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STUDY ON THE PREPARATION AND APPLICATION OF

HYBRID STRUCTURAL COLOR MICROSPHERES

ABSTRACT

In recent years, the fabrication of non-iridescent structural colors on textiles
based on structural coloration mechanisms such as amorphous photonic crystal
diffraction and Mie scattering has become a research hotspot in the textile field.
However, the low degree of order in the building units of amorphous photonic
crystals and Mie scattering structural colors leads to strong incoherent light
scattering, making it impossible to form high-saturation structural colors on
white fabrics. Meanwhile, the weak binding force between structural color
materials and fabrics results in poor color fastness of structural color fabrics.
Additionally, when structural color fabrics are wetted by liquids, their colors
may fade or even disappear. To address these issues, this study prepared
Cu20@PPy and SiO2@PPy hybrid structural color microspheres through in-situ
polymerization of pyrrole (Py) on the surfaces of cuprous oxide (Cu:0O) and
silica (SiO2) microspheres. The hybrid microspheres were deposited on white
fabrics pretreated with adhesives via atomization to construct structural colors,
and hydrophobic finishing agents were used for hydrophobic treatment to endow
the fabrics with hydrophobic functionality. Furthermore, fluorescent
Si0@PPy@CQDs hybrid structural color microspheres were prepared by
introducing carbon quantum dots (CQDs), enabling the construction of structural
colors on white fabrics and preliminarily exploring their applications in the
anti-counterfeiting field. The main contents of this work are as follows:

(1) Preparation of Cu20@PPy hybrid structural color microspheres and their
application on white polyester fabrics:

Cu20 microspheres with different particle sizes were prepared using copper
acetate as the copper source, trisodium citrate as the morphology-directing agent,
and polyvinylpyrrolidone as the capping agent. Cu2O@PPy hybrid structural
color microspheres with different particle sizes were synthesized by reacting
Cu20 microspheres, pyrrole, and ammonium persulfate at different mass ratios.
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Structural colors were constructed on white polyester fabrics pretreated with
polyacrylate (PA) adhesive via atomization deposition, followed by
polydimethylsiloxane hydrophobic treatment. FTIR, XRD, particle size analysis,
and SEM results confirmed the successful synthesis of Cu.O@PPy hybrid
structural color microspheres with five different particle sizes. Atomization
deposition of these microspheres on white polyester fabrics produced five
different structural colors of blue, green, yellow-green, yellow, and dark yellow.
The structural color fabrics also showed the excellent washing fastness, rubbing
fastness, superhydrophobicity, and anti-fouling properties, with no significant
impact on their physical properties.

(2) Preparation of SiO:@PPy hybrid structural color microspheres and their
application on white polyester fabrics:

Si02 microspheres with different particle sizes were synthesized using an
improved Stober method. PPy was in-situ polymerized on the surfaces of SiO:
microspheres with different particle sizes to prepare SiO2(@PPy hybrid structural
color microspheres. Structural colors were constructed on white polyester
fabrics pretreated with PA adhesive via atomization deposition, followed by
hydrophobic treatment with PDMS via spraying. FTIR, XRD, particle size
analysis, and SEM results confirmed the successful synthesis of SiO.@PPy
hybrid structural color microspheres with five different particle sizes.
Atomization deposition of these microspheres on white polyester fabrics
produced five diefferent structural colors of blue, green, yellow, tan, and pink.
After treatment with PA adhesive and PDMS, the structural color fabrics
exhibited excellent washing fastness, rubbing fastness, superhydrophobicity, and
anti-fouling properties. Moreover, the physical properties such as hand feel and
air permeability of the fabrics were not significantly affected.

(3) Preparation of fluorescent SiO@PPy@CQDs hybrid structural color
microspheres and their application on white cotton fabrics:

Si0@PPy@CQDs hybrid structural color microspheres with different
particle sizes were synthesized via a one-step hydrothermal method using
Si02@PPy microspheres, citric acid, and ethylenediamine. Structural colors
were constructed on white cotton fabrics pretreated with PA adhesive via
atomization deposition, followed by PDMS hydrophobic treatment. The
structure of SiO2@PPy@CQDs microspheres and the properties of structural
color fabrics were characterized by FTIR, XRD, particle size analysis, SEM, and
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fluorescence spectroscopy (IR). The results confirmed the successful synthesis
of fluorescent SiO@PPy@CQDs hybrid structural color microspheres with five
different particle sizes. Five different structural colorsof dark green, green,
yellow-green, yellow and pink with distinct blue fluorescence under UV light
can be prepared on white cotton fabrics through the atomization deposition. The
structural colored fabrics also exhibited excellent washing fastness, rubbing
fastness, superhydrophobicity, and anti-fouling properties with no significant
influence on their physical properties. Using SiO@PPy, SiO@PPy@CQDs
hybrid microspheres, and SiO:. microspheres, anti-counterfeiting fabrics with
single UV-responsive and solvent/UV dual-responsive properties were prepared
via multi-layer alternating atomization deposition and hydrophobic treatment.

Zhao Xianglu(Textile Science and Engineering)
Supervised by _Fang Yinchun
KEYWORDS: structural color, hybrid microspheres, color fastness,

superhydrophobicity, anti-fouling, anti-counterfeiting
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B 1-7 () HEAPIEEREE M Ag/PS ZR GBI, (b) P(St-MAA)SS 4 t 2l e 20
Fig.1-7 (a) Schematic diagram of gravity sedimentation method and Ag/PS structural color film;
(b) Structural color assembly process of P(St-MAA)
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Fig.1-8 (a) Schematic diagram of vertical deposition method and SiO: structural colored fabric; (b) Front
and back sides of P(St-MAA) structural colored fabric; (c) Hydrophobic and iridescent PS structural
colored fabric
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RRMLI AR, Wl 19 (e Fis.
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BRORIARULAC, 75 5 3% ZE AR ME L BRI v 7 ScBL TMANH , b7s EdE—2b
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Fig.1-9 (a) P(St-NMA) structural color pattern; (b) and (c) are structural color fabric without and with the
addition of formamide, respectively
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B e [ A BB R S TR T BT B AL, B2 R B S S B D5
R [ PELS, HREE I A R A R R s IR BRI TR S O3 17K R R SRR B 1 4
(EL L) 2 25 A B ™8 AR BE AR B 0 TP AT P o R S S o R e i R A R

Bl 1-10 (2> #eb EHHBOR B K Si0x S5 G (b) RFEMA T P(StMMA-AA)Z5 14
(SRR
Fig.1-10 (a) Schematic diagram of electrostatic self-assembly method and SiO: structural colored fabric; (b)
P(St-MMA-AA) structural colored fabric under different viewing angles
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Fig.1-11 (a) and (b) are the schematic diagram of spraying method and structural color fabric, respectively
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B 1-12 () ZAIRPoRmE REmEEEM, (o) ey RILES Kk AU
Fig.1-12 (a) Schematic diagram of atomization deposition method and structural color pattern; (b)

Structural colored fabric and its static water contact angle
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BEHE Y Si0y/C 5 tERRZ), WK 1-13 (b) fin. AR, @R Sio, MERKIHE
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FEEFISEE . IXPhEs e [ 2H 2% 1 9 AE T4 T 58 T Si0o/C 5 tafiizE M, Rthgs
P E AR L) B 0 S B 7K P A B €2 2 8 o %t S RTE G 43 b o % v LR
AL AR S e T R S A R AL T B 0SB % . Zhang USRI 475 e ik = F AR R e
T (HTMOS) X Stober £ 2 (1) SiOAERHEAT it 3745 7 iK1 SiOAHEk, ¥4
B 7K SIOLFUER 7 BOBCR AR IR S, il & 1 afe BBt S Ha R g K PR 25/ e 234, 1l
1-13 (o) fivn. [R5 B BAA M KSE . M. b2 thiFnf S Eae . % Fidt
— B T S ARG LU AT 0 N AT .

