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ABSTRACT

Black TiOz is capable to absorb the entire or part of the visible spectrum improving, a
priori, the photoactivity under solar irradiation. Nevertheless, black TiO> materials have
not been able to demonstrate the expected photocatalytic activity in visible light due to
the presence of a large number of recombination centers. In addition, high temperatures
or pressures (>400 °C, 20 bar) are required for the conventional synthesis and
alternative methods have high energy costs which limit the capability for mass
production. In this report, a new controlled hydrolysis method has been developed to
synthesize reduced black TiO> in mild conditions of temperature (180 °C) and pressure
(8 bar). The synergetic effect of the stabilization of low crystal sizes, strong visible light
absorption and band gap reduction, Ti** defects or oxygen vacancies concentration and
improved surface area and pollutant-surface interactions, significantly enhances the
photocatalytic activity in the degradation of organic pollutants (Orange G) under visible

light (almost totally degraded at 40 min).

Keywords: Black titania; oxygen vacancies; visible light photocatalysts; band gap

reduction; synergetic effect



1. INTRODUCTION

The industrial growth, population expansion and the increasing environmental
pollution convert the water in a scarce and increasingly inaccessible resource. As
consequence, the decontamination of water is one of the most serious global challenges
and will be increasingly important in the future due to the appearance of new and more

stable pollutants (emerging pollutants) in the water.

Different strategies have already been developed in order to combat the near future
water-scarcity and deal with the increasingly restrictive legal pollution limits. Among
them, the advanced oxidation processes (AOPs ) have been revealed as one of the most
effective methods to combat these water pollution problems [1]. These oxidation
techniques are based on physicochemical processes that involve the generation and use
of highly reactive radicals, mainly the hydroxyl radical (OH"), which has high
effectiveness for the oxidation of pollutants [2]. Several types of AOPs are based on the
in-situ formation of OH" radicals by means of various chemical, photochemical,
sonochemical, or electrochemical reactions. Among the photochemical methods,
heterogeneous photocatalysis using TiO; is a simple and powerful tool, widely used and

studied worldwide.

Solar photocatalysis is especially interesting for the elimination of pollutants by the
use of solar energy as the sole source of energy, saving operational costs and making it
a feasible route for it implementation in the industry or in the tertiary treatment of a
sewage treatment plant. Thus, the use of solar energy is presented as a sustainable
alternative, since the cost of installation and operation of the AOPs is relatively high.
However, the high band gap of TiO: (3.0-3.2 eV) limits the application of solar
radiation due to only the ultra-violet (UV) region of the solar spectrum can be used by

titania for the photogeneration of the electron-hole pair responsible of the photocatalytic



effect, resulting in insufficient utilization of solar energy (less than 5%) and low activity
[3].

In order to extend the photoactivity of TiO» to the visible region of the solar
spectrum, several approaches have been studied aiming to decrease the titania band gap,
such us the introduction of doping agents or the use of sensitizers [4]. The introduction
of metal (Ni, Fe, Co, Mn, Cr, ...) or non-metal ions (N, C, S, I, ...) narrows the bandgap
of TiO> by producing new hybrid states which confer significant visible light
absorbance toTiO: [5,6]. However, different problems were also detected. Metal-doped
TiO2 shows thermal instability, electron could be trapped by the metal centres
decreasing the photocatalytic activity and high processing costs; whereas in non-metal
doped TiO> the main drawbacks are the difficulty to obtain N-doped TiO> with high
nitrogen concentration, the formation of defects which can act as recombination centres

for carriers and the decrease of N concentration at the surface layer after irradiation.

Highly-dispersed TiO2 and ZrO»-carbon xerogels composites have been presented as
a good alternative to metal and non-metal doping. Carbon matrix favours the reduction
of the band gap by the stabilization of Ti*" states together with the minimization of the
electron-hole recombination and the improvement of the surface area increasing the

number and quality of active sites, as well as the adsorption of contaminants [7,8].

