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Abstract One-dimensional monoclinic SrA1204:Ce3+
nanowires (NWs) were prepared by the electrospinning
method for the first time. By annealing PVP/SrAl,0,:Ce®"
composite nanowires (NWs) with different ratio of PVP
(M,, ~ 1300000) to inorganic precursors of the electros-
pinning solutions, size-controllable NWs were obtained,
ranging of 90-180 nm. Fourier transform infrared spec-
troscopy (FTIR), X-ray powder diffraction (XRD), scan-
ning electron microscopy (SEM), photoluminescence (PL)
spectra, and dynamics were employed to characterize the
NWs. The results demonstrate that the positions of exci-
tation and emission bands varied uneven with the ratio of
PVP to the inorganic precursors and the NWs diameter,
which was attributed to the difference of the crystallinity,
porosity, and local micro-structures surrounding Ce’™.
Two decay time constants were observed for the PL of
Ce", one faster (I-3 ns) and one slower (10-20 ns),
which were attributed to the hole-electron capture on the
luminescent ions and isolated Ce ions, respectively. It is
interesting to observe that for the shorter decay process, a
maximum occurred as the concentration of Ce** varied in
the range of 1-10 mol%.
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Introduction

Since the discovery of carbon nanotubes, fabrication of
one-dimensional nanomaterials has attracted wide attention
because of their special physical and chemical properties
and promising applications in optics [1-3], electronics
[4-6], catalysts [7-10], and nanodevices [11-15]. So far, a
number of preparation methods such as sputtering [16],
vapor deposition [17], micro-emulsion [18], hydrothermal
method [19], have been employed to synthesis one-
dimensional nanostructures, However, these methods are
either of costly or tedious in procedures. Therefore, the
development of simple and cost-efficient methods to fab-
ricate one-dimensional nanostructure in a large quantity is
of great challenge. Electrospinning is such a method and
has been widely used in the preparation of nanowires
[1, 20] and nanotubes [1].

Many studies have proven that strontium aluminate
(SrAl,Qy) is an efficient host material with a wide band
gap. When doped with rare earth ions or transition metal
ions, it can generate broad band emissions [21]. It is well-
known that SrAl,O,4 belongs to the tridymite structure. All
the AlO, tetrahedra are connected through the oxygen
atoms to form the three-dimensional structure. On the basis
of the above-mentioned advantages, a lot of researches
have been conducted on the photoluminescence of rare
earth-doped in the bulk or nanocrystalline SrAl,O4
[22-27].

At present, many studies about new luminescent
materials have been focused on the synthesis and charac-
terization of the short emission wavelengths material
[28], because of their application in the imaging, lithog-
raphy, and optical data recording. Trivalent cerium ions
(Ce®™) display a strong absorption in the UV region and a
bright light emission [29], because the 5d—4f transition is
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electric-dipole allowed [15, 27]. The decay time of the
5d—4f transition for Ce" is in the time scale of several
ten nanoseconds, thus Ce*"-doped phosphors are widely
used as measurement of high-energy particle scintillation
[2, 30-34].

As far as we know, there are only a few studies on
the preparation and photoluminescence properties of
SrA1204:Ce3+ nanocrystalline [21, 33], especially, the
electrospinning preparation of SrAl,0,:Ce®" NWs has not
been reported. In this study, monoclinic SrAl,O4:Ce>™
NWs were synthesized through electrospinning method
for the first time, and their photoluminescence properties
were investigated. FTIR, XPRD, SEM, photoluminescence
spectra, and luminescent dynamics were employed to
characterize the NWs.

Experimental procedures
Sample preparation

All chemicals were analytical grade and were used
as received without further purification. Deionized water
was used throughout. PVP-K90 (M,, =~ 1300000) was
purchased from Aldrich. Ethanol (purity >99.7%),
Ce(NOs3)3-6H,0 (purity >99.99%), Sr(NOs), (purity >99.5%),
AI(NO3)3-9H,0 (purity >99.0%), were all supplied by the
Beijing Chemical Works.

