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In this study, europium doped titania nanophosphors are synthetized and characterize in order to understand the
relationship between structural changes induced by heat treatments and luminescence properties. After heat
treatments, phase changes are observed between 600 °C and 700 °C and characterized using X-ray diffraction
and Raman spectroscopy. These phase changes include the anatase — rutile transition and the apparition of
secondary phases such as europium oxide and pyrochlore phase (EusTi2O7). Along with the phase changes and
crystallite size evolution, the luminescence intensity of the *Do— ’Fj transition and the lifetime decay are
measured after green laser excitation (532 nm). The europium concentration is a key parameter to obtain a
monotone and bijective relationship between the temperature and the luminescence behavior.

1. Introduction

Luminescent materials, and in particular, materials doped with rare
earth ions have gained significant interest in the field of nanoparticles
based materials [ [1-3]], with the main luminescent doped materials
being used in photonics devices such as: lasers [ [4]], biomedical [ [5]]
electrochemical cells [ [6]] or even displays [ [7,8]]. Amongst them,
titanium dioxide (TiO3) doped lanthanides systems and the anatase
phase have been widely studied because of their higher photocatalytic
activity [ [9]].

TiO, has three main polymorphs [ [10]]: anatase, rutile and
brookite. Only two of them (anatase and rutile) can be obtained via
synthesis routes at atmospheric pressure and in the temperature range
between 0 and 1200 °C. The tetragonal rutile (P4,/mnm) phase is
thermodynamically more stable than the anatase one (I4;/amd)
excepted for crystallites size below 14 nm [11], and thus, the anatase
phase is favored at low temperature even by considering the thermo-
dynamically stability of rutile phase. In any event, the irreversible
anatase-rutile transformation (ART), depends significantly on the syn-
thesis parameters (final properties of the material formed) and not only

* Corresponding author. 31062, Toulouse, France.

the Gibbs free energy of each phase. A typical way to achieve the sta-
bility of anatase phase over a larger range of temperature is to incor-
porate rare earths elements [ [12]], which can shift the anatase - rutile
transformation to higher temperatures.

Hishita and al [ [13]]. studied the doping effect of rare earth ele-
ments on the ART. Each sample was obtained by dissolving rare earth
oxides and anatase (commercial powder) with nitric acid and subse-
quently, heated at 500 °C during 5 h in air. Results indicate the benefit of
rare earth elements to slow down the ART until 950 °C by modifying the
kinetic of transformation. As example, the activation energy for pure
anatase is estimated at 124 4+ 3 kcal/mol vs 138 £ 4 kcal/mol for TiO,
doped at 1 at. % of dysprosium. On another side, Setiawati and al [
[12]]. focused their works on the temperature of ART for sampled of
TiO5 doped samarium and europium. A shift of 100 °C for the ART is
observed with the introduction of 0.1 at. % of europium or samarium
compared to pure TiO,. However, none of these studies seems to
investigate higher doping concentrations, as well as the better doping
concentration for a typical doping element.

The introduction of some rare earth elements such as lanthanide ions
as Eu®' develops TiO, photoluminescence properties in the visible

E-mail addresses: nicolas.alonso2@safrangroup.com (N. Alonso), etienne.copin@mines-albi.fr (E. Copin), florence.ansart@univ-tlse3.fr (F. Ansart), yannick.
lemaoult@mines-albi.fr (Y. Le Maoult), thierry.sentenac@mines-albi.fr (T. Sentenac), philippe.brevet@safrangroup.com (P. Brevet), sandrine.duluard@univ-tlse3.

fr (S. Duluard).

https://doi.org/10.1016/j.0oceram.2023.100362

Received 21 February 2023; Received in revised form 17 April 2023; Accepted 26 April 2023

Available online 4 May 2023

2666-5395/© 2023 The Authors. Published by Elsevier Ltd on behalf of European Ceramic Society. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).


mailto:nicolas.alonso2@safrangroup.com
mailto:etienne.copin@mines-albi.fr
mailto:florence.ansart@univ-tlse3.fr
mailto:yannick.lemaoult@mines-albi.fr
mailto:yannick.lemaoult@mines-albi.fr
mailto:thierry.sentenac@mines-albi.fr
mailto:philippe.brevet@safrangroup.com
mailto:sandrine.duluard@univ-tlse3.fr
mailto:sandrine.duluard@univ-tlse3.fr
www.sciencedirect.com/science/journal/26665395
https://www.sciencedirect.com/journal/open-ceramics
https://doi.org/10.1016/j.oceram.2023.100362
https://doi.org/10.1016/j.oceram.2023.100362
https://doi.org/10.1016/j.oceram.2023.100362
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oceram.2023.100362&domain=pdf
http://creativecommons.org/licenses/by/4.0/

N. Alonso et al.

range. The photoluminescence emission of trivalent lanthanide ions is
characterized by fixed emission lines that are almost independent of the
host matrix. Nevertheless, the emission intensity may vary with the host
and relates the local crystallographic environment of lanthanides ions
leading to the understanding of the structural environment of titanium
dioxide associated with the different emission intensity of lanthanide
transitions and thus, act as a probe. Antic and al [ [14]]. used the
luminescence analysis to understand behavior of europium and
samarium ions in the crystal lattice of TiOs. Also, associated to the
luminescence analyses, X-ray diffraction is commonly used to investi-
gate the structural state of titanium dioxide [ [15-17]]. Nevertheless,
quantitative and qualitative Raman spectroscopy is not used with
luminescence and X-ray diffraction, to achieve a better understanding of
the stability of titanium dioxide related to the behavior of europium
ions.

This paper aims to provide a better understanding of the influence of
Eu®" concentration (contents of 1, 3, 5 or 10 at. %) on the thermal
stability of titanium dioxide and the luminescence behavior of Eu®*-
doped TiO; synthesized by a sol-gel route after short duration heat
treatments in the range 600°C-750 °C. X-ray diffraction is firstly used to
establish the main phases available and to estimate the crystallite sizes
(Williamson and Hall method). Beside X-ray diffraction, structural an-
alyses are made with Raman spectroscopy to push the investigation of
different phases further. As said before, the local environment of rare
earth ions leads to a modification of luminescence spectra, which re-
quires a more sensitive structural technique than XRD.

