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Figure 1 (Color online) The comparison of different types of flexible actuators and the characteristics of structures and electrode materials of
electrochemical actuators. (a) The schematic diagrams of different types of actuators (thermal-responsive actuator!” Copyrlght©2020 John Wiley and
Sons; photoresponsive actuator , Copyright©2019, Frontiers Media S.A.; pneumatic actuator”, Copyright©2011, John Wiley and Sons; and
electrochemical actuator'’ Copyrlght©2023 American Chemical Society). (b) Double-layer structure electrochemical actuator (left) and three-layer
structure electrochemical actuator (right); (c) the characteristics of different non-metallic materials as actuator electrode materials
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PSSHI30% M-PEDOT:PSSHLH (AT RS B SBNMERE; 7£0.1 Hz 2.5 VR IUBIES(b)RIZE0.1~10 Hz. 2.5 V F AN A5 ()™, Copyright©2017,
The Royal Society of Chemistry. (d) PEDOT:PSSEAHiAIBA A BMHMAE. PATHAEOS V. 0.1 Hz F A AR () MIE LB AR (.
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Figure 2 (Color online) The schematic diagram of actuator electrodes based on conductive polymers composited with carbon materials and the
actuator performance. (a) The schematic diagram of M-PEDOT:PSS electrode materials, and the bending actuation performances of the PEDOT:PSS
and 30% M-PEDOT:PSS electrode based actuators; (b) displacement under 2.5 V at 0.1 Hz; (c) strain under 2.5 V from 0.1-10 HZA* Copyright©2017,
The Royal Society of Chemistry. (d) The sketch of NS codoped graphene/PEDOT:PSS electrodes. Displacements at 0.5 V and 0.1 Hz under (e) square

and (f) sine voltages[%]A Copyright©2018, John Wiley and Sons
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Figure 3 (Color online) The schematic and performance diagrams of actuators fabricated by conductive polymers composited with molecular
framework-based materials. (a) Schematic diagram of the NSCOFs-PP actuator; (b) time-dependent bending response patterns of the actuators under
+0.5V, 0.1 Hz; (c) durability of the actuator in an open-air environment. Inset: Initial and final ten cycles of bending response patterns under +1.0 V,
0.1 HZ, Copyright©2020, John Wiley and Sons. (d) Sketch of the structure of the Ni-MOFs-700C actuator; (e) the displacements of actuators under
+0.5V, 0.1 Hz; (f) peak-to-peak bending displacements of actuators under a wide range of excitation frequencies (0.1 to 10.0 Hz) at £1.0 V potentia1[57],
Copyright©2022, John Wiley and Sons
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P T PEDOT PSS 7 24 AIAR 4 K 2% (nano-
wires, NWs) = Fib4 L2 Z 4% AR HA A
FERGR L 28 119 52 G FA LU A% G0 R B PR AR 8 A A
H e B A9 S e, PEDOT: PSS AT LU w4l
K EEAE AR SR TG P ARG B, B IR AR AR I 3K
SRR, XA TR A4S A PEDOT:PSS-
Graphene-Ag-NWs/EMIM-OTf-Nafion/PEDOT:PSS-

584

Graphene-Ag-NWs([¥14(a)). [K14(b) iZAT a8 LR S
Bk, 7845 VIR, 02 HZHR T, HATesmnish
6.04 mm, 7EPEIA300 sk shiNiFs T 5% A 47 (Kl4(c)).
20194F, Fashandiif-i il i B 2 22 1 46 1 v it
114 2B & i (polyurethane, PU)ANKEF4E, SR 5K A
2 A PPy B AEPULT 4E K THI. 14 [-PPyJ5, PU
YK LT 2 ) H AR 221430 nmit¥ Sl ] 566+67 nm, HEF
AL LA ] TARGF AR EE . PPy B 2R iR
#l(sodium p-toluenesulfonate, NapTS)IKBZLHENS =4
e BAR R HL AL 2AYERE, il & B K EF 2 i L SR
1F115276.34 S/em, ARLBH I T AT HARZ EATHLAL
R, (T E S T A NLAL Bz b2 A T 22 i
7E1 mol/LEYLICIO /KW, LAS mV/sHy i A1
—0.8~0.5 VZ[HIEATIR B, SHATH8 A5 FA BE 29k
141°.

