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ABSTRACT: Inspired by the hierarchical structure and
excellent mechanical performance of nacre, LDH nanosheets
with an appropriate aspect ratio to withstand significant loads
and at the same time allow for rupture under the pull-out mode
were synthesized as artificial building blocks for the fabrication
of nacre-like films. Multilayered PVA/LDH films with a high
tensile strength and ductility were prepared for the first time by
bottom-up layer-by-layer assembly of pretreated LDH nano-
sheets and spin-coating of PVA. The weight fraction of
inorganic LDH platelets in the hybrid PVA/LDH films (w,)
was controlled by changing the concentration of PVA solution

applied in the spin-coating process. The resulting films revealed that the PVA/LDH hybrid films were piled close together to
form a well-defined stratified structure resembling the brick-and-mortar structure of natural nacre. In the hybrid films, the content
of inorganic LDH platelets was comparable to the value in nacre, up to 96.9 wt %. It could be clearly seen that the mechanical
performance of the as-prepared PVA/LDH films was greatly improved by increasing the rigid building-block LDHs. The tensile
strength of the 2 wt % PVA/LDH hybrid film reached a value of 169.36 MPa, thus exceeding the strength of natural nacre and

reaching 4 times that of a pure PVA film. Meanwhile, its elastic modulus was comparable to that of lamellar bone.
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B INTRODUCTION

During evolution, natural optimized materials were obtained
with outstanding mechanical performance surpassing that of
many manufactured composites. These biomaterials exhibit
exceptionally high tensile strength, hardness, and toughness
characteristics. Among them, the amazing properties and
structures of nacre have attracted great attention of researchers
aiming to study and imitate its unique micro- and nanoscale
architectures for the purpose of developing analogous artificial
materials.'~® Although nacre-like composites have long been
developed, the highly ordered structure and sophisticated
building mechanisms in nacre have yet to be reproduced in
artificial composites.” To better understand the structures and
mechanical behaviors of biological materials, substantial models
have been proposed."”™'* Among them, a simple approach
derived from a shear lag model,ls’16 based on the mechanics of
the structures of natural composites, has been successfully
applied to quantitatively explain the mechanical strength and
ductility of nacre.'” In this model, the applied load is
transferred from the organic matrix to the inorganic platelets
by shear stresses. According to this model, the operative failure
mode determines the tensile strength of biological materials in
terms of the aspect ratio of the inorganic platelets, s. For actual
aspect ratios larger than the critical value (s > s), the composite
fails under the platelet fracture mode, causing a fragile rupture
of the composite. On the other hand, for actual aspect ratios
smaller than the critical condition (s < s.), the composite fails
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under the platelet pull-out mode, thus resulting in the
continuous matrix and platelet—polymer interface yielding
before the platelets break. In this shear lag mode, s. is calculated
as s, = 0,/7,, where o, is the tensile strength of the inorganic
platelet and 7, is the matrix yield tensile strength. As a result,
composites are strong but brittle and thus flaw-intolerant when
failing under the platelet fracture mode, whereas materials are
weak but ductile and thus flaw-tolerant when rupturing under
the platelet pull-out mode. Therefore, if appropriate inorganic
and organic materials with strong interfacial interactions in the
pull-out mode are selected as reinforcing platelets and polymer
components, bioinspired composites with both high strength
and ductility will be fabricated.