Different samples with various europium concentrations are syn-
thesized by sol-gel route, heat treated at a low temperature to eliminate
the organic compounds and heat treated at 600-700 and 750 °C. Phases
are analyzed with XRD and Raman spectroscopy before being compared
to luminescence properties (intensity and lifetime) to correlate struc-
tural and luminescence properties.

This paper is organized as follows. In section 2, synthesis and
experimental setup used for our work is presented. In section 3 the
experimental results are given, followed up by a discussion about the
relationship between structural modifications and luminescence prop-
erties (intensity and lifetime).

2. Experimental procedures
2.1. Precursors/materials

Titanium (IV) isopropoxide (Sigma-Aldrich, Ti[OCH(CHz3)s3]4,
>97%), europium (III) nitrate pentahydrate (Sigma-Aldrich, Eu(NO3)s -
5H20, 99,9% trace metals basis, isopropanol (Sigma-Aldrich,
(CH3)2,CHOH, ACS reagent >99,5%), acetic acid (Aldrich, CH3COH,
glacial ACS reagent >99,7%) and acetylacetone (Sigma-Aldrich,
CH3COCH,COCHg3, ReagentPlus >99%) were used as starting materials.

2.2. TiOz: Eu®" nanoparticles synthesis

Nanoparticles of Eu3+—doped TiO, at various Eu®" concentrations (1,
3, 5 and 10 at %) were prepared according to a sol-gel route adapted
from Palomino-Merino and al. [ [18]]. A quantity of 0.098 mol of tita-
nium isopropoxide was mixed with 2.2 mol of acetic acid, 2.2 mol of
isopropanol, 0.02 mol of acetylacetone and a stoichiometric amount of
europium nitrate. The introduction of the different reagents into the
mixture is presented in the flow chart in Fig. 1. The molar ratio of
[H201/[Ti[OCH(CH3)2]4] was kept equal to 1 to control the hydrolysis
of titanium (IV) isopropoxide. After 15 min, the resulting TiO2:Eu>" sols
were dried at 60 °C for 3 days to obtain bright titanium dioxide xerogels.

Finally, xerogels were grinded manually and the resulting powders
were heat treated in order to get TiOy:Eu®" nanoparticles free from
organic compounds (quantity of organic compounds <3 wt %). In order
to confirm the quantity of europium in each sample, energy dispersive X-
ray (EDX) was performed before the final heat treatment and results are
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Fig. 1. Process flow chart for the preparation of TiO,: Eu®" synthetized by a
sol-gel method.

given in Table 1.

An additional heat treatment (duration <20 min) at a temperature of
600, 700 or 750 °C was applied to investigate structural changes induced
by heat treatments, as well as their impact on the luminescence
emissions.

2.3. Characterizations

The crystalline structure and crystallite size (Williamson and Hall’s
equation) were analyzed by X-ray diffraction at room temperature using
a RX D4 -BRUKER - AXS powder X-ray diffractometer (XRD) with Cu Ka
radiation (A = 1.5418 f\), over the range from 10 to 100° at a speed of
0.015°/min at. The phases were identified by comparison with diffrac-
tion patterns from the reference card of the JCPDS powder diffraction
file.

To complete the phase analysis, Raman spectra were obtained using
a confocal microscope RAMAN Labram HR 800 Yvon Jobin with an
excitation wavelength of 633 nm. All spectra were collected in the range
of 150-1100 cm ™! with a resolution of 1328 cm ™" at room temperature
and obtained with an integration time of 60s. Raman spectroscopy was
chosen because of its higher sensitivity than XRD to the presence of
small amounts of the different phases such as rutile (TiO2), anatase
(TiO2) and pyrochlore (EusTizO7). Also, Raman spectroscopy was

Table 1
EDX analysis of europium doped samples (1, 3, 5 and 10 at. %) heat treated.
Sample Elements
at. % wt. %
Ti Eu Ti Eu
TiO,: Eu®* (1 at. %) 98.9 1.1 96.59 3.41
TiO,: Eu®* (3 at. %) 97.06 2.94 91.23 8.77
TiOs: Eu®* (5 at. %) 94.85 5.15 14.68 85.32
TiOy: Eu®* (10 at. %) 89.95 10.05 73.9 26.1
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chosen for the quantification of the anatase phase (TiO3) [ [19]], the
main phase of TiO, typically obtained after synthesis at low temperature
(<550-1000 °C). A well-known sample of crystallized anatase (assumed
100% anatase) was analyzed by Raman spectroscopy in the same con-
ditions as the other samples, and the band area and band height corre-
sponding to anatase lines were measured. Those values were then
compared with the values obtained with the samples studied to quantify
the amount of anatase phase in samples.

The luminescence emission characterization (emission spectra mea-
surements and lifetime decays) was carried out using the excitation of a
frequency-doubled, continuous wave diode-pumped Nd:YAG laser,
irradiating at 532 nm (CNI Laser). For lifetime analysis, an acousto-optic
modulator (1250C-974(M), Isomet) combined with a diaphragm was
used to pulse the laser (laser pulses were about 20 ps). Emission intensity
spectra in the 400-700 nm range were collected with a USB 2000 +
spectrometer (Ocean Optics, spectral resolution of 0.15 nm) equipped
with an optical fiber which collecting lens was located 20 cm above the
sample surface. A high pass filter with a cut-off wavelength of 535 nm
was used to filter out laser emissions. For decay time measurement, the
fluorescence decay of the emission line at 610 nm was measured using a
photomultiplier module (H11901-20, Hamamatsu) equipped an optical
fiber. The optical fiber is associated with a lens, located 20 cm above the
sample surface and a narrow band filter is used to be centered on the
610 nm emission of Eu®* (610 nm, FWHM: 10 nm). In addition to the
high pass filter with a cut-off wavelength of 535 nm, a notch filter at 532
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nm was used to filter out laser emissions. All measurements were carried
out at room temperature.

