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ABSTRACT Demands of the strong integrated materials have
substantially increased across various industries. Inspired by the
relationship of excellent integration of mechanical properties and
hierarchical nano/microscale structure of the natural nacre, we have
developed a strategy for fabricating the strong integrated artificial

nacre based on graphene oxide (GO) sheets by dopamine cross-linking

Strong Integrated

Artificial Nacre

»

via evaporation-induced assembly process. The tensile strength and toughness simultaneously show 1.5 and 2 times higher than that of natural nacre.

Meanwhile, the artificial nacre shows high electrical conductivity. This type of strong integrated artificial nacre has great potential applications in

aerospace, flexible supercapacitor electrodes, artificial muscle, and tissue engineering.
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acre, after billions of years of evolu-
N tion, shows a unique integration of

remarkable tensile strength and
toughness,' which supplies a novel strategy
for constructing the integrated high perfor-
mance materials. A series of nacre-mimic
layered materials with high mechanical pro-
perties have been successfully fabricated.?®
For example, Podsiadlo et al. shows the high
tensile strength nacre-like layered materials
through covalently cross-linking the nano-
clay and the poly(vinyl alcohol) (PVA) com-
posites but with lower toughness.® Studart
et al. demonstrated the highest tough
layered materials based on the platelets of
AlL,O5; and chitosan through the hydrogen
bonding,> but the tensile strength shows
a little lower. Bouville et al. demonstrated
the highest stiffness bioinspired ceramics
through the ice-templating? Recently, the
two-dimensional graphene oxide (GO) with
rich functional groups on its surface, shows
outstanding mechanical properties, which
makes it to be one of the best candidates
for fabricating the high performance layer-
ed materials.'®""” For instance, a series of

CUI ET AL.

GO-based layered materials are fabricated
including GO—poly(vinyl alcohol) (PVA),'®°
GO—poly(methyl methacrylate) (PMMA),'®
GO—glutaraldehyde (GA),*° GO—poly(acrylic
acid) (PAA),?' GO—borate,*? GO—poly(ether
imide) (PEI),® GO—10,12-pentacosadiyn-1-ol
(PCDO),** and GO—silk fibroin (SL),***® etc.
However, only one kind of mechanical prop-
erty, such as strength, stiffness, or toughness,
has been improved. Itis still a great challenge
to simultaneously improve the strength and
toughness. To solve this conflict between the
strength, toughness, and stiffness and obtain
the integrated materials,”” two scientific prob-
lems should be considered. The first one is
to build strong interfacial interaction be-
tween GO sheets,® for example, covalent
cross-linking. The second one is the covalent
cross-linking should be long chain between
GO sheets, which can supply enough move-
ment space for GO sheets when loading and
absorb much more energy. The dopamine
(DA), a mimic of the specialized mussel
adhesive protein which contains both the
functional catechol group and amine
group,?>*® is good choice, which can react
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Scheme 1. lllustration of the preparation process of the artificial nacre. (a) The GO sheets were firstly dispersed into deionized
(DI) water. Then, the Tris buffer solution (pH = 8.5) and DA was added. After the solution stirred for several minutes at room
temperature, the color of mixture solution turned black from brown, and after a drying step in an oven at 45 °C, the artificial
nacre based on GO was obtained. (b) The whole process of fabrication was divided into four steps. Step 1: the GO sheets were
firstly dispersed in the DI water with brown color. Step 2: the reactions between GO sheets and DA molecules, and self-
polymerization between DA molecules into poly(dopamine) (PDA), resulted in the color of solution turning black from brown.
Step 3: the black solution was transferred into an oven and assembled into GO—PDA with nacre-like structure via evaporation.
Step 4: the resultant GO—PDA composites were further reduced by hydroiodic acid (HI).

with GO sheets and self-polymerize into long chain
polymers of poly(dopamine) (PDA).

Herein, the integrated artificial nacres are fabricated
through evaporation-induced assembly process. The
tensile strength and toughness simultaneously show
1.5 and 2 times higher than that of the natural nacre.
Meanwhile, the resultant artificial nacre shows high
electrical conductivity, which supplies great potential
applications for the novel strong integrated artificial
nacre in the fields of aerospace, flexible supercapacitor
electrode, artificial muscle, and tissue engineering.

