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A B S T R A C T   

Heterogeneous photocatalysts have attracted significant interest over the last few years. In this sense, improved 
photocatalytic properties for SiO2@TiO2 materials have been correlated with higher semiconductor’s specific 
surface area and adsorption capability. However, the reported TiO2 shell optimizations did not consider the 
percentage of the photo-excited electron-hole (e− -h+) pairs occurring in the inaccessible surface of the TiO2 shell. 
The present study aimed to find the best TiO2 shell thickness for the optimal harvest of light. For this purpose, the 
sol–gel method was modified by applying a precise humid airflow to get a uniform deposition of titania on the 
surface of the SiO2 particles. As a result, photocatalysts with a robust and homogeneous TiO2 shell of different 
thicknesses (from 14 to 42 nm) with well-defined particle size for TiO2 crystals (ca. 12 nm) were obtained. The 
SiO2@TiO2 materials were extensively characterized. Finally, their photocatalytic activity was evaluated against 
methylene blue under irradiation by UVA light. Analysis of the results revealed that the most efficient photo
catalyst has a TiO2 shell thickness of ca. 30 nm. Emission and photocurrent studies also agreed with the pho
tocatalytic results suggesting a reduced e− -h+ recombination rate. Thereby, for the first time, the relevance of 
shell thickness in supported photocatalysts has been demonstrated.   

1. Introduction 

The exponential growth of industrial developments, together with 
the intensive exploitation of agriculture, has led to the uncontrolled 
release of organic pollutants into natural water, resulting in several 
environmental problems, such as inadequate access to clean water and 
sanitation, as one of the most alarming issues at a global scale. In this 
sense, millions of people die every year from waterborne diseases due to 
unsafe water and lack of basic sanitation [1]. Recently, many studies 
have reported the presence of contaminants of emerging concern (CECs), 
such as fungicides, pesticides, and/or endocrine-disrupting chemical 
residues, in wastewater, surface waters, and ground waters [2–4]. Given 
this reality, the development of alternative technologies for proper 
wastewater treatment is required to face water contamination [5,6]. 

Advanced Oxidation Processes (AOPs), which rely on the formation 
of highly reactive species to transform recalcitrant organic pollutants 
into biodegradable compounds, have been proposed as alternative 
technologies to conventional methods for wastewater treatment. Among 
them, heterogeneous photocatalysis, which often involves the interac
tion between light and semiconductors, has been widely reported as a 

viable option [7–9]. In this sense, titanium dioxide (TiO2) is a widely 
recognized photocatalyst with demonstrated efficiency in removing 
organic pollutants, mainly by forming hydroxyl radical (⋅OH), although 
other semiconductors have also been tested [10,11]. Advantages of TiO2 
include chemical stability, lack of toxicity, suitable optical properties 
like activation in the presence of UV light, and crystallinity, being the 
anatase phase the most photoactive one [12]. Among the commercial 
options, Degussa P25 TiO2 has become the standard of use because of its 
well-defined crystallinity (80:20 anatase: rutile), surface area (55 ± 15 
m2g− 1 BET), average particle size (21 nm), and higher photoactivity 
than other commercial TiO2 sources [13–15]. Nevertheless, several 
limitations make its practical applicability problematic and economi
cally costly. The nanosized particle’s tendency to agglomerate, the 
difficult recovery from the irradiation media, or the low efficiency under 
visible light irradiation are several drawbacks that result in the overuse 
of high amounts of TiO2 [12,16–23]. 

To solve most of these problems, supporting materials can be coated 
with photocatalyst nanoparticles. In this context, core@shell SiO2@TiO2 
composites have been the most extended materials to prevent nanosized 
particle agglomeration and improve media recovery [22,23]. A range of 
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core@shell composites has been prepared by modifying morphology, 
thickness shell, or core size to get improved properties [24]. Moreover, 
silica has been chosen as a suitable core option due to its easy prepara
tion with size control, low cost, and high thermal and mechanical sta
bility [21,23]. Sol-gel and hydrothermal methods are the most extended 
procedures for TiO2 coating on silica, but the atomic layer deposition 
method has also been used [16,18,20–23]. Advantages of the sol–gel 
synthesis include the homogeneous coverage of TiO2 on the surface of 
silica and the possibility of getting a titania shell with different nano
particle crystal sizes [18]. However, problems associated with this 
synthesis are related to fast hydrolysis and condensation of titanium 
alkoxides, which often lead to the agglomeration of particles, as well as 
the formation of unsupported titania particles via homogeneous nucle
ation [22,25]. Complexing agents or ammonia have been used to 
minimize these particles’ agglomerations [25]. The hydrothermal 
method also shows disadvantages, such as non-homogeneous coverages 
by titania shells with TiO2 crystal size of only ca. 5 nm [23]. 

