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recombination rate of electron–hole pairs†
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Factors tuning the functional performances of the various TiO2-based materials in the wide range of their

possible applications are poorly understood. Here the electronic structure of TiO2-based materials

characterized by Ti3+ self-doping, obtained by a sol–gel route wholly performed in air at room

temperature, is reported. In the amorphous hybrid TiO2–acetylacetonate (HSGT) material the formation

of the Ti(IV)–acac complex makes it photoresponsive to visible light and allows us to obtain by means of

a simple annealing in air at 400 �C a very stable black Ti3+ self-doped anatase TiO2 nanomaterial (HSGT-

400), characterized by an extraordinary high concentration of Ti atoms with oxidation states lower than

IV (about 26%), which absorbs light in the entire visible range. The very high stability of HSGT-400 is

mainly related to the process, which does not require the use of harsh conditions nor external reducing

agents. The electronic structure of HSGT, owing to the presence of the Ti(IV)–acac complex, allows the

stabilization of superoxide anion radicals on its surface for a very long time (months) at room

temperature. The extraordinary low recombination rate of electron–hole pairs gives to HSGT unusual

catalytic performances at room temperature allowing the complete removal of 2,4-dichlorophenol from

water in about one hour without any light irradiation. Our results clearly highlight the connection among

the production process of TiO2-based materials, their electronic structure and, finally, their functional

behaviour.
Introduction

TiO2 based materials are currently considered as the most
promising photocatalysts for various important reactions, such
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as oxidative degradation of organic pollutants in environmental
remediation, solar chemical conversion in processes as water
splitting, CO2 reduction and dye sensitized solar cell produc-
tion, due to their chemical stability, non-toxicity and high
reactivity.1–5 However, owing to the wide band-gaps typical of
the three common natural TiO2 polymorphs, namely anatase,
rutile and brookite (3.0–3.2 eV), the optical absorption of these
materials is limited to the ultraviolet region of the solar spec-
trum, resulting inadequate for solar energy conversion (less
than 5%). Moreover, in photo-chemical applications TiO2 based
materials are also characterized by a low quantum efficiency as
a consequence of the high recombination rate of photo-
generated electron–hole pairs. Therefore, overcoming these
drawbacks could pave new ways to improve the photocatalytic
performances of the material. Different strategies to make
visible light-responsive TiO2 based materials were recently
proposed in literature.2,4,6–13 All of them are based on the
modication of the electronic band structure of TiO2. In
particular, doping with metal or non-metal ions, sensitization
by organic molecules, the formation of heterojunctions either
with other semiconductors with lower band-gap, such as metal
oxides and chalcogenides,2,6 or with graphene oxide have been
suggested.7 Intermediate energy states between valence (VB)
and conducting (CB) band were originated by doping producing
RSC Adv., 2017, 7, 2373–2381 | 2373
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a narrowing of the TiO2 band-gap, whereas the surface
adsorption of organic molecules can occur in two different
sensitization mechanisms.4,8 In the rst one, relatively large dye
molecules are adsorbed onto an oxide surface and electronic
transition between HOMO and LUMO levels of dye molecules
occurs by absorbing a visible light photon. Electrons are then
injected from the excited dye molecule into the conduction
band of the semiconductor. In the second mechanism, rela-
tively small organic molecules adsorbed on the oxide surface
form a charge transfer (CT) complex that absorbs in the visible
region at energy lower than either the chelating molecules or
the oxide particles. In this case, direct injection of an electron
from the ground state of the molecule into the CB of the oxide
occurs without involvement of any excited molecular state
(ligand-to-metal charge transfer, LMCT, process).4,8 An alterna-
tive way to modify the electronic structure of TiO2 was recently
proposed.9–11 It was based on the self-structural modications,
involving self-doped Ti3+/oxygen vacancy, or incorporation of H-
doping, induced by a reduction treatment generally obtained
under harsh and costly conditions that require the strict control
of the reaction atmosphere. Depending on the reduction degree
different TiO2 coloration was obtained e.g. yellow, blue, black.
As a large concentration of Ti3+ is required to induce a contin-
uous vacancy band of electronic states just below the CB of TiO2,
black titania nanomaterials are generally prepared.9–11 Beyond
solid-state reduction-based methods, Ti3+ and oxygen vacancies
have been also obtained using solution-based process in which
either the starting solution of the titanium precursor (TiH2) was
oxidized with H2O2 forming a yellow gel that was subsequently
annealed at 630 �C in argon atmosphere to obtain black Ti3+

self-doped titania12 or the starting solution of the titanium
precursor (Ti(OC3H7)4) was continuously irradiated with UV
light at 254 nm for 8 hours obtaining a yellow TiO2 gel.13

