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In the field of advanced materials design, good mechanical
performance and multifunctionality are highly desirable and
can often be realized through unique hybrid structures or
composite materials. Strategies for materials design are highly
multidisciplinary; just as the designed models in materials
engineering are necessary to achieve excellent mechanical
properties, the functional design of materials needs chemical
or biological knowledge for the modification of materials.
Surprisingly, in the process of evolution, nature has found a
way to produce light-weight, strong, and high-performance
materials with exceptional properties and functionalities by
synergistically combining the models, methods, and
approaches of materials engineering, chemistry, and biology.
For example, seashell nacre and bones are well known for
their hardness, strength, and toughness (superior to many
synthetic ceramics and composites[1]) complemented by
unique biological and biomedical properties.[2] These natural
materials consist of brittle biominerals connected by a small
amount of protein and have highly sophisticated structures
with complex hierarchical designs whose properties far
exceed what could be expected from a simple mixture of
their components.[3]

Continuing attention has been paid to the systematic
study of natural materials[4] with the objective of duplicating
their properties in artificial materials.[5] A number of different
inorganic platelets including glass, graphite, silicon carbide,
and clays have been used as fillers dispersed randomly into
polymer matrixes for the fabrication of artificial composite
materials.[6] The strength, hardness, and stiffness of these
composites were enhanced compared to the pure polymer
matrix or inorganic phase, but the improvement is still notably
smaller than that realized by natural materials and that
expected by theoretical models for reinforced polymers.

Recently, innovative techniques have been used to
fabricate artificial composites by mimicking the micro- and
nanostructures of natural materials. The mechanical perfor-
mance of the obtained artificial materials is equal to or even
better than that of natural materials. For example, layer-by-
layer (LBL) deposition of polyelectrolyte and clay platelets
was used to fabricate a nanostructured artificial nacre.[7]

Cross-linking of LBL-deposited poly(vinyl alcohol)/mont-

morillonite nanocomposites yielded materials with tensile
strengths up to 400 MPa, which are stronger than the natural
nacre.[8] The microscopic layers formed by ice crystals were
also used as a template for a fine ceramic structure, which
could then be infiltrated with softer materials to build
complex microstructured composites.[9] The Al2O3/poly-
(methyl methacrylate) composite with “brick-and-mortar”
structure fabricated by this ice template crystallization
method is 300 times tougher than its constituents.[10] Further-
more, the spin-coating technique was used in the fabrication
of lamellar alumina/chitosan hybrid films with high flaw
tolerance and ductility.[11]

Platelet-like inorganic building blocks are essential ele-
ments in the biomimetic fabrication of novel artificial
composites, especially those aiming to recreate a biologically
inspired layered “brick-and-mortar” micro- and nanostruc-
ture. However, in previous reports, the natural clay minerals
and ceramic Al2O3 platelets used to make composites with
biologically inspired structures[7–11] just reinforced the poly-
mer matrix without bringing other functionalities to these
artificial composites. Herein, we use functional inorganic
platelets to fabricate artificial organic–inorganic hybrid films
with biologically inspired structures. In this way, the materials
not only achieve high strength but are also simultaneously
endowed with other special functionalities. The layered
double hydroxides (LDHs), which can be represented by
the general formula [M2+

1�xM
3+

x(OH)2][A
m�]x/m·n H2O (see

the general structure in Figure 1a), were chosen as the
building blocks for fabricating biologically inspired, strong,
and functional organic–inorganic hybrid films, as LDHs
exhibit interesting optical,[12] catalytic,[13] magnetic,[14] and
fire-retardant properties.[15] More importantly, these LDH
platelets could be synthesized on a large scale by simple
chemical precipitation.[14b, 16] Although some studies have
been conducted on the application of LDHs in composites,[17]

using LDH platelets as the inorganic bricks in the fabrication
of biologically inspired organic–inorganic hybrid films has
been rarely reported.

LDH micro- and nanoplatelets of Cu2(OH)3NO3 (Cu-
NO3), [Co0.67Al0.33(OH)2][(CO3)0.165·0.49H2O] (Co-Al-CO3),
and Eu(OH)2.5Cl0.5·0.8 H2O (Eu-Cl) were synthesized by
slightly modified approaches according to published methods
(see the Supporting Information, Part II).[12a, 18] PXRD pat-
terns of these LDH platelets are shown in Figure 1b, which
indicates that as-synthesized micro- and nanoplatelets are
pure phases. These platelets adopt layered structures with a
series of 00l diffraction peaks. Because of the intrinsically
layered symmetry in the crystal structure (Figure 1a), the
LDH crystals prefer to grow into platelet-like morphologies,
thus making them useful building blocks in the fabrication of
layered organic–inorganic hybrid materials. The morpholo-
gies of the obtained Cu-NO3, Co-Al-CO3, and Eu-Cl crystals
were characterized by scanning electron microscopy (SEM;
Figure 1c–h). All of them display platelet-like micro- and
nanomorphologies with a mean lateral size of 10–20, 3–4, and
1 mm and a thickness of 200, 100, and 10 nm, respectively.

