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Abstract

Cerium-doped lutetium oxyorthosilicate (Lu2SiO5:Ce
3+, or shortly LSO:Ce) luminescent ceramic fibers were synthesized by the sol–gel

process followed with electrospinning in the present research. Polyvinyl butyral (PVB) was used as a spinnable carrier and anhydrous system
availed the efficient generation of the composite fibers. The phase of Lu2SiO5 starts to appear at 1100 1C based on XRD analysis. After annealed
at 1200 1C for 4 h, all samples with different cerium doping concentrations show a pure phase of LSO with a well-crystallized structure. The
annealed samples retain smooth surfaces and uniform morphologies. LSO:Ce fibers thus prepared exhibit a strong emission peak located at about
403 nm, corresponding to the Ce3+ 5d1-4 f1 transitions. LSO:1%Ce fibers exhibit the most intense emission among the samples doped with
different cerium concentrations, which also present a much stronger emission than that of LSO:1%Ce powders. X-ray excited luminescence
(XEL) spectrum shows that LSO:Ce fibers present a considerable scintillation property as well. Short decay time trait was also observed in LSO:
Ce fibers due to their microscopic defects at grain boundaries and surfaces.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Rare earth (RE) compounds have been widely investigated for
their optical and luminescence properties, in view of their extensive
applications in the fields of high-performance luminescent devices,
scintillator materials, field-emission display (FED), and other
functional materials [1–3]. Recently, with great progress of
nanomaterials fabrication, one-dimensional optical materials, such
as nanowires and nanotubes, have attracted great interests as the
fundamental blocks for building various optoelectronic nano-
devices, nano-lasers, sensors, polarized luminescence, etc [4–7].

The optical properties of one-dimensional materials are closely
related with their morphology or structure, due to their high surface
to volume ratio and quantum confinement effects. Hou et al.
synthesized CaWO4 and CaWO4:Tb

3+ one-dimensional nanoma-
terials by electrospinning. The nanotube samples exhibited higher
cathodoluminescence intensity than the nanowire samples [8].
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
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Lieber et al. characterized the high polarized photoluminescence
from a single indium phosphide nanowire, whose excellent
properties were demonstrated as high resolution, nanoscale photo-
detectors [9]. Other recent findings presented the film of oriented
Gd2O3:Eu platelet crystallites showed much stronger emission than
that of irregular Gd2O3:Eu powders [10], and the RE-Y2SiO5

microbelt phosphors also showed a higher emission intensity than
that of nanofiber phosphors [11]. Including the results mentioned
above, it is also expected that the unique morphology and structure
can improve not only the luminescence quantum yield, but also the
resolution of display.
Lu2SiO5:Ce

3+ (LSO:Ce), as a scintillating or luminescent
material, has increasingly stepped into the spotlight for the field
of computerized tomography (CT), positron emission tomography
(PET), and environmental monitoring [12,13], owing to its high
effective atomic number, outstanding scintillation light yield and
short decay time properties [1,14]. LSO materials are commonly
fabricated in the form of single crystal or powder, in which their
property may be restricted to some extents because of limitations
from morphology and size. If LSO: Ce fibers could be fabricated,
ghts reserved.
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there should have been some new findings. Generally speaking,
electrospinning is a feasible and versatile method to produce
microfibers or nanofibers with uniform diameter, high surface area,
and superior directionality [15,16], which are eligible candidates in
many fields including catalyst supports, optical communication,
chemical sensors, engineering fields, etc. [17–19]. Such one
dimensional morphology may make a special effect when shifted
to LSO: Ce fibers for potential applications in nanofiber lasers,
optoelectronic nano-devices, ray detectors, optical conversion
wrapping materials and even the raw materials for crystal growth.
On the basis of our knowledge, silicate fibers only like cerium-
activated lithium silicate glass fibers have been fabricated by a hot-
downdraw process for the security application and medical
applications of sensors for monitoring and surveillance [20].

