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Creating hollow structures is one strategy for tuning the optical properties of materials. The current study
aimed to increase the optical transmittance of silica (SiO,) particles. To this end, hexagonal-shaped hollow
silica plate (HHSP) particles were synthesized from tetraethyl orthosilicate (TEOS) and zinc oxide (ZnO)
template particles, using a microwave-assisted hydrothermal method. The size and shell thickness of the

HHSP particles could be adjusted by using different TEOS/ZnO molar ratios and different ZnO template

sizes, respectively. The optical transmittance of the HHSP particles depended on the shell thickness and

particle size. The highest transmittance was 99% in the ultraviolet and visible region (300-800 nm) and was
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exhibited by HHSP particles with the thinnest shell thickness of 6.3 nm. This transmittance was higher than

that exhibited by spherical hollow silica particles with a similar shell thickness. This suggested morphology-
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1. Introduction

Hollow inorganic materials have attracted much interest in
recent decades, due to their innovative structures and potential
applications. The cavities inside such structures generally
provide a large surface area' and low bulk density, resulting in
materials with high surface area per weight ratios. In some
semiconductor materials, the cavities result in additional
features such as low thermal conductivity® and enhanced
optical properties.”*® The later properties are the motivation for
developing structured semiconductors, such as hollow-
structured silica (SiO,), for optical devices.

Research on the structuring of hollow SiO, has largely focused
on creating spherical shapes. Several studies have reported
monodisperse hollow SiO, spheres with high transmittance. In
general, the amount of light transmitted through a particle
depends on the amount of reflection and absorption occurring
along the light path." The transmittance is related to the surface
plasmon resonance caused by the electron oscillation. For metallic
materials in particular, the oscillation-induced plasmon band is
affected by the axis length along which the oscillation takes place.™
Previous studies have suggested that this characteristic also
applies to SiO,, despite it being a semiconductor. These studies
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dependent transmittance for the semiconducting material. These preliminary results illustrate the promising
features of the HHSP particles and suggest their potential application in future transparent devices.

reported that higher transmittance was exhibited by hollow SiO,
spheres with smaller cavities and thinner shells.”” A polarization-
dependent response due to the aspect ratio was proposed by
Gans theory." However, such a response provides the opportunity
to adjust the optical properties of SiO, as semiconductor material
by tuning the geometry, for example, by creating an anisotropic
hollow structure. Many anisotropic structures have been synthe-
sized including nanorods,”*™** nanotubes,'*® and nanocages."***
However, this concept has not been well studied in regard to
understand the effect of anisotropic structure on the optical
properties of semiconductor material such as SiO,.

In this study, we prepared anisotropic hexagonal hollow silica
plate (HHSP) particles with high transmittance under ultraviolet
(UV) and visible (Vis) light. The HHSP particles were synthesized
from tetraethyl orthosilicate (TEOS) using a rapid, surfactant-free
synthesis involving microwave irradiation. The microwave irradi-
ation accelerated the hydrolysis and condensation of TEOS on the
template surface. The hollow structure was formed using zinc
oxide (ZnO) particles as the template, which were easily removed
by etching using low-concentration acidic solution. The shell
thickness of the HHSP particles could be adjusted by changing the
TEOS concentration, which also affected the optical transmittance
of the HHSP particles. We compared the optical transmittance of
hexagonal hollow structure with spherical hollow structure to
study the effect of anisotropic structure on its optical properties.

