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ABSTRACT

Ce®* and/or Tb>* doped LaPO, nanofibers and microbelts have been prepared by a combination method
of sol-gel process and electrospinning. X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), high-resolution transmission electron microscopy (HRTEM),
photoluminescence (PL), low voltage cathodoluminescence (CL) and time-resolved emission spectra as
well as kinetic decays were used to characterize the resulting samples. SEM and TEM results indicate
the as-formed precursor fibers and belts are smooth, and the as-prepared nanofibers and microbelts
consist of nanoparticles. The doped rare-earth ions show their characteristic emission under ultraviolet
excitation, i.e. Ce®* 5d-4f and Tb*" ®D4-"F, (J = 6-3) transitions, respectively. The energy transfer
process from Ce3* to Tb>* in LaPO4:Ce3*, Th®* nanofibers was further studied by the time-resolved
emission spectra. Under low-voltage electron beam excitation, LaPO4:Ce>*, Tb®>* microbelt phosphors
have a higher intensity than that of nanofiber phosphors.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Inorganic luminescent materials have found many practical
applications in modern lighting and display fields, such as
fluorescent lamps, cathode-ray tubes, field emission displays
and plasma display panels [1]. Oxide materials represent a class
of inorganic materials with technologically relevant properties
that could be used in the production of displays, lamps, and
sensors. Morphology of phosphors (shape and size of the powder
particles) is one of the key parameters of their industrial
application [2,3]. Improvement of the morphology control is of
great interest and different ways are tried in order to achieve this
aim [2-4]. In fact, size and shape of the phosphor particles have an
important influence on the emission intensity and the efficiency
of the device. One-dimensional (1D) structures, such as fibers,
tubes, wires, rods and belts, have attracted great research interests
[5-8] because of their potential to test fundamental quantum
mechanic concepts [9] and to play a vital role in various
applications such as photonics [10], nanoelectronics [11] and data
storage [12]. Quasi-one-dimensional (Q-1D) nanostructures also
have attracted intensive experimental and theoretical interests as
a result of their novel physical properties and potential applica-
tion [9,13,14]. As one subgroup of Q-1D nanostructures, nanobelts
not only help to extend the understanding of the relationships
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between structure and property but can also contribute to an ideal
system for building functional devices. Exploring nanobelts with
very large widths on the micrometer, microbelts still remains
significant on promising properties [15-17].

1D and Q-1D nanomaterials with different compositions have
been developed using various methods [18-23] including the
chemical or physical vapor deposition, laser ablation, solution, arc
discharge, vapor-phase transport process, and a template based
method. Compared to these, electrospinning is an effective and
simple method for generating 1D materials with diameters
ranging from 10’s of nanometers up to micrometers. The
electrospinning technique has been developed since 1934 for
the synthesis of 1D materials [24] and now it is demonstrated that
a rich variety of materials can be electrospun to form uniform 1D
materials [25-31], such as polymers, inorganic and hybrid
(organic-inorganic) compounds. On the other hand, the sol-gel
process has been proven as an efficient way to produce
nanoparticles [32] and nanocoatings [33] of metal oxide. Sol-gel
techniques can be employed to prepare precursor solutions, which
have been used to deposit coatings by spinning and dipping [34].
1D materials fabricated by a combination method of sol-gel
process and electrospinning have become important for their
exceptionally long length, uniform diameter, diverse composition
and high surface, which can be applied in biomedical fields,
reinforced composites, catalyst supports, sensors, electronic and
optical devices, as well as sacrificial templates [35-38].

Lanthanide orthophosphates (LnPO4) belong to two poly-
morphic types, the monoclinic monazite type (for La to Gd) and
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Table 1
The summary of the experiment conditions and the corresponding morphologies.

Sample Volume ratio water:ethanol Type of PVP/wt% of PVP Voltage (kV)/spinning rate (mLh~")/distance (cm) Morphology
LaP04:0.2Ce>* 1:4 M,, = 1,300,000, Aldrich/8 wt% 18/0.5/16 nanofiber
LaP0,4:0.15Tb3*

LaP0,4:0.2Ce>", 0.15Tb**

LaP0,4:0.2Ce*" 2:3 K-30, SCRC/25 wt% 25/1/16 microbelt

LaP0,:0.15Tb>*
LaP0,4:0.2Ce>*, 0.15Tb>*

the quadratic xenotime type (for Tb to Lu). Lanthanum phosphate
(LaPO4, monazite) has been shown to be a useful host lattice for
rare earth ions to produce phosphors emitting a variety of colors
[39-43]. In comparison with bulk materials, the shape anisotropy
of a 1D structure provided a better model system to investigate
the dependence of electronic transport and optical properties on
size confinement and dimensionality. Therefore, the luminescent
LaPO4:RE (rare earth) 1D nanocrystals have also attracted
considerable interest [44-46]. Ce** and Tb>* ions are important
RE ions, which have been applied in blue and green phosphors.
Ce®" and Tb3" coactivated LaPO, is a highly efficiently and
commercially applied green (°D4-"F5 of Th>* at 543 nm) phosphor
in fluorescent lamps [1]. As far as we know, no study has been
reported on synthesis of 1D and Q-1D LaPO,4: Ce>*, Tb®* phosphor
materials together with their luminescent properties via electro-
spinning process. Accordingly in this paper, we report the
preparation of 1D fiberlike and Q-1D beltlike LaPO,4:Ce3* and/or
Tb3* phosphors through a combination method of sol-gel process
and electrospinning, as well as their photoluminescent and
cathodoluminescent properties.

