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ABSTRACT

Doping with transition metals is an effective method to enhance visible light absorption in TiO:
nanoparticles and to improve the efficiency of many photocatalytic processes under solar radiation. A
determination of the incorporation site of the dopant and an understanding of the local bonding
arrangement and electronic structure is a necessary step for knowledge — based materials design. In this
paper, we report an in-depth X-ray Absorption Spectroscopy study of V dopants in TiO2 nanoparticles
deposited by gas phase condensation with a local structure similar to anatase, rutile or intermediate. The
combination of K and L edge spectra in the pre-edge, edge, and extended energy regions with full
potential ab-initio spectral simulations shows that V ions occupy substitutional cationic sites in the TiO>

structure, irrespective of whether it is similar to rutile, anatase or mixed.



INTRODUCTION

In recent years, titanium dioxide (TiO»), especially in the form of nanoparticles (NPs), has become
one of the most studied wide band gap oxide semiconductors due to its photocatalytic properties, which
open the way to various applications such as hydrogen production from water, environmental cleaning
(air and water), dye synthesized solar cells and others.! However, because of its wide band gap ( = 3.2
and 3.0 eV in anatase and rutile polymorphs, respectively), only a small fraction of the solar spectrum,
i.e. UV light (3-5% of total), can be used for photocatalytic processes. The incorporation of 3d-transition
metals in TiO2 is an effective approach to decrease the band gap and to improve visible light
photocatalytic activity.? Band gap reduction is the result of the creation of states in the band gap of the
matrix, as systematically investigated theoretically by Umebayashi et al.’ They found that V, Cr, Mn, Fe
and Co create donor states, their position shifting towards the valence band with increasing atomic
number; V, the subject of the present paper, was predicted to create a gap state near the bottom of the
conduction band. Another route for band gap reduction is N — doping, which induces acceptor states
above the valence band maximum.* Clearly, photocatalysis is due to more complex processes than just
light absorption, many of which are crucially linked to dopant sites. In fact, dopants may induce charge
carrier recombination or scattering (which lead to reduced efficiency) or may trap charge carriers for
long time intervals near the surface of NPs, making them available for oxidation and reduction processes
(leading to improved efficiency). Therefore, a detailed atomistic knowledge of the charge dynamics
involving defect sites is of paramount importance for a physical understanding of the material’s function
and may lead to knowledge-based device engineering.

X-ray Absorption Spectroscopy (XAS) is a powerful tool to study the local atomic and electronic
structure of condensed matter. Detailed analysis of the fine structure oscillations in an extended energy
range (so —called EXAFS: Extended X-ray Absorption Fine Structure) based on the real — space multiple

scattering (MS) formalism®~’ is able to provide a quantitative determination of the composition of the
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first few coordination shells around the excited atom, the interatomic distances and their spread around
the average value. Moreover, analysis of the lineshape of the spectral region near the absorption edge (so
— called XANES: X-ray Absorption Near Edge Structure) can provide important information on the
oxidation state, valence, atomic geometry and site / symmetry selected density of states (DOS) of
unoccupied electronic states. Simulations based on the MS formalism are also very useful for XANES
interpretation and there are continuing improvements in methods to reproduce experimental data, for
example using density functional electronic structure calculations and finite difference numerical
methods,®® which will be employed in the present investigation. It is possible to choose some
experimental parameters in XAS experiments to provide flexibility and added value. By tuning the
photon energy to the absorption edges of different elements their local structure can be independently
studied; by using absorption edges due the excitation of electrons with different orbital angular
momentum (s, p or d) and exploiting the dipole selection rule, various components of the unoccupied
electronic DOS can be probed with different spectral weight; finally, by using shallower absorption
edges, which are characterized by longer core hole lifetimes, sharper lineshapes can be obtained
compared to those for more tightly bound ones in the hard X-rays (albeit with the complication of a high
surface sensitivity).

Due to its local character, XAS is particularly useful to study disordered or defective atomic
arrangements in condensed matter, such as those which are present in NPs.!? Also very important for the
present investigation, XAS is the premier structural tool to determine the incorporation site of dopants in

condensed matter''~13

since it is possible in many cases to isolate the XAS cross — section of the excited
atom from the background contribution.
The K — edge absorption edges of transition metals exhibit characteristic “pre — edge” peaks, due

to transitions to bound unoccupied states.'* Their lineshape can in many cases provide important

information on the oxidation state, valence and local geometry of the probed ion. In the specific case of
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Ti0; polymorphs these peaks are known to be due to dipole and quadrupole transitions to p—d hybridized
orbitals split by the crystal field in two 2, and e, components.®!>!6 We note that the full Ti K-edge XAS
spectra (including pre-edge, XANES and EXAFS regions) of rutile and anatase have been reproduced
quite well in an early attempt.!’

