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Natural nacre has an ordered layered arrangement of calcium carbonate platelets and ion-crosslinked
protein, which enable it to achieve outstanding mechanical properties. Inspired by the relationship

between structure and mechanical properties of natural nacre, we fabricate a Ca®*-crosslinked layered
double hydroxide/alginate (LDH/ALG-Ca?*) hybrid film through filtration of Ca®*-crosslinked LDH/ALG
hybrid building blocks. The LDH nanoplatelets and alginate were alternately stacked giving an ordered
layered structure, in which alginate was crosslinked by Ca®*. The effect of LDH content and Ca®*
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crosslinking on the microstructure and interfacial interaction of LDH/ALG-Ca®* hybrid films was studied

systematically. The optimized nacre-like hybrid film exhibits good flexibility and high strength (194 MPa),
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1. Introduction

Natural nacre has a layered structure with alternately stacked
calcium carbonate platelets and ion-crosslinked protein, which
are connected together through plenty of interfacial hydrogen
bonds.' The oriented arrangement of calcium carbonate
platelets improves its tensile strength along the alignment
direction.® Ionic crosslinking strengthens the protein matrix
and increases its ability to dynamically dissipate energy. The
many interfacial hydrogen bonds promote stress transfer from
the protein matrix to the oriented calcium carbonate platelets.?
These factors work together and lead to its extraordinary
mechanical properties.” Thus, natural nacre offers an ideal
structural model for constructing high-performance
composites.*®

Up to date, there are many reports about nacre-mimetic
materials with mimicking the layered structure of natural
12 These layered composites are composed of clay,
»228 or alumina as two-dimensional inor-

nacre. 13-21

graphene oxide
ganic platelets, and poly(vinyl alcohol),***>'*** chitosan,>"**?¢
polyurethane®”*® or cellulose’***° as organic components. The
assembly techniques include bottom-up layer-by-layer
assembly,">**** ice template assembly,***>*>** vacuum-assisted
filtration,'”**** evaporation-induced assembly*>'® and electro-
phoretic deposition.*>*® It has been demonstrated that interfa-
cial adhesion between inorganic platelets and organic matrices
is crucial to the mechanical properties of resultant layered
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superior to natural nacre. The ordered layered structure and small diameter of LDH give the hybrid film
a high transparency of 74-94% in the visible light wavelength range.

composites.”” Interfacial hydrogen bond, ionic bond and cova-
lent bond are usually designed and complemented to improve
stress transfer efficiency at interface.'»'>*~>' In addition, the
strength of organic matrices themselves is also important and
can be enhanced through chemical or physical crosslinking.*
However, relative to large-size inorganic nanoplatelets (mont-
morillonite, graphene oxide, alumina typically has diameter
more than 1 pm), small-size inorganic nanoplatelets with
diameter less than 100 nm are rarely used to construct nacre-
mimetic materials.

In this work, we choose small-size Ni-Al-NO; layered
double hydroxide (LDH) with a diameter of about 70 nm as
inorganic nanoplatelets and sodium alginate (ALG) as organic
component to construct nacre-mimetic layered composites
with high transparency. The Ni-Al-NO; LDH with positive
charge on surface would interact with ALG through electro-
static and hydrogen-bonding interaction. Divalent calcium ion
is introduced to strengthen ALG matrix through ionic cross-
linking with the G units of ALG, forming “egg-box” struc-
ture.>>* The effect of oriented arrangement of LDH, ionic
crosslinking of ALG and interfacial interaction between LDH
and ALG on the mechanical properties of hybrid film are
studied. The resultant nacre-mimetic hybrid film has tensile
strength as high as 194 MPa and excellent flexibility. In addi-
tion, the hybrid film exhibits high transparency because small
size of LDH with diameter much less than visible light wave-
length (400-900 nm) decreases light scattering. It is expected
that the strong, flexible and transparent layered composite
film has the potential as optical functional materials for
a variety of applications, such as substrates for flexible
displays, components for precision optical devices, windows
for automobile and trains.
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2. Experimental section

2.1. Materials

ALG was purchased from Guangdong Guanghua Chemical
Factory Co. Ltd. Ni(NOj),-6H,0, Al(NO;);-9H,0 and NaOH
were purchased from Sinopharm Chemical Reagent Co. Ltd.
Anhydrous CaCl, was purchased from Tianjin Jinke Fine
Chemical Research Institute. All materials were used as
received. Polyamide filtration membrane (220 nm pore size) was
purchased from Shanghai Xinya.

