FEENASE LG 2 (0% A 2 0 i (] 258
TR SR Wk, fERE S I, WS F AR
H B B M R IR, R AR S R AR Y e
Ho 1F 50% RiAS TR 50 RAEFRE 45003k (& 40),
o J5 1 25w FE — B 33— DU S8 T %K i X 4%
B RIFIIRKEGE 1. LAk, BZ, sPG, o KEEK
HeH R st S8, fEAS KBRS E AR

AR, HE 7 )G Re R R E B AIIE RS (B 4d).
[F I, 127K g e B 4% A e R A 14 (I 4e), W]z
ZIFIEKEER 5 AW, JEReRmAiE 2 4~ 50 ¢
SR AR PR GE A e B (B 4D, R, A HRITH
D15 5 AREERE, 1K EROE TR T3
2.4 BZPG KERHSHEERMIEE

AR IE 1) 25 - F 5 S R B TR R b Rl
TR THWE, HiZKE 5 BDP/ZnBr, 5l 5
PVA #UR 2 LA & DIAHC . Wi Sa, b FR,
i EIS % 4 T A A BDP/ZnBr, 5 PVA %l
R R SR g RRW, BEE R LY
I, KBRS 7SR 2R LS. YR E
oA 2.0:1(BZ, oPGy OB, f i AIIA 6.4 S/m, X2
IR R Z® 88 TR FE S T, T 1 5
BFHEER A, BT HSRWZKER A
YR . ARSI Zn? A1 BDP BT 1 4% 18 H, sPG, , 7K
BT B T L S R AUN 2.3 S/m, W] PVA/GA 4%
HARIRMEA & F@iE. maEsI N Zn' )5,
Z,sPG, MBS THFHIEA R 6.1 S/m, UEL T &%
BB SREE T REEM. HEFEENE R



#5104 PUARNBEE : SR /27 4 3 P ) S SR R 470 R 5 FL 3R M TR /K e R L S A I 7
50ra 509 25+b 4rc
— V% — 55 1 RKIEER — 50%
— 100% i
20} 2000 20| — 2~ 20 IEFR
— 300% - .
s 30| — 400% I
Z 30T 500% - e
R R R
=20} =) =
10t 5
L L L L L ) L L L L L Il 71 L L L L Il
0 100 200 300 400 500 600 0 50 100 150 200 250 300 0 10 20 30 40 50
A /% N2/ %% A%

- -
R

500 g

a. JKEEIEE BZ, PG, TEAFINALE T BIEERRLHINEK ; b. BZ, PG, , 1 300% N 48 BIFEFRFIARRIZE; c. BZ, PG, 7E 50% W45 N BIA6
WAL ; d. BZ,sPG,, /KEEIRTE 500 g EYIVEM FIRGEMIKEZINE R 5 e. BZ, PG, KEERPHAEIEE R 5 £ BZ, PG, KEEHK

P 24~ 50 g BRI A,

4 TR I AR E v S AR B L g
Fig. 4 Cyclic stability and load-bearing performance of the hydrogel

& BZ, sPGyo KB T FEFEE A Zo* 51, HIH
S (5.7 SMOBAK T Z, sPG, X 1] BE A2 K A £F 4
F 5 PVA 1R 4 TR R T B0 20, i 7
TR DA NI (=R RN 22 P e L e i o

W Sc, dfTs, 7£-20 CHIRIE&MHET,
Z,5PGy o F1 BZ, sPGy o 7KEEBATIZ I AL R R 25 1 F,
S, 3518 5.4 A1 5.1 S/m. X FEZEPF A ZnBr,:
4H,0 EHAE /KB IR ) 28 R R UK e BRI 28R, A R
il T Ko T4 i, ATTORIE T 3 i . & 6a Xf L
T IKEER Hy sPG, o £ BZ, sPG, o 120 °C R 1% M
WA, B R KER PR RE 7. W] 5, 18
20 C WEE A 24 h )5, H) sPG,, e S5 1L,
REPE IR RAENTERIRE . 1T BZ, sPG, 7EAHIR 2%
PEFHRIR ORI S 090, T E B T, HHL A4
A K AE W2 . DSC MRS R (& 6b) i —BHRR
HAUERE 1, KB H, PG, #E-15.2 C R I 9

