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Waxberry-like core—shell SiO,@TiO, nanoparticles were prepared by liquid-phase deposition (LPD)
method. The dip-coating self-assembly of waxberry-like core-shell SiO,@TiO, nanoparticles has been
used to fabricate coatings with excellent antiglare properties in the large angle and wide wavelength
range. The field emission scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) measurements showed that the surface of SiO, nanoparticles were coated by titania as a shell

. 4 25t 3 018 with controllable and uniform thickness. The ultraviolet visible near-infrared spectrophotometer (UV-Vis-
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Accepted 13th March 2018 NIR) results indicate that the maximum transmittance of the antiglare coating is up to 95.80% in the

visible band, whereas that of the pure glass substrate is only 92.10%. The scattering and haze of the films

DOI: 10.1035/c8ra00775¢ have been measured to show that such specifically structured coatings exhibited good antiglare
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Introduction

Glare has been one of the most important reasons for night
traffic accidents and visual fatigue. With the appearance and
development of high-brightness synchrotron radiation sources,
light pollution has become an increasingly serious problem.
The most effective solution is to use high transparency coatings
to realize an antireflective and antiglare purpose. An antire-
flective and antiglare film comprises three major components:
light-scattering particles, binding resin, and substrates.'”
Specifically structured films have been attracting much atten-
tion in application of antireflective and antiglare technologies
to lower the intensity of the glare by reducing the light reflec-
tion."**® Various approaches have been developed to construct
specifically structured functional films including hard or soft
template method, electrochemical deposition, phase separation
of polymers, domain-selective treatment by etching or lithog-
raphy, hydrothermal reaction and self-assembly. Two schemes
have been developed to reduce the light reflection: (1) make an
antireflective and antiglare coating with roughened surface to
scatter the undesirable light; (2) choose low reflective index film
material to reduce the light reflection by destructive
interference. 13191920
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properties in the large angle and wide wavelength range.

Some studies have revealed that the glare can be avoided by
controlling the ratio of light-scattering particles to the binding
resin, the difference in refractive indices of the light-scattering
particles and the binding resin, the diameter of the light-
scattering particles and the thickness of antiglare coatings.
Kawahara et al. added inorganic particles, such as silica,
alumna, titania, etc., to a UV-curable binder to form antiglare
coatings on triacetate cellulose (TAC), which finds applications
in LCD.”* Kahp Y. Suh et al. have fabricated a polyurethane
acrylate (PUA) sheet by partial photo polymerization and dry
etching, which have functions of antireflection and antifog-
ging.”> However, these antiglare coatings with suspended
particles can reduce the glare and light reflection but often
cause a significant weakness in image resolution and read-
ability because of the use of organic polymer.”*'* The light
diffusion effect is relatively unsatisfactory due to the sacrifice of
clarity, contrast, and resolution of transmitted images. Addi-
tionally, most of the methods require complicated fabrication
processes and expensive equipment.”® Low refractive-index
films or vary refractive-index coatings by adding pure inor-
ganic nanoparticles may solve the above problems.>* It is known
that SiO, has excellent properties such as low reflective index,
low dielectric constant, chemical stability and corrosion-
resistant property.”> Otherwise, TiO, has been widely
applied in many different kind of coating by compounding with
other material, such as SiO, and Al,03, as an important func-
tional coating inorganic material. Because of high refractive
index of TiO,, the film coated TiO, has broadband antireflection
properties to be applied to different kinds of functional coating,
which make it extremely attractive for practical applications in
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optical devices, display devices, and photovoltaic cells.”®*® For
these excellent performance, there is broad application pros-
pect to manufacture antiglare film with SiO, and TiO,. Wang
et al. have prepared a SiO,/TiO, antireflective coatings with self-
cleaning properties via sol-gel process and calcination
process.*® Besides, researchers have designed various projects
to improve antiglare property in the large angle and wide
wavelength range. Noboru Yamada et al. have characterized
antireflective moth-eye films placed on top of crystalline silicon
photovoltaic modules by indoor and outdoor experiments and
examined improvements in conversion efficiency.> The moth's
eye structure have the uniform bulges on the surface that show
excellent antiglare property in the large angle and wide wave-
length range.’** Therefore, there is urgent need to develop an
easy method for preparing bio-inspired structured inorganic
nanoparticles to fabricate antiglare films with good antiglare
property in the large angle and wide wavelength range.

