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Biomimetic design and assembly of organic–inorganic composite films

with simultaneously enhanced strength and toughnessw
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Inorganic nanoplatelet reinforced polymer films were fabricated via

alternate layer-by-layer assembly of layered double hydroxide

(LDH) nanoplatelets with poly(vinyl alcohol) (PVA), which showed

largely enhanced strength and good ductility simultaneously.

Natural and biological materials can exhibit remarkable

combinations of stiffness, low weight, toughness and high

strength,1–3 whose mechanical properties far exceed many

artificially synthetic materials. Mollusk shells, teeth and bones

are excellent examples of such high-performance natural

materials. The superior strength of seashell nacre is attributed to

the robust nanostructure in which the protein collagen layers and

aragonite tablets form an ordered brick-and-mortar nano-

structure.4 The macromolecules act as strong adhesives while the

aragonite tablets act as rigid building blocks. Although substantial

progress has been made for understanding the mechanical

response of such structures, the manufacture of artificial

composites that copy nature’s designs remains a challenging goal.

Due to the indispensability of platelet-like inorganic materials

in the biomimetic composites, a number of inorganic materials

have been used as building blocks for the fabrication of polymer–

matrix composites, including aragonite, Al2O3, ZrO2, silica,

calcite and clays.5–7 Layered double hydroxides (LDH) are

layered anionic clays, 8–10 which have been employed as additives

to enhance the mechanical, barrier and thermal properties of

polymers or rubbers.11 However, improvements in the composite

strength are still significantly lower than that realized by natural

materials, and that expected from theoretical models. This is

attributed to difficulties in achieving complete orientation and

dispersion of inorganic platelets within the organic matrix and to

poor bonding at the inorganic–organic interface.

Among the different models12 that have been proposed to

describe the mechanical response of biological mineralized

structures, an approach derived from a simple shear lag

model13 was successfully applied to explain the strength and

ductility of nacre. Based on this model, an appropriate aspect

ratio (A) vs. the critical one (Ac) of the reinforcing platelets is

essential: (1) for A > Ac, the maximal stress on the platelets

exceeds their tensile strength, resulting in platelet fracture and

thus brittle rupture of the composite (Scheme 1A); (2) for

A o Ac, the ductile matrix or the platelet–polymer interface

yields before the tensile strength of the platelets is reached,

causing pull-out rather than fracture of the platelets within the

yielding matrix (Scheme 1B). The platelet pull-out fracture

mode leads to more ductile and compliant but weaker

composites. If one incorporates strong interfacial bonds into

the pull-out fracture mode, nanocomposites with simultaneous

high strength and good ductility can be obtained. The critical

aspect ratio (Ac) that defines the type of fracture is given by:

Ac = sp/tm, where sp is the tensile strength of platelet and tm
refers to the yield shear strength of the matrix.

Guided by the design principle mentioned above, we

elaborately selected LDH platelets with sp of 2 GPa and

poly(vinyl alcohol) (PVA) with tm = 50 MPa (Ac = 40) as

reinforcing platelets and polymer matrix, respectively, for

the assembly of hybrid architectures. By controlling LDH

nanoplatelets with suitable A, the combination of these

materials would display high strength, and ensure that fracture

occurs following the platelet pull-out mode. Furthermore, a

great number of hydroxy groups on the surface of LDH

Scheme 1 Fracture mechanisms for biologically inspired organic–

inorganic composites with different platelet aspect ratio: (A) platelet

fracture mode (A > Ac); (B) platelet pull-out mode (A o Ac).
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nanoplatelets as well as in the PVA molecules would facilitate

the formation of a hydrogen bond network at the organic–

inorganic interface. In order to maximize strength without

generating brittleness, high-crystalline MgAl-NO3-LDH

nanoplatelets with aspect ratio of 16–22 (A o Ac) and

equivalent hydrodynamic diameter of 120 nm were synthesized

by a method developed by our group (Fig. S1, ESIw)14 and

employed as building blocks for the fabrication of biomimetic

nanocomposite films.

