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FEEEIL O A B AR B BB G L 22 M R . ONLGR SR () 2 Rk rpbRE (2,
I, ERWEEAY, LR FER+t (Montmorillonite, MMT) %) B bt 2% i AR A 2 BRI AL
ST R B s R 0370, SR, SR — ALK R B SR AN BTy A Ak e DR
IR 2 1A FRE IR PR PERE, £ 25 m AR IR ) 48 WAL T M 85 2 900k 5 & RitE . AHELZ T,
SINTIE A LN AR BAE AL Th e 5y, NSEBLZ MR RE P [ R ds 42 4 T vl Re . AR
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PN B 2 RE 70 I R K BRI A 2R 10 200 AT A 7 22 0 B T R — SR AL, HEAE R — K BRI A
F P [F] I  UTC LA K 1K) 7 5 38 5 5 B 2 B X 45 0 5 B R AN PR SR AR E R IR A . I TE R K
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1.1 L7

ROV (PEL. 4344l , RHERIEW (PA. 50 wt%) , RMEE 1799 (PVA) , BJFH
B (RhB. Zr#ral) , ®ALHE (KBr. o#rdl) « Ridghld T AR RO ERA A S+
(MMT) : B kAR AR AR Fra R M, Rat— i,
1.2 7K BB I hl &
1.2.1 PVA-EAM KBRS & B, ¥ 4 g PVA M KIBEMAE 16 mL £ 5 1Kk, BT in
A 90 °C, HHEE BIMIISIE IR, SRIGREIE 40 °Co KM 20 mL PA ¥ AN[E)J5
B PEL. WA 0.5 h I TRIS), GRS T8 AR &K MMT, B )5 4
St E R MMT LB 2. BEfE, KRS MBI B 5, SRJE1E 60 °CHHHE ML AE
Fih N 6 h, T RRK B AT IR . TSR S T 20 CCA MR E 12h, HE TERAH TR
# 12 h, EEZAGR-REIES] =R, m&H &R E] PVA-EXAM, B GKER . Hi, xRk PEl S
PVA &L, y o MMT IR RS (AL %) 5 BAERA U, A SCSZI6 At RS & i x {E
EN 0.1, ylEMEEN 15,
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1.2.2 PVA-A, PVA-E A% PVA-EA KER &% & BRIFEEACELAN, HE& 57525 PVA-EAM /K
B AR . PVA-A KEEREA NN PELFl MMT, PVA-E 7K AS 22 85 /K & 4 PA AW H AN

MMT, PVA-EA /KEEAIAN MMT. & KERA RIVEGRC T W Tab.1.

Tab. 1 Compositions of the hydrogels prepared in this work

Hydrogel PVA (g) PEI (g) PA (ml) MMT(g) H>O(ml)
PVA 2.0 0 0 0 18.0
PVA-A 2.0 0 10.0 0 8.0
PVA-Eo.1 2.0 0.2 0 0 18.0
PVA-Eo2 2.0 0.4 0 0 18.0
PVA-Eo.1A 2.0 0.2 10.0 0 8.0
PVA-Eo.2A 2.0 0.4 10.0 0 8.0
PVA-Eo1AM;s 2.0 0.2 10.0 1.6 8.0
PVA-Eo1AMs 2.0 0.2 10.0 3.0 8.0

1.3 AR 5R=E

1.3.1 28 F I b n 47 KoKER VIS AR, BT ETR G TR (HXLG-10-50B.
F TS AR AR PREARTE, @A BT 28 (SEM, Apreo S HiVoc . % [H
Thermo Fisher A#]) AR, MHEE N 3 KV,

1.3.2 AUkt g X JE I AL %A S00N A& 82 10 B8 1R HL (Instron5567 2. 3 [H Instron 24
FD 0t KR AT B AR IR, Wi WIME (Toughness) B H7- AR il 2% N AL R 6 I AR . o fef 0
BURE i H V) O 20%x2.5%1.5 mm3 b WL B8 RRE %, DI AR SR R AT, R E R B E Y 100
mm/min, &5 2D 5 E I 3 7