IR 4h R A, R PR B K 2 TR
TIERIK R, FEM B KA L2 TR, Z, PGy,
F1 BZ, sPG, o 75 I V8 9 (=50 ~ 30 CHFF AR
H BT AT A AR U o X2 RN Zn® 57K 40 1 2 A1 ) 8
TABAH BAE IR T /Ko 7 A 10 S 5 W 45 25
¥y, R £F4E5 5 PVA MG iE B RE 5Ky T
TR T SRS, G 2 T K T s R T
UK RS I A% 5 AR K AT 7 17 7K 8 e o B 1 Bt
R
2.5 BZPG KERHIRAKME

IKEEIZ R K B 77 2 v Fe e 5 K RS TAE
[ SRR F R RS, 5 45 1 K IR TE 2R 240 F 5 BRI K
I ZER T R AT K, BRI T HAE R B R AE Y e
FH 245038 0 N 7 127 & 6¢ FIT7R, H, sPG, o 1Y
1d R = E K RIKAT A, IREBRRIE 942%.
HMILZ R, Z, sPG, o Al BZ, sPG, o fEMI AR E1ET



8 b mw # kK % R 548 %
1000 - a 8- b
e BZ,:PG,, °
o BZI.OPGZ.U
800 | o BZ,,PG,, ° _ —
& @ BZ,PG,, : ° _‘E 6 —
~ Z,PG,, o, :
[\\] 600 - H,;PG,, 00”0 ° \? _I_
= 00 ° *ﬁ' 4T
& 400} b o0 @ o
=) 4 )
£ & Uo"o ° N-
= Q2R ° R 2+
200 | 0 24% :
_,,.fx“.,')@"
o 1 1 1 J O )
0 50 100 150 200 BZ,sPG,, BZ, ,PG,, BZ, PG, , BZ,,PG,,

FHPLSES (Z') /1Q

1000 ¢
e BZ, PG,,
ZI.SPG2.0
800 H, PG °

2.0

600 |-

-7"/1Q

400 3

200 o7

Z'Q

0 50 100 150 200

B SR (S'm?t)

it

HlePGZ,U

BZI.SPG2.0 ZI,SPGZU

a. 1€ 30 °C F/KEEK BZPG,,. Z,PG,, Fl H, PG, , [ EIS [&; b. 1£ 30 °C F/KELK BZ PG, , B TH TR, c 76 20 CFKER
BZ,sPG,,. Z,sPG,, il H,PG,, i EIS &; d. 7£ 30 F1 20 °C F/KEEK BZ, PG,y Z,sPG,, Fl H, PG, , ETH F2K,

5 JKEER T R
Fig. 5 Conductivity of hydrogels

JEBLHIAR SR K R RS, 1 d N = F IR E R
N 15% F A5, T 40 d 5 5 4R K E 0 AN H
25.7% F1 22.4%, X 54K R+ ZnBr, 58 RE EA
KB, fHAFEREIAE, Z, sPG, o il BZ, sPG, o /KL
TEKHIBCE SR R B R, FEE
A R 1 I R AR B oy koK Ja , B Zn* B T REH
IS B 2 S A SRR 23 DLAME SR 2K
2.6 BZPG K HIERUERE