Another alternative is the Ti** self-structural modified TiO: or so-called black titania
which is capable to absorb the entire or part of the visible spectrum, resulting in black or
colourful appearances. Black titania exhibits high electron carrier concentration (~7.8 x
10%° ¢cm) [9] and narrow band gap of =1.5 eV [10] and consequently high absorptivity

to visible/infrared light and high photocatalytic activity.

Usually, black titania is synthesised by hydrogenation of white titania [11-14],
however high temperatures (400—700 °C) [15-17] or pressures (20-40 bar) [10,18,19]
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are required and the hydrogenation of amorphous titania precursors cannot ensure a
good photocatalytic activity. Different approaches, either reduction or oxidation ones,
have been made for the synthesis of black titania. Reduction of TiO; has been
performed by hydrogenation [15—17], Ar annealing [20,21], metal-assisted (Al, Mg, Zn)
[4,22,23], Ha-plasma [9], organic lithiation treatment with a lithium-amine chelating
agent (Li-ethanediamine, Li-EDA) [24,25], electron beam treatment [26], proton
implantation [27] and electrochemical reduction [28]. In turn, oxidation approaches
consist in the incomplete oxidation of low valence Ti species such as TiO, TiH», TiCl3
among others, in such a way high-concentration of oxygen vacancies or Ti** are
obtained [29]. However, high temperatures (> 400 °C) are still required or they have
high energy costs which limits the capability for mass production. Moreover, high-
temperature processes easily lead to structure cracks, preventing careful nanostructure
design for better performance. Hence, new strategies for black TiO> synthesis should be

developed.

The aim of our work is to develop an alternative approach for improving the visible
and infrared optical absorption by the first-time engineering of disorder titania with and
without hydrogen to obtain black TiO2 nanoparticles with controlled morphology. In the
present work, black titania nanoparticles and nanofibers were synthesized in mild
conditions of temperature (180 °C) and pressures (8 bar) by a stirred solvothermal
method in presence of nitrogen or hydrogen. Black titania was deeply characterized and

tested in the photodegradation of pollutants under visible light.



2. MATERIALS AND METHODS
2.1.  Chemicals

Methanol (99.9%, Applichem-Panreac), acetonitrile (99.9%, Panreac), titanium (IV)
isopropoxide (TTIP, >97%, Aldrich), hexadecyltrimethylammonium bromide (CTAB, >
99%, Sigma), deionized water.

2.2. Synthesis of black titania

Black titania was prepared by a controlled hydrolysis of TTIP in
methanol/acetonitrile medium using CTAB as structure-directing agent. In a typical
preparation, 0.546 g of CTAB was added to 150 ml of methanol/acetonitrile solution.
After stirring for 10 min, 1 ml of TTIP was added and then quickly transferred into a
sealed stirred reactor (Parr reactor model 5500) to avoid the hydrolysis under
atmospheric conditions. This mixture was heated at 60 °C under stirring (2000 rpm) and
pressurized with hydrogen or nitrogen under flow in order to purge the reactor.
Hydrolysis and condensation reactions occurs when adding 1 ml of deionized water in
the pressurized stirred tank using a pump. After that, the flow was stopped, and the tank
pressurized at 8 bar and heated at 180 °C under stirring for 1, 2, 3, 4 or 5 days. The
obtained samples were centrifuged at 4000 rpm for 20 min and washed with methanol
several times. These samples were denoted as TiAX, where A is H or N for H> or N»,
respectively and X is the days of treatments, i.e. TiH1 indicates that TiO, was
synthesised in presence of H» after 1 day of treatment. White titania, TiO; anatase from
sigma aldrich, was used as reference material.