Alternatively, blue Ti3+ self-doped anatase-rutile TiO2 was
prepared starting from an acidic solution of TiCl3 and titanium
isopropoxide following hydrothermal treatment at 180 �C.14

The dopant leaching, the low efficiency from dopant-induced
charge recombination and/or traps and the dopant-induced
thermal instability constitute the most important inconve-
nient for the doped TiO2 material. On the other hand the ease of
oxidation of Ti3+ ions as well as the thermal instability of the
oxygen vacancies are the main drawbacks of the self-doped TiO2

materials.
Recently a hybrid yellow-coloured TiO2–acetylacetonate

material (HSGT), was synthesized by a hydrolytic sol–gel route
by some of the authors.15 This amorphous material showed
a considerable absorption of visible light (2.5 eV) and on its
surface the superoxide radical was stably adsorbed at room
temperature for very long time (months). These unusual char-
acteristics nally make this material a useful catalyst in the
oxidative degradation of phenanthrene resulting in a fast
degradation rate in absence of any light irradiation.15 The aim
of this work is to investigate the electronic structure of HSGT
and its variation following the heat treatment at 400 �C in air
(HSGT-400), that produces a black TiO2 nanomaterial charac-
terized by a very high stability. Several complementary spec-
troscopic techniques, such as X-ray photoelectron (XPS), steady-
2374 | RSC Adv., 2017, 7, 2373–2381
state photoluminescence (PL), electron paramagnetic reso-
nance (EPR) and ultra-violet and visible light diffuse reection
(UV-Vis-DRS) spectroscopy, were used in order to understand
the interfacial charge transfer pathway of carriers (electron/
holes pairs) occurring in these materials with the formation of
the superoxide anion radical (O2c

�) as well as the specic role of
the organic component in determining the formation and the
relative stabilization of both Ti3+ and O2c

�. The superoxide
anion radical is a reactive oxygen species (ROS) but, in this case,
is stably adsorbed on the surface of HSGT. On the other hand,
the very slow recombination rate of charge pairs in HGST is the
precondition for its enhanced catalytic activity, that in this
paper was tested for the oxidative degradation of 2,4-dichlor-
ophenol (2,4-DCP) without any light irradiation. These chlor-
ophenol pollutants represent a signicant class of
environmental water contaminants, classied as rst-degree
toxic pollutants by the US Environmental Protection Agency
(EPA) and EC Environmental Directive (2455/2001/EC).

Here the hybrid sol–gel TiO2–acetylacetonate material was
prepared modifying the sol–gel route previously adopted.15 In
this case all stages of the procedure were performed at room
temperature, avoiding the heating at 50 �C, in order to make it
simpler and eco-friendlier than the previous one.

Results and discussion

The inuence of b-diketones, including Hacac, on the hydro-
lysis of metallic alkoxides has been widely studied.16–19 Accord-
ing to the Hacac/Ti molar ratio (r) values, different heteroleptic
alkoxide complexes have been characterized, that can stabilize
the sol allowing the formation of chemical homogeneous gels.
Two mechanisms have been proposed to explain the sol stabi-
lization. A rst mechanism is based on the hypothesis that
a kinetic control is exerted by modifying chelating ligand on
hydrolysis and polycondensation reactions of metal alkoxide.
According to this mechanism, chelating ligands block the Ti4+

coordination sites decreasing the rate of hydrolysis and poly-
condensation.16–18 A more recent interpretation has been sug-
gested by Kessler et al.19 According to this, chelating ligands
increase the rate of hydrolysis and polycondensation giving
nanoparticles, formed by oxo-clusters (core) containing acety-
lacetonate (acac) ligands on the surface (shell), that exhibit
a structure typical of micelles. The stabilization of sol is ob-
tained as a consequence of the interfacial activity of these
micelles.19 In our experimental procedure, r ¼ 0.4 was used,
allowing the formation of a homogeneous gel (HSGT) at room
temperature quickly, in a few seconds aer the addition of the
aqueous solution.15 For higher r values stable sols were formed,
without gelation nor signicant precipitation even aer several
days. On the contrary, when the Hacac was not used, the
instantaneous precipitation of a particulate gel (SGT) occurred.

