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a  b  s  t  r  a  c  t

SiO2@TiO2 core@shell  nanoparticles  (CSNs)  have recently  attracted  great  attention  due  to  their  unique
and  tunable  optical  and  photocatalytic  properties  and  higher  dispersion  of the  supported  TiO2.  Thus,
development  of  facile,  reproducible  and  effective  methods  for the  synthesis  of  SiO2@TiO2 CSNs  and  a
fundamental  understanding  of  their  improved  properties,  derived  from  combination  of  different  core
and  shell  materials,  is of great  importance.  Here  we report  a very  facile  and  reproducible  method  for  the
synthesis  of  CSNs  with  a control of  particle  morphology,  crystallinity  and phase  selectivity,  and  provide
important  insight  into  the  effect  of  core@shell  configuration  on the  photocatalytic  and  optical  properties
of  SiO2@TiO2 CSNs.  For  this  purpose,  synthesis  of highly  dispersed  anatase  nanocrystals  (∼5 nm)  of  high
surface  area  was  carried  out  by  supporting  these  nanocrystals  on  silica  sub-micron  spheres  in the  form  of a
porous  shell  of  controlled  thickness  (10–30  nm).  The  amorphous  TiO2 shell  was  crystallized  into  anatase
using  a low  temperature  (105 ◦C) hydrothermal  treatment.  The  resulting  CSNs  were  characterized  by
scanning  electron  microscopy,  transmission  electron  microscopy,  energy  dispersive  spectroscopy,  x-ray
photoelectron  spectroscopy,  X-ray  diffraction,  vibrational  spectroscopy,  zeta-potential  measurements,
BET  surface  area  and  electron  paramagnetic  resonance  measurements.  Both  experimental  data  and  the-
oretical  simulations  showed  that  due  to  the  size  of  the  complete  particle  (SiO2@TiO2), the  general  optical
response  of  the  system  is  regulated  by Rayleigh  scattering,  exhibiting  a red-shift  of  the  extinction  spectra
as  shell-thickness  increases.  The  SiO2@TiO2 configuration  leads  to  efficient  light  harvesting  by increas-
ing  the optical  path  inside  the  core@shell  particles.  An  enhanced  photoactivity  and  good  recyclability
of  SiO2@TiO2 CSNs  was  demonstrated  compared  to unsupported  TiO2. Together  with  BET  surface  area
measurements,  direct  assessment  of  the  density  of  photocatalytic  sites  probed  by  electron  paramagnetic

resonance  measurements  was  used  to  provide  insight  into  the enhanced  photocatalytic  activity  of  CSNs,
which  is also  understood  as  a  consequence  of Rayleigh  scattering,  relative  enhancement  of the adsorp-
tion  of  organic  molecules  on  the  core@shell  photocatalyst  surface  and  increased  optical  path  inside  the
SiO2@TiO2 particles.  All  these  aspects  are  directly  influenced  by  the core@shell  configuration  of  SiO2@TiO2

samples.
∗ Corresponding author. Tel.: +55 16 3373 9439.
E-mail address: uprf@iqsc.usp.br (U.P. Rodrigues-Filho).
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926-3373/© 2015 Elsevier B.V. All rights reserved.
© 2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction
TiO2 is still the most used among the photocatalysts based on
benefit-cost ratio, as well as due to its suitable electronic and opti-
cal properties and good chemical stability. TiO2 is widely used in
photocatalysis [1,2], self-cleaning coatings [3], dye-sensitized solar
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ig. 1. FEG-SEM images of (a) unmodified silica and (b) CS-10; (c) bright field and (d
ark  field image of CSNs obtained by collecting the electron diffracted from (1 0 1) a

ells [4], nanoparticles-coated facemasks [5], antibacterial coat-
ngs on medical devices [6] and optoelectronic and energy storage
evices [7]. However, these applications, especially photocataly-
is by TiO2, closely depend on physical properties such as surface

rea, crystallinity, morphology, particle size and crystalline phase
f titania, with anatase being the most active photocatalytic form
f TiO2 [8,9]. Despite such excellent properties of TiO2, there are
ertain problems associated with nanometric TiO2, which make
 field TEM images of sample CS-20; (e) the SAED pattern and (f) the corresponding
 0 3) planes of the SAED pattern.

practical applications difficult and costly. Such problems include
nanoparticles’ agglomeration [10], phase transformation [11,12],
decrease in surface area upon thermal treatment [12,13], recom-
bination of photogenerated electron–hole pair [14], lack of visible

light photoactivity due to its wide band gap (Eg = 3.2 eV) [14] and the
difficulty in recovery of the nanocatalyst from aqueous suspension.

To solve most of these problems, titania [15–20] and other func-
tional metals/metal oxides [21,22] nanoparticles can be coated in
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Table 1
Summary of the formulation parameters used for the synthesis of SiO2@TiO2 CSNs
and the particle size distribution obtained from FEG-SEM analysis.

Sample SiO2 (g) TiP (mmol) (%)TiO2 (wt.) Particle size (nm)*

Silica – – 0 202 (20)
CS-10 0.2 0.46 10.4 225 (23)
CS-20 0.2 0.71 20.6 245 (25)
CS-30 0.2 1.4 31 250 (34)
CS-35 0.2 1.64 35 265 (33)
T1 (unsupported TiO2) – 1.64 100 6.7 (1.2)
S. Ullah et al. / Applied Catalysis 

he form of a layer on the surface of thermally stable, low cost and
igh surface area core materials such as SiO2, ZrO2, MoO3 and Fe2O3
4,16]. Silica is one of the best core materials [23,24] for preparing
he CSNs due to its rich and well-known surface chemistry and
dsorption capacity [25], easy and controllable preparation by the
töber method [26], optical transparency in the wavelength region
here TiO2 absorbs, low cost and high thermal and mechanical sta-

ility. Another advantage of using SiO2 as the core material is that it
an be easily leached out of the core@shell structure with an alka-
ine solution, for example, to obtain porous hollow spheres of the
hell material with improved properties [19,20,22,27].