In this paper, we have reported a novel waxberry-like core-
shell nanoparticle that SiO, nanoparticle as core with nanosized
titania as shell obtained by a liquid-phase deposition (LPD)
method.** The dip-coating assembly has been used for con-
structing films with waxberry-like core-shell SiO,@TiO, nano-
particles. Exciting antiglare property was achieved on this film
by controlling the way in which the light can propagate (Fig. 1).
It is distinct that the surface of the waxberry-like core-shell
SiO,@TiO, nanoparticles have many small inhomogeneous
projections. When the incident light irradiating on the surface
of the waxberry-like core-shell nanoparticles, the incident light
could be scattered in all direction by the microscopic inhomo-
geneous projections. At the same time, this specific waxberry-
like core-shell structure could form gradual refractive index
because SiO, and TiO, have different refractive index. Antiglare
performance from gradual refractive index is based on the
principle of light refraction. By building antiglare film with
refractive index gradient, the reflected light is gradually re-
flected to other directions to reduce the intensity of reflected
light entering the eyes to achieve antiglare property. Besides,
through further adjustment of film thickness and refraction
rate, the reflected light could interfere destructively to weaken
the reflected light flux entering the eyes, achieving better anti-
glare performance.’® When internal lights pass through the
coating, part of collimated light is scattered to the side of the

Outer Light

Inner Light

Fig. 1 Antiglare mechanism of coating with waxberry-like core—shell
nanoparticles.
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display because of the waxberry-like core-shell nanoparticles, to
improve internal light's scattering intensity and background
luminance. The excellent coating could ensure the definition of
images with wide angular range that users could feel comfort-
able. External light passing through the coating, it will be
scattered by the raised shell of the waxberry-like core-shell
nanoparticles, avoiding contrasted light into the eyes to elimi-
nate the glare. Due to the scattering of external light, antire-
flective (AR) and antiglare (AG) technologies are usually applied
in liquid crystal displays or touch panels to prevent the deteri-
oration of visibility by reflective light.

Experimental section
Materials

Tetraethoxysilane (TEOS, AR), titanium tetraisopropanolate
(TTIP, AR), ethanol (AR), NH;-H,0 (25%, AR), polyelectrolyte
polyallylamine hydrochoride (PAH, M,, = 70 000, Aldrich) were
purchased from Sinopharm Chemical Reagent Company
(Shanghai, China). All chemicals were used as received without
further purification. The water used in this work was deionized
(DI) water from a Millipore-Q purification system (Millipore,
USA) of resistivity 18.2 MQ cm.

Preparation of SiO,@TiO, nanoparticles and antiglare coating

The silica was prepared by stOber method.*® Modification of the
surface of silica nanoparticles using polyelectrolyte polyallyl-
amine hydrochoride by a layer-by-layer technique (Fig. 2) as
described elsewhere.?® In our previous works, the difference in
the concentration of (NH,),TiFs can be easily used to control of
the thickness of TiO, shells. Meanwhile, the TiO, shell had
a uniform cross-section over the entire surface of SiO, core and
the shell thickness was increased with increasing the
(NH,),TiFs content.* The specific works are as follows, the PAH-
functionalized silica nanoparticles were dispersed in 80 mL
deionized water. Then, a given amount of 0.1 mol L *
(NH,),TiFs solution was added to the dispersion followed by
ultrasonication for 1 h and adjustment of pH to 2.8 using
a 0.2 M HCI solution. Finally, a 0.6 M H3;BO; acid solution was
obtained by dropping titanium isopropoxide (TIPT)/ethanol
solution into the SiO, sol which having prepared above under
mechanical stirring. All nanoparticles were collected by centri-
fugation, washed with deionized water, and dried at 60 °C for
12 h. The waxberry-like core-shell SiO,@TiO, antiglare coatings
were prepared as follows: a mass of uniformly waxberry-like
core-shell SiO,@TiO, was dispersed into ethanol; then a dip-
coating self-assembly process was undertake at the rate of 20