2.2. Fabrication of LDH/ALG-Ca”* hybrid film

The fabrication process for LDH/ALG-Ca** artificial nacre is
illustrated in Scheme 1. The Ni-Al-NO; LDH powder was
synthesized by the method that has been reported in our
previous work.*»** The synthesized LDH powder (0.1 g) was
exfoliated in formamide (100 ml) by vigorously agitating for 24 h
under N, gas flow. The exfoliated LDH was mixed with
a required amount of ALG solution with a concentration of 0.1
wt%, forming a homogeneous dispersion. Then, a required
amount of CaCl, aqueous solution with a concentration of 0.1
wt% was gradually instilled into the homogeneous dispersion
and continually stirred for about 3 h, forming LDH/ALG-Ca**
hybrid building blocks. The obtained mixture was filtrated
under vacuum through polyamide filtration membrane, and
dried under room temperature, leading to a transparent LDH/
ALG-Ca** hybrid film. In the hybrid film, LDH contents was
controlled by adjusting the mixing volume ratios of LDH
dispersion to ALG aqueous solution. Ca®>" content relative to
ALG was altered by adjusting the mixing volume ratio of CaCl,
solution to ALG solution (ESI, Table S17).

2.3. Characterization

X-ray diffraction (XRD) was recorded by a Shimadzu XRD-6000
diffractometer under the following conditions: 40 kv, 40 mA
and Cu K, radiation. Fourier transform infrared (FTIR) spectra

‘%%IDetach
=N
=

Peel off
—

Scheme 1 Fabrication process for LDH/ALG-Ca?* hybrid film. The
synthesized Ni-Al-NOz LDH stacks are exfoliated mechanically, fol-
lowed by mixing with ALG solution to form ALG-coated LDH. Then,
the ALG-coated LDH is further crosslinked with Ca®*, leading to LDH/
ALG-Ca?* hybrid building blocks. Finally, the hybrid building blocks are
assembled into transparent LDH/ALG-Ca" hybrid film through
filtration.
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were conducted on an iN10MX FTIR instrument with the
attenuated total reflection mode (ATR). Dynamic light scat-
tering measurements and zeta potential tests were carried out
on Malvern Zetasizer Nano ZS90. The light transmittance
spectra were recorded in the range from 400 to 900 nm on
a Shimadzu-3600 spectrophotometer. Scanning electron
microscopy (SEM) was performed on a JEOL JSM7500FA field
emission microscope. Tensile mechanical properties were
tested using a Shimadzu AGS-X at a loading speed of 1 mm
min~" with a gauge length of 5 mm. All samples were cut into 10
mm in length and 3 mm in width.

3. Results and discussion

The synthesized Ni-AI-NO; LDH was exfoliated through
mechanical stirring, generating single-layer LDH nanoplatelets
with positive charge on surface (ESI, Fig. S1t). The exfoliated LDH
platelets have a diameter of about 70 nm and a thickness of about
0.9 nm, as measured by TEM and AFM (ESI, Fig. S2+t). After mixed
with ALG solution, the positively charged LDH nanoplatelets
were coated by negatively charged ALG because of electrostatic
and hydrogen-bonding interactions. Considering that ALG, a well
known ionic polysaccharide, can chelate with divalent cations to
form the “egg-box” structure.**” We use Ca”* to crosslink ALG on
the surface of LDH, forming LDH/ALG-Ca>* hybrid building
blocks. The hybrid building blocks were further processed into
film through vacuum-assisted filtration. The ionic crosslinking
would strengthen ALG and thus help to improve mechanical
strength of hybrid film."” After drying, the film was peeled from
filtration membrane, leading to transparent, flexible and glossy
LDH/ALG-Ca>" hybrid film (Scheme 1).