3. Results
3.1. Structural analysis

TiO2:Eu®" nanopowders structural properties were analyzed by X-
ray diffraction and Raman spectroscopy, Fig. 2 (a)-(d) illustrate the XRD
patterns of synthesized TiOo:Eu>* at doping concentrations of 1 at. %, 3
at. %, 5 at. % and 10 at. % and without europium, Fig. 2 (e). After heat
treatment at 600 °C, all samples only exhibit diffraction peaks corre-
sponding to the metastable phase anatase (JCPDS 021-1272). However,
the crystallization state appears to be much less advanced for 5 at. % and
10 at. % samples which exhibit large and weak diffraction peaks (Fig. 2
(c) and (d) respectively) as compared to the more intense and better-
defined diffraction peaks in 1 at. %, 3 at. % and un-doped samples
diffraction patterns (Fig. 2 (a), (b) and (e) respectively).

After a treatment at 700 °C, no significant changes are observed in
the europium doped TiO» patterns other than a slight intensity increase
of diffraction lines for the poorly crystallized samples at 5 at. % and 10
at. % dopant concentration compared to the un-doped titania which
already exhibits the rutile phase (JCPDS 021-1276). After a treatment at
750 °C, samples at 1 at. % and 5 at. % exhibit diffraction lines charac-
teristic of the rutile phase (much more pronounced at 1 at. %) in

H
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dh=] J
7;3\ - 5 " " Cl
= |5l e s a7 50 <C 2 A 750°C
£} | | = | \ L1 "
g N i‘, A o O ey X oy é _\/ o ‘H“'IL_;" A Mo
£ g ]| ‘ ‘
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o P 5 R M — M M
I b ‘ R |
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= e e N A A
(a) 20 4'0 6‘0 B’O 100 20 4‘0 6'0 5‘0 100 (b)
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Fig. 2. XRD patterns of TiOZ:Eu3Jr samples doped at 1 at. % (a), 3 at. % (b), 5 at. % (c), 10 at. % (d) and un-doped TiO, (e) heat treated at different temperatures.
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addition to anatase (Fig. 2 (a) and (c) respectively), while only anatase
peaks remain present for 3 at. % and 10 at. %. It should also be noted
that, the advancement of the crystallization of the anatase phase remains
lower for high dopant concentration (5 at. % and 10 at. %) than un-
doped TiO5 or TiO, doped at (1 at. % and 3 at. %) samples.

The evolution of anatase crystallite size with heat treatment tem-
perature, determined from the diffraction patterns, is given in Fig. 3 for
all samples. Anatase crystallite size increases with heat treatment tem-
perature for all dopant contents, but decreases with Eu®* concentration
at any given temperature studied: from 600 °C to 750 °C, the anatase
crystallite size increases from 33 nm to 66 nm for titania sample
(+100%), from 24 nm to 35 nm at 1 at. % (+46%), from 21 nm to 24 nm
at 3 at. % (+13%), from 9 nm to 14 nm at 5 at. % (+56%), and from 6 to
11 nm at 10 at. % (+83%). The trend is thus similar for all concentra-
tions with the exception of the 3 at. % doped sample for which the rate of
crystallite size increase with temperature appears to be lower than for
the rest of the samples (+13%). It is noteworthy that, in all cases,
europium doped titanium dioxide samples have a lower increase of the
crystallites size than the pure titania sample.

To sum it up, the material exhibits the anatase (JCPDS 021-1272)
crystalline structure of TiO; for each sample with a major difference in
the crystallization state which is less advanced at (c) 5 and (d) 10 at. % of
Eu3t compared to (a) 1, (b) 3 at. % and un-doped titania (e). Additional
structural analyses (Raman spectroscopy) were performed to confirm
these results and are presented later in this paper.

Raman spectra of TiOg:Eu®" powders treated in the 600-750 °C
range are displayed in Fig. 4. The characteristic phonon bands with six
active modes associated to anatase according to factor group theory are
found and confirm the presence of anatase phase in all the studied
samples for temperatures between 600 and 750 °C (the three bands at
144, 197 and 640 em ™! assigned to the Eg mode, the band at 399 em™!
B1g mode and the band at 516 cm ™! which is assumed to be the sum of
the two A4 and Bjg modes bands expected at 514 and 519 cm! [ [201D).
Raman active fundamentals band of the ordered rutile structure at 143,
447, 612 and 826 em ! corresponding to Big, Eg Ajg and Bog are
researched but none of them seem to be present in the samples, exepted
for the un-doped titania between 600 and 700 °C (Fig. 4 (e)) or at 5 at. %
between 700 and 750 °C (Fig. 4 (c)). The 143 cm~! band of rutile being
coincident with the 144 cm™! of anatase, it is indeed not possible to
conclude on the presence of ordered rutile in the absence of the other
bands but, further analysis (not shown here) has been made with higher
integration time to investigate the presence of rutile phase and it was not
detected.

Nevertheless, an unexpected band at about 235 cm™! is found for

70
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€ 504 .
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(0]
N
n 404
7]
2 * "
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. v . " .
500 600 700 800

Temperature (°C)

Fig. 3. Evolution of TiO, anatase crystallites size with heat treatment for
different doping concentrations.
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samples doped at 1 at. %, 5 at. % and 10 at. % (Fig. 4 (a), (c) and (d)),
which could correspond to a disordered rutile lattice. Hara and Nicol [
[21]] proposed that this band is induced by the disordered rutile lattice
and should decrease with increasing ordering in the rutile lattice. The
presence of disordered rutile is observed from 600 °C in the 10 at. %
sample, and from 700 °C in the 1 at. % and 5 at. % samples. Both ordered
and disordered rutile seem to coexist in the 5 at. % sample at 700 °C and
750 °C. None of the rutile phases is detected in the 3 at. %-doped sample,
even with a higher integration time (t < 120s).

Those results differ from the XRD analysis because of the greater
sensitivy of Raman spectroscopy. The rutile diffraction peaks were
observed only after treatment at 750 °C for samples doped at 1 at. % and
5 at. %, suggesting that the volume fractions of rutile involved are small.
Hence, rutile phase (disordered) is detected at lower temperatures
(600 °C for 10 at. % and 700 °C for 1 and 5 at. % europium doped ti-
tanium dioxide) than by XRD. In addition, only the un-doped sample,
which is by far the less complex compound analyzed, shows strong
similitude between XRD (Fig. 2 (e)) and Raman (Fig. 4 (e)) analysis.

