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Macromolecular templates for biomineralization-
inspired crystallization of oriented layered zinc
hydroxides

Fumiya Katase, Satoshi Kajiyama and Takashi Kato

Biomineralization-inspired approaches are environmentally friendly processes for developing organic/inorganic hybrids with

ordered structures. This study demonstrates a biomineralization-inspired approach that is expanded to form organic/inorganic

hybrid thin films based on a zinc-layered compound with an organic molecule. The interactions between the acidic polymers and

the zinc ions transiently inhibit crystallization in solution, thereby inducing crystallization on/in the insoluble polymer templates.

In addition, poly(vinyl alcohol) provides a template for the specific crystallographic orientation of the zinc-layered compounds.

The cooperative effects of the soluble and insoluble macromolecular templates lead to the structural and orientational control of

organic/inorganic hybrids based on a zinc-layered compound with an organic molecule.
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INTRODUCTION

Living organisms elaborate well-defined organic/inorganic composites
via biomineralization processes.1–5 Biomineralization is an attractive
model for environmentally friendly processing to develop functional
materials with well-defined ordered structures.6–24 In the biominer-
alization process, insoluble macromolecular templates play crucial
roles with soluble biopolymers to control the nanostructures and
crystallographic orientation of the inorganic components. Inspired by
biomineralization, insoluble solid templates have been utilized to
develop ordered nanohybrid structures based on calcium carbonate
(CaCO3)

6–14 and calcium phosphate15–20 as well as transition metal
compounds.21–24 Macromolecular templates can accommodate func-
tional organic molecules with ordered organic/inorganic hybrids.25

Alignment control of organic molecules has not been sufficiently
achieved, even though a few examples of crystallization control of
organic compounds through biomineralization-inspired approaches
have been reported.26,27

Poly(vinyl alcohol) (PVA) is a useful matrix for the crystallization of
the inorganic crystals. The local crystalline structures of PVA that are
formed through hydrogen bonds between −OH groups provide
effective templates. For example, the PVA crystalline structure induces
the formation of the aragonite phase for CaCO3.

28–31 Moreover, we
have demonstrated that PVA thin-film matrices can serve as templates
for strontium carbonate,32 octacalcium phosphate33 and zinc carbo-
nate hydroxides34 with ordered structures.
Here, our aim is to use PVA templates to develop ordered organic/

inorganic hybrids based on layered inorganic compounds (Figure 1).
Inorganic layered compounds can accommodate organic molecules in
their interlayer space due to weak van der Waals interactions in their

layers.35–47 Intercalating layered compounds are of broad interest in
materials science due to the functional properties of inorganic
compounds and organic phases.35–40 Their orientation control is a
challenging issue for tuning their functions. Oriented structures in
organic/inorganic nanohybrid materials based on intercalating layered
compounds have been obtained using the hydrothermal reaction48–50

or electrodeposition on conductive substrates.51,52 However, no
biomineralization-inspired approach for the formation and structural
control of hybrid thin films consisting of intercalating layered
compounds under ambient conditions has been attempted.
In the present study, we have used thin-film macromolecular

templates of PVA for orientational control of the layered zinc
hydroxide compounds with an organic molecule (that is, 4-
ethoxybenzoic acid (BA)) (Figure 1). This organic compound was
used to induce the formation of sheet-like crystals with a large
interlayer space for the zinc-layered compounds. This morphological
control of the zinc compound crystals is key for topotactic conversion
to ZnO with thermal treatment.53,54 The intercalation of the rigid
molecule may suppress the aggregation of ZnO particles across the
layer structure. The formation of hybrid thin films could be achieved
through the cooperative effects of the soluble and insoluble polymers.

EXPERIMENTAL PROCEDURES

Materials
Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 99.9%) was purchased from Wako
Pure Chemical Industries, Ltd (Osaka, Japan). PVA (Average MW= 1.46× 105

to 1.86× 105, 87–89% hydrolyzed), poly(acrylic acid) (PAA, MW= 1.8× 103)
and sodium hydroxide (NaOH) (97%) were purchased from Sigma-Aldrich
(St Louis, MO, USA). BA (98.0%) was purchased from Tokyo Chemical
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Industry Co., Ltd (Tokyo, Japan). All chemical reagents were used without
further purification.

