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Natural nacre, which consists of almost 95 vol% inorganic
content (calcium carbonate) and 5 vol % elastic biopolymers,
possesses a unique combination of remarkable strength and
toughness,!! which is attributed to its hierarchical nano-/
microscale structure and precise inorganic-organic inter-
face.”! Inspired by the intrinsic relationship between the
structures and the mechanical properties lying in the natural
nacre, different types of nacre-like layered nanocomposites
have been fabricated with two-dimensional (2D) inorganic
additives, including glass flake,” alumina flake,® graphene
oxide,” layered double hydroxides,® nanoclay,”! and flat-
tened double-walled carbon nanotubes.®! Although great
progress has been achieved in tensile mechanical proper-
ties, <% in only very rare cases are artificial layered
composites with excellent toughness are obtained.'” One
of the most important causes is the relatively low interfacial
strength between interlayers of artificial nacre. Recently, 2D
graphene has attracted much research interest owing to its
outstanding electrical, thermal, and mechanical properties,'!!
and many graphene-based devices have been fabricated,
such as bulk composites,™*! one-dimensional fibers,'*! super-
capacitors.”® As the water-soluble derivative of graphene,
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4@ Ultratough Artificial Nacre Based on Conjugated Cross-linked

graphene oxide (GO), with many functional groups on the
surface, is one of the best candidates for fabricating artificial
nacre, because functional surface groups allow for chemical
cross-linking to improve the interfacial strength of the
adjacent GO layers. Until now, several methods have been
developed to functionalize individual GO sheets and enhance
the resultant mechanical properties, including divalent ion
(Mg?*, Ca’") modification," polyallylamine!"” or alkyla-
minel" functionalization, borate cross-linking,') glutaralde-
hyde (GA) treatment,””) n—m interactions,” and hydrogen
bonding.”?! Although the obtained strength and stiffness are
significantly enhanced, the modified materials are always
accompanied by a reduced ductility or toughness.!') In a brief,
it still remains a great challenge to obtain the ultratough
artificial nacre based on the 2D GO sheets.

Herein, inspired by the relationship of excellent toughness
and hierarchical nano-/microscale structure of the natural
nacre, we have developed a novel strategy for fabricating the
ultratough artificial nacre based on 2D GO sheets by
conjugated cross-linking. Highly m-conjugated long-chain
polymers made of 10,12-pentacosadiyn-1-ol (PCDO) mono-
mers™! are cross-linked with the GO sheets, resulting in
a huge displacement upon loading and adsorption of much
more fracture energy. The toughness is two times higher than
that of the natural nacre. Furthermore, the m-conjugated
polymers could add additional benefit to the high electrical
conductivity of the chemically reduced GO (rGO). It is
expected that this novel type of the ultratough and conductive
artificial nacre has great potential in aerospace,* flexible
supercapacitor electrodes,! artificial muscles,®' and tissue
engineering.”*!

The typical hierarchical nano-/microscale structure of
natural nacre is shown in Figure 1a—c. CaCO; platelets with
a thickness of 200-500 nm are assembled into the layered
nanocomposites. The nanoasperities on the surface of the
CaCO; platelets play a key role in the process of dissipating
crack energy when loading, through typical toughening
mechanisms such as crack deflecting,”” interlocking,” and
mineral bridging.*” Inspired by the relationship of outstand-
ing toughness with the hierarchical nano-/microscale struc-
ture of natural nacre, we assembled 2D GO sheets and -
conjugated polymer PCDO into the ultratough artificial
nacre. The inorganic GO sheets act as the bricks, while the
PCDO polymers act as the mortar in the artificial nacre.
Thermogravimetric analysis reveals that the weight loading of
the PCDO in the composites is about 6.5 wt %, which is
comparable to natural nacre (Supporting Information, Fig-
ure S1). In contrast to natural nacre, PCDO is not only the
organic phase of the artificial nacre, but also the cross-linker
of adjacent GO sheets. The long chain of the PCDO causes
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Figure 1. Comparison of natural nacre with artificial nacre based on
graphene oxide (GO): a) Image of the shellof red abalone. b),c) SEM
images of the cross-section of natural red abalone shell, showing
unique arrangement of the CaCO; platelets in the multilayered
composite. d) Photo of artificial nacre. e),f) SEM images of the cross-
section of artificial nacre based on GO, showing the multilayer
structure of the assembled GO sheets cross-linked with the PCDO.