N T VAL BZ, sPGy o £E T 11 A% B8 ST 1) )57
T8 77, W A 255 st e P R AR A S 85 5 N X L e 9
PERE o 12AE BRI T TARNLSI N : K& 2 24k
JIHiA = AL T AR IS, HG P T F R 2 A AR RS
U T B AR R R AR R ELHE, AT 51 S L BE Y
AACY ] Ta i, A IEREE I AR L BE AR AL it
0% 2 a) S v 2R 5 &R (R > 0.99), H Gp
1£ 0% ~ 100%- 100% ~ 200% 1 200% ~ 300% F] N
AR AL 20 308 1.6+ 2.5 Fl 3.3 E— D5 T ALK
BTEAN AT AR 26 T I S i i 2 g 7 (B 7b, ©, TR
W 2 1E K B 28 (10% ~ 40%)3E & & B 28 (50% ~
2009 ) (RN E—EN FAE R, AR K28 A Re i th AR € B
TCH R A RS S . B 7d SRR HBEAE 5 Bl R AR
6 BE 19 10 C09%—309%—60%—90% ) F: i IR _E Tt

FELE BLAR B U (90%—60%—30%—0% ) VK 2 4]
GERFS o [RIE, 7EAREANME E BRI CREEIY B, L FHAS
SRR O RIS o IR e BUIESL T iZK
T I A B L A% BT L RE Ty . Ak, AR R
XoF 2 25 R85 () 3 07 1 3 sk AN [ e 3 R A (50 ~
200 mm/min)#E4T T 3GE . Wi 7e Fras, HBEE 5
REAE U M B3 A8k, HAS 5 R 52 01 W R2mm, K0
H R GFMshAsm B RE . PP Fa e i (& 7D%
B, 7€ 100% NAE R 277 100 VK% S 57 AR —F JEUIE
Ja, b E SRR s R, R I B AL
P A5 5 L R T BZ, sPGy o K BRI 7 0 T
N
2.7 BZPG KERERIFHERPHILA
FeFIKEEE BZ, PGy 5 1 122 MERE . B T
LG 3 DL SR BURE, A W] 2 RN Az B e 45
BRI E RIS /1. anlE 8b ~ £ Fros, H4 40
BE (IR AR A BN PE FF i F4a. FH . RaE R
RATEE N ATIAL S, PSR A4S il e e &
AR FE B B SN BRI . WS SRR, %A K
A5 BE 0T AN [R W BE R A2 B AR B A 7= A T i 45
T L, PRI R e SRR T . A, AR IR RR 8
5 R KR S WA, 78 R E AL T B I ] i



10 4

PUIRNEAE: TR B/ 2T 2 22 D [ 1 9 LR 3 HRLU IR L R R e B LR SRR

b -152 C

— H,;PGy,
— Z,5PGy,

/—‘-\ —— BZ,sPGy,

o0

=

2

& —

-50 —40 -30 20 =10 0 10 20 30

ThLEE/°C

100 -?Eiiiiiiiii $555E
—=— H,;PG,,

80 H

—— ZI.SPGZ.O
60 —— BZ,,PG,,
i

i

1.

W /%

B

0 6 12 18 24 30 36 42
Hifal/d

a. 7KBEE H, PG, , il BZ, PG, , 1E-20 C ¥R 24 h J5 #EAT&RHUMERER A5 b. AKBEIE H, ;PG,,. Z,PG,, 1 BZ, ;PG,, [/ DSC

ks c. KBE H, PGy, Z, PGy, Ml BZ, PGy, (HFRA SR
IR I P A P

K6

Fig. 6 Frost resistance and water retention of hydrogels

800 a 60 b 600 ¢
—l
2 (4
R=099 40% 5001 1509
600 45+ 200%
400 |
S S ~
g g g
< 400 G < 30} < 300
F
2 S 3 200
200 151
G.=1.6 100l
0 100 200 300 0 20 40 60 80 100 120 140 0 100200300400500600 700800900
LL%/% Ay al/s ] /s
140 d 60 © 20, f
—— 50 mm/min
120 } —— 100 mm/min
45| 150 mm/min 15
100 200 mm/min
s 80t S
< 60 =
g 5
40+ 15
20 ¢ 0%
0% , = . . .
0 50 100 150 200 0 5 10 15 20 0 10 20 30 40 50 60 70 80 90
I} A /s I} A /s Fifa)/s

a. KBEIE BZ, PG, BfiR A BARXTFLRHAS K ; b ¢ Rl d 24 BZ, PG, fEANRIZINRIAR | R AR R BE I A8 B AR F B AR AL 5
e. BZ, PG, , FEA R A T AR AL £ BZ, PGy, £F 100% REAE T £ 100 MMEER T AGAHXT HLH Mz .