In addition to anatase and rutile phases, Raman spectra of some
samples exhibit two other bands centered at 320 and 350 cm ™. The first
additional band corresponds to the presence of pyrochlore EuyTiO;
phase [ [22]], it is found at 750 °C in 1 at. %-doped sample (Fig. 4-a),
and at a lower temperature of 700 °C and 600 °C respectively for the 5
at. %-doped and 10 at. %-doped samples (Fig. 4-c and Fig. 4-d). The
intensity of this band increases with increasing heat treatment temper-
ature for a given Eu®t concentration, or when increasing europium
concentration at a given firing temperature. One exception is the 3 at.
%-doped sample for which no pyrochlore phase is detected.

The second additional band at 350 cm ™ indicates the presence of
europium in its oxide form (EuyO3) [ [23]]. It is found that samples heat
treated from 600 °C to 750 °C for 1 and 10 at. % and only at 600 °C for 5
at. %, but none is detected for a concentration of 3 at. % of europium.
The existence of europium oxide could be explained by the utilization of
europium nitrates as precursors, which thermal decomposition product
is europium oxide above 300 °C [ [24]]. Hence, it is assumed that part of
the europium nitrates could be transformed into oxides before being
integrated into the crystal lattice of TiO,.

Fig. 5 shows the evolution of the surface area of Raman spectra bands
corresponding to each phase as a function of temperature for each
dopant concentration, as attempt to make a quantitative estimation of
the phase composition change with concentration. The sample doped at
3 at. % stands out by being the only sample made of a single phase,
anatase, at all investigated temperatures. In the first place, the pure TiO5
sample is composed of anatase phase, which increases gradually until
700 °C and decreases afterward; contrary to ordered rutile (detected at
least at 700 °C), increasing from 700 °C to 750 °C. TiOx:Eu®* doped at 1
at. % at 600 °C initially contains anatase as well as small amounts of
europium oxide and disordered rutile phases (not enough to be detected
by XRD). The amount of the two latter seems to increase after treatment
at 700 °C and 750 °C (rutile diffraction peaks appear in the diffraction
pattern), and at 750 °C some amount of pyrochlore appears, yet too low
to be detected by XRD. The sample doped at 5 at. %, as the one doped at
1 at. %, also contains small amount of Euy03 and disordered rutile at
600 °C, and exhibits also an increase of disordered rutile between 600 °C
and 750 °C and the apparition of pyrochlore phase at 750 °C. The main
difference lays in the apparition of ordered rutile between 700 °C and
750 °C in the XRD. At last, the 10 at. % doped TiO3 exhibits the presence
of the pyrochlore phase at the lowest temperature i.e. 600 °C along with
anatase, europium oxide and disordered rutile. Hence, increasing the
concentration of europium is likely to destabilize anatase lattice by
promoting transformation and apparition of different phases, excepted
for the particular concentration of 3 at. % which seems to be stable until
750 °C at least.

Finally, Fig. 6 shows the evolution of the quantity of anatase, the
major phase within samples, with temperature and Eu®* concentration.
It was evaluated by comparing samples with a well-known commercial
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powder of pure anatase (Sigma Aldrich, 100% anatase). It should be
noted that this method only gives the amount of anatase, the remaining
is assumed being non fully crystallized material (for most part) and/or
the other phases observed (EuyOs, disordered rutile, pyrochlore
Eu,Tiz07). Unsurprisingly given the XRD patterns obtained, the 10 at. %
doped sample contains the lowest quantity of anatase at 600 °C (2.2%),
which does not increase much with treatment temperature (3.2% at
750 °C), while the un-doped sample, contains the highest quantity of
anatase phase on the thermal range studied (69% at 600 °C, 92% at
700 °C and 78% at 750 °C). Interestingly, the doped sample containing
the highest fraction of anatase is the sample doped at 3 at. % (60.6% at
600 °C increasing to 71.6% at 750 °C), not the sample with the lowest
Eu®* content (30.4% at 600 °C, increasing to 45.8% at 750 °C for 1 at.
%). For the sample with 3 at. % of Eu®" as no other phase was detected,
the remaining fraction is assumed to be amorphous material (39.4 at
600 °C vs 28.4% at 750 °C), which fraction decreases with treatment

temperature. At 1 at. %, the content of anatase is significantly lower but
shows a trend to increase with temperature (30.4% at 600 °C and 45.8%
at 750 °C). At 5 at. % Eu®*, the quantity of anatase is as low as in the 10
at. % at 600 °C (4.0% for 5 at. % and 2.2% for 10 at. %), but is greatly
enhanced by treatments at 700 °C and 750 °C to reach levels very closed
to that achieved with 1 at. % doping (31.2% at 700 °C and 42.0% at
750 °C). Surprisingly, the sample with a unique phase (anatase) has the
lowest kinetic increase on the thermal range studied (+20% of the initial
%); in comparison samples doped at 1, 5 and 10 at. % have an increase of
anatase phase by around +50%, +955% and +50% respectively.
Therefore, TiOy: Eu®* 1-10 at. % appears to be a rather complex
system constituted of various potential phases, in contrast to the un-
doped compound, which composition and proportion are very sensi-
tive to Eu®* concentration and to the short heat treatment temperature
in the range 600°C-750 °C, although it seems to exist a domain of sta-
bility for a single anatase phase of TiO, around 3 at. % doping of Eu>".
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Fig. 7 shows the photoluminescence emission spectra of TiOy: Eu®*
powders. Upon the excitation of a 532 nm laser, samples exhibited the
typical emission lines from the 5Dg — 7F; transitions (J = 0, 1, 2, 3 and 4)
of Eu®" ions. The bands ascribed to the f-f transitions are: °Dy — 'Fq
(578 nm), °Dg — "F; (582-603 nm), >Dy — ’F5 (605-634 nm), >Dy — "F3

(649-658 nm) and °Dg — "F4 (682-712 nm) [*°].

