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Preparation and fabric application performance of cellulose-based
photochromic hydrogels
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Abstract: Cellulose-based photochromic hydrogels (CPHs) were synthesized from cellulose nanocrystals
(CNC), sodium carboxymethyl cellulose (CMC), and hydroxyl spiropiran (SP-OH) under the cross-linking
action of epichlorohydrin (ECH). Photochromic cotton fabrics were then prepared by conventional dipping
finishing (CPHs-dipping) using CPHs as photochromic material and fabric finishing agent. The samples
obtained were characterized by FTIR, SEM, EDS and UV-Vis adsorption spectrum. The effects of ECH
dosage (based on the total mass of CMC, CNC and SP-OH, the same below) on the stability of CPHs,
photochromic responsiveness, surface water wettability, color fastness and light fatigue resistance of CPHs-
dipping were further evaluated. The results showed that CPHs had a three-dimensional network porous
structure. CPHs prepared with 15% ECH dosage (named CPHs-15) exhibited better photochromic ability,
drying and swelling cycle ability and improved transparency, with stable structure and intact appearance.

i BHEE: 2023-12-18; EAHEH: 2024-01-29; DOI: 10.13550/j.jxhg.20231091

EEUR: HEAARARGHEFIEGHE (21908171) 5 PRAAARHTRITE (20201Q-825) 5 BRIUA mARHIE 4 AAFTLETR
TiH (20200429) 5 BEPGE AT B E SEARDER QU O BOE S (XTKF-2019-04)

EEEN: 5k M (1989—) , &, R, E-mail: zhangfan@xpu.edu.cn, BER A : FEEE (1987—) , %, #P%, E-mail: xxqqnn870304@

163.com,



«204 - A% 4m 4 T FINE CHEMICALS

42

CPHs-15 showed significant increase in absorbance when exposed to ultraviolet irradiation, with its

photo-responsiveness reached the maximum value after irradiation about 120 s, then after exposed to visible

light, CPHs-15 gradually faded, the absorbance decreased significantly, and the light response reached the

minimum value at about 180 s. The 48 h swelling rate of CPHs-15 was 1410%, and the number of

drying-swelling cycles was 8 times. CPHs-15-dipping had fast photochromic responsiveness under

ultraviolet and visible light irradiation, and achieved fast coloring and fading within 2~3 min, with more

than 10 reversible cycles of discoloration ensured before and after soaping. CPHs-15-dipping had a strong

affinity with cotton fabric, and the water contact angle was 63.7° after ultraviolet irradiation.

Key words: cellulose; spiropyran; photochromicity; hydrogels; cotton fabrics; dyeing and fishing
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1.1 #E, KA SIS

MW (40 SFLaifi)is g ) |, (g taiz g4
BIRAT; CNC, srtral, EEGNEKY:; CMC,
WEAENE (ECH) | WS, /s, b
TR E R A R Fl s NaOH ., JRZE . TUAL
R, JoK OB, IER, dral, RETE T4k
TAHRRAR; BRILEE (SP-OH ) , 2 M CHk[18]
Al

LC-1500 HUE R AR FLAL B as , T ST IR
IR BRA ] M-6 RS e AUETHL, T
KA 25 ZLEN Yk 25 A B/ Fl 5 Spectrum Two U fd B
AR 2T AMEHEAY (FTIR ) , 3EE PerkinElmer Y%
A BN ] s Quanta 450 FEG A4 1 W i
(SEM) , 3£ FEI A H]l; UV-1800 &I 5h-A] UL 43
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SR SCHR 1817 ik 148 & e, il 4% SP-OH.
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PR 1,3,3-= AL (5.20 g, 32.4 mmol )
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Soe R AN P AR 3 Ao 3 i T

B ERAR R AEERAS KOH (1.84 g,
32 mmol ) IRAMMAR|ZZEF/KP, LIZEE (30 mL)
AR BGA RN IR R TR, A3 EH )2
AHUAHE TR R DT TR B, 3 38 5 X
PR IR R AL B, 192 B R