Compared with other typical platelet-like inorganic materials,
such as nanoclays,ls_zo glass flakes,*! alumina flakes,>*** and
graphene oxide,”* ?* the aspect ratio (s) of layered double
hydroxide (LDH) nanosheets can be easily tuned during the
synthesis process. Furthermore, combining their highly tunable
properties with distinct anion-exchange properties, LDHs are
regarded as a new emerging category of the most attractive
inorganic material for fabricating artificial layered polymer/
LDH composites with multiple functions.””~>> Because of its
water solubility, biodegradability, good chemical resistance, easy
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processability, and excellent mechanical properties, poly(vinyl
alcohol) (PVA) is quite popular in many applications such as
films, coatings, hydrogels, fibers, adhesives, and biomateri-
als.***” Nevertheless, the insufficient mechanical properties of
PVA limit its wide application. To date, many attempts have
been made to fabricate PVA/LDH composites.** ** For
instance, Ramaraj et al.*' synthesized PVA/LDH nano-
composites in a solution-intercalation process for the first
time. Their optical micrographs showed that the LDH sheets
stacked and aggregated together with 2 wt % of LDH in the
PVA/LDH nanocomposite, thus leading to the deterioration of
the composite’s mechanical properties. Huang et al.** prepared
PVA/LDH composites directly with pristine LDH by the water
solution-casting method. Hydrogen bonds could easily be
formed between the hydroxyl groups of both LDH and PVA, so
that the LDH uniformly dispersed in the aqueous PVA solution
could interact with PVA firmly. Han et al.** prepared layered
PVA/LDH films with improved mechanical properties using
the layer-by-layer method. However, the mechanical properties
of those PVA/LDH composites were far lower than predicted
by theory. This resulted from the low fraction of inorganic
platelets, poor dispersion, and random orientation of LDH
nanosheets in the PVA matrix, as well as weak bonding at the
inorganic—organic interface.

Hence, inspired by the hierarchical structure and excellent
mechanical performance found in nacre, LDH platelets and
PVA were chosen as rigid building blocks and polymer
components for the fabrication of a strong and ductile
bioinspired composite. With an estimated tensile strength
(6,) of 2 GPa for the LDH nanoplatelets and a matrix yield
tensile strength (z,) of ~50 MPa for the PVA matrixes,” the s,
value of this material combination is 40. Under these
conditions, uniform and hexagonal Co—Al CO; LDH platelets
with an aspect ratio (s) of 19—37 (lateral size of 2—4 ym and
thickness of 216.5 nm; s < s.) were synthesized. The LDH
platelets were designed with both a high aspect ratio to carry
prominent loads and a small aspect ratio to permit rupture
under the platelet pull-out mode. Therefore, these artificially
synthesized LDH platelets were ideal candidates as two-
dimensional inorganic building blocks for fabricating nacre-like
PVA/LDH hybrid films that simultaneously exhibit both high
tensile strength and ductility. Moreover, the large quantity of
hydroxyl groups on the PVA molecules, as well as the hydroxyl
and amino groups on the surface of pretreated LDH platelets,
could facilitate the generation of hydrogen bonds intertwined at
the organic—inorganic interface, increasing the adhesion
between the inorganic platelets and the organic matrix.
Multilayered PVA/LDH films were successfully prepared for
the first time by bottom-up layer-by-layer assembly of
pretreated LDH nanosheets and spin-coating of PVA (Scheme
1). The weight fraction of LDH platelets in the hybrid PVA/
LDH films (w,) was controlled by varying the concentration of
the aqueous PVA solution applied in the spin-coating process.
The resulting films revealed that the LDH platelets were
aligned in the film and that the well-organized hierarchical
structure depended strongly on the interfacial interaction
existing between the inorganic LDH platelets and PVA
molecules. Among all of the films, the 2 wt % PVA/LDH
film had a very high loading of LDHs, up to 96.9 wt %, which
was very close to the value in natural nacre. The prepared PVA/
LDH hybrid films exhibited a combination of high tensile
strength and elastic modulus, which could be compared with
those of nacre and lamellar bone.

