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Preparation of magnetic field-induced gradient hydrogel and

study on its actuation properties
ZHANG Wei-teng, ZHENG Ao, CONG Huai-ping "
(School of Chemistry and Chemical Engineering, Hefei University of Technology, Hefei 230009, China)

Abstract : Two-dimensional superparamagnetic Fe;0,-MXene nanosheets are synthesized via acid etching and high
temperature thermal decomposition methods,and used together with N-isopropylacrylamide as raw materials to develop an
anisotropic gradient hydrogel actuator.Results show that Fe;O0,-MXene nanosheets move vertically down in the hydrogel
precursor solution to generate incremental content gradient,which leads to an anisotropic gradient network structure after
cross-linking and fixation.The hydrogels form different sizes of pores along the thickness direction.The pores on the side
away from the magnet have a relatively larger size of approximately 50 pwm,and the size of the pores near the magnet
gradually decrease to about 5 pm.Fe;0,-MXene nanosheets endow the hydrogel with excellent photothermal effect, which
can achieve a variety of reversible deformations and bionic soft robot functions under near-infrared light irradiation.

Key words: Fe,0,-MXene magnetic nanosheets; N-isopropylacrylamide; photopolymerization; gradient hydrogel ;

soft robots

IKBERE RN R F 1 =4 A, BA
KGR 3 AR S R A R e 1y R O
H5 Y H R EA SRR R 4704 2R U AR 4
PEL  HEERE A R T R UL A R R
(V11 FE R B b RE A e 17 A1 it i A
It 2 3h H Mis sh AT 1 RE s 4 0 AL A
FET TE B L R 1] USO8 3K Bl A M2 3h | Jrf o e
IFHf 4 B A AT R R E R T TF 0 S b AT
L _F 4515 B IS IR 2 48 B0 B R A T 4% 1) S
LS IT IR AT B0 Trise bt B 4% 1 5 1
S A RE S 157 S R K BE I B Eh R

5 1) PR K R I 2 i 7R ShERERBE (O 3 pH
S5) BRI, 2R A1 M 2% vh (1) K A3 AEAS [6] 7 1v] |
R AN TR T FEE 8 B MACRIRE TR, AT 7 A A4 FRURI & {4
TEAR A" 25 by o 2 G 10 25 1) S5 P 40 A e 5

PR EE LA 0] S PSS F 1) £ BRI R LAY ol
b S DR O RN IR R 3 S A
B A YRS RO By R A A
5o RN, X LEHEME AT AE— LEBR T, A E A R
G F B R IRERE 2 | FLZ 1Y B A T e 2 o
AR BB A2 BV LA SR & W RS ) ZR AT RHE
W TRSZ ARG A ST R 4 — R i o
A 55 45 1o SR K BB S 2 1 D5 AT S — b
il

et — AR i BT O ik HR A
AR AR AR AT BV % 4, T HRERS 45 & HAlL £
A 2] B A VRS 3D FTER AR AR e X
JCIESH BT, B ARG T S 45 18] SR 25 1 R
AR F I3 270 Bl , Rk o
N Ry RS LR G TR S (U P A VA 2

5 HEA:2024-03-11; B HHB:2024-11-11
BEETB RS BEEAFE 55 9% % 0 % 43 (J22023YQTD0074)

TEZ A kA (1998-) , & W+-AF | W55 18] A RE M N &2 A 1 RE, 2179913048@ qq.com s NIRHE(1982-) , 2 Hfl=A i+ | 9%, 1+ 4= S
WFEEJ7 ) B s &2 A kR R e R/ 18 2 /3R SR k), 38 I 2 A, hpeong@ hfut.edu.cn,



2005 F 1 8

S RLPE AL R A8 EFASEOR B S BK BEEHE R T i
FRAREB AR AR R A BRI T /K B R 4F
ARG A A8 L i Sy 7K R TS BIK Bl 72 8 S T At Y
PERE,

ik, E& R T — R 75 5 % PNIPAM/
Fe,0,~MXene # & /K &E B S &% 1907 12, 84
TKEEHL T IR & T WA 1 J5 , Fe,0,—MXene 41K
TEVR R L I0) T B8 8l 76 B8 E I v B 16 2 4
v, B 22K B SR 5 w7 , A 2N 2R B
[F) SR P Y K BRI R 4, AR £LAMERIRIELT
IKBERENS 25 A I , FUI e e R 5 Tt A7K T
PN AL TR R IR B 138 355

