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Nanostructured modified TiO, (m-TiO, ) was synthesized using the gel combustion method based on the
calcination of an acidified alkoxide solution mixed with urea. The materials were characterized by Raman,
FT-IR and UV-vis diffuse reflectance spectroscopies, transmission (TEM) and scanning electron micro-
scopies (SEM), X-ray photoelectron spectroscopy (XPS) and electron paramagnetic resonance (EPR), in
comparison with reference material untreated with urea (ref-TiO,). The effect of both the urea content
and calcination temperature were optimized, providing the optimal absorption threshold of 2.19 eV for
solar light harvesting. The photocatalytic performance of the m-TiO, powder was tested for the degra-
dation of methylene blue (MB) azo dye under UVA (350-365 nm), visible (440-460 nm), and daylight
(350-750 nm) illumination. The hybrid inorganic/organic material shows exceptional physicochemical
properties and significant photocatalytic activity, especially in the visible, attributed to sensitization of
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EPR the TiO; by a thin porous layer of carbonacious species in controlled core-shell morphology.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Since the pioneering discovery on the photo-electrochemical
water splitting using titanium dioxide (TiO;) by Fujishima and
Honda [1], TiO, photocatalysis has emerged as a promising clean
advanced oxidation technology (AOT), which could address the
ever increasing global concerns for environmental pollution abate-
ment based on the utilization of solar energy [2]. Ample verification
of the effectiveness of TiO, to generate highly reactive chemical
species (e.g., hydroxyl radicals) upon UV light illumination along
with its environmentally benign properties and relatively low cost,
rendered TiO, a key material for the non-selective destruction of
organic pollutants in water and air. However, despite the marked
progress in the development of TiO, photocatalytic materials, their
practical application is challenged by two inherent properties of
titania, namely the low quantum yield and mainly the wide band
gap of TiO, that limits its response to the UVA spectral range
(<400 nm). During the last decade, extension of the TiO, photore-
sponse into the visible region and exploitation of solar light driven
applications have become a topic of great interest. To this end,
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various approaches [3] were used including bulk or surface anion
doping of TiO, [4-6], defect activation, the ‘black TiO,’ approach
that relies on a crystalline core/disordered shell morphology [7]
and co-sensitization of TiO, with inorganic or organic compounds
[8,9].

Nitrogen doping via sol gel synthesis using diverse anion pre-
cursors (amines, nitrates, ammonium salts, ammonia and urea) [4],
has been verified as a very efficient modification route of TiO, pho-
tocatalyst, activated in the visible via the formation of localized
energy states within titania’s band gap or even oxygen vacan-
cies created during the reaction with the anion precursor [10].
Three possible scenarios, including substitutional or interstitial N
doping and defects formed due to disorder in the nanoparticle sur-
face are sketched in Fig. 1a-c. An alternative route for the visible
light activation of TiO, has been recently put forward based on
the calcination of titania in the presence of urea [11]. The result-
ing materials were shown to consist of a titania core covered by
a poly(tri-s-triazine) shell, in situ formed on the TiO, surface by
the thermal decomposition of urea [12], as sketched in Fig. 1d. The
urea-derived TiO, was highly active in the degradation of formic
acid under visible light due to the polymeric carbon-nitride acting
as a photosensitizer that simultaneously promoted the stabilization
of photo-generated holes, circumventing the weak oxidation ability
of N-doped TiO, produced by other methods. A modified approach
was originally followed by our group [13], relying on the insertion
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Fig. 1. Sketch of possible modification routes for TiO, to become visible light active: (a) substitutional N doping, (b) interstitial N doping, (c) defect formation by surface
doping, (d) polymeric carbon-nitride/TiO, composite structure and (e) sensitization of the surface by carbonacious species in the form of a surface capping layer.

of urea in nitrated titania followed by calcination at 350-450°C.
In this approach, urea is neither the precursor for the N doping
nor the source of a graphitic carbon nitride forming a composite
with TiO, but on the contrary it is inserted during the gelation
process and controls drastically the materials growth and prop-
erties (nanoparticles size, porosity and surface modification). This
particular methodology has been identified as a sol-gel combus-
tion synthesis of TiO, [14] and has been applied in the synthesis of
visible-light-active (VLA) semiconductor photocatalysts, including
TiO, [15,16] and ZnO [17]. Among the advantages of the method are
its simplicity and reliability, growth of highly porous materials due
to the evolution of large amounts of gases during the reaction and
avoidance of calcination at high temperature. The process is based
on three steps: (a) the hydrolysis of the alkoxide, (b) the nitration
reaction to form Ti(NO3), and (c) the combustion reaction of the
titanyl nitrate (oxidizer) with a suitable fuel (glycine, oxalic acid,
urea and others) to formulate TiO, nanoparticles with N, CO, and
H, 0 as the reaction byproducts.