The synthesis process of the samples is similar to one
of our previous works [1]. First of all, the precursor
solutions were obtained by the sol-gel technique. Then,
the NWs were gained by electrospinning the above
mentioned solutions. Next, the unwanted organic com-
ponent was removed via thermal treatment. Typically, the
mixture of Sr(NOs),, AI(NO3);-9H,0, and Ce(NO3);-6H,O
in the molar ratio of 1: (2—x): x (x = 0.01, 0.03, 0.05,
0.08, and 0.10) were dissolved in the 11 mL mixed sol-
vent consisting of ethanol and deionized water with the
volume ratio of 5:6. After stirring a few minutes, 1.4 g
PVP was slowly added into the precursor solutions. The
transparent solutions with suitable viscosity were obtained
by further vigorous stirring for a few hours. The elec-
trospinning device consists of three major components
[1]: a high-voltage power supply, a spinneret (a plastic
needle), and a collector plate (a grounded conductor).
First of all, the electrospinning solution was added into
5 mL plastic syringe, and the high-voltage power wire
was inserted from plastic syringe into the needle. Next,
the stable Taylor cone was formed in the high-voltage
electric field, when the electrospinning solutions emitted
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from the plastic needle. The NWs were collected on the
collection plate with concurring evaporation of solvent to
solidify the NWs. The electrospinning conditions are as
follows: a collection distance of 15 cm between the
spinneret tip and the collector; an applied steady voltage
of 18 kV. After being dried for 12 h at room temperature
under vacuum, the precursor NWs were first sintered in a
tube furnace with a rise rate of 1 °C/min from room
temperature and kept for 1 h at 600 °C. Then, the tem-
perature was increased to 1000 °C at the same rate, and
the samples were kept at 1000 °C for 2 h. Finally, the
samples were naturally cooled to room temperature and
the white mats were gained. Note that the whole sintering
process was carried out under reducing atmosphere, which
was produced by heating activated carbon. Thus, the
annealing rate, temperature, and time are very important
for holding the morphology of the NWs.

Characterization and measurements

The average diameters of the NWs were obtained by using
the software named Nano-measurer to measure the diam-
eters of more than 100 nanowires to get the average value.
The X-ray diffraction (XRD) data were measured by a
Rigaku D/max-rA X-ray diffractometer using a mono-
chromatized Cu target radiation resource (4 = 1.5045 10\),
with the scan ranging from 15° to 55° of 20 and the scan
speed of 2°min~'. The surface morphology of all the
samples were performed with a JEOL JSM-7500F field
emission scanning electron microscope (SEM) at an
accelerating voltage of 15 kV with platinum sputtered on
samples (20 mA, 60 s). The transmission electron micro-
scope (TEM) images were recorded on a JEM-2010
transmission electron microscope under a working voltage
of 200 kV equipped with EDX spectrometer. Fourier-
transform infrared (FT-IR) spectra were obtained by the
KBr pellet method in the range 400-4000 cm™" using a
Nexus 670 FT-IR spectrophotometer, the resolution of
which is 1 cm™'. Fluorescence and excitation spectra were
recorded on a Hitachi F-4500 spectrophotometer equipped
with a 150-W Xe arc lamp at room temperature. It is with a
fixed band-pass of 0.2, 2.5 nm for excitation slit, 2.5 nm
for emission slit and 700 V for PMT voltage to compare
luminescent intensity in different samples. The resolution
of the measurement is 2.5 nm. In order to measure the
fluorescence dynamics of the samples, a FLS-920 singe-
photon spectrometer using a nanosecond flash H,-lamp was
employed as excitation source. The excitation wavelength
and emission wavelength were fixed at 318 and 366 nm,
respectively.
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Fig. 1 SEM images of different SrAl,04:Ce samples. a PVP/Inorganic = 4, b PVP/Inorganic =5, ¢ PVP/Inorganic = 5.7, d PVP/

Inorganic = 6.8, e PVP/Inorganic = 7.3

Results and discussion
Structure and morphology of the one-dimensional NWs

Figure 1 shows the SEM images of SrA1204:Ce3+ NWs
with different weight ratios of PVP to inorganic (PVP/
Inorganic). It can be observed that for all the samples, the
products yielded NWs with high aspect-ratio, and they
oriented randomly. When the ratio of PVP/Inorganic was in
the range of 4.0-5.7, the NWs products were uniform and
not adhesive to each other. When the ratio of PVP/Inor-
ganic exceeded 5.7, the SrAL,0,:Ce®>™ NWs became a bit
adhesive. Furthermore, by adjusting the PVP/Inorganic
ratios, the diameters of the NWs were controlled in the
range of 90-180 nm. As the ratio of PVP/Inorganic
increased, actually the content of inorganic precursors
decreased. During the calcination process, the NWs con-
stricted with the removal of PVP. Obviously, more content
of PVP lead to larger constriction. Table 1 lists the average
diameters of different NWs products as well as the crys-
talline size, locations of excitation, and emission bands of
Ce** determined in the following text. It is obvious that the
larger the PVP/Inorganic ratio is, the smaller the average
diameter of the NWs is. In order to further reveal the
structure of NWs products, the TEM images of different
NWs products are shown in Fig. 2. From the TEM image,

