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Abstract 
Controlled synthesis of functional photoluminescent materials is of particular 
interest due to their fascinating optical properties. Herein, highly uniform 
one-dimensional (1D) SiO2:xTb3+ nanofibers and nanobelts are fabricated by 
electrospinning method combined with sol-gel method. The as-prepared 
SiO2:xTb3+ nanofibers are belt-like morphology after calcination. The forma-
tion mechanism of SiO2:xTb3+ nanofibers and nanobelts is proposed based on 
decomposition of polyvinylpyrrolidone (PVP) and crystallization of SiO2. The 
photoluminescence (PL) intensity of SiO2:xTb3+ nanofibers and nanobelts is 
Tb3+ ions concentration dependent with a maximum at 4 mol% of Tb3+. Par-
ticularly, SiO2:xTb3+ nanofibers and nanobelts exhibit a green emission cor-
responding to 5D4 → 7Fj transition (541 nm) of Tb3+. 
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1. Introduction 

Lanthanides have unique photoluminescence properties, which enabled their 
utilization in diverse application depending on their morphology, size, and 
composition [1] [2]. Tb3+ is among most intriguing trivalent lanthanides ions, 
due to its green light emission under near-infrared excitation. The stability, 
flexibility, biocompatibility, and photoluminescence (PL) characteristics of Tb3+ 
are substantially improved upon its doping into solid matrixes such as carbon 
and polymer. For instance, SiO2 is among highly attractive and promising host 
materials for lanthanides for diverse optical applications. The stabilization PL 
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properties of lanthanides can be enhanced significantly upon their doping into 
SiO2 matrix. This is owing to its 3D network-like structure, conductivity, trans-
parency, wide band gap, high surface, and thermal durability. For example, Tb3+ 
doped SiO2 prepared by immersion SiO2-PVA nanocomposite into Tb3+ precur-
sor followed by calcination at 600˚C for 3 h in air and subsequent sintering at 
1100˚C revealed a green fluorescence attributed to 5D4 → 7F5 under UV excitation 
[3]. 

This is ascribed to the formation of strong O-Tb complex resulting in reduc-
ing the high frequency oscillators and enhancing the PL intensity. Although the 
great advances in the preparation of Tb/SiO2, mostly reported structures were 
0D-like structure with low surface area which devalued their PL properties. This 
can be avoided by doping Tb3+ into 1D silica nanofibers due to their highly ac-
cessible surface area and low density. Electrospinning is a facile, effective, and 
low-cost method for controlled fabrication lanthanides doped various 1D poly-
mers and metal oxides with various morphologies such as nanofibers, nanobelts, 
and core-shell for wide range of PL applications. For example, YOF:Ln3+ hollow 
nanofibers are fabricated by the electrospun RE(CF3COO)3/PVP composite at 
high-temperature that cannot be obtained by traditional methods owing to high 
tendency of YF3 to oxidation at high temperature, which exhibits a significant 
enhancement in the PL intensity of Tb3+ [4].  

Inspired by this, herein 1D SiO2:xTb3+ nanofibers and nanobelts are synthe-
sized by sol-gel combined with electrospinning method, which are facilitating 
homogeneous doping of Tb3+ into SiO2 matrix without segregation that is highly 
required to increase the PL activity. PVP is utilized not only for adjusting solu-
tion viscosity but also for crosslinking silica molecule and as soft templates for 
obtaining uniform fibrous shape. The structure, morphology, and photolumi-
nescence properties of SiO2:xTb3+ nanofibers and nanobelts were investigated as 
a function of Tb3+ concentration. 

2. Experimental Section 
2.1. Materials 

Materials used in this experiment were [TEOS, Si(OC2H5)4] and Poly(vinylpyr- 
rolidone) (PVP, Mw = 1,300,000) were purchased from Aladdin. Acetic Acid 
(CH3COOH) and Dimethyl formamide (DMF) were all purchased from the Bei-
jing Fine Chemical Company. Tb(NO3)3 was prepared by dissolving Tb4O7 in 
dilute nitric acid HNO3 containing H2O2, and evaporating the water in the solu-
tions by heating. All the initial chemicals in this work were used without further 
purification.  