The same two #; and eg orbitals which give rise to the relatively weak Ti K-edge pre-edge peaks
originate the main features of the L,3 edge XANES spectrum in TiO> polymorphs. We note that the
transitions from p core levels to the d component of the final states are dipole allowed; the L>3 edge
spectra can be interpreted by crystal field multiplet calculations taking account the effects of local
distortions which eliminate the degeneracy of the ¢ and e, states.!®!” As mentioned, these spectra exhibit

20.21 4 this

an intrinsically high energy resolution. The same orbitals are also probed by O K-edge spectra;
case the spectra are dominated by transitions to the p component of the final states and they are poorer
in spectral features compared to the Ti L ones.

XAS has been previously applied to materials systems based on TiO2 NPs. In nanostructured TiO2
the sensitivity of the Ti K-edge pre—edge peak lineshape to the degree of defectivity (specifically, to the
amount of undercoordinated, five-fold, Ti sites) has been established.?***?> Concomitant changes in the
Ti L>3 edge and O K-edge XANES have been convincingly documented?’. Some analyses of the EXAFS
region of Ti K-edge in TiO> NPs have been reported,*! * although multiple scattering contributions have
not been included in these studies.

There have been some previous XAFS studies of dopants in TiO> NPs. Li et al.?®

and Rodriguez-
Torres et al. 2" have studied Nd and Fe doped anatase NPs, respectively. They found that Nd** and Fe**
cations substitutionally replace Ti*' ones in anatase NPs, with increased cation — oxygen first shell bond
lengths. A recent study®® of Nb dopants also supports a substitutional site. The present paper concerns V

dopants, we thus note an early detailed study®® of the pre — edge features in the V K — edge spectra of

VO across the metal — to — insulator transition at 68°C and systematic studies of the variation of the pre
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— edge and XANES features in V compounds, minerals, basaltic and silicate glasses**2. These papers
demonstrate the dependence of spectral features on local coordination and oxidation state. In particular,
with increasing oxidation state the energy of the pre — edge peak and its intensity clearly increase.

The incorporation of V in TiO; catalysts by impregnation by an acqueous solution has been studied
using V K — edge XANES, including some ab — initio simulations, by Izumi et al.**; these authors claim
a five — fold oxygen coordination for V, despite a limited agreement between experiment and simulation.
V doping in anatase nanoparticles synthesized by hydrothermal decomposition of Ti and V peroxo —
complexes has been studied by Avansi et al.>, also using a preliminary qualitative analysis of V K —
edge XANES and supporting a substitutional site; some indicative support for a substitutional site in V-
doped anatase NPs obtained by solution combustion was reported by Nagaveni et al. 3, but no locally
sensitive technique was employed in that paper. Finally, we note that XAS has been recently used to
track light induced charge transfer processes in un-doped TiO> NPs.*%37

In this paper we report an in — depth study of V — doped TiO, NPs deposited by gas phase
condensation. Using a combination of K and L edge XAS at the Ti and V edges and including Density
Functional Theory (DFT) structural relaxations and ab — initio simulations of the V K-edge XANES
spectra using full potential methods we study the local structure of Ti in the host matrix and of the V
dopant. The local structure of the matrix was found to be similar to rutile, anatase or intermediate,

depending on the deposition parameters. We demonstrate that V dopants occupy substitutional cationic

sites, irrespective of the local structure of the matrix.

EXPERIMENTAL AND THEORETICAL METHODS
Sample preparation and characterization. V-doped TiO: nanoparticles were grown by gas-phase
condensation in a vacuum chamber (base pressure 1x107° Pa) filled with 266 Pa of He (99.9999% pure)*®.

Tipowders (99.9 % purity, -50 mesh, Alfa Aesar) and V powders (99.5 % purity, -325 mesh, Alfa Aesar)
6



were gently mixed and loaded in a W boat for thermal evaporation. The Ti-V phase diagram?® indicates
complete miscibility above the temperature of 882 °C, which corresponds to the hcp—bcce structural
transition in pure Ti. In order to obtain a Ti-V alloy precursor, the powder mixture was first heated under
vacuum above the melting point of Ti (1668 °C), then rapidly cooled down to about 1200 °C where no
measurable evaporation takes place, and left homogenize for 2 hours. Afterwards, He was admitted in
the chamber in close proximity of the W boat at a flow rate of 65 mIn/min. A stable He pressure in the
chamber was maintained under dynamic conditions using a back rotary pump. The temperature of the W
boat was slowly increased to attain the desired deposition rate, monitored by a quartz crystal
microbalance (QCM). The He flow directed the NPs, which are formed by homogeneous nucleation in
the gas phase, towards the collection substrates. After the deposition, high vacuum was restored in the
chamber and finally the nanoparticles were oxidized by admitting 99.999% pure O up to a final pressure
of 2.6 kPa. For all XAS measurements, nanoparticle-assembled films were deposited on super-smooth
(111) Si substrates (Agar scientific, surface finish roughness < 1 nm) at room temperature. The film
thickness, determined by the calibrated QCM and checked by atomic force microscopy, was about 240
nm for all samples.

