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Preparation of dual-network MXene hydrogels and their electromagnetic and UV

shielding properties

FAN Kefan , LI Kun, YANG Zhijian , CHENG Jue , ZHANG Junying
(School of Materials Science and Engineering, Beijing University of Chemical Technology, Beijing 100029, China)

Abstract: MXenes show unique advantages in electromagnetic shielding materials due to their high electrical con-
ductivity, abundant active sites (such as —OH, —F, —O0), electrochemical behavior, and excellent hydrophilicity.
However, hydrogels with both excellent mechanical strength and high electromagnetic shielding efficiency remain
to be further studied. Meanwhile, transparent hydrogels often lack the ability to filter ultraviolet light, which greatly
limits the application of hydrogel materials. In this work, PAAm-PHEMA/PAA-Fe*-MXene hydrogels with double
shielding mechanism were prepared by using acrylamide (AAm) copolymer hydroxyethyl methacrylate (HEMA)
chemical cross-linking as the first network, and polyacrylic acid (PAA)-Fe* metal ion complexation as the second
network, and two-dimensional MXene as conductive nanofillers. The presence of MXene and Fe** makes the hydro-
gel possess both electromagnetic and UV shielding properties. The structure and three-dimensional network of the
composite hydrogel were confirmed by FTIR, SEM and EDS. The as-prepared double-network hydrogel exhibits
high mechanical strength (320.1 kPa), high stretchability (1 786%), and good electrical conductivity (3.8 S/m). In
addition, the composite hydrogel also exhibits excellent UV shielding ability, with transmittances of 0% and 79.2% at
characteristic wavelengths of 365 and 550 nm, respectively. At the same time, the composite hydrogel can obtain

excellent electromagnetic-interference (EMI) shielding effect of more than 36 dB in the X-band, strong adhesion to
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various substrates, rapid self-healing performance and high shape adaptability. This work provides a flexible and

highly tunable dual-shielding mechanism hydrogel network design and large-scale facile fabrication of new ideas,

showing great application prospects in flexible wearable materials.

Keywords: conductive hydrogel; double network; MXene; electromagnetic shielding; UV shield

EARK, AT AR T HRHARM . BIA
SRz TN A B h W el R
BHP O ERS AL B S . HAT,
P oMl AT 5 B A A% A F B A3 F T T R N A ) 2
BC, WUDAREE . TR RSB, R
el FH 2 1 s S 9 sl A 1 T S i Ak LR AEN
I, XFE—ERE LR T ANWAGE, IR
il TN A B R, 5L R, BEAE R
PEHL IR /N AL AR BUAR ) & SRt 3, ik SR
AT 3hE 1) F R T P2 6 R A I R As AT B AR
FEAEARF W O P, TR — 32 B R R
KB RAG G F s, MHAEAGRN, EEfk.
B R A i HL e BE T AR R 2 T e 22

KB — S B =SS BRI 48 450 . 2R IK
PERI R G W IIREM B, BRP IR 4540 7T LR &R
BN KK TS R AERIRT 50 & B
R AP EARIE M . BRI . R AP A A A Pk
fd AR MR T SR O i A AR B T R A
IFi) Fsf 7K 35 1 1) = 4 22 FL 45 A4 B #% S5 30 W G 11 22
TSP, X6 T T G R TR RE A B I
FNEEFPL . SR, PR R A WK B
ANFHA, X FECERE R (EMD BB AR, H
o, WS NS SRR S B R KB IR FL 1 R T
MAMTFBZ—, FEARHIPKRE . A8, @8
R L EN, HIE XS MR AR K
W OME S R M 2R R IR A, X R bR S T
LG B WSO, o 3 JLAF 2% 19 — 4k MXene 44K #1
RS 5 A WAL, 8 T & m iy .
A ALY b B AL R 0 — B A TR 4 oK
. sl BRIk, MXene MUEA &S H
PE, RIS B S AT A 8 (I —OH, —F.
—O0). HLALSEAT R R Y 2R OK R, (AR
JIZ P 14 I WA R T SR TR AR

AR, A5 55 B — S B I 4% K R G, SR DS U
iR (PAA). RN EM: (PAAm) 55 S8 B He 4 i ol dF
MBI L R 4, SR BEAR, Jo ks & A i A
BRI (LA B Y A A W R T MR R A
fir, AR A HE A A i B2 BRI TR RL A 0 T L
it ATHEIZE4E K B R B4R T — RN
SR, VR NG K SEUARE U L 2 25 4 1Y R