) FE B T ARk ) B ) £ A 25 A A BV E PR T
HL 2, ANEET ISR AL S LBUR At i AR, 1 HAA F)
T E SRR PERE, HtiE—2 5 THL
FHATER A BRHMA R,

2 ETRRARH RIS R

FEZEPN R JRB DI RERT R, BRIEA LR AR ()
FL 2 1 2 R A HOMe B 22 i A BhAT 4% 4 A A
BN BRI R B RRRARAE . R, A
LA AR BRAIKAE (carbon  nanotubes,
CNTs) 2 MR ) — 4 AR, SRR ZR S Z )2 AR A
LR T Rl s g R, AR T IR
BOE K, TS TRANAEDR R . BRI A
Fiik1 TPa, IS5, R B h4 x 10” Alem’,
JEHABEI100065). RIS, THEEALAIBRAKAS HAT BLAFAY
AR ZE Y, 1 BB (graphene) 2 H sp 2k 35 11
B JEFLEL R — bR, B Y LR TAR2630 m/g) ™,
5 4 L2 PR RE (L T A2 2% 51200000 em/(V 5) "), 3
HIBURPERE () G RE 1100 GPa, WiZUBi 125 GPa) ™),
1 88k (graphdiyne)Je B 1,3- b L40 % BE R Al
(1) " A BRI LR, spFlisp ZeAb 45 FII T T BBk
AT PR R TR R TR R A FLAR A
SEFYAE T A A SRR Y AN TSP ORI L

19994, BaughmanifiizH "1 Y6 CNTsHL AL 234,
TR dEA TS, AT FH B RE B 44 K 4 (single-walled
carbon nanotube, SWCNTE MR, FRAAKAE L, LU
B ZM(polyvinyl chloride, PVC)MENE A v ] 2 HIE
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B2 HIEA%; (c) TATREAYTH AL, Copyright©2018, Multidisciplinary Digital Publishing Institute

Figure 4 (Color online) The structure and performance diagram of actuators based on PEDOT:PSS-Graphene-Ag-NWs clectrodes™. (a) The
schematic diagram of the structure of the actuator; (b) the bending displacements of the actuator at different frequencies; (c) the durability of the

actuator. Copyright©2018, Multidisciplinary Digital Publishing Institute

T Z)RE A E R TR, IR TR A R
F1°50.75 MPa, 53 & T RIKAE 8 LAY e KR
(0.3 MPa), #[CHiE A ~0.64 TPa. 20114F, fift IR
21OV S A AL R AL 2 SR TR 4 T SWCNT
ARy )2, LR R R A2000 S/em. H ] (1) L
JEIZ M T e RBHR G B IR LASWCNT
R EA, RN R R 2 12~14 GPa, AR
T mE R 2 1~2 GPa, B & T MLl i 2
(400 MPa) AR FH 4 HCNT R E & M RHE Jy H )2
(200 MPa)fHF T#% HIAZ AR I, A TR LRI % T mf
POt E PG I AE S, 7ES VELE. 30 HZBUR F Rk
NAREENI% /s, e RIIFHE 244 Wikg,  mHAZE
HER LIS BE 11(50 W/kg). Rt BpT AR T4 108