B 7 KBERR (KA 1 e
Fig. 7 Sensing performance of hydrogels



10 b = ok X

¥k ERRE

ROl
Il

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14
Ft ] /s A A)/s
60 d 70 - e 50
T PN
ot [ iy N o N
of B -
S S 40t ® 30}
<30t & <
5 0 S 30t < 20
20
0 2 4 6 8 10 0 2 6 8 10 12 0 2 4 6 8 10
RGNS i) /s Hifa]/s

a. W IS AR IZ PR GRS R B IR by oo dy e AEMBISA TR . FHES M, TR ez th A

A R BHAR A 22

B8 KREIRAE T 2 A R AR 14 8
Fig. 8 Wearable sensing applications of the hydrogel

BT HR i AT IR ARRE, FL A PR R L S 3R
25 EFTIR, 55T BZ, sPGy o 7K BRI H 1) 52 1 B AR
R KA AE N ARIE Bl e 7 T R B e v ) R 5
FEEE, E R BE AT o a0 A AR B Hh AR v ) N
e

34 @

AT T4t 5ok e S e 7K R P A W] 2F S s A rh
TEAE D15 R 5 rEME 5 R B A8 e e X DA e st 11 1)
L, R I IR B (PVA/GAL A T BRI
TNk W 4 T 5] N £F- 4 % 41 5 BDP, R 5 Zn®*
Fc 57 1 F A W 1 5 F P 8%, £ % 17 e L AT e
S e P RN 55 58 B (1) BDP/PVA H & /KB . 2%
WA BRI A DL 3 55,

(1)*4 BDP/ZnBr, ¥ ¥ 5 PVA ¥ 1) Jii & L
N 1501, H O GATINE R 2.0% W, BT il £ (1 7K &
B BZ, sPGy o R I H B A 1) 7 5 14 R, o Ao A
FTIBE 24 K 250 5l 79.6 kPa A1 624.3%, FHE T
PVA /K (H, sPG, o) 70T T 75.7% F1330.2%.

(2)BZ, sPG, o KI5 1) F L S PR M RE,
HAE 30 C TR FHSZHILE 5.7 S/m; £-20 C
H1 2644 R, BZ, sPGy o I3 T HL S R ] R R E 5.1
S/m, [FIEAEMEIR BA RIFHIZHIE.

(3)BZ,sPG, o HA RIUFILR/KAE JT, 1E H IR
FERIRE 40 d J5, HITES R FNE 22.4%. T

BZ, sPGy o 7K #E B 3 1 2 1 18 38 A% J2% 2 7T LA K b
TR R H A E BOAE 5 S, 38 ] DL S
NGRS Bl I, R B LR AR T 7 o T
RIS ST 5=

AWFFCEI T B A KB 12 Re . S Rk RE
HIEE RS VER) U R, DT K& T il i A 45
f Ik RE SR A L T AR IR A TR SR . SR, 1%
AR 5 B 5 8 R A% T TH AT $2 7 75 1), LA AR
5E VE R AL AL AT 75 T e EIR AN RIBEFE o JR 8T
YERT Bl Gedk RAL AL S 2R PR 85 3 B A PP A A K%
AR BRAE T I T, ARt — Dl HLAE W] 77
A P R SEBR R o

2 % x #

[1] LiuY, Liu Q, Zhong L, et al. Tough, antifreezing, and conductive

double network zwitterionic-based hydrogel for flexible sensors
[J]. Chemical Engineering Journal, 2023, 452: 139314.

