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ABSTRACT Inspired by the ternary structure of natural nacre, robust ternary
artificial nacre is constructed through synergistic toughening of graphene oxide
(G0) and molybdenum disulfide (MoS,) nanosheets via a vacuum-assisted filtration
self-assembly process. The synergistic toughening effect from high mechanical

properties of GO and lubrication of MoS, nanosheets is successfully demonstrated.

GO % Robust Ternary )

Artificial Nacre

Meanwhile, the artificial nacre shows high electrical conductivity. This approach for constructing robust artificial nacre by synergistic effect from GO and

MoS, provides a creative opportunity for designing and fabricating integrated artificial nacre in the near future, and this kind of ternary artificial nacre has

great potential applications in aerospace, flexible supercapacitor electrodes, artificial muscle, and tissue engineering.
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atural nacre, consisting of two-
N dimensional (2D) aragonite platelets,

one-dimensional (1D) nanofibrillar
chitin, and protein, is a typical ternary struc-
ture.' > Numerous reports describe nacre-
inspired materials®™° that have achieved
outstanding mechanical properties through
constructing binary composites with various
2D inorganic building blocks, including man-
made CaCO; platelets,’®"" ALO; flakes,'>~'*
layered double hydroxides,'® nanoclay,'®~'°
flattened double-walled carbon nano-
tubes,”® and graphene oxide nanosheets.?'
However, it is common that the optimization
of the tensile strength is at the expense of
toughness,>? namely, that it is difficult to
simultaneously improve tensile strength
and toughness of the binary nanocompo-
sites due to relatively low stress-transfer
efficiency. Recently, the synergistic effect
from two fillers in the polymer matrix was
developed® and demonstrated, for exam-
ple, the ultratough rGO-CNT-PVA fiber.*
We have demonstrated a robust ternary
artificial nacre through synergistic toughen-
ing of nanoclay, nanofibrillar cellulose, and
poly(vinyl alcohol).? The effective synergistic
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toughening in the ternary artificial nacre
achieves high mechanical properties, super-
ior to natural nacre and other binary layered
nanoclay/polymer nanocomposites.

Herein, inspired by the synergistic
action of building blocks in the ternary
natural nacre, we have fabricated a robust
ternary artificial nacre based on graphene
oxide (GO)—molybdenum disulfide (MoS,)—
thermoplastic polyurethane (TPU) through
vacuum-assisted filtration self-assembly.
The synergistic toughening effect from the
strengthening of GO and lubrication action
of MoS, has been successfully revealed and
demonstrated by optimizing the ratio of GO
to MoS, in the ternary artificial nacre. The
tensile strength and toughness are simulta-
neously improved and reach 1.7 and 3.8
times higher than that of natural nacre and
superior to other commonly binary layered
GO-based nanocomposites. Meanwhile, this
kind of ternary artificial nacre shows high
electrical conductivity. This novel principle
for constructing robust artificial nacre by the
synergistic effect from GO and MoS, opens
new opportunities in the near future for
designing and fabricating high-performance
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artificial nacre, and this kind of integrated ternary
artificial nacre has great potential applications in
aerospace, flexible supercapacitor electrodes, artificial
muscle, and tissue engineering.

RESULTS AND DISCUSSION

The 2D MoS, nanosheet, an analogue of
graphene,®*~% has also drawn much attention due
to its outstanding physical properties, such as catalytic,
photovoltaic, lubricant, and mechanical properties.?’”
A monolayer of MoS, has an extremely high breaking
tensile strength (~23 GPa) and Young's modulus
(~270 GPa)* and a high tensile strain (6—11%) com-
pared to those of chemically reduced graphene, and
it also has been used as the reinforcing building block
for polymer composites. Therefore, MoS, is an ideal 2D
nanosheet structure to construct the robust ternary
artificial nacre with GO nanosheets. MoS, nanosheets
were substantially and directly exfoliated from com-
mercial MoS, powders using sonication.2® Atomic force
microscopy (AFM) images (Figure S1a) show that the
size of GO is in the range 0.2—1 um, and the thickness is
about 0.75 nm. The size of exfoliated MoS, nanosheets
(Figure S1b) is in the range 50—300 nm, and the
thickness is about 1 nm, indicating monolayer MoS,,
which is consistent with the previous report.?® Further-
more, the Raman spectra (Figure S1¢) can confirm the
exfoliated monolayer MoS, nanosheet. The two char-
acteristic peaks of the monolayer MoS; nanosheet of
in-plane E,q' and out-of-plane A, vibration modes are
at 384 and 403 cm ', respectively, and the distance
between them is 19 cm ', which is in excellent agree-
ment with the characteristics of monolayer MoS, as
previous report3' On the other hand, the presence
of the Ezg1 Raman mode proves the exfoliated MoS,
monolayer is 2H-MoS, not 1T-MoS,.3? Moreover,
the Raman spectra in the broadened range of 100—
700 cm™' shows absent low-frequency regime peaks
at156cm ' (J;),226cm™' (J,),and 333cm™' (J3) of
1T-MoS,,3? which further confirms the exfoliated MoS,
monolayer is the 2H polytype. Thus, the monolayer
MoS, nanosheets with 2H polytype are successfully
exfoliated in this study.