Preparation of PVA templates
PVA was dissolved in dimethyl sulfoxide (DMSO) at a concentration of 4.0 wt%.
The DMSO solution of PVA was spin-coated on glass substrates followed by
annealing at 200 °C for 30 or 60 min under ambient conditions.

Precipitation experiments of zinc-layered compounds
Precipitates of layered zinc hydroxides were obtained using a precipitation
method. The precursor solution of BA (40 mM) was prepared with an aqueous
NaOH solution (100 mM). The BA solution was mixed with an equal volume of
an aqueous Zn(NO3)2·6H2O solution (40 mM). The mixed solution was placed
in an incubator, which maintained the reaction temperature at 40 °C for 3 days.
The resulting precipitates were collected by centrifugation and washed with
purified water. To obtain the precipitates formed in the presence of PAA, PAA
was dissolved in the Zn(NO3)2·6H2O solution (40 mM) at a concentration of
2.2 × 10− 1 wt% prior to mixing the two precursor solutions.

Preparation of thin-film hybrids composed of layered zinc
hydroxides and PVA
The PVA templates on glass substrates were immersed into the crystallization
solution. The final concentrations of BA, NaOH, Zn(NO3)2·6H2O, and PAA in
the crystallization solution were adjusted to 20, 50 and 20 mM, and 1.1× 10− 1

wt%, respectively. The temperature was maintained at 40 °C during the
crystallization. After 3 days, the thin-film hybrids were washed with purified
water and dried at room temperature.

Characterization
The morphologies were observed using scanning electron microscopy (SEM)
(Hitachi High-Technologies, Tokyo, Japan, S-4700, operated at 3.0 kV). A
platinum coating was performed as a conductive treatment with a Hitachi
E-1030 ion sputter. The X-ray diffraction (XRD) patterns were recorded with a
SmartLab X-ray diffractometer (Rigaku, Tokyo, Japan) using a paralleling beam
method with CuKα radiation (λ= 0.154 nm). The XRD measurements for the
thin-film hybrids were conducted in two types of geometries (that is, out-of-
plane with 2θ scanning and in-plane with 2θχ scanning). The Fourier transform
infrared (FTIR) spectra were recorded using the KBr method with a JASCO/
FTIR-6100 spectrometer. Thermogravimetric (TG) analyses were performed

with a TG-8120 (Rigaku, Tokyo, Japan) under an air flow up to 1000 °C at a
heating rate of 10 °C min− 1.

RESULTS AND DISCUSSION

The insoluble PVA templates were prepared by spin-coating the
DMSO solution containing PVA, followed by an annealing process at
200 °C to crosslink the main chains.30 Two types of PVA templates,
which were annealed for 30 min (template I) and 60 min (template II)
at 200 °C, were used as matrices for the zinc-layered compounds. The
solutions for crystallization were prepared by mixing equal volumes of
an aqueous solution containing Zn(NO3)2·6H2O (40 mM) and PAA
(2.2× 10− 1 wt%) as the soluble polymer and an aqueous solution
containing BA (40 mM) and NaOH (100 mM). The insoluble PVA
templates were placed into the crystallization solution for 3 days at
40 °C to achieve thin-film formation of zinc hydroxides intercalating
BA (Zn/BA). After being washed with deionized water, the Zn/BA
hybrid thin films were obtained.
The SEM observation of the thin films (Figure 2) indicates that the

morphologies are changed by the annealing time of the PVA matrices
as well as the CaCO3 system.30,31 When template I was used,
spherulitic thin films with a domain size of a few micrometers were
formed after crystallization (Figure 2a, left). The thickness of the
spherulitic thin films was estimated to be 800 nm based on the cross-
sectional SEM observation (Figure 2a, right). The cross-sectional SEM
observation also indicated that crystallization occurs from the inside of
the PVA matrix (Figure 2a, right). In contrast, hybrid thin films with
the thickness of 5 μm were formed on template II (Figure 2b).
Although the thicknesses of templates I and II are similar
(Supplementary Figure S1), the thicknesses of the Zn/BA thin films
were largely different in the SEM observation. The difference in the
thicknesses of the hybrid thin films was caused by the crystallization
site. For template II, the crystallization of the Zn/BA thin films starts at
the surface of template II, and then, the Zn/BA crystals grow to the
solution side, as shown in Figure 2b, right. The crystal growth on the
solution side induces thicker film formation than that on the hydrogel
thin-film template due to the absence of the spatial restriction.
The effects of the annealing process on the properties of the PVA

templates have been examined using FTIR and TG measurements. In

Figure 1 Schematic illustration of the strategy for biomineralization-inspired
thin-film formation consisting of layered zinc hydroxides intercalating
4-ethoxybenzoic acid (BA) on thin-film macromolecular templates. A full
color version of this figure is available at Polymer Journal online.

