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Surface and Bulk Distribution of Fluorides and Ti** species in TiO,
Nanosheets: Implications on Charge Carriers Dynamics and
Photocatalysis

Francesco Pellegrino?, Elena Morra?, Lorenzo Mino?, Gianmario Martra?, Mario Chiesa®*, Valter
Maurino?

a) Chemistry Department and NIS Inter-departmental Centre, University of Torino, Via P. Giuria 7, Torino, 10125, Italy

ABSTRACT. The effect on the reactivity and the kinetic of photogenerated e- h* pairs induced by post-synthesis
treatments on shape controlled TiO, anatase nanosheets with dominant {001} facets are reported. Anatase nanosheets were
prepared under hydrothermal conditions in the presence of fluoride ions as shape controllers. Fluorides were removed from
the surface by washing with NaOH 0.1 M or by thermal treatment at 873 K. The effect of the progressive removal of fluorides
on the electronic properties of the samples was monitored by EPR and UV-Vis-NIR-MIR spectroscopies, clearly separating
the contributions of surface and bulk Ti%* sites. The charge carrier dynamic was studied by EPR and photoelectrochemical
measurements. These two complementary techniques provide insight into the recombination kinetics of the photogenerated
carriers highlighting the role of both surface chemistry (F vs OH" coverage) and morphology. The results indicate that the
photocatalytic activity of TiO, anatase nanosheets could be controlled using different post-synthesis treatments.
Electrochemical measurements revealed that the removal of surface fluorides leads to an increase of the photogenerated
charge carriers’ total depletion rate, whereas EPR experiments showed that the interfacial charge transfer to O, and H is
favored. As a result, the increase in carrier total depletion rate is due mainly to the increase of the interfacial charge transfer
rate leading in turn to an increase of the photoreactivity, as witnessed by NO photo-oxidation.

INTRODUCTION

Crystal facet engineering of TiO, semiconductors
nanoparticles (NPs) has an important role in surface
reactivity optimization.! Through the rigorous control of
surface chemistry and morphology the physicochemical
properties of TiO, NPs can be modified in a controlled
way, tuning these systems for a number of different
applications in chemistry and materials sciences.? In the
case of anatase the truncated tetragonal bi-pyramid,
exposing predominantly {101} surfaces, is the equilibrium
shape predicted by the Wulff construction. In 2008, the
pioneering work of Yang et al. paved the way for new
studies on the synthesis of anatase nano-sheets that largely
expose the minority basal {001} surfaces.® The synthesis
of TiO, nanosheets requires the use of capping agents able
to decrease the surface energy. Fluoride ions are
preferentially adsorbed on the {001} facets and act as
shape controller increasing the occurrence of these
otherwise high energy surfaces.*® Ohno et al. reported that
anatase {001} facets are privileged sites for the anodic
processes, while {101} facets act as the reducing sites.
These different characteristics are due to the presence of
different surface energy levels onto different surfaces.”!!
The difference in the energy levels drives electrons and
holes to different anatase crystal facets, favouring the

charge separation and leading to the so-called “surface
heterojunction”.1:-14

In this context, two aspects can affect the
photochemistry of the anatase nanosheets: surface
termination and bulk doping. Indeed, bulk doping is one of
the most employed strategies adopted in order to sensitize
the absorption of TiO, nanoparticles in the visible range.>
15 The generation of intra-bandgap states modify the
electronic structure of the material and, in turn, its
reactivity.® The introduction of substitutional fluorine
results in the formation of a lattice Ti** species where the
excess unpaired electron is highly localized in the titanium
3d shell through a polaronic distortion. The mechanism is
based on the so-called of valence induction and the
stoichiometry of the solid can be represented as Ti* 1y
Ti**x O% 25 Fx.!” Moreover, the surface interaction with
donor and acceptor molecules (e.g. organic pollutants and
oxygen) with the TiO, nanoparticles is influenced by the
presence of adsorbate species introduced during the
synthesis. For example, fluorides adsorbed on the TiO,
surface strongly affect the interfacial hole and electron
transfer in photocatalysis, as well as the interaction with
water,® and the adsorption of substrates and O,.18 This, in
turn, affects the photocatalytic activity by changing the



