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N
atural nacre has a nano/microscale
hierarchical structure and precise
inorganic�organic interface,1�3which

enables it to achieve a unique combination
of light weight, remarkable strength, and
toughness.4�7 From a mechanical point of
view, nacre is often simplified as a binary
composite, in which hard, two-dimensional
(2D) aragonite platelets and soft biopolymer
layers are alternately stacked into a brick-
and-mortar structure.8�10 Thus far, intense
efforts have been devoted tomimicking the
brick-and-mortarmicrostructure of nacre by
assembling different types of 2D inorganic
platelets and polymer matrices.11�20 These
bioinspired layered composites display im-
pressive strength, which is commonly at-
tributed to high filler content, compact
layered structure, and a robust inorganic�
organic interface.21�27 In fact, more accu-
rately, nacre should be regarded as a ternary
composite, which consists of 2D aragonite
platelets, one-dimensional (1D) nanofibrillar
chitin, and protein.28�30 The 2D aragonite
platelets and 1D nanofibrillar chitin network
layers are alternately stacked and held to-
gether by a soft protein adhesive.31�33

Because the rigid nanofibrillar chitin is several
nanometers in diameter, it has an enormous

interface area. Thus, despite a relatively small
amount of chitin compared to the thick
aragonite platelets, the rigid nanofibrillar chi-
tin plays an important role not only in the
hierarchical control of the biomineralization
process but in the mechanical support.34,35

Obviously, the 2D and 1D building blocks
act in a synergistic fashion for extraordinary
strength and toughness balance through slid-
ing of platelets and fiber, crackdeflection, and
crack bridging,36,37 which supplies a novel
inspiration for optimizing the mechanical
properties of artificial nacre through the sy-
nergistic interaction of building blocks with
different sizes and shapes.38

Herein, inspired by the layered aragonite
platelet/nanofibrillar chitin/protein struc-
ture of nacre, artificial nacre based on mon-
tmorillonite platelet/nanofibrillar cellulose/
poly(vinyl alcohol) (MMT/NFC/PVA) through
an evaporation-induced assembly tech-
nique was constructed.39,40 The synergistic
toughening effect from MMT and NFC was
successfully demonstrated in the artificial
nacre, resulting in the integration of high
strength and toughness. The artificial nacre
achieves an excellent balance of strength
and toughness and a fatigue-resistant prop-
erty, superior to natural nacre and other
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ABSTRACT Inspired by the layered aragonite platelet/nanofibrillar chitin/protein ternary structure and

integration of extraordinary strength and toughness of natural nacre, artificial nacre based on clay platelet/

nanofibrillar cellulose/poly(vinyl alcohol) is constructed through an evaporation-induced self-assembly

technique. The synergistic toughening effect from clay platelets and nanofibrillar cellulose is successfully

demonstrated. The artificial nacre achieves an excellent balance of strength and toughness and a fatigue-

resistant property, superior to natural nacre and other conventional layered clay/polymer binary composites.
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conventional layered clay/polymer binary composites.
The successful demonstration of synergistic toughen-
ing in our study supplies a novel way for designing and
constructing high-performance bioinspired composites
in the near future.

RESULTS AND DISCUSSION

NFC was prepared by 2,2,6,6-tetramethylpiperidine-
1-oxyl (TEMPO)-mediated oxidation of microcrystalline
cellulose.41,42 The formed abundant sodium C6-
carboxyl groups on the nanofibril surfaces greatly
facilitated the separation of individual fibrils in water.
The measured diameter of NFC fibrils is about 4.95 nm
by atomic force microscopy (Supporting Information,
Figure S1a). Nanoclay was substantially exfoliated by
simple mechanical agitation in water, yielding indivi-
dual MMT platelets with an average thickness of
1.28 nm (Supporting Information, Figure S1b).40 Then,
the PVA aqueous solution and the NFC suspension
were added to the MMT suspension in turn and
evaporated slowly (Scheme 1a). When the weight ratio
ofMMT toNFC is 1:2, a relatively goodbalanceof strength
and strain at break was achieved (Supporting Informa-
tion, Figure S2). In addition, considering the density and
statistical average thickness of exfoliated MMT and NFC,
we controlled themass ratio ofMMT toNFC to be 1:2 and
expected full NFC intercalation and separation of MMT
platelets. According to our previous report,40 we con-
trolled the mass fraction of fillers (MMT and NFC) to be
about 70 wt %, resulting in the perfect layered structure
and high mechanical properties. The hybrid layered
structure model of resultant artificial nacre is proposed

