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Abstract Core–shell-type TiO2@mercaptopropyl-functionalized silica (MPS) particles were prepared for
enhanced photocatalytic performance of TiO2. The MPS
particles were adopted in the composite-type photocatalyst
design so as to enhance the photo-catalytic activity through
the chemical interaction between chemically modified
substrate particles and organic dye molecules, although
they do not have photocatalytic activity. Three organic
dyes, rhodamine B, rhodamine 6G, and methyl orange,
were selected for testing dye adsorption characteristics and
photocatalytic activities of the TiO2@MPS particles,
commercial P25, and unsupported TiO2 nanosols. Rhodamine B and rhodamine 6G dyes were adsorbed much more
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on the TiO2@MPS particles than P25, by factors of 6 and
43, respectively, while methyl orange molecules were
adsorbed more readily on P25. Such difference in the dye
adsorption characteristics of the two photocatalysts may be
related with available functional groups and the dyes. This
would lead to enhanced photocatalytic degradation of the
dyes because of combined chemical and physical adsorption mechanisms. Toward the two rhodamine dyes, the
TiO2@MPS particles show significantly enhanced photocatalytic activity per TiO2 than P25 under both UV and
visible light irradiation. Especially under visible irradiation, the degradation rate constants of rhodamine B and
rhodamine 6G molecules per TiO2 were higher, 18 and 45
times, respectively, for the TiO2@MPS particles than for
P25. Toward methyl orange dye, the degradation rate
constant per TiO2 was lower for the TiO2@MPS particles
than for P25 under UV irradiation but it was eight times
higher under visible irradiation. The TiO2@MPS particles
were recyclable and their photocatalytic activity did not
change at all at least for three repeated photo-degradation
tests.
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Introduction
Since the first report on photocatalytic reactivity of TiO2 in
1972 [1], there has been a great deal of research on photocatalytic reactions due to their potential applications in
environmental remediation and water decontamination
through degradation of organic pollutants [2–8]. While
various types of materials such as Bi2O3, ZnO, and CdS
were studied, TiO2 has been the most representative photocatalyst owing to its non-toxicity, chemical stability, low
cost, and preferable band-gap energy. TiO2 particles are