The amorphous nature of HSGT was ascertained by the
analysis of its powder X-ray diffraction (PXRD) pattern displayed
in Fig. 1, where are also reported the PXRD patterns of the other
investigated samples. The early crystallization of TiO2 anatase
occurs for SGT forming nanocrystals whose mean size is about
3 nm. The heat treatment causes the removal of the
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 PXRD patterns of the investigated samples.
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acetylacetone as well as the crystallization of TiO2 anatase
nanocrystals (about 12 nm) for the HSGT-400, while the growth
of TiO2 anatase nanocrystals (about 10 nm) takes place for SGT-
400.

The structural characteristics of HSGT obtained by the
adopted synthesis procedure, that was fully performed at room
temperature, do not differ from the ones of the hybrid material
previously synthesized.15 As matter of fact the FTIR spectrum of
HSGT (Fig. S1†) displays the characteristic splitting (D) between
the asymmetric (nasyC]O) and symmetric (nsymC]O) stretching of
C]O bonds of the carboxylate groups (D¼ 145 cm�1), attesting
the existence of a bidentate interaction between the acac ligand
and Ti4+ in the Ti–acac complexes.15

A conrmation of the Ti–acac complex formation is provided
by the C1s signal (Fig. 2), resolved in its components using the
curve tting parameters of the C1s signal of titanyl acetylacet-
onate used as reference compound (Fig. S2 and Table S1†). C1s
peak recorded for the HSGT sample showed the presence of sp2,
sp3 and C–O components,20 due to the acac ligand, together
Fig. 2 High-resolution C1s spectra of SGT, SGT-400, HSGT and
HSGT-400. The components due to the acac ligand are shown in
violet while in light blue the contribution of C-contamination is
presented.

This journal is © The Royal Society of Chemistry 2017
with some carbon contamination which is usually present when
the sample is exposed even for short time to the laboratory
atmosphere. Carbon contamination is detected also for samples
SGT, SGT-400 and HSGT-400 (Fig. 2).

Therefore, HSGT can be described as a polymeric network of
titanium oxo-clusters, on the surface of which part of Ti4+ ions
are involved in strong complexation with acac ligands. On the
other hand both the yellow-brown coloration of the powdered
HSGT, clearly seen in the inset of Fig. 3A, and the related
absorption in the visible range (Fig. 3A) testify the presence of
the above complexation equilibrium. The UV-Vis DRS spectrum
of HSGT is characterized by a shoulder-like queue in the visible
region up to about 600 nm and the corresponding energy gap
value of 2.53 eV (about 500 nm), evaluated by linearization of
the plot of (F(R)hn)1/2 against hn (Fig. 3B),21 clearly indicates that
the presence of the Ti–acac complex causes a marked lowering
of the band-gap value (2.53 eV) with respect to the sample
without acac (SGT).22 For this white colored material the eval-
uated optical band-gap is 3.19 eV (about 385 nm) for the tran-
sition from the valence band (VB) to conduction band (CB), i.e.
related to the charge transfer transition from O2� to Ti4+. This
value is very close to the SGT-400 one (3.15 eV) and both well
agree with the band-gap of anatase nanoparticles. The anneal-
ing in air at 400 �C for one hour of the hybrid material (HSGT-
Fig. 3 UV-Vis DRS spectra (A), calculated using the Kubelka–Munk
function F(R), and band-gap evaluation (B) for investigated samples.
HSGT: yellow line; SGT: blue line; HSGT-400: black line; SGT-400:
green line.

RSC Adv., 2017, 7, 2373–2381 | 2375
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Fig. 4 High-resolution spectra of the investigated samples. The col-
oured lines represent the original spectra; the shaded areas are the
Gaussian–Lorentzian model functions used in the curve-fitting
procedure following background subtraction. Spectra were acquired
using a monochromatic Al Ka (1486.6 eV).
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400), on the contrary, produces a remarkable result: the mate-
rial absorbs in the entire visible range (Fig. 3A). Consequently
its color changes from yellow-brown to black (inset of Fig. 3A).
For the rst time a stable black TiO2 nanomaterial was obtained
by a simple heating in air at 400 �C without using any synthetic
approaches reported in literature, such as hydrogen reduction
at high pressure or under plasma conditions,23 annealing in
inert atmosphere and/or vacuum,24,25 external organic26 or
inorganic27 reductants. For this material the evaluated band-gap
value, 2.43 eV, suggests the presence of midgap electronic states
related to Ti3+,28–30 whose presence was conrmed by XPS
analysis (see below).

