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One-dimensional YVO4Ln and Y(V, P)Os:Ln nanofibers and quasi-one-dimensional YVOu4:Ln
microbelts (Ln = Eu®", Sm**, Dy**) have been prepared by a combination method of sol—gel process
and electrospinning. X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR),
thermogravimetric and differential thermal analysis (TG—DTA), 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. Due to an efficient energy transfer
from vanadate groups to dopants, YVO,:Ln phosphors showed their strong characteristic emission under
ultraviolet excitation (280 nm) and low-voltage electron beam excitation (1—3 kV). The energy transfer
process was further studied by the time-resolved emission spectra as well as kinetic decay curves of
Eu’t upon excitation into the VO, ion. Furthermore, the PL emission color of YVO,:Ln nanofibers
can be tuned from blue to green, orange-red, and red easily by partial replacement VO,>~ with PO,*~
and changing the doping concentrations (x) of Ln, making the materials have potential applications in
fluorescent lamps and field emission displays (FEDs).

1. Introduction

One-dimensional (1D) nanomaterials including nanowires,
nanofibers, nanotubes, and nanorods have attracted great
research interest' ~* because of their specific and fascinating
properties, such as high luminescence efficiency, superior
mechanical toughness, metal insulator transition, and lowered
threshold.’ Quasi-one-dimensional (Q-1D) nanostructures
also have attracted intensive experimental and theoretical
interest as a result of their novel physical properties and
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potential application.® As one subgroup of Q-1D nanostruc-
tures, nanobelts not only help to extend the understanding
of the relationships 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 remain significant on promising
properties.”1D and Q-1D nanomaterials with different com-
positions have been developed using various methods includ-
ing chemical or physical vapor deposition,® laser ablation,’
solution,*®'? arc discharge,'! vapor-phase transport process, '
and a template-based method.'®> In comparison to these,
electrospinning is an effective and simple method for
preparing nanofibers from a rich variety of materials,'* such
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as polymers and inorganic and hybrid (organic—inorganic)
compounds.

The electrospinning technique has been developed since
1934 for the synthesis of 1D nanomaterials.'” It is a process
which uses the strong electrostatic force by a high static
voltage applied to a polymer solution placed into a container
with a millimeter diameter nozzle. Under applied electrical
force, the polymer solution is ejected from the nozzle. After
the solvents are evaporated during the course of jet spraying,
the nanofibers are collected on a grounded collector. On the
other hand, the sol—gel process has been proved as an
efficient way to produce nanoparticles'® and nanocoatings'”
of metal oxide. Sol—gel techniques can be employed to
prepare precursor solutions, which have been used to deposit
coatings by spinning and dipping processes.'® In the past
few years, our group has extended the application of the
sol—gel process combining with other methods to fabricate
various kinds of optical materials, mainly luminescence and
pigment materials with different forms (powder, core—shell
structures, thin film, and patterning).19 1D nanomaterials
fabricated by a combination method of sol—gel process and
electrospinning have become important for their exception-
ally 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.20

Among all the nanomaterials, rare earth compounds have
been widely used in the fields of high-performance lumi-
nescent devices, catalysts, and other functional materials
based on their electronic, optical, and chemical characteristics
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arising from their 4f electrons.?' Furthermore, the rare earth
compounds fabricated in the form of 1D or Q-1D nanostruc-
ture are expected to be highly functionalized materials as a
result of both shape-specific and quantum confinement
effects, acting as electrically, magnetically, and optically
functional host materials as well. In comparison with bulk
materials, the shape of a 1D structure provided a better model
system to investigate the dependence of electronic transport
and optical properties on size confinement and dimensionality.

Yttrium vanadate (YVQO,) has been shown to be a useful
host lattice for rare earth ions to produce phosphors emitting
a variety of colors, since high luminescence quantum yields
are observed for the f—f transitions.?? The previous work
mainly focused on the Eu**-doped YVO, with different
synthetic methods,?* because it was an important com-
mercial red-emitting phosphor used in color television,
the high-pressure mercury lamp, and as a scintillator in
medical image detectors.>* Besides europium ion, Dy**
and Sm>" ions can also act as useful activators. Dy>*-
doped YVOyq is a potential white phosphor because of the
yellow (4F9/2—6H13/2) and blue (4F9/2—6H15/2) emissions of
Dy**, and Sm*"-doped YVO, yields characteristic red-
orange emission of Sm** at 567 (*Gs,—CHsp), 605 (*Gs,
2—6H7/2), and 649 (4G5/2—6H9/2) nm. In addition, by partial
replacement of VO,>~ ions with PO4>~ ions, a new series
of Ln-doped yttrium phosphate—vanadates (YV;-,P,O4)
have emerged with better luminescent properties.?”> Al-
though the investigations on YVO4:Ln and YV,_,P,O4:
Ln phosphors are extensive, little study has been reported
on synthesis of 1D or Q-1D YVO4:Ln and Y(V, P)O4:Ln
together with their luminescent properties by electrospin-
ning process. Accordingly, in this paper, we report the
preparation of Q-1D beltlike YVOy4:Ln and 1D fiberlike
YVO,:Ln and YPosV(,04:Ln (Ln = Eu*", Sm**, Dy*™")
phosphors through a combination method of sol—gel
process and electrospinning, as well as their photolumi-
nescent and cathodoluminescent properties.
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2. Experimental Section