1 RAF SR

1.1 X5

Ti, AIC, ¥ A, 5 b — —BHE A BRA 7 A2 77
RIS BERR (PVP, L 2l) , VG B B 7 B 23
(L) oA IR /A 7= 5 N - S5 TN 3k T 0 T i
(NIPAM) , B # % ( L) 1k T 52 5 A BRA 5] A 7
AL (LiF, fb2fal) EhAR (HCL, 2 Hrdt) N, N -
A H B XU M i e ( MBA  fk27246) | 2 (C,H0)
B 25 R AL 25 A R Rl A 7= 2 - e 3k -2 - P 3
RILWE (S5l & F 1173), & BN B Bk
[Fe(acac),] .= 4il0Z —EE(TEG, CH, O,) , I
BT T A AR A B 7 AR 77 s 5236 F/K 349k Milli-
Q ZlifbiK .,
1.2 {%:8

S R 51355 55 v, - U (H-7650 L) (37 & it
T B A0EE (SUS020 AL ) | H AR H 3747 ¥ 1
THEHL(FD-1A B LA IR A A AR R 2 A PR 7
A 775UV LED 45X TR (IFY-01 AY) A %%
(TR RS 2 BR S Rl A 7= 5 o F 7 RE M LU
HL(Instron5965 B4 GelliFe B ( i) g0 1% 45 B2
AR A A 77 5 2D AR A ( Fluke Tid80Pro £Y) | |
R S o S v S /N R RS A N\ ) ok 1
(MDL-1I-808-2. 5W %) K& =\ LB AA
BRI 725 2047 K, (XA105Du B | Hg 4% i 4
FIZALES (i) A BR 2 A 7 DZG-303A A4tk
A, A5 BB T 4 K A A BRON 7] A7

2 XWHIE

2.1 Fe,0,-MXene #4k | Bl &
Fe,0,~MXene 44K i (i FX F-M NSs) 1) il £
TP SEI

KBRS B S B KRRV HI & R E BN IR HSR - 171 -

2.1.1 &% E MXene

HSEFRHEL 0.8 ¢ LiF %N %E] 10 mL # HCL
(9 mol/L) FiFEV AR 2 min , SR 5 15 B4 1 PE A4 W) i
¥ 0.5 g Ti;AIC, By RGAE A e J5 H A
2 B A 35°C I FE IR IABE Hh Z0 0k 24 b, ZIpkgh
FF A B F K AT 2 R B O AEFR (3 500 1/min)
WIKREEY " YWHE DE R 2RO, kS
20 min 3 B H 2 MXene 99K A, B 5 (KR B0
1 h(3 500 r/min) , 75 E] /% I & BRI h 310 825 4 1) 52
MXene &K ,ﬁi/\bﬁ%ﬁ*%‘f\%%ﬁ[m o
2.1.2 4 Fe,0,-MXene

¥ 0.17 g PVP JILA 10 mL /K B A HEREL 4
JEMA 0.1 g MXene 992K i, 75 B OR3P FR4E T 1
24 h, SR)5 EEEC (8 000 r/min ) BF A R B4 Ry
B B UTTEY A 250 mL =450 2 B E =0
B b, [FIEF A 280 mg Fe (acac) ., FfHC & 45 )
WS 5 min, PR B g e, )T
T U B O MR R PR R SR 5 R LA
3°C/min W THEBCR T} 2 278°C , I A% 4F 45 min, Bfi
JERHEER, K OO VR, BES 2
B FKE DR (B 5 000 r/min, 5 min) , 15 2 #
PEF-M 49K R R R AR ] 0 s i R o s vk
1L JE T MXene Fl Fe (acac), B HLA 5] 1
0.75.1:1.5 1 :35 AR & w A #EPE Fe,0,—MXene
LB N
2.2 Fe,0,~MXene 44K F B SRR

FIFH 75 5 B 455 (TEM) A1 $ B 8% (SEM) Xt
Fe,0,-MXene NSs #E17I4, AT LA B0 1l L2 21 44
KA R ST RIBOIE S . TEM fiIRE 7 2040 . Be—
T ERPRHIAGRAE |, ik 2= 43 BOR (6 52 1 K %
BH €, SR 5 T T I 3 HICR 300 8 TR Ak B A DI kT
S0°C KA HET EREJS BRI IEE . SEM il kL 5 5K
W OB B 0 o BOROR LR AR AR A B RO
50°CHEAE TP SRR M FERE L B
2.3 HEEBREKBRREEK

I3 HIFREL 0. 8 ¢ NIPAM .3 mg MBA Jill A 4 mL
AKH MRS INA 20 mg F—M NSs A1 50 L ot
IR 1173, 8875 3w 5 5 & T ks h R fe. #
TC ) 4 P T R AR A B ER 2 S B e A AR L
o RIS RS R N7 1 om ARBICE—HRBERK , 5 G A
7190 s J& , TP F R ENER G 2 min, JE#F
BB S i IO I e K s it 2 AR 245
2.4 BHEKREHRIRERL