SIS FAHEAE FOS o, U 26 25 44 S
MR EFERREY AN, F—M%HSE%
R T D) 4% T A B S R 1) 0 D A P TR T K e
JREARE 57 0 2 1 i 1 ) s S L v mT e . R
FE AU S i T PR T, A T St e RSB
e iR E R UER R 1) SR N R - ALY /50 SRBE 2 5 UM
ZRIK BE AR I o 12K B e AR S s P S 1
F12E RS (WUHE 5 B ik 765.4 kPa, Wi 2K R E
1025%), FEASCHY, &It T —Fp B A 3 A 0] 863
M 2% (PAAm-3R H 35 T #i ik 72 . 1K (PHEMA)/PAA-
Fe**-MXene) 7K & ik, 5 — M 4 PAAm-PHEMA 1t
FACHRMR T 7 K BERE = )27 m B, 28 M 4% PAA-
Fe® A] 30 5y 25 e o7 & A3k &g ] o Al v R 4
5, RHKEE MXene 75 UM 28 7K 5 1158 itE 47
B 2%, #l £ T PAAm-PHEMA/PAA-Fe*-MXene /K
EEIE o T T A% 0 K e 2 B P S O R (R
J12F R B 320.1 kPa, PN AR 1786%). R
HiL M (3.8 S/m). 5 HLRG B i (6 X I B ] LLAR AR
H it 36 dB Y 4 EMI Bl R0R , B W sk % i ik
99%). 145 AN ik (£F 365 1 550 nm (%) 45 1iF I K
T YIS RN 0% 1 79.2%) . K 4% AL b 50 ZE
BRFPE PR RS BE RN R IR E Y . iR
AN RPN £ TR XL i ML ) 149 352 T 5 e Sk 22 4 T
B EE MR AL 58 A B R B R R B D A
R T B R AW AE N H M E

1 XWMBEAE
1.1 FE#e

TizAIC, g H — — B 4% 4 R A F] (200 mesh);
RN IR (PAA) W [ b1 22 Tt 35 A2 A R A Al
LiF. HCl W HFTH T ie27 28 ml s R BERE (AAm) .
H L9 5 2 %% £ T8 (HEMA). N, N-3F 1 58 XN s
Pt e (MBAA) . it i TR & (APS) 1Y Y 3k & — i
(TEMED) . fi§f 8 JLKEY . R —KEY
W B A e MR AR A R R, ¥ Al
1.2 R RAE

AP T i (SEM, S-4700, Hitachi) .
7 57 L7 B3 8S (TEM, HT7700, Hitachi) Fil 5 1
718455 (AFM, Dimension FastScan-SYS, Bruker)
M ER I 25 AN i WL 45 #9 . XRD & % M Rigaku 2500



TR BRI 2 MXene 7K B8 I A Tl 78 B FG Hia 1 152 1 o i 1

- 3941 -

VB2+PC 3k 1% . XPS#% | Thermo Fisher Escalab
250, EDS 75 H HitachiS-4700, PAAm-PHEMA/PAA-
Fe**-MXene 7K #E 2 1Y) B 5 % /i RTS-8 Probes Tech
A DO F B 3R A i AR 2 SIS R AR
ZR A2 W] MCROO2 it 28 AU A5 o T3 g iz fif i 55 Bl
(ESM303, MARK-10) HTlllf# PAAm-PHEMA/PAA-
Fe’*-MXene 7K B B¢ 7E AR 50 b i PERE o 8 5T
Jti4 B4 (LEICADMA4 M) I [ =5 = BRA BRA F .
1.3 MXene(Ti,C,T,) 40K K By #l &

MXene(TizC,T,) & H LiF/HCL il i LA T fk %1
FEE B . # 2g Ti;AIC, 2518 % fi# % th 1 g LiF
A1 20 mL 9 mol/L HCI il & By ph 21 W v, AR5 4%
WWAEBEFE F7E 35°C Mk 24h, ZJ5, VEU. 1K
LM TR . A5, BRI 0™ i
WIRAE K IF A AL P 40 min, BT, KRS A
W& LA 3 500 r/min Y53 2.0 1h DI B
1.4 PAAm-PHEMA/PAA-Fe**-MXene 7K i£% i B9 #1 &