2.1. Preparation. Nanofibers of YVO4:Ln (Ln = Eu*", Sm>",
Dy>") phosphors were prepared by a method of sol—gel process
and electrospinning. The stoichiometric amounts of Y,03, Eu,03,
Sm, 03, Dy,05 (all with purity of 99.999%, Science and Technology
Parent Company of Changchun Institute of Applied Chemistry,
China) and NH4VO3; (99%, analytical reagent, AR) were dissolved
in dilute nitric acid HNO; (AR) and then were mixed with a
water—ethanol (v/v = 1:4) solution containing citric acid (AR) as
a chelating agent for the metal ions. The molar ratio of metal ions
to citric acid was 1:2. A certain amount of poly(vinylpyrrolidone)
(PVP, M,, = 1 300 000, Aldrich) was added to adjust the viscoelas-
tic behavior of the solution (the weight percentage of PVP is 7%
in the water—ethanol solution). The solution was stirred for 4 h to
obtain a homogeneous hybrid sol for further electrospinning. The
distance between the spinneret (a metallic needle) and collector (a
grounded conductor) was fixed at 17 cm, and the high-voltage
supply was maintained at 20 kV. The spinning rate was controlled
at 0.5 mL-h™' by a syringe pump (TJ-3A/W0109-1B, Boading
Longer Precision Pump Co., Ltd., China). The as-prepared hybrid
precursor samples were annealed to the desired temperature
(400—900 °C) with the heating rate of 2 °C+min~ ' and held there
for 4 h in air. Through partial replacement of NH,VO; with
(NH4)H,PO,4 (AR), YP(3V(,04:Ln nanofibers were obtained under
the same experimental conditions as those for the preparation of
YVO4:Ln nanofibers. In a typical process for the preparation of
YVOg4:Ln 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 poly(vinylpyrrolidone) (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 4 h to obtain a homogeneous hybrid sol for electrospinning.
The distance between the spinneret and collector was tuned to 15
cm, and the high-voltage supply was changed to 30 kV. The
spinning rate was controlled at 1 mL+h~" by a syringe pump. The
as-formed hybrid precursor samples were annealed to the desired
temperature with the heating rate of 2 °C+min~' and maintained
for 4 h in air. In this way, YVO4:Ln and YPysV(,04:Ln nanofibers
and YVO4Ln microbelts (Ln = Eu**, Sm**, Dy**) have been
prepared. The detailed sample synthesis parameters and composi-
tions (including the doping concentrations in synthesis and actual
concentrations determined by analysis) are summarized in Tables
S1 and S2 (Supporting Information), respectively.

2.2. Characterization. The X-ray diffraction (XRD) patterns
of the samples were carried out on a Rigaku-Dmax 2500 diffrac-
tometer using Cu Ka radiation (A = 0.15405 nm). Fourier transform
infrared spectroscopy (FT-IR) spectra were performed on Perkin-
Elmer 580B infrared spectrophotometer using the KBr pellet
technique. Thermogravimetric and differential thermal analysis
(TG—DTA) data were recorded with a Thermal Analysis instrument
(SDT 2960, TA Instruments, New Castle, DE) with the heating
rate of 10 °C-min” ' in an air flow of 100 mL-min~'. The
morphology of the samples was inspected using a field emission
scanning electron microscope (SEM, Philips XL 30). Transmission
electron microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM) micrographs were obtained from
an FEI Tecnai G2 S-Twin transmission electron microscope with
a field emission gun operating at 200 kV. An inductively coupled
plasma optical emission spectrometer (ICP-OES, ICAP 6300,
Thermal Scientific) was used to determine the actual doping molar
concentrations of Ln ions in YVO4:Ln and Y(V, P)O4:Ln samples
and the actual V/P ratios in Y(V, P)O4:Ln samples. The photolu-
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Figure 1. X-ray diffraction patterns for YV0,:0.05Eu** nanofibers: (a) as-
formed precursor fibers; the fibers annealed at (b) 400, (c) 500, (d) 700,
and (e) 900 °C, respectively, as well as the JCPDS card 17-0341 of YVOq
for comparison.