X Aefs B 7K S e 1A T 4 4 L BRI (SEMD) |, 1T A



- 172 - LA 4L L

LB L5 3 7K B JBE PN R I 2 45 4 i A D7 X4
T2 K U KT RS AE S DT E AL 20 mm x5 mm x
0. 8 mm FYZKEE S, B 75 AW AR R, 985 A
T FRFIBIT IS AV VR TR B, 2 d IS BB VR T K B
JEEAE ity , P LB 1 R AR RE 17 b, i b B R mT
PUE -8
2.5 SEtEREK

KK BEIR 7 Tl e L1815 7 7 RE R L |, $TIF
PLAR I A i A T8 JRE RS 150 F A
N 10 mm/min FEFTROAFIN G, i AR5 A 1H
TRAERE R T4 I Bl X AR B VR, 4 B R
A ARLAR R RE I £k
2.6 BHEKEEREEIERE MK

T A, E YOk S A F-M NSs BYIKEE
Je 3 #% DK H BCHS 1P B AR (30 mm x5 mm x
0.8 mm) , SRJG HFBERE 4% 1Y — o 14 45 3] 2 1 B0
M b, D= A B A, A NIR MU, T HLER
AL SRELANHEO AR TT I REUR B 7K 568 g 114 251 i 22 Ak
SR IE AT rh BB R 00 7 B FEC P 25 0 £ 2
LR
2.7 WEHITAET

FHTF PRSI % B S ALK BTSRRI 1Y

ARSI B B
3 ZBRE5LMW

3.1 Fe,0,-MXene 4k F BT 57 RAE
Fe,0,-MXene #K i & A0 B . 1 5638 o % 9
Eh 20 7)) B B 2 25 R 1Y) Ti, AIC, MAX A, 75 31 48
M MXene, MAX FHFIELZE MXene A9 XRD 155 10
B 1(a) iz, MWK 1(a) Rl LAE H, MAX AT
XRD 3% BT A 1 s AR I B A7 78 1 46 Ti, C, T, AR
HA AT 6.5° F 14, 5° kb 5 55 AF 16, 4 51 X Ry
Ti,C, T, FIFFAEIE (002) F1 (004 ) , UESZ il & T
B MXene, SR 5 TEIRCRH 22 50 B SN /55 Yk 43 Fifk il
IRAAK Fe (acac), W, A B T W40 J90KL A& 1 1)
MXene, TERR T Fe B T8 TEG #4338 5 AR &
YUY Fe,0, W J0RL, f T Wk T EAG 8 i 9 2 1
fils, IO SE e B E 2 OBV WP Y MXene T, /F
R YR A% 3 A R AR A B R AR
Z RN T ol S br - 2R AT SR A | Wi A o ek B [
FISEK: , Fe, 0, UKL 71 20 7E MXene F LK,
F-M S B, nf DI g 51, & B4
AR ARG N T ¥R ST Fe, 0, TR A & MY 11 3%
i, & T HA N R R 5 8 Fe,0, 19 F-M,

F455F1 8

m[ Fe(acac),] :m( MXene) 43 %] 5% F 0.75% : 1% ,
1.5%:1% 3% 1%, R T faifk, $ Hag £ 4 0. 75 F-
M.1.5 F-M 3 F-M, &M Fe,0,-MXene 44K i
0375 S A R A0 1(b) s . AL 1(b) Fha] LA
i HE Fe(acac), B B pg3e K, 990Kk i )
WUk Ol B 1.5 F-M BE S AY Fe,0, NP #5)4)
MAEGK A E,0.75 F-M £ Fe,0, NP 383
D AR AR S) T 3 F-M B0k: B A: K 8 H it
% BRI RIS, 0.75 F-M KE & i 400 F 4l
MXene FH{L, H A /DA K Fe,0, NP, Az, %}
T3 F-M BESh I ZERIE Fe,0, NP BRI RFE1EYN
KA, 2 W RBURL AR K B AL S ok,
1.5 F-M A i AT DL B A 00k 245 43 ) £
B, SRR Fe 0, TR R ST 290
9 nm, WA 1(c) FIR,

—MAX

©002) (104)
(004) (105) (110)

—MXene

(002)

ISR BE /a.u.