The surface composition of the SGT andHSGT samples, both
dried and heat-treated in air at 400 �C for 1 hour, was deter-
mined by XPS analysis. The survey spectra (Fig. S3†) showed
that on the surface of the samples only Ti and O were detected
together with small amounts of carbon. The quantitative
composition, calculated taking into account the Ti2p (with its
shake-up satellites) and the O1s signals, is reported in Table 1.
All the samples showed a composition close to the stoichio-
metric one (Ti ¼ 33.3 at%; O ¼ 66.7 at%), and among the
samples the composition closest to the expected one is achieved
by the SGT-400, while the lowest oxygen content was found for
the HSGT-400.

X-ray photoelectron spectroscopy allows also the identica-
tion of the oxidation states of the elements. A detailed inspec-
tion of the high-resolution Ti2p spectra (Fig. 4) showed that the
signals were multi-component except for the SGT-400. The
binding energy of the Ti2p3/2 peak was found to be 459.1 eV in
this sample and it is assigned to Ti(IV) in TiO2 according to
literature.30,31 Together with Ti(IV) also Ti(III), at about 457.3 eV
was present at the surface the samples SGT, HSGT and HSGT-
400.32 In the last sample also a third component was observed,
at lower BE values (455.8 eV). This component might be
assigned to Ti oxides with stoichiometry between Ti2O3 and TiO,
being the literature BE value for TiO at 455.1 eV.33 Although
both dried gels contain a comparable amount of Ti3+ their
electronic spectra and the related coloration are different con-
rming that the responsive-light visible behaviour of HSGT is
mainly due to the presence of Ti–acac complex. On the other
hand the acetylacetone plays a key role also in the stabilization
of O2c

� on the surface of HSGT later on discussed as well as in
the formation of Ti lower oxidation states. As a matter of fact the
Table 1 Binding energy (BE – eV) of the most intense photoelectron pe
values and the standard deviations over three measurements are given i

Sample Composition [at%] Ti2p3/2 BE [eV]

SGT-400 Ti ¼ 32 (1) Ti(IV): 459.1 (0.1)
O ¼ 68 (1)

SGT Ti ¼ 30.0 (0.7) Ti(IV): 459.3 (0.1)
O ¼ 70.2 (0.2) Ti(III): 457.5 (0.1)

HSGT Ti ¼ 30.2 (0.4) Ti(IV): 459.0 (0.1)
O ¼ 69.8 (0.4) Ti(III): 457.1 (0.1)

HSGT-400 Ti ¼ 35 (1) Ti(IV): 459.3 (0.1)
O ¼ 65 (1) Ti(III): 457.3 (0.1)

Ti (?): 455.8 (0.1)

2376 | RSC Adv., 2017, 7, 2373–2381
annealing in air at 400 �C for one hour gives two opposite
results for SGT and HSGT. For the former the complete oxida-
tion of Ti3+ to Ti4+ occurs giving the SGT-400 sample (see Table
1) that keeps the white colour. On the contrary for the hybrid gel
the removal of the acetylacetone supplies reducing organic
molecules that induces a strong reduction of Ti to lower
oxidation states giving the HSGT-400 black sample in which the
atomic ratio O2�/Ti(IV) reaches the 1.5 value with respect to 2,
the stoichiometric one (see Table 1). Turning to both dried gels
the presence in solution of a large amount of 1-propanol makes
reducing the reaction environment giving the formation of
oxidation products (aldehydes) allowing reduction in some
extent of Ti(IV) to Ti(III).

Since XPS valence band provides information on the total
density of states of the samples, the shi in the valence band
edge well agrees with the evaluation of the band gap values by
UV-Vis DRS spectra. As a consequence of the heat treatment the
aks and O/Ti ratios calculated for all the analyzed samples. The mean
n parentheses

Peak area [%] VB edge [eV] VB offset [eV]

100 3.7 3.0

91 (3) 4.2 3.3
9 (3)
94 (1) 3.9 3.0
6 (1)
74 (1) 4.3 3.3
16 (1)
10 (1)

This journal is © The Royal Society of Chemistry 2017
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energy level of the VB was shied towards a higher value going
from 3.9 eV (HSGT) to 4.3 eV (HSGT-400) for the hybrid sample
giving a lowering of the band-gap; on the contrary the annealing
at 400 �C in air for one hour produces a decrease of the VB
energy level going from 4.2 eV (SGT) to 3.7 eV (SGT-400) for the
sample without acetylacetone resulting in an increase of the
band-gap.