The V content in the samples was determined by energy dispersive X-ray spectroscopy (EDX) in
a Cambridge Stereoscan 360 Scanning Electron Microscope (SEM). Typically, the V content in the
samples was about 4 times lower than in the precursor alloy, due the lower vapor pressure of V compared
to Ti in the Ti-V alloy. In the following, the V content will be given by an atomic percentage (at. %),
obtained dividing the number of V atoms by the total number of Ti plus V atoms (i.e., not counting O
atoms). For instance, 4 at.% V corresponds to an overall composition of Tio.96V0.040>.

The as-deposited samples were structurally amorphous and became crystalline after annealing in
air at sufficiently high temperature. The structural evolution of a sample with 8 at.% V after an annealing

time of 6 hours at different temperatures is shown by the X-ray diffraction (XRD) patterns in Figure 1.
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XRD data were collected using a Panalytical X’Celerator powder diffractometer. Bragg reflections of
anatase (a) and rutile (r) TiO2 began to appear after annealing 300 °C, while full crystallization was
induced by annealing at 400 °C. Notice that for XRD measurements, nanoparticles were deposited on a
large stainless steel cylinder cooled by liquid nitrogen, allowing for the collection of a suitable amount
of nanopowders (10-100 mg). In the XRD patterns, Bragg reflections attributable to vanadium oxides

were not detected.
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Figure 1: XRD patterns of a nanopowder sample with 8 at.% V subjected to 6 hours annealing at different
temperatures. The Bragg reflections of anatase (a) and rutile (r) TiO; are indicated. The different patterns are

vertically shifted for the sake of clarity.

Based on the above results, crystalline samples for XAS measurements were prepared by annealing
the as-deposited nanoparticle-assembled films in the 350-400 °C range. Table 1 summarizes the main
characteristics of the investigated samples, in terms of V content, deposition rate, and annealing

treatment.



Table 1: Summary of sample characteristics and types of XAS measurements performed at Ti and V edges.

Samples numbered from 1 to 8 are the V-doped TiO, nanoparticles-assembled films, for which V content,

deposition rate, and annealing treatment are specified; all annealing times are 15 hours. The remaining samples

are commercial reference materials.

. deposition
sample Vég:];q)ﬂl) rate description Ti edges V edges
i (nm/min)
_ B . K —edge XANES _
m Ti metal reference and EXAFS
_ B natase referen K —edge XANES B
a anatase reference and EXAFS
r - — rutile reference K - edge XANES -
and EXAFS
) K —edge
1 3.5+1.0 1.4 as - deposited K — edge XANES XANES
o K —edge XANES K —edge
2 35+1.0 1.4 annealed at 400 °C and EXAFS XANES
. K —edge
3 44+1.1 1.9 as - deposited K — edge XANES XANES
o K —edge XANES K —edge
4 44+1.1 1.9 annealed at 350 °C and EXAFS XANES
o K —edge XANES K —edge
5 44+1.1 1.9 annealed at 400 °C and EXAFS XANES
o K — edge XANES K —edge
6 7.5+0.9 1.6 annealed at 400 °C and EXAFS XANES
. L2,3 edge
7 8.0£1.2 1.6 as - deposited L3 edges XANES
o L2,3 edge
8 8.0£1.2 1.6 annealed at 400 °C L3 edges XANES
_ _ _ K —edge
V205 reference XANES
B _ _ K —edge
VO, reference XANES
B _ _ K —edge
V203 reference XANES

Crystallization was accompanied by a marked change in the color of the samples: Nanopowders
turned from nearly black to orange, while films deposited on glass gained a yellowish transparency. In

order to assess the effect of V-doping on the optical properties of crystalline V-Ti0,, we measured UV-