2. Experimental section
2.1. Chemicals and materials

Polyvinylpyrrolidone (PVP, M,, = 1,300,000) was purchased
from Aldrich. Polyvinylpyrrolidone (PVP, K-30) was purchased
from Sinopharm Chemical Reagent Co., Ltd. Ammounium bipho-
sphate (NH4)H,PO4 (>99.0%, analytical reagent, A. R.), citric acid
monohydrate CgHgO- - H,0 (>99.5%, A. R.), nitric acid HNOs (A.R.)
and ethanol were all purchased from Beijing Fine Chemical
Company. La,03 and Th;0- (99.99%) were purchased from Science
and Technology Parent Company of Changchun Institute of
Applied Chemistry. Ce(NOs)s - 6H,0 (99.99%) was purchased from
Shanghai Yuelong New Materials Co., LTD. La(NOs)3; was prepared
by dissolving La,O5 in dilute nitric acid HNOs and Tb(NOs3)s3
were prepared by dissolving Tb40; in dilute nitric acid HNO;
containing H,0,, then evaporating the water in the solutions by
heating. All the initial chemicals in this work were used without
further purification.

2.2. Preparation

Nanofibers of LaP04:0.2Ce>* and/or 0.15Tb** phosphors were
prepared by a method of sol-gel process and electrospinning. The
stoichiometric amounts of La(NOs)3;, Tb(NO3);, Ce(NOs)s-6H,0
and (NH4)H,PO,4 were dissolved in deionized water and the pH
value of the solution was kept between two and three by adding
HNOs. Then the solution was mixed with a water—-ethanol solution
(final volume ratio of water to ethanol is 1:4) containing citric acid
as a chelating agent for the metal ions. The molar ratio of metal

Table 2

Nominal and analyzed compositions of LaPO4:x Ce>*, y Tb>* (analyzed by ICP-OES).
Here x is the doping molar concentrations of Ce>* and y is the doping molar
concentrations of Th**, NF: nanofibers, MB: microbelts.

Sample x nominal x analyzed y nominal y analyzed
LaP0,:0.2Ce>* (NF) 0.200 0.189 - -
LaP0,4:0.15Tb** (NF) - - 0.150 0.141
LaP0,:0.2Ce**, 0.15Tb>" (NF)  0.200 0.191 0.150 0.139
LaP0,:0.2Ce>* (MB) 0.200 0.193 - -
LaP0,4:0.15Tb*" (MB) - - 0.150 0.145
LaP0,:0.2Ce**, 0.15Tb>* (MB) 0.200 0.195 0.150 0.137

ions to citric acid was 1:2. A certain amount of polyvinylpyrro-
lidone (PVP, M,, = 1,300,000, Aldrich) was added to adjust the
viscoelastic behavior of the solution (the weight percentage of
PVP is 8% in the water—ethanol solution ). The solution was stirred
for 4h to obtain a homogeneous hybrid sol for further electro-
spinning. The distance between the spinneret (a metallic needle)
and collector (a grounded conductor) was fixed at 16 cm and the
high-voltage supply was maintained at 18 kV. The spinning rate
was controlled at 0.5mLh™! by a syringe pump (TJ-3A/W0109-1B,
Baoding Longer Precision Pump Co., Ltd, China). The as-prepared
hybrid precursor samples were to the desired temperature
(600-900 °C) with the heating rate of 2°C-min~! and held there
for 4h in air. In a typical process for the preparation of
LaP04:0.2Ce®*" and/or 0.15Tb®** microbelts, the solution for
electrospinning was prepared by the similar procedure via
changing the ratio of water-ethanol solution together with the
type and amount of PVP. Typically, the ratio of water-ethanol
solution was adjusted to 2:3 in volume, another kind of
polyvinylpyrrolidone (PVP, K-30, Sinopharm Chemical Reagent
Co., Ltd) was added with a weight percentage of 25% in the
water—ethanol solution. The solution was also stirred for 4h to
obtain a homogeneous hybrid sol for electrospinning. The distance
between the spinneret and collector was tuned to 16 cm and the
high-voltage supply was changed to 25 kV. The spinning rate was
controlled at 1TmLh™! by a syringe pump. The as-formed hybrid
precursor samples were to the desired temperature (600-900 °C)
with the heating rate of 2°C-min~! and maintained for 4h in air.
In this way, LaP04:0.2Ce®*" and/or 0.15Tb>" nanofibers and
microbelts have been prepared. The detailed sample synthesis
parameters and compositions (including the doping concentra-
tions in synthesis and actual concentrations determined by
analysis) are summarized in Tables 1 and 2, respectively.