huge slippage when loading, and the excellent toughness,
which is two times higher than that of the natural nacre, is
easily achieved with the artificial nacre (Figure 1d). Figure 1e
demonstrates the fracture morphology of the artificial nacre,
and pulling out of the rGO sheets can be clearly discerned.
The fracture path is obviously different with other reported
rGO reinforced polymer composites, but identical to the
natural nacre (Figure 1b). A cross-sectional image of the
artificial nacre shows a typical layered structure (Figure 1 f),
which is also comparable to natural nacre (Figure 1c).

To assemble the GO sheets, the sheets were first dispersed
into deionized water. The thickness of individual GO sheets
was measured to be about 1.0 nm by atomic force microscopy
imaging (Supporting Information, Figure S2). Subsequently,
the GO dispersion was infiltrated with the use of vacuum and
assembled into the layered GO films (Figure 2a, step 1). The
PCDO was then introduced into the pre-formed GO films by
soaking the GO films in a pre-mixed tetrahydrofuran/PCDO
solution. After several hours, the esterification reaction
between the alcohol at one end of the PCDO molecules and
carboxylic acids on the surface of the GO sheets was
complete, and the PCDO monomers were grafted on the
surface of the GO sheets (Figure 2a, step 2). To improve the
interfacial strength and conductivity of the resultant compo-
sites, the PCDO molecules were cross-linked by 1,4-addition
polymerization of their diacetylenic units under UV irradi-
ation (Figure 2a, step 3).”*) X-ray diffraction (XRD) results
showed that the interlayer distance of the GO-PCDO
composites was increased from 7.596 A (20 =11.64°) to
7978 A (20=11.08°) in respect to the pure GO films,
suggesting that the PCDO was successfully embedded into
the GO films (Supporting Information, Figure S3). Finally,
the GO-PCDO composites were reduced by hydroiodic acid
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Figure 2. a) The fabrication procedure for ultratough and conductive
artificial nacre based on GO and PCDO. b) FTIR spectra of pure GO
films, GO-PCDO composites, and rGO-PCDO composites. Peaks at
1100-1250 cm™" and 1770 cm™" indicate successful grafting of PCDO
on the surface of GO-PCDO and rGO-PCDO. c—e) XPS spectra of pure
GO films, GO-PCDO composites, and rGO-PCDO composites. The
decrease in the peak intensity of C=O and C—O after HI reduction
shows the removal of the unreacted functional groups.

(HI) solution, not only aiming at removal of the unreacted
chemical groups on the GO sheets but also improvement of
the conductivity of the synthesized composites (Figure 2a,
step 4). The distance of the reduced GO-PCDO (rGO-
PCDO) was decreased to 3.666 A (20 =24.26°), higher than
3.648 A (20 =24.38°) of the pure rGO films, indicating that
after reduction, the PCDO polymers were still immobilized
among the rGO sheets. The successful introduction of the
PCDO into the rGO films is also proved by spectroscopic
characterization. As for the pure GO films, the peak at
1730 cm™" in FTIR spectrum is assigned to the stretching
vibration of the carboxylic acid (Figure 2b, black curve).

After esterification, the carboxylic acid peak at 1730 cm™ is
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weakened, accompanying with appearance of strong peaks at
1100-1250 cm ™ corresponding to the stretching vibration of
the —C—O—C moiety in ester groups and at 1770 cm™!
corresponding to the stretching vibration of the C=0O
moiety in ester groups (blue curve). It is evident that all
these characteristic peaks are kept intact after HI reduction
(red curve), confirming the strong esterification between the
PCDO and the GO sheets. Though the PCDO polymers are
stably attached on the GO surfaces, HI reduction could give
rise to considerable elimination of the unreacted groups on
the surface of the rGO sheets, which is shown by X-ray
photoelectron spectroscopy (XPS; Figure 2c¢,d,e). The broad
Cj; peak of both the pure GO and the GO-PCDO can be
fitted into four peaks with the binding energy at 284.7, 286.7,
287.4, and 288.9 eV, corresponding to the C—C, C-0O, C=0,
and C(O)O groups, respectively. The peak intensity of C=O
and C—O of the GO-PCDO composites is significantly
decreased after chemical reduction by HI. Accordingly, the
ratio of Oy, to C, is decreased significantly after HI reduction.