B\, ¥ PAARINE L& KR, B
2Wt%PAA I o HURAE PAA R P INA 1 g AAm |
0.1 g HEMA #4485 £ 20 min, 2R )5 K 48 uL MBAA

~% %
/\/‘ /\./‘ o

PAAm-co-PHEMA

W (Awt%). 110 pL APS ¥ # (10wt%) F1 1.0 g
MXene /KIE (2wt%o) IR SR EE T/, &5
# 20 uL TEMED A B| E IR B PP, &E#
ARG IR PR AT 60C KA 4h
RAFEEWE . SR )5, ¥ r il %5 ) PAAm-PHEMA/
PAA-Fe*-MXene 7K % i = A — € & ) FeCA % i
th, IRV R TSE 4 Fe(NO3)3-9H,0F1 NazCqH;0,-
2H,0 VI AF R (CA) 5 Fe* W BE /R L 1 - 1IR &
fil &, IFREBERHMRIGERTHERLR, D
56 4 WY L3 S W e 3g 16, LR 1,

2 #RE5Tie
2.1 MXene BJRTE

TEAR TAES, b f 3 H MXene 44Kk F & A
#| th PAAm FlI PAA 21 J 1) 3 2% i gl Ty il A
PAAmM-PHEMA/PAA-Fe*-MXene /K # it . H ¢,
T 3k M 2 ) T 2 ) A T B E TiRCLT,
MXene 44k H, M Ti;AlC, ¥y K (& 2(a)) o 2B 4H
2, SRS AE R B BT R B U T TisC,T, MXene
gk B (E 20)M, 5 R 43 B Ti;C,T, FWEE
SRR LL I 2(c) SR TS Z 5 1) MXene 49K

FeCA

~—PAA
H
N M Xene 0, H on
® MBAA J?H Ho_ ;\I/Ko
® Fe¥ 2 Nl H

Ti
ol _>c >l >l >C

T, ST o Tic. Ti
HO__>cC >l >cl . >C

”ll"i Ti/ Ti ”ll"i

Ti _Ti _Ti

|
PH OI—\I F OH

AAm—Acrylamide; HEMA—Hydroxyethyl methacrylate; PAA—Polyacrylic acid; MBAA—N, N'-methylenebis(2-propenamide); APS—Ammonium
persulphate; CA—Citric Acid
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Fig.1 Design strategies for tough and sticky PAAm-PHEMA/PAA-Fe**-MXene hydrogels
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Fig.2 (a) SEM image of Ti;AIC, (MAX) powder; (b) HCI/LiF etched minimally intensive layer delamination (MILD)-Ti;C,T, powder; ((c), (d)) SEM image
and TEM image of MXene; ((e), (f)) AFM image and height distribution of layered Ti;C,T, nanosheets; ((g), (h)) XPS spectra and XRD patterns of highly

distributed layered Ti;C,T, MXene nanosheets
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13 (a) PAAm-PHEMA/PAA-Fe**-MXene JK#EICHY FTIR B3 ; (b) R ¥R THE 1Y SEM EIR; (c) AR TS 1) PAAm-PHEMA/ PAA-Fe*-MXene 7K #E
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Fig.3 (a) FTIR spectra of PAAm-PHEMA/PAA-Fe**-MXene hydrogel; (b) SEM image after freeze-drying; (c) Elemental distribution scan of the freeze-
dried PAAm-PHEMA/PAA-Fe*-MXene hydrogel; ((d), (e)) Tensile stress-strain curves of PAAm-PHEMA/PAA-Fe**-MXene hydrogels with different
loadings; (f) PAAm-PHEMA/PAA-Fe**-MXene hydrogels loaded under different strains (100%, 200%, 400% and 600%)-energy dissipated during unloading
cycles; (g) Stress-strain curves for eight consecutive loading-unloading cycles; (h) Self-healing tensile stress-strain curves of PAAm-PHEMA/PAA-Fe*-