In the present work, we proposed to obtain fibrous high
performance LSO:Ce fibers by a facile method of electrospin-
ning combined with the sol–gel process, which has not been
reported before. The crystallinity, morphology and photolumi-
nescent properties of LSO:Ce fibers were investigated. The
discovery of strong emission and short decay from LSO:Ce
fibers was also reported.
Fig. 1. X-ray diffraction patterns for LSO fibers annealed at 1000–1200oC for 4 h.
2. Experiment

2.1. Preparation

First, 11.67 mmol Lu2O3 was dissolved in concentrated HNO3

(with a purity of 99.99%, Shanghai Yuelong New Material
Chemical Ltd.) under stirring, followed with evaporation by
heating to obtain Lu(NO3)3 solid powders. Then Lu(NO3)3
powders and a certain amount of Ce(NO3)3 powders (≧99%,
A.R., Sinopharm Chemical Reagent Co., Ltd.) were added
simultaneously into ethanol. In addition, a silica sol was prepared
by adding 5 g TEOS (tetraethyl orthosilicate Si(OC2H5)4, A.R.,
Shanghai Lingfeng Chemical Reagent Ltd.) in ethanol and
deionized water (weight ratio of TEOS:ethanol:H2O¼1:2:0.4).
A few drops of HCl were added into the mixed TEOS–ethanol–
H2O solution for acceleration of hydrolysis with stirring at room
temperature for 2 h, with a resultant of viscous sol. Soon afterward,
the above Lu(NO3)3–Ce(NO3)3-containing solution and a certain
amount of PVB (where the weight percentage of PVB is 5% of the
total content of water and ethanol in the final mixture solution)
were added into the sol. A homogeneous hybrid solution was
finally obtained after 2 h agitation for further electrospinning. The
above viscous solution was loaded into a hypodermic syringe with
a stainless steel needle having an inner diameter of 0.51 mm. The
anode of high voltage power supply was clamped to the needle tip,
and the cathode was connected to a grounded copper drum
covered with an aluminum foil. The applied voltage was 15 kV,
and the distance between the needle and collector was 12 cm.
Finally, the as-electrospun precursor fibers were annealed at a
range of 1000–1200 1C for 4 h in air with heating rate kept to
5 1C/min. Thus, LSO:xCe [(Lu1−xCex)2SiO5] fibers with varied
Ce3+ concentration (x¼0.1, 0.25, 0.5, 1.0, and 2.0 at %), were
successfully synthesized by the electrospinning method followed
by high temperature treatment.
2.2. Characterization

The crystalline structure of the samples was characterized by
X-ray diffraction (XRD) with Cu Kα radiation (λ¼0.1541 nm,
a D/MAX-2550V X-ray diffractometer working at 40 kV and
100 mA). The size and morphology of electrospun fibers were
observed by scanning electron microscopy (SEM, JSM-6510).
Thermogravimetric and differential scanning calorimetry
analysis were recorded with a thermal analysis instrument
(TG–DSC, NETZSCH 409PC). Transmission electron micro-
scope (TEM), high-resolution transmission electron microscope
(HRTEM) and selected area electron diffractometer (SAED)
micrographs were obtained from a JEM-2100F transmission
electron microscope with a field emission gun operating at
200 kV. The photoluminescence measurements (PL) were per-
formed on a Hitachi F-4600 spectrophotometer equipped with a
150 W xenon lamp as the excitation source. The XEL spectra
were measured on an X-ray excited spectrometer, FluoMain,
where a F-30 movable clinical X-ray tube (W anticathode target)
was used as the X-ray source, and operated under the same
conditions (30 kV, 4 mV) at room temperature. The decay time
curves were measured with the Jobin Yvon Fluorolog-3 spectro-
fluorometer. All measurements were performed at room
temperature.

3. Results and discussion

The XRD patterns of undoped LSO fibers annealed at
different temperatures from 1000 to 1200 1C are shown in
Fig. 1. When the precursor sample is annealed at 1000 1C,
diffraction peaks of Lu2Si2O7 indexed to the JCPDS card no.
35-0326 appear on a large scale, while several weaker
diffraction peaks are ascribed to the phase of Lu2SiO5. When
the precursors are annealed at higher temperatures of 1100 1C
and 1200 1C, well defined diffraction peaks show up, all of
which corresponding to Lu2SiO5 phase match with the indexes
of JCPDS card no. 41-0239. The average grain sizes of the
sample treated at 1100 1C and 1200 1C were estimated
from the Scherrer's equation, where diffraction data in the
(211), (013), (220), (4̄02) planes were taken to calculate.



Fig. 2. X-ray diffraction patterns for LSO:Ce fibers with different cerium
doping concentrations annealed at 1200 1C for 4 h.