[2] Du Z, Wang N, Du J. Recent progress in cellulose-based
conductive hydrogels [J]. Polymers, 2025, 17(8): 1089.

[3] Han Y, Liu Y, Liu Y, et al. High-performance PVA-based
hydrogels for ultra-sensitive and durable flexible sensors [J].
Advanced Composites and Hybrid Materials, 2025, 8(1): 154.

[4] Ge W, Cao S, Yang Y, et al. Nanocellulose/LiCl systems enable
conductive and stretchable electrolyte hydrogels with tolerance to
dehydration and extreme cold conditions [J]. Chemical
Engineering Journal, 2021, 408: 127306.

[5] Li Z, Yin F, He W, et al. Anti-freezing, recoverable and

transparent conductive hydrogels co-reinforced by ethylene glycol


https://doi.org/10.1016/j.cej.2022.139314
https://doi.org/10.3390/polym17081089
https://doi.org/10.1007/s42114-024-01137-5
https://doi.org/10.1016/j.cej.2020.127306
https://doi.org/10.1016/j.cej.2020.127306

10 4

PUIRNEAE: TR B/ 2T 2 22 D [ 1 9 LR 3 HRLU IR L R R e B LR SRR 11

(6]

(71

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

as flexible sensors for human motion monitoring [J]. International
Journal of Biological Macromolecules, 2023, 230: 123117.

Chen Q, Xiao Y, Yang H Y, et al. Cellulose nanocrystals-
strengthened, anti-drying, and anti-freezing hydrogels for human
motion sensing and 3D printing [J]. Polymer, 2024, 296: 126837.
Fan X, Wang L, Bai S, et al
alcohol/polyacrylamide/polyacrylic acid/dimethyl sulfoxide/CaCl,

A one-step polyvinyl

hybrid hydrogel enabling anti-fatigue, anti-freeze and anti-
dehydration for wearable strain sensor [J]. European Polymer
Journal, 2024, 221: 113573.

Liu H, Zhang X F, Li M, et al. Attapulgite-reinforced cellulose
hydrogels with high conductivity and antifreezing property for
flexible sensors [J]. Langmuir, 2024, 40(40): 20986—20994.

Shu L, Wang Z, Zhang X F, et al. Highly conductive and anti-
freezing cellulose hydrogel for flexible sensors [J]. International
Journal of Biological Macromolecules, 2023, 230: 123425.

Li X, Wang Y, Tian Y, et al. Biomimetic multiscale structure with
hierarchically entangled topologies of cellulose-based hydrogel
sensors for human-computer
Polymers, 2025, 348: 122825.
Miao H, Liu Y, Man Y, et al. High-efficiency and recyclable

interaction [J]. Carbohydrate

green molten salt hydrate solvent for cellulose hydrogels with
high conductivity and freeze tolerance [J]. ACS Sustainable
Chemistry & Engineering, 2023, 11(24): 9225-9234.

Liu J, Zhu Y, Ou M, et al. Preparation of a strong, tough and
sensing cycle stable ionic conductive hydrogel fiber for strain
sensor via introduction of syndiotactic polyvinyl alcohol [J].
Composites Communications, 2025, 53: 102208.

Li X, Zhang L, Yan M, et al. Ternary synergy in ZnBr,/H,O
enables ambient cellulose dissolution and closed-loop hydrogel
electrolytes for sustainable supercapacitors [J]. Energy Storage
Materials, 2026, 84: 104852.

Li X, Wang Y, Tian Y, et al. Aqueous AICl;/ZnCl, solution room-
induced the self-growing strategy of expanded topological
network  for  cellulose/polyacrylamide-based solid-state
electrolytes [J]. Journal of Colloid and Interface Science, 2024,
670: 311-322.