123

2578

commercialized, for example P25 from Degussa Company,
and currently utilized in industry. However, the photocatalyst TiO2 suffers several limitations: First, its solar energy
use efficiency is very low. Photocatalytic activity starts
from electron excitation, followed by generation of radicals
[7–9]. When light with enough energy—equal to or larger
than the band gap energy of photocatalysts—is irradiated
on the photocatalysts, their electrons in valence band are
excited and electron–hole pairs are formed; with electron–
hole separation, both electrons and holes make radicals
degrade substances. The photocatalyst TiO2 has a relatively
large band gap of 3.2 eV (385 nm), requiring ultraviolet
(UV) light to get excited directly to a conduction band for
photocatalytic reactions. Because of the composition of
sunlight (3 % UV, 44 % visible light, and the remainder
infrared), solar energy use efficiency for the photocatalytic
reactions by TiO2 is very low. When colored dyes are
attached or adjacent to photocatalysts, electrons can be
generated from dyes and transferred to TiO2. This process
broadens the range of available light source to visible light
but is less efficient than the direct excitation. Second,
recombination of photo-generated electron–hole pairs often
occurs, leading to early termination of the photo-catalytic
reactions [9]. Moreover, commercial TiO2 particles such as
P25 have several weak points. P25 particles in aqueous
suspension tend to form aggregates, reducing their photocatalytic efficiency; and it is not easy to collect P25 after
use for recycling because of their nanometer size.
Various methods have been employed to improve the
performance of TiO2 to achieve higher photocatalytic
efficiency, higher solar energy use efficiency (for instance,
visible light excitable photocatalysts), and higher recyclability. Adopted methods so far include (1) changing the
structure of TiO2 [10, 11], for instance, exposing a high
percentage of reactive facets so as to enhance its photocatalytic efficiency [12, 13]; (2) doping of TiO2 with various metals and non-metals for elevation of photocatalytic
activity via increasing electron mobility and inhibiting
recombination of electron–hole pairs or for reducing the
photonic band-gap to visible light region [14–19]; (3)
composite formation of TiO2 with various materials
including silica, graphene, or activated carbon fiber for
enhanced adsorption of target molecules [20–25]. Here, the
photocatalytic degradation by short-lived reactive oxygen
species becomes more efficient as target molecules and
photocatalysts are in close proximity. Moreover, the photocatalytic activity of TiO2 can also be enhanced by photosensitization of adsorbed target molecules—being
excited by visible light and subsequently transferring
electrons to the conduction band of the nearby TiO2. Particularly, SiO2 and TiO2 composites have been developed
in diverse types of structures such as core–shell TiO2@
SiO2 materials and porous TiO2/SiO2 composites [26–33].
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For instance, Chen et al. reported that the photocatalytic
degradation efficiency of TiO2/SiO2 composite exhibited
more than twice that of P25 and four times that of the
synthesized TiO2 particles when tested using rhodamine B
under visible light irradiation [33]. They attributed these
results to the facts that SiO2 shifts the isoelectric point
(IEP) of TiO2 and therefore changes the surface charge of
photocatalysts in experimental pH conditions, eventually
altering the adsorption mode of dye molecules. For
example, a negatively charged surface of photocatalysts
would be preferred for adsorption of cationic dyes by
inducing enhanced electrostatic interactions.
In this study, monodisperse, spherical 3-mercaptopropyl
silica (MPS) particles of about 600 nm in diameter were
prepared and coated with TiO2 particles of a few nm in
diameter to form core–shell-type TiO2@MPS composite
particles. The MPS particles were adopted in the composite-type photocatalyst design so as to enable chemical
adsorption of target organic dyes, although they do not
have photocatalytic activity. This would lead to enhanced
adsorption and photocatalytic degradation of the dyes
compared to previously reported TiO2/SiO2 photocatalysts
because of combined chemical and physical adsorption
mechanisms. It was considered that the proposed composite particles would show better recyclability than P25,
due to their size. The TiO2@MPS particles were tested for
their photocatalytic activities under several different conditions—with variation of light sources (UV light and
visible light) and reaction medium (different pHs and solvents). Three different organic dye molecules—rhodamine
B, rhodamine 6G, and methyl orange, each having different
degrees of chemical interaction with MPS particles—were
selected for the tests. The TiO2@MPS particles exhibited
significantly enhanced adsorption characteristics and photocatalytic efficiency toward the organic dye molecules as
well as superior recyclability, compared to commercial
P25. The proposed composite particle design can comprise
different types of chemical interactions by replacing MPS
with organically modified silica particles containing other
organic functional groups such as amine, epoxy, vinyl,
isocynate.