Key parameters for the photocatalytic properties of SiO2@TiO2 
composites include the crystallite size and shape of anatase nano
particles as well as the thickness of the TiO2 shell. These properties are 
directly related to light absorptivity, surface area, and charge carrier 
dynamics [16,18–23,26–29]. In this sense, several studies investigated 
the photo-reactivity of SiO2@TiO2 composites versus the thickness of the 
TiO2 shell with inconclusive results. Thus, thickness values between ca. 
10 nm till ca. 50 nm have been proposed to provide the best photo- 
reactivity of SiO2@TiO2 composites [16,20–23,30]. In addition, some 
of them have evidenced that the agglomeration of TiO2 nanocrystals in a 
TiO2 shell has better photocatalytic activity than pure titania nano
particles [22,23]. In other studies, the different photocatalytic reactivity 
of the SiO2@TiO2 composites has mainly been correlated with the spe
cific surface area (SSA) and the adsorption capabilities of the materials 
[31–33]. However, the photo-reactivity of these composites has not 
been evaluated based on the light absorbed as a key factor for under
standing the photocatalytic activity of SiO2@TiO2. In this sense, changes 
in the size and crystal phase of TiO2 nanoparticles are correlated with 
light harvesting and, therefore, with the efficiency of the photo-excited 
electron-hole processes [27–29]. 

Thousands of articles dealing with different aspects of TiO2 are 
currently being published [34–37]. Although most of the fundamental 
processes of TiO2 photocatalysis have been extensively investigated 
under well-controlled conditions, the role of surface excess charges, 
surface additives, or the dependence between the light source irradiance 
and the optimal amount of TiO2 to carry out photocatalytic processes 
still remain unclear. This last aspect can be of fundamental interest to 
eventually transfer the technology based on supported photocatalysts to 
real industry, making reasonable use of applied light. 

With this background, the aim of this contribution is to determine the 
most efficient TiO2 shell thickness in the supported TiO2 photocatalysts. 
With this purpose, several SiO2@TiO2 composites, with titania nano
crystals of ca. 12 nm covering the silica spheres homogeneously, were 
prepared using a modified sol–gel method for fine control of the crys
tallinity of TiO2 and the shell thickness. Then, the SiO2@TiO2 hetero
geneous materials were submitted for an exhaustive characterization 
and a careful analysis of their photocatalytic activity. Parameters such as 
TiO2 thickness, surface area, and percentage of TiO2 in each photo
catalyst were evaluated against the model pollutant methylene blue. 

2. Experimental 

2.1. Chemicals 

P25 Aeroxide, Isopropanol, methylene blue (MB), tetraethyl ortho
silicate (TEOS) 99.0 %, titanium (IV) isopropoxide (TTIP) 99.0 %, and 
trimethoxybenzoic acid were purchased from Sigma Aldrich. Ammo
nium hydroxide 28–30 % was purchased from Fischer. The water used in 
the photodegradation experiments was distilled grade. Acetonitrile 

(ACN), ethanol of HPLC quality, and acetone were purchased from 
Scharlab. 

2.2. Synthesis of the SiO2@TiO2 core@shell photocatalysts (ST 
composites) 

The synthesis of the SiO2 particles was based on the Stöber method 
[38]. Briefly, 1 mmol of TEOS was added to 500 mL of EtOH in the 
presence of 6.5 mmol of NH4OH under stirring at 0 ◦C. After 2 h at this 
temperature, the reaction was conducted at room temperature for 24 h. 
The particles were centrifuged at 3500 rpm for 10 min and then washed 
three times with 150 mL of EtOH. The product was stored under vacuum 
conditions. 

Different amounts of TTIP (vide infra) in isopropanol (16 mL) were 
added dropwise to a mixture of the synthesized SiO2 particles (2.00 g) 
suspended in EtOH (80 mL) under stirring. Then, the reaction mixture 
was heated up to 70 ◦C. After the first 30 min of reaction, the mixture 
was submitted to a humidified airflow of 100 mL min− 1 for 20 h. The 
resulting suspension was centrifuged at 3500 rpm for 10 min, washed 
with EtOH and H2O, dried under vacuum overnight, and milled in an 
Agatha mortar. The synthesized SiO2@TiO2 (ST composites) were 
calcined at 500 ◦C for 2 h with a temperature ramp of 10 ◦C min− 1. 

