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1. Introduction
Recently, nanobelts have attracted great interests due 

to their peculiar physical and chemical properties and 
potential technological applications1-5. Various methods have 
been explored to synthesize nanobelts, such as molecular 
self-assembly6, microemulsion technology7, sol-gel8 and 
hydrothermal method9. Although the above methods can 
synthesize nanobelts, preparation process is relatively 
complicated. Electrospinning, one of the most effective and 
convenient techniques to produce nanomaterials, has drawn 
much attention from scholars. To date, some inorganic and 
organic nanomaterials have been prepared by electrospinning 
technique10-15.

Yttrium Aluminum Garnet (Y3Al5O12, denoted as YAG 
for short) has a cubic structure with a garnet structure and is 
an important inorganic nonmetal material. Great efforts have 
been focused on the high quality YAG single crystals due 
to its superior physical, chemical, thermal, mechanical and 
optical properties. Recently, rare-earth-doped nanocrystals 
have been widely used as high performance luminescent 
devices, magnets and other functional materials. YAG has 
received considerable attention when doped with rare earth 
ions owing to their interesting properties16-21. YAG doped 
with Eu3+ ions is an important phosphor with a variety 
of applications in many luminescent and optical devices. 
The interests in the synthesis of YAG: Eu3+ phosphor are 
motivated by the need to improve the luminescence efficiency 
of materials. Li et al.22 have prepared YAG: Eu3+ phosphor 
powders by metallorganic chemical vapor deposition22. R. 
Lopez et al.23 synthesized YAG: Eu3+ micrometer fibers by 
the citrate precursor method23. There were no reports on the 

preparation of YAG: Eu3+ nanobelts. In this study, YAG: Eu3+ 
nanobelts were fabricated by electrospinning processing. 
The effect of the Eu3+ concentration, the morphology and 
luminescence characteristics of YAG: Eu3+ nanobelts were 
investigated, and some meaningful results were obtained.

2. Experimental
2.1. Chemicals

Polyvinyl pyrrolidone (PVP, Mw=90 000) and N, N-dimethyl 
formamide (DMF) were purchased from Tianjin Tiantai 
Fine Chemical Reagents Co. Ltd. and HNO3 was bought 
from Beijing Chemical Company. Y2O3 (99.99%), Eu2O3 
(99.99%) and Al(NO3)3·9H2O were bought from Sinopharm 
Chemical Reagents Co. Ltd. Y(NO3)3 and Eu(NO3)3 was 
prepared by dissolving Y2O3 and Eu2O3 in dilute nitric acid, 
then evaporated the water from the solution by heating. 
All chemicals were analytically pure and directly used as 
received without further purification.

2.2. Preparation of samples
YAG: x% Eu3+ [x=1, 3, 5, 7, x stands for molar ratio of Eu3+ 

to (Y3++Eu3+)] were prepared by a method of electrospinning 
combined with sol-gel process. In a typical procedure of 
preparing YAG: 5% Eu3+, 0.95 mmol Y(NO3)3, 0.05 mmol 
Eu(NO3)3 and 1.38 g Al(NO3)3·9H2O were dissolved in 13.0 g 
DMF and 5.0 g PVP was added. In the precursor solution, 
the mass ratios of rare earth nitrates, DMF and PVP were 
equal to 10: 70: 20. The precursor sol was stirred for 24h to 
form a homogeneous mixture sol for further electrospinning. 
Subsequently, PVP/[ Y(NO3)3+Eu(NO3)3+Al(NO3)3] composite 
nanobelts were prepared by electrospinning technology.
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The schematic diagram of electrospinning equipment 
was illustrated in Figure 1. The electrospinning apparatus 
consisted of a high voltage power supply, a spinneret 
(syringe), and a collector plate (a grounded conductor). 
The precursor sol was loaded into the syringe. In a typical 
electrospinning process, the precursor sol was ejected from 
the tip of the spinneret under the effect of high voltage that 
was applied between the spinneret and the collector to form 
an electrically charged jet of sol. The sol jet solidified along 
with evaporation of solvent and formed a non-woven mat on 
the collector. The distance between the spinneret (a plastic 
needle) and collector (Fe net) was fixed at 18-20 cm and the 
high voltage supply was maintained at 6-8 kV. The room 
temperature was 20-24 °C and the relative humidity was 
60-70%. PVP/[Y(NO3)3+Eu(NO3)3+Al(NO3)3] composite 
nanobelts were fabricated. YAG: 5% Eu3+ nanobelts can 
be obtained after the relevant composite nanobelts were 
calcined in air at 900 °C for 8 h with the heating rate of 
1 °C·min–1. Other series of YAG: x% Eu3+ (x=1, 3, 7) were 
also prepared by the similar procedure except for different 
ratios of rare earth salts in sol.