Experimental
Materials
3-Mercaptopropyl trimethoxysilane, MPTMS, (97 wt%)
was obtained from Sigma-Aldrich (St. Louis, USA) and
titanium iso-propoxide (Ti(OCH(CH3)2)4, 97 %) was
obtained from Alfa Aesar (Ward Hill, USA). Ammonium
hydroxide solution (NH4OH, 30 wt% as NH3), nitric acid
(HNO3, 60 wt%), ethanol, acetone, hexane, methanol, and
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sodium hydroxide pellet were purchased from Daejung
(Siheung, Korea). Titanium dioxide (AEROXIDEÒ TiO2
P25) was obtained from Evonik Degussa (Essen,
Germany).
Rhodamine B (C28H31ClN2O3) was obtained from Junsei Chemical Co., Ltd (Tokyo, Japan); methyl orange
(C14H14N3NaO3S) was obtained from Showa Chemical
Co., Ltd (Tokyo, Japan); and rhodamine 6G (C28H31N2O3
Cl) was obtained from Sigma-Aldrich (St. Louis, USA).
Characterization methods
For particles’ size and morphology, the samples were
examined by transmission electron microscopy (TEM)
using a JEM 2010 from JEOL (Japan), and by scanning
electron microscopy (SEM) using Nova Nano SEM from
FEI Corporate (USA). To calculate the TiO2 contents on
the particles, Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) using OPTIMA 4300DV
from Perkin-Elmer (USA) was used. The dye concentration
was measured using UV/vis absorption spectrometer,
S-4100 from Scinco Co., Ltd (Seoul, Korea). Zeta potential
was measured by Zetasizer 3000 HAS from Malvern
Instruments (UK).
Syntheses
MPS particles
Spherical MPS particles were prepared according to the
previously reported method [34]. First, a 0.2-ml aliquot of
HNO3 was added into a round-bottomed flask containing
300 ml of de-ionized water at 70 °C. 4 ml (20.74 mol) of
3-mercaptopropyl trimethoxysilane (MPTMS) was added
to the acid solution. After 2 min, a 20-ml aliquot of NH4
OH was added to the reaction mixture solution. The solution was kept stirred with a magnetic bar at 300 rpm for
4 h. The products were then washed with de-ionized water
three times, filtered, and allowed to dry at 50 °C for 12 h.
TiO2 nanosols
15 ml of Ti(OiPr)4 was injected into a round-bottomed flask
containing 250 ml of de-ionized water and the mixture was
stirred at 300 rpm. After 10 min, 1.9 ml of HNO3 was put
into the mixture solution for peptization of precipitated
solids. Then the solution was degassed and stirred at 60 °C
for 6 h. The products were then dried at 50 °C for 12 h.
TiO2@MPS particles
0.5 g of MPS particles was mixed with 50 ml of de-ionized
water and sonicated for 1 h. The particle solution was then
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stirred at 300 rpm and a 1-ml aliquot of Ti(OiPr)4 was
added. After 30 min, a 0.5-ml aliquot of HNO3 was
injected into the solution. The solution was degassed and
reacted at 70 °C for 4 h. The products were washed with
de-ionized water three times, filtered, and then allowed to
dry at 50 °C for 12 h.
Photo-degradation experiments
Photo-degradation experiments of three different organic
dye molecules were carried out at ambient temperature in
the presence of photocatalyst particles (TiO2@MPS particles, P25, or TiO2 nanosols) under visible or ultraviolet
light irradiation so as to evaluate these particles’ photocatalytic activities. First, mixtures of each photocatalyst
and one of the three organic dyes were prepared in water as
follows: A selected amount of each photocatalyst—0.1 g of
TiO2@MPS particles, 0.005 g TiO2 nanosol, or 0.005 g of
P25—were added into a 250-ml beaker containing 99 ml of
de-ionized water, sonicated for 1 h, and stirred at a rate of
200 rpm with a magnetic bar. The beaker was tightly
covered with plastic wrap to prevent evaporation of water.
Then, a 1-ml aliquot of one of the three dye stock solutions,
1 9 10-3 M in water, was injected into the prepared dispersion of each photocatalyst to make 1 9 10-5 M dye in
the photocatalyst dispersion. In case of TiO2@MPS particles, a larger amount of the stock solutions were used for
the two rhodamine dyes, in consideration of their high dye
adsorption efficiency (See dye adsorption results below)—
so as to make the free dye concentration in liquid phase of
the dispersion at the beginning of the photo-degradation
experiments to be approximately the same as those for P25
and TiO2 nanosol. Note that in this study, the photo-degradation rates were measured by monitoring the dye concentrations in the liquid phase. Each dye-photocatalyst
mixture solution was stirred for 30 min in a light-blocked
chamber before light illumination started. For visible light
degradation experiments, we used a home-built radiation
chamber, 30 9 30 9 30 (cm), which is blocked from
outside light and has a visible light source, three-wavelength lamp of 100 W (EFHE 100EX-D) obtained from
CityELG (Incheon, Korea), at the center of the ceiling. The
beaker was located in the center of the radiation chamber
and the distance between the lamp and the bottom of the
beaker was set to be 20 cm. In case of UV light degradation experiments, a radiation chamber (RX-P12) containing
a light source covering 300–420 nm with maximum
intensity of 7.6 mW/cm2 and power of 1 kW at 365 nm,
from Raynics Co. (Gwangmyoung, Korea), was used. The
distance between the light source at the ceiling and the
bottom of the beaker was 13 cm. 1.5-ml aliquots of the
dye-photocatalyst particle solution were sampled just
before light irradiation as well as at every 20 or 60 min
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after visible light irradiation and at every 1, 1.25 or 5 min
after UV light irradiation. The collected sample solutions
were then centrifuged for 5 min with 1.1 9 104 rpm in a
micro-centrifuge so as to separate clear supernatant liquid
and precipitated particles. The UV/vis absorption spectra of
the liquid samples were then obtained to monitor the
intensity change as well as the wavelength shift in the
absorption peaks.
For TiO2@MPS particles, effects of pH and solvent on
the photo-degradation of rhodamine B under visible light
irradiation were also studied by the same procedure as
described above. The tested pH values were pH 3, 5, 7, and
9. The tested solvents include acetone and ethanol.

solution and 0.1 g of the photocatalyst (new or recovered)
were mixed and stirred for 30 min in the dark and then
exposed to visible light irradiation for 4 h. 1.5-ml aliquots
were sampled at every 60 min. For recovery of the photocatalysts, the photocatalyst particles in the mixture were
collected, and washed thoroughly with the solvent selected
through dye desorption tests so as to remove the adsorbed
dyes. The particles were then dried at 50˚ C for 12 h so as to
be used in the photo-degradation experiments.