The HSGT EPR spectrum, reported in Fig. 5, shows the
orthorhombic signal already observed by us and ascribed to
O2c

� superoxide anion radicals adsorbed on the surface of the
hybrid gel-derived TiO2material.15 The g-tensor of this spectrum
is gxx ¼ 1.998, gyy ¼ 2.004, gzz ¼ 2.020, whereas the signal
intensity corresponds to a concentration of paramagnetic
centers of�2� 1015 spin per g. O2c

� is a very reactive and short-
lived species whose EPR signal has been observed for solid or
amorphous materials subjected to drastic treatments.34 To our
knowledge, HSGT is the only material for which the formation
and the stable adsorption of O2c

� radicals for simple exposure
to air in the dark at room temperature has been reported in the
literature. The SGT sample is almost EPR-silent, see Fig. 5.
Thus, our results show that acac ligands play a fundamental
role not only in generating, but also in stabilizing O2c

� species
on the HSGT surface. Similar conclusions were drawn, by
combining experimental results and rst-principles calcula-
tions, for the related hybrid zirconia–acetylacetone gel-derived
material (HSGZ).35

Specically, we demonstrated that the adsorbed oxygen
species retain half of their original magnetic moment, thus
proving the formation of superoxide radical ion O2c

�. We
recorded EPR spectra also on HSGT-400 and SGT-400 samples,
see Fig. 5. The latter is EPR-silent while the former shows only
an intense single peak at g ¼ 1.997. Quantitatively, the
concentration of paramagnetic centers increases to �2 � 1017
Fig. 5 EPR spectra of the investigated samples recorded at room
temperature.

This journal is © The Royal Society of Chemistry 2017
spin per g. In a recent work, a similar EPR signal was observed
at room temperature for titanium-defected anatase, and tenta-
tively ascribed to metal vacancies.36 Alternatively, the same
signal, obtained for blue reduced anatase-rutile TiO2 (ref. 14) or
anatase microspheres37 or for black brookite single-crystalline
nanosheets,38 was interpreted as due to the presence of Ti3+ in
the sample. This interpretation is supported by detailed EPR
studies conducted on TiO2 polymorphs, showing signals with g
components ranging between 1.94 and 1.99.39,40 In our case,
analogously to the above mentioned cases,14,37,38 the presence of
a single broad signal, lacking g anisotropy, could be related to
the nanoscopic structure of the sample, and ascribed to Ti3+.

This interpretation is supported by the XPS data, showing
a higher Ti3+ content in HSGT-400. Anyhow, no evidence of O2c

�

formation is observed, thus showing beyond any doubt that
acac ligands are necessary to form and stabilize the superoxide
anion radicals on the material surface and, at the same time,
showing the very high stability, from the surface to the inner
side of the sample, of the black Ti3+ self-doped anatase TiO2

(HSGT-400). It is interesting to observe that no Ti3+ signal is
observed in the SGT-400 and HSGT spectra. For these materials
XPS analysis has shown incontrovertibly the presence of Ti3+.
This apparent incongruence could be related to the fact that
XPS probes the material surface, while EPR monitors the entire
material bulk. Thus our data point to HSGT-400 as the only
considered material presenting Ti3+ throughout the bulk.

Photoluminescence (PL) can deeply characterize the struc-
ture and surface features of metal oxides, due to high sensitivity
and non-invasiveness. Furthermore, the PL emission is strongly
related to charge carriers trapping and transfer, since aer
electron–hole pair recombination photons are emitted, thus
giving insight of the fate of electron–hole pairs and also of the
electronic structure, optical and photochemical properties,
included surface oxygen vacancies and defects. PL spectra of
anatase TiO2 materials are usually attributed to three kinds of
physical origins: self-trapped excitons, oxygen vacancies and
surface states (defects).41 Steady-state PL spectra of investigated
samples with excitation wavelength at 325 nm are reported in
Fig. 6. SGT showed a PL peak at about 380 nm, which originates
from the recombination of photoexcited electron–hole pairs,
corresponding to energy of 3.26 eV that well matched the band-
gap energy of anatase.

