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a b s t r a c t

Undoped and rare earth (RE = La, Eu and Er)-doped titania nanofibers have been fabricated by electrospin-
ning technique, starting from polyvinylpyrrolidone, titanium tetraisopropoxide (Ti(OiPr)4) and Eu(NO3)3,
La(NO3)3 and Er(NO3)3. A systematic microstructural and spectroscopic characterisation of RE-doped TiO2

nanofibers is presented by means of scanning electron microscopy (SEM), thermal analysis (TG–DTA), X-
ray diffraction (XRD and HT-XRD) and Raman spectroscopy. Optical properties were investigated both by
means of luminescence spectroscopy and by a FEG-SEM, equipped with a cathodoluminescence device.
All electrospun materials consisted of randomly oriented nanofibers of fairly uniform diameter. The aver-
age fiber size was 40 nm and 40–79 nm for undoped and RE-doped TiO2 calcined at 500 ◦C, respectively.
The progressive lowering of the thermal decomposition temperatures of the PVP matrices upon admixing
TiO2 precursor and RE ion sources might be correlated to catalytic properties of both metal centres.

The presence of RE elements shifted toward higher values the anatase to rutile phase transition tem-
perature (up to 900–1000 ◦C), with the simultaneous formation of the Ln2Ti2O7 phase (Ln = Eu, Er). The
Raman spectroscopy analysis revealed the typical anatase phase vibrational modes at 500 ◦C and the

◦
rutile phase ones at 1000 C, accordingly to the XRD phase evaluations. In the case of La-doped sample,
luminescence spectra were comparable to those registered for undoped TiO2, suggesting that La3+ doping
did not cause a new luminescent phenomenon, but affected the response range and intensity. The lumi-
nescence spectra of Eu- and Er-doped samples clearly testified the presence of lanthanide ions in the TiO2

host lattice, showing the characteristic transitions of Ln3+ ions. The emission spectra were characterised
aden
ms.
by inhomogeneously bro
Eu3+ and Er3+ doped syste

. Introduction

During the recent decades, the photocatalytic application using
emiconductors has attracted much interest to solve the environ-
ental problems [1–5]. Titanium dioxide (TiO2) is one of the most

tudied semiconductors for photocatalytic reactions as catalyst and
atalyst support (i.e. for selective catalytic reduction of NOx with
H3 (SCR process) and hydrogen production by photoelectrolysis,
nhancing the efficiency of electrolytic splitting of H2O into H2 and
2) [6] due to its high photocatalytic activity, low cost, no-toxicity,
igh stability in aqueous solution and toward photocorrosion, ease
f handling, high resistance to photo-induced decomposition [6–8],

igh light-conversion efficiency and environmental benign prop-
rties [9–11]. Moreover, its high photo-degradation efficiency for
rganic compounds allows its use in the fields of purification and
reatment of polluted water and air [12,13].

∗ Corresponding author. Tel.: +39 0672594482; fax: +39 0672594328.
E-mail address: ilaria.cacciotti@uniroma2.it (I. Cacciotti).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.07.008
ed bands, suggesting a relevant disorder around the Ln3+ sites, typical of

© 2010 Elsevier B.V. All rights reserved.

In recent years, many studies have been focused on the use
of TiO2 in applications such as gas sensors [14], waveguides [15],
solar energy cells [16] and photo-catalysts [17]. In particular, the
photocatalytic properties of titanium dioxide were extensively
investigated and these are due to its wide bandgap and long life-
time of photogenerated holes and electrons. However TiO2 has
high band gap energy (3.2 eV), which limits its application in vis-
ible light range of solar spectrum. A good photocatalyst strongly
depends on its efficiency of electron–hole pair separation and its
optical absorption property. Thus a key challenge in heterogeneous
photocatalysis is to increase the charge separation efficiency of the
photocatalysts [18].

In this framework, several investigations are devoted to the
modification of microstructures and improvement of reactivity of
nanosized TiO2 [19–21]. It has been widely demonstrated that the

photocatalytic reactivity of titanium dioxide can critically depend
on several factors, including microstructure [22–24], crystal mod-
ification, particle size, preparative route, surface area, porosity,
thermal history, foreign ions, etc. [19–21,25–28]. In fact, among
the common three crystalline forms of titania (anatase, rutile,

dx.doi.org/10.1016/j.cej.2010.07.008
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:ilaria.cacciotti@uniroma2.it
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rookite), anatase is generally recognized to be the most active
hase for most photoreaction [29,30]; quantum sized TiO2 pow-
ers show much greater photoactivity than their bulk phase due to

arger specific surface areas and increased band-gap energy, taking
lace the reactions on the TiO2 surface [31]. However, unfortu-
ately, nanosized TiO2 undergoes an earlier phase transformation
f anatase-to-rutile (A–R) than its bulk phase with a simultaneous
reat decrement of surface area [32–36]. The phase transformation
–R and the decrease in surface area are serious problems for prac-

ical applications of these catalysts without deactivation at high
emperatures. Doping TiO2 with impurities such as various inner
ransition metals [37–43], sulphate [44], etc. has been established
o be an efficient route to effectively eliminate the electron–hole
ecombination in the photocatalytic reaction and to alter both the
hotoactivity and anatase–rutile phase transformation of titania
33–36]. The identification of the most suitable metal ion dopant
ppears to be the most important factor in the enhancement of pho-
oreactivity of doped titania [25,45,46]. In particular, TiO2 doped
ith certain types of transition metals has been extensively studied

ince these transition metal clusters could elongate electron–hole
air separation [47].

Recently, doping lanthanide into TiO2 has attracted a lot of
ttention [48–50], because lanthanide ions are known for their
bility to form complexes with various Lewis bases (i.e. amines,
ldehydes, alcohols, thiols, etc.) in the interaction of these func-
ional groups with the f-orbital of the lanthanides [51,52]. Thus, it
s expected that incorporation of lanthanide ions into a TiO2 matrix
ould provide a means for concentration of the organic pollutant at
he semiconductor surface and therefore enhances the photocat-
lytic activity of the catalyst [53–55]. Moreover, the incorporation
f a doping metal into a TiO2 framework can provide more active
ites on the surface of the inside channel, and can add acidity, lead-
ng to different physicochemical properties as well as improved
atalytic behaviour.