RESULTS AND DISCUSSION

The fabrication process of artificial nacre is shown in
Scheme 1a. The GO sheets were first dispersed into
deionized (DI) water. Then, the Tris buffer solution
(pH = 8.5) and DA was added. After the solution stirred
for several minutes at room temperature, the color of
mixture solution turned black from brown, and after a
drying period of about 2 days in an oven at 45 °C, the
GO-based artificial nacre was obtained, which showed
a little bit of metallic luster.3' The whole process of
fabrication was divided into four steps, as illustrated in
Scheme 1b. In the step 1, the GO sheets first are dispersed
in the DI water with brown color. In the step 2, the
DA powder and Tris solution were added with con-
tinuous stirring in air. Chemical cross-linking reactions
between GO and DA molecules, and self-polymerization
between DA molecules into poly(dopamine) (PDA)
under weak alkaline environment happened,® result-
ing in the color of solution turning black from
brown. The adjacent GO sheets were cross-linked
by the PDA. In the step 3, the black solution was
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transferred into an oven at 45 °C in air for about 2
days, then the black solution would be assembled into
GO—PDA with nacre-like structure via slowly evapora-
tion. To enhance the mechanical properties of the
artificial nacre GO—PDA composites, the resultant
GO—PDA composites were further reduced by hydro-
jodic acid (HI) in the step 4, as our previous report.?*
Due to the great impact of matrix loading on the
mechanical properties of resultant composites, we
fabricated a series of GO—PDA composites. The DA
content can be controlled in the evaporation-induced
assembly process, and the exact content of PDA was
determined using thermogravimetric analysis (TGA), as
shown in Table 1 and Figure S1 in the Supporting
Information. Fourier Transform infrared spectroscopy
(FTIR) was conducted to verify the reaction between
GO sheets and DA molecules, as shown in Figure 1a.
The characteristic peak of carbonxyl groups on GO
sheets with 1725 cm™' almost disappears in the
GO—PDA composites, and the epoxide characteristic
peaks of 870 and 1220 cm~' on the GO sheets also
disappear in the GO—PDA composites, indicating the
reaction between epoxide groups on GO and amine
groups on DA. Moreover, the absorption peaks at 1590
and 1232 cm ™ in the GO—PDA composites, attributed
to deformation vibration of —N—H bonding and
stretching vibration of —C—N bonding, respectively,
further confirm the reaction happening between ep-
oxide groups on GO and amine groups on DA. Raman
spectra were conducted as shown in the Figure 1b.
The Ip/lg ratio decreases from 1.5 for pure GO film to
1.29 for GO—PDA—VI composite, which indicates
the reaction between GO and DA molecules in the
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evaporation-induced self-assembly process, on the
other hand, the Ip/lg ratio of the physical blend of
GO/PDA (95:5) composite is still as high as 1.47, show-
ing no reaction between GO and PDA in the physical
blend.

The X-ray photoelectron spectroscopy (XPS) was
conducted to further verify the reaction between GO
and DA, as shown in Figure 1c. A new strong peak of
285.8 ev appears in the GO—PDA—VI composites,

which is attributed to the C—N bonding, indicating
the grafting of DA on GO sheets, which is in conso-
nance with the FTIR results. The DA is usually used as
reductant of GO in the previous reports.3’ Herein, we
further reduce the GO—PDA composite with HI, and
the XPS spectra of rGO and rGO—PDA—VI are shown in
Supporting Information Figure S2.

X-ray diffraction (XRD) results show that the inter-
layer distance of the GO—PDA composites increases

with the loading of DA (Figure 1d), indicating that the
PDA was successfully embedded into the GO sheets.
The interlayer distance (d-spacing) of pure GO film is
about 8.28 A (26 = 10.68°), which is well consistent with
the previous report.'® The d-spacing of GO—PDA com-
posites with different GO contents is listed in Support-

TABLE 1. PDA Content and the Electrical Conductivity of
Pure GO and GO—PDA Composites

electrical conductivity s-m")

input DA content PDA content by  before HI after HI ing Information Table S1. For GO—PDA—I, the d-
sample [wt %] TGA reduction  reduction spacing is about 9.88 A. The improvement of d-spacing
G0 0 0 27 x 1072 4480 shows a little bit of low relative to the addition of DA
GO—PDA—I 50 476 32 % 1072 70 molecules. This is because the excess DA molecules are
GO—PDA—II 3 315 46 % 107 440 self-polymerized into PDA, and coated on the surface
GO—PDA—II 2 B7 86 x 1072 890 of GO. This can be confirmed by the cross-section
GO—PDA=IV 2 189 092 1170 morphology with SEM image as show in Supporting
GO=PDAY 10 89 17 2130 Information Figure S3. It is obvious that the higher
GO—PDA—VI 5 4.6 29 1850