Scheme 1. Fabrication of Artificial Multilayered PVA/LDH
Hybrid Films”

(a) Pretreated LDH platelet (d)

PVA/LDH film

(b)  Spin coating PVA (c) Transfer pretreated LDH

platelet monolayer

“Process steps: (a) modification of the surface of LDH platelets with
slightly hydrophobic amine-terminated APTES; (b) spin coating of a
layer of PVA onto the glass substrate; (c) slow addition of the
pretreated LDH platelet suspension onto a water surface in a
cylindrical beaker, resulting, after ultrasonication, in the gradual
formation of a dense and homogeneous Langmuir film at the air—
water interface, followed by transfer of the highly oriented monolayer
of LDH platelets to the substrate with a polymer layer by manual dip
coating; and (d) sequential repetition of steps b and ¢ to fabricate
multilayered PVA/LDH hybrid films.

B EXPERIMENTAL SECTION

Materials. CoCl,-6H,0, AlCl;-6H,0, and CH,N,O were obtained
from China Medicine Co. and used without further purification. The
average polymerization degree of PVA, which was purchased from
Beijing Yili Fine Chemicals Co., Ltd.,, was 1750. All other reagents
were of analytical grade and were used without further purification.

Synthesis of LDH. Synthesis of CoAl-CO; LDH was based on a
previous report** using a hydrolysis method.

Fabrication of PVA/LDH Nanocomposite Films. Pretreatment
of PVA. PVA (1, 2, 3, or 4 g) was dissolved in deionized water (100
mL) under agitation, giving concentrations of 1, 2, 3, and 4 wt %.

Pretreatment of LDH Platelets. The platelets were surface modified
with 3-aminopropyltriethoxysilane (APTES) as in a previous relevant
report.”

Fabrication of Nacre-Like PVA/LDH Hybrid Films in Accordance
with Refs 8 and 9. (i) In a typical procedure, a PVA layer was
prepared by spin coating on a 2.4 cm X 2.4 cm glass substrate with
PVA solution (1, 2, 3, or 4 wt %) at 1000 rpm for 1 min and then dried
at 50 °C. (ii) Slowly dropping the solution of pretreated LDH platelets
onto the water—air surface in a beaker until a new visible monolayer
emerged. Then, after 15 min of ultrasonication, a homogeneous and
dense film formed at the air—water interface. (iii) After these two steps
were finished, the monolayer LDH film at the air—water interface was
transferred to the glass substrate with one layer of PVA by careful
manual dip coating. Then, the film was dried at 50 °C. Nacre-like
hybrid PVA/LDH films were prepared through the sequential
precipitation of organic and inorganic laminates on the substrate.
Typical films were made up of 20 layers of inorganic LDH platelets,
the first and last layers of which were generally deposited with PVA.
The weight fraction of platelets in the hybrid film (w,) was varied by
controlling the concentration of PVA used in the spin-coating process.

Characterization. X-ray diffraction (XRD) patterns of the PVA/
LDH films were obtained on a Shimadzu XRD-6000 diffractometer
with Cu Ka radiation (1 = 0.1548 nm) under a voltage of 40 kV and a
current of 40 mA. The morphologies of the samples were examined
with a Hitachi S4800 scanning electron microscope, operated at an
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accelerating voltage of S kV. A Bruker atomic force microscopy (AFM)
system was utilized to detect the surface topography of the samples.
UV—vis absorption spectra were recorded from 200 to 800 nm on a
Shimadzu-3600 spectrophotometer equipped with a 1.0-nm-wide slit.
Fourier transform infrared (FTIR) spectra were collected on a Nicolet
iN10 infrared spectrophotometer. The mechanical properties of the
films were measured on a Shimadzu AGS-X mechanical testing
machine in the tensile mode. The tested samples were cut into a 25
mm X 3 mm rectangular shape, whose dimensions were determined
precisely by scanning electron microscopy (SEM). The samples were
stretched at a speed of 5 mm min~". The tensile properties reported
here represent mean values of at least five samples’ results.

