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Inspired by interfacial interactions of protein matrix and the crystal platelets in nacre, herein, a super-
tough artificial nacre was produced through constructing the synergistic interface interactions of w-7
interaction and hydrogen bonding between graphene oxide (GO) nanosheets and sulfonated styrene-
ethylene/butylene-styrene copolymer synthesized with multifunctional benzene. The resultant GO-
based artificial nacre showed super-high toughness of 15.3 + 2.5 MJ/m>, superior to natural nacre and

other GO-based nanocomposites. The ultra-tough property of the novel nacre was attributed to syner-
gistic effect of m-m stacking interactions and hydrogen bonding. This bioinspired synergistic toughening
strategy opens a new avenue for constructing high performance GO-based nanocomposites in the near

future.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Natural nacre demonstrates extraordinary fracture toughness
ranging to 3000 times higher than the intrinsic toughness of its
constituent of CaCOs platelets. This level of toughness is attributed
to the interfacial interactions between organic protein matrix and
CaCOs platelets [1—3]. Inspired by this relationship of extraordinary
toughness and abundant interface interactions, a range of bio-
inspired nanocomposites based on different inorganic platelets
have been demonstrated, including flattened double-walled carbon
nanotubes [4], man-made CaCOs [5,6], nanoclay [7,8], Al,O3 flakes
[9,10], and layered double hydroxides [11]. Graphene oxide (GO)
nanosheets with numerous oxygen-containing groups are an ideal
candidate for achieving the artificial nacre construction through
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the design of different interface interactions, including hydrogen
bonding, ionic bonding, m-m interaction, and covalent bonding.
Many GO-based artificial nacre with excellent mechanical proper-
ties have been produced by constructing different interface in-
teractions [12—18], for example, the GO-Borate, rGO-PCDO, PGO-
PDA, rGO-SL, and rGO-PAPB. In our previous report [16,17], we
demonstrated ultra-tough GO-based artificial nacre with long
linear molecules of PCDO, which absorbs much energy when the
coiled structure is stretched under loading. However, constructing
much tougher GO-based artificial nacre remains a great challenge.

Recently, our group has developed a new route to toughen
brittle epoxy thermosets with the block ionomer, sulfonated
polystyrene-block-poly (ethylene-co-butylene)-block-polystyrene
(SSEBS) via sulfonating polystyrene-block-poly (ethylene-co-
butylene)-block-polystyrene (SEBS) with 67 wt% of polystyrene (PS)
[19,20]. Moreover, styrene segments in SEBS can form strong m-m
stacking [21] whereas sulfoacid groups can form hydrogen bonds
with oxygen-containing groups on the GO surface, which can
guarantee strong interfaces between GO and SSEBS and thus
facilitate the stress transfer and energy dissipation upon external
load.
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Table 1
Loading level of polymers and d-spacing for as-prepared artificial nacre.

Run Loading level of polymer d-spacing (A) by XRD
(wt%)
Input by TGA

GO - - 7.21

GO-S-2 2.0 1.90 7.34

GO-S-5 5.0 4.90 7.72

GO-S-10 10 9.90 8.85

GO-S-15 15 14.8 9.01

GO-S-20 20 19.7 9.27

In this work, we have demonstrated super-tough GO-based
artificial nacre through synergistic toughening of 77 interaction
and hydrogen bonding. A new water-soluble long chain molecule,
sulfonated styrene-ethylene/butylene-styrene (SSEBS), with many
benzene groups was synthesized through sulfonating SEBS triblock
copolymers. Then the SSEBS and GO nanosheets were assembled
into artificial nacre via vacuum assisted-filtration. The strong m-7
interaction is formed between the benzene groups with GO nano-
sheets, and hydrogen bonding network is formed between hy-
droxyl groups, carboxyl groups of GO nanosheets, and sulfonic
groups of SSEBS [19—21] as well. The resultant synergistic effect of
7-7 interactions and hydrogen bonding improves the efficiency of
stress transfer, and long soft SSEBS segments easily deform and
extend under loading, dissipating much more fracture energy. The
toughness of GO-SSEBS reaches as high as 15.3 MJ/m?, which is
eight times higher than that of natural nacre [22], and superior to
other GO-based artificial nacre. This bioinspired synergistic
toughening of m-m interactions and hydrogen bonding strategy
opens a new avenue for constructing high performance GO-based
nanocomposites in the near future.