The core@shell configuration generally results in improved
aterial properties [16,22] and the physical and chemical prop-

rties of CSNs can be tuned by controlling the morphology and
hickness of the shell [18,19] or the size of the support material
17]. In most cases, the composite CSNs often show superior prop-
rties than either core or shell material alone [21,23]. For example,
he SiO2–TiO2 heterogeneous system often exhibits better pho-
ocatalytic activity than TiO2 alone [28–30], probably due to the
act that adsorption of organic compounds is improved [30] and
ggregation of TiO2 nanoparticles is minimized, thus leaving higher
xposed surface area. Similarly, the anatase-to-rutile transforma-
ion is suppressed if TiO2 is immobilized on silica [16,17] due to
ess inter-grain contact, knowing the fact that nucleation of rutile
s triggered at the interface of two aggregated anatase particles [17].

Despite these unique features, the structure-properties rela-
ionship of CSNs are not yet fully understood, especially in
onnection to photocatalysis, as many parameters are simulta-
eously involved, such as the real surface area, electron–hole
roduction efficiency upon photon absorption, recombination rate,
nd the photodegradation mechanism [31].

Here, we present a simple but efficient strategy for the
reparation of SiO2@TiO2 hybrid particles with a fine control of
rystallinity, phase selectivity, shell thickness and morphology.
ompared to the unsupported TiO2 nanoparticles of similar size,
he SiO2@TiO2 CSNs exhibit better photocatalytic activity towards
egradation of crystal violet (CV). The enhanced photocatalytic
ctivity is analysed in terms of the structure of CSNs, the inter-
acial properties, the density of surface Ti(IV) sites able to support
he formation of O2

− radicals, as determined by EPR, and the optical
esponse of CSNs.

. Materials and methods

.1. Reagents

Tetraethyl orthosilicate, TEOS, 98% and titanium (IV) isopropox-
de, TiP, 97% and cellulose phosphate (fine mesh) were obtained
rom Sigma–Aldrich (USA). 2-propanol, with a water content of 0.04

 (as determined by Karl–Fisher titration using 870 KF titrino plus
itrator, Metrohm, Switzerland) was from J.T. Backer (USA). Ammo-
ium hydroxide, NH4OH, 28%, and crystal violet, CV, 1%, were from
HEMIS (SP, Brazil). Stearic acid (SA) was obtained from Labsynth

SP, Brazil). All chemicals were used without further purification.

.2. Synthesis of silica

The Stöber silica particles [26] of around (202 ± 20) nm in
iameter were prepared by the hydrolysis of TEOS in basic media
pH ∼ 11) at room temperature ((25 ± 2)◦C) and a relative humid-
ty of (65 ± 10)%. Briefly, 15 mL  H2O and 4 mL  NH4OH (28%) were

dded to 100 mL  ethanol in a Teflon reactor and left under magnetic
tirring for 20 min. Then, 3.0 mL  of TEOS were quickly added to the
bove mixture, and left under constant magnetic stirring for 1 h.
fter this hydrolysis-polycondensation step, the mixture was  neu-
* Particle size of composite SiO2@TiO2 particles except for T1. The values in
bracket represent the standard deviation.

tralized with 5 mol  L−1 HCl and centrifuged at 3500 rpm for 10 min.
The supernatant was  discarded and the precipitate was  washed
three times with water by suspending-centrifugation method. The
resulting precipitate was dried at 70 ◦C for at least 15 h.

2.3. Synthesis of SiO2@TiO2 CSNs

Powder silica was dried at 110 ◦C for at least 1 h and 0.2 g of it
was dispersed in 30 mL  isopropanol by sonication for 1 h. This sil-
ica suspension was then transferred to a Teflon reactor and 50 mL
more of isopropanol were added and left for 5 min  under mag-
netic stirring. Then different amounts of titanium isopropoxide
(TiP) (see Table 1) were quickly added and the reactor lid was tightly
closed. The samples are labelled based on %TiO2 (wt.%) they contain.
The mixture was  kept under magnetic stirring for 19 h. Then 9 mL
water–alcohol mixture (3 mL  H2O:6 mL  isopropanol) was  slowly
added (2 mL  min−1) and left for 1 h under magnetic stirring. The
resulting colloidal suspension of SiO2@TiO2 was then centrifuged at
3500 rpm for 10 min, the supernatant was discarded and the precip-
itate was  washed once with isopropanol and twice with deionized
water. The amorphous titania shell was crystallized by hydrother-
mal  treatment. The resulting amorphous CSNs were suspended in
50 mL  H2O and subjected to hydrothermal treatment at 105 ◦C for
24 h in a home made air-tight Teflon reactor (capacity 120 mL).
The samples after hydrothermal treatment were centrifuged again
at 3500 rpm for 10 min  and the precipitated CSNs were dried at
100 ◦C under air. The unsupported TiO2 (denoted as T1, hereafter)
was also prepared using 500 �L (1.64 mmol) of TiP by the same
procedure used for the preparation of CSNs but in the absence
of SiO2 in the reaction mixture. The particle size of anatase in T1
sample estimated from TEM images is comparable to that of CSNs
(Supporting information, Fig. S1 and Table S1). The particle size
of complete SiO2@TiO2 CSNs estimated from SEM images is also
shown in Table 1.

2.4. Characterization techniques

FEG-SEM images of the samples coated with a thin carbon
layer of about 5 nm were obtained using Inspect F-50 (FEI, Nether-
land) scanning electron microscope (SEM), equipped with an
Everhart–Thornley SE detector, at an electron beam accelerating
voltage of 15 kV. The average diameter of SiO2 and CSNs was
obtained by measuring the particles size from SEM images as given
in Table 1. TEM analysis of the sample supported on carbon-coated
copper grid (CFC-200Cu, EMS, USA) was done using an FEI TECNAI
(G2F20) transmission electron microscope operated at an acceler-
ating voltage of 200 kV.