B RESULTS AND DISCUSSION

Highly crystalline and monodisperse CoAl-CO; LDH samples
were prepared by the urea hydrolysis method under hydro-
thermal treatment. Figure la shows the XRD pattern of the
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Figure 1. (a) XRD pattern of a CoAl-CO; LDH sample. (b) FTIR
spectrum of the as-prepared CoAl-CO; LDH sample.

pink CoAl-CO; LDH powder. From this pattern, the parallel
spacing of the LDH crystal plane was estimated to be about
0.75 nm due to incorporation of CO,>” in the interlayer of
LDH.** According to the values for well-known LDH
materials in CO;2~ form,**¢ all of the diffraction peaks of
the prepared CoAl-CO; LDH could be considered as a
rhombohedral structure. No impurity peaks were identified,
demonstrating a completely pure phase. Moreover, the pointed
and symmetric diffraction peaks strongly suggest that the
CoAl-CO; LDH was highly crystallized. FTIR spectra (Figure
1b) of the as-prepared CoAl—CO; LDH provided evidence for
the existence of intercalated CO,*~ as well as water molecules.
The strong peaks at 1356 and 790 cm™' belong to the v
vibration and bending modes, respectively, of CO,*~.* The
broad band centered at 3450 cm™' was assigned to the O—H
stretching modes of interlayer water molecules and of H-
bonded OH groups. The presence of a shoulder at around 3080
cm™" suggests that the water molecules were H-bonded to
CO,*" in the interlayer.

SEM images of the as-prepared CoAl-CO; LDH are shown
in Figure 2ab. As can be seen, the samples were well-
crystallized into uniform and hexagonal platelets with an
average lateral size of 2—4 um. The as-prepared CoAl—-CO,
LDH was of high quality in many aspects including size,
crystallinity, and morphology, as a result of the homogeneous
nucleation procedure by gentle hydrolysis of urea. The
thickness of the exfoliated nanosheet was examined by AFM.
A tapping-mode AFM image (Figure 2c) showed that the
lateral dimension of the two-dimensional LDH platelet was 4
um. The height profile (Figure 2d) revealed that an individual
LDH sheet had a considerably flat terrace with an average
thickness of 216.5 nm. Hence, highly crystalline CoAl-CO;
LDH nanosheets with aspect ratios (s) of 19—37 were

- 2um
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Line Vertical Distance
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70.05m 3 216.81

-105.3nm

Figure 2. (a) Low- and (b) high-magnification SEM images of a
CoAl-CO; LDH sample. (c,d) Tapping-mode AFM (c) image and
(d) height data of CoAl-CO; LDH nanosheets deposited on a silicon
substrate.

considered as inorganic building blocks for fabricating
bioinspired films. The aspect of the LDH nanosheets (s < s.)
determined the failure of the composite to be under the platelet
pull-out mode.

As can be seen in Figure 3a, the PVA/LDH films were
flexible, smooth, and glossy. The high concentration of PVA
resulted in good dispersion of the LDH nanosheets, which
decreased light scattering. Hence, the transmittance of the films
gradually decreased with increasing LDH content. The cross
sections of the PVA/LDH films (Figure 3b—e) revealed a well-
defined layered architecture. The PVA/LDH hybrid films were
analogous to the brick-and-mortar structure of nacre, because
the inorganic building blocks of LDHs were piled close
together. The platelet weight fraction (w,) was affected by the
PVA concentration used in the spin-coating process. A low
concentration of PVA resulted in thin organic layers and a high
inorganic fraction of LDH platelets in the 1 and 2 wt % PVA/
LDH films, as shown in the SEM images (Figure 3b,c). The
LDH platelets were clearly aligned parallel to the film surface
and interpenetrated into the organic layers nearby, and the PVA
served as a glue to interact with the platelets, as can be seen
from the SEM images in Figure 3b,c. In contrast, for high PVA
concentrations (low LDH platelet fractions), it can be seen that
the LDH platelets were finely dispersed and homogeneously
inlayed in the PVA matrix, as shown in Figure 3d,e. The
inorganic—organic interfaces became vague with the increase in
PVA concentration. Hence, PVA solutions with varied
concentrations used during spin-coating could lead to
significant differences in the cross-sectional morphologies of
the resulting PVA/LDH films.