3.1. Microstructure of LDH/ALG-Ca”* hybrid film

To investigate the effect of LDH content on microstructure, six
LDH/ALG-Ca®" hybrid films with different LDH contents (5%,
10%, 20%, 30%, 40%, 50%) and constant mixing mass ratio of
CaCl, to ALG (0.5) were prepared. The microstructure of these
hybrid films was examined by SEM, as shown in Fig. 1. For low
LDH content (5%), it can be observed that the LDH platelets are

Fig. 1 Cross-sectional SEM images of LDH/ALG-Ca?* hybrid films
with different LDH contents. (a) 5%, (b) 10%, (c) 20%, (d) 30%, (e) 40%, (f)
50%.

This journal is © The Royal Society of Chemistry 2017
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homogeneously embedded into the ALG matrix without
oriented arrangement (Fig. 1a). Differently, a layered structure
appears when the LDH concentration is 10% (Fig. 1b). The
sheet-like layers are parallel to the film surface and inter-
penetrated into adjacent layers, similar to previously reported
nacre-mimetic hybrid films based on large-size inorganic
platelets (clay,'*'**® GO,****% Al,O; (ref. 29, 31 and 59)). The full
EDX spectrum of the cross section exhibits the signals origi-
nating from ALG (carbon and oxygen), LDH (nickel, aluminium)
and calcium chloride (calcium) (ESI, Fig. S31). These elements
are uniformly distributed within the hybrid films, as proved by
element mapping. However, when the LDH concentration is
20% or more, the layered structure disappears and is trans-
formed to LDH aggregation (Fig. 1c-f). This is possibly attrib-
uted to the fact that high content of LDH nanoplatelets cannot
be sufficiently covered by Ca®"-crosslinked ALG molecules.'®
Thus, a part of bare LDH nanoplatelets aggregate together,
leading to random distribution. The aggregation is also evi-
denced by X-ray diffraction (ESI, Fig. S41). When the content of
LDH is 20% or more, the diffraction peak position is the same
as that of pure LDH. The aggregation is also reflected by
dynamic light scattering measurement, which is carried out for
LDH/ALG/CaCl, solutions before filtration (ESI, Fig. S5t). For
the mixing solution with high LDH content relative to ALG, the
hydrodynamic diameter is obviously larger than those of exfo-
liated LDH dispersion and ALG solution.

In order to investigate the effect of Ca** on microstructure,
four LDH/ALG-Ca®" hybrid film with different Ca>* contents and
constant LDH content of 10% were prepared. The effect of Ca>*
on the microstructure of hybrid films was examined by SEM, as
shown in Fig. 2. For low ratio of CaCl, to ALG (0.25, 0.5), the
LDH/ALG-Ca*>" hybrid building blocks form a distinct layered
structure, like that of natural nacre. Differently, when the mix-
ing mass ratio of CaCl, to ALG surpasses 0.5, the structure of
LDH/ALG-Ca®" hybrid film transforms from nacre-like layered
arrangement to LDH aggregation. Such structure change is

Fig.2 Cross-sectional SEM images of LDH/ALG-Ca®* hybrid film with
different mixing mass ratio of CaCl, to ALG. (a) 0.25, (b) 0.5, (c) 1, (d) 2.
For low mass ratio (0.25, 0.5), a layered structure are observed. For
high mass ratio (1, 2), the structure is transformed to LDH aggregation.
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probably attributed to the fact that Ca*" crosslinking affects the
absorption of ALG on the surface of LDH nanoplatelets. Ca>*-
crosslinked ALG has an “egg-box” structure, which increase the
stiffness of ALG molecule chains and change their spatial
configuration.****® The stiffening ALG at high Ca*" content
cannot sufficiently absorb onto the surface of LDH nano-
platelets, generating a part of bare LDH nanoplatelets. The
insufficient absorption would decrease hydrogen bond and
electrostatic interaction between ALG and LDH. As a result,
these bare LDH nanoplatelets would aggregate together. The
aggregation is also proved by X-ray diffraction, as shown in ESI,
Fig. S6.1 When the mixing mass ratio of CaCl, to ALG is 1 or 2,
the diffraction peak position is the same as that of pure LDH.
The aggregation is also reflected by dynamic light scattering
measurement, which is carried out for LDH/ALG/CaCl, solu-
tions before filtration (ESI, Fig. S71). For the mixing solution
with high mixing mass ratio of CaCl, to ALG, the hydrodynamic
diameter is obviously larger than those of exfoliated LDH
dispersion and ALG solution.