MXene hydrogels; (i) Rheological behavior of PAAm-PHEMA/PAA-Fe**-MXene hydrogels; (j) 1 000% elongation in tensile test high stretchability
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4 (a) PAAM-PHEMA/PAA-Fe™-MXene 7KEERZ T R A R A BLRE, (045 R UG LM (PTFE) . SR MG (PE). 3. KRG (NR). #; (b) 76T
TRIG SR P AR () PAAM-PHEMA/PAA-Fe*-MXene /KEERXT 100 g RS KAFAFERIE; (d) ZERHLAT; (&) AR BRI I 7R B2 5
(F) FRBEIE X2 T EEAA 1B A0k
Fig.4 (a) PAAm-PHEMA/PAA-Fe*-MXene hydrogel adheres to various solid materials including polytetrafluoroethylene (PTFE), polyethylene (PE),
glass, natural rubber (NR), iron; (b) On adhesion during finger movement; (c) Good adhesion of PAAm-PHEMA/PAA-Fe**-MXene hydrogel to 100 g

weight; (d) Adhesion mechanism; (e) Schematic illustration of hydrogel adhesion measurement; (f) Adhesion strength of hydrogel to various substrates
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2. 4 PAAm-PHEMA/PAA-Fe**-MXene 7K % BE B9 5
A1 BE

Yk MXene 40K R Fll Fe* 1Y A7 76 BB o] UL T
PAAmM-PHEMA/PAA-Fe*-MXene 7K #E i 1 5 B9 1
S X FEE T KB T MXene 5 L 2%
VS V5 W 0 O IRV FRAR 34 T 2 IR B8 I 1%
i, A0 5(a) iR, fEH PAAm-PHEMA/PAA-Fe*-
MXene 7K %E & 1 % 4 LED /NET W0 2H 5% 00 A& F %
W, LED /NKT 076 it il 3V E R FG 55 0 T B A
56, XNl TOKEER A RAF . anlEl 5(b)
s, AT#E—RUFHA@mae ), £=RE T

IR BE RS VIR, v] DL BT A K i — L4
fil , LED AT S7 B AR &G, BoRiB T R A
APk, 24 PAAm-PHEMA/PAA-Fe*-MXene 7K #E i
P AR — A~ 5 F T S 0 LR, & B LED /MT
WYL B ARy, X EEEh TR AR T
Fe™ B 1% i 1 A28 1 7 4 RN A8 78 T B0ef BEL 3 hn i
B, MEBRNAR /NI X EH AL, # 5(c) i
75 T PAAmM-PHEMA/PAA-Fe*-MXene 7K #E i 15 [#]
O 20wt% B SR . AT LLE hFE IR Fe™
FELE 5 . T PAAm-PHEMA/PAA-MXene 7K % i
B L SR A R 0.2 S/m, fif B % MXene 44 K A Y
A, SR E] 0.66 S/m, J& A U Il MXene
W) 3 4% o M7 Fe™ 7 Wi 0 5 A 5 238 Il 35 34 o )
3.8S/m, iX F L T K BE R K PR BT AR
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5 (a) PAAm-PHEMA/PAA-Fe**-MXene /KR AEVI#EIRT G R EIEHKZ ; (b) PAAm-PHEMA/PAA-Fe**-MXene /K#EE R AER L F s LED /T
HAYAEAL; () PAAM-PHEMA/PAA-Fe*'-MXene /KEEKTEA ] MXene 7 AR Pe* WRIERI N AR SE; (d) Gad RerB R 706 B Rg,
HorhoK BRI 1 100 wm S8R RIRBIS [ T2
Fig.5 (a) Immediate recovery of conductivity of PAAm-PHEMA/PAA-Fe*-MXene hydrogel before and after cleavage; (b) LED light bulb change of PAAm-
PHEMA/PAA-Fe*-MXene hydrogel during stretching; (c) PAAm-PHEMA/PAA-Fe**-MXene conductivity of MXene hydrogels soaked with different MXene
contents and different Fe** concentrations; (d) Optical microscope images of the healing process

with 100 pm wide scratches on the hydrogel as a function of time

B, XN LA R S A M AR KB AR KB VIR PR ARG B E R T A, A
THMER TR SEEE, R, BRI WEINRRIE . WERE R, 48h SRR
B T IE s, IFRFKEBKESRE. 11 ERRECEEMEE TR EES, X&Y PAAm-
K 5(d) i 7% , ¥ PAAm-PHEMA/PAA-Fe*-MXene  PHEMA/PAA-Fe*-MXene 7K #E I B 4 1 5 @442,
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K16 ((a), (b)) PAAm-PHEMA/PAA-Fe*-MXene /KEEHE Y2850 T WG 25 51 2R & K #E 550 Al 365 nm AR B 4T3 ; (c) PAAm-PHEMA/PAA-Fe*'-
MXene 7K EEIEETE LI 5 AS [ A i 1] (6 8 oh- 1] WO RS S 8] 5 (d) PAAm-PHEMA/PAA-Fe™-MXene 7KEEIE 28 SN B IS RE J1 001815 5
((e), (£)) JRE7ss H B Z2 ARG T D0 Y 0y e 325 1 3