XRD patterns (Figure 4a) of the PVA/LDH films were
collected with the purpose of studying the periodic structure.
From the XRD patterns of the PVA/LDH films fabricated with
different LDH loadings, the intrinsic layered symmetry of
CoAl-CO; LDH in the hybrid films was still retained.
Meanwhile, the characteristic peak of the PVA/LDH films
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Figure 3. (a) Photographs of PVA/LDH films with different LDH
contents. (b—e) SEM images of the cross sections of (b) 1, (c) 2, (d)
3, and (e) 4 wt % PVA/LDH films.

appeared at ca. 2.6° (Figure 4b), and the peak intensity
increased with increasing LDH loading, indicating a long-range-

ordered periodic structure along the normal direction of the
layer plane, as well as a layer thickness of 3.4 nm. From the
FTIR spectrum of the pristine PVA film (Figure 4c), the band
between 3500 and 3200 cm™" can clearly be ascribed to the O—
H stretching vibration of free hydroxyl groups.*’ The peaks
located at 2940 and 2905 cm™ were attributed to —CH,—
asymmetric and symmetric stretching, whereas the peaks
corresponding to the bending and rocking of C—H groups
were located at 1427 and 1328 cm™, respectively. When the
concentration of the PVA solution was varied during the spin-
coating procedure, the proportion of LDH platelets in the
hybrid PVA/LDH films (wp) changed accordingly. In the case
of the PVA/LDH films, the characteristic absorption peaks
centered at 1092 and 845 cm™}, assigned to the stretching
vibrations of C—OH and C—O, respectively,*® were consistent
with the pure PVA film. The strong peaks at 1356 and 790
cm ™" belong to the CO,*~ groups of the LDH,* which was also
obtained after the assembly. Further observation revealed that
the PVA contents in the 4 and 3 wt % PVA/LDH films were
greater than those in the 2 and 1 wt % PVA/LDH films, leading
to obvious peaks of PVA. Similarly, the peaks intensities of
LDH in the 2 and 1 wt % PVA/LDH films were more
prominent than those in the other films. When the PVA/LDH
films were compared with pure PVA film, however, it could be
clearly seen that the original adsorption peak at 3344 cm™" for
the —OH stretching vibration in pure PVA moved to lower
wavenumber at 3298 cm™! in the PVA/LDH films with
different LDH loadings. The variation associated with the —OH
stretching vibration is forceful confirmation that hydrogen
bonds were formed between PVA and LDH.*® The large
quantity of hydroxyl groups in the PVA molecules as well as the
hydroxyl and amino groups on the surface of the pretreated
LDH platelets could facilitate the generation of hydrogen
bonds intertwined at the organic—inorganic interface, resulting
in broader O—H bands.*”*° Interestingly, with higher contents
of inorganic LDH in the films, ranging from the 4 wt % PVA/
LDH film to the 2 wt % PVA/LDH film, the peak intensity of
the hydrogen bonding gradually increased. However, excess
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Figure 4. (a) XRD patterns of PVA/LDH films with different LDH contents and (b) close-up of the spectra in panel a. (c) FTIR spectra of LDH,
PVA, and PVA/LDH films. (d) Light transmittance characteristics of PVA/LDH films with different LDH contents.
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inorganic LDH nanosheets and insufficient PVA in the films
could result in weak hydrogen bonding, such as in the 1 wt %
PVA/LDH film. Thus, the appropriate contents of inorganic
LDH and PVA in the 2 wt % PVA/LDH film could produce
stronger interfacial interactions than those with either excess
LDH or PVA. Light transmittance measurements showed that
the transparencies of the PVA/LDH films were between 50%
and 80% in the visible range, whereas for the pure PVA film, the
value was found to be about 90% (Figure 4d). The light
transmittance of the PVA/LDH films gradually decreased with
increasing LDH content by lowering the concentration of PVA
due to the light scattering effect of the LDH nanoplatelets.
High transparencies were basically maintained by the 3 and 4
wt % PVA/LDH films. The 1 and 2 wt % PVA/LDH films
exhibited obviously lower transparencies, because of their
higher inorganic contents of LDH nanoplatelets compared to
the 3 and 4 wt % PVA/LDH films.