In the case of TiO, synthesis using the combustion method,
although glycine is most frequently used as a fuel, a few reports
with urea [18,19] have recently appeared in addition to our previ-
ous report [13].In[18], sol-gel combustion was applied by varying
the fuel (urea) to oxidizer (titanyl nitrate) ratio (¢); ¢ was found
to determine the maximum combustion temperature, which in
turn affects the specific surface area, crystallite size and frac-
tion of the anatase phase in the synthesized titania particles. In
[19], high 10:1 urea-titanyl nitrate molar concentration ratio was

used to prepare optimal materials in terms of high specific sur-
face area (234 m?/g), small nanoparticle size (6.8 nm), wormhole
mesoporosity and sunlight activated photocatalytic degradation
of rhodamine-B. Although these works are systematic, the light
absorption of the materials is limited to a tail in the visible spec-
tral range, while their photocatalytic activity is only proven under
solar light irradiation, precluding discrimination of the VLA activ-
ity and its firm correlation with the improved morphological and
structural materials properties.

Generally, combustion synthesis results in the carbon modifica-
tion of the TiO, surface, although both carbon [16] and nitrogen[19]
doping have been also proposed. Surface modification of TiO, by
carbonacious species like carbon nanotubes, fullerenes, graphene
oxide, and other nanocarbons mainly of graphitic type have led to
significant enhancement of their photocatalytic activity [9,20]. This
enhancement is essentially attributed to several factors: (a) sensi-
tization of the material by a visible light absorber, (b) retardation
of electron hole recombination via charge separation across the
TiO,-carbonacious type sensitizer heterojunction, (c) significant
increase of the surface area and the population of active photocat-
alytic sites and (d) increased amount of surface adsorbed molecules
of chemical pollutants via -7 interactions. The most advanta-
geous morphology is the formation of a core/shell structure as that
sketched in Fig. 1e where the sensitizer covers the TiO, nanoparti-
cle with a thin homogenous wrapping layer, maximizing, in this
way, heterojunction functionality without loss of light harvest-
ing. Such an ideal structure was obtained in [21] by synthesizing
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graphene crystalline-TiO, hybrids that show very high photocat-
alytic activity under visible light. Furthermore, it should be noted
that aromatic carbon compounds have been also identified as the
origin of visible light activity of commercial Kronos photocatalysts
[22] where titania modification is carried out with pentaerythritol.

In this work, modified titania (m-TiO,) was optimized using
a volumetric type of smoldering combustion sol-gel synthesis
employing urea as fuel and a post treatment purification of the
photocatalyst. Both urea content and calcination temperature
were optimized, providing the optimal absorption threshold of
2.19eV for solar light harvesting. The photocatalytic performance
of the m-TiO, powder was tested for the degradation of methy-
lene blue under UVA (350-365nm), visible (440-460nm), and
daylight (350-750 nm) illumination, showing significant photo-
catalytic activity. Thorough characterization of the materials with
advanced spectroscopic and microscopic techniques attributes this
activity to the formation of core crystalline TiO, nanoparticles cov-
ered uniformly with a shell of carbonacious type material, which
acts as a highly efficient visible light sensitizer. The photocatalytic
reactivity further benefits by the enhanced adsorption of pollutant
molecules via the high surface area, porosity and the chemical mod-
ification of the photocatalyst surface as well as by the retardation
of recombination effects due to the small nanoparticle size and the
improved charge separation at the inorganic/organic heterojunc-
tion.

2. Materials and methods

For the preparation of the modified TiO, photocatalysts, tetra-
butylorthotitanate (15 ml) (Aldrich 97%) was added dropwise into
100 mL of HNO3 acidified aquatic solution. After 4 h of vigorous stir-
ring, n-propanol was added and the translucent colloidal solution
became completely transparent. The solution was left overnight
under vigorous stirring to homogenize. Then various amounts of
urea (1-50g), were added, with corresponding fuel to oxidizer
ratios 0.38<¢ <19, followed by a first drying step at 100°C and
further calcination at the temperature range of 350-500°C. The
volumetric type flameless gel combustion resulted in the synthe-
sis of nanoparticulate titania with vivid yellowish color. Finally,
the photocatalyst underwent consecutive washings under vigorous
stirring with deionized water in combination with centrifugation
for removing the excess organic species. A reference sample (ref-
TiO,) was made following the same procedure without the use of
urea. Elemental analysis of the samples resulted in C atomic con-
centration of 1-3% and N below 1%.

The crystallinity of the prewashed photocatalysts was analyzed
with an X-ray diffractometer (Siemens D-500, Cu K, radiation).
m-TiO, shows a single anatase phase while ref-TiO,, in addition
to the principal anatase phase, contains rutile as a second phase
and traces of brookite, in full agreement with Raman scattering
characterization. Thermogravimetric analysis and differential
scanning calorimetry was performed on a SETARAM SETSYS
Evolution 18 Analyser, in the range of RT - 800 °C, with a heating
rate 5°C/min in an alumina crucible using air. The recorded TGA
and DSC curve on the m-TiO; (Fig. S1), showed significant weight
loss at temperatures up to 450°C. From the organic species that
remain in the material at relatively low temperatures (350-450 °C)
some are chemically bound to the TiO, surface, while others
are expected to be removed in the persistent post washing
treatment of the material. Nitrogen adsorption isotherms were
measured at 77 K in an automated volumetric system (AUTOSORB-
1-Krypton version - Quantachrome Instruments). Prior to their
measurement, the samples were outgassed at 200°C for 48h.
The Brunauer-Emmett-Teller (BET) specific surface area (Sggr)
and Barrett-Joyner-Halenda (BJH) pore size distributions were

determined by the N, isotherms. UV-visible diffuse reflectance
measurements were carried out employing a Hitachi 3010 spec-
trophotometer equipped with a 60-mm diameter integrating
sphere and Ba;SO4 reference windows. The reflectance data were
transformed in Kubelka-Munk absorbance units.

