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Abstract—We synthesized TiO,-based composite pigment materials and investigated their light reflection properties.
Micrometer-sized spherical TiO, particles were synthesized by the sol-gel method using hydrolysis and condensation
reactions of the precursors, and the rutile phase was prepared by calcining at 800 °C. TiO,-based composite materials
were synthesized by coating the surface of the calcined TiO, with (3-aminopropyl)trimethoxysilane (APTMS), chi-
tosan, SiO,, and SnO,. The morphologies of the composite materials were characterized by field emission scanning
electron microscopy (FE-SEM), and the structural properties of the composite materials were identified using powder
X-ray diffraction (PXRD) analysis. Finally, the light reflection properties were investigated by measuring the percent
reflectance in the wavelength range 300-2,500 nm of the composite materials by diffuse-reflectance UV-Vis-NIR spec-
troscopic analysis. In the wavelength range 300-2,500 nm, the composite materials showed solar reflectance of 86-93%.
The composite materials synthesized in this study have potential for use as heat reflective pigment materials.
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INTRODUCTION

Titanium dioxide generally exists as one of the polymorphs: rutile,
anatase, and brookite [1]. TiO, in the rutile phase is thermodynam-
ically the most stable [2], and has high density due to its structur-
ally dense atomic arrangement (compared to the anatase phase). It
also has efficient light scattering and light reflection properties.
Therefore, it has been used as a light-reflecting material for ultravi-
olet and infrared light for a long time [3,4]. TiO, in the anatase phase
has high photoactivity, so it is used as a photocatalyst and in dye-
sensitized solar cells [5-8]. TiO, in the brookite phase is in a meta-
stable state, and relatively few studies have been conducted because
it is difficult to prepare as a pure single phase [9].

Because the light scattering and light reflection qualities vary
depending on the size of a particle, the applied wavelength range
varies according to the size and shape of a TiO, particle [10-12].
When light is radiated onto solid particles, symmetrical spherical
particles cause single scattering, whereas particles with anisotropic
shapes, such as rods, triangular prisms, or cubes, cause multiple scat-
tering in the spectral region of visible light [13].

Titanium dioxide, when used as a white pigment for paints, must
be designed to cause maximum scattering in the Mie region [10],
so it is manufactured as particles of size 200-300 nm, which is about
0.5 times the wavelength (360-780 nm) of the visible light region.
Titanium dioxide used for blocking ultraviolet light has a particle
size of 60-120 nm to show maximum reflectance in the harmful
ultraviolet region (100-360 nm), whereas titanium dioxide for reflect-
ing infrared light (780-2,500 nm) has a particle size of about 1,000
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nm to reflect near-infrared light efficiently [10].

Because TiO, used as a white pigment exhibits extreme photo-
catalytic properties in the presence of ultraviolet light, it is neces-
sary to modify the surface of TiO, with organic or inorganic materials
[14,15]. In general, this has been done by coating the surface of
TiO, with SiO, or ALO; [16,17]. Wei et al. studied the change of
photocatalytic activity of TiO, particles coated with various transi-
tion metal oxides [15]. Wu et al. proposed a method of synthesiz-
ing TiO, particles coated with hydrated alumina while protecting
the photocatalytically active TiO, from surface exposure [18].

A study on the near-infrared reflectance of composite materials
coated with TiO, particles on the surface of a mineral, such as mica,
which is very commonly used as an additive in paints, was carried
out. Gao et al. synthesized nanocomposite materials by attaching
nanoparticles having a rutile TiO, structure to the mica surface. The
light reflection characteristics were investigated by measuring the
reflectance between 400 and 2,500 nm for the materials [19]. Mica
has a plate-like structure and is widely used as a paint additive.
Therefore, when composite materials are synthesized by applying
a rutile TiO, structure to the surface of the mica, it is possible to
use composite materials that maintain the plate-like structure of
mica and have the light reflection property of TiO,.