minescence (PL) measurements were performed on a Hitachi
F-4500 spectrophotometer equipped with a 150 W xenon lamp as
the excitation source. The cathodoluminescence (CL) measurements
were conducted in an ultrahigh-vacuum chamber (<10~® Torr),
where the phosphors were excited by an electron beam at a voltage
range of 1—3 kV with different filament currents 14—18 mA, and
the emission spectra were recorded using an F-4500 spectropho-
tometer. The luminescence decay curves and time-resolved pho-
toluminescence 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 and Morphology. 3.1/.1. XRD. Figure 1
shows the XRD patterns of the as-prepared precursor for
YVO4:0.05Eu™ (fiberlike) sample and those annealed from
400 to 900 °C, as well as the JCPDS card (no. 17-0341) for
YVO,, respectively. In Figure 1a for the as-formed sample,
no diffraction peak is observed except for the broad band at
20 = 22°, which is ascribed to the semicrystalline PVP.
When the precursor sample is calcined at 400 °C (Figure
1b), this broad peak disappears and no other diffraction peak
is observed. This indicates the decomposition of PVP, and
the sample still remains amorphous below this temperature.
For the sample annealed at 500 °C (Figure 1c), well-defined
diffraction peaks appear, all of which can be indexed to the
tetragonal phase of YVO, according to the JCPDS card (no.
17-0341). This suggests the precursor sample has begun to
crystallize into YVO, at this heating temperature. No
additional peaks for other phases have been found, indicating
that Eu®" ions have been effectively built into the YVO,
host lattice (note that a minor amount of EuYO, phase might
form in this process, which cannot be detected by the XRD
technique). After annealing at 700 (Figure 1d) and 900
(Figure le) °C, all the diffraction peaks increase in intensity
due to the increase of crystallinity. The same situation holds
for the YVO.:0.05Eu>" samples (beltlike) obtained under
other experimental conditions and other compositions like
Y(P0A8V0_2)04:0.05Eu3+ (Figure S1, Supporting Information).
It is known that, with the increase of the x value, the
diffraction peaks of Y(P,V,-,)O4:Ln samples are gradually
shifted away from the position of pure YVO, toward that of
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Figure 2. SEM images for the as-formed precursor for YVO4:0.05Eu®" nanofibers (a) and that annealed at 700 °C (b), the as-formed precursor for YP V204
0.05Eu*" microfibers (c) and that annealed at 700 °C (d), the as-formed precursor for YVO,:0.05Eu** microbelts (e) and that annealed at 700 °C (f).

YPO,.%° In Supporting Information Figure S1b, the diffrac-
tion peak at 260 = 25.5° for x = 0.8 is due to the (200)
reflection of Y(PysV2)04:0.05Eu". The diffraction peaks
of the Y(P0,8V0,2)0420.05Eu3+ (fiberlike) sample present 26
values between the standard YVO,4 (JCPDS 17-0341) pattern
and the standard YPO4 (JCPDS 11-0254) pattern, agreeing
well with the Vegard law. The diffraction peaks of YVOu:
Ln (Ln = Eu®", Sm**, Dy*") samples are shifted a little to
lower angles with respect to the position of the standard
YVO4 (JCPDS 17-0341) pattern, as shown in Figure S2
(Supporting Information). This is because all the three Ln
ions (Eu’", Sm®", Dy*") are bigger than Y™ in the YVO,
host lattice [for eight coordination, R(Y>") = 0.1019 nm,
R(Sm**) = 0.1079 nm, R(Eu*") = 0.1066 nm, R(Dy**") =
0.1027 nm]. However, the shift is very small due to the low
doping concentration of Ln*". Furthermore, the calculated
crystal cell parameters (¢ = 0.7122 nm and ¢ = 0.6295 nm)
for the crystalline YV0,:0.05Eu*" nanofibers and those (a
= 0. 7120 nm and ¢ = 0.6292 nm) for the YVO4:0.05Eu>*
microbelts are slightly larger than the values (¢ = 0.7118
nm and ¢ = 0.6289 nm) of pure YVO4 (JCPDS 17-0341)
due to the substitution of Y>* by Eu’*.

In general, the nanocrystallite size can be estimated from
the Scherrer equation, D = 0.894/f cos 6, where D is the
average grain size, A is the X-ray wavelength (0.15405 nm),
and 6 and f are the diffraction angle and full width at half-
maximum (in radian) of an observed peak, respectively.?’
The strongest peak (200) at 26 = 25° was used to calculate

(26) Yu, M.; Lin, J.; Zhou, Y. H.; Pang, M. L.; Han, H. M.; Wang, S. B.
Thin Solid Films 2003, 444, 245.

the average crystallite size (D) in the YVO,:0.05Eu’*
nanofibers and microbelts. The estimated average crystallite
sizes are 25 nm for the nanofibers and 30 nm for the
microbelts, respectively.