IR spectra were collected on a Thermo Scientific Nicolet 6700
FTIR with N, purging system. Spectra were acquired using a single
reflection ATR (attenuated total reflection) SmartOrbit accessory
equipped with a single-bounce diamond crystal (spectral range:
10,000-55cm™!, angle of incidence: 45°). A total of 32 scans
were averaged for each sample and the resolution was 4cm™!.
The spectra were obtained against a single-beam spectrum of the
clean ATR crystal and converted into absorbance units. Data were
collected in the range 4000-400 cm~'. Raman spectroscopy was
performed in backscattering configuration employing an Ar* ion
laser (A=514.5nm) as excitation source by adjusting the laser
power to 0.1 mW pwm~2 on a Renishaw InVia Reflex spectrometer.

Batches of unmodified and modified TiO, samples were exam-
ined utilizing a FEI CM20 TEM equipped with a Gatan GIF200
imaging filter for electron energy loss spectroscopy (EELS) and
energy filtering analysis (EFTEM). The samples were dispersed on
holey carbon TEM grids and the study was undertaken on agglom-
erates of particles on the holes of the grid in order to exclude
the influence of the amorphous C support on the results. A Jeol
JSM 7401F Field Emission Scanning Electron Microscope equipped
with Gentle Beam mode and the new r-filter was employed to
characterize the surface morphology of the developed materials.
Gentle Beam technology can reduce charging and improve resolu-
tion, signal-to-noise, and beam brightness, especially at low beam
voltages (down to 100 V), without gold platting.

Core-level X-ray photoemission (XPS) spectra were collected
with a PHOIBOS 100 (SPECS) hemispherical analyzer at a pass
energy of 15eV with an Al X-ray source (1486.6eV). The take-off
angle was set at 37° relative to the sample surface. The binding
energy scale was calibrated using the position of both the Au 4f;,
and Ag 3ds), peaks at 84 and 368.3 eV, respectively measured on
clean gold and silver foils. Electron paramagnetic resonance (EPR)
measurements were performed using an X-band (v~ 9.42 GHz)
Bruker ER-200D spectrometer equipped with an Oxford ESR 900
cryostat for low temperature measurements. A LED source emit-
ting at 440-460 nm was used for in situ visible light illumination of
the sample in the EPR cavity.

In typical photocatalytic experiments, 20ml of oxygenated
aqueous methylene blue (MB) solution (2mg/L) containing the
photocatalyst (1 mg/ml) were added into a cylindrical pyrex cell
and covered air tightly. The pyrex cell was placed in the cen-
ter axis of a rectangular parallelepiped black box photoreactor
(50 cm x 40 cm x 30 cm in dimensions) at a distance of 12 cm from
the illumination system. The photocatalytic performance of the
modified TiO, (as well as ref-TiO, and Evonik P25 used as ref-
erence materials) were examined using different light sources in
a parallel symmetric arrangement on the top of the reactor: 9
high power Luxeon light emitting diodes (LEDs) emitting at the
narrow royal blue spectral region (440-460 nm, 4.5 mW/cm?), 4
Sylvania GTE F15W/T8 lamps (350-390nm, 0.5 mW/cm?) and 4
Sylvania 15W daylight lamps (350-750 nm, 3 mW/cm?). In Fig. S2,
the emission spectrum of the LED light source is compared with
the absorbance spectrum of the optimum m-TiO, sample and that
of the MB pollutant. Apparently, the LED light source emits well
in the visible wavelength range (440-460 nm) where the m-TiO,
material has intense light absorbance, whereas the MB pollutant
hardly absorbs. Throughout the experiments (photocatalytic or
control), the solutions were stirred to secure homogenous disper-
sion of the photocatalyst and minimize volume decreasing effects.
Each experimental point corresponds to a new photocatalytic run
that ended up with the sample drawn from the reaction vessel,
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Fig.2. UV-visabsorption spectra of the modified TiO; as a function (a) of the calcina-
tion temperature with 30 g of urea and (b) of the urea content at 400 °C. Photograph
of the optimized modified TiO, powder is shown as an inset.

centrifuged at 9000 rpm for 40 min using a Universal 320 centrifuge
to remove catalyst particles and monitoring the evolution of the
MB concentration photometrically using a Hitachi U-3010 UV-vis
spectrophotometer. Blank photocatalytic tests verified negligible
reduction of the MB pollutant concentration upon irradiation with
either visible or UV light in the absence of the photocatalyst.