Before fabricating the ternary GO-MoS,-TPU artificial
nacre, the binary GO—TPU nanocomposites were as-
sembled through vacuum-assisted filtration to opti-
mize the ratio of GO to TPU in the nanocomposites.
Three different weight ratios of GO to TPU (50:50, 70:30,
90:10) were selected. SEM images show a typical nacre-
like layered structure, and with GO content increasing,
the layered structure is clear, as shown in Figure S2.
The X-ray diffraction (XRD) results indicate that the
interlayer distance (d-spacing) increases from 8.31 A
(20 = 10.64°) for pure GO film to 8.58 A (26 = 10.30°) for
GO-TPU (90:10), as shown in Figure S3a and Table S2.
The improvement of d-spacing shows the successful
addition of TPU molecules into the GO galleries.
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The typical stress—strain curves of binary GO-TPU
nanocomposites are shown in Figure S4. Previous
reports have demonstrated that the tensile strength
of GO-reinforced TPU nanocomposites increases with
increasing GO content (<50 wt %),373° and the strain
dramatically drops when increasing the GO content,
resulting in low toughness. In this study, it is obvious
that the tensile strength and toughness of binary
GO-TPU increase with GO content. Thus, the initial
inorganic content was determined to be 90 wt % for
constructing the GO-MoS,-TPU ternary artificial nacre
in the following experiments.

The fabrication process of the ternary artificial
nacre is shown in Figure 1a. Four kinds of ternary GO-
MoS,-TPU artificial nacre (Figure 1b) with 10 wt % TPU
were prepared: GO-MoS,-TPU-I (GO:MoS, = 97.5:2.5),
GO-MoS,-TPU-Il (GO:MoS, = 95:5), GO-MoS,-TPU-III
(GO:MoS,; = 90:10), and GO-MoS,-TPU-IV (GO:MoS, =
80:20), respectively. The real mass percentages of MoS,
and GO were confirmed by thermogravimetric analysis
(TGA), as shown in Figure S5 and Table S1. The cross-
section morphology of ternary rGO-MoS,-TPU-Il is
a typical layered structure (Figure 1c). The energy-
dispersive X-ray spectroscopy (EDS) was performed
on this cross-section, and the result of EDS shows
a uniform distribution of element Mo in Figure 1d,
indicating that the MoS, nanosheets were uniformly
dispersed in the GO interlayers. The cross-section
morphology and EDS of other ternary rGO-MoS,-TPU
artificial nacres also indicate the uniform distribution of
Mo element, as shown in Figure S6. In addition, XRD
results further confirm the well-ordered intercala-
tion of MoS, into the GO interlayers. The d-spacing
of ternary GO-MoS,-TPU nanocomposites is listed in
Table S2. With increasing MoS, content, the d-spacing
increases from 8.71 A for GO-MoS,-TPU-I to 10.39 A for
GO-MoS,-TPU-IV. Moreover, for the ternary GO-MoS,-
TPU nanocomposites, the distinct peak at approxi-
mately 14° (26), associated with 002 reflection from
the basal plane of MoS, (Figure S3), suggests that MoS,
nanosheets tend to restack during the process of
vacuum-assisted filtration,?® which was also confirmed
by the cross-section TEM image of rGO-MoS,-TPU-I,
as shown in Figure S7.