The TGA curves of pure LDH, PVA, and PVA/LDH films
with various LDH loadings are illustrated in Figure S. For pure

1001
80
R 604
E  |—PVA
240]——LoH
= 1wt.% PVA/LDH
20{——2wt.% PVA/LDH \
—— 3wt.% PVA/LDH
4wt.% PVA/LDH (. |

100 200 300 400 500 600 700
Temperature / °C

Figure S. TGA comparison of LDH, PVA, and various PVA/LDH
films.

LDH, the temperature for removal of interlayer water
molecules and CO, (from intercalated CO,*”) was below
200 °C, which was assigned to the first stage of weight loss. The
second stage of weight loss can be ascribed to the thermal
decomposition of brucite-like layers through the removal of
OH groups as water molecules. The residue of LDH was 70.5%.
For pure PVA, the weight loss mainly occurred at temperatures
ranging from 220 to 500 °C, leaving a residue that was merely
about 2%. The first stage of PVA degradation was elimination
of volatile products (the main product was water), during
which the degradation rate became very high after 221 °C.
Then, a large production of volatiles accompanied by the
random scission of PVA molecular chains occurred, which led
to a 90% weight loss of PVA before 500 °C.>' The TGA curves
of the PVA/LDH films showed three stages of weight loss,
which were assigned to absorbed water evaporation, PVA and

LDH degradation, and PVA backbone cleavage.38 Obviously, all
of the PVA/LDH films had higher decomposition rates and
lower residues than the pure PVA film in the first two stages,
ranging from 50 to 360 °C. Moreover, owing to the greater
amounts of LDH in the 2 and 1 wt % PVA/LDH films, a
multilayered carbonaceous structure was formed, effectively
insulating the underlying materials and slowing the escape of
volatile products generated during decomposition, so that the
decomposition rates were lower and the residues were higher
than those of the neat PVA film in the third stage. All PVA/
LDH films showed higher residues than neat PVA. The
residues were 68.8%, 49.5%, 16.5%, and 10% for the 1, 2, 3, and
4 wt % PVA/LDH films, respectively. From these data, the
inorganic LDH loadings (w,) of the 1, 2, 3, and 4 wt % PVA/
LDH films could be calculated as 96.9%, 69.7%, 23.2%, and
14.1%, respectively. The temperature for 5% weight loss was
regarded as the initial degradation temperature,® which was
defined as T, .. It can be seen that the T, values of the
PVA/LDH films moved to lower temperatures than that of
pure PVA (T, = 245 °C). With increasing content of LDH
in the PVA matrix, T, was observed to be 174, 172, 205, and
164 °C for the 4, 3, 2, and 1 wt % PVA/LDH films,
respectively. It can be clearly observed that the PVA/LDH
hybrid films had worse thermal stability than pure PVA because
of the addition of LDH in the composites. As shown in
previous reports, LDH has been widely studied as catalysts.> In
addition, similar phenomena were reported*®® as the
explanation for the decreased thermal stability of PVA/LDH
films, which could be attributed to the presence of Co and/or
Al metals in LDH, the decomposition of PVA, and the
subsequent reduction of the degradation temperature. How-
ever, the T, value of the 2 wt % PVA/LDH film was higher
than those of the other films with different LDH contents. The
primary reason for the 2 wt % PVA/LDH film exhibiting better
thermal stability than the other films was the appropriate
contents of inorganic LDH and PVA in the film, which could
produce stronger interfacial interactions than those with either
excess LDH or excess PVA. Therefore, the thermal stabilities
decreased in the following order: PVA > 2 wt % PVA/LDH
film > 4 wt % PVA/LDH film > 3 wt % PVA/LDH film > 1 wt
% PVA/LDH film.

