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Materials with both high strength and toughness are in great demand for a wide range of applications,
requiring strict design of ingredients and hierarchically ordered architecture from nano- to macro-scale.
Nacre achieves such a target in the long natural evolution by alternative alignment of inorganic
nanoplatelets and biomacromolecules. To mimic nacre, various strategies were developed, approaching
nacre-comparable performance in limited size. How to remarkably exceed nacre in both property and size is
a key issue to further the advancement of composites. Here we present liquid crystal self-templating
methodology to make the next generation of ultrastrong and tough nacre-mimics continuously. The
hierarchically assembled composites show the highest tensile strength (652 MPa) among nacre mimics, five
to eight times as high as that of nacre (80-135 MPa), and excellent ductility with toughness of 18 MJ m~>,
one to two orders of magnitude greater than that of nacre (0.1 ~ 1.8 MJ m™).

he progress of human life necessitates the incessant development of lightweight, strong and tough materials.

Unfortunately, high strength and high toughness are disposed to conflict with each other in the artificial

composites'. To answer this challenge, we can learn from nature, since many natural materials such as nacre
and bone are strong and tough due to their hierarchically assembled structures**. Consequently, several strategies
(e.g., layer-by-layer (LbL) deposition, freezing-drying, and filtration) were proposed to mimic them® "/, especially
nacre that possessed ordered brick-and-mortar (B&M) arrangement of inorganic nanotablets (~ 95 vol%) and
small amount of biomacromolecules®*. The efforts in the past two decades made nacre-comparable composites
available in limited dimension, whereas the mechanical property of such materials was still far from satisfying.
Covalent cross-linking could substantially improve the tensile strength (o) of nacre-mimics (~ 400 MPa) at the
sacrifice of ductility (~ 0.3% of strain, €)®. The toughness of polymer matrix could be preserved to some extent by
incorporation of less amount of nanofillers (= 15 vol%), whereas the strength improvement was restricted (¢
315 MPa)'. Hence, to approach the supreme strength of layered nanocomposites with good ductility simulta-
neously in large-scale is a big challenge yet.

To address such a fundamental issue, the crucial design is to translate the intrinsic extraordinary property of
individual nanoplatelets into highly ordered macroscopic composites by effective assembly. Liquid crystals (LCs)
are self-assembled soft materials which possess both the liquid-like mobility and the crystal-like ordering'®. The
latter character gives us an opportunity to develop novel materials with nanoparticles aligned in macroscopic
scale using LCs as precursors or templates'®*’. As a representative successful example, liquid crystalline (LC)
carbon nanotubes (CNTs) were utilized to fabricate multifunctional and strong fibres*'~**. Graphene, an allo-
tropic substance of CNTs, also exhibits extraordinary thermal, mechanical, and electrical attributes, providing it a
fertile ground for many applications™. Recently, LCs of graphene and graphene oxide (GO) have been discov-
ered**?*, and continuous, neat graphene fibres have been achieved consequently**~**>. Graphene-based biomi-
metic composites (e.g., films and fibres) were obtained by either vacuum-assisted filtration assembly or
wet-spinning assembly approach'>™'”**-**. However, the mechanical performance of these artificial nacre materi-
als (o = 210 MPa) only approached to that of nacre, still far behind that of theoretical calculation results for
graphene-based composites (¢ ~ 1.7 GPa)*, mainly because of numerous defects and weak interfacial inter-
action between graphene sheets®.

Here we combine liquid crystal self-templating (LCST) approach and wet-spinning technology to continuously
fabricate biomimetic composites for the first time. Guest compounds such as polymers and nanoparticles
were homogeneously dispersed into the inter-channels of LC GO sheets. The incorporation of wet-spinning
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technology gave birth to nacre-mimetic fibres up to thirty meters
long with highly ordered hierarchical structure. The integration of
ultrahigh aspect ratio and well-preserved alignment of GO sheets,
uniform single-molecule interlayer of polymers, and adaptive hydro-
gen bonding arrays guarantee the macroscopic assembled artificial
nacre high ¢ and toughness (¢ 555 MPa, 18 MJ m ™), around 2-17
times higher than that of nacre (80-135 MPa, 0.1-1.8 MJ m™)*".
Due to its lightweight attribute (~ 1.0 g cm™?), the highest specific
strength of nacre-mimics (652 N m g~') is around two times that of
steel and various alloys such as Mg alloys, Al alloys, and Ti alloys (=
300 N m g~ ')>'"*. Moreover, the reduced composites show high
electrical conductivity (~ 5261 S m™"), comparable to that of neat
graphene papers™.