Following the above-detailed protocol, ST-14, ST-32, and ST-42 
core@shell photocatalysts were synthesized using 1.8, 3.6, and 7.2 
mmol TTIP per gram of SiO2, respectively. A further core@shell pho
tocatalyst (ST-25) was synthesized following the described procedure in 
which 3.6 mmol TTIP per gram of SiO2 was used, but the centrifugation 
speed applied was 10000 rpm for 10 min. 

2.3. Adsorption experiments 

The adsorption of MB over the heterogeneous surface was evaluated 
as follows: SiO2@TiO2 composite (10 mg each) was added to MB (1 ×
10− 4 M, 2 mL) and kept under continuous stirring for 1 h and in the 
absence of light. After that time, an aliquot of 250 µL was subtracted, 
filtered, and then diluted with 2.75 mL of EtOH. The corresponding 
absorption spectrum was recorded and compared to the spectrum of a 
control solution made with 250 µL of MB (1 × 10− 4 M) in 2.75 mL of 
H2O. 

2.4. Photocatalytic degradation reactions 

Different amounts of SiO2@TiO2 composites and P25 (from 0.5 to 25 
mg) were added to cylindrical glass vials of 1.5 cm internal diameter 
containing 5 mL of MB (1 × 10− 4 M). After 1 h of vigorous magnetic 
stirring in absence of light, the different mixtures were irradiated in a 
Luzchem Research Inc., using 8 lamps of 8 W (λem was centered at 352 
nm), keeping the magnetic stirring. Samples were placed at ca. 10 cm 
(light intensity was 3.8 mW cm− 2). Aliquots of 0.5 mL were taken at 
different irradiation times, mixed with 0.5 mL of EtOH, and stirred for 
10 min under dark conditions to ensure the desorption of every com
pound from the photocatalyst surfaces. Then, they were filtered, and 
400 µL of each sample was diluted with 2.6 mL of EtOH prior to 
analyzing the MB absorption band at 656 nm in the UV–Vis absorption 
spectrum registered from 200 to 800 nm. All the experiments were 
performed in triplicates. 

2.5. Photoluminescence emission measurements 

Photoluminescence emission spectra on ST-14, ST-32, and ST-42 
were performed in an FLS1000 spectrometer (Edinburgh Instruments) 
using a 450 W Xe lamp as the excitation source. Their emission lifetimes 
were determined upon excitation with a pulsed laser diode at 366 nm. 
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2.6. Photocurrent measurements 

Chronoamperometry curves were performed using a Gamry In
struments potentiostat. A standard three-electrode configuration was 
used in a homemade quartz electrochemical cell with a platinum wire as 
the counter electrode and a saturated Ag/AgCl electrode as the refer
ence. The working electrode was prepared as described below. 

Preparation of photocatalyst electrodes (working electrodes): First, a 
paste of each material was obtained by mixing 50 mg of photocatalyst 
with 0.5 mL of terpineol and 1 mL of acetone. The mixture was left 
stirring overnight; then, the cap was opened and left until the acetone 
completely evaporated. Then, 25 µL of each sample was spread onto a 
conductive carbon paper with dimensions of approximately 2.0 × 1.0 
cm2. The resulting final area was 1.0 × 1.0 cm2. Finally, the electrode 
was sintered at 450 ◦C for 30 min. 

Characterization of the electrodes: The photocurrent generated by 
the electrodes was measured at 0.4 V for 10 cycles of light on/off, with 
each cycle having a duration of 20 s. A 0.5 M Na2SO4 electrolyte solution 
was used. Prior to the measurements, the solutions were purged with 
argon for 10 min. UV–Vis irradiation of the working electrodes was 
carried out with a spotlight Hamamatzu Xe lamp (Lightnincure LC8 
model, 800–200 nm, 1000 W/m2, fiber optic light guide with a spot size 
of 0.5 cm). 

3. Results and discussion 

3.1. Morphology and composition of the synthesized SiO2@TiO2 
materials 

Four SiO2@TiO2 composites with different TiO2 shell thicknesses 
were prepared using SiO2 microspheres as supporting substrates: ST-14, 
ST-25, ST-32, and ST-42. First, an initial synthesis of SiO2 microparticles 
(525 + 21 nm, see Figure S1) was made through the Stöber method [38]. 
Afterward, SiO2 spheres were covered by amorphous TiO2 using 
different amounts of TTIP (see Table 1) in i-propanol:EtOH (0.2:1, 96 
mL) as solvent at 70 0C. In this point, considering that TTIP presents a 
high reactivity in the presence of H2O, a continuous humified air flow of 
100 mL min− 1 was applied for 20 h to control the hydrolysis/conden
sation rate of titania over the SiO2 spheres. Finally, the synthesized 
materials were washed with EtOH and H2O, centrifuged at 3500 rpm or 
10000 rpm for 10 min, and calcined at 500 ◦C for 2 h to give rise to ST- 
14, ST-25, ST-32, and ST-42 composites. 

