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Yolk-shell TiO,@MgO@void@SiO, pigment exhibited high hiding power and weather durability. Com-

pared with the same coating amount of 20% in dense film, the consumption of coated TiO, is reduced
over 20%.

ABSTRACT

High hiding power and weather durability are the key characteristic indices of the high-performance pig-
mentary titanium dioxide (TiO, ). The film-coated TiO, particles with a yolk-shell structure of silica were
prepared by surface-protected etching with polyvinyl pyrrolidone. The hiding power of the TiO, particles
with the yolk-shell structure was 90.6, which is significantly higher than the hiding power of 87.7 for
the dense film-coated TiO, particles with the same amount of coating (20%). However, the TiO, particles
with the yolk-shell structure have low weather durability. The apparent degradation rate constant Kpp
for rhodamine-B had a high value of 13.2. An improvement was made by coating a dense MgO film on the
TiO, particles first, and then coating a yolk-shell structure. The hiding power of the TiO, particles with
the improved yolk-shell structure reached 90.6, and the weather durability was significantly increased as
the apparent degradation rate constant K,p, decreased to 2.2, reaching the excellent weather durability
of the TiO, particles with 5wt% dense film coating (Si3 + Al2), which is a common product in industry
(Kapp =1.8). For the same indices of hiding power and weather durability, the TiO; particles with the
improved yolk-shell structure obviously decreased the consumption of TiO,, compared with the dense
SiO,-coated TiO, particles (TiO,@SiO,). It is inferred that the void in the yolk-shell structure increased
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the light reflectivity of the TiO, particles by increasing the difference of the refractive index between the
core TiO, and the surroundings, and the dense MgO film increased the weather durability of the TiO,

particles.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Titanium dioxide (TiO;) is the best white pigment due to its
excellent optical properties, which is widely used in the paints,
plastics, paper, ink and other industries. However, TiO, particles
produce electrons and holes under UV light irradiation and gen-
erate radicals after reaction with water and oxygen, resulting in
the degradation of the organic matter around the TiO, particles
[1-4]. Hence, the TiO, particles need to be coated with the shield
films of inert oxides, e.g., silica and alumina, to increase the weather
durability [5-9].

Our previous work has confirmed that as the coating amount of
the film-coated TiO, particles increased, the apparent degradation
rate of rhodamine B by TiO, wasreduced, i.e., the weather durability
of the film-coated TiO, particles was increased [10,11]. However, as
the coating amount increased, the hiding power of the film-coated
TiO, particles decreased. The hiding power represents the ability
of the TiO, particles in a paint layer to cover the background light
from the matrix. The higher the hiding power of the TiO, particles
was, the lower the amount of the TiO, was needed, i.e., the lower
the cost.

The hiding power of titanium dioxide was not only affected by
the particle dispersion in the organic matrix but also by the film
refractive index coated on the titanium dioxide particles [12,13].
The hiding power of the film-coated TiO, particles was reported
to increase as the film refractive index decreases in the range of
1.00-2.15, and the TiO, particles with a porous coating film have
higher hiding power because the porous film has a lower appar-
ent refractive index [14]. It is inferred that when the refractive
index of the film is 1.00 (air), e.g., the yolk-shell structure, the
film coated particle of titanium dioxide has the highest hiding
power. The polymer yolk-shell structure containing TiO, parti-
cles in the centers of air void was obtained by using an emulsion
polymerization [15]. The yolk-shell structure with air void was
found to significantly enhance the pigment reflection in paint films.
Compared with the same amount of the same titanium dioxide
pigment used conventionally, the hiding power of the yolk-shell
structure was increased from 38% to 66% [ 16]. However, the photo-
catalytic degradation of Rhodamine-B [ 17| and methylene blue [18]
indicated that yolk-shell coated TiO, particles had higher photoac-
tivity, i.e., worse weather durability. It is highly desired to fabricate
an improved yolk-shell structure of the coating film on the TiO,
particle surface to achieve high hiding power and weather durabil-
ity.

