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Abstract

With the increasing demand for wearable electronic devices and sustainable energy development,
the development of green, high-performance, and environmentally tolerant flexible energy storage
devices has become a research hotspot. The excellent stretchability, shape adaptability, and good
biocompatibility of hydrogels make them ideal materials for fabricating flexible wearable elec-
tronic devices. However, supercapacitors fabricated from single-network hydrogels often suffer
from poor mechanical properties and instability. Constructing multi-network hydrogels or intro-
ducing natural materials can effectively address these drawbacks. Enteromorpha polysaccharides
(SPEP), extracted from the large seaweed Sargassum, are water-soluble acidic polysaccharides with
a rigid structure. Introducing SPEP into hydrogels can enhance their mechanical performance. In
this experiment, SPEP was prepared using a hot water extraction method, and a one-pot synthesis
approach was employed to fabricate polyacrylamide/SPEP/Li*/glycerol (PAM/SPEP/Li*/Gly) hy-
drogels using SPEP, acrylamide, lithium chloride, and glycerol. The morphology, physicochemical
properties, and various performance metrics of the resulting hydrogels were subsequently charac-
terized and evaluated. The results demonstrate that adjusting the concentrations of SPEP, Li* and
glycerol can effectively modulate the hydrogel’s properties, enabling the fabrication of hydrogels
tailored for different applications. The incorporation of SPEP, LiCl and Gly significantly enhanced
the mechanical properties, frost resistance and electrochemical performance of the resulting su-
percapacitors. At optimal concentrations of 1.12% SPEP, 22% Li* and 7.6% Gly, the hydrogel exhib-
ited superior comprehensive performance: tensile strength of 92 kPa, toughness of 548 k] /m3, con-
ductivity of 2.244 S/m, and fracture elongation of 1019.22%. Furthermore, supercapacitors assem-
bled with the PAM/SPEP1.129/Li*220,/Glyz.6% hydrogel electrolyte maintained excellent capacitance
retention after 500 folding cycles and 10,000 charge/discharge cycles. Remarkably, these devices
retained 79.1% and 39.49% of their specific capacitance at —-40°C and -80°C, respectively. The out-
standing properties of the PAM/SPEP1.120/Li*22%/Gly7.6% hydrogel enable supercapacitors to main-
tain both high specific capacitance and foldability even under low-temperature conditions, signifi-
cantly expanding the potential applications of hydrogel electrolyte-based supercapacitors in ex-
treme cold environments.

Keywords

Enteromorpha Polysaccharides, Hydrogel, Anti-Freezing, Supercapacitors

Copyright © 2026 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 51§

IR IS S — T 20 5o 5 B A T LT = e IR S B R SRS o 4 TR 1], AR B RIE Tk, (BT
DL VAR E A R, SERT AR B (K, AT IR I AR K e o 7Kgk e 1 15 A R 5 2 S R 2
L A 24T (R T 0 AR, b A% e K B (U 90 FF R R FE B A P A P R I S R R A 3

DOI: 10.12677/amc.2026.143033 346 FRME 22 AT U


https://doi.org/10.12677/amc.2026.143033
http://creativecommons.org/licenses/by/4.0/

N

SIP /I

o

B R 5 S, TR FBEAA L I FH AN W4 K, AF TR i P B B IR = (R 7K B A ) L K 35 B
EAESR, HT KB ARG R R . BRI S APR TS 2 35 2], A KSR 4T
EARAIRIE, BRI 2 ERER . PR AU (1 R AR R il 4% /K B A tH 2 > A R R I 22

AR, AN E BRI SR B IE I TR R 51 T ATz 6. Wit frRIET
LA RIRARM IR AT i tEREfEREZS B, FEmRe iR &L, 2 2wl T I 1 25 22 () R 3]-[ 5] B L)
A R HE AR ar K. BRI ED. DREE m . A V5 YIRS s o ik Re 2 A 1B 72
RI[5][6] SRT, ARGl TS Fa R T B S A8 AETE — R B G R ) J, U PERE 22 2%
PRI R B E U PERE A PR I S PR )l 43 18 S 15 46 Ty A mT o BRI 485 X 1 48 IR LR [ 7]
(8]0 MTHH, 5 7KEEME AN IIE S L2 4 RO HP 11 P e DRt L RV e . 94, Silvaraj HBA[4]58 1 i
IN= 5 SRR B (LITF) sh A F B 7, Bl e 1 3R (N-32 F L DU e K ik, L S isPom ieH &
(AR 2 L 38 B K U RS T IA 287.96 Flg o AHIX R BHEMGIR PRI N 2B Wi i 4b 3 Fk 2% s AL 22 MERE 8] (9]
RNIRTHIURTERE, BT S KB IR N WL R EOK A NS R R, (HZ 55 2R HARIR 5 8
PERZE[10],