BEML, 20224F, Lin% NIJFR T Rl A9 i L
WIR S, mAVE A RIS RS R VB E L
(LR ZE A RIS £ i LA S KA 40 F 1 R s R A E
L B =R A, AR R E AR =2 1R S e
Ji52 FLfigt ST SO A 454, AT DAZS RS K 24250065 H B
FH0.0118 ik, [F4E, BRVTH. 2 HIp
Z LR YIRS &, W4 T AR
W N T LA, R HLAb 2% B B FECNTZD 26 Fa Al
Al S AAICL, T, 528 T ICREFER) = R OIR S
AT P B A IR 5. 2B LR LA = A 10 1 ) e K ABL A
14.6 MPa, =B EALAY40M5E, Wi )E, AN T WL RMEE7E
LA 9600015 [ i faf T, HLHE100%PRAFIS 4.
20104F, XieZE NP H5Eit T BA AR FRICME 2 1 14
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RO RIS AL BEh g, N T RIS R XS RR B R
P, e RO, 25 5 1A 73 il A B Ay B0 T 5S4 7 0,
e RmK . A SRS TR I 5
225, M5 AR A2 R, 61 S B 1 3
BT M. %A BRI ATAAE L mol/L NaClO, /K 75 i L fift
JEH, AE£1.2 VAYHLE R S8 215 mm 19905 5 .
ZTAER S T B0 WA AL 2R 48 v i o, 1V
R T AN T RE T — &gt

20184F, [R5 IR AZE 7O 5 T T A A
ke, e 2 MEMIBF,-PVDFRYHL LA AT 8. % itT
AEE2.5 VL 0.1 Hz F 4R AR R132 mm, #LHFEH
WL H6.03%, BERBERE N5 KI/m’. PATR Ik
20 W 7 L M 0.1~30 Hz,  7F 100000V EEF J B 3 {57 75
VAW R, A7 B R KA 45 Fsp Bk i A
Bz i RG, HAR R B B TR 3N, 1A
FRU] R TG PR BT N, 45 5 FRH B8 RO A TR s
R-IRKEY), T FEELM MR RS2, A
[F) T 7 R0, B L U0 A L 2 Ny AR

2.1 AFIRTIRRM R A

B W . B A B (graphene oxide, GO). R
E A A B8 lFi(reduced graphene oxide, rGO/RGO)Fl— L&
G L g T RATSHER, EZm T HITEHE
IR FAER SRR, S TR 2L, R AR
TR A FIE R R A T 52 G, B e as Fifr
BIEME S TR B S G5, fEftm
FARBA RSO 09 [ I L4 i 1 PA T e F A Y e
FE PR PE.

2012, B Hn-nif B GOM B L
BERRAN K4S (multi-walled carbon nanotube, MWCNT)#
1, It — i JF A #IrGO/MWCNTZALE A bR, %
P45 rGO-MWCNT/PVDF-EMIBF,/rGO-
MWCNT. JRUE4lirGOE Sl 4t HAT KA 2 i B sh %,
(ERE=D ) 1NN SO S [ N e i N N S
MWCNTHIR BRI RS /DS, R P25, T A ra il dk
AT PIRRAT R OE S, B SMWCNTA Y B
RESZAN A S B/ N R A, RIS T2 il L% FigR
SEVE. FE2 V. 1T HzBYZEMFT, rGO-MWCNTHLH HL AL
SEPATAR T 1007 BRI, PATHAYIK SR
WA R TR, R SAMWCONTHA T REARRR65%
ABRENAIFS. 20154F, % IREIH TH R T —Fh LT
SR A AT BAAHR (g-CN)YAIK 7 Bk 9K E 1Y
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EEPA TR, FRZE RN E LI T IR (PEO-
NBR)IW HZER B WML, #8145k ¢g-CN-CNT/PEO-
NBR/g-CN-CNT([#15(a)). HLHl)Z R I AL 2 AR A0
HRREEH, B GO Z i #L(<2 nm), I HiX 26l
WIS TR, Bl G REBIEAZ. ZPITHE
£3 V. BEN0.1 Hz 801 16.45£1.05 mm -1
EHZ A RS (EIS(b)). T PAT #8013 B LU rGORAA T
TR, U300 msHir= A T H A K B RS Fl W AR
(6.09+£0.57 mm, 0.5%=0.03%), HEA RIFHIERRFEE
P, ELHEFT1007 LB BT AR T (E5(c)).