198 nm

245 nm

Bl 1-13 () CuO S EgUBl; (b)) SiO/C S ELI: (o) SioL5H gl
Fig.1-13 (a) Cu20 structural colored fabric; (b) SiO2/C structural colored fabric; (c) SiO: structural colored
fabric

(2) fERAG MG

JCT i AR R TR R (R ) S AT P AR (5 5 IR SLRE 7T, S el 2 6 B B A9
JEIEVEAE AR IRRFE T2 P AR e P o s O SR A5 AR A, A TGl s H A
ZINHT

;JJQ’” ' _ “ﬁ$;g
~ANMNRRENGE

%Methanl

%Ethanol
: ,{&
R@; .
! |
ek ‘F
40 50 60 70 80 90

/nPropanoiO 10 30
K 1-14  Ca) B8Rl (b)) pH MR (o) N[RIEESM R Kk i i i 78]

Fig.1-14 (a) Humidity-sensitive response; (b) pH response; (c) Response to different alcohol substances

and concentrations
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Fig.1-15 (a) Application of SiO: structural color in anti-counterfeiting; (b) Application of PS and PMMA
structural colors in anti-counterfeiting
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Fig.1-16 (a) and (b) the color photographs of SiO2@PS microspheres with different particle sizes
assembled on white and black fabric substrates respectively; (c) and (d) present the reflectance spectra of
Si02@PS microspheres with different particle sizes before and after assembly on white and black fabric
substrates respectively
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Fig.1-17 (a-d) Photos of blue, green, yellow, and red structural color fabrics taken by digital camera and 3D
video microscope, respectively
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Fig.1-18 (a) and (b) show the effect of PDMS concentration on the contact angle of red films; (c) and (d)
are photos of water droplets on the surface of red films before and after hydrophobic treatment, respectively
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Fig.1-19 Photographs of solvent/UV dual-responsive anti-counterfeiting coating during (a) preparation and

(b) decryption process
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Wb E R AR, SRJG ¥ PDMS B/K BB SR I HAE AL B M (o 5. R T
Cu0@PPy Z& AL TER AT 45 M U 2RI, RS T 4 PA Fi4 71 PDMS B
TKEEIRFKRBIR (K] CuO@PPy 445 1 (Ut 4 g MR B PR ST
2.2 SEISHRIANNES
2.2.1 SEBEFHR)

A A8 B SR SR 2-1 BT

% 2-1 SRR

Table 2-1 Experimental material

SKI AR A% N

MLE s wiilES FigER R T AR A BR A 7
T B R B 98.0% FigR R T AR A PR A 7
B TR 1 wiilES ZE T MARFIAT R A 7
TR 2.0 99.7% EREREA AT IR 2
FrBTR =4 LwlES (ERAE s vl
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L3R 2-1
SISk A% P S
5 LI s fv Mw:58000 By T A PR A
- EwilEs Bir bz TR A PR A 7
SAE AN Wil IR IR A A
e NI EwilEs BTz TR A PR A 7
KNGS FS0 (PA) & H RET RIS A RA
PDMS Tl & /4 Sylgard 184A i FHEERTAHRAF
PDMS [i]{t.71] Sylgard 184B P H FHEERTAHR AR
RN Sroeaaty] 72 g/m? TR LGS TR A T
FI IR 4 105 g/m? TR LGS TR AT

e

2.2.2 SEHHY

A EEAH ) E B SRIAN ZR R 2-2 AT

* 2-2 LIRS

Table 2-2 Experimental instrument

SIS Liesy HFETR
TR R N AL s HI-6A B ] At ) 3 A PR )
B0 H1850 T TR AR S 2 AX AR R AT PR A 7
FL P IR S X TR AR DHG-9010 Eig—ER AR A R A ]
AR HD-130 BUMIAR T 58 B A BR A 7
IR WH-2000 VL5t BRIEE ST B8 I A IR 7]
GRKLEE 73 BT A Zetasizer NanoS90 Y Ty IR A A PR A #]
bIUNEENLREER 1Y 1050 %[ Datacolor 7\ 7]
X5 AT AR D8 FOCUS [ A1 6 5
YR S A R S-4800 HAH LA F]
2 HE S Fr A C-60 iR E BRI R A A
4 H B g SR YK-FZ66 ZREE TR 38 e & AT PR A 7
4 H S ZUEHEREAX YG(B)022E TM TR R FUE A PR A F]

2.3 SEWHE
2.3.1 Cu2O KRN B K

¥ 4.0 g LA, 4.0 g FPERREAAT 10 g T LIS GE B N 2 - BERIK TR &
Wil il 3:1) , BEIHEEE 3 h, EE S HRYS 20 min BRI S R IE AU . (R
AR, 17 LR RN 160 mL & ALETR (0.5 M). #R)5, K 120 mL #ii
I BV (0.2 MY B I NI B IR, 78 20 °C N BE 2 ho £E 5000 r/min 36 E T

18
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E50 10 min 32BN, FEH 50% LEERES — IR 2 RECE, &5 50 CTFHEET
£ 12 h, RIAT33] Cup0 k.
2.3.2 Cu,O@PPy Z{LFKHI & AX

¥ 1.0 g Cu0 B A 60 mL 23 F/K I 100 mL etrrh, TERE S48+ Ll 500
r/min BEEFERHFE S, FIIA 0.2 g HEIE HAA, =0E FHiHE 30 min, A)5%% 0.4 g 14
B NN BIVE B ) AR SR R BEEE 24 ho B OB 25 SR V2 10 000 r/min 250> 30 min,
ZETK/CEE (1D BEHExR, BHINERILE, SE1E 50 °C AT 12 /N, 8]
AR BIA R RAR B CiO@PPy FAGAE M Bk . Horb DUARIRAR 1) CuzO Tk S |
I AR R B 42 R AR B B L Ak 382 414 A1 452 nm ] Cu,O@PPy ik, LA 316 nm [
Cuz0 FERIEG | Ik B 8 e 2 AN [R] 74D i &t BL A B 500 FH 563 nm [ Cu.O@PPy {45
GAREERTIEE
2.3.3 CieO K Cu,O@PPy Z5# & LR AY I &

I TR IE R EE F50 VA RAE 2585 T /K R & 20% PA 73 B #4 0.1 g Cu0 #
KIONE] 4.9 g ToAK ZBEF, R BAE 3] 2% Cu0 ER B . K Cu,O@PPy fAER LA
1:15 MR R AR L5 ok, Jef s 4080 10 min, AR5 R AL 1R 80 12 h 15
FIH LI Cu20@PPy TER 7> HOK -

AR RO R YR BRI = PA W, FHAE 100 °CFT/% 1 min, RAJE1EH
A BHRIE T Cu0 IR HUR, &5 HIMAE 100 °)CHEAEH AL 10 min, RI453] Cu0
g, 15 A AGL LRI BHRE =T PA B, SRJE7E 100 °CF /& 1 min,
WIS Z AR Cu0@PPy TR 7 HOH S5 AL UTRRTE A B4 43 L, H¥ ZATTRE 1 E
A BWIAE 100 °CHEAE TP T4 10 min, LA3RAS Cu,.0@PPy S5 # . 2:4).

2.3.4 FBELAYIRNEKAIE

¥ PDMS T A& Sylgard 184A FIE (L7 Sylgard 184B & i & Lk 10:1 N AFIEC
Berh, o R BN 5% PDMS ¥R . R W4 556 38 2 (1) PDMS ¥ T Ab 7 3]
Cuw0@PPy 5 WK, SRIGIEHEHF 100 °CHE 20 min, 5845/ B4 ET K AL FE
2.3.5 M SR

(1) FT-IR iz

Cuz0 Fl CusO@PPy U ER 144,27 45 #4368 i {8 FRL AR 46 21 A0 1 73 BT A3 AT RAE . 52

56K AR AR I v sk R B BE ], DGR 4000~400 cm' .
(2) XRD ;Mg

Cu0 K CuyO@PPy BRI i AR 45 038 L X5 LR AT BHSGIAT RAE AT S TE 1 (20)