TN 22 B2 1) 46 R e 25 5 Fh B AR BRAK B A 37152 — o BT SPEP 4r FHE SR AL, BRIEH
TR FE ], X LB A e 5 AE R KB 2SI . HV(GIyE AR E I Bfd BUPtiiz —, L
b mK B BT R TR R, WESRILIASE RS EME . R Tk, 51\ SPEP. Li*Al Gly il # th B A7 2 Mt AE G
IZKEEIL, A4 B TR 4 L A 98 3. AEARWT T, LA PAM Al SPEP AW, @il 5| A\ Gly RH
— e & T IO IR AR . B R R U ERE R PAM/SPEP/Li"/Gly /KEER, 45 FHAE g il
HHP AR HAER Gly IREXNKER JENRANE FHIENEZN. AR5 PAM.
PAM/SPEP/Li*/Gly /K& IO EE FIHEIT T 3RAL . BEAh, L TIKERIIPIE . K. KSR .
B JERFL T PAM/SPEP/LI"/Gly 7K B AR TG il % 1468 2 H 25 38 1) 45 TV R

2. SCIEERSy
2.1. RFIEHR

IR L EER A T B K, K T o J5 . S iR BT e T S A
How, IWARRHEAEACE IR AT PGB, BIan T AR R AR S, ZRET R IR A A ;
AR, R AR AF s NN PRI, BT T AR IR A w4
IR TFMBRFERBARAR]; KR, EAGERBLAGIARAR.

2.2, (BRI E

FLAVE IR BT 184H, DHG-9070A B!, LS5 B #AXE A R AR @A BIEDENL, 040ST &Y, X
P v BHE VR A AR AR B0l TDSA &Y, B AIGEAZER RS HR AR 2k s,
HI-6A B, TLOWRMTIERAIRA R HBRETENL, FDS &Y, L& AIRAR: Sl ek
fEds, FW80 &Y, KIEM RN AMRAR: BT/ KF, AR224CN &Y, BZEH{ER( LA RA
Al R, JISM-6700F &Y, HACHL¥; ZRHAfithETh, DSC204F1 Y, FEENIA R dfk
TR, CHIT60e B, il JRIENZSAIRAH] .

2.3. SLWHE

2.3.1. FEZHENRR
FREX 60 g HIFLIF S VAT 2 L H,0 o, &, 76mim FHEE 1.5 h JEIA 600 mL HoO, 4k&:4i
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THEETRIUET AR T, SRS

2.3.2. PAM/SPEP/Li*/Gly 7K BB B0 &

PAM/SPEP/Li*/Gly 7K# R F —#Avk il & o il 8 7200 R FREX— 52 & LiCl I 6 mL 25857 /KH,
PRI NN 20 pL £:82(3 mol/L), — & &) SPEP MH i, 454 10 min, A 3 gPAM, #it+E 30 min,
BN 80 uL 0.5 g/ml APS 7KW 80 uL 0.025 g/ml MBA /K&, 4k 2 2045 10 min, {3 A E A
& 70°C %4 30 min, 9% PAM/SPEP/Li"/Gly /K&t . @itk SPEP. Li'fl Gly K& — &K%l
PAM/SPEP/Li*/Gly 7Kt -