2. Materials and methods

In a typical synthesis of the HHSP particles, ZnO template
particles (Sakai Chemical Industry, Co. Ltd., Osaka, Japan) were
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well dispersed in ethanol by ultrasonicating for 30 min. Ultra-
pure water, TEOS (99.9%, Sigma-Aldrich, St. Louis, MO, USA),
and ammonia solution (Kanto Chemical Co., Inc., Tokyo, Japan)
were then added to the ZnO dispersion. The resulting mixture
was heated under microwave irradiation (Biotage, Uppsala,
Sweden) for 1 h at 80 °C. The resulting particles were separated
from the solution by centrifugation at 8000 rpm for 10 min,
followed by washing and vacuum drying. Removal of ZnO was
achieved by etching in 0.2 M hydrochloric acid. Complete
etching was indicated by a change in the solution colour from
milky to semi-transparent. To control the HHSP particle size
and shell thickness, the ZnO size and TEOS/ZnO molar ratio
were varied from 0.1 um to 2 pm and from 0.2 to 1.125,

Table 1 Characteristics of the ZnO templates

{-potential Plate thickness
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respectively. Four types of ZnO particles were used as templates,
as described in detail in Table 1.

The morphologies of the ZnO template particles, ZnO-SiO,
core-shell particles, and HHSP particles were examined using
field-emission scanning electron microscopy (SEM; S-5000, 20
kv, Hitachi High-Tech. Corp., Tokyo, Japan) and transmission
electron microscopy (TEM; JEM-2010, 200 kV, JEOL Ltd.,
Tokyo, Japan).

The shell thickness and particle size were measured from
approximately 200 randomly selected particles observed in the
TEM images and SEM images, respectively. The {-potentials
were determined by dynamic light scattering (DLS; Zetasizer
Nano ZSP, Malvern Instruments Ltd., Malvern, U.K.). The
measurement of optical transmittance was performed using
UV-Vis spectroscopy (UV-3150; Shimadzu Corp., Japan).
Fourier-transform infrared (FT-IR) spectra were recorded to
investigate the chemical bonding in the particles (IRAffinity-
1S; Shimadzu Corp., Japan).

ZnO template type [mV] Size [um] [nm]
A +14 0.1 30 : :
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Fig.1 Schematic of the nucleation of SiO, on the ZnO template (a). XRD patterns of ZnO, ZnO-SiO, core-shell, and HHSP particles (b). FTIR

spectra of ZnO, ZnO-SiO, core-shell, and HHSP particles (c).
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Fig.2 SEMimages of the ZnO templates (a0-d0), and TEM images of the respective HHSP particles synthesized using TEOS/ZnO molar ratios of

1.125 (al-d1), 0.75 (a2-d2), 0.375 (a3-d3), and 0.2 (a4-d4).

mV) on the ZnO surface. Two different mechanisms could
potentially contribute to the nucleation, which are electrostatic
interaction and diffusion-controlled heterogeneous nucleation.
Electrostatic-driven nucleation was neglected in the current
case because nucleation occurred in both negatively and posi-
tively charged ZnO, as indicated by the synthesis of HHSP
particles using both positively and negatively charged ZnO, as
shown in Fig. 2. Thus, the diffusion-controlled nucleation was
dominant. This phenomenon can be explained by classical
nucleation theory, i.e., heterogenous and homogenous nucle-
ation. Although the current study involved hexagonal-shaped
ZnO as the foreign body, the nucleation principle was similar
to that in our previous work involving spherical polystyrene
latex as the foreign body.**

After the nucleation of SiO, on the ZnO surface, TEOS
underwent hydrolysis and condensation on the surface of the
ZnO template under basic catalytic conditions in the absence
of comonomer, to form the silica shell. The formation of the
SiO, shell was confirmed by XRD analysis, the results of which
are shown in Fig. 1(b). All peaks in the XRD pattern of the ZnO
template could be assigned to the wurtzite structure (Zincite,
JCPDS no. 5-0664). The ZnO peaks were also present in the
XRD pattern of the ZnO-SiO, core-shell particles, but with
lower intensities. This was consistent with coverage of the ZnO
template by amorphous SiO,. FT-IR spectra confirmed the
chemical bonding in the ZnO template and ZnO-SiO, core-