Raman spectra of SiO2@TiO2 CSNs powder were obtained with
an LSI Dimension P-2 Raman spectrometer (Lambda solution, USA)

equipped with 785 nm red laser and CCD detector.

X-ray diffractograms of powder samples of pure silica and CSNs
were run at a scan rate of 0.5◦ min−1 with a Rigaku Rotaflex RU-
200 X-ray diffractometer (Japan) operated at operated at 30 mA
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Scheme 1. Electric field �E interacting with a core@shell particle; the core is deter-
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nd 40 kV using Ni-filtered Cu K� X-ray radiation (� = 1.540 Å). The
natase crystallite size was estimated using Scherrer equation [32]
ased on broadening of the diffraction peak at 2-theta value of 48◦

hich correspond to the (2 0 0) plane of anatase.
The specific surface area (SSA) of the samples was estimated

rom nitrogen adsorption curves using the Brunaer–Emett–Teller
BET) method employing NOVA 1000 (Quantachrome, USA) surface
rea analyzer.

High resolution XPS spectra of SiO2@TiO2 sample deposited on
arbon tape were obtained on a VSW HA-100 spherical analyzer
mploying AlK� radiation (h� = 1486.6 eV) and using a constant
nalyzer pass energies of 22 eV, which produces a full width at
alf-maximum (FWHM) of 1.3 eV for the Au(4f7/2) line. The pres-
ure during the measurements was always less than 2 × 10−8 mbar.
harge correction was made with respect to Si2p line at 103.5 eV
33].

The Zeta potential (�) of the samples was measured using a
SNano Zetasizer instrument (ZEN 3600, Malvaran). The samples
ere dispersed in a 0.003 mol  L−1 KCl solution to give a final con-

entration of 0.01%(w/v). The pH of the titration cell was  varied by
dding 0.01 mol  L−1 HCl or KOH to the suspension. Since the isoelec-
ric point (IEP) measured by electrophoretic mobility depends on
he surface composition of the CSNs [34], the apparent surface cov-
rage (ASC) can be calculated from the IEP data of the components
y the equation [35,36]:

SC =
MTiO2

(
IEPSiO2

− IEPCSN
)

[
MSiO2

(
IEPCSN − IEPTiO2

)
− MTiO2

(
IEPCSN − IEPSiO2

)] (1)

here MTiO2
and MSiO2

are the molecular weights of TiO2 and SiO2,
espectively, and the subscripts CSN refer to the core@shell NPs.

.5. Photocatalytic activity tests of CSNs

To evaluate the effect of shell structure and properties on pho-
oactivity, 15 mg  of CSNs or T1 were dispersed in 35 mL  of deionized
ater by sonication for 30 min, and added to 35 mL  of CV solu-

ion (20 ppm) in a cylindrical borosilicate vessel (internal diameter
.5 cm). The system was kept under magnetic stirring under air dur-

ng the experiment. After 30 min  of magnetic stirring in dark, the
amples were irradiated with a Lightningcure LC8 (Hamamatsu,
apan) Xe arc lamp equipped with a light guide placed at distance
f 7 cm from the sample. The sample received 28.8 J cm−2 of UVA
adiation per minute while UVB and UVC were filtered out by the
orosilicate reactor. Aliquots before and after various irradiation

ntervals were collected in presence as well as in absence of CSNs
control experiment). After separation of the catalyst by centrifu-
ation, the electronic spectra of the supernatant was collected and
he area under CV peak (450–700 nm)  was measured to evaluate
he photocatalytic activity of the samples [37].

The photocatalytic activity of CSNs immobilized as thin films
gainst an overlayer of stearic acid and CV was also proven for the
esign of self-cleaning surfaces (see supplementary section S1, Figs.
2–S4).

In order to investigate the recyclability and reuse of the CSNs, the
hotodegradation of CV with recycled and regenerated CSNs was
ested. For this purpose, after the first photocatalytic test (cycle
), the CSNs were recovered by centrifugation at 3500 rpm for
0 min, re-suspended in 35 mL  of deionized water and then reused
o photodegrade CV under the same conditions (cycle 2). The same
rocedure was repeated for cycle 2 through to cycle 4.
.6. Adsorption experiments

Adsorption of CV on SiO2@TiO2 and unsupported TiO2 (T1) was
tudied by adding 10 mL  of 0.1% (w/v) suspension of T1 or CSNs to
mined by radius ain and electrical permittivity �in , while shell is defined by radius
aout and electrical permittivity �out ; �m represents the electrical permittivity of the
surrounding media.

40 mL  of 5 ppm CV solution under constant magnetic stirring. The
suspension was centrifuged after 5 min, 10 min, 30 min  and 12 h of
adsorption in dark and the electronic spectra of the supernatant
solution was  measured using Cary-50 (Varian, Australia) UV–vis
spectrophotometer. The reference CV solution was prepared by
mixing 40 mL  of 5 ppm CV solution with 10 mL  of distilled water. We
observed no change in the spectra of the supernatant after 30 min,
showing that the equilibrium is reached in 30 min  (see Fig. S5).

2.7. Electron paramagnetic resonance (EPR) measurements

EPR molecular probe analysis was  carried out to find the relative
number of Ti (IV) sites accessible to H2O2. For this purpose, 15 mg
of the sample was  placed in an EPR quartz tube (Wilmad Suprasil,
OD 4 mm,  wall thickness 0.8 mm)  and 60 �L of 28% H2O2 (Synth, SP
Brazil) was  added to it, stirred for 2 min  and the sample/H2O2 mix-
ture left to react for 3 h. The EPR tube containing sample was  placed
in a cylindrical EPR cavity (ER 4103TM, Bruker) cooled to −196 ◦C
using liquid N2 and EPR spectrum recorded using a Bruker EMX
Plus spectrometer operating at X-band frequencies and 100 KHz
modulation frequency. For recording each spectrum, 8 scans were
performed with a modulation amplitude set to 4G at a microwave
power of 2 mW.

