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Monodispersed Hollow Silica Nanospheres with Ultra-smalli
Size for Fabrication of Highly Transparent Polymer
Nanocomposites
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Abstract

Hollow silica nanospheres (HSNs) have been widely used as the antireflection coatings due to their low refractive index.
However, it is difficult to incorporate them into optical polymer matrices to enhance the visible transmittance obviously using
a simple blending method. Rayleigh scattering caused by their larger particle size and agglomerations problem would make
the haze and transparency of optical polymer worse. Herein, ultra-small HSNs with the diameter of about 20 nm were
synthesized by a reverse microemulsion method. The scale-up preparation was achieved by the high-gravity technology in a
rotating-packed-bed reactor (RPB), and then a transparent polyvinyl alcohol (PVA)/HSNs nanocomposite was fabricated via a
simple solution blending method. HSNs have an inner cavity size of about 8 nm and the refractive index is 1.342. They can be
monodispersed in water and organic solvents respectively by using the different surface modifiers. The prepared PVA/HSNs
nanocomposite has a super-high transparency and a low haze, resulting from that HSNs are homogeneously dispersed in PVA
matrix without any aggregations, which has great application prospects in optical materials and devices.
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1. Introduction

With the rapid development of nanotechnology, the emergence
of nanomaterials with a hollow structure has impelled the
application of nanomaterials in the different fields.['’] Among
them, hollow silica nanospheres (HSNs) have been widely
applied in diverse engineering and technological domain
including optical, catalysis and biomedical materials./*
Especially for the optical materials, HSNs with a low
refractive index act as the anti-reflection additive or coating to
enhance the visible transmittance of materials effectively.
Introducing HSNs into polymer matrices can prepare the super
transparent inorganic/organic nanocomposites, which have a
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significant application prospect in optical transmission,
optical storage, and photoelectric display.*!!l

HSNs have been generally synthesized by templating
methods, which are further divided into three categories
including self-template, soft template and hard template.['?-14!
Among them, the third method is the most well-defined and
has been widely applied in the preparation of HSNs.['?] Jia et
al."3 synthesized HSNs with diameter of 50 nm by using poly
(acrylic acid) as a template, ethyl orthosilicate as a precursor
respectively. The average transmittance of antireflective layer
reached 99% in the wavelength from 380 to 1600 nm. Zhang
et al ¥ prepared poly (acrylic acid)-silica nanospheres with a
core-shell structure and then obtained HSN's by removing core.
The particle size of the product was about 30 nm with obvious
hollow structure, which is suitable for anti-reflection coating
on solar glass of photovoltaic modules. However, in order to
arrange HSNs evenly and improve the transparency
remarkably, these antireflective layers with thin thickness

were usually formed by the layer-by-layer self-assembly
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method, which is and complicated.

of
nanocomposites with high transparency by the simple

time-consuming
Fabrication anti-reflection inorganic/organic
blending method is rarely reported, because HSNs are easy to
agglomerate and hard to be well dispersed in organic matrices
by this method. According to the Rayleigh scattering principle,
when the reflective index of HSNs is different from the
polymer matrices, particles or particles aggregations with the
size over 40 nm in optical materials can cause the light
scattering.'® HSNs can theoretically decrease the refractive
index of transparent polymer to reduce the surface reflection,
whereas they can also increase the light scattering inside the
polymer caused by their larger grain size or agglomerations,
resulting in that the haze is increased obviously and the total
visible-light transmittance may be decreased. Therefore, the
synthesis of ultrafine and well-dispersed HSNs is particularly
important for the inorganic/organic optical nanomaterials.

In this paper, we have synthesized HSNs by a water-in-oil
microemulsion method in the rotating-packed-bed (RPB) reactor,
and then fabricated HSNs/PVA nanocomposite film via the
solution blending method. RPB can generate a high-gravity
environment to provide an excellent micromixing and mass
transfer efficiency, contributing to generating faster nucleation
rate and more uniform spatial concentration.!'” Hence, the
prepared HSNs have a uniform hollow structure and a small size
of about 20 nm. They can be monodispersed in water and some
organic solvents respectively by modifying with the different
index of HSNs is 1.342.
Nanoparticles can be well-dispersed in PVA matrix to reduce

surfactants. The refractive
the reflection and therefore boost the visible transmittance
from 91.5% to 98%. Meanwhile the haze is barely increased.