In this study, spherical TiO, particles were synthesized using a
general sol-gel synthesis method, and core/shell composite materi-
als were prepared by applying APTMS, chitosan, SiO,, and SnO,
to the surfaces of TiO, particles. APTMS forms a self-assembled
monolayer on the surface of TiO, particles to change the surface
charge and is used to improve the dispersibility of partides in a sol-
vent. Chitosan is used to enhance the antibacterial activity of TiO,
particles. The insulator SiO, is used to lower the photocatalytic activ-
ity of THO, particles, and the semiconductor SnO, is used to enhance
the photocatalytic activity. Finally, the light reflection ability of the
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composite materials was investigated.
EXPERIMENTAL

1. Reagents and Materials

All chemicals were purchased from Sigma-Aldrich Chemical Co.
(USA), Junsei Chemical Co. (Japan) and Samchun Pure Chemi-
cal Co,, LTD. (Korea). They were of reagent grade and used with-
out further purification.

2. Synthesis of Spherical Rutile Phase TiO,

Spherical TiO, was synthesized using a method reported in the
literature [20]. To a 500 mL round-bottom flask, 200 mL of ethanol,
1.2 mL of DI water, and 1.2 mL of 0.4 mM KCl aqueous solution
were added and stirred until completely dissolved. A precursor
solution of 100 mL of ethanol and 5.6 mL of tetrabutylorthotita-
nate (TBOT, 16.5 mmol) was added to the solution at a rate of
4 ml/min using a dropping funnel, followed by further stirring at
room temperature for 6 h. The reaction mixture was centrifuged
(4,000 rpm, 10 min) to separate a solid product, and the sediment
was washed with ethanol five times and dried at 60°C for 24 h.
The dried sample was calcined at 800 °C for 3 h to obtain spheri-
cal rutile phase TiO,.

3. Surface Modification of TiO, by APTMS

To a 250 mL beaker, 1 g of calcined TiO,, 20 mL of ethanol, and
100 mL of DI water were added, and the mixture was dispersed by
ultrasonication for 30 min. To the mixture, 0.02 mL of APTMS was
added, and then, the mixture was stirred at 500 rpm for 35 min.
The reaction mixture was centrifuged (4,000 rpm, 5 min) to sepa-
rate a solid product, and the sediment was washed with ethanol
four times and then dried at 60 °C for 24 h.

4. Synthesis of Chitosan@TiO,

To a 100 mL beaker, 0.5 g of calcined TiO, and 25 mL of DI water
were added, and the mixture was dispersed by ultrasonication for
30 min. The mixture was added to a solution prepared by mixing
14 mL of acetic acid, 25 mL of DI water and 1 g of chitosan. Then,
the mixture was stirred at 500 rpm for 10 min. The reaction mix-
ture was centrifuged (4,000 rpm, 5 min) to separate the solid prod-
uct, and the sediment was washed five times (once with DI water,
once with 0.1 M aqueous NaOH solution, and three times with DI
water) and then dried at 60 °C for 24 h.

5. Synthesis of SiO,@TiO,

To a 250 mL beaker, 1g of calcined TiO, and 50 mL ethanol
were added, and the mixture was dispersed by ultrasonication for
30 min. To the mixture, 35 mL of ethanol and 15 mL of aqueous
NH; solution (15 M) were added. Then, a solution of 100 mL of
ethanol and 0.35 mL of tetraethylorthosilicate (TEOS) was added
at a rate of 4 mL/min using a dropping funnel, while being stirred
at 500 rpm at room temperature for 3 h. The reaction mixture was
centrifuged (4,000 rpm, 5 min) to separate a solid product, and the
sediment was washed with ethanol four times and dried at 60 °C
for 24 h.