133 2R 432 A oA A ZERBEHEH (DSC, DSC3 &, Mettler-Toledo A #]) fEA A
SR X AR B AT AR, F RV -50 & 50 °C, FHEIEZF N 10 °C/min, S ARHIHE A 50 mL/min.
1.3.4 1% 2ot & 3 20 S i A7 KK BEIRRE S 7E K RV 12 h J5, 8 A B i A 4o 21 Ah o 1 4
(FT-IR, BRUKER INVENIO R #!. ##[H Bruker A7) B4 A A (ATR-FTIR) X &R AT
FAE WX BN 4 em™!, FHH#EVEHEDY 4000-400 em!, A XECN 32 K.
¥ MMT ¥ R 7E 70 CCHIBLAR h R 2 1EE E &, A KBr /E 70 BOi v dil ke . 0507 Hr R

FEHAER (TR-FTIRD , A5, RGBS ATR BXHEE .

1.3.5 260 A WX . 75 g S F R IEHLIEAT 180°BY IR AR A /K8 i () 86 B 770 AR g 7K
I A HRIEM 2 7], BB 0.5 h )5, LA 100 mm/min {98 2 38 B 9 180° 7 [7) $ir it i B 3 AR
ZRNES, ER R IR

1.3.6 A &4MK: ARIEKEIR I &S0, 700lH & 7RG R RhB 4141 PVA-EAM 7K ik
JZ o A HE I 4% 7R 114 2R G €0 A0 G K IR A AN R Il Y0 T, OF T IR TR it 6 h J5
Xof o ity EAT B

1.3.7 & R MK i AL TAESE (CHIG60E B, EHEER RN M /KA B 7S E,

MEHZHE A 0.1-100 Hz, HIEN 0.1 V. BTHERHAG)ITHE:
=y =</ (4)

A L o ARPABETISER Q)L R (Q) BLEOKEIEE (mm). THAR (mm?).
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1.3.8 KER A BB B AR K w AR MK [FHERFE BT (6514 B, £ Keithley 225D il
KR ISk BRI gl oK A ML I e, W 2k ) 2 B M oy B A o, R AR g SRR e SRR, BR
VO E N 1-5 Hz, C P HE . B PL A LA A AR 4