The average diameter and morphology for the SiO2@TiO2 compos
ites were studied from TEM and HRFESEM (see representative images in 

Fig. 1). The composites display, in all cases, a rough surface (see 
Fig. 1A–D), in contrast to the smooth spherical shape of the SiO2 used as 
a support (see Figure S1). The final diameters for the synthesized com
posites are shown in Fig. 1E–H and Table 1. In this sense, composites ST- 
14, ST-32, and ST-42 showed TiO2 shell thicknesses of ca. 14, 32, and 42 
nm, respectively. It is interesting to mention that increasing the speed of 
the centrifugation step in the process of synthesizing composite ST-32 
from 3,500 rpm to 10,000 rpm resulted in a narrower TiO2 shell (see 
ST-32 versus ST-25). In fact, after the subsequent calcination process, the 
TiO2 shell in ST-25 displays a thickness of ca. 25 nm. In a more careful 
analysis of the surface for the synthesized composites by HRFESEM 
(Fig. 1I–L), it can be observed that the TiO2 shell has been generated 
over all the SiO2 surfaces, resulting in a homogeneous TiO2 nano
crystalline shell. Finally, an EDS mapping of each photocatalyst supports 
the homogeneous distribution of the TiO2 over the SiO2 spheres (see 
Fig. 1M–P and Figures S2-S3). This result also demonstrates that the 
incorporation of a continuous humidified airflow in the sol–gel TiO2 
synthesis allows control over the creation of a homogeneous shell on the 
silica surface. 

HRTEM provides further support for the crystalline nature of the 
shell (see Fig. 2 and Supporting Information Section 4). Hence, Fig. 2A–B 
show a continuous uniform distribution of closely attached TiO2 nano
crystals in the TiO2 shell for the ST-32 composite, which was supported 
by the outcomings provided by the dark field HRTEM image (Fig. 2C) 
[39]. Moreover, interplanar distances of 0.374 nm, 0.259 nm, and 0.219 
nm were determined from the selected area electron diffraction (SAED) 
pattern of the ST-32 titania shell (Fig. 2D). These values correspond to 
(101), (103), and (004) crystal planes of pure anatase (JCPDS# 21- 
1272) [40]. 

X-ray diffraction (XRD) patterns and Raman spectroscopy also pro
vided evidence of the anatase crystalline phase of the TiO2 shell on the 
SiO2-TiO2 spheres. Diffractograms obtained from ST-14, ST-25, ST-32, 
and ST-42 photocatalysts display a broad band centered at 2θ = 22◦

attributable to the presence of the amorphous SiO2 cores (Fig. 3A). 
Additionally, each diffractogram shows the representative 2θ = 25◦, 
38◦, 48◦, 55◦, and 63◦, which are associated to the pure TiO2 anatase 
crystal phase. This confirms the selective crystallization into the pho
toactive TiO2 anatase phase upon calcination at 500 ◦C (JCPDS# 21- 
1272) [41]. This fact could be promoted by the SiO2 since it could 
inhibit the transformation phase of anatase to rutile [42]. It must be 
noted that the Full Width at Half Maximum (FWHM) for the TiO2 on the 
composites was reduced compared to the SiO2 particles. SiO2 particles 
are constituted by an amorphous atomic matrix which is translated into 
a broad peak in XRD spectra [43]. In this sense, amorphous components 

Table 1 
Summary of experimental conditions used in the synthesis of SiO2@TiO2 photocatalysts (composites) and their different (photo)physicochemical properties.  

Composites TTIPa 

(mmol / g of 
SiO2) 

Centrifugationb 

(rpm) 
Particle 
diameterc 

(nm) 

Content of TiO2
d (%, w/ 

w) 
ICP 

Content of TiO2
e (%, w/ 

w) 
EDS 

ABET
f 

(m2 / 
g) 

ζ-potential 
(mV) 

kR
g 

(min¡1) 