2.3. Characterization

The powder X-ray diffraction (XRD) patterns of the samples
were carried out using a Bruker-D8 Focus diffractometer with
copper radiation (CuKo, 0.154056 nm). The powder XRD pattern
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for Rietveld analysis were measured with a step (counting time:
2s-step~ ') width of 0.02° in the 20 range between 10 and 80°. The
morphology of the samples was inspected using a field emission
scanning electron microscope (Philips XL 30). Transmission
electron microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM) micrographs were obtained from
a FEI Tecnai G2 S-Twin transmission electron microscope with a
field emission gun operating at 200kV. Inductively coupled
plasma optical emission spectrometer (ICP-OES, ICAP 6300,
Thermal Scientific) was used to determine the actual doping
molar concentrations of Ce** and Tb>' in LaPO4:Ce3* and/or
LaPO,4:Tb*" samples. The photoluminescence (PL) measurements
were performed on a Hitachi F-4500 spectrophotometer equipped
with a 150W xenon lamp as the excitation source. The
cathodoluminescence (CL) measurements were conducted in an
ultrahigh-vacuum chamber (<1078 Torr), where the phosphors
were excited by an electron beam at a voltage range of 1-3kV
with different filament currents 14-18 mA, and the emission
spectra were recorded using an F-4500 spectrophotometer. The
luminescence decay curves and time-resolved PL spectra were
obtained from a Lecroy Wave Runner 6100 digital oscilloscope
(1 GHz) using a tunable laser (pulse width = 4 ns, gate = 50 ns) as
excitation (Continuum Sunlite OPO). All the measurements were
performed at room temperature.

3. Results and discussion
3.1. Formation, structure and morphology

3.1.1. XRD

Fig. 1 shows the XRD patterns of the as-prepared precursor for
LaP0,4:0.2Ce*, 0.15Tb>* (fiberlike) sample, and those annealed
from 600 to 900°C as well as the JCPDS card (no. 32-0493) for
LaPOg4, respectively. In Fig. 1(a) for the as-formed precursor
sample, no diffraction peak is observed except for the broad band
at 20 = 22°, which is ascribed to the semicrystalline PVP. For the
precursor sample annealed below 600 °C, the broad peak for
semicrystalline PVP disappears and no diffraction peak is
observed in the XRD pattern (not shown), indicating that the
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Fig. 1. X-ray diffraction patterns for LaP0O4:0.2Ce**, 0.15Tb** nanofibers, (a) as-
form precursor fibers, the fibers annealed at (b) 600 °C, (¢) 700 °C, (d) 800 °C and
(e) 900°C, respectively, as well as the JCPDS card 32-0493 of LaPO, for
comparison.

decomposition of PVP and the sample remains amorphous at this
stage. When the precursor sample is calcined at 600 °C (Fig. 1b),
some weak and broad peaks at 26 = 21.58°, 27.35°, 28.65°, 30.95°,
42.16°, 45.65° are present, which are due to the (101), (200), (120),
(012), (221), (312), reflections of the crystalline LaPO,4 (monazite
structure), respectively. This indicates the starting of crystal-
lization of the fiberlike sample at this heating temperature. With
the increase of annealing temperature from 700 to 900°C
(Fig. 1c-e), the diffraction peaks become sharper and stronger
due to the increase of the crystallinity and the growth of the
crystallize size. For the sample annealed at 900 °C (Fig. 1e), well
defined diffraction peaks can be indexed to the monoclinic phase
of LaPO4 according to the JCPDS card (no. 32-0493). No additional
peaks for other phases have been found, indicating that Ce3* and
Tb>* ions have been effectively built into the LaPO4 host lattice
and the doping degree cannot give rise to the change of the crystal
phase. The same situation of XRD results holds for other Ce** and/
or Tb>* doped LaPO, samples (fiberlike and beltlike) obtained
under other experimental conditions.