WAL 17T 4 Bk (carbide-derived carbons, CDC)/ 2l
i KBBR8 B 48 K 2 FLRR A
B, BAEFLETRE. SRR, SRR TR
HL AR PR A R, T T AR . AR
Fasmsg ™. 20124F, PalmreZ A7 SWCNTER %
CDCILSFT Y, 755 | ATE ZFLBRZEFA (1) [RS8  H 2 %%,
P L T A BT AR P T A S N AR AR
254 yCDC-SWCNT/EMIBF,-PVDF-HFP/CDC-
SWCNT(EI5(d)). #E+2 VEEE. 0.01 HZHiR T, 4iiCDC
P A i) B B AT 28 R R 2R 0.35%, T % 41 50%
SWCNTH HE 2 ZE 30 H10.85% 4 25 il 107 28 (1 (1815 (e)).

Wil 5 B TR AL ) R e, AN R AL A BHE Y
A A AR T AR SRR IR, e B L
— R BT AR B LR A S . N R IK )
MR FRE M.

2.2 AR A Al R

B TR B Z B A LIS, Hfth—2e ARk AL
MFEREEY . &Pk, PR . MOFs. V,0;
NWsSEFBRATEIE B 55 25 H R a1 i AR a0 R
1)K S, R AR Y TR MR R R, R
H B RRE A LS, NI — 2D i A T 48 7
HIEH T R9R3I1T 4.

TR A YRR R 25 538 i o R A
Ty =SB, SR, G MPRLTC I R TOW 45 44 238 55 Ha A
PIFLBREE, FEON AR A BEALIE TR S 0, #1552 54
B 0 H 2= R AL MERE A 15 B 58 3 A HE. 2016
A, J T S AR OSSR, T i
o 7E IR HHEY BB K4S (vertically aligned carbon
nanotube, VA-CNT)ZR T I (7 4= < PANTLA$E /= B Al A4
B AT P IE. %A F B 451 W PANI@VA-CNT/
EMIBF,,-PVDF-HFP/PANI@VA-CNT. FH1VA-CNT
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Figure 5 (Color online) The structure and performance diagram of actuators based on different types of carbon composite electrodes. (a) Structure
diagram of the g-CN-CNT actuator; (b) bending response of actuators based on g-CN-CNT and RGO electrodes under £3 V, 0.1 Hz; (c) time-dependent
displacements of g-CN-CNT and RGO actuators under 3 v, Copyright©2015, Springer Nature. (d) Structure of the SWCNT-CDC actuator; (e) the
bending strain diagram of the actuators via frequency between 5 mHz and 200 HZ". Copyright©2012, Elsevier

BRI T R IE, PR TR AL, A
PANIFY AL R B AL T 3 i B fr i 8%, (e 22
Y BH B T A BIPANI@VA-CNTHY, A7 238 38 Tk
TTHRES A, L3 VIEE. 1| HZR T, PANI@-
VA-CNTHAT A5 B R IE (A7 $2(9.2 mm), Lt
CNTHATHE(0.91 mm)E 110454 . i ELZEAR 4 55 1
AR F (1~50 HZ), PANI@VA-CNTHAY R K
TONTHATHE. BT KIEAELISN, a4 ) Fe K A i
5 1542.5%/s, LB 72005 R, FaE vt i594%.
[RI4E, 32 2R J5 T-17 BRI M RN 1 2%, O i
i I PEDOT: PSS I AU 16 1 i J A2 Ak A7 8845 (Th-SNG)
(2 AR RME N B B FL A4 3f T4, PEDOT:PSSY
Th-SNGHE G AU T A1 S0 B 2 8] 0 S f b
BT Sk, i HA AT 2Gs e RS i A8
AN R B FAR e ME. AT A8 #8445 F4 A PED-
OT:PSS-Th-SNG/EMImBF,-SPBI/PEDOT:PSS-Th-
SNG, fE+1 VHEE. 0.1 Hz& M F R s % N
9.0 mm, BRFNIAE K0.36%. ZPHATRFIIHLIIMER & M4
151, TE 18000V G FR 5 MK AR BEAS LR-AF 0T AR 1 AR 196 %.
RGN 455 0t 4 m AR RS AT R LA A%
o, SREA BRI AR TR AR AR, SR AL