2 BERE11R
2.1 PVA-EAM 7KREE I MMNEEH 5 2 ERE/ERHLEH

A 2 7 1 % 19 PVA-EAM 7K 2 401 Fig.1 FroR . %0k R FI A PEIL (235 . PA (BRI ] 5
PVA [ 3 8 5 56 )Y i K AU, IR TR KR P 3 M T % ) FR ST A5 . PA H IR 3L 4]
57K 537 1) B 9 S0 T A A o UK R PR 5 K T, TR T SRR PR, LR R A
ST REWE T RRNE TRSR, RN, 3N MMT 99K 5 a8 B 8 2R 5505 R S0k
MIT g5, FLRI M Si-O K [ th T 1 Ay S 52 (339 1 W0 4SS R 138, 3t — 2D 9L BRI 1) 7 2 1 i
SR, 4328 TR ST A E B IR L I I, KR AN R B R 2 R BT BRI, O
R FE A7 8 0 3 25 AT AT O S B R A1 1 A
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Fig. 1 Preparation of PVA-EAM hydrogel with adhesive capacity and its potential applications
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KB B TR 45 /9 0 Fig.2(a) 7, PVA-EAM ZKEEIRI L TFL BB, W50 8H KEm
FroR&E ), S5 ARt Rl X 4L (EDS) StBERHHT LR 00, IEWZ45 M8 MMT 48K .
i FT-IR 437 %F MMT #3 K. PVA-E. PVA-EA Fl PVA-EAM /K EER AT MR, #E—0 00T
PEL. PA 1 MMT I 51 N f 7K i e A4 2 20 1 &% 4 - ) A ELAR B % 0 . 40 Fig.2(c, )i, BEE
PA Rl MMT (&5 5] N, /KEERTEL) 3300 cm™! &b (12 B 45 R 20 (-OH) LA K £ 2700 cm™! b
M B g R 3 (-NHo) B W8 96 JE 3G 9, R PEL T 5l N DL R 2k 5 Bk 2 [e) S B4
fIig 58 . AL, 7E PVA-EA Ml PVA-EAM 7K &K T 35 A WL 52 262 T 49 900 em! AL HJ P=0 {1 45 4k 5
FRAEWE, TEEA PA CRIIGI AR ZR; T7E PVA-EAM JKEBEH, 29 1100 cm™! A Si-O 454 W 375 M
A0 HLR AR ) i T R R, KA Si-0 BRI S T A HAE MR Bk g BUIE,
MMT 44K frifiid Si-O M 5 REWE Y A Sc I E G5, PRI T8 EEE (NH) 5
PA 7y TH I BEIR B 4] (-POsHy) JERCE AH AR, [N PEI & 2. PA R /BER LM 5
PVA FHEMBZR I Y K2 EEEER, AT SRR G0 8, PA MBERR S W h e 7
PSR BL AR IE 5K T IR R B, & 50 AN B (R S AR B, L3 o 4 B 1) A A
SR I T A2 Bk X 246 1) B[R] ) 22
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Fig. 2 (a) SEM image and (b) corresponding EDS mapping of PVA-EAM hydrogels; (¢) FT-IR spectrum of

MMT; (d) FT-IR spectra of PVA-E, PVA-EA, and PVA-EAM hydrogels

2.2 PEI/PA/MMT %t PVA E &K B HFH eI
WU M BE A 7K ¥k g Sz B0 S s . FH B BE B2 0 72—, AR FC /K B &% AN 4 20 3 He 1 447 N 32
m, FAT T RERRARIER . W Fig.3(a) o, sKEER KW RN J1E PET & & 1138 hn 1 iE 2P
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W, PVA-Eoo ZKEE W 248 f3 AT A 0.56 MPa. 3X — 3858 28 32 Z T KT PET (1 5] N4k & 5
— PVA WZE AR UM 4 G54, [FIN PEL 707 5 LT 5 PVA BEBUE OB A8, Hn T
W25 A B L, TR RO F KBRS 58 . SR, M PEI & &k s (x=0.2) B, FHEML
BREE IR T R A WRENIZE), 5 BN RN AR I — i R R T B

AR S EYER A, W Fig.3(b)T/R, PVA-Eo KEER BRI LML A St fe, H
A B 5 43 A 4 PVA JK B T T 267% 1 71%. (EIERt b, #E—D mk ZRd 51N PA,
AT LE AP 38 03 T 2N AR FR A O E— B AR TR SR . 0 Fig 3(c) s, PVA-EA JKRER [ W7 22
JIWIEF] 0.52 MPa. X FE 2 H T PA fEM & i B 2K 2 D e B IAEH, ¥ PVA N2 5
PEI [ 2 S5 R 5, AT 398 5 008 Ak 46 ) 1 S e 11

Ul Fig.3(d) i, £ PVA-EA R R A 4E4:5] X MMT 99K F (8 wt% 1 15 wt%) Ja, 7K
DI PEREAR B B — PG 0, T RN ) B AT R T 0.69 MPa. X — R F SR AT H K T MMT ()
JEARGE M e Fe R & A 2 5 5 TG W Bk 2 [ i 2 A B AR A, TG 2 1 B0 s 2L
FIRe EAEHN LS . M ERE MR KW (Fig.d) , &AW & PVA-Eoi AM s KEEIR B2 AN IEPIRE,
BT BAT AR S B T R P A T 25 i, B AR T S5 5 U5 AT AE S R R gk s i AN R AE TR . b
AR R, I 2 H 5 U R R SR B S A BRI 25 Re g W AR T PVA KB I )5 ke . 5
PVA. PVA-A o PVA-E /KEEICHI L, PVA-EAM /K 5ERE () B 24 8 713 T+ & 0.69MPa, iESE MMT
(17153858 5 EA MBS S M 80N, BRI T ACHRE BE, SUMIER T v R AE S FE IO 2% .