Figure 2 SEM images of thin films composed of Zn/BA and PVA matrices.
Top-view (left) and cross-sectional view (right) of the hybrid thin films
formed with (a) template I and (b) template II. BA, 4-ethoxybenzoic acid;
PVA, poly(vinyl alcohol); SEM, scanning electron microscopy.

Macromolecular templates for layered compounds
F Katase et al

736

Polymer Journal



the FTIR measurements, the broad peak corresponding to OH
stretching between 3000 and 3700 cm− 1 shifts to a higher wavenum-
ber as the annealing time increased (Supplementary Figure S2). The
shoulder peak at 1082 cm− 1 attributed to the backbone stretching of
ether bonds was observed in the FTIR spectrum for the PVA annealed
for 120 min. These results suggest that the annealing process at 200 °C
enhances the hydrogen bonding between the OH groups and induces
the dehydration reaction between the OH groups.55 TG analyses for
the DMSO solution containing PVA also support a dehydration
reaction in PVA during the annealing process (Supplementary
Figure S3). The gradual weight loss after DMSO evaporation was
due to the dehydration reaction of PVA. The dehydration degree
affects the ion accommodating ability of the PVA hydrogel templates.
Therefore, for template II, Zn/BA crystallization occurs on the surface
of the matrix due to the low accessibility for ions.
To evaluate the crystallographic orientation of the hybrid thin films,

the XRD patterns of the hybrid thin films were measured in two
different geometries (that is, out-of-plane with 2θ scanning and in-
plane with 2θχ scanning) (Figure 3). In general, intercalating layered
zinc compounds exhibit harmonic diffraction of the 00l peaks due to
the interlayer space at the lower-angle region, and two peaks
corresponding to the 100 and 110 reflections were due to the
intralayer structure.37,51,52 Only two peaks due to the 100 and 110
reflections were observed at 33 and 59° in the out-of-plane XRD
pattern of the thin film (Figure 3a). However, the peaks corresponding
to the 00l, 100 and 110 reflections were observed in the in-plane XRD
pattern (Figure 3b). These results suggest that the hybrid thin films
that formed with template I exhibit the specific oriented structure
where the zinc hydroxide layers are aligned perpendicular to the
substrate. The oriented structure is similar to the zinc hydroxide
carbonate/PVA hybrid thin films prepared through a
biomineralization-inspired approach in our previous study.34 As was
previously reported, the hydrophilic conditions inside the PVA
template induces the perpendicular orientation of the zinc hydroxide
layers.34,56 For the hybrids with template II, the 00l, 100 and 110
reflections were observed in both in-plane and out-of-plane XRD
patterns, suggesting the random crystallographic orientation of the
hybrid thin films. The random crystallographic orientation was
induced by template II because thin films are formed on the surface

of template II where the PVA template has a smaller effect on the
crystallization. Peaks other than the 00l, 100 and 110 reflections are
observed in the XRD pattern of the hybrid with template II (Figures 3c
and d). Although the detailed crystal structure remains unclear, these
peaks suggest the high crystallinity of Zn/BA, which was formed with
the PVA matrices in the presence of PAA. These peaks are most likely
caused by the superstructure due to the arrangement of intercalated
anions and water molecules similar to that observed in other layered
double hydroxides.57 The crystal growth on the surface of template II
also induced the high crystallinity due to fast ion diffusion in the
solution compared to that inside of the hydrogel templates.
For the thin-film formation of Zn/BA with the PVA templates, the