vis Diffuse Reflectance (DR) spectra. For these experiments, we used a small amount of nanopowder,
scraped from the substrate holder after evaporation and annealed under the same conditions as the
nanoparticle-assembled films. The DR spectra were collected by a Perkin-Elmer Lambda 45 double beam
spectrophotometer equipped with a RSA-PE-20 integrating accessory (Labsphere). The samples were
measured as solid mixtures in a matrix of ground NaCl. Prior to measurement, a blank of pure NaCl was
recorded as a reference. To test the suitability of NaCl for its employment in the UV region, a spectrum
of the blank was recorded against the BaSO4 reference (100 %R) and did not show any strong absorption
band in the investigated interval, thus assessing the reliability of the measurement in the interval 200-
1100 nm. DR spectra were converted into absorbance by the Kubelka-Munk function and the band gap
of the samples was estimated by applying the Tauc method*’. Figure 2 displays the absorbance of V-
doped crystalline samples compared to an undoped sample, which was prepared under the same
conditions of sample 2 using pure Ti as precursor. Figure 2 shows that V-doping induces a shift of the
absorption band edge toward longer wavelengths. In addition, V-doped samples exhibit an absorption
tail that extends above 500 nm. These two features are very similar in samples 2 and 5 with a similar V
content, while they are stronger for sample 6 with the highest V-doping. Accordingly, the Tauc analysis
yields a band gap of 3.18(3) eV for the undoped sample, 2.98(3) eV for sample 2, 3.01(3) eV for sample
5,and 2.81(3) eV for sample 6. The V-induced shift of optical absorption features toward the visible light

2,34,41-43

region fully agrees with previous studies, which attribute it to V incorporation in the TiO:

structure.
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undoped TiO2
—3.5% V (sample 2)
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Figure 2: UV-vis absorbance of V-doped and undoped TiO» NPs, obtained by applying the Kubelka-

Munk function to DR spectra and normalized to unit value at 280 nm

The morphology of both as-deposited and crystalline nanoparticle-assembled films was examined
by a Zeiss Gemini 1530 Field Emission SEM (FESEM). Figure 3 displays the morphology of samples 2
and 5 at different magnifications. The NPs assemble in large agglomerates with a size of several tens of
nanometers. Primary NPs with a typical diameter in the 10-20 nm range can be easily recognized within
the agglomerates. Sample 5, deposited at 1.9 nm/min, exhibits a larger NP size compared to sample 2,
deposited at 1.4 nm/min. This suggests that the NP size coarsens with increasing evaporation/deposition
rate, a phenomenon commonly observed in gas-phase condensation.** The NP size influences the relative
anatase / rutile phase abundance, as it will be shown in the next sections. FESEM also revealed that

annealing at 400 °C did not induce any significant coarsening of the nanoparticles.
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Figure 3: FESEM images of V-doped TiO; nanoparticle assembled-films on silicon substrates: sample 2 (a) and

sample 5 (b) (see Table 1 for samples’ specifications). The insets on the top-right corner are the same samples
taken at higher magnification. The scale bar is 100 nm / 20 nm for low / high magnification, respectively. The

typical NP sizes in the two samples are indicated.

X-ray absorption spectroscopy measurements and data analysis Hard XAS measurements at
the Ti and V K — edges were performed at the BM23* beamline of the ESRF in Grenoble, France using
a double bounce flat crystal Si(111) monochromator. Reference samples (Ti and V oxides) were
measured in the transmission mode using finely ground powders dispersed in polyethylene; samples were
measured in the fluorescence mode using a Vortex Si drift diode detector placed in the horizontal plane
at right angles to the impinging beam. Soft XAS measurements at the Ti and V L»3 — edges were
performed at the BACH*® beamline of Elettra, in Trieste, Italy. In this case, all spectra were collected in
the total — electron — yield (TEY) mode, by measuring the drain current from the sample to ground.

EXAFS spectra were processed according to standard procedures using Athena.*’ The pre-edge
region was fitted with a linear function while the post — edge region was fitted with a spline to simulate
the atomic cross section. As a first approximation the energy origin for the energy — to — wavenumber

conversion (Ey) was chosen as the maximum of the first derivative of the absorption spectrum.
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Quantitative data analysis was based on simulated signals calculated using the FEFF code’® and non —
linear fitting using ARTEMIS.3®

In Tab. 1 we report, along with the sample characteristics, the XAS measurements and data analysis
performed on the various samples, distinguishing between K and L3 edges on one hand and XANES
and EXAFS on the other. Analysis of the Ti K — edge EXAFS data of the two as — deposited samples
will not be reported as these samples were highly disordered and it was not possible to obtain meaningful
fits.
Ab-initio simulations. In order to go beyond a qualitative interpretation of the V K-edge XANES
spectra, ab-initio calculations were performed. A two — step approach was followed. First of all, we
performed a structural relaxation in order to determine the equilibrium atomic coordinates of Ti and O
ions around the V dopant using the DFT approach as implemented in the Quantum ESPRESSO code;*
subsequently, these atomic coordinates were used as an input for full potential spectral simulations with
the FDMNES code.® Similar or related approaches have been used for studies of dopants and defects in
semiconductors.**~°