FEMam 2N . RNIGIIEKERCN PAM, WS ZHHRE 0%, FULEIIREE 9%, HIMKE 7.6%%
S FIRE FBARIE N PAM/Li*00,/Gly7gvss 158 ZHEIRE 1.12%, SACHIKIE 9%, HIMIKE 7.6%% B FIAE fbs
18 A PAM/SPEP 120/Li*on/Gly7.e0: ZHHREE 0% 0.38%. 0.75%- 1.12%. 1.48%, SALFIIREE 22%, H
MOk B 7.6% X R FE & 43 ) bR A2 9 PAM/Lit0/Glyrew ~  PAM/SPEP380,/Li*2000/Gly7.6%
PAM/SPEP; 750,/Li*220/Gly7.6%~ PAM/SPEP|.120/Li*220/Gly7.6% PAM/SPEP 4g04/Li*2204/Gly7.605 15 & 2 WA FEE
1.12%, SALHEIREE 0% 9% 16%- 22%, HIMHREE 7.6%%F B HIAE 5 23 BIFR1E A PAM/SPEP 120,/Gly7 60
PAM/SPEP 120,/Li*9%/Gly7.60+ PAM/SPEP; 1204/Li*160/Gly7.60%~ PAM/SPEP 1204/Li" 2204/ Gly7.60%; W & 2 FEH L
1.12%, SEALHEIREE 22%, HHIKRE 0% 4% 7.6%. 11%XF B FTEE i 2 BRI N PAM/SPEP, 120,/ Li* 200
PAM/SPEP; 120//Li*200/Glyaoss PAM/SPEP 1204/ Li*2004/Gly7.60« PAM/SPEP 1204/Li*2204/Gly 1104 0

2.33. BRFNABBKARR TIEBRAEIE

4 25 mL FAMAT B (GO)KIEW (2 mg/mL)IIAZ] 5 mL KH, A 0.5 g JREWEFE 30 min. FIRA
R EINAT R IR A RS, 7 180 CHEAE R ML 12 h, HIZKBEEIE S5 M A 2075 (rGO) /K Fukt i
FRIREIRE . B BT R T /N (1 x 3 em), K rGO /K BRI 78 BRI I, R AZETE AR T
YRR, VEVER B AR R & 71 30298 1 mg.

2.34. BRBEAFBOHE
PL rGO /K #kE i N FL A, PAM/SPEP/Li*/Gly 7K &t A AR JTE, A FE R RN 7K 5 5 FEL AR I 226 o — B
1R L A& B A A

2.3.5. PAM/SPEP/Li*/Gly 7K B RIELE R

KA SEM X 7K BE I it IO TE S 2 A HEAT M E% o B /KEBERIRIBAE B K 12 /DI, SR JEA R
TR 12 /N ST IR K B B 5 B AT A4y, 5 3 A A T OB A B i S
K FTIR W8 R T 7K B S o W B I KTEHA 400~4000 cm™, 3 8 4em™!, % 32 IR KM
TGA XF /KB EAE S AT RE /M. IR TN 28°C~800°C, HN#E %N 10°C/min. K DSC Xf KEER
FESHEAT 08T, IR VSR N—-80°C~25C, n#E % K 10°C/min.
2.3.6. PAM/SPEP/Li*/Gly 7K BB ROH 14 RELL R

TEZEMRFFAF T, R R AR G5 S () R A Ve B e A Pt S0 AR e, K fuft 25 00 o Ak i
BEE N 50 mm/min. TR A I B A T KGR FE &, B4R 10 mm, 1% 80 mm . /K EEKE 1377 (Toughness)
I B R Ay — B8 W28 34T R o is RS

Toughness = J:)f 5(¢)de (1)
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2.3.7. PAM/SPEP/Li*/Gly 7K BRIk M RELE R
FENEIR (25 C ) AR XS BE T W0 5 K BERR A AR o K /KB FE D (BLAE 1.5 em, &1 /% 0.5 em) 58 T°4°
A, FELAGE E I AR IS DUARE St I A . R GV A KR AR IR PR /K M BB (Weight retention) . THHA K (2) a0
e
Weight retention% = W, /W, x100 2

Horpr W KBHRAERS 1] ¢ (R, W R /KBURIIYIAG & .

2.3.8. PAM/SPEP/Li*/Gly 7K BB BO7A Bkt RELL R
SEIGTHF AT, S R K BERE S AT RE R RR ., ICSRPIMG ER . BEJS, R S KRR
AN EER 100 mL 2B FKIBM R R il . REBg— e e, S HFRE . KB (174 K R (Swelling
ratio)f% A 3T IHE
Swelling ratio% = W, /W, x100 3)
e wo /KBRS T 5y W o ¢ I KR (R K B &
2.3.9. PAM/SPEP/Li*/Gly 7K B S M4 feLE R
T I AL AR AR i 1 5 H M RE o K 2 L AT 5 06 P R G [ T B A 7K B FE AT ot 18— i
TAREMGERE S — . SR (o) AR@)ITH,
o=L/(RxS) )

A Ry Ly SHHINHEILQ). KE@m). & (m?).