Results

Synthesis strategy. Wet-spinning of GO LCs gave birth to continuous
neat graphene fibres in which graphene sheets aligned regularly along
the fibre axis direction®. If strong binder could be introduced into GO
LC suspensions, high performance bio-mimetic composites would be
available. Accordingly, we present LCST strategy, as shown in
Figure la—c. To decrease the defects of assembled composites, we
firstly synthesized giant graphene oxide (GGO) sheets with average
aspect ratio of ~ 1.6 X 10* (Supplementary Fig. S1). Such GGO can
form lyotropic LCs at a very low concentration (~ 0.5 mg mL™},
Supplementary Fig. S2). To the aqueous solution of GGO LCs,
desired guest compounds (e.g., polymers, inorganic nanoparticles)
were added. Due to the templating role of GGO LCs, the guest
compounds were evenly localized in the interlayer channels of
GGO sheets, forming host-guest composite LCs. The LC behaviors
of neat GGO and composites were confirmed by polarized optical
microcopy (POM) (Fig. 1d,e). Continuous tailor-made biomimetic
fibres were fabricated by industrially viable wet-spinning approach
(Fig. 1f, Supplementary Fig. S3). Because of the confining effect of
GGO sheets to the guests, phase separation between GGO sheets and
guests was avoided, and thus uniform B&M structures were well
preserved in the resulting solid fibres. The fibres exhibited good
flexibility and could be fabricated into a textile by hand (Fig. 1g).
Such a LCST strategy has multiple advantages: long-term ordered
alignment of GGO sheets originated from LC feature that makes
the assembled micro-structure regular even in a large-scale, evenly
dispersed guests for the templating of interchannels that results in
uniform d-space and thus equal load transfer under tension,
generality for accessing multifunctional composites with designed
hosts and guests, as well as simple, green, fast, and scalable. Herein,
hyperbranched polyglycerol (HPG) was mainly selected as a model
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polymer to demonstrate the effectiveness of LCST methodology, as
HPG was viscous liquid at room temperature with low mechanical
strength.

Wet-spinning assembly process. POM and scanning electron
microscopy (SEM) were utilized to trace the wet-spinning process.
Figure 2a shows the photograph of spinning dope near the nozzle
under crossed polarizers. LC textures were observed in the capillary
and at the tip (Fig. 2b,c), indicating that the GGO sheets maintained
regular arrangement along with the decrease of nozzle diameter.
After injected into the coagulation bath, the ordered alignment was
well preserved as gel fibres became thinner and thinner, and finally
solid fibres with regularly compact B&M micro-structures were
obtained after drying, as demonstrated by in situ POM and SEM
observations (Fig. 2d-i, Supplementary Fig. S4).

Upon the exchange of solvent and coagulation bath, the fibres
contracted in both axial and radial directions. The axial contraction
brought crumpled surface that would lead to the decrease of 5. So we
stretched the GGO-HPG gel fibres in the coagulation bath by a
flowing field (Supplementary Fig. S3). The resultant solid fibres after
wet-stretching had unhindered surfaces with spreading ridges along
axial direction (Fig. 2j,k). The compressing in radial direction pro-
vided GGO-HPG fibres densely aligned, homogeneously layered
cross-section structures of alternative GGO sheets and HPG mole-
cules (Fig. 2h,i, Supplementary Fig. S5), implying the absence of
phase separation in our bio-mimetic composites with extremely high
fraction of nanofillers (69.3-84.2 wt%).