6. Synthesis of SnO,@TiO,

To a 100 mL round-bottom flask, 195 mg of SnCl, (0.75 mmol)
and 15 mL of ethanol were added, and then stirred at 60 °C for 2h
until completely dissolved. To the solution, 3.5 g of citric acid (18
mmol) and 2mL of ethylene glycol (36 mmol) were added. The

solution was further stirred for 3 h to obtain a SnCl,/ethanol pre-
cursor solution. To a 250 mL round-bottom flask, 0.5 g of calcined
TiO, and 60 mL of DI water were added, sonicated, and refluxed
at 90 °C for 40 min. To the mixture, 15 mL of SnCl,/ethanol pre-
cursor solution was added at a rate of 0.2 mL/min using a drop-
ping funnel. It was then stirred for another 18h. The reaction
mixture was centrifuged (4,000 rpm, 10 min) to separate a solid
product, and the sediment was washed with ethanol four times
and dried at 60 °C for 24 h. The dried solid material was calcined
at 800 °C for 3 h to obtain SnO,@TiO,.
7. Characterization

The morphologies of the synthetic solid materials were analyzed
using field emission scanning electron microscopy (HR FE-SEM)
images. These were obtained from Pt-coated samples at an acceler-
ating voltage of 30kV with a Tescan MIRA3-LMH scanning elec-
tron microscope (Czechia). Powder X-ray diffraction (XRD) patterns
were recorded on a Rigaku MiniFlex-1I diffractometer (Japan) using
Cu Ko radiation (1=0.1543 nm) at 4 kV and 35 mA, a scan rate of
26=4"/min and range 26=20-80°. The thermal decomposition and
phase transition of the amorphous TiO, were monitored by ther-
mogravimetric analysis (TGA) and differential scanning calorime-
try (DSC) using a Q600 SDT (TA Instruments, USA) thermal
analyzer under nitrogen gas with a ramp speed of 10 °C/min and
a temperature range of 25-900 °C. Using a diffuse-reflectance UV/
Vis/NIR spectrometer (UV-3600, Shimadzu, Japan) equipped with
an integrating sphere (ISR-3100, Shimadzu), the percent reflec-
tance of each composite material was measured in the range 300-
2,500 nm. Spectralon (Lapsphere Inc., USA), which is prepared by
compressing Teflon, was used as a reference material.

RESULTS AND DISCUSSION

1. Synthesis

In an ethanol solution containing water, tetrabutylorthotitanate
reacts with water to hydrolyze, and spherical particles are formed
by the condensation reaction of the hydrolyzed titanate. The fac-
tors affecting the particle size are the concentration of the TBOT
solution, reaction temperature, addition rate, and the stirring rate.
In this study, the experimental conditions were optimized to syn-
thesize TiO, particles of 1 um. The aminosilane [(3-aminopro-
pyDtrimethoxysilane] reacts with Ti-OH functional groups present
on the surface of TiO, to form Ti-O-Si covalent bonds. As a result,
a self-assembled monolayer of APTMS is formed on the surface of
TiO,. Chitosan is soluble in acidic solution because it has -NH,
functional groups, but is insoluble in basic solution. Because the
viscosity of an acidic solution of chitosan is very high, it very well
coats the surface of TiO, particles. By washing the obtained com-
posite material with aqueous NaOH solution, TiO, particles with
chitosan shells were prepared. In an ethanol solution containing
water, tetraethylorthosilicate also reacts with water to hydrolyze,
and shells are formed on the surface of TiO, by the condensation
reaction of the hydrolyzed silicate. In ethanol solution, SnCl, forms
a sol state and a solvolysis reaction occurs. Shells were formed on
the surface of TiO, by the condensation reaction of the sol. Pure
SnO, shells were obtained by calcining a gel-coated solid sample at
800 °C to remove organic matter and hydroxide ions.
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Fig. 1. TGA and DSC analyses of as-synthesized TiO,.