B 5-R K EE (5.94 g, 32.4 mmol ) T
JoKZPEE (40 mL) H, B F 100 mL = LB,
v B S el S 412 2= = B b, Ny Rk
F 85 CIEttPr M, H Lk iAo 73R Won
ABE R, g s iR R, Bl
RN 6 h kRN ARRARE B, BB RO
WOE RS, e R R, WU AR R RN Y
FCABEFE HAE 50 °CF 48 10~12 h, 3556k
774 SP-OH 9.93 g, 773 H 87.1%,

1.2.2 CPHs # 4] %

FREL CMC 5 CNC [ m(CMC) : m(CNC)=3 : 2]
WMAIE 1.0 g, FHAMAE 19 mL (NaOH (1.2 g) /
JRZE (2.0g) /EETFK (15.8mL) ) IBRAERT,
FFETE-15 CRRWR 4 h; &, ZEMA 1 mL
SP-OH N EREW ( BiatikJE 0.05 g/mL) , Hiik425]
JEEIAEARE S em MEDEELEH, I8 THOKBT;
RIG, GI8 AR (LI CMC. CNC M SP-OH
FiEit, FIE) 12%/) ECH, JHEZE 60 °C, #%
KN 2 hJE, MWELEREUREE S, K HEE R
TR IR AR P AR AR R N . FERR 4 h 4 1
WEBTK, HEMKR pH=7, RIF5HEHAE 50 CHt
AT 12 h JEEUGE, §173 ECH H&EA 12%1
CPHs, 44>~ CPHs-12,

HAT= i & vk B, R Ar ECH /M
H, B ECH RN 13%. 15%. 18%F1 21%*Hl 15
B P4 4% W4 44 4 CPHs-13 . CPHs-15., CPHs-18 Fl
CPHs-21,

1.23 AT ERLZBHH &
1.2.3.1 ZHL %

TR SR NEE N 0.4 g MW, kT
Ja, &,

et FH 75 I A1 RERLAL 73 B R B 5.0 g CPHs B
A 5.0 g BEF kP (CPHs #3048 50% )
JE . CPHs MRS, FIXT P R MR it i — 12
L, BAYIRNY 30 min, ATRCEN 70%~80%, 1EiE
g BT HLF 80 °CHFML 3 min, B REEE (4

M), fiwss ok CPHs-12%L.

ffi[f] 10 mL 4ii SP-OH ZEE/r ik ( itk i
0.05 g/mL ) f{# CPHs M IRIAT , & Lk T4
e, ISR LWC a4 o8 SP-OH-R 4L .

i 10 mL CMC/CNC [ m(CMC) : m(CNC)=3 :
2 ) T T (R E 1 g/mL) 10 CPHs i
WRER, 4 kT2, HENMmayas
CMC/CNC-#=2#L.
1.2.3.2 EpfEsesy

TSR R 0.4 g FRET
Ja, &M

KA 1.2.3.1 Tl 451 CPHs fHBERIER, 5 1.0 ¢
T EETREN (O CPHs THBERCIA W E ) 10% ) LR
TR AR 11.0 go SRJE, T 22 I B Il v X B
RS TENAE R, FeiE s e A THLH 80 °C
FREHE 3 min, FEDEECEOMZY), w4k CPHs-
E1pis

SRR 1.2.3.1 3599 10 mL 4ii SP-OH Z i
A3 LR .10 mL CMC/CNC BER A W A0 ki 7
) CPHs MBI, & iR T4, HIA5m
Fa W4y 4 44~ SP-OH-EIfE . CMC/CNC-EfIfE .
1.3 RIEFZESHEsENK
1.3.1 kRAEF %

¥ CPHs 7 LB F/K IR 48 h, KFR/KEER
PR Y, 1E-80 °C FHEZSEH T 24 h, 15
F| CPHs ¥y K o

FTIR ik . KA KBr JE A &M, IEGE
4000~500 cm ', SEM Fl1 EDS i : ¥ CPHs ¥ K
FOCEE ARSI R e TR b, EESHEE T
HEATIE 4, ZE I B IR 2.00 kV F %< CPHs M4
AR E IS, IFAE 10.00 kV LR T lRRE i 26
I 0 o
1.3.2 Mg
1.3.2.1 CPHs #MNUL5E % i K355 W i