The organic–inorganic hybrid films were assembled by a

layer-by-layer (LBL) technique (see experimental section in ESIw).
UV-vis absorption spectra indicated the uniform growth of a

LDH/PVA multilayer film (Fig. S2, ESIw). The monodispersive

LDH nanoplatelets were oriented parallel to the substrate for the

(LDH/PVA)1 film in favor of maximizing the attractive energy, as

shown in Fig. 1A. AFM (Fig. 1B) and SEM (Fig. 1C) of the

(LDH/PVA)300 film verified dense coverage of the nanoplatelets

glued together by the polyelectrolyte. The ordered stacking of

LDH nanoplatelets was further confirmed by XRDmeasurement

(Fig. S3, ESIw), from which only a series of (00l) reflections of

LDH were observed. The cross-sectional SEM image of the

(LDH/PVA)300 film (Fig. 1C, inset) revealed a well-defined

layered structure which was conceptually similar to that of nacre,3

and the thickness of 50, 100, 200 and 300-bilayer films was found

to be 0.4� 0.1, 0.9� 0.1, 1.9� 0.1 and 2.7� 0.2 mm, respectively.

An average increment of ca. 9 nm per bilayer was thus obtained.

After release from the substrate, the free-standing film exhibits

high uniformity, flexibility and remarkable transparency (Fig. 1D

and Fig. S4 in ESIw).
Mechanical properties of free-standing films are shown in

Fig. 2 and summarized in Table 1. Yielding of the (LDH/

PVA)300 film with various weight fraction (Wp) of LDH led to

a pronounced plastic deformation at the beginning stage of

stress; while the mechanical behavior of the hybrid film

strongly deviated from the linear elastic regime after the yield

tensile strength of the organic matrix was reached. Owing to

the load transfer from the weak polymeric component to the

inorganic platelets, the tensile stress (sc) required for plastic

yielding increased from B41 MPa to as high as B132 MPa,

and the material’s elastic modulus (Ec) increased fromB0.8 up to

B4.6 GPa as the weight fraction of LDH component varied from

0 to 16 wt%. Most remarkably, the film with Wp of 16 wt%

fractured at a total break strain (erupt) typically at 18% (curve d),

in marked contrast to the catastrophic brittle failure observed

for other reported nanocomposites containing clay platelets

(with aspect ratio >1000).15 According to the shear lag model,13

platelet-reinforced polymer films become fragile when the aspect

ratio of platelet exceeds the critical value. The combination of

high tensile strength and ductility is the most distinct feature in

this work compared with other inorganic platelet-reinforced

polymers, for the strength and toughness are generally exclusive

with each other in many materials.

To investigate the effect of platelet aspect ratio on the

mechanical behavior of the LDH/PVA nanocomposites,

exfoliated LDH nanosheets (LDH-NS) with aspect ratio of

500–5000 (diameter: hundreds of nanometres to several micro-

metres; thickness: 0.8 nm) were synthesized according to our

previous report16 and employed as building blocks to fabricate

LDH-NS/PVA composite films. The resultant (LDH-NS/

PVA)300 composite exhibited relatively high tensile strength and

stiffness (sc = 127 MPa, Ec = 11.2 GPa) (Fig. S5, ESIw), but did
not show significant plastic deformation (erupt = 1.13%), whose

behavior followed the platelet fracture mode (Scheme 1A). The

brittleness of the (LDH-NS/PVA)300 composite was attributed to

the much larger aspect ratio of reinforcing platelets than the

critical value (A c Ac).

The free-standing LDH/PVA films were treated with

glutaraldehyde (GA) to enhance the bonding (Fig. S6 and S7,

ESIw) and load transfer between PVA and the clay. It was found

that the ultimate yield strength (B195 MPa) increased by 48%

compared with the original LDH/PVA film and B5 times in

comparison with that of pure PVA. The modulus of the LDH/

PVA film after cross-linking reached toB9.5 GPa, two times and

one order of magnitude higher than its original form and pristine

PVA, respectively. The results above indicate that the interfacial

bonding between LDH nanoplatelets and the organic matrix

plays a crucial role in the load transfer efficiency from the ductile

polymer to the rigid inorganic phase.