2. Synthesized TiO, and Calcined TiO,

TiO, synthesized by the sol-gel method contains undecomposed
metal alkoxide, metal hydroxide, and residual solvent. Thermal anal-
ysis thermograms (TGA and DSC) of the synthesized TiO, are
shown in Fig. 1. The endothermic process centered at 76.3 °C in
the temperature range 25-133 °C is due to the release of ethanol
used as a solvent [21], and the mass lost is 4.5%. The endothermic
process centered at 315 °C in the temperature range 133-375°C is
caused by the release of organic substances and water due to ther-
mal decomposition of metal alkoxide and metal hydroxide [21].
The mass loss in this process is about 13.3%. The exothermic pro-
cess occurring at 420 °C is due to the phase transition of amor-
phous synthetic TiO, to the anatase phase [21]. The exothermic
process centered at at 741 °C occurs because of the phase transi-
tion from the anatase phase to the rutile phase [21]. Therefore, TiO,
calcined at 800 °C or higher temperature has a pure rutile phase.

Fig. 2 shows the powder XRD patterns of the synthesized TiO,
and the calcined TiO,. TiO, synthesized by the sol-gel method has
no crystallinity and shows very broad XRD patterns, so a clear
phase cannot be identified. TiO, calcined at 800 °C for 3h shows
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Fig. 2. Powder X-ray diffraction patterns of TiO,: (a) As-synthe-
sized TiO, and (b) TiO, calcined at 800 °C.

distinct diffraction lines at 26=27.5° (110), 36.1° (101), 39.2° (200),
41.3° (111) and 44.1° (210). This is consistent with TiO, with a
rutile phase, as reported in the literature (JCPDS card No. 78-
1510). Moreover, because TiO, peaks with anatase phase were not
observed, the calcined TiO, is pure rutile phase.

Fig. 3 shows the SEM images of the synthesized TiO, and the
calcined TiO,. The synthesized TiO, particles (Fig. 3(a)) are spheri-
cal and have a smooth surface. The average particle size is about
970 nm. The TiO, particles (Fig. 3(b)) calcined at 800 °C show an
approximately spherical shape, but the surface is not as smooth
with the amorphous TiO, particles. Small grains that form as amor-
phous TiO, undergo a phase transition to rutile phase through the
anatase phase, and appear to agglomerate to form large aggregates
during the calcination process. The grain boundaries are clearly
distinguishable in the SEM image.

3. TiO,-based Core/Shell Composite Materials
Fig. 4 shows SEM images of TiO,-based core/shell composite
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Fig. 3. HR FE-SEM images of TiO,: (a) As-synthesized TiO, and (b) TiO, calcined at 800 °C.
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Fig. 4. HR FE-SEM images of core/shell composite materials: (a) APTMS coated TiO,, (b) chitosan@TiO,, (¢) SiO,@TiO,, and (d) SnO,@Ti0,.

materials. Because APTMS forms a self-assembled monolayer on
the surface, TiO, coated with APTMS (Fig. 4(a)) has a shape simi-
lar to that of a calcined TiO, particle. In the case of chitosan@
TiO, (Fig. 4(b)), the shape of the particles is similar to that of cal-
cined TiO,, but a very thin film of chitosan, a biopolymer, can be
observed on the surface of the core TiO, particle. In the case of
SiO,@TiO, (Fig. 4(c)), the shape of the particles is slightly differ-
ent from that of calcined TiO,. A uniformly thin film of SiO, is
formed on the surface of TiO, particles, and the thickness of the
shell as measured through the SiO, shell partially peeled from the
particle surface of SiO,@TiO, is about 20 nm (data not shown). In
the case of SnO,@TiO, (Fig. 4(d)), SnO, with an average size of
about 30 nm was uniformly coated on the surface of TiO,, and the
shape of the composite material is close to spherical.

Fig. 5 shows the powder XRD patterns of the TiO,-base core/
shell composite materials. All TiO,-based composites with core/shell
structures show distinct diffraction patterns due to rutile phase TiO,
like calcined TiO,. This means that the structure of the rutile phase
is maintained during the synthesis process. Because chitosan@
TiO, and APTMS-coated TiO, are both coated with organic mate-
rials, there is no crystalline phase, so only the TiO, pattern is ob-
served in the XRD pattern. Because SiO, is not crystalline, SiO,@
TiO, shows only the XRD pattern of TiO,. SnO,@TiO, shows not
only the pattern of TiO, but also the new diffraction pattern of
SnO, with rutile structure (JCPDS card No. 41-1445) at 26=26.8°
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Fig. 5. Powder X-ray diffraction patterns of core/shell composite
materials: (a) APTMS coated TiO,, (b) chitosan@TiO,, (c)
Si0,@Ti0,, and (d) SnO,@Ti0,. The diffractions of SnO,
are indicated by *.