3. Results and discussion
3.1. Optical response of the modified TiO,

The UV-vis spectra of the ref-TiO, materials showed only a weak
absorption tail in the visible spectral range, while those of the mod-
ified TiO, exhibited a distinct red shift of the optical absorption
that depended markedly on the urea content and the calcination
temperature (Fig. 2a and b). Absorption threshold of the modified
TiO, varies in the range of 520-566 nm. However the most impor-
tant difference in the recorded optical spectra is the intensity of
the absorbance signal in the visible range. Thus, for calcination at
400-450°C and urea weight of 20-40 g, almost all the material was
modified presenting an intense absorbance in the visible. On the
contrary, outside these temperature and urea content ranges, the
unmodified anatase phase remains strong and the modified visi-
ble light active phase forms a shoulder or even a tail in the optical

Table 1
BET surface area and porosity characteristics of the m-TiO, and ref-TiO, prepared
at optimized conditions.

m-TiO, ref-TiO,
BET surface area (m?/g) 175.2 48.6
Total pore volume (cm?3/g) 0.494 0.11
Mean pore size (PSD) (nm) 8.0 7.1
Porosity (%) 75.6 31.7

absorption spectra (see for example spectra of m-TiO, with 30g
urea and 350 °C in Fig. 2a or that at 400 °C but with only 1 g urea in
Fig. 2b). The optimal parameters for the synthesis of the modified
TiO, with the highest response in the visible range were thus deter-
mined to be 30g urea/15ml tetrabutylorthotitanate and 400°C
calcination temperature, providing a threshold value for absorption
in the visible range of 2.19eV (566 nm). This narrow temperature
range for the successful combustion synthesis of the VLA m-TiO,,
also frequently employed in the literature [18,19], can be under-
stood by the thermogravimetric analysis (TGA) data (see Fig. S1).
The intensive weight loss for temperatures below 350 °C suggests
that the urea combustion reaction is not fully completed, while
above 450°C, organic compounds formed on the titania surface
are removed. Regarding the urea content and taking into account
the literature data [18,19], our results show that the fuel to oxi-
dizer ratio ¢ should largely exceed the stoichiometric one (1.67), in
order to optimize the materials physicochemical properties. Opti-
mum ratio was found at ¢=11.4, which stands on the flameless
combustion range where the reaction is partly supported by the
ambient air and is limited by oxygen diffusion, in agreement with
[19]. Accordingly, the resulted vivid yellow m-TiO, powder syn-
thesized under optimum temperature and urea content (shown in
the inset photo of Fig. 2a) will be examined in detail in the follow-
ing part of the manuscript, in comparison with the non-modified
ref-TiO, material.

3.2. Porosity and surface area characterization

The structural and textural properties of the raw and
optimally modified TiO, materials were investigated by N
adsorption—-desorption isotherms at 77 K. Fig. 3 shows the obtained
results analyzed by BET method for surface area and BJH pore size
distribution. The surface area and porosity have been calculated
for all materials and the results are given in Table 1. The isotherms
(Fig. 3a) are of type IV, which is typical for mesoporous materials.
In the case of the raw material a moderate surface area is derived,
while the hysteresis loop indicates pore formation in the range of
5-10nm (desorption branch). On the other hand, the N, isotherm of
the modified TiO, reveals a significant increase in both the surface
area and the pore volume as a result of well-developed mesopo-
rosity. The obtained high porosity ensures enhanced reaction rates
due to the high level of interaction of the reactants with the active
sites. The BJH pore size distributions (Fig. 3b) of the two materials
are quite similar, with an average pore diameter of 7-8 nm.

3.3. Vibrational (FTIR and Raman) analysis

Fig. 4 displays the FT-IR spectra of the m-TiO, sample before
and after purification in comparison with the corresponding spec-
trum of the ref-TiO,. In the unwashed urea-TiO, sample, apart from
the peaks at 3400 cm~! (surface hydroxyl groups or chemisorbed
water) and 1640 cm~! (bending of molecular water), a set of weak
IR bands are observed in the 1200-1600 cm~! region (circled in the
figure) due to C—N and C—O species along with an intense band at
2050 cm~! with fine structure, indicative of carbonaceous species
in different chemical environments. The C—N and C—O bands can
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and m-TiO, materials.

be attributed to urearesidues remaining after the combustion reac-
tion, as they are clearly observed in their spectra of the solution
residues obtained after material purification by two centrifugation
cycles (not shown), whereas only a weak feature at 1440 cm~! due
to C=Cbond vibrations is hardly detectable at this frequency range.
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Fig. 4. FT-IR spectra of the m-TiO, before and after purification in comparison with
the ref-TiO, sample. Vertical lines mark the 1640 cm~' bending of molecular water
and the vibrations of the persistent organic species at 2050 cm~'. Weak absorbance
modes of the prewashed urea-TiO, are circled.
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Fig. 5. Raman spectra of the modified TiO, compared to the reference sample
at 514.5nm. Inset graphs focus on the low frequency weak Raman peaks due to
brookite and rutile minor phases of the ref-TiO, and on the high frequency m-TiO,
Raman bands of interest, at 2050 and 2090 cm~!.