Photocatalysts with fiber morphology have caught great atten-
ion due to their high surface area, low-pressure drop, short
iffusion length, and superior light transport abilities. TiO2 fibers
re usually prepared using an impregnation method, which sup-
orts titania particles on fibrous materials, such as optical cables
56], glass fibers [57], activated carbon fibers [58], and cellulose
bers [59]. Recently, electrospinning was used to generate TiO2
anofibers with tailored fiber diameter [60,61]. Electrospinning

s a simple and versatile technique for the fabrication of a rich
ariety of nanofibers from a wide range of materials [62], such
s polymers [63], composites [64], ceramics [65], and proteins
66], showing several advantages (production of long and contin-
ous nanofibers, control of fiber diameter, and cost effectiveness).
E-doped TiO2 nanofibers prepared by electrospinning have been
arely investigated. Specifically, Er3+-doped TiO2 nanofibers have
een studied [67–69] and only few papers report about Eu3+-
oped TiO2 nanofibers [70–72]. To our knowledge, there is a lack
f publications reporting systematic studies dealing with the rare
arth doped electrospun titania nanofibers and only one paper was
ocused on a comparison between electrospun RE-doped PVP-TiO2
anohybrids prepared using different RE ions [72]. Namely, Wang
t al. studied the photoluminescence properties of Eu-, Er-, Ce-
nd Pr-doped titania nanofibers prepared starting from europium,
rbium, cerium and praseodymium acetylacetone precursors [72].

In this framework, we reported a systematic detailed descrip-
ion of thermal behaviour, structural phase transformations,
uminescence properties of different lanthanide doped titania

anofibers, starting from rare earth nitrate reagents. Three rare
arth metals, europium, lanthanum and erbium, were chosen as
opants with the amounts ranging between 1 and 3 mol%. Tita-
ium tetraisopropoxide (Ti(OiPr)4) and RE(NO3)3 (RE = Eu, Er and
a) have been used as titania precursor and rare earth element
g Journal 166 (2011) 751–764

sources, respectively. The use of rare earth commercial compounds
shows some advantages with respect to metalorganic precursors,
in terms of low cost and higher availability, even if they present
incorporated residues and impurities and high water content that
limits their compatibility and solubility in non-aqueous solution.

The purpose of this work is to more deeply understand the effect
of various lanthanide dopants on the thermal stability, the textural
characteristics and luminescent properties of TiO2.

In order to pursue this aim, morphology of obtained nanofibers
was studied by means of scanning electron microscopy (SEM),
thermal behaviour followed by thermogravimetric and differen-
tial thermal analysis (TG–DTA), the spectroscopic characterisation
carried out at room temperature (RT) using a Raman micro-
probe spectrometer, phase analysis performed by means of X-ray
diffraction (XRD) and high temperature X-ray diffraction analysis
(HT-XRD) up to 1100 ◦C. Luminescence properties were investi-
gated both by means of luminescence spectroscopy upon laser
excitation at 488 nm and by a scanning electron microscope FEG-
SEM, equipped with a cathodoluminescence (CL) device.

2. Experimental

2.1. Reagents

Commercial europium nitrate pentahydrate (Eu(NO3)3·5H2O,
MW 428.06), lanthanum nitrate hexahydrate (La(NO3)3·6H2O, MW
433.01) erbium nitrate pentahydrate (Er(NO3)3·5H2O, MW 443.35),
polyvinylpyrrolidone (PVP, MW 1,300,000) and titanium tetraiso-
propoxide (Ti(OiPr)4, MW 284.22) were purchased from Aldrich
and used without any further purification.

2.2. Fabrication of undoped and RE-doped TiO2 nanofibrous mats

Polyvinylpyrrolidone (PVP, Aldrich, MW 1,300,000) solution
(7 wt%) was prepared dissolving PVP powder in ethanol at RT under
magnetic stirring. Then, TiO2 precursor solution was prepared, mix-
ing 1.5 g of titanium tetraisopropoxide (Ti(OiPr)4, Aldrich) with
3 ml of acetic acid and 3 ml of ethanol and stirring for 10 min. The
resulting mixture was added to 7.5 ml of PVP solution previously
prepared and stirred for further 10 min.

In the case of rare earth doped TiO2, 1 and 3 mol% (with respect
to Ti(OiPr)4) of rare earth nitrate were added to TiO2 precursor
solution.

The solution was poured in a glass syringe (Hamilton, Carlo Erba)
equipped with a 21 G needle, fixed in a digitally controlled syringe
pump (KD Scientific, 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 dis-
tance 5 cm, feed rate 1 ml/h. Electrospun mats were dried under
vacuum for 24 h. The resulting mats were designed as PVP/TiO2:xRE
(x = 1 and 3, RE = Eu, Er and La). Only in the case of lanthanum
doping, it was not possible to proceed with the electrospinning of
3 mol% La-doped TiO2 precursor solution. Finally, all electrospun
mats were calcined at 500 ◦C, in order to selectively remove the
polymeric component. Furthermore, selected samples were heated
at 1000 ◦C for 3 h.

Besides, both undoped and doped samples have been produced
several times and it was verified that a good synthesis reproducibil-
ity has been achieved.
2.3. Characterisation of undoped and RE-doped TiO2 nanofibrous
mats

Viscosity of all polymeric solutions was measured at 25 ◦C
by digital viscosimeter (Brookfield DV-II+, Middleboro, MA, USA)
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Table 1
Viscosity and conductivity of PVP solution, undoped PVP/TiO2 and RE-doped
PVP/TiO2 precursor solutions.

