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ARTICLE INFO ABSTRACT

Keywords: A series of photocatalysts consisting of C- and N-doped titanium dioxide (TiO2) nanoparticles highly dispersed

TiO, and firmly embedded at the surface of a silica matrix were prepared using a novel synthesis method in which

Nanoparticles i activated carbon has a double role: it acts as support for depositing the TiO» nanoparticles and as hard template

Xllij;l}ljl:jrlfalgaI:;z::zs:g:sliste materials for generating a silica matrix that embeds them. Additionally, the use of activated carbon in combination with

Doping ammonia during the synthesis led to carbon and nitrogen doping of the TiO2 domains, which enhanced their

Degradation of pollutants absorption of radiation in the visible range. The combination of these features led to higher activity (i.e. higher
removal % and TON) in the photocatalytic degradation of probe pollutants (phenol and rhodamine B) compared
to the benchmark P25 TiOy under UV and, even more markedly, under visible radiation. Particularly, the
photocatalyst prepared with 10 wt% of TiO5 nanoparticles (10%TiOoNP@SiO2) displayed much enhanced TON
values under visible radiation compared to P25 TiO; (a 12 times higher TON with rhodamine B, and an 8 times
higher TON with phenol). The TON values are also significantly higher compared to any previously reported
TiO,-SiO2 photocatalyst. The TiOoNP@SiO, photocatalysts can be effectively reused in consecutive runs. The
photocatalytic activity of the prepared materials was correlated to their physicochemical properties by means of
a thorough characterisation using a combination of techniques (XRD, ICP-OES, N; physisorption, TEM, UV-vis,
FT-IR and XPS).

by absorption of radiation having higher energy compared to their band
gap energy [6,7], generate electron-hole couples that can react with O,

1. Introduction

The development of efficient and cost-effective technologies for the
purification of water streams polluted by industry and other human
activities is a relevant research target both from the economic and so-
cietal point of view. Conventional technologies for water purification
include filtration, biological treatments and sedimentation. Since the
discovery of the photocatalytic properties of titanium dioxide by
Fujishima and Honda in 1972 [1], the exploitation of photocatalysis for
the degradation of toxic compounds in water has been extensively
studied [2-4]. The main advantages of photocatalysis over commonly
used technologies are the possibility of completely degrading organic
pollutants into harmless molecules (i.e. CO2 and H,0) and to exploit
solar radiation as energy source to achieve degradation [5]. Typical
heterogeneous photocatalysts are semiconductors that, upon excitation
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and Hy0 forming radical species such as the superoxide Oz" and the
hydroxyl radical OH', which can degrade pollutants located at the sur-
face of the photocatalyst or in its proximity [8]. Alternatively, the
adsorbed organic molecules can undergo degradation by direct inter-
action with the electron-hole couples [9]. TiOz is the most widely
employed heterogeneous photocatalyst due to several favourable prop-
erties: it has high photocatalytic activity under UV radiation, is highly
stable under the operating conditions, is inexpensive and non-toxic
[10-12]. However, TiO2 also has clear limitations. The first is related
to its band gap energy (3.0-3.2 eV, depending on the relative amount of
its two main polymorphs, rutile and anatase), which implies that UV
radiation is required for exciting electrons to the conduction band [13],
whereas an ideal photocatalyst should be able to absorb visible light (to
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maximise the exploitation of solar radiation) to form electron-hole
couples that are energetic enough to lead to the desired reaction [14].
Another drawback of TiO, is the relatively low specific surface area that
characterises bulk transition metal oxides, which is detrimental because
the photocatalytic degradation of pollutants involves the adsorption of
the reactants (i.e. organic pollutants, water and oxygen) on the surface of
the photocatalyst. An established approach to increase the specific sur-
face area of titanium dioxide is to prepare it in the form of nanoparticles,
as in the case of the benchmark photocatalyst P25 TiOp [15-18].
However, nanoparticles have downsides owing to their tendency to
agglomerate during the reaction and to the difficulty in separating and
fully recovering them from the reaction mixture due to their small size
[19]. A strategy that has been developed to overcome these limitations
consists in supporting the TiO» (or other active phases) on a high surface
area material, which can also favour the adsorption of pollutants [20,
21]. In this context, embedding the photocatalytic species in meso-
porous silica materials (e.g. MCM-41 and SBA-15) through the use of
structure directing agents proved to be a successful approach to produce
easily reusable and highly active photocatalysts [22-29]. However,
these systems are not devoid of issues: (i) high TiO5 loadings lead to loss
of the desired porous structure and (ii) the TiO, domains are partially
located within the silica walls of the porous framework, and in such case
are not accessible for the photocatalytic reaction. In this work, we
introduce an original yet straightforward and inexpensive synthetic
strategy to tackle these limitations by preparing photocatalysts in which
TiO2 nanoparticles are located at the surface of a SiO5 matrix, and thus
fully accessible, while being stably immobilised and highly dispersed. In
this synthesis method, the pre-formed TiO2 nanoparticles are deposited
on the surface of activated carbon, which then acts as hard template for
the formation of a silica matrix embedding the nanoparticles (Scheme
1). Our synthesis method has another important asset: residual carbon
and nitrogen atoms from the template and from the base used in the
synthesis can lead to doping of the TiO nanoparticles. Doping with
non-metal elements as C, N, S or F has been reported as an efficient and
cost-effective method to promote absorption of visible light by titanium
dioxide photocatalysts [30-38]. Early reports proposed that N-doping
modifies the electronic structure of TiO, through the mixing of N 2p and
O 2p orbitals, with a consequent decrease in the band gap energy [39],
but recent investigations showed that both carbon and nitrogen doping
create intra-band-gap states that allow absorption in the visible region
but do not modify the band gap [40-42]. Therefore, by combining
nanostructuring of TiO5, immobilisation at the surface of a silica matrix
and engineering of the band gap by doping with C and N, we were able to
tackle the major limitations of conventional TiO, and to produce a new
class of photocatalysts with superior performance compared to the
benchmark P25 TiO; under UV and, especially, visible radiation.