Dye adsorption and desorption experiments

Physicochemical characterization of photocatalysts

Dye adsorption experiments were performed in the dark as
control experiments for photo-degradation experiments.
First, aqueous mixtures of dyes and photocatalysts were
prepared for use in photo-degradation experiments. The
mixture solutions were kept stirred in the dark. Sampling
and analysis were performed as described for photo-degradation experiments to estimate the amount of dye
adsorption on the photocatalysts. Dye desorption experiments were performed to select the solvent suitable for
recyclability tests. The dye-loaded photocatalyst particles
(TiO2@MPS) were treated with various solvents and the
amount of desorbed dye was measured. First, TiO2@MPS
particles containing a controlled amount of rhodamine B
were prepared as follows: 0.1 g of TiO2@MPS particles
was dispersed in 100 ml of 1 9 10-5 M rhodamine B
solution and let dye molecules adsorbed onto the particles
for 36 h; the photocatalysts were then filtered and dried at
50 °C for 12 h. Second, the obtained rhodamine B loaded
particles were weighed to make 50 ml of a 0.1 wt% colloidal solution in each of the solvents such as ethanol,
methanol, acetone, and hexane. Each solution was then
stirred at 200 rpm inside a light-blocked chamber during
the whole desorption process so as to prevent the photodegradation of the dye molecules. Third, 1.5-ml aliquots of
the solution were sampled, first, at 12 h, and then every
24 h for 4 days. The sample solutions were centrifuged for
5 min with 1.1 9 104 rpm using the micro-centrifuge, and
the UV/vis absorbance spectra of supernatant solutions
were obtained to measure the amount of rhodamine B
released from the particles.

Electron microscopic observations were performed for
MPS particles, TiO2 nanosols, and TiO2@MPS particles as
shown in Fig. 1. Figure 1a exhibits an SEM image of MPS
particles, having smooth surfaces, with diameter of about
600 nm and Fig. 1b shows a TEM image of TiO2 nanosols
prepared by the peptization method. The syntheses and
TiO2 nano-particles coatings of MPS particles were found
to be quite reproducible within an experimental error limit.
Figure 1c exhibits TEM and SEM images of TiO2@MPS
particles, revealing that they maintain the spherical shape
of MPS particles but their surfaces are rougher because of
the surfaces being coated with tiny TiO2 particles. It has
been known that the important factor influencing photocatalytic activity of the TiO2@MPS particles is the total
surface area of TiO2 particles as well as the amount of
TiO2. From ICP-AES result, the TiO2 content in TiO2@
MPS was found to be 1.6 % (w/w), which indicated very
thin layers of TiO2 coating on MPS particles. Therefore,
we assumed that most of TiO2 particles were located
evenly on the surface of MPS particles and TiO2 layer
thickness would not influence photocatalytic activity of the
TiO2@MPS particles.
The isoelectric point (IEP) of TiO2@MPS particles—the
pH where particle surface carries no net electrical charge,
i.e., the zeta potential becomes zero—was determined by
measuring zeta potentials at different pHs. The IEP measurements were also performed for P25 (AEROXIDEÒ
TiO2), a commercial photocatalyst that is prepared by
vapor-phase process, and TiO2 nanosols for comparison. It
is known that in an aqueous solution, for pH lower than
IEP, the surface charge of the suspended particles is positive, whereas for pH higher than IEP, the surface charge is
negative. The zeta potential data show that IEP of
TiO2@MPS particles is lower than pH 2.5, while the IEP of
TiO2 nanosol is around pH 3–4. The IEP of P25 is around
pH 6 (Fig. S1). The IEP difference between P25 and TiO2
nanosol, despite the same composition (TiO2), may result

