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Abstract Ice templating, known as directional freeze casting, is a novel technique for constructing laminar porous materials
by homogeneously dispersing or dissolving the building blocks, solvents and additives and using the “liquid-solid-gas” phase
transition of the solvent. Inspired by the “brick-mortar” layered structure, the lamellar scaffold prepared from ice templating
can be densified to construct nacre-like composite. This work presents a timely and systematic investigation and summary of
frontier progresses of layered polymer nanocomposites constructed by the ice templating technique. Firstly, the densification
strategies are classified according the different thickness of “brick” into three strategies: lamellar scaffold-filled polymer,
hot-pressing treatment and mineralization. And typical layered polymer nanocomposites constructed by each strategy and
their properties are also presented with classical examples. Subsequently, the design and functional applications of layered
polymer nanocomposites are analyzed and discussed, such as the modulation of microstructures, introduction of functional
building blocks, and enhancement of interfacial interactions, which not only improve the mechanical properties of layered
polymer nanocomposites, but also endow them with functional applications, such as electromagnetic shielding, thermal con-
ductivity and self-monitoring of structural integrity. Finally, we provide an outlook on the future directions and challenges of
the structural design, performance optimization and application expansion of nacre-inspired layered polymer nanocomposites
constructed by the ice templating technique.
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Figure 1 Composition, hierarchical structure and properties of natural
nacre

(a) Calcium carbonate nanoparticles and proteins with chitin to form natural
nacre; (b) Interfacial interaction between aragonite tablets: mainly including
mineral bridges, surface protrusion to inhibit deformation, cohesive organic
layer and plate interlocking; (c) SEM image of a natural nacre, showing a
typical “brick-mortar” layered structure!'l (Copyright 2015 Springer Nature);
(d) Crack resistance curves for natural nacrel” (Copyright 2007 Springer Na-
ture); (¢) SEM image of the fracture surface of the nacrel'! (Copyright 2015
Springer Nature); (f) Toughening mechanisms during crack extension in natu-
ral nacre, showing crack deflection, crack bridge and tablets sliding!''! (Copy-
right 2016 AAAS)

RRNFZERERMERLZRR. REAFR “H-
Je” JRIREFIANE & B FHE A AR, R Me v A B R &5
AR Ry T AR RS R W1, BT — R MgK
SEMEL fltn, 5 ihsnEoe4) 135 MPall, # K&
ik 60~70 GPal®l. HEONE IR, BIR RIS
WL, B 1d R, MRS e R lTZemT LLE
H, FERGUHEN B, BERENTIEN 0.3 ki/m?, 4L
A REIEZ) 0.01 kI/m?)E) 30 fi. BEE B RN,
RYRAEY e, BHREV LA, RARENIREE

1232 http://sioc-journal.cn

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

(R HHZRRIRIZ). WARM BRI 1.5 kI/m?, 2446
PITER) 5 A%, PRATRRER S i = MR R, BERE
1) 32 BEIEFIHL ] 2 A2 40 K 43 7 1R o 5 AR %o Tk R 5 A 55,
it Ak B TR ERZ 7 R AR A s, LA A TEAL
AH ) FLTH &b 23 7= A A K I RG0S, RIR 3G In T e
I RMEEE le), ¥ERT RKEMREE, WNNitEm T2
ERIZ DS, BEAE A I RF SRS N, TER S i 8
W, ST ARG R SO B e R AR
e, IR, RIS AR R SCA FER R LT
2 A HLJZ (1 530 1 A8 T S5 i 1 K 1 A T 2R 2 3t
—BRERCE 2 I RE R (& 1H10-1,

2 KERBEAREFRAERRES D THREESH
LAY SR I8 K SRR
2.1 IKIRIRE AR RIE

RIRNFEBEREN “HE-l” ARG MR 7 1 /)
SR NIE Z R & T AR E S M BB 513
PR T R, ik FARAE ], R 05 AT Bl &7
FREWRERS THAKEEMESE T RN R Z
. AT BN R RN 22 Bk 2 1R 70 R JZ AR &S
g, R BE R R AR R, SR )RR R4
A Z R T UK A MR BT BobA RL 8 s 5T 1)
B R