3.1.2. FT-IR. The FT-IR spectra of the as-formed precursor
YVO,:0.05Eu’" sample and those annealed from 500 to 900
°C are shown in Figure S3 (Supporting Information). In
Supporting Information Figure S3a, for the as-formed
precursor sample, the FT-IR spectrum shows the —OH group
(3425 cm™"), —CH, group (2957, 1475, and 1423 cm™ '),
C=0 group (1658 cm™ '), carbonates COO~ group (1384
cm™ '), and tertiary amine group (1291 cm™ '), which arise
from the starting materials (ethanol, citric acid, and PVP).l%’28
The absorption intensity of these bands decreases with the
increase of annealing temperature because of the pyrolysis
of the organic species. When the as-formed precursor sample
was annealed at 500 °C (Supporting Information Figure S3b),
a strong absorption band at 813 cm ™' and a weak band at
455 cm™! have appeared, which can be attributed to the
adsorption of V—O (from the VO4*~ group) and Y—O bond,
respectively.'”>?° This indicated that yttrium vanadate

(27) (a) Zhang, Y. W.; Jin, S.; Tian, S. J.; Li, G. B.; Jia, T.; Liao, C. S.;
Yan, C. H. Chem. Mater. 2001, 13, 372. (b) Nedelec, J. M.; Avignant,
D.; Mahiou, R. Chem. Mater. 2002, 14, 651.

(28) (a) Lu, X. F.; Zhao, Y. Y.; Wang, C. Adv. Mater. 2005, 17, 2485. (b)
Wu, J.; Coffer, J. L. Chem. Mater. 2007, 19, 6266. (c) Zhao, Y. Y.;
Wang, H. Y.; Lu, X. F.; Li, X.; Yang, Y.; Wang, C. Mater. Lett. 2008,
62, 143.

(29) (a) Lin, J.; Sanger, D. V.; Menning, M.; Baerner, K. Thin Solid Films
2000, 360, 39. (b) Pang, M. L.; Lin, J.; Yu, M.; Wang, S. B. J. Solid
State Chem. 2004, 177, 2236.
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Figure 3. TEM images of YVO4:0.05Eu*" nanofibers (a) with its HRTEM (b), YPy5V0204:0.05Eu*>" nanofibers (c¢) with its HRTEM (d), and YVOu:

0.05Eu" microbelts (e) with its HRTEM (f).

(YVO,) began to become crystalline at 500 °C, agreeing well
with the results of XRD. With the increase of the sintering
temperature (Supporting Information Figure S3, parts ¢ and
d), the V—0O bond becomes stronger and the absorption of
organic impurities disappears, which is caused by the
enhanced crystallinity with further annealing treatment.
3.1.3. TG—DTA. Figure S4 (Supporting Information)
shows the TG—DTA curves of the as-formed precursor
YVO,:0.05E0>" sample heat-treated in air. The TG curve
shows four stages of weight loss. The first weight loss (5%)
step is observed between 40 and 90 °C due to the evaporation
of water and organic solvents. The second weight loss (20%)
from 90 to 260 °C accompanied by an exothermic peak at
103 °C in the DTA curve can be associated with the burnout
of excess water, citric acid, and ethanol. The third weight
loss step (50%) between 260 and 400 °C accompanied by a
strong exothermic peaks at 285 °C in the DTA curve may
be due to the further combustion of the organic groups in

PVP, citric acid, and the citrates.*® Finally, the weight loss
(16%) is from 400 to 600 °C accompanied with an
exothermic band between 430 and 520 °C in the DTA curve
because of the crystallization of the YVO, phase, basically
agreeing with the results of XRD and FT-IR.

3.1.4. SEM and TEM. Figure 2 shows the SEM micro-
graphs of the as-formed precursors for YVO,:0.05Eu’™"
(fibers), YPysV0.040.05Eu™ (fibers), and YVO,:0.05Eu>"
(belts), as well as those samples annealed at high temperature,
respectively. From the SEM micrograph of Figure 2a, it can
be seen that the as-formed YVO,:0.05Eu®" precursor fibers
are uniform with diameters ranging from 100 to 200 nm. In
order to obtain pure inorganic fibers, a high-temperature
annealing is employed to remove the organic PVP templates.
After being calcined at 700 °C for 4 h, the fibers shrink and

(30) (a) Zhou, F.; Zhao, X. M.; Xu, H.; Yuan, C. G. J. Phys. Chem. C
2007, 111, 1651. (b) Yao, K. X.; Zeng, H. C. J. Phys. Chem. C 2007,
111, 13301.
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Figure 4. Absorption (a), excitation (b), and emission (c) spectra for YVOu:
0.05Eu®* nanofibers. (The inset shows luminescence photograph of Eu®*-
doped YVOy4 nanofibers dispersing in the ethanol solution (0.5 mM).)