Regarding the peak around 2050 cm~!, which remains essentially
unaffected by the consecutive washings, it can be rather related
to the presence of (=N, C=C and C=0 conjugated bonds of persis-
tent organic species that coordinate with TiO, via oxygen surface
atoms. Furthermore, the latter mode disappears for calcination
temperatures above 450 °C (not shown), where the materials’ opti-
cal absorption is suppressed in the visible range (Fig. 2a), implying
a close correlation of the underlying organic species with the VLA
response of the modified materials. We should mention that a
vibration mode at this frequency can be also traced as a weak fea-
ture in the IR spectra of polyheptazine-TiO, hybrids [23], though
not the spectrum of the polyheptazine unit itself, verifying that it
primarily involves coordination of organics with TiO,. Apart from
the latter mode, no trace of the rich vibrational spectrum of poly-
meric carbon nitrides [12] (melon, melem), forming in situ at the
surface of preformed titania particles from urea pyrolysis prod-
ucts could be identified in the present IR spectra, indicating the
absence of polyheptazine species. An alternative assignment of the
2050 cm~! mode concerns NO vibration [24] from stable NO species
encapsulated in microporous TiO, prepared by sol-gel [25], whose
presence, however, is not corroborated by the EPR results (see
below). On the other hand, no vibration from organics was iden-
tified in the IR spectra of the ref — TiO, material (the weak peak
at 1152cm! can be attributed to O—H vibrations in Ti—-0—0—H
species [26]).

Raman spectra recorded for the optimal m-TiO, samples, shown
in Fig. 5, identified the formation of single anatase nanocrys-
talline phase. Size of the nanocrystals was estimated to ~7 nm by
projecting the values of the frequency (146.2cm~!) and FWHM
(15.5cm™1) of the strongest low frequency Eg peak in standard
correlation curves [27,28]. This peak presents blue shift and line
broadening relative to that observed in anatase nanocrystals of
large size (>20 nm) due to the breakdown of the k=0 Raman selec-
tion rule induced by phonon confinement [27]. In contrast, the
reference sample comprises traces of the rutile/brookite polymor-
phic phases (Fig. 5) and anatase nanoparticles with size slightly
larger than that of m-TiO,, to about 8.5 nm. This corroborates the
stabilization effect for the anatase phase and the inhibition of
the anatase-brookite-rutile phase transformation by urea treat-
ment. Furthermore, long acquisition spectra in the high frequency
region 1000-2500 cm~! revealed a doublet at 2050 and 2090 cm™!
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Fig. 7. TEM bright field image (a), of m-TiO, nanoparticles with corresponding Ti (b) and C (c) mapping analysis.

only for the m-TiO,. The detection of weak vibrations in the
2050-2100 cm~! range, both in the resonance Raman and IR spec-
tra verifies the presence of relatively simple structures of organic
monolayers bounded on the TiO, surface. For both the m- and ref-
TiO, the water bending mode at 1655 cm™! is also observed.

3.4. Microscopic TEM and SEM analysis

Following thorough cleaning, the ref- and m-TiO, samples were
characterized by TEM. Characteristic HRTEM images are shown in
Fig. 6, where particle size of about 7 nm for m-TiO, and 9 nm for
the ref-TiO, are estimated, in very good agreement with the results
from the Raman analysis. For m-TiO,, an amorphous shell could be
resolved (indicated by arrows in the HRTEM images and clearly
shown in the inset magnified area), covering the crystalline core of
the TiO, nanoparticles. The thickness of this shell is approximately
1 nm or even smaller. This core-shell structure is not observed in
the ref-TiO,, where the crystalline titania structure extends up to
the particle surface.

EFTEM was applied for performing a spatially resolved micro-
analysis in the area shown in the bright field image of m-TiO, in
Fig. 7a. The corresponding C and Ti maps from the same area are
shown in Fig. 7b and c, respectively. The C map shows brighter
contrast, indicating a higher C concentration, at the surface of the
particles, though it is not clear whether C is also inserted inside the
particle core. Moreover, EELS analysis, shown in Fig. 8, confirmed
the presence of C species on the titania nanoparticles, while no

signal of N could be resolved. This can be attributed either to the
low concentration of N (below the detection limit of EELS) or to N
knock out by the electron beam.

Particle morphology of TiO, materials has been further studied
by FE-SEM. It is evident in Fig. 9(a) and (b) that the ref-TiO, sample
consists of nanoparticles (in the range of 10-20 nm) forming larger
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Fig. 8. EELS spectrum of the m-TiO, sample.
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Fig. 9. HRSEM spectra of ref-TiO; (a and b) and m-TiO, (c and d) at different magnification regimes.

aggregates, with limited free volume. The presence of edged shaped
particles reveals also the crystalline phase of the material. On the
contrary, the m-TiO, particles are considerably smaller (3-10 nm)
with more rounded edges, providing significant ample framework
void mesopore space, as shown in Fig. 9(c) and (d). This result is
consistent with the textural mesoporosity determined by the N,
porosimetry analysis. Furthermore, the absence of charging effects
in the latter case may be attributed to the inorganic core-organic
shell structure which has been identified by HRTEM.