¥ CPHs BT LB T/K, HEMKRR pH=7, M
AW NKIG CPHs AMWIERESE | Bl 385 1 B i B
AL, Hoh, RS IRES REFIIERE T, AR
24, WP TEREPER Y 24 48 h KIS, CPHs 4%
T B AT HL RS —, WAk B e 35 5 3 0T
Al g5 it CPHs XL 2135 5 A% A0y 375 BH 3 A -
1.3.2.2 CPHs Z8 o P GEIR

A3 S8 A6 AT WL B CPHSs, 2R FHAIURS
FEATLT FLA UL B3 0 48 fb R A7 0 B S o i FH 58 40 -
Al WG G EEHHE 190~800 nm 36 B 9 % CPHs #E4T
ik
1.3.2.3  CPHs ZZHRE B (I

¥ CPHs #F 50 °CHAEHHET 12 h, FREHET
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Ja CPHs itk (my, g) 5 ZJ5, EZERE FEETH
CPHs & F 50 mL A& F/KHIZ 48 h, WiH{HIE
LB FRAERETE 50 mL, —BWEJEEGE, £
FRRMGR B WK i (my, g) , CPHs 1Y
I (SR, %) 3T SR/%=(mp—m,)/m;x100 {15,
BEAS SIS KR s 3 K, 45RO,

DA bR 7 58 N 5 UR 1R R 1 IR TR ik
WEL, HZE CPHs YPRESHY H IO RE . M To ik gk
RN 1k, i85 CPHs 1Y T 1-75 B IE #R )
1.3.2.4  SEECE ALY TR

fifi 4 A 2 B — 2R e B2 fih A SO0 B — T K (24
5 uL) ARG R B K Rl L e SR
ANKTFIAT UL RS 5 A U FR T K S Al A, AT
PR AR T 5 A 2 e i SR s K . (o R Y (e R
JEEH I AR B AR 2L Tt BE R AR R, AR
P GB/T 18886—2019 X M2 Wi 47114 - K o3 A8
RS B TR SEAT IR E R i o B A
fRJ5 o FH 2 £ 43 ' I o A A B A 21
B IRE (K/SH) , B&EE Tl W6 R —
FERFE], FREE AN FARfERy, JH K/STE, kT
WA 1R, ERE LR, RS LIME
GRS Y IS8 S N A BT B X S B | P T ] B
TEAWEL, R E s B EET 4 &, PR &
HT % 57 M BB 2 o/l VR, 1E
98 CTHHOLE ALY BYE 1 h, BKMEE, Ht
T, BRI AR S TR 6% 57 M, Xt K/STH,
LI S R i P R R AR B

2 HRSHE

2.1 CPHsHI& R HLE

YUK Z A KRR, S450E. 55
GRS aE | RS 40 25 48 R i a5 B S50 S i AL i
HEmEA KRR, 5Tk R m s,
PEFE CMC I ONC VRN SR, 38 0 R Aok 4
fitt, W —FHRRIERR, NG kA 08B
HEL A, TEBRIESAE T, ECH — U B9 PR 5L 7] TR 3R
Sl , R — i SR T SRR N
PRILRE, AT, RMERSER CMC/
CNC/SP 1y = 4R 2% = %W, WA 1a.

¥ CMC/CNC/SP = R Y B A KW h R,
CMC FRILEIR AP CNC., CMC/CNC/SP 3%
Y bR R A A E T, S — R TR B 4
M E s, HEKBRWN pH=7, & WL
CMC/CNC MK EEE B4, ECH NACEKHIT 1) K Bk
& CPHs, UWLE 1b., CPHs TEZit4E4MGRES,
SP-OH 7 F 2 K AEFF RN, W ICEIRMtE (SP)

IERZE R e A AL TS (MC ) FRHEF-HiZ5 4,
M SEBAR (6, Zen] OGRS IS, AR B JFA
FIEG, SEE AT OEECE G PESCRk[21]E, 18
SUE S B L7/ I G Set 7/ K AL R S e
SEHNT IR G W R SR RR B | S5 AR R 8
MR JE 5 455 R i J3E 110 B2 2 5 W P 0 A €0 b ek 2
75 30 R ME 5 FE I, Foe 85 M) A8 (0 b4 L ) A8 €6 1 E o
R, @9 ECH & T iH4% SP-OH 5
CMC/CNC Z (8] FAE I 1 Bk B e = 4k ) 2% 25 k6 1
RasEME, HEMSZEIX CPHs 7% (7,3 A 15

