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Abstract

The local chemical environment of the trivalent lanthanide cations in anatase TiO, nanopowders doped with 1 mol% of Pr or Nd,
prepared via a sol-gel technique, has been studied by means of EXAFS at the Pr and Nd-K edge. Titanium dioxide can be considered an
“unusual” host for doping with Ln** jons due to the large mismatch of both charge and ionic radii between the dopant and the host
constituent cations. However, it can be demonstrated that the lanthanide ions enter the anatase structure as substitutional defects with
respect to Ti, but that the amount of disorder around the substitutional defects is very large. For both Pr®* and Nd*" ions, the Ln-O
and Ln-Ti distances have been found to increase by about 0.45 A, with respect to what is found for the Ti—O and Ti-Ti distances in pure
anatase. Valence-bond calculations have been used to validate the Ln—O distances obtained by the EXAFS fitting. Finally, no evidences
for oxygen vacancies clustering around the substitutional defects have been found. Luminescence spectroscopy has shown that the
lanthanide ions do not segregate in oxide or pyrochlore impurities phases.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Crystalline oxide materials doped with trivalent
lanthanide ions, which show narrow bandwidth emission
spectra in the ultraviolet, visible and infrared ranges, have
become very important in the last few years, as they have
very useful applications as phosphors for lighting
devices and cathode ray tubes, X-ray scintillators and
materials which emit light at lower wavelength with respect
to that of the exciting radiation (upconversion phenom-
ena). It is worth noting that the local geometry, in
particular of the first coordination sphere, has a remark-
able importance in determining the spectroscopic proper-
ties of the Ln> " jon incorporated in the host matrix. In
fact [1-4]:

1. The geometry around the ion determines the splitting of
the transitions between multiplets due to the crystal field

*Corresponding author. Fax: +390382987575.
E-mail address: paolo.ghigna@unipv.it (P. Ghigna).

0022-4596/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.j8s¢.2007.09.025

and therefore the fine structure of the bands depends on
the local structure.

2. The intensities of the electric dipole f~f transitions
(which are usually observed) depend on the degree of
distortion of the site accommodating the Ln** ion, as
predicted by the Judd—Ofelt theory [2].

3. The distances between the Ln®" ion and the first
neighbours are related to the degree of covalence of
the chemical bond, which in turn influences the position
of the f~f transition (nephelauxetic effect) [3].

In many host matrices, the Ln®" ions occupy well-
defined substitutional sites, as can be explained from simple
arguments based on the charge and the size of the doping
and the substituted ions. Unambiguous examples of this
behaviour are the well-known YVO,, YPO, and Y,SiOs
luminescent crystals, where the dopant Ln’* ions are
accommodated in the Y*" site [5-7]. On the other hand,
many cases are reported where the Ln®* impurity has no
obvious substitutional site available, namely a site occupied
by an ion with similar charge and size. Notable examples of
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this behaviour are those involving the nonlinear hosts
LiNbO; [8] and Sr,Ba;_,Nb,Og (SBN) [9], which are of
great interest for their ability to generate the second
harmonic of the light emitted from Ln®" ions. It is
worth noting that for these niobate hosts the doping
Ln®”" ions have a different charge with respect to the host
cations (Li*, Sr**, Ba®>" and formally Nb>*) and also a
different ionic radius (the Sr** and Ba®" cations are larger
while the Li* and Nb°" are smaller than the Ln®" ions
[10]). It is clear that in such cases the local structure around
the impurities is not easily predictable from simple
arguments and the simultaneous occupation of multiple
substitutional sites cannot be a priori ruled out; for
instance in SBN, possible occupation of four cationic sites
has been proposed [11]. Also simple oxides like TiO, or
Nb,Os, in which a single cationic site is present, are
characterised by similar problems due to large mismatch of
both charge and ionic radii between the doping Ln*" ions
and the host constituent cations. However, recent investi-
gations by our research group have demonstrated the
feasibility of the synthesis of both Ln doped TiO, [12] and
Nb,Os [13] using solution methods. We can refer to Ln
doping in host such as LiNbO;3;, SBN, TiO, and Nb,Os as
“unusual Ln substitution”. Investigating the local structure
of the site or sites occupied by the dopant ions is indeed
of great relevance for characterising the luminescence
properties of these materials. The interest towards nano-
crystalline TiO, in the anatase form doped with lanthanide
ions is also due to the fact that this class of materials finds
important applications in the field of photocatalytic
degradation of numerous organic molecules [12,14,15].
Moreover, titanium dioxide is considered a non-toxic
compound and for this reason it is interesting to investigate
the possibility of developing nanocrystalline luminescent
TiO, activated with lanthanide ions for use in the field of
optical imaging for biomedical purposes [16]. Aim of
this work is therefore to investigate the local chemical
environment of Pr** and Nd*>* substitutional defects
in one of such “unusual Ln substituted” oxides, namely
TiO,, by means of a local probe such as EXAFS (extended
X-ray absorption fine structure), performed at the
Ln-K edges. In addition, the luminescence spectra of
Nd** doped TiO, compared with neodymium oxide and
neodymium titanate samples allowed to exclude the
possibility of phase segregation of the dopant in the
anatase sample, thus adding further reliability to the
EXAFS data analysis.