This journal is © The Royal Society of Chemistry 2018

shell particles, as shown in Fig. 1(c). The reduction peaks at
around 836 cm " and 1500 cm ™' were assigned to the vibra-
tion of Zn-O bridging bonds.?> These peaks were characteristic
peaks of the ZnO template, regardless of the ZnO surface
charge. The sharp peak at around 1090 cm™' confirmed the
presence of Si0,, and the peak near 720 cm ™" was assigned to
the asymmetric vibration of the Si-O-Si bridging bonds of the
siloxane link in the spectrum of the ZnO-SiO, core-shell
particles.*

After removing the ZnO template, the ZnO peak dis-
appeared from the XRD pattern, leaving the peak of amor-
phous SiO, at 260 = 24°. This confirmed that the ZnO template
was completely removed from the core, resulting in hexagonal-
shaped hollow silica plate particles. The FT-IR spectrum of the
etched sample was consistent with this conclusion. The sharp
peak corresponding to silica at around 1090 cm™ " remained in
the FT-IR spectrum of the etched sample, while the charac-
teristic peak of ZnO was not observed. A new peak was
observed near 960 cm ' which was due to the asymmetric
stretching vibration of the Si—-OH bridge of the siloxane link.>*
Peaks near 2430 cm™' in the FT-IR spectrum of the etched
sample were attributed to hydroxyl groups.

Fig. 2 shows SEM images of the hexagonal plate ZnO core
template particles, and TEM images of HHSP particles synthe-
sized using the respective template. The corresponding SEM
images of the HHSP particles are shown in the ESI Fig. S1.}

RSC Adv., 2018, 8, 2627726282 | 26279
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Fig. 3 Effect of ZnO template on HHSP size (a) and HHSP shell
thickness (b) for different TEOS/ZnO molar ratio.

Fig. 2(a0) shows that the type A ZnO template particles existed in
an agglomerated state, even after being subjected to ultra-
sonication. Consequently, HHSP particles synthesized using the
type A ZnO template were also agglomerated. The other ZnO
templates shown in Fig. 2(b0-d0) were better dispersed after
ultrasonication, so yielded more disperse HHSP particles.

The average size and size distribution of the HHSP particles
depended on those of the template particles used. As shown in
Fig. 3(a), the HHSP particle size increased with increasing ZnO
template size. The average HHSP particle size increased from
0.11 pm to 2.1 um as the ZnO particle size increased from 0.1
pm to 2 pm. The size distributions of the HHSP particles for
different template sizes are shown in Fig. S2 (ESIt).

The HHSP shell thickness could be controlled by tuning the
TEOS concentration.>® More SiO, was formed on the ZnO
surface with increasing TEOS concentration, resulting in
a thicker shell and hence larger HHSP particles. The HHSP shell
thickness increased from 6.3 nm to 63.3 nm as the TEOS/ZnO
molar ratio increased from 0.2 to 1.125. The effect of TEOS
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concentration on the HHSP shell thickness is shown in Fig. 3(b).
No solid silica spheres were observed for this TEOS concentra-
tion range when using ZnO type A or type B ZnO templates. This
implied that the secondary homogenous nucleation of TEOS
could be avoided within this range of TEOS/ZnO molar ratios.
The importance of the TEOS/ZnO molar ratio for forming
hollow structures can be illustrated by the diffusion-controlled
nucleation concept. Increasing the TEOS concentration up to
supersaturation led to the formation of a hollow structure.
Further increasing the TEOS concentration above supersatura-
tion would promote secondary nucleation to form independent
dense SiO, particles.* A detailed explanation of this is provided
in the ESI. The optimum TEOS/ZnO molar ratio was determined
to be approximately 1.125, as shown in Fig. S3 (ESIt).