rates and mechanism of substrate oxidation,'®?° as well as
the rate of O, reduction and carrier recombination.?* The
post-synthesis treatments are usually undertaken to
eliminate the residuals from the synthetic procedure. In a
previous work,? a detailed characterization of formally
{001} surface exposing TiO, nanosheets after different
post synthesis treatments was performed. Specifically, the
selective removal of surface localized fluorides from the
nanoparticles’ surface was obtained by F/OH" exchange in
NaOH 0.1 M, while the complete removal of fluorides, also
from the bulk was obtained by thermal treatment at 873
K.2 In the latter case, a (1x4) reconstruction of {001}
facets likely occurred. Changes in surface properties with
respect to pristine TiO, nanosheets were related to
differences in photocatalytic performances, in terms of
phenol photodegradation. Specifically, surface
hydroxylation and hydration, that increased after F/OH"
exchange and decreased after calcination at 873 K. In this
work complementary aspects relevant to the understanding
of the photocatalytic mechanism are investigated by a
multi-technique approach. EPR, UV-Vis-NIR-MIR and
photoelectrochemical techniques are combined to evaluate
bulk and surface electronic structures of TiO, anatase
nanosheets, revealing the nature of their active sites and the
behavior of the photogenerated charge carriers.

EXPERIMENTAL SECTION

Synthesis and Characterization of the materials.?? The
synthesis of TiO, nano-sheets was carried out with a
solvothermal method following an established literature
procedure.?®? In a typical synthesis, Ti(OBu), (Aldrich
reagent grade 97%) was poured into a Teflon lined
stainless steel reactor and concentrated hydrofluoric acid
(Aldrich reagent grade 47%) was added dropwise under
stirring. The reactor was sealed and kept under stirring at
523 K for 24 hours. The obtained material was centrifuged
and washed with acetone to remove the residual organics
and then with water (Milli-Q). The aqueous suspensions
are freeze-dried obtaining a bluish powder, due to the F
doping of the anatase. This material exposes nearly 20% of
the surface {101}. The as-synthesized material (n-sh) was
washed with NaOH 0.1 M (2 hours under stirring at room
temperature) to remove the fluorides from the surface. The
Na* ions present at the surface of the nanoparticles were
then removed washing with HNO3; 0.1 M and ultrapure
water (MilliQ, Millipore). This material exposes nearly
20% of the surface {101}. The complete removal of the
fluorides from the nanoparticles (bulk and surface), the as-
synthesized material (n-sh) was heated at 873 K for 1 hour
in air atmosphere (with a ramp of 6 K min). The resulting
powder is white. The fluoride removal was confirmed by
chemical analysis. This material exposes nearly 40% of the
surface {101}, due to the calcination treatment that induces
a coalescence of the nanoparticles along the c-axis.

EPR measurements. X-band CW-EPR spectra were
detected on a Bruker EMX spectrometer (MW frequency

~9.75 GHz) equipped with a cylindrical cavity. A
modulation frequency of 100 kHz, a modulation amplitude
of 0.2 mT and a microwave power of 0.1 mW were used.
Pulse EPR experiments were performed on an ELEXYS
580 Bruker spectrometer operating at X-band (MW
frequency 9.4 GHz), equipped with a liquid-helium
cryostat from Oxford Inc. The magnetic field was
measured by means of a Bruker ER035 M NMR gauss
meter. Electron-spin-echo (ESE) detected EPR spectra
were recorded with the Hahn echo sequence #/2—z77
echo. Microwave pulse lengths t., = 16 ns, t-= 32 ns, and
a shot repetition rate of 0.5 kHz were used. Two-pulses
electron-spin-echo envelop modulation (2P-ESEEM)
experiments were carried out with the Hahn echo pulse
sequence, in which the zvalue was incremented in steps of
8 ns starting from 100 ns. The time traces of the 2P-
ESEEM spectra were baseline corrected, apodized with a
Hamming window and zero filled; after two-dimensional
Fourier transformation, the absolute value spectra were
calculated. The quantification of the amount of EPR-active
Ti®* centres in the samples was performed employing as a
reference Ti% standard solutions obtained dissolving the
Tris(2,2,6,6-tetramethyl-3,5-heptanedionato)titanium(l11)