B TN AR FH 5 i 25 9 1) 477 2 2 285 SR s ok i) 46 2
WRE 7 FHOREZEMERL, I Z g SR AER
021 R T X A ) 6 R O R ) % H AOK BT =
KEER 2 REHEARE SR, NEA MR =4
YUk JZRm o Ak Z MR Rl K, i
T IR ) B — 6 % i 52 AR K UK R R HE S 1 B2 20 3
VKebZ 8. W RZ IR KR, R T KA B AR K il
FRGUKE EAPRISL HFEFNE 2 iR, EeHA
B TU(RFEAEI R T GUKRBIRL, OKRE . 9K,
R LYt S K 5 )35 20 oy B e K, BRI
TER R R R A BER, FETOM RS STHIVK TR
FEAEAR SRS, TR E RO 2504, SRS, VK A
VR, S HE QR OR B T kU 1OL FE I R R
TE I U S R S () I BRI IR R R P AN KR
RG] LRI R HESE M RS TR Z FLHEDT181 Sy
HE— & ERE  FHCKRE GRS R EXE
R AT 25 AL AL HR3 151,

ARk, R FHUKABERR 352 R ) %07 LR B 3k 2 i o 1
YR E A MEIRGEI IR T BE A& 3a~
3d)1O451, AR, FRANT 3 A R U A AR UK AR
AREGEE AR 1) 2% LA SRR, ST E R A Tk E
AMEHET 2, QR ERE R R R (B 32, 2
R ZE P AL FE S (B 3b)B5 K 2R 280 A Ko
s 2 (B 3¢)22,

Acta Chim. Sinica 2023, 81, 1231—1239



- Liquid

Sliptensods
R

Suspension

c d
Densification
—_—

L:

Lamellar scaffold ayered composites

b apagss s

Pressure

Solid components entrapped
between ice crystals

Solid Gas

Temperature

B2 DKBARBAR A FE R 2 T AR LS R HL AL AR
()FRE BRI OB ) 25 (D) 5E [ P R A RS, ZETeAP R
HEF B B UKE ] (o) VR TR EBRIK S, TREZRE 2 ()R 2% st
AL ER ) & 2R R 0 T AR E AR5

Figure 2 Mechanisms and processes for constructing layered polymer
nanocomposites by the ice templating technique

(a) Preparation of slurry, solution or dispersion; (b) condensation of water
by directional freezing and exclusion of building blocks between lamellar
ice crystals; (c) freeze-drying to remove ice crystals and retain the lamel-
lar scaffold; (d) densification of the lamellar scaffold to fabricate layered
polymer nanocomposites!!'>!*!
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Figure 3  Strategies for preparation of layered polymer nanocomposites
by the ice templating technique

(a) Filling strategy'! (Copyright 2023 Wiley-VCH Verlag GmbH); (b)
Hot-pressing strategy!3> (Copyright 2021 AAAS. http://creativecommons.org/
licenses/by /4.0/); (c) Mineralization strategy!??! (Copyright 2016 AAAS); (d)
Development and representative layered polymer nanocomposites!! >+’
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Figure 4 Filling strategy for constructing nacre-like layered polymer
nanocomposites

(a) Schematic diagram of the constructing process; (b) SEM image of the
nacre-like layered polymer nanocomposites (inset is an optical photograph)?4
(Copyright 2016 Wiley-VCH Verlag GmbH); (c) Comparison of the hardness
of the artificial material with that of human dentin and enamel; (d) Rising
crack-extension resistance curves; (¢) XRT volume rendering of crack propa-
gation initiated from a sharpened notch tip in the nacre-like layered polymer
nanocomposites*®! (Copyright 2019 Wiley-VCH Verlag GmbH)
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Figure 5 Nacre-like layered polymer nanocomposites