Fig. 3. TG–DSC curves of composite fiber precursor of PVB/LSO:1%Ce.
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The estimated average crystallite sizes are 25.1 nm for the
sample treated at 1100 1C and 30.2 nm for 1200 1C, respec-
tively. Obviously the sample annealed at 1200 1C presents a
higher degree of crystallinity and larger crystallite size. It is
consistent with the general rule that the crystallite size
increases with the temperature increasing.

The XRD patterns of LSO:Ce fibers doped with various Ce
concentrations and annealed at 1200 1C for 4 h are shown in
Fig. 2. All products obtained at such a higher temperature
1200 1C own a high degree of crystallinity. Compared to the
indexes on JCPDS card no. 41-0239, the XRD patterns of
LSO:Ce fibers correspond to the Lu2SiO5 phase. Few impurity
phases appearing in some of LSO:Ce samples are Lu2Si2O7

phases. The existed Lu2Si2O7 phases may attribute to the slight
deviation of the hydrolysis degree of the sol–gel process,
which is sensitively influenced by the temperature and stirring
speed in the preparation routes.

Fig. 3 shows a typical thermal behavior of LSO:1%Ce fiber
precursors characterized by TG and DSC analyses with a
heating rate of 5 1C/min. The weight loss of PVB-containing
LSO:Ce precursor exhibits a whole degradation process
consisting of three steps as follows: �20 wt% of weight loss
taking place below 180 1C, �20 wt% of weight loss between
200 1C and 400 1C, and �5 wt% between 400 1C and
1200 1C. The weight loss at the first step before 200 1C is
mainly derived from the evaporation of remaining solvents like
water and alcohol. The second step loss between 200 1C and
400 1C ascribes to the decomposition of organic species such
as PVB and TEOS. The relatively flat third step after 400 1C
corresponds to a further degradation of unsaturated backbone
residues and the formation of LSO:Ce [21]. As the DSC curves
show, the sharp exothermic peak centered at 327 1C is related
to the oxidation and decomposition of PVB. And a broad
exothermic peak at 800–1100 1C corresponds to the crystal-
lization and formation of LSO phase.

A SEM image of the as-prepared precursor LSO:1%Ce, a
kind of hybrid fibers, is shown in Fig. 4a, as well as the sample
treated at 1200 1C shown in Fig. 4b. Although annealed at high
temperature, the surface morphology is well reserved. It can be
seen that the precursor fibers own a uniform and completely
smooth fiber morphology with an average diameter ranging
from 500 nm to 2 μm, as presented in Fig. 4b. The phenom-
enon of shrinkage and curl of fibers can also be observed due
to the decomposition of PVB additive and crystallization of the
LSO phase.
The TEM and HRTEM images of LSO:Ce fibers are shown

in Fig. 4c and Fig. 4d, respectively. The TEM image shows a
smooth and homogeneously distributed morphology. A typical
HRTEM image clearly shows LSO:Ce fibers with well-
resolved lattice fringes. The interplanar spacing of 0.35 nm
corresponds to the (202) plane of LSO:Ce crystalline structure.
Few grain boundaries and defects are observed in HRTEM and
the fibers present high crystallinity and directionality, which
further confirms the formation of crystalline LSO:Ce, agreeing
well with the XRD analysis results. The SAED pattern in
Fig. 4e is indexed and clear unified diffraction patterns can be
observed. It could be deduced that the electrospun fibers own
some pseudo single crystal subregions, which helps to build
the uniformity and directionality inside of samples.
Fig. 5 shows the PL excitation spectra and emission spectra

of LSO:Ce fibers under short wavelength ultraviolet (UV)
irradiation. All samples were measured in the same condition.
The shapes of excitation spectra of LSO:Ce fibers with five
different cerium doping concentrations (0.1, 0.25, 0.5, 1.0, and
2.0 at%) are quite similar, composed of three peaks centering
at about 263, 300 and 356 nm, which are attributed to the Ce3+

4f1-5d1 transitions. The PL emission spectra of LSO:Ce
fibers were recorded at room temperature by fixing the
excitation wavelength at 356 nm. As the Ce3+ concentration
increases, the intensity of emission at 403 nm increases
gradually to a peak value until the Ce3+ concentration reaches
up to 1.0 at%. And then the intensity decreases owing to the
emission quenching from a heavier doping concentration up to
2.0 at%. In comparison, the LSO:1%Ce powders were also
prepared by the sol–gel process using the same chemicals and
processing as a parallel experiment. Obviously LSO:1%Ce
fibers exhibit a stronger emission than that of LSO:1%Ce
powders as the dashed light blue lines shown in Fig. 5.
Generally, defects which provide non-radiative recombination



Fig. 4. SEM image of the precursor LSO:1%Ce fibers (a); SEM, TEM, HRTEM images, and SAED of LSO:1%Ce fibers annealed at 1200 1C (b, c, d, e),
respectively.