2.3.10. PAM/SPEP/Li*/Gly 7K £2B FE 8B 4% Ba A5 2% A B2 FB
T A (] 74 R 4 P 25 4 1) PR 2 1 RSB A1 R AR 2232 (CV) S5 18 HL IR 78 TSRV (GCDY AT I, BT
MARIITE CHIT60E HAb 2= TAES, Fog . A% F oI ARG :
C= I x At
AV
Ho: T(Ag ) I i R FE (L TRV BUT &), A () NTBCRITRL, AV (V) A8 F L s P

2.3.11. BB|AES 5
FEMRE R SEE I A 3 YRk, {4 IBM SPSS Statistics 27 B4 #HAT A . T EFRER T, I8 H
OriginPro 2023 1E&.

3. BRE5ITE
3.1. PAM/SPEP/Li*/Gly 7K BB B R EZ L 12

FERIRIAEE T, APS MERNSIRFIZAGIK, 12ME AM RAERAE RN, MBA 1E AR KB I i
ZYEFLIRGE M, 1B PAM 43 THE( 1), SPEP A1 Gly H[f)#2H(-OH) FIf& 55 (-COOH) 4= A1 ] LAAH .
TER, TERMEE11]. Li*2 Rl SPEP 43 T-45 & T i ML BLARE[12]0 — Wb R PR (/K A L 4% B A 11
PUBPERE, SRR E TSR . Li'EE ARG RERS i FIERS, (KB AT Sdk, B
s AU S FH B Rt o LA H T DA SR BRSO PLOR M BLTRE ST, 209 & 1 KRR ] 45 )
LR B )18 Y

&)

DOI: 10.12677/amc.2026.143033 349 MEME 2R


https://doi.org/10.12677/amc.2026.143033

g

M

=

&

o Polymerization

° |\
° ~ ° at 70°C for 0.5h
—oN_ &
ol )
SPEP chain ~\ .
AM monomer ° el
PAMchain AU~ o= o= o= o=
Li* NH: NH: NH: NH:
1 L : B ; ;
MBA ; ; :
OH OH OH OH
Gly ° ; v § {
APS °
Hydrogenbond - - - - - Hydrogen bond

Figure 1. The gelling process of PAM/SPEP/Li*/Gly hydrogels
1. PAM/SPEP/Li*/Gly 7K 5B #0 BB 42

3.2. PAM/SPEP/Li*/Gly 7K BB HOFRAE

3.2.1. PAM/SPEP/Li*/Gly 7K ) SEM 4347

FHERHBEUEE T PAM/SPEP/Li"/Gly /K& ITOW £5#(] 2). 1T SPEP. PAM il Gly KA Bk,
IR A 2 = 4EFLIRGE . S 2()PTLAE H, PAM /KB LR 5 AU . 5 PAM A LE,
PAM/SPEP; 120/Li*200/Gly7.60 /K IR R I AN 2 fLEE W, AT SPEP A LifIANIN, K&
FLBRGE I NS . FLERE /N, T ELIE 2(c) R 2(d) AT AR HE,  Lit A8 i £ 05 7 A v 308 % B340 23 A L
REEH, RT3 50K BE R A AUAR P R AN 5 FL R