2.3. Textural and chemical characterization

The morphology of catalysts was studied by scanning electron microscopy (SEM)
using a LEO (Carl Zeiss) GEMINI-1530 microscope. HRTEM images were recorded
using a FEI TITAN G2 80-300 microscope equipped with a scanning transmission
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electron microscopy (STEM) detector-type HAADF (high-angle annular dark-field
detector), corrector of spherical aberration (CEOS), and EDX microanalysis system
(Super X). This equipment has a maximum resolution of 0.8 A (TEM) or 1.4 A
(STEM), working with an acceleration voltage of 300 kV. A small amount of well-
milled sample is dispersed in ethanol under ultrasound and mounted on a 300-mesh

carbon-coated cooper grid.

Textural characterization was carried out by N» adsorption at —196 °C using
Quantachrome Autosorb-1 equipment. The BET equation and the DFT method were
applied to determine the apparent surface area (Sper) and mesopore volume of the
samples (Vmes), respectively, and the Dubinin—Radushkevich equation used to calculate
the micropore volume (Wo) and the mean micropore width (Lo). The total pore volume

was considered as the volume of Nj adsorbed at P/Po = 0.95.

The crystallinity was analyzed by a powder X-ray diffraction (XRD) pattern using a
Bruker D8 Advance X-ray diffractometer with Cu Ka radiation at a wavelength (A) of
1.541 A. The 20 angles were scanned from 20 to 70°. The average crystallite sizes (D)
were estimated by the Debye-Scherer equation, D = 0.95M/B cos 0, where 0 is the
diffraction angle and B is the full width at half-maximum (fwhm). The fwhm was
determined with an extrapolated baseline between the beginning (low angle side) and

the end (high-angle side) of a diffraction peak with the highest intensity.

The chemical characterization of the samples was further analyzed by X-ray
photoelectron spectroscopy (XPS). The spectra were obtained on a Kratos Axis Ultra-
DLD X-ray photoelectron spectrometer equipped with a hemispherical electron analyzer

connected to a detector DLD (delay-line detector).

Optical absorption spectra of samples were obtained on a double-beam UV-vis
spectrophotometer (CARY 5E from VARIAN) equipped with a Praying Mantis diffuse
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reflectance accessory (DRA). The reflectance spectra were converted to absorbance by
the Kulbelka—Munk (KM) method in order to calculate the band gap (Eg) of samples.
Graphic representations were used to calculate E,: (F(R)-hv)" versus E, with n = }4 for
an indirect allowed transition and n = 2 for a direct allowed transition. The E, value was
obtained by extrapolating the slope to y = 0 according to the procedure used by Lopez et

al. [30].
2.3. Photocatalytic degradation procedure in presence of saturated photocatalysts.

The photocatalytic activity of black TiO> was compared in the Orange G (OG)
degradation using a glass photoreactor (inner diameter of 8.5 cm x height of 20 cm)
equipped with an inner tube of 2.5 cm of diameter placed in the reactor centre, allowing
to fit a visible sun lamp of 14 W (ReptoLux 2.0) inside to ensure an uniform irradiation
of all solution volume. The degradation kinetic was follow by UV-spectrometry using a

UV-vis spectrophotometer (5625 Unicam Ltd., Cambridge, UK), previously calibrated.

Catalytic photodegradation was carried out using 1 mg/ml of photocatalyst,
previously saturated with the dye in the dark to avoid the influence of the different
adsorptive performance of each sample on the evolution of the dye concentration. After
saturation, the initial dye concentration (Co) was fitted again in all cases to 10 mg/L, and
then, visible light was turned on and this time was considered as the start degradation
time. At a regular interval of 10 min, equal aliquot was removed from the reactor,

filtered and the OG concentration measured by UV-spectrometry.

The OG mineralization degree was followed by the evolution of total organic
carbon (TOC) present in the solution during the photo-degradation experience using an
analyzer Shi-madzu V-CSH analyser with ASI-V autosampler and subtracting the

inorganic carbon value in each sample from the total carbon value.