2. Experimental details
2.1. Samples preparation

The synthesis of nanocrystalline anatase TiO, doped
with 1 mol% of trivalent lanthanide ions with respect to Ti
has already been described elsewhere [12]. The starting
reagents were titanium(IV) butoxide (Aldrich, 97%),
Ln(NO);-5H,0, Ln = Nd, Pr (Aldrich, 99.9%), absolute

ethanol and HCl (37%). Briefly, 30.0ml of ethanol,
0.8ml of HCI, 6.0ml of titanium(IV) butoxide and an
appropriate amount of the lanthanide nitrate were mixed
and stirred for 4h. The solvent was evaporated at 333K
until the xerogel was formed. The obtained xerogel was
heat treated at 773 K for 5h. The molar ratio between the
titanium and the lanthanide ion was 99:1. Moreover, from
the broadening of the diffraction peaks and the electron
microscopy images, the average size of the nanoparticles is
estimated to be about 10-12nm [12]. An Nd,Ti,O; bulk
sample was prepared by solid-state reaction, firing at
1400 °C for 48 h a stoichiometric mixture of TiO, (Aldrich
99.9%) and Nd,O3 (Aldrich, +99%) previously mixed by
stirring overnight an acetone suspension and pressed to
pellets. The Nd,Ti,O; sample was checked for phase
purity using X-ray powder diffraction (XRPD). The
diffraction patterns were collected using a Brucker D8
diffractometer, equipped with a Cu anticathode, an
incident slit of 0.5°, an antiscatter slit of 0.5°, a detector
slit of 1mm, and a graphite monochromator in the
diffracted beam. Emission spectrum and decay curve for
neodymium oxide were performed on a commercial Nd,O3
sample (Aldrich, 99.9%).

2.2. EXAFS

The EXAFS spectra were collected at the Nd and Pr-K
edges at the BM-29 beamline of ESRF. The data collection
was made at room temperature in the transmission mode
using a Si(311) monochromator. The use of the transmis-
sion mode has been made possible due to the high energy of
the Ln—K edges: measurements at the Ln—Ly;; edges would
have implied the use of fluorescence detection, and thus the
interference with the TiKo and TiKf lines. For the
measurement, a proper amount of sample (ca. 0.3g)
intended to give the maximum contrast at the Ln-K edge
was thoroughly mixed with cellulose in an agate mortar
and pressed to pellet. The data analysis was carried out
taking advantage of the EXBACK and EXCURV98
programs [17].

2.3. Luminescence

The emission spectra of the Nd** doped TiO, nano-
crystalline sample, and Nd,O3 powders (Aldrich, 99.9%)
were measured upon excitation with the third harmonic (at
355nm) of the fundamental radiation of a pulsed Nd-YAG
laser. The emission radiation was dispersed with a half-
meter monochromator equipped with a 150lines/mm
grating. An air-cooled CCD device was employed to
measure the emission spectra. The emission decay curves
were measured using as the excitation source the third
harmonic (at 355nm) of the fundamental radiation of a
pulsed Nd-YAG laser, a GaAs photomultiplier and a
digital oscilloscope. All the luminescence measurements
were collected at room temperature.
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3. Results and discussion