as shown in Scheme 1b. The MMT platelets and NFC
fibrils are adhered by PVA through strong hydrogen
bonds and Al�O�C covalent bonds (Scheme 1c). The
artificial nacre is highly transparent (Scheme 1d), and
the transparency is about 90% at 600 nm (Supporting
Information, Figure S3), which is comparable to the
NFC/PVA hybrid film43 and higher than other reported
results,44 due to complete exfoliation of clay.
A scanning electron microscopy (SEM) image shows

the overall structure with a striking alignment of
MMT platelets (Scheme 1e). NFC fibrils are distributed
uniformly in the galleries of parallel MMT platelets
(Scheme 1f). The intercalation of NFC fibrils into MMT
galleries enlarges the interlayer distance between
MMT, which is confirmed by X-ray diffraction (XRD)
(Supporting Information, Figure S4). The interlayer
distance of pure MMT film is about 1.26 nm (2θ =
7.1�). For the binary MMT/PVA composite, the inter-
layer distance of MMT platelets increases to about
3.4 nm (2θ = 2.6�). After incorporation of NFC fibrils,
the reflection peak in the ternary MMT/NFC/PVA com-
posite disappears in the range of 1.8� to 10�, indicating
the successful insertion of NFC fibrils into MMT gal-
leries. FTIR results indicate the connectivity between
anionic NFC and anionic MMT by soft PVA through
hydrogen bonds and Al�O�C covalent bonds
(Supporting Information, Figure S5). In Figure S5a, the
hydrogen bondpeaks ofMMT, NFC, and PVA are at 361,
3226, and 3333 cm�1, respectively. For the MMT/NFC/
PVA composite, the hydrogen bond peak shifts to
3336 cm�1, which may be ascribed to the adsorp-
tion of PVA on the surface of MMT platelets and NFC

Scheme 1. (a) Fine aqueous dispersion of MMT platelets, NFC fibrils, and PVA, which were assembled into artificial nacre by
evaporation. (b) Proposed structural model for the artificial nacre, in which MMT platelet and NFC fibril network layers are
alternately stacked into a layered structure. (c) Anionic MMT platelets and anionic NFC fibrils are interconnected by PVA
through hydrogen bonds and Al�O�C bonds. (d) Digital photo of artificial nacre, showing a high level of transparency. (e)
Cross-sectionmorphology of artificial nacre, showing a highly aligned layered arrangement. (f) Enlarged SEM image, showing
homogeneous distribution of NFC fibrils (white dots).
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fibrils. The new peak at 839 cm�1 of theMMT/NFC/PVA
composite in Figure S5b indicates the formation of an
Al�O�C bond between MMT and PVA.21

The above results confirm that our artificial nacre has
a nacre-like structure, in which 2D MMT platelets and
1DNFC fibril network layers are stacked alternately and
glued together effectively by PVA adhesive.
The tensile stress�strain curves of the nacre-

inspired composite are shown in Figure 1a. The artifi-
cial nacre shows excellent integration of strength
and toughness, greater than other binary composites.
The tensile strength, Young's modulus, and toughness
reach 302 ( 12 MPa, 22.8 ( 1.0 GPa, and 3.72 (
0.63 MJ m�3, respectively. Both the strength and
toughness are 2 times higher than those of natural
nacre (80�135MPa and 1.8 MJm�3).45 Similar to a pre-
vious report,40 the binaryMMT/PVA composite exhibits
a layered structure (Supporting Information, Figure S6),
and the NFC/PVA composite shows a random struc-
ture with uniform dispersion of NFC fibrils (Supporting
Information, Figure S7). The corresponding tensile
strength and toughness of MMT/PVA and NFC/PVA
composites are 219 ( 19 MPa and 2.14 ( 0.30 MJ m�3

and 223( 31 MPa and 1.46( 0.59 MJm�3, respectively,
whichare lower than thatof theartificial nacre.Obviously,
the synergistic toughening from 2D MMT platelets and
1D NFC fibrils occurred in the ternary artificial nacre.
To understand the synergistic toughening mechan-

ism, the mechanical properties of MMT/PVA, NFC/PVA,
and MMT/NFC/PVA composites with different filler
content (0�70 wt %) were measured, as shown in
Figure 1b�d. The volume fraction of fillers is calculated
by using the weight fraction and density of MMT