(Ti(tmhd)s) complex in anhydrous toluene at five different
molar concentrations in the range 2 - 20 mM. The standard
solutions were prepared operating in glove-box. The EPR
spectra of the standard frozen solutions were recorded
under the same experimental conditions used for the
samples (the microwave power was selected in order to
avoid saturation effects of both the standard and the
samples).

UV-Vis-NIR-MIR spectroscopy. UV-Vis-NIR spectra
were recorded in diffuse reflectance mode on TiO, thick
self-supported pellets with a Cary 5000 Varian
spectrophotometer equipped with an integrating sphere
with an inner coating of Spectralon®. This material was
used also as reference. Mid-infrared (MIR) spectra were
acquired using a Bruker IFS 66 FTIR spectrometer
equipped with a Spectra Tech DRIFT accessory (model
0030-011) and a MCT detector. Each spectrum was
collected in diffuse reflectance mode by averaging 128
interferograms at 4 cm* spectral resolution.

Electrochemical measurements. The electrochemical
measurements were performed using a standard photo-
electrochemical setup, composed of a computer-controlled
potentiostat, AUTOLAB PGSTAT12, and a fluorescent
source with Amax = 365 nm (Philips PL-S 9W BLB,
integrated irradiance = 20 W m?). The electrochemical cell
was a conventional three-electrode cell with a 1 mm thick
fused silica window. The counter and reference electrodes
were a Glassy Carbon and a Ag/AgCI/KCI (3M) electrode,
respectively. Both CV and OCP measurements were
carried out under a N, atmosphere (flux 100 mL min?);
also the solution (0.1 M KNOs as electrolyte, pH 6.5) was
purged with N, for 20 min before each measurement in
order to eliminate the residual O, present in the solution, to



obtain the recombination rate of the photogenerated
carriers.

Photocatalytic Degradation of Nitric Oxide. The
photocatalytic tests were carried out using a purposely
designed reactor,?>? equipped with NO, NO,, CO and
VOC sensors (PID). The internal volume of the reactor is
15 ml, so a short time (10-30 s) is necessary for the
stationary state. The humidity and temperature inside the
reactor are continuously monitored, as well as the
irradiation. The reaction gas mixture at proper
concentrations was prepared using a Entech dynamic
diluter model 4460. Total flux 0.5 I/min. The gas mixture
enters the reaction chamber where a turbine, made with
UV-transparent polymer, keeps it in turbulent motion. The
possibility to rotate the turbine at controlled speeds allows
to reduce the diffusion limit layer above the catalytic
surface, as previously described in the model. The key
points of this photoreactor are the strong versatility and
maneuverability due to its small size, that allow also a great
measurement speed.

