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Abstract
Pure and europium-doped titania nanobers were successfully fabricated by the electrospinning technique, using a single multielement
titanium/europium source. Eu content was 5 mol.%. Microstructure was studied by means of scanning electron microscopy (SEM), thermal
behaviour followed by thermogravimetric and differential thermal analysis (TG-DTA). Phase analysis was performed by means of X-ray
diffraction (XRD) and high temperature X-ray diffraction analysis (HT-XRD) up to 1100°C. Luminescence measurements were performed
using a laser excitation source at 395 nm. All electrospun materials consisted of randomly oriented nanobers of a fairly uniform diameter.
The average ber size was 80 ± 20 nm and 40 ± 10 nm for Eu-doped and undoped TiO2 calcinated at 500°C, respectively. The presence of
europium shifted toward higher values either the crystallization temperature of anatase and the anatase to rutile phase transition, the latter
being accompanied by the formation of the EuTi2O7 phase. The doped samples show a strong luminescence of Eu3+ ions. The emission
spectra are dominated by the 5D07F2 emission, suggesting a notable distorsion around the Eu3+ ions. The broadening of the bands points
to the presence of a relevant inhomogeneous disorder around the Eu3+ sites.
Keywords: Titania, Nanobres, Electrospinning, Microstructure

MIKROSTRUKTURA, WACIWOCI CIEPLNE I LUMINESCENCJA NANOWÓKIEN TiO2 DOMIESZKOWANYCH
EUROPEM, OTRZYMANYCH METOD PRZDZENIA ELEKTROSTATYCZNEGO
Nanowókna tlenku tytanu(IV), domieszkowane europem i bez domieszkowania, wytworzono z powodzeniem metod przdzenia
elektrostatycznego, wykorzystujc pojedyncze, wielopierwiastkowe ródo tytan/europ. Zawarto europu wynosia 5 % mol. Mikrostruktur
badano za pomoc skaningowej mikroskopii elektronowej (SEM), zachowanie podczas ogrzewania ledzono za pomoc analizy
termograwimetrycznej i termicznej analizy ró nicowej (TG-DTA). Analiz fazow przeprowadzono za pomoc dyfrakcji promieniowania
X (XRD) i wysokotemperaturowej analizy dyfrakcyjnej promieniowania X (HT-XRD), a do 1100°C. Pomiary luminescencyjne przeprowadzono wykorzystujc laserowe ródo wzbudzenia przy 395 nm. Wszystkie elektrostatycznie przdzone materiay skaday si
z przypadkowo zorientowanych nanowókien o raczej wyrównanej rednicy. W przypadku wókien TiO2 kalcynowanych w 500°C redni
rozmiar wynosi 80 ± 20 nm i 40 ± 10 nm, odpowiednio dla wókien domieszkowanych Eu i bez domieszkowania. Obecno europu
przesuna w stron wy szych wartoci zarówno temperatur krystalizacji anatazu, jaki i temperatur przemiany anatazu w rutyl, której
to towarzyszyo tworzenie si fazy EuTi2O7. Próbki domieszkowane pokazay mocn luminescencj jonów Eu3+. Widma emisyjne s
zdominowane przez emisj 5D07F2, co sugeruje znaczce odksztacenie wokó jonów Eu3+. Poszerzenie pasm wskazuje na obecno
odpowiedniego, niejednorodnego nieuporzdkowania wokó miejsc przebywania Eu3+.
Sowa kluczowe: tlenek tytanu(IV), nanowókna, przdzenie elektrostatyczne, mikrostruktura