(004)

10 20 30 40 50 60 70
26/(°)
(a) MAX FHFIHLZ MXene Y XRD %[5

0.75:1 1.5:1 3:1

5 6 7 8 9 10 11 12 13 14
H#Z/nm
() HEKTE MXene 40K i 111 Fe, 0, BURLR 5045

1 Fe,0,~MXene 44k i # %l & 1 & AE



202518

3.2 WEEERREEKERBIHIZ T

R e T e T D B . K O G 5 1) S
SERIIE B E R T F-M 40K FFERE s R
MIPTYE S NIPAM BRAR R TR o B2 /K 858 e 11 ol 4%
a0 3R 1 B B R SR JEE] &
F AR R I ATK A B P A3 A 2045 B K e T
IRV, B i PR A AL S 5 2 AP g Ak AR
PR T 1 em &b, - TREMAVER , BE B REAE 1Y
— 37 F R 3 K, WRG PR B =M g4k R i 4% i
P — MR HEE NS IF Bk R (e shny i 72
o T BRI &4 3 NIPAM AR 50, T hG
T YK R AR RO 5 3 A, BERELER, T
SNFHUEE VKRR N A ATk, H 251 & R
BIE A EEE EEEE 7 0] LAY F-M 40K A 45056
A IR 2% B B R 7K BE G
3.3 HIEHREKERNEHRT

T4 PNIPAM/F—M #6 BE 7K 5 2 1) 45 ¥4 FlE 55
RAEWE 2 in, I 2 (a) @ 2T 1Y PNIPAM/

i
1
X

_______
i

4 Y 5t . * 4
(b) PNIPAM/Fe; 0, ~MXene B B /K EERZ (C N Ti il
Fe JTTR) WTT R M E R

B2 #E3E PNIPAM/F-M # & A% it by 45 A Fn
5k AE

KBS  WHESBENEROFIS R EEEIEREHAR - 173 -

1.5 F=M ZKEERAE i i 4748 riL BE I rhoa] UWLER B 7R
JELRE E 0 AN ] ) FLAR I R B A B I 45 2548, 7K
5 T DR 245 P L B 7 2 8 e 2k — I LA AR R I R
SH(ZY 50 wm) |, H EL7ESE T 0GR 1) DX 38328 s /)N 2
295 wm, MIE 2(b) BICE K Hh AT LOULEE 214 B2
WA A, IRZ B Fe A1 Ti JRE B T2, X
TR 1o 5 5 ) 2 D L B R ) & 5 /K B I HE A
BRI A A IR FE W FASTE |
3.4 BEEKEES FMERENLR
FoE BRI BB N I 2 A B M =2 ] 1) S A
W45 I KBRS s as PR E EZEMH ., F-M
YK R B i A AE I R X K B I g M R 1) 2 i €]
3, M 3(a)al LG BEE KB F-M
YK B SRR AT B AN, 2K B IS (AL BE 12 7 4
T, BrHisE EE M 10 kPa 39N E] 38 kPa, 25 M 137%
M 270% , AL RE S 4F B9S2 A 0. 4% 1) 7K
JBZ, 1t BH LK B 5 SR 5 ek R e A ) S8 B R 1 R 43
A AT T 0 48 8 kb e 2 ) A B
IKEERE I AUBR I BB AR B e s, (H R 29K o 43
BARSEIE TN R 0. 4% B, K EEIE Th 4K | B B i3
% | MBI PN T2 5] F-M 3458 AH ) 29 % i 3%
280 | SCHRANI 5] R BUKBE LR RE S
2%, MBI 3(b) ] LIE H |, Bl S50 o 0 50
30f

§25-
< 20f

0 50 100 150 200 250 300
DL 1%
1—0. 2% F-M;2—0. 3% F-M;3—0. 4% F-M;4—0. 5% F-M

() F=M JKHE B AT A8 A8 - R g 2

0 50 100 150 200 250 300 350 400
N7 1%

1—0. 02% MBA ;2—0. 04% MBA ;3—0. 06% MBA;

4—0.08% MBA

(b) MBA 7K EE ) F A 0 A% — 17 g i 26

B3 KA TE 2 308 Fe,0,—~MXene
7K U g B AILAR T



- 174 - FAX AL L

s )13 R T S 2 AN VAR =1 1PN
[t 43 B0 R 0. 06% ), HLAK PE BE & £, B ) ik 2]
38 kPa, N AN 292% . Xl T3S HR A o 2 70 440
TSGR I N R AS IRV L 30, O 248 2 R %
558 2 (R AE 0 23 35, DA $2 T8 I 119 F A
N7, XA AR I 25 T U, 1 A W R R, 3k
R i 8t 2 ) RA st K AR S8
2 HAKIA], i LABE R ALK R 25 A
3.5 BREKBRKBENERERE
TREERE BB 75 025 Hh AR T 2 o T e R A ) Sl B
TR T AEXS FRAK B S5 48, H R 2 3 % A
W28 FLIBR I/ INASTR] T B 2 SIS A 5 4 ) 1)
AKFFRICHR , Nt = A2 fh 478, PNIPAM/F-M 7K
BB 28 B sh AT R R 232 ALK A o 4y
B KBRS LT A BEGT T)R Rl W B[] 4
PHIZ A2, PRLGARFSE T X PNIPAM/F-M 7K &8
K By 25 255 pH 3 R 32 s
80
70F