The Orange G adsorption isotherm on black titania was carried out also in a
thermostatic bath at 298 K. For this, a volume of 25 mL with different initial
concentrations of dye was placed in a flask and 0.025 g of sample was added. The flask
was placed inside the thermostatic bath under shaking for 4 h to ensure the equilibrium
are reached. The Orange G adsorption capacity of samples (Xads, mg/g) was calculated

by fitting de adsorption data to the Langmuir equation.
3. RESULTS AND DISCUSSION
3.1. Textural and chemical characterization

Black titania nanoparticles with different colours were successfully synthesized in
mild experimental conditions (8 bar and 180 °C) by the controlled hydrolysis of
titanium isopropoxide, either in presence of nitrogen or hydrogen. As shown in Figure
1, TiO2 powder was converted from white to intense gray-black by increasing the
treatment time. Highlight that the dark colour is more intense in presence of H» in

comparison with the N> samples, denoting a higher effectivity in the titania reduction.

Figure 1. Digital photographs of TixOy samples.

TiO,

The different dark colours of samples suggest excellent visible light absorption.
Figure 2 displays the diffuse reflectance spectra of the coloured titania and TiO;-anatase
as reference. A strong visible light absorption is observed for the synthesized samples

regarding white TiO»; stronger for the H»-treated samples. Moreover, this adsorption



increases by increasing the treatment time which is in line with the visual impression of
the darkness of the samples. The enhanced visible light adsorption could be attributed to
the effective reduction of Ti*" ions of titania into Ti** by introducing oxygen vacancies
[31] during the solvothermal treatment. This means that the higher is the treatment time
the higher is the amount of Ti** or oxygen vacancies in the sample and thus, the
effectivity of the process. This effectivity is also improved in presence of H>

manifesting that, in spite of the soft hydrogenation conditions, titania hydrogenation

takes place.
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Figure 2. Diffuse reflectance spectra of a) TiNx and b) TiHx samples in comparison

with white TiO; (x) as reference, being x: 1 (¢), 2 (©), 3 (A), 4 (m) or 5 (®); ¢) Band gap
of TiNx (O), TiHx (©) and white TiO> (A).
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The band gap, E,, was calculated by the Kulbelka—Munk (KM) method and results
are shown in Figure 2c. TiO; is an intrinsic n-type semiconductor with a band gap of 3-
3.2 eV. However, in the reduced state, the higher density of Ti** leads to a decrease in
the band gap. As compared to white TiO», the optical band gap of TiNx and TiHx
samples is substantially reduced (up to band gap lower than 2.3 eV) and this decrease is
linearly dependent of the treatment time. Moreover, as expected, a proportional decrease

of the band gap is obtained in presence of Hz atmosphere (same slopes).

The presence of Ti** was corroborated by X-ray photoelectron spectroscopy (XPS).
Figure 3 displays the Ti2p XPS region and Table 1 collects the data obtained from XPS
analysis. Only a peak centered at 459.5 eV is observed for white TiO> which is
attributed to Ti*', whereas Ti*" is the main component in colored TiO, (peak centered at
458.5 eV). This means that reduction occurs mainly at the surface since TiO: is the
unique phase detected by XRD without detection of Ti2O3 (data shown below); and that
oxidation does not take place after the exposure of samples to the air. Moreover, as
expected, the % of Ti*" increases with the treatment time and the hydrogen treatment
improves this reduction (86 vs 92 % of Ti** for TiN1 and TiH1, respectively, Tablel)

which corroborates the results obtained from diffuse reflectance analysis.

Regarding the Ois region (Table 1), three peaks located at 529.8, 531.0, and 532.0
eV are needed, corresponding to Ti-O in surface bulk oxide lattices, acidic hydroxyl
group and basic hydroxyl group, respectively [32]. Different authors have confirmed the
formation of hydroxyl group on TiO: surface after hydrogenation treatments [31-34]
due to the hydrogenation helping to break up Ti-O bonds on the surfaces of anatase
nanocrystals by forming Ti-H and O-H bonds [35]. An increase of Ti—~OH bonds (Ti-
OH/Ti-O area ratio) is observed in both TiNx and TiHx samples regarding TiO> because

of the titania reduction, but this increase is more significant in presence of H>
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corroborating again that titania hydrogenation occurs in TiHx samples during the

solvothermal treatment at mild conditions.
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Figure 3. Ti2p region of XPS spectra for a) TiNx and b) TiHx samples.
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Table 1. Tiz, and O1s data obtained from XPS and crystal size from XRD.