N 5~65°, FEE A 4°/min.
(3) TERRLEMIR
Cw0 K CusO@PPy TER I¥1~F- 35 ki A7 LA R oKL FE 3 AT e ot 4R oKobL B 2 A A3 AT 3
SEERAE 25 ° CR AT AR 3 I, BCFIAE.
(4) RHTZESIEMK
SR FH I 1 A R AR S5 48 (L 23 S il o It S 9 400~700 nm
19
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(5) AR
Cw0 K CuxO@PPy 4514t 24 2 11 (A AO0 2 308 it 37 S A e s Bk AT W 2. U
B TAER A 1.5kV.
(6) Hfil /Ml
KB fl A RSO0 PDMS Ab 35 R 2 e 2 /K B fih A AT 5 5 7K /N A
2 uL,
(7) BEEMR
SERI WK e R SCIR AU I 77 15104, ¥ PDMS AL BR 5 1 45 14 (L 230 B il B AR
6 em WIETEZWY), TN 200 mL EEF/KEIBMH, BT 40 CCHEIRIRG KIFIL
1R 2 h 7€ 50 °CHLAE THHLT . % Datacolor 1050 I 443 52 7K e Bl Jo 45 46 € 2R A )
S o 38R LS5 R € 2R 7K BT S R SRS SR 0GB 78 A VP A I 7K 358 €8 2 FE D04
GE R € S BE PR FH S BRASLADL IR 7 VR HEAT , K PDMS AL BR 5 1) 45 44 € 23S £E 3000
HERb A L, $ 3 L E 50 g BERD I A Bk LA S SR, KT EI8R 50
ALK RS S om, HEIZSHE 50 K. K Datacolor 1050 Wl 43 &
JEEPEHI J5 S50 L AR SR 5 28 VDI SO F06 0 o 8 f B 454 € 2 BE T S R IR
S5 2R UGB AR AL VP AT I B 458 €00 72 FE 1S,
(8) HEHEE RIES MM
FZ I GB/T 18318.1-2009 (ZiZidh LAV MitkengilsE 26 1 &5 Rk , R
FH 4= S SV REHE FEE 4SR5 ) €0 S 28 1) R 48 i RARE R AT 5 o RN 3 Rk, B
IR
FZ M8 GB/T 5453-1997 (iZish L@ EmE ) , RAH% H shZ3WiE <Ak
PO R B S AT I E o« MR 2228 100 Pas MKTHIAR A 20 cm?; A 3 1K,
BP9 .
24 FER5E
2.4.1 Cu0 #1 Cu,O@PPy f{FkFRAE
(1) £I9MEBRAE
KA AMGIERAE Cu0 A1 Cu,0@PPy BRI A5, S5 5 WK 2-1 Fiom. MK
2-1 AT LUE Y, B2 IR AEAE 631 em! AL HIRHIEIE T JE T Cuz0 H Cu-O iR sh IR e,
Ui Cu,0@PPy WERH & Cu0, 1H Cu0@PPy 2L 631 em! Ab HRFIE g BH 2 55 T
CwO 1%k, B Cuy0 Kifi tHT PPy ()78 T BRI 38 B2 FEIK . /£ CuxO@PPy HiIZ:
H, LT —LERT 0. 1585 ome! ARG JA ER T IERE R A ) C=C SRR RSN IE . 1
1408 cm™! #1 1346 cm™! AU R T C-N B4Rz . 45 K Cu,0@PPy flEk 41 47
7t PPy il Cuz0.
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Cu,O@PPy

1 " L

4000 3500 3000 2500 2000 1500 1000 500

WA /em™!
K] 2-1 Cu0 H Cu,0@PPy IR LA 1
Fig.2-1 Infrared spectra of CuzO andCu,O@PPy microspheres
(2) XRD FigsRAE
K H XRD HiEFAE Cu0 Al CioO@PPy BRI SR G54, 45 RAnpE 2-2 Fior

111

200
220 )
Cu,O 110 311

Cu,O@PPy

= SO

10 20 30 40 50 60 70 80
20/(°)
& 2-2 Cu20 Al Cu,O@PPy k) XRD i
Fig.2-2 XRD spectra of Cu,0 and Cu2O@ PPy microspheres

WK 2-2 i, PAEHIZRAE 20=29.6°. 36.5°. 42.4°, 61.4°, 73.6°H1 77.4°4b [RIH54E
FTHHESTRF(110). (111). (200). (220). (311)FIQ222)/ fhTH, ShnvE Cu0 (K5
JCPDSO05 -0667)AHWI & o 1 3% BH SR AH gt 1) 3% T 078 JF R 2028 CuaO B iR & 1) o i 45 11
Cu0@PPy BRI L Cuz0 7E 20414y 2200 &L 2| — v, R RMEs LUE RS E R
ET CwO MR -

(3) KRS
ANFERIAE Cu0 Al CuxO@PPy ERRLAR 2> A W 2-3 s M 2-3 AT LR H,
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Cu20 1 Cu2O@PPy IR HIRiAT /AT WEAE T B, KW Cuz0 1 Cu,0@PPy ik A R
UF O . IS U Cu0 A G FE P LR AT AR IR A I L& L, AT LAAS BRI AR
4 288, 306 1316 nm [ Cuz0 Bk A[FEKAR Cuz0 fdk Ik g A B iR e 4 R AN [A)
F B EL A I 2% 7RI A 3824 414, 452, 500 A1 563 nm ) Cu.O@PPy fiER. K1,
1% AN [FPRLAR () CuxO R, BLTE& o f2 H it Fd g s ) &, 7l AR BA )
P2 Cu20@PPy K

40

—=— Cu,0-288 nm >
—o— Cu,0-306 nm &
—4—Cu,0-316 nm

—v— Cu,0@PPy-382 nm
—— Cu,0@PPy-414 nm
—4— Cu,0@PPy-452 nm
—»— Cu,0@PPy-500 nm
—e— Cu,O@PPy-563 nm

30

i /%

10

1000

1 o 10 ’ l(I)O Bl
i 12/nm
B 2-3 Cu0 F Cu,0@PPy TR I RLAR 3 A7
Fig.2-3 Particle size distribution of Cu20 and Cu2O@PPy microspheres
2.42 LAY F MRS HMITS
Cu20 Al CuxO@PPy 514 T L) IHS IR 7 in B 2-4 P

306nm

10000

(b) Cu,O@PPy
Kl 2-4 (a) Cu0 Ml (b) Cu,O@PPy 44 ¥4 o 41 i B i A
Fig.2-4 (a) Cu20 and (b) CuuO@PPy digital photo of structural colored fabric
AFIRAZE Cu20 1 CuxO@PPy IR FZALTTARAERR 2 R b, 239 23 AS R B
o, K 2-4 (a) Fiow, BRIAR2r 514 288 306 Al 316 nm (¥ CuxO FHER FAL TR B
g W) b, AR BIgRE . A A 3 MEMaRY. WK 2-4 (b) Fix, i
%24 382, 414, 452, 500 A1 563 nm Y Cu2O@PPy BRI A ik 2y 1, 1]
RIGHE A, ZRfe. P4, ARG S ey, EREWH, CuO HMERLE
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M PPy J5, ATIRSCIEAE TR, IR AR AR, ATITE B R W)
TR Rt P £ ) £

Cw0 1 CwxO@PPy Z5 A LW [ S ek an il 2-5 B . M 2-5 iT LR, A
[F R A2 ) Cuz0 Al Cu2O@PPy fBR (1) 45 46 (V1) SO RGN B A . B Cuz0 FiERAL
12 M 288 nm BN E] 316 nm, Cux0 4544 €4 2RI f R A A 520 nm 391 E] 610 nm.
fE%E Cu20@PPy fERFLAE A 382 nm H 1% 500 nm, Cu0@PPy 4514 LW e K S5
B 440 nm B I03) 630 nm. KL, KEARKARH CuaO@PPy IR ITARIERR 22 2
b, ATDAR B FE B R S5 R L)

| —=— Cu,0-288 nm —e— Cu,0-306 nm

20 b —4—Cu,0-316 nm —v— Cu,0@PPy-382 nm

—— Cu,O@PPy-414 nm —<— Cu,O@PPy-452 nm
Cu,O@PPy-500 nm —e— Cu,O@PPy-563 nm

15

/%

=

s 10

&

400 450 500 550 600 650 700
¥ K/mm
& 2-5 Cux0 Fl CusO@PPy 45414 t 2V s I ' it
Fig.2-5 Reflectance spectra of CuxO and Cu,O @ PPy structural colored fabrics

Zkth CuxO@PPy Z5 9 tIWIAE AN AL A1 F (K i 2-6 Fros

. et

2cm

Kl 2-6 Cu,0@PPy 454 (W ZUILEANRI R A1 1) B A
Fig.2-6 Digital photos of SiO2@PPy structural colored fabrics from different perspectives
M 2-6 FTLAE H, Cux0@PPy Z5 4 L RN FIRL A T B A R R B, 3R B
1T Cw0@PPy Zif it 5Tk, B EIAR AR G,
Cu0 Fll CkoO@PPy &5 #4 L 219 1) SEM HEH W] 2-7 Fiw « K 2-7 AT LA H 5 Cu0
A CuxO@PPy R JLFE R AELY) b CoO@PPy BRI TH L Cu0 UKL RS, X W]
AEZHT PPy R EE. Cu0 M CwO@PPy WERESWIR I 2T 7 HEF, Hlit, Cu0
A Cu,O@PPy £ 35 L — it
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5 00urmolgh Eivr ; P -Jm- &

B 2-7 RFEHCRFEEC R (a) Cu0 1 (b) Cu,O@PPy 4514 (4 21#)1¥) SEM JiE )y
Fig.2-7 SEM images of (a) Cuz0 and (b) Cu2O@PPy structural colored fabrics with different
magnifications