Powder X-ray diffraction shows that the nanocrystalline
TiO, samples doped with Pr** and Nd** are single-phase
materials having the anatase structure. The variation of the
lattice parameters and volume with respect to undoped
TiO, anatase has not been investigated in detail for the
present samples; however, in the case of nanocrystalline
TiO>:Eu® ™ (1 mol%), obtained with the same procedure, a
Rietveld analysis showed that the unit cell is characterised
by a very small increase in volume (of the order of 0.15%)
compared to the undoped material. Preliminary measure-
ments of diffuse reflectance absorption spectra measured in
the UV-VIS region only evidenced f~f transitions attrib-
uted to the trivalent dopants. No strong bands indicative of
the presence of Ln*" ions were observed.

Figs. 1 and 2 show the Pr-K edge and the Nd-K edge
XAFS spectra of the samples investigated in this work. The
statistical noise in the y(k) was estimated by fitting a
straight line on the high energy tail of the absorption
spectra, where the EXAFS oscillations are undetectable:
for example, for the Pr-K edge spectrum, this has been
done at ca. 42,800e¢V, which roughly corresponds to
k=14A~". The noise is, therefore, estimated from the
standard deviation of the residual signal which is of the
order of 10™* after normalisation for the edge jump.
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Fig. 1. Pr-K edge XAFS for the Pr** doped anatase nanocrystalline TiO,
sample.
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Fig. 2. Nd-K edge XAFS for the Nd** doped anatase nanocrystalline
TiO, sample.
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Similar results have been obtained for the Nd-K edge
spectrum. It is well apparent that the EXAFS oscillations
in both spectra are small and rapidly vanishing with
increasing energy. This is a clear indication that doping
with Ln*" induces a great amount of disorder around the
impurity in the anatase structure. Figs. 3 and 4 show the
EXAFS signals for the spectra in Figs. 1 and 2,
respectively, together with their Fourier transforms (FT).
The two spectra look impressively similar, the main
difference between the two being the lower resolution in
the FT of that at the Nd-K edge (Fig. 4), due to the
reduced k range available at this edge. In both spectra, the
first peak in the EXAFS FT, i.e. at distances around 2A
can be attributed to oxygen atoms (nearest neighbours,
NN). The weaker peak found close to 3 A corresponds to
the next nearest neighbours (NNN), i.e. to Ti ions. The best
fits, according to the structural models reported in Tables 1
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Fig. 3. Upper panel: extracted EXAFS signal from the spectrum of Fig. 1.
Lower panel: the corresponding Fourier transform (full lines in both
panels). The dashed lines correspond to the fit according to the structural
model described in the text.
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Fig. 4. Upper panel: extracted EXAFS signal from the spectrum of Fig. 2.
Lower panel: the corresponding Fourier transform (full lines in both
panels). The dashed lines correspond to the fit according to the structural
model described in the text.

Table 1

EXAFS fitting parameters for the spectrum of Fig. 3 (Pr’" doped TiO,)
Shell Atom r(A) o> (A?) ro (A)
1 (six neighbours) (0] 2.400(5) 0.0107(3) 1.947
2 (four neighbours) Ti 3.38(1) 0.023(2) 3.04

r: Distances; ¢°: distance variances (Debye—Waller factors); for compar-
ison, the distances Ti-neighbours in anatase, calculated from the pertinent
lattice constants are reported as ry; in the case of the Ti~O distance, the
reported value is a average of the four “equatorial” distances (1.933 A)
and the two “axial” distances (1.976 A).

and 2, for the Pr—K edge spectrum and the Nd-K edge
spectrum, respectively, are shown in Figs. 3 and 4 as dotted
lines. According to the data reported in Tables 1 and 2, the
local chemical environments of Pr’* and Nd** in the
anatase host look impressively similar. In addition, it is

Table 2
EXAFS fitting parameters for the spectrum of Fig. 4 (Nd>" doped TiO,)

Shell Atom r (A) o (A?) ro (A)
1 (six neighbours) o) 2.394(9) 0.0113(6) 1.947
2 (four neighbours) Ti 3.34(2) 0.023(2) 3.04

r: Distances; ¢% distance variances (Debye-Waller factors); for compar-
ison, the distances Ti-neighbours in anatase, calculated from the pertinent
lattice constants are reported as ry; in the case of the Ti-O distance, the
reported value is a average of the four “equatorial” distances (1.933 A)
and the two “‘axial” distances (1.976 A).