Sample Tizp 01, D (nm)
BE (V) % peak | BE (eV) % peak | Ti-OH/Ti-O

5304 80

TiO, 459.5 100 532.5 17 0.25 24.6
534.3 3
458.3 86.3 529.8 78

TiN1 459.2 13.7 531.2 15 0.28 3.8
532.2 7
458.2 86.5 529.7 73

TiN2 459.1 13.5 530.9 16 0.37 3.9
531.8 11
458.5 90.3 529.8 74

TiN3 459.9 9.7 531.0 18 0.32 4.6
532.0 6
458.5 914 529.9 74

TiN4 459.4 8.6 530.9 19 0.35 4.7
532.0 7
458.3 91.8 529.6 74

TiN5 459.2 8.2 5309 19 0.35 5.1
531.9 7
458.4 92.0 529.7 74

TiH1 459.3 8.0 530.8 18 0.35 4.6
531.9 8
458.1 92.1 529.4 72

TiH2 459.3 7.9 530.7 21 0.39 4.3
531.8 7
458.5 92.3 529.9 71

TiH3 459.4 7.7 531.1 21 0.41 4.3
532.2 8
458.4 92.6 529.8 71

TiH4 459.3 7.4 530.9 21 0.41 4.5
531.9 8
458.5 92.6 529.8 71

TiH5 459.9 7.4 531.0 22 0.42 4.4
532.1 7

XRD was used to investigate the crystallinity and possible phase changes of the
prepared samples and results are collected in Figure 4 and Table 1. XRD patterns of
TiHx and TiNx nanoparticles was similar to that of TiO,, except for the lower peak
intensities denoting a lower crystallinity or lower crystal size, and well matched with
the anatase phase TiO; (21-1272, JCPDS). It is clearly noticed an increase of diffraction
intensities and crystal sizes in TiNx samples increasing the treatment time (Figure 4a
and Table 1) whereas in TiHx ones, crystal sizes are similar (around 4.5 nm) in all cases

(Figure 4b and Table 1). It was pointed out in literature that the intensity of the
13



diffraction peaks decreases gradually, and peaks weaken and widened increasing the
reduction effectivity of the coloured titania which are related to the amorphous phase
created after the reduction process [34,36]. Usually, a surface disordered shell is
observed in coloured titania due to the creation of oxygen vacancy/Ti**, surface
hydroxyl groups or Ti—H bonds. This shell is amorphous and consequently, crystal sizes
and diffraction intensity decrease after the reduction treatment. With that background,
two considerations must to be taken into account: 1) the crystallinity usually increases
increasing the hydrothermal treatment time[36] and ii) the crystallinity decreases by the
titania reduction [34,36]. In the TiNx series, the reduction effectivity is lower than in the
case of TiHx one and consequently, the first factor is more significant than the latter
and, as results, an increase in the crystallinity and particles size is observed. Conversely,
in TiHx samples, the reduction efficiency is higher and thus, both factors are balanced

resulting in a stabilization of the particle size.
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Figure 4. XRD patterns of a) TiNx and b) TiHx samples. x: 1 (¢),2 (0), 3 (A), 4 (m) or