Precursor solution Viscosity (cP) Conductivity
(�S cm−1)

PVP 68 4 ± 1
PVP/TiO2 23 59 ± 1
PVP/TiO2:1La 45 108 ± 1
PVP/TiO2:3La 58 170 ± 1
PVP/TiO2:1Eu 56 112 ± 1

doped PVP/TiO2 mats, before and after thermal treatments,
consisted of defect-free, randomly oriented fibers of fairly uni-
form diameter. Large interconnected voids were present within the
fibers, resulting in a 3D fibrous network.

Table 2
Average fiber diameter of undoped and RE-doped PVP/TiO2 mats before and after
thermal treatment at 500 ◦C.

Sample Average fiber diameter (nm)

as spun Calcined at 500 ◦C

PVP/TiO 60 ± 15 40 ± 10
I. Cacciotti et al. / Chemical Eng

quipped with a SC4-21 spindle at 100 rpm and conductivity mea-
ured at 25 ◦C by conductivitymeter (CDM230, Analitica De Mori,
taly).

Morphology of the produced electrospun mats was investigated
y Scanning Electron Microscopy technique (FEG-SEM, SE-4300,
itachi Co., Tokyo, Japan), and the average fiber diameter was esti-
ated using ImageJ software (on ∼100 fibers selection). Energy
ispersive Spectroscopy (EDS) mappings of Ti and RE elements
ere perfomed on 24.3 �m × 18.2 �m areas by means of INCA

nergy 300, Oxford ELXII detector.
X-ray diffraction (XRD) (Philips X’Pert 1710) (Cu K� radiation

= 1.5405600 Å, 2� range 10–80◦, step size 0.020◦, time per step 2 s,
can speed 0.005◦ s−1) measurements were performed on both as-
pun and calcined (500–1000 ◦C) mats. Phase evolution of as-spun
embranes was investigated by high temperature XRD measure-
ents (HT-XRD) (Anton Paar HTK 1200) in the following conditions:

u K� radiation � = 1.5405600 Å, 2� range 10–80◦, heating rate
◦C/min, peak temperature 1100 ◦C, cooling rate 2 ◦C/min, dwelling
h, step size 0.020◦, time per step 2 s, scan speed 0.005◦ s−1. The
ass fractions of anatase phase and rutile phase were evaluated,

sing XRD patterns detected on samples calcined at 900 ◦C, in terms
f the relative intensity of maximum anatase phase peak (1 0 1) and
aximum rutile phase peak (1 1 0), as follows:

A = IA
IA + 1.265IR

× 100

here ωA is the content of anatase, IA the intensity of maximum
natase phase peak (1 0 1) and IR the intensity of maximum rutile
hase peak (1 1 0). The content of rutile phase is (1 − ωA) (ωR) [73].

Cell parameters of pure and RE doped TiO2 mats were estimated
hrough the algorithm TREOR (Philips X’Pert Plus software).

The thermal behaviour of as-spun samples was investigated by
imultaneous thermogravimetry and differential thermal analy-
is (TG-DTA, Netzsch STA 409) in the following conditions: sample
eight about 30–40 mg, heating rate 5 ◦C/min, peak temperature

250 ◦C.
The spectroscopic characterisation of the as-spun and calcined

amples was carried out at room temperature (RT) using a Raman
icroprobe spectrometer (ISA, T-64000, Horiba Jobin Yvon Inc.)

perating at a wavelength of 488 nm with a power of 100 mW.
The optical properties of the obtained samples were studied

ither by means of Raman spectroscopy upon laser excitation at
88 nm and by a scanning electron microscope FEG-SEM, equipped
ith a cathodoluminescence (CL) device. Raman measurements
ere performed with a Raman microprobe spectrometer (ISA, T-

4000, Horiba Jobin Yvon Inc.) at room temperature (RT). The 488 nm
ine of an Ar-ion laser (Stabilite 2017, Spectra Physics, Mountain
iew, CA, USA) was used as the excitation source, with a power of
00 mW. An optical microscope was utilized both to focus the laser
n the sample and to collect its scattered signal. Scattered frequen-
ies were analyzed with a single-monochromator equipped with
liquid nitrogen cooled charge-coupled device (CCD) camera. The
ighest lateral resolution achievable for the laser beam focused on
he sample was about 1 mm.

Cathodoluminescence (CL) spectra were excited with a field-
mission gun in a conventional scanning electron microscope
FEG-SEM, SE-4300, Hitachi Co., Tokyo, Japan), equipped with a high-
ensitivity CL detector unit (MP-32FE, Horiba Ltd., Kyoto, Japan).
he CL experiments were performed at 20 kV and 200 pA of probe
urrent. The emitted CL spectrum was analyzed using a monochro-

ator equipped with a CCD camera. A new mapping device (PMT

943-02 Select, Horiba Ltd., Kyoto, Japan) was used and related soft-
are was developed to enable collection with nanometer-scale

patial resolution and to automatically analyze large numbers of
L spectra in nearly real time.
PVP/TiO2:3Eu 45 250 ± 1
PVP/TiO2:1Er 54 117 ± 1
PVP/TiO2:3Er 65 215 ± 5

3. Results and discussion

3.1. Viscosity and conductivity of undoped and RE-doped
precursor solutions

Viscosity and conductivity measurements were performed on
all as-prepared electrospinning precursor solutions, playing these
characteristics a fundamental role in the control of the morphology
and the size of the resulting electrospun fibers [74,75]. The obtained
values are reported in Table 1.

Compared to the neat PVP solution, the viscosity of PVP/TiO2 and
PVP/TiO2-RE precursor solutions decreased to 25–35 cP vs. 68 cP
due to the presence of Ti(OiPr)4, as observed and demonstrated oth-
erwise [76]. In the case of the PVP/TiO2-RE precursor solutions the
viscosity values ranged between 45 cP (PVP/TiO2:3Eu) and 65 cP
(PVP/TiO2:3Er), resulting higher than PVP/TiO2 one, due to the
admixture of RE nitrates. The overall electric conductivity in the
ceramic spinnable solutions is strongly enhanced when compared
to the respective polymeric solutions, in good agreement with Sig-
mund et al. [65]. Regarding the electric conductivity measurements,
the conductivity of the PVP solution was 4 �S cm−1, whereas for
PVP/TiO2 precursor solution the conductivity remarkably increased
up to 59 �S cm−1. It has been experimentally verified that this effect
has to be attributed to the addition of Ti(OiPr)4 [76].