3.2. Ionic crosslinking and interfacial interaction

The interfacial hydrogen bond and electrostatic interaction
between LDH and ALG was proved by FTIR spectra, as shown in
Fig. 3a. Pure ALG exhibits O-H stretching vibration in the
wavenumber range of 3100-3600 cm ' and C=O stretching
vibration at 1751 cm™'. Pure Ni-Al-NO; LDH exhibits O-H
stretching vibration in the wavenumber range of 3100-3600
cm™’, interlayer water absorption peak at 1648 cm ™" and NO;~
feature peak at 1353 cm™ . For LDH/ALG-Ca®" hybrid film, the
O-H stretching vibration is suppressed, due to the formation of
hydrogen bond network between LDH and ALG.**** Because the
negatively charged ALG, instead of NO;~ and interlayer water,
coats positively charged LDH, the absorption peak of interlayer
water and NO;~ disappears.®® In addition, the C=O0 stretching
vibration at 1751 cm ™" was weakened, and a new C=0 stretching
vibration peak at 1686 cm ™' appears. This is due to that the
carboxyl groups in M units of ALG form hydrogen bond with the
hydroxyl groups on the surface of LDH, while the carboxyl groups
in G units of ALG are crosslinked by Ca®", stiffen and cannot form
hydrogen bond with LDH (ESI, Fig. S8 and S97).">

The effect of Ca®* crosslinking on interfacial hydrogen bond
between LDH and ALG was investigated by FTIR spectra, as
shown in Fig. 3b. At low ratio of CaCl, to ALG (0.25, 0.5),

a 1751 1686 1353
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Fig. 3 FTIR spectra of LDH/ALG-Ca®* hybrid films. (a) Hybrid films
with different LDH content and constant mass ratio of CaCl, to ALG
(0.5). (b) Hybrid films with constant LDH content (10%) and different
mass ratio of CaCl, to ALG.
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interfacial hydrogen bond interaction induces the C=O
stretching vibration of ALG to divide into two peaks, locating at
1751 and 1686 cm ™ ". At high ratio of CaCl, to ALG (1, 2), the
C=0 stretching vibration peak at 1686 cm ™" obviously became
weak.'7** It suggests that Ca** crosslinks ALG for reinforcement
at the cost of the decrease of hydrogen bond interaction
between LDH and ALG. It is probably due to that overmuch Ca**
crosslinking sharply increases the rigidness of ALG molecular
chains, and thus impedes hydrogen bond formation between
LDH and M units of ALG.* So, the mixing mass ratio of CaCl, to
ALG has a optimal value of 0.5, at which ionic crosslinking of
ALG by Ca®*" and interfacial hydrogen bond between LDH and
ALG is finely balanced.

3.3. Properties of LDH/ALG-Ca>" hybrid film

3.3.1. Mechanical property. The tensile properties of LDH/
ALG-Ca>" hybrid films with different LDH contents and constant
mass ratio of CaCl, to ALG (0.5) were measured to relate micro-
structure with mechanical property (Fig. 4a and b). In the range
of 0-10%, the tensile strength sharply increases from 84 MPa for
5% LDH/ALG-Ca®" to 194 MPa for 10% LDH/ALG-Ca*'. In this
content range, ALG molecules are easily coated onto exfoliated
LDH nanosheets to form hybrid building blocks by strong elec-
trostatic and hydrogen bond interactions. The microstructure of
hybrid films transforms from random distribution for 5% LDH/
ALG-Ca”* to nacre-like layered arrangement for 10% LDH/ALG-
Ca”*, which leads to the dramatic increase of tensile strength.
When LDH content is higher than 20%, a part of LDH nano-
platelets start to aggregate together and the layered structure
disappears, which deteriorate tensile strength.