Representative stress—strain curves of neat PVA and PVA/
LDH films are given in Figure 6. Compared with those of pure
PVA, the mechanical properties of the PVA/LDH films were
markedly enhanced. The pure PVA film had an initial elastic
deformation followed by a large plastic deformation, with a
tensile strength of 40.08 MPa. The Young’s modulus and strain
at break were about 0.45 GPa and 327%, respectively. Upon the
mixing of inorganic LDH platelets in the PVA matrix, the
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Figure 6. (a) Representative stress—strain curves of pure PVA and PVA/LDH films with different LDH weight fractions

. (b) Tensile stress and

tensile modulus of neat PVA and PVA/LDH films as functions of the PVA concentration in the films.
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tensile strengths of the resulting PVA/LDH hybrid films were
markedly enhanced with increasing LDH content. It could be
perceived that the 4 and 3 wt % PVA/LDH films showed well-
defined yield points and large plastic deformations. In contrast,
as the LDH content continued to increase upon decreasing the
PVA concentration to 2 and 1 wt %, the 2 and 1 wt % PVA/
LDH films had much improved strengths, and neither yield nor
plastic deformation was detected. Nevertheless, these PVA/
LDH hybrid films became brittle, owing to the fact that the
elongations at rupture gradually decreased with the augmenta-
tion of the LDH content in the films. The structures of the
LDH platelets resembled those of nanoclay. As shown in
previous reports,**** clay—polymer composites are much more
fragile than the corresponding pure polymer matrixes. Thus, it
stands to reason that the hybrid films became brittle upon
incorporating LDH into the PVA matrix. When the actual
aspect ratio of the artificial LDH platelets was chosen to be less
than the critical value, the stress and strain of the films could be
maximized, and the films failed under the pull-out mode.
Hence, compared with the catastrophic brittle fracture of
natural nacre and other studies about composites containing
clay platelets (with aspect ratios of >1000),>°"** the 1 wt %
PVA/LDH film with w,, = 96.9 wt % had a total break strain of
1.4%. From all of the analysis data above, it can be concluded
that the LDH content plays an important role in the
mechanical performance of PVA/LDH films. The tensile stress
and tensile modulus at rupture as functions of PVA
concentration (LDH content) were obtained, as shown in
Figure 6b. It can be seen that the tensile stress and tensile
modulus of these films increased as the LDH loading increased,
whereas after reaching a maximum value, the tensile stress and
modulus decreased with further incorporation of LDH. It is
noteworthy that the tensile strength and the Young’s modulus
of the 2 wt % PVA/LDH films reached up to 169.36 MPa and
11.16 GPa, respectively. These values were 4.2 times and 24.8
times those of neat PVA, respectively. The tensile strength and
strain at fracture of the obtained PVA/LDH films exceed the
values obtained for nacre. Meanwhile, their elastic moduli could
be compared with that of lamellar bone. However, the strength
abruptly fell to 99.24 MPa as the LDH weight fraction
increased to 96.9 wt % (1 wt % PVA/LDH).

The tensile fractured morphologies were observed by SEM
to further investigate the mechanical properties of these PVA/
LDH films. As shown in Figure 7a—d, cross sections of all of
the fractured PVA/LDH films showed that the LDH platelets
in the films were pulled out of the surrounding matrix but did
not fracture under a tensile load. It can be clearly seen that
pores formed around the inorganic LDH platelets, indicating
the deboning of the LDH from the PVA matrix during the
films’ failure. The artificial LDH platelets with aspect ratios (s)
of 19-37 could withstand higher loads and efficiently
strengthened the films and, at the same time, ensured fracture
under the pull-out mode because the s value of the LDH
platelet was slightly smaller than s.. The 4 and 3 wt % PVA/
LDH films exhibited a brick-and-mortar architecture with
ordered LDH platelets enveloped by the PVA matrix. Hence,
the hybrid films would generate massive plastic deformation
when the yield tensile strength of PVA was achieved, followed
by the yielding of the organic matrix between the LDH platelets
of the hybrid films. Meanwhile, voids were formed within the
organic PVA matrix (Figure 7ab). The fractured surfaces
became much rougher as the LDH content in the films was
increased, in accordance with the tensile tests. The 2 and 1 wt

