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In the last decade, there has been a trend in chemistry to
reduce the human impact on the environment.[1] Special
attention has been paid to the replacement of conventional
petroleum-based plastics by materials based on biopoly-
mers.[2] However, the mechanical and thermal properties and
functionalities of these biopolymers have to be enhanced to
be competitive with the petroleum-based plastics from the
viewpoint of practical applications. One of the most promis-
ing solutions to overcome these drawbacks is the elaboration
of bionanocomposite, namely the dispersion of nanosized
filler into a biopolymer matrix.[2,3]

Because of their functional properties, bionanocompo-
sites as green nanocomposites based on biopolymers and
layered silicates (clays) have received intensive attention in
materials science.[3b, 4] Chitosan and montmorillonite (MTM),
an abundant polysaccharide and a natural clay respectively,
have been widely used as the constituents of bionanocompo-
sites.[5] The intercalation of chitosan into MTM and the
dispersion of MTM nanosheets in the chitosan matrix have
been systematically investigated.[6] Bionanocomposites based
on chitosan intercalation into MTM can be used as a sensor
applied in the potentiometric determination of several
anions.[5a] Bionanocomposite films formed through the dis-
persion of MTM nanosheets in the chitosan matrix have
shown enhancement of the mechanical and thermal proper-
ties compared with the pure chitosan film.[5c] Unfortunately,
the enhancement of the tensile strength and thermal stability
of the chitosan–MTM bionanocomposite film is still low far
from the expectations in industry.

Systematic studies are carried out in materials science on
natural materials with the objective of duplicating their
properties in artificial materials.[7] Natural nanocomposites
provide prime design models of lightweight, strong, stiff, and

tough materials due to the hierarchical organization of the
micro and nanostructures.[8] One attractive biological model
for artificial material design is nacre (mother-of-pearl).[9] The
microscopic architecture of nacre has been classically illus-
trated as a “brick-and-mortar” arrangement that plays an
important role in the amazing mechanical properties of the
nacre.[10] This arrangement is constituted of highly aligned
inorganic aragonite platelets surrounded by a protein matrix,
which serves as a glue between the platelets.[11]

Recently, the microstructure of the nacre has been
mimicked by several innovative techniques to fabricate the
artificial nacre-like materials with high mechanical perfor-
mance. For example, layer-by-layer (LBL) deposition com-
bining with cross-linking yielded poly(vinyl alcohol)/MTM
nacre-like nanocomposites with a tensile strength of up to
400 MPa;[12] the ice-crystal templates of the microscopic
layers were designed to form a brick-and-mortar micro-
structured Al2O3/poly(methyl methacrylate) composite that is
300 times tougher than its constituents;[13] the assembly of
Al2O3 platelets on the air/water interface and sequent spin-
coating was developed into the fabrication of lamellar Al2O3/
chitosan hybrid films with high flaw tolerance and ductility;[14]

the self-assembly of nanoclays with polymers coating by a
paper-making method resulted in the nacre-mimetic films;[15]

and nacre-like structural MTM–polyimide nanocomposites
were fabricated by centrifugation deposition-assisted assem-
bly.[16] Our group has also fabricated nacre-like chitosan-
layered double hydroxide hybrid films with a tensile strength
of up to 160MPa by sequential dipping coating and the LBL
technique.[17] The concept of mimicking nacre and recently
developed innovative techniques inspired us to fabricate the
highly sustainable artificial nacre-like chitosan–MTM biona-
nocomposite film with high performance to seek a promising
material for the replacement of conventional petroleum-
based plastics.