RESULTS AND DISCUSSION

Spectroscopic characterization. The alteration of the
ionic charge caused by the presence of an aliovalent
element into an ionic lattice is a well-known phenomenon
in solid-state chemistry. In the case of titanium dioxide, the
introduction of F ions in the oxide matrix during the
synthesis, leads to the formation of Ti%** ions revealed by
characteristic EPR and UV-Vis spectra.l” 272 The
concentration of F~ (and of their Ti®* counterpart) in the
solid can be tuned using different preparation methods. In
particular, in the present work high doping levels are
achieved via a hydrothermal synthesis leading to highly
fluorinated, blue coloured, TiO, nanosheets exposing
{001} facets. To clarify the impact on the electronic
properties of the TiO, NPs induced by the processes
employed to remove F from the surface (i.e. anion
exchange in NaOH solution, sample named n-sh_NaOH)
and from the bulk (i.e. calcination at 873 K, sample named
n-sh_873K), the samples were investigated by UV-Vis-
NIR-MIR and CW and pulse EPR spectroscopies. In
Figure 1, we show the diffuse reflectance UV-Vis-NIR-
MIR spectra of the pristine (n-sh), ion exchanged (n-
sh_NaOH) and calcined (n-sh_873K) TiO, nanoparticles.
The spectrum of the pristine sample shows a very broad
absorption  covering all the 15000-4000 cm?
(660-2500 nm) range, due to trapped excess electrons
resulting from the substitution of O% ions by F ions.}"
The spectral profile of this sample shows a continuous
increase in absorbance also in the MIR region (Figure 1,
right part) typical of free conduction band and
shallow-trapped electrons.®>* In the MIR spectra we see
also a broad band in the 3600-2800 cm* range, vibrational
in nature, which can be assigned to the stretching vibration
v(OH) of hydrogen bonded hydroxyls and water

molecules, adsorbed on the surface of the nanoparticles.®*
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Figure 1. Diffuse reflectance UV-Vis-NIR (left) and MIR
(right) spectra of the three different TiO2 samples. The spectra
in the MIR region have been vertically translated to align them
with the spectra in the NIR region. The dashed lines highlight
the TiO2 spectral profile in the region (3600-2800 cm) in
which vibrational signals due to adsorbed surface species are
present. The vertical black lines highlight the difference in
absorption between the n-sh and n-sh_NaOH samples.

As discussed in detail in our previous publication,? the
intensity of the v(OH) band varies in agreement with the
different surface hydration/hydroxylation of the samples
arising from the different post-synthesis treatments.
Moving to the sample treated with NaOH, the electronic
absorptions are similar to the pristine sample, although
lower in intensity in the NIR spectral region. The area
highlighted by the vertical lines in Figure 1 represents the
difference in absorption between the n-sh and n-sh_NaOH
samples, which shows a broad maximum around 4000 cm’
L and can be interpreted as the absorption associated to the
surface Ti*" species. Indeed, this reduction of the
absorption is compatible with the elimination of the F (and
the associated Ti** species) from the (sub-)surface layer of
the nanoparticles, while the bulk still contains a large
concentration of Ti** ions.® This interpretation, involving
a (sub-)surface oxidation promoted by NaOH to obtain
stoichiometric TiO,, is also supported by the EPR results
(vide infra). Finally, the calcination process leads to the
complete disappearance, in the whole 15000-1000 cm*
range, of the spectral features ascribed to electronic defects
associated with the presence of F, suggesting that fluorine
has been completely removed, in agreement with previous
XPS and TOF-SIMS measurements.??

Further insights into the nature of the Ti** ions generated
in the solid by the introduction of F are given by EPR
spectroscopy. After high vacuum treatments at 373 K
(residual pressure <10° mbar) to remove surface
adsorbates, the as prepared F-TiO, samples display EPR
spectra (Figure 2) characterized by a powder-like axial
pattern with g,; = gy = 1.962 and gxx = Qyy = g1 = 1.992, in



line with typical F-doped TiO, systems,*® ¥ although
displaying unusually broad line widths, likely associated to
dipole-dipole broadening and indicating a large
concentration of Ti3" species. This is consistent with the
absence of an electron spin echo signal for sample n-sh and
detection of only a weak echo signal for sample n-sh-
NaOH, due to fast phase memory time (Tm< 90 ns the
spectrometer dead time). Quantitative evaluations indicate
a Ti®* concentration of the order of 1.14 x 10% spin/g. In
the case of F-TiO, prepared by wet chemistry methods, it
is crucial to discriminate between the possible formation of
both surface and bulk F~ dopants and the correlated Ti**
surface and bulk states. Clearly surface states will deeply
affect the chemistry at the solid/adsorbate interface, while
bulk impurities will alter the electronic structure of the
solid, both situations impacting, in different ways, on the
chemical reactivity of the modified solid. The insertion of
fluorine in the TiO, matrix has been demonstrated to
generate localized electrons in the t,g orbitals of the Ti
cations without generating oxygen vacancies. On the other
hand, surface diamagnetic Fs+TiO, centers have been
identified by the X-ray photoemission spectroscopy
technique (XPS).Y” However, no clear evidence of surface
Ti** ions has been obtained so far for F doped TiO;
samples.®’