The comparison stress—strain curves of pure GO,
binary GO-TPU (90:10) nanocomposite, and ternary
GO-MoS,-TPU-Il artificial nacre are shown in Figure 2a,
and the detailed mechanical properties of binary and
ternary artificial nacre are listed in Table S3. It is obvious
that the ternary GO-MoS,-TPU artificial nacre shows an
excellent integration of tensile strength and toughness,
much higher than the binary GO-TPU nanocomposites.
For example, the tensile strength and toughness of
rGO-MoS,-TPU-II reach 235.3 &+ 194 MPa and 6.9 +
05 MJ-m~3, respectively, which are 40% and 100%
higher than rGO-TPU (90:10), with a tensile strength of
166.7 & 9.7 MPa and toughness of 3.3 £ 0.3 MJ-m .
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Figure 1. lllustration of the preparation process of the ternary artificial nacre of GO-MoS,-TPU through vacuum-assisted
filtration self-assembly. (a) The GO nanosheets were dispersed into dimethylformamide (DMF) by stirring and sonication.
Then TPU/DMF solution and MoS,/NMP solution was added into the GO solution. After sonication, the uniform suspension
was vacuum-assisted filtrated into the ternary artificial nacre. (b) Digital image of ternary rGO-MoS,-TPU artificial nacre.
(c) SEM image of the cross-section of rGO-MoS,-TPU-II. (d) Corresponding EDS of Mo element originating from MoS, in
rGO-MoS,-TPU-II, revealing that MoS, nanosheets are homogeneously distributed without aggregation.
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Figure 2. (a) Tensile stress—strain curves of GO film (curve 1), binary GO-TPU (90:10) nanocomposite (curve 2), rGO-TPU
nanocomposite (curve 3), ternary GO-MoS,-TPU-Il nanocomposites (curve 4), and ternary rGO-MoS,-TPU-Il nanocomposites
(curve 5). (b and c) The tensile strength and toughness of nanocomposites with different MoS, contents, indicating that the
tensile strength and toughness show a maximum value when the MoS, content is about 4.0 wt %. (d) Fracture morphology of
ternary rGO-MoS,-TPU-Il nanocomposites. The inset is EDS of elemental Mo, indicating much more friction between rGO and
MoS, nanosheets and the lubrication of MoS, occurred in the fracture process.

Compared to natural nacre (tensile strength of 80—
135 MPa and toughness of 1.8 MJ-m3),3° the tensile
strength and toughness of the ternary rGO-MoS,-TPU-II
artificial nacre are simultaneously improved to be
1.7 and 3.8 times higher. The corresponding fracture
morphology of the ternary rGO-MoS,-TPU-II artificial
nacre is shown in Figure 2d. The rGO nanosheets
are pulled out, and the MoS, was clearly observed
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on the surface of the rGO nanosheets (inset in
Figure 2d), indicating that much more friction be-
tween rGO and MoS;, nanosheets and the lubrica-
tion of MoS, occurred in the fracture process. Thus,
the synergistic toughening from GO and MoS, nano-
sheets takes place in the ternary artificial nacre, which
could absorb much more energy than the binary
nanocomposites.
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Figure 3. Proposed synergistic mechanism of ternary rGO-MoS,-TPU artificial nacre. (a) When stretching starts, (b) the rGO
nanosheets begin to slide and initiate the crack. (c) With continuous stretching, the MoS, nanosheets bridge the crack
through lubrication and offer resistance to rGO nanosheet sliding, initiating the sliding sites of the adjacent rGO nanosheets.
(d) Finally, the ternary rGO-MoS,-TPU artificial nacre fractures under the mode of rGO and MoS, nanosheet pull-out. (e) The
fracture morphology of ternary rGO-MoS,-TPU artificial nacre shows that the GO nanosheets are pulled out. Mo element was
observed on the surface of rGO nanosheets (inset image), indicating the lubrication from MoS, happened between rGO

nanosheets.

What is the optimal ratio between GO and MoS, to
achieve the maximum synergistic toughening effect?
Four different ratios between GO and MoS, were
selected in the fabrication of ternary artificial nacre,
as described before. The MoS, content by TGA in the
ternary GO-MoS,-TPU-I, GO-MoS,-TPU-ll, GO-MoS,-
TPU-IIl, and GO-MoS,-TPU-IV artificial nacre, is 1.7, 4.0,
10.5, and 17.2 wt % (Figure S5), respectively. As shown
in Figure 2b and ¢, with Mo$S, content increasing from
1.7 wt % to 4.0 wt %, the tensile strength and tough-
ness reach a maximum. Further additions of MoS,
nanosheets decrease the tensile strength and tough-
ness, revealing that more MoS, damages the synergis-
tic toughening effect.