2.2. Preparation of Nanofibers and Nanobelts 

The SiO2:xTb3+ nanofibers and nanobelts were prepared by electrospinning. First 
1.5 ml of tetraethyl orthosilicate [TEOS, Si(OC2H5)4] was mixed with sufficient 
volume of acetic acid and N, N-dimethyl formamide (DMF). Different amount 
of Tb3+ ions (the molar ratio of Tb to Si was 0.02, 0.03, 0.04, 0.05 and 0.06) were 
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put into the solution. Then 1.0 g of Poly (vinylpyrrolidone) (PVP, Mw ≈ 
1,300,000) was dissolved in the above solution under stirring at room tempera-
ture. The mixture was loaded into a plastic syringe equipped with a 20-gauge 
needle made of stainless steel. The needle was connected to a high-voltage direct 
current (dc) supply using a metal clamp. A piece of aluminum foil was used to 
wrap the surface of a drum that serves as a grounding electrode to collect these 
nanofibers and nanobelts. The parameters of electrospinning were optimized as 
follows: the working distance was 20 cm, the diameter of the needle was 20 nm, a 
voltage of 20 kV was applied to the needle, and the feeding rate of the solution 
was maintained at 0.2 mm/min. After the electrospinning process, the samples 
were annealed under air atmosphere at 700˚C to remove the PVP template com-
pletely. 

2.3. Characterizations 

X-ray powder diffraction was measured by a Rigaku D/max-B II X-ray diffrac-
tometer with Cu Ka radiation. The field emission scanning electron microscope 
(FESEM) images were observed by S-4800, Hitachi. Transmission electron mi-
croscopy (TEM) images were obtained with a JEM-2000EX TEM (acceleration 
voltage of 200 kV). The thermogravimetry differential thermal analysis (TG- 
DTA) was carried out on a Thermal Analysis instrument (SDT 2960, TA In-
struments, New Castle, DE) with a heating rate of 10˚C/min. Fourier transform 
infrared (FT-IR) spectra were performed on a Perkin-Elmer 580B infrared spec-
trophotometer with the KBr pellet technique. Energy-dispersive spectroscopy 
(EDS) analysis was performed with an H JEOL JXA-840 EDX system attached to 
the SEM microscope. The X-ray photoelectronspectra (XPS) were taken using a 
VG ESCALAB 250 electronenergy spectrometer with Mg Kα (1253.6 eV) as the 
X-ray excitation source. The reflection spectra were calibrated with the reflection 
of white BaSO4 (reflection ~100%) in the wavelength region of 200 - 800 nm. 
The PL measurements were determined using Jobin Yvon FluoroMax-4 lumi-
nescence spectrophotometer equipped with a 150 W xenon lamp as the excita-
tion source. All the measurements were performed at room temperature.  

3. Results and Discussion  
3.1. Thermal Analysis 

Figure 1 showed the thermogravimetric analysis curve of the obtained SiO2: 
4mol % Tb3+ nanofibers and nanobelts before calcination, which exhibited three 
weight loss steps. It is well known that the first step between 50˚C and 250˚C 
was due to the remove of volatile compound such as moisture solvent and mo-
nomer. The second step (the range of temperature was between 250˚C and 
350˚C) with an exothermic peak at 358.5˚C might be due to the decomposition 
of the organic intermediates, mainly was the decomposition of side chain of 
PVP. The third step (350˚C to 570˚C) with an exothermic peak at 505˚C was due 
to decomposition of main chain of PVP [5]. There was no weight loss after cal-
cined at 700˚C, which meant all the organic components were removed com- 
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Figure 1. The TGA and DTA patterns of PVP/SiO2:Tb3+ precursor fibers. 

 

 
Figure 2. The SEM images of SiO2:Tb3+ fibers (a) pre-calcination, (b) post-calcination of 
low-magnification, (c) high- magnification and (d) TEM image.  

 
pletely and pure SiO2:Tb3+ nanofibers and nanobelts were obtained. 