The broad emission peak in visible range had a violet-blue
component, ascribed to indirect band edge, allowed transi-
tions and self-trapped excitons localized in TiO6 octahedra. The
self-trapped exciton is caused by the interaction of conduction
band electrons localized on Ti3d orbital with holes in the O2p
orbital of TiO2. Violet-blue bands are currently assigned to
shallow trap state near absorption band edge emission, corre-
sponding to the presence of oxygen vacancies. Oxygen vacancy
is an intrinsic defect in oxides lattice, in the present case
associated with Ti3+ in anatase TiO2,42 which can easily trap the
electrons/holes and create the intermediate energy states in the
forbidden gap.

These states act as active centres in luminescence genera-
tion. The green emission corresponds to the deep-trap states far
below the band edge emissions and are dened as surface state
RSC Adv., 2017, 7, 2373–2381 | 2377
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Fig. 6 Steady-state PL spectra of the investigated samples with
excitation wavelength at 325 nm.
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emissions. These charge carriers are generally trapped by
oxygen vacancies and surface hydroxyl groups, which contribute
to visible luminescence.43 PL spectrum of HSGT sample was
characterized by a band-gap peak shied towards greater
wavelengths, namely from 380 nm to 395 nm (3.14 eV), with
respect to SGT, that is due to a structural change in thematerial.
The weaker emission was due to the introduction of new defect
energy levels inhibiting possible charges recombination. HSGT-
400 partially recovered the intensity of PL emitted from SGT;
temperature treatment probably removed surface adsorbed
species and chemicals (acetylacetonate) included in the TiO2

matrix with a partial loss of defect energy levels.
The lowest recombination rate showed by the HSGT sample

with both the unusual stabilization (months) of the superoxide
radical ion on its surface in air at room temperature and its
ability to absorb visible light make this material an ideal
candidate to act as catalyst in the advanced oxidative degrada-
tion process of pollutants.15 Particularly, the intrinsic presence
of O2c

� allowed us to perform the removal of the pollutant
Fig. 7 Kinetics of 2,4-DCP removal at room temperature, in the
presence of HSGT matrix. C0 ¼ 0.3 mmol dm�3, R ¼ 10, uncontrolled
granulometry (C), controlled granulometry, diameter less than 90 mm
(-). The interpolation curves have been obtained using a mathemat-
ical model described in the ESI.† The estimated parameters are re-
ported in Table S2.†

2378 | RSC Adv., 2017, 7, 2373–2381
without light irradiation at room temperature. Consequently,
we investigated the kinetics of the 2,4-DCP removal from
aqueous solution in the dark, with two main objectives: rstly,
to demonstrate the catalytic efficiency of HSGT, secondly,
because kinetic tests may give insight about the relative
importance of surface properties and volume properties of the
material. The removal kinetics of 2,4-DCP was accomplished
adopting an initial concentration (C0) of 0.3 mmol dm�3 and
HSGT to obtain a solid/liquid ratio (R) of 10 (Fig. 7). Two
samples of solid catalyst particles were used with different
granulometric distributions, namely: a sample with uncon-
trolled granulometry (fraction A) and another with particle
diameter less than 90 mm (fraction B). In both cases the
concentration–time proles obtained tend asymptotically to
zero, demonstrating that the overall catalytic process irrevers-
ibly tends towards a complete removal of the 2,4-DCP, that is
accomplished (in the case of fraction B) in about 1 hour. A
complete removal of 2,4-DCP in the presence of titania has been
observed in previous studies44–46 though all these studies are
concerned at photocatalysis. It is worth noting that the removal
kinetics is strongly affected by the surface/volume ratio of HSGT
particles. The 2,4-DCP concentration decay was signicantly
faster when using smaller particles (fraction B). A rst possible
explanation for this result is that, being the 2,4-DCP degrada-
tion a multi-step process, the kinetics of at least one stage is
limited by mass-transfer resistances. Yet, this hypothesis was
contradicted by the evaluation of Thiele modulus (¼1.2� 10�4),
that showed intraparticle diffusion effect on the overall kinetics
not to be signicant (see ESI† for the evaluation of the Thiele
modulus). A more convincing explanation of the inuence of
the surface/volume ratio is that the catalytic properties of HSGT
are not uniformly distributed within the particles. In other
words, the sequence of transformations leading to the forma-
tion of O2c

� is partially hindered in the internal core of parti-
cles, and consequently the catalytically active sites are
prevalently formed on the external surface of the material.
Conclusions