In the case of RE doped PVP/TiO2 precursor solutions, the
conductivity values were further higher than the neat PVP/TiO2
one and increased with the dopant content. In fact, the con-
ductivity values ranged between 108 �S/cm (PVP/TiO2:1La) and
117 �S/cm (PVP/TiO2:1Er) and between 215 �S/cm (PVP/TiO2:3Er)
and 250 �S/cm (PVP/TiO2:3Eu) for a RE content of 1 wt% and 3 wt%,
respectively.

3.2. Morphology of undoped and RE-doped ceramic nanofibers

SEM micrographs (Figs. 1–3) showed that undoped and RE-
2

PVP/TiO2:1La 55 ± 15 40 ± 10
PVP/TiO2:1Eu 80 ± 50 60 ± 10
PVP/TiO2:1Er 87 ± 55 60 ± 15
PVP/TiO2:3Eu 67 ± 25 70 ± 25
PVP/TiO2:3Er 90 ± 50 77 ± 19
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Fig. 1. SEM micrographs of as spun PVP/TiO2, PVP/TiO2:1La, P

The average fiber diameter values for all samples are reported
n Table 2. The average fiber size of the as-spun nanofibers was
0 ± 15 nm for the PVP/TiO2 sample (Fig. 1a) and ranged between
5 ± 15 nm and 90 ± 50 nm for all PVP/TiO2:RE precursor mats
Fig. 1b–f and Table 2). For all PVP/TiO2 materials, a remarkable
eduction of fiber size was observed with respect to the neat
VP one (500 ± 100 nm) (not shown), as reported in Ref. [76].
his phenomenon has to be associated with the higher conduc-
ivity of the respective solutions (Table 1), being the terminal
iameter of the whipping jet controlled by the flow rate, the
lectric current and the surface tension of the complex fluid
65,77]. Upon thermal treatment at 500 ◦C, nanosized fibers were
btained having an average diameter of 40 ± 10 nm for the neat
iO2 (Fig. 2a) and between 40 ± 10 nm and 77 ± 19 nm for the RE-
oped samples (Fig. 2b–f). It is evident that the nanofibers calcined
t 500 ◦C showed a relatively smooth surface and a random ori-
ntation because of the bending instability associated with the
pinning jet.

In Fig. 3 the micrographs of sample TiO2:1La calcined at 1000 ◦C
re reported, as an example. After thermal treatment at 1000 ◦C, the
iO2:RE nanofibers developed a granular microstructure and some
f them were cracked. In Fig. 3 it is noticeable that the nanofibers
howed burl-like wavy surfaces and consisted of linked crystalline

articles or crystallites. This morphology might be related to a dra-
atic change in crystalline structure.
EDS mappings of RE-doped samples clearly pointed out that

i and the correspondent RE element were homogeneously dis-
ributed throughout the overall samples, as shown in Figs. 2 and 3.
O2:1Eu, PVP/TiO2:3Eu, PVP/TiO2:1Er and PVP/TiO2:3Er mats.

3.3. Thermal behaviour of undoped and RE-doped PVP/TiO2 mats

All the electrospun samples were investigated by thermal anal-
yses. In Fig. 4a and b TG–DTA curves of the PVP, PVP/TiO2 and
PVP/TiO2:1Eu mats are reported, as an example. All as spun mats
showed a weight loss around 100 ◦C related to the removal of phys-
ically absorbed moisture and/or of residual solvent (Fig. 4a). The
neat PVP underwent a mass loss in the range 300–600 ◦C corre-
sponding to the PVP combustion and decomposition [42,65,78].
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 RE-doped samples. The DTA curves
showed the expected exothermic peaks associated with these pro-
cesses. In particular the exothermic peaks might be ascribed to the
Ti–OH decomposition and Ti–O–Ti amorphous network formation
(280 ◦C) and with the PVP decomposition (300–400 ◦C) (Fig. 4b)
[42,79,80]. It is worth observing that the progressive lowering of
the thermal decomposition temperatures of the PVP matrices (from
620 ◦C for neat PVP to 450 ◦C for the 1% Eu3+ doped PVP/TiO2 sam-
ple, Fig. 4b) detected upon admixing TiO2 precursor and RE ion
sources might be correlated to catalytic properties of both metal
centres.
3.4. Crystallisation and phase transitions of undoped and
RE-doped ceramic nanofibers

High-temperature XRD (HT-XRD) measurements were per-
formed in order to better asses the influence of both the RE dopant
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Fig. 2. SEM micrographs and EDS mappings of TiO2, TiO2:1La, TiO2:1

nd the temperature on the crystallisation and the phase evolution.
n Figs. 5 and 6 the HT-XRD diffraction patterns of all RE-doped mats

re reported.

At first, XRD reflections belonging to lanthanide oxide(s) were
ot detected in both as-spun and calcined samples. Moreover, a
emarkable shift toward higher temperatures of anatase to rutile

Fig. 3. SEM micrographs and EDS mapping of TiO
iO2:3Eu, TiO2:1Er and TiO2:3Er electrospun mats calcined at 500 ◦C.

phase transition with respect to the undoped sample was observed,
independently from the dopant ion. In fact, we observed that for

undoped TiO2 sample, the crystallisation of anatase phase (JCPDS
#84-1286) occurred around 400 ◦C and the phase transition from
anatase phase (JCPDS #84-1286) to rutile phase (JCPDS #73-1765)
started at about 600 ◦C and was completed at around 1000 ◦C [76].