2.3. Characterization methods
X-ray diffraction (XRD) measurements were carried 

out using a Rigaku D/max-RA XRD diffractometer with 
Cu Kα radiation of 0.15418 nm. Fourier transform infrared 
spectra (FTIR) were measured with Shimadzu 8400S infrared 
spectrophotometer using the KBr pellet-pressing technique. 
The size and morphology of the products were observed by 
a field emission scanning electron microscope (FESEM, 
XL-30, FEI Company). The excitation and emission spectra of 
samples were recorded with a HITACHI F-7000 Fluorescence 
Spectrophotometer used a Xe lamp as the excitation source. 
For luminescent measurements, 0.2 g of each sample was 
loaded into a standard circular cell (sample cell size: 11 mm 
in diameter, 1.5 mm in thickness) and compacted into a wafer 
with the thickness of ca. 1.5 mm.

3. Results and Discussion
3.1. XRD patterns

PVP/[Y(NO3)3+Eu(NO3)3+Al(NO3)3] composite nanobelts 
and samples doped with various concentration of Eu3+ 
obtained by calcining the relevant composite nanobelts were 
characterized by XRD, as indicated in Figure 2 and Figure 3. 

The XRD patterns of the PVP/[Y(NO3)3+Eu(NO3)3+Al(NO3)3] 
composite nanobelts were shown in Figure 2a. There was a 
broad peak around 22° for the composite nanobelts, indicating 
that the sample was amorphous. However, when the calcination 
temperature was 900 °C, the obvious diffraction peaks can 
be observed. All the reflection peaks can be readily indexed 
to those of the pure cubic phase with primitive structure of 
YAG (PDF 33-0040) with space group Ia3d, indicating that 
the pure phase of YAG: Eu3+ nanobelts were successfully 
prepared. No other phase was detected at these doping levels, 
indicating that the Eu3+ ions can be efficiently built into 
the YAG host lattice by replacing of the Y3+ ion. When the 
doping concentration of Eu3+ was increased, the diffraction 
peak intensity of YAG: Eu3+ nanobelts was increased and 
reached the maximum at 5%Eu3+ (as shown in the Figure 3 
and the inset of the Figure 3). The diffraction peaks of YAG: 
Eu3+ samples were shifted a little to lower angles compared 
with the peaks position of standard YAG patterns. This was 
because Y3+ was smaller than Eu3+ in the YAG host lattice 

Figure 1. Schematic diagram of electrospinning setup.

Figure 2. XRD patterns of the composite nanobelts and YAG: 
Eu3+ nanobelts doped with various concentration of Eu3+. a. PVP/
[Y(NO3)3+Eu(NO3)3+Al(NO3)3] composite nanobelts b. 1% c. 3% 
d. 5% e. 7%. The standard data for cubic YAG (PDF card 33-0040) 
is also presented in the figure for comparison.

Figure 3. Widening patterns of part XRD results of YAG: Eu3+ 
nanobelts doped with various concentration of Eu3+. The inset indicated 
that variation of diffraction peaks intensity of crystallographic 
planes (420) and (422) with doping molar concentration of Eu3+ 
for YAG: Eu3+ nanobelts.
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(radius (Y3+)=1.02 nm, radius (Eu3+)=1.07 nm). However, 
the shift was very small due to the low doping concentration 
of Eu3+.

3.2. FTIR spectra analysis
PVP/[Y(NO3)3+Eu(NO3)3+Al(NO3)3] composite nanobelts 

and YAG: 5% Eu3+ nanobelts were investigated by FTIR, as 
shown in Figure 4. All the absorption peaks were attributed 
to PVP at 3446 cm–1, 2964 cm–1, 1635 cm–1, 1429 cm–1 and 
1280 cm–1 (as shown in Figure 4a), corresponded to the 
stretching vibrations of hydroxyl group, C-H bond, carbonyl 
group, C-H bond and C-N bond or C-O bond, respectively. 
And all the absorption peaks weakened or disappeared 
and new absorption peaks appeared at low wavenumbers 
in the spectrum of YAG: 5% Eu3+ nanobelts (as shown 
in Figure 4b). The band near 3446 cm–1 was due to the 
stretching vibration of H2O. The band about 1615 cm-1 was 
a result from the bending vibration of H2O. The new peaks 
at 785 cm–1, 718 cm–1 and 457 cm–1 were associated with the 
metal-oxygen bonds (Al-O and Y-O) vibrations. The peaks 
at about 785 cm–1 in Figure 4b represented the characteristic 
Al-O bond vibration, while the peaks at about 718 cm–1 and 
457 cm–1 were the characteristic Y-O bond vibration. These 
characteristic metal-oxygen vibration absorption indicated 
formation of YAG structure24. FTIR analysis manifested that 

YAG: Eu3+ nanobelts were formed at 900 °C. The results 
were in good agreement with XRD patterns.