Recently, many strategies for silica coating film with differ-
ent morphologies on the surface of inorganic nanoparticles have
been reported [19], especially for the preparation of a yolk-
shell silica structure. Yolk-shell structure has exhibited many
unique properties that are not accessible to core shell particles
[20,21]. Templating strategies have been widely used for synthe-
sizing yolk-shell structures, for example, the TiO,/C/SiO, sample
(core/template/shell) was prepared first, and then the sample
was heated at 873K for 3 h in air to remove carbon components
and form the void [22]. This synthetic method is complex and
time-consuming. The preparation methods of yolk-shell structures
without templates have also beenreported, a core shell particle was
transformed into a yolk-shell particle directly by selective etching

of the core particle [23] and by a surface-protected etching process
with polyvinyl pyrrolidone (PVP) [24,25].

In this paper, TiO, particles were coated with a yolk-shell struc-
ture of silica by surface-protected etching, and the hiding power
and weather durability of the coated TiO, particles were evalu-
ated. The TiO, particles that were first coated with MgO film and
then coated with the yolk-shell structure of silica were prepared to
achieve high hiding power and high weather durability.

2. Experimental
2.1. Reagents

Commercial TiO, particles (technical pure, Jiangsu Hongfeng
Titanium Company, China) having the rutile structure and an
average diameter of 300 nm were used in the experiments. The
TiO, particles were produced by the hydrolysis of TiOSO4 and a
subsequent calcination. They were pure without any preliminary
treatment. All other chemicals used, namely, tetraethylorthosil-
icate (TEOS), polyvinyl pyrrolidone (PVP, MW ~ 10,000), sodium
hydroxide (NaOH), MgS0O4-7H50, ammonium hydroxide (NH3-H, O,
28% by weight in water), ethanol, glycerol and rhodamine B, were
analytical reagent (AR) grade.

2.2. Coating process

2.2.1. MgO coating on TiO; particles (TiO,@MgO)

150g TiO, particles were mixed with 300g deionized water
by an ultrasonic treatment for 30 min in a three-necked flask.
Then MgSO, solution (1 mol/L) and NaOH solution (4.5 mol/L) were
titrated into the TiO, suspension separately and simultaneously.
The temperature was controlled at 60°C by a constant tempera-
ture bath and the pH of the TiO, suspension was kept constant at
5 by adjusting the titration rate of the NaOH solution. After the
titration, the suspension was aged for 2 h under stirring. Then, the
suspension was filtered and dried at 105 °C for 24 h. The amount of
MgO coating was set at 2.0 wt%.

2.2.2. SiO, coating on TiO, particles (TiO,@ SiO,), MgO and SiO,
double layer coating on TiO, particles (TiO,@MgO@SiO5)

Ammonium hydroxide solution (10mL), deionized water
(40 mL), ethanol (100mL) and TiO, particles (or TiO,@MgO par-
ticles, 5 g) were mixed in a 250-mL three-neck flask with magnetic
stirring. Then, a certain amount of TEOS was titrated into the TiO,
suspension. The suspension was kept at room temperature under
continuous magnetic stirring for 2 h. After aging, the suspension
was centrifuged and washed 3 times, and dried at 105 °C for 24 h.
The amount of SiO, coating was adjusted by controlling the amount
of added TEOS.

2.2.3. Surface-protected etching

TiO,@Si0; (5g) (or Ti0O,@MgO®@SiO, particles) was added and
dispersed in 100 mL PVP solution (10g, MW ~ 10,000) under mag-
netic stirring. The suspension was heated to 100°C and kept for
3h to load PVP on the silica surface, and then cooled to room
temperature. Under magnetic stirring, NaOH aqueous solution
(30mL, 0.20g/mL) was added to the solution to etch the silica
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film. After a set time etching, the TiO, particles were collected by
centrifugation and washed 3 times using deionized water. The sam-
ples were marked as TiO,@void@SiO, or TiO,@MgO@void@SiO,,
respectively.

2.3. Evaluation of the weather durability

The degradation of rhodamine B in the TiO, suspension under
UV irradiation was used to evaluate the weather durability of
the film-coated TiO, particles. The photodegradation kinetics
of rhodamine-B by TiO, particles is a typical heterogeneous
catalytic reaction [26-30] and the reaction rate is often approxi-
mately described using a first-order kinetic expression when the
rhodamine-B concentration is less than 10-3 M [31].