The tensile properties of LDH/ALG-Ca>" hybrid films with
different mixing mass ratio of CaCl, to ALG and constant LDH
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Fig. 4 Mechanical properties of LDH/ALG-Ca®* hybrid films. (a)
Representative tensile stress—strain curves of the hybrid films with
different LDH content. (b) The effect of LDH content on tensile
strength of hybrid films, showing a maximum strength at 10% LDH. (c)
Representative tensile stress—strain curves of the hybrid film with
different mass ratio of CaCl, to ALG. (d) The effect of the mass ratio of
ALG to CaCl, on tensile strength of hybrid films, showing a maximum
strength at mass ratio of 0.5.
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Fig. 5 (a) Light transmittances and (b) photograph of 10% LDH/ALG-

Ca®* hybrid films. The thicknesses of film is about 20 pm.

content (10%) were measured to relate interfacial interaction
with mechanical property (Fig. 4c and d). In general, Ca*>*
crosslinking can increase the strength of ALG (ESI, Fig. S107).
When the mass ratio of CaCl, to ALG increases from 0.25 to 0.5,
Ca** crosslinking does not obviously weaken the hydrogen bond
interaction between ALG and LDH. The synergism of hydrogen
bonds and ionic crosslinking results in the increase of tensile
strength from 142 MPa to 194 MPa. However, with further
increase of the mass ratio of CaCl, to ALG, the tensile strength
decrease obviously. Although more Ca*>* strengths ALG through
ionic crosslinking, the interfacial hydrogen bond interaction
between LDH and ALG is weakened with a part of LDH nano-
platelets being aggregated together.

According to above-mentioned analysis, it can be found that
layered structure, moderate ionic crosslinking of ALG by Ca®*
and plenty of hydrogen bond between LDH and ALG are the key
to achieve high-strength LDH/ALG-Ca®" hybrid films. 10% LDH/
ALG-Ca®" with mass ratio of CaCl, to ALG being 0.5 meets all of
these conditions and generate optimal synergism, leading to
highest tensile strength of 194 MPa, 1.5 times higher than
natural nacre (tensile strength of 80-135 MPa).” Furthermore,
the hybrid film is flexible and can be folded without risk of
fracture.

3.3.2. Transparency. The nacre-mimetic LDH/ALG-Ca*"
hybrid film has high optical transparency, as shown in Fig. 5. In
visible light wavelength range of 400 to 900 nm, the light
transmittance is 70-94%, obviously higher than previously re-
ported layered montmorillonite/chitosan hybrid film (60-80%)
with similar thickness.>® The high optical transparency is
mainly attributed to two reasons: small size of LDH nano-
platelets and ordered layered structure. The LDH nanoplatelets
have a thickness of about 0.9 nm and a diameter of about
70 nm. The diameter is much smaller than visible light wave-
length. Thus, the LDH is free from light scattering, make them
acceptable for a variety of optical applications.®»** The nacre-
like layered structure also help to decrease light scattering
between the nanoplatelets, which was demonstrated in nacre-
mimetic montmorillonite/polymer hybrid films.*>?'*®

4. Conclusions

Inspired by the relationship between structure and mechanical
property of natural nacre, we prepared LDH/ALG-Ca>" hybrid
film by filtrating LDH/ALG-Ca®>" hybrid building blocks. The

This journal is © The Royal Society of Chemistry 2017
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effect of the content of small-size LDH and ionic crosslinking of
ALG by Ca** on the microstructure and interfacial interaction of
LDH/ALG-Ca®" hybrid films was studied. It was demonstrated
that the cooperation of ionic crosslinking of ALG by Ca*",
interfacial hydrogen bonds between LDH and ALG, and align-
ment arrangement of LDH enable the nacre-mimetic hybrid
film to posses a high strength of 194 MPa and good flexibility.
Furthermore, the hybrid film exhibit high transparency of 70—
94% in visible light range. We believe that these results offers an
innovative insight into design and preparation of high perfor-
mance bio-mimetic layered materials with high transparency
for practical application.
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