3.5. XPS analysis

Wide XPS scans (0-1400 eV) for the two samples are presented
below in Fig. 10. Features related to Ti, O, C, N are labeled. The inset
graphsinFig. 10 show detailed spectra of the C1sand N1s peaks. The
main C1s peak was originally found at a BE of ~285.9 eV. However,
due to possible charging effects a correction of 1.4 eV was overall
applied to the spectra of both samples. This is a common practice, in
order to fix the adventitious C peak to a BE of ~284.5 eV. The second
peak ataround 288 eV, which after the fitting analysis was observed
at slightly more positive energy for m-TiO, relative to ref-TiO;, sug-
gests that carbon is bound to oxygen and/or nitrogen species [29],
in consistency with presence of carbonate species [20,30]. No peak
around 281-282 eV due to Ti—C bonding was observed excluding
the possibility of substitutional C doping for oxygen atoms in the
anatase lattice [31].

The N1s region for both samples exhibits a peak located at
~400 eV.The intensity of the N peak in the ref-TiO, sample is larger
than in the modified m-TiO, sample, due to the nitrogen originat-
ing from nitrates, either chemisorbed [32] or forming oxynitrides
[33]. However, during the combustion of urea in the m-TiO; sample
certain amount of N has escaped as N, gas and the total N concen-
tration is limited to the organic species formed on the surface of

TiO, giving rise to C—N bonds [28] with sp? or sp? hybridization.
The shift toward higher BE of the N—O, N—C and Ti—N—0 (~400eV)
configuration as compared to Ti—N—Ti (~396) is due to the more
electronegative nature of O and C as compared to Ti. The presence
of a major nitride compound is excluded since there is not a clearly
resolved feature present at BE ~396.3, where Ti—N bonds should
appear. Moreover, NO adsorption and/or interstitial nitrogen which
also give N1s XPS signal at about 400eV [3,6] are also precluded
for both samples based on the EPR results (vide infra). Finally, the
Ti2p region (see Fig. S3) exhibits a doublet peak due to spin-orbit
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Fig. 10. Wide XPS spectra of m-TiO, and ref-TiO, samples. Detailed spectra in the
Cls and N1s energy regions are shown in the inset graphs.
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Fig. 11. EPR spectra of the optimal modified TiO; in comparison with the reference
sample under dark conditions and after visible light illumination, at 10K.

splitting with common binding energies for the two samples. The
BE position of the 2p3;, peak at ~458.4eV, agrees well with the
presence of Ti** ions in TiO,. Based on the XPS analysis, we may
conclude that while the amounts of C and N species is comparable
for both m-TiO, and ref-TiO,, the subtle differences of the N1s and
C1s spectra between the two samples essentially arise from their
incorporation into the m-TiO, shell, while leaving intact the TiO,
core as identified by the performed HRTEM analysis.

3.6. EPR spectroscopic characterization

The formation of localized paramagnetic centers in the ref- and
m-TiO, samples was investigated by EPR spectroscopy under vis-
ible light illumination provided by a LED source at 440-460 nm.
Fig. 11 shows the EPR spectra of the optimal m-TiO, in compari-
son with those of the reference sample under dark and visible light
illumination conditions, at 10K.

Visible light illumination of the modified TiO, resulted in a
marked enhancement (ca. 20-fold increase) of the EPR signal lead-
ing to an extended resonance spectrum centered at g=2.005. Most
importantly, the visible light induced EPR spectrum comprised a
set of eight regularly spaced resonance lines around the central EPR
line, indicative of an extended hyperfine structure with a splitting
constant A~ 16 G. This type of EPR spectrum is entirely different
from that of the ref-TiO, sample, where visible light illumination
resulted in the appearance of intense anisotropic EPR spectra at
g> 2.0 arising from the photo-induced formation of surface trapped
hole centers (O~) and superoxide anions (O, ™) in the presence of
oxygen, similar to conventional sol-gel TiO, [5,31]. This further
corroborates that N and C species have distinctly different ori-
gins in ref-TiO, and m-TiO,, despite their quantification at similar
amounts by XPS. Most importantly, the observed EPR spectrum in
m-TiO, differs from the characteristic 1*N hyperfine triplet EPR
spectrum arising from single nitrogen species in N-doped TiO,

prepared by other synthetic routes and nitrogen precursors [6],
suggesting a different mechanism for the visible light activation of
m-TiO, from N2p intraband gap states created of the TiO, lattice.
Furthermore, the observed EPR spectrum is essentially different
from that of paramagnetic NO molecules frequently adsorbed in
N-doped TiO, [24]. Specifically, the EPR spectrum of NO radicals is
characterized by a rhombic g-tensor with gy ~ g,y ~2.00 and 4N
(I=1) hyperfine constants Ay <1 G and Ay ~ 32 G that may account
for only one pair of the observed EPR lines, while its g,;~1.93
component was not observed in the present case. Moreover, the
EPR signal of trapped NO species in nitrogen doped TiO, has been
reported to disappear at temperatures higher than 170K [24] and
not to be affected by visible light excitation [34], whereas the
present EPR signal is clearly observable up to room temperature,
implying rather long spin-lattice relaxation times, and emerges
only upon visible light excitation.