Regarding spectra analysis, all samples exhibit the °Dy — “Fy tran-
sition at 578 nm. The occurrence of this transition is the result of the
breaking of the selection rules because 0-0 transition is forbidden by the
Judd-Ofelt rules. Existence of this transition suggests that europium ions
occupy Cy, symmetry confirmed by the presence of the *Dy — ’F,
transition at 610 nm, allowed when europium ions are positioned in sites
without an inversion symmetry, as the Coy site symmetry [ [25]]. Be-
sides, the °Dy — ’F, transition is often used as a structural probe, to
understand the structural position of europium ions. The various mor-
phologies of the Dy — ’F; transition peak for the different samples can
be observed in Fig. 7-a-b-c-d, for various heat treatments. As well, shapes
of the 5D0 — 7F2 hypersensitive transition of 1 and 3 at. % samples ((a)
and (b)) are similar whereas the samples doped at 5 and 10 at. % ((c) and
(d)) have the same peak shape without peak shoulders. This major dif-
ference involves that europium ions are not located in the same lattice
site, and so, the local structure is different between samples doped at 1
and 3 at. % (a and b) versus sampled doped at 5 and 10 at. % (c and d).

First of all, it can be observed on Fig. 8 that emission intensity,
especially pronounced for the °Dy — “F, line at 613 nm, increases with
heat treatment temperature between 600 °C and 750 °C for samples
doped with 1 at. %, 3 at. % and 5 at. % of Eu®", although the level of
increase varies. At 1 at. %, the emission increases brutally from 600 °C to
700 °C (+208%) then, it is rather limited (+4% for the emission peak at
610 nm from 700 °C to 750 °C). At 3 at. %, there is a +120% increase
between 600 °C and 700 °C, followed by a more modest +15% increase
between 700 °C and 750 °C. At 5 at. %, intensity increases by +160%
between 600 °C and 700 °C and by +45% between 700 °C and 750 °C.
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The sample doped at 10 at. % shows an opposite trend, the intensity is
the highest at 600 °C, and presents a decreasing trend (—15%) up to
750 °C.

The evolution of the photoluminescence lifetime of the 5D = ’Fy
transition at 610 nm with heat treatment temperature for all samples is
displayed in Fig. 9.

At the lowest doping concentration (1 at. %), the lifetime has a non-
monotonic evolution (increase from T = 366 ps at 600 °C to T = 406 ps at
700 °C (+10%), then decreases to T = 380 ps at 750 °C (- 4%)). The
sample doped at 3 at. % exhibits only a monotonic increase with heat
treatment temperature, with a measured lifetime of 377 ps at 600 °C and
393 ps at 750 °C (+5%). Finally, for higher concentrations (5 and 10 at.
%), the lifetime decreases between 600 °C and 750 °C from 392 ps to 383
ps (—2.5%) and 405 ps—354 ps (—13%) respectively. Lifetimes found in
this study are comparable to these discussed by Antic and al [ [14]].
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Fig. 9. Photoluminescence lifetime of the sD° — ;F [2] emission at 610 nm as a
function of heat treatments for different europium concentrations in TiO».

which use a similar synthesis method with T = 460-680 ps, as compared
to T = 354-406 ps for our nanophosphors.

3.2. Discussion: effect of crystallization and phase change on the
luminescence mechanism

3.2.1. Anatase phase formation and its thermal stability

Titanium dioxide is found in three main polymorphs, anatase, rutile
and brookite. At atmospheric pressure, the anatase might form first,
followed by an irreversible phase transformation to rutile phase around
600 °C [ [26]]. In wun-doped titanium dioxide, the
anatase-rutile-transformation (ART) begins, as expected, somewhere
between 600 and 700 °C, contrary to doped titanium dioxide in which,
depending on the dopant, the dopant might stabilize one of the two
phases or act as a catalyzer of the ART. In addition, the increase of



N. Alonso et al.

doping concentration may decrease the crystallization kinetic due to
lattice distortion produced by doping ions. Generally speaking, cationic
doping works as a stabilizer if the ionic radius (r > 75 p.m.) or the
valence (x > 4) are higher than those of Ti*t atoms, while it may pro-
mote rutile or other phases if the ionic radius (r < 75 p.m.) or valence are
lower than those of Ti** atoms. Hanaor and Sorell [ [26]] investigated
the effect of cations, and in particular, lanthanide ions. Borlaf and al.
have confirmed the stabilizing effect of europium acting as inhibitor of
the anatase-rutile transformation (ART), europium ions could stabilize
anatase until 955 °C [ [27]] for thin films or above 765 °C [ [15]] for
nanoparticles synthetized by sol-gel route with 3 at. % of europium. In
comparison, 1 and 2 at. % of europium ions leaded to an ART at 910 and
935 °C for thin films and 690 and 635 °C for xerogels respectively,
indicating that an increase of doping concentration stabilizes anatase
phase.

In the present study, at the lowest firing temperature, 600 °C, anatase
is the main phase formed for all samples, and its crystallization seems to
be enhanced for titanium dioxide doped at 1 and 3 at. % (anatase con-
tent >30%, Fig. 6) compared to higher concentrations (anatase content
<5% at 5 at. % and 10 at. %, Fig. 6). It is even the only phase present at
3 at. % of europium at 600 °C (Figs. 2 and 4). As explained by Zhang
et al. [ [28]], increasing concentration of europium leads to a shift of the
onset of crystallization, yielded by europium which diffuses into tita-
nium dioxide lattice forming an interstitial solid solution. After treat-
ment at 700 °C, the crystallization of the sample doped at 5 at. % is
finally activated (quantity of anatase close to the TiOx: Eu®t 1 at. % at
the same temperature) unlike the one doped at 10 at. % for which the
enhancement of the crystallization of anatase remains very low even
after firing at 750 °C. This analysis suggests that a quantity of europium
in the range of 3 at. % favors the crystallization of anatase (anatase
content 60.6% at 3 at. % vs 30.4% at 1 at. % at 600 °C). At higher
concentration ([C] > 5 at. %), the anatase crystallization is impacted
and shifted to higher firing temperature, and the resulting material is
mostly amorphous.

Europium ions have a tendency to inhibit the growth of crystallite by
forming interstitial lattice solid solutions that hinders the migration of
the crystallite boundary, increasing the number of defects and therefore
decreasing the kinetic of crystallite growth. It would apply drag forces
on boundary movement and the grain growth (by restricting direct
contact of grains) or by increasing the number of defects which could
result in lower grain boundary mobility and thus, lower crystallites size
(i.e. lower crystallization kinetics) [ [29]] even at high temperature, as
illustrated in Fig. 3 and determined using the Williamson and Hall
method. In addition, oxygen vacancies, correlated with doping con-
centration (increasing the doping concentration leads to a higher
amount of oxygen vacancies) induced by a charge imbalance
(Eu3+/Ti4+) might affect the crystallites size. Hsu and al. reported [
[30]] that oxygen vacancies induce stresses and defects and thereby
reduce the long range ordering (i.e. reduce crystallites size) [ [31]].