Herein, we introduce a novel approach to fabricate
artificial nacre-like chitosan–MTM bionanocomposite films
by self-assembly of chitosan–MTM hybrid building blocks
(Scheme 1). The chitosan molecules are very easily coated
onto exfoliated MTM nanosheets to yield the hybrid building
blocks by strong electrostatic and hydrogen-bonding inter-
actions.[6] These hybrid building blocks can be dispersed in
distilled water and then aligned to a nacre-like lamellar
microstructure by vacuum-filtration- or water-evaporation-
induced self-assembly because of the role that the orientation
of the nanosheets and linking of the chitosan play.[18] The
fabrication process is simple, fast, time-saving, and easily
scaled up compared with the LBL,[12] ice-crystal-template,[13]

and other techniques.[16]
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At the first stage, the chitosan–MTM hybrid building
blocks were prepared through mixing an aqueous suspension
of exfoliated MTM nanosheets and an aqueous solution of
chitosan. The resulting mixture was stirred for 12 h to allow
the chitosan molecules to fully adsorb onto the surface of the
MTM nanosheets. TEM images (Figure 1a,b) confirm the
sheet-like morphologies of both the MTM and chitosan–
MTM, implying that chitosan–MTM is an ideal building block
for fabricating lamellar microstructures.

The surface morphologies and the thickness of the MTM
nanosheets before and after the adsorption of the chistosan
molecules were characterized by AFM (Figure 1c,d; Sup-
porting Information, Figures S1, S2). The surface of the MTM
nanosheets changed from smooth to rough and the average
thickness increased from 0.97 to 1.98 nm, indicating that a
total of about 1 nm-thick chitosan layers adsorbed on both
sides of MTM nanosheets, which was confirmed by the TGA
(Supporting Information, Figure S3). The adsorption of the
chitosan molecules on the MTM nanosheets was also
demonstrated by the FTIR spectra (Supporting Information,

Figure S4): the adsorptions at 1556 and 1414 cm�1 can be
designated as dNH and nCN, respectively. The MTM nanosheets
with a chitosan coating were isolated by the centrifugation,
washed with deionized water twice to remove unabsorbed
chitosan, and finally collected as a glue-like substance. The
obtained glue showed a strong adhesion and it can be painted
on a glass slide (Figure 1e). Interestingly, the chitosan–MTM
patterns on the glass slide disappeared (Figure 1 f) under
water due to the swelling. After the glass slide dried in the
surrounding environment, the patterns would reappear as the
original (Figure 1g), indicating the adhesive properties of the
hybrid building blocks even under the water.

The MTM nanosheets with chitosan coatings can be
redispersed into deionized water, resulting in a milky white
colloidal suspensionafter stirring and ultrasonication. The
chitosan–MTM hybrid can then be easily used to fabricate the
films with nacre-like lamellar microstructures by vacuum-
filtration- or water-evaporation-induced self-assembly. Pho-
tographs of the obtained chitosan–MTM bionanocomposite
films are shown in Figure 2, inset. These films are flexible,

glossy, and their surfaces are very smooth. The evaporation-
induced film is more transparent than the film obtained by
vacuum filtration owing to it being less thick. The micro-
structures of the fabricated films were observed by an SEM
image in Figure 2. The chitosan–MTM hybrid building blocks
are stacked together to form a densely oriented lamellar
microstructure, which is reminiscent of the brick-and-mortar
structure of nacre. Small-angle PXRD patterns also indicate
the well-defined lamellar microstructures with a d spacing of
2.6 nm (Supporting Information, Figure S5). SEM images of
the surfaces of the films reveal that the microstructures of the
surface are flat, with only some nanoscale roughness (Sup-
porting Information, Figure S6) that is slightly less in vacuum-
filtration-induced composite films. The content of chitosan in
these nacre-like bionanocomposite films was determined as
24 wt % by organic elemental analysis (Supporting Informa-

Scheme 1. Fabrication of the artificial nacre-like chitosan–MTM bio-
nanocomposite film. Milky white colloidal chitosan–MTM hybrid build-
ing blocks were first prepared by mixing an aqueous suspension of
exfoliated MTM nanosheet and an aqueous solution of chitosan and
stirring to guarantee full adsorption of chitosan on MTM nanosheets.
The chitosan–MTM hybrid building blocks were then aligned into the
nacre-like structured composite by self-assembly induced by vacuum
filtration or water evaporation.