it can be clearly seen that there are many pin holes in the
NWs, which should originate from the volatilization of
organic components in the annealing process. It should be
noted that when the pin holes are too many, they can
connect together, forming hollow structure. The formation
of hollow structure prepared by electrospinning followed
with annealing is affected by many factors, the two key
ones are the annealing temperature and the ratio of Inor-
ganic/PVP [1, 35]. They should both be controlled under an
appropriate range, too low or too high will influence the
formation of hollow structure. It was suggested some
inorganic primary nanoparticles were firstly formed in the
precursor fibers with the removing of PVP in the annealing,
in both the outside and inner sites. At an appropriate

Table 1 A list of average grain sizes, diameters of NWs, locations
of excitation, and emission bands of the products

PVP/ Diameter  Grain Location of Location of
Inorganic (nm) size Excitation band  emission band
(nm) (nm) (nm)

4.0 180 36 321 366

5.0 120 18 321 364

5.7 106 26 318 368

6.8 100 29 319 366

7.3 90 33 322 371
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Fig. 2 TEM images of different samples. a PVP/Inorganic = 5.7, b PVP/Inorganic = 4, and SAED of SrAl,0,:Ce with PVP/Inorganic = 4
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Fig. 3 XRD patterns of different SrAl,0,:Ce samples in contrast to
JCPDS n0.34-0379. a PVP/Inorganic = 4,b PVP/Inorganic = 5,¢c PVP/
Inorganic = 5.7, d PVP/Inorganic = 6.8, e PVP/Inorganic = 7.3

temperature, the reaction rate in the inner sites more
quickly increased. In this case, the outside particles con-
stricted, while the inner particles expanded due to large
strain strength, leading to the formation of hollow struc-
ture. The inset in Fig. 2b displays the SAED patterns of
SrAl,04:Ce NWs with ratio of PVP/Inorganic = 4, which
reveals the polycrystalline nature of the sample.

Figure 3 depicted the XRD patterns of the SrAl,04:Ce
NWs. It can be seen that all the samples are well crystal-
line, and most of the peaks could be readily indexed to the
monoclinic monazite SrAl,O4 phase (JCPDS no. 34-0379).
Some main patterns have been labeled in contrast to the
standard card. The XRD peaks for all the samples are sharp
and intense, which indicates the high crystallinity of the
samples. Besides, a little bit of the impure phase, mono-
clinic SrAl;0; (JCPDS no. 70-1479) can be found in the
NWs products, as labeled by star in the figure. It looks like
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Fig. 4 FTIR spectra of different samples a PVP/Inorganic = 4,
b PVP/Inorganic = 5, ¢ PVP/Inorganic = 5.7, d PVP/Inorganic = 6.8,
e PVP/Inorganic = 7.3

that the products prepared with smaller ratio of PVP/
Inorganic leads to more impure phase. This implies that the
improved content of PVP favor the formation of SrAl,O4
phase and can prevent the formation of SrAl,O; impurity
phase to a certain extent. We suggest that the existent of
PVP made the precursor nanowires before annealing have
reduction atmosphere, preventing SrAl,O, from oxidation.
As is well-known, the average nanocrystalline size of the
nanoparticles can be calculated by the Debye—Scherrer
formula on the (220) diffraction peaks [36],

k2
— 1
Bcos0’ (1)
where d is the average size of the grain, K is a constant
(0.89), 1 is the wavelength of the X-ray radiation (Cu
Ka = 0.1541 nm), B is the full width at half-maximum

(FWHM), and 0 is the diffraction angle. Based on Eq. 1
and the width of the XRD patterns, the average crystalline
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Fig. 5 Room temperature excitation and emission spectra of dif-
ferent SrAl,04:Ce (3%) samples. a PVP/Inorganic = 4, b PVP/
Inorganic = 5, ¢ PVP/Inorganic = 5.7, d PVP/Inorganic = 6.8, e PVP/
Inorganic = 7.3

sizes of different samples are determined, as listed in
Table 1. It is obvious that the average crystalline sizes of
the NWs are much smaller than their real diameters. In
addition, the variation of average crystalline size of the
NWs products is independent of the ratio of PVP/
Inorganic.