Mechanical properties of GGO-HPG fibres. The hierarchically
assembled structures especially the uniform alignment of GGO
sheets offer GGO-HPG composite fibres splendid mechanical
performance. Figure 3a shows the typical stress-strain profile of
fibres. The o of bio-mimetic fibres is 555 MPa, which is at least 2
times higher than that of nacre mimics made from montmorillonite
(MTM) without cross-linking (= 170 MPa, Fig. 3b)*, 75% higher
than that of Al,O5-chitosan composites (315 MPa)'’, 2-4 times &
of GO and graphene-based bio-inspired composites (120-
206 MPa)'>'”*, 3 times ¢ of bone (150 MPa)*, and 4 times ¢ of
nacre (135 MPa)*'. Our as-spun composite fibres outstrip the ever
strongest, cross-linked nacre-mimics (400 MPa) by about 38% in &
(Table 1)®. The o of GGO-HPG fibres is 60% higher than that of neat
GGO fibres (345 MPa), demonstrating the unique binding role of
HPG in the composites (Supplementary Fig. S6, S7). FT-IR spectrum
of GGO shows several characteristic peaks of various functional
groups including O-H (3420 cm™'), C=0 (1725 cm™"), and C-O
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Figure 1 | Schematic illustration of LCST strategy and the resulting composite fibres. (a—c) LCST protocol to prepare host-guest layer-structured
composites: formation of host LCs of 2D nanoplatelets with uniform nanochannels (a), incorporation of guest compounds (e.g., polymers,
biomacromolecules, and nanoparticles) into the host nanochannels to give host-guest complex LCs (b), and wet-spinning assembly of complex LCs into
nacre-mimetic fibres with hierarchical structures (c). (d,e) POM images of host GGO LCs (d) and host-guest complex GGO-HPG LCs (e) loaded in the

planar cells with concentration of 4 mgmL™". (f,g) Photographs of a thirty metres long GGO-HPG fibre (f) and a mat of GGO-HPG fibres made by hand
(g). Scale bars, 300 pm (d,e) and 1 cm (f,g).
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Figure 2 | Structural changes of GGO-HPG during spinning. (a) Photograph of GGO-HPG spinning solution inside the glass spinning head under
crossed polarizers. (b—d) POM images of GGO-HPG spinning solution in the capillary (b), at the spinning nozzle (c), and the drying procedure of GGO-
HPG fibre (d). (e-k) SEM images of cross-section of a GGO-HPG gel fibre at coagulation time of 0 min (e), 3 min (f), and dried fibre (g-i), the
surface morphology of the resulting fibre (j,k). Scale bars, 5 mm (a), 500 pm (b), 250 pm (c), 100 pm (d), 30 pm (e), 25 pm (f), 3 um (g,k), 500 nm

(h),250 nm (i), and 5 pm (j).

(1045 cm™'), and these abundant groups provide the basis of
hydrogen bonding formation. After the introduction of HPG, the
wavenumber of O-H shifts to 3400 cm ™", indicating the increase
of hydrogen bonding density between HPG and GGO (Supplemen-
tary Fig. S6)*. Similarly, Buehler and co-workers studied the
mechanical properties of neat GO as well as GO/polyvinyl alcohol
(PVA) composites in a joint experimental-theoretical and compu-
tational study®®. Their results not only demonstrated that hydrogen
bonding interactions formed in neat GO system, but also proved that
hydroxyl groups of PVA and oxygen moieties of GO could form
cooperative hydrogen-bonding network, which contributed to the
macro-scale mechanical properties of materials. Our multi-
hydroxyl HPG, an analogue of PVA, can also form hydrogen
bonding network with GGO sheets by analogy.

A Detter appreciation of the extraordinary mechanical properties
of our composites can be accessed via comparison with conventional
engineering metallic alloys. Due to the hierarchical ordered architec-
tures at multiple scales and lightweight attribute (density of ~ 1 g
cm™’), our biomimetic composites display much higher specific
strength (~ 555 N m g~') than those of engineering materials (=
300 N m g '), such as Mg alloys, Ti alloys, Al alloys, and steel
(Fig. 3c). These results highlight the tremendous potential of our
nacre mimics and suggest promising wide range of applications.

The area under the stress-strain curve in Figure 3a provides the
volumetric toughness, which is 18 MJ m™* for GGO-HPG nacre-
mimic fibre. This value is 4.6 times as high as that of GO-based
ultratough artificial nacre (3.91 MJ m™)", and one order of mag-
nitude higher than those of pristine GO papers, Ca** cross-linked

GO papers®, borate cross-linked GO papers*, hydrazine reduced
GO papers (< 2 MJ m™?)*, and our previous biomimetic fibres
(1.27 MJ m~?) (Fig. 3b)**. Other typical artificial nacre composites
such as MTM-PVA, MTM-PVA-glutaraldehyde (GA), MTM-chit-
osan, and MTM-polyelectrolyte also have toughness lower than 2 MJ
m78 which is far below that of our composite fibres.
Moreover, the toughness of our composites is around 10 times that
of natural nacre (1.8 MJ m3)*, and 15 times that of bone (1.2 MJ
m~?)*. The high toughness of GGO-HPG fibres results from the self-
adapting character of supramolecular hydrogen bonding linkages
inter- and intra-layers and large aspect ratio of GGO that provides
longer slipping distance (Fig. 3d, Supplementary Fig. S6, SI).
Additionally, the high toughness may be further enhanced by intro-
ducing CNTs into our fibres, utilizing the synergistic effect of gra-
phene and CNTs*.