(a) Micro-computed tomography (micro-CT) scans of long-range layered

nanocomposites; (b) SEM image of nanocomposites with long-range align

structures(*! (Copyright 2020 AAAS. http://creativecommons.org/licenses/by/

4.0/); (c) relationship between freezing rate and layer thickness® (Copyright

2019 Wiley-VCH Verlag GmbH); (d) polymer nanocomposites with cross-

layered conch shell-like structures!* (Copyright 2022 Wiley-VCH Verlag

GmbH)
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Figure 6 Nacre-like layered polymer nanocomposites constructed with
a small amount of building blocks

(a) SEM image of the layered graphene scaffold; (b) SEM image of the layered
graphene/epoxy nanocomposites; (c) rising crack extension resistance curve
for layered graphene/epoxy nanocomposites!’! (Copyright 2019 Elsevier); (d)
SEM image of the layered MXene/epoxy nanocomposites; (e) schematic dia-
gram of the interfacial interaction of layered MXene/epoxy nanocomposites;
(f) rising crack extension resistance curve for layered MXene/epoxy nano-
compositesl*!] (Copyright 2023 Wiley-VCH Verlag GmbH); (g) Mechanical
properties of layered MMT/PDMS nanocomposites; (h) Confocal fluorescence
microscopy (CFM) image of layered MMT/PDMS nanocomposites; (i) CFM
image of layered MMT/PDMS nanocomposites during crack extension!**!
(Copyright 2021 Springer Nature. http:/creativecommons.org/licenses/by/4.0/)
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Figure 7 Hot-pressing strategy for constructing nacre-like layered
polymer nanocomposites

(a) Schematic diagram of the preparation of silk nacre by hot pressing; (b)
SEM image of the silk lamellar scaffold; (c) SEM image of the silk nacre (inset
is an optical photograph); (d) bending stress-strain curve of the silk nacrel**!
(Copyright 2022 AAAS. http://creativecommons.org/licenses/by/4.0/)
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Figure 8 Mineralization strategy for constructing artificial nacre

(a) Fabrication scheme of the artificial nacre; (b) bulk synthetic nacre; (c) SEM

image of the artificial nacrel??) (Copyright 2016 AAAS); (d) high-resolution

transmission electron microscope image of magnetic nanoparticles in artificial

nacre; (e) crack growth resistance curves of the artificial nacre; (f) Ashby plots

of the toughness amplification factor!*”! (Copyright 2022 Wiley-VCH Verlag

GmbH)
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Figure 9 Representative applications of layered polymer nanocompo-
sites

(a) Electromagnetic shielding mechanism of layered polymer nanocompo-
sites?®] (Copyright 2018 American Chemical Society); (b) electromagnetic
shielding effectiveness of layered porous PI/MXene nanocomposites!**! (Cop-
yright 2021 AAAS. http://creativecommons.org/licenses/by/4.0/); (c) applica-
tion demonstration of the BN/PU layered nanocomposites as a thermal inter-
face material™”! (Copyright 2022 American Chemical Society); (d) and (e)
self-monitoring of the structural integrity of layered MXene/epoxy nanocom-
positesi*! (Copyright 2023 Wiley-VCH Verlag GmbH)

3.3 ZhsEEEmN

PRI S5 H e BN T AT SR 0 A is AT 2R
TSR MXene H 5 BA FRAESN, I
BB AR 2RI 7 28, RE % 5 4 e i L Jl
B, JFRILM A SR E T R L B, R R
) R T R AR, T LB AL AR S AR
ML AN JE, B TAT R f BERAS. BATER
R T — RB5 NFEBERE A 86 MXene 315
GOKE AN U] 9d~9e BTN, FE N7 4%