60}
£ so}
%40-

30}

20}

8

4
6] /s
1—0. 2% F-M;2—0. 4% F-M;3—0. 6% F-M
(a) TIZERLEN 2.5 W/ em? AUEOEIE ST B9REARL

0.4%F-M

F455F1 8

3.5.1 RE F-M 43K R fi = 5 Fod KR8 i 33
LR

IKEERE T F-M 94K F 5t i 73 5O 7K B I B
PERERZ M ANE 4 s, I 4(a) ] LUE 7556
TGS (el 808 nm 58 EE Sk 2.5 W/em?®) T, BEAE
B R IREEAE 8 s WA 15°CTHE 2= 74°C . YiREE
THARKY i TR (LCST) i, 5T PNIPAM [
IKEERE S HEK , T B0 4 3Rk 3, R T 3 A
WA e W A R 2, 55 AH SO AH L, PNIPAM 1Y
B2 BN R R, BT LA LD A e, 7K &k
JE T R 7K 43 4 % T B W K X B B I PNIPAM 4
AT A B T 77 A i ) S R A 1 2 it AR O
ME 4(b) FIE 4 (c) TATLAE H 7EHAE F-M i
S3E5(0. 4% ) BYRE S T & B R 2 T A (360°) , 3X
DR F-M LR 2RBE 2 RN, AR
INFRIBREN 5 T i ) F-M 2 e A AR i R b LA 2R
YR,

400

350}

~ 300}
o

< 250}

gzoo-

= 150

# 100}

50}

0_

0 10 20 30 40 50 60
i) /s
1—0.2% F-M;2—0. 4% F-M;3—0. 6% F-M

(b) FETNERGRIE g 2.5 W/em? BYIOEIRET N A2 #h A B RO 281k

15C

(o) FEIFRBRIE N 2.5 W/em® IO IAST T A0S AR 1 8 1
W4 F-M kR RE B KBRS 3 Mk m

3.5.2  HORSRE AT KB R B AR R

7 808 nm AbHE i AT £1 40 Bl AT LA B Y
M 1 RTRE R )2 i AR TR, &1 5 s, MAIEL S wh
AILVE W FE 2.5 W/em® 1Y 808 nm VT LT AMNE ST,
TE 50 s AT LAGRAS 360° /Y e K25 A, ik 2 R A B
15 PO TI 3R A ] A4 B 8] P B o 6 i Tl 2 b T
R, [FEF NIR 65K 20 i 5l i #2 2 AT 36 1, PNI-

PAM/F-M /KEEREE S #R1E 2.5 W/em® [ 808 nm
IELLAMNRST TR BT han sl 6 fras, MIE 6
Ha] LG Y, K EEIRAE NIR RS0 56 PR 25 7] 8 42
/010 AR, A 2 B FRARERE, X2
F F-M 9K 5T 5 A7 38 156 B K B i 3R A 1 W 45 h
REAE R ACHESR T F-M 119 45 ] S K B I B sl 45 1
FEME



2025 F 1 8B

400
350}
~ 300}
o
<250
=
S
= 150}
4 1007
50t
Ore X .
0 10 20

30 40 50 60
i iE) /s

1—1.0 W/em?;2—1.5 W/em? ;3—2. 0 W/em? ;4—2. 5 W/ cm?

K5 PNIPAM/F-M 7Kk 3 50 % 78 808 nm
TR RO BT E b A5

400
350+
__ 300
& 2507
# 200+
& 150t
% 100}
50+

0_

-50

FFRZISTE s KHRZI5T0E
| 1 \ 1 | \ | {

4 6 10
PEF B

B 6 PNIPAM/F-M /K% ik 5t 50 B4
2.5 W/em® #y 808 nm It 41 43R 4 T Y
B ANATH

3.5.3 AR BT A 3K B B AL R

e A VR 5 | 7 50K Y08 14D T ) 552 T 490 K 4 38 L 1)
AR A AR, X A K I A BB M
7RG AN )R T R ] ) 7K 5 Je 0 B0 4 78 T ik
JER 2.5 W/em® I 3OG RS T 25 il A B AR AR 1%
mEl 7 s, AWK 7 Al LU FEAR R F-M T
PTG MG 5 | B (1) R 6% 14 58 TR AR A2 T il
TR A W O HRE ARG IS R B E) 90 s N, K BE

I E ST
400
350}
~ 300} 3 —
< 250f — 4
& 200! '4§<”
= 1507 / /2_
£ 100} —"X
sof é/. 1
0_
0 10 0 50