PAA soluble polymer played a crucial role based on a comparison of the
precipitates prepared in the absence and presence of 1.1× 10− 1 wt%
PAA. The XRD pattern (Figure 4a) suggests the high crystallinity of
the precipitates in the absence of the soluble polymer (PAA). The
interlayer distance was estimated to be 19.8 Å, which is the same as
that in the Zn/BA crystals with the templates. In this case, the Zn/BA
crystals were immediately formed in the solution. In the presence of
PAA, colloidal particles were formed. The resulting powder, which was
obtained by centrifugation of the colloidal particles and vacuum dried,
did not exhibit a crystalline structure (Figure 4b). The TG and FTIR
measurements suggest that the colloidal particles include PAA
(Figure 5). Zn/BA crystals exhibit three weight loss steps in the TG
measurement up to 1000 °C under an air flow as follows: (i)
evaporation of intercalated water molecules at 100 °C, (ii) dehydration
of hydroxide groups in the inorganic layers at 180 °C and (iii)
decomposition of organic components at 400 °C (Figure 5a). After
the decomposition of the organic components, Zn/BA was eventually
converted to ZnO.58 In the presence of PAA, the weight loss at 180 °C
decreases but the weight loss at 400 °C increases compared to the
Zn/BA precipitate without PAA. These results suggest that hydroxide
anions partially exchange with PAA, which interacts with the zinc ions
through the carboxyl groups. The FTIR measurements suggest the
coordination of BA and PAA to zinc ions (Figure 5b). In the absence
of PAA, two peaks were observed at 1545 and 1420 cm− 1 (Figure 5b,
bottom), which were due to the C=O stretching of the monodentate
coordination of the carboxylate to the zinc ions.59 In the presence of
PAA, the FTIR spectrum contains broad peaks at 1700, 1550 and
1420 cm− 1 due to C=O stretching (Figure 5b, middle), suggesting the
random coordination of carboxyl groups to zinc ions due to the
amorphous structure of the colloidal particles. In the absence of PAA,

Figure 3 (a, c) Out-of-plane and (b, d) in-plane XRD patterns of the hybrid
thin films formed with (a, b) template I and (c, d) template II. The scan rate
was 0.2° min−1. XRD, X-ray diffraction.

Figure 4 XRD patterns of the precipitates formed without PVA templates: (a)
in the absence of PAA and (b) in the presence of PAA. PAA, poly(acrylic
acid); PVA, poly(vinyl alcohol); XRD, X-ray diffraction.
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rectangular-shaped crystals were observed on the surface of both
templates I and II using SEM (Supplementary Figure S4). Therefore,
PAA serves as an inhibitor of immediate crystallization in solution by
the coordination to zinc ions. The transient inhibition of the crystal-
lization is important for the formation of organic/inorganic hybrids
with insoluble macromolecular templates because it enables resource
ions to reach the surface or inside of the templates prior to
crystallization.
It is important to note that the colloidal particles that were formed

in the presence of PAA did not crystallize within 3 days at 40 °C on the
solution side. However, the crystallization occurred inside the PVA
matrix, suggesting that the PVA matrices induce the crystallization of
Zn/BA. The cooperative interactions between PAA and PVA are
necessary for the formation of spherulitic hybrid thin films. The
inhibition of sudden crystallization in solution and the combination of
soluble polymer additives and insoluble polymer matrices are impor-
tant for controlling the ordered structures in these intercalating hybrid
thin films using the approach inspired by biomineralization.
The present study demonstrates the formation of hybrid structures

composed of layered zinc hydroxides and macromolecular templates
under mild conditions. The nanostructures of the organic/inorganic
hybrid thin films could improve the properties of zinc oxides (for
example, photocatalytic properties).34,60 Environmentally friendly
processes inspired by biomineralization using macromolecular

templates have been applied for structural control of minerals that
cannot be found in nature, leading to the development of highly
functional materials.

CONCLUSIONS

In summary, we have successfully prepared hybrid thin films of Zn/
BA-layered compounds with macromolecular templates consisting of
crosslinked PVA using an approach inspired by biomineralization
under mild conditions. The obtained hybrid thin films exhibit specific
crystallographic orientation, which will be important for further
functionalization. The ordered structures of the Zn/BA-layered
compounds depend on the annealing time of the thin-film PVA
templates, which changes the hydrophilicity of the templates. This
study demonstrates that biomineralization-inspired approaches can be
expanded for the orientational control of layered compounds with
organic molecules. Further design of target materials and macromo-
lecular templates will lead to the development of novel functional
materials prepared under mild conditions.
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