2. Experiment Section
2.1 Materials
Zinc acetate dihydrate (Zn(Ac),-2H»0), potassium hydroxide
(KOH), methanol (MeOH), ethanol (EtOH), Cyclohexane, 3-
(KH550), 3-
silane  (KH570), 3-
mercaptopropyltrimethoxysilane ~ (KH590), polyethylene
pyrrolidone (PVP), and methyl orthosilicate (TMOS) were
purchased from Beijing Tongguang Fine Chemical Co. LTD.
Ammonia (NH3-H2O, 28.0%), isobutyl
(MIBK), (PVA)
polyoxyethylene(9)nonylphenyl ether (Igepal CO-630) were
supplied by Tianjin Damao Chemical Reagent Factory.

aminopropyltriethoxysilane
methacryloxypropyltrimethoxy-

methyl ketone

polyvinyl alcohol and

Deionized water was made by Beijing University of Chemical
Technology. All of the reagents were of analytical purity and
could be used directly.
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2.1 Preparation of ZnO nanoparticles for template

425 mL Zn(Ac),-2H,0 methanol solution (0.4 M) were stirred
at 400 rpm and heated at 70 °C for 10 min, followed by
equivalent KOH ethanol solution (0.8 M) poured into a three-
neck flask within 30 s. After reaction for 10 min, 2.1 g TMOS
and 7 g KH550 were dropwise added successively with
interval of 30 min. After 2 h surface modification, the obtained
product was washed by ethanol, and dried by rotary
evaporation. Finally, they were dispersed in deionized water
and the transparent ZnO aqueous phase nanodispersion was
achieved.

2.2 Preparation of Hollow Silica nanospheres (HSNs)
First, oil phase (100 g Igepal CO-630, 0.9 L cyclohexane and
4 mL TMOS) and aqueous phase (5 mL 10 wt% ZnO
dispersion, 3 mL ammonia and 4 mL deionized water) were
pumped into the RPB with flow rates of 250 and 2 mL/min
respectively. Then reaction process proceeded for some time,
followed by the modifier added to modify. After the reaction
was over, the HSNs were precipitated and washed with ethanol,
and then dispersed in the solvent to obtain the corresponding
dispersions. In this study, the product modified by PVP,
KH570, and KH590 would be dispersed in deionized water,
MIBK, and MeOH respectively. In addition, the same process
above was performed in stirring tank reactor (STR) for
comparation. The oil phase and aqueous phase were slowly
mixed in a beaker on the premise of magnetic stirring at 500
rpm and other conditions remained unchanged.

2.3 Preparation of HSNs/ PVA Composite Materials

Transparent PVA/HSNs nanocomposite films with low
refractive index were fabricated by a facile solution mixing
method. Typically, PVA was first dissolved in the deionized
water at 90 °C under vigorous stirring for 2 h to obtain
homogeneous solution. Subsequently,

modified HSNs nanodispersions with different HSNs content

transparent PVP-

were added into the above PVA solution. The formed mixture
was mixed and stirred in a flask for 30 min until a
homogeneous and transparent solution was obtained. Finally,
the above PVA/HSNs solution were placed in mold with
vacuum drying at 40 °C for 72 h. Finally, the HSNs/PVA
nanocomposites with different HSNs content were attained.

2.4 Characterization

A JEOL JEM-F200 Transmission Electron Microscope (TEM)
was used to observe the micrographs and dispersion of
nanoparticles in solvent and organic matrix, also observing the
lattice of ZnO nanoparticles. The particle size distribution and
surface potential of nanoparticles were investigated by a
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MALVERN Zetasizer Nano ZS90 laser particle size analyzer.
The particle size of HSNs was estimated by measuring the
sizes of at least 300 particles in the TEM images by image
analysis and processing software (Image-Pro Plus 6.5, Media
Cybernetics Inc., USA). X-ray diffraction (XRD) patterns and
FTIR spectra of the nanoparticles were examined on a
SHIMADZU 6000 X-ray diffractometer in the scanning range
from 10° to 80° and Vector 70 FTIR Spectrometer in the
wavelength range of 4000~400 !
Transmittance of composite materials was measured by UV-
visible spectrophotometer in the wavelength of 300~800 nm.
Thermogravimetric analysis (TGA) was examined on a
TGA2-SF Thermo- gravimetric Analyzer at a heating rate of
10°C/min in Nj. The refractive index of HSNs dispersion was
measured by Abbe refractometer (Abbemat 300/500). The
haze and refractive index of HSNs/PVA nanocomposites were
tested by Transmittance/Haze tester (WGT-S)
ellipsometer (UVSEL, HORIBA, France) respectively.