Reduced titanium species localized at the surface are
characterized by distinctive broad EPR spectra, which are
best observed by means of electron spin echo (ESE)
detected EPR experiments.?’ The ESE-detected EPR
spectrum corresponds to the absorption of the conventional
CW-EPR spectrum and is more effective in detecting broad
signals, which become hardly observed in conventional
CW-EPR experiments, which provide the absorption
derivative. The ESE detected EPR spectrum of the pristine
sample, under high vacuum, is reported in Figure 3 and
clearly shows the presence of a broad absorption, indicated
with OP1, centred approximately at g=1.93 (Bo = 380 mT).
This broad signal, hardly detectable, even at high
modulation amplitudes, in conventional CW EPR
experiments, has been assigned to a collection of surface
and subsurface reduced Ti®* centers whose heterogeneity
derives from several factors including the local
coordination of the ion, the symmetry of the particular
crystal face hosting the reduced ion, and the presence of
magnetically active nuclei located in the vicinity of the
paramagnetic centres. In our case magnetically active
nuclei are associated to surface F ions, whose presence can
be revealed by means of Electron Spin Echo Envelope
Modulation (ESEEM) experiments. Two-pulse ESEEM
(2P-ESEEM) spectra were then taken at magnetic field
settings corresponding to the maximum absorption of bulk
Ti** and of the broad resonance at g=1.93 (indicated by the
arrows in Figure 3), respectively.
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Figure 2. X-band CW EPR spectra of the three different
TiOz2 samples recorded at 77 K. All samples were treated under
high vacuum at 373 K.

The 2P-ESEEM spectrum (Figure 3a) recorded at a
magnetic field position corresponding to the maximum of
the broad absorption of the echo signal (OP1 in Figure 3)
shows clear °F modulations, which are absent in the
spectrum (Figure 3c) recorded at a magnetic field
corresponding to the narrow ESE line (OP2). The
corresponding Fourier transform are shown in Figure 3b,d.
This observation provides compelling evidence that the
two different Ti%* species are characterized by a different
local environment. In particular, despite the low echo
intensity of the broad species, the °F modulations are
clearly visible, indicating a high number of °F nuclei
interacting with the Ti%* centres, a clear proof of the surface
nature of these species, characterized by a °F rich
environment. On the contrary, the 2P-ESEEM pattern
recorded at field positions corresponding to the narrow
feature of the Ti®*" species, does not show such
modulations, confirming the bulk nature of this species as
already observed in the past by means of YO ESEEM
experiments.?° Further evidence of the surface nature of the
Ti®* species is obtained by performing the same experiment
after washing the sample with a NaOH solution (0.1 M).
This treatment removes surface F ions oxidizing the
associated Ti®* species to diamagnetic Ti** ions. As a
result, the spectral intensity is decreased to approximately
25 % of the initial value (inset in Figure 2), with a strong
depletion of the broad absorption feature (Figure 3b).
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Figure 3. ESE-detected EPR spectra of n-sh and n-sh_NaOH. 2P-EESEEM spectra of n-sh, taken at OP1 (a) and OP2 (c) and
their corresponding Fourier transform (b,d). All of the spectra were recorded at T = 10 K.