Tio, NP

Activated Carbon (AC)

TiO, NP @ AC
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2. Experimental section
2.1. Materials

Titanium isopropoxide (TIP) and tetraethyl orthosilicate (TEOS)
were purchased from Sigma-Aldrich and used as precursors for titanium
dioxide and silica, respectively. Hydrochloric acid (aqueous HCl, 37 %)
from Fischer Scientific was used for the synthesis of TiO5 nanoparticles
and aqueous ammonia (NHs, 25 wt%) from Chem-Lab was used as base
in the hydrolytic condensation of TEOS. The activated carbon used as
sacrificial support and hard template was Norit SX1G, in powder form.
Phenol (Sigma-Aldrich) and rhodamine B (Acros Organics) were used as
the probe compounds in the photocatalytic tests. Milli-Q water with
resistivity of 18.2 MQ cm was employed for the preparation of the test
solutions. All the chemicals were used without further purification.

2.2. Synthesis procedures

2.2.1. TiOz nanoparticles

TiO2 nanoparticles were prepared by hydrolysis of titanium iso-
propoxide in acidic H,O/EtOH solution following a previously reported
procedure [43]. Briefly, a solution of HoO/EtOH = 130/40 (in volume)
was prepared, acidified to pH = 1 with HCI 37 % (1.87 g) and heated up
to 60 °C in a round-bottom flask equipped with a stirring bar and a reflux
system. When the temperature stabilised at 60 °C, titanium isopropoxide
(9.35g) was added dropwise under vigorous stirring and allowed to
react at 60 °C for 5h. Then, the reflux system was removed and the
temperature was increased to 80 °C to let the liquid evaporate slowly
overnight. The final product was a fine white powder.

2.2.2. TiO;NP@SiO, composites

A multistep procedure with activated carbon as hard template was
used to produce a series of photocatalysts containing different TiO2/SiO>
weight ratios. First, the desired amount of the previously synthesised
nanoparticles (between 26 and 360 mg) was suspended in 8 mL of HyO/
EtOH solution (3:1 volume ratio) and sonicated for at least 2 h to achieve
a stable suspension. This TiOy suspension was then added to 3g of
activated carbon (Norit SX1G) by incipient wetness impregnation, fol-
lowed by drying overnight in an oven at 80 °C. Then, 8 mL of a freshly
prepared 0.5M solution of TEOS in absolute ethanol was added by
incipient wetness impregnation. The sample was again dried overnight
in an oven at 80 °C. The final step consisted of adding 4 mL of 0.2M
aqueous solution of ammonia. The resulting wet powder was manually
homogenised for 10 min. The material was kept at room temperature
overnight and then dried in an oven at 80 °C for 24 h. Finally, the ma-
terial was calcined at 550 °C for 6 h in air with heating rate of 2 °C/min.
The produced photocatalysts were off-white powders denoted as X%
TiOoNP@SiO9, where X% represents the theoretical weight percentage
of TiOy (X =10, 20, 30, 40, 50 and 60). It should be noted that the
volume of the suspension containing the TiO» nanoparticles and that of
the TEOS solution used in the synthesis method described above were

,:> v

Tio, NP @ Si0,

Scheme 1. Synthesis strategy to prepare photocatalysts with C- and N-doped TiO» nanoparticles embedded at the surface of a porous silica matrix (TiOoNP@SiO5).
(1) A suspension containing TiO nanoparticles is impregnated on activated carbon and dried. (2) TEOS is adsorbed in the pores of the carbon, followed by addition of
NH;3 to promote the hydrolytic condensation of TEOS. (3) The activated carbon template is removed by calcination to obtain the TiO,NP@SiO, composite

photocatalysts.
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kept equal and tuned to a specific value (8 mL), which was experimen-
tally found to lead to the desired incipient wetness impregnation of the
employed porous carbon template (i.e. complete absorption of the sus-
pension/solution).

2.3. Characterisation

Transmission electron microscopy (TEM) images were recorded on a
CM-200 FEG Philips equipment operating at 200 kV. Prior to analysis,
the samples were suspended in ethanol and then deposited on 300-mesh
carbon-coated copper grids. The chemical composition of the TiO2-SiO5
materials was determined by inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES) on an Ultima Jobin Yvon emission instru-
ment. Nitrogen physisorption measurements were performed on a
Micromeritics Tristar 3000 apparatus and the surface area values were
obtained by means of the BET method [44]. The crystalline phases
present in the materials were studied by X-ray diffraction (XRD) on a
high-throughput STOE Stadi P instrument with Cu Ka radiation (A
=1.5418A). The size of the TiO, nanoparticles was estimated by
applying the Scherrer equation (without refinement) to the (101) peak
of anatase (1=K A / p cosO, where 7 is the average crystallite size, K is
the shape factor taken as K= 0.9, p is the peak width at half height in
radians and 6 is the Bragg angle) [45]. Fourier-transform infrared
(FT-IR) spectra were measured on a Nicolet 6700 spectrometer. Prior to
analysis, the powder sample was mixed and ground with anhydrous KBr
to obtain a pellet with 3 wt% of sample. Solid state UV-vis spectra were
measured on a Varian Cary 5000 UV-vis spectrometer in diffusive
reflectance configuration. The band gaps were evaluated with the Tauc
plot method for an indirect transition [46]. In this method, the function
[F(R) hv] /2 was plotted vs. hv (photon energy expressed in eV) and the
band gap values were obtained from the extrapolation of the linear part
of the function to the x-axis: the intercept corresponds to the band gap
energy. F(R) is the Kubelka-Munk function defined as F(R) = (1-R)%/ 2R,
where R is the Reflectance (R=1 - Absorbance). X-ray photoelectron
spectroscopy (XPS) analysis was performed on a Physical Electronics
PHI 1600 equipment using Al Ka (1486.6 eV) monochromatic X-ray
source. The XPS signals were deconvoluted with Multipack software.