LaPO,4:Ce3*, Th** samples have the space group P2;/n, and the
structure comprises numbers of PO, tetrahedra and REOgq
(RE = La, Ce and Tb) polyhedra [47,48]. The phosphate tetrahedra
in the structure is isolated, separated by intervening REOg
polyhedra, and O atoms in coordinate to two RE and one P atoms.
The fundamental atomic arrangements of LaPO,4:Ce3*, Th3* can be
described as [001] chains formed of alternating RE polyhedra and
phosphate tetrahedra (called polyhedron-tetrahedron chains). The
chains extend along [001] by sharing tetrahedral edges with RE
polyhedra; there are four chains per unit cell in each mineral. The
chains are linked laterally [in (001)] by sharing edges of adjacent
REOg polyhedra. The crystal structures of the as prepared Ce>*
and/or Tb>* doped LaPO, samples (annealed at 900°C) were
refined by the Rietveld method [49,50]. The unit cell of
LaP04:Ce3*, Tb®*" was first determined from the X-ray powder
diffraction patterns using indexing programs DICVOL04 [51] and
the XRD data were analyzed by the Rietveld method using GSAS
[52]. In the refinement, the first one was a profile matching step,
introduced by LeBail [53]. Here unit cell parameters, profile
shape parameters and the individual Bragg intensities varied
independently without referring to any structural model. In the
second stage of Rietveld analysis, we refined the position
and fractional occupancy of the atoms, holding the unit cell
and profile shape parameters obtained in the first step. Constraint
has been used in the third step, where the occupancies of
La and Ce/Tb were varied while the total occupancy of La and
Ce/Tb was kept equal to the stoichiometric ratio. Finally, the
occupation of Ce/Tb was refined for all samples. The diffraction
patterns obtained can be successfully indexed and refined
for all samples in the frame of the monoclinic space group
p21/n. Fig. 2 shows the Rietveld refinement patterns using XRD
data of as-prepared LaP0,4:0.2Ce>*, 0.15Tb>" microbelts (a) and
nanofibers (b) (as examples). The calculated intensity agreed well
with the observed data. The most important structural parameters
and the discrepancy factors after the refinement are listed in
Table 3, and the main interatomic distances and bond angles of
LaPO,4:Ce3*, Th®* nanofibers (as an example) are listed in Table 4.
For example, for the LaP0,4:0.2Ce3*, 0.15Tb®* nanofibers, the
reliability factors were Ryp = 5.23%, R, = 1.682%, RE = 1.682%
and y?=1430, and the unit-cell parameters obtained were
a=6.81656(3)A, b = 7.057175(4) A, ¢ = 6.49545(1)A, o = y = 90",
and 8 = 103.357(2)° (Table 3). The calculated crystal cell para-
meters are smaller than those for the standard LaPO, (JCPDS
32-0493). The smaller cell parameters (a, b, c) are attributable to
the smaller Ce and Tb atoms as compared with the La atoms. Ionic
radii of the Ce** and Th>* ions (1.034 and 0.923 A) are smaller than
that of the La3* ion (1.061 A).
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Fig. 2. The observed (black fork mark) and calculated (red solid) X-ray diffraction
profiles of LaP04:0.2Ce>*, 0.15Tb>* microbelts (a) and nanofibers (b). The short
vertical bars (green) show the positions of the allowed Bragg reflections. The
difference profile (blue solid) is located at the bottom of the figures. (For
interpretation of the references to colour in the figure legend, the reader is referred
to the web version of the article).

3.1.2. SEM and TEM

Fig. 3 shows the SEM images of the as-formed precursor
LaP0,4:0.2Ce3*, 0.15Tb** hybrid fibers and belts, as well as those
samples annealed at high temperature (900 °C), respectively. From
the SEM micrograph of Fig. 3a, it can be seen that the as-formed
LaP0,4:0.2Ce®*, 0.15Tb3* precursor fibers are uniform with dia-
meters ranging from 150 to 300nm. In order to obtain pure
inorganic fibers, a high annealing temperature is employed to
remove the organic PVP templates. After being calcined at 900 °C
for 4h, the fibers shrink and become curvy due to the decom-
position of PVP and crystallization of LaPO,. It can also be seen
from Fig. 3b that the diameters of LaP04:0.2Ce3*, 0.15Tb>*
nanofibers (seem to consist of linked particles) become
75-150nm. The morphology and diameter of electrospun 1D
nanomaterials are dependent on a number of processing para-
meters including the type of polymer, the conformation of
polymer chain, electrical conductivity, the surface tension and
the operational conditions. Under controlling these factors, the
formation of a skin on the surface of liquid jet (due to rapid
evaporation of solvent) and the subsequent collapse of the skin
might be responsible for the emergence of a beltlike morphology

[54-56]. Additionally, a higher flow rate for solution always
leads to the formation of thicker fibers, and these thicker
fibers without complete drying before reaching the collector
may also lead to the formation of beltlike structures with
rectangular cross sections [55,57]. By adjusting some of the
electrospun parameters, we can obtain Q-1D hybrid beltlike
materials, as shown in Fig. 3c. In general, the precursor belts are
formed with typical widths of 0.5-2pum and thickness of
200-500 nm. After annealed at 900 °C for 4 h, the sample keeps
beltlike structure with widths of 0.3-1.5 um and thickness in the
range of 150-300 nm (Fig. 3d).

The morphologies of 1D and Q-1D products are further
characterized by TEM and HRTEM techniques. The TEM and
HRTEM images of LaP0,4:0.2Ce3*, 0.15Tb3* nanofibers and mi-
crobelts are shown in Fig. 4, respectively. From Fig. 4a and c, it can
be seen that the nanofibers or microbelts are further composed of
closely-linked nanoparticles. The typical HRTEM images of
LaP0,4:0.2Ce®*, 0.15Tb>" nanofibers (Fig. 4b) and microbelts
(Fig. 4d) clearly show lattice fringes with interplanar spacing of
0.31 nm that correspond to the (112) plane of LaPO,, respectively.
These results further confirm the presence of highly crystalline
LaP0,4:0.2Ce®*, 0.15Tb>" in the nanofiber and microbelt samples
after annealing at high temperature, agreeing well with the
XRD results.