3.2.2. PAM/SPEP/Li*/Gly 7K BB B0 DSC. FTIR. TGA 4#f

3(c)fE/R T SPEP. PAM. PAMY/SPEP, 150/Li"20,« S PAM/SPEP) 120,/Li220,/Gly 7KEEK I FTIR Yt
. £ SPEP [MZLAMGIEEIH, 3411.4 e AL IWRISCIE -OH 48R 5), 2936.12 cm™ AL W Iy C-H
HAEHREN 1633.43 cm™! I 1428.04 cm ™ AR WUy C=0 A1 C-O Hi%i#R3N, 1255.44 cm™ bW WIE R
S=0 H&4AHRFN[13] [14]. SPEP I PAM 5 [H] 58 (X SO I UM 3411.4 cm ™! #] 3325.3 cm™! (#3152
WESE, VAP TR NH, [15], 7E4ERE/KER At Pt FEAEMH . £ PAM/SPEP) 120/Li*200/Gly 7K R
M40 A 3, 16604 cm™ Ab H B Vg, R BI-COOH 5 Lit 2 (A1 i & J8 Behr s [12] . 1E
PAMY/SPEP| 120,/Li*220,/Gly /K &L FILL AN H, C=0 1 C-O HIFFIEIE 2 HIF25h ] 1660.4 e F1 1456.5
em™!, FW] SPEP f1-COOH 5 Li*Z MK BAECAIEE . 5 PAM/SPEP 120/Li'20y/Gly KEERAALL, FEE
Gly W FE (13941, PAM/SPEP; 1200/ Li* 220/ Glyavss PAM/SPEP, 120/ Li* 2204/ Gly7.60 1 PAM/SPEP) 1204/Li* 2204/Gly 119
IR ]-OH WS i AR 21 8%, B RN Gly ¥R BE 3 nfdr HAR AL B £ . SR B1-COOH. -OH
A LI EKEER G B RAE B, AR KR T iR E I E5 4

3(d)N PAM/SPEP; 1204/Li*200/Gly7 60, /K EE ) TG B /KB BE RIS FE ] 0 N = AN B, 5 —F
B, PAMY/SPEP, 120,/ Li* 2000/ Gly7 60, /K EEIBE 1) 25 BE 2N 38.42%, 1%B B ot B4 2% T VA T A o it R o ok 43
TR Gly 28K, A EEKIIBER 11 PAM/SPEP, 120/Li*200/Gly7 60, /K EERE H 55 A 512K 1H:-OH, & I 2
KK S T, EERKEET, XA HKMEEGKSE LR L6, EFE WM E,
PAM/SPEP 120,/Li* 200,/ Gly7 604 K B ) 2% T 3Ky 23.46% o 1E 55 =B BX, PAM/SPEP; 1204/Li* 2205/ Gly7. 60 7K B i
REFN 6.47%. Ja BB B F 2 T /KB PAM 70T 8EAT Gly (1973 LA LB KAk & 40 1) i 242
[17].
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Figure 2. PAM (a), PAM/Li*9%/Gly7.6% (b), PAM/SPEP1.129%/Li*9%/Gly7.6% (¢), PAM/SPEP1.129/Li*22%/Gly7.6% (d) SEM images
of the hydrogels
2. PAM (a), PAM/Li*9%/Gly7.6% (b), PAM/SPEP1.1204/Li9%/Gly7.6% (c), PAM/SPEP.1204/Li*220/Gly7.6% (d)7KEEFZHI SEM
Elf&
N
PAM/SPEP, 1,0,/Gly; ¢0; PAM/SPEP, 50,
s =
= ~T.41.9°C @ +
\=2 S |\ _PAM/SPEP, 13/Li%, U N
E PAM/SPEP, 1, /Li*5,/Gly; o0, 9 QAM/SPEPI_IZ%/LFZZ%/GIYM
= =
§ PAM/SPEP, 150,/Li" | 0,/Gly; g0, E @M/ SPEP| 150/Li"5004/Gly- 604
= QAM/SPEPUZ%/erz%/ Gly, o,
PAM/SPEP, ;50 /Li'50,/Gly g,
80 60 40 20 0 20 80 60 -4 20 0 20
Temperature(°C) Temperature(°C)
(a) (b)
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Figure 3. DSC of hydrogels with different lithium chloride concentrations (a) and glycerol concentrations (b). FTIR spectra
of SPEP and hydrogel samples (¢). TG of PAM/SPEP1.1204/Li*2204/Gly7.6% hydrogel (d)

Bl 3. A& S8 R B 7K B BR (a) 70 H I K BE K R BX (b) B9 DSC.SPEP MK B EX# & E) FTIR X (o),
PAM/SPEP;.1294/Li"220/Gly7.6% 7K EEFZ BY TG (d)

3(a)~(b) A2 5y K ERIRF) DSC B, R T /KEER KA FPIRZS . £ PAM/SPEP) 120,/Gly7 605t
JRHE St AT O S 3 -41.9°CH — MR, SREGRIEAE 0°CLLR, R E] PAM/SPEP,.120/Gly7 60058/ H1 K
KRG [18]. BEAE LI, B H K 7 BRI -80°C AR W /R 45, R AN AR 32 15 3 1
. KB IIN Gly J5, M TR T IACRHER . Gly NERERRR, ERATK S ST 4
FUIUK s, BEARIK BRI UK [ 7] [19]6