2:1La electrospun mat calcined at 1000 ◦C.
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ig. 4. (a) TGA curves of PVP, PVP/TiO2 and PVP/TiO2 Eu doped (1 mol%) electrospu
ats.

n the case of RE-doped samples, the transition anatase to rutile
hase was shifted up to 900–1000 ◦C, depending on the dopant
ind and amount. Many authors underlined the effects of rare earth
oping on the anatase–rutile (A–R) TiO2 phase transition rates due
o perturbation in the crystal nucleation process for the either
ubstitutional or interstitial dopant ion incorporation within host
attice [42,80]. Indeed, the RE ions incorporation within the tita-
ia structural framework causes lattice site distortions due to the

arge difference of ionic radii between Ti4+ (0.68 Å) and the spe-
ific RE element (1.087 Å for Eu3+, 1.040 Å for La3+, 1.075 Å for Er3+)
42]. Consequently, the nucleation process responsible for the A–R
ransformation is inhibited by the formation of a Ti–O–RE interac-
ion that segregates the Ti–O species at the interface with the TiO2
omains.

This inhibition effect is supported by the rutile mass fraction
ωR) values, estimated using XRD spectra of samples calcined at
00 ◦C. For undoped TiO2 nanofibers, ωR was 97%; in the case of
oped samples it was remarkably lower (i.e. 3–28%). Moreover,

t is worth highlighting that for undoped TiO2, anatase and rutile
hases co-existed in a wide temperature range, i.e. from 600 to
00 ◦C [76]. For RE-doped titania nanofibers, the two polymorphs
o-existed only around the transition temperature (900–1000 ◦C).

esides, by comparing the two different molar RE dopant content,

t is evident that in the case of sample doped with Eu, for both
iO2:3Eu and TiO2:1Eu samples the A–R phase transition occurred
t about 900 ◦C (Fig. 6). For Er-doped mats, a significant amount of

ig. 5. HT-XRD patterns of TiO2:1La electrospun mat (pre-treated at 300 ◦C) from
T to 1100 ◦C.
ts, (b) DTA analysis of PVP, PVP/TiO2 and PVP/TiO2 Eu doped (1 mol%) electrospun

anatase persisted in samples doped with 3 mol% Er, but the A–R
transition occurred at a 100 ◦C lower temperature (900 ◦C) than
that of 1 mol% one, probably due to the enhancement of defects
for high lanthanide content and to the formation of the face cen-
tred cubic Er2Ti2O7 that promoted the A–R transition (Fig. 6). In
fact, increasing the lanthanide content induced a slight decrease in
the anatase-to-rutile phase transition. It is likely that the number of
defects inside the anatase phase increases with the enhancement
of dopant ions and these defects may promote the formation and
growth of rutile nuclei [42,80].

Actually, XRD spectra of both Eu- and Er-doped TiO2 samples
showed in the temperature range 900–1000 ◦C some extra reflec-
tions, whose intensity increased with the RE dopant content and
with the temperature (Fig. 6). The presence of these peaks could
be ascribed to the formation of the face centred cubic Eu2Ti2O7
(JCPDS #87-1852) and the face centred cubic Er2Ti2O7 (JCPDS #18-
0499) (Fig. 6) as secondary phase, for Eu- and Er-doped samples,
respectively. Only in the case of TiO2:1La sample, the formation
of lanthanum titanate (La2Ti2O7) was not observed (Fig. 5), prob-
ably due to the low La content. Zhang et al. [42] stated that
1 at.% La-doped nanocrystalline titania showed only rutile phase
at 900–1000 ◦C, without the formation of La4Ti9O24, which was
detected for higher La content (3 and 5 mol%).

As suggested by other authors [42,80], the RE titanate formation
is ascribable to enhancement of defects for high lanthanide con-
tent. It can also be observed that the increase of the RE amount is
accompanied by formation of lanthanide titanate (Ln2Ti2O7, where
Ln = Eu3+, Er3+) at progressively lower temperatures. The forma-
tion of the lanthanide titanate is probably favourable to the A–R
phase transformation [42], catalyzing for high Ln content the mass
transport to the nucleation region of the rutile phase, promoting
rutile nuclei growth, and therefore the phase transformation. In the
case of Eu- and Er-doped samples, the Ln2Ti2O7 phase formation
was observed at 900 ◦C and 1000 ◦C for 3 mol% and 1 mol% (Fig. 6),
respectively, occurring at lower temperature for higher content.

In conclusion, the XRD results clearly indicated that rare earth
ions had a strong inhibition effect on the anatase-to-rutile phase
transition, but the inhibition effect was not proportional to the
lanthanide concentration. In all cases, in general, 1 at.% lanthanide
dopants exerted the strongest inhibition effect on the anatase-to-

rutile phase transformation.

Cell parameters of the rutile phase are reported in Table 3,
the reference for rutile being JCPDS #73-1765 (a = b = 4.589(1) Å,
c = 2.954(3) Å, space group P42/mnm(136), theoretical density
4.266 g/cm3, Z = 2). As a general trend, a slight increment of the
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eticular constants and of the unit cell volume was observed, due
o the larger size of RE ionic radius compared to Ti one [42].

.5. Raman spectroscopy characterisation of undoped and
E-doped ceramic nanofibers

As an important material structure research method, Raman
pectrum technology has been used to further analyse and to iden-
ify the phase composition of all samples, allowing to distinguish
he TiO2 different structure types.

Raman spectra of as spun and calcined at 500 and 1000 ◦C sam-
les are reported in Fig. 7a–c, respectively.

Particularly, in Fig. 7a comparison between the Raman spectra of
s spun neat PVP, PVP/TiO2 and PVP/TiO2:3Er samples is reported,
s an example. In the case of all as spun samples, the characteristic
itania bands were not observed, indicating that the as prepared
aterials were indeed amorphous and free from any crystalline
itania phases. All mats presented the typical Raman spectrum of
VP (Fig. 7a), characterised by peaks at 758 cm−1 (C–N vibrations),
t 899 cm−1 (CH2 rocking mode), at 935 cm−1 (C–C stretching), at
028 cm−1 (CH2 symmetric stretching), at 1232 cm−1 (C–N stretch-

able 3
alculated cell parameters of undoped and RE-doped TiO2 mats calcined at 1000 ◦C.