The film-coated TiO, particles (400 mg) were dispersed in
100 mL of rhodamine-B solution with a concentration of 4 mg/L
under magnetic stirring. Air with a flow rate of 50 mL/min was fed
into the suspension for keeping the constant oxygen concentration
and the temperature was kept at 25°C. A sufficient dark adsorp-
tion was conducted for 30 min before UV irradiation. Then, the
suspension was irradiated using UV light from low pressure mer-
cury lamps (dominant wavelength 254 nm, 32 W) for 120 min. At
each 30-min interval, the suspension was sampled and centrifuged.
The rhodamine-B concentration of the supernatant (G;, i=0, 1, ...,
4) was measured by detecting the characteristic absorbance of
rhodamine-B at 554 nm using a UV-vis spectrophotometer (TU-
1901Persee, Beijing, China). The In(C/Cy) versus t was fitted with a
straight line, and the slope is the apparent first-order rate constant,
i.e., kapp [10,11].

2.4. Evaluation of the light transmittance

The light transmittance of the film-coated TiO, particle suspen-
sion was examined to confirm the hiding power evaluation. 100 mg
of the film-coated TiO, particles were dispersed in 100 mL deion-
ized water under an ultrasonic treatment for 30 min to produce
TiO, suspension at a concentration of 1.0 g/L. For high accuracy,
1 mL of the TiO, suspension was taken and diluted to 10 mL using
deionized water and then fully dispersed. Then, 1 mL of the diluted
TiO, suspension was mixed with 1 mL glycerol to form a stable sus-
pension at a concentration of approximately 0.05 g/L. The viscous
glycerol allows the TiO, particles to be well suspended. The light
transmittance of the TiO, suspension was measured using a UV-vis
spectrophotometer.

2.5. Evaluation of the hiding power

The hiding power of the film-coated TiO, particles was mea-
sured referring to the literature and standards [14,32]. Firstly, the
film-coated TiO, particles (12g) were thoroughly ground in an
agate mortar, then the ground TiO, particles were mixed with
alkyd resin (50.5 g, with density of 900 kg/m3) completely by using
the grinding media of glass beads (100 g) and shaking for 15 min.
Secondly, the mixture was painted on the black and white sub-

20 _nm

strates using an automatic coating equipment and the paint layers
with different thicknesses were dried for 24 h at room temperature.
Thirdly, the reflectivities of the paint layers on the black and white
substrates, Rg and Ry, respectively, were measured by a reflec-
tometer. The contrast ratio Rg/R\y change with the amount of TiO,
per unit area was obtained. In the standard, the contrast ratio Rg/Ry,
(x100%) value is defined as the hiding power of the TiO, particles.
In this paper, the hiding power for the wet paint layer thickness at
100 wm and the needed amount of TiO, per unit area for the hiding
power of 90.0 were used for evaluation.

2.6. Characterization

The specific surface area and the pore volume of the film-coated
TiO, particles were calculated from the Nitrogen adsorption and
desorption isotherms at 77K using a Quantachrome AUTOSORB-
1 automated gas sorption instrument (USA). The morphology
and structure of the film-coated TiO, particles were examined
with a high-resolution transmission electron microscope (HRTEM,
JEM-2011, JEOL Co., Tokyo, Japan). The coating amounts were
determined by X-ray fluorescence spectroscopy (XRF, Shimadzu
XRF-1800, Japan).

3. Results and discussion
3.1. TiO,, particles coated with a yolk-shell structure of silica

A continuous dense SiO, film was coated on the surface of the
TiO, particles with a coating amount of 50 wt% (SiO,/TiO,). Then,
PVP was loaded on the SiO, films, and NaOH solution was added
to the suspension to etch the SiO, films. The TEM images before
and after the etching process are shown in Fig. 1. Fig. 1 shows that
the coated film on the TiO, particle surface was dense and uniform,
with a thickness of approximately 50 nm. After 30 min of etching,
the voids appeared at the interface of the core TiO, particle and
the coated film, and the internal structure of the coated films was
porous. After 105 min of etching, obvious void structures formed
between the core TiO, particle and the film, obtaining the film-
coated TiO, particles with a yolk-shell structure of silica, marked
as TiO,@void@Si0,. NaOH was reported to attack the surface sil-
ica layer, which is protected by PVP molecules, in the first 30 min
of reaction. The initial etching does not completely dissolve the
surface layer. Instead, it creates mesoscale pores on the surface so
that the etchant can diffuse inside the particles. Due to the PVP
protection, the protected silica surface has a slow etching rate [25].