To explore the synergistic toughening effect from
GO and MoS,, a crack extension model is proposed, as
shown in Figure 3. When initially subjected to stress,
the hydrogen bonds between rGO nanosheets and
TPU are broken due to fracture, and the rGO nano-
sheets begin to slide over each other, leading to the
formation of cracks (Figure 3b). Subsequently, the
friction between MoS, and GO nanosheets, triggers
the movement of the MoS, nanosheets along the rGO
nanosheets. The sliding between molybdenum and
sulfur nanolayers easily occurs due to the lubrication
action from the 2H MoS,, which means that the
propagating crack would be deflected by MoS; nano-
sheets (Figure 3c). Thus, much energy is being ab-
sorbed in this procedure. When continuously stretch-
ing, the layered nanostructure of restacked MoS,
separates into a few layers of MoS, nanosheets. The
crack would further propagate along the adjacent rGO
nanosheets and be deflected by MoS, nanosheets. This
cycling of crack initiation—propagation—deflection
would continue until the ternary rGO-MoS,-TPU
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artificial nacre fractures (Figure 3d), resulting in more
energy dissipation and large strain. The rGO nano-
sheets were pulled out and the layered structure
of MoS, was damaged; the corresponding fracture
morphology is shown in Figure 3e. All ternary artificial
nacres have similar fracture morphology, including
front and side views, as shown in Figure S8. Mo
element was observed on the surface of rGO nano-
sheets, indicating the lubrication from MoS, happened
between rGO nanosheets. This kind of synergistic
mode of rGO pull-out and sliding of the layered
structure of MoS, is superior to our previously pro-
posed synergistic mode of 2D MMT platelet and 1D
nanofibril pull-out.?® Thus, the energy dissipation of
the ternary rGO-MoS,-TPU artificial nacre is much
higher, resulting in an integrated high tensile strength
and toughness.

Although the lubrication of MoS; plays a key role in
the synergistic toughening, the critical amount of Mo$S,
is optimized to be about 4.0 wt % in the ternary artificial
nacre. Below 4.0 wt %, the crack could not be effec-
tively deflected by MoS, nanosheets and the energy
dissipation through slippage of MoS, nanosheets
would be low, resulting in less improvement in tensile
strength and toughness. On the other hand, if the
content of MoS, is higher than 4.0 wt %, the MoS,
would form excessive restacking, which has been
confirmed by the XRD results (Figure S3), leading to
the low efficiency of stress transfer from MoS, nano-
sheets to adjacent rGO nanosheets and low energy
dissipation. The tensile strength and toughness of the
ternary artificial nacre still cannot be dramatically
improved.

The advantages of this ternary artificial nacre are the
integrated strength and toughness compared with
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Figure 4. Comparison of tensile strength and toughness of our ternary artificial nacre, other binary layered GO-based
materials, and natural nacre. The ternary rGO-MoS,-TPU-II artificial nacre shows strong integrated strength and toughness
compared with other binary layered materials based on GO (the inset blue oval), such as hydrogen interaction of GO-PVA*®
and GO-SL,*° ionic interaction of GO-Ca>* ** and GO-Mg>",** short-chain covalent cross-linking of GO-GA** and PGO-PEI,*®
and long-chain covalent cross-linking of GO-PCDO*° and GO-PDA.*'

natural nacre and other binary nacre-like materials
based on GO nanosheets (Figure 4). The GO-based
binary nacre-like materials (the inset blue oval) show
improvement in only one mechanical property, such as
tensile strength or stiffness or toughness, as evidenced,
for example, in highly stiff bioinspired GO-layered
materials through borate cross-linking (GO-Borate).>’
The stiffness is as high as 127 + 4 GPa. However,
the strain of GO-Borate materials is only 0.15%, and
the toughness is as low as 0.14 MJ-m~3, lower than
one-tenth of natural nacre3® High tensile strength
nacre-like materials through poly(ether imide) (PEI)
cross-linking GO sheets (PGO-PEI) have been realized
recently.3® The tensile strength reaches 209.9 MPa;
however the elongation is only 0.22% and the tough-
ness is only 0.23 MJ-m ™, which is still only one-eighth
of natural nacre.3® Although, the high tensile strength
rGO-based materials with 300 MPa at low silk fibroin
content (2.5%) (rGO-SL) has been demonstrated.®
However, the toughness is only 2.8 MJ-m~3, which
is lower than our previous reports (rGO-PCDO of
3.91 MJ-m>*® and rGO-PDA of 4.0 MJ-m>*"),