Considering these effects, it is evident that a specific concentration of
europium would reasonably stabilizes the first formed phase (anatase),
yielding to the promotion of this phase regardless the nature and
quantity of the other phases. As described above, oxygen vacancies and
induced stress might reduce the long-range ordering enough to reduce
the kinetic of crystallization of all the phases and hence, being a
contributing factor to the stabilization of the anatase phase. 1 at. % of
europium appears to be not sufficient to support the stability of anatase
phase at high temperature, formation kinetics of phases might be
affected as well as the kinetic of growth of crystallites, but, not enough to
ensure the full stabilization of anatase (europium oxide and disordered
rutile are formed at 600 °C, at least, and pyrochlore between 700 °C and
750 °C).

If considering the inhibition effect of grain growth mentioned above,
at 3 at. % lower crystallite sizes could be expected but also a lower state
of crystallization of anatase phase. However, it is observed experimen-
tally that while the crystallite sizes indeed is reduced (21 nm vs 23.5 nm
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for 3 and 1 at. % of europium respectively), anatase happens to be the
unique phase created, in a higher quantity (60.6% vs 30.4% for 3 and 1
at. % of europium ions). Additionally, the inhibition effect of crystallite
growth when heat-treated seems to be higher at 3 at. % (+13% in the
600-750 °C thermal range) because of the insertion of europium ions in
interstitial sites.Experimentally, exclusively the decrease of the kinetic
of crystallite growth is found and the anatase phase happens to be the
unique phase created, promoting its stability and the quantity of phase
formed. At concentrations of 5 at. % and higher, the stabilizing effect is
not found, and, rutile, europium oxide, and pyrochlore phases are pre-
sent in higher quantity. Hypothetically, the benefic effect of europium
additions (i.e. reducing globally kinetics formation of phases and pro-
moting the anatase phase) would be lost because of the difficulty of
europium ions, available in too high quantity, to go into titanium di-
oxide lattice interstitial sites.

Moreover, europium ions can contribute to shift the ART to higher
temperatures, depending on the concentration. Samples doped at 1, 5
and 10 at. % analyzed by Raman spectroscopy (Fig. 4) already exhibit
disordered rutile after a heat treatment at 600 °C. Many authors who
investigated the ART for nanoparticles synthesized by sol gel method, as
Borlaf and al. [ [15,27]], determined the ART to lay between 635 and
765 °C, respectively, for 1 and 3 at. % of europium. However, those
conclusions were based on XRD analysis, in which the phase detection
limit is known to be about few percent, depending of the preparation
quality. Thanks to a higher sensitivity, Raman spectroscopy permit a
more in-depth phase analysis. Disordered rutile is associated with the
235 cm~ ! band by Nicol [ [21]] and evocated by Balachandran and al. [
[32]]. This band decreases due to increasing order and in fine, increase
of rutile ordered phase. Europium ions, inhibiting the grain growth and
decreasing the grain boundary mobility may leads to facilitating the
formation of disordered rutile by blocking the reconstructive trans-
formation (ART) and hence, distorting titanium dioxide lattice. At an
intermediate concentration around 3 at. % of Eu®* it also appears to
fully inhibit the formation of rutile and any other phase up to at least
750 °C, which represent a shift of the ART by at least 150 °C compared to
the other concentrations studied.

The presence of europium or, in general, of rare earth ions, may
involve the possible formation of other non-desired phases such as
Euy03 (europium oxide) or EusTioO7 (pyrochlore). The former oxide is
detected at low (1 at. %) and high concentrations (5 and 10 at. %) at
600 °C (Fig. 4) and is assumed to originate from the thermal decom-
position of the Eu(NOgs)s precursor used, suggesting an incomplete
integration of Eu within the TiO [2] lattice for those concentration. This
is expected for high dopant concentrations but not for low concentration
(e.g 1 at. %) since no EuyOs oxide is detected at 3 at. % (Fig. 4).
Nonetheless, only the kinetic effect of doping concentration might be
discussed here since heat treatment are no longer than 20 min. Once
more, this suggests the existence of a kinetically stable TiO»:Eu>" system
around 3 at. % of Eu>*.

The characteristic band of europium oxide (350 cm’l) increases with
the heat treatment temperature until its brutal vanishing for treatment
at 750 °C, suggesting it is no longer stable at a temperature between
700 °C and 750 °C (Fig. 5). Its presence is not often studied or reported
for TiOo:Eu®" syntheses, but again this is probably due to the use of
characterization techniques less sensitive than Raman spectroscopy.

The second non-desired phase detected, EusTizO7, is observed after a
heat treatment at 750 °C for 1 and 5 at. % and already after a heat
treatment at 600 °C for 10 at. % of europium. It thus appears at a far
lower temperature than the ones reported in the literature for Eu®*
doped titanium dioxide. XRD studies by Borlaf and al [ [15,27]]. re-
ported an apparition of the pyrochlore phase for 1 at. % of europium
around 950 °C and 3 at. % at 900 °C. Ninghthoujam and al [ [33]].
studied the pyrochlore phase in the titanium dioxide doped with 5 and
10 at. % of europium ions, and determined its formation close to 900 °C
for both sample by XRD. Again, the sensitivity of the detection methods
used in those studies can explain the higher temperature onset of the
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formation of EuyTizO7 as indicated in our study when XRD and Raman
spectroscopy are compared.

The apparition and stability of the pyrochlore phase at low temper-
ature (750 °C for 1 at. % and 600 for 10 at. %, Fig. 4) are likely related to
the increasing difficulty for europium ions to go into titanium dioxide
lattice interstitial sites as the europium concentration increases.
Nevertheless, the sample doped at 3 at. % of europium ions appears to be
the only one exempt of pyrochlore phase and again, the only concen-
tration studied permitting the stability of anatase phase after heat
treatments between 600 °C and 750 °C.