ST-14  1.8 3,500 553 ± 26 
(ca. 14)h  

7.6  7.4  32.3  -21.65 0.08 ±
0.01 

ST-25  3.6 10,000 575 ± 22 
(ca. 25)h  

12.2  16.6  25.1  -19.90 0.09 ±
0.01 

ST-32  3.6 3,500 590 ± 23 
(ca. 32)h  

14.7  21.6  20.1  -19.52 0.12 ±
0.01 

ST-42  7.2 3,500 609 ± 28 
(ca. 42)h  

21.7  28.1  27.6  -11.73 0.07 ±
0.01  

a Amount of TTIP (mmol/g of SiO2). 
b centrifugation speed (rpm). 
c particle diameter (nm) obtained from TEM. 
d content of TiO2 (in % w/w) determined by ICP. 
e content of TiO2 (in % w/w) determined by EDS. 
f area (m2 g− 1) determined by the BET method. 
g MB maximum photodegradation rate constant at the fixed photon fluxed: kR (min− 1). 
h TiO2 shell thickness of a photocatalyst particle, which is obtained from equation: shell thickness = (SiO2@TiO2 diameter - SiO2 diameter)/2. The experimentally 

determined SiO2 diameter is 525 ± 21 nm (see SI). 
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display a lack of long-range crystallographic order, as they do not pro
duce diffraction patterns. It is worth noting that XRD patterns for 
amorphous phases can appear similar to those observed for nano
particles with diameters less than 2 nm; both would exhibit similar, 
significant peak broadening [44]. Additionally, crystalline products, 
such as the TiO2 shell on our SiO2@TiO2 photocatalysts, display a high 
signal-to-noise ratio and sharp peaks [44], which will explain that the 
FWHM of the ST-25, ST-32, and ST-42 are reduced compared to the SiO2 
particles. 

Furthermore, the anatase crystallite size was determined from the 
FWHM of the 2θ = 25◦ peak through the Scherrer equation (D = k × λ/ 
FWHM × Cos(θ)), where D is the crystallite size, k represents the 
Scherrer constant value, ranging from 0.62 to 2.08, depending on the 
diffraction and crystal shape [45], λ is the wavelength of the X-Ray and θ 
is the diffraction angle in radians [46,47]. The crystal size for the syn
thesized photocatalysts was averaged at ca. 12 nm, which agrees with 
the TiO2 crystal size described in the literature for calcinations at 500 ◦C 
of other SiO2@TiO2 composites [18]. Furthermore, the Raman spectra of 

Fig. 1. (A – D) TEM, (E – H) particle distribution, and (I – L) HRFESEM images for ST-14, ST-25, ST-32, and ST-42 photocatalysts, respectively. (M) STEM image, and 
(N) Si, (O) O, and (P) Ti elemental mapping by EDS analysis for ST-32 photocatalyst. 
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all the photocatalysts showed the reported typical signals of the anatase 
TiO2 phase: Eg (143 cm− 1), Eg (195 cm− 1), B1g (394 cm− 1), A1g (514 
cm− 1), Eg (636 cm− 1) (see Fig. 3B for ST-32, and Figure S5 for ST-14, ST- 
25, and ST-42) [48]. 

The content of TiO2 for the synthesized photocatalysts (% w/w) was 
determined by ICP and STEM-EDS (see Table 1). Specifically, the per
centage of TiO2 from ICP in ST-14, ST-25, ST-32, and ST-42 was 7.6 %, 
12.2 %, 14.7 %, and 21.7 %, respectively, which are in accordance with 

the different thicknesses of the TiO2 shell. On the other hand, from the 
STEM-EDS analysis, slightly different values for the TiO2 content were 
found: 7.4 %, 16.6 %, 21.6 %, and 28.1 % for ST-14, ST-25, ST-32, and 
ST-42, respectively. Although differences between ICP and STEM-EDS 
can be related to the accuracy of each technique, the found TiO2 % 
(w/w) content is directly correlated to the TiO2 thickness displayed by 
the shell in each composite. 

Fig. 2. (A) HRTEM bright field representative image of ST-32 composite. (B) Detailed image of the crystalline structure of the TiO2 shell, (C) HRTEM dark field image 
of ST-32, and (D) SAED pattern of the TiO2 anatase shell. 

Fig. 3. (A) From top to down, powder X-ray diffractograms for ST-42 (green), ST-32 (red), ST-25 (pink), ST-14 (blue), and SiO2 particles (black). Black and orange 
bars represent the theoretical signals for amorphous SiO2 (JCPDS# 46-1045) and TiO2 anatase phase (JCPDS# 21-1272), respectively. (B) Representative Raman 
spectrum of the ST-32 photocatalyst. 
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3.2. Surface properties of SiO2@TiO2 composites 