http://sioc-journal.cn 1237



oF ¥ R

LRk

I, MG Hh e A - B AL R 2 T DL Y, O
GaIs ) R B R AR, R R OREF el R
gued. SR, BEERARERA K. R, B
EFHATERIIESE, b TRAMBESY R, BT
B, TSy e B T B SR B A AT B AR AN
Wrgn. BA LK LR R 5E AW R IFE i BRI R ST
Ja BT FIAEROINK, FRA 2] 7RI ZE R, AR 58
AR, DIRE R A B e B i, i DAL L H AR
PR HERESOT U6y i (R RS HREE . frEA, Tl
IS T, WBINATLE T AR PN & 45 4 (142
e, XK ELRIFPR I DT EAT T, AENS PR XU AN
A, PO R AR 22 41k

4 RESRE

FEATCH, AT EE R T I 4R RR OB AR
FUT B ERZ 7> T 9K E SRt et . A
JEARE A FARE AL SR SR R )y B AR P AN T3 T AR 4 A
45 7 i MR B RRE m 7 B e MR B 5 i &% g
WETEN BRI E R SR TE 0 1 T b B s 2
BALSESEmS, JHR T — R NFRBERZE = TR
GMEL ACRIESR & T RIRE D TARE SR T
FERE, FRHRIR R TRRE SRR . T
AN ) e B 1 TN <573 T P S e 2 .

JE R SRNS, JZAIRE D TARE SRR
Foy RALAR IS5 T 4 BUS T BRI, a9
KSRGS B RS AN . RS m %, R
TR ] 28 01 25 4 Ty BE — 1A A 1) S DA% 07 T AT SR A7 AE VF
LA, S RIE T EASS ). A, HABRE T
SE DL, WIEEONA R T TR I — SN, DAL
ROV ESR TR B i) 14 5 JEE I 5t

(WP ZR S 2 T 9K SRR S5 ey 1L
N T DR TAKRE SR 1A TERE,
i AR SR U LA SRS AT A B L
fveit. B, &EEBR IR, IS
HEWKEEMEIZ BB R A RIEERKES) S
TIEEPEREHRIE . IVE AR 5 ) (] A O &, B =
Y JZOIR B SR 2% 5 AR R (AR TR A TR HLEE K B
EARHOBIANLEISE. BN, SRR BA. &8
A8 A T R B R P % 5 i A ) 7 T AR EL AR <52 5
Wi i 0 9K A AR IR L 9 AN I I 2 AL
PRPERERI R HER ZR. IUL, A1 RS S et R,
MACSETCRPRHIN & 5, SR 2k SO RHE 2R B 2R R A
[, FEARERE R R R, SIA T RS s Rt
P4 F R 5 2 IR R AR e W S A 2 TR] ) 5 T A
S, AHAT RIS TARHR U B

OMREAS S mRE KB Hl %, — 5, HAj
K UKAE AR B A % 2R 7 TR E SR — A
HEOP BRI TOM BT W R, SR)E R R T

1238 http://sioc-journal.cn

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

W BRI TR AR IR 2R, 2 Rl s 22
B B TR], HE R RCRAR T S BEFER vy (1 ) L. [R]IS,
SMRT UK E, 520K TR E SR
JOTBRIRAEBNIRST W, JZRE SRR KA
DR S B A ] 6 — L ) 24 L S B 2 FH it A
e, AT R AR N CRIRL 8 ) KO % R R
SO FURR 7> TR MRS 7. 55— T5
T, Wl ARRAS . TS et il 45 DA K
MBI “ R W, XHA T ERE ST
MARE SRR, Bk, TATRE S G N izt —2
BT I RIEA R TTRL, a5 & RiE 3D $THEE
ARAE A ) H AR AR BOR LR BRI = 7 T K E S
BORGEROBR 1, dase A= F ), SEBUCBLESEL 2R
T AR R A RRH il