3.2.2. Parameters influencing the luminescence properties

3.2.2.1. Major mechanism. Usually, phosphors in an amorphous state,
as it is often the case when synthesized by a sol-gel route (low to mod-
erate heat treatment conditions), show weak and broad fluorescence
emission peaks induced by the large variety of crystallographic envi-
ronments seen by dopant ions in the host matrix. It can result in a wide
and non-uniform distribution of energy level configuration for the
population of dopant ions, leading to broader and less intense emission
lines quite different from the one observed in a fully crystallized matrix.
Furthermore, amorphous environment can be rich in crystal defects fa-
voring non-radiative relaxation pathways, explaining the lower emis-
sion intensity level often observed. At last, the presence of residual
organic functional groups resulting from the synthesis that acts as
luminescence quenchers can further affect the luminescence emissions
of the phosphor.

When heat treating such phosphors at high temperature, intensities
of each transition generally increases and emission lines become sharper
and better defined as a consequence of different chemico-physical
phenomena, which include phase change, crystallization (annihilation
of crystal defects, homogenization of the local environments, crystallite
size increase), elimination of quenchers. Therefore, if the phosphor is
chemically stable (no phase change), with a morphology that does not
change a lot in the thermal range (samples do not undergo drastic
change in specific surface), and it does not contain organic compounds
(or in negligible quantity). The only remaining major mechanisms,
which could be responsible of an increasing intensity in the lumines-
cence spectrum, is likely the crystallization process (i.e. amorphous to
crystalline transition and increase of crystallites size). As it is likely to be
the case for the 3 at. % doped sample studied here.

3.2.2.2. Europium in TiO» anatase lattice. Ti*t ions, in the anatase lat-
tice, belong to the Dyg crystallographic point group symmetry. The Eu®*
ions in interstice lattice distort the lattice and lead to a decrease to a
lower site symmetry (S4, Coy or Dy) as compared to TiOz due to the
difference in ionic radius and the charge difference, which generates
oxygen vacancies. Europium ions located at S4 or D, sites symmetry
(sites with inversion symmetry) have their electronic dipole (ED) tran-
sitions forbidden, especially the 5Dy — 7F, transition, often called “hy-
persensitive” due to the high sensitivity to the environment, unlike ions
situated in Cay sites, slightly distorted, which have their ED transitions
allowed. Three crystallographic sites are described as the main sites for
Eu®t in doped anatase TiO, within the three principal sites S4, Cay or Do.
[ [34-36]]. These sites could be divided into two categories:

- Site I, europium is located in a disordered environment with the
lowest symmetry, near the crystal surface with a distorted lattice.
Luminescence emissions are the same for all europium ions in the site
I as the free trivalent europium ion.

- The second category is the position of Eu®t in an ordered lattice
environment (crystallization). For this option, two types of crystal-
lographic sites are found. A site (site II) with a high degree of sym-
metry like Dy (with an inversion center) and another one (site III)
with a lower degree of symmetry (Cy,) and without inversion center.
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If the number of europium in the ordered lattice is equivalent for site
I and site II, the intensity might increase along with the crystallization (i.
e. thermal treatment temperature for treatments of the same duration).
The evolution of the integrated intensity of the 5Dy — 7F, transition with
heat treatment temperature, plotted for each dopant concentration in
Fig. 8, illustrates this behavior.

The sample containing 3 at. % of europium which only exhibited an
increase of crystallized phase proportion (Figs. 2 and 6) and crystallite
size (Fig. 3) without any phase change (Fig. 4), shows a monotonic in-
tensity increase on the whole temperature range as well as a monotonic
increase of lifetime decay. Considering its emission spectrum, (Fig. 7-b),
the 5Dy — ’F, transition reveals an homogenization of the corresponding
peak (i.e. homogenization of the environment of the europium popula-
tion). At the lowest treatment temperature, europium ions are probably
mainly located in “site I” or in an amorphous environment with a broad
peak around 613 nm [37]. With increasing heat treatment temperature,
the peak is getting sharper as ions are occupying in majority the same
ordered site.

3.2.2.3. Influence of the secondary phases. Contrary to the 3 at. % Eu>"
doped sample, the lower dopant concentration sample (TiOg: Eu®* 1 at.
%) does not stabilize the anatase phase and other phases are present,
such as Eup03, disordered rutile or EuyTioO7 pyrochlore phase (at a
higher firing temperature of 750°C, Fig. 4). One possible explanation of
the very small photoluminescence intensity increase observed with heat
treatments at those concentrations as compared to the 3 at. % doped
(increase of 249% between 600 °C and 750 °C, Fig. 7), arises from the
formation of undesired phases which consume europium without lead-
ing to the same level of photoluminescence intensity than anatase (e.g.
rutile and EuyO3 phases at 600-750 °C. These phases do not have the
same symmetry sites as anatase phase. As well, the formation of the
pyrochlore phase at 750 °C induces a decrease of the transition at 610
nm (°Dy — "Fy is forbidden).

The rutile lattice contains bigger octahedral sites than the anatase
lattice, resulting in an easiest way for europium ions to enter in the rutile
interstitial sites. On the other hand, the substitution of Ti** by Eu®" is
harder due to the higher density in the rutile phase. In the simple case of
insertion, the Cop, symmetry will not decrease the luminescence emission
considering there is no inversion center for the symmetry associated to
europium in insertion sites. In opposite, Eu>* ions substituting Ti*" ions
could tend to be segregated [ [38]] and europium would be relocated to
boundaries and lead to Eu-Eu quenching interactions or EuyO3 forma-
tion, which will negatively affect luminescence by lowering the emission
intensity, depending on the crystallographic structure of EuyO3 formed [
[39]1]. Moreover, the presence of the pyrochlore structure EusTizO7 [ [1,
401] is generally associated with a reduction of the 5D0 - 7F2 and 5D0 -
’Fo ED transitions intensity. The formation of the pyrochlore phase
added two extra inequivalent positions for europium ions, one associ-
ated with a defect center and the other one center with an inversion
symmetry. The shape of the >Dg — ”F, transition is also different at 1 at.
% of europium in Fig. 7. The main peak is divided in two peaks, a broad
one at 613 nm and another one, sharper, at 618 nm. This surprising
shape may be due the presence of EuyO3 and rutile phases, increasing
the amount of europium sites available and in fine, the amount of
different electronic transitions.