Recyclability tests
Recyclability test was carried out for TiO2@MPS particles
by repeating photo-degradation experiments and recovery
of the photocatalysts. For the photo-degradation experiments, 100 ml of 2 9 10-5 M rhodamine B aqueous
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Fig. 1 SEM image of particles (a), TEM image of TiO2 nanosol (b), and SEM and TEM image of TiO2@MPS particles (c)

from difference in production processes, i.e., solution phase
versus gas phase.
Dye adsorption characteristics of photocatalysts
The focus of this study is the enhancement in photo-catalytic activity through the chemical interaction between
chemically modified substrate particles and organic dye
molecules. The MPS particles were adopted in the composite-type photocatalyst design so as to enable chemical
adsorption of target organic dyes, although they do not
have photocatalytic activity. As a proof of evidence, dye
adsorption capabilities of two photocatalysts, TiO2@MPS
and P25, were investigated using rhodamine B, rhodamine
6G, and methyl orange dyes. The free dye concentration in
solution dropped immediately after mixing with photocatalysts but subsequent reduction of the dye concentration
was relatively negligible for both catalysts, indicating that
dye adsorption on the photocatalysts is a fast process (Fig.
S2). For TiO2@MPS, the amounts of initial adsorption of
organic dyes are 43 % for rhodamine 6G, 35 % for rhodamine B, and 18 % for methyl orange. For P25, the initial
dye adsorption amounts were 1 % for rhodamine 6G, 6 %
for rhodamine B, and 30 % for methyl orange, respectively. Such difference in the dye adsorption characteristics
of the two photocatalysts may be related with available
functional groups and surface charges of the photocatalysts
and the dyes. This would lead to enhanced photocatalytic
degradation of the dyes compared to previously reported
photocatalysts because of combined chemical and physical
adsorption mechanisms. As MPS particles have acidic SH
groups, dyes containing basic functional groups such as
amine can be preferentially adsorbed on them by ion pair
interactions. Moreover, zeta potential measurements
showed that in an acidic solution (for pH 3–6), TiO2@MPS
particles have negative surface charges but P25 particles
have positive surface charges. It is expected that dyes
would be preferentially adsorbed to the photocatalysts by
electrostatic interaction if the dyes have opposite charges to

those of the photocatalysts, i.e., positively charged dyes to
TiO2@MPS and negatively charged dyes to P25. The
chemical structures of the dyes indicate that the observed
adsorption trends for the two photocatalysts above are well
matched with such expectations. Rhodamine B and rhodamine 6G have similar chemical structures—containing
two amine groups but rhodamine B contains a carboxyl
group while rhodamine 6G has an ester group instead—
resulting in higher positive charges for rhodamine 6G than
for rhodamine B (Fig. S3). On the other hand, methyl
orange is an anionic dye with a sulfonate group, which
exhibits better adsorption behavior toward P25 than
TiO2@MPS particles.
Photo-catalytic activities of TiO2@MPS particles, P25,
and TiO2 nanosols
Photo-degradation of rhodamine B, rhodamine 6G, and
methyl orange in the presence of TiO2@MPS, P25, or TiO2
nanosol particles were investigated under UV or visible
light irradiation. For the photocatalytic activity test, the
most of previous studies, including references cited in our
manuscript, exhibited the results with a single measurement for photo-catalytic activity at each specific condition,
without presenting averages or error bars. It was found that
the most of photocatalytic degradation studies of organic
dyes were carried within a given set of reaction conditions
and the results of self-sustaining trends, not absolute data
values, were analyzed by the researchers. We had also
investigated the reproducibility of photocatalytic activity
for rhodamine B dye under visible irradiation and obtained
good reproducible data (Fig. S4). Figure 2 shows the UV/
vis spectra of rhodamine B obtained at different time points
during the photo-degradation experiments. We note that
spectral changes during UV irradiation include only the
decrease in the dye’s absorption peak intensity as shown in
Fig. 2a, b. However, those during visible irradiation
include not only the peak intensity reduction but also the
peak wavelength shift toward blue. We also note that the
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Fig. 2 UV/vis spectra of
rhodamine B during
photocatalytic degradation:
Under UV light irradiation, with
TiO2@MPS (a), and with P25
(b); under visible light
irradiation, with TiO2@MPS
(c) and with P25 (d)