(2.86g cm�3), NFC (1.46g cm�3), andPVA (1.27g cm�3),
respectively. The strength changes in the range of high
filler content show distinct trends from the modulus
(Figure 1b). The strength of NFC/PVA composites
seems to be saturated, while that of MMT/PVA compo-
sites is enhanced gradually, due to the ordered layered
structure (Figure 1c).40 For MMT/NFC/PVA composites,
both high reinforcement efficiency and the ability
to incorporate high filler content are achieved. These
indicate that the layered structure with alternate stack-
ing of 2DMMT platelet and 1D NFC fibril network layers
contributes to the synergistic strength of artificial nacre.
The other contribution to the synergistic strength of

artificial nacre is the interconnectivity between MMT
and NFC through PVA. If PVA adhesive is absent, the
MMT platelets tend to aggregate (Supporting Informa-
tion, Figure S8).44,46 The interaction between anionic
MMT and anionic NFC is relatively weak (Supporting
Information, Figure S5). In addition, bothMMT andNFC
are quite rigid. Direct stress transfer between two rigid
components is often deficient, as indicated bymultiple
recent studies.47�49 As a result, the MMT/NFC compo-
site without PVA exhibits relatively weak mechanical
properties with a Young's modulus of 19.6 ( 1.0 GPa
and a tensile strength of 223 ( 28 MPa (Supporting
Information, Figure S9). The contrast comparsion
clearly shows the importance of PVA adhesion be-
tween MMT and NFC in the artificial nacre.
For platelet-shaped reinforcements, toughness can

begreatly improvedbyplatelet-induced crack deflection,
which leads to tortuous fracture path.50 This is recog-
nized as the most prominent toughening mechanism
in nacre.51 Compared with 1D fibers, 2D platelets are

Figure 1. (a) Stress�strain curves of the artificial nacre and corresponding binary NFC/PVA and MMT/PVA composites
containing 70 wt % fillers. (b�d) Tensile mechanical properties of MMT/NFC/PVA, NFC/PVA, and MMT/PVA composites with
different amounts of fillers. The artificial nacre of the MMT/NFC/PVA shows excellent integration of strength and toughness,
greater than the other binary composite of MMT/PVA and NFC/PVA, which is ascribed to the synegistic toughening effect
from 2D MMT platelets and 1D NFC fibrils in the ternary artificial nacre.
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more effective for crack deflection, which was demon-
strated theoretically and experimentally.52 In this study,
the MMT/PVA composites are indeed tougher than the
NFC/PVA composites at high filler content (Figure 1d).
Interestingly, the fracture energies of ternary MMT/NFC/
PVA composites are larger than those of corresponding
binary composites. To explore the mechanism of the
toughness, fracture morphology of the artificial nacre is
carefully examined, as shown in Figure 2a�c. The MMT
platelets are pulled out and the NFC fibrils fracture in the
process of tensile testing (Figure 2b). Some divergent
microcracks emerge on the surface of the MMT/NFC/
PVA composite (Figure 2a). At the tip of microcracks,
crack bridging, fibril pull-out, and fracture are observed
(Figure 2c). The feature of the fracture surface indicates
thatMMTplatelet sliding happens not only on the fracture
surface but also in the interior of the MMT/NFC/PVA
composite, which may be responsible for the improved
fracture energy of the MMT/NFC/PVA composite.
In terms of the fracture morphology of the artificial

nacre, a crack extensionmodel is proposed to illustrate
the synergistic toughening of 2DMMTplatelets and 1D
NFC fibrils, as shown in Figure 2d�g. First, a deflected
crack induced by an MMT platelet encounters an NFC
fibril (Figure 2e). Then, the NFC fibril bridges the
crack. The bridging NFC fibril can generate obvious
resistance to the sliding of adjacent MMT platelets
(strain hardening). The enhanced stress is transferred
to next layer of MMT platelets and activates the
potential sliding of adjacent multiple MMT platelets
(Figure 2f). With crack extension, such crack deflection,