the GO loading is, the better the layer structure will be.
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Figure 1. (a) FTIR spectra of pure GO films, GO—PDA composites with different content of PDA. Peaks at 1725 cm ' of

carboxyl group, 1220 and 870 cm ™" of epoxide groups in the GO—PDA composites disappear and the emerging of peak at
1590 cm ™' of —N—H bonding in the GO—PDA composites indicate the reaction between epoxide groups on GO sheets and
amine groups on DA. (b) Raman spectra of GO film, GO—PDA—VI composites and physical blend of GO/PDA (95:5). The Ip/lg
ratio decreases from 1.5 for pure GO film to 1.29 for GO—PDA—VI composite, indicating the reaction between GO and DA
molecules in the evaporation-induced self-assembly process. On the other hand, the Ip/l; ratio of the physical blend of
GO/PDA (95:5) composite is until as high as 1.47, showing no reaction between GO and PDA in the physical blend. (c) XPS
spectrum of the GO—PDA—VI composites. The appearance of new peak of 285.8 eV, attributed to the C—N bonding, indicates
the grafting of DA on GO sheets. (d) XRD of pure GO film, and the GO—PDA composites. The interlayer distance (d-spacing) of the
GO—PDA composites increases with the content of DA, indicating that the PDA was successfully embedded into the GO sheets.
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Figure 2. (a) Tensile stress—strain curves of GO film (Curve 1), rGO film (Curve 2), GO—PDA—VI (Curve 3), and rGO—PDA—VI
composites (Curve 4). (b) The ultimate strength of rGO—PDA composites with different GO contents (wt %), indicating the
tensile strength increases with the GO content. (c) Fracture surface morphology of the rtGO—PDA—VI composites. The strong
covalent cross-linking leads to curve of GO sheets in the rtGO—PDA—VI composites.

The cross-section of the GO—PDA—I composite does not
clearly show the layered structure, because the PDA is
wrapped in the GO sheets. With increasing GO content,
the d-spacing of GO—PDA composites decreases to
8.81 A corresponding to the GO—PDA—VI composites.

In fact, the excess PDA acts as intercalating impu-
rities, and may only increase the area of cross-section
of GO—PDA composites, which reduces the mechan-
ical properties of GO—PDA composites. The cross-
section of the GO—PDA and rGO—PDA composites
with different PDA contents is shown in Supporting
Information Figure S3. The typical strain—stress curves
of ~tGO—PDA composites were shown in Figure 2a. The
tensile strength and toughness of the pure GO film are
about 91.2 + 1.6 MPa and 1.4 + 0.1 MJ m ™3, respec-
tively, which are well consistent with the previous
reports.2' After HI reduction, the tensile strength and
toughness of rGO film increased to 117.3 &+ 5.5 MPa and
1.7 & 0.1 MJ m 3. With increasing of the GO content in
the resultant composites, the tensile strength of GO—
PDA composites is dramatically enhanced, as shown in
Figure 2b and the detailed mechanical properties are
listed in Supporting Information Table S2.

For the rGO—PDA—VI composites, the PDA content
is only about 4.6 wt % by TGA, which well fits the
natural nacre with inorganic calcium carbonate con-
tent as much as 95 vol %." It is in well accordance
with the idea of bionics. The tensile strength of
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rGO—PDA—VI composite reaches up to 2049 + 17.0
MPa, and the toughness is as high as 4.0 + 0.9 MJ- m~3,
which is simultaneously 1.5 and 2 times higher than
that of natural nacre with 80—135 MPaand 1.8 MJ-m 3,
respectively,®? indicating the integrated tensile strength
and toughness properties. This is because of the effec-
tive covalent cross-linking between GO sheets and PDA.
For comparison, a control sample of physical blend of
GO and PDA with the ratio of 95:5 was made and tested,
and the tensile strength is only 81.8 & 10.6 MPa and the
toughness is only 04 4+ 0.1 MJ-m~> as shown in
Supporting Information Figure S4, which are lower than
that of in situ polymerization of GO—PDA—VI compo-
sites, because of only the weak hydrogen bond between
GO sheets and PDA.