become curvy due to the decomposition of PVP and
crystallization of yttrium vanadate. It can also be seen from
Figure 2b that the diameters of YV04:0.05Eu”* nanofibers
become 50—100 nm. By partial replacement of V by P, the
as-formed precursor YPysVo,04:0.05Eu" samples still
present fiberlike morphology and their diameters range from
100 to 200 nm (Figure 2c¢). Figure 2d shows the SEM image
of YPysV(204:0.05Eu’" nanofibers obtained after annealing
at 700 °C for 4 h, and the fibers (seem to consist of linked
particles) have diameters ranging from 50 to 100 nm. The
morphology and diameter of electrospun 1D nanomaterials
are dependent on a number of processing parameters includ-
ing the type of polymer, the conformation of polymer chain,
electrical conductivity, the surface tension, and the opera-
tional conditions. Under controlling these factors, the forma-
tion of a skin on the surface of the 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.®' 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.®'"*? By adjusting some of
the electrospun parameters, we can obtain Q-1D hybrid
beltlike materials, as shown in Figure 2e. In general, the
precursor belts are formed with typical widths of 0.7—2.5
um and thickness of 300—600 nm. After being annealed at

(31) (a) Krishappa, R. V. N.; Desai, K.; Sung, C. J. Mater. Sci. 2003, 38,
2357. (b) Li, D.; Xia, Y. N. Adv. Mater. 2004, 16, 1151. (c) Zhang,
Y. F; Yang, J.; Li, Q.; Cao, X. Q. J. Cryst. Growth 2007, 308, 180.
(32) Travis, J. S.; Horst, A. V. R. Biomaterials 2008, 29, 1989.
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Figure 5. Time-resolved emission spectra of Eu®" in the YVO4:0.05Eu®"
nanofibers (dex = 290 nm, laser).

700 °C for 4 h, the sample keeps the beltlike structure with
widths of 0.4—1.5 um and thickness in the range of 150—300
nm (Figure 2f). The low-magnification SEM images of as-
prepared samples are shown in Figure S5 (Supporting
Information), which shows that the as-formed 1D or Q-1D
samples are uniform with lengths of several tens to hundreds
of micrometers before and after annealing at high temper-
ature.

The TEM and HRTEM images of YVO4:0.05Eu”** and
YPo5V,04:0.05Eu>" nanofibers and YVO4:0.05Eu>t mi-
crobelts are shown in Figure 3. From Figure 3, parts a, c,
and e, it can be seen that the nanofibers or microbelts are
further composed of fine and closely linked nanoparticles.
The typical HRTEM image (Figure 3b) of YVO,:0.05Eu
nanofibers clearly shows lattice fringes with interplanar
spacing of 0.36 and 0.27 nm that correspond to the (200)
and (112) plane of YVOu, respectively. Similarly, the lattice
fringes [d = 0.36 nm for 200 plane] of YPygV(204:0.05Eu’"
nanofibers and YVO,:0.05Eu®" microbelts can also be
observed clearly in Figure 3, parts d and f, respectively.
These results further confirm the presence of highly crystal-
line YVO4:0.05Eu”" and YPosV(,04:0.05Eu®™ in the nanofi-
ber and microbelt samples after annealing at high tempera-
ture, agreeing well with the XRD results.

Finally, it should be mentioned that the key strategy of
the 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. Uniform 1D
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show the corresponding luminescence photographs of the samples dispersed
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morphology cannot be obtained (even no any sample can
be obtained) under inappropriate experimental conditions.
From the SEM images of YVO,:0.05Eu®" fiberlike samples
obtained by adjusting water/alcohol ratios (a—1:4, b—1:4.25,
c—1:4.5, d—1:4.75) (Figure S6, Supporting Information), it
can be seen that the yield and morphology of samples vary
to some extent. When the water/alcohol ratio reaches or
exceeds 1:5, no sample can be obtained by the electrospin-
ning process. The morphology and diameter of electrospun
samples are also dependent on a number of process param-
eters 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 experi-
ments, 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 Supporting Information Table S1 are the optimized
ones for the corresponding morphologies.

3.2. Luminescence Properties. 3.2.1. Photoluminescence
Properties. Under short wavelength UV irradiation, YVOy:
Ln nanofibers exhibit red, orange-red, and green emission
for Ln = Eu’", Sm**, and Dy**, respectively. Figure 4a
shows the UV —vis absorption spectrum of YVO4:0.05Eu**
nanofibers dispersed in ethylene glycol. A strong absorption
band peaking at 285 nm is observed, agreeing well with the
reported absorption spectra of colloid solution of nanocrys-
talline YVO :Eu®t 23033 Obviously, this band is attributed
to a charge transfer from the oxygen ligands to the central

Hou et al.