The electronic structure change in the GO sheets after
chemical functionalization with the PCDO was explored by
Raman spectra (Supporting Information, Figure S4). After
grafting of the PCDO, the intensity ratio of the D band (ca.
1300cm™) to Gband (ca. 1590cm™), the D/G ratio,
increased from 0.923 for the pure GO films to 0.954 for the
GO-PCDO composites. Analogously, after HI reduction, the
D/G ratio is increased from 1.151 of the rGO films to 1.178 of
the rGO-PCDO composites. The details characterization
results from XRD, Raman, and XPS spectroscopy is listed in
the Supporting Information, Table S1. The above results
highlight that the cross-linking bonds with the PCDO would
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simultaneously provide the strong interface strength and the
electron-transfer path between the GO sheets.

Typical stress—strain curves of the prepared samples are
shown in Figure 3 a. The tensile strength and toughness of the
pure GO films are 95.4+3.9 MPa and 0.374+0.06 MJ m=,
respectively, which are similar to the previously reported
values.”” Owing to the weak hydrogen bonds between the
adjacent GO sheets, the strength and toughness of the pure
GO films are lower than those of the natural nacre (tensile
strength of 80-135MPa and toughness of 1.8 MIm™?).!
When the PCDO molecules are grafted on the GO sheets
and cross-linked together, the tensile strength is increased to
106.6 £17.1 MPa, which is comparable to that of natural
nacre, while the toughness is dramatically raised to 2.52 +
0.59 MJm ™, which is about 40 % higher than that of natural
nacre. As the graphene sheets exhibit much higher mechan-
ical and electrical properties in respect to the GO sheets,!
many methods have been developed to reduce the GO sheets
into the rGO sheets by removing the oxygen-containing
groups with recovery of the conjugated structure.”” In this
study, HI is used to reduce the GO sheets.*™ After reduction,
the tensile strength and toughness of the pure rGO films are
increased to 111.2 + 14.5 MPa and 1.49 + 0.03 MJ m, respec-
tively. As for the artificial nacre of the rGO-PCDO compo-
sites, the average tensile strength is increased to 129.6 £
18.5 MPa, and the maximum value can reach 156.8 MPa,
which is higher than that of natural nacre. More remarkably,
the toughness of the rGO-PCDO composites is up to 3.91 +
0.03 MJm™, which is two times higher than that of natural
nacre. The excellent mechanical properties of the rGO-
PCDO composites are attributed to the layered hierarchical

Figure 3. Mechanical properties of GO film and GO-PCDO composites before and after reduction. a) Stress—strain curves of GO films, rGO films,
GO-PCDO composites, and rGO-PCDO composites. b)—e) SEM images of pure GO films, pure rGO films, GO-PCDO composites, and rGO-PCDO
composites, showing the difference in the fracture morphologies. The GO films show a typical brittle fracture morphology without any pulling out
of the GO sheets owing to the weak interfacial bonding between the adjacent GO sheets. As a comparison, the GO and rGO sheets of the
artificial nacre are pulled out and curved owing to the breaking of the chemical bonds between GO and rGO with PCDO. f) The fracture path of
the rGO-PCDO composites upon loading. The curled long chain of PCDO is gradually stretched and broken with loading, simultaneously resulting

in curving of the edges of the rGO sheets.
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nano-/microscale structure and the unique chemical cross-
linking with the PCDO polymers.