1. Introduction
Titanium dioxide (TiO2) is widely employed in catalysis,
sensors [1], photo-electrochemical cells, optical lters [2],
solar cells and optoelectronic devices [3]. Moreover, due to
its outstanding optical and thermal properties and high stability, TiO2 is a good candidate to be used as a host material
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for rare-earth (RE) elements to prepare photoluminescent
materials with promising applications in photoelectric devices
and optical communication elds, i.e., photoelectric devices,
solid state laser materials, at panel displays, high energy
radiation detectors, optical data storage and even medical
diagnostics [1-8]. Among them europium-doped oxides
have excellent luminescent properties [9-10], making them
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suitable to be used as light-emitting materials, both in the
visible and in the near infrared range for many technological
applications [11-14].
RE-doped titania nanopowders and thin lms have been
widely investigated and synthesised adopting hydrothermal procedures [3], solvothermal techniques [15], sol-gel
methodologies [11], and low pressure hot target magnetron
sputtering [2]. Although growing attention is devoted to TiO2
nanobers prepared by electrospinning technique [16-19],
RE-doped TiO2 nanobers synthesised by electrospinning
have been rarely investigated [6, 20-21, 22-24].
Electrospinning consists in an extremely exible process, already scaled up for manufactures, able to fabricate
continuous nanobers from a huge range of materials [25].
In this work undoped and Eu-doped titania nanobers
were produced by means of the electrospinning technique,
starting from polyvinylpyrrolidone, titanium tetraisopropoxide
(Ti(O-i-Pr)4 and Eu(hfa)3·diglyme (Hhfa = 1,1,1,5,5,5-hexa uoroacetyacetone, diglyme = CH3O(CH2CH2O)2CH3) solutions. Microstructure, thermal behaviour and photoluminescent properties of undoped and Eu-doped TiO2 nanobrous
mats are investigated and compared. To our knowledge, only
a few papers report on electrospun Eu-doped PVP-TiO2 nanohybrids prepared adopting a metal-organic precursor [24].
The use of metalorganic precursors shows some advantages
related to their purity (hence a better reproducibility) and to
a better solubility in PVP and in non aqueous solvents.

diffraction (XRD) (Philips X’Pert 1710) (Cu-KD radiation,
O = 1.5405600 Å, 10-80° 24, step size 0.020°, time per step
2s, scan speed 0.005°/s) measurements were made on both
as-spun and calcinated materials. Phase evolution of as-spun
membranes was investigated by variable temperature 4-24
XRD measurements (HT-XRD) (Anton Paar HTK 1200) using
the Cu-KD radiation O = 1.5405600 Å, and a heating rate of
5°C/min., up to a temperature of 1100°C.
The thermal behaviour was investigated by a simultaneous TG-DTA analysis (Netzsch STA 409) on 60 mg samples
with a heating rate of 5°C/min, up to 1250°C.
The spectroscopic characterisation of the as-spun and
calcinated samples was performed using laser excited luminescence spectroscopy. The emission spectra were measured using as an excitation source the radiation at 395 nm of
a dye laser (Quanta System) pumped with the third harmonic
(355 nm) of a Nd-YAG laser (Quanta System pulsed). The
emission radiation was collected by using an optical bre
and dispersed with a 0.46 m monochromator (Jobin-Yvon
HR460) equipped with a 150 lines/mm (for low resolution
luminescence spectra) or with a 1200 lines/mm (for high
resolution luminescence spectra) grating. An air cooled CCD
device (Jobin-Yvon Spectrum One) was employed to detect
the emission radiation. The resolution of the luminescence
spectra is r1 nm. All the spectroscopic measurements were
performed at room temperature.