Double integration of the EPR signals was  performed using WIN-
EPR processing software (Bruker) to calculate the area of EPR peak.
The spin density (spins.g−1) of the samples was  estimated by refer-
encing the areas obtained to the strong pitch external standard from
Bruker (product code 9510S180) which contains around 8.3 × 1015

spins per cm [38]. Though this value differs slightly among differ-
ent reports, strong pitch can be used for the purpose of comparison
among the different samples. Thus, the relative number of spins.g−1

of different samples was  obtained by comparison with the number
of spins.g−1 of strong pitch measured under the same conditions.

2.8. Optical properties of SiO2@TiO2

To study the optical response of the CSNs, a PerkinElmer
LAMBDA 750 UV/Vis/NIR spectrophotometer equipped with a
60 mm integrating sphere was employed. The experimental data
was fitted considering the extinction coefficient as a linear combi-
nation of absorption and Rayleigh scattering by the CSNs sample
as the thickness of TiO2 shell is increased. The model evaluates
the extinction coefficient when an incident plane wave hits a
core@shell (SiO2@TiO2) particle as shown in Scheme 1.

3. Results and discussion

3.1. Shell structure and morphology of the SiO2@TiO2
The properties of the nanocrystalline TiO2 obtained by sol–gel
method can be controlled by optimizing the process parame-
ters [39]. The successful coating of all the TiO2 generated by the
hydrolysis-polycondensation step on the surface of SiO2 obviously
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Table 2
Effect of TiO2 loading on SSA, IEP and ASC of CSNs.

Sample IEP (pH) ASC (%) SSA (±8) m2 g−1

SiO2 2.59 – 33
CS-10 4.36 57 67
CS-20 4.99 74 92
S. Ullah et al. / Applied Catalysis 

epends on the balance between the rates of generation and depo-
ition of TiO2 NPs. To avoid the formation of coreless TiO2 NPs, the
recursor (TiP) was pre-adsorbed on the surface of SiO2 for 19 h
efore the hydrolysis-condensation step. Hydrolysis of TiP possibly
ccurs during the adsorption step leading to the formation of inter-
acial Si O Ti bond between the partially hydrolysed precursor
nd silanol groups on the surface of silica. The formation of Si O Ti
ond is confirmed by XPS analysis discussed later. The XRD analysis
Fig. S6) indicated that amorphous titania in CSNs was selectively
rystalized into phase-pure anatase with good crystallinity (∼95%)
nd small particle size (<10 nm)  using the soft hydrothermal treat-
ent (T = 105 ◦C, time = 24 h). The average anatase crystallite size

etermined from XRD (see later) and TEM analysis (Table S1) did
ot increase significantly with increasing the TiO2 loading from
0 to 35%. The phase-selective formation of such small anatase
anocrystallite using a facile and reproducible method is one of
he best features of the developed procedure.

The morphology and shell structure of the CSNs as function of
iP concentration was studied by FEG-SEM and TEM. The repre-
entative FEG-SEM images show that while pure SiO2 has smooth
pherical particles of around 200 nm (Fig. 1a), the surface of CSNs
s rougher and decorated with small TiO2 NPs (Fig. 1b and Fig. S7).
or the highest amount of TiP added (CS-35 sample), the alkox-
de precursor undergoes homogeneous nucleation, in addition to
he deposition on the SiO2 surface, leading to the formation of a

ixture of CSNs and free or coreless TiO2 nanoparticles (Fig. S7f).
he average particle diameter exhibits an almost linear increment
s function of TiO2 loading (Fig. S8). Based on the particle size for
ure silica and CSNs (Table 1), the measured shell-thickness was
1 nm,  21 nm,  24 nm and 31 nm for samples CS-10, CS-20, CS-30
nd CS-35, respectively. However, the theoretical value of shell-
hickness calculated for sample CS-30 considering spherical shape
f CSNs is around 10 nm (see section S2 in ESI) which is about 2.5
imes smaller than the measured thickness. This indicates that the
itania shell in CSNs has a porous structure. Micro-EDS analysis also
howed an almost linear increment in the bulk Ti/Si atomic ratio
ith the increase in theoretical Ti/Si ratio (Fig. S9), indicating that

he deposition process of TiO2 on silica is effective and reproducible.
The bright field TEM image of CS-20 shows the presence of tita-

ia nanocrystals around silica (Fig. 1c) which shine brightly when
iewed in the dark field mode (Fig. 1d).

The EDS line-scan (Fig. S10) performed across the diameter
f core@shell particles also confirms the formation of core@shell
tructure and suggests that the shell morphology changes from a
non-continuous” layer consisting of nano-island of TiO2 to a rel-
tively “continuous” one consisting of uniformly distributed and
losely attached TiO2 particles, though no complete layer is formed.

The selected area electron diffraction (SAED) pattern of the tita-
ia shell shown in Fig. 1e is typical of poly-nano-crystalline material
40]. The interplanar distances (±0.02 nm)  obtained from SAED
attern are 0.374 nm,  0.259 nm,  0.219 nm,  0.187 nm and 0.164 nm
hich respectively correspond to (1 0 1), (1 0 3), (0 0 4), (2 0 0) and

1 0 5) crystal planes of the anatase (JCPDS# 21-1272) [41]. Raman
pectra (Fig. S11) also confirmed the formation of phase pure
natase. The dark field TEM image obtained by collecting the elec-
ron diffracted from the (101) and (103) atomic planes clearly
emonstrates the presence of titania nano-crystallites randomly
istributed over the silica particles (Fig. 1f). The average crystallite
ize estimated from TEM images is around 6 ± 2 nm for all the CSNs
Table S1).