In a first step, slightly hydrophobic amine-terminated
silane species were attached to the surfaces of as-synthesized
LDH platelets to achieve self-assembly of the colloidal
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inorganic building blocks into a highly oriented 2D structure
(Figure 2a). Then, an ethanol suspension containing 1 vol%
modified LDH platelets was added dropwise onto the surface
of deionized water. After ultrasonication, a smooth and
perfectly oriented monolayer of platelets was formed at the
air–water interface (Figure 2b). The assembled platelets were
easily transferred to a glass substrate with a layer of chitosan
(applied by spin coating) by simple dip coating because of
strong hydrogen bonding between the amine-terminated
silanes attached on the surface of the LDH platelets and the
amine groups in the matrix of chitosan on the glass substrate
(Figure 2c,d). The substrate was dried at 50 8C in an oven in
ambient atmosphere, and then a new layer of chitosan was
spin-coated onto the dried substrate (Figure 2e). Sequential
repetition of these steps leads to multilayered organic–
inorganic hybrid films with a total thickness of a few tens of
micrometers. Free-standing colored transparent hybrid films
were obtained by peeling the films off the substrates with a
razor blade (Figure 2 f). The PXRD patterns of fabricated
LDH–chitosan hybrid films (see the Supporting Information,
Figure S1) indicate that the intrinsically layered symmetry of
LDHs in the hybrid films is still kept, but with low
crystallinity, and other diffraction peaks that appeared are
possibly due to the influence of amine-terminated silane
species and chitosan molecules on the LDHs.

It has been demonstrated that Cu-NO3 and Co-Al-CO3

platelets could assemble at the air–water interface, forming
highly oriented monolayer 2D structures, when amine-
terminated silane species were attached on their surfaces
(Figure 3a–c). Three types of Cu-NO3 and Co-Al-CO3

assemblies for fabricating LDH–chitosan
hybrid films were designed: Type I: only
Cu-NO3 or Co-Al-CO3 platelets were
incorporated into the hybrid film (Figur-
e 3e, f). Type II: Monolayers of Cu-NO3

and Co-Al-CO3 LDH platelets were
alternately incorporated into the hybrid
film (Figure 3 g). Type III: The Cu-NO3

and Co-Al-CO3 LDH platelets were co-
assembled at the air–water interface and
then transferred to the substrate for the
fabrication of the hybrid film (Figur-
e 3h, i). The photographs in Figure 3
demonstrate that the hybrid films were
all transparent and colored by the LDH
platelets, and the color could be tuned by
altering the combinations of LDH build-
ing blocks.

The cross-sectional microstructures
of these hybrid films were investigated
by SEM (Figure 4). For comparison, the
pure chitosan film was fabricated by
sequential LBL spin coating, but there
is only one unit layer without lamellar
microstructures inside this film (Fig-
ure 4a). By using LDH micro- and nano-
platelets as inorganic building blocks in
LBL spin-coating procedures, the lamel-

Figure 1. a) General crystal structure of LDHs. b) PXRD patterns of synthesized Cu-NO3, Co-Al-
CO3, and Eu-Cl platelets. c–e) SEM images of synthesized Cu-NO3 (c), Co-Al-CO3 (d), and Eu-
Cl platelets (e). f–h) SEM images of side views of Cu-NO3 (f), Co-Al-CO3 (g), and Eu-Cl
platelets (h).

Figure 2. LBL bottom-up fabrication of multilayered LDH–chitosan
hybrid films. a) Attachment of slightly hydrophobic amine-terminated
silane species to the surfaces of LDH platelets. b) A highly oriented 2D
monolayer of LDH platelets forms at the air–water interface by
ultrasonication. c, d) Dip coating to transfer one layer of LDH platelets
onto a glass substrate. e) Spin coating a new layer of chitosan on the
LDH platelets. f) Photographs of the obtained free-standing Cu-NO3-
chitosan hybrid film.
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lar microstructures were incorporated into these hybrid films
(Figure 4b–d). Specifically, different 2D inorganic monolay-
ers led to different micromorphologies of the hybrid films.
This result indicates that the platelet-like LDH building
blocks played a crucial role in the formation of lamellar
microstructures that are similar to seashell nacre.