The possible fracture mechanism of GGO-HPG composites is as
below: the relatively weak layer of HPG works under small tensile
force, as the force increases, it transfers from HPG layer to GGO
sheets. Afterwards, GGO sheets and HPG interlayers start to yield in
shear and slide on one another, accompanied with the destruction
and reformation of the hydrogen bonding networks between the
adjacent GGO sheets and HPG interlayers (Fig. 3d). Upon increasing
the tensile force, the shear spreads all over the fibres, followed by
failure of fibres by pull-out as well as fracture of GGO sheets, as
shown in Figure 4a-f and Supplementary Fig. S8. Our SEM observa-
tions are in agreement with the theoretical calculation for the layered
nanocomposites that predicts fracture of individual nanoplatelets
with a high aspect ratio™.
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Figure 3 | Mechanical properties of fibres. (a) Typical stress-strain curves for neat GGO (1), GGO-HPG (2), and GGO-HPG-GA (3) fibres. The strain
rate is 10% per minute. (b) Comparison of our bio-mimetic composites with nacre, bone, and reported layer-structured nanocomposites in terms of &
and volumetric toughness. (c¢) Comparison of our bio-mimetic composites with typical metallic alloys and engineering plastics in terms of specific

strength. (d) Schematic illustration of the adaptive hydrogen bonding networks in GGO-HPG composites. The hydrogen bondings (marked in green) are

destructed under tension and reformed subsequently as graphene sheets slip (shown in the below scheme).

Mechanical properties of GGO-HPG-GA fibres. In order to further
improve the mechanical performance of GGO-HPG fibres, the
interactions between HPG molecules and GGO should be
enhanced. Therefore, our fibres were treated with GA to construct
covalent acetal bridges between -OH groups of HPG and GGO. The
resulting  GGO-HPG-GA fibres remained layered structures
(Supplementary Fig. S9), and further improved c by 17.5% up to
652 MPa (Fig. 3a). This value approaches 38% of theoretical strength
of GO-PVA composites (~ 1.7 GPa)*. In addition, the Young’s
modulus (E) of GGO-HPG-GA fibres is 20.9 GPa, which is close
to the theoretical E of GO-PVA composites (26 GPa)*.
Interestingly, the cross-linked fibres still keep comparable € (4.1%)
and toughness (14 MJ m™), offering a new model for nanocom-
posites to exceed natural materials.

The ultrastrong strength of our composites probably originates
from the regular alignment of GGO sheets along the fibre axis, the
waviness of GGO sheets in fibres, and the uniform d-space between
neighboring GGO sheets. The marriage of intrinsic ordering of LCs
and wet-spinning technology enables macroscopically assembled

materials aligned structures (Fig. 2g-k). The flexibility of GGO sheets
provides curves perpendicular to the GGO sheets during the spin-
ning process, which contribute additional forces to the mechanical
performance. LCST approach realized the precise control over HPG
content of biomimetic composites and uniform d-space between
GGO sheets. We have fabricated GGO-HPG composites with differ-
ent fractions of HPG (15.8-30.7 wt%, Fig. 5a,b) with increasing d-
space of 10.27-12.68 A (Fig. 5¢,d). At an optimum fraction (23.2
wt%, d-space of 11.51 A) of HPG, the highest ¢ (555 MPa) of com-
posites was achieved (Fig. 5b). Under such a fraction, HPG formed
shoulder-to-shoulder single molecular interlayer between two neigh-
boring GGO sheets, resulting in even d-space and less voids (and thus
the strongest interaction of hydrogen bonding array). Either less or
more HPG led to decrease of available hydrogen bondings between
adjacent GGO sheets and lower mechanical strength of composites
due to more voids and irregular interspaces (Fig. 5b, Supplementary
Fig. $10).