2.4. Photocatalytic tests

The degradation of phenol and rhodamine B in water were chosen as
test reactions for this study (see Figs. 6 and 7 for the structural formulas
of these probe compounds). These two compounds were selected for
their different physicochemical properties (in terms of size, polarity,
non-ionic vs. ionic nature) in order to evaluate the versatility of the TiO»-
based photocatalysts, while allowing for the complexity that can char-
acterise the interpretation of the performance of photocatalysts in the
degradation of dyes (as rhodamine B) [47]. For a typical photocatalytic
test, 200 ppm (mg/L) solutions were prepared by dissolving either
phenol or rhodamine B in Milli-Q water. 5 mL of the solution was added
to a Pyrex test tube equipped with a stirring bar and in which 5 mg of
photocatalyst had been added. First, the mixture was stirred in the dark
for 1 h to achieve equilibrium between adsorption and desorption. Then,
the irradiation period of 3h was started (under stirring). In order to
investigate if a longer adsorption time would cause a larger degree of
adsorption, dark tests for 4 h were also carried out. Furthermore, kinetic
tests with irradiation times of up to 16 h were performed, in which each
data point in time was obtained from a separate experiment. All the
photocatalytic tests were conducted in a high-throughput photoreactor
(Fig. S1), which allows performing up to 16 tests simultaneously, with
each test tube being individually stirred. The photoreactor was equipped
with a rotating carousel and with 12 lamps (Hitachi FL8BL-B for UV
radiation, and Sylvania cool white for visible light), which ensure ho-
mogeneous irradiation of all the samples, with two magnetic stirring
plates and with a temperature controller set at 35°C. The UV lamp
irradiation spectrum consists of 98 % UV-A radiation with a minor
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contribution from visible light and NIR (= 2 %). The visible lamp irra-
diation spectrum consists of visible light (=~ 90 %) with contributions of
UV-A radiation (=~ 6 %) and NIR (~ 4 %). The illuminance in the reactor
was experimentally evaluated for both UV and visible radiation. The
measurements were performed in 9 different positions inside the reactor
and the readings were obtained after 3 min of equilibration. The illu-
minance was 9100 Lux (standard deviation of 1700 Lux) for UV radia-
tion and 11700 Lux (standard deviation of 1400 Lux) for visible
illumination. At the end of the test, the photocatalyst was separated by
centrifugation (2000 rpm, 10 min) and the probe compound remaining
in the supernatant was quantified. The degradation of rhodamine B was
evaluated by UV-vis spectroscopy on a Perkin Elmer Lambda 12 UV-vis
spectrophotometer. The maximum absorption at 550 nm was correlated
to the residual concentration of dye in solution using Lambert-Beer law.
Phenol was quantified by gas chromatography (GC) with tert-butanol as
internal standard, which was added to the aqueous solution after sepa-
ration of the catalyst. The GC analysis was performed on a Trace GC
Ultra with Por. Q column and Ultra-Fast Module (UFM), which allows
short analysis time (=~ 5min). The recycling tests were conducted
employing double amount of photocatalyst (10 mg) compared to what
normally used, to be able to deal with possible losses of material during
the recycling procedure. At the end of each test, the material was washed
with water (3 times, 5mL), ethanol (3 times, 5mL) and then dried
overnight in an oven at 80 °C. Next, the photocatalyst was reused in a
new test with a fresh solution of probe compound, following the pro-
cedure described above. The amount of solution used in each recycling
test was corrected on the basis of the amount of catalyst recovered to
keep the solution-to-catalyst ratio constant in all the tests. In parallel
with the series of new photocatalysts, tests with P25 TiO, were con-
ducted using the same experimental conditions. The use of this widely
used, commercial photocatalyst provides a reliable benchmark to eval-
uate the photocatalytic activity of our materials. In the case of P25 TiO,,
higher centrifugation speed (3500 rpm, 10 min) was needed to achieve
settling of the photocatalyst at the end of the tests.

3. Results and discussion
3.1. Synthesis and characterisation of the TiO2NP@SiO_, composites

A series of composite materials consisting of C- and N-doped TiO»
nanoparticles embedded at the surface of a silica matrix was synthesised
by employing activated carbon as hard template. The first step in the
preparation of these TiO3-SiO5 composites involved the synthesis of
TiOy nanoparticles, which were obtained by hydrolysis of titanium
isopropoxide in water-ethanol medium acidified to pH=1 with HCl.
Low pH and ethanol are required to stabilise the nanoparticles and thus
to obtain a stable suspension [48]. Characterisation with a combination
of techniques confirmed that the desired TiO nanoparticles were ob-
tained. Notably, the low pH allows forming nanoparticles in anatase
phase, though with low crystallinity, already at mild temperature
(80°C) and without any calcination treatment (Fig. 1.a; file
00-021-1272, PDF-2008) [49,50]. The small and broad peak at around
20 =30° can be ascribed to the formation of brookite impurities (file
00-029-1360, PDF 2008). The size of the nanoparticles was estimated to
be around 8 nm using the Scherrer equation [45]. In good agreement
with this estimation, TEM images (Fig. 1.b) showed elongated particles
with the major axis in the range of 6—8 nm and the minor axis in the
range 4—6 nm. The TEM images also clearly showed lattice fringes with
a spacing of ca. 0.35nm, corresponding to the (101) planes of anatase
[51]. The optical properties of the TiO, nanoparticles were determined
by solid state UV-vis absorption spectroscopy (Fig. 1.c). The majority of
the absorption lies in the UV region, with only a weaker absorption in
the visible region, as expected for TiOs. The band gap of the nano-
particles was evaluated using the Tauc plot method for an indirect
transition (Fig. 1.d) [46]: the obtained value of 3.1 eV is slightly lower
compared to the value reported for anatase (3.2 eV) [52]. This can be



D. Cani et al.

Applied Catalysis A, General 621 (2021) 118179

-
—— P25TiO,

—TiO, NP (calcined)
——TiO, NP (as-synthesised)

*

Intensity (a.u.)