K1 CPHs WY& (a) RGP (b) REK
Fig. 1 Schematic diagram of synthesis (a) and discoloration
mechanism (b) of CPHs

2.2 CPHsHIXEZITEIEEE
2.2.1 CPHs 4 W 7% Z B koA B

&l 2 2 CPHs &K & /KR MAT AR 48 h 5
F IR

ME 2 W] LU H, CPHs 712 i FE i 2nl L%
RS, HHEEH R B8 fk, IEB T CPHs HAAJE
FEAMERE. F ECH HEED (12%. 13%) i,
CPHs-12, CPHs-13 7K#&EIE B HE ARG RN HL, (HKBE
BB A (1 2a, a'fIE 2b, b)) , XEHET
ECH ZCHRIR MG, SRS LEMRIER 2, KEER
SERAERE ; X4 ECH FEIE N3] 15%, £ —id
W CPHs-15 5 FE M . AMULSE & B i — AL 1o
HEABIFREHE(E 2c.¢'), XK, SP-OH
FEZK B H A5 21 T8 = R B2 A0 o BOSC B ;M 4k sl 1 i
ECH JH& 3| 18%#1 21%, CPHs-18. CPHs-21 %
JEIE R (K 2d, dFIE 2e. o) , {H5EH R
— BT, Bl mAES), BRI OB AR,
WGB3 P 28 G5 A A A A 6 B J Tk, L K
fie 182, XM T ECH &4: 4%, CPHs N#3C
1B BEANA] , 72 ECH 23 A1 5/ 1) DX s Ak 7K B I 28%
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K2 RIR ECH HlHEHl##) CPHs 2% B T/KIR AT
(a~e) FIRHL 48 h J5 (a'~e') MK

Photos of CPHs prepared with different ECH

dosages before soaking (a~e¢) and after soaking for
48 h (a'~e")

Fig. 2

2.2.2 CPHs & X B A2 )%
€l 3 S CPHs #E/K Hiz 3L 48 h J5 B K% &+
P8 IKATE IR U B 1 &5

1800 N
— - m-u
oI e
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Fig. 3 Swelling rate of CPHs (a) and number of drying and
swelling cycles (b)

MIE 3a ATLIEH, 4 ECH HEHN 12%H],
CPHs-12 #£ 3000 min B F¥%5 iR 1T 15 5] 1666%, Fifi
% ECH & hn, CPHs ¥ KR Z %,
CPHs-15. CPHs-18 . CPHs-21 B A Ik 245 5l K
1410%. 1013%. 973%, Uil CPHs WFFHIZE S
JnAGE, fesf . W ERAEF B, BRI SR R

fn. M 3b i LIEH, CPHs-12 #E4T 4 IR 1E-1A
ARG ER 25t BAS ] 306 (%) D ORI W I 40 5 24 ECH A4
W3 13%. 15%0, CPHs-13 #il CPHs-15 (1T 1:-
VKA PR OBy e AYG s 7 A1 8 ks ECH A
ARSI 2 18%F1 21%, CPHs-18 1 CPHs-21 [
T - IR PR B HBEiR R 8 k. &5& 2.2.1 1
M5, B ECH FH & 3G hin 234 fin CPHs 1928
IBCRE K BRI PE T D, (Had & 19 ECH AR AT LAXS I
CPHs Hy2cIkBER? | (H IR REIE— A Bt H TR -15
ARG R R A 2 A R
2.3 CPHsHIRIE
2.3.1 FTIR 4 #7