clear that by comparing the Ln’"-neighbours distances
with the crystallographic values for the corresponding Ti-
neighbours distances, the Ln*" doping induces a massive
local change of the anatase structure: this is in nice
agreement with the presence of a great amount of disorder
which is at a glance deduced from the spectra (as
anticipated above) and confirmed by large values of the
o’ parameters. It should be noticed that the models used
for the EXAFS fitting implicitly assumed that the Ln®*
ions enter into the anatase structure as substitutional
defects on the Ti position. An independent confirmation of
this assumption can be obtained by bond-valence calcula-
tions [18]. Using the Ln®"—O distances reported in Tables 1
and 2, and 6 as the coordination number, the calculated
charges on Pr and Nd are 2.96 and 2.75, respectively, that
are both in good agreement with the formal (III) oxidation
state of both cations. Thereof, by the EXAFS analysis, we
obtained no evidence of clustering of possible oxygen
vacancies that can be formed for charge compensating the
Ln; defects around them. As a final comment on the fitting
procedure reported in this work, we could point out that
we used the simplest model that is able to give a reasonable
account for all of the spectral features which are found in
the EXAFS, without introducing unnecessary correlations
between the fitting parameters. We are well aware (for
example) of the fact that the implicit assumption of a
Gaussian distribution function around the dopants is
probably not correct due to the large amount of disorder,
but in any case, trying to fit the spectra with other
distribution functions introduces heavy correlations be-
tween, for example, the skewness and the distance and the
kurtosis and . Therefore, these fits are not trustable: the
reason for this is probably that the k range available is
quite limited.

It can be interesting to compare the results of the present
work with those of recent investigations on lanthanide
doped TiO, samples [19,20]. A XAS investigation on Er
doped TiO, films [19] revealed that probably a clustering of
Er occurs in these films. However, in our case, trying to
replace part or the Ti atoms in the second coordination
shell with some Pr or Nd did not improve significantly the
quality of the fits, and therefore we are more prone to
conclude that no clustering of the substitutional defects
occur in our samples. This disagreement could be explained
by the much higher (15%, cation ratio) doping levels used
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in Ref. [19], if compared to those of the present work (1%,
cation ratio). Our results seem to be more directly
comparable with those of Ref. [20], in which the local
chemical environment of Nd doped TiO, nanoparticles
synthesised by chemical vapour deposition has been
studied by means of Nd-L; edge XAFS. In that work it
has been found that for doping levels around 1-1.5%
(cation ratio) Nd enters the TiO» anatase structure, but the
local structure around the dopants is more similar to that
of rutile than that of anatase [20]. It should be noticed,
however, that in Ref. [20], the Nd—O and Nd-Ti distances
are found to increase by 0.5-0.8 A, that is, a much larger
value than that observed for the present materials (see
Tables 1 and 2). It is therefore possible that different
preparation methods are able to stabilise different local
structures around the lanthanide ions in Ln doped TiO5. In
order to check the possible presence of segregated
lanthanide oxide or lanthanum titanate phases (in parti-
cular a pyrochlore Ln,Ti,O; phase), we investigated the
luminescence spectroscopy of the Nd** doped TiO,
nanocrystalline sample and compared it with the spectro-
scopy of Nd,Ti,O (prepared by the solid-state technique,
see Section 2) and a commercial Nd>O3 samples. The room
temperature emission spectra of these three samples,
measured upon excitation at 355nm, are shown in Fig. 5.
The emission bands around 900nm are attributed to
transitions between the Stark components of the 4F3/2
and 4115/2 levels of the Nd** ions [21]. From Fig. 5, it can
be noted that the emission spectra for the Nd*" doped
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Fig. 5. Room temperature emission spectra of the Nd** doped TiO,
nanocrystalline sample (a), the Nd,Ti,O; sample (b) and a commercial
Nd,O3 sample (¢) (lexe = 355nm).