.2. Interfacial properties
.2.1. Specific surface area (SSA)
The SSA is one of the important parameters to be considered

hen analysing the interfacial properties and the photocatalytic
CS-30 5.02 75 126
CS-35 5.08 76 105
T1  6.12 – 186

activity. The SSA increases with the TiO2 loading (Table 2). For
instance, the SSA for SiO2 particle is 33 m2 g−1 which increases
to 126 m2 g−1 in case of sample CS-30. Such a significant incre-
ment in SSA indicates the formation of porous material. In fact, the
nitrogen adsorption isotherm for CS-30 sample (Fig. S12) resembles
that of type IV which is characteristic of mesoporous material [42].
The type of hysteresis observed approximates that of type II which
characterizes solids with irregular, open or closed, cylindrical pores
[42].

3.2.2. Measurement of isoelctric point (IEP) and apparent surface
coverage (ASC)

Surface charge of the photocatalysts also plays an important
role in the photocatalytic process. This parameter can be obtained
from electrophoretic measurements at a given pH. The iso-electric
point (IEP) defines the pH range for which the surface is posi-
tively or negatively charged. The surface charge affects both the
adsorption process of organic molecules on photocatalysts sur-
face and the driving force for migration of a hole at the surface.
The latter competes with the electron-hole recombination; even
for small TiO2 particles, the band bending is negligible. Surface
charge represents an average charge distribution at different sur-
face sites–kinks, edges, planes–that are directly involved in the
adsorption equilibrium constant [43].

The IEP and the corresponding apparent surface coverage, ASC,
(the fraction of SiO2 covered with TiO2) [36] obtained from zeta
potential (Fig. S13) through Eq. (1), are reported in Table 2. It can
be seen that in a single coating step, the ASC reaches to around 75%
for a TiO2 loading greater than 10%, confirming the effectiveness of
the coating procedure.

The IEP and hence the ASC remains almost constant for samples
with more than 20% TiO2 loading, thus further increase in TiO2 load-
ing simply results in stacking of anatase nanoparticles, which leads
to the formation of a porous anatase shell (Scheme 2). Adsorption
plays an important role in the overall reaction rate because: (i) once,
the photolyte-surface distance is of the order of a covalent bond,
direct hole transfer is favoured, (ii) it increases the probability of
Langmuir Hinshelwood mechanism with adjacent -·OH (trapped
holes) and (iii) it favours restructuring of the uncoordinated sur-
face sites into their optimal octahedral structure, thus minimizing
trapping of photogenerated electrons.

The porous structure of the shell and the effect of IEP is also
evident from CV (a cationic dye) adsorption experiments shown in
Fig. 2 where, for the same mass of solid photocatalysts, adsorption
of CV on the CSNs (CS-30) is higher (∼40% of initial concentration)
than on unsupported TiO2 (∼3% only). This improved adsorption
of CV on the CSNs plays important role in the photodegradation of
these organic compounds [30,44–46] as discussed later.

3.2.3. FTIR and XPS analysis of the TiO2/SiO2 interface
FTIR and XPS analysis was  performed to probe the bonding

between TiO2 and SiO2 and check the purity of CSNs.

The FTIR spectra of uncoated SiO2, pure TiO2 and CSNs are com-

pared in Fig. S14. The Ti O Si bond is generally regarded to absorb
in the 910–960 cm−1 region [29,47]. However, due to the pres-
ence of silica bands at 949 cm−1 (Si OH bonds) [48], the band in
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Scheme 2. Change in ASC and shell-thickness as function of amount of TiP used during the sol–gel synthesis of SiO2@TiO2 CSNs.
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Fig. 3. Si2p XPS spectrum of (a) uncoated silica and (b) CS-20.
ig. 2. Electronic absorption spectra of the supernatant of CV solution after 30 min
dsorption on the T1 (dashed line) and CS-30 (dotted line).

10–960 cm−1 region (Ti O Si group) could not be observed in
he FTIR spectra [29,47].

Also the FTIR spectra (Fig. S14) of CSNs showed no peak in
he 2800–3000 cm1 (C H stretching region) indicating that the
repared CSNs are free from organic impurities, though no high
emperature thermal treatment or calcination was  used. This is
emarkable for a synthetic route based on TiP that the hydrolysis of
he TiP leads to formation of isopropanol, which is easily eliminated
uring the washing step and hydrothermal treatment.

XPS analysis was then performed to verify the formation of an
nterfacial Ti O Si bond between TiO2 and SiO2. The Si2p core
egion of SiO2 can be fitted mainly as a single doublet (split-
ing = 0.61 eV) at binding energy (BE) of 103.5 eV corresponding
o Si O Si bond [33] (Fig. 3a). Compared to the Si2p line of SiO2
FWHM = 2.04 eV), the Si2p line of CS-20 is broader (FWHM = 2.3 eV)
nd can be best fitted as two doublets (Fig. 3b). The extra compo-
ent (peak-II) that occurs at 1.5 eV lower BE may  be assigned to the
i O Ti bond. It turns out that a shift of electron density from Ti to
i atom through intermediate O atom leads to a decrease in BE of
i atom which confirms the formation of interfacial Ti O Si bond.

.3. Density of surface reactive sites

The photocatalytic mechanism for TiO2 needs surface active Ti
pecies which we could probe by using molecular probes simi-
ar to the reactive oxygen radicals formed during photocatalysis.
he reaction between H2O2 and SiO2@TiO2 CSNs can be taken as a
odel reaction to understand the photocatalytic behavior of CSNs
hich depends on the number of Ti(IV) sites accessible for surface

eactions.
The EPR spectra of H2O2-treated samples shown in Fig. 4 are
haracterized by the spin-Hamiltonian parameters of gzz = 2.025,
yy = 2.009 and gxx = 2.003 assigned to superoxide (O2

−) radical
nion adsorbed onto oxide surface [49]. EPR spectra are similar for
ll samples which indicates that the same superoxide radical anion
Fig. 4. EPR spectra of SiO2, T1 and CSNs after 3 h reaction with 28% H2O2.