&l 4 & CNC. CMC. SP-OH. CPHs /% FTIR
e

4000 3500 3000 2500 2000 1500 1000 500
W /em™

K14 CNC., CMC. SP-OH. CPHs (¥ FTIR &[4l
Fig. 4 FTIR spectra of CNC, CMC, SP-OH and CPHs
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b3 5 R JE T SP-OH H—CHj 4 S5 fH 45 15 3
WS RIS R A 48 R 31 W WS 0 S —N O, 114 IR R R R Xof
FRABGER S, 5 CNC. CMC # L, CPHs 1
1030 cm ' Ab HBREREE O FRAEIE HAE 1101em ' AbAY
FRHL I 6 2 7E 1640 cm ™ b BT CMC HR
FERIE P HAE 780~750 em ' Ab R R ECH
i C—Cl AW, IEB CMC/CNC/SP £ ECH
FFER T I 3C B . T CPHs, It4h, CPHs 7E
3350 cm ' 4b—OH HYRFAE W 004 58 HLak, &40 7%,
ZHWH CPHs ' CMC 5 CNC ## CMC/CNC/SP &%
Yy bR SRR XFEE 5 FF CPHSs AT LLZBE,
Bfi% ECH FH Ay ,—OH( 3350 cm ' 4t ). SP-OH

(2875 cm™" Ab ) Ko 5K i 3 A ol A Tk ok A AR A 0
(1030 cm ' 4b) BEIRBHIEA, 24 ECH FEik
F| 15%M}, CPHs-15 ik 3l i miE it %, Z 5 ki ECH
FHE 208, bR W04 375 3+ 4 Bt 5 0,
F W] CPHs 1Y N 3 e B B i R %

2.3.2 SEM #= EDS 4 #7

K 5% 5Fh CPHs 1) SEM K, 6 £ 1 X5
il CPHs ) EDS JGC 4 Hr 4k
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R B R AN . X AT BB T S ECH & A5 8l
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WA, A BB S PO,

a—CPHs-12; b—CPHs-13; ¢—CPHs-15; d—CPHs-18; e—[& 5d
HELALHORIE s f—CPHs-21
¥l 5 CPHs i SEM Kl
Fig. 5 SEM images of CPHs

ME 6 BICE AR R & 1 e ER a5
A LAFE Y, CPHs-12 1 N, Cl JLEFEREUVE
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Fig. 7 UV-Vis absorption spectra of CPHs-15 and SP-OH
(a); UV-Vis absorption spectra of CPHs-15 after
180 s irradiation by UV and Vis (b); UV-Vis
absorption spectra of CPHs-15 after UV irradiation
(c) and Vis irradiation (d) at different times;

UV-Vis absorption spectra of CPHs after irradiation
by UV (e) and Vis (f) for 180 s
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Fig. 8 Schematic diagram of interface construction mechanism
of CPHs-15 on photochromic cotton fabric
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Fig. 9 SEM image of raw cotton fabric (a); SEM images of
CPHs-15 dipped cotton fabric before (b) and after
(c) soaping as well as printied CPHs-15 dipped
cotton fabric before (d) and after (e) soaping
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Table 2 EDS elements characterized results of raw cotton fabric and CPHs-15 after dipping and printing respectively before

soaping and after soaping
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Table 3  Photos of photochromic cotton fabric after 180 s of UV and Vis irradiation
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Fig. 10 Light fatigue resistance of CPHs-15-dipping, CPHs-15-printing, SP-OH-dipping, SP-OH-printing before (a) and after
(b) soaping
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Table 4 Photos of photochromic cotton fabrics after180 s of UV and Vis irradiation after 10 reversible colorization cycles
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Table 5 Rubbing color fastness of photochromic cotton fabrics before and after soaping
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Fig. 11 Water contact angle of cotton fabrics

M 11 AT LLE H, CMC/CNC-335L Y 7K 322 i £
SEH5oh 94.0° (& 11a) , CPHs-15-12 5L A /K42 M fA
44k 76.2° (K 11b) o CPHs-15-12 5L 28] UG g
SR KA A 76.6° (I 11c) , sEAKVED] W42
fFo CPHs-15-12 5L 585N 180 s J5 My /K42 fik
fh 63.7° (E 11d) , FKHIEIMDGH LT WG
RERL % CPHs H&BEARZIY B/K IR TERE . JRINTE T,
R 1 B 11 SR N IR 43 F- 78 28 SR A B I 2 A
B /K1) SP (AU ) 648 Ry SR /K Y MC (Bt ) 2544,
SEUKE b A AR /N FREUY) R K RS 5E , R, CPHSs
AT LUK T F3 200 KA i A8 e bEpE, A mT DA 4K
B AR U A K, kR 2 B A Y
JEAA S 52 KB S