rhodamine B degraded much faster under UV irradiation
than under visible irradiation for both TiO2@MPS and P25.
These observations indicate different photo-degradation
mechanisms for UV and visible light. So far, there are two
proposed mechanisms to explain the photocatalytic degradation of dye molecules: Photocatalytic oxidation and
photosensitized oxidation [8].
The photocatalytic oxidation involves direct photoexcitation of an electron in the valence band (VB) of TiO2
into the conduction band (CB) and is the dominant mechanism for dye degradation by UV irradiation. Here, the dye
chromophore is directly cleaved by reactive oxygen species
(ROS), leading to immediate destruction of the dye molecule. The photosensitized oxidation is initiated by photoexcitation of an electron in the VB of dyes, followed by
transferring the electron to the CB of TiO2. Degradation
under visible light can be explained by this mechanism. It
should be noted that the electron transfer from dye to TiO2
is efficient only if the dyes are located in close proximity of
TiO2. Therefore, it is expected that dye adsorption on
photocatalysts would play an important role for degradation of dyes under visible light, as the adsorbed dyes would
be close to TiO2. Figure 2c, d confirm it by showing that
degradation of rhodamine B by TiO2@MPS is notably
faster than by P25, under visible irradiation. Note that
rhodamine B can be adsorbed on TiO2@MPS much more
efficiently than on P25—by factor of *6 under current
experimental conditions according to the dye adsorption
results. Moreover, since dye adsorption on the
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photocatalysts is a limiting factor for photosensitized oxidation to occur, photo-degradation of dyes under visible
irradiation would be slower than under UV irradiation as
we observed here. The observed peak shift during visible
irradiation indicates that the decomposition pathway of
rhodamine B involves de-ethylation of diethyl amino
group, followed by destruction of chromophore structure,
rather than direct chromophore cleavage [35–37].
For quantitative comparison of photocatalytic activities
of the three photocatalysts, the evolution of the absorption
peak intensity of rhodamine B as a function of irradiation
time is plotted for each of the three photocatalysts. Under
UV light irradiation, P25 degraded rhodamine B the fastest,
followed by TiO2@MPS particles and then TiO2 nanosol
the slowest, according to Fig. 3a. The rhodamine B degradation reactions followed the first-order kinetics and the
degradation rate constants were 0.22, 0.17, and 0.11 min-1
for P25, TiO2@MPS, and TiO2 nanosol, respectively (Fig.
S5). However, under visible light irradiation, TiO2@MPS
particles exhibited the fastest degradation rate, followed by
P25 and then TiO2 nanosol (Fig. 3b). It could be observed
that P25 still exhibited observable photocatalytic activity
under visible irradiation. This phenomenon can be
explained as follows: For P25, dye degradation usually
occurs through both photocatalytic oxidation and photosensitized oxidation processes. Under visible light irradiation, a photosensitized oxidation path allows pure P25 to
degrade dye molecules over 50 % after 400 min, although
photodegradation under UV light irradiation was more
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Fig. 3 Comparison of photocatalytic activity of TiO2@MPS, P25, and TiO2 nanosol under UV light irradiation (top) and visible light irradiation
(bottom). Rhodamine B dye degradation (a, b); rhodamine 6G degradation (c, d); methyl orange degradation (e, f)

complete and much faster compared to degradation under
visible light. Our previous studies also indicated that more
than 50 % of rhodamine B was degraded under visible light
irradiation using P25 after longer than 3 h [38].
The rate constants by the TiO2@MPS particles, P25, and
TiO2 nanosol were 0.017, 0.003, and 0.002 min-1,
respectively. It should be pointed out that in these photodegradation experiments, the TiO2 amount included in the
TiO2@MPS particles is only about 1/3 of the amount of
P25 and TiO2 nanosol, considering the TiO2 content per
TiO2@MPS particles (1.6 % by ICP-AES). Therefore, the
rate constant per g of TiO2 by the TiO2@MPS particles is
greater than those of TiO2 nanosol and P25 by a factor of
26 and 18, respectively, under visible irradiation. In case of
UV irradiation, the rhodamine B degradation rate constant
by TiO2@MPS particles is two and four times higher than
those of P25 and TiO2 nanosol, respectively. The ultra-high
photocatalytic efficiency of the TiO2@MPS particles under
visible light irradiation is believed to be mostly due to a
large amount of rhodamine B molecules being adsorbed on
the TiO2@MPS particles through physical and chemical
interactions, enabling highly enhanced electron transfer
from the dyes to TiO2, compared to P25 and TiO2 nanosol.
The TiO2@MPS particles are also better photocatalysts
toward rhodamine B than P25 under UV light irradiation,
unlike previous report with TiO2/SiO2 composite photocatalysts which showed lower UV-degradation efficiency
but higher visible-degradation efficiency than P25 [33].
This suggests that photo-degradation of dyes under UV