Fig. 5. The PLE and PL curves of LSO:Ce with different cerium doping
concentrations. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 6. X-ray excited luminescence of LSO:1%Ce fibers at room temperature.
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routes for electrons and holes have a serious drawback in PL
intensity for phosphors. Such a phenomenon may refer to less
defects on fiber surface or in fiber body than those endowed by
powders, which could be attributed to better crystallinity and
less aggregation in fibers [22].

The X-ray excited luminescence (XEL) spectrum of
LSO:1%Ce fiber samples is presented in Fig. 6. The shape
of curve is similar with the PL spectra excited by UV. It is
obvious that the emission curve is not symmetrical at its both
sides, owning a doublet structure with a long tail on the right-
hand side. Suzuki et al. [23], once proposed that LSO lattice
contains two sites, Ce1 and Ce2, for Lu ions with 6 and 7
oxygen ligands. According to the reports of Ren et al. [24], its
doublet structure of the spectra can be associated with the
transition of the Ce3+ ions at Ce1 site from the lowest 5d level
to the two 4f ground states. And the broad wavelength band on
the right-hand side should be ascribed to the transitions at Ce2.
Compared with the spectra excited by UV, the obvious red-
shift phenomenon occurs in the spectrum excited by X-ray. It
is caused by different energy transfer mechanism between
excitation of X-ray and UV. When excited by X-ray, the
energy is absorbed by LSO matrix and then transferred to Ce3+



Fig. 7. Decay time curve for the luminescence of LSO:1%Ce fibers.
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for the luminescence process [23]. Energy will be released in
the form of non-radiative transition when encountering the
defects in the matrix. Differently, the UV directly excites the
Ce3+ without such a process so that the red-shift phenomenon
occurs when excited by X-ray. This result shows LSO:Ce
fibers present a considerable scintillation property, which
provide great potential for LSO:Ce fibers to be used as optical
fibers for sensors or ray detectors.

The photoluminescence decay curve of sample LSO:1%Ce
is shown in Fig. 7. The decay curve can be well fitted into a
double exponential function as I¼A1exp(−t/τ1)+A2exp(−t/τ2)
under the 403 nm emission of Ce3+, deriving with two lifetimes,
a slow one, τ1¼29.63 ns, and a fast one, τ2¼8.56 ns. But the
fast one dominates the amount for 92.7%. It has been previously
demonstrated that there exists no fast decay time at a several-
nanosecond level for LSO single crystals and the fitted value
illustrated in Fig. 7 is much smaller than the theoretical value
40 ns. The fast proportion is deemed to originate from surface
and grain boundary effect of polycrystalline fibers. The grain
boundaries and defects which own the composite centers of
electrons and holes provide the environment for composite
annihilation of electron–hole pair in a very short time [25].
Consequently, the successful synthesis of LSO:1% Ce fibers
provides a possibility for fabricating one-dimensional fast
scintillators or devices.
4. Conclusion

In summary, one-dimensional cerium-doped lutetium oxy-
orthosilicate (LSO:Ce) luminescent ceramic fibers have been
successfully synthesized by electrospinning in conjunction
with the sol–gel process. After annealing the precursors at
1200 1C for 4 h, the pure phase of LSO was obtained with a
well-crystallized structure and the fibers maintain smooth
surface and uniform morphology. PL measurement presents
that LSO:Ce fibers show a strong emission peak at about
403 nm corresponding to the Ce3+ 5d1-4f1 transitions. The
most intense emission is observed in LSO:1%Ce fibers. And
the LSO:1%Ce fibers also show a stronger light emission than
that of LSO:1%Ce powders with same chemical composition.
Red-shift phenomenon occurs in the spectrum excited by X-
ray compared with UV. A short decay time of several
nanoseconds is also detected. Such luminescent ceramic
LSO:Ce fibers with strong emission and short decay have
prosperous applications in the fields of optoelectronic and
optical nano-devices, ray detectors, sensors, optical conversion
wrapping materials and even the raw materials for crystal
growth.
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