cm!  respectively.

and

3. Results and discussion
3.1 Reaction mechanism
HSNs are prepared by hard template method in reverse
microemulsion. In a typical process, as shown in Fig. 1a, ZnO
nanoparticles mentioned above as the hard templates are
prepared firstly. In order to form a SiO, layer on the surface of
ZnO nanoparticles, a surface modification step for ZnO
nanoparticles is applied, which can change the surface
functionality such as surface charge and polarity. SiO, with the
negative charges are gradually deposited on the surface of
ZnO nanoparticles with the positive charges by electrostatic
attraction, and then the ZnO@SiO» nanoparticles with a core-
shell structure are formed. Next, ZnO nanoparticles are
corroded gradually by NH3-H>O diffusing to the ZnO surface
through the SiO; shell. Eventually HSNs are attained and can
be monodispersed in water or organic solvents by the
subsequent surface modification process. In the formation of
ZnO@Si0: nanoparticles, the friendly compatibility between
the template surface and the shell material allows for a quick
and efficient capture of shell material molecules by template,
and reliable deposition on this heterogeneous surface is a
necessary guarantee for the formation of the core-shell
structure.!'>'¥] During the next stage of template removal, SiO;
molecules form a stably physical shell structure. NH3-H,O
diffuses to the surface of ZnO template through the SiO2 shell
to corrode template gradually and finally it is completely
removed without any effect on the shell microstructure of the
final product.l'21°]

The inverse microemulsion is composed of water as the
disperse phase and cyclohexane as the continuous oil phase.

© Engineered Science Publisher LLC 2024

The emulsifier is Igepal CO-630, contributing to the formation
of a stable water-in-oil emulsion, as shown in Fig. 1b. Under
the high gravity circumstance in RPB, water is broken into
nanoscale droplet phases used as nanoreactors by the great
shearing forces, therefore reversed-phase microemulsion is
transparent and has obvious advantages in the synthesis of
high-quality hollow nanoparticles.["”! ZnO nanoparticles are
monodispersed in water nuclear and TMOS precursor is
dissolved in cyclohexane. Moreover, NH3-H>O is selected as
hydrolysis catalyst, and meanwhile as the etchant for template
agent. TMOS in oil phase hydrolyzes at the oil-water interface
under the catalytic effect of NH3-H,O in water and the
hydrolysis products enter into water nuclear for heterogeneous
nucleation on the surface of ZnO nanoparticles.**?1 When
TMOS dispersed in the oil phase tends to enter the water phase,
it must overcome the interfacial resistance through the oil-
water interface, which greatly limits the diffusion rate of
TMOS and effectively controls the concentration of hydrolysis
products in the water core.? In this way, the occurrence of
homogeneous nucleation is avoided, and the heterogeneous
nucleation process can occur in an orderly way.”?'! The amount
of water in microemulsion is small, so the number of ZnO
nanoparticles is strictly limited by the restricted volume of the
aqueous phase nanoreactor. The hydrolysis reaction rate of
TMOS can be controlled to achieve the uniform coating of
SiO; on ZnO. At the same time, ZnO nanoparticles are
corroded slowly and gradually by NH3-H,O in water. After 2
h reaction, modifier such as PVP dissolved in water is
dropwise added and coated on the surface of SiO; by in-situ
modification method. After forming a dense SiO» layer, the
ZnO template disappears and a hollow structure is formed.
And thus, the modified HSNs are finally obtained. The whole
preparation process is performed in RPB, which can produce
high gravity environment (tens to hundreds of g) by
centrifugal force. The process in the RPB reactor is
significantly intensified, and it is helpful for providing a more
even emulsion system and reaction surrounding, which is
suitable for the preparation of uniform nanoparticles at a large-
scale.[24