Figure 7. SEM images of (a) 4, (b) 3, (c) 2, and (d) 1 wt % PVA/
LDH films after mechanical testing and film failure.

% PVA/LDH films broke after elastic deformation without
substantial plastic flow (Figure 7c,d). Isolated voids could be
seen from the cross sections of the untested films (Figure 3b,c),
which represented crack initiation in the PVA matrix and
potential sites for load concentration. These voids facilitated
the fracture of the composites without obvious plastic
deformation. Compared with the 2 wt % PVA/LDH film,
more misalignment and pores appeared in the 1 wt % PVA/
LDH film, which would prohibit the conduction of stress from
the flexible organic matrix to the rigid LDH platelets and result
in the reduction of both the yield strength and the elastic
modulus of the hybrid films. The polymer with low
concentration tended to form a very thin layer in the spin-
coating process so as to achieve a high content of LDH. As
previous reported,16 the thin polymer layer could not even out
the inorganic layers contiguous with the inherent small
roughness of LDH platelets. Although all of the PVA/LDH
films fractured under the pull-out mode, differences in the
interfacial strength had a great impact on the mechanic
properties of the PVA/LDH hybrid films. Obvious evidence
was proposed to confirm the fact that hydrogen bonds existed
between PVA and LDH by FTIR spectroscopy. Originating
from the strong interfacial bonding between the LDH platelets
and the PVA, the load could be efliciently transferred from the
flexible polymer to the rigid inorganic building blocks. Among
the PVA/LDH films with different LDH contents, the 2 wt %
PVA/LDH film had an optimum ratio between LDH and PVA,
which resulted in the strongest platelet—polymer interfacial
strength. This is why the 2 wt % PVA/LDH film exhibited the
best mechanical properties. These as-prepared LDH/PVA
hybrid films exhibited a higher strength and ductility than
those of analogous natural materials. The elastic moduli of the
fabricated PVA/LDH films were still lower than the value for
nacre. Therefore, it is still a challenge to eliminate the
incorporation of defects completely in artificial hybrid films
with a high content of inorganic platelets.

B CONCLUSIONS

Nacre-liked hybrid films consisting of LDH platelets with an
appropriate aspect ratio and PVA have been fabricated for the
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first time. Amine groups at the end of the silane hydrophobic
tail as well as hydroxyl groups on the surface of LDH
nanosheets could easily form hydrogen bonds with the hydroxyl
groups of the PVA, improving the interfacial interaction
between platelets and the surrounding organic matrix. The
microstructures of these PVA/LDH hybrid films showed a
bioinspired hierarchical architecture with enhanced mechanical
performance. The tensile strength of the 2 wt % PVA/LDH
hybrid film reached 169.36 MPa, which exceeds the strength of
natural nacre and is 4 times that of the pure PVA film. The
development of this bioinspired approach to fabricate LDH—
polymer artificial composites ruptured under the platelet pull-
out mode and to control the inorganic platelet concentrations
in the composites could allow for manufactured hybrid
materials with enhanced and tunable mechanical performances.
However, nature still dominates the most prominent materials
fabrication with particular structures that are made from a
minor scale of inorganic building blocks. Further advances in
this area might allow for the selection of optimized artificial
building blocks to fabricate nacre-like materials with multi-
functionality and tailored mechanical properties in the future.
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