3 4if

PIGPKREF4EZR (CNC) . RHEL 485 (CMC)
KK EEEFAR, 5 ASCEUE @ L IR R A & Y
SP-OH, I EANEE (ECH) BYSSHEAVEM,
o — 2R R IO R KB (CPHs) o

(1) iEidek”s ECH HH#, nJi##% CPHs H3cIk
W B ARG TERE. X4 BECH HE A 15%K,
CPHs-15 J&& i 41 (4 ' 35048 £ BE 1 AN 08 -5 K ARG
WHEST: @BIMDEIRSTS, CPHs-15 WL R I
Th, G TR TR 120 s SA B FoRME; YL
TGRS S, CPHs-15 Bl 4, WG i F %,
JEMA R 7E 180 s ik Fde/ME . CPHs-15 Z5#%a5E | 4b
WTERE, HA AP E A ; 48 h KR 1410%,
T IAE IR B 8 Ko

(2) ¥ CPHs-15 {E A2 R SR L R 4L . BN
AW O B2 |, 5 CPHs-15-ED{EAH I,
CPHs-15-12 L4 551/ m] WO IR I BN 5841 65
FR AR BB ARL, 7E 2~3 min PAT RLSEEL
P A AR, 28 10 YOLBUE BIF A 5 HA 6EL
AL S, H R ROLEUE @A S B A R
B ENEARE ST

(3) CPHs-15-24LMH+ . {BEEEEERETE 4~5
9. CPHs-15-RELALIMNEIG ARG, Al T4
ZUYIFR )RR, Kz fil A T /b 3] 63.7°

AR SCA] R RS bkt L K BRI 2
I Re AL AR 2V 0 T R R B S5

SE k-

[1] KORTEKAAS L, BROWNE W R. The evolution of spiropyran:
Fundamentals and progress of an extraordinarily versatile photochrome
[J]. Chemical Society Reviews, 2019, 48(12): 3406-3424.

[2] LING Z W, LIU K, ZOU Q, et al. Continuous and rapid fabrication
of photochromic fibers by facilely coating tungsten oxide/polyvinyl
alcohol composites[J]. RSC Advances, 2018, 8(50): 28581-28587.

[3] AYAZI-YAZDI S, KARIMI L, MIRJALILI M, et al. Fabrication of
photochromic, hydrophobic, antibacterial, and ultraviolet-blocking
cotton fabric using silica nanoparticles functionalized with a
photochromic dye[J]. The Journal of the Textile Institute, 2016,
108(5): 856-863.

[4] SUNMY, LYU J C, XU H, et al. Smart cotton fabric screen-printed
with viologen polymer: Photochromic, thermochromic and ammonia
sensing[J]. Cellulose, 2020, 27(5): 2939-2952.

[5] SHEN X Y, HU Q, GE M Q. Fabrication and characterization of
multi  stimuli-responsive fibers via wet-spinning process[J].
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy,
2021, 250: 119245.

[6] DUY X, DU WY, LIN D B, et al. Recent progress on hydrogel-
based piezoelectric devices for biomedical applications[J]. Micromachines,
2023, 14(1): 914-938.

[77 SUNX, QINZH, YEL, et al. Carbon nanotubes reinforced hydrogel
as flexible strain sensor with high stretchability and mechanically
toughness[J]. Chemical Engineering Journal, 2020, 382: 122832.

[8] QINZH,SUNX,YUQY, et al. Carbon nanotubes/hydrophobically
associated hydrogels as ultrastretchable, highly sensitive, stable strain
and pressure sensors[J]. ACS Applied Materials & Interfaces, 2020,
12: 4944-4953.

[99 CUI TT, YUIJF WANG C F, et al. Micro-gel ensembles for
accelerated healing of chronicwound via pH regulation[J]. Advanced
Science, 2022, 9: 2201254.