3.2 Characterization of ZnO for template agent

As a template, the prepared ZnO nanoparticles have a
spheroid morphology (Fig. 2a), which can be monodispersed
in water to form a transparent nanodispersion. Clear and
continuous lattice fringes of ZnO nanoparticles with 0.28 nm
lattice spacing in the high resolution transmission electron
microscopy image (inset 2 of Fig. 2a) correspond to the (100)
crystal plane of ZnO, which indicates the ZnO nanocrystals
are well crystallized.®! The average diameter of nanoparticles
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Fig. 1 Diagram of formation process of HSNs by hard template method (a) and reaction mechanism diagram for TMOS in reverse

microemulsion (b).

is about 9 nm and the size distribution is very narrow (Fig. 2b).
The visual photo of 10 wt% ZnO nanodispersion (inset of Fig.
2b) shows that it after the storage of 2 months, which indicates
that the prepared ZnO nanoparticles have excellent dispersion
stability in water. XRD patterns of ZnO nanoparticles (Fig. 2¢)
present all the peaks of unmodified and modified samples
expectedly corresponding to hexagonal wurtzite crystal form
(JCPDS No.361451).125291 All peaks of the modified sample are
slightly broadened and weakened than unmodified one,
the
nanoparticles surface weaken the detection of ZnO crystal

because organic modifier molecules coated on
components.2’

The FTIR spectrum of ZnO nanoparticles (Fig. 2d) shows
that KH550 has been successfully grafted onto the surface of
nanoparticles because its characteristic absorption peaks
appear in the curve of modified ZnO such as -CH- (~2947
cm), -CH, (~1220 ¢cm) and -NH, (~1587 cm™).27 The
absorption peak at ~3428 cm™! corresponds to the
characteristic peaks of -OH stretching vibration. TGA results
(Fig. 2e) further confirm that ZnO nanoparticles are wrapped
by the modifier. The total weight loss rate of unmodified and

modified ZnO is 6.5 wt% and 25.1 wt%, respectively.

4| Eng. Sci., 2024, 27, 996

Combined with the results of FT-IR (Fig. 2d), the weight loss
of unmodified and modified ZnO nanoparticles in the TGA
curves are respectively ascribed to the elimination of -OH
bonds and decomposition of KHS550 on the surface of
nanoparticles.>>2¢l Therefore, the total loading of modifier is
18.6%. Moreover, it is noted that surface amination treatment
makes ZnO nanoparticles positively charged up to 34.2 mV,
which facilitates coating process of SiO» with negative
charge.?®!

3.3 Influencing factors of preparing HSNs

The effects of different preparation conditions on the
morphology and dispersibility of HSNs were investigated and
the results show that molar ratio of NH3-H>O to ZnO is the
most critical factor to form an obvious hollow structure in the
preparation process. TEM images of SiO2 nanoparticles
prepared in RPB at different molar ratio of NH3-H>O to ZnO
(Figs. 3a-d) have presented that SiO2 nanoparticles undergo a
transition from a solid structure to an inconspicuous hollow
structure, then to an obvious hollow structure and final to a
core-shell structure with the value decreasing from 7.7 to 3.7.
More NH3-H>O will corrode ZnO rapidly and SiO; nucleates

© Engineered Science Publisher LLC 2024
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Fig. 2 TEM image (a) of ZnO nanoparticles. Insets include local enlarged view of TEM image and HRTEM image. Particle size
distribution (b) of ZnO nanoparticles. Inset includes visual photograph of ZnO nanodispersion. XRD patterns (¢) of ZnO
nanoparticles. FTIR spectra (d) of ZnO nanoparticles and KH550. TGA curves (e) of ZnO nanoparticles.

independently. Less NH3-H»O cannot corrode ZnO effectively,
leading to formation ZnO@SiO; nanoparticles with a core-
shell structure instead. Under the optimum ratio of 6.1, the
deposition rate matches the corrosion rate of template, and the
product can be prepared with high uniformity and well-
controlled hollow morphology.

In addition, the reaction time has also an important
influence on the morphology of nanoparticles. TEM images of

nanoparticles prepared in RPB at different reaction times (Figs.

4a-d) present the transition from a core-shell structure to a
hollow structure. Since the coated silica shell will slow down
the diffusion rate of NH3-H,O to the surface of ZnO
nanoparticles, the reaction time of 1 h is not sufficient to

© Engineered Science Publisher LLC 2024

corrode ZnO templates to form a core-shell structure
nanospheres (Fig. 4a). When the reaction time is extended to
2 h, ZnO nanoparticles are corroded slightly and an unobvious
hollow structure can be seen (Fig. 4b). The nanospheres with
an obvious hollow structure are obtained when the reaction
time is over 3 h (Figs. 4c and 4d).