Before etching, the amount coated on the TiO, particles was
measured to be 48.4% (SiO,/TiO; ) by XRF (X-ray fluorescence), indi-
cating that almost all the added TEOS was coated on the surface
of the TiO, particles. After 105 min of etching, the remaining SiO,
amount on the TiO, particle surface was 19.0% (SiO,/TiO,). For
comparing the yolk-shell structure of the coated films, a dense and
continuous SiO; film was coated on TiO, particles with the coating
amount of 20 wt%, which was marked as TiO,@SiO,. The nitrogen
adsorption and desorption isotherm curves of the yolk-shell struc-

Fig. 1. TEM images of the film-coated TiO, particles with different structures: (a) dense film with coating amount 50 wt%(SiO,/TiO;); (b) the structure of the film (a) after

etching 30 min; (c) the structure of film (a) after etching 105 min.
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Fig. 3. The light transmittance of the film-coated TiO particles after different etch-
ing times in a range of 300-800 nm light wavelength.

ture and dense film-coated TiO, particles were measured, as shown
in Fig. 2. The corresponding TEM images of the coated TiO, particles
were displayed in the inset. For the dense film-coated TiO, particles
(TiO,@Si0,), the BET (Brunauer-Emmett-Teller) surface area and
total pore volume were 13.2m?2/g and 0.027 cm3/g, respectively.
The surface area is not large, implying that the surface was dense
and smooth. However, for the sample of TiO,@void@SiO,, the BET
surface area and total pore volume was 37.0m?/g and 0.102 cm?3/g,
respectively, which was much higher than the dense film-coated
TiO, particles, indicating that the coating film was porous after
etching by NaOH solution.

To investigate the effect of etching time on the light reflectivity
of the film-coated TiO, particles, the TiO, particle slurry at differ-
ent etching times was mixed with glycerol to prepare a stable TiO,
suspension with concentration of 0.05 g/L. The light transmittance
of the TiO, particle suspension at different etching times was mea-
sured and is shownin Fig. 3. Fig. 3 shows that the light transmittance
of the coated TiO, particle suspension decreased significantly, that

100 nm

is, the reflection and scattering ability of coated TiO, particles in
suspension increased after etching. The film-coated TiO, particles
with yolk-shell structures have stronger light reflection/scattering
ability, i.e., higher hiding power, compared with dense film-coated
TiO, particles.

According to the literature [17,18], the yolk-shell coated TiO,
particles have poor weather durability. An inert dense inorganic-
coated film can capture and annihilate the electrons and holes
generated by TiO, particles under UV irradiation and suppress the
photocatalytic reaction of the surrounding organic matter caused
by the electrons and holes, increasing the weather durability of
TiO, particles [5]. To increase the weather durability of the coated
TiO, particles with the yolk-shell structure of silica, a dense film
was coated on the TiO, particle surface. For a high stability of
the coated films in the alkaline environment during silica etch-
ing process, MgO was chosen as the coating material. The silica
yolk-shell structure for the TiO, particles coated with MgO film
(TiO,@MgO@void@SiO,) was produced through surface-protected
etching with PVP, as shown in Fig. 4. A dense MgO film was coated
on the TiO, particle surface, and a silica yolk-shell structure was
coated on the outside of the MgO film. For the current common
product Si3 +Al2 in industry, the TiO, particles are coated with a
dense SiO,, film first, and then coated with a dense Al,Os3 film. The
coating amounts for silica content (SiO, /TiO, ) and alumina content
(Al,03/TiO;) are 3% and 2%, respectively. The Si3 + Al2-coated TiO,
particles were prepared using the same process in industry as a
reference sample.