3.3. PAM/SPEP/Li*/Gly 7K BB BI# 14 &

T RIS SPEP. it Gly ¥ BEX /KEEIR 71 MERERIRENA o« &] 4(a)~(b) 7R T AN[A SPEP &
T[] PAM/Li*/SPEP/Gly 7KEE FIF AT RAR - B 7 28 A PER]: 24 SPEP & &M 0% % 0.38%M), /K
IR IR R A s B 3G 5 b S 1.12% SPEP MR R I H Bk () 48 JE 1% . X EEANIE LiCl & & i
PAM/Li"/SPEP/Gly 7KEEIL I 7] - RiAEAT R(E 4(c)~(d), KIFEE LiCl &0, ARk (5w
KREN ETF. 24 LiCl & &i53) 22%0, PAM/LiY/SPEP/Gly /K&K &I i f AN 17(90 KPa)Fi1#7)
PE(548 kj/m?) o XAt BE M) S 2 38 2R AT VA DR T S8R 5 PAMY/LI/SPEP/Gly J 5 - 38 45 54 1 B3 5] 280
Kl a(e)MIE 4(DRTEAE S I Gly JE/KEBERPUEE TR, & Gly REERIIE N, PAM/Li"/SPEP/Gly
KR IR 5k B AN ) 1 e 8 0 J5 PRI, R BHBE Gly W3S, PAM/Li*/SPEP/Gly /Kt 2 M. X F
BRIN Gly 77 FAEERZ -0, fEKERAMSTE AR, H Gly ARE & — iR, ek
YA S T A i i 2R BRI [ 20]-[22]

3.4. PAM/SPEP/Li*/Gly 7K BB 4R 7K 14 B

5 BATIAR TAKBRAERE T 15 RIEEKE, BATEAREE . Hil. 88 2R nER
PAM/Li*/SPEP/Gly /KEETE 25°C NAF 15 KRG, DM IIKZFIL, LIRS SIS &1
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Figure 6. Swelling at different (a) LiCl (b) Gly (c) SPEP concentrations. (d) Swelling diagrams of PAM/Li*220/Gly7.6% and
PAM/SPEP 129%/Li"229/Gly7.6% hydrogels
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Table 1. Comparison of PAM/SPEP1.12%/Li*229/Gly7.6% hydrogel and the preparation of supercapacitors with other hydrogels
F= 1. PAM/SPEP1.120/Li*2204/Gly7.60,7K B B 1| S B % B = 2% 5 HA /K BR AR BT EE

PfREE  WPRMKE SR HEE A0CHAERERR

TR 44 i (kPa) %) (S/m) (Fle) %) Ref
PSBGL hydrogel 1780.00 68.10 3.01 187.8 / [27]
PAM/LiCl/WSCA hydrogel 341.00 2087.00 16.7 98.40 64.00 [26]
SPA Hydrogel 240.00 1578.00 0.20 32 / [28]
MCC/GA/PAA 60.00 250.00 1.24 / / [29]
p(AA-PEGMA)/PEG hydrogel 3.63 309.00 4.50 / 63.10 [30]
PG3-Zn hydrogel 88.00 1193.00 23.6 89.70 73.00 [31]
PAM/SPEP1.1204/Li*22%/Gly7.6% 92.00 1019.22 2.24 109.22 79.10 Present
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Figure 8. CV curves (a) at different scan rates and GCD curves (b) at different current densities for assembled devices with
electrolyte composed of PAM/SPEP1.12%/Li220/Gly7.6%
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Figure 9. GCD curves of supercapacitors using hydrogels with different SPEP (a) Li" (b) Gly (c) concentrations as electrolytes
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Figure 10. The GCD curves of the assembled device at various temperatures (a), and the capacitance retention of the superca-
pacitor at various temperatures (b)
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Figure 11. The GCD curves of supercapacitors at different folding degrees (a), GCD curves of supercapacitors at different
folding cycles (b), capacitance retention of supercapacitors at different folding cycles (c), and capacitance retention and Cou-
lombic efficiency after 10,000 charge-discharge cycles (d)
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