SELDKSEM)

2.4.3 FEta AR K M EE
4R CuaO@PPy 45 1) (0 244 PDMS AL )5 i /K M AR 45 SR 4 B 2-8 Fiows
b o
HiK g

450 500 550 600 650 700
WA /mm

K] 2-8 (a) PDMS &F |5 CuuO@PPy 45149 L2\ F A /K #Efl A  (b) PDMS 4# 5 Cu,0@PPy
SR AR ERS TG (o) PDMS 4bF /G Cu,0@PPy F5H4 AR shaS it it (d)
PDMS 4 FERTJG CusO@PPy 5/ AR ;. (e) PDMS 4 FT G CuxO@PPy 45 ¥4y (1 24 1) [ S
ik
Fig.2-8 (a) The water contact angles of Cu2O@PPy structural colored fabrics before and after PDMS
treatment; (b) Anti-fouling test of Cu2O@PPy structural colored fabric after PDMS treatment; (c)Dynamic
anti-staining test of CuzO@PPy structural colored fabric after PDMS treatment;(d) the digital photos and (e)
the reflectance spectra of CuyO@PPy structural colored fabrics before and after PDMS treatment
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PR S5 R ) S EMLHI T AN, BSOS A R AR A, g5 (. m] LUK AS
HRE; (HRARHEE S ELRYIRT G, WEEANEET, BURT HAR=, 15
CwO@PPy Z5 B ZIHTH 2T LU T R, & FEAE IR ERN K, Fik, @i
FES ) (SR T B i PDMS W VRIEAT BiK AL R, Al kGl /K fa 25t (s 2k, #h%E 7 H
RiFHVEHE . MK 2-8 (a) FTLAEH, K& PDMS Ab FH (1) 45 {0 45 46 (o S0 () B 25 7K 22 fi
/T 900, M B4k (0 CuO@PPy 25 F L4142 PDMS A3 Ji5 i i A4S K 2 A A Tk 150°
DL b, RIS K R . MRIR I ZE LI B K, 75 R B AR IR ek
TR LR IRRESE 1 . CusO@PPy TR/ A CE LT 4E b 5 A BAHOK /A8 K R R RE 25 44
4 PDMS SR B R T fa, 7] ARG AR I Ee . /> & PDMS &
W57 R CwO@PPy Ik [RIEEFRH, {15 Cu,0@PPy IR FIHEF B N %%, W]
AR AR . Rk, PDMS AbH 5 45 1 (B 2 3R T B A R K T B

FEHE AT, SRR R R AR ZE BT M, SR EAREE ) B K
PRI H B R ThAE « ARV % 2] PDMS Ab P 5 1) 3 4 (0 245 F4 €0 2R 22 THI ) 18
Rl 2-8 (b) FvR, AdEHH WA MEVE . B nrRAIA SRR /£ PDMS
Ab TR S5 S R T AT R IR BRI . 10 mL A] SRAE 5 300780 E 4 Kt 4 b K
HERNIFEWE 2-8 () A, RILUEH, W] AR T 1E S 4R th 45 1) (. S 3R T mT T A [
BRI RTE , Hab M gUaa s i R0k, K PDMS AbH 5 4584 2t & W
(AR B L S R K AT B B v

PDMS #b 35 [ s x5 M U R in B 2-8 (d) Fias. AT LAE H, PDMS Ak
5 TR 25 A € SV (0, 9 A 52 30 B S 520 . PDMS b T Ji5 () 385 43 €0 45 460 €0 200 I it 28 it 2%
Wi 2-8 (o) fizn. WTLAE W, S50 G0 O ZRIgh B A KA, Ui PDMS 42
AR SR B . PDMS b3 5 i 434 I S R I E 5 A 35 AT (9 A0 L AR AL /N T
0.42%, ZHH PDMS AbEEAS 2 %) 25 44 Ea 30 (1) B0 € 7= A BH \2 52
244 EHEOYNEEE

308 T W00 5 T 7K 5 0 2 FEE R PR 4% £, 72 SR R ATE PDMS AL B 5 I 45 1 (L W) (7 i
SERWE 2-9 k. HE2-9 (a) ATEH, KPLHTES A asEa A kAR,
IK PR J5 S5 84 B 2P St R i 2 L P — 35, 7K S (1 45 40 0 20 S S 2R WA e /K B i
BRI 0.24%. 25K, S EA RIFMIKEGAREZ. WK 2-9 (b) iIE
o BTG A BB G BB SMaimaatRL S EEE, H
SR IGAE PN 0.29%. (R, g5 g BA BRI i B A4 . X2 HT PA
A R EMER AT ER, SiO S5 B E T PA 254 I e SR,
IR S T &5 1 B 25 f Fe e T AN e 22 B
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14 b —=— Kkl

400 450 500 550 600 650 700
#t/nm

B elutiaty] 90l —:@ﬁuﬂ R
— KRS

S

400 450 500 550 600 650 700 400 450 500 550 600 650 700

Wkemm Wk/nm
Kl 2-9 (a) SiO.@PPy &5 H (VWM K BE o 22 B2 (b) SiO@PPy 544 (L 2V )i JBE 44 (10 72
JE D

Fig.2-9 (a) Washing and (b) abrasion colorfastness of SiO2@PPy structural colored fabrics
245 GHBAYINERESESMS
IR T I R ) R ) SRR AR AR Sk AR HL R PR R, 45 RN 2-3 PR
* 23 GRS RERE S % S

Table. 2-3 Stiffness and air permeability of structural colored fabrics

e (&) T (4im) .
—\4/‘
WS T I/ BRI/
’ wikem R e om TR (mm-s™)
(mN-cm) (mN-cm)
JRE 3.79 1.86 4.29 2.09 423.453
e ARG RAAL Y 4.69 2.11 4.98 2.32 348.024

H# 2-3 LU H, %4 PDMS A3 5 IS5 M (230, 25 MK REANT 28 W FE 3 A
W, ULEAZE R RN PDMS AbFE 5 R HE LR A SN, SREPERERS A bRk, St
LSRG, HLERHEEA —EFIK. X EERHT PA &7 Cun.O@PPy
BRIEAFYE S BRIMIETS, H PDMS WilR 5 CuuO@PPy EKHEFIE &%, M54
P LW TR RS SRS TR . (BARLL TR, S5 e g0 IR R A % 2
AR TR
2.5 KB

ARFEVIAFIRLAR CunO BRI nes ATl Tt 1 e 42 HECAS [ 140 ol ot BL A AR 31 7 AN IR AL
1 Cu2O@PPy Z AL TR - 4 CuxO@PPy b kil it ZALTBIEAE S PA &7 Filst
A O AW B @R, JFEd Bk PDMS Hill & 1 B G KA B i TE DK
gipta gy, Rk Ran .

(1) FIhHI% T 382, 414. 452, 500 #1563 nm AS[FFi4% K CuxO@PPy Ak 45#)
ek, WS TURRTE AR LW PRIt SR, B4R, EEOMRTE S fi
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ANFEIEE R 258 . T PPy X Cu,O@PPy fERI 078 , CuxO@PPy IR K Mt SiO,
TERRL RS, [FIB CuxO@PPy TERTE LW 2 T FHES . Cu.0@PPy 2514 A AW LEAN ]
AR B AR i, R Cu.0@PPy S5 H i 5 M e, BB IR
gkt

(2) % PDMS AbFE 5 1) 4509 2R A /K el f nT B 21 150000 |, RIBLHAR = 1)
FREE KRS AEVEHH IS M & AT AR ARG SE VN il 7 PDMS Ab B )5 1)
gty giRim EIEBKR, e E HiRs, KRUHEA IR HKM 3G =R
H PDMS Ab 3 5 4544 (2 234 f i Z 06 55 Ab BE T AR LA 4k /N T 0.42%, KB PDMS
Qb FRAN 250 G 1) L AW R B 7 A B R

(3) GRS EMOREYBERAR, HIH SR ZRIEE PN 0.24%; £
Y JE a5 Mt A G W AR, HOH SO FRIEE BN 0.29%, R EIMER) PA &
B AT T S5 4 (L 2 R RV 7K e AN EEHE (A2 . S5 Rt ZAAH EL SR 230, Sty
LN E SN N, A REA 252 B W] K520
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58 3 & SiO,@PPy Z:{k L&+ & i EkaYHl & & K F