Figure 1. a,b) TEM images of MTM nanosheets before and after
adsorbing chitosan molecules Scale bars: 500 nm. c,d) AFM images of
MTM nanosheets corresponding to (a) and (b). e)–g) Photographs of
patterns of chitosan–MTM as it is swollen in water (e!f) and dried
(f!g).

Figure 2. a,b) SEM images of a chitosan–MTM bionanocomposite film
fabricated by vacuum filtration at different magnifications. c,d) A film
fabricated by evaporation. Inserts in (a), (c): Photographs of the
corresponding films.
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tion, Table S1), which is very low compared with that in
traditional films.[5c] TGA analysis also indicated the low
chitosan content (about 35 wt%; Supporting Information,
Figure S3). The low organic constituent content in the
obtained nacre-like chitosan–MTM bionanocomposite films
is similar to that of the natural nacre.

Tensile-strength tests were carried on the chitosan–MTM
films to show the role that the nacre brick-and-mortar
microstructures play on the mechanical properties. A conven-
tional film was prepared by simply mixing Na-MTM and
chitosan together in aqueous solution and then allowing the
film to form by evaporation. The microstructure of the
contrast sample was checked without the brick-and-mortar
microstructure by SEM (Supporting Information, Figure S7).
The mechanic properties of the obtained samples are
summarized in Table 1. Figure 3a shows that the ultimate

tensile strength of both the well-aligned artificial nacre-like
films and conventional film. The mechanical performance of
the well-aligned artificial nacre-like film is better than that of
the film made by conventionally simply mixing the constit-
uents. The Young�s modulus and ultimate tensile strength of
the well-aligned artificial nacre-like films are respectively 3–
5-fold and 2–3-fold higher than that of the conventional film.

An atomic modeling (Figure 3b) was used to investigate
the mechanical properties at the molecular scale. The
modeling shows that the geometry of SiO4 tetrahedrons on
the surface of the MTM is conductive to cooperative hydro-
gen bonding. On the chain of the chitosan molecules, there
are many OH and NH3 groups, which are likely to form the
hydrogen bonding with SiO4 tetrahedrons on the surface of
the MTM when the chitosan chains are close to the surface of
MTM under the electrostatic attraction. On the other hand,
the stereochemistry of the six rings in the chitosan chain is an
obstacle to the hydrogen bonding formation of some OH and
NH3 groups with SiO4 tetrahedra. Moreover, we did not
observe Al�O�C bond formation in the FT-IR spectra; PVA
molecules can form Al�O�C bonds, as reported by Kotov
et al.[12b] Thus, it is reasonable that the chitosan–MTM films
can not achieve mechanical strengths that are as high as PVA–
MTM films.[12b] However, the hydrogen bonding and the
lamellar structure can contribute to a higher mechanical
performance compared with the conventional chitosan–MTM
films.

The well-aligned lamellar microstructures also lead to a
good light transmittance of the films. Because of the high
orientation of the chitosan–MTM hybrid building blocks,
which greatly decreases the light scattering between the
nanosheets, the obtained chitosan–MTM films were more
transparent than conventional chitosan–MTM films in which
the MTM nanosheets are randomly dispersed. The trans-
mittance spectra (Figure 3c) show about 60–80 % transpar-
ence across the visible spectrum of light for the evaporation
induced chitosan–MTM film, in contrast to only 2–3 % for the
conventional film. Interestingly, when the chitosan–MTM
films were swollen by water, their transparence was further
enhanced, in contrast to a small increase for that of conven-
tional films. There are two main reasons leading to the
enhancement of transparence of nacre-like films, which
almost completely disappeared in water (Figure 3d). One
reason is the common physical phenomenon that when water
fills the space, the light scattering occurring at the interfaces
would decrease because the refractive index of water is more
similar to that of the solid material than to that of air. We used
weighing paper as the contrast sample to show how this effect
occurred on the increase of transparence of the film (Fig-

Table 1: Summary of the mechanical properties of films measured by
tensile testing.