HAEES. 5L T AICL/ZnCl, ¥ 7 8l M i s PE R P R Ak S 1
S HUKEE [D]. B A PR AL K2, 2023,

Tian Y H. Room-temperature construction of the high-
performance cellulose-based, ionic conductive hydrogel via the
AICl3/ZnCl, solvent[D]. Nanjing: Nanjing Forestry University,
2023.

Zhang Z, Liu Y, Lin S, et al. Preparation and properties of
glutaraldehyde crosslinked poly(vinyl alcohol) membrane with
gradient structure [J]. Journal of Polymer Research, 2020, 27(8):
228.

Zhang Y, Xiong Y, Li X, et al. Oxidization and salting out
synergistically induced highly elastic, conductive, and sensitive
polyvinyl alcohol hydrogels [J]. Advanced Functional Materials,
2025, 35(6): 2415207.

Sun X, Qin Z, Ye L, et al. Carbon nanotubes reinforced hydrogel
as flexible strain sensor with high stretchability and mechanically
toughness [J]. Chemical Engineering Journal, 2020, 382: 122832.

Mardiyati Y, Satriawan L, Shoimah S M, et al. Modification of

crabgrass-based oil/water separation filter paper using polyvinyl

[20]

[21]

[22]

23]

[24]

[25]

[26]

271

(28]

[29]

[30]

[31]

[32]

alcohol/glutaraldehyde (PVA/GA) [J]. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 2025, 713: 136530.
Ding L, Chen L, Hu L, et al. Self-healing and acidochromic
polyvinyl alcohol hydrogel reinforced by regenerated cellulose
[J]. Carbohydrate Polymers, 2021, 255: 117331.

Hu S, Huang Y, Liu X, et al. Mechanically robust and highly
conductive bacterial cellulose hydrogels through synergy of
directional freeze—thawing and salting-out for wearable sensors
[J]. Chemical Engineering Journal, 2024, 499: 156161.

Hou T, Guo K, Wang Z, et al. Glutaraldehyde and polyvinyl
alcohol crosslinked cellulose membranes for efficient methyl
orange and Congo red removal [J]. Cellulose, 2019, 26(8):
5065—-5074.

Liu F, Jiang Z, He F, et al. Zn*'-coordinated phase change
hydrogels with enhanced mechanical properties and quadruple
responsivity for sensing [J]. Polymer, 2026, 344: 129504.

Luo J, Song T, Han T, et al. Multifunctional roles of TEMPO-
oxidized cellulose nanofibrils on the enhancement of mechanical
and conductive properties of acrylic-based hydrogels for
temperature response and human motion sensing [J]. Chemical
Engineering Journal, 2024, 493: 152649.

Sun S, Hao S, Liu Y, et al. Mechanically resilient, self-healing,
and environmentally adaptable eutectogel-based triboelectric
all-weather

nanogenerators  for energy harvesting and

human—machine ACS Nano, 2025, 19(1):

811-825.

interaction [J].

Gao J, Li X, Xu L, et al. Transparent multifunctional cellulose-
based conductive hydrogel for wearable strain sensors and arrays
[J]. Carbohydrate Polymers, 2024, 329: 121784.

Yang Y, Zhu Y, Yang A, et al. Rapid fabricated in-situ
polymerized lignin hydrogel sensor with highly adjustable
mechanical properties [J]. International Journal of Biological
Macromolecules, 2024, 260: 129378.

Nie Y, Yue D, Xiao W, et al. Anti-freezing and self-healing
nanocomposite hydrogels based on poly(vinyl alcohol) for highly
sensitive and durable flexible sensors [J]. Chemical Engineering
Journal, 2022, 436: 135243.

Zhang M, Chen T, Xu T, et al. Functionalities and properties of
conductive hydrogel with nanocellulose integration [J]. Chemical
Engineering Journal, 2025, 506: 159872.