B & DR — RSB, fEACh, FATHE SR
E TR TARE GBI ERE, RN R AR
Al NCREE VL SRRV OIS SV ES T ARk IS BRI E i
T DRt A A A . S b, s R AR
SO BERFIEAEAE IR MRS, SIANTDRERFVE R ZAE R T
BN KR BRI IO AL, EE S BUNK R
BRI A R R IR B AIR. R, 25 RS AL AR D)
REZL7Y, ML AR G AR E SR RHFIN, W iR
FRHAR I /122 RE, e 2RI R IR R, 25 A1
NFRBIRZ R TR E MBI AR TT . ARERE
P2 B FF S R AN FEN AR R, a5t ThfE—
AL Z AR = 70 T 9K R A A RHR R 2 SEBLIH B 21
FUS AR AR S0 AU

EEEN

4, AFMEMRKF AN ELLEF Lk
ERRE, EBNFHERKRS S TR LEMATR L.

B, L TMREAME KEE PR, 2%, WA SI7,
BRARFEHAELLERE. T2NESHLTFhRLOM
AR RIAE, KT ek R L AMAF “FLMERIG” 83

Acta Chim. Sinica 2023, 81, 1231—1239



F F R

W%, BRET— & 5K 3URE S 4 69 31 AR A= 37 Kuk, 214
THREZHF . 0F o wml AR 098 R A oMA, Ak
MR SMAEREARAR RIS AL Z T k. ki
RHAFHRE-AEFFF XML FRAHFHARAL-L
RHEMFHLE. FEAMFEFFFRE T E LM
FAMKIAMHB AT 48 ALK Chin. Chem. Lett.,
Biomater. Adv., Giant, 2D Materials 4% 3T % %, Interdiscip.
Mater. 5 R 4 8. Vi@ iR AE & & Science, Nat. Mater., Nat.
Commun., PNAS %307 £ & #3100 4%, 5|/ 8000 4%, H
B F 51, #40F B L5 A 35 3.

References

[1] Wegst, U. G; Bai, H.; Saiz, E.; Tomsia, A. P.; Ritchie, R. O. Nat.
Mater. 2015, 14, 23.
[2] Peng, J.; Cheng, Q. Acta Phys. Chim. Sin. 2020, 38, 2005006.
[3] Li, X.; Xu, Z.-H.; Wang, R. Nano Lett. 2006, 6, 2301.
[4] Yaraghi, N. A.; Kisailus, D. Annu. Rev. Phys. Chem. 2018, 69, 23.
[5] Launey, M. E.; Munch, E.; Alsem, D. H.; Barth, H. B.; Saiz, E;
Tomsia, A. P.; Ritchie, R. O. Acta Mater. 2009, 57, 2919.
[6] Meyers, M. A.; Chen, P. Y.; Lopez, M. 1.; Seki, Y.; Lin, A. Y. J.
Mech. Behav. Biomed. Mater. 2011, 4, 626.
[7] Barthelat, F.; Espinosa, H. D. Exp. Mech. 2007, 47, 311.
[8] Song, F.; Soh, A. K.; Bai, Y. L. Biomaterials 2003, 24, 3623.
[9] Barthelat, F.; Tang, H.; Zavattieri, P.; Li, C.; Espinosa, H. J. Mech.
Phys. Solids 2007, 55, 306.
[10] Espinosa, H. D.; Rim, J. E.; Barthelat, F.; Buehler, M. J. Prog. Mater
Sci. 2009, 54, 1059.

1] Barthelat, F. Science 2016, 354, 32.

2] Li, L.; Cheng, Q. Giant 2022, 12, 100117.

3] Cheng, Q.; Huang, C.; Tomsia, A. P. Adv. Mater. 2017, 29, 1703155.

4] Zhang, X.; Zhao, X.; Xue, T.; Yang, F.; Fan, W.; Liu, T. Chem. Eng.

J. 2020, 385, 123963.

[15] Deville, S. Adv. Eng. Mater. 2008, 10, 155.

[16] Pu, L.; Liu, Y.; Li, L.; Zhang, C.; Ma, P.; Dong, W.; Huang, Y.; Liu,
T. ACS Appl. Mater. Interfaces 2021, 13, 47134.