5 (@) regarding commercial TiO» as reference material (A)
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The morphology of the black titania was analysed by scanning electron microscopy
(SEM) and high-resolution transmission electron microscopy (HRTEM). Characteristic
SEM and HRTEM images are collected in Figure 5. SEM images reveals the presence
of titania particles interconnected by titania nanofibers (around 60 nm of diameter),
independently of the treatment time and atmosphere. In turn, HRTEM images show that
the white TiO2 is completely crystalline, displaying clearly-resolved and well-defined
lattice fringes and well-ordered crystal domains of around 25 nm. In contrast, TiNx and
TiHx samples display highly-disorder nanosized crystal domains (around 4 nm) with a
relatively unclear fringe pattern owing to introduction of amorphous regions between
crystal domains. Note that the size of the crystal domains observed by TEM
corroborates the crystal sizes obtained by XRD. The distance between the adjacent
lattice planes is 0.35 nm for white TiO», which matches the typical value for anatase.
Conversely, this distance is slightly reduced to 0.30 nm for black titania suggesting the

incorporation of H atoms within the host lattice.
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The N> adsorption—desorption isotherms are depicted in Figure 6a-b and data
collected in Table 2. All samples mainly exhibit a type-IV isotherm with a hysteresis
loop, indicating the mesoporous character. However, significant differences are
observed between white and coloured TiO,. The hysteresis loop appears at 0.3-0.4
relative pressure for coloured titania, indicating the presence of narrow mesoporosity (3
nm, Figure 6¢-d), whereas in white TiO», this loop begins at higher relative pressures
(0.7-0.8) indicating the presence of wider mesoporosity (20 nm, data not shown).
Moreover, higher N> uptake at low relative pressure is observed for coloured TiO:
indicating the development of microporosity in these cases. Note also that the textural
properties are improved increasing the treatment time, i.e. the surface area increases
from 133 to 191 m? g! for N, serial and from 137 to 212 m? g! for H, samples,
increasing the treatment time from 1 to 5 days (Table 2). The presence of H, during the
solvothermal treatment also improves the textural properties. This improvement could
be explained on the base of different crystal sizes. An increase in surface area could be
attributed to a decreased crystallite size [23,37], however, similar or even larger crystal
size is observed in TiHx and TiNx series increasing the treatment time. This seems to
indicate that the reduction effectivity and defective TiO».« play and important role in the
texture of samples. The amorphous titania typically shows BET surface areas higher
than the crystalline counterparts [38,39]. This defective phase increases with the
effectiveness of the titania reduction method and consequently, with the treatment time.
Therefore, the present synthesis method improves the porous texture of coloured titania
regarding white one; significantly affects the pore structure and surface area of the
obtained TiO»-« samples, and consequently, this improved porous structure must have a

beneficial effect in the photocatalytic performance of coloured TiOx.

17



a 0.20

0.15
&
g 0.10
E;
0.05
0.00 4
¢ 005 - d 005 -
& 0.04 - & 004 -
= =
:s» 0.03 - D 003
: :
< 0.02 - < 0.02 -
[m] [m]
K K
z 001 - 2  0.01 -
0-00 L ] L ] L ] 1 0-00 L ] L ] L ] 1
0 2 4 6 8 0 2 4 6 8
D (nm) D (nm)

Figure 6. N»-isotherms and pore size distributions for TiNx (a,c) and TiHx (b,d)
samples in comparison with TiOz (). x: 1 (¢), 2 (©),3 (A), 4 (m) or 5 (e).

Table 2. Textural characterization of samples

Ser | Wo(N2) | Lo(N2) | Vouss Vmeso
m?/g | cm¥/g nm cm’/g | cmi/g
TiO, 57 0.038 - 0.118 0.080
TiwW1 133 0.052 1.81 0.114 0.063
Tiw2 146 0.057 1.84 0.121 0.063
TiW3 161 0.062 1.83 0.127 0.065
Tiw4 175 0.067 1.82 0.133 0.066
TiW5 191 0.075 1.89 0.139 0.064
TiH1 137 0.054 1.74 0.112 0.058
TiH2 154 0.061 1.76 0.123 0.062
TiH3 172 0.068 1.78 0.134 0.066
TiH4 190 0.074 1.79 0.145 0.071
TiHS5 212 0.082 1.83 0.159 0.077