Detailed structural analysis was performed to understand
the intrinsic factors to improve the mechanic strength. The
pure GO films show a typical brittle fracture morphology
without any pulling out of the GO sheets (Figure 3b), which is
similar to the previous report.””! After cross-linking with the
PCDO, many GO sheets are observed to be pulled out owing
to the strong interactions between the adjacent GO sheets
(Figure 3c¢). In particular, it can be seen that the edges of the
GO sheets are curved rather than flattened, indicating that
breakage of the covalent bonds between the PCDO and the
GO brings about obvious deformation of the GO sheets and
would cost more energy (magnified image in Figure 3c¢).
After HI reduction, the rGO-PCDO composites (Figure 3 ¢e)
have identical fracture morphology to that of the GO-PCDO
composites, and the edges of the rGO sheets show even more
strongly curved. There are both similarity and difference in
the fracture morphologies between the GO-PCDO compo-
sites and the natural nacre. In both samples, 2D platelets are
irregularly pulled out. However, the GO sheets have the
curved morphology owing to their flexibility, and the CaCO;
platelets remain flattened owing to their brittleness. The
novel fracture morphology of the GO sheets demonstrates
that although the artificial nacre based on the GO sheets
exhibits high strength and toughness, the full potential of the
mechanical properties of GO sheets has not yet to be
exploited considering their superhigh mechanical properties.
Further improvements in the interfacial bonding and load
transfer could be expected to offer much higher mechanical
performance.

The whole fracture process of the rGO-PCDO composites
under tensile stress is shown in Figure 3f. In the layered
structure of the rGO-PCDO composites, the organic PCDO
molecules are grafted on the 2D inorganic rGO sheets
through the covalent ester bonds, while the PCDO molecules
form intercross-linked networks through conjugation of ene—
yne backbones and adopt a randomly coiled conformation.
When loading, the rGO sheets extensively slide against each
other. The weak hydrogen bonds between the rGO sheets are
firstly ruptured, followed by stretching of the coiled PCDO
long chains along the sliding direction, resulting in dissipation
of a large amount of energy. When loading is further
increased, the chemical bonds between the PCDO and the
rGO sheets, as well as the ene-yne backbones in the
conjugated PCDO, are broken, simultaneously resulting in
curving of the rGO sheets.

The mechanical performance of the GO-PCDO and rGO-
PCDO composites with those of the natural materials,
including nacre, bone, and detin, as also different GO- or
rGO-based composites, are compared in Figure 4. Impres-
sively, the artificial nacre shows much better mechanical
properties. The maximum tensile strength of the rGO-PCDO
composites can reach 156.8 MPa, which is higher than that of
natural nacre (tensile strength of 80-135 MPa),®! bone
(tensile strength of 150 MPa),* and dentin (tensile strength
of 105.5+16.4 MPa).” The toughness of the tGO-PCDO
composites is up to 3.9140.03 MIm™, which is two times
higher than that of the natural nacre (1.8 MIm™),® three
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Figure 4. Comparison of stress—strain curves of our artificial nacre of
GO-PCDO and rGO-PCDO composites with the natural nacre, bone,
dentin, and other GO or rGO films with different cross-linking
strategies.

times higher than that of bone (1.2 MIm—),*¥ and 1.9 times
higher than that of dentin (2.0 MJm ).l On the other hand,
our strategy to fabricate the GO-based composites is also
superior to other approaches of different cross-linking agents,
such as divalent ion (Mg?, Ca**) modification,'! borate
cross-linking,'! glutaraldehyde (GA) treatment,”” hydrogen
bonding,” and nacre-like composites based on GO and
poly(acrylic acid) (PAA)," poly(allylamine hydrochloride)
(PAH),®® poly(vinyl alcohol) (PVA),”>3" and poly(methyl
methacrylate) (PMMA).”! A comparison of mechanical
properties of our artificial nacre with the natural nacre and
other GO-based composites is listed in the Supporting
Information, Table S2. The currently used cross-linking
strategies are mostly responsible for improving the tensile
strength instead of the toughness of the GO-based materials.
In contrast, thanks to the coiled feature of the long chain of
the PCDO, the rGO-PCDO composites have much higher
strength and toughness. For example, the appropriate hydro-
gen bonding (H-bond) interactions between the adjacent GO
sheets by incorporating water molecules® can only achieve
less than 10 % improvement in stiffness and 1 % improvement
in tensile strength, as the H-bond interaction energy is
relatively weak.” The effective borate cross-linking inspired
by Triticum aestivum plants can achieve improvements of
255% in stiffness and 25% in strength with addition of
0.94 wt % boron."”) However, the failure strain is dramatically
decreased to only 0.15% and the corresponding toughness is
only 0.14 MJm™.