The effect of rotating speed of RPB on the morphology of
Si0O, were investigated, and the results are presented in Fig. 5.
With the increase in rotating speed, the morphology of SiO; is
from solid to hollow. Mass transfer and mixing efficiency is
not enough high at low rotating speeds, resulting in that the
formation rate of SiO; is slower than the corrosion rate of
template, so SiO» nanoparticles is mainly solid (Fig. 5a). With
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Fig. 3 TEM images of SiO nanoparticles prepared in RPB at molar ratio of 7.7 (a), 6.9 (b), 6.1 (c) and 3.7 (d) for NH3-H,O and ZnO.

Inset includes local enlarged views of TEM images.

the increase in the rotating speeds, the apparent reaction rate
of SiO» is raised. When the rotating speed is higher than 1500
rpm, the prepared SiO» nanospheres have an obvious hollow
structure (Figs. 5b and ¢).

The temperature during the whole process including
synthesis and modification is constant and has a great effect
on the dispersion state of HSNs in water. TEM images of
HSNs prepared in RPB at the temperature of 5 °C (Fig. 6a)
shows the products fail to exhibit well-dispersed state. It is

includes local enlarged view of TEM image.
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well known that the viscosity of PVP aqueous solution is in
negatively correlated with temperature.?”’ At a low
temperature of 5°C, PVP coated on the surface of HSNs tends
to stick together with gelation. Therefore the final product is
troubled by the secondary agglomeration,% resulting in the
HSNs dispersion becoming opaque (inset of Fig. 6a). TEM
images of HSNs prepared at the temperature of 20 °C, 35 °C
and 50 °C (Figs. 6b-d) show that the agglomeration of HSNs
intensifies with the increase in temperature. When the

l'?n vious

NOHOW

20nm
ure S

struc

200nm

1h (a), 2h (b), 3h (b) and 4h (b). Inset in Fig. 4b
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Fig. 5 TEM images of HSNs prepared in RPB at rotational speeds of 500 rpm (a), 1500 rpm (b), 2500 rpm (c).

temperature is 20 °C, the surface of HSNs can be effectively
coated by modifier PVP to form a dense capped layer, causing
a good dispersion of HSNs in water to form a high transparent
dispersion (inset of Fig. 6b). However, the dispersibility of
HSNs becomes worse with rising temperatures and the
nanodispersions gradually appear opaque and whitish (insets
of Figs. 6¢ and 6d). The particle size distributions are also
tested by a laser particle analysis, and the results are shown in

Fig. 6e. The HSNs prepared at 20 °C have a minimum average
particle size with an extremely narrow size distribution,
indicating that they have the best state of dispersion in water.
Moreover, the dispersions of HSNs in different organic
solvents were also synthesized successfully and used to
fabricate the highly transparent nanocomposites by the
solution blending method, which can further expand the
application fields of HSNs. Herein, HSNs modified by

20°C
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£
g%
=
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0 r g r g
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Fig. 6 TEM images of HSNs prepared in RPB at temperatures of 5 °C (a), 20 °C (b), 35 °C (c), 50 °C (d). Inset includes visual
photographs of HSNs dispersions. Particle size distribution (¢) of HSNs prepared at different temperatures.
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different types of modifiers such as PVP, KH570, and KH590
can be stably well-dispersed in corresponding solvents (water,
MIBK and MeOH) to form the transparent dispersions,
respectively.

Processing capacity of RPB reactor for synthesis of such
HSNs mentioned above is from ten to hundreds of grams per
batch in the laboratory. In this study, the gram-level
preparation of HSNs in STR and RPB was investigated for
comparison. The nanoparticles synthesized in RPB are
uniform hollow structure with regular morphology (Fig. 7a).
After modified by PVP, they can be well-dispersed in water to
attain highly transparent nanodispersion (inset of Fig. 7a).
Unfortunately, the products prepared in STR are solid and
hollow mixtures (Fig. 7b), and further prolongation of reaction
time has no improvement in the uniformity of structure. The
particle size distribution of Si02 nanoparticles and their cavity
size synthesized in RPB or STR have been analyzed (Figs. 7c-
d). SiO; nanoparticles prepared in RPB have an average
diameter of about 20 nm and a narrow size distribution from
10 to 30 nm, which are obviously smaller and more uniform
than those prepared in STR. Furthermore, the inner cavity of
Si0; is even and the size is about 8 nm, but most nanoparticles
prepare in STR are solid. More importantly, the reaction time
in RPB is 3 h as half as that in STR, resulting from the
formation of uniform water-in-oil emulsions with smaller size
of water phase and faster mass transfer at oil-water interface