[10] LIU X M, DOU G, LI Z H, et al. Hybrid biomaterial initiates
refractory wound healing via inducing transiently heightened
inflammatory responses[J]. Advanced Science, 2022, 9: 2105650.

[11] COOK M T, HADDOW P, KIRTON S B, et al. Hybrid polymers



214+

A% 4m 4 T FINE CHEMICALS

42

[12]

[13]

[14]

[15]

[16]

[17]

(18]

exhibiting lower critical solution temperatures as a route to
thermoreversible gelators for healthcare[J]. Advanced Functional
Materials, 2021, 31(8): 2008123.

LIJ,MAQY, XU Y, et al. Highly bidirectional bendable actuator
engineered by LCST-UCST bilayer hydrogel
interface[J]. ACS Applied Materials & Interfaces, 2020, 12(49):
55290-55298.

XIAO X Z, YANG G Q, CHEN A B, et al. Multi-responsive
chromatic hydrogel exhibiting reversible shape deformations[J].
Dyes and Pigment, 2022, 204: 110364.

LONG S J, YEZH, JIN Y Q, et al. High-performance photochromic
hydrogels for rewritable information record[J]. Macromolecular
Rapid Communications, 2021, 42: 2000701.

PARDO A, GOMEZ-FLORIT M, BARBOSA S, et al. Magnetic
nanocomposite hydrogels for tissue engineering: Design concepts

with enhanced

and remote actuation strategies to control cell fate[J]. ACS Nano,
2021, 15(1): 175-209.

HUANG X M, AO X, YANG L H, et al. Preparation and properties
of cellulose nanocrystal-based ion-conductive hydrogels[J]. RSC
Advances, 2023, 13: 527-533.

LICY, ZHENG S Y, HAO X P, et al. Spontaneous and rapid electro-
actuated snapping of constrained polyelectrolyte hydrogels[J].
Science Advances, 2022, 8: eabm9608.

SHIRAISHI Y, ITOH M, HIRAI T. Thermal isomerization of
spiropyran to merocyanine in aqueous media and its application to
colorimetric temperature indication[J]. Physical Chemistry Chemical
Physics, 2010, 12(41): 13737-13745.

[19]

[20]

(21]

[22]

[23]

[24]

(23]

[26]

LI W H (Z4E%), LIU J (XZA), SUN Z B (#MAs), e al.
Preparation and properties of GO/CNC/PVA composite hydrogels[J].
Basic Sciences Journal of Textile Universities (2543 i FEhil Bl 224
), 2022, 35(4): 45-51.

ZHANG F (7kil), TAO H R (Fgi4k), MAO Y C (EB5if), et al.
Research progress on nanocellulose-based inorganic composite
antibacterial films[J]. Fine Chemicals (4§ #ifk T.), 2022, 39(6):
1081-1088.

YAO X, LIU J J, YANG C H, et al. Hydrogels: Hydrogel paint[J].
Advanced Materials, 2019, 31(39): 1971276.

SHU L, WANG Z G, ZHANG X F, et al. Highly conductive and
anti-freezing cellulose hydrogel for flexible sensors[J]. International
Journal of Biological Macromolecules, 2023, 230: 123425.

ZHANG F, SONG B Y, LI Y L, et al. Breathability and moisture
permeability of cellulose nanocrystals hollow microsphere coatings
for PET fabrics[J]. Polymers, 2022, 14(24): 5345.

LIM Q, CHEN C M, SUN G H, et al. Effect of the epichlorohydrin
grafting of starch on its pyrolysis behavior and mechanism[J]. New
Carbon Materials, 2020, 35(4): 452-458.

LIU Z M, ZHANG S F, GAO C, et al. Temperature/pH-responsive
carboxymethyl cellulose/poly(N-isopropyl acrylamide) interpenetrating
polymer network aerogels for drug delivery systems[J]. Polymers,
2022, 14(8): 1578.

HE J (fil£h), CHEN L (), LIU Y S (XIFE#F). Preparation and
properties of pH-responsive color-changing fabrics[J]. Journal of
Xi'an Polytechnic University (P % TR 24244R), 2020, 34(4): 1-6.