Sample a (Å) b (Å) c (Å) V

TiO2 4.585(2) 4.585(2) 2.959(1) 62.213
TiO2:1La 4.582(2) 4.582(2) 2.947(3) 61.872
TiO2:1Eu 4.5902(6) 4.5902(6) 2.95974(5) 62.314
TiO2:3Eu 4.5891(1) 4.5891(1) 2.9589(9) 62.321
TiO2:1Er 4.5874(9) 4.5874(9) 2.9563(7) 62.213
TiO2:3Er 4.587(1) 4.587(1) 2.9584(6) 62.239
r electrospun mats (pre-treated at 300 ◦C) from RT to 1100 ◦C.

ing), at 1426 cm−1 (C–H bending), at 1232 cm−1 (C–N stretching),
at 1426 cm−1 (C–H bending), at 1663 cm−1 (C O vibration) and at
2928 cm−1 (C–H stretching).

Raman spectra of undoped and RE-doped TiO2 samples cal-
cined at 500 ◦C showed similar patterns, characterised by the
anatase typical peaks with Raman shifts at 146, 196, 396, 520 and
637 cm−1 which correspond to the Eg, Eg, B1g, A1g and Eg vibra-
tion modes of anatase phase of TiO2 (A1g + 2B1g + 3Eg), respectively
[81] (Fig. 7b). It is worth underlining that the RE doping did not
influence and change the structure of TiO2, revealing both undoped
and doped samples similar Raman peaks. This is consistent and in
good agreement with the results obtained from the XRD analyses
(Figs. 5 and 6).

The Raman analysis suggested that the dopant atoms with a rel-
atively low level of doping (1–3 mol%) sited substitutionally on Ti
sites in the anatase crystal structure, yielding the homogeneous
distribution of the doped atoms in the anatase nanocrystalline
structure.

These statements are supported by the XRD and EDS measure-
ments, indicating the presence of the only anatase phase at 500 ◦C
(Figs. 5 and 6) and the homogeneous distribution of the rare earth
ions within the fibrous mats (Figs. 2 and 3), respectively.

After thermal treatment at 1000 ◦C (Fig. 7c) both undoped and
doped nanofibers showed the rutile typical Raman active modes
(A1g + B1g + B2g + Eg).

The dominant lines at 444 and 609 cm−1 are ascribed to the

Eg and A1g vibrational modes of rutile, respectively; the broad
shoulder at about 828 cm−1 is assigned to the B2g vibrational
mode.

The Raman peak at 235 cm−1 is known to be the compound
vibration peak due to the multiple-Phonon scattering processes,
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ig. 7. Room temperature Raman spectra of as spun PVP, PVP/TiO2 and PVP/TiO2:3E
b) and calcined at 1000 ◦C (c).

hich is also considered as a characteristic Raman peak of rutile
ype TiO2 [82].

In conclusion, the Raman spectroscopy analysis confirmed
he XRD phase evaluations, detecting the typical anatase phase
ibrational modes at 500 ◦C and the rutile phase ones at
000 ◦C.

.6. Luminescence spectroscopy

In order to deeply investigate the luminescence properties, the
oom temperature emission spectra for the as spun and annealed
t 500 and 1000 ◦C undoped and RE doped fibers were recorded
ither by means of Raman spectroscopy and by a scanning electron
icroscope FEG-SEM, equipped with a cathodoluminescence (CL)

evice.
PL and CL spectra can be also used in order to study the TiO2

nergy levels and to provide information about the surface oxygen
acancies and defects based on the electronic structure and optical
haracteristics [83,84] and about the differences between anatase
nd rutile phases. In fact, it has been reported that the structural
issimilarities between the anatase and the rutile phases govern
he differences on their electrical and optical properties [85], act-

ng, for the two phases, the defects as radiative and non-radiative
entres. In Fig. 8a the CL spectra of as spun PVP mat and PVP/TiO2
amples, before and after thermal treatment at 500 and 1000 ◦C,
re reported. The CL spectrum of the as spun neat PVP mat shows
broad emission band centred at 650 nm, which might originate
les (a), Raman spectra of undoped and RE-doped TiO2 nanofibers calcined at 500 ◦C

from the organic functional groups of PVP. In the case of PVP/TiO2
mat, it is evident an overlapping of two broad emission bands due to
the contribution of PVP (centred at about 650 nm) and TiO2 precur-
sor (centred around 550 nm). The PVP emission peak disappeared
after calcination at 500 ◦C, due to polymer removal. In fact, after
calcination at 500 ◦C, a broad green photoluminescence peak in
the visible range peaking at about 550 nm was only detected in
TiO2 nanofibers and could be attributed to the radiative recombina-
tion of self-trapped excitons (STEs) localized within TiO6 octahedra
[86,87] and to the surface defects of TiO2 nanofibers. The STE origi-
nates from band-to-band excitation where the excited electron and
the remaining hole create a local deformation of TiO6 octahedra and
thus localize themselves into a state in the energy gap of TiO2. In the
basic TiO2 cell, each Ti4+ ion is surrounded by an octahedron of six
O2− ions. Structural defects can be formed by losing a neutral oxy-
gen atom during high temperature annealing, and the defect states
associated with Ti3+ ions appear to be introduced in the band-gap
at 0.7–0.8 eV below EF [88,89].