[17] Shao, G.; Hanaor, D. A. H.; Shen, X.; Gurlo, A. Adv. Mater. 2020,
32,1907176.

[18] Pu, L.; Ma, H.; Dong, J.; Zhang, C.; Lai, F.; He, G.; Ma, P.; Dong,
W.; Huang, Y.; Liu, T. Nano Lett. 2022, 22, 4560.

[19] Deville, S.; Saiz, E.; Nalla, R. K.; Tomsia, A. P. Science 2006, 311,
515.

[20] Munch, E.; Launey, M. E.; Alsem, D. H.; Saiz, E.; Tomsia, A. P.;
Ritchie, R. O. Science 2008, 322, 1516.

[21] D'Elia, E.; Barg, S.; Ni, N.; Rocha, V. G; Saiz, E. Adv. Mater. 2015,
27,4788.

[22] Mao, L.-B.; Gao, H.-L.; Yao, H.-B.; Liu, L.; Célfen, H.; Liu, G;
Chen, S.-M.; Li, S.-K.; Yan, Y.-X.; Liu, Y.-Y.; Yu, S.-H. Science
2016, 354, 107.

[23] Zhao, H.; Yue, Y.; Guo, L.; Wu, J.; Zhang, Y.; Li, X.; Mao, S.; Han,
X. Adv. Mater. 2016, 28, 5099.

[24] Bai, H.; Walsh, F.; Gludovatz, B.; Delattre, B.; Huang, C.; Chen, Y;
Tomsia, A. P.; Ritchie, R. O. Adv. Mater. 2016, 28, 50.

[25] Picot, O. T.; Rocha, V. G; Ferraro, C.; Ni, N.; D'Elia, E.; Meille, S.;
Chevalier, J.; Saunders, T.; Peijs, T.; Reece, M. J.; Saiz, E. Nat.
Commun. 2017, 8, 14425.

[1
[1
[1
[1

Acta Chim. Sinica 2023, 81, 1231—1239

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

[26] Zhao, N.; Yang, M.; Zhao, Q.; Gao, W.; Xie, T.; Bai, H. ACS Nano
2017, 11,4777.

[27] Huang, C.; Peng, J.; Cheng, Y.; Zhao, Q.; Du, Y.; Dou, S.; Tomsia,
A. P.; Wagner, H. D.; Jiang, L.; Cheng, Q. J. Mater. Chem. A 2019,
7,2787.

[28] Zhao, S.; Zhang, H.-B.; Luo, J.-Q.; Wang, Q.-W.; Xu, B.; Hong, S.;
Yu, Z.-Z. ACS Nano 2018, 12, 11193.

[29] Huang, C.; Peng, J.; Wan, S.; Du, Y.; Dou, S.; Wagner, H. D.;
Tomsia, A. P.; Jiang, L.; Cheng, Q. Angew. Chem., Int. Ed. 2019, 58,
7636.

[30] Han, J.; Du, G; Gao, W.; Bai, H. Adv. Funct. Mater. 2019, 29,
1900412.

[31] Du, G; Mao, A.; Yu, J.; Hou, J.; Zhao, N.; Han, J.; Zhao, Q.; Gao,
W.; Xie, T.; Bai, H. Nat. Commun. 2019, 10, 800.

[32] Wang, L.; Song, P.; Lin, C.-T.; Kong, J.; Gu, J. Research 2020, 2020,
4093732.

[33] Guo, F.; Shen, X.; Zhou, J.; Liu, D.; Zheng, Q.; Yang, J.; Jia, B.;
Lau, A. K. T.; Kim, J. K. Adv. Funct. Mater. 2020, 30, 1910826.

[34] Peng, J.; Tomsia, A. P.; Jiang, L.; Tang, B. Z.; Cheng, Q. Nat. Com-
mun. 2021, 12, 4539.