Lv X, Zhang Q, Li Z, et al. Antifreezing, water retention, and high-
stretch ionic conductive hydrogels for winter motion sensing [J].
Journal of Applied Polymer Science, 2025, 142(27): e57130.

Sun D, Feng Y, Sun S, et al. Transparent, self-adhesive,
conductive organohydrogels with fast gelation from lignin-based
self-catalytic ~ system for extreme environment-resistant
triboelectric nanogenerators [J]. Advanced Functional Materials,
2022, 32(28): 2201335.

Li Y, Liu Y, Zuo F, et al. Anisotropic nanocomposite double
network anti-freezing hydrogels with superior conductivity, high

stretchability, and excellent resilience for wearable sensors [J].

Composites Communications, 2025, 59: 102566.

(FTiE%mE %2 48
TiERE HFOR)


https://doi.org/10.1016/j.ijbiomac.2022.123117
https://doi.org/10.1016/j.ijbiomac.2022.123117
https://doi.org/10.1016/j.polymer.2024.126837
https://doi.org/10.1016/j.eurpolymj.2024.113573
https://doi.org/10.1016/j.eurpolymj.2024.113573
https://doi.org/10.1021/acs.langmuir.4c02244
https://doi.org/10.1016/j.ijbiomac.2023.123425
https://doi.org/10.1016/j.ijbiomac.2023.123425
https://doi.org/10.1016/j.carbpol.2024.122825
https://doi.org/10.1016/j.carbpol.2024.122825
https://doi.org/10.1021/acssuschemeng.3c02175
https://doi.org/10.1021/acssuschemeng.3c02175
https://doi.org/10.1016/j.coco.2024.102208
https://doi.org/10.1016/j.ensm.2025.104852
https://doi.org/10.1016/j.ensm.2025.104852
https://doi.org/10.1016/j.jcis.2024.05.102
https://doi.org/10.1007/s10965-020-02223-0
https://doi.org/10.1002/adfm.202415207
https://doi.org/10.1016/j.cej.2019.122832
https://doi.org/10.1016/j.colsurfa.2025.136530
https://doi.org/10.1016/j.colsurfa.2025.136530
https://doi.org/10.1016/j.carbpol.2020.117331
https://doi.org/10.1016/j.cej.2024.156161
https://doi.org/10.1007/s10570-019-02433-w
https://doi.org/10.1016/j.polymer.2025.129504
https://doi.org/10.1016/j.cej.2024.152649
https://doi.org/10.1016/j.cej.2024.152649
https://doi.org/10.1021/acsnano.4c12130
https://doi.org/10.1016/j.carbpol.2024.121784
https://doi.org/10.1016/j.ijbiomac.2024.129378
https://doi.org/10.1016/j.ijbiomac.2024.129378
https://doi.org/10.1016/j.cej.2022.135243
https://doi.org/10.1016/j.cej.2022.135243
https://doi.org/10.1016/j.cej.2025.159872
https://doi.org/10.1016/j.cej.2025.159872
https://doi.org/10.1002/app.57130
https://doi.org/10.1016/j.coco.2025.102566

	1 材料与方法
	1.1 材　料
	1.2 试样的制备
	1.2.1 BDP/ZnBr2溶液、PVA溶液的制备
	1.2.2 水凝胶的制备

	1.3 水凝胶结构及性能表征
	1.3.1 化学结构
	1.3.2 热稳定性
	1.3.3 力学性能
	1.3.4 离子电导率
	1.3.5 抗冻性
	1.3.6 保水性
	1.3.7 传感性能


	2 结果与分析
	2.1 BZPG水凝胶的化学结构
	2.2 BZPG水凝胶的热降解行为
	2.3 BZPG水凝胶的力学性能
	2.4 BZPG水凝胶的导电性和抗冻性
	2.5 BZPG水凝胶的保水性
	2.6 BZPG水凝胶的传感性能
	2.7 BZPG水凝胶在可穿戴传感中的应用

	3 结　　论
	参考文献