0.6 180
(a) PVA (b) 1%
P PVA-E,, - 160
N —— PVAE,, & 101 =
w 0.4+ _g’ %
g £ °9 =
'6 d| w
2 0.3 8 064 g
= E »
? 02 2 04 E
=2 3
0.1 0.2 >
0.0 T T T T v T 0.0-
0 100 200 300 400 500 600 PVA PVA-E, PVA-E, ,
Strain(%)
0.6 0.8
(c) PVA-E), (d) —— PVA-E A
0.5] = PVAE,A 0.7+ PVA-Ey,AM,
0.6] — PVAELAM
= 0.4 =
é § 0.5 /7
7 0.3 E 0.4
@ ¢
5 & 0.3
» 0.2
0.2
0.1 01
0.0 T T T T T T 0.0+ T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500

Strain(%) Strain(%)
Fig. 3 (a, b) Stress-strain curves and the corresponding toughness and Young's modulus of PVA-E hydrogels
with varying PEI fractions; (c) stress-strain curves of the PVA-E(.; hydrogel in the presence and absence of PA;

(d) stress-strain curves of PVA-E,.1AM hydrogels with different MMT fractions
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,Original

Fig. 4 Photographs showing the PVA-EAM hydrogel subjected to stretching, bending, twisting, knotting, and
stretching after knotting.

2.3 PVA-EAM KB 8 SR FR R

PA LB AR R EA S KB T FE M a1, NnBERA LS FheR.
U Fig.5(a, b)Fi7x, PVA-A KEHIE FHSHAA 415 S/m. BT PEIAGAR& S TS HAES,
51N PEI Ja 7K &E R 1 HE 3 26U A 84k, VIORFFIEZ) 3.91 S/m, KB PEIL 0N FF AR 0 B 4% find
WA R B, M2 R, M — B 5N MMT J5, KBRS M — e R P . X —
PG ATREYE T MMT 99K 1 G4 17 KB 9 28 b 8 4 FLIR S5 A, DT k2> 17 T8 452 1) 88 A i e %
FPHOBEMAE I EEREC. PVA-A KEEK I & S FRIUESE PA 2 5 F MmNz 0d 7y, Il
PEI 5L SR LR E FH. 51N MMT G0 ER5F 2.5 S/m i L S 3, 26 W) & 449 76 B 71 4 1 4% o
TR, RN 25 (K B T R B

BRARTE S RSN, PA H R R AT R 3 3 AT 5K 4 1 T AR S M T A 2 o K 4 AT
N, T KER REFIIPUARTERE . W1 Fig.5(c) s, #£-20 °CF, JKEERIRIOREF R &F 91, B
B SCBL E SR R AN . N BV PR B 1, XMKERHEAT 7 DSC rHr.

Fig.5(d) Al ¥, PVA-Eo 1AM s /KEERR VK 2 J9-24 °C, KW R HAT 835 19 UK R AR 508 AR
St IIPTERTERE o

T RAETR B iZ A &R 1 T PR RER S, 2D BT KR AR R AR R SR R
18- W Fig.5(e, DF7R, £E-20 CCHABEr, JREER VI RENS 4ERFRRE B 1 T ek, R TRy
N 2.32 S/mo JUEMET FIA PTEEAC, EZEUE VAL TRIm KT, U AREIRE P38 A 88 1 1% a1
EAEMRIR S FAKRARORFF A 2. 45 BFTIR, PVA-EAM /KEERTE & AR IR 5L T ¥R H R4 1)
BT SR ST EE R, 9 HAE R B T AR A T A SERR B BEE T AR
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Fig. 5 (a, b) Electrochemical impedance spectra and conductivities of the PVA-A, PVA-EA, and PVA-
Eo.1AM;s hydrogels; (c) Photographs and (d) DSC thermogram of the PVA-Eo1AM;s hydrogel at 20 °C and -
20 °C; (e, f) electrochemical impedance spectra and conductivities of the PVA-E(1AMis hydrogel at 20 °C and -
20 °C