3.1 5|8

AR, TN GUARIE A RIS =B, T ST WA RT A1 Mie
B S, A E A RHE G400 ] 5% g i 00981, Horr, i F IR ERTE 47 41
AR B TE O T i R BON IR BT, R TR g2 7
IR FE1000, Sl AR B ISR R L, BT TR BRIAELE, AT LA
A B S R 2 A 1101102y Tl R AR 0 B R IR % R S MRS A, G SRR R B AR
FFEWR AR A 6, AEANFII A N REUR R B . IX AR RN R 1 1 6 i
AR R EAEGT L BB SEBR N, BRI s 235 A5 A e A ) — i 75 LA
Al A N 2 EENs), R R EREA KRS T AR i Ak, BTE
18] [ P AR 5 4 €20 T E 75 AT 5 RS 17 A K ) Sy 1041080,

SR, RS OG T SRR S5 M & B T A T HU AR iR, AR ERE OGS BB
JSCEE G (1) 25 K € 01001, SRy 1 ek BN R S R (R RS e, — SURAE SN L AE SR ) b
B EERI, I I PR AER PR BRUR O T DA S €5 SR AL AT 7 A B s A A € 00T AR
7 B S ) SR T A RE R T V2 N o 5 SRR AR R SO T SRR S5 R B i
IR EARL, a0 5 kS0 OS5 2 E 00 NGRS | ) B AR RO G . PPy /BN
— R R A S H &S TR, wT DARCRT WO, SO AR R ORI 2 B R I A
(A HLER 21130,

AR FH G Stober 15 il & AN R R SiO2 fER, FAEAFIRIAZ 1) Si02 13
BRI EAL IR A 4 5 PPy, il % SiO.@PPy 2 b 45/ tafi Bk, KA ZIIRIATES PA
FiA TR A R L W) F MR, SR )51 PDMS Bi /K 3238 551K F i iR vk A 3
SR . TRIL SiO@PPy FAUTIERNT s /) AW B L R, W9 PA B & 771 &
PDMS #b B 5 (1) 5 A sk 45 1) € 20T 225 1) B 1k RE PR 52
3.2 SCIGMRLFA(NEE
3.2.1 EH Y

A AL FH ) E S IOM B R 3-1 TR

% 3-1 LM R

Table 3-1 Experimental material

SKI AR A% N

TR LB 99.7% F g R R AT PR 24 7]
2K 25-28% F g R RERAR AT PR 22 7]

FERR DY 215 98% FigR R T AR A PR A 7
Ay LwlES TR T AR A PR A
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23K 3-1
SISk A% K
T R 98.0% BT T AR PR A
RWNIHIETE FSO (PA) & FH HRFETTRFES SV A BR A
PDMS Tl 3R 14 Sylgard 184A P H X EE R T AR AR
PDMS [i]{t.71] Sylgard 184B P H X EE R T AR AR
S A 2 72 g/m? TR R LGB R A 7]
(SREN S LY 105 g/m? TR LG BUE R A 7]

3.2.2 SEI{UER

AR FAF R FELIAIR SRR 2-2 iR,
3.3 XWHE
3.3.1 SiO fEKA & BX

K G ) Stober 15 i 25 AN [ RLAZR 1 Si0: kM4, K 16 mL Z/K 1 6 mL %
BT KA K — @ B I SEEMN 250 mL AR, FERLHEHESR H BL 500 r/min f33 %
BiHE, KIINIHE 60 °C B, AN 12 mL PIRERRVY B . K SN ¥ TR AE K i In Ak ) 2
TN 2 hy RS JE v EERE 20 min, K45 2] H H AFLEZ 10 000 r/min &40 30 min,
HAHEBETKELLE, &5 50 CHT, BIRTA3] Sio k. [Ee HAh s N &2F, 8
i OB ) T ) P B SRR T STO TIER I REAR K/, B FH B A% I E 66~108 g 2 [A].
3.3.2 SiO,@PPy ZAL KT & B

¥ 1.5g SiO2 ¥3 R A1 60 mL 285 F /K IIAN 100 mL Bk, FERE 145 FE48 L 500
r/min FERBFEIDS], B 0.1 g ML AE, =R FHiH: 30 min, A% 0.34 g i3
BB M BVR A FRAE SR R B4 24 ho B ROV 45 R ZE 10 000 r/min 250> 30 min,
ZETKICEE (1D WUk, ERERLE, REAE 50 °CTFHEZF T 12h, BIR1E
| SiO,@PPy WFR .
3.3.3 SiO, & SiO@PPy 544 & L2480 &

¥ SiOx FUERLA 1:15 B & LN AR TEK 4B, FR#E S 2081 10 min, SR 5 KA
JIFEHESH 12 h 13213501 Si0s Sk /- HOl . 21 2.3.3 #4714 PA & SiO.@PPy
pan: S

KR LB, FERLEYIRMBHRE M PA R, A5 100 °CF
T4 1 min. BILFAL 8K Si0x Al SiO.@PPy IR/ BB 7 59 FALITRAAE B 401 3 (35
W) E, 3K S TURG 28 SWWHE 100 °CHUA T8 10 min, DLIREEEHI 44,
3.3.4 SEHBEEYIRIEKALIE

% PDMS Tl 21k Sylgard 184A F[E {L7 Sylgard 184B % E i & kb 10:1 IIAFIE S
B, ELRTR R HUN 5% PDMS . K ABHIRIEE R PDMS ¥R A3 214514
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LR E, RIGFEHAE 100 °CHE 20 min, TERUEE I OB K AL BE . HARRRE WK
3-1,

e®e
’ Pyrrole §
In-situ polymerization @

Y
~ Si0, Sio,@PPy Si0,@PPy solid power
microspheres microspheres

Atomization
deposition °
Spraying _
PDMS
Superhydrophobic Si0,@PPy structural White polyester fabric
structural colored fabric colored fabric

K 3-1 H K SiO@PPy fBk Il & B A /K P I 24 (e ) = 18
Fig.3-1 Schematic illustration of synthesizing SiO>@PPy composite microspheres and preparing structural
colored fabrics with superhydrophobicity

3.3.5 MK 53RIE
Z: M8 2.3.5 M 53RALE
3.4 #FER5118
3.4.1 SiO2 1 SiO.@PPy Ik FRAE
(1) ZI5hAIEFRAE
KA AMERERAE Si02 Al SiO@PPy Ek Ik F 454, 25 R WKl 3-2 Fik.

SiO2@PPy

1
4000 3500 3000 2500 2000 1500 1000 500

1

HE/eme
K 3-2 SiO, Al SiO2@PPy fER FILL A1 it
Fig.3-2 Infrared spectra of SiO; and SiO: @ PPy microspheres
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WK 3-2 iR, 7E SiOx fhgkrh, 76 1095 ecm! Al 785 ecm! 4474 )& T Si-O-Si AN}
FRAP LGSR NIRRT PR 4E iR 3004 . 7E SiO.@PPy £+, HELT —LeBrilg. 1585 cm!
Aab Py U U PR T Rk g B H Y C=C B4 R BN U6 o 7 1408 cm! A1 1346 cme! Ak (I EE T
C-N 4R R B EEN1S], 950 em! AL (1) U 4% 45 7€ 4 Si-OH H X % (1 45 41k 2 g (116, 7
SiO@PPy JEHlEH,  Si0, B FR A g 41 2 U B 1ol i) B = AR 2 (796 em™) #%3)), 1X W] RE
F& 1T SiO. A1 PPy il i #F PPy _b [ N-H F1 SiO b [ 58 JR 7~ 2 18] 9 i H 8 i A B A FH 0171,
XL zh RUER B =Y fE1E PPy Al SiOs.

(2) XRD HiEFRLE
K H XRD JiEAE SiOx Al SiO.@PPy fERIK) FA L5 1), 45 Ranld 3-3 Fiw.