TTIP/ethanol
TiO, shell
pump /
H,0, ethanol dip coating
TEQS "—m- sioz sol m——( g —— film
NH,H,0,4h 3h

Fig.2 Schematicillustration of particulate coating from self-assembly
of waxberry-like core—shell SiO,@TiO, nanoparticles.
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cm min~ " to produce uniform coatings on the surface of the
glasses at 25 °C.

Characterization

A field emission scanning electron microscopy (SEM; S4800;
Hitachi, Japan) was used to observe the morphology of the TiO,
on the surface of silica nanoparticles. Fourier transform
infrared spectroscopy (FTIR; Nicolet 6700; American) of the
core-shell nanoparticle was obtained in the region 400-
4000 cm™'. The thickness of the shell was investigated by
Transmission Electron Microscope (TEM; Tecnai F20; EI,
America). The crystalline structure of the core-shell nano-
particle was characterized using TEM selected-area electron
diffraction (SAED). The haze of the coating was measured by
a haze meter (WGT-S, Shanghai Chenguang Instrument CO.
LTD). The transmission and reflection of the coating were
measured by an ultraviolet visible near-infrared spectropho-
tometer (UV-Vis-NIR; Lambda 950; Perkin Elmer, America). The
incident angle dependence reflectivity were tested via the
spectroscopic  ellipsometry  measurements  (M-2000DI,
J.A-Woollam Co, Inc, USA). The photographs of the films were
recorded with a Canon EOS 500D digital camera.

Results and discussion

Fig. 3 shows SEM and TEM images of 120 nm waxberry-like
core-shell SiO,@TiO, nanoparticles and selective area elec-
tron diffraction (SAED) of core-shell SiO,@TiO, nanoparticles.
As showed in Fig. 3a, the waxberry-like core-shell nanoparticles
exhibit essentially the same size and very good dispersibility in
the SEM images. Furthermore, approximate 10 nm thick TiO,
shell layers can be observed on the surface of the core-shell
SiO,@TiO, nanoparticles in the SEM and TEM images (Fig. 3b
and d). The continuous and dotty rings in selective area electron
diffraction in inset of Fig. 3d indicate the existence of tiny and
relatively larger crystals respectively, verifies the polycrystalline
feature of the TiO, shell. Herein, through TEM and SAED

Fig. 3 SEM image of (a), (b) SiO,@TiO, and TEM image of (c) SiO, and
(d) SiOL@TiO; inset is the SAED of SiO,@TiO,.
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analysis, there is no evidence for oxide compounds or crystals
except TiO,.

Fig. 4 shows FTIR spectra of SiO, nanoparticles and core-
shell SiO,@TiO, nanoparticles by LPD method in the region
400-4000 cm ', The core-shell nanoparticles can be observed
in the broad absorption bands in 470-798 cm ™", which is cor-
responding to Ti-O-Ti network; and 800-1100 cm ' corre-
sponding to Si-O-Ti and Si-O-Si network. The slightly
increased absorption inside the circle at 470-798 cm ™' showed
that there is Ti-O-Ti stretch vibration absorption in the core-
shell Si0,@TiO, nanoparticles. It is obvious that the absorption
peak at 954 cm™ ' moves to 938 cm™'. The shift indicates the
existence of Si-O-Ti asymmetric stretching vibration absorp-
tion. The peaks at 3192 cm™ " and 1403 cm™ " indicated that Ti-
OH groups exist in the core-shell SiO,@TiO, nanoparticles.
From these results, it can be concluded that the obtained
nanoparticles have core-shell structure composed of SiO, and
TiO,.