The tensile strength of fabricated films was measured to
confirm the high strength of these hybrid films, which is
thought to be brought about by the reinforcement effect of
the inorganic LDH building blocks and by the biologically
inspired layered microstructures. Figure 5a, b shows the
tensile strength curves of pure chitosan film and of different
LDH–chitosan hybrid films. The tensile strength of the hybrid
films is much higher than that of the pure chitosan film, thus
indicating that the LDH platelets reinforce the polymer
matrix. It is worth mentioning that the tensile strength of the
Cu-NO3-chitosan hybrid film reaches 160 MPa, thus making it
stronger than some natural materials, such as nacre and
dentin,[19] and almost eight times as strong as pure chitosan
film. A simple shear lag model based on the mechanics of
composite structures was proposed to explain the enhance-
ment of tensile strength of the hybrid films by addition of
LDH platelets in hybrid films.[11, 20] In this model, the tensile
strength of the hybrid film increases with an increase of the
volume fraction (Vp) of LDH platelets (see the Supporting

Information, Part II). In our designed fabrication procedure,
the Vp of LDH platelets in the hybrid films could be tuned by
controlling the concentration of the chitosan solution and by
using different co-assembly combinations of LDH platelets.
Figure 5a shows that the tensile strength of Co-Al-CO3-
chitosan hybrid films increases with a decreasing concentra-
tion of chitosan (a lower concentration of chitosan corre-
sponds to a higher volume ratio of LDH platelets), which is
consistent with the results of model analysis. Figure 5b shows
that the tensile strength of hybrid films increases with the Vp

of Cu-NO3 platelets, which are larger and thicker than Co-Al-
CO3 platelets, thus further confirming the theoretical analysis
that a higher volume fraction of platelets means higher tensile
strength of the hybrid films. The Young�s modulus of the
hybrid films is also enhanced by an increase of LDH Vp (see
the Supporting Information, Table S1), which further con-
firms the strength reinforcement induced by the LDH
platelets and biologically inspired layered structure. The
quite wide range of mechanical properties of obtained films
(tensile strength from 20 to 160 MPa, Young�s modulus from
2.3 to 12.7 GPa) is mainly due to the various compositions and
fabrication types of obtained films.

The transparence for visible light of these fabricated films
was investigated by light transmittance tests. Figure 5c shows
40–70% transparence across the visible spectrum for Co-Al-
CO3-chitosan hybrid films, in comparison with 50–90 % for a
pure chitosan film. Figure 5 d shows a very interesting result:
the Cu-NO3 hybrid films only allow visible light (400–600 nm)
to pass through, thus indicating their potential application in
special window materials protecting objects from being hurt
by UV light. The nice visible-light transparence of hybrid
films is attributed to the flat and uniform orientation of the
LDH platelets in the hybrid films.[21] The light is not scattered

Figure 3. SEM images of 2D structures of LDH platelet assemblies at
the air–water interface, fabricating models, and photographs of differ-
ent films. a–c) SEM images of 2D structures of Cu-NO3 (a), Co-Al-CO3

(b), and VCu�NO3
/VCo�Al�CO3

=1:1 (c) platelets assembled at the air–
water interface. d–i) Models and photographs of different films.
d) Pure chitosan film. e) Cu-NO3-chitosan hybrid film. f) Co-Al-CO3-
chitosan hybrid film. g) Alternating Cu-NO3-chitosan-Co-Al-CO3-chito-
san hybrid film. h) Co-assembly VCu�NO3

/VCo�Al�CO3
=1:1-chitosan

hybrid film. i) Co-assembly VCu�NO3
/VCo�Al�CO3

= 3:1-chitosan hybrid
film.

Figure 4. Cross-sectional SEM images of different films. a) Pure chito-
san film (4 wt. % chitosan solution, spin coating at 1000 rpm). b) Co-
Al-CO3-chitosan hybrid film (4 wt. % chitosan solution, spin coating at
1000 rpm). c) Alternative Cu-NO3-chitosan-Co-Al-CO3-chitosan hybrid
film (3 wt. % chitosan solution, spin coating at 1000 rpm). d) Co-
assembly 2D structure of VCu�NO3

/VCo�Al�CO3
= 3:1-chitosan hybrid film

(3 wt.% chitosan solution, spin coating at 1000 rpm). The inset
images are magnifications.
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by the sub-micrometer interfaces as in the original opaque
powder form or many other composites with randomly
dispersed LDHs.

A hybrid film with novel photoluminescent properties was
also fabricated by using rare-earth-metal Eu-Cl nanoplatelets
related to the LDHs as the functional building blocks (see the
Supporting Information, Part III). It is interesting that the
hybrid film not only emits red light but also emist blue light on
irraditaion with 360 nm light (see the Supporting Information,
Figure S2a,b). The PL spectra analysis show that the blue light
is caused by the chitosan matrix and that the red light comes
from Eu-Cl (see the Supporting Information, Figure S2c).
Furthermore, the tensile strength of the hybrid film is also
enhanced compared with that of the pure chitosan film
because of the inorganic platelets� reinoforment (see the
Supporting Information, Figure S2d).