3.2. Morphology and Structure Properties 

Figure 2 shows The SEM and TEM images of the sample before and after calci-
nation. In (Figure 2(a)) and (Figure 2(b)), with different magnification we can 
see that these randomly oriented uniform fibers have smooth surface, due to the 
bending instability related to the spinning jet. In addition, after calcination 
process didn’t break the fiber-like morphology but the diameters of calcined 
SiO2:Tb3+ fibers were greatly decreased because of the decomposition of the or-
ganic components (such as PVP) and the formation of inorganic phase. From 
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Figure 2(a) and Figure 2(c) we could see that the obtained SiO2:Tb3+ fibers 
were smooth and the diameters were about 352 nm (Figure 2(c)) otherwise, that 
most of the obtained SiO2:Tb3+ fibers were belt-like which may be due to incom-
plete drying before the fiber reaches the grounded collector [6]. Figure 2(d) 
gives the TEM image of sample after they had been calcined in air at 700˚C.  

The particle morphology, size, and composition are investigated by using SEM. 
Figure 3 shows the SEM images of SiO2 nanofibers doped with various concentra-
tions 2, 3, 4, 5, and 6 (mol %) of Tb3+ ions. It’s apparently that, highly uniform na-
nofiberes in a belt-like morphology are obtained with high yield approach 100%. 
This is due to the partial dying of the injected solution before reaching to the jet 
that is spreading out on the surface followed by rebounding the jet edges in order 
to be dried. This led to formation of belt-like fibers with a shallow groove in the 
middle [7] [8]. The size of the as-synthesized nanofibers ranged between 993 and 
142 nm (Figure 3). It’s obvious that, the fiber diameters decrease significantly with 
increasing the Tb3+ concentrations attributed to the addition of high concentration 
Tb(NO3)3 solution. That facilitates prompt hydrolysis of Tb3+ to generate a net-
work in the polymer matrix through reaction with the moisture in surrounding 
air. The direct hydrolysis and condensation raise the viscosity of the PVP/SiO2 so-
lution. This led to increase the durability of the spinning jet and the strength of the 
sheath in the electrified jet which make the jet spin the solution continuously 
without any coagulation for the spine fibers [9] [10]. The size distributions of the 
SiO2:Tb3+ fibers doping different Tb3+ concentrations were displayed in Figure 3, 
which measured from the SEM images by Image J. 

The XRD patterns of SiO2 nanofibers doped with various concentrations of 
Tb3+ ions are shown in (Figure 4). There only obtains one broad diffraction 
peaks at 2θ = 24˚ - 25˚ could be assigned to the amorphous silica [11]. Interes-
tingly, the peak shifts to higher angler θ value and became weaker with increas-
ing the Tb3+ concentration implying the successful doping of Tb with SiO2 
without undesired impurities in agreement with the SEM and EDX results. This 
owing to Tb3+ ions occupation the vacancy of matrix SiO2, which has effects on 
the structural Si-O bond distance and/or Si-O-Si angles by strongly interacted 
with the O atoms [12], and then deformed the Si-O-Si network structure and 
reduced the symmetry of SiO2 framework. 