R
1— G TE] R 30 5 2—RER I TE] R 60 s
3G TR A 90 s — MG INT8] A 120 s

B 7 OF [ kR B A B AR IR R Bh A T
BRJE N 2.5 W/em® WL AT T B o A R
3.5.4 KB F AT KB A BB AR R

R T IR ST K I PR X K R M B st i A R
Wi, 4346 7 0.6.0.8 .1 mm 3 TR FE A K BERL

WIBRESE U E SRRV HI & R E G RN - 175 -

AN R FE /K BE RS S BN B AE DR Bl 2.5 W/ em®
AOTROE IR 25 il B AR A LI 8] 8 Iz, MK
8 HAILIE W JEE M 0.6 mm 1 1 mm A /KEEIKHEE
A TEOCIRET 50 s 5 R A BEERAIR T 1500, T
JEBE R 0.8 mm [YHE LS M A FE IR R T 360°, X 42
DRI R 3 ) 7K B I SR B 2 AN R 7 AR R B I e T R 25
iy T8 PR ) K BB S 8 i T AN A, 75
T 3o A e M 5 R B B g, R T 75 2 T A B[]
Wi 228, 25 i f B f/, T UL B, R R
0. 8 mm [Y7KEEL B3N 25 H AT B PR B30 o B A
KBS Az

400

350}

~ 300}

< 2500

# 200l

& 150t
&=

#p 100}

50}

0.

0 10 20 30 40 50
i8] /s

1—0. 6 mm;2—0. 8 mm;3—1 mm
K8 TREENKREKSBADERBEN
2.5 W/em® 8y #0045 o A 2 & b

Zi b, 2 B BRI AT O I, B4 NS i
I3ECR 0. 4% AZHEF) BT 73 E0Ch 0. 06% O BRGE i
H2.5 Wem®  HEW B[] R 90 s, 7K Bt KR R
0. 8 mm AYBEBKBIHEHLE A
3.6 BEELKEEA{AERHBIRAIN A

IKEE I BA L S R LA BE Fn AN BB R | 8
I F AT A R I R AL K B SE B MUK T 12
Bl A dEG T T AT AR AR A A7 ESE (WLEL9) .

20 30 40 50
L0 NGk g

(a) AREERE T 7 TR 50°C HIK 21
TE 20°C /K T RIS AR (72) FOKBERE T T TRREAS H 7
N [F] FEH AR A i R T o B R ()



- 176 - A AL T

F455F1 8

‘ ‘ ” ’ -
(b) K EEIBAETEA] B Rt 9 P 1R

(o) KBERE IR, , AT 7E/K T 9 RS S A T+ 52 9 i P 13

‘.

(d) KB I B SR TEIELE NIR FRI T HEsh iR &5 44
BB ER

B9 B ACHE 1 2 Bk B ah 2% 0 B R 5L

PNIPAM/F-M 7K #E e o] LLFAE T T, #s—

o i ARG S A IR P B A i e K BE G I, 7E 50°C
KA AT DURGE RS B B — = B, SR R B RS
B, 2 118 1 2 2R 0N | I L AT DA 26 A 1) R o
R EKEE TEN 60 15, %, HIVET —F
e RSN A, VAR i S50 AR B S 2T A R T
PESAEK TPFT I RICH] , DL R T 6K
A 5 S H AR AR i DO TR RS i, 24
K Je Bl A 25°C 7K sk, Al 3 21 40 ' R IR

v, Hos 25 M e S IR R L K BER L S5 i Pl
BPERE ARV T 529, JF A8 OC PO N e HL 25 32
PR FNRIERIEAR , STIRREI . e , KB 3 5
arEERIARZE A DI, WA AT IR OC ] NIR, 7K
BERCE B 2% 23 2 00 % 22 0 25 RIS st | AT DA i 9
ARGEFGFE B 00 T ) FERE S0l T RIZR IR B 1T 2R
AR GE R Sl (%) 7 1ol RN (%) 7K 58 e 25 it A 7 o)
—3, B, MTEK - A AT s s EE R
P T 7K M 1 32 282 257 o RIS st >R 1), IO LG B
— U A EE I B, 23— il R R Bl g ik
TG BIIREE Y T S A KR EREF)