Moreover, it is worth emphasizing the remarkable enhancement
of the cathodoluminescence intensity of TiO2 nanofibers, after ther-
mal treatment at 500 ◦C, with respect to both the as spun neat PVP
and the PVP/TiO2 mats.
In fact, the intensity of the UV emission is strongly influenced by
the material crystallinity (and thus by the correspondent decrease
of impurity and structural defects, i.e. oxygen vacancy, disloca-
tions) and by the diameter of the obtained nanofibers. Therefore,
the green emission band intensity enhancement, observed for the
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alcined at 500 ◦C TiO2 nanofibers, can be easily correlated to
heir high surface-to-volume ratio which promotes the existence
f either large quantities of oxygen vacancies or defects. In gen-
ral, with decrease in the particle size the oxygen vacancy number

ig. 8. (a) Cathodoluminescence (CL) spectra of neat PVP, PVP/TiO2 precursor electrosp
uminescence (CL) spectra of PVP/TiO2:1La, TiO2:1La calcined at 500 ◦C and TiO2:1La cal
alcined at 500 ◦C and TiO2:3Eu calcined at 1000 ◦C. (d) Photoluminescence (PL) spectra
athodoluminescence (CL) spectra of PVP/TiO2:3Er, TiO2:3Er calcined at 500 ◦C and TiO2:
g Journal 166 (2011) 751–764 759
enhances and the probability of exciton occurrence increases,
resulting the luminescence signal stronger [88].

The CL spectrum of the undoped TiO2 nanofibers after calci-
nation at 1000 ◦C in air presented a remarkably intense emission

un mat and TiO2 electrospun mat calcined at 500 ◦C and at 1000 ◦C. (b) Cathodo-
cined at 1000 ◦C. (c) Cathodoluminescence (CL) spectra of PVP/TiO2:3Eu, TiO2:3Eu
of PVP/TiO2:3Eu, TiO2:3Eu calcined at 500 ◦C and TiO2:3Eu calcined at 1000 ◦C. (e)
3Er calcined at 1000 ◦C.
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Fig. 8.

eak in infrared region situated at about 835 nm. This peak is
scribable to the photoluminescence transitions associated to the
i3+ interstitial ions in rutile single crystal and to the continuous

osing of oxygen atoms with the increase of annealing tempera-
ure [90], in good agreement with the XRD and Raman considera-
ions.

The luminescence spectra of Eu-, La-, Er-doped samples, before
nd after thermal treatment, are reportedin Fig. 8b–d, and they
inued )

clearly testify the presence of the lanthanide ions in the TiO2 host,
in the case of Eu- and Er-doped samples.

For La-doped sample, we obtained similar CL spectra compared

to undoped TiO2 ones (Fig. 8b). This indicates that La3+ doping does
not cause a new luminescent phenomenon, but affects the response
range and intensity of CL spectra [88].

On the other side, Eu- and Er-doped samples showed a strong
laser induced luminescence in the visible region, due to the tran-
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The R values for both Eu doping content of TiO2 nanofibers resulted
lower than those found for Eu3+ doped nanocrystalline TiO2 pow-
ders prepared by a radio frequency thermal plasma oxidation
technique (R = 9.7) [97] and by a sol–gel technique (R = 6.2) [98]

Table 4
Fig. 8.

itions of the correspondent RE ion. In agreement with previous
iterature results [91,92], the luminescence spectra of all samples

ere characterised by inhomogeneously broadened bands, typical
f Eu3+ and Er3+ doped disordered systems.

Particularly, the obtained CL spectra for 3 mol% Eu doped sam-
le are shown in Fig. 8c, as an example. Characteristic emissions
ue to Eu3+ 4f–4f transitions from the 5D0 excited level to 7FJ man-

folds of the 4f6 configuration were detected in the spectra of both
s spun and calcined at 500 ◦C samples. Besides a strong emission
ttributed to the 5D0 → 7F2 transition of Eu3+ (around 615 nm),
dditional bands attributed to the transitions 5D0 → 7F0 (around
80 nm), 5D0 → 7F1 (around 595 nm), 5D0 → 7F3 (around 652 nm)
nd 5D0 → 7F4 (around 700 nm) were observed. The red colour of
he strong luminescence signal is seen by the naked eye, due to the
D0 → 7F2 transition. It is important to note that the contribution
f the titania broad band at 550 nm, due to recombination of STE,
as detected in the CL spectrum of mat thermally treated at 500 ◦C

Fig. 8c). After the calcination at 1000 ◦C, in the CL pattern, it was
ossible to individuate only the main peak at about 615 nm and it
as evident that the intensity of this red emission peak decreased

nd the near-infrared emission peaking at about 835 nm appeared.
his peak could be associated to the rutile phase.

In all cases, the emission bands were broad with respect to those
ommonly observed for many Eu3+ doped crystalline hosts, such
s sesquioxides (i.e. Y2O3, Lu2O3) [93] and garnets (i.e. Y3Al5O12,
d3Ga5O12) [94]. Moreover, the transitions between the 5D0 and

he 7FJ Stark levels were not clearly resolved. This behaviour
ointed to a relevant disorder of the Eu3+ ions in the TiO2 host envi-

3+
onment. The asymmetry of the Eu ion coordination polyhedron
an be estimated by the asymmetry ratio (R), defined as

= I(5D0 → 7F2)
I(5D0 → 7F1)
inued )

where I(5D0 → 7F2) is the intensity of the 5D0 → 7F2 transition and
I(5D0 → 7F1) of the 5D0 → 7F1 one [95]. In particular, the lower the
R value is, the higher is the site symmetry at the Eu3+ ion.

Thus, in order to estimate the asymmetry ratio values for Eu-
doped samples, we used the PL spectra. In fact, all the PL patterns
of the mats calcined at 500 ◦C and 1000 ◦C presented defined
transitions peaks. In particular, the 550 nm PL signal due to recom-
bination of STE disappeared after annealing at 500 ◦C, mainly due to
the resonant energy transfer from STE to Eu3+ ions and, after the cal-
cination at 1000 ◦C, the PL spectra clearly showed the characteristic
Eu3+ emissions (Fig. 8d).