10 15 20 25 30 35 40 45 50 55 60

Fig. 1. TiO, nanoparticles characterisation: (a)
Diffractograms of the as-synthesised nano-
particles, of the calcined nanoparticles and of
P25 TiO,. The diffractograms show the re-
flections of anatase (%), brookite (v) and rutile
(@); (b) TEM images of the TiO, nanoparticles
(the red lines encircle individual nanoparticles);
(c) Solid state UV-vis absorption spectrum of
the as-synthesised nanoparticles; (d) Extrapo-
lation of the band gap value using the Tauc plot
method for an indirect transition. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article).
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ascribed to the presence of the brookite phase together with the anatase
main phase, as the former has a smaller band gap (3.1 eV) [50,52].
The prepared TiO2 nanoparticles were employed to synthesise the
target composite materials (TiOoNP@SiO2) using our novel synthesis
method in which activated carbon has a multipronged role: as support to
deposit the TiO3 nanoparticles by incipient wetness impregnation from a
water—ethanol suspension; as template for generating a silica matrix
embedding the nanoparticles; and as source of C for doping TiO. Norit
SX-1 G was chosen as activated carbon because of its high surface area
(880 m?/g) and its pore size distribution that includes pores in the
micropore range (between 0.7 and 2nm) and in the whole mesopore
range, the latter being suitable for the adsorption of the TiO5 nano-
particles [53,54]. The successive impregnation with TEOS fills the pore
volume that is not occupied by the nanoparticles. The addition of an
aqueous solution of ammonia promotes the hydrolysis and condensation
of TEOS to produce the SiO; matrix embedding the TiO5 nanoparticles.
This synthesis method is designed to obtain a material in which the TiOy
nanoparticles are sandwiched between the carbon and the SiO, phases

(Scheme 1). The final calcination step is necessary to burn off the carbon
and produce a material in which the TiOy nanoparticles are stably
embedded at the surface of the SiO, matrix, similarly to gems set on a
ring. C and N residues provide the desired doping of the TiO2 domains.
The TiOoNP@SiO5 composite materials were prepared with different
loading of TiO2 nanoparticles (X%TiO;NP@SiO,, with X =10, 20, 30,
40, 50 and 60 wt% of TiO,). Low-magnification TEM images (Fig. 2.a) of
a representative material of the TiO;NP@SiOy series (X =50 wt%)
showed the presence of the expected disordered distribution of pores,
considering the above-mentioned porosity of the activated carbon
template. The desired good dispersion of the TiO, nanoparticles in the
SiO, matrix can be observed in the higher magnification TEM image
(Fig. 2.b). The TiO2 nanoparticles can be clearly identified by means of
their crystal planes with the characteristic spacing of the (101) planes of
anatase. The textural properties of the material were analysed by ni-
trogen physisorption. The isotherms can be described as type IV with H4
hysteresis loop, which are typical for mesoporous materials with
slit-shaped pores (Fig. S2) [55], in agreement with the TEM analysis.

Fig. 2. TEM characterisation of 50%TiO,NP@SiO,: (a) Low-magnification image showing the porous structure of the titania/silica composite; (b) High-
magnification image showing the presence of crystalline fringes and individual, well-dispersed nanoparticles. More TEM images are available in the supporting

information (Fig. S5).
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The BET surface areas of the composite materials range from 390 m?/g
for 10%TiO,NP@SiO5 to 295 Inz/g for 60%TiO,NP@SiO5 and show a
gradual decrease with increasing amount of TiOy in the material
(Table 1). This is partially due to the different atomic mass of titanium
and silicon: increasing the relative amount of TiO5 leads to a decreased
specific surface area [56]. The surface areas of the TiOoNP@SiO2 ma-
terials are similar yet slightly lower compared to other previously re-
ported TiO2-SiOy systems [22,23]. On the other hand, the relative
decrease in the surface area upon increase in TiO; loading is less marked
than in the case of previous reported TiO,-SiO, porous materials [25].
The pore size distribution evaluated from the adsorption branch is broad
and is mainly in the mesopore region (Fig. S2), as expected considering
that the materials are the negative replica of the activated carbon tem-
plate. Most of the pore volume is due to mesoporosity, while micropores
are either absent or account for a minor fraction (< 8 %) of the total pore
volume (Table 1).

The amount of TiO, incorporated in each composite material was
determined by ICP-OES, showing an excellent agreement with the
theoretical values (Table 1). These characterisation data show that the
synthesis method is versatile in allowing to tune the loading of TiOs
nanoparticles. The method is also robust and reproducible as shown by
the consistent UV-vis spectra and photocatalytic activity when the
synthesis of selected materials was repeated (data not shown). TiO3 can
crystallise in three polymorphs: anatase, rutile and brookite [58]. Rutile
is the thermodynamically stable phase while anatase has been reported
to be the most desirable phase for photocatalytic application [59]. XRD
analysis of the series of TiOoNP@SiO, composites (Fig. S3) showed in all
cases the broad peak at 20 = 25° corresponding to the (101) reflection of
anatase, which was already detected in the diffractogram of the parent
nanoparticles (Fig. 1.a). In line with logical expectations, the intensity of
the peak increased with the amount of TiO; in the composite. The
broadness of the signal indicates that the nanoparticles were not sintered
during the synthesis even when a high fraction of TiOy (60 wt%) was
present in the composite material. On the other hand, when the parent
TiO4 nanoparticles were calcined under the same conditions (550 °C),
aggregation into large crystals occurred as indicated by the sharpening
of the XRD peaks of anatase, coupled with the appearance of those of
rutile (Fig. 1.a). These results underline the role of embedding the TiO,
nanoparticles in the SiOy matrix in the TiOoNP@SiO5 materials in pre-
venting agglomeration of the nanoparticles and in preserving their
anatase structure [60,61].