The conjugated areas in the GO sheets are usually
destroyed in the process of exfoliation from graphite by
chemical treatment, so that the GO sheets are typically
insulating.®™ Reduction of GO not only can remove most of
the oxygen-containing groups and other atomic-scale lattice
defects, but also recover the conjugated network of the
graphitic lattice.”” After reduction by HI, the electrical
conductivity of the rGO films is increased to 49.30 Scm™!,
which is comparable to the reported pure rGO films
(50 Scm ™). Interestingly enough, the rGO-PCDO compo-
sites shows a much higher electrical conductivity of
232.29 Scm™!, which is four times higher than that of the
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rGO-PVA composites (52.65Scm )P and three times
higher than that of rGO film reduced by hydrazine
(72 Scm™). Both the thoroughly rGO sheets and the m-
conjugated backbones of the cross-linked PCDO contributes
to such an exceptionally high electrical conductivity of the
rGO-PCDO composites. The ultratough and conductive
artificial nacre is quite unique, and has many potential
applications in electrical devices and could be used as the
supercapacitor electrodes.

In conclusion, inspired by natural nacre, we successfully
fabricated GO-based composites. In comparison with pre-
vious preparation methods, this novel cross-linking strategy
demonstrates the following crucial advantages: 1) It dramat-
ically decreases the content of organic polymers in the
resultant composites, which is comparable to the natural
nacre; 2) it produces the distinct inorganic—organic layered
hierarchical nano-/microstructures; 3) it realizes integration
of the high tensile strength and excellent toughness; and 4) it
creates highly conductive composites based on GO and
conjugated molecules. This study opens the door toward
biomimetic production of the GO- or rGO-based composites
of superior toughness and high conductivity, which will have
great promising applications in many fields, such as aerospace,
flexible supercapacitor electrodes, artificial muscles, and
tissue engineering.

Experimental Section
GO was purchased from XianFeng NANO Co., Ltd. 10,12-pentaco-
sadiyn-1-ol (PCDO) was purchased from Tokyo Chemical Industry
Co., Ltd., and 57 wt% HI acid was purchased from Sigma—Aldrich.
Fabrication of GO films: GO was dispersed in deionized water.
Exfoliation was performed by sonicating an aqueous suspension of
GO (100 mL, 20 mgmL™) for 1h. Un-exfoliated aggregates were
removed from the solution by centrifugation, and the supernatant
solution was collected. The GO films were assembled by vacuum-
assisted filtration, followed by air drying and peeling from the filter.
Preparation of rGO-PCDO composites: The GO films were
immersed in a PCDO solution. Subsequently, the PCDO-grafted GO
films were treated under UV irradiation at a wavelength of 365 nm.
The final GO-PCDO composites were rinsed, and the resultant GO-
PCDO composites were reduced by HI solution. Finally, the rGO-
PCDO composites were obtained after washing and drying.
Mechanical properties were evaluated using a Shimadzu AGS-X
Tester at a loading rate of 1 mmmin~" with a gauge length of 5 mm.
All of the samples were cut into strips with the length of 20 mm and
the width of 3 mm. Scanning electron microscopy (SEM) images were
obtained by the HITACHI S-4800. The atomic force microscopy were
characterized by a Leica TCS SP5. The thermogravimetric analysis
was performed on TG/DTA6300, NSK under N, with a temperature
rising rate of 5°Cmin~". All of the X-ray photoelectron spectroscopy
(XPS) measurements were taken in an ESCALab220i-XL (Thermo
Scientific) using a monochromatic Al-Ka X-ray source. Raman
spectroscopy measurements were taken using a LabRAM HRS800
(Horiba Jobin Yvon) with the excitation energy of 2.54 eV (488 nm).
X-ray diffraction (XRD) experiments were carried out with a D/max-
2500 (Rigaku) instrument using Cu-Ka radiation. FTIR spectra were
collected using a Thermo Nicolet nexus-470 FTIR instrument.
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