in RPB.**l Moreover, the yields (mass percentage of the well-
dispersed nanoparticles in the total output) of HSNs in RPB
and STR with the morphology as shown in Figs. 6a and 6b
have a huge difference. The yield in RPB is beyond 75%,
which is twice as much as that in STR. All in all, the high
gravity technology provides the possibility for the large scale-
up preparation of ultrafine HSNs, which is important for the
industrial application of HSNs as antireflection functional
additive in optical polymer matrices.

3.4 Analysis of characterization results about HSNs

From the FT-IR spectra of HSNs (Fig. 8a), it can be seen that
unmodified HSNs has no C-H (~2969 cm™), C=0 (~1644
cm!') and C-N (~1398 cm!) peaks, which are the
characteristic absorption peaks of PVP. These peaks appear in
the modified ones, indicating that PVP are successfully
wrapped on HSNs. However, there is no new characteristic
absorption peak, illustrating only existence of physical
interaction between PVP and HSNs. Moreover, there are a
large number of OH groups on the surface of HSNs and the
stretching vibration peak appears at ~3384 cm™!. XRD
pattern of HSNs (Fig. 8b) exhibits only one wide diffraction
peak at about 25°, indicating that the HSNs present an
amorphous state. In the TGA curves (Fig. 8c), the total weight
loss of unmodified and modified HSNs are 5.9 wt% and 21.8
wt % respectively. Combined with the results of FT-IR, they
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Fig. 7 TEM images of HSNs prepared in RPB (a) and STR (b). Inset in Fig. 6a includes visual photograph of HSNs nanodispersion.

Histogram of particle size distribution (c) and inner cavity size (d) of HSNs prepared in RPB and STR respectively.
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dispersions with different contents of HSNs.

are mainly due to elimination of OH bonds and decomposition
of PVP on the surface of HSNs. The coating amount of PVP is
about 15.9 wt%.

The influence of HSNs volume fraction in water on the
refractive index of HSNs dispersions was investigated. The
relationship of them can be calculated using the Equation
1 . [16,31]

ne =n,V% +n,(1 —V%) = (n; —n,)V%+n, (1)
where ng, n; and n, are refractive index of HSNs aqueous
dispersion, HSNs and H>O respectively. V% is volume
fraction of HSNs in water. The value of n; can be measured
using a refractometer and the results are presented in Fig. 8d.
It has a linear relationship with the content of HSNs in water.
n, is about 1.333 and the slope of the line is 0.009. The
function of n; and V% is fitted linearly (R?=0.999), namely
n=0.009V%+1.333. So, the refractive index of HSNs (n;) is
1.342, which is much lower than that of most polymers.
Moreover, the refractive index of HSNs also can be calculated
from their size. According to Equation 1, n;, n; and n, are
refractive index of HSNs, solid SiO and air. As we know n;
and ny are about 1.46 and 1 respectively. The shell of HSNs
has high porosity. According to the literatures,*>*’! pore
volume of the amorphous SiO; is generally about 0.12 cm’/g.

© Engineered Science Publisher LLC 2024

And the ratio of pore volume of the HSNs shell to the whole
volume of HSNs can be calculated at 17%, based on the
specific volume of 0.73 cm’/g (density of 1.37 g/cm?) for
HSNs. Considering inner cavity volume fraction of 7%, the
total porosity of HSNs is about 24% and theoretical refractive
index is 1.35, which shows the theoretical calculation result is
in good agreement with experimental one. This also indicates
that cavity of HSNs is fully filled with air instead of water.
Otherwise, the calculated and measured value of refractive
index for HSNs should be 1.430. In addition, it is satisfactory
that the modified HSNs in water are endowed with excellent
dispersion stability. The nanodispersions have maintained
good transparency without sediments after placed several
months, due to strong charge repulsion effect among HSNs (-
19.2 mV).