2. Experimental section
2.1. Materials

Graphene oxide (GO) was prepared according to our previous
work [23]. Detailed preparation process of sulfonated styrene-

ethylene/butylene-styrene (SSEBS) is provided in Supporting
Information.

2.2. Fabrication of SSEBS-toughened GO-based artificial nacre

Firstly, 1.5 g of each polymer (GO, SSEBS) was dispersed in
1000 ml deionized water with the aid of sonication for 30 min, and
then stirring for 3 h and to prepare 1.5 mg/ml aqueous solutions of
GO, and SSEBS, respectively. Then, a certain amount of SSEBS so-
lution was added into the GO solution according to desired mass
ratios. The mixtures were then stirred for 12 h to form a homoge-
neous solution. Finally, the SSEBS-intercalated GO-based artificial
nacre was obtained with vacuum-assisted filtration self-assembly
process. Additionally, the GO-PVA film was prepared using the
same preparation protocol to GO-SSEBS but according to the ratio,
50 wt% PVA, in previous reports as a comparison to evaluate the
advantage of SSEBS over PVA as the intercalating agent. Detailed
formulations and sample designation are shown in Table 1.

2.3. Characterization

Typical tapping-mode atomic force microscopy (AFM) mea-
surements were performed on a Bruker Multi Mode 8 SPM in-
strument (USA). Scanning electron microscopy (SEM) images were
obtained using a field-emission scanning electron microscope (FEI-
SEM S4800) at an acceleration voltage of 5 kV. The accelerating
voltage was increased up to 15 kV for energy dispersive X-ray
spectroscopy (EDX) measurements. XPS measurements were per-
formed using ESCAlab 250XI electron spectrometer. X-ray diffrac-
tion (XRD) tests were carried out using a Rigaku X-ray generator
(Cu K, radiation). Infrared (IR) spectra of all films were recorded on
a Bruker Vetex-70 IR spectrometer (Germany) using an attenuated
total reflectance (ATR) mode. Raman spectra were obtained with an
ALMEGA-Dispersive Raman (Thermo Nicolet) with 514.5 nm exci-
tation. Thermogravimetric analysis (TGA) was conducted on a TA
Q50 thermal analyzer (TGA, USA) in a temperature range of
50—750° C in nitrogen with a heating rate of 5 °C/min. Mechanical
properties were measured using an Instron 30 kN tensile tester at
23 + 2 °C at a loading rate of 1 mm/min with a gauge length of
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Fig. 1. (a) Schematic representation of the fabrication process of GO-S-n artificial nacre via vacuum-assisted filtration. (b) Digital photograph and (c) Cross-section morphology of
GO-S-10. (d) Elemental maps and (e) Elemental composition of GO-S-10. (A colour version of this figure can be viewed online.)
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10 mm. All of the samples were cut into strips with a length of
40 mm and a width of 2 mm width before measurement. The re-
sults for each sample ware based on the average value of at least 5
specimens.