2T AR R M BHL A T LA H Ak 2= 3K Bl v 4 0
20134F, s iz e rGO M B /R AR 4K BRI (Ag
NPs)F 1, A Rl HAA R R AR, KO T s
PERHRRS A M, 1530 A A 2 L 2 3 535900 S/em, i
T airGOHL ML 45 S/em. SaEfR B PITEM L, B
Ze i A AL A AT ER AT ATE 1 Vo 50K i
(0.01~10 Hz) 3K 3), i H7E8.33 Hz MR #5524
2.75 mm I RAE, TEFRE A Tt e,

VE M 2 AR B T M AR AT B, RETE S T A
TR 400%, 2 PAT s 09 BHAR B B A4 )
SRIM, RER SN S, 1 H AR e A, 20204F,
BRI IR P B T — i 2 L R R K
524 1 B (Si@graphene) i),  Hh[a] 2 ANafion-Li".
AR LT R, N L 0~0.8 V, Rk UKL
SEHI AR 100 nmfEE K E 160 nm, {HEA H BT 2R,
PATERAE0.8 Vo 1 Hz FEYBRSHAIRE K15 mm, 1R o7 At i)
HF9210 ms, IR T4l A SR TAT A% B 0 R S E] (6 s),
TE10000K iR Z 5 HAAR BEAZ LR-FF90% I RT 4A PERE.

AR T B SCHE R R FIMOF s RHE S 24 Ak ik b
BRI & P AT RS LR, 20214F, SREEAIZL S i
UK MOF s B AL 2A A T2 2, 7ERRAN
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K& 4 (cellulose nanofibril, CNF)FE M EMARK T —Z
MOFsZ4 KL 451 (Ni-CAT NWAs). Z%A%-7 45 HNi-
CAT NWAs-CNFHLIR A P ZRALE M BT
R P T A RS AR, PATER IR 251 R
Ni-CAT NWAs-CNF/EMIm-TFSI/Ni-CAT NWAs-CNF
(Kl6(a)). 7E+3 VIR, 0.1 HZHZE T, HUTEIR AN
£ H12.1 mm([E6(b)), NiAEH0.36%([El6(c)), HAERE:
PRRN2.78%, KK T ELHRIE AT FUAR A1 A P
T RE AR RCR. P TERRI A TR 3R 77
i, BB U IR EER AR S PERE LA T .

20224F, F R BB ERTIIW 00,098 K LA
EPATARIYIERE [, 3 TE 2L O (polyethylene,
PE)JLJE E £ V,05 NWsJZHISWCNTIZ [ 52 /2%
EAMES ZALA AT R IR SR T V,05 NWSTE
Li i fad A2 b i S IR A 4 5 1 1. XUZ S5 vh
SWCNTHV,05 NWsZ [ Y2845 1T DL 4 S A Tas
(IR SRR AR AR T, P TR RS54 AV, 05
NWs-SWCNT/LiClO,-PVDF/V,05 NWs-SWCNT([%6
(d)), HAR 2 N A R i 522 =2 ) 2B T SR A Y 2 R B

P S i =S o A G R T i = i e Tl A B 1
Jn=1.8 VRS, $AT#8 0 e RS i 7 B2 15 £9.7 mm
(El6(e)). BEAELI AL THIEA, FEREE VISR
AR RN 23155 K LB (AN 2 —1.8 VLNt
INTFHATRREE, LB A RSB TR, 0T
PR AR R KRG (A +1.8 VELERT, Hiarh Kak
A Jy et (El6(). GRSl J7 Il A AR Z R4
UK Sfs A S B AR AE T AT RE.