Finally, calcination of the sample at high temperature
leads to a strong depletion of the Ti** centres, which are
reduced to approximately 5% of the initial value (inset in
Figure 2) and diluted in the diamagnetic host matrix as
reflected by the drastic decrease of the spectral line width.
This trend correlates with the total number of F ions
present in the sample, as determined by ion
chromatography, although the number of F ions is found
to systematically exceed the number of EPR active Ti®*
species. Pristine TiO, n-sh is found to contain 16+1 mg
F/g TiO,, decreasing to 7+1 mg F/g TiO, for the_NaOH
treated sample (n-sh_NaOH) and less than 0.4 mg F/g
TiO, for the calcined sample. The reason for the
discrepancy between the number of Ti** species detected
by EPR and the overall F content (approximately 1:500),
can be explained considering that only a fraction of the F
ions enters the TiO, structure leading to a valence
induction mechanism. Moreover, we remark that an
underestimation of the EPR active Ti®* species related to
signal OP1 is very likely, due to the broad line-width of the
signal.

In summary, combined CW and pulse EPR experiments
indicate that the F-TiO, sample exhibits both terminating
surface Ti** centres and bulk Ti* due to F-doping during
the synthesis. The surface Ti* species are characterized by
a broad EPR spectrum and the proximity of F ions. These
surface species are progressively reduced by washing
treatments with NaOH, which deplete the surface fluorides
responsible for the Ti% stabilization, leaving a OH"
terminated surface. Further, high temperature thermal
treatments, strongly reduce the number of bulk F ions as
reflected by the drastic decrease of the bulk Ti®* signal.

Dynamics of the photogenerated charge carries. To
investigate the impact of post-synthesis treatments on the
carriers behavior of the three TiO, materials discussed so
far (i.e. F terminated, OH terminated and bare (1x4)
reconstructed {001} TiO, NPs), light-induced EPR (also in
presence of molecular scavengers) and
photoelectrochemical experiments were carried out. These
techniques allow investigating the kinetics of surface
transfer or recombination of the photogenerated charge
carriers. These complementary methods interrogate the
nanoparticles from two different point of view and in two
different environments (gas-solid and liquid-solid
interfaces), but the final results, although not quantitatively
comparable, can lead to a critical evaluation of the impact
on the (photo-) chemical reactivity induced by post-
synthesis treatments. To test the photochemical reactivity
towards electron and hole transfer at gas-solid interface,
EPR experiments were carried out under UV irradiation in
vacuum and in the presence of O, and Hy, which act as
electron and hole scavengers respectively (Figure 4).
Irradiation under vacuum with above band gap energies is
expected to generate paramagnetic charge separated states,
which can be described in chemical terms as Ti** and O
transient species. After 10 min of UV illumination under
vacuum at 77 K of the as prepared sample, we observe the
appearance of weak EPR signals, partially overlapping
with the Ti®* signal, at g > g.and g values typical of surface
O species (g1=2.026 g,=2.014 g5=2.003) formed by hole
trapping at surface O% sites.*° Irradiation of the same
sample under O; (an electron scavenger) or H, (a hole
scavenger) atmosphere, leads to similar EPR spectra
(Figure 4). The absence of the typical EPR signal due to
superoxo radical species upon photo-irradiation of the
sample under oxygen, may suggest that the surface



fluorinated sample with exposed {001} facets is either
unable to stabilize such paramagnetic species or features a
reduced interfacial charge transfer capability. Indeed,
fluorides are able to stabilize electrons, by lowering the
position of the band edges in anatase, thus reducing their
interfacial transfer, in particular towards reaction with
0,.57 %0 A different situation is observed upon removal of
the fluorinated surface by means of NaOH washing. Under
these circumstances UV irradiation under vacuum induces
minor changes in the original EPR spectrum (Figure 4).
After irradiation under H,, the intensity of the Ti®* signal
increases of a factor of 3. This result indicates that surface
holes are formed, which react with H, according to the
following reactions as already observed by Diwald et al.:

20, +h* + H, » OHgpr + 02, s + H
OHgys + 0%y + H = 20Hg,; + e~

The complementary experiment involving O, as an
electron scavenger, leads to the appearance of a new signal
characterized by gy = 2.036 and g. = 2.005, which is
assigned to surface adsorbed superoxide ions, formed via a
direct surface to molecule electron transfer, according to
the following reaction:

Tilt 4+ 0, = Ti** + 05 (surface)

Normalized intensity (a.u.)

n-sh_873K

320 325 330 335 240 345 350
B (mT)

Figure 4. CW-EPR spectra of n-sh, n-sh_NaOH and n-
sh_873K, recorded in dark upon 10 minutes’ irradiation in
vacuum, in Hz and in Oz. All of the spectra were recorded at T
=77 K. h* indicates the spectral region where hole signals are
found. The asterisk indicates an irreproducible signal at g =
2.005 whose nature is unassigned.

The intensity of the superoxide signal corresponds thus
to the fraction of surface reactive Ti®* species generated
under irradiation. Quantitative evaluation of the EPR
spectra obtained upon irradiation under H, and O; indicates
that the fraction of chemically reactive surface hole centres
generated under irradiation is  slightly higher
(approximately 1.7 times) than that of the surface Ti®*
centres, suggesting a moderately higher oxidative capacity
of the sample (Figure 4). Finally, we notice that the
reactivity of the calcined samples is strongly inhibited, and
no significant spectral change are observed upon UV
illumination under the above reported conditions.

Considering that TiO, nanoparticles are widely used as
photocatalyst also in aqueous media, electrochemical
experiments are a relevant tool to investigate the dynamic
of the charge carriers’ recombination in a different
environment respect to EPR measurements. The
recombination rate constant for electrons and holes
generated upon illumination of the studied TiO;
nanoparticles can be studied by means of electrochemical
measurements on TiO, electrodes.! Measurements are
based on a combination of cyclic voltammetry (CV) and
open circuit photopotential (OCP) relaxation tests. In this
way, it is possible to obtain the density of charge carriers
generated and their recombination rate.
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As mentioned, the fluorination of the TiO, nanoparticles
can change the recombination rate of the photogenerated
electrons and holes and the carrier transfer to solution. The
OCP measurements carried out under a N, atmosphere can
be used to evaluated the effect of morphology and fluorides
on the charge carrier recombination in the semiconductor
and on the ability of the materials to accumulate electrons.
Indeed, the photopotential obtained results from the
balance  between  electrons  accumulation  and
recombination. Photo-holes are readily injected in solution
across the space charge layer in this n-type semiconductor.
If the rate of the recombination process is lower than the
electrons accumulation rate, the result is a net storage of
electrons that makes the photo-potential more negative.
From the decay of the photopotential, the recombination
rate constants (k) can be calculated (Figure 5). Figure 5a
highlights that the decreased fluorides doping leads to
higher photo-potential (AV= Viign-Vaark), confirming the
stabilization of Ti** sites by fluorides (photopotential less
negative). The photo-potential obtained for n-sh_873K is
higher than for the fluorinated materials, and with an
apparent increased recombination rate. While the
recombination rate is very low for the material n-sh
comparing to the others, due to the stabilizing effect of
fluorides at the surface. The higher k; obtained for the
material n-sh_873K (Figure 5b) is due to the low
stabilization of the carriers associated to the almost
complete removal of the fluorides and the extremely poor
surface hydroxylation.?? Moreover, the lack of trap surface
states induces a great bulk recombination and, therefore, a
weak interfacial charge transfer in agreement with the EPR
results.