vanadium atom within the VO,>~ group ions. From the
viewpoint of molecular orbital theory, it corresponds to
transitions from the 'A, ('T)) ground state to 'A; ('E) and
'E ('T,) excited states of VO,*~ ions. Figure 4 shows
excitation (b) and emission (c) spectra for YVO,:0.05Eu’”"
nanofibers annealed at 700 °C in the UV —vis spectral region,
respectively. The excitation spectrum was obtained by
monitoring the emission of Eu®t °Dy—"F, transition at 618
nm. It can be seen clearly that the excitation spectrum
consists of a broad intense band from 200 to 350 nm due to
VO,* ions, fitting well with the absorption spectrum (Figure
4a). This confirms that the emission of Eu®*t occurs via an
energy transfers from the excited VO,*~. The mechanism
of this energy transfer is well-known as the subject of some
investigations.** Excitation into the VO,>~ group at 280 nm
yields the emission spectrum corresponding the f—f transi-
tions of Eu’*, which is dominated by the red emission
>Dy—"F, transition at 618 nm (Figure 4c). The strong red
light emission of the nanofiber solution upon excitation at
254 nm with a UV lamp can be seen clearly (inset of Figure
4c). The emission spectrum not only contains the charac-
teristic transition lines from the lowest excited *Dy level of
Eu®" but also those from higher energy levels (5D1, SD,,
5D;) of Eu®" with a very weak intensity (which can be seen
more clearly by enlarging the emission spectrum in the short
wavelength region). No emission from the VO,*~ group is
observed with the excitation of 280 nm UV, suggesting that
the energy transfer from VO,>~ to Eu®" is quite efficient.
In addition, the crystal field splitting of Eu** “Dy—"F; 4
transitions can be seen clearly, indicating that the YVOu:
0.05Eu®" nanofibers are well crystallized (agreeing well with
the XRD and HRTEM results). The emission spectrum of
YV0,:0.05Eu™ nanofibers agrees well with other types of
YVO,:Eu*" materials reported previously.???3*24d The
whole excitation and emission process of YVO,:Eu®t under
UV radiation include three major steps. The first is absorption
of UV radiation by VO,*~ groups, then the excited energy
is subsequently transferred to Eu’" ions after a thermally
activated energy migration through the vanadate sublattice,
and the final one is the deexcitation process of excited Eu®™"
ions, producing strong red emissions. The excitation and
emission process of VO,*”, energy transfer process from
VO,>~ to Eu®", as well as the emission process of Eu** are
schematically shown in Figure S7 (Supporting Information).

In order to obtain more information about the kinetic
properties for the luminescence of Eu** in YVO4:0.05Eu’"
nanofibers, time-resolved emission spectra of YVOu:
0.05Eu®" nanofibers were measured at room temperature by
excitation into the VO,>~ band with a 290 nm laser. By
analyzing the time-resolved emission spectra, the relaxation
process from 5D, to °Dy for the luminescence of Eu®" can
be better understood. The emission spectra collected at
different delay times (#) ranging from 1 to 500 us are shown

(33) (a) Huignard, A.; Gacoin, T.; Boilot, J. P. Chem. Mater. 2000, 12,
1090. (b) Yan, C. H.; Sun, L. D.; Liao, C. S. Appl. Phys. Lett. 2003,
82, 3511.

(34) (a) Huignard, A.; Buissette, V.; Franville, A. C.; Gacoin, T.; Boilot,
J. P. J. Phys. Chem. B 2003, 107, 6754. (b) Blasse, G.; Bril, A. Philips
Tech. Rev. 1970, 31 (10), 304.
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in Figure 5. Under the excitation of 290 nm laser, an electron
is excited from the ground state to the excited state of VO,
from which the electron rapidly relaxes to higher excited
Eu®" °D states (°Dy,»,3) first, then to lowest Dy excited state,
and emissions are produced by radiative transitions from the
excited D states (mainly *Dy) to the ground “F, (J = 0—4)
states, as schematically shown in Supporting Information
Figure S7. It can be seen that as the delay time increased
from 1 to 20 us, the intensity of the emissions from D—"F
(538 nm) and °Dy—’F,; (587 nm) decreased dramatically.
Meanwhile, D, excited states can be observed clearly and
the emission of *Dy—’F, (618 nm) and Dy—'F, (698 nm)
begins to increase. This is indicative of an electron relaxation
process from the 3D, to °Dy state. When ¢ = 100 us, the
5D,—"F, emission becomes undetectable with respect to the
*Dy—F, emission. When ¢ > 500 us, the *Dy—’F, emission
also begins to decay gradually due to the depopulation of
the excited states (figures are not shown due to the limited
space).