irradiation may also be affected by dye adsorption as
photocatalysts with higher adsorption efficiency may have
more dye molecules near them and therefore degrade the
dye molecules more efficiently. Another reason for the
better photocatalytic efficiency of TiO2@MPS particles
than TiO2 nanosol and P25 under UV irradiation may be
their structure that prevents aggregation of TiO2 nanoparticles (See Fig. 1c). Note that aggregation of TiO2 nanoparticles is a notorious problem that causes reduction of
their photo-degradation efficiency over time. These results
demonstrate the important role of MPS particles in the
design of the core–shell-type photocatalyst particles. It is
interesting to observe that P25 shows better photocatalytic
efficiency toward rhodamine B than TiO2 nanosol under
both UV and visible irradiation, although both particles are
TiO2 particles of a few nanometers in size. This may result
from P25 having better crystallinity than TiO2 nanosol as
the photo-degradation rates are known to be affected by
crystallinity of TiO2 particles [38].
Figure 3c, f shows the results on photocatalytic degradation of other colored organic dyes, rhodamine 6G and
methyl orange in the presence of TiO2@MPS particles and
P25 under UV and visible light irradiation. The kinetic
studies suggested that rhodamine 6G and methyl orange are
also degraded following first-order equation like rhodamine
B (Fig. S5). The rate constants for degradation of rhodamine 6G by TiO2@MPS particles and P25 were 0.11 and
0.31 min-1, respectively, under UV light irradiation, while
they were 0.015 and 0.001 min-1 under visible light
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irradiation. The rate constants for degradation of methyl
orange by TiO2@MPS particles and P25 were 0.02 and
0.12 min-1, respectively, under UV irradiation, while they
were 0.004 and 0.0005 min-1, respectively, under visible
irradiation. According to the kinetic analysis per g of TiO2,
TiO2@MPS particles showed higher photocatalytic efficiency toward rhodamine 6G than P25—slightly higher
under UV irradiation and significantly higher under visible
irradiation, which is the same trend as observed for photodegradation of rhodamine B. Especially for rhodamine 6G
degradation under visible light irradiation, the degradation
rate constant per TiO2 by TiO2@MPS particles was *45
times that by P25, which confirms that dye adsorption is a
dominant factor for visible light degradation of dyes.
However, in case of degradation of methyl orange, the
degradation rate constant per TiO2 by TiO2@MPS particles
is slightly lower than P25 under UV irradiation, but higher
than that by P25 by a factor of *8 under visible light
irradiation, despite that they show lower methyl orange
adsorption efficiency than P25. We also note that the
methyl orange degradation rate is notably lower than those
for the two rhodamine dyes under both UV and visible
irradiation. This may be due to the chemical structure of
methyl orange—it does not contain ethyl groups so there is
no deethylation pathway during photo-degradation unlike
the rhodamine dyes. All these photo-degradation study
results demonstrate that TiO2@MPS particles have significantly enhanced photocatalytic efficiency and solar energy
use efficiency compared to P25.
pH and solvent effects on photocatalytic activities
of TiO2@MPS particles
Photocatalytic degradation can be affected by pH and
solvent of reaction medium. For studying the pH effect,
degradation experiments of rhodamine B in aqueous solutions, of various pHs, containing TiO2@MPS under visible
light irradiation were carried out, as shown in Fig. 4. The
rate of photocatalytic degradation increased as pH of
solution decreased—the rate constant was five times higher
at pH 3 than at pH 7. With pH of 9, almost no degradation
of rhodamine B dyes occurred. These results may be
explained by pH-dependent dye adsorption characteristics
of the particles as pH affects both the surface charge of
photocatalyst particles and the charge of dye molecules.
Under acidic condition, TiO2@MPS catalyst particles have
negatively charged surface and dye molecules become
more positive, increasing electrostatic interaction. More of
the dyes can be adjacent to TiO2 due to enhanced
adsorption of the dyes onto the photocatalysts, which will
facilitate the electron transfer from the dyes to conduction
band of TiO2. It will also facilitate the degradation of the
dyes by generated OH radicals as the action of OH radical
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Fig. 4 pH dependence on degradation of rhodamine B using
TiO2@MPS under visible light irradiation