Muestra
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3.2. Photocatalytic activity

The photocatalytic activity of coloured TiO» was evaluated towards the
degradation of an industrial textile dye, Orange G (OG), under a low power artificial
visible light (14 W). Prior to the photocatalytic test, catalysts were saturated with OG in
dark in order to avoid adsorption interferences and the initial concentration fitted in 10
mg/l. In Figure 7, the Orange G adsorption capacity of samples was plotted as a
function of the specific surface area. As could be expected, the adsorption capacity
linearly increases with the surface area for both TiNx and TiHx samples, but significant
differences are observed between them; much higher absorption capacity is obtained in
TiHx samples despite similar surface area. To explain this fact, two factors must to be
taken into account; 1) the specific surface area for the adsorption of the pollutant and ii)
the electrostatic interactions of the pollutant with the surface. Zeta potential results have
demonstrated an increased positive charge on titania surface increasing the Ti** defects
or oxygen vacancies on the surface [40,41]. The adsorption of Orange G, a negatively
charged molecule, could be favoured on positively charged oxygen vacancies. It has
been pointed out that the adsorption of cationic dyes (such as methylene blue) is
favoured increasing de pH of the solution due to for pH’s higher than the point zero
charge (pzc) of titania, the surface becomes negatively charged and its adsorption is
favoured on a negatively charged surface. By contrast, OG has its adsorption inhibited
by high pH’s because of its negatively charged sulfonate, SOz~ function [42,43]. In a
similar way, the increase of oxygen vacancies on the surface of coloured titania creates
an electron deficiency on the surface and thus, a positively charged titania surface,
favouring the interaction with anionic dyes (such as Orange G). Consequently, this
adsorption is favoured on the TiHx samples regarding TiNx due to the development of a
more defective titania surface in presence of Ha (Ti**/oxygen vacancies observed by

XPS). Note that the adsorption capacity of white TiO2 is lower than the expected
19



according with TiNx and TiHx linear series due to the absence or low amount of oxygen
vacancies and thus, the null or scarce contribution of the specific interactions in the
adsorption capacity. Mineralization of dye was followed by the Total Organic Carbon
(TOC) measurement and total degradation was found in all cases, and consequently,

intermediary products were not analyzed.
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Figure 7. Orange G adsorption capacity of samples as a function of surface area. TiHx

(©), TiNx (o) and TiOz (A).

Figure 8 shows the removal of OG as a function of the irradiation time. As it can be
observed, very low degradation is obtained using white TiO; as catalyst due to its high
band gap (3.2 eV) with limits the activity under visible light. Conversely, activity is
observed using colored TiO: as catalysts which increases increasing the solvothermal
treatment time. This increasing activity is related with the enhanced visible light
adsorption attributed to the effective reduction of Ti*' ions of titania into Ti*" by
introducing oxygen vacancies. A linear relationship between the time needed to achieve
the 50 % of Orange G degradation (to.s) and the photocatalyst band gap is obtained
inside each serial (Figure 9). Nevertheless, differences between TiNx and TiHx series
are again observed. Time longer that 200 min are needed for the complete degradation

of Orange G in TiNx serial whereas total degradation is obtained after 80 min of
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reaction using TiHx as catalysts. It is true that an activity improvement must be
observed in TiHx samples due to the lower band gap of these samples, but the
improvement is much higher than the expected considering the obtained band gap in
comparison with TiNx serial. In these sense, additional factors could contribute to this
enhanced behaviour: surface area and specific interactions. It is well known that the
photoactivity performance is strongly depended on the adsorption capacity of the
photocatalyst, as it is known that the photocatalytic reaction occurs on the photocatalyst
surface. As has been commented above, the absorption capacity of TiHx samples is
enhanced regarding TiNx ones due to the improvement of surface area and electrostatic