Insights in the chemical environment surrounding the titanium
atoms and on the band structure of the materials were obtained by solid
state UV-vis spectroscopy (Fig. 3). The maximum absorption edge at
320 nm stems from Ti-O charge transfer for the octahedrally coordinated
Ti atoms in TiOy [62]. Notably, the spectra of the TiO;NP@SiO; com-
posites present an absorption profile in the visible region (350-600 nm)
that is totally absent in the spectrum of P25 TiO, (Fig. 3). This spectral
feature is very similar to the absorption profile reported for TiO, ma-
terials doped with non-metal elements [63,64]. The intensity of the
absorption in the visible region increased with decreasing TiO» content

Table 1
Physicochemical properties of the synthesised TIOoNP@SiO, composites.
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Fig. 3. UV-vis absorption spectra of the TiO,NP@SiO, materials and of
P25 TiO,.

in the composite material, reaching significantly higher intensity for
10%TiOoNP@SiOy (Fig. 3). The appearance of these signals in the
visible region of the spectra is ascribed to the presence of residual carbon
and nitrogen in the composite materials [65]. The calculated band gaps
(Table 1) are in line with the value of 3.2 eV commonly reported for
anatase except for the material with 10 wt% of TiO,, for which the band
gap is close to 3.0 eV. This is a consequence of the higher intensity of the
absorption band in the visible region (namely, the shoulder at =~
400 nm). However, it should be kept in mind that recent studies showed
that doping TiO; with carbon or nitrogen does not modify the band gap
of the material but enhances the visible response because of the for-
mation of inter-band-gap states [40-42]. The presence of C and N atoms
in the TiO2-SiO2 composite materials was further monitored by
elemental analysis of the surface by XPS. 20%TiO2NP@SiO2 was chosen
as representative material for this analysis because it has a clear ab-
sorption band in the visible region together with a sufficiently high
fraction of TiOz. The full-scan spectrum of 20%TiO;NP@SiO; (Fig. S4 in
the SI) shows the presence of Si, Ti, O, C and N. The concentration of C
and N determined by XPS was 4 at% and 1 at%, respectively. The
deconvolution of the O 1s signal (Fig. 4.a) gives three components
corresponding to three different oxygen environments: Si-O-Si (BE =
533.8 eV), Ti-O-Ti (530.8 V) and a third peak at 532.5 eV, which has
been assigned to Si-O-Ti or to surface hydroxyls (or a combination of the
two) [66,67]. O species bound to C are also expected to be present in the
material in small amounts (vide infra), but the signals of -COsH groups
(at around 534 eV) of C-OH bonds in phenols (at around 533 eV) and of
C=0 groups (at around 531—532eV) [68] cannot be discerned from
those of the Si-O and Ti-O species. Titanium gives the expected Ti 2p3,2
and Ti 2p; /5 peaks. The Ti 2p3/, signal (Fig. 4.b) can be deconvoluted in
two peaks (BE = 459eV and BE = 458¢€V), corresponding to two
different titanium species: Ti*t and Ti3+, respectively [67]. The

Photocatalyst BET surface area (m?/g) * Total pore volume (cm®/g) * Micropore volume (cm®/g) * Band gap (eV) " TiO, content (wt%) ©
10%TiO;NP@SiO4 390 0.37 0.03 3.02 8

20%TiO;NP@SiO4 380 0.36 0.02 3.20 21
30%TiO,NP@SiO, 375 0.36 0.02 3.18 29
40%TiO,NP@SiO, 315 0.36 0 3.17 41
50%TiO2NP@SiO» 320 0.39 0 3.17 49
60%TiO;NP@SiO, 295 0.37 0 3.22 61

P25 TiO, 55¢ - - 3.13 -

@ Determined by N, physisorption.

b Determined by applying the Tauc plot method for an indirect transition to the UV-vis absorbance data.

¢ Determined by ICP-OES.
d From reference [57].
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Fig. 4. Narrow-scan XPS signals of 20%TiO,NP@SiO, for the most relevant
elements, with their deconvolution: (a) O 1s, (b) Ti 2p; 2 and Ti 2p3,, (c) C 1s,
(d) N 1s.

presence of Ti" is often reported when TiO is synthesised in the
presence of reducing agents such as the carbon used as support in this
work [69]. The low intensity C 1s and N 1s signals were deconvoluted to
identify the configuration of each of the two doping elements. The C 1s
signal (Fig. 4.c) comprises three different peaks: two main peaks at
284.9 and 286.6 eV and a smaller peak at 289.1 eV. The first peak stems
from graphitic carbon, whereas the last two peaks indicate partially
oxidised carbon species (i.e. alcohol, ether or carbonyl species for the
peak at 286.6 eV and carboxyl groups or carbonate species for the peak
at 289.1 eV) [68]. Similar C 1s signals have been reported in the liter-
ature for C-doped TiO, prepared by hydrolysis of titanium tetrachloride
with tetrabutylammonium hydroxide, followed by calcination at mild
temperature [65]. It has been proposed that these oxidised carbons
species derive from carbon doping at interstitial position in the TiOq
structure, in which carbon is stabilised by oxygen atoms [15]. The N 1s
signal (Fig. 4.d) is in the typical range from 396 to 404 eV [39,70], and
can be deconvoluted in two peaks centred at 399.2 and 401.5eV. The
position of these peaks corresponds to N atoms in largely covalent bonds
as those found in N-doped carbon materials (such as N in pyridinic,
pyrrolic or graphitic configuration) [71] and differs from that of nitride
species (BE = 397 eV) [72], or of nitrites and nitrates inserted intersti-
tially in the TiOq structure (BE =407—-408 eV) [71,73].

The characterisation study was completed by FT-IR analysis (Fig. 5)
of two representative materials of the TiOoNP@SiO; series. The FT-IR
spectra of 10%TiOoNP@SiO5 and 50%TiOoNP@SiO4 exhibit the char-
acteristic features of TiO»-SiOy composites [74,75]. The broad band
centred at around 3400 cm~! (@) and the signal at 1630 em™! (%),
derive from stretching and bending of surface hydroxyls, respectively.
The intense, complex band in the 980—1260 cm ™! range is due to Si-O-Si
symmetric stretching (a), whereas the low-intensity band at 790 cm ™!
arises from asymmetric stretching of Si-O-Si species (M). The signal at
460 cm ™! can be assigned to rocking of Si-O-Si or, alternatively, to the
bending mode of Ti-O groups (v). Ti-O-Ti stretching (A) gives a broad
band centred at 700 cm ™!, which is more intense in the spectrum of 50%
TiOoNP@SiOs than in the one of 10%TiO;NP@SiOs, in line with logical
expectations. The Si-O-Ti species anticipated by XPS is confirmed by the
presence of the low intensity band at 939 cm™!, which corresponds to
the stretching mode of this group (*) [74]. Finally, the group of signals in
the range 3000—2800 cm ! indicates the C-H stretching due to residual
organic species ([]).
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Fig. 5. FT-IR spectra (3wt% in KBr) of 10%TiO,NP@SiO, and 50%TiO>N-
P@Si0, in the region 400—4000 cm ™. Symbols refer to: stretching (@) and
bending (%) of surface hydroxyls; symmetric (o) and asymmetric (M) stretching
of Si-O-Si; Si-O-Si rocking or Ti-O bending (v); Ti-O-Ti stretching (A); Si-O-Ti
stretching (*); C-H stretching ().