4 it

FIFH G %6 B AR 0 A T & T —F LA
Tobs PE 5 AR 1) BT L A1 G BB 1 PNIPAM/ Fe, O, —
MXene /KEERE &%, F 4T 90K R B 73040 )
RO L LW 1B) A M VR A PR 3R R K B A
T EE IR R B S, e X e NS R BN
0.4% JCHA 2.5 W/em® FEWFIE] N 90 s K BRI
JEFEHR 0.8 mm,, LI A N KBRS d B A
TR A A SEBL TR 2.5 W/ em® AL AN R
$F 50 s A H 3600, 7K EE K I 45 Hh A 58 Bk
Fe,0,-MXene 44K i, i 35 45 = 17 /K 88 1 19 LA
PERE I ELIGE 6 15 7K 88 e 30 21 41 S 1o 5 1, AL
XU PERRNE 2 G /KB S B # F TR HoAT &)
RERYARHLER A, AN T 7 0 DURE e ELRN 52 438 i 55 22
%ﬂFr”FFJ o

S 3k

[ 1] Xmems, sk i, fE i, 55 NIPAM LR Y 2 FLK B 651
& RAFT & U I PERE J] . #7024k, 2011, (6) : 672~
678.

[2] Tonov L.Hydrogel-based actuators ; Possibilities and limitations[ J ].
Materials Today,2014,17(10) ;494-503.

[3] Kumar R,Parashar A.Atomistic simulations of pristine and nanop-
article reinforced hydrogels: A review [ J]. WIREs Computational
Molecular Science,2023,13(4) :el1655.

[4] Ko H, Javey A.Smart actuators and adhesives for reconfigurable
matter[ J ]. Accounts of Chemical Research, 2017,50 (4):691-
702.

[5] Tang L,Wang L, Yang X, et al.Poly( N-isopropylacrylamide ) -based
smart hydrogels ; Design , properties and applications[ J].Progress in
Materials Science,2021,115;100702.

[6] Erb R M,Sander J S, Grisch R, et al.Self-shaping composites with
programmable bioinspired microstructures [ J ]. Nature Communica-
tions, 2013 ,4(1) :1712.

[7] Li C Y,Hao X P,Wu Z L,et al.Photolithographically patterned hy-



2005 F 1 8

drogels with programmed deformations [ J ]. Chemistry-An Asian
Journal ,2018,14( 1) :94-104.

[8] Yao X,Chen H,Qin H,et al.Nanocomposite hydrogel actuators with
ordered structures: From nanoscale control to macroscale
deformations[ J ].Small Methods,2024,8(4) :2300414.

[9] Yang D.Recent advances in hydrogels[ J ].Chemistry of Materials,
2022,34(5) :1987-1989.

[10] Sano K, Ishida Y, Aida T.Synthesis of anisotropic hydrogels and
their applications [ J ]. Angewandte Chemie International Edition,
2018,57(10) :2532-2543.

[11] Liu H,Jia X, Liu R, et al.Multifunctional gradient hydrogel with ul-
trafast thermo-responsive actuation and ultrahigh conductivity [ J].
Journal of Materials Chemistry A,2022,10(41) :21874-21883.

[12] Liu J,Xu W,Kuang Z et al.Gradient porous PNIPAM-based hydro-
gel actuators with rapid response and flexibly controllable deforma-
tion[ J]. Journal of Materials Chemistry C,2020,8(35) : 12092~
12099.

[13] Chen P, Ruan Q, Nasseri R, et al. Light-fueled hydrogel actuators
with controlled deformation and photocatalytic ~activity [ J ].
Advanced Science,2022,9(34) :2204730.

[14] Zhu Q L, Dai C F, Wagner D, et al. Distributed electric field
induces orientations of nanosheets to prepare hydrogels with
elaborate ordered structures and programmed deformations[ J].Ad-
vanced Materials,2020,32(47) :2005567.

[15] Zhu Q L, Dai C F, Wagner D, et al. Patterned electrode assisted
one-step fabrication of biomimetic morphing hydrogels with sophisti-
cated anisotropic structures [ J ]. Advanced Science, 2021, 8
(24) :2102353.

[16] Puza F,Lienkamp K.3D printing of polymer hydrogels—from basic
techniques to programmable actuation [ J ]. Advanced Functional
Materials,2022,32(39) :2205345.

[17] Zhang A, Wang F, Chen L, et al. 3D printing hydrogels for

actuators; A review[ J |.Chinese Chemical Letters,2021,32(10) :

KBRS B S B KRRV HI & R E BN IR HSR - 177 -

2923-2932.

[18] Zhao Y,Lo C Y, Ruan L, et al.Somatosensory actuator based on
stretchable conductive photothermally responsive hydrogel [ J . Sci-
ence Robotics,2021,6(53) ;eabd5483.

[19] He X,Wang S,Zhou J,et al.Versatile and simple strategy for pre-
paring bilayer hydrogels with janus characteristics[ J].ACS Applied
Materials & Interfaces,2022,14(3) :4579-4587.