Finally, it should be mentioned that the key strategy of sol-gel/
electrospinning method to obtain 1D inorganic nanomaterials was
to form a solution with viscoelastic behavior similar to that of a
conventional polymer solution. In our experiments, the purposes
of controlling the volume ratio of water to alcohol and the weight
percentage of PVP were to adjust the viscoelastic behavior,
making the hybrid solution suitable for further electrospinning.
The morphology and diameter of electrospun samples are also
dependent on a number of process parameters including the
intrinsic properties of solution and the operational conditions. In
order to obtain uniform 1D morphologies, searching for a balance
point of various electrospinning parameters is very important. In
our experiments, the balance point might be related to the volume
ratio of water to alcohol, the weight percentage of PVP, the
spinning rate, the strength of electric field, and the distance
between the spinneret and collector. The synthesis conditions
listed in Table 1 are the optimized ones for the corresponding
morphologies.

3.2. Luminescence properties

The PL and spectral properties for the Ce** and/or Tb>* doped
LaPO4 nanofibers and microbelts are basically identical, so here
we mainly present the results for the Ce>* andj/or Tb*" doped
LaPO,4 nanofibers.

3.2.1. PL properties of LaP04:Ce>*/Tb>* nanofibers

Under short wavelength ultraviolet (UV) irradiation, as-
prepared LaPO,4:Tb>* nanofibers exhibit green emission for Th>*.
Fig. 5 shows the PL excitation and emission spectra of
LaP0,4:0.15Tb>* nanofibers. The excitation spectrum (Fig. 5a) of
Tb®** contains an intense band at 216 nm with a shoulder at
230 nm, which are due to the transitions from the ground state
("Fg) of the Tb?* 4f% configuration to the different excited states of
the 4f” 5d configuration. The forbidden f-f excited transitions of
Tb>* can not be observed clearly due to their weak intensity with
respect to that of the allowed 4f8-4f” 5d transition. Excitation into
the 4f8-4f” 5d band at 216nm yields the characteristic green
emission °D4~"F, (J = 3, 4, 5, 6) of Tb**, with the *D4-Fs (543 nm)
green emission as the most prominent group (Fig. 5b). Due to the
cross-relaxation between °D3-°D, and “Fo-"Fj at this high doping
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Table 3
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Structure parameters for LaPO,: xCe>*, yTb>* nanofibers and microbelts. (RE: La/Ce/Tb).

x=015y=0 x=015y=0 x=0,y=0.2 x=0,y=0.2 x=0.15y=0.2 x=015y=0.2
nanofiber microbelt nanofiber microbelt nanofiber microbelt
Uniat cell parameters
a(A) 6.82814(1) 6.82821(1) 6.82653(4) 6.82651(6) 6.81656(3) 6.81689(3)
b (@) 7.06114(5) 7.06086(2) 7.05615(2) 7.05631(7) 7.05175(4) 7.05206(5)
c(A) 6.50125(2) 6.50065(1) 6.50049(2) 6.50048(5) 6.49545(1) 6.49583(1)
="y 90 90 90 90 90 90
(deg)
B (deg) 103.297(3) 103.289(1) 103.344(5) 103.343(6) 103.357(2) 103.362(1)
Reliability factors
Rwp (%) 9.17 9.12 9.38 9.33 6.82 5.07
Ry (%) 6.35 6.45 7.12 7.09 5.23 4.53
RE (%) 2.216 3.659 2.968 4.265 1.682 2134
7 2.368 2.071 3.256 3.569 1.430 1.331
Atomic positions
RE
X 0.2833(2) 0.2835(3) 0.2828(6) 0.2829(7) 0.2829(3) 0.2837(2)
y 0.1603(0) 0.1606(1) 0.1598(7) 0.1598(5) 0.1601(5) 0.1599(0)
z 0.1010(5) 0.1006(0) 0.0998(1) 0.0999(1) 0.1005(3) 0.0997(8)
Uiso (A?) 0.0196(1) 0.0231(6) 0.0311(4) 0.0177(1) 0.0335(0) 0.0222(6)
P
X 0.3037(4) 0.3029(2) 0.3022(6) 0.3022(7) 0.3038(0) 0.3041(0)
y 0.1613(1) 0.1622(1) 0.1623(9) 0.1614(5) 0.1634(2) 0.1629(8)
z 0.6097(2) 0.6077(1) 0.6049(7) 0.6074(3) 0.6114(9) 0.6112(5)
Uiso (A?) 0.0156(4) 0.0301(2) 0.0255(0) 0.0217(4) 0.0206(7) 0.0206(9)
01
X 0.2515(3) 0.2492(3) 0.2497(3) 0.2503(5) 0.2510(1) 0.2508(5)
y 0.0089(7) 0.0086(2) 0.0085(6) 0.0083(0) 0.0086(1) 0.0088(6)
z 0.4460(5) 0.4466(3) 0.4456(7) 0.4459(8) 0.4462(3) 0.4461(2)
Uiso (A?) 0.0123(5) 0.0213(6) 0.0095(2) 0.0075(8) 0.0156(2) 0.0042(7)
0,
X 0.3796(1) 0.3855(1) 0.3817(4) 0.3817(4) 0.3802(7) 0.3801(2)
y 0.3314(5) 0.3313(4) 0.3354(2) 0.3360(9) 0.3313(2) 0.3315(3)
z 0.4494(3) 0.4984(5) 0.4976(7) 0.4980(4) 0.4967(2) 0.4975(0)
Uiso (A?) 0.0096(7) 0.0098(8) 0.0087(7) 0.0103(6) 0.0063(7) 0.0017(8)
05
X 0.4737(0) 0.4740(1) 0.4742(7) 0.4736(5) 0.4741(4) 0.4735(1)
y 0.1066(3) 0.1060(5) 0.1073(0) 0.1064(6) 0.1069(1) 0.1063(8)
z 0.8050(2) 0.8042(0) 0.8027(9) 0.8033(1) 0.8029(2) 0.8031(1)
Uiso (A?) 0.0275(7) 0.0244(0) 0.0255(1) 0.02517(5) 0.0213(1) 0.0179(1)
04
X 0.1268(2) 0.1272(1) 0.1270(1) 0.1276(3) 0.1269(2) 0.1274(3)
y 0.2153(4) 0.2156(6) 0.2152(2) 0.2156(6) 0.2153(1) 0.2165(3)
z 0.7125(0) 0.7131(5) 0.7120(7) 0.7122(0) 0.7112(5) 0.7117(2)
Uiso (A?) 0.0091(5) 0.0098(0) 0.0095(6) 0.0135(1) 0.0096(7) 0.0121(5)