The fracture morphology of the rtGO—PDA—VI com-
posites is shown in Figure 2c. Due to HI reduction, the
excess functional groups on the GO sheets are re-
moved, and the friction between adjacent rGO sheets
is much higher, absorbing more energy in the fracture
process. When loading is further increased, the chemi-
cal bonds of strong covalent cross-linking between GO
sheets and PDA are broken, which simultaneously
results in that the fracture edges of GO sheets turn to
curve rather than straightness from the cross section,
that is well consistent with our previous report.>* The
typical fracture morphology suggests when the cross-
linking bonds in the rGO—PDA—VI composite break,
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the slippage turns up between the GO sheets, just like
adding lubrication on the layers to decrease interactive
friction, which leads to slippage first, breakage second,
then large deformation leads to curving of GO sheets. This
unique intrinsic processing allows the r~GO—PDA—VI com-
posite to bear stronger force and shape greater deforma-
tion so that the rGO—PDA—VI composite with both high
strength and toughness can be simultaneously obtained.

In our previous work, the tough artificial nacre based
on GO sheets was demonstrated through covalent
cross-linking the long chain molecule PCDO between
GO sheets.>* However, because the loading of PCDO
cannot be further improved, it is difficult to improve
the tensile strength of the artificial nacre with high
toughness. Herein, the DA molecules not only react
with GO sheets into strong covalent cross-linking, but
also self-polymerize into long chain polymer of PDA,
which can supply enough space for GO sheets slippage
and absorb much more energy when loading. The
tensile strength of the ~tGO—PDA—VI reaches 204.9 +
17.0 MPa, corresponding to 58% improvement for
the previous report of rGO—PCDO artificial nacre of
1296 + 185 MPa?* The toughness of the rGO—
PDA—VI composites is up to 4.0 + 0.9 MJ-m~3, which
is a little bit higher than that of the previous rGO—PCDO
artificial nacre of 3.91 & 0.03 MJ-m—32*

The advantage of this strategy for fabricating artifi-
cial nacre compared with natural nacre and other
nacre-like materials based on GO sheets is shown in
Figure 3. The other approaches for constructing the
GO-based nacre-like materials always show improve-
ment in only one kind of mechanical properties, such
as tensile strength or stiffness or toughness. For ex-
ample, An et al. constructed high stiff bioinspired GO
layered materials through borate cross-linking inspired
by the Maize plants.®> The stiffness of borate cross-
linked GO (GO—borate) sheets materials is as high as
127 + 4 GPa. The dramatic increases are attributed to
the covalent borate orthoester bonds between GO
sheets and borate ions. On the other hand, the strain
of GO—borate materials is only 0.15% and the tough-
ness is as low as 0.14 MJ-m ™3, which is lower than one
tenth of natural nacre (1.8 MJ-m™>).32 Tian et al. realized
high tensile strength nacre-like materials through poly-
etherimide (PEl) cross-linking GO sheets (PGO—PEI).??
The tensile strength reaches up 209.9 MPa. However, the
elongation dramatically decrease into only 0.22% with
significant increase of strength and modulus due to the
connected interlayer interaction through cross-linking,
and the toughness is only 0.23 MJ-m™3, which is still
only eighth of natural nacre (1.8 MJ-m3).3? Recently,
Hu et al. demonstrated the high tensile strength rGO-
based materials with 300 MPa at low silk fibroin content
(2.5%) (rGO—SL),® which may be caused by additional
cross-linking and the reducing ability of silk backbones.
However, the toughness is only 2.8 MJ-m 3, which is
lower than our previous report (3.91 MJ-m~3).2*
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Figure 3. Comparison of tensile strength and toughness of
our artificial nacre of the GO—PDA—VI and rGO—PDA—VI
composites with the natural nacre, and other layered GO-
based materials with different cross-linking strategies. The
rGO—PDA—VI composite show the strong integrated
strength and toughness compared with other layered mate-
rials based on GO, such as hydrogen interaction of GO—PVA,
and GO—SL, ionic interaction of GO—Ca*", GO—Mg?", short
chain covalent cross-linking of GO—GA, and PGO—PEI, and
long chain covalent cross-linking of GO—PCDO.

The tensile strength of ~tGO—PDA—VI composites is
comparable to GO—PEI and higher than GO—borate.
The toughness of rGO—PDA—VI is 16- and 27-fold
higher than PGO—PEI*> and GO—borate,* respec-
tively. Although the tensile strength is lower than
rGO—SL,*® however, the toughness is 43% higher than
rGO—SL. This strategy for fabricating the GO-based
composites is also superior to other approaches for
constructing the GO-based layered materials, such as
hydrogen interaction between GO sheets and matrix
including GO-PMMA with strength of 148.3 MPa and
toughness of 2.35 MJ-m~3,'® rGO—PVA with strength
of 188.9 MPa and toughness of 2.52 MJ-m~3® and
ion interaction between GO sheets and matrix, includ-
ing GO—Mg?", GO—Ca®" materials with strength of
80.6 and 125.8 MPa, and toughness of 0.13 and
0.31 MJ-m 3, respectively,®® and other covalent bond-
ing including glutaraldehyde (GA) covalent cross-link-
ing (GO—GA) with strength of 101 MPa and toughness
of 0.3 MJ-m™32° poly(acrylic acid) (PAA) cross-linking
(GO—PAA) with strength of 91.9 MPa and toughness of
0.15 MJ-m 32" The detailed mechanical properties of our
artificial nacre, natural nacre and other GO-based layered
materials are listed in Supporting Information Table S3.