Fig. 5 shows SEM images of SiO, nanoparticles and SiO,
nanoparticles with homogeneous TiO, shell. In Fig. 5a and b,
120 nm SiO, nanoparticles are coated on the surface of the glass
and packed tightly together. As is seen from Fig. 5c and d, the
120 nm waxberry-like core-shell SiO,@TiO, nanoparticles
synthesized in this work possessed uniform size and surface
roughness. The film was found that the surface of the film is
relatively flat and 120 nm waxberry-like core-shell SiO,@TiO,
nanoparticles are arranged in an orderly manner. The diameter
of waxberry-like core-shell SiO,@TiO, nanoparticles are about
40 nm in Fig. 5e. As clearly seen from Fig. 5e and f, the 40 nm
waxberry-like core-shell nanoparticles became tightly packed to
form aggregation easily. It is difficult to realize effective control
of the path of light propagation. In Fig. 5¢ and h, 600 nm
waxberry-like core-shell SiO,@TiO, nanoparticles distribution
tends to be evidently uneven. It can be observed that large
particles might be hard to adhere to the surface of the glass to
constitute close-packed structure. Clearly, more 120 nm
waxberry-like core-shell SiO,@TiO, nanoparticles are adsorbed
on the pure glass surface to build compact films, which is
believed to be advantageous for forming rougher surface. The

Absorption/(%)

4000 3500 3000 2500 2000 1500 1000 500
Wavelength/(cm-1)

Fig. 4 FTIR spectra of (a) SiO, and (b) SiO,@TiO,.
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400 nm

400 nm

Fig. 5 SEM images of LPD method (a) 120 nm SiO;; (c) 120 nm
SiOL@TiOy; (e) 40 nm SiO,@TiIO,; (g) 600 Nnm SiO,@TIO,. (b, d, f, h)
Side view of a, ¢, e, g, respectively.

surface roughness is believed to affect the transmittance and
antiglare property of coating, which is discussed below in detail.

Direct reflection of film with coating SiO, nanoparticles or
different size core-shell SiO,@TiO, nanoparticles (by LPD
method) under the condition of vertical incidence was shown in
Fig. 6. It is obvious that specular reflectance of the glass after
coating is lower than that of the glass without coating. As
a result, all films that the core-shell SiO,@TiO, nanoparticles
are coated on the surface of the glasses exhibited good antiglare
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Fig. 6 Direct reflection of different coating.
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property compared with the pure glass. Of those, the direct
reflection of the film with adding 120 nm SiO, nanoparticles or
waxberry-like core-shell SiO,@TiO, nanoparticles is lower than
the other kinds of films. It can be observed that the film coated
120 nm waxberry-like core-shell SiO,@TiO, nanoparticles
possess weaker reflectance in broader spectral range in
comparison to the film coated 120 nm SiO, nanoparticles. The
waxberry-like core-shell SiO,@TiO, nanoparticles have many
small inhomogeneous projections on the surface. It is these
microscopic inhomogeneous projections that interact with the
incident light in a specific way. When the incident light inter-
acts with the rough surface as if the surface has a gradient
refractive index, light rays tend to bend progressively to scatter
in other directions to weaken the intensity of reflected light."®
This could help explain that the surface roughness of waxberry-
like core-shell SiO,@TiO, nanoparticles is greater than surface
roughness of SiO, nanoparticles to effectively reduce the
reflection of internal light and external light. Based on the
above, the film coated 120 nm waxberry-like core-shell SiO,@-
TiO, nanoparticle has the best antireflective and antiglare
performance.

Antiglare property of the film is closely related to specular
reflectance and haze. The proper haze is beneficial to reduce the
intensity of glare into the eyes and improve the definition of the
images. Too low haze will cause strong reflection and poor
antiglare performance. Too high haze will lead to high intensity
of light scattering to weaken contract, brightness and sharpness
of images. As shown in Table 1, the transmittance and the haze
of the 120 nm waxberry-like core-shell SiO,@TiO, nanoparticle
film are 95.80% and 2.66%, respectively. These results would
give some indication that the specifically structured coatings
show the antiglare property in the large angular range.