Simulations were performed for anatase and rutile phases, starting from the known crystallographic
structures.®’ For both, the pseudopotentials used in structural simulations for Ti, V and O were chosen
from the Quantum ESPRESSO database®®%°. These pseudopotentials are ultra-soft with PBE (Perdew—
Burke-Ernzerhof) exchange correlation functional.! Self-Consistent Field (SCF) calculations were
performed using the Davidson algorithm while the structural relaxations using the BFGS (Broyden-
Fletcher-Goldfarb-Shanno) one.®*®* In order to obtain a realistic simulation of dopant environment at
low concentration, it is necessary to build a supercell, composed by several unit cells of the matrix
compound. Quantum ESPRESSO automatically replicates this supercell performing calculations with
the Plane-Wave Self-Consistent Field algorithm using the PWscf code.®* The cutoff energy for

wavefunctions was set at 30 Ry. An easy way to simulate a realistic environment for a low concentration
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dopant is to change only one Ti atom with a V one inside the supercell. After this substitution, the BFGS
routine was used to optimize the atomic positions and the supercell dimensions. The k-space sampling
for the optimization was done using a 4 x 4 x 4 mesh. SCF convergence was achieved when the difference
between the total energy calculated with self-consistent Kohn-Sham DFT and the value calculated with

the non self-consistent Harris energy functional®® was lower than 1.3-107°eV. The structural

3Ry
ao'

convergence, instead, was achieved when the total force inside the cluster was less than 1 - 10~
The supercell for rutile was formed by 2 x 2 x 3 tetragonal unit cells, with a total of 72 atoms
corresponding to a vanadium-titanium percentage of 4.1%. Inclusion of V in rutile resulted in a
compression and distortion of the octahedron formed by the O nearest neighbors; in the basal plane four
O atoms relax towards the dopant by ~ 0.03 A, while the two apical O atoms move inwards by ~ 0.027
A. The supercell used for anatase was composed by 2 x 2 x 2 unit cells containing 96 atoms
corresponding to the substitution of 3.1% of Ti atoms with V ones. Following inclusion of V in anatase
the four O nearest neighbors in the basal plane contract inwards by ~ 0.027 A and the two apical O atoms
move inwards by ~ 0.03 A. The atomic coordinates obtained from the DFT structural relaxations were
used as an input for XANES simulations with FDMNES. For the rutile and anatase matrices clusters of
197 and 195 atoms, respectively, were used; they were created using replicas of the Quantum ESPRESSO
unit cell. In order to obtain a good correspondence between simulated and experimental spectra in the
pre-edge region it was necessary to include quadrupole contributions.
Calculation of the defect formation energy. Starting from Quantum ESPRESSO simulations, we

estimated the formation energy of V substitutional defects. In order to do this we firstly calculated the

formation energies E; of the undoped and doped clusters as

E;=E.—E;
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in which E, is the total energy of the cluster at T = 0 and E; is the sum of all isolated atom energies; the
latter was calculated by placing single isolated atoms in a 15 A simulation cube. Subsequently, we
calculated the formation energy of the defect as the difference between the formation energy of the doped
and undoped clusters. For the rutile structure we obtain a value of 0.74 eV while for anatase it rises to
1.0 eV. These values are comparable with calculations performed by Osorio-Guillén et al.®® who provide
a complete analysis of the defect formation energy as a function of the Fermi energy of the doped system

using the VASP code.
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RESULTS AND DISCUSSION
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Figure 4. Pre-edge (left) and main edge (right) region of the Ti K-edge XAS in the samples and selected

reference compounds.

Local environment of Ti in TiO2 nanoparticles — the host matrix. In Fig. 4 we report the pre
and main edge regions of the Ti K-edge XAS spectrum of the samples. By inspection of this data and

comparison with the literature?®-?2-2428:30

we may make the following qualitative comments. The as —
deposited samples 1 and 3 exhibit a very broad lineshape in both the pre and main edge regions; the onset
of the main edge is significantly shifted towards low energy. These observations indicate that these
samples are highly disordered and may contain a fraction of metallic Ti. Annealed samples exhibit
lineshapes reminiscent of crystalline rutile or anatase. Sample 4, which was annealed at 350 °C, has
broader features compared to the others, indicating a poorer degree of ordering. The remaining samples,

annealed at 400 °C, exhibit lineshapes that are never identical to rutile or anatase; however, it is noted

that sample 2 is more similar to anatase and sample 5 to rutile. This observation suggests that a lower
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deposition rate, which results in smaller primary NPs, favors the crystallization of anatase. In fact, anatase
has a lower surface energy compared to rutile and therefore its formation is preferred at lower
nanoparticle sizes.’” Sample 6 has pre-edge features similar to rutile but an intermediate main edge
lineshape. In all these cases the A> pre — edge component is more intense than in crystalline oxides; this
indicates the presence of under-coordinated, five-fold, Ti ions. Based on these results, we suggest that
the V content in the explored range has no or little influence on the relative anatase / rutile phase

abundance, which appears to depend mainly on the deposition rate and nanoparticle size.