Figure 5 showed a comparison of the FT-IR spectra of SiO2:4 mol % Tb3+ na-
nofibers before and after calcination at 700˚C. The two samples are referred to as 
SiO2-untreated and SiO2-700˚C, respectively. The bands at 3430 cm−1 in two 
lines are attributed to the vibration of –OH of the absorbed water. For 
SiO2-untreated sample, the bands from 2800 to 3000 cm−1 and 1465 cm−1 to 1421 
cm−1 are assigned to the bending vibration of C-H and C=O. The bands around 
1650 cm−1 and 1292 cm−1 can be ascribed to be the bending vibration of C-N 
[13]. Meanwhile, the bands at 1148 cm−1 and 954 cm−1 were assigned to the 
asymmetric stretching vibration of the Si-O-Si bond and the bending vibration 
of the Si-OH bond. For SiO2-700˚C sample, all the peaks related to PVP are dis-
appeared and the vibration of Si-O-Si was prominent. And the position of 
Si-O-Si bond blue shifted from 1148 cm−1 to 1088 cm−1, which meant the doping  
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Figure 3. SEM images of SiO2:xTb3+ nanofibers and nanobelts with different concentration after calcination: 
(a) x = 0.02; (b) x = 0.03; (c) x = 0.04; (d) x = 0.05; (e) x = 0.06. 
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Figure 4. XRD patterns of The SiO2:xTb3+ nanofibers and nanobelts doping different 
concentration after calcined at 700˚C (a) x = 0.00; (b) x = 0.02; (c) x = 0.04; (d) x = 0.06. 

 

 
Figure 5. FT-IR spectra of SiO2:Tb3+ nanofibers and nanobelts (a) before calcination, (b) 
after calcination. 

 
of Tb3+ has effects on the structure of SiO2 matrix. Interestingly the intensity of the 
-OH peak at 3430 cm−1 is decreased significantly, and the peak at 954 cm−1 is dis-
appeared completely, which is due to the remove of water and the condensation of 
Si-OH. The results mentioned above are all in consistent with the TGA curve. 

3.3. Component Analysis 

The EDX spectra of PVP/SiO2:Tb3+ precursor fibers and SiO2:Tb3+ fibers were 
shown in Figure 6. The EDX characterization showed that four elements carbon 
(C), silicon (Si), oxygen (O) and terbium (Tb) were existed in the precursor fi-
bers, in which the atomic percent of C was very high. After calcination at 700˚C, 
it could be seen only three elements, Si, O and Tb were existed in the SiO2:Tb3+ 
fibers, which meant that C element resulting from organic component (such as 
PVP) was completely removed after heat treatment and pure SiO2:Tb3+ fibers 
were obtained. The element-mapping images described the distribution of Si, O 
and Tb elements in SiO2:Tb3+ fibers by mapping the same region as the SEM  
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Figure 6. The EDX spectra of PVP/SiO2:Tb3+ precursor fiber (a); SiO2:Tb3+ fibers (b) and elemental mapping of SiO2:Tb3+ fibers. 
 

image, which clearly indicated that Si, O and Tb atoms were homogeneously 
distributed in the SiO2:Tb3+ fibers. All the results above demonstrated that the 
luminescent one-dimensional Tb3+ doped SiO2 fibers were prepared successfully.  

XPS analysis is conducted to get more insight into the chemical composition 
and electronic structure of the as-prepared SiO2:Tb3+ fibers. Figure 7 reveals the 
presence of Si 2p, O 1s, Tb3d, and Tb 4d peaks respectively indicating the for-
mation of SiO2:Tb3+ fibers. The atomic ratio of Si 2P/O 1s/Tb 3d is estimated to 
be 38.6/61.19/0.77 and 37.6/61.43/0.88 via using 2 and 4 mol % of Tb3+. Intri-
guingly, the binding energy of Si 2P in SiO2:Tb3+ is blue shifted by 0.12 eV and 
0.18eV upon increasing Tb concentration, similarly the biding energy of O1S is 
blue shifted by 0.06 eV and 0.12 eV (Figure 7). This is ascribed to the doping ef-
fect, which alter the electronic structure of Si [14]. Meanwhile, the binding 
energy of Tb 4d3/2 is 154.35 and 154.6 eV via using 2 and 4 mol % of Tb3+. The 
same results were shown in Tb 3d spectra, two new intense peaks around 1277 
eV and 1242.9 eV were assigned to the Tb 3d5/2 and Tb 3d3/2, respectively (Figure 
7). These slightly difference arising from change the chemical environment of 
Tb3+ element by doping into the SiO2 matrix [15]. 

