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Fig. 1 (a) Photograph of the inner nacreous layer of the abalone shell; (b) SEM image of a fracture surface in nacre[zﬂ; (c¢)

Experimental tensile stress-strain curve for nacre!”’ ; (d) Different models for sliding between tiles in nacres "
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Fig. 2 Scheme of the preparation of graphene layered-structure materials: layer-by-layer assembly, solution casting,

vacuum filtration and liquid crystal wet-spinning ( Reprinted with permission from Ref. [41 ],

Copyright (2010 )

American Chemical Society) ( Reprinted with permission from Ref. [42]; Copyright (2013) WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim) (Reprinted with permission from Ref. [43]; Copyright (2007) NPG)
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Fig. 3 Morphology and structure of graphene oxide paper: (a)

folded, 5-micrometer-thick semitransparent film, ( b ) high-
resolution SEM side-view image of 10-micrometer-thick sample
(Rerpinted with permission from Ref. [43]; Copyright (2007 )
NPG)
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Fig. 4 The cartoon of structural evolution (a) and experimental track under polarized light microscopy in the spinning process (B)

The upper row indicates the enhanced alignment process under uniaxial flow during the spinning, from the powder GO LC with

different orientation ordering to the regular alignment of the flowing GO LC dope, GO LC gel fibers, and final dried GOFs

(Reprinted with permission from Ref. [29]; Copyright (2014) American Chemical Society )
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Fig. 5

graphene paper strips heat-treated at various temperatures ( Reprinted with permission from Ref. [59 ] ;

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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(a) XRD patterns of graphene paper samples heat-treated at various temperatures
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, (b) tensile strength of
; Copyright (2008)
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Fig. 6 Distribution of strain in the graphene in the direction of the tensile axis (x) across a single monolayer at 0. 4% matrix

strain (a) and at 0. 6% matrix strain (b);

(¢) 2D band peak position as a function of strain during loading and unloading ;

(d) the Raman shifts of G~ band as a function of applied strain for pure GO paper and glutaraldehyde-treated GO paper

(Reprinted with permission from Ref. [ 60 ]
Ref. [61]

, Copyright (2011) American Chemical Society) (Reprinted with permission from
Copyright (2010) WILEY-VCH Verlag GmbH & Co.

KGaA, Weinheim )
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Fig. 7 The fabrication procedure for ultratough and conductive artificial nacre based on GO and PCDO ( Reprinted with
permission from Ref. [62]; Copyright (2013) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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Fig. 8 Models of the M-modified graphene oxide papers: schematic model of the reaction between graphene oxide paper and

MCI, (M represent Mg and Ca) ( Reprinted with permission from Ref. [ 63 ]; Copyright (2008) American Chemical Society)
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Fig. 9 Wet-spinning assembly of complex LCs into nacre-mimetic fibres with hierarchical structures: ( A) photographs of a thirty metres
long GGO-HPG fibre and a mat of GGO-HPG fibres made by hand; (B) typical stress-strain curves for neat GGO (a), GGO-HPG (b), and
GGO-HPG-GA (c¢) fibres (The strain rate is 10% per minute. ) ( Reprinted with permission from Ref. [70]; Copyright (2013) NPG)
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Fig. 10 (a) Synthesis of PgG building blocks and wet spinning assembly approach to PgG fibres; (b) SEM images of the

rounded morphology and fracture sections in a top-view direction ( Reprinted with permission from Ref. [ 71]; Copyright

(2013) of NPG)
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Table 1 The mechanical performance of graphene-based layered materials

GO or RGO Tensile Young’s Strain at Toughness Conductivity

Sample Ref.
content strength (MPa)  modulus ( GPa) break (% ) (MJ/m?) (S/m)

Graphene-HPG fiber 0.77 ca. 555 15.9 3.5~5.6 ca. 18 5.2x10° [70]
Graphene-PAN fiber 0.74 452 £24 8.31 +0.56 4.5~5.4 4.9 [72]
Graphene-PVA fiber 0. 41 162 17.1 1.7~3.0 4 1.3 x10 2 [42]
Graphene-PGMA fiber 0. 62 ca. 500 18.8 ca. 3.0 7.8 186 [71]
GO film 1 120 32 0.6 0.35 [43]
RGO film 1 300 42 0.8 [59]
lon cross-linked GO film ca. 1 ca. 126 ca. 28.1 0.5 +0.06 [63]
Borate cross-linked GO film ca. 1 ca. 184 ca. 130 [73]
PCDO-crosslinked RGO film ca. 160 8 2.52 [62]
Graphene-chitosan film 6 ca. 206 ca. 6.3 6.5 1.2 [49]
Graphene-PVA film 0.03 110 4.8 36 [50]
Graphene-silk fibroin film 0. 85 ca. 221 ca. 17.2 ca. 1.8 [74]
CaCO; -graphene PVA film 0.45 165 34.1 [75]
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Fig. 11 (a) Transparent graphene nanofiltration film; (b) Scheme of amphipathic GO sheet with a hole; (c¢) Schematic

view for possible permeation route of water molecules going through GO film ( Reprinted from Ref. [ 88 ]; Copyright

(2013) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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Progress of Graphene-based Nacre-mimetic Layered Materials

Xiao-li Zhao, Chao Gao"
(MOE Key Laboratory of Macromolecular Synthesis and Functionalization ,

Department of Polymer Science and Engineering , Zhejiang University, Hangzhou 310027 )

Abstract The strong and tough nacre holds a fine “brick & motar” structure of an alternate arrangement of
inorganic sheets and organic macromolecules. This structure has inspired the design and fabrication of
inorganic-organic composite materials for decades. Graphene, with excellent mechanical , electrical , thermal and
single atomic layer structure, is the ideal building block for nacre-mimetic materials. Recent progress of
graphene-based nacre-mimetic layered materials was highlighted. The main assembling methods are layer by
layer assembly, solution casting, filtration and liquid crystal wet-spinning. The main interlayer forces are van
der Waals forces, hydrogen bonding, ionic coordination and covalent crosslinking. Graphene-based nacre-
mimetic layered materials show much better mechanical properties than nacres. The strength and toughness can
reach more than 5 times and 10 times those of nacres, respectively. The composite materials also shows
multifunctions, such as electrical conductivity and chemical resistance.

Keywords Graphene, Nacre-mimetic, Brick & motar, Composite materials, Liquid crystal spinning
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