Samples Young’s
modulus
[GPa]

Ultimate
stress
[MPa]

Ultimate
strain [%]

nacre-like chitosan–MTM film
fabricated by vacuum filtration

10.7�1.7 76�10 0.97�0.14

nacre-like chitosan–MTM film
fabricated by evaporation

6.8�1.6 99�13 2.32�0.39

conventional chitosan–MTM
film fabricated by simply mixing

1.6�0.1 37�3.2 3.98�0.28

Figure 3. a) Tensile strength–strain curves for chitosan–MTM bionano-
composite films obtained by different methods. b) Atomic modeling of
the chitosan molecules adsorbing on the MTM surface. The model
was constructed using Material Studio software (version 4.1) and the
geometry optimization of the model was calculated by the Forcite tool.
Al purple, Si yellow, O red, C gray, N blue, H white. c) UV/Vis trans-
mittance spectra of different samples before and after swelling with
water. d) Photographs of nacre-like bionanocomposite film (top) and
weighting paper (bottom) during the water swelling process.
e) Models of the nacre-like chitosan–MTM bionanocomposite film
before and after swelling by water.
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ure 3d), and transmittance spectra indicate that such an
increase is limited (Figure 3c). The other reason is that the
lamellar microstructures of the nacre-like films lead to the
increase of transparence. After water swelling, the chitosan
molecules between the MTM nanosheets stretched to opti-
mize the lamellar microstructures, which largely decreased
the light scattering between the MTM nanosheet interfaces
(Figure 3e). The optimization of lamellar microstructures
contributed to a 20–30 % increase of transparence across the
visible spectrum for the vacuum-filtration-induced chitosan–
MTM film.

LBL assembled lamellar structural polyelectrolyte–clay
coatings on fabric have shown high efficient fire retardancy.[19]

The fire retardancy of the vacuum-filtration-induced chito-
san–MTM film was tested because of its considerable thick-
ness (see video provided in the Supporting Information).
When exposed to the flame of blast burner, the film initially
burnt very briefly owing to the small amount of the chitosan
adsorbed on the MTM nanosheets, and the film gradually
became black, which was partly induced by carbonization of
the chitosan. After burning out the chitosan, the MTM
nanosheets do not support any burning and remain inert
under prolonged exposure to the flame (Figure 4b, inset).

Furthermore, burning the film never lead to any dripping of
hot fluids such as for plastic films, and the shape of the film
was maintained even with constant exposure to the flame of a
blast burner. The microstructures of the film after burning
were checked by SEM, and the images showed that a flame-
protective cuticle of tightly condensed nanoclay formed
(Figure 4a) and the nacre-like lamellar microstructures
were still maintained inside the film (Figure 4b).

In summary, hybrid building blocks with a thin layer of
chitosan coating on the MTM nanosheets can be conveniently
prepared and self-assembled to form chitosan–MTM bio-
nanocomposite films by vacuum filtration or water evapo-
ration. The MTM–chitosan hybrid nanosheets were charac-
terized by the AFM, FTIR, and TGA; these methods indicate
that about 1 nm-thick total chitosan molecules were adsorbed
on both sides of MTM nanosheets. The obtained bionano-
composite films have a nacre-like brick-and-mortar micos-
tructure, which leads to their high performances in mechan-
ical properties, light transmittance, and fire resistant proper-
ties. The Young�s modulus and ultimate tensile strength of the
well-aligned artificial nacre-like films are 3–5-fold and 2–3-

fold higher than that of films fabricated by conventional
methods. The chitosan–MTM film has 60–80% transparency
across the visible spectrum, compared to 2–3% of that of the
conventional films. The chitosan–MTM films can maintain
their self-supported shapes under the constant exposure to
flame of blast burner. The present facile fabrication process is
expected to allow the design and preparation of different
biomimetic nanocomposites with unique functionalities with
improved performances.