The unique mechanical properties of the LDH/PVA film

correlate closely with the supermolecular interactions at the

organic–inorganic interface. X-Ray-photoelectron scattering

(XPS) results show the binding energies of Mg (49.9 eV) and

Fig. 1 (A) Tapping-mode AFM image of one bilayer of a LDH

nanoplatelet/PVA film deposited on Si wafer substrate; (B) AFM

image of the (LDH/PVA)300 film; (C) Top- and side-view (inset) of

SEM images for the (LDH/PVA)300 film; (D) Photograph of the

transparent free-standing (LDH/PVA)300 film released from the

substrate.

Fig. 2 Stress–strain curves of the (LDH/PVA)300 films with various

weight fractions (Wp) of inorganic nanoplatelets: (a) pure PVA film,

(b) Wp = 5%, (c) Wp = 9%, (d)Wp = 16%, (e) after cross-linking of

(d) by GA.
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Al (74.4 eV) in LDH shift to 50.5 and 74.8 eV, respectively,

after bonding with PVA (Fig. S7A, B, ESIw). Concomitantly,

an increase in the ratio of carbon at 284.9 eV (�CH2) to

286.3 eV (�C–O–H) in PVA was observed (Fig. S7C, ESIw)
due to the formation of hydrogen bonds between LDH

and PVA. Differential scanning calorimetry (DSC) analysis

displays increases of both glass transition temperature (Tg)

and melting temperature (Tm) of the composite polymer

compared with pristine PVA (Fig. S7D, ESIw); FTIR spectra

(Fig. S8, ESIw) also provides clear evidence for the existence of

hydrogen bond between LDH and PVA.

The presence of hydrogen bonds was further confirmed by

molecular dynamic simulations (details in ESIw). A typical

snapshot of the LDH/PVA system (Fig. 3) shows a hydrogen

bond network profile between the organic and inorganic

components, which helps to understand the structure, orientation

and supermolecular interactions in the LDH/PVA hybrid film.

The calculated orientation angle y (defined as the angle of the

line connecting the terminal carbon atoms of PVA relative to

the LDH platelet, Fig. S9, ESIw) was 2.41, indicating an almost

parallel alignment of PVA relative to the LDH platelet. The

presence of hydrogen bonds was verified according to the

geometric rule: the donor–acceptor distance is less than

3.5 Å and simultaneously the hydrogen-donor–acceptor angle

is less than 301.17 The calculated Young’s modulus values are

0.50 and 9.89 GPa for the pristine PVA and the LDH/PVA

nanocomposite (Wp = 16 wt%), respectively. These results are

approximately consistent with the experimental observations

and further confirm the reinforcing effect of LDH nanoplatelets

on the polymer matrix.

In summary, we have developed a strategy for mimicking

mollusk shells with regular alternating brick-and-mortar

structure by LBL deposition of LDH nanoplatelets with

appropriate aspect ratio and PVA via hydrogen bond inter-

action. The yield strength of the LDH/PVA hybrid film after

cross-linking by GA reaches as high as 195 MPa, which is

B5 times that of a pristine PVA film and even surpasses the

strength of the natural nacre. More significantly, the LDH

nanoplatelet reinforced polymer films show excellent toughness.

A perfect combination of strength and toughness was

accomplished by delicately tailoring inorganic platelets with

a specific aspect ratio, enhancing compatibility at the nano-

scale level as well as incorporating strong interfacial inter-

actions between the organic and inorganic component.

Further extension of the present strategy should allow access

to a variety of application-tailored hybrid thin films with

tunable mechanical properties and multifunctionality by

incorporation of inorganic nanoplatelets with polymer matrix.

This project was supported by the 973 Program (Grant No.

2011CBA00504), the National Natural Science Foundation of
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Samplea a b c d e

Young’s modulus, Ec (GPa) 0.8 � 0.2 2.1 � 0.2 3.4 � 0.2 4.6 � 0.3 9.5 � 0.6
Yield stress, sc (MPa) 41 � 5 77 � 10 11 � 10 132 � 13 195 � 20
Elongation at break, erupt (%) 32 � 5 25 � 5 20 � 3 18 � 3 12 � 2
Elastic deformation, eel (%) 4.5 � 0.5 3.6 � 0.5 3.3 � 0.4 3.3 � 0.4 2.3 � 0.3
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Fig. 3 Snapshots of the LDH/PVA system for the demonstration of

the hydrogen bond network (the blue lines in the right section indicate

hydrogen bond interactions).
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