DA B R 48, IMASS DI Re &AM B 2 &
MREAEAR S T R ARG S R s,
HFEE TEEhILS, IR T IR A LIAMG Z Fh
R, R4 Ja B 2o BE AR ) PIA T F AR A e )
RBLE T SR,

3 B AR

B S LASE, el I 4 SR s AL Y1 (WMoS,) -

Mk (black phosphorus, BP). MXeneZ5 il — k41K

BWHATTEN G T R AT a8 H . BPIRAEH [
N RARE Y — PR A R S IR AR R R, R N

— (b) (©o40
54 0.1 H; ~%— This work
035 Ref. 208, ® NDCIPEDOTPSS (3V)
i 5 . BaTiO,/Nafion (3 V)
44 @ Graphene/Nafion (1.5 V)
Electricity s 1Hz 0.30 Ref. 31 " HLIGOP (2 V)
'S 3 4 Graphene/MWCNT (2V)
B £ 24 0.25+ \ > Graphene (1.5 V)
Contraction/Expansion = siis 9 o % ® TH-SNG (V)
5] 10 Hz =0.20 Ref. 320 Ghitosan (1V)
£ 0 p—— £ Ref. 34 ® PANIVACNT 3V)
8 £ 151 ©\ ® GOMWCNT V)
- g 2 B © BS-COF-C900 (0.5 V)
e S Bt &4 Rel. 176 %
Etumrm— 5 8 010 i
L & ® @ <4< SRef. 60
< C e — 0,054 Rt 2t
< - < C ‘ :’F = ARref. 60 '\,,
© z AN -6 0.00 L2 e
(&) (8 2
Lo T T T T T
. S g 3 0 5 10 15 20 25 30 0.01 L - 1 el 100
, & < Time (s) requency (Hz,
Core-shell Ni-CAT nanowires arrays S Wy

EEEEESEEEH |
BUNRRIEEE (o

B 6 (MR E)BRb R A MOFsE V051 E N AR AT #2544 S PEREIR]. (a) Ni-CAT NWAs-CNFHUTAR 25 [E]; (b) Ni-CAT NWAs-CNF
PUTHAEL3 V. 0.1~20 Hz FIGUESI B8, (c) Ni-CAT NWAs-CNFHRI TR R HABSAT 28 (453107 28 ] o Pl ™1l o iy Sk ok 11 SCRik[83]).
Copyright©2021, American Chemical Society. (d) V,05 NWs-SWCNTHUA T & R ZE I (e) V,05 NWs-SWONTHU T # 7E+1.8 VL T YK 3]
FiF% I, (f) V,05 NWs-SWCNTHATREFEL1.8 VLK T i 25 (L E™. Copyright©2022, John Wiley and Sons

Figure 6 (Color online) The schematic and performance diagram of actuators based on the carbon materials composited with MOFs or V,05 as
electrodes. (a) The structure of the Ni-CAT NWAs-CNF actuator; (b) the displacement within a frequency range of 0.1 to 20 Hz under +3 V; (c) Ragone
plot comparison (frequency vs. strain) for the Ni-CAT NWAs-CNF actuator and other actuators™! (the literature numbers in the figure are from Ref.
[83]). Copyright©2021, American Chemical Society. (d) structure diagram of the V,0s NWs-SWCNT electrode; (e) displacements of the V,05 NWs-
SWCNT actuator at 1.8 V voltage; (f) the color change diagram of the V,05 NWs-SWCNT actuator at +1.8 V voltage[ss]. Copyright©2022, John Wiley