10 20 30 40 50 60
260/(°)
K 3-3 SiO, Al SiO2@PPy fER ] XRD it
Fig.3-3 XRD spectra of SiO; and SiO» @ PPy microspheres
WK 3-3 fioR, SiO2 il 7E 15°H1 39° 2 (A1 — A Ga i, K IILFAE T E T SiO: il
BRUISI, SiOo/PPy G M B G E A B R G %, ULBHALE PPy J5 SiO KAL)
A Z BN . SiO2@PPy TR IF FE I HE T AE 48 2 16°~38°, UiWALE SiO2 i3k .78 PPy
J&, WERITRAR A PR
(3) KRS
ANFEPRLAE SiO2 M1 SiO@PPy TBR HIKEAT 73 A1 B Jofy R B an & 3-4 s K] 3-4
(a) Al (b) ALAEH, SiOx Al SiO@PPy TER K42 7 Al A5 T 28, B Si0,
SiO@PPy IR EA REFI 8 . R SGER] Stober 12, MM ORENHE, &
T RIAR S 00N 200, 242, 251 269 #1302 nm [ SiOx fiER . K JRAL R AVETE Si0,
kR B PPy, 4 T iR R 221, 253, 265, 287 #1317 nm ) SiO@PPy /#
BRo UL, AGE RS BOE R oK QB &, BT DUE B R R AR 1) Si0, Al
SiO@PPy 13k, WK 3-4 (¢) P, SiOx Ik AR N E M, AFRAEE] SiO@PPy il
B R 2 F B . SiO2 fERR K 2 A U2 i T 3R & 45 1 13 6 SR A T B B s
SR, SR E PR SR S HEAR T-BUR DG,  f Si0@PPy T3k a] LA AN [F] B Ei €
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30 30
(a) (b)
—a— 209 nm —=—22] nm
BF e 242mm BT —e—253mm
—a— 251 nm —a— 265 nm
20F  —»— 269nm 20F —»—287nm
+— 302 nm —+—317 nm
s S st
g 15F g 15
0 A7
10 10+
5t 5F
0 - 0
1 10 100 1000 10000 1 10 100 1000 1000
HifE/mm KifE/mm

Kl13-4 (a) SiO2Fl (b) SiO.@PPy WERIIKIAL Al (c) SiOx 1 SiO@PPy FiER# K 1) HRS iR
H
Fig.3-4 (a) SiO; and (b) SiO>@PPy particle size distribution diagram of microspheres; (c) SiO; and
SiO,@PPy digital photo of microsphere powder

3.4.2 SR FEEESRMES
SiO2 J SiO2@PPy &5 ¥4 e 4R ) 40 HE A s S e v an 1] 3-5 B

(a)

(b)

—=—22] nm
——253nm
L —*—265nm
—v— 287 nm

#—=317nm

L L L 1 1 L L 1 1 1
400 450 500 550 600 650 700 400 450 500 550 600 650 700

K /nm # K/nm
Kl 3-5 (a) SiOxHll (b) SiO,@PPy S5 (LIS IE Fr: (o) SiO2 Fl (d) SiO.@PPy 454 {141
Y S e

Fig. 3-5 (a) SiO; and (b) SiO>@PPy digital photos of structural color fabrics; (¢) SiO2 and (d) SiO@PPy
reflection spectra of structural color fabrics

M 3-5 (a) ATLLEH, R0 58 209, 242, 251, 269 F1302 nm [ SiO: 4%
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BRAAZSTE B ALY b, ATERIE G, G, 0. WO EHFSER A0,
WK 3-5 (b) Fiax, ¥R Hy 221, 253, 265, 287 #1317 nm ] SiO@PPy fiEk4H 378
HEReLY L, aRAE G, S, i, A iMEasy. &REH,
SiO: Ik (.78 S €4 PPy J5, AIWRUSCAEART-HURDG, gt AL, M fE
B2 W) b1 R (1) 25 4 €
W 3-5 (¢) 1 (d) Fin, AEFRIZER Si02 Al SiO2@PPy BRI 45/ W) B A
AN ) S e o BEAE Si02 A1 SiO2@PPy TR KLAT B3E K, ZRWIR B A A BH B (R 210 %%
TUBRRLAT 5 25 1) 0 85 K S W8 K () 5% 28 T FH AT A AT S 7 R O«
2 = (AA3-D
Heb, d NETmEEEE, OANSCSHEMN SRR, o ANTEHEEL VIASIER
B RIS EE, wxﬂ&m@mwﬁﬁﬁ%MTﬁ%ﬁ%%EEMQ%,Mﬁ
SEGO KA. K, BEE SiO2 fl SiO@PPy fERRLAR MG A, 4544 €0 F i K 1
hn, SRR EDR . BEE SiOx FERRIAEM 209 nm #4113 302 nm, SiO, 45 #4211
R SORHE A A 430 nm 303 600 nm. fEZE SiO.@PPy fERAIAE A 221 nm $E N 317
nm, SiO,@PPy £ *ﬁ@//\fmmﬂﬁj(}iﬁﬂﬁi{tiﬁ}% 460 nm ¥ INF| 640 nm. K, BAIE
RO ﬁ@Mﬁ%% DIRRTER W) b, Al DL BN A I 234
2x 4 SiO,@PPy 5L VWIEAN [FIAR A R RS HE 4] 3-6 Pk

K 3-6 SiO.@PPy Z5 4 A ZVWIE AN R AL N (1 chS I
Fig.3-6 Digital photos of SiO2@PPy structural colored fabrics from different perspectives

W 3-6 fian, SiO@PPy &5t A ZAME A AL A T Box HAHR B, ik |
SiO,@PPy SEMth R 5 AT, B 2RI R IERLE RN 45 # o

Si0, Al Si0@PPy #Ek 45 /4 (W) SEM EG I 3-7 Fiom. MK 3-7 (a) #1 (b)
ATLLE H, SiOx H1 SiO.@PPy IR B 2B AL W) o SIO TERNERTE, RANHE].
SiO>@PPy YBR[ R TH L Si02 fERRL RS , 1X 7] RS2 B T~ PPy 21178 . Si0, 1 SiO.@PPy
TUER AT DL 42 AR A e A AR 7 AR dd T dn k. Si0s 8L Si0@PPy 13k 73 Btk
SALTE BRI ST R TR AR SR T, F TV A PRIa s A, R R I fosk s 5 21
e N AR, ARG/ A 22 T BT 4 RV 7 B A A2 DA — 25 e U AR R R 1k B 2L 2%
DR T B AR 45 2 AN AI A 286 1, SRR R EREAT . KELF ARG
T AR 0200,
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Fig.3-7 SEM images of (a) SiO2 and (b) SiO2@PPy structural colored fabrics with different magnifications
3.4.3 Gy LAYk % RE
2t SiO@PPy 454 42 PDMS AbPE J5 1B /K 1 BE I 25 S an i 3-8 i

A

181 —=— #oki
(e) —e— ik

3 l:l:tl:ﬂi:l:m.:' e—
Z2t
e

p

400 450 500 350 600 650 700
K /nm

K] 3-8 (a) PDMS LT G SiO@PPy 454 ta 2R /K3l /f;  (b) PDMS A3 J5 SiO@PPy
SR AR ERS BT (c) PDMS 435S SiO.@PPy 45 M i) sh AR it (d)
PDMS 225 SiO@PPy £t th WA Frs  (e) PDMS AEERT)E SiO@PPy 4 #4 th M1 %
P
Fig.3-8 (a) The water contact angles of SiO>@PPy structural colored fabrics before and after PDMS
treatment; (b) Anti-fouling test of SiO2@PPy structural colored fabric after PDMS treatment; (c) Dynamic

anti-staining test of SiO2@PPy structural colored fabric after PDMS treatment; (d) the digital photos and (e)
the reflectance spectra of SiO2@PPy structural colored fabrics before and after PDMS treatment

i 3-8(a) ATz, K2 PDMS AP 45 44 L W i K B2 i 1 /N 90°. 17 SiO2@PPy
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ik 24 PDMS AL B 5 IR /K i A vl ok 150000 |, R IR 57 BB B K 2
FR R A] B A2 HH T SiO@PPy TR AE 2R 110 TV 1% B RE RS 5 1 A PDMS I 1 R 3K [ e
HEE S S B BEKYE. & 3-8 (b) Al (¢) fin, AE BRI, o
ME. 5. B TIHAIA AR, HEATHES WO L, AT DU BRI IF AT L E hiR
B, REAT R . Bk, Sl aSWBA N s GGG WK 3-8 (b Fiw,
2 PDMS 42 )5 1 SiO.@PPy 45 MWt 5 2 A JL-F-AHIE, 3R] PDMS AbFEA 2
SN ZE R 2Bt . ] 3-8 (e) HATLLEH, BT PDMS b3 G 4544 (L 23 1) I
U ZRIEME FRAIC 0.26% 241, PDMS ABRHT 5 ) 458 (LW ) O 28 TLF-AH A . 452 3%
B, PDMS Bi/KALFEAS LT SiO.@PPy 4544 L4 it i ta s AL B 5 i

3.4.4 SHELAYNEERE

Zx 4 SiO@PPy &5 14 L 2N 7K Bl S i R 45 0,742 P ik 5 SR ] 3-9 oo

(a)

8|~ A
o= K

2t K
_",;:l:l:"