interactions surface-dye, and thus, the activity is highly improved.
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Figure 8. Kinetic of Orange G photocatalytic degradation using a) TiNx and b) TiHx

samples in comparison with white TiO (x). x: 1 (¢),2 (©),3 (A), 4 (m) or 5 (e).
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The surface disorder is another important factor to consider explaining the better
activity of coloured titania. It has been demonstrated that the improved photoactivity of
black TiO> results from a synergistic effect of the oxygen vacancies on core and surface
disorder, that is the surface localization of defects [44]. In this sense, it was observed
that decreasing the relative concentration ratio of bulk defects to surface defects in TiO:
nanocrystals significantly improves the charge separation efficiency and, thus, enhances
the photoactivity [45]. Considering that, the high concentration of Ti*" into the surface
of the synthesized as it has been pointed out by TEM and XPS, improves the
photocatalytic performance of both TiNx and TiHx catalysts. The highest concentration
of surface defects (denoted by XPS) and the highest surface area of TiHx samples
results in a highest overall surface disorder resulting in a better photoactivity. So, in
TiHx catalysts, the combination of different factors as improved band gap, surface area
and specific interactions and the surface localization of defects results in a superior
photoactivity.

In brief, TiH5 present the best photocatalytic performance. Orange G is almost

totally degraded after a very short time of reaction (lower than 40 min) under visible
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irradiation. This excellent behaviour is due to the optimization of a series of factors by
the proposed solvothermal synthesis method with the benefit of softer experimental
conditions in comparison with other methods described in bibliography in which
temperatures higher than 400 ° C or pressures higher than 20 bars are required. These
factors are: 1) the stabilization of low crystal sizes (lower than 5 nm) which improves
the accessible surface area for the pollutants adsorption and minimizes the electron-hole
recombination probability. In these sense, in small TiO; nanoparticles, the distance that
the photogenerated electrons and holes need to travel to surface reaction sites is
reduced, thereby reducing the recombination probability; ii) Strong visible light
absorption and Band gap reduction. Oxygen vacancies/Ti*" species confer a black
colour to TiO; and creates new hybrid states in the band gap, which narrows the band
gap and enhances significant visible light adsorption; iii) Ti** defects or oxygen
vacancies increase positive charge on titania surface improving the electrostatic
interaction of Orange G, a negatively charged molecule, with the positively charged
TiO> surface; and iv) the surface localization of defects which significantly improves
the electron-hole separation efficiency and thus, significantly enhancing the
photocatalytic efficiency.

4. CONCLUSIONS

Coloured TiO2 was successfully synthesized by the controlled hydrolysis of a titanium
alkoxide under controlled atmosphere (N> or H») with the benefit of softer synthesis
conditions in comparison with other methods described in bibliography in which
temperatures higher than 400 °C or pressures higher than 20 bars are required. The
colour of samples changes to more intense dark depending of the treatment time
suggesting excellent visible light absorption. The material possesses an optimum band
gap and visible light adsorption, Ti**/ oxygen vacancies concentration, surface defects,

crystal size, surface area and improved pollutant-surface interactions which significantly
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enhances the photoactivity under visible light. An industrial textile dye, Orange G, was
selected as target molecule. The OG adsorption is controlled by the specific surface area
but also the electrostatic interactions of the pollutant with the surface. The increasing
positive charge on titania surface due to the increase of Ti*" or oxygen vacancies on the
surface improves the electrostatics interactions with Orange G, a negatively charged
molecule, and favour its adsorption. The exceptional photocatalytic behaviour of
coloured TiO2 could be related with the different optimized properties of the samples: 1)
the stabilization of low crystal sizes (lower than 5 nm) which improves the accessible
surface area for the pollutants adsorption and minimizes the electron-hole
recombination probability; ii) the strong visible light absorption and band gap reduction
and iii) Ti** defects or oxygen vacancies increase positive charge on titania surface
improving the electrostatic interaction of Orange G favouring its absorption and

degradation.
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