Performance of reduced composites. Through thermal or chemical
reduction, the as-prepared GGO-HPG fibres were reduced to RGG-

Table 1 | Mechanical Properties of Nacre and Typical Artificial Nacre Composites
Volume fraction of  Tensile Strength Young's modulus

Composites platelets (%) (MPa) Relative strength  Toughness (MJ m~3) Strain (%) (GPa)
Nacre (3) 95 80-135 ~3.3 0.2-1.8 0.1-1 60-70
MTM/cross linked PVA (8) 50 400 10 0.64 0.33 106
Al,O3/chitosan (10) 15 315 6 37.57 21 9.6
GO-PVA (16) 41 162 2 2.55 3 10
GO-chitosan (15) 6 206 2.7 6.18 6.5 6.3
GGO-HPG 77 555 ~ 103 18 5.6 15.9
GGO-HPG-GA 77 652 ~10° 14 4.0 20.9
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HPG fibres by removing the original oxygen containing groups on
GGO sheets and restoration of conjugated nets. FT-IR spectrum of
RGG-HPG indicates the oxygen moieties of GGO decreased
obviously, thus the hydrogen bonding interactions should reduce
(Supplementary Fig. S6). Raman spectra of GGO-HPG and RGG-
HPG showed the restoration of conjugated nets. The characteristic
peaks of graphene are the defect-induced D band at ~ 1,355 cm™,
and G band at ~ 1,595 cm™" that is related to in-plane vibration of
sp® carbon atoms in a 2D hexagonal lattice, respectively (Supple-
mentary Fig. S11). The intensity ratio of D to G band (Ip/Ig) for
GGO-HPG (~ 1.62), related to the size of the sp> domains, decreased

300 400 500
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Figure 4 | Morphology of fracture section of GGO-HPG fibres. (a—e) SEM images of fracture surfaces of GGO-HPG fibres at different magnification. (f)
Deformation mechanism model of GGO-HPG fibres under tensile stress. Scale bars, 5 pum (a) and 500 nm (b,d,e), 250 nm (c).

to ~ 1.25 for RGG-HPG, indicating the conjugated network of
graphene recovered partially after reduction®.

Here we chose several reducing agents, mainly including hydra-
zine monohydrate®, environment-friendly vitamin C (V¢)*, hydro-
iodic acid (HI)¥, and acetic acid (AcOH) to obtain RGG-HPG
fibres*®. The corresponding electrical conductivities and mechanical
properties were summarized in Table 2. The highest electrical
conductivity of RGG-HPG composites, which was one order of
magnitude higher than that of graphene/polyaniline composite films
(550 S m™")* and comparable to neat graphene papers (~ 6000 S
m™')*, was achieved by reducing with HI-AcOH (5261 S m™")

0 15 20 25 30 35
HPG content (wt%)

&
o
o

144 *

D-spacing (A)
**

2 Theta

Figure 5| Controlled structure of GGO-HPG composites. (a) TGA curves of neat GGO (black line) and GGO-HPG composites with different HPG
fractions. (b) The o of GGO-HPG composites as a function of HPG contents. (c) XRD patterns of neat GGO (black line) and GGO-HPG composites with
different HPG contents. (d) The interlayer d-space of GGO-HPG composites as a function of 2 Theta. Error bars in b represent the minimum and

maximum values obtained from eight independent experiments.
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Table 2 | Electrical Conductivities and Mechanical Properties of RGG-HPG Fibres

Reducing Method Electrical Conductivity (S m™') Tensile Strength (MPa) Strain (%) Toughness (MJm~3)  Young’s modulus (GPa)
N,H4H,O 244 42 2.6 0.6 2.5

Ve 1165 429 4.0 9.3 14.3
Modified Ve 2585 533 5.1 14.4 14.4

HI 3209 443 5.6 14.0 10.8
HI+AcOH 5261 487 3.5 9.5 17.6

200°C 41 487 5.9 15.3 10.8

(Fig. 6a, Supplementary Fig. S12). The corresponding RGG-HPG
composites also showed good mechanical performance (o
487 MPa, € 3.5%, E 17.6 GPa, Fig. 6b). The composites reduced by
hydrazine monohydrate had obvious porous structures (Supplemen-
tary Fig. S13), accordingly exhibiting much lower electrical conduc-
tivity (244 S m™') and the minimal mechanical strength (42 MPa).
Furthermore, we developed an efficient and nontoxic reduction
method with Vc and KOH as reducing agent, and the RGG-HPG
fibres displayed an electrical conductivity of 2584 S m™', two times
that of composite reduced by the previous Vc protocol (1164 S
m™')*. Noticeably, our modified Vc approach provided the strongest
o and the best toughness (5 533 MPa, £ 5.1%, E 14.4 GPa, toughness
of 14.4 MJ m~*) among RGG-HPG composites made by the different
reducing methods. The strength of RGG-HPG composites was
mostly comparable to those of original GGO-HPG fibres, mainly
because of the highly ordered hierarchical structures of composites.
Recently, Buehler and coworkers also theoretically demonstrated
that the mechanical performance of bio-mimetic composites was
majorly dependent on their hierarchical structures rather than con-
stituents®>*'. The high conductivities together with their ultrastrong
and tough properties make our bio-mimetic fibres widely applicable
in the fields of multifunctional textiles and wearable electronic
devices™.