3.5 Optical performance of HSNs/PVA nanocomposites

HSNs/PVA nanocomposite films with the thickness of 100 um
have been fabricated by the solution blending method. From
the UV-vis transmittance spectra of neat PVA and HSNs/PVA
nanocomposites (Fig. 8a), it is can be seen that the
transmittance of visible light is enhanced remarkably with the
rise in HSNs content, illustrating that HSNs indeed are well-
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dispersed in PVA matrix. Therefore, the nanocomposites have
an excellent antireflection effect. In addition, HSNs/PVA
nanocomposite remains high transparency without a whitish
or opaque appearance (inset of Fig. 9a). The visible
transmittance and haze at 580 nm of the films are clearly
depicted in Fig. 9b. When HSNs content increases from 0 to
33 wt%, the transmittance increases from 91.5% to 98%,
because the well-dispersed HSNs can decrease surface
reflectivity and boost total luminous flux of nanocomposites
due to their low refractive index. However, as we know, due
to the existence of difference in refractive index between
nanoparticles and polymer, if the nanoparticles aggregate or
have larger size in polymer matrix, they can change the optical
path more or less and cause the light diffuse scattering
(Rayleigh scattering). Although the surface reflection ratio
declines because of the deduction in refractive index of
nanocomposites, the total reflectivity may be enhanced, and
the haze of nanocomposite must be increased, which is a huge
obstacle for the application of antireflection transparent
composite films.[') When the particles size is bigger and
particles aggregation is more, the haze of composites is raised
more obviously. To our surprise, the haze of prepared
HSNs/PVA nanocomposite is increased slightly with the

addition of HSNs, indicating the excellent dispersion state of
HSNs in PVA matrix. TEM image of nanocomposite (Fig. 9c)
indeed confirms that HSNs with 22 wt% content have a
homogeneous dispersion in PVA matrix without any
aggregations. Light diffuse scattering does not happen because
the nanoparticles have the size of much less than 40 nm and
are well-dispersed in optical polymer matrix basically.'®! In
this way, it gives full play to the function of anti-reflection and
remarkably improves optical performance of nanocomposites
without diffuse reflection.

The influences of HSNs volume fraction on the refractive
index of HSNs/PVA nanocomposites are investigated through
theoretical calculation and experimental test respectively, as
shown in Fig. 9d. The theoretical values were also calculated
according to Equation 1. ni, n; and n, are refractive index of
HSNs/PVA, HSNs and PVA respectively. n; is 1.342 as
mentioned above and n, equals to 1.53, which is the theoretical
value of pure PVA. Therefore, when the volume fraction of
HSNs reaches 21%, n; can enhance linearly to 1.49. However,
with the same content of HSNSs, the refractive index of
HSNs/PVA nanocomposites tested in the experiment is lower
than that by calculation. It is decreased nonlinearly from 1.535
to 1.458 with increased HSNs content from 0 to 21 vol%,
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Fig. 9 UV-visible transmittance spectra (a) of films with different HSNs contents. Inset includes visual photograph of HSNs/PVA
film. Transmittance and haze at 580 nm (b) of HSNs/PVA nanocomposites with different HSNs contents. TEM image (c) of
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which is not consistent with the theoretical calculation
results,?!l because the addition of inorganic nanoparticles
would reduce the crystallinity of the organic substrate.*

All these indicate that the HSNs/PVA composite materials
have outstanding optical performance with considerable
application prospect. Of course, by changing the types of
modifiers, the HSNs can be incorporated into the different
organic substrates by the simple blending method to form
nanocomposites with excellent optical properties.

4. Conclusion

In summary, the synthesis of 20 nm HSNs with the inner cavity
diameter of 8 nm has been scaled up successfully in RPB.
These nanoparticles show a very uniform particle size and an
excellent dispersity. As the anti-reflection additive agent, they
have been introduced into the optical PVA matrix by a simple
solution blending method. HSNs can reduce the refractive
index and improve the visible transmittance of PVA effectively.
Most importantly, the haze of PVA is unchanged basically by
adding HSNs, indicating that HSNs are well-dispersed in
polymer matrix. This work provides a simple and effective
method to stably synthesize the ultrafine HSNs and super
transparent inorganic/organic nanocomposites, which can
promote the development of the technology for the large-scale
preparation and industrial application of anti-reflection
materials.
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