Although the exact origin of the observed EPR spectrum that
may comprise more than one paramagnetic species cannot be
readily traced, its visible light activation together with the presence
of hyperfine structure due to the most abundant #N (I=1) and or
TH (I=1/2) nuclei indicates that it originates from the light induced
excitation of organic (C, N, H) radicals (the 1:2:3:2:1 EPR pattern
of s-triazine radicals may not solely account for the observed EPR
spectrum [35,36]) that reside on the titania surface and act as
photosensitizers of TiO, under visible light. In addition, a very broad
EPR signal was observed at g=1.93-1.95 for both the urea modi-
fied and reference TiO, (Fig. 11). This EPR signal is characteristic
of trapped electrons in localized anatase Ti3* surface states [37].
The wide distribution of the underlying energy levels below the
anatase conduction band, renders them populated by the sub-band
gap illumination (~2.75 eV) provided by the LED source, even for
the ref-TiO, material. The contribution of these anatase Ti3* surface
states is therefore not expected to be very effective in the visible
light photocatalytic activity of the urea modified TiO,.

3.7. Photocatalytic degradation and demethylation of MB

Evaluation of the materials photocatalytic performance was
examined for the degradation of methylene blue under UVA, day-
light and visible light irradiation for 120 min. Fig. 12 shows the
progression of the MB photocatalytic degradation, including dye
adsorption by the ref- and the m-TiO, and the Evonic P25 photo-
catalytic powder for the three different illumination sources and
Figure S4 shows the absorption spectra of the solution at differ-
ent stages of the photocatalytic experiment. The obtained results
showed that the ref-TiO, material has very weak photocatalytic
response under visible light illumination and is less active than
the m-TiO, under daylight illumination, reflecting its marginal
response in the visible spectral range. On the other side, it performs
quite well under UV irradiation where, after 2 h, the photocat-
alytic degradation has reached the levels attained by Evonik P25.
The behavior of P25 is quite similar with good photocatalytic
response only under UVA and daylight. On the opposite, the modi-
fied TiO, exhibited significant photocatalytic activity under pure
visible light. Hence, modification of the TiO, surface employing
urea during the sol-gel synthesis under optimal loading and ther-
mal treatment conditions is concluded as an efficient means to
improve the light harvesting ability and photocatalytic activity of
titania in the visible range.

Methylene blue is a cationic dye pollutant resistant to natural
degradation. According to the literature [38,39], the UV photocata-
lysis procedure degrades MB to smaller organic substances until
total mineralization to H, 0, CO,, and other inorganic species. Dur-
ing photocatalysis hypsochromic effects take place implemented
in blue shifts of spectral bands, resulting from N-demethylation of
the dimethylamino group in MB. This effect occurs concomitantly
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with the oxidative photocatalytic degradation of the phenoth-
iazine chromophore ring structure of MB which is attested by the
decrease of the absorption peak at 292 nm with irradiation time,
most prominently observed during the initial irradiation period.
As described in previous studies [38,39], the N-demethylation of
MB occurs by the formation of intermediate species with shifted
absorption band peaks according to the following pathway: (i)
Azure B (648-654nm), (ii) Azure A (620-634 nm), (iii) Azure C
(608-612 nm), and (iv) Thionine (602.5 nm). As seen in Fig. 13 for
the m-TiO,, the degradation of MB was done in a stepwise man-
ner and the spectral band at 664 nm blue-shifts after 120 min by
as much as 42 nm for LED illumination (from 664 to 622 nm), and
48.5 nm (from 664 to 615.5 nm) for daylight illumination and 62 nm
for UV irradiation (from 664 to 602 nm). Accordingly, we conclude
that, by completing the 2 h photocatalytic experiments, apart from
the degradation of the phenothiazine chromophore ring, partial
(under LED and daylight irradiation) or full (under UV irradiation)
demethylation of MB occurs. Intermediates of Azure A and/or Azure
C are formed in the first case and thionine in the last.

Due to the excellent photocatalytic performance of Evonic P25
photocatalytic powder under UV it was hard to define a clear peak
in the absorbance spectrum in order to measure the blue-shift of
the 664 nm characteristic peak of MB. However daylight irradia-
tion resulted in 52 nm shift, corresponding to Azure C as the main
degradation product (it was not possible to detect absorption of
thionine under the prevailing conditions most probably due its ten-
dency to get adsorbed onto the TiO, surface) while visible light
illumination with the LED sources did not affect the wavelength of
the MB absorption peak, as expected. Similarly for ref-TiO,, visible
light illumination did not shift the MB peak, while daylight and UV
irradiation resulted in 29 and 52 nm shifts, respectively.

The photocatalytic results were compared to literature data
obtained when crystalline TiO, and thiourea are mixed and cal-
cined at 400 °C (namely PreCal TiO,-TU). Such a comparison shows
that for a total 2h experiment under visible light irradiation, a
13 nm blue shift of the MB absorption peak is observed in com-
parison to the 42 nm for the m-TiO, sample synthesized in this
study under similar conditions. This fact concurs with the better
photocatalytic efficiency of the m-TiO, photocatalyst, 84%, relative
to PreCalTiO,-TU, 65%. The m-TiO, material developed in this work
also outperforms carbon modified TiO, photocatalysts prepared by
post treatment of crystalline TiO; [40]. This very efficient perfor-
mance is attributed to the effective decoration of TiO, particles
with simultaneously grown carbonacious species acting as sensi-
tizers. Similar structures achieved by combustion synthesis have
produced some of the best MB photocatalytic results under full sun-
light irradiation [18,41] while in the current research in this area,
judicious morphologies, like crystallineTiO, core with graphene
shell, are developed as the next generation VLA photocatalysts [29].
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Fig. 13. Shift of MB absoprtion peak due to demethylation for m-TiO (a) as well as ref-TiO, and P25 (b).
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light illumination (c), followed by desorption in dark (d).