The FTIR spectra of the samples were shown in Fig. 4.
All the indentified bands have been marked in the figure.
According to the literature [37], the vibration modes of
PVP occur in the range of 1200-3500 cm™'. From the
figure, we can see clearly that the bands corresponding
to organic components completely disappeared, implying
that the starting PVP completely dissolved owing to high
annealing temperature. The bands between 400 and
1000 cm™' can be all assigned to the vibrations of
SrAl,Oy4. The symmetric bending of O-Al-O appears as a
double at 447 and 420 cm~! [26]. The antisymmetric
stretching bands ranging of 550-650 cm ™" are attributed to
the Sr—O vibrations [37, 38]. The band located at 852 cm ™!
is Sr—O. The bands positioned at 786 and 895 cm ™' orig-
inate from the aluminates groups(AlO,4) [39]. Besides, two
additional bands at 1125 and 1250 cm ™" appear which both
can be assigned to the C—O vibrations. At present, we can
not give a proper explanation on how the C-O vibrations
are involved in the samples. The bands locating at
3450 cm ™' is the symmetric vibration of —OH groups.

Photoluminescence and dynamics
Excitation and emission spectra

Figure 5 reveals the room-temperature excitation and
emission spectra of the SrAl,04:Ce (3%) prepared at

. 370nm
~
.
/" 351nm )

| T~ ©

o 390nm
B /\\ o

374nm
354nm \\
} S

T T T T T
330 360 390 420 450
Wavelength (nm"I )

.

Intensity(a.u.)

(a)

Fig. 6 Dissolved emission spectra of the SrAl,04:Ce (3%) products

different conditions. In the left part, the excitation peaks
consist of two bands, located at ~ 280 and ~ 320 nm
[21], respectively. The bands at 320 nm are much stronger.
The two excitation bands are associated with the allowed
4f-5d transitions from the ground state 2Fs, to different
crystal-field components of the excited 5d state. In the right
part, emission bands ranging of 330—450 nm [21] appear,
which can be dissolved into two peaks, originating from the
transitions from the lowest 5d excited state to the spin—
orbit components (Dz) of the doublet ground state, ’F 52,
2F., [39]. From the figure, we can see that the positions of
excitation and emission bands shift a little with changing
the weight ratio of PVP/Inorganic. The position of the
emission band varies from 364 to 371 nm, while the main
excitation band changes from 317 to 322 nm, as shown in
Table 1. The reason may be related to uncontrollable
electrospinning conditions, such as air and wetness, which
leads to the difference of the crystallinity, porosity, and
micro-dimensions of the products, thus further influencing
the crystal field surrounding Ce’™.

In order to further understand the photoluminescent
properties of the NWs products, the emission spectra of
different samples are dissolved by two-Gaussian functions,
as shown in Fig. 6. It can be seen that the locations and
relative contributions of the two bands, vary largely but
irregularly with the products. The energy separations
between the two bands, were determined to be 1510, 2000,
1463, 1738, and 1287 cmfl, respectively, for the NW
products with ratios of PVP/Inorganic = 4, 5, 5.7, 6.8, and
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Fig. 8 Emission intensity as a function of doping concentration of Ce
(All the samples were prepared with PVP/Inorganic = 4)

7.3. This energy separation should correspond to the energy
gap of ’F 55 and 2F2/7. Figure 7 draws the schematic dia-
gram of band gap, energy levels, and photoluminescence of
SrAl,04:Ce [33].

Figure 8 shows emission intensity of Ce" as a function
of Ce-doped concentration. It can be seen that the emission
intensity increases with the increase of the Ce concentra-
tion in the range of 1-5 mol%. Moreover, the strongest
intensity appears when the Ce concentration approach to
5 mol%. While the Ce concentration surpass 5 mol%, the
intensity gradually decreases with the increasing Ce con-
centration. In low Ce concentration range, the number of
the luminescence centers becomes more with the increase
of the doping concentration, which results in fluorescence
enhancement. After the doping concentration exceed a
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certain value, the luminescent centers continue to increase
and the distance among the luminescent centers become
close, which results in the energy transfer between any two
neighboring luminescent centers and leads to concentration
quenching [40].