Cross section (arb. un.)

450 455 460 465
Photon energy (eV)

Figure 5. Ti L3 — edge XAS spectra for as-deposited sample 7 and annealed sample 8.

The qualitative observations deduced from the Ti K — edge spectra are confirmed by L>3 — edge
ones. In Fig. 5 we report such spectra for samples 7 and 8, respectively as — deposited and annealed at
400 °C; features related to the L3 and L> edges and to transitions to #2; and e, orbitals are indicated and
individual peaks are labelled as in previous papers>>2!. Annealing clearly induces a sharpening of spectral

features also of the L — edge spectra, a result of greater ordering, in agreement with the EXAFS analysis
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(see below). The lineshape of sample 8 spectrum is intermediate between those of rutile and anatase
reported in the literature; specifically, the features labelled D3 and Es are approximately of the same
intensity while the former is significantly higher than the latter in anatase and the reverse occurs in
rutile'®2°. This confirms that these NP samples exhibit a local structure intermediate between rutile and

anatase.

Mag. Fou. Transf. [ (k) k]

Figure 6. Magnitude of the Fourier Transform of Ti K-edge EXAFS spectra. Solid and dashed lines

represent experimental spectra and/ best fits, respectively.

In order to have a quantitative determination of the local structure around Ti we measured and
analysed EXAFS spectra. In Fig. 6 we report the magnitude of the Fourier Transform of annealed
samples, together with anatase and rutile reference compounds, performed in the range k = 3.5 —
11 A~with a k® weight. The most prominent features in the spectra are due to, in order of increasing

distance, the six O nearest neighbors and to Ti atoms in higher coordination shells. Spectra for samples
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1 and 3 are not reported and were not analyzed since, as indicated by the qualitative inspection of the
XANES spectra, they are very disordered and meaningful fits were not obtained. At a qualitative level,
it can be noticed that the spectra of samples are relatively similar and bear some relation either to rutile
or anatase. The first shell peak in all samples is found at a slightly smaller distance compared to the
reference oxides. Samples 2 and 6 are quite similar to anatase; those of sample 4 and 5 are close to rutile,
but with a significantly lower amplitude of the peaks in the region R = 2 — 4 A, an indication of
increased structural disorder compared to the crystalline reference. Comparing spectra for sample 4 and
5 (annealed at 350 °C and 400 °C, respectively) it can be noticed that a higher annealing temperature
correlates with an increase of the amplitude of the third peak.

For quantitative analysis, the spectra of rutile and anatase were analyzed first. As noted, a state of
the art analysis including multiple scattering (MS) contributions is, somewhat surprisingly, not available
in the literature. Based on the crystallographic structure the single (SS) and multiple scattering
contributions to the fine structure oscillations were calculated using the FEFF code®’. Using ARTEMIS?®
the spectra were fitted excluding those paths which gave a negligible contribution. Fitting parameters
were an energy origin shift, a single isotropic distance variation parameter and individual Debye — Waller
(DW) factors for each path. Spectra were fitted in the range k = 3.5 —11 A" and R =1 — 4 A. For
anatase we found that the following paths were necessary for a meaningful fit: SS contributions related
to the six O nearest neighbors (1st and 2nd shell, fitted as a single component in view of the small distance
splitting) and the four Ti ions in the 3™ and 4™ coordination shell and a single three - legged MS
contribution involving the O nearest neighbors and the Ti in the 4™ coordination shell. For rutile SS
contributions related to the six O nearest neighbors, the Ti 3™, O 4™ and 5%, Ti 6™, O 7" and 9™ shells
and three — legged MS contributions related to the O nearest neighbors and the Ti 6™ shell were included.
Numerical results of fits to anatase and rutile EXAFS spectra are reported in Tables 2 and 3, while the

fit themselves are reported as dashed lines in Fig. 6.
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Table 2: Numerical results of fits for anatase and samples 2 and 6. Numbers in brackets indicate
uncertainties in best estimates.

anatase 2 6

path lees  N| RA) | A | RA) |*AH | RA) | P*(A)

O (1842 2 6 | 1.9565 0.0055 1.9321 | 0.0045 | 1.948 | 0.0065
(99) (12) (96) (13) (20) (19)

Ti (3" 2 4 | 3.055 0.0058 3.048 | 0.0078 | 3.061 | 0.0071
(15) (12) (12) (13) (40) (20)

Ti (4™) 2 4 | 3.804 0.0040 3.720 | 0.0063 | 3.680 | 0.0058
(19) (31) (76) (34) (76) (34)

O (12" Ti| 3 8 | 3.849 0.0075 3.780 | 0.0153 | 3.791 | 0.0038
(4th) (20) (17) (30) (41) (18) (30)