3.4. Formation Mechanism 

According to the characteristic analysis results mentioned above, we speculated 
that PVP played an important role in the formation of SiO2:Tb3+ fibers. The 
driving force in this self-assembly process was mainly because of the hydrogen 
bond interaction between SiO2 molecular and PVP template, which could be 
completely removed by annealing process. Based on these, we speculated the 
mechanism of this reaction as shown in Figure 8. 
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First, TEOS molecules experienced a series of hydrolysis and condensation 
reactions after acetic acid was added into the system and formed Si-O-Si bond 
network structure with a byproduct of ethanol. And Tb3+ ions were incorporated 
into the clearance sites through the pseudo-covalent bond (Tb3+…[SiO4]4−…Tb3+). 
It should be noted that TEOS could be fiercely hydrolyzed under much water, so 
we kept the sum of volume of water and Tb(NO3)3 solution to be constant. Acetic 

 

 
Figure 7. Wide-scan XPS spectra and high-resolution Si (2p), O (1s), Tb (3d) and Tb (4d) XPS spectra of 
SiO2:Tb3+ fibers. 
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Figure 8. The formation mechanism of SiO2:Tb3+ fibers. 
 

acid as catalyst in this system helped to promote the hydrolysis of TEOS andsili-
ca sol was formed completely after stirring for 2 h.  

 

 
 

Then PVP was added to assist spinning by tuning the viscoelastic properties of 
silica sol-gel through the hydrogen bond between the OH groups on the surface 
of silica sol and the carbonyl groups of the PVP [16]. After stirring for several 
hours, all PVP were dissolved and connected around the silica sol molecules. 
The final result of these crosslinking processes was the formation of larger com-
posite gel consisted of SiO2-PVP supramolecular molecules. The linear structure 
of PVP also helped the supramolecular arrange orderly and form a fibrous 
morphology during electrospinning and it also could be regarded as soft tem-
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plates, which were located at the junction sites among the silica molecules.  
 

 
 

Finally, the PVP and other volatile (such as Dimethyl formamide, acetic acid 
and residual water, TEOS) were removed from the obtained composite elec-
trospun fibers after calcination at high temperature (700˚C in this system), while 
the fibers morphology of the inorganic framework remains. Then pure SiO2:Tb3+ 
fibers were obtained. 

3.5. Photoluminescence Propertie 

The luminescent properties of the Tb3+ doped silica nanofibers and nanobelts 
were shown in Figure 9. The excitation spectra of the Tb3+ doped silica nanofi-
bers and nanobelts after calcination at 700˚C was shown in Figure 10(a), the PL 
excitation spectra obtained by monitoring a green emission with various con-
certation of Tb3+ at 542 nm revealed a single broadband peaking at 208 - 252 nm 
with a maximum at about 229 nm due to 4f8 → 4f75d1 transition of Tb3+ ions [17]. 
The emission spectrum (λex = 229 nm) of SiO2:Tb3+ nanofibers and nanobelts 
exhibited several sharp peaks between 400 nm to 700 nm due to 5D4 → 7FJ(J=6,5,4,3) 
transition of Tb3+ (Figure 10(b)), which was assigned to the electronic transition 
as following: 466 nm (5D4 → 7F6), 486 nm (5D4 → 7F6), 542 nm (5D4 → 7F5), 584 nm 
(5D4 → 7F4) and 619 nm (5D4 → 7F3) correspondingly. Among them the intensity 
of 5D4 → 7F5 transition peaks at 542 nm was much higher than other emission 
peaks, which was the characteristic peak of Tb3+ ion [14]. From these lumines-
cence spectra we could find that the spectra were almost same irrespective of the 
Tb3+ concentration, but with the increasing of the Tb3+ concentration from 2 
mol % to 6 mol %, the PL intensity of the 5D4 → 7FJ (J=6,5,4,3) transition increased at 
first, reaching a maximum value at the concentration of 4 mol %, and then de-
creased with the increasing of Tb3+ content due to the concentration quenching 
effect [18]. This might be due to the cluster of activators at high concentration 
would lead to the energy transfer by cross-relaxation between Tb3+ ions in the 
SiO2:Tb3+ fibers. For most of rare-earth activators, the concentration quenching 
effect was ascribed to the non-radiative energy transfer from rare-earth ions to 
nearby quenching centers, which usually through the exchange interaction and 
multipole-multipole interaction [19]. At the same time, other non-radioactive 
processes such as energy transfer to hydroxyl ions and the defects in silica also 
could contribute to the luminescence quenching effects. It could be indicated 
that the optimal doping concentration of Tb3+ ions was 4 mol % of nanofibers 
and nanobelts. The luminescence property of the Tb3+ doped SiO2 nanofibers 
and nanobelts was predominantly attributed to 5D4 → 7F6 and 5D4 → 7F5, and the - 
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Figure 9. Photoluminescence excitation (a) and emission (b) spectra of SiO2:xTb3+ nano-
fibers and nanobelts prepared by electrospinning method with various concentrations. 