[20] Chen Z,Chen Y, Chen C,et al.Dual-gradient PNIPAM-based hy-
drogel capable of rapid response and tunable actuation [ J].
Chemical Engineering Journal ,2021,424.130562.

[21] Kim S H,Im S K,Oh S J,et al. Anisotropically organized three-di-
mensional culture platform for reconstruction of a hippocampal
neural network[ J ].Nature Communications,2017,8( 1) :14346.

[22] Shi W, Huang J, Fang R, et al. Imparting functionality to the
hydrogel by magnetic-field-induced nano-assembly and macro-re-
sponse[ J ]. ACS Applied Materials & Interfaces, 2020, 12 (5) .
5177-5194.

[23] Dai C F, Khoruzhenko O, Zhang C, et al. Magneto-orientation of
magnetic double stacks for patterned anisotropic hydrogels with
multiple responses and modulable motions[ J ].Angewandte Chemie
International Edition,2022,61(35) :e202207272.

[24] Chen W,Zhang Z, Kouwer P H J.Magnetically driven hierarchical
alignment in biomimetic fibrous hydrogels [ J ]. Small, 2022, 18
(27) :2203033.

[25] Zlotnick H M, Clark A T, Gullbrand S E et al.Magneto-driven gra-
dients of diamagnetic objects for engineering complex tissues[ J ].
Advanced Materials,2020,32(48) :2005030.

[26] Zhao X, Vashisth A,Prehn E, et al.Antioxidants unlock shelf-stable
Ti;C,T,(MXene) nanosheet dispersions[ J].Matter,2019,1(2) :
513-526.

[27] Alhabeb M, Maleski K, Anasori B, et al. Guidelines for synthesis
and processing of two-dimensional titanium carbide (Ti;C,T, MX-

ene) [ J].Chemistry of Materials,2017,29(18) :7633-7644.1

(L#% 169 W)

[14] Zhan X,Lv B, Yang K, et al.Dual-functionalized ionic liquid biphasic
solvent for carbon dioxide capture; High—efficiency and energy saving
[ J].Environmental Science & Technology,2020,54( 10) :6281-6288.

[15] 8t B A A B IR & 7R (A RE 2 BRIl 48 €O, fL - I
MALBRBFFE[ D] AT - WL R, 2021.

[16] BRESBL BT IRIAIE AR IR ZR CO, ISR RE K S AL

BB D] AU L WL, 2023,

WRaEAR. AMP/PZ/DME i # = S0 F 7K [ —¥ AR AL W i< & 119

FEE R HAH AR CO, BEFE[ D]IRIN AR R, 2021.

[18] JAJRAR. A A T RRAL 25 F AR — Rk —K 52 A 1AL W e 1 R 78
CO, AT MR HHFFE[ D].Jb5 LRk TR ,2021.

[19] XML E TR L B I A/ A ML R & & 7R &4 Co, Mtk
Fi= L R ) S 27 [ D] BN - #L R, 2022.

Jessop P G,Jessop D A,Fu D, et al.Solvatochromic parameters for

—
—_
=

[

[20

[t

solvents of interest in green chemistry[ J].Green Chemistry,2012,
14(5) :1245-1259.

[21] Qi J,Ge Y,Li Q,et al.Sustainable and cleaner approach for paraffin
wax treatment via CO,-induced polarity transformation of switchable

solvents[ J].Journal of Cleaner Production,2023,396:136500.

[22] Huang Q,Jing G,Zhou X,et al.A novel biphasic solvent of amino-
functionalized ionic liquid for CO, capture : High efficiency and re-
generability[ J].Journal of CO, Utilization,2018,25.22-30.

[23] Zhou H,Xu X,Chen X, et al.Novel ionic liquids phase change sol-
vents for CO, capture[ J ].International Journal of Greenhouse Gas
Control ,2020,98:103068.

[24] Han W,Yue W, Yuan M, et al.A functionalized ionic liquid phase
change absorbent ([ DETAH ] [ Py ]-DEDM-water) for reversible
carbon dioxide capture [ J ]. Journal of Molecular Liquids, 2023,
392:123480.

[25] Song T,Chen W,Zhang Y et al.Mass transfer and reaction mecha-
nism of CO, capture into a novel amino acid ionic liquid phase-
change absorbent [ ] ]. Separation and Purification Technology,
2024,330.125538.

[26] Wang R, Qi C, Jian Z, et al. Development of dual-functionalized
ionic liquids for biphasic solvents: Enhancing the CO, absorption
through two-stage reaction and promoting the energy-saving regener-
ation[ J ].Fuel ,2024,359.130382.

[27] ARG, nhAa 6, 483, 4F. 440 ERS 7E P NaCl # e
A2 AT A [ )] MR 2024,57(2) :76-83,91.1