Luminescent dynamics

Figure 9 shows comparative decay curves of StTAl,O4:Ce>™
phosphors with different PVP/Inorganic ratios, 4, 5, and
5.7, which correspond to the average diameter of 180, 120,
and 106 nm, respectively. All the curves can be well-fitted
using a double-exponential function [41],

I =1, xexp(—t/11) + I x exp(—t/12), (2)

where 7; and 7, correspond to shorter and longer lifetime
constants for the 4f-5d transitions of Ce’", respectively, I;
and I, represent their relative contributions (I; + I, = 1).
For the 180, 120, and 106 nm samples, 7, were determined
to be 5, 2.4, and 1.6 ns, respectively, 1, to be 26, 16, and
17.8 ns, respectively, I; to be 0.56, 0.80, and 0.66, and I, to
be 0.44, 0.20, and 0.34, respectively. It is suggested that the
faster component arises from the hole-electron capture on
the luminescent ions [Ce*T+e — (Ce*T)*] and the slower
component arises from isolated Ce** jons [30]. It can be
clearly seen that the lifetime becomes shorter with the
decreased diameter of the NWs. Thus, we can conclude
that the size of NWs plays a vital role in the variation of
lifetime. In the formation of SrA1204:Ce3 T NWs, the
removal of PVP leads to the formation of defect states. The
more the PVP content is, the more the defect states are.
These defects act as quenching centers, leading to the
increase of non-radiative relaxation rate and the decrease of
lifetime. At present, we can not conclude that these defect
states distribute only on the surface of SrA1204:Ce3+ NWs.
Because of the large NWs diameters (90-180 nm), the
surface to volume ratio of the SrA1204:Ce3Jr NWs is small
all the time, so the surface effect should not be obvious.
The decay curves of SrAl,0,:Ce" phosphors with dif-
ferent Ce concentrations were also measured. All the curves
can be well-fitted using a double-exponential function, and
the obtained lifetimes and their relative contributions are
shown in Table 2. It can be seen that the shorter lifetime
constant first increases with the increase of Ce and
approaches to a maximum value at 5 mol%. Then it
decreases obviously as the concentration of Ce increase
continuously. The increase of Ce’' lifetime could be
attributed to radiative trapping, in which a photon once
emitted by a luminescence center is absorbed by another
center of the same kind. As photons “trapped” in this way
are usually emitted again, the basic consequence of radia-
tion trapping is a prolongation of the emission decay time
[42]. The other possible reason, with the increase of Ce
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Fig. 9 The decay curves of SrAl0,:Ce*™ phosphor among different
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ganic = 5, ¢ PVP/Inorganic = 5.7

Table 2 Bi-exponential decay constants and their relative contri-
butions of the samples with different doped Ce concentrations

Doping concentration I, I 71 (ns) T, (ns)
Ce*t (mol%)

1 0.66 0.34 1.1 16.6

3 0.74 0.26 1.4 16.0

5 0.52 0.48 2.6 16.6

8 0.72 0.28 1.5 18.0
10 0.76 0.24 1.0 11.0

concentration, the internal defects reduce, which leads to
the decrease of the non-radiative transition rate and increase
of the lifetime [30]. When the Ce concentration reaches a
certain value, the energy transfer between Ce" ions hap-
pens considerably, leading the non-radiative transition rate
to increase and concentration quenching, so the lifetimes
become shorter. The longer lifetime constant has only a
little variation when the Ce concentration is less than 8%.
However, it decreases quickly when the concentration
approaches to 10% due to concentration quenching.

Conclusions

We synthesized monoclinic SrAlL,0,:Ce*™ NWs with
diameters of 90-180 nm by the electrospinning method.

They are characterized by techniques such as SEM, TEM,
XRD, FTIR spectra, PL spectra, and dynamics. The results
demonstrate that the ratio of PVP/Inorganic influences the
structure and photoluminescent properties largely. The
average diameter of the NWs gradually decreases with
the increase of PVP/Inorganic due to the larger constriction
of NWs with the removal of PVP. This also leads to the
formation of more defect states, which induce larger non-
radiative relaxation rates and decreased lifetime constants
for the PL of Ce>". In the SrAl,O,:Ce®>™ NWs, the exci-
tation and emission bands vary with samples irregularly.
The PL of Ce** exist two decay time constants, including
one faster (1-3 ns) and one slower (10-20 ns), which are
attributed to the hole-electron capture on the luminescent
ions and isolated Ce ions, respectively. It is also interesting
to observe that for the shorter decay process, the decay
time constant of Ce®" first increases with the increase of
Ce**, and approaches to the maximum at 5 mol% Ce’™,
then decreases with the increase of Ce’™.
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