3.3. SEM analysis
As seen from Figure 5a and Figure 5b, the surface of 

PVP/[Y(NO3)3+Eu(NO3)3+Al(NO3)3] composite nanobelts 
were smooth. Image-Pro Plus 6.0 software was used to 
measure width and thickness of 100 nanobelts from SEM 
images, and the results were analyzed with statistics, and 
then the histograms of width and thickness distribution of 
the nanobelts were drawn by using Origin 8.5 software. 
Figure 6a and Figure 6b showed the width and thickness 
distribution histogram of PVP/[Y(NO3)3+Eu(NO3)3+Al(NO3)3] 
composite nanobelts. The width and thickness of nanobelts 
were located at 6-16 μm and 280-340 nm, respectively, and 
the average width and thickness of composite nanobelts 
were ca. 12 µm and ca. 310 nm, respectively. Figure 5c 
and Figure 5d showed the SEM images of YAG: 5% Eu3+ 
nanobelts calcined at 900 °C. YAG: 5% Eu3+ nanobelts had 
coarse surface and the nanobelts were composed of linked 
nanorods. The width and thickness of the YAG: 5% Eu3+ 
nanobelts were located at 1.75-5.75 μm and 170-320 nm, 
respectively, and the average width and thickness were 
ca. 3.25 µm and ca. 220 nm (as shown in Figure 6c and 
Figure 6d), respectively. After being calcined at 900 °C, the 
width and thickness of nanobelts greatly decreased due to 
the decomposition of the organic species and the formation 
of inorganic phase.

3.4. Photoluminescence properties
Figure 7 showed the excitation spectra of YAG: x%Eu3+ 

[x=1, 3, 5, 7] nanobelts monitored at 592 nm. The prominent 
peak at 235 nm was associated with the charge transfer 
band (CRT) of O2--Eu3+. In the longer wavelength region 
(at 395 nm), the f-f transition peak of Eu3+ ions could be 
observed with very weak intensity compared with those 
of the CTB. The strongest intensity of excitation spectrum 
(CTB) was obtained when the doping concentration of Eu3+ 
ion was 5%, as shown in the inset of the Figure 7.

Figure 8 demonstrated the emission spectra of the YAG: 
Eu3+ nanobelts with different doping concentrations of 
Eu3+. Obviously, the luminescence intensity of YAG: Eu3+ 

Figure 4. FTIR spectra of composite nanobelts (a) and YAG: 5% 
Eu3+ nanobelts (b).

Figure 5. SEM images of composite nanobelts (a and b) and YAG: 
5% Eu3+ nanobelts (c and d).

Figure 6. Distribution histograms of width and thickness of composite 
nanobelts (a and b) and YAG: 5% Eu3+ nanobelts (c and d).
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nanobelts increased with the increase of the concentration 
of Eu3+ from the beginning, reached a maximum value 
with the Eu3+ concentration of 5%, and then decreased with 
further increase in Eu3+ concentration, as shown in Figure 8 
and the inset of the Figure 8. At this time, the bond length 
between Eu3+ and O2– became shorter and the mixture of 
wave function of Eu3+ and O2– was enhanced, therefore, the 
strongest luminescence was at 5%. The emission spectrum 
was associated with the transitions from the excited level of 
5DJ (J=0, 1) to the level of 7FJ (J=1, 2) of Eu3+. The strongest 
red emission which split into two peaks at 592 nm and 
597 nm were ascribed to transition from 5D0→

7F1 level of 
Eu3+, which was mainly a magnetic-dipole transition. The 
peak at 611 nm was ascribed to transition from 5D0→

7F2 
level of Eu3+, which was an electric-dipole transition. The 
other emission peak at 623 nm was attributed to the electron 
transition from 5D0→

7F2 level of Eu3+.
The relationship between I1 (592 nm)/I2 (611 nm) intensity 

ratio values and various doping molar concentration of Eu3+ 
for YAG: Eu3+ nanobelts were shown in Table 1. In cubic 
YAG phase, Y3+ was co-ordinated by eight oxygen ions 

with D2 point symmetry. The doped Eu3+ was substituted 
for Y3+ and also has a D2 point symmetry. However, the 
exact local symmetry was only a small distortion of the 
centro-symmetric D2h point symmetry. It was established that 
5D0→

7F2 transition of Eu3+ ions, which was hypersensitive 
to the symmetry of coordinated environment, was usually 
forbidden in a crystalline environment with inversion 
symmetry. From the PL spectrum in Figure 7, Figure 8 and 
Table 1, it was observed that the magnetic-dipole 5D0→

7F1 
(592 nm) transition was stronger than that of the electric-
dipole 5D0→

7F2 (611 nm) transition, suggesting that the 
position of Eu3+ have inversion symmetry.