The specific surface area (SSA) of a photocatalyst is one of the key 
parameters to be considered when analyzing the interfacial properties 
and the photocatalytic activity. Hence, nitrogen physisorption analyses 
were carried out with the synthesized photocatalysts to determine their 
SSA and to study their pore structure using the Brunaer-Emett-Teller 
(BET) method [49]. Fig. 4A shows type IV nitrogen adsorp
tion–desorption isotherms and type III hysteresis for all the SiO2@TiO2 
photocatalysts. These kinds of isotherms are characteristic of solids 
consisting of aggregates or agglomerated crystals [50]. From them, SSA 
values in the same order of magnitude, ranging from 32.3 m2 g− 1 for ST- 
14 to 20.1 m2 g− 1 for ST-32, were determined (see Table 1). Porous 
measurements follow the same tendency displayed by SSA. In this sense, 
the porous size decreases with the increase in the shell thickness. 
Probably, higher amounts of TiO2 imply a smaller separation between 
crystals which entails that the porous size decreases (Figure S6). In the 
case of ST-42, the higher thickness resulted in a slightly higher SSA value 
than expected. Perhaps, the most external TiO2 nanocrystal layer on the 
ST-42 shell is less compact than the internal layers, leading to cavities 
between TiO2 crystals with greater sizes and volumes than those in the 
more internal layers. 

Adsorption capacity and surface charge are usually correlated and 
play an important role in eliminating organic pollutants in water media. 
Thus, the absorption capacity of the synthesized photocatalysts was 
evaluated using MB as a representative model organic contaminant. As 
is shown in Fig. 4B, some differences can be observed. In this sense, 
adsorption of 68 %, 58 %, 60 %, and 54 % were determined for the ST- 
14, ST-25, ST-32, and ST-42, respectively. Moreover, the results ob
tained for ζ-potential measurements recorded in an aqueous solution of 
pH ca. 7.0 were − 21.65 mV, − 19.90 mV, − 19.52 mV, and − 11.73 mV 
for the ST-14, ST-25, ST-32, and ST-42, respectively. Interestingly, the 
ζ-potential value for TiO2 photocatalysts becomes less negative as the 
TiO2 shell thickness increases. This fact can be understood by consid
ering that the ζ-potential for SiO2 spheres is ca. − 40 mV, while that 
reported for TiO2 nanoparticles (P25) is ca. − 10 mV [51,52]. Thus, the 
experimentally recorded values indicate that the nanocrystal TiO2 shell 
around the SiO2 spheres could leave partial access to the silica surface 
through the porous framework, but this accessibility decreases as the 
TiO2 shell thickness get bigger. 

A good correlation is found between the MB adsorption and the 
surface charge of all the photocatalysts. However, this trend does not 
correlate well with the values of SSA found for the composites. For 
instance, the highest adsorption percentage observed for ST-14 is gov
erned by its highest SSA and also agrees with its ζ-potential, which may 
enhance the adsorption capacity of the cationic MB. However, ST-42 
shows the smallest MB adsorption despite its SSA is not the smallest 
one of the synthesized photocatalysts. Probably, its less negative ζ-po
tential value balances its great SSA, giving rise to lower adsorption than 

that shown by the other composites. 

3.3. Band gap determination for SiO2@TiO2 composites. 

Diffuse reflectance spectroscopy was recorded to determine the 
semiconductor optical band gap, which defines the photocatalyst acti
vation wavelength. Results were expressed as the Kubelka-Munk func
tion using the Tauc plot method (Fig. 5) [53]. The experimental UV–Vis 
spectra for the SiO2@TiO2 composites display an increase in light ab
sorption and a red shift as the shell thickness increases, which can be 
associated with the Rayleigh scattering produced by TiO2 nanocrystals, 
as previously reported [23]. The determined band gap values were 3.25 
eV, 3.35 eV, 3.34 eV, and 3.31 eV for the ST-14, ST-25, ST-32, and ST-42 
photocatalysts, respectively. 

3.4. Photocatalytic activity of the SiO2@TiO2 composites 

The photo-reactivity of the composites versus the light absorbed was 
evaluated in the degradation of the model pollutant Methylene Blue 
(MB, 1 × 10− 4 M) in aqueous aerobic media. For that purpose, a light 
source with an emission centered at λem = 352 nm and a fixed light 
intensity of 3.8 mW/cm2 was employed, while the concentration of each 
photocatalyst varied from 0.25 to 5 mg mL− 1. Commercial P25 (crys
tallite sizes of ca. 21 nm and SSA of ca. 55 m2/g) was also tested with the 
aim of comparing the photocatalytic efficiency displayed by the 

Fig. 4. N2 adsorption–desorption isotherms (A) and relative MB adsorption (B) for ST-14 (blue), ST-25 (pink), ST-32 (red), and ST-42 (green).  