(E#%202 W)

(3]

(6]

(8]

(9]

(10]

(11]

[12]

[13]

CAO J L, HUANG Z, WANG C X. Natural printed silk substrate
circuit fabricated via surface modification using one step thermal
transfer and reduction graphene oxide[J]. Applied Surface Science,
2018, 440: 177-185.

ZHANG H X, CAO J D, WU W, et al. Layer-by-layer assembly of
graphene oxide on viscose fibers for the fabrication of flexible
conductive device[J]. Cellulose, 2016, 23(6): 3761-3770.

ZHANG Y (3K 55). Antibacterial property of graphene oxide chitosan
modified cotton nonwoven[J]. Shanghai Textile
Technology ( ¥#E25418H), 2021, 49(3): 30-33.

HU X L ($451), TIAN M W ([H45), QU L T (HiFHA). Electrical
conductivity of cotton fabric finished with graphite oxide/chitosan

Science &

via layer-by-layer self-assembly[J]. China Dyeing & Finishing (EfJ
L), 2015, 41(18): 1-5.

LOU T F (B %), GAO X H (&IB4L), CAI X B (3/]vik), et al.
Property study on reduced graphene oxide modified cotton fabric[J].
Cotton Textile Technology (Fi 2415 AK), 2022, 50(4): 1-5.

TU L (&#1), MENG J G (i & Jt). Research progress on
wrinkle-resistant finishing of cotton fabric[J]. Progress in Textile
Science & Technology (Z54URHEHE/E), 2018(6): 9-11.

HU X L (AW #K). Study on crease-resistant finishing of silk fabric
with glyoxal[J]. Journal of Silk (£24#), 2010(4): 14-16.
SUKHISHVILI S A, GRANICK S. Layered, erasable polymer
multilayers formed by hydrogen-bonded sequential self-assembly[J].
Macromolecules, 2002, 35(1): 301-310.

AKRAM S, JAVID A, ASHRAF M. Silver electroless plating on
aminated graphene oxide-based cotton fabric for electromagnetic
interference shielding and bioactivity[J]. Materials Science and
Engineering: B, 2023, 288: 116159.

[14]

[13]

[16]

[17]

[18]

[19]

[20]

(21]

FAN Z J, WANG K, WEI T, et al. An environmentally friendly and
efficient route for the reduction of graphene oxide by aluminum
powerl[J]. Carbon, 2010, 48(5): 1670-1692.

GUO M C (3#4), HEL Y W (B#afh), LI B T (35 K), et al.
Structure, mechanical property, electrical conductivity and lightning
strike damage behavior of graphene/carbon nanotube co-modified
CFRPs[J]. Acta Materiae Compositae Sinica (& #1k2:4k), 2022,
39(9): 4354-4365.

YANG Y S (#%%), ZHANG B (3k#), ZHANG Y P (5KR7E).
Preparation and application research in composite of graphene
oxide[J]. Applied Chemical Industry (K7 1k T.), 2013, 42(6):
1138-1141.

CHEN T (B47%), SUN J (FM#), HU Y Y (1 35 A). Recent advances
in microbial fuel cells with graphene-modified electrodes and the
antibacterial activity of graphene[J]. Acta Scientiae Circumstantiae
(FBIRIEER), 2016, 36(2): 387-397.

HU J Q, ZHAO Y H, MENG Y, et al. Long-lasting antimicrobial
activity achieved through the synergy of graphene oxide and cuprous
oxide coating on PET fabrics[J]. Synthetic Metals, 2022, 286: 117033.
TIAN H B ([HH#H), ZHANG Q (7k3#), YAN Y (F%), et al.
Preparation and antibacterial properties of Ag/graphene composite
coating[J]. Journal of Jilin University (Science Edition) (7 FA2E24
e FE2ERR), 2020, 58(2): 403-409.

ZUO D Y, LI G, LING Y, et al. Durable UV-blocking property of
cotton fabrics with nanocomposite coating based on graphene
oxide/ZnO quantum dot via water-based self-assembly[J]. Fibers and
Polymers, 2021, 22(7): 1837-1843.

WANG S D, WANG K, QIAN M, et al. Fabrication of the
multifunctional durable silk fabric with synthesized graphene oxide
nanosheets[J]. Materials Today Communications, 2020, 23(6):
100893.