Fig.6 ((a), (b)) UV-Vis spectral transmittance plot of PAAm-PHEMA/PAA-Fe*-MXene hydrogel and corresponding transmittance at 550 and 365 nm;

(c) UV-Vis spectral transmittance of PAAm-PHEMA/PAA-Fe**-MXene hydrogels at different healing time after cutting; (d) Images of the UV blocking
ability of PAAm-PHEMA/PAA-Fe**-MXene hydrogels; ((e), (f)) Showing strong UV absorption and high transparency to visible light



+3948 -

5 & PR

WS R L, Bt TEMSEIHE., DLkt
2E W R I, PAAm-PHEMA/PAA-Fe**-MXene /K #t
iz [7) s 2% B+ 000 S 40 258 A/ 286 BHL 44 M BB AR v 119 3 T
BE, AT DL 4 i PR 4 B R R g b 3R T A 52 K FH AR
S .
2. 6 PAAmM-PHEMA/PAA-Fe**-MXene 7k % B B9 B
G 5 i 1 B

Wil 2 22 14 H T A AR B /N TR 1 R R ko
T BB AT SR A ) H R T 2 R A IR R B AT A
NABE = A AR 2, oK eI — 2R B — 4
RHEK B E VM) TR R, =48 W% 117
LT 2L N B 2 5 R S FECS, XK
MBI T BRI T SRR L B
RAF J1 5= PE e A1 EMI PERE MY S K BEIR B B K
YV TE W 25 6] . EMI 5% il B4 RE 9 57 7300 RE N 15
T 20dB, XEWRE ] LLBE#E 90% B FEL G . A SC
i 4 7 8.2~12.4 GHz M 3% 3 [ P I £ 1% 5 = Bk

60

—— Owt% (a)
—— 0.5wt%

50 | —— 1wt%

—v— 2wt%

40

20 +

EMI SE/dB

10 +

0 1 1 1 1
8 9 10 11 12

Frequency/GHz

PEAS JE A 2.0 mm () MXene 7K 5 5 B EMI J il
PEfE. WA 7(a) Fron, 58 —4 4511 PAAmM-PAA
K EEREA L, B & MXene & 2 M owt% 42 5 2
2wt%, PAAm-PHEMA/PAA-Fe**-MXene /K #E 5 A%
HAL 1 F WAL RE M 12 dB #2175 F1] 36 dB, X EEIH A
T R O R SOR A AR . ML R RE A
MXene [ I T, KEERAH THIB B T B N i%E
SR HREN, BARSNSBEEDRES T
PR ) SO ROR o B 7(b) B T %K BE AR
VI 5 A& A [a) Bt 1] i) EMI{E . 7T LAE BB AT
G, BB BEE B, &G 48h
JERiAE] 29dB, WoRih T RIFMAGHER, XF
B PR T 5 g B 4 A U W %) B R B A M E
W EEAE EAER o DX R A R ) 2 Tt
AP AT R Ok A b SR I A RN P B B R RE
R R 2R AN T KBRS R 1 T ELR
1A I 5%

70

—=— Original (b)
—e— Healing 12 h

60 I Healing 48 h

50 -
ol //
30 +

20

EMI SE/dB

10 1 1 1 1
8 9 10 11 12

Frequency/GHz

EMI SE—Electromagnetic-interference shielding effect
€7 (a) KNI MXene 1% i) PAAm-PHEMA/PAA-Fe*-MXene /K EEE 1 HLREFF i (EMI) H1Zk; (b) PAAm-PHEMA/PAA-Fe*-MXene /K#EIE
AR A R EMI 2k

Fig.7 (a) EMI curves of PAAm-PHEMA/PAA-Fe**-MXene hydrogels containing different MXene contents; (b) EMI curves of PAAm-PHEMA/PAA-Fe®* -

MXene hydrogels with different healing time
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