In order to study the decay behaviors of Eu*" lumines-
cence in more detail in the YVO4:0.05Eu> nanofibers and
microbelts, the kinetic decay curves for the representative
emission of Eu** °D;—"F,; (538 nm) and °Dy—"F, (618 nm,
main emission) were measured, as shown in Figure S8

(Supporting Information). All the decay curves can be well
fitted into single-exponential function as I = Iy exp(—#/7),
and the lifetime 7 values can be determined.'®*® The
fluorescence lifetimes for the °D; state (measured for
°D;—"F, at 538 nm) are 7.35 us in YVO4:0.05Eu”" micro-
belts (Supporting Information Figure S8a) and 7.66 us in
YV0,:0.05Eu”™ nanofibers (Supporting Information Figure
S8b), while those of the 5D, state (measured for Dy—"F, at
618 nm) are 0.45 ms in microbelts (Supporting Information
Figure S8c) and 0.52 ms in nanofibers (Supporting Informa-
tion Figure S8d), respectively, basically agreeing with the
results for Eu®" in other nanostructured Y VO, materials.?*>3>

The room-temperature excitation and emission spectra of
the other rare earth ions Sm**- and Dy*"-doped YVO,
nanofibers are given in Figure 6. The excitation spectra for
YV0,:0.02Sm** and YV04:0.02Dy>" nanofibers are very
similar to those in Figure 4b; that is, monitored with 605
nm emission of Sm** (*Gs,—°Hp) or 573 nm emission of
Dy** (*Fo,—°Hi35), a strong and broad band due to the
VO4*~ group has been observed. Excitation into the vanadate
group at 280 nm yields the characteristic red-orange emission
of Sm** at 567 nm (*Gs,—C®Hsp, green), 602 nm (*Gsp,—°Hy,
2, orange), and 649 nm (4G5/2—6H9/2, red) and blue-yellow
emission of Dy*" at 483 nm (*Fo,—C®Hjsp, blue) and 573
nm (*Fop—CHi3p, yellow), respectively. This indicates that
the same situation is holding for Sm>*- and Dy**-doped
YVO, nanofibers, i.e., an efficient energy transfer also occurs
from VO, to Sm** and Dy*". Upon excitation at 254 nm
with a UV lamp, corresponding luminescence photographs
of the YV040.02Sm** and YV0,:0.02Dy*" nanofibers
dispersed in the ethanol solutions (0.5 mM) are shown in
the insets of Figure 6. The PL decay curves for the lumines-
cence of Sm’" (*Gsp—°Hyp) and Dy’* (*Fon—CHi3n) in
microbelts and nanofibers were measured at room temper-

(35) Kang, W. Y.; Park, J. S.; Kim, D. K.; Suh, K. S. Bull. Korean Chem.
Soc. 2001, 22, 921.
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ature, as shown in Figure S9 (Supporting Information). All
the decay curves can be well fitted into single-exponential
function as I = Iy exp(—#/t). The fluorescence lifetimes for
4Gsp (detected at 602 nm) of Sm>" were determined to be
0.46 ms in microbelts and 0.5 ms in nanofibers, and those
of “Fop (detected at 573 nm) of Dy3+ were determined to
be 0.13 ms in microbelts and 0.15 ms in nanofibers,
respectively.

In comparison with vanadate phosphors, the phosphate—
vanadate phosphors are more stable and have better lumi-
nescent properties at high temperature.® Riwotzki and Haase
investigated the luminescence and energy transfer processes
in YPg95V00504:Eu nanoparticles in detail .2 Additionally,
with phosphate groups (PO,*”) doping into the YVO,:Ln
nanocystals, the color of the emission can be easily modu-
lated by single-wavelength excitation.”>® The YPosV(,04
nanofibers exhibit a broad emission centered at approximately
440 nm (Figure 7a) with a bright blue color upon excitation
at 254 nm with a UV lamp (Figure 8b), whereas the pure
Y VO, nanofibers dispersed in the ethanol solutions (0.5 mM)
exhibit weak blue emission under excitation at 254 nm with
a UV lamp (Figure 8a). The introduction of phosphorus
(PO43_) into the YVO, lattice would increase the V—V
separation and hamper the efficient energy transfer from
VO,*~ groups to the quenching sites, resulting in more strong
emission from the VO,*~ groups. The luminescent properties
change greatly when the VO, is partly replaced by PO,*~
in the fibers, as shown in Figure 7 for Y, ,PysV204:xLn
nanofiber samples. The emission spectra consist of two parts,
a broad band from 350 to 550 nm with a maximum around
430 nm (blue emission from the VO, group) and some
narrow bands from 570 to 720 nm (Eu®™, red emission), 550
to 700 nm (Sm3+, orange-red emission), and 480 to 650 nm
(Dy>™, green emission). Obviously, the former is due to the
emission from the VO,>~ group, and the latter is due to
SDy—"F, (J =1, 2, 3, 4) emission lines of Eu®t, 4Gys—°H;
J= 5, ', 9/2) emission lines of Sm>", and *Fo»,—°H, J
=y, 13 15/2) emission lines of Dy3+, respectively. By
varying the concentrations of the Ln dopants, the relative
emission intensity of VO,>~ to Ln ions can be manipulated
with high precision. As shown in Figure 7, YPysV(,04
nanofibers doped with increasing concentrations of Eu®",
Dy’", and Sm®" ions (0.5—5 mol%) exhibit decreasing
emission intensity ratios of VO,>~ to the Ln dopants. With
the increase of Ln ions concentration, energy transfer from
the VO,>~ groups to the Ln dopants becomes efficient. Figure
8 shows luminescence photographs of Y- PysV204:xLn
nanofibers ethanol solutions (0.5 mM) upon excitation with
254 nm from a UV lamp, in which tuning of the emission
color from blue to green (Figure 10c—f, Y;_,PysV(20a:
ny3+), red (Figure 10g—j, Yl_XPoAgV0A204:xEu3+), and
orange-red (Figure 10k—n, Yl_XPoAgV0‘204:xSm3+) can be
realized.