concentration (15 mol%) of Tb3", the blue emission of the >D3-"Fx

transitions is too weak to be detected [1].

Ce®* doped LaPO, nanofibers show an emission in the UV
region. Fig. 6 gives the excitation and emission spectra, respec-
tively, for the luminescence of LaP04:0.2Ce>* nanofiber samples.

The emission of Ce>* includes a broad band with a maximum at
318 nm and a shoulder at 336 nm, which are assigned to the parity
allowed transitions of the lowest component of the 2D state to the
spin-orbit components of the ground state, 2Fsj,, F7, of Ce3*,
respectively. The energy difference between the two peaks is



Z. Hou et al. / Journal of Solid State Chemistry 182 (2009) 698-708 703

1685 cm™}, basically agreeing with the ground state splitting of
Ce3" (2000 cm™, i.e., energy difference between the *Fsj, and 2F; ),
doublets in the 4f' configuration of the Ce** ion). Independent of
the monitored emission wavelengths (318 or 336nm), the
excitation spectrum consists of four broad peaks with maxima
at 221, 245, 260, and 278 nm (strongest), which correspond to the
transitions from the ground state 2Fs;; of Ce3* to the different
components of the excited Ce3* 5d states split by the crystal field
(in the LaPO,4 host lattice, the La3* ion is surrounded by nine
oxygen atoms with a site symmetry of C; [43]). The intensity
patterns and the positions of the peaks are in agreement with
those observed in the absorption and luminescence excitation
spectra of the bulk LaPO4:Ce** and colloid of LaPO,:Ce®*
nanocrystals [58-61].

3.2.2. PL properties of LaPO:Ce**, Tb® nanofibers

If the LaPO,4 nanofibers are coped with cerium and terbium
ions, they show strong green luminescence under UV excitation
caused by the line emission of Tb>* ion. Fig. 7 exhibits the
excitation and emission spectra for the luminescence of Tb3* in

Table 4
Selected interatomic distances (A) and bond angles (deg) for LaPO4:0.2Ce>",
0.15Tb** nanofibers. (RE: La/Ce/Tb).

Interatomic distances (A)

Atoms Distance Atoms Distance
RE-01 2.5461(1) RE-02 2.7569(1)
RE-0O1’ 2.4748(5) RE-02' 2.5702(9)
RE-02" 2.6590(8)
RE-03 2.5748(1) RE-04 2.4693(5)
RE-03' 2.5007(6) RE-04' 2.5565(5)
P-01 1.5279(6) P-02 1.5778(4)
P-03 1.5293(2) P-04 1.5397(0)
Bond angle (deg)
Bond type Angle (deg) Bond type Angle (deg)
01-P-02 101.855(2) 02-P-03 106.655(2)
01-P-03 114.463(2) 02-P-04 117.642(1)
01-P-04 115.809(1) 03-P-04 100.629(2)

LaP0,4:0.2Ce*, 0.15Tb>* nanofiber phosphors. The excitation
spectrum monitored with the 543 nm emission (°D4-’Fs) of Tb>*
is composed exclusively of the excitation bands of Ce®*, which is
similar to the excitation spectrum of LaP0,4:0.2Ce®* (Fig. 6a).
Excitation into the Ce3* band at 278 nm yields both the weak
emission of Ce>* (300-360nm) and the strong emission of Tbh3*
(370-700nm, >D,-"F;, ] = 3, 4, 5, 6). This indicates that an energy
transfer from Ce>* to Tb>* occurs in the nanofibers of LaPO,, as
observed in the bulk powder materials and colloids of LaPO4:Ce>",
Tb3* [58-61]. All the above spectral properties for the
LaP0,4:0.2Ce>*, 0.15Tb>* nanofiber phosphors are basically con-
sistent with the reported bulk, nanocrystalline powder and thin
film of LaPO4:Ce®*, Th®* [58-61]. The kinetic decay curves for
the representative emission of Tb>" and Ce3* in LaP0,:0.2Ce>",
0.15Tb** nanofibers and microbelts were measured, as shown in
Figs. 8 and 9, respectively. The decay curves of Tb*" °D,-"Fs
(543 nm) luminescence can be well fitted to a single exponen-
tial function,