Versatility of LCST Strategy. To confirm the versatility of our LCST
strategy, linear polymer guests such as PV A were utilized to mix with
the host of GGO LCs, and continuous strong fibres were also
obtained by the same wet-spinning assembly protocol (Supplemen-
tary Fig. S14). Additionally, Ag nanoparticles were synthesized
utilizing HPG as stabilizer, and layer-structured GGO-HPG-Ag
fibres were also obtained via the LCST approach. X-ray energy
dispersive analysis proved the uniform distribution of Ag element
in the cross-section of the fibres (Supplementary Fig. S15).

Discussion
Compared with previous artificial nacre composites, GGO-HPG
fibres show great enhancement in both ¢ and &, mainly because

the chosen GGO building blocks have extraordinary properties that
can be translated into the macroscopic GGO-HPG fibres by effective
assembly. The large size of GGO minimizes the defects in our com-
posites. The combination of LCST strategy and wet-spinning process
provides effective assembly and ordered alignment of building
blocks. The flexible feature of GGO generates wrinkles and waviness
during the spinning process, which are favorable to improve the
strength. The formation of strong and adaptive hydrogen bonding
networks between GGO and HPG also contributes to the super
properties. As the adaptive character of hydrogen bonding network,
the destructed hydrogen bondings can be recovered for a number of
cycles, providing our composites good ductility®*. Moreover, the uni-
form monolayer of HPG molecules maximizes the quantity of hydro-
gen bondings, which can repair some defects and further improve the
mechanical strength of our composites.

For the neat GGO system, three kinds of dominant interactions
between individual GGO sheets, van der Waals interactions, hydro-
gen bondings, and ionic interactions (Supplementary Fig. S16), con-
tribute to its mechanical strength (¢ 345 MPa). Considering that
hydrogen bondings need oxygen containing groups, HPG with
abundant hydroxyl groups were introduced to increase the density
of hydrogen bondings at both interlayer and intralayer (Supplemen-
tary Fig. S6), further improving o to 555 MPa. The supramolecular
interactions were successfully converted into stronger covalent lin-
kages by cross-linking with GA, resulting in higher mechanical prop-
erties (6 652 MPa, E 20.9 GPa).

After chemical reduction, the RGG-HPG composites mostly
maintained good performance from the original GGO-HPG fibres
(Table 2) due to the increased van der Waals interactions between
graphene sheets (Supplementary Fig. S11), slightly decreased hydro-
gen bondings and ionic interactions (Supplementary Fig. S6), as well
as the hierarchical structure of composites. In GGO-HPG compo-
sites, the large size and waviness of GGO sheets and the dendritic
binder structure of HPG give the primary structure of fibres; the high
density of hydrogen bondings between HPG and GGO provide the
secondary structure; the regular and compact cross-section derived
from the LC structures of GGO-HPG aqueous solution and effective
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Figure 6 | Properties of RGG-HPG fibres. (a) Electrical conductivities of RGG-HPG fibres reduced by different methods. (b) Typical stress-strain curves
of RGG-HPG composites, reduced by 200°C thermal treatment (1), N,H, (2), Ve (3), modified Ve (4), HI (5), and HI+AcOH (6).
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assembly by wet-spinning form the tertiary structure; the alignment
and wrinkles (formed in the coagulation procedure) of GGO sheets
along the fibre axis make up the quarternary structure. These four
hierarchical levels of GGO-HPG fibres not only provide high
strength and toughness of original composites, but also are respons-
ible for the comparable mechanical performance of RGG-HPG com-
posites since such hierarchical structures remained after reduction.