[35] Cheng, Y.; Li, X.; Qin, Y.; Fang, Y.; Liu, G; Wang, Z.; Matz, J.;
Dong, P.; Shen, J.; Ye, M. Sci. Adv. 2021, 7, eabj1663.

[36] Tan, G; Zhang, J.; Zheng, L.; Jiao, D.; Liu, Z.; Zhang, Z.; Ritchie,
R. O. Adv. Mater. 2019, 31, 1904603.

[37] Meng, Y. F.; Zhu, Y. B.; Zhou, L. C.; Meng, X. S.; Yang, Y. L; Zhao,
R.; Xia, J.; Yang, B.; Lu, Y. J.; Wu, H. A.; Mao, L. B.; Yu, S. H. 4dv.
Mater. 2022, 34,2108267.

[38] Xu, Z.; Wu, M.; Gao, W.; Bai, H. Sci. Adv. 2022, 8, eabo(0946.

[39] Zhao, H.; Liu, S.; Wei, Y.; Yue, Y.; Gao, M.; Li, Y.; Zeng, X.; Deng,
X.; Kotov, N. A.; Guo, L.; Jiang, L. Science 2022, 375, 551.

[40] Zhao, N.; Li, J.; Wang, W.; Gao, W.; Bai, H. ACS Nano 2022, 16,
18959.

[41] Wang, H.; Lu, R.; Yan, J.; Peng, J.; Tomsia, A. P.; Liang, R.; Sun, G.;
Liu, M.; Jiang, L.; Cheng, Q. Angew. Chem., Int. Ed. 2023, 62,
€202216874.

[42] Liu, P; Li, X.; Min, P;; Chang, X.; Shu, C.; Ding, Y.; Yu, Z.-Z.
Nano-Micro Lett. 2020, 13, 22.

[43] Zhao, N.; Li, M.; Gong, H.; Bai, H. Sci. Adv. 2020, 6, eabb4712.

[44] Li, M.; Zhao, N.; Wang, M.; Dai, X.; Bai, H. Adv. Funct. Mater.
2022, 32,2205309.

[45] Li, M.; Wang, M.; Zhao, N.; Bai, H. ACS Nano 2022, 16, 14737.

[46] Maxwell, W. A.; Gurnick, R. S.; Francisco, A. C. Tech. Rep. Arch.
Image Libr. 1954, 5321, 1.

[47] Peng,J.; Huang, C.; Cao, C.; Saiz, E.; Du, Y.; Dou, S.; Tomsia, A. P.;
Wagner, H. D.; Jiang, L.; Cheng, Q. Matter 2019, 2, 220.

[48] Wu, J.; Wang, Y.; Zhang, J.; Zhao, C.; Fan, Z.; Shu, Q.; He, X;
Xuan, S.; Gong, X. Matter 2022, 5, 2265.

[49] Mao, L.-B.; Meng, Y.-F.; Meng, X.-S.; Yang, B.; Yang, Y.-L.; Lu,
Y.-J.; Yang, Z.-Y.; Shang, L.-M.; Yu, S.-H. J. Am. Chem. Soc. 2022,
144, 18175.

[50] Wu, Z.; Dong, J.; Teng, C.; Li, X.; Zhao, X.; Qin, X.; Ji, C.; Zhang,
Q. Compos. Commun. 2023, 39, 101543.

[51] Chi, Q.; Zhang, X.; Wang, X.; Zhang, C.; Zhang, Y.; Tang, C.; Li, Z.;
Zhang, T. Compos. Commun. 2022, 33, 101195.

[52] Xu, Z.; Wu, M.; Gao, W.; Bai, H. A4dv. Mater. 2020, 32, 2002695.

[53] Li, H.; Fu, C.; Chen, N.; Zhang, T.; Liu, J.; Du, G; Ren, L.; Zeng,
X.; Sun, R. Compos. Commun. 2021, 25, 100601.

(Zhao, C.)

http://sioc-journal.cn 1239




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