(110), 34.1° (101), 38.2° (200), and 52.0° (211).
4. Light Reflective Properties of Composite Materials
Fig. 6 shows the diffuse-reflectance spectra of synthesized TiO,

Korean J. Chem. Eng.(Vol. 40, No. 5)
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Fig. 6. Diffuse-reflectance spectra of (a) TiO, calcined at 800 °C, (b)
APTMS coated TiO,, (c) chitosan@TiO,, (d) SiO,@TiO,, and
(e) Sn0,@Ti0,.

Table 1. Solar reflectance data of core/shell composite materials.
Spectralon was used as a reference material

Solar reflectance, R (%)

Sample

300-2,500nm  300-780 nm  780-2,500 nm
TiO, 89.9 844 933
APTMS-TiO, 93.1 87.8 96.5
Chitosan@TiO, 89.9 84.4 93.3
Si0,@Ti0, 911 85.7 94.5
Sn0O,@TiO, 86.4 80.7 89.9

and core/shell composite materials in the UV/Vis/NIR region. Table
1 provides the solar reflectance, R (%), in the visible region and
near-infrared region. In the case of TiO,, the solar reflectance is
89.9% in the wavelength range 300-2,500 nm, 84.4% in the visible
region, and 93.3% in the near-infrared region. The weak absorp-
tion peak at 1,907 nm is an overtone peak [22] caused by the
vibration of water molecules and OH groups on the TiO, surface.
The solar reflectance in the infrared region is similar to the value
of 96.0% reported in the literature [23]. In the 300-2,500 nm region,
the solar reflectance (93.1%) of APTMS-coated TiO, was observed
to be higher than that of TiO, and chitosan@TiO, showed a solar
reflectance (89.9%) very similar to that of TiO,. So even if a very
thin film of organic molecule, or biopolymer is coated onto the
surface of the TiO, particle, the light reflection ability of the TiO,
particle is not significantly affected. It seems that the two materi-
als show similar solar reflectance because they consist of calcined
TiO, cores of the same size with a rutile phase as shown in the
XRD patterns and SEM images. In the case of SiO,@TiO,, the
solar reflectance (91.1%) of SiO,@TiO, was slightly higher than that
of TiO,. However, strong overtone peaks caused by vibration of
OH groups are observed at 1,415 nm and 1,907 nm in the IR region

May, 2023

because the SiO, synthesized using this method is a porous mate-
rial that contains many OH groups on the surface [22]. In the case
of SnO,@Ti0,, the solar reflectance (86.4%) was slightly lower than
that of TiO,, because the 30 nm SnO, coated on the TiO, surface
is an n-type semiconductor [24] that forms a small number of
surface charge carriers that absorb some of the irradiated light.

CONCLUSIONS

Core/shell composite materials were synthesized by coating the
surface of micrometer-sized spherical TiO, particles with organic/
inorganic materials. Then, the light reflection ability of these mate-
rials was investigated. The core material, TiO,, was made in the form
of spherical particles through hydrolysis and condensation of the
precursor material, and was finally calcined at 800 °C. The meth-
ods used to synthesize core/shell composite materials in this work
are very simple, inexpensive and useful. The surface-treated TiO,
composite materials showed solar reflectance similar to that of
TiO,, the core material, in the UV-Vis-NIR region. In particular,
the solar reflectance of the composite materials in the NIR region
was 93-97%. TiO,-based core/shell composite materials coated using
non-conductive materials with excellent solar reflectance could be
used as paint pigments to reflect radiated heat.
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