Photocatalytic Degradation of Nitric Oxide. The
photocatalytic activity of the three studied materials were
evaluated monitoring the abatement of the nitric oxide. The
tests were carried out in a previously developed gas/solid
photoreactor.?? The materials were tested under four
different UV irradiances (10, 22, 48 and 83 W m with
LED centred at 360nm) and four different initial NO
concentration (0.5, 1.1, 2.2 and 4.2 ppmv). The dependence
of substrate disappearance rate on its concentration has a
saturative behaviour and a square root dependence on the
irradiance. These behaviours are the result of the balance
between recombination and interfacial charge transfer rates
in the limits of high irradiances (relatively photogenerated
carrier concentrations) or high substrate concentration
(high availability of substrate at the surface), the process
that controls the disappearance rate of the substrate is
related to the interfacial charge transfer rate.*?*® Figure 6
shows that at low NO initial concentration or low
irradiances the differences between the materials are less
relevant. With the increase of the NO initial concentration
the differences become apparent. If the fluorides are
removed only from the surface of the nanoparticles (n-
sh_NaOH) an increase of the activity is obtained,
conversely the calcination at 873K (n-sh_873K) largely
decrease the activity.
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Figure 6. Dependence of the NO disappearance rates from
the NO initial concentration (a) and from the irradiance (b) on
the TiOz films.

The nanosheets calcination drastically reduces the
photoactivity, whereas the treatment with NaOH slightly
increase the NO degradation. These behaviours can be
ascribed to two main aspects: the first is the change of the
surface hydrophilicity that could increase or decrease the
interaction with water of the material’s surface, as
described in a previous work also in the material here
analysed.?? The second aspect is the one described in this
work, i.e. the post-synthesis treatments are able to modify
the electronic properties of the materials, changing the
ability of their charge carriers to be transferred to the
surface (and react with oxidants and reducing agents) or
recombine.

CONCLUSIONS

In conclusion, the work presents the effect of two
different post-synthesis treatments on the electronic
properties, and consequently on the photoactivity, of shape
controlled TiO, nanoparticles that largely expose formally
{001} facets. The electronic characterization, carried out
by UV-Vis-NIR-MIR and CW-EPR spectroscopies,



highlights the effect of the two different treatments in the
fluorides removal from the nanoparticles. The NaOH
washing method is limited to the surface, while, the
thermal treatment at 873K impacts on the bulk of the TiO,
NPs. In the case of F-TiO, prepared by wet chemistry
methods, it is crucial to discriminate between the possible
formation of both surface and bulk F~ dopants and the
correlated Ti®* surface and bulk states and their fate upon
different  post-synthesis treatments. Pulsed EPR
experiments allowed to discriminate between surface and
bulk Ti%*states, evidencing the presence of stable surface
Ti®* species with a F rich environment. These species are
strongly depleted by NaOH treatments as a consequence of
the removal of surface fluorides. Such treatments lead to
OH- terminated {001} surfaces? with a strong influence on
the dynamic of photo-generated charge carriers, and on the
reactivity of the material. CW-EPR measurements under
irradiation under three different atmospheres (vacuum,
hydrogen and oxygen) demonstrate that the surface
reactivity at the gas/solid interface is significantly altered
depending on the specific post-synthesis treatment.
Removal of surface fluorides results in an increase of the
photoelectron interfacial transfer as probed by the
formation of superoxo radical anions upon UV irradiation
in the presence of molecular oxygen as an electron
scavenger. This effect can be explained considering the
stabilization of Ti** by F ligands.*** The thermal
treatment, on the other hand, leads to a complete inhibition
of the surface reactivity of the material. This is probably
due to the (1x4) reconstruction of {001} surfaces as
reported by Mino et al.? that can reduce the interfacial
transfer of both electrons and holes. The combination of
these two effect results in a higher recombination rate of
the carriers in the bulk of the material. To prove this,
electrochemical measurements were carried out in an
aqueous environment to evaluate the effect of fluorides on
the charge carriers’ density and their recombination
kinetics. As expected, the general effect is a decrease of the
recombination rate (in absence of any scavenger) due to the
surface electron traps (Ti®*) stabilization. The removal of
the surface fluorides, slightly increases the recombination
rate (k;) of the charge carrier, but as seen from the EPR
experiments under irradiation, largely increases the
interfacial transfer of the photogenerated electrons and
holes. TiO, NPs treated at 873K are characterized by a very
high charge carriers’ recombination rate due to the absence
of surface trap states capable to stabilize the
photogenerated charge carriers, decreasing interfacial
charge transfer rates in synergy with the extended
differences in surface structure and hydration.
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