An amorphous hybrid TiO2–acetylacetonate material was
prepared by a sol–gel procedure fully performed at room
temperature. The electronic structure of this material is char-
acterized by the presence of both Ti(IV)–acac complex and
a small amount (about 6%) of Ti3+. The organic component
plays a key role both to obtain a black Ti3+ self-doped anatase
TiO2 nanomaterial (HSGT-400) characterized by a very high
stability in air and to stabilize reactive oxygen species in air at
room temperature for a long time. Actually, the HSGT-400 black
sample was obtained for the rst time without the use of harsh
conditions but by a simple annealing in air at 400 �C as the
removal of the acetylacetone supplies reducing organic mole-
cules that induce the formation of a high concentration (about
26%) of Ti atoms with an oxidation state lower than IV. On the
other hand HSGT is a visible light-responsive material charac-
terized by a recombination rate of the electron–hole pair so low
that the superoxide radical ion O2c

� is stably adsorbed on its
This journal is © The Royal Society of Chemistry 2017
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surface. Consequently, HSGT exhibits unusual performances in
the removal of 2,4-dichlorophenol from water in the dark.

Experimental section
Sol–gel synthesis

Titanium(IV) n-butoxide (97+%), acetylacetone (Hacac) (99+%),
1-propanol (99.80+%) and hydrochloric acid (37 wt%), provided
by Sigma-Aldrich, were used as precursors. All reagents were
used without further purication. A solution containing 10 cm3

of titanium(IV) n-butoxide (29.1 mmol), 1.20 cm3 of acetylace-
tone (11.6 mmol) and 3.87 cm3 of 1-propanol (51.8 mmol) was
prepared, stirred for a few minutes and then mixed with
a second solution formed by 5.27 cm3 of aqueous solution HCl
0.10 M and 7.0 cm3 of 1-propanol (93.6 mmol). The resulting
molar ratio Ti : Hacac : propanol : water was 1 : 0.4 : 5 : 10. The
solution obtained was vigorously stirred until the gelation
occurred. A homogeneous hardened yellow-orange colored gel
was obtained. The gel was le at room temperature for 24 hours
and then dried under airow at 30 �C until constant weight,
obtaining a porous amorphous material (HSGT). The xerogel
glass-like grains were ground prior to characterization.

A reference TiO2 material was also prepared in similar
conditions without using acetylacetone in the solution of the Ti
precursor. Consequently, when the hydro-alcoholic solution
was added to the precursor solution, the instantaneous forma-
tion of a particulate gel took place (SGT).

Structural characterization

Both HSGT and SGT dried gels were annealed for 1 hour at
400 �C in air and they are noted as the acronym HSGT-400 and
SGT-400. The heat-treatment was adopted to remove the acety-
lacetonate ligand from the hybrid HSGT gel and to enhance the
crystallization in the SGT gel.15

The amorphous nature of the dried gels as well as the nature
of the crystallizing phases was investigated by X-ray diffraction
with a Philips X'PERT-PRO diffractometer by using mono-
chromatized CuKa radiation (40 mA, 40 kV) with a step width of
0.013� 2q. The mean size of TiO2 anatase nanocrystals was
evaluated by the Scherrer equation using the full width at half-
maximum (fwhm) of (101) line.

X-ray photoelectron spectroscopy (XPS) is a technique that
not only allows the identication of the elements present on the
surface of the material under investigation but it also provides
the speciation of C, O and Ti present in the samples and their
quantitative analysis.

The measurements were performed on powdered samples
using a PHI QuanteraSXM (ULVAC-PHI, Chanhassen, MN, U.S.A.)
spectrometer equipped with a focused and scanned mono-
chromatic Al Ka X-ray source with beam diameter of 100 mm at 25
watt. The emitted electrons were collected and retarded with
a gauze lens system at an emission angle, q, of 45�. The system is
also equipped with a high-performance, oating-column ion gun
and an electron neutralizer for charge compensation.

The XPS spectra were acquired in xed analyzer trans-
mission (FAT) mode, the pass energy being set to 69 eV and the
step size to 0.125 eV. The fwhm of the Ag3d5/2 peak is 0.72 eV.
This journal is © The Royal Society of Chemistry 2017
Survey spectra were acquired using a pass-energy of 280 eV and
a step size of 1 eV. The residual pressure in the analysis
chamber was always below 7 � 10�8 Pa. The calibration was
performed using sputter-cleaned gold, silver, and copper as
reference materials according to ISO15472: 2014. The accuracy
was found to be �0.1 eV.