is very localized due to its very short lifetime (*ns) [39].
Consequently, the photosensitized degradation efficiency
of the TiO2@MPS particles becomes high in acidic solutions. However, at pH 9, both rhodamine B and the
TiO2@MPS particles are negatively charged, resulting in
almost no adsorption of rhodamine B on the particles and
hence no photosensitized oxidation of the dyes. It was
found that there was negligible pH changes during the
organic dyes degradation, which would not influence the
generation of *OH radicals (Table S1).
For studying the solvent effect, photocatalytic degradation of rhodamine B in acetone and ethanol containing P25
or TiO2@MPS particles was investigated under visible
light irradiation. Both P25 and TiO2@MPS particles
decomposed rhodamine B dyes completely in acetone
within less than an hour—significantly faster degradation
of the dyes than in water—but there was no detectable
decomposition of the dye molecules in ethanol (Fig. S6).
This is due to the fact that production and stability of ROS
such as OH radical and O2 (superoxide anion)—that are
believed to play a dominant role for photocatalytic degradation of organic dyes—are affected by solvents. In protic
solvents such as ethanol and acetic acid, OH radicals are
quickly scavenged, while aprotic solvent like acetone, there
will be no such radical scavenge effect [40, 41]. Note that
water is a weak protic solvent. Resultantly, ROS have
longer lifetime in acetone than in ethanol or in water,
resulting in enhanced photo-catalytic degradation efficiency in acetone. Moreover, the solubility of oxygen
molecules is higher in acetone than in water, and the higher
O2 concentration in solution leads to generation of higher
amount of ROS [42].
Recyclability of TiO2@MPS particles
For practical applications, it would be cost-effective if
photocatalysts could be used several times without
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Fig. 5 Recyclability of TiO2@MPS for rhodamine B photodegradation

significantly losing their catalytic activities. The recyclability of the TiO2@MPS particles was investigated by
repeating photo-degradation experiments using the same
particles, first fresh ones and then recovered ones. For
recovery of the particles, dye desorption process was performed followed by drying process. First, desorption
experiments of organic dye molecules from recycled catalysts were carried out using various types of solvents so as
to select the proper solvent for the recovery process. When
polar protic solvents—methanol, and ethanol—were used,
rhodamine B dye came out to solvent easily with 24 h
stirring, while polar aprotic solvents such as acetone could
not desorb dye molecules as much as polar protic solvents
did. On the other hand, non-polar solvents like hexane did
not make the dye molecules be released from the catalysts
at all. Based on these results, ethanol was selected as the
solvent for dye desorption experiments. As can be seen in
Fig. 5, the photocatalytic degradation efficiency of
TiO2@MPS particles toward rhodamine B remained
almost the same even at the third time use. We also note
that the morphology of recycled catalysts remained the
same.

Conclusions
Core–shell-type TiO2@MPS particles were designed to
have enhanced dye adsorption capability through both
chemical and physical adsorption mechanisms, and thereby
to show enhanced photocatalytic activity toward target
organic dyes. Here, MPS particles were employed to serve
the following functions: (1) to hold the TiO2 on their surface; (2) to provide the chemical interaction between dyes
and available organic functional groups of the particles.
Photocatalytic activity of the TiO2@MPS particles under
visible light irradiation was 18, 45, and 8 times better than
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P25 toward rhodamine B, rhodamine 6G, and methyl
orange dye molecules, respectively, based on the measured
first-order rate constants per TiO2. The recyclability of the
TiO2@MPS particles was investigated to find that the
photocatalytic activity did not change at all even for the
third time use in the photo-degradation experiments. This
demonstrates that the TiO2@MPS particles have markedly
enhanced photocatalytic efficiency toward organic dye
molecules as well as excellent recyclability, compared to
commercial P25. It is expected that by replacing the MPS
particles with other organically modified silica particles
containing different chemical functional groups, the
adsorption characteristics of the core–shell-type photocatalysts toward desired organic molecules can be controlled.
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