I=Ipexp(~t/m) (1)

where I is the initial emission intensity at t =0, and t is the 1/e
lifetime of the emission center. Through this fitting, the lifetimes
of Tb3* are determined to be 2.83 and 2.80 ms in nanofibers and
microbelts (Fig. 8), respectively. Note that the lifetime values
for Tb3* in the LaP0,4:0.2Ce*, 0.15Tb>" nanofibers and microbelts
are basically identical within the experimental errors, which
are close to that for Tb3" in LaggsTbo16PO4 thin film (2.78 ms,
900°C annealed) [43]. Here the differences for the lifetimes
of Tb®* can be ascribed to the different composition and
morphology of the samples. The luminescence decay curve for
the representative emission of Ce®* in LaP0,4:0.2Ce3*, 0.15Tb>*
nanofibers and microbelts (Fig. 9) can also be fitted to a single
exponential function, and the lifetimes of Ce>* are also basically
identical as Tb®* in the nanofibers and microbelts, 5.95 and
5.92 ns, respectively.

The strong luminescence of Tb>" results from efficient energy
transfer from the Ce3' to the Tb®" in the LaPO,4:Ce3*, Tb**
phosphors, as reported previously [43,58-61]. In order to obtain
more information about the energy transfer process from the Ce*

Fig. 3. SEM images for the as-formed precursor for LaPO4 0.2Ce>*, 0.15Tb>* fiber (a) and that annealed at 900 °C (b), the as-formed precursor for LaP04:0.2Ce>*, 0.15Tb>*

belts (c) and that annealed at 900 °C (d).
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d(120) = 0.31 nm

d(120) = 0.31 nm

Fig. 4. TEM images of LaP0,4:0.2Ce>*, 0.15Tb>* nanofibers (a) with its HRTEM (b), LaP0O4:0.2Ce>*, 0.15Tb>* microbelts (c) with its HRTEM (d).
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Fig. 5. Excitation (a) and emission (b) spectra for LaPO,4:0.15Tb>* nanofibers.

to the Tb>*, time-resolved emission spectra of Tb3* in the
LaP0,4:0.2Ce3*, 0.15Tb>" nanofiber phosphors were recorded at
room temperature by exciting into the absorption of Ce3* using a
290 nm laser with a delay time ranging from 0.05 to 100 s, as
shown in Fig. 10. When t = 0.05 ps, the broadband emission of
Ce®*, together with the weak emission of Tb** from *D3-"F; (J = 6,

(a) 2, =318 nm (b} A =278 nm
—_ are 318
E 260
< 336
=
7}
g 245 La“CeuPO‘
et
£
-
o
221
200 300 400 500

Wavelength (nm)

Fig. 6. Excitation (a) and emission (b) spectra for LaP04:0.2Ce>*" nanofibers.

5, 4, 3, 2), can be observed simultaneously, indicating that two
processes occur in the excited Ce>*: radiative transition to its
ground state and nonradiative transfer of the excitation energy to
the Tb3* (mainly to high levels: °D3, °L;o at around 26 300cm™!
(378 nm)). The competition between these two processes results
in both the Ce®** emission and the Thb** emission (mainly directly
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Fig. 7. Excitation (a) and emission (b) spectra for LaP04:0.2Ce>*, 0.15Tb>*
nanofibers.
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Fig. 8. The decay curves for the D4-’Fs (543 nm) emission of Tb>* in LaP0,:0.2
Ce**, 0.15Tb>* nanofibers (a) and microbelts (b).
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Fig. 9. The decay curves for Ce** in LaP0,:0.2 Ce**, 0.15Tb*" nanofibers (a) and
microbelts (b).

from the °D; level). When t = 0.2 s, °D5 excited states can be
observed clearly and the emission of Ce3* begins to decrease.
When t = 0.5 pis, the emission of Ce** cannot be observed due to
its short lifetime (7t =5.95ns depopulation takes place very
quickly), and the *D4~"F; (J = 6, 5, 4, 3) emission of Th*" became
dominant due to the cross-relaxation effect among the Tb>* ions,
ie. Tb** (°D3}+Tb** ("Fs) — Tb** (°D4)+Tb** (“Fo) [43]. For
t=10ps and later, the °D; emission of Th®*" is quenched
completely by the cross-relaxation effect, and the D, emission
also begins to decay gradually due to the depopulation of the
excited states. Because the °D, emission of Tb3* has a lifetime of
2.83 ms (2830 ps), it can still be clearly observed for t = 2000 ps
(figures are not shown due to the limited space). The lumines-
cence and energy transfer process of Ce>* and Tb** in LaP0Q,4:Ce>*,
Tb3* is shown schematically in Fig. 11 [58,62]. First, Ce>* ions were
excited by UV light excitation; subsequently, energy transfer takes
place from Ce®* to Ce®*, and then from 5d (Ce3*) to the high
excitation levels of Tb3* (4f") followed by cross relaxation to the
5D, level of Tb3*, which decays radiatively to various lower levels
of ’F;(J =0, 1, 2,3, 4,5 and 6). The energy levels of Tb** (4/*) are
suitable for the energy transfer to take place from the allowed
Ce>* emission of (f-d) upon excitation with UV light. That the
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Ce*-Ce®* energy diffusion process should play a role in the
energy transfer process appears reasonable in view of the
involvement of parity-allowed d-f transition moments [58-61].
The Tb3* ions act as the terminal of the energy transfer processes
in the LaPO,: Ce®*, Tb®* system.