bridging, and activation of multiple potential sliding
sites are accumulative in a step fashion until the
material fractures. This deformation process is also
reflected by the strain hardening in the nonlinear
stress�strain curve (Figure 1a) and is akin to the
deformation of hydrated nacre.2,53 Finally, the material
fails under platelet pull-out and fibril pull-out/fracture
mode (Figure 2g). In this way, energy dissipation
through cooperative sliding of MMT and NFC pervades
through a relatively large volume, rather than only at
the fracture surface, leading to the synergistic tough-
ness. At the same time, the fibril pull-out/fracturemode
also helps to improve the strength of artificial nacre.
A comparison of mechanical performance of our

artificial nacre with those of natural nacre and reported
layered clay/polymer composites with high filler con-
tent is shown in Figure 3. The detailed data are listed in
Table S1. Obviously, the artificial nacre exhibits a better
balance of strength and toughness. The strength is
1.2�6.2 times higher than those of layered binary
clay/polymer composites without cross-linking (red
triangles).13,22,23,46,54�57 The toughness is 2.2�7 times
higher than those of layered binary clay/polymer
composites with covalent or ionic cross-linking (blue
triangles).21�23,57,58 The integratedmechanical proper-
ties are far superior to natural nacre (black square)45

and ternary MMT/NFC/chitosan composite (green
circle).59 The synergy between 2D MMT platelets and
1D NFC fibrils is mostly responsible for improving the
strength and toughness simultaneously. Differently,
covalent or ionic cross-linking is prone to improve

Figure 2. (a�c) Fracture morphology of the artificial nacre. (a) Microcrack divergence, (b) MMT platelet pull-out on fracture
surface, and (c) crack bridging,fibril pull-out, and fracture at the tip of amicrocrack. (d�g) Proposed synergisticmechanismof
2D MMT platelets and 1D NFC fibrils. (d) Simplified structural schematics, showing the alternate arrangement of NFC fibril
layers and MMT platelets. (e) Under tensile stress, the MMT platelet starts to slide and deflect crack. (f) NFC fibril bridges the
crack and offers resistance to MMT sliding, which activates potential sliding sites of multiple MMT platelets in the next layer.
(g) The composite finally fails under MMT pull-out and NFC pull-out/fracture mode.
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strength at the expense of toughness due to increased
restriction of mutual movement of clay platelets in defor-
mation. For example, although the MMT/PVA composite
treatedwithglutaraldehyde shows a very high strengthof
400MPa, the toughness is reduced to only 0.53MJm�3.21

On the contrary, choosing ductile polymer and designing
its soft interfacial interaction with clay platelets tend to
increase the strain at break and thus toughness, but
compromise strength, due to facilitation ofmutual sliding
of clay platelets and concomitant plastic deformation of
the polymer. For example, anMMT/hydroxyethylcellulose
composite with 60 wt % clay has a remarkable strain at
break of 6.8% and toughness of about 5.23MJm�3, while
the strength is as low as 125 MPa.56

The artificial nacre and corresponding binary com-
posites were also fatigue tested in tension mode. The
frequency of the cyclic loading tests was 0.5 Hz, and the
stress ratio (R: minimum to maximumu applied stress)
was 0.1.60 The maximum tensile stress (S) vs the number
of cycles to failure (N) was ploted as S�N curves, shown
in Figure 4. The fatigue results indicate that the artificial
nacre has much better fatigue-resistance than the cor-
responding MMT/PVA and NFC/PVA binary composites.
At same stress level, the fatigue life of artificial nacre is 2
and 4 orders ofmagnitudehigher than theNFC/PVA and
MMT/PVA composites, respectively, further verifying the
synergistic toughening effect from clay platelets and
nanofibrillar cellulose. As previously reported,52,60,61 2D

nanoplatelets suppress crack propagation by crack de-
flection and thus increase fracture surface area during
crack growth, and 1D nanofibrils suppress crack propa-
gation by crack bridging and subsequent pull-out of
nanofibrils.62�64 In the artificial nacre of the MMT/NFC/
PVA composite, the two crack suppression mechanisms
synergistically act, which increases energy dissipation
and thus prolongs fatigue life.