3.2. Photocatalytic performance of the TiO,NP@SiO, materials

The photocatalytic activity of the TiOoNP@SiO, materials in the
degradation of pollutants was performed under both UV and visible
radiation employing rhodamine B (RhB) and phenol as probe com-
pounds, which were selected for their complementary features: RhB is a
bulky, ionic compound that can absorb radiation in the visible region
(and is thus used as a dye), whereas phenol is a smaller, non-ionic
molecule with no significant absorption in the visible region. First, the
adsorption capacity of the TiOoNP@SiOo materials in the dark was
measured for 1h and 4h. Only minor differences between the adsorp-
tion tests conducted for 1 and 4 h were found, which means that the
adsorption-desorption equilibrium is nearly reached after 1 h of stirring
in the dark. In line with logical expectations, the removal of the probe
compounds by adsorption increased with the surface area of the mate-
rials (Figs. 6 and 7). The adsorption capacity of the TiO;NP@SiO3 ma-
terials is significantly higher compared to previously reported TiO2-SiO>
structured photocatalysts with comparable surface areas [25]. This
difference is attributed to the nature of the pores in the TiIO;NP@SiO4
materials, which in mainly in the mesopore range with only a minor
contribution of micropores (Table 1). This minimises diffusion

100 9] 1h dark
0| [ 4h dark
[ 1h dark + 3h UV

80~ [ 1h dark + 3h Vis Probe
compound:

OH

704

60 -

504

404

Phenol removal (%)

30

204

104

10%TiO,NP  20%TiO,NP 30%TiO,NP 40%TiO,NP 50%TiO,NP 60%TiO,NP P25
@sio, @sio, @sio, @sio, @sio, @sio,  Tio,

Fig. 6. Adsorption and photocatalytic degradation of phenol under UV and
visible radiation with the series of TiO,NP@SiO, composites and P25 TiO,.
Conditions: 5mg of photocatalyst (1 mg/mL), 200 ppm (200 mg/L) of phenol.
The tests were performed at 35°C in aerobic conditions.
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Fig. 7. Adsorption and photocatalytic degradation of rhodamine B under UV
and visible radiation with the series of TIO,NP@SiO, composites and P25 TiO,.
Conditions: 5 mg of photocatalyst (1 mg/mL), 200 ppm (200 mg/L) of RhB. The
tests were performed at 35 °C in aerobic conditions.

limitations and leads to an efficient adsorption of the two probe com-
pounds. The benchmark P25 TiO, showed poor adsorption capacity
towards the probe compounds due to its lower surface area compared to
the TiOoNP@SiO5 composites, and its non-porous nature allowed it to
approach the adsorption-desorption equilibrium after 1 h in the dark.

In the series of photocatalytic tests conducted with phenol and RhB,
both under UV and visible radiation, the activity shown by the TiOsN-
P@SiO, materials is remarkable: all the photocatalysts are able to
remove higher amount of polluting agent from the aqueous solution
compared to the P25 TiO; benchmark (Figs. 6 and 7). This enhanced
performance is ascribed to the new strategy employed for the synthesis
of the porous TiOoNP@SiO, materials with the purpose of embedding
the TiO3 nanoparticles at the surface of the photocatalyst (as shown by
TEM, Fig. 2), thus maximising their accessibility and, therefore, their
photocatalytic activity. Additionally, the firm immobilisation of the
TiO4 nanoparticles at the surface of the silica matrix ensures stability
against aggregation during the reaction (which, on the other hand, is a
known issue for P25 TiO,) [76]. Another important contribution to this
result is provided by the increased adsorption capacity of the porous
TiOoNP@SiO materials compared to P25 TiO, (stemming from their
higher specific surface areas, see Table 1), which favours the accumu-
lation of pollutants on the surface of the photocatalysts where the con-
centration of photogenerated reactive oxygen species is higher and
which concomitantly promotes the direct interaction of the probe
compounds with the electron-hole couple [10]. Finally, the C- and
N-doping demonstrated by XPS and UV-vis absorption (Figs. 3 and 4)
bestows enhanced photocatalytic activity under visible light.