and Sons
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AN I 55 R B 3 B -l e AN A, 2 A I
WA S, BBAEA SRR FTBER
(10° em®/(V s)) 15 B FF 5 LU R B 4 4% 1) S e 1059,
PiMoS, R0 — 4 V& Jm b 2 i T2
SR T R 2V 4 8 T, TR =R
BN, BARRR RN A . LR
RV LA KR B3 PEAE 5. MXene 245 52 U 42
J& e/ AR B AL AT A I A M, X, T G A A —
A 2R, HhMB R ESEITR, XFRmEA,
THEFE MR T I AME MR, nill F7E1~3 2210,
Ti;C,T,. MXenebBHEAT H 2 A HLAIR R B AR L TR,
AR AR R SR A B A A s TR B
BRI RE AN e R T (1) — 4 2R F) T 5 (i
A ARG 1L, AR SRR . B2
SRR SN SRR S %) A H far A 52 e J -
[BI A EREANRE RS, A AR 2 FES0.34 nm, MoS,HJZ[H]
I 46.5 nm, BPIYJZ[E]FE 40.54 nm, MXene) )2 0] #H 3
HAE0.9~1.2 nmZ [H], ¥4 F] T eIk sh 28T,

20174F, AcerceZ N\ RAGE T 3 T-MoS, 40K
AR AL A TR, FIMOS, 2. 42 RS IED I I s
AT, Fr R H,SO,. 7E1 HZ T, MoS, il
RERS = 2917 MPafAILBR N 11 DL K £490.6% I N A8, fE
BEAE J LR BT Bl N S T e B b 1 SRS ) T i, 006
PRECETUR. 20194, BRI " HGHE T A i
/R AIK A (BP-CNT) /3245 F L. BPERAIL T 43 )2 HE
I T E TR A/BE, TCNTEGE T BPRY)Z ]
L S MAUR E . BT RS AY SR 45 48y BP-
CNT-CNT/EMIBF,-PVDF-HFP/BP-CNT-CNT([%7(a)),
FE+2.5 VELIERI0.1 Hz8R 25 i 8 h21.4 mm()
A5 H1.67%), MHALCNTHI7.2 mmAg I35 (&8 7(b)), 445
RIS B 2 08 N (). PATRSAESOTT IRAEER
&, TEREAUTFFE9.8%. IbAh, PATEEA R A
(321.4 F/g). RAEFE/NZE(0.04 W/(em® %))« R A5
N SR (11.57%/s, 28.48 MPa/s)%, I HEZBL TN
TN, @R fiE 054N . 20194F, Pang%s
APURITIZCoT, (MXene)E MBI R, LIS 2 4
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Figure 7 (Color online) The structure and performance diagram of the BP-CNT-CNT actuator””). (a) Schematic diagram of the actuator structure; (b)
bending deformations of actuators at £2.5 V, 0.1 Hz; (c) peak-to-peak displacements and strains under different frequency responses. Inset: Actuation
displacements with increasing frequencies. Copyright©2019, John Wiley and Sons
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(PVA)EERSIR A HoSOLME R A HL BT, 1581 T 0.29%11)
7. 20214, 3K ABIFHELH " TisC, T, (MXene) FIEREHE
CAH(PS)WEBRE A, TR = 4Ry b bR, ot —4
i ve 7B AR HE . X TR S AR R 1.18%.
20224F, Chen%s A5 T W 3L 4T 45 £ /Ti,C, T,
(MXene)E &R, LAY ZAEIR T ZEIEE, T
HAEfEMXene A =415 8hEE . S4liMXenetf L, E&
TR AL AR AT FTIRAIR, (A% [OAER:(1.93 GPa).
W 7K Vs K FBE (20.4%) S 3K Bl P BB (R0 57 F5 19.4 mm)
HE T B, F4E, XER N @ HPEDOT:PSS
YERBR AT, BHARAKLIRATI;C,T, (MXene) i HE
B B HLE 3D L M 4%, FE T TR A AR LR A 4K
PATER I T 0.48% 1)K HH A5 (0.1 Hz +£0.5 VIE
FLHLUR) S TR APE (HERF91.9%) PR i 1o Fisf i)
(~58). B UIRBE(7.53 kW/m®) & B 1 %5
(18.83 ki/m®). H4 M HATRSLLS AL #8 A TT LLAE
1 VI [ £5.0565(138 me) WA, W HAT 240
AR T RADL I 55 (286 mg) RIS, o 1 OKEh
RIS N BE
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Table 1 Performance parameters of electrochemical actuators based on conductive polymers, carbon materials, two-dimensional materials, and their