400 450 500 550 600 650 700

K /nm

o i siytantn | ol O e A
100
15 &
T 5
: wrﬁﬁ{: .......... &; -
40
9
2
o o
@0 50 S50 e 60 700 400 450 500 550 600 650 700
i temm i /nm
K139 (a) SiO@PPy £S5ty K BE A FEMNK; (b)) SiO@PPy 454 ta 2R W Iy i /B8 ¢ €1, 7
JED

Fig.3-9 (a) Washing and (b) abrasion colorfastness of SiO>@PPy structural colored fabrics

SER NI C 2 BEXS T SERR N AR AR B, R PA &R 9l NG gl
W) LA FE Y K W R BE SR G 2 B . ] 3-9 (a) FTaR, SiO.@PPy 4 n MK e Ja
B S BE s AT B E AR Bl . S5 CL AWK BE T Ja 0 SO AR 2 JLF- AR R, 7KBE ) R4S
T ) S RV A LK B AT R % 0.39%. Z5 9K, SiO.@PPy 45U A R
I BT 7R e B2 J3E o S5 A C D 0 R e BB T AR BB A K Sy, DT 2 45 4 €
BRI, U RIEEREC. WE 3-9 (b) PR, SiO.@PPy 45H (W21 Bk
BRI S BRI B LFHE, B aELLWFA BT, SiO.@PPy 45
T LA R 28 S BE R W BN D6 5 BE R HT A 1] . SiO.@PPy Z544 t143%)
TE R4 I TR VA S AN LG R BB AT B AR 0.51%, R W SiO.@PPy 45 H (23 i) [ i %6 52
PEISE AN, 25 RAEW] T SiO@PPy 45 # AU HAT R AT HOM BESR (0 2 5 . PA &b
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GRIEINRE W OSYEE R ORI . PA AMUAT DLk N3k 2 7] 255, 14
SRIWER 2 M 456 77, T H ] DAERER S W2 MY R4 6, RmamaRzES4
M2 RIS 77 Bk, H PA G 7], S5t ORISR B2 2 .
345 HHELAYINIRRESES S

X RGN SiO@PPy 45 14 (o 2 I R P AIE S S s e ge gk AT Il , 45 53
% 32 i

R 3-2 G OLIREHERE K

Table.3-2 Stiffness and air permeability of structural colored fabrics

WEHERE (&) PERESE (£

. — — TR E

i = il K /em PRI/ = i K /em IR/ (mm-s1)
(mN-cm) (mN-cm)

JiR 28 4.10 1.99 4.51 2.44 399.777

ARkt 5.08 2.38 5.33 2.54 321.794

H 3-2 AT 50, S5M O ZAMIAE L 2 1n) 1625 B FE AT W 3 LU R 230 s n
{EIINHANEH R o 25 dh A dh RO, AW B R, SRR . SR ]
YIIE S R0 399.78 mm/s T £ E] 321.79 mm/s, R FEIEEE /N T 20%. I,
SiO@PPy 454 1 PDMS 8 i /K AL H X 239 (1) S 0 1 A SPEAS 2 7 28 B 58 (1) 52 o
3.5 KE/NLE

A EE R O ) Stober ¥, BRG] SRR TK B &, G A FERAR R
SiO ¥k . FEAEAFIRIAL I SiO2 IR R 1 JE AL 3R & 42 1% PPy, il & 1 AN [FRE AR 1Y
SiO@PPy F A5t ek, ARG R ZITRUEES PA &R AL I B3 k2 21
V) IR gt €, HZadk PDMS AR Ji5 (1) 4504 ta 2R B AT B s /K Ay s R . B
USEET SN

(1) IO H T 221, 253, 265, 287 1 317 nm AS[FERi4E 1 SiO@PPy 2 fb4%
FIEAER, B A PTRE AERL LW LR T i, S, 30, BREOMRa
5 FANEBO A (. BE%E SiO.@PPy FERRATINIG R, 45t KA 40#% . T PPy
X} SiO2@PPy IR L7, SiO2@PPy IR E H L SiO, Bk AE, [FII 2 I JCE IR
M. SiO@PPy G5 B ZRWIAEA R A~ B AR M Bite, R SiO@PPy 4514
BRESAETR, MEIFEIRITREMEA.

(2) %4 PDMS AbHE 5 45 /0 ta 2R RS /K B A KT 1500, RIH L 7 i B /K
YERE, AT AR IS R 2 23 DRV PR 3 B P 0 R iy [ . AR R o LI A%
PV WE . BT SR AN AR FTAE PDMS AbEE S FgE A e A T I BRIR, A
H &), R\HLEAGR R B KFPEEse. H PDMS AbBE 5 2554 t 230 S 5 22
AR 55 AL AT AR LE AR /N T 0.26%, 2R HBH PDMS Ab B AN 256 45 1) € 234 [ € 7= A
-2

(3) GRS ERYBEAUAR, HIH P RIEEFKOCN 0.39%; &
B Ja S5 BB R, B R FR I RN 0.51%, REAMED) PA &
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70 AT T 45 A U R IR K e AN BE R G ZE L . S5 UM LR IR 2, LSRR
PERTIE SPERSAT B, RUIIHLRPEREA 2 52 2] 152 .
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£ 48 FRAFNEBEHIKAHIF XA

4.1 518

B A= AT BRIz W 2B A as AT AESS A & = AE T TR E I
SO R, FFR—MaR . A BRSSP DhH AR IR T R 25 S R A 7T
i HETB YR ZiEd e 8 ., ABUR B ABREED BRI, HAFEEDT
Dot R g . B, BUWEALE W B, CLkt—30 C Y 2B T K.

WkE T R (CQDs) A& Mg kL, RFIEHEAE 10nm LU, RAMRR
FOEECR e . RAFIIAEPIFIZ I AR 5 T R Th AL S84 A, AT ZE AR JEAS I
&SN A O S s B T B EAE A o DR R B R T RURT 25 B A R AR 2
V) EA DD bRES, AT LATEORUE N2 By Do 15 2B A m Bl e i [T, ) FH 2540t = AT
BRAEZAY) b TV 12 A 6 () Ve LR B2 R S5 0 IR Ah, SR S5 (ORI & 1 i 25
15 2 Z AR AT R 548 NS OGAE 5 I P R 224k, 4 e FLAE T AR A Sl 27 7 P Sk
IR H o

AFE VAR AR 4 AR, 5AFERAAER SiO@PPy kT — 5
IKPGEE R, H]55 9EH Si0@PPy@CQDs 24k 45 H ta ik, % FH ZAL T AELE
PA Fi &I TR SRR EA RS, S8)5K PDMS B /K B B 71K H WHiRZ Ak
HEER LU . T E G SiO@PPy@CQDs 4% AV WU ER Xt 45 1 1, 404 i €1, Je ¢ ek
REMIRZI . B4 PA 3471 S PDMS Ab3 5 (1) A A Tk 25 40 Ca 2R 0] 25 0 Ea v Re (1) 5
. BT SiO,@PPy. SiO@PPy@CQDs Z4bEBRFN SiOx fiER, K £ EXE FAk
DURABKAREE T2, il 2% A SR A0 B J1 1) 1 AR 751/ 41 )l XOUEE i) o7 (17 &5 ) €. 43,
W R 0 AL O U S H
4.2 SLIEMRIFLEE
4.2.1 LIaHHRY

A AT I SIS AR R 4-1 BT

% 4-1 SRR

Table 4-1 Experimental material

Sk A% K5

Tk 2B 99.7% IR B AT B2
2K 25-28% IR B AT B2

TERR MY 2T 98% BT T AR PR A
Mk s Wil R R T A AR R A A

R IR 98.0% HgEBTRL T AR PR A F
IR %l BB T A AR R A A
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B 4-1
SRR Bk K5
7. EWalE e iR T AR A PR F
RNMEIENG FS0 (PA) & REET R AT BR A 7]
PDMS TiZE /& Sylgard 184A P H FEERTHRAA
PDMS [i]{t.71] Sylgard 184B P H FEERTHRAA
ERER ALY 110 g/m2 TR R LGB R A 7]

422 SLIG{NEE

A EEAH ) E SR ZR R 4-2 AT

® 42 LIS

Table 4-2 Experimental instrument

IR Lies CV I
TR N AL s HI-6A B ] A 2t ) 3 A PR
RURT IR LGJ-12 TR EENBHCR R A IR A A
P AT R 5 XA DHG-9010 g —ER AR A IR A A
AR HD-130 BUMIAR T 598 B A BR A 7
IR WH-2000 VL5 0 BRI ST B8 e A7 PR 7
GRKLEE 73 BT AX Zetasizer NanoS90 Y Ty IR A A PR A #]
bIUNEENTREER 1Y 1050 %[ Datacolor 7\ 7]
XS B ATHHAX D8 FOCUS (EYERR iR =g
YR S A e R S-4800 HAH LA
JeF e A R C-60 RS EREA IR A A
FIEIGIEAX HI-6A B ] A 2t ) 3 A PR
4 H B g SR AX YK-FZ66 IREE TR 38 e & AT PR A 7
4 H B B HEFEAX YG(B)022E TR KRG BULEAT PR A A