3.5. CIE analysis
Generally, color can be represented by the Commission 

Internationale de L’Eclairage (CIE) 1931 chromaticity 
coordinates. The chromaticity coordinates of YAG: x%Eu3+ 
[x=1, 3, 5, 7] nanobelts were indicated in Figure 9. The 
coordinates (X, Y) of YAG: Eu3+ nanobelts excited by 
235 nm were (0.4394, 0.5306), (0.5137, 0.4703), (0.5300, 
0.4556) and (0.5536, 0.4369), which correspond to the Eu3+ 
concentrations of 1%, 3%, 5% and 7%, respectively, as 
revealed in Figure 9. According to the above results, it can 
be found that the emission colors of YAG: Eu3+ nanobelts 
can be tuned by adjusting the concentrations of Eu3+ ions, 
which were considered to be promising candidates for 
application in LEDs.

3.6. Possible formation mechanism of YAG: 
Eu3+ nanobelts

Possible formation mechanism of YAG: Eu3+ nanobelts 
was schematically shown in Figure 10. Y3+, Eu3+, Al3+, NO3

–, 
PVP and DMF were mixed into sol with certain viscosity, 

Figure 7. Excitation spectra of YAG: Eu3+ nanobelts doped with 
various concentration of Eu3+. The inset indicated that variation of 
excitation peak intensity at 235 nm with doping molar concentration 
of Eu3+ for YAG: Eu3+ nanobelts.

Figure 8. Emission spectra of YAG: Eu3+ nanobelts doped with 
various concentration of Eu3+. The inset indicated that variation of 
emission peak intensity at 592 nm (a) and 611 nm (b) with doping 
molar concentration of Eu3+ for YAG: Eu3+ nanobelts.

Table 1. Relationship between I1(592 nm)/I2(611 nm) intensity ratio value and various doping molar concentration of Eu3+ for YAG: 
Eu3+ nanobelts.

various doping molar concentration of Eu3+ 1% 3% 5% 7%
I1(592 nm, 5D0→

7F1)/I2(611 nm, 5D0→
7F2) 1.85 3.10 3.14 3.00

Figure 9. CIE chromaticity coordinates diagram of YAG: Eu3+ 
nanobelts.
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and fabricated PVP/[Y(NO3)3+Eu(NO3)3+Al(NO3)3] 
composite nanobelts via electrospinning. PVP acted as 
template during the formation processing of YAG: Eu3+ 
nanobelts. Y3+, Eu3+, Al3+, NO3

– and DMF were mixed 
with or absorbed onto PVP molecules to fabricate PVP/
[Y(NO3)3+Eu(NO3)3+Al(NO3)3] composite nanobelts under 
electrospinning. During calcination treatment of the composite 
nanobelts, solvent containing Y3+, Eu3+, Al3+, NO3

- and DMF 
in the composite nanobelts would remove to the surface of 
the PVP/[Y(NO3)3+Eu(NO3)3+Al(NO3)3] composite nanobelts 
and eventually evaporated from the composite nanobelts. 
With the increasing in calcination temperature, Y3+, Eu3+, 
Al3+, NO3

- and DMF would oxidize and volatilize rapidly, 
Y3+, Eu3+ and Al3+ were oxidized into YAG: Eu3+ crystallites, 
and many crystallites were combined into small YAG: Eu3+ 
nanoparticles, then some small nanoparticles were sintered 
into big nanoparticles, and these nanoparticles were mutually 
connected to generate YAG: Eu3+ nanobelts. It was found 
from experiments that the average molecular weight of PVP 
and PVP content in the starting mixed sol had important 
impact on the formation of YAG: Eu3+ nanobelts.

4. Conclusions
YAG: Eu3+ nanobelts have been successfully synthesized 

by electrospinning technique combined sol-gel process. The 
composite nanobelts were smooth, and the width and thickness 
of the PVP/[Y(NO3)3+Eu(NO3)3+Al(NO3)3] composite 
nanobelts were ca. 12µm and ca. 310nm, respectively. YAG: 
Eu3+ nanobelts were cubic in structure with space group Ia3d, 
the width and thickness of YAG: Eu3+ nanobelts were ca. 
3.25 µm and ca. 220 nm, respectively. YAG: Eu3+ nanobelts 
have coarse surface. The luminescence analysis revealed that 
YAG: Eu3+ nanobelts emitted the main emission peak at 592 
nm, which was attributed to the transition of 5D0→

7F1 of Eu3+. 
The strongest luminescence intensity of YAG: Eu3+ nanobelts 
were obtained when the molar concentration of Eu3+ was 
5%. Color-tuned luminescence of YAG: Eu3+ nanobelts could 
be obtained by changing the doping concentration of Eu3+.
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