(O2
−) is stabilized on similar Ti(IV) surface sites. No EPR signal was

observed for uncoated SiO2.
The estimated spin concentration for the sample derived from

the EPR spectra is around (4 ± 1) × 1017 spin.g−1, which agrees well
with the values reported in literature for the H2O2-treated TiO2
[49]. It can be noted from Table 3 (middle column) that the spin
density or the number of O2

− radicals formed per gram of sample as

a results of reaction with H2O2 increases slightly with the increase
in SSA or shell-thickness.
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Table  3
Density of surface spins for CSNs, TiO2 and SiO2.

Sample 1017 × spins g−1 sample 1018 × spins g−1 TiO2

SiO2 – –
CS-10 3.0 2.1
CS-20 3.1 1.5
CS-30 4.8 1.6
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Table 4
Anatase crystallite size (XRD) and optical properties of SiO2@TiO2.

Sample Crystallite size (nm) ±0.3 nm Extinction onset (nm) ±10 nm

CS-10 4.4 368
CS-20 4.5 377
CS-30 4.3 380
CS-35 4.7 1.3
T1  6.6 0.6

Since the CSNs have different amount of TiO2 (10–35%) and since
nly the TiO2 component of CSNs (SiO2@TiO2) gives rise to the EPR
ignal, the number of spins.g−1 was normalized by the absolute
mount of TiO2 (rightmost column of Table 3). It can be noted from
able 3 that the TiO2-normalized number of spins.g−1 is higher in
iO2@TiO2 samples (1.6 ± 0.3 × 1018 spin.g−1 of TiO2) compared to
ure TiO2 (0.6 × 1018 spins.g−1 of TiO2). It turns out that the CSNs
roduce more superoxide radicals per g of TiO2 than unsupported
iO2 due to a higher exposure of Ti(IV) sites to H2O2 favoured by
he de-aggregated, porous and permeable TiO2 shell in CSNs. Thus
SNs are expected to have higher photoactivity as compared to pure
iO2.

.4. Optical properties of SiO2@TiO2 CSNs

The experimental UV–vis extinction spectra for the CSNs shown
n Fig. 5 exhibit a red-shift (denoted by a green arrow) as shell-
hickness is increased. The origin of this shift can be assigned to
i) an increase of scattering due to SiO2@TiO2 sub-micron parti-
les with a porous shell and (ii) an increase of TiO2 nanoparticles
iameter. The hypothesis (i) was tested by simulating the extinc-
ion coefficient,Ext (�) ,as a linear combination of the absorbance
nd the scattering terms:

xt (�) = L × Cabs (�) + N × Csca (�) (2)

here L and N are proportionality constants which depend on the
otal number of dispersion centers, layer thickness, among other
actors. The term Cabs(�) corresponds to the absorption cross sec-
ion, which can be well described for interband indirect transitions
ear the band-gap as:
abs (�) = (h� − Eg)2

h�
(3)

ig. 5. Experimental extinction coefficient curves for the four samples under study;
ashed lines denote the linear tendency that defines each extinction onset.
CS-35 4.6 381
P25 21 394

where h� is the photon energy and Eg is the optical gap energy, in
this case for TiO2 nanocrystallites. As regards the scattering term,
Csca (�) = k4

6� |˛2| represents the Rayleigh scattering cross section
coefficient, where k is the module of the surrounding medium
wavevector [50] and � is the polarizability, which for core@shell
particles, is given by [50]:

� = 4�a3
out

(�out − �m)(�in + 2�out) + f(�in − �out)(�m + 2�out)
(�out + 2�m)(�in − 2�out) + (2�out − �in)(�in − �out)

(4)

Here f = a3
in

a3
out

represents the volume relation between core and

shell. The geometric parameters ain and aout correspond to the
inner and outer radius of the core@shell particle as denoted in
Scheme 1. The constitutive relations �in and �out are the electrical
permittivities of the core and shell, respectively. These constitutive
parameters associate with the refractive index of each material by
the relation n = √

�for non-magnetic materials as the ones stud-
ied in this work. To represent the SiO2 refractive index, a Cauchy
[51] model was  employed, while for the TiO2 layers, a Lorentz-
Cauchy [52] law was used which also took into consideration the
mesoporosity of the shell.

The band gap energy (Eg) is an important factor directly asso-
ciated with the wavelength range in which the semiconductor
particles absorb light due to interband transition. The value of Eg can
be altered by changing the particle size due to quantum size (Q-size)
effect, as well as by the delocalization of molecular orbitals, which
in turn creates energy traps and surface states on the band edge
[53–55]. The absorbance term (Eq. (3)) mainly changes when the
Eg value varies due to a change in the semiconductor nanocrystallite
size.

Both TEM (Table S1) and XRD analysis (Table 4) confirmed the
formation of anatase nanocrystallites of around 5 nm in all CSNs
samples, independently of the TiP concentration. The invariance
of the nanocrystallite size leads us to believe that the Cabs(�) term
should be the same among the different CSNs. The extinction onsets
are also in accordance with these results, since the extinction onsets
values do not differ significantly among the CSNs samples (Table 4).
As regards the scattering term, Csca, the change in the whole par-
ticle size as a result of increment of the shell-thickness introduces
modifications in the optical response. According to Eq. (4), the
core/shell size ratio should modify the polarizability among the
samples which directly affects the Csca.

Simulated extinction curves (Fig. 6) were obtained consider-
ing the variable TiO2 shell-thickness derived from SEM images
(see Table 1), but maintaining the absorbance term invariant (Eg

value fixed at 3.31 eV– value calculated from the extinction onset
of Fig. 5). The simulated curves show the same tendency as the
experimental curves (see Fig. 5), with a red-shift of the curves
due to the Rayleigh scattering term when the shell-thickness
increases.