2.4 PVA-EAM 7K ZERZ RO R M4 RE

M PEL P58 MRS PA 2 T BB SE A1, /KB AT UM 208 . B fiE . MR R
KE A M B AR S 2 R R TS5 &, WS IR TH L AR RS o T A 2 gk F 8 42
BEROME M, AR, AR, BRI, RRAC . YERE LA B Nk B KA AR E A SR HEAT IR .
Fig.6 FT7r, %7K BEI A % 7 50 /) 0322 ful T A0S e PR IR0 2% FobE L (K SR 10T, 26 9 L L AT AR iR
SIZ o 6 A 96 1 R BL L P A T N

Fig. 6 Photographs showing the adhesion of the PVAE(1AMis hydrogel to various materials substrates
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R E— 5 %€ B 43T PEL A1 MMT & & %0 7K Bt & B PR Re (s, BLFT 60 2 g B, d il
180° B DA% AS [R] ic Eb ) /K Bk IR 3E AT RARAE . W0 Fig.7(a) s, /5% % 7 PEL & & MMT
B Y e B B SR R E B . W Fig 7(b, o) FToR, BE PEL MM T PVA & &I, KEER
(1 86 PR o B B S AR v, B T IA 4 63 kPa. X 3R AL N B A F PEI A BRI N, A
FRety S FE MR IE O 2 A5, MR A mas SR, R, #— P& PEl &S
B PR B I PR, AR TR 2R SEBR R o BRIk, 276 1A PERe S5 20 M R P4
M PVA-Eo1 A 1E N J5 SERT 78 B FE Rl 14 &

FEULEEA b, 4R DU B2 O B 50 MMIT & 556 /K B AR B PREPE RE IR B2 . 0 Fig.7(d, e) R,
TR (0 0 P SR B MMIT 5 5 1 38 i i — 2542 7, b PVA-Eo1 AM s 7K BER (R Bt 70 ATk 2
68 kPa, BRI AN MMT i) PVA-Eo 1A KEERIR &4 25% . X—45R K], MMT 49K i AMUAE
SR KB 1) 12 Ve RE, R Rl v LR T AR AN 22 Sh R T AR BLVE D IR T F I R . TR
B2, MMT 5] ANFE— B RS T KEE I I T Sk, HSHEREGERR FBY
36.6%. REMIL, £ MMT &84 15 wt%B, sKER IS 7 5205k #4) 2.5 S/m, HE &
T 2RO T HEAKBERAE R, BIbi% S iR 8 R A SEPR B 2 il A2 1. 6T Bk &5
GG, AL PVA-Eo 1 AM s 1N 5 S 1L RENI 5 a0 1 AR R AR il

IR Z KB AEAS [F) S E s RGP AR T, LAARIK . BRI PET. BIANESEM BHE g5k
JEIEAT T 180° 8 UJMNA . 40 Fig.7(f, )i, BT 4RsK £ 4 v K B 52 5L AR i 5 /K Bk IR A T
AR AN 2, KN AR R I B om i R R AR, NP SREE AT IA 132 kPa. BBAR, KEERNT
PET 7 B A1k by 55 HE b (R RE 2 I HE R AT IO RGBT BE 0, LRGP 9 B2 23 7 290 38 kPa Al 12 kPa. 45
FITid, KR %o 2 i DA b2 T 350 B AR e BLRSE I RN B PR RE
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Fig. 7 (a) Schematic of the 180° shear test setup; (b, c¢) shear stress and adhesion strength of PVA-EA hydrogels
with different PEI contents, and (d, e) PVA-EAM hydrogels with different MMT contents; (f, g) shear stress