High-resolution spectra were processed using CasaXPS
soware (v2.3.15 dev52, Casa Soware Ltd., Wilmslow, Chesh-
ire, U.K.). The background subtraction was performed using the
Shirley–Sherwood iterative method. The product of Gaussian
and Lorentzian functions was used for curve tting. The elec-
tron neutralizer was used during the analysis, in order to
compensate for sample charging, and the spectra were further
corrected with reference to adventitious aliphatic carbon taken
at 285.0 eV. The quantitative evaluation of XPS data was per-
formed using the rst-principles method valid for homoge-
neous samples.31

Electron Paramagnetic Resonance (EPR) spectra were per-
formed on the powdered samples using an X-band (9 GHz)
Bruker Elexys E-500 spectrometer (Bruker, Rheinstetten, Ger-
many). The capillary containing the sample was placed in
a standard 4 mm quartz sample tube. The temperature of the
sample was regulated at 25 �C and maintained constant during
the measurement by blowing thermostated nitrogen gas
through a quartz dewar. The instrumental settings were as
follows: sweep width, 140 G; resolution, 1024 points; modula-
tion frequency, 100 kHz; modulation amplitude, 1.0 G; time
constant, 20.5 ms. EPR spectra were measured with attenuation
of 10 dB to avoid microwave saturation of resonance absorption
curve. Several scans, typically 32, were accumulated to improve
the signal-to-noise ratio. The g values and the spin density of the
samples were evaluated bymeans of an internal standard, Mn2+-
doped MgO, prepared by modifying a synthesis protocol re-
ported in literature.47

Ultra-violet and visible light diffuse reection (UV-Vis-DRS)
spectra were recorded in the range of 190–800 nm using
a double beam Jasco spectrophotometer. Barium sulfate was
exploited as reectance standard. The measured intensity was
expressed as the value of the Kubelka–Munk function F(R).

Steady-state photoluminescence (PL) spectra were excited by
a continuous light emission He–Cd laser at 325 nm (KIMMON
Laser System). PL was collected at normal incidence respect to
the surface of samples through an optical ber, dispersed in
a spectrometer (Princeton Instruments, SpectraPro 300i), and
detected using a Peltier cooled charge coupled device (CCD)
camera (PIXIS 100F). A long pass lter with a nominal cut-on
wavelength of 350 nm was used to remove the laser line at
monochromator inlet.

Analytical determination of 2,4-DCP

2,4-Dichlorophenol (2,4-DCP) was analyzed with an Agilent 1200
Series HPLC apparatus (Wilmington U.S.), equipped with a DAD
and a ChemStation Agilent Soware. A Macherey-Nagel Nucle-
osil 100-5 C18 column (stainless steel 250� 4 mm) was utilized.
The mobile phase, a binary system of 65 : 35 acetonitrile : water
(1% acetic acid), was pumped at 1 cm3 min�1

ow in isocratic
mode. The detector was set at 280 nm and the injection volume
RSC Adv., 2017, 7, 2373–2381 | 2379

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra27111a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 7
/1

7/
20

25
 5

:1
2:

18
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
was 20 mL. The quantitative determination of 2,4-DCP was
performed using a calibration curve between 0.02 and
6.13 mmol dm�3.
Removal kinetics of 2,4-DCP by HSGT matrix

A stock solution of pollutant was prepared by dissolving in 500
cm3 of Milli-Q ultrapure water 24.45 mg of 2,4-dichlorophenol
(2,4-DCP) (nal concentration 0.3 mmol dm�3). The solution
was subsequently kept refrigerated.

All the experiments were carried out in batch conditions in
the dark, in a rotary shaker at room temperature. Blanks of 2,4-
DCP in aqueous solution were analyzed in order to check the
pesticide stability and the possible sorption to vials. Aer
incubation, the samples were centrifuged at 7000 rpm for 20
minutes and the supernatants were analyzed as above reported.

Kinetic experiments were performed incubating 20 mg of
HSGT matrix with 2 cm3 of 2,4-DCP (solid/liquid ratio R¼ 10) at
0.3 mmol dm�3 concentration for different incubation times,
15, 30, 45, 60, 180, 360, 480, 960, 1440 and 2880 minutes at
room temperature.

The removal kinetics of the pollutant in the presence of
HSGT was elaborated considering three different kinetic
models. The results are reported in the ESI.†
Data processing

All the experiments were carried out in triplicate and the relative
standard deviation was lower than 4%.
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