3.2. Weather durability of the yolk-shell coated TiO5 particles

The weather durability of the film-coated TiO, particles
was determined by measuring the degradation rate constant of
rhodamine-B. A set amount of the film-coated TiO, particles
was dispersed in rhodamine-B solution, and the concentration of
rhodamine-B was measured after UV irradiation. The curves of the
apparent degradation of rhodamine-B vs. time for the film-coated
TiO,, particles with a different structure were measured and shown
in Fig. 5. It shows that the apparent degradation rate constant, Kapp,
of uncoated TiO, particles, Si3 + Al,-coated TiO, particles, and the
silica dense film-coated TiO, particles with 20 wt% coating was 6.7,
1.8 and 0.5, respectively. The degradation rate of the rhodamine-
B by the film-coated TiO, particles decreased, and the weather
durability increased after the film coating. However, the apparent
degradationrate constant of TiO, @void@SiO, was 13.2, even higher
than the apparent degradation rate constant of the uncoated TiO,
particles, which have a consistency with the photocatalytic activity
of yolk-shell coated TiO, particles reported in literature [17,18]. For
adifferent structure of the film-coated TiO; particles in rhodamine-
B solution at the same initial concentration, the concentration of
rhodamine-B solution was measured after a sufficient adsorption
in the dark for 30 min, as shown in Table 1. The concentration of

MgO film

Fig. 4. The TEM image of MgO film-coated TiO, particles with yolk-shell structure of silica (a) and MgO film on the TiO, particle surface (b).
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Fig. 5. Degradation of rhodamine-B by different film-coated TiO, particles.

Table 1
The concentration of rhodamine-B in TiO, suspension after dark adsorption for
30 min.

Sample TiO, TiO, @SiO, TiO, @void@SiO,
C(mg/L) 3.30 3.24 2.66

rhodamine-B in uncoated TiO, particles and dense film-coated TiO,
particles (TiO,@SiO;) suspension was approximately 3.30 mg/L,
while the concentration of rhodamine-B in the TiO,@void@SiO,
suspension was only 2.66 mg/L. The yolk-shell structure can adsorb
more rhodamine-B compared with the dense film, leading to a high
initial degradation rate of the rhodamine-B by the TiO, particles
under UV irradiation. It indicated that the film-coated TiO, par-
ticles with the yolk-shell structure had poor weather durability
because the coated film with the yolk-shell structure had a larger
specific surface area than the dense film, and the rich internal and
external surface was conducive to the contact of TiO, particles and
rhodamine-B.

The apparent degradation rate constant of rhodamine-B
for the improved yolk-shell structure coated TiO, particles
(TiO,@MgO@vo0id@SiO;) Kapp was 2.2, indicating a significantly
higher weather durability than the coated TiO, particles with the
yolk-shell structure of silica, which was equivalent to the Si3 + Al2.
The weather durability increased when the surface of TiO, parti-
cles was coated with a dense MgO film. The MgO film prevents
the generation of radicals, decreasing the degradation rate of the
rhodamine-B.

3.3. Hiding power of the yolk-shell coated TiO, particles

According to the measuring method of the hiding power for
TiO, particles, the film-coated TiO, particles were mixed with
alkyd resin to prepare the paint layers, and the hiding powers of
the film-coated TiO, particles were determined by measuring the
reflectivity of the paint layers, as shown in Table 2. The hiding
power of the TiO,@void@SiO, and TiO,@MgO@void@SiO, having
yolk-shell structure were both 90.6, while the hiding power of the
TiO,@Si0, with dense film-coated was only 87.7, although they
have the same amount of coating. The Si3 + Al2-coated TiO, parti-
cles have the hiding power of 89.5 and their coating amount is 5%.
Because the Si3 + Al2 sample has alower equivalent refractive index
of the film than TiO,@SiO, samples, so the Si3 +AI2 sample has
larger refractive index difference between core TiO, particles and
the surroundings and has higher hiding power. Because the void

Table 2
Hiding power of the coated TiO, particles with different film structure.
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Fig. 6. The light transmittance of the TiO, particle suspension with a different coat-
ing film structure in the range of 300-800 nm wavelength.

structure in the TiO,@void@SiO, sample results in large refractive
index difference between core TiO, particles and the surround-
ings, the yolk-shell structure coated TiO, particles have high hiding
power.