3.2.2. Cathodoluminescence Properties. Under low-volt-
age electron beam excitation, the as-prepared YVO4:Ln
(Eu3+, Sm>t, Dy3+) microbelts and nanofibers also exhibit
the same red, orange-red, and green emissions as the UV

(36) Blasse, G.; Grabmaier, B. C. Luminescent Materials; Springer: Berlin,
1994.
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Figure 9. Typical cathodoluminescence spectra of YVO4:Ln (Ln = Eu*",
Sm**, Dy*") microbelts and nanofibers: (a) YVO4:0.05Eu’*; (b) YVOu:
0.02Sm**; (¢) YV04:0.02Dy*". (Accelerating voltage, 3 kV; filament
current, 15 mA.)

excitation, respectively. The representative CL spectra of the
YVO4:Ln microbelts and nanofibers under the excitation of
electron beam (accelerating voltage = 3 kV; filament current
= 15 mA) are shown in Figure 9, which have identical shapes
as the PL emission spectra. From the typical CL spectra, it
can be seen that the microbelt phosphors have a higher CL
intensity than that of nanofibers phosphors (all the experi-
mental 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.?’
From the HRTEM images shown in Figure 3, it is clear that
YVO,:Eu" nanofibers have a number of defect regions
(Figure 3b) and no obvious defects are found within the

(37) (a) Wan, J. X.; Wang, Z. H.; Chen, X. Y.; Mu, L.; Qian, Y. T. J.
Cryst. Growth 2005, 284, 538. (b) Yang, J.; Liu, X. M,; Li, C. X;
Quan, Z. W.; Kong, D. Y.; Lin, J. J. Cryst. Growth 2007, 303, 480.
(c) Yang, J; Li, C. X.; Cheng, Z. Y.; Zhang, X. M.; Quan, Z. W.;
Zhang, C. M.; Lin, J. J. Phys. Chem. C 2007, 111, 18148-18154.
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Figure 10. Cathodoluminescence intensity of YVO4:Ln (Ln = Eu**, Sm®", Dy**) microbelts and nanofibers as a function of accelerating voltage (a, c, €)

and filament current (b, d, f).

crystal structure of YVO4:Eu®" microbelts (Figure 3f). The
large surface area introduces a large number of defects into
the phosphor crystal. Herein, the surface areas of the as-
prepared YVO4:Ln microbelts are much smaller than those
of YVO4:Ln nanofibers. This is the reason that the CL
intensity of microbelts is higher than that of nanofibers. The
CL emission intensities for the YVOy4:Ln microbelts and
nanofiber phosphors have been investigated as a function of
the filament current and the accelerating voltage, as shown
in Figure 10, respectively. The CL intensity increased with
the accelerating voltage from 1 to 3 kV (Figure 10, parts a,
¢, and e). Similarly, when the accelerating voltage is fixed
at 1.5 kV, the CL intensity also increases with raising the
filament current from 14 to 18 mA (Figure 10, parts b, d,
and f). 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)(EIZ"?)", where n = 1.2/(1 — 0.29 logyy 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).38 For CL, the Eu’t, Sm**, Dy3+ 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 Eu’*,
Sm**, Dy** ions being excited and thus the CL intensity
increased.

4. Conclusions

In summary, YVO4:Ln and YPysVo,O4Ln (Ln = Eu’™,
Sm**, Dy**) 1D nanofibers and YVO,:Ln Q-1D microbelts
have been successfully synthesized by means of the electro-
spinning technique in conjunction with the sol—gel process. Due
to an efficient energy transfer from the VO,*~ group to the
lanthanide ions (Ln), the Eu®", Sm*", and Dy3+ show their
characteristic strong emissions in the YVO4 nanofibers upon
excitation into the VO,*~ group at 280 nm. Under low-voltage
electron beam excitation, microbelt phosphors have a higher
CL intensity than the nanofiber phosphors due to lower defect
concentration in the former. In addition, with PO~ ions partial
replacement of the VO,*~ ions, multicolor tuning emissions of
the YPysV204:Ln nanofibers can be achieved. These studies
indicate a facile route for the development 1D and Q-1D
luminescent nanomaterials that are useful in many types of color
display fields.

(38) Feldman, C. Phys. Rev. 1960, 117, 455.
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