Fig. 5. Kubelka-Munk transformed diffuse reflectance spectra for ST-14 (blue), 
ST-25 (pink), ST-32 (red), and ST-42 (green). Dashed lines denote the linear 
tendencies that define the optical band gap for each composite. 
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unsupported crystalline TiO2 standard (see Figures 6 and S7). 
Fig. 6A shows that in all cases, the photodegradation rate increased 

with the concentration of the photocatalyst until it reached a plateau. 
Interestingly, the photocatalytic performance of each photocatalyst at 
its corresponding plateau increased along with the thickness of the TiO2 
shell up to ca. 30 nm. However, a further thickness increment for the 
TiO2 shell (ST-42) resulted in a less efficient composite. Moreover, 
composite ST-42 resulted in being most photoactive than ST-14 till 2 mg 
mL− 1 of photocatalyst, but this property is inverted when the amount of 
photocatalyst is optimized to use all the irradiance. Thus, considering 
that characterization properties (crystallinity, crystal size, morphology, 
SSA, band gap, ζ-potential, and adsorption) are quite similar for all the 
SiO2@TiO2 composites, and the same number of photons (light in
tensity) has been applied, only the relationship between the TiO2 
thickness shell and the efficiency of the photogenerated e− -h+ pairs 
could lead to the different photoactivity displayed. Thus, the observed 
results can be explained by a combination of the agglomeration of TiO2 
nanocrystals in the shell of supported materials [22,23], together with 
an inefficient photoreactivity of the inaccessible surface of the shell. 

Hence, the increasing photocatalytic activity of SiO2@TiO2 com
posites from ST-14 to ST-32 can mainly be attributed to the growth of 
the number of TiO2 nanocrystals in the shell. Probably, the partial as
sociations of TiO2 crystallites with sizes close to 12 nm reduce the e− -h+

recombination process. However, in the case of ST-42, this effect is 
overcome by the increase of the inaccessible surface of the TiO2 shell. 
Only when more light than needed is applied, is ST-42 a better photo
catalyst than ST-14 because ST-42 has many more TiO2 nanocrystals 
than ST-14 and consequently generates a higher number of accessible 
e− -h+ pairs. Nonetheless, when all the applied light is absorbed by both 
photocatalysts, ST-14 is more photoactive because although the photo
generated e− -h+ pairs would be the same for both composites, the 
number of accessible e− -h+ pair events would be higher for ST-14. 

A representation of the reactivity of photocatalysts vs TiO2 content 
(see Fig. 6B) shows the same trend. In this case, it can be clearly 
observed that the agglomeration of TiO2 nanocrystals in the shell of 
supported materials produces a relevant positive effect only for ST-32, 
while for ST-42, this high nanocrystal agglomeration turns negative 
because it produces an important increase of inaccessible surface of 
TiO2. 

Moreover, Fig. 6B shows that all the light is absorbed at a TiO2 
content of ca. 0.6 mg mL− 1 for all photocatalysts, including P25 (see also 
Fig. 6A). This study was performed using P25 as a reference photo
catalyst, and P25 resulted in being the most efficient photocatalyst when 
efficiencies were compared both by concentration and by the content of 
TiO2. This behavior could be attributed to its high SSA and to its specific 

crystallinity because the presence of rutile also decreases the e− -h+

recombination process, and probably, all e− -h+ pair events are acces
sible.[54] Nevertheless, ST-32 only showed a photoreactivity 1/3 lower 
than the one found for P25. Even more important, it has been demon
strated that a shell thickness of ca. 30 nm is optimum to prepare highly 
efficient supported photocatalysts based on TiO2. 

3.5. Photoluminescence and photoelectric studies 

The photophysical behavior of ST-14, ST-32, and ST-42 photo
catalysts was analyzed through photoluminescence (PL). It is commonly 
accepted that emission, lifetime, and quantum yield are significant 
measurements that strongly depend on many factors, such as crystal 
structure, particle size, and optical configuration [55]. 

Many researchers have correlated TiO2 PL intensity with the charge 
carriers (e− -h+) recombination performance and, therefore, with pho
tocatalytic activity [56–58]. Although it is generally accepted that 
oxygen-ion vacancies (OV) and structural defects play an important role 
in mediating interfacial electron transfer, their effect on the charge 
separation process is still under debate [59,60]. Some researchers hold 
the opinion that OV act as the recombination centers for the photoin
duced electrons and holes [61,62]. However, some others support that 
the presence of OV and structural defects would facilitate the charge 
separation process and, therefore, may improve the photocatalytic ac
tivity of composites [63,64]. 