Comparing Figs. 5 and 6, it is possible to note the measured
extinction coefficients (Fig. 5) exhibit a slight swap between sam-

ples CS10–CS20 and between CS30–CS35 with respect to the
general tendency shown in Fig. 6. Although the shell is mesoporous
in all samples, it is not possible to assure that the effective refrac-
tive index (TiO2 wall + air pores) of the TiO2 layer (nTiO2

eff
) remains
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Fig. 7. Simulated extinction coefficients for: (a) different mesoporous TiO2 refrac-
tive  indexes, which might be responsible for the swap in the experimental curves,
and (b) a fixed size of the core@shell (CS-35) using different values for Eg.
ig. 6. Simulation curves for the extinction coefficients showing Rayleigh scattering
s  responsible for the red shift in the sample.

onstant as the TiP concentration increases. Small variances in the
TiO2
eff

may  be responsible for a swap in the extinction coefficient in
ig. 5.

To demonstrate this behaviour, extinction spectra of samples
S-30 and CS-35 were fitted considering slight differences in the
arameters used in the Lorentz-Cauchy model which gave differ-
nt nTiO2

eff
(eg., 2.38 and 2.00, respectively). The obtained results

hown in Fig. 7a give a possible reason for the observed swap and
re opposite to the general Rayleigh scattering tendency shown in
ig. 6.

To strengthen the idea that the Cabs(�) term does not produce
 sensible variation in the optical response of the samples, the Q-
ize effect was evaluated considering different Eg values and a fixed
ize for a core@shell particle (CS-30). Simulated curves (Fig. 7b) for
ifferent Eg values ranging from 3.2 eV (the value for bulk anatase)
p to 3.7 eV (which is the highest value of Eg obtained from the
auc plots analysis, Fig S15) exhibit almost no differences. This
esult confirms that for the CSNs under study, the contribution
f Q-size effect is less important as compared to the scattering
ffect. Moreover, the dashed red line in Fig. 7b shows that Q-
ize effect would be representative in some way for an imposed
alue of Eg = 2, which has no physical sense for the system under
tudy.

The optical responses studied show that the extinction spectra
f the samples analysed are mainly regulated by scattering phe-
omena which is responsible for the red-shift of the spectra.

.5. Photocatalytic activity of CSNs

Fig. 8 displays a comparison of the photocatalytic activity of
ifferent CSNs as well as unsupported TiO2 (T1) for the degra-
ation of CV in suspension. The direct photolysis in the absence
f any photocatalyst is very small under the experimental condi-
ions since the borosilicate wall of the reactor filters out the more
nergetic UV-C wavelengths. It can be noted from Fig. 8 that the
hotoactivity of the samples follows the order: CS-30 > CS-35 > CS-
0 > CS-10 > T1. It means that the CSNs photocatalysts, especially
he ones with the maximum TiO2 coverage of the silica sur-
ace (CS-30 and CS-35), exhibit higher photoactivity than pure
iO2.

The fact that CSNs exhibit higher photoactivity than pure TiO2

T1) can be more clearly rationalized by considering that the
SNs sample contain only 10–35% TiO2 (the active component)
ompared to T1 (100% TiO2). For example, sample CS-10 and CS-
0 with only 10% and 20% TiO2 loading, respectively, still show
Fig. 8. Decrease in area of absorption band (430–700 nm) of CV as function of UV-
irradiation in suspensions of different CSNs and T1 sample.

photoactivity better than T1 (100% TiO2). Among the CSNs sam-
ple, the photoactivity increases with increase in TiO2 loading or

shell-thickness up to around 24 nm (CS-30). This increase in pho-
toactivity of CSNs with increase in shell-thickness also points
towards the accessibility of all the deposited titania NPs for pho-
tocatalytic reaction due to the porous nature of the shell and/or
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ig. 9. Photodegradation of CV by the recycled CS-30 photocatalyst during repeated
hotocatalytic cycles showing the recyclable nature of CSNs photocatalyst.

etter dispersion of TiO2 particles on the surface of SiO2. In case of
ense TiO2 shells, the photoactivity of the CSNs has been found to
ecrease with increase in shell-thickness [56].

The photoactivity of CS-35 is slightly lower than CS-30, though
he former has higher content of TiO2 (35%). Once homogeneous
ucleation occurs in CS-35, it leads to the formation of free coreless
iO2 nanoparticles (Fig. S7f) thus inducing the subsequent aggre-
ation of these TiO2 NPs. This in turn may  lead to losses in SSA
Table 2) and photocatalytic activity

The photocatalytic activity of CSNs immobilized as thin films
gainst an overlayer of stearic acid and crystal violet (CV) was also
roven for the design of self-cleaning surfaces (Section S1, Supple-
entary information).

One of the important practical aspects of heterogeneous photo-
atalysis is the recovery of the used nanocatalyst from suspension
nd its reuse for several times in repeated photocatalytic cycles
57]. The recovery of the nanocatalyst (such as anatase) from
queous suspension becomes easy when such small particles are
upported on relatively large size support particles (such as SiO2).

Fig. 9 shows the results of the recycling experiments where the
ame photocatalyst powder was repeatedly used for up to four
imes for the photodegradation of CV. The CSNs catalyst from first
ycle was recovered by centrifugation and reused for the second
ycles and so on. Fig. 9 clearly shows that the recycled CSNs do not
ose their photocatalytic activity upon reuse for up to four times
nd more than 95% of CV is degraded in 40 min  during each run.
he CSNs thus offer the advantages of easy recovery by centrifuga-
ion and good recyclability due to persistence photoactivity of the
ecycled photocatalyst.

The better photocatalytic activity of CSNs as compared to T1
s explained in terms of the surface properties (number of active
ites, SSA, IEP) and the optical properties of the system as discussed
elow

.6. Why  TiO2@ SiO2 CSNs are effective photocatalysts?

From the results of experiments and modelling presented in the
receding sections, it turns out that there are many factors con-
ributing to the enhanced photocatalytic activity of CSNs compared
o pure TiO2 (T1) with the same crystallinity and particle size.