43 L FFE

4.3.1 SiO@PPy TFkAY & AR

Z R 2.3.2 #HATH K SiO@PPy 1Bk
4.3.2 SiO,@PPy@CQDs ¥k & CQDs B AFL &I & R

¥ 2.0 g SiO.@PPy ¥y A+ 60 mL £ B 17K 0.1 g AR AN 0.1 g £ B U 100
mL G, FERL IR H LA 500 t/min BB HES ST B SR A EUE R E
100 mL [/ B K #EH, 78 180 °CHI R BE FRELE R B 4 h, BP ] 154 2] B A1
SiOx@PPy@CQDs BRI - 5 J5 ¥ SiO2@PPy@CQDs AR FLIRAE-60 °C K A% T4 48
h BIAT #5321 SiO@PPy@CQDs #1 K . BBk RERA I SiO@PPy ¥3 K4, K FAH
A1) T 214 7 CQDs AR FLK -
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4.3.3 SiO,@PPy & SiO,@PPy@CQDs Z5# & L0480 %

Z:H 2.3.3 BT & Si0.@PPy & SiO,@PPy@CQDs 45 i)t 2i¥)
4.3.4 FEBEYIRHKAIE

W 2.3.4 %} SiO.@PPy@CQDs 44 14 (o 2t AT R 57 K AL T
4.3.5 BafhLEHELEYRIHIE

B, ¥ SiO.@PPy Z+Ab fER 3 BHOR FZ A UTRE A AR 4 L, Hl & e R i .
SR 5 H SiO2@PPy@CQDs ¥l I B AL PUARFEAE R e M AR THT, il 45 28 ke
SEEE%R. MR EHEE AR R B, w55 0% EE e B B O 854 230
FEESLEERE I, SR PDMS S 5 25 1 57 B £ 25 44 (L P R T HEAT i K Ab 3, SR 5 Z5 A DT
FA SiO Tk 73 BB 7 o5 25 A6 €1, )28 T 71)/58 0 Y WU B Wi 7 (1) 25 46 4. 340
4.3.6 MK SR

KGN E CQDs M SiO@PPy@CQDs 73 Bk [ 7¢ Y65 FE o R %K 370
nm, KPFFHEK 450 nm, PREETERE S nm, WHKTEE 360 nm-600 nm. AN S RAES
f#23.5,
44 HBR5H
4.4.1 SiO@PPy F SiO@PPy@CQDs Ik FRAE

(1) FALMERRILEHIRAE
K LA LR AE SiO.@PPy Al SiO2@PPy@CQDs IR Ik 2454, tn & 4-1 Fiow .

Si0,@PPy@CQDs

4000 3500 3000 2500 2000 1500 1000 500
W /em!
K 4-1 SiO2@PPy 1 SiO,@PPy@CQDs BRI £L 4G 1
Fig.4-1 Infrared spectra of SiO>@PPy and SiO>@PPy@CQDs microspheres
W 4-1 fizr, 7 SiO@PPy 2k, 1101 cm™ A1 796 em™ 47 7E J& T Si-O-Si 1)
AT FRAH GG AR sh s A FR A 4R sh s, R SiO@PPy fERH 7 1E SiO2. 1585 cm AbFH)
g V1 DR - REE P 34 HR ) C=C B R 4 IR Bh 14 - 7F 1408 cm! A1 1346 cm! AL IE AR T C-N
IR ENIE . 950 cm™ AL WAL TE 5E 9 Si-OH RN AR 4R shiIg . £ 8 SiO.@PPy ik
BRHAEAE PPy, 1E SiO.@PPy@CQDs 14, Ji SiO@PPy H4k 1585 cm™. 1408 cm'!\
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1346 cm! 1 950 o' ALl 55 (U R AN ML, IX R BERZ BT CQDs Xf SiO2@PPy THER
BB . 7E 1116 co 1 801 cm A7 LI T Si-O-Si ) A6 Bk e 455 Sl e AU 1 4 1 3
i, W Si0.@PPy@CQDs MERHTFTE SiO2. 1 1632 cm! Fl 1655 cm! {37 B 43 7] X} B
T CQDs H i) N-H $i {1 4R 51 Al C=0 $i {8 4R 3 AU RRAE e . 5 R WA Dl % 7
SiO@PPy@CQDs F4 K

R XRD il # A SiO.@PPy Al Si0.@PPy@CQDs BRI ki 45Ky, f1lel 4-2 i
R SiO:@PPy Fil SiO:@PPy@CQDs IR FL AT W HAR AN TC 1 W i 5 4544, 0 S0 Hh e
—(REAEATSTI% . VLWL CQDs J5 SiO.@PPy (1) 5 A 4h 1 1% 52 3] 250

Si02@PPy@CQDs

SiO2@PPy

T S U SR (S
10 20 30 40 50 60
20/(°)

K 4-2 SiO,@PPy Al Si0,@PPy@CQDs #ER ] XRD it
Fig.4-2 XRD spectra of SiO»@PPy and SiO>@PPy@CQDsmicrospheres
(2) RIEFIRICMERE

Si0@PPy@CQDs fIR R4 73 A1 ] Je ¢ 1tk e R AR 45 R an 8] 4-3 Fros. MK 4-3
(a) A LLE H, Si0@PPy@CQDs FKIIRLAZ AR g A 1 R %BE, KB Si0,@PPy@CQDs
ER R R0 sE . arEd A [FERIAZR I Si0.@PPy il % KifE N 249, 261, 271+
292 #1323 nm [ SiO@PPy@CQDs 13K . K F ¢ 't il 4k CQDs # SiO@PPy@CQDs
ERM DR, WK 4-3 (b) Fin. 7 370 nm HAMECHIBRAER T, AEFZR
SiO@PPy@CQDs ERIITE 445 nm Ab H B — AR R B0, bFHAR B, &
SiO2@PPy@CQDs K2 HIIE K, SiO@PPy@CQDs TR i 5 s 5 BE I #T G 522, 1M1 2606
R AL B A ORFEAE o IX— IR KD & K T BA ROCRR Si0,@PPy@CQDs
FAER, B SiO@PPy 5 CQDs TR 26T REI I s e, JFR M3 CQDs
2 JE R . WKl 4-3 (o) A (D B, AFEFRAE SiO@PPy 3k 7 HOH AL 25 41
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Fig.4-3 (a) Particle size distribution diagram of SiO:@PPy@CQDs microspheres; (b) Fluorescence
spectrum of SiO@PPy@CQDs microsphere dispersion; (c) Digital photographs of SiO-@PPy microsphere
dispersion under natural light and UV light; (d) Digital photographs of SiO@PPy@CQDs microsphere
dispersion under natural light and UV light
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Fig.4-4 Digital photos of (a) SiO>@PPy and (b) SiO@PPy@CQDs structural colored fabrics
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Fig.4-5 Digital photographs of (a) SiO@PPy and (b) SiO@PPy@CQDs structural colored fabrics under

UV light
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Fig.4-6 Reflectance spectra of (a) SiO2@PPy and (b) SiO2@PPy@CQDs structural colored fabrics
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Fig.4-7 Digital photos of SiO2@PPy@CQDs structural colored fabrics from different perspectives
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Fig.4-8 SEM images of (a) SiO2@PPy and (b) SiO2@PPy@CQDs structural colored fabrics with different
magnifications
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Fig.4-9 (a) The water contact angles of SiO>@PPy@CQDs structural colored fabrics before and after
PDMS treatment; (b) Anti-fouling test of SiO>@PPy@CQDs structural colored fabric after PDMS
treatment; (c)Dynamic anti-staining test of SiO>@PPy@CQDs structural colored fabric after PDMS

treatment;(d) the digital photos and (e) the reflectance spectra of SiO2@PPy@CQDs structural colored
fabrics before and after PDMS treatment
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Fig.4-10 (a) Washing and (b) abrasion colorfastness of SiO@PPy@CQDsstructural colored fabrics
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Table. 4-3 Stiffness and air permeability of structural colored fabrics
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Fig.4-11 (a) single-layer and (b) double-layer responsive anti-counterfeiting applications
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