The modified titania photocatalyst was tested for possible deac-
tivation effects by performing three subsequent photocatalytic
experiments under visible light illumination, lasting 1h each. In
between the photocatalytic cycles, two centrifugation steps were
carried out in order to separate the photocatalyst from the solution
before and after desorption of the pollutant, thereafter, care was
taken to keep the photocatalyst to MB solution ratio constant. A per-
fect reproducibility of the photocatalytic efficiency (within 2% error
range)was evidenced; rendering the materials excellent candidates
for long lasting photocatalytic treatment of polluted water. More-
over, in order to confirm the photocatalytic activity of the modified
TiO, photocatalyst under visible light irradiation, the final over-
all concentration of the MB pollutant (MB inside the solution and
adsorbed on the photocatalyts) was tested after desorption of MB
from the m-TiO; surface. The experiment was conducted according
to the method described in [5], and the results are presented in the
histogram graph of Fig. 14. In detail, a suspension of m-TiO, pho-
tocatalyst (1 g/L) in oxygenated MB (2 mg/L) aqueous solution was
prepared. The solution was left for 1 h under vigorous stirring and in
dark so that the pollutant got well adsorbed on TiO,. Then the rela-
tive concentration of the MB (C/Cy) was measured photometrically
at49.3% (point a of Fig. 14). In turn the solution’s pH was adjusted to
2.8 using the appropriate quantity of 1 N HCl followed by 1 h of stir-
ring under dark, in order to fully desorb MB from m-TiO, as shown
by the nearly 100% recovery of the MB concentration (point b of
Fig. 14). This procedure was repeated but with constant illumina-
tion of the solution with visible light during the MB adsorption step
(points c in Fig. 14). With the completion of 1 h, MB concentration
reached a 17.6% percentage of the initial concentration. However,
after the addition of the HCl and vigorous stirring in dark, the MB
concentration recovered at only 44.2% of the initial value (point d of
Fig. 14), indicating a strong net photocatalytic degradation of MB
by visible light illumination. The above enhanced photocatalytic
performance of the synthesized material is an inherent property
and not specific to MB molecule. In fact, preliminary experiments
also confirmed that the m-TiO, photocatalyst shows high efficiency
for the degradation of a series of model water pollutants with var-
ied chemical structure and functionalities including methyl orange
(MO), diphenhydramine (DP) pharmaceutical and microcystine-LR
(MC-LR) under visible light illumination.

4. Conclusion

Nanostructured modified TiO, was synthesized by gel com-
bustion of a nitrated alkoxide solution mixed with urea fuel. The

modified materials were optimized in terms of solar light harvest-
ing by controlling the urea content and the calcination temperature,
thus reaching an absorption threshold of 2.19eV and very high
absorbance values. The visible light activation of the material is
attributed to the formation of monolayers of carbonaceous species
which cover TiO, core anatase nanoparticles. This organic shell is
clearly observed in HRTEM images as a uniform defected struc-
ture and supported by XPS, EELS and elemental EFTEM mapping as
well by the Raman and NIR vibrations in the 2050-2100 cm~! range
which are rather related to the presence of C=N, C=C and C=0 con-
jugated bonds. The small size of the m-TiO, particles and the porous
character of the organic layer provide ample void mesopore space
with very high values of BET surface area (175.2 m?/g) and porosity
(75.6%). EPR measurements recorded a signal with extended hyper-
fine structure attributed to the most abundant 14N (I=1) and/or 'H
(I=1/2)nuclei originating from organic (C, N, H) radicals. This signal
presents a 20-fold increase upon visible light illumination indicat-
ing light induced excitation of the organic radicals. For comparison,
ref-TiO, materials were synthesized without the addition of urea
and presented none of the outstanding physicochemical properties
described above for m-TiO5. Since the amount of C and N estimated
by elemental analysis and XPS was quite similar for both samples
(modified and unmodified), we conclude that the salient feature of
m-TiO, is its distinct core-shell structure.

The modified hybrid material presents significant photocat-
alytic degradation of methylene blue dye, especially under visible
light, where it far outperforms over the benchmark Degussa P25
and excellent photocatalytic reproducibility. This behavior of the
modified material is attributed to the modification of the photocat-
alyst surface by the organic sensitizer as well as to the retardation
of recombination effects due to the small nanoparticle size and
the improved charge separation at the inorganic/organic hetero-
junction. Among the advantages of the method are the controlled,
uniform and fully repeated morphology and its easy adaption in
VLA photocatalytic technologies such as modified photocatalytic
membranes for water purification.
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