Better Dispersion of supported titania and improved adsorption

f CV: The anatase particle size for all CSNs and T1 sample is
lmost the same; this parameter, therefore, has little impact on the
bserved order of photoactivity. However, an important difference
etween T1 and CSNs samples may  be the degree of dispersion
ironmental 179 (2015) 333–343 341

of anatase nanoparticles in suspension. While free TiO2 might
easily form aggregates in aqueous dispersions [58], better disper-
sion is expected in case of silica-supported titania [17,59]. For the
supported nanoparticles covalently attached to the silica surface,
aggregation is hindered giving higher accessibility to adsorbates
(CV in this case). The resulting material allows improved adsorp-
tion (see Fig. 2) that facilitates the attack by either free or trapped
holes [44–46]. In fact, when the photocatalyst is a mixture of
CSNs and free TiO2 nanoparticles (CS-35), the lower photocat-
alytic activity can be easily explained by losses of accessibility of
TiO2 nanoparticles due to homogeneous nucleation and possible
aggregation.

Density of active Ti(IV) site: As discussed in Section 3.3, an estima-
tion of the amount of O2

− radical (per unit mass of TiO2) produced
by reaction of supported and unsupported TiO2 with H2O2 (col-
umn  3 of Table 3) suggests that the Ti(IV) sites able to support the
formation of Ti-OO(−)  or Ti(OOH) surface complexes [49] are more
accessible when TiO2 nanoparticles are stacked on the SiO2 surface.
The observed order of photoactivity among the CSNs sample (CS-
30 > CS-35 > CS-20 > CS-10) shown in Fig. 8 can be roughly explained
by the EPR results which show that the number of active Ti(IV) sites
on samples’ surface increases with increase in SSA or TiO2 loading
(Table 3).

The EPR results, however, suggest that T1 should have higher
photoactivity than all the CSNs under the experimental conditions
due to the presence of higher number of active sites (6.6 × 1017

spins.g−1 sample) compared to CSNs ((4 ± 1) × 1017 spins.g−1 sam-
ple). The fact that T1 has lower photoactivity than CSNs suggests
that not only the total number of active sites but also the adsorp-
tion of organic compounds (CV in this case) on the photocatalyst
surface (see Fig. 2) is necessary for the effective photodegradation
of these organic compounds [14,30,44–46].

Optical Effects:  The quasispherical shell of TiO2 with mesoporous
structure might generate a refraction index contrast among the dif-
ferent media (SiO2, TiO2 and air), leading to an increase of Rayleigh
scattering, as the shell-thickness increases. Supported TiO2 may  act
as a waveguide leading to multiple internal reflections inside the
shell, which in turn might lead to an optimized light interaction
with the semiconductor due to an increased optical path [4,60],
thus enhancing the density of free and trapped holes at the sur-
face. Such multiple reflections are more evident in case of relatively
continuous shell (CS-30) and less important for discontinuous shell
(CS-10).

Although the Eg remains unaltered due an invariance of the
anatase crystallite size, the core@shell system fundamentally gen-
erates an optical confinement in the shell layer of the core@shell
structure [4,60] and the degree of confinement is mainly influ-
enced by the refractive index contrast between core and shell and
between the shell and dielectric surrounding medium (see Eq. (4)).
In particular, this interpretation provides insight in the better pho-
tocatalysis manifested by CS-30 compared towards CS-35 (Fig. 8).
As proposed in Fig. 7a, the shell refractive index is higher for CS-
30 than for CS-35 and this might cause more confinement inside
the shell of CS-30 and an increased photoactivity of this sample, in
addition to higher surface area of CS-30. Similarly, the slightly lower
photoactivity of CS-10 compared to other CSNs may be related to
the lack of complete surface coverage necessary for confining light
inside the core@shell particle.

In summary, the enhanced photo-activity of CSNs compared to
pristine TiO2 (T1) may  thus be attributed to a combined effect of the
formation of porous shell of small particles (∼5 nm) of anatase with
high density of accessible Ti(IV) sites of appropriate surface coor-

dination, better dispersion of supported TiO2, good adsorption of
organic molecules on CSNs and an increased light path due efficient
photon harvesting by CSNs.
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. Conclusion

Stöber silica was effectively and reproducibly coated with a
orous anatase layer of different thickness (10–30 nm)  by simply
arying the quantity of titanium isopropoxide (TiP), the TiO2 pre-
ursor used. The pre-adsorption of the precursor (TiP) on the silica
eems to be the key step for achieving higher TiO2 loading (30%)
nd high apparent surface coverage (75%) in a single coating step
ithout phase segregation. The linear relationships between theo-

etical and experimental Ti/Si ratios confirmed the effectiveness of
he deposition process. The low temperature (105 ◦C) hydrother-

al  treatment was sufficient to obtain good crystallinity of the
natase shell. We  clearly demonstrate that the optical response of
iO2@TiO2 CSNs is mainly influenced by Rayleigh scattering. Both
ur experimental and theoretical results show that the extinction
nset does not vary (no Eg blue shift) and the extinction coefficient
hows a red-shift due to Rayleigh scattering as the thickness of TiO2
hell increases. Our results discussed above also suggest that the
se of Tauc plot for determination of the optical gap energy (Eg) of
iO2, especially in SiO2@TiO2 sample, without considering Rayleigh
cattering can be misleading as the optical response of these hybrid
SNs is dominated by Rayleigh scattering. Owing to the porous
ature of the shell, the increase in Ti/Si ratio or shell-thickness is
ccompanied by an increase in surface area and number of active
i(IV) sites (probed by EPR spectroscopy) relevant for photocataly-
is. The CSNs thus exhibit better photocatalytic activity than pure
iO2, which is attributed to a combine effect of the formation of
orous shell of small particles (∼5 nm)  of anatase, better dispersion
f silica-supported anatase nanoparticles, improved adsorption of
V on the CSNs near the active sites and an increased light path
nd efficient light harvesting ability of CSNs. The CSNs immobilized
s thin films exhibit good self-cleaning activity towards both sat-
rated and unsaturated organic molecules. The method reported
ere thus allows a control of the TiO2 loading and shell-thickness
y simply varying the amount of precursor (TiP) which in turn pro-
ides a way to exploit the optical and photocatalytic properties of
natase NPs.
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