TiO, nanocrystalline sample, the Nd,Ti,O; and Nd,O;
samples are very different, both in the peak positions and
the relative intensity of the bands. Room temperature
emission decay curves of the Nd** doped TiO, nanocrys-
talline sample, the Nd,Ti,0; and Nd,O;3 samples obtained
upon excitation at 355nm are shown in Fig. 6. All the
emission curves have a clear non-exponential behaviour.
This is expected in the case of the Nd,Ti,O; and Nd,O3
samples, due to the presence of significant cross-relaxation
and energy transfer processes between the Nd* ™ ions. The
non-exponential behaviour for the TiO, nanocrystalline
sample suggests the presence of a significant disorder of the
local environment of the lanthanide ions as found in many
cases for Ln® " doped glasses [22]. From the emission decay
curves, we calculated the effective emission decay times, e
using the equation [23]:

_ JU(nde
Teff = Ws

where I(r) represents the luminescence intensity at time ¢
corrected for the background and the integrals are
evaluated in a range 0<?<tp.x Where fax > Terr. The Tegr
values are 91, 9 and 13 ps for the Nd*>* doped TiO», the
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Fig. 6. Room temperature emission decay of a Nd** doped TiO,
nanocrystalline sample (a), the Nd,Ti,O; sample (b) and a commercial
Nd,O3 sample (¢) (lexe = 355nm, Aoy, = 905 nm).
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Nd>Ti,O; and the Nd,O3 samples, respectively. We point
out that the effective decay time value for the Nd*>* doped
TiO, nanocrystalline sample is about nine times longer
than the one for the commercial neodymium oxide.
Therefore, these emission results clearly indicate that
segregation of the Nd,O; is not present in the Nd**
doped TiO, nanocrystalline sample. This is consistent with
the EXAFS results, as they clearly show the presence of Ti
atoms in the second coordination shell of the Nd** and
Pr’" lanthanide ions (see Figs. 3 and 4). This behaviour is
similar to that found for an Er’" doped anatase TiO,
nanocrystalline sample prepared by a hydrothermal synth-
esis, reported by Jeon and Braun [24]. In fact, for this latter
case, the authors evidenced that the Er’" ions were not
present as segregated erbium oxide Er,Os. Since the Pr’™
and Nd®>* ions have a very similar ionic radius and
chemistry behaviour, and they show similar EXAFS results
(see Tables 1 and 2), it is plausible that also the Pr’* ions
are not present as segregated praseodymium oxide. More-
over, a comparison between the emission spectra, emission
decay curves and effective lifetimes of the Nd** doped
TiO, and the Nd,Ti,O; samples clearly indicate that the
pyrochlore phase is not present in the nanocrystalline
sample.

4. Conclusions

The local chemical environment of the trivalent lantha-
nide cations in anatase TiO, nanopowders doped with
I mol% of Pr or Nd with respect to Ti, prepared via the
sol—gel technique, has been studied by means of EXAFS at
the Pr and Nd-K edge. It can be demonstrated that the
Ln®" cations enter the anatase structure as substitutional
defects with respect to Ti. However, due to the large
difference in ionic radii between Ti*" (0.605 A, in six-fold
coordination [10]) and the Ln®" cations (0.99 and 0.983 A,
for Pr and Nd, respectively, in six-fold coordination [10]),
the amount of disorder around the substitutional defects is
very large. The EXAFS spectra could be fitted by a two-
shell model made up by six oxygens (NN) and four Ti
(NNN). For both the dopants, the Ln-NN and Ln-NNN
distances have been found to increase of ca. 0.45A, if
compared to their counterparts in the pure TiO, anatase
structure. No evidences for oxygen vacancies clustering
around the substitutional defects have been found. The
values obtained for the Ln—NN distances have been
validated by means of bond-valence calculations. We point
out that the present results are in good agreement with the
luminescence data [12], which show that in the sol-gel
prepared nanocrystalline TiO, the local structure at the
Ln’" cations is affected by strong disorder that broadens
the emission features. The comparison of the luminescence

spectra and decay curves of the Nd** doped TiO,
nanocrystalline sample, of neodymium oxide and neody-
mium titanate samples indicates that segregation of
Nd,Ti,O; or Nd,O3 phases in the anatase TiO, sample is
not present, confirming the EXAFS data analysis.
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