Fig. 7 shows the PL spectra for the ST-14, ST-32, and ST-42 com
posites. They all exhibited a broad band at 430 nm generated by a self- 
trapped exciton (STE) [65–67]. Since all the composites were synthe
sized under similar conditions, PL intensity variation could be attributed 
to the changes in the OV and to the structural defects’ concentration on 
the different TiO2 shells [68]. In this way, the low emission intensity 
displayed by ST-32 could be translated into a low recombination effi
ciency for the e− -h+ charge carriers, probably due to the presence of a 
higher concentration of shallow defect states, which would be acting as 
e− -h+ trappers [69]. In addition, the presence of shallow defects often 
couples with the introduction of other components (such as Ti3+), which 
are also found to largely affect the charge separation process [70]. On 
the other hand, the high emission intensity displayed by the ST-14 
photocatalyst results from more efficient recombination of the photo
induced e− -h+ [71]. Moreover, the agglomerate nature of the wide TiO2 
shell in ST-42 may lead to the formation of bulk defect states throughout 
the semiconductor structure, which behaves as charge carriers where 
the e− -h+ also recombines [72]. 

Overall, our results are more closely related to those authors who 
support the lack of e− -h+ recombination through the electron transfer 

k k

Fig. 6. Photodegradation rate constants of MB (1 × 10− 4 M) in aerated aqueous mixtures versus photocatalyst concentration (A) and versus TiO2 content (B): ST-14 
( ), ST-25 ( ), ST-32 ( ), ST-42 ( ), and P25 ( ). Irradiations were performed with 8 lamps (λmax = 352 nm) at a fixed light intensity of 3.8 mW/cm2. 
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process from the TiO2 conduction band to OV and structural defects. In 
fact, this effect could be responsible for the different photocatalytic ef
ficiencies observed for the different photocatalysts. Thus, ST-32 presents 
the most photocatalytic efficient TiO2 thickness shell found in this study, 
and probably, this behavior is promoted by the major concentration of 
OV and structural defects in its shell, as PL studies revealed. They could 
act as electron acceptors, trapping the photogenerated electrons 
temporarily to reduce the surface recombination of e− -h+ pairs. As the 
redox reactions might occur on the surface of Ov, the OV and structural 
defects can be considered the active sites of the TiO2 photocatalyst 
[73,74]. In this sense, Shekiya et al. observed TiO2 emission at 413 nm 
and attributed this peak to an oxygen vacancy located at 3.0 eV with two 
trapped electrons [75]. Hence, the proper ionization energy of the Ov 
leads to favorable O2 reduction, favoring the photocatalytic cycle and 
avoiding the e− -h+ recombination. 

Furthermore, the lowest emission lifetime value recorded for ST-32, 
which is 0.66 ns (see inset of Fig. 7), is due to the highest abundance of 
Ov and structural defects. On the contrary, higher values were found for 
ST-14 and ST-42 (0.77 and 0.81 ns, respectively) in agreement with the 
lower abundance of Ov and structural defects and with bulk defects, 
respectively. 

To give further evidence to support the photocatalytic activity 
studied, the photocurrent response of the materials was evaluated. Fig. 8 
shows the chronoamperometry curves of the three prepared photo
catalyst electrodes. The ST-32 electrode shows the highest photo
generated current, while the ST-14 electrode generates slightly more 
current than the ST-42 electrode. Considering that a higher photocur
rent is associated with a more efficient separation of photoinduced 
electron-hole pairs, these results agree with the studied photocatalytic 
activity and support the idea that controlling the shell length of TiO2 
over SiO2 spheres is crucial for optimizing the photocatalytic activity. 

4. Conclusions 

Several SiO2@TiO2 composites with different robust and homoge
neous TiO2 shell thicknesses were synthesized by applying a modifica
tion of the sol–gel method. The high control that the synthetic method 
brings over the modulation of the TiO2 shell thickness enables the for
mation of different SiO2@TiO2 photocatalysts to study the raised hy
pothesis about the dependence between the TiO2 shell thickness, light 
harvesting, and photocatalytic efficiency. The photocatalytic tests per
formed using methylene blue and a fixed intensity of UVA light revealed 
that the optimum TiO2 shell thickness is ca. 30 nm. Higher thickness 
values decrease the photodegradation efficiencies because many photo- 

excited electron-hole pair events will occur in inaccessible locations of 
the TiO2 shell. Emission studies and the photocurrent response of the 
materials also agreed with the photocatalytic results. Moreover, the 
results of this photocatalytic study have shown the relevance of using 
the optimum concentration of each photocatalyst not to waste light. 
Finally, it is noteworthy that these findings have revealed the impor
tance of designing and synthesizing robust heterogeneous photo
catalysts with a shell thickness in accordance with the light irradiance. 
These findings open opportunities for developing of novel robust 
SiO2@TiO2 supported photocatalysts. 
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