The scattering of film with different 120 nm nanoparticles
under the condition of verticals incidence was shown in Fig. 7.
The scattering of the film with 120 nm waxberry-like core-shell
SiO,@TiO, nanoparticles was up to 5.5%. It indicates that
waxberry-like core-shell SiO,@TiO, nanoparticles on the
surface are better at changing the path of light propagation,
avoiding strong light into naked eyes, to increase antiglare
performance. Besides, the scatterance of the waxberry-like core—
shell nanoparticles is higher because of excellent refractive of
the waxberry-like core-shell nanoparticles' TiO, shell, in favour
of improving antiglare property.

The p-Reflection of the pure glass and the antiglare coating
with 120 nm nanoparticles in wide angular range is shown in
Fig. 8. Under the same observation angles, the p-Reflection of
the glass with waxberry-like core-shell SiO,@TiO,

Table 1 The transmittance and haze of different samples

Sample Transmittance (%) Haze (%)
a Glass (K9) 92.10 0.21
b 120 nm SiO, 97.41 0.43
c 120 nm SiO,@TIO, 95.80 2.66
d 40 nm Si0,@TiO, 93.73 0.71
e 600 nm SiO,@TiO, 91.16 22.32

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Scattering of (a) 120 nm SiO5 and (b) 120 nm SiO,@TiO,.

nanoparticles coating (GST) is lower than it of the pure glass (G)
and the glass substrate with SiO, nanoparticles coatings (GS).
The result indicated that GST possesses better antireflective and
antiglare property. Similarly this means that the TiO, shell of
the film surface is able to effectively change the way of light
propagation. When observation angle is less than 60°, the p-
Reflection of GST is close to 0, indicating that GST has excel-
lent antiglare property to reduce intensity reflection in the range
from 0° to 120°. When observation angle rises to 70°, the most
p-Reflection of GST is about 8.7%, with good antiglare property.
When observation angular reaches up to 80°, the minimum of
p-Reflection of GST is over 39%, with no antiglare property.

As shown in Fig. 9, reflected light of the film with coating
120 nm waxberry-like core-shell SiO,@TiO, nanoparticles is
amaranthine. And we can get a clear image about the words
behind the glass. The TiO, shell with high refractive index,
coated on the surface of the waxberry-like core-shell nano-
particles, can evidently enhance luminance to further
improvement in antiglare performance. That may be because
the special waxberry-like particulate coatings with core-shell
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Fig. 8 Reflection of antiglare coating under different observation
angle of (a) 50°, (b) 60°, (c) 70°, (d) 80°.
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nanoparticles are as good as to show high transparency due to
change propagation of light, as well as the appropriate void
fraction and surface roughness of 120 nm waxberry-like core-
shell SiO,@TiO, coating is in favor of the antiglare behaviour.

Conclusions

Waxberry-like core-shell SiO,@TiO, nanoparticles were
prepared via a liquid-phase deposition method. Furthermore,
the dip-coating self-assembly of waxberry-like core-shell
SiO,@TiO, nanoparticle has been used to construct antiglare
coatings. The ultraviolet visible near-infrared spectrophotom-
eter result indicates that the maximum transmittance of the
antiglare coating is up to 95.80% in the visible band, whereas
that of the pure glass substrate is only 92.10%. This specifically
structured coatings with large surface roughness have exhibited
excellent antiglare property in the large angle and wide wave-
length range. Besides, this method to fabricate antiglare coat-
ings with pure inorganic nanoparticle is commercial and
environmental-friendly to avoid complicated fabrication
processes and expensive equipment. Therefore, the current
work would provide a simple, versatile way and a blue print for
designing this special structure with waxberry-like core-shell
nanoparticles to fabricate antiglare coatings with good antiglare
property in the large angle and wide wavelength range.
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