Contrary to the results when using ZnO type A and B
templates, independent silica particles were observed in HHSP
samples prepared using type C and D ZnO templates, for the
same TEOS/ZnO range used for the type A and B templates
(Fig. 2(c1, c2 and d1-d4)). This was because the larger template
particles had a lower specific surface area, and the driving force
for heterogeneous nucleation was proportional to the available
surface. Consequently, when a larger ZnO template was used
with the same TEOS/ZnO molar ratio, the rate of homogeneous
nucleation was higher than the rate of the attachment of TEOS
nuclei on the ZnO surface.

The optical transmittances of the various HHSP samples
were examined to investigate the effects of shell thickness and
particle size on the optical properties. The measurement was
conducted in the wavelength range of 300-800 nm using 2 mg
ml~" dispersions of HHSP samples synthesized using type B,
type C, and type D ZnO templates. The results are shown in
Fig. 4. HHSP samples were synthesized using these three ZnO
templates, and the thinnest shells of the resulting HHSP
samples were 6.3 nm, 7.2 nm, and 16.7 nm, respectively. The
HHSP samples exhibited high transmittances with maximum
values of approximately 99%. The transmittance increased with
decreasing shell thickness, as less scattered light was absorbed
by the thinner shell. All HHSP samples exhibited higher trans-
mittances than that of dense SiO,.

Besides shell thickness, the cavity size also affected the
transmittance. For a similar shell thickness (approximately 51
nm), HHSP particles with a smaller cavity (type B) exhibited
a higher transmittance than HHSP particles with a larger cavity
(type C). The sizes of the HHSP particles were comparable to the
wavelength. Thus, the dependence of light scattering behaviour
on the shell thickness and cavity size can be explained by the
Rayleigh-Gans approximation for backscattering behaviour.
This approximation suggests that the cross-sectional backscat-
tering is related to the dimensional element, such as diameter
and shell thickness, where a smaller diameter has a lower
backscattering.”” Reduced backscattering implies higher trans-
mittance. The thinner shell, coupled with a smaller cavity, led to
an increase in the transport of mean free path, which
substantially increased the transmittance and reduced
backscattering.*®

The HHSP particles showed higher transmittances than
those of most other hollow morphologies, even with similar

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Optical transmittance spectra of HHSP samples with different
shell thicknesses prepared from type B (a), type C (b), and type D (c)
ZnO templates.

shell thicknesses (a detailed comparison is given in Table S1
(ESIt)).>'**> As also described by the Rayleigh-Gans approxi-
mation, the backscattering behaviour at different wavelengths
is affected by the orientation of the optical axis. This is one
possible explanation for the differences in the backscattering
between isotropic shapes such as spheres and anisotropic
shapes such as plates and disks. Correlations between the
geometrical anisotropy and optical properties of semi-
conductors need to be further studied. However, our prelimi-
nary results suggest that structuring SiO, particles into hollow
anisotropic structures, such as hollow plates, effectively

This journal is © The Royal Society of Chemistry 2018
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improves optical transmittance in both the visible and ultravi-
olet regions. The transmittance characteristics in the visible
and ultraviolet range can be adjusted by changing the shell
thickness and cavity size. Therefore, the synthesized HHSP
particle is a good candidate for future transparent films.

4. Conclusions

In summary, we prepared an anisotropic HHSP structure with
high transmittance of ultraviolet and visible light, by microwave
irradiation using ZnO as a template. The HHSP particles had
a uniform shell thickness. The size and shell thickness could be
controlled in the ranges of 6.3-63.3 nm and 0.11-2.1 um,
respectively, by changing the ZnO template size and TEOS
concentration. The growth of the shell on the ZnO template
involved the classical diffusion-controlled nucleation of TEOS.
The template size and TEOS/ZnO molar ratio had a significant
role in minimizing homogeneous nucleation. HHSP particles
with the thinnest shell exhibited high visible and ultraviolet
light transmittance of approximately 99%. This value was
higher than that for hollow silica spheres with the same shell
thickness. These results indicate the geometrical dependence of
the optical properties of semiconductor materials. The HHSP
particles with high transmittance have potential as ultra-high
transparency films in optical devices.
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