Taking into consideration the combination of adsorption capacity
and photocatalytic activity, 60%TiO;NP@SiO, shows the best perfor-
mance in the removal of probe compounds from the water solution with
UV radiation. The importance of embedding the TiO, nanoparticles at
the surface of the silica matrix is further confirmed by the much higher
photocatalytic activity of 60%TiO2NP@SiO2 compared to the unsup-
ported nanoparticles (1 % removal of RhB after 1h in the dark, 27 %
removal after further 3 h UV irradiation under the same conditions used
in the tests in Fig. 7). Although the adsorption capacity decreases with
increasing TiO; content in the TiOoNP@SiOs series, the removal of both
probe compounds under UV radiation follows an overall increasing
trend by increasing the amount of TiO; active phase (Figs. 6 and 7). This
result contrasts with previously reported TiO»-SiO2 photocatalysts, with
which the removal of the probe compounds reached the maximum at
intermediate TiOy content [25]. The different behaviour of the TiOsN-
P@SiO, materials is ascribed to the milder loss of surface area upon
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increase in TiO; loading and to the enhanced accessibility of the TiO5
nanoparticles in these photocatalysts. The photocatalytic performance
of the TiO,NP@SiO, materials under visible light follows a completely
different trend than under UV radiation, with the highest removal being
obtained with 10%TiO;NP@SiO,, both with phenol and rhodamine B as
probe compound (Figs. 6 and 7). This is due to the combination of two
factors: (i) as shown by the UV-vis spectra (Fig. 3), 10%TiO2NP@SiO2
displayed the most intense absorption in the visible range in the series of
photocatalysts; (ii) since the photocatalytic activity is lower when using
visible instead of UV radiation [30], the contribution of the adsorption
of the probe on the surface of the photocatalyst becomes more important
(10%TiO;NP@SiOy has the highest surface area in the series). For
practical application in water purification, the effective amount of probe
compound that is removed from the solution (Figs. 6 and 7) represents
the most important figure for evaluating the performance of the pho-
tocatalysts. On the other hand, more insight into the strictly photo-
catalytic activity of the materials can be obtained by calculating the
turnover numbers (TON) on the basis of the amount of probe compound
removed from the solution after 3h of irradiation, from which the
amount of probe removed during the initial 1 h of adsorption in the dark
was subtracted [25]. The analysis of the TON values for the tests under
UV and visible radiation (Figs. 8 and 9) shows that all the synthesised
materials display higher activity than the P25 TiO, benchmark. This
excellent result becomes even more remarkable when observing that the
TON obtained over the TiO;NP@SiO, photocatalysts are also signifi-
cantly higher than those found with previously reported TiO32-SiO»
porous photocatalytic systems with the same TiO2 loading (Table S1).
This result is ascribed to the novel synthesis strategy used in this work,
which was designed to obtain materials in which the TiO2 nanoparticles
are located at the surface and thus available for the photocatalytic re-
action, whereas in the TiO»-SiO, photocatalysts reported in the litera-
ture the active TiO5 phase is located both at the surface of the materials
and in inaccessible domains in the bulk of the materials [22,23,25]. The
fact that the specific surface areas of our TiO; NP@SiO, materials are in
the same range as for the literature TiO,-SiOy porous photocatalysts
with the same TiO2 content supports the hypothesis that the enhanced
photocatalytic activity of the TiOoNP@SiO2 materials stems from the
higher accessibility of the active TiO, phase provided by our photo-
catalyst design. The beneficial effect of dispersing the TiO;NP@SiO»
nanoparticles at the surface of the SiOy matrix is highlighted by the fact
that the TON values are higher for materials with lower TiO; content:
10%TiOoNP@SiO, displayed the highest TON in the degradation of
phenol under visible light and in the degradation of rhodamine B both
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Fig. 8. TON values for the degradation of phenol with TiOoNP@SiO, as pho-
tocatalysts under UV or visible light radiation. TON =mmol of substrate
degraded/mol of TiO,. The mmol of substrate degraded are calculated by
subtracting the mmol of substrate adsorbed during the test in the dark from the
mmol of substrate removed from the solution at the end of the photo-
catalytic test.
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Fig. 9. TON values for the degradation of rhodamine B with TiO;NP@SiO; as
photocatalysts under UV or visible light radiation. TON =mmol of substrate
degraded/mol of TiO,. The mmol of substrate degraded are calculated by
subtracting the mmol of substrate adsorbed during the test in the dark from the
mmol of substrate removed from the solution at the end of the photo-
catalytic test.

Table 2

Comparison between the TON values of the TiO,NP@SiO, photocatalysts and
those of P25 TiO; in the degradation of phenol and rhodamine B under UV and
visible radiation.

TONTi02np@sio2/ TONp2sTIO2

Photocatalyst Phenol Rhodamine B

uv Vis uv Vis
10%TiO,NP@SiO, 2.4 7.9 2.1 12.2
20%TiO>NP@SiO, 2.8 7.0 1.8 4.1
30%TiO;NP@SiO, 1.9 4.3 1.5 2.4
40%TiO,NP@SiO, 1.9 35 1.6 3.4
50%TiO,NP@SiO, 1.7 2.0 1.8 33
60%TiO;NP@SiO, 1.9 3.0 1.6 3.3

with UV and visible radiation, whereas 20%TiO,NP@SiO5 showed the
highest TON in the degradation of phenol under UV radiation. The TON
values also allow evaluating in more detail the activity of the TiO2N-
P@SiO; photocatalysts under visible light. It is well known that P25
TiO, has low photocatalytic activity under visible light due to its large
band gap value of around 3.1 eV (Table 1). This is reflected by its very
low TON values and by the small amount of probe compound removed

1001 o Probe compound: phenol

9071 —e—Vis
804 —&—Dark

Removal (%)

0 2 4 6 8 10 12 14 16 18
Time (h)
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in the tests under visible light (Figs. 6-9) [77]. On the other hand, the
carbon and nitrogen doping of the TiO, nanoparticles observed in the
TiOoNP@SiO4 materials enhanced their absorption of visible light (vide
supra). The effect of this doping on the photocatalytic activity under
visible light is evidenced by the comparison of the TON of the TiO,N-
P@SiO, materials with those of P25 TiOy (Table 2). The TONTio2n-
p@sio2/ TONTio2p2s ratio is consistently higher under visible light than
under UV radiation, indicating that the doping contributes to a further
improvement of the photocatalytic performance of the TIOoNP@SiO4
materials compared to P25 TiO,. The gain in activity with visible light is
particularly impressive for 10% and 20%TiO;NP@SiO, (Table 2), i.e. for
the materials that showed the highest intensity in the absorption of ra-
diation in the visible range (Fig. 3), with the TON over 10%TiO,N-
P@SiO; under visible light being around one order of magnitude higher
than over P25 TiOy (TONlO%TiO2NP@SiOZ/TONTiOZPZS =7.9 with phenol
and TONl0%Ti02NP@SiOZ/TONTiOZP25 =12.2 with RhB). It is worth noting
that, although the high TON values achieved with 10%TiO;NP@SiO; in
the photocatalytic degradation of phenol and rhodamine B are very
promising, they are still slightly lower compared to those obtained with
the same material under UV radiation. This is in line with previous re-
ports and has been attributed to the discrete nature of the intra-band-gap
states created by nitrogen and carbon doping, which limits the mobility
of the generated electron-hole couples compared to the case in which
these are formed in the conduction and valence bands [30,78]. When
comparing the TONTip2np@sio2/ TONTio2p2s5 ratios for the degradation of
phenol with those for rhodamine B, on average no major differences are
observed between the two probe compounds, both under UV and visible
radiation (Table 2). Particularly, the fact that the relative increase of
TON compared to P25 TiO; under visible radiation with rhodamine B is
on average similar to that with phenol supports the hypothesis that the
observed activity of the TIOoNP@SiO5 photocatalysts under visible ra-
diation mainly stems from the doping of the materials rather than being
caused by sensitisation induced by the rhodamine B dye.