3. Results and discussion

The size of GO nanosheets is in the range of 1.0—5.0 um with a
thickness of ~1 nm (Figure S1), and the water-soluble SSEBS was
synthesized via sulfonating SEBS (Scheme S1). After sulfonation,
four new absorption peaks appear in the infrared spectrum (IR),
respectively locating at 3397 cm ™! (the stretching vibration of 0—H
in —SO3H), 1126 cm !, 1032 cm™! and 1003 cm™! (stretching vi-
bration of S—0) [24,25] (Figure S2A). Elemental analysis results
show that SSEBS contains 5.14 wt% S element, and the aqueous
solution of 5.0 wt% SSEBS looks brown and transparent
(Figure S2B), revealing the water-solubility of SSEBS. The GO-SSEBS
artificial nacre is assembled via vacuume-assisted filtration, as
shown in Fig. 1a. 1.0 wt% GO suspension was prepared by dispersing
the GO nanosheets into deionized water with the aid of sonication
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and stirring, and then the 1.0 wt% aqueous solution of SSEBS was
added. The mixture was further stirred for 12 h, and filtrated with
vacuum-assistance. Different SSEBS content of resultant artificial
nacre were fabricated for comparison, and the resultant artificial
nacre were designated as GO-S-n, in which n represents the SSEBS
content. In this study, five kinds of artificial nacre are fabricated,
listed as: GO-S-2, GO-S-5, GO-S-10, GO-S-15, and GO-S-20. The real
content of SSEBS is further confirmed, as shown in Fig. S5 and listed
in Table S1. The digital photograph of flexible GO-S-10 is shown in
Fig. 1b. Cross-section morphology of GO-S-10 indicates clearly well
orderly nacre-mimetic structure, as shown in Fig. 1c. The elemental
map reveals uniform dispersion of presence of C, O and S (2.38 wt%)
elements, as shown in Fig. 1d—e.

To further verify the presence of SSEBS in the gallery of adjacent
GO nanosheets, X-ray photoelectron spectroscopy (XPS) tests were
conducted. Besides typical binding energy peaks for pure GO
(Fig. S3), a new peak at 286.9 eV belonging to the binding energy of
C—S bonds appears in the C1s spectrum of GO-S-10, as shown in
Fig. 2a, and the content of S element was determined to be 2.42 wt%
(Fig. S4). Raman spectra demonstrate that the Ip/Ig ratio value
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Fig. 2. (a) C1s spectrum of GO-S-10, (b) Raman spectra of SSEBS, pure GO, GO-S-10, and GO-S-50. Appearance of binding energy peaks at 232.7eV (S2s) and 168.9 eV (S2p) together
with the peak belonging to C—S (286.8 eV) suggests SSEBS was successfully introduced into GO galleries. (c) FTIR spectra of pure GO, GO-S-10 and SSEBS. (d) XRD spectra of pure GO,
GO-S-2, GO-S-5, GO-S-10, GO-S-15, and GO-S-20, respectively. (A colour version of this figure can be viewed online.)
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decreases from 1.39 for pure GO to 1.31 for GO-S-10, as shown in
Fig. 2b. Moreover, though pristine SSEBS only exhibits a band at
1093 cm™ !, adding SSEBS makes G band (1593 cm™!) for pure GO
shift to higher wave-numbers (~1599 cm™!), mainly because of the
strong - interactions between GO nanosheets and SSEBS [21]. In
comparison, introducing PVA causes G and D bands to shift to lower
wave-numbers (1588 and 1346 cm™'). In addition, two new ab-
sorption peaks at 2930 and 2856 cm ™~ (stretching vibrations of CH,
in SSEBS chains) appear in the IR spectrum of GO-S-10, further
indicating the presence of SSEBS in the gallery of adjacent GO
nanosheets (Fig. 2c).

X-ray diffraction (XRD) measurements were carried out to
determine the interlayer distance (d-spacing) of the resultant the
interlayer distance artificial nacres. As shown in Fig. 2d and
Table S1, pure GO film displays a small d-spacing of 7.21 A. After
introducing SSEBS, the d-spacing value of artificial nacre steadily
increases with increasing polymer loading level, for instance, a d-
spacing of 7.34 A for GO-S-2, 7.72 A for GO-S-5, 8.85 A for GO-S-10,
9.01 A for GO-S-15, and 9.27 A for GO-S-20. The gradually
increasing d-spacing strongly further indicates the successful

intercalating of SSEBS into gallery of the adjacent GO nanosheets.
Moreover, upon the input SSEBS content above 10 wt%, the
diffraction peak at about 19.3° corresponding to characteristic peak
of SSEBS appears.

Typical stress-strain curves of GO-S-n artificial nacre are shown
in Fig. 3a. The presence of small amount of SSEBS causes GO
nanosheets to exhibit remarkably enhanced tensile strength and
extensibility due to strong interfacial interactions between GO
nanosheets and SSEBS as well as high deformation capabilities of
SSEBS. As shown in curve 1 of Fig. 3a, the pure GO film displays a
tensile strength of about 90 MPa and toughness of 1.53 MJ/m?>,
consistent with previous reports [16—18]. The pure SSEBS film ex-
hibits a much lower tensile strength of about 14 MPa, but a much
higher strain of 100% (Table S1).