In summary, a series of free-standing, strong, transparent,
and functional layered organic–inorganic hybrid films rein-
forced with LDH micro- and nanoplatelets can be fabricated
through LBL assembly procedure using series of LDH
platelets as building blocks. The microstructures and tensile
strengths of these hybrid films have been investigated to show
biologically inspired layered microstructures with high per-
formance in mechanical properties. The tensile strength of the
Cu-NO3-chitosan hybrid film achieved 160 MPa, which is
eight times higher than that of a pure chitosan film and
surpasses the strength of natural nacre. Furthermore, the Eu-
Cl rare-earth nanoplates can also be used as building blocks
for fabrication of light-emitting and strong films, which can
emit red light under irradiation of 360 nm UV light and

maintain a fairly high strength.
Further extension of the present
strategy should allow access to a
variety of high-quality hybrid thin
films with tunable mechanical prop-
erties and multifunctionality by use
of inorganic micro- and nanoplate-
lets with tunable thicknesses, sizes,
and functionalities as building
blocks.

Experimental Section
Materials: Cupric nitrate (Cu-
(NO3)2·3H2O), aluminum chloride
(AlCl3·6H2O), cobaltous chloride
(CoCl2·6H2O), urea, europium oxide
(Eu2O3), sodium chloride (NaCl), hex-
amethylenetetramine (HMT), chitosan,
glacial acetic acid (CH3COOH), and
absolute anhydrous ethanol were pur-
chased from Shanghai Chemical
Reagent Co. Ltd. Silane coupling agent
3-aminopropyltriethoxysilane (ATES)
was purchased from YaoHua Co. Ltd.
All chemicals were analytical grade and
used as received without further purifi-
cation.

Synthesis of LDH platelet building
blocks: Micro- and nanoplatelets

of Cu2(OH)3NO3, [Co0.67Al0.33(OH)2][(CO3)0.165·0.49H2O], and
Eu(OH)2.5Cl0.5·0.8H2O were synthesized according to refer-
ence [18a], [12a], and [18b], respectively. Details are given in the
Supporting Information.

Pretreatment of chitosan: Chitosan (2, 3, or 4 g) was dissolved in
deionized water (100 mL) containing 2 wt.% acetic acid. After the
mixture had been vigorously stirred for one day, it was expected that
the amine groups of chitosan were fully protonated by the acetic acid.

Pretreatment of LDH platelets: In a typical procedure, ATES
(5 mL), methanol (12.5 mL), and deionized water (37.5 mL) were
mixed and stirred for 1 h to completely hydrolyze the silane species.
LDH platelets synthesized as described above were added to the
mixture, which was then stirred for 5 min. (Note: Cu2+ and the amine
group of ATES can easily form a complex, so the mixture should not
be stirred for longer than 5 min.) Finally, the silylanized LDH
platelets were filtered and washed several times with ethanol. The
resulting LDH platelets were collected and redispersed in ethanol
(30 mL).

Fabrication of organic–inorganic hybrid films: In a typical
procedure, protonated chitosan (2, 3, or 4 wt.%; 1 mL) was dropped
onto a 2.5 cm � 2.5 cm glass substrate, and then a spin coater
(MODEL WS-400E-6NPP-LITE SHOWN, Laurell Technologies
Corperation) was used to spin the substrate at 1000 rpm for 1 min
to form a flat layer of chitosan. The substrate with one layer of
chitosan was dried at 50 8C in an oven. The LDH platelets dispersed in
ethanol were slowly dropped onto the water–air interface (a beaker
was used to hold deionized water) until one visible layer of thin film
formed; then the beaker was sonicated mildly for 15 min. After
sonication, the LDH platelets form a compact inorganic layer. After
finishing the two steps above, the glass substrate with chitosan was
used to lift the inorganic thin film at the air–water interface through
dip coating by hand. Then the film was dried at 50 8C. The procedure
was repeated 10 to 20 times to fabricate films comprising 10 to 20
layers of inorganic platelets. Note: the first and last layer should
always be chitosan. The obtained films should be placed in the oven

Figure 5. a) Tensile strength curves of Co-Al-CO3-chitotan hybrid films with different concentrations
of chitosan comparison with pure chitosan film. b) Tensile strength curves of hybrid films with
different 2D inorganic structures comparison with pure chitosan film. c) Light transmittance spectra
of Co-Al-CO3-chitosan hybrid films comparison with pure chitosan film. d) Light transmittance
spectra of Cu-NO3-chitosan hybrid films comparison with pure chitosan film.
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with high humidity, otherwise, the film will become brittle and the
color of hybrid film will change after several tens of days in the dry air.
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