The tensile strength of rGO-MoS,-TPU-Il artificial
nacre is comparable to rGO-SL3° and higher than GO-
PEI.3® The toughness of rtGO-MoS,-TPU-Il is 1.5-fold and
29-fold higher than rGO-SL and GO-PEI, respectively.
This novel strategy to fabricate ternary GO-based
nanocomposites is also superior to other approaches
for constructing binary GO-based layered materials,
such as hydrogen interaction between GO nanosheets
and a matrix (e.g., GO-PMMA,*? rGO-PVA,*), ion inter-
action between GO nanosheets and a matrix (e.g., GO-
Mg?>** GO-Ca*",*), and other covalent bonding,
including glutaraldehyde (GA) covalent cross-linking
(GO-GA)* and polyallylamine (PAA) cross-linking
(GO-PAA).*® The detailed mechanical properties of
our artificial nacre, natural nacre, and other GO-based
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layered materials are listed in Table S4. It should be
noted that while this novel technique successfully
demonstrated the fabrication of high-performance
ternary artificial nacre, it still needs to be further refined
by scaling for mass production. The fantastic structure
of natural nacre inspires us to construct integrated
high tensile strength and toughness artificial nacre,
which is a research goal shared by many groups
working on bioinspired layered materials. The pink
arrow in Figure 4 illustrates the trend in integrated
high performance, driving the future of bioinspired
layered materials.

Although electrical conductivity of the ternary rGO-
MoS,-TPU artificial nacre shows a small decrease when
adding the semiconductor MoS, (Table S1), the elec-
trical conductivity of rtGO-MoS,-TPU-IV artificial nacre is
still as high as 46.4 S-cm ™', which is higher than that of
rGO-PDA*' and comparable to that of the pure rGO
film.*” The rGO-MoS,-TPU-l artificial nacre as the con-
ducting wire is demonstrated in a circuit, as shown in
Figure S9. Furthermore, a blue LED could be steadily
lighted when strongly bending the ternary artificial
nacre (Movie S1), indicating the potential application in
flexible devices.

CONCLUSION

In conclusion, inspired by the ternary natural nacre,
we successfully fabricated robust ternary artificial
nacre through synergistic toughening of graphene
oxide and molybdenum disulfide nanosheets via a
vacuum-assisted filtration self-assembly process. The
synergistic toughening effect from high mechanical
properties of GO and lubrication of MoS, nanosheets is
successfully demonstrated. In addition, the artificial
nacre shows high electrical conductivity. This study
opens the door toward constructing robust artificial
nacre by synergistic toughening in the near future.
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This kind of integrated ternary artificial nacre
with excellent toughness shows great promise for

METHODS

Materials. Graphene oxide sheets were purchased from
XianFeng NANO Co., Ltd. MoS, powders, 57 wt % hydroiodic
acid (HI), and 1-methyl-2-pyrrolidinone (NMP, anhydrous,
99.5%) were purchased from Sigma-Aldrich. Thermoplastic
polyurethane was purchased from BASF Corp. MoS, nanosheets
were exfoliated from MoS, powders by liquid exfoliation
according to the previous report.2® More detailed exfoliation
procedures are as follow: the MoS, powders were added to NMP
with an initial concentration of 6 mg/mL. After sonication for 3 h,
the dispersion was settled for 12 h. Then the dispersion was
centrifuged at 2000 rpm for 30 min. Subsequently, the top 3/4 of
the dispersion was collected as the exfoliated MoS, nanosheet
dispersion for the following experiments.

Fabrication of Ternary GO-MoS2-TPU Artificial Nacre. The obtained
as-prepared MoS, dispersion and TPU solution was successively
added to the GO solution at different ratios. The mixtures
were stirred and sonicated for 3 and 1 h, respectively, to form
a homogeneous solution. With vacuum-assisted filtration, the
homogeneous solution was assembled to the ternary artificial
nacre. Finally, the dried ternary artificial nacre was reduced
through immersing into the HI solution. The oxidized iodine
on the surface of rGO-MoS,-TPU artificial nacre was cleaned off
with ethanol washing for 4 days.

Characterization. Scanning electron microscopy (SEM) images
were obtained by a field-emission scanning electron micro-
scope (JEOL-7500F). The atomic force microscopy was charac-
terized by a Leica TCS SP5. TEM images were obtained using
a FEl Tecnai G20 instrument at 200 kV. Thermogravimetric
analysis was done using a TG/DTA6300 NSK under air with
a temperature increase of 10 °C/min. Raman spectroscopy
measurements was performed on a LabRAM HR800 (Horiba
Jobin Yvon) with an excitation energy of 1.96 eV (633 nm).
X-ray diffraction profiles were carried out with Cu Ka radiation
(A =1.54 nm). The mechanical properties were measured in the
tensile mode using a Shimadzu AGS-X tester at a loading rate
of 1 mm/min with a gauge length of 5 mm. All of the samples
were cut into strips with a length of 20 mm and a width of
3 mm before measuring. The results for each sample are
based on the average value of 3—5 specimens. The electrical
conductivities of the ternary artificial nacre were measured by
a standard two-probe method using a source meter (Agilent
E4980A).
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