composite materials as electrode materials
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Electrochemical actuators have the remarkable ability to efficiently convert electrical or chemical energy into mechanical
work. This capability has captured the attention of researchers in the fields of artificial muscles, bionic robotics, and
miniaturized medical devices. A standard electrochemical actuator typically comprises electrode and electrolyte layers.
The electrode layers play a pivotal role in determining the actuator’s driving capability and electrochemical performance.
Traditionally, metal materials were used for these electrodes, but they exhibited limited flexibility and poor cycle stability.
Consequently, an increasing number of researchers are now exploring non-metallic electrode materials as a promising
alternative.

This paper presents a comprehensive overview of recent advancements in non-metallic electrode materials for
electrochemical actuators. To begin, we introduce the device structures and operational principles of electrochemical
actuators. When compared with other types of flexible actuators, including thermal, optical, and pneumatic actuators,
electrochemical actuators offer distinct advantages such as lightweight construction, low voltage requirements, exceptional
controllability, rapid response times, and extended durability.

Subsequently, we delve into an examination of various electrode materials, encompassing conductive polymers, carbon-
based materials, novel two-dimensional substances, and their composite counterparts. We thoroughly evaluate the
advantages and disadvantages associated with non-metallic electrode materials deployed in these actuators.

Conductive polymer materials are distinguished by their high ionic activity, expansive strain range, and excellent film-
forming characteristics. However, they tend to exhibit relatively lower electrical conductivity, diminished strength, and
reduced stiffness. In contrast, carbon materials offer superior electrical conductivity, cycle stability, and robust mechanical
properties. Nonetheless, they possess a weaker ion storage capacity and can be more cost-intensive. It is noteworthy that
although the conductivity of conductive polymers can be enhanced through doping, carbon materials generally surpass
them in terms of conductivity. Furthermore, the Young’s modulus of carbon materials significantly surpasses that of
polymers. However, while carbon materials demonstrate a double-layer capacitance, conductive polymer materials exhibit
a pronounced Faraday capacitance effect. This effect reinforces interactions with ions and facilitates ion insertion and
removal. Emerging two-dimensional materials exhibit commendable electrical conductivity, structural order, and solvent
compatibility. Nevertheless, they often necessitate integration with other materials to serve as effective film binders.
Additionally, porous framework materials, increasingly harnessed to augment porosity and specific surface area, are now
being incorporated into actuator electrode materials.

Finally, we offer insight into the future trajectory of electrochemical actuators and electrode materials. The ongoing
development of electrochemical actuators continues to elevate the demands placed on related materials and structural
designs. By orchestrating composite integration of diverse materials, leveraging the unique strengths of individual
components, we anticipate realizing optimal outcomes across electromechanical performance, mechanical properties, and
electrochemical characteristics. Furthermore, ion actuators have transitioned from rudimentary electrochemical driving
mechanisms to multifactor-driven systems. They have evolved from singular actuators to integrated arrays, culminating in
sophisticated circuitry systems that incorporate various other electrically driven components, such as flexible sensors and
memristors. This comprehensive integration endeavors to replicate human sensory perception, cognitive judgment, and
physical action. As a result, it holds immense potential for applications in interactive human-machine interfaces and the
advancement of intelligent robotics.

electrochemical actuators, conductive polymer materials, carbon materials, new two-dimensional materials,
composite materials
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