Due to the defects introduced in the process of
chemical exfoliation, the graphene oxide film shows
low conductivity of 2.7 x 1072 S-m~". DA is green
reduction agent for GO sheets,?' resulting in the high
electrical conductivity of GO—PDA composites than
pure GO film, as listed in Table 1. For the GO—PDA-VI
composites, the electrical conductivity reaches as high
as 2.9 S-m™", which is 2 orders of magnitude higher
than that of pure GO film. With the PDA loading
increasing, the electrical conductivity of GO—PDA
composites dramatically decrease to 3.2 x 1072 S-m™'
for GO—PDA—I, because the PDA is nonconductive
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material, excess PDA wrapped the GO layers and impaired
the conductivity of GO—PDA composites. After HI reduc-
tion, the electrical conductivity of pure rGO film reaches
4480 S-m~", which is well consistent with the previous
reported value of 5000 S-m~'3* The artificial nacre of
rGO—PDA—VI composite shows the electrical conductiv-
ity as high as 1850 S-m ™', which is a little higher than the
previous reported rGO—SL (1350 S-m™").%°

CONCLUSION

Inspired by the natural nacre, we successfully fabri-
cated the strong integrated artificial nacre based on

METHODS

Materials. Graphene oxide sheets were purchased from
XianFeng NANO Co., Ltd. The density of GO was about
1.6—1.8 g/cm®, which was consistent with the previous report.'®
The diameter of GO sheets was in the range of 1-5 um, as
shown in Figure S5 in the Supporting Information. The dopa-
mine (DA), Tris(hydroxymethyl)aminomethane and 57 wt % Hl
were purchased from Sigma-Aldrich.

Fabrication of the GO—PDA Composites. Preparation of Tris buffer
solution (pH = 8.5): 1.514 g of Tris solid powder was dissolved in
50 mL of deionized water. Then, 0.32 mL of hydrochloric acid
(HCl) was added, and the solution was stirred for 10 min to
obtain the uniform and transparent solution. Finally, 250 mL of
deionized water was added, and the solution stirred for 10 min
to obtain the Tris buffer solution with pH = 85. GO was
dispersed in deionized water with stirring for about 1 h and
ultrasonicating for 0.5 h into the transparent brown solution.
Then, the Tris buffer solution (pH = 8.5) and DA were added,
followed by continuous stirring for 24 h. The color of the mixing
solution turned from brown to black. The mixing solution was
poured into the glassware, and transferred into an oven with
temperature of 45 °C. After 48 h of drying, the GO—PDA
composites were obtained and removed from the glassware
using diluted hydrofluoric acid (HF). The rtGO—PDA composites
were obtained through reduction by hydroiodic acid (HI). The
oxidized iodine on the surface of rGO—PDA composites was
cleaned out with ethanol washing for 4 days.

Characterization. Mechanical properties were tested by
Shimadzu AGS-X Tester with gauge length of 5 mm, and loading
rate of 1 mm min~". All the samples were cut into strips with the
length of 20 mm and the width of 3 mm. Fourier transform
infrared spectroscopy (FTIR) was conducted through a Thermo
Nicolet nexus-470 instrument. X-ray photoelectron spectroscopy
(XPS) was performed using ESCALab220i-XL (Thermo Scientific)
with the X-ray source of a monochromatic Al Ko.. X-ray diffraction
(XRD) was collected from Shimadzu LabX XRD-6000. Raman
spectroscopy was conducted using a LabRAM HR800 with
633 nm laser excitation. Scanning electron microscopy (SEM)
images were obtained by Quanta 250 FEG and JSM-7500F. The
thermogravimetric analysis (TGA) was performed on TG/DTA6300,
NSK under argon with a temperature rising rate of 10 °C min™".
The electrical conductivity of the composites was measured with
the CHI660B electrochemical workstation.
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