 

 
Figure 10. The decay kinetics behaviors of SiO2:xTb3+ fibers for x = 0.02 (a); x = 0.03 (b); 
x = 0.04 (c); x = 0.05 (d); x = 0.06 (e). 

 
5D4 → 7F5 peak was dominant in comparison with other peaks, which was a 
hypersensitive forced electric dipole transition. It was known that the f-f transi-
tion arising from a forced electric dipole was forbidden and became partially al-
lowed when the rare-earth ion was situated at a low symmetry site [20]. There-
fore, the Tb3+ concentration as well as the silica framework structure affected the 
efficient luminescence of Tb3+ ions [12]. From the results discussed above, it can 
be deduced that the optimal efficient luminescence was observed at the 4 mol % 
Tb3+, which means that the concentration quenching was occurred above 4 
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mol % Tb3+.  
The decay kinetics behaviors of Tb3+ in SiO2:xTb3+ fibers were investigated. 

The lifetime decay curves for the 5D4 - 7F5 transition of Tb3+ (542 nm) at different 
concentration were measured at room temperature under excitation at 229 nm. 
As illustrated in Figure 10, the decay curves for the 5D4 - 7F5 transition of Tb3+ in 
all samples could be fitted well by a single-exponential decay [21]: 

0 exptI I τ
τ
− =  

 
                        (1) 

where It is the luminescence intensities at time t, I0 is the luminescence intensi-
ties at time t = 0 and τ is the decay lifetime [22]. All the curves can be fitted by 
single exponential procedures, and the lifetime values of SiO2:Tb3+ are 0.92, 
1.062, 1.23, 1.20 and 1.12 ms corresponding to the Tb3+ concentration of 2%, 3%, 
4%, 5% and 6%, respectively. As seen in Figure 10, with the increase of the Tb3+ 
content, the lifetime values of SiO2:xTb3+ fibers gradually extended until up to x 
= 0.04, then tended to decrease. The variation tendency of decay lifetime se-
quence was consisted with the luminescence intensity of samples. That means 
both the strongest luminescence intensity and longest lifetime value were at x = 
0.04 in SiO2:xTb3+ fibers. As we all know that the luminescence intensity was 
proportional to radiative transition probability, while the decay lifetime was the 
inverse of the sum of the radiative transition and the non-radiative transition 
probability. Therefore, the non-radiative transition probability of Tb3+ from the 
5D4 energy level in the SiO2:xTb3+ fibers was small due to the decrease of surface 
defects [23]. 

4. Conclusions 

In summary, 1D SiO2:xTb3+ nanofibers and nanobelts with various Tb3+ concen-
trations were successfully prepared by electrospinning technique combined with 
sol-gel approach. The as-synthesized samples have a well-defined nanofiber and 
belt-like morphologies, which exhibit high PL intensities determined by the 
concentration of Tb3+ ions and a maximum PL intensity of 6.48154 × 106 (a.u) 
was achieved at 4 mol % Tb3+. The presented approach may pave a new way to-
wards the preparation of other 1D structures of lanthanide doped silica materials 
for various PL applications.  
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