Table 3: Numerical results of fits for rutile and samples 4 and 5. Numbers in brackets indicate
uncertainties in best estimates.

rutile 4 5

path legs | N | R(A) | (A% | R(A) o’ R (A) o’

(A% (A%

O (14274 2 | 6 | 1.9636 | 0.0080 | 1.946 | 0.0079 | 1.952 | 0.0075

(74) a7 200 | 38) | (d3) | 2D

Ti (3) 2 | 2 [29656 | 0.0039 | 3.047 | 0.0059 | 3.040 | 0.0058

ab (18) (400 | (7 | 30) | 37

O (4™ 2 | 4| 3495 | 0.0000 B 3 B 3
(13) (40)

O (5™ 2 | 4| 3568 | 00115 | _ _ _ _
(14) (8)

Ti (6™) 2 | 8| 3.578 | 0.0095 | 3.60 | 0.021 | 3.556 | 0.015

(14) (44) (22) | 81 | (22) | (79

O (12 Ti(6™)y | 3 | 16| 3.758 | 0.0015 | 3.69 | 0.001 | 3.66 | 0.000

(14) (31) (42) | (39 | (7)) | (13)

O (7™) 2 | 8| 4.091 | 0.020 | 3.866 | 0.000 | 3.819 | 0.008

(15) (24) (90) | (A7) | (89 | (41)

O (9™) 2 | 8 | 4584 | 0.0038 B B B B
(15) (29)

The EXAFS spectra of the samples were fitted using either the paths used for rutile or anatase. The
choice of which paths to use was based on the similarity of the XANES pre — edge and main edge features

to the reference compounds. This procedure must be taken with some caution since the local structure of
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a NP is never identical to that of a bulk coarse grained crystal; also, the XANES lineshapes of the samples
are never identical to either reference compound. The path degeneracies were kept fixed at the values of
the crystals since, due to the well known high correlation with Debye — Waller factors, it was impossible
to determine them with a reasonable uncertainty. For samples 4 and 5 some of the weak O contributions
were not included, as their structural parameters could not be determined reliably. The numerical results
of the fits are reported in Tabs. 2 and 3 and the fits themselves, of good quality, are reported as the dashed
lines in Fig. 6. Despite the somewhat relatively high uncertainties, overall, the numerical values confirm
the qualitative comments made above on Fig. 6. For anatase — like samples, the DW factors for the Ti
coordination shells are slightly higher than in the reference. For rutile — like samples, the same trend is
found; sample 4, annealed at a lower temperature, has the highest DW for the Ti — Ti 6™ coordination
shell. The Ti — O first shell interatomic distances in the NPs are shorter than in the reference compounds
by 0.01 —0.02 A.

Local environment of V dopants in TiO2 nanoparticles: XAFS spectra at the V K and L 3 edges
were measured with the aim of determining the incorporation site of V in the TiO2 NPs. At the K edge,
due to the overlap of the Ti K and V K, fluorescence lines it proved impossible to measure EXAFS
spectra with good signal — to — noise ratio. However, good quality XANES spectra were recorded. These
spectra, along with those for V203, VO> and V05 reference compounds are reported in Fig. 7; the oxides
are plotted in order of increasing oxidation state of V from bottom to top (3+, 4+ and 5+), recalling the
relation between energy of spectral features and oxidation state?*-%3268 We also report the rutile and
anatase spectra shifted by + 500 eV (energy difference between V and Ti K edges) as a comparison. In
Fig. 8 the derivatives of the spectra for annealed samples and reference compounds are reported, to allow

a more detailed comparison.
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Figure 7. V K edge XANES of selected samples and reference compounds. Also reported are the Ti K edge

spectra of rutile and anatase shifted by + 500 eV. The vertical lines are guides to the eye.

Cross section derivative (arb. un.)

5460 5470 5480 5490 5500
Photon Energy (eV)

Figure 8. Derivatives of the spectra presented in Fig. 7.
Firstly, we note that as — deposited samples 1 and 3 exhibit broad spectral features, indicating a
rather disordered V environment, in analogy to the Ti environment in the oxide NP matrix, as described
previously. Annealing induces a sharpening of spectral features and a shift to higher energy of the main