All phases mentioned above are present for 1 and 5 at. % of europium
and do not appear to affect negatively the luminescence intensity of the
5Dy — ’F, transition, contrary to the lifetime which increases until
700 °C to decrease after this temperature for 1 at. % and which is
constantly decreasing on the thermal range studied for 5 at. % (Fig. 9).
The apparition of other phases (for 1, 5 and 10 at. %) leads to a decrease
of the lifetime by adding new crystallographic sites with new lifetime
values for europium ions [ [41]]. In contrast, the slow growth of crys-
tallites in the sample doped at 5 at. % Eu>* seems to be critical for the
luminescence intensity since the intensity is quite the same than for 3 at.
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% of Eu>* (Fig. 7-c and Fig. 8). In opposite, the sample with the higher
concentration (10 at. %) appears to be negatively affected by the
apparition of the different phases. The combination of the pyrochlore
formed in larger amounts (sufficient to be detected by XRD after treat-
ment at 750 °C) due to a superior concentration of europium and a lower
quantity of anatase compared to the rutile phase, decreases drastically
the photoluminescence intensity at 700 °C and the lifetime, resulting in
a lower intensity or lifetime than the sample fired at 600 °C. Never-
theless, it should be noted that the emission intensity remains in that
case 250% or 225% higher than the one of the 3 at. % and 5 at. %
respectively. The intensity loss being compensated by the larger amount
of emitting center remaining in the 10 at. % sample. In the studied
thermal range, the quantity of anatase is also extremely low compared to
other samples, explaining the bigger impact of the other compounds in
particular those affecting negatively the ED transitions (pyrochlore,
europium oxide).

It is obvious that the Eu>* doping increasingly shifts the stability of
anatase phase toward elevated temperature, until a precise concentra-
tion (3 at. %). For higher concentrations (5 and 10 at. %) the system
loses its stability with the apparition of other phases. Beside this effect,
the luminescence absolute intensity of the 5D0 — 5F [2] transition is
significantly impacted when samples at 3 and 5 at. % of europium ions
are compared. The one at 5 at. % should have an higher absolute in-
tensity due to an higher amount of emitting center and surprisingly,
sample at 3 at. % of europium has a superior intensity at 600 and 700 °C
and a similar intensity at 750 °C compared to sample with 5 at. % of
Eu®' because of a bigger quantity of anatase phase (for 3 at. %) and the
presence of secondary phases (for 5 at. %). Nevertheless, at any tem-
perature, the sample at 10 at. % exhibits a quantity of anatase extremely
low (2.2% at 600 °C and 3.2% at 750 °C) with the presence of rutile
disordered, pyrochlore and europium oxide phases, compared to the
sample at 3 at. % free from secondary-phases and with higher amount of
anatase phase. Notwithstanding this major difference, sample at 10 at. %
has 250% more luminescence absolute intensity. These results do not
confirm the hypothesis stating that the sample with the bigger amount of
anatase phase has the higher emission intensity. A possible explanation,
if firstly considering sample at 5 and 10 at. %, could be that they do not
have the same quantity of secondary-phases and the one at 5 at. % has
the higher amount. Beside this fact, 10 at. % has more emitting centers
available but mainly in amorphous environment. Eu®" ions in this
amorphous state may emits enough photons to have higher emission
intensity compared to 5 at. % and even, higher emission intensity than 3
at. %. It is somewhat reminiscent of the fact that further work will be
required to understand this difference of absolute emission intensity
considering all the parameters.

4. Conclusions

Eu®" doped TiO, powders synthesized by a sol gel-route were studied
by X-ray diffraction, Raman spectroscopy and fluorescence spectroscopy
to investigate the influence of Eu®" concentration (in the range 1 at.
%-10 at. %) and heat treatment temperature (in the range 600
°C-750 °C) on structural properties and fluorescence emission spectra.
Main findings can be summarized as follow:

e Heat treated, TiO:Eu®" appears to be a complex system character-
ized by the presence of various phases (anatase, rutile ordered/
disordered, europium oxide EuyO3, pyrochlore EusTiO7) depending
on both the Eu®" concentration and the heat treatment temperature;
The simpler system is obtained with a concentration of 3 at. % of
europium. It stabilizes a unique anatase phase with the highest level
of crystallinity amongst the doped samples (from 60.6% to 71.6%) in
the thermal range studied. Compared to the other concentrations
investigated (1, 5 and 10 at. %), it shifts anatase-rutile trans-
formation by at least 150 °C, avoids segregation of part of the
europium content as EupOs, and inhibits formation of EupTizO7
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pyrochlore up to at least 750 °C. Nonetheless, the behavior after

longer duration heat treatments (e.g. 1 h at least) should be studied

to validate this hypothesis;

Contrary to other samples, the one with 10 at. % of europium ions

does not have a monotone increase of luminescence absolute in-

tensity and 3 at. % is the only sample with an increase of lifetime
decay on the thermal range studied;

e The advancement of the crystallization has a strong influence on
luminescence properties because of the increase of the number of
crystallographic sites available for europium ions increasing the
amount of emitting centers and in fine, the luminescence absolute
intensity;

e The formation of different phases (rutile ordered and disordered,
anatase, europium oxide, pyrochlore) adds new crystallographic
sites diversifying the possible position for europium ions and thus,
the luminescence properties;

e Raman spectroscopy appears to be a powerful tool necessary to
investigate variations of luminescence. XRD was able to detect 3
phases but with an overestimated temperature apparition of pyro-
chlore phase. Elsewhere, only the Raman spectroscopy was able to
detect europium oxide and disordered rutile. Complementary to
XRD, Raman spectroscopy seems essential to investigate the presence
of phases in small amounts that could not be detected by XRD alone
otherwise.

Novel conclusions

o TiO,: Eu®" doped at 3 at. % stabilizes the anatase phase until 750 °C

and has the higher level of crystallinity as compared to 1, 5 and 10 at.

%;

In opposition to others samples (1, 3 and 5 at. %), 10 at. % of

europium ions leads to a non-monotonic increase in the thermal

range because of formed secondary phases (rutile, europium oxide

and pyrochlore);

e Lifetime decay is more sensitive to the local ion environment, TiO5:
Eu®* doped at 3 at. % is the only one to have a monotone increase of
the lifetime.
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