3. Results and discussion
2. Experimental
Polyvinylpyrrolidone (PVP, Aldrich, MW 1300000) solution (7 wt%) was prepared dissolving PVP powder in ethanol
at room temperature under magnetic stirring. Then, TiO2
precursor solution was prepared, by mixing 1.5 g of titanium
tetraisopropoxide (Ti(O-i-Pr)4, Aldrich) with 3 ml of acetic acid
and 3 ml of ethanol and stirring for 10 minutes. The resulting mixture was added to 7.5 ml of PVP solution, previously
prepared and stirred for further 10 min. Europium doped
TiO2 source solution was made by mixing to the Ti(O-i-Pr)4
solution, the 5 mol.% of Eu(hfa)3·diglyme.
Viscosity of all polymeric solutions was measured at
25°C by a digital viscosimeter (Brookeld DV-II+, Middleboro,
MA, USA), using a SC4-21 spindle at 20 rpm. Conductivities
were evaluated at 25 °C (CDM230, Analitica De Mori, Italy).
The solution was poured into a glass syringe (Hamilton,
Carlo Erba), equipped with a 21 G needle, xed in a digitally controlled syringe pump (KD Scientic, MA, USA). The
needle was connected to a high-voltage supply (Spellman,
Model SL 30, NY, USA) that is capable of generating DC voltages up to 30 kV. The solution was electrospun in air in the
following conditions: tension 15 kV, needle-target distance
5 cm, feed rate 1 ml/h. Electrospun mats were dried under
vacuum for 24 h. The resulting mats were designed as PVP,
PVP/TiO2, PVP/TiO2:Eu. Undoped and Eu-doped PVP/TiO2
precursor mats were nally calcinated in air at 500°C for
3 h (heating rate 5°C/min, cooling rate 2°C/min), aimed to
remove the polymeric component (TiO2 and TiO2:Eu).
Morphology was investigated by scanning electron microscopy technique (SEM, Cambridge Stereoscan 300, United
Kingdom) and the average ber diameter was estimated
using a CAD software (on ~100 bers selection). X-ray

Viscosity and conductivity results are presented in Table
1. Compared to the neat PVP solution, the viscosity of PVP/
TiO2 and PVP/TiO2-Eu precursor solutions remarkably decrease down to about 23-44 cP vs. 68 cP, due to the addition
of TiO2 precursor sol.
The conductivity of the PVP solution was 4 S·cm-1; in
the case of PVP/TiO2-based precursor solutions the conductivity remarkably increased up to 59-64 S·cm-1. It has
been experimentally demonstrated that this effect has to be
attributed to the admixture of the Ti(O-i-Pr)4.
Table 1. Viscosity and conductivity of PVP solution, undoped PVP/
TiO2 and Eu-doped PVP/TiO2 precursor solutions.
Precursor Solution

Viscosity [cP]

Conductivity [ S·cm-1]

PVP

68

4r1

PVP/TiO2

23

59 r 1

PVP/TiO2:Eu

44

64 r 0.7

SEM micrographs (Figs. 1-3) showed that PVP, undoped
and Eu-doped PVP/TiO2 precursor mats consisted of defectfree, randomly oriented bers of fairly uniform diameter.
Large interconnected voids were present among the bers,
resulting in a 3D porous network.
The average diameter of as-spun nanofibers was
500 ± 100 nm, 60 ± 15 nm, and 125 ± 50 nm for neat PVP,
PVP/TiO2, and PVP/TiO2:Eu precursor mats, respectively
(Figs. 1 and 2). The remarkable reduction of ber size observed for all PVP/TiO2 precursor solution has to be associated with the higher conductivity of the respective spun
solutions (Table 1).
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a)

Fig. 1. SEM micrographs of neat PVP.
b)
Fig. 3. SEM micrographs of TiO2 electrospun mats calcinated at
500°C: a) undoped and b) Eu-doped.

a)

b)

Fig. 2. SEM micrographs of as spun PVP/TiO2 precursor
mats: a) undoped and b) Eu-doped.
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Upon thermal treatment at 500°C, nano-sized bers
were obtained having an average diameter of 40 ± 10 nm for
the neat TiO2 (Fig. 3a) and of 80 ± 20 nm for the Eu-doped
sample (Fig. 3b).
In Figs. 4a and 4b, TG-DTA curves of the PVP, PVP/TiO2
and PVP/TiO2:Eu mats are reported. All the samples showed
a weight loss around 100°C, related to the loss of physically
absorbed moisture and/or of remaining solvent still present
within the bers. The neat PVP underwent a mass loss in
the range 300-600°C corresponding to the PVP combustion
and decomposition [4, 26-27]. The decomposition of hybrid
electrospun PVP/TiO2 mats occurred at lower temperature
(i.e., 250-500°C), further shifted to even lower temperatures
in the Eu-doped samples.
The DTA curves show the expected exothermic peaks
associated with these processes. In particular, the exothermic peaks might be associated with Ti-OH decomposition
and Ti-O-Ti amorphous network formation (280°C) and with
the PVP decomposition (300-400°C) (Fig. 4b) [4, 28-29]. It
is worth noting that the progressive lowering of the thermal
decomposition temperatures of the PVP matrices (from
600°C for neat PVP to 500°C for the Eu3+ doped PVP/TiO2
sample) observed upon admixing TiO2 with Eu2O3 might
be correlated to catalytic properties of both metal centers.
Moreover, the pure Eu(hfa)3diglyme sublimates in a single
step in the temperature range 113-255°C [30], and therefore it
is possible to assume europium dopant as fully incorporated
in TiO2 amorphous phase.
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a)