Experimental Section
Chitosan and glacial acetic acid were purchased from Sinopharm
Chemical Reagent Co. Ltd. Sodium montmorillonite (Na-MTM)
nanoclays were offered by Zhejiang Fenghong Clay Co. Ltd. All
chemicals were analytical grade and used as received without further
purification.

Preparation of chitosan–MTM hybrid nanosheets: A dispersion
of Na-MTM in deionized water (0.5 wt %) was stirred thoroughly for
one week and then centrifuged at 3000 rpm for 10 min to remove
unexfoliated Na-MTM. Chitosan (2 wt %) was dissolved in an
aqueous solution of 2 wt.% glacial acetic acid 24 hours before use.
The same volume of the exfoliated Na-MTM solution and chitosan
solution (2 wt %) were mixed under the constant stirring for 24 h to
guarantee the full adsorption of chitosan on MTM nanosheets. The
chitosan-coated MTM hybrid nanosheets were collected by centrifu-
gation at 9000 rpm for 10 min, washed by deionized water twice to
remove the unabsorbed chitosan, and finally collected as a glue-like
substance.

Nacre-like chitosan–MTM bionanocomposite films were fabri-
cated by two different self-assembly procedures : A desired amount of
chitosan–MTM glue was dispersed into deionized water (20 mL)
under ultrasonication. 1) Vacuum-filtration-induced self-assembly:
The obtained suspension was vacuum filtered to form nacre-like
chitosan–MTM bionanocomposite film on the cellulose acetate
filtration paper, with pore size of 0.2 mm, and then dried in a 60 8C
oven. Freestanding films were obtained by dissolving the cellulose
acetate filtration paper in acetone. 2) Water-evaporation-induced
self-assembly: The obtained suspension was poured into the Petri dish
and kept in the 60 8C oven for evaporation to form nacre-like
chitosan–MTM bionanocomposite film on the bottom of the Petri
dish. Freestanding films were obtained by directly peeling off from
the bottom of the Petri dish.

Fabrication of conventional film: In a typical procedure, Na-
MTM (3 g) was dispersed into chitosan solution (2 wt %, 50 mL)
under constant stirring for 24 h and the suspension was set for several
hours. The suspension (20 mL) was then poured into the Petri dish
and kept in a 60 8C oven to evaporate and form the chitosan–MTM
bionanocomposite film on the bottom of the Petri dish. The free-
standing film was peeled off from the bottom of the Petri dish.

X-ray powder diffraction(PXRD) patterns were obtained with a
Japan Rigaku DMax-gA rotation-anode X-ray diffractometer
equipped with graphite-monochromatized Cu-K radiation (l =
1.54178 �). Transmission electron microscope (TEM) images were
taken with a Hitachi H-7650 transmission electron microscope at an
acceleration voltage of 120 kV. Atomic force microscope (AFM)
images were carried out by Vecco di Innova. A freshly cleaved mica
slide was used as the substrate for the AFM measurement and one
drop of the dilute solution of sample (0.5 wt %) was dropped on the
substrate and dried naturally for the AFM characterization. Scanning
electron microscope (SEM) images were taken with a Zeiss Supra 40
scanning electron microscope at an acceleration voltage of 5 kV. The
UV/Vis transmittance spectra of the films were collected on
SHIMADZU DUV-3700. Thermal gravimetric analysis (TGA) was
carried out with a TA SDT Q600 thermal analyzer, with a heating rate
of 10 8C min�1 under air. The mechanical properties of freestanding

Figure 4. SEM images of the nacre-like chitosan–MTM bionanocompo-
site film after burning: a) The surface of the film; b) the inside
structure of the film. Insert in (b) shows the film being exposed to the
flame.
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films were measured under tensile mode in a universal mechanical
testing machine (Instron 5565 A) . For the mechanical testing, the
films were cut with a razor blade into rectangle bars of approximate
length 23 mm and width 5 mm; the distance between the clamps was
5 mm and the load speed was 10 mmmin�1.

The Supporting Information contains AFM images, elemental
analysis, FT-IR spectra, PXRD patterns, SEM images, and videos.
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