The study of the photocatalytic properties of the new composite
materials was broadened with an investigation of the kinetics of the
degradation of phenol and rhodamine B under UV and visible radiation
with 50%TiO;NP@SiO; as the photocatalyst (Fig. 10). In parallel, the
kinetics of the adsorption in the dark was followed for the whole reac-
tion time, confirming that the equilibrium between adsorption and
desorption is (nearly) achieved during the first hour. In the tests per-
formed under UV radiation, complete removal of the dye was achieved
after 18 h, whereas under the same conditions a small amount of phenol
was still present in the aqueous solution (81 % removal). It should be
noted that even if the removal of rhodamine B was complete, its pho-
tocatalytic degradation occurs at a lower rate compared to that of phenol
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Fig. 10. Kinetic tests with phenol (left) and rhodamine B (right) as probe compounds and 50%TiO,NP@SiO- as photocatalyst. The adsorption properties and the
photocatalytic degradation are studied over the course of 18 h. In all cases, the first hour of the test was in the dark. Conditions: 5mg of photocatalyst (1 mg/mL),
200 ppm (200 mg/L) of probe compound. The tests were performed at 35 °C in aerobic conditions.
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Fig. 11. Recycling tests with 50%TiO,NP@SiO, as photocatalyst and phenol (left) or rhodamine B (right) as probe compounds. Conditions: 10 mg 50%TiO,N-
P@SiO,, 5 mL of 200 ppm probe compound water solution. The mixture was stirred 1 h in the dark and then the irradiation proceeded for further 3 h. The tests were

performed at 35 °C in aerobic conditions.

(see also the TON values in Figs. 8 and 9). This becomes evident when
considering that the tests were performed with the same mass of probe
compound, and thus with a much higher number of moles of phenol. The
tests conducted with visible light showed slower removal of phenol and
rhodamine B compared to the tests performed with UV radiation, in line
with the previous tests (Figs. 6 and 7). Under these conditions, the
removal of phenol reached 60 % after 18 h, whereas 79 % of rhodamine
B was removed in the same time [79]. Since no plateaus were observed
in the removal values for the dye and for phenol over long irradiation
periods, it is reasonable to expect that complete degradation of the probe
compounds can be achieved over the TIO;NP@SiO5 photocatalysts with
longer reaction time or higher photocatalyst loading.

Since the design of the TiO,NP@SiO; photocatalysts should grant the
firm immobilisation of the TiO, nanoparticles at the surface of the silica
matrix, a high stability of the material is expected. To check if this was
the case, the reusability of 50%TiO>@SiO> in successive runs was tested
(Fig. 11). The tests were performed both under UV and visible radiation.
The latter test also addressed the stability of the doping species present
in the photocatalyst [80,81]. In the degradation of phenol, 50%TiO2N-
P@SiO, showed an excellent recyclability both under UV and visible
radiation. Compared to reusability tests of P25 TiO; in the degradation
of phenol under UV radiation [25], our 50%TiO.NP@SiO, photocatalyst
displayed similar retention of the original activity (per gram of material)
upon recycling, but was easier to separate and recover from the reaction
mixture. In the case of the degradation of RhB, the activity of the pho-
tocatalyst was retained upon recycling for the tests under UV radiation,
whereas a gradual, slight decrease in the activity (particularly between
the first and the second run) was observed under visible radiation. This
is attributed to the combination of the less efficient degradation process
under visible light and the strong adsorption of the dye on the surface of
the material, as indicated by the fact that the material was still coloured
at the end of the test.

4. Conclusions

A new synthesis strategy was developed for the production of highly
active TiOy/SiO; photocatalysts consisting of accessible C- and N-doped
TiO5 nanoparticles embedded at the surface of a porous silica matrix. In
order to achieve this material, pre-prepared TiO, nanoparticles were
deposited on the surface of activated carbon, followed by impregnation
with TEOS and ammonia to produce a porous silica matrix as negative
copy of the carbon material. The activated carbon template was then
removed by calcination to obtain the production of the target TiOoN-
P@SiO, materials. The synthesised materials were tested in the photo-
catalytic degradation of pollutants (phenol and rhodamine B) under UV
and visible radiation showing significantly higher activity than the

benchmark P25 TiO,, both in terms of removal % and turnover numbers.
Residual carbon and nitrogen from the synthesis procedure were char-
acterised by XPS and were found responsible for the excitation of
TiOoNP@SiO4 materials with visible radiation. The high specific surface
area, the accessibility and the stability of the TiOy nanoparticles that
were demonstrated by N2 physisorption, TEM and XRD, were identified
as the crucial factors leading to the increased photocatalytic activity of
the TiOoNP@SiO2 materials compared to the benchmark photocatalyst.
The increase in photocatalytic activity compared to P25 TiO5 was even
more remarkable in the tests conducted under visible light, as a conse-
quence of the doping of the TiO nanoparticles with carbon and nitrogen
atoms. Particularly, the 10%TiO2NP@SiO, photocatalyst achieved
highly enhanced TON values in the degradation of rhodamine B and
phenol under visible radiation (the TON was 12 times that of P25 TiOy
for RhB, and 8 times that of P25 TiO» for phenol). The photocatalysts are
easier to recover than P25 TiO5 and can be efficiently reused. Impor-
tantly, the novel synthesis method is also robust, straightforward and
relatively inexpensive, as no costly structure directing agent is required
for generating the high surface area materials. Moreover, the synthesis
strategy has the potential for being extended to other catalytically
relevant metal oxides nanoparticles.
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