edge, as also found at the Ti edge. In annealed samples 2, 5 and 6, the pre — edge region is characterized
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by a sharp peak and a weak shoulder at higher photon energy. These pre — edge features, due to dipole
and quadrupole transitions to bound hybridized orbitals originating from O p and V d atomic ones, are
reminiscent of the pre — edge peak features of V,Os; the intensity of the pre — edge peak in the samples
is, however, less than in V20s. The main edge features of the spectra do not bear a strong correspondence
to those of V»0s; especially significant is the energy onset of the main edge, which is significantly shifted
to higher energies in the samples with respect to the reference V oxides. The closest (albeit not complete)
correspondence is between spectra of sample 2 and anatase on one hand and, especially, between sample
5 and rutile on the other. Recall that analysis of the Ti edge XANES and EXAFS indicated a local Ti
environment similar to anatase in sample 2 and similar to rutile in sample 5. For sample 6, the Ti XANES
pre and main edge features indicated a mixed environment and this has a correspondence with the V K
edge spectrum. The V edge data therefore strongly suggest that V substitutionally occupies a Ti site in
the NP matrix, irrespective of whether it is similar to rutile, anatase or mixed. Regarding the oxidation
state, a conclusive result is difficult to reach with certainty since pre — edge and XANES lineshapes
depend on the oxidation state of the absorber, its local point symmetry and the elemental composition of
its first coordination shells. Thus, it is not possible to rigorously compare spectra of V oxide reference
compounds and of samples in which an isolated V is surrounded by a TiO2 matrix. The coincidence of
the energy position of the pre — edge peak of the samples with that of V205 suggests an oxidation state
close to 5+. However its intensity, intermediate between those of V>Os and VO, pre-edge peaks, is also
compatible with the presence of V#* ions. A mixed oxidation state may arise from V occupying both
bulk-like and surface-like sites in the NPs. In bulk-like sites, the most stable V oxidation state is 4+,*'
because its associated donor transition level lies deep in the TiO> gap>®. On the other hand, surface V
ions may attain the 5+ oxidation state, most stable under oxygen-rich conditions. In the present case, due
to the small NPs size coupled with the positive energy of formation of the substitutional cationic defect,

significant surface enrichment by V may be expected. In V-doped TiO2 NPs prepared by chemical
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methods, the formation of V> vanadate surface-cluster species for V contents higher than about 5% was
reported®*!. Surface enrichment by V>* ions, which implies a stronger contribution from surface-like
sites to the V K edge spectra, may also account for the differences observed between the V K edge and
the shifted Ti K edge XANES of nanoparticle-assembled films.

Besides contributing to band-gap narrowing, V** ions can trap both electrons and holes, thus
favoring charge separation and enhancing visible-light photo-catalytic activity.*!' In addition, V>* surface
species were reported to scavenge photo-generated electrons from TiO» and to facilitate their transfer to
oxygen molecules on the NPs surface, eventually forming superoxide radicals active in the degradation
of toxic dyes.’

The sharpening of spectral features upon annealing and the blue-shift of V — related ones are also
evident from combined V L3 and O K edge XANES spectra, reported in Fig. 9. The lineshapes of the O

20,21

K edge spectra, in comparison to the literature”~', indicate once more a local structure intermediate

between rutile and anatase for annealed sample 8.
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Figure 9. V L3 and O K edge XANES spectra in as-deposited sample 7 and annealed sample 8.

In order to put the above qualitative observations on a firm ground, ab-initio calculations of the
XANES spectra of V-doped TiO: in rutile and anatase structures were performed, using the approach
described above. Comparisons between simulations and selected experimental spectra are reported in
Fig. 10, following convolution with an arctangent function. Simulated spectra have been shifted a few
eV’s in order to align the first pre — edge peak. Overall, the comparison is very convincing. In both cases,
the pre — edge peak is correctly simulated. The main edge part of the spectrum simulated in the rutile
matrix corresponds quite well to that of sample 5, although the two features at 5487 and 5492 eV merge
into a single one in the simulations; the correspondence of the simulated spectra for the anatase matrix
and sample 2 is fair, especially if we recall that the local structure of the matrix in sample 2 is not ideal
anatase. The ab-initio simulations thus confirm the indications obtained from the qualitative inspection

of the XANES spectra.
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Figure 10. V K edge XANES spectra for samples 2 and 5 and simulations for a substitutional V cation in rutile

and anatase lattices.

CONCLUSIONS

In conclusion, we have reported an in-depth study of the location of V dopants in TiO> NPs with
different anatase / rutile relative abundance prepared by gas-phase condensation. By measuring K and L
edge spectra in the pre-edge, XANES and EXAFS regions and combining analysis of the experimental
spectra with full potential ab-initio simulations of the XANES lineshape, we show that V ions occupy
substitutional cationic sites in the TiO2> matrix, irrespective of whether it is similar to rutile, anatase or
mixed. Therefore, gas-phase condensation is a viable technique to grow nanoparticle-assembled metal-
ion doped TiO> films with an anatase-to-rutile ratio that can be tuned by adjusting the evaporation
parameters. The positive formation energy of the cationic substitutional defect, coupled with the small

NPs size, shall result in a dopant-enriched NPs surface. In fact, the V K pre-edge features are compatible

26



with the presence of both V4" and V°* oxidation states, the former being likely associated with bulk-like

sites inside the NPs, the latter with surface sites.
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