a)

b)
Fig. 5. HT-XRD patterns of samples pre-treated at 300°C: a) PVP/
TiO2 and b) PVP/TiO2:Eu.

b)
Fig. 4. TG-DTA analysis of PVP, PVP/TiO2 and PVP/TiO2:Eu doped
electrospun mats: a) TG curves and b) DTA curves.

In order to follow the mats phase evolution, high-temperature XRD (HT-XRD) measurements were performed.
For pure TiO2 sample, the crystallization of anatase phase
(JCPDS #84-1286) occurred at about 400°C. The phase
transition anatase-rutile (JCPDS #73-1765) started at about
600°C, and was completed at around 1000°C, as shown in
Fig. 5a.
In the case of Eu-doped mat, a remarkable shift of anatase phase crystallization and phase transition anatase-rutile
to higher temperatures is observed (Fig. 5b). The phase
transition anatase-rutile phase is evidently delayed, occurring
at about 900°C. In fact, the Europium incorporation within
titania lattice has a strong inhibition effect for the phase
transformation compared with pure titania [22]. It is worth
underlining that in the case of the Eu-doped TiO2 mat any
substitutional Eu3+ ion certainly causes lattice site distortion,
due to the large difference of ionic radii between Ti4+ (0.745 Å)
and Eu3+ (1.087 Å) [28]. For undoped TiO2, anatase and rutile
phases co-existed in a wide temperature range, i.e., from 600
to 900°C. On the other hand, in the case of Eu-doped titania
nanobers, the two polymorphs co-existed only around the
transition temperature at about 900°C. Thus the inhibition
of the phase transition can be ascribed to the formation of
Ti-O-Eu interaction that segregates the Ti-O species at the

interface with the TiO2 domains [9]. Many authors highlighted
the effects of rare earth doping on the anatase-rutile (A-R)
TiO2 phase transition rates due to perturbation in the crystal
nucleation process for the either substitutional or interstitial
dopant ion incorporation within host lattice [4, 28-29].
Moreover, XRD spectra of Eu-doped TiO2 mat showed at
900°C some extra re ections, associated with the formation
of the face centred cubic Eu2Ti2O7 (JCPDS #87-1852) as an
additional phase. As suggested by other authors [4, 9, 29],
this effect is ascribed to enhancement of defects for high
lanthanide content samples. The formation of the europium
titanate may catalyze mass transport to the nucleation region of the rutile phase, promoting rutile nuclei growth, and
therefore promoting the A-R phase transformation [4, 9].
The room temperature emission spectra for the as-spun
and annealed at 500°C Eu3+ doped nanobers were measured
in the 550-750 nm range upon laser excitation at 395 nm and
they are shown in Figs. 6a and 6b. Characteristic emissions
due to Eu3+ 4f-4f transitions from the 5D0 excited level to 7FJ
manifolds of the 4f 6 conguration are present in the spectra.
Besides a strong emission attributed to the 5D07F2 transition
of Eu3+, additional bands attributed to the transitions 5D07F0
(around 580 nm), 5D07F1 (around 595 nm), 5D07F2 (around
615 nm), 5D07F3 (around 652 nm) and 5D07F4 (around 700
nm) are observed for all the samples.
The red colour of the strong luminescence signal is seen
by the naked eye, due to the 5D07F2 transition. The emission bands are broad and transitions between the 5D0 and the
7
FJ Stark levels are not clearly resolved. This behaviour points to a relevant disorder environment around the Eu3+ ions.
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