t=50ns
t=200ns
t=500 ns
g Py z Tﬁs' : "’DJ-'F](
g h " @gg ’\ t=1ps
t=10 pus
t=100 ps
L] l L] I L] l L
300 400 500 600 700
Wavelength (nm)

Fig. 10. Time-resolved emission spectra for the LaP0,4:0.2Ce>*, 0.15Tb>* nanofibers
(Zex = 290 nm, laser).
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Fig. 11. The luminescence and energy transfer process of Ce>* and Tb>* in
LaP0,4:0.2Ce3*, 0.15Tb>* nanofibers.

3.2.3. CL properties

Under low-voltage electron beam excitation, the as-prepared
LaP0,4:0.2Ce>*, 0.15Tb>* microbelts and nanofibers also exhibit
green emissions as the UV excitation, respectively. The represen-
tative cathodoluminescence spectra of the LaP0,4:0.2Ce>*, 0.15Tb>"
microbelts and nanofibers under the excitation of electron beam
(accelerating voltage = 1.5kV; filament current=15mA) are
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Fig. 12. Typical cathodoluminescence spectra (a) of LaP04:0.2Ce**, 0.15Tb**
nanofibers and microbelts (acclelerating Voltage: 1.5kV, Filament Current:
15maA), the cathodoluminescence intensity of LaP04:0.2Ce>*, 0.15Tb>* nanofibers
and microbelts as a function of accelerating voltage (b) and filament current (c).
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shown in Fig. 12a, which have identical shapes as the PL emission
spectra. From the typital CL spectra, it can be seen that the
microbelts phosphors have a higher CL intensity than that of
nanofibers phosphors (All the experimental conditions were kept
identical in order to avoid experimental errors.) Defects have
serious drawback in luminescence intensity for phosphors as they
provide non-radiative recombination routes for electrons and
holes [63-65]. From the HRTEM images shown in Fig. 4, it is clear
that LaP04:0.2Ce3", 0.15Tb>" nanofibers have a number of defect
regions (Fig. 4b) and no obvious defects are found within the
crystal structure of LaP0,4:0.2Ce>*, 0.15Tb>" microbelts (Fig. 4d).
The large surface area introduces a large number of defects into
the phosphor crystal. Herein, the surface area of the as-prepared
LaP0,4:0.2Ce3*, 0.15Tb>* microbelts is smaller than that of
LaP0,4:0.2Ce3*, 0.15Tb>* nanofibers. This is the reason that the
CL intensity of microbelts is higher than that of nanofibers. The CL
emission intensity for the LaPO4:0.2Ce>*, 0.15Tb>" microbelt and
nanofiber phosphors have been investigated as a function of the
filament current and the accelerating voltage, as shown in Fig. 12,
respectively. The CL intensity increased with the accelerating
voltage from 1 to 3 kV (Fig. 12b). Similarly, when the accelerating
voltage is fixed at 1.5kV, the CL intensity also increases with
raising the filament current from 14 to 18 mA (Fig. 12c). The
increase in CL brightness with an increasing electron energy and
filament current can be attributed to deeper penetration of
electrons into the phosphors and the larger electron beam current
density. The electron penetration depth can be estimated using
the empirical formula,

L[A] = 250(A/p)(E/Z' )" (2)

where n = 1.2/(1-0.29logo Z), A is the atomic or molecular weight
of the material, p is the bulk density, Z is the atomic number or the
number of electrons per molecule in the case compounds, and E is
the accelerating voltage (kV) [66]. For CL, the Ce3*, Tb>* ions are
excited by the plasma produced by the incident electrons. The
deeper the electron penetration depth, the more the plasmons
will be produced, which resulted in more Ce®*, Tb>* ions being
excited and thus the CL intensity increased.

4. Conclusions

In summary, Ce*>* and/or Tb®>* doped LaPO4 one-dimensional
nanofibers and quasi-one-dimensional microbelts have been
successfully synthesized by means of electrospinning technique
in conjunction with sol-gel process. The as-formed hybrid
precursor materials present uniform fiberlike and beltlike
morphologies. After annealing the precursors at high temperature,
the as-prepared Ce®* and/or Tb>* doped LaPO, samples are well
crystallized with fiber and belt morphologies compose of
nanoparticles. The spectral and kinetic properties of the as-
prepared Ce** and/or Tb>* doped LaPO, phosphors have been
investigated in detail. Under low-voltage electron beam excita-
tion, microbelt phosphors have a higher CL intensity than the
nanofiber phosphors due to lower defect concentration in
the former. These studies indicate that a facile route for the
development 1D and Q-1D luminescent nanomaterials that are
useful in many types of color display fields.
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