and adhesion strength of the PVA-E1AMs hydrogel applied to various substrates.
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2.5 PVA-EAM KRB B A8

i T REIR AR 22 20 5 2 TA) I B A S BEAH BLAE F A MMIT 4 5865 Y088 1) B B8 71, PVA-EAM
IKBEIR I — e G R/, W Fig.8(a) iz, KB UIEI N PIEE 4y, I —H RhB 3¢
ELMEX 5y, B  ER R m WA LA MERATHE 6 h )5, KB AR WK E 5 ¥14h
P PERE, RUNZARBA K B &SR XM 8 A A7y I BTy A e = A
MMT 49K F I3 B . &%, PA. PVA. PEIS5 MMT Z [8]] 2 7775 (1 AU B AE B w] 75 S 1 Ak )
AEMZEM L, W Fig.8(b)ATan . X UEn] i (i IE 3L A0 B/E FZE W 2S5 R B R B 4L, AT Ak
BRI R B & A RE A1, Ik, 2R MMT 992K A 5 5 PVA R PEL 4 T-HEAH L4545, 4 Bl
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Fig. 8 (a) Photographs of the PVA-Eo1AM;is hydrogel cut in half, reattached, and stretched after 6 h of contact;
(b) schematic illustration of the self-healing mechanism of the PVA-E(1AMis hydrogel; (c) stress-strain curves
of the PVA-E(1AM;is hydrogel before and after self-healing; (d, e) electrochemical impedance spectra and

conductivities of the PVA-E¢1AMis hydrogel before and after self-healing
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Fig. 9 (a) Schematic of the working principle of the TENG; (b) structural design of the PVA-E¢1AM;s H-TENG;
(c) photograph of the assembled H-TENG device; (d~f) output current, transferred charge, and voltage of the
H-TENG as a function of operating frequency; (g) voltage output profile of the H-TENG during 200 continuous

mechanical cycles.
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High-Performance Poly(vinyl alcohol) Nanocomposite Hydrogel Based on
Multiple Dynamic Noncovalent Interactions and Its Application in
Triboelectric Nanogenerators
Zhihua Sha, Yichun Zhang, Wei Cui, Rong Ran
(College of Polymer Science and Engineering, State Key Laboratory of Advanced Polymer Materials,
Sichuan University, Chengdu 610065, China)

ABSTRACT: To address the longstanding challenge of simultaneously enhancing mechanical stability,
low-temperature ionic conductivity, and interfacial reliability of hydrogel electrodes for triboelectric
nanogenerators (TENGs), a poly(vinyl alcohol) (PVA)-polyethyleneimine (PEI)-phytic acid (PA)-
montmorillonite (MMT) nanocomposite hydrogel based on multiple dynamic noncovalent interactions
was developed. By synergistically introducing PEI, PA, and MMT nanosheets into a freeze-thaw PVA
network, a hierarchical and dynamically crosslinked physical network was constructed, enabling the
concurrent optimization of multiple functional properties. The resulting hydrogel exhibits excellent
mechanical performance with a fracture stress of up to 0.69 MPa, high ionic conductivity (~2.5 S/m at
room temperature), and stable flexibility and conductivity (~2.3 S/m) even at —20 °C. In addition, the
hydrogel demonstrates robust and universal adhesion to various substrates, along with an intrinsic self-
healing capability. A TENG fabricated using this hydrogel as the electrode delivers stable electrical
output and good cyclic durability. This work provides a viable design strategy for high-performance
anti-freezing conductive hydrogels and expands their potential applications in flexible self-powered
electronic devices.

Keywords: multiple dynamic; cross-linked networks; poly(vinyl alcohol); hydrogel; low temperature;

stable conductivity; triboelectric nanogenerators
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