CONCLUSION

In conclusion, inspired by the ternary structure of nacre
with layered aragonite platelet/nanofibrillar chitin/protein,
we successfully constructed high-performance artificial
nacre. Thesynergistic tougheningeffect fromclayplatelets
and nanofibrillar cellulose was successfully demonstrated.
The artificial nacre achieves high fatigue life and excellent
balance of strength and toughness, superior to natural
nacre and other conventional layered clay/polymer binary
composites.On theotherhand, theorderednanostructure
of the artificial nacre enables it to achieve extraordinary
optical transparency. These findings provide a new con-
cept for design and constructing of high-performance
composites based on nanoclay for applications, such as
flexible electronics, precision optical devices, and food
packaging. Looking out to the future, the present bioin-
spired synergistic concept of 2Dplatelet and 1D nanofiber
can be applied to other strong 2D and 1D building blocks,
such as graphene, alumina platelets, carbon nanotubes,
and Kevlar nanofiber. We believe that the ternary nacre-
like structure consisting of 2D platelets and 1D nanofibers
will promotebioinspiredcomposites toward integrationof
high strength, toughness, and fatigue life.

METHODS
Raw Materials. PVA (Mw = 146 000�186 000), cellulose pow-

der (microcrystalline), sodium bromide, sodium hypochlorite
solution (available chlorine 10�15%), and TEMPO (98%) were

purchased from Sigma-Aldrich. Naþ-type MMT was supplied by
Zhejiang Fenghong Clay Co. Ltd. TEMPO-oxidized NFC was
prepared using a TEMPO/NaBr/NaClO system41 in water at pH
10 and room temperature under the conditions reported in the

Figure 3. Comparison of mechanical properties of our
artificial nacre of an MMT/NFC/PVA composite with natural
nacre and the reported layered clay/polymer composites.
The dashed borders separate regions with improving inte-
grated properties. The arrow connecting the origin of the
coordinate and the point of nacre shows the overall desired
direction for properties of bioinspired nanocomposites.
(Nomenclature: Filler/matrix (cross-linker). Abbreviations:
PDDA, poly(diallyldimethyl-ammonium chloride); dGMP,
20-deoxyguanosine 50-monophosphates; CMC, sodium car-
boxymethyl cellulose; PEO, polyethylene oxide; GA, glutar-
aldehyde; HEC, hydroxyethylcellulose.)

Figure 4. Maximum stress (S) vs number of cycles to failure
(N) in pure tensionmode (i.e., no compressive stress) for the
artificial nacre and corresponding binary NFC/PVA and
MMT/PVA composites.
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literature.42 The obtained transparent NFC aqueous solution
was weighed, dried, and reweighed to determine NFC mass
concentration. MMT was exfoliated in water by mechanically
stirring according to the literature.40 The concentrations of
the transparent NFC and MMT suspensions were adjusted to
0.27 wt %. The MMT platelets have an average lateral size of
119 nm and an average thickness of 1.28 nm. The length and
average diameter of theNFC fibrils aremeasured to be 300�800
and 4.95 nm, respectively.

Preparation of MMT/NFC/PVA Composites. A desired amount of
PVA solution (0.5 wt %) was gradually added to a stirred MMT
dispersion. After slowly stirring for 3 h, a desired amount of NFC
suspensionwas added and continually stirred for 3 h. Finally, the
homogeneous mixture was poured into a culture dish and kept
at room temperature for film formation until its weight equili-
brated. This film was peeled off from the bottom of the dish. A
series of MMT/NFC/PVA films with different filler weight fraction
were prepared by varying the weight of PVA, MMT, and NFC
dispersions. In all films, the mass ratio of MMT to NFC was
constantly controlled to be 1:2. MMT/PVA and NFC/PVA films
with different filler weight fraction were also prepared by the
same evaporation process.

Characterization. The tensile mechanical properties were
evaluated using a Shimadzule AGS-X Tester at a load speed of
0.5 mmmin�1 with a gauge length of 10 mm. All of the samples
were cut into strips with the width of 3 mm and length of
30 mm. The SEM images were obtained by a JEOL JSM-7500.
XRD experiments were carried out with a Panalytical Empyrean
instrument using Cu KR radiation. Atomic force microscope
images were acquired by the Veeco Multimode VIII. Light
transmittance spectroscopy of the film was measured using a
Hitachi U-4100 UV�vis spectrophotometer. FTIR spectra were
collected by a Bruker Tensor-27 utilizing the attenuated total
internal reflectance accessory. The tensile fatigue tests were
performed at a frequency of 0.5 Hz using the Instron ElectroPuls
E1000 test facility. The ratio of the minimum applied stress to
maximum stress ratio was set at 0.1.
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