To further investigate the effects of film structure on the light
reflectivity, the stable suspension of the dense film-coated TiO, par-
ticles and the coated TiO, particles with the yolk-shell structure
(TiO,@MgO@void@SiO,) was prepared with TiO, particle content
of 0.05 g/L according to the operation procedure in Section 2.4. The
coating amount of above samples was 20 wt%, i.e., TiO, content
for both was 83 wt%. The light transmittance of the suspension in
the range of 300-800 nm wavelength was measured. For compari-
son, the suspensions of uncoated TiO, particles with concentrations
of 0.05¢g/L and 0.0415 g/L were prepared, and the corresponding
samples were marked as TiO, and 83% TiO,. The light transmit-
tance of the above four samples was measured and is shown in
Fig. 6. The suspension of uncoated TiO, particles had the lowest
light transmittance, corresponding to the highest hiding power of
the TiO, particles, but they cannot practically be applied because
of their poor weather durability. The other three samples had the
same content of TiO,, and the dense film-coated TiO, particle
sample had the highest light transmittance, corresponding to the
lowest hiding power of the TiO, particles because the refractive
index difference between the core TiO, particles and the dense
silica films decreased, reducing the light reflectivity of the sus-
pension. Fig. 6 shows that the light transmittance of the sample
TiO,@MgO@void@SiO, was similar to the light transmittance of
the sample 83% TiO, because TiO, @MgO@void@SiO, had a hollow
shell structure, the surroundings of the TiO, particles were voids.
The water and glycerol diffused to the voids of the porous yolk-shell
structure, making TiO,@MgO@void@SiO, and uncoated TiO, par-
ticles have the similar surroundings in the refractive index, so the
suspensions have a similar light transmittance. Therefore, for the
same amount of TiO,, the different film structure coated on TiO,
particles resulted in different light reflectivity of the TiO, particles.
The yolk-shell structure for the dense MgO film-coated TiO, par-
ticles (TiO,@MgO@void@SiO,) gave an excellent hiding power for
the TiO, particles.

3.4. Advantages of the improved yolk-shell coated TiO, particles

For uncoated TiO, particles (i.e., pure TiO;), the MgO
film-coated TiO, particles with the silica yolk-shell structure

Sample
Hiding power (%)

TiO,@void@SiO,
90.6+0.3

TiO, @MgO@void@SiO,
90.6+0.3

TiO,@Si0;
87.7+0.3

Si3 +Al2
89.5+0.2
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(TiO,@MgO@void@SiO,) and TiO, particles coated with a dense
SiO, film (20 wt%, TiO,@SiO-), Rg/Rw change with the amount of
TiO, per unit area was measured and is shown in Fig. 7. When the
amount of TiO, is less than approximately 50 g/m?, the amount of
TiO, has a significant influence on Rg/Ry. The ratios Rg/Ry are, in
descending order, pure TiO;, ~ TiO, @MgO@void@SiO, > TiO, @SiO,.
It shows that the hiding power of the improved yolk-shell coated
TiO, particles is about the same as that of the uncoated TiO, parti-
cles, and much higher than that of the dense coated TiO, particles.

Setting the ratio Rg/Rw =0.90, the amount of TiO, per unit
area of 14.8, 15.2 and 19.3 g/m? were required for pure TiO;,
TiO,@MgO@void@SiO, and TiO,@SiO,, respectively, which are
shown in Fig. 7. For the same Rg/Rw, the pure TiO, dosage using
TiO,@MgO@void@Si0, was reduced by 21.2% compared with using
the dense SiO,-coated TiO, particles (TiO,@SiO;). The improved
yolk-shell coated TiO, particles have high hiding power under
the premise of ensuring high weather durability, showing a great
potential in applications.

4. Conclusions

TiO, particles coated with a yolk-shell structure of silica were
prepared by PVP surface-protected etching, reaching an excellent
hiding power of 90.6, significantly higher than 87.7 for the dense
film-coated TiO, particles with the same coating amount of 20%.
The voids in the yolk-shell structures increased the refractive index
difference between the core TiO, and the surroundings, which
increased the hiding power of the TiO, particles. However, the
yolk-shell structure adsorbed rhodamine-B easily, which made the
degradation rate constant Kypp reach 13.2, reducing weather dura-
bility of the TiO, particles.

The TiO, particles were coated with a dense MgO film first
and then coated with a yolk-shell structure of silica. The hid-
ing power of the improved yolk-shell coated TiO, particles
(TiO,@MgO@void@SiO,) was 90.6, and the apparent degradation
rate constant K;pp was only 2.2, which was equivalent to the com-
mon product Si3 + Al2 in industry. Compared with the same coating
amount of 20% in dense film, the consumption of TiO, particles with
the improved yolk-shell structure coated was reduced over 20%
under the premise of keeping the high hiding power and weather
durability properties.
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