The tensile strength and toughness of GO-S-n artificial nacre,
steadily increase with increasing SSEBS content, and reach the
maximum values when the SSEBS content is about 10 wt% (GO-S-
10). The tensile strength and toughness of GO-S-10 reach up to
158 + 6.0 MPa and 15.3 + 1.5 MJ/m>, corresponding to 76% and 900%
improvement compared to that of pure GO film, respectively.
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Fig. 3. (a) Typical stress-strain curves of pure GO film (curve 1), GO-S-5 (curve 2), GO-S-10 (curve 3), and GO-S-15 (curve 4). (b) Tensile strength and (c) toughness of GO and GO-S-n
artificial nacre with different SSEBS content, indicating that both tensile strength and toughness reach the maximum value at a SSEBS content of about 10 wt%. (d) Typical stress-
strain curve of the pure SSEBS film and GO-S-10 artificial. (e) Fracture morphology of GO-S-10 artificial nacre after tensile testing. (f) Proposed fracture mechanism of GO-S-10

artificial nacre. (A colour version of this figure can be viewed online.)
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However, when the SSEBS content further increases, the tensile
strength and toughness dramatically decreases, as shown in
Fig. 3b—c. When the SSEBS content is lower than 10 wt%, the
presence of SSEBS cannot provide enough space for the mutual
slippage of GO nanosheets, which limits the dissipation of energy in
process of fracturing of 7- interactions, deforming and extending
of SSEBS under loading. However, when the SSEBS content is higher
than 10 wt%, the excess SSEBS probably only acts as the inter-
calating impurity to increase both the interlayer spacing and the
area of cross-section of GO-S-n artificial nacre. Meanwhile, the
excess SSEBS may also hinder the stress transfer between adjacent
GO nanosheets, which is also observed by previous report [18].
Detailed mechanical properties of other GO-S-n artificial nacre are
listed in Table S1.

Compared to the pure GO film, the artificial nacre of GO-S-10
exhibits a typical stress-strain curve with two failure stages,
including the elastic deformation, and hardening stage, as shown in
Fig. 3d. This is because that there are numerous interface in-
teractions between GO nanosheets and SSEBS. For example, m-7
interactions are formed between GO nanosheets and long poly-
styrene (PS) segments in SSEBS, and the hydrogen bonding are
formed between sulfonic acid groups on PS segments with abun-
dant hydroxyl, carboxyl groups on the surface of GO nanosheets.
The proposed fracture process is illustrated as show in Fig. 3f.
Taking the artificial nacre of GO-S-10 as an example, the corre-
sponding stress-strain curve is shown in Fig. 3d. When the loading
starts, the GO-S-10 artificial nacre first show the plastic deforma-
tion, designated as stage I, the soft long aliphatic chains of EB
segments in SSEBS start to deform and extend from the randomly
coiled conformation between adjacent GO nanosheets, resulting in
large strain. This form of plasticization facilitates the mutual slip-
page of GO nanosheets upon loading, which also results in high
dissipation of energy. When continuously stretching, EB chains
further extend along the direction of stretching. Then, the stage II of
the hardening stage starts, and the EB chains are stretched to uncoil
until fracture. In this process, firstly, the hydrogen bonds fracture,
and then the w-m stacking interactions begin to rupture with
increasing loading. Finally, a fraction of GO nanosheets are pulled
out, as shown in Fig. 3e. The S element is detected on the pulled out
GO nanosheets, indicating that SSEBS is also pulled out with GO
nanosheet in the facture process, mainly because of the strong 7-7
stacking interactions between SSEBS and GO nanosheets.