Although most of RGG-HPG fibres obtained by different methods
remain excellent properties, the stress-strain curves are distinct.
Thermal treatment reserved compact cross-section structure of
GGO-HPG (Supplementary Fig. S13), resulting in comparable
mechanical performance. The chemical reduction of GGO-HPG
fibres may create new products and change the compositions of
RGG-HPG fibres, which differ from each other according to the
reducing agents**™*®, thus the stress-strain curves are sensitive to
the reduction methods. Notably, the hydrazine reduction process
may generate gas, which results in porous structure of RGG-HPG
fibres (Supplementary Fig. S13), seriously decreasing the mechanical
properties.

A typical shear lag model has been proposed to illustrate the
strength of nacre. Based on this model, two fracture types of layered
composites are found, according to the aspect ratio (S) of platelets
and the critical one (S.). Generally, S. is equal to the ratio of tensile
strength of platelets (G,,) and shear strength of organic matrix (t,) (S.
= 0,/Ty). For § < S, the relatively weak organic matrix and the
interface of platelet-organic matrix yield the tensile strength, and
thus the composites break by pull-out of platelets. In the case of S
> S, the composites fail due to the fracture of platelets. The later case
usually gives stronger but brittler materials. In our composites, S, is
around 10* close to the aspect ratio of part GGO sheets (S ~ 1.6 X
10%). Therefore, we observed the fracture of GGO sheets in GGO-
HPG composites (Fig. 4b,c). As the GGO sheets have a wide distri-
bution of width, some GGO platelets pulled out accompanying the
rupture of composites (Fig. 4d,e). Moreover, the incorporation of
adaptive hydrogen bondings between GGO and HPG further
provided the composites ductile attribute, resulting in high € and
toughness.

In summary, we designed a green, simple, general, fast and effi-
cient LCST strategy to fabricate the next generation of continuous,
ultrastrong and tough bio-mimetic composites. Despite of the mech-
anical blending process, phase separation between nanofillers and
polymer was avoided, even at the case of high content of nanoparti-
cles (~ 77 wt%). The uniform, regular arrangement and the high
aspect ratio of GGO sheets together with the hierarchical structures
of our composites led to a large improvement of mechanical per-
formance for nanocomposites. The biomimetic composites set a new
record ¢ (~ 0.65 GPa) and toughness (~ 18 M] m~*) among nacre
mimics. In addition, the composites exhibited high electrical con-
ductivity (5261 S m™") that was comparable to neat graphene papers.
Such multifunctional composites have wide applications in func-
tional textiles as well as flexible and wearable devices. The LCST
strategy can be readily extended to prepare other hierarchically struc-
tured composites that can be hardly accessed by previous protocols,
opening the avenue to multifunctional, highly ordered and tailor-
made materials.

Methods

Preparation of GGO-HPG fibres. Given amount of HPG was added to GGO LCs,
and the mixture was stirred sufficiently for 24 h at room temperature. The GGO-
HPG LCs (5-8 mg mL™") were loaded into a plastic syringe with a spinning nozzle
(PEK tube with diameter of 100 pm) and injected into 5 wt% CaCl, solution by an
injection pump (20 uL min~"). After coagulation for 15 minutes, the fibres were
rinsed by water for two times, rolled onto the drum, and dried for 24 h under 60°C in
vacuum, giving rise to the final products.

Preparation of GGO-HPG-GA fibres. The as-prepared GGO-HPG fibres were
immersed in glutaraldehyde (25%) for a week at room temperature. After being dried
for 24 h under 80°C in vacuum, GGO-HPG-GA fibres were obtained.

Instruments. SEM images were obtained on a Hitachi S4800 field-emission SEM
system. POM observations were performed with a Nikon E600POL and the liquid
samples were loaded into the planar cells for observations. The tensile stress-strain
tests were performed on a Microcomputer Control Electronic Universal Testing
Machine made by REGER in China (RGWT-4000-5). The strain rate is 10% per
minute. Thermal gravimetric analysis (TGA) was carried out on a Perkin-Elmer Pyris
6 TGA instrument with a heating rate of 20°C min ' under a nitrogen flow (30 mL
min~'). XRD data were collected with an X'Pert Pro SPANalytical) diffractometer
using monochromatic Cu Kol radiation (A = 1.5406 A) at 40 kV. Fourier-transform
infrared (FTIR) spectra were recorded on a Bruker Vector 22 spectrometer. TEM
analysis was performed on a JEOL JEM1200EX electron microscope at 120 KV.
Electrical properties were measured on CHI660E workstation.
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