The value of the asymmetry parameter for the Eu3+ doped
nanofibers resulted to be 1.3 ± 0.1 and 2.0 ± 0.1 for the PVP/TiO2
samples doped with 1% and 3% of Eu3+, respectively (Table 4). These
values were lower than that reported (6.6) for the bare Eu com-
plex [96], indicating that the Eu3+ ions in the PVP/TiO2 samples
were accommodated in a site with higher symmetry with respect
to the bare europium complex. The R values for the TiO2 nanofibers
calcined at 500 ◦C were 4.2 ± 0.1 and 4.14 ± 0.1 for the 1% and 3%
Eu-doped samples, respectively (Table 4).

After the annealing at 1000 ◦C, the R values of the samples
TiO2:1Eu and TiO2:3Eu were 2.1 ± 0.1 and 2.2 ± 0.1, respectively.
Estimated asymmetry ratio (R) values of Eu-doped nanofibers before and after ther-
mal treatments at 500 ◦C and 1000 ◦C.

Sample R as spun R 500 ◦C R 1000 ◦C

TiO2:1Eu 1.3 ± 0.1 4.2 ± 0.1 2.1 ± 0.1
TiO2:3Eu 2.0 ± 0.1 4.1 ± 0.1 2.2 ± 0.1
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Table 4). In any case, these R values did not agree with the relatively
igh symmetry of the Ti4+ ions in the anatase structure (D2d), as this
ymmetry was not compatible with a hypersensitive behaviour of
he 5D0 → 7F2 transition [99].

In the case of as spun Er-doped samples, the CL spectra were
ominated by the overlapping of the TiO2 precursor broad emis-
ion peaking at about 550 nm and the PVP broad band centred at
50 nm with no emission of Er3+ ions, as showed in Fig. 8e for sam-
le PVP/TiO2:3Er, in good agreement with Jia et al. [67]. After the
nnealing at 500 ◦C, green CL peaking at 566.6 nm due to the intra-
f transition of 4S3/2 → 4I15/2 of Er3+ ions in the TiO2 matrix was
etected. Moreover, other weaker emissions at 528.1 and 669.3 nm
ere identified and could be assigned to intra-4f transitions of

H11/2 → 4I15/2 and 4F9/2 → 4I15/2 of Er3+ ions, respectively. Extra
eaker emission peaks could be ascribed to distinct optical transi-

ions of the Er3+ ions. It is worth underlining that the contribution
f the broad band at 550 nm was evident. With the increase of
nnealing temperature up to 1000 ◦C, in the CL spectra low inten-
ity overlapped emission bands at about 665 and 680 cm−1 were
elieved and a very intense band centred at about 835 nm due to
he rutile phase was observed.

Summarizing, for all RE-doped TiO2 samples, after calcination at
000 ◦C, in the CL spectra, the intensity of characteristic emission
eaks decreased and the near-infrared emission peaking at about
35 nm, due to the rutile phase, appeared.

For the anatase nanofibers, the electrons are excited to the
onduction band of TiO2 nanofibers by absorbing the photon
nergy and this energy is directly transferred to RE ions from TiO2
anofibers. For rutile TiO2 nanofibers, the energy of 1.53 eV associ-
ted with Ti3+ interstitial ions is lower than the transition energy
f RE ions. Thus, the energy was back transferred from RE dopant
o defect level associated with Ti3+ interstitial ions. Furthermore
35 nm emission of TiO2:RE is stronger than that of undoped TiO2
anofibers, as also reported in other Refs. [70,71]. So we can con-
lude the energy back transfer is responsible for the luminescence
t 835 nm.

Moreover, as mentioned previously, the radii of the rare-earth
ons are too large to allow them to replace Ti4+ in an anatase crys-
al, and the unresolved luminescence spectra are consistent with
are earths in a glass-like environment. These evidences suggest
hat the rare-earth ions could be located at the edge of the TiO2
anocrystallites, or in close proximity to the surface states of TiO2
rystals. However, in the light of previously discussed XRD and
aman results, we can hypothesize the substitution of Ln ions at
i sites. On the basis of these overall findings, we can thus conclude
hat some Ln dopant ions are sited substitutionally at the Ti sites
nd other ones located at the edge of TiO2 nanocrystallites.

Because of the small size and the large number of nanocrystal-
ites in these materials, a great number of the surface states are
vailable to transfer the energy to the crystal field states of the
are-earth ions.

In conclusion, a possible energy transfer process might consist
n the following: the band gap of titania absorbes UV light, then
elaxes it to the surface states, followed by the energy transfer to
he crystal field states of the rare-earth ions.

. Conclusions

The combination of sol–gel process and electrospinning tech-
ique allows the fabrication of organic–inorganic fibers. The hybrid

lectrospun fibers originate ceramic nanofibers after a suitable
hermal treatment in order to eliminate the organic component.
ndoped and RE (RE = Eu, Er, La)-doped TiO2 nanofibers were suc-
essfully produced by electrospinning, using a Ln3+ concentration
anging between 1 and 3 mol%. The average fiber size was about

[

[

g Journal 166 (2011) 751–764

40 nm for neat TiO2 fibers and ranged between 40 ± 10 nm and
77 ± 19 nm for the RE-doped. The XRD analysis confirmed that the
rare earth doping delayed the anatase-to-rutile phase transition,
the effect depending on the amount of doping. In the case of Eu-
and Er-doped nanofibers, the formation of lanthanide–titanium
oxide (Ln2Ti2O7) occurred in the temperature range 900–1000 ◦C,
depending on the Ln3+ content. The La-doped nanofibers presented
similar luminescence spectra compared to undoped TiO2 ones.
This indicated that La3+ doping did not cause a new luminescent
phenomenon, but affected the response range and intensity of PL
spectra. The Eu- and Er-doped samples, before and after thermal
treatment, showed a strong luminescence emission due to the tran-
sitions of the correspondent Ln3+ ions. The relevant broadening
of the emission bands pointed to a notable disorder environment
around the lanthanide ions in the titania host, typical of Eu3+ and
Er3+ doped systems.
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