This form of artificial nacre shows super high toughness
compared to natural nacre and other GO-based nanocomposites,
and the comparison of stress strain curves is shown in Fig. 4, with
detailed mechanical properties listed in Table S2. The artificial
nacre of GO-S-10 exhibits toughness of 15.3 MJ/m>, which is almost
about 8.5 times of that of natural nacre with 1.8 MJ/m>, and other
GO-based nanocomposites with different cross-linking strategies.
For example, Tian et al. [26] applied polyetherimide (PEI) cross-link
GO nanosheets and achieved strong GO-based nanocomposites
(GO-PEI) with tensile strength of ~209.9 MPa, but low toughness of
0.23 MJ/m?, and the corresponding stress-strain curve is shown in
curve 10 of Fig. 4. This behavior is because of the strong covalent
bonding, which limits the mutual slippage of adjacent GO nano-
sheets resulting in high strength but low toughness. The other GO-
based nanocomposites with covalent bonding, such as GO-PAA,
GO-GA, GO-PDA, GO-Borate, and GO-PCDO, also demonstrate the
high tensile strength but low toughness. For GO-based nano-
composites with ionic bonding, such as GO-Mg?* and GO-Ca®", the
enhancements in toughness and strength are also difficult. On the
other hand, although the tensile strength of polymer reinforced GO
nanosheets nanocomposites show high strength, they exhibit low
toughness because of weak interactions, such as GO-PMMA, GO-
PVA, GO-MoS,-TPU, and GO-Al,03-PVA. Recently, the high
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Fig. 4. Comparison of stress-strain curves with GO-S-10 artificial nacre (Curve 15) with
other GO-based nanocomposites, such as GO-Mg?* (Curve 2) [27], GO-Ca** (Curve 3)
[27], GO-PAA (Curve 4) [28], GO-PVA (Curve 5) [29], GO-PCDO (Curve 6) [16], GO-SF
(Curve 7) [30], GO-GA (Curve 8) [31], GO-PEI (Curve 9) [26], GO-PMMA (Curve 10)
[32], GO-PDA (Curve 11) [ 18], GO-Borate (Curve 12) [33], GO-MoS,-TPU (Curve 13) [17],
and GO-Al,03-PVA (Curve 14) [34], respectively. (A colour version of this figure can be
viewed online.)

toughness graphene-based nanocomposites are achieved through
chemically reducing the GO-based nanocomposites, for example,
GO-CS, GO-CNC, and GO-HPG. In this study, we focused primarily
on the GO-based nanocomposites.

There are two main reasons for the much higher tensile
toughness for GO-S-10 as compared with other GO-based artificial
nacre. Firstly, the strong m-m stacking interactions between poly
(styrene) segments in SSEBS and GO as well as hydrogen bonding
interactions between the sulfoacid groups of SSEBS and oxygen-
containing groups on the GO surface guarantee strong their inter-
facial interactions and the effective stress transfer. In other words,
adjacent GO nanosheets in our system are interlocked by the
physical interactions (7-7 stacking and hydrogen bonding), which
allows the readily slippage of GO during tension. By contrast, GO-
based composites based on chemical bonds including covalent
bonds (e.g. GO-GA, GO-PDA, GO-Borate and GO-PCDO) or ionic
bonds (GO-Mg®* and GO-Ca®*) can restrict the mutual slippage of
GO sheets under external tensile load, thus leading to a much low
elongation and tensile toughness despite the high tensile strength.
Moreover, the long soft EB segment in SSEBS located in the gallery
of layered GO materials tend to deform and extend from the
randomly coiled conformation upon loaded, which can absorb
much energy and also promote the mutual slippage of GO sheet,
thus facilitating the dissipation of fracture energy and leading to a
noticeable increase in the tensile toughness. As a result, SSEBS-
toughed GO-based artificial nacre shows much higher toughness
than other GO-based counterparts with similar structure.

4. Conclusions

Inspired by natural nacre, we created super-tough GO-based
artificial nacre via synergistic interface interactions. The synthe-
sized water-soluble sulfonated SEBS copolymer provides numerous
functional groups, resulting in formation of -7 interaction and
hydrogen bonding with GO nanosheets. This kind of synergistic
interface interactions achieves high toughness of 15.3 Mj/m?, su-
perior to natural nacre and other GO-based nanocomposites. This
work provides a novel bioinspired toughening strategy for creating
super-tough GO-based nanocomposites.
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