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been researched for catalytic utilizations in ethane oxidative 
dehydrogenation, methane coupling and for gas sensor appli-
cations [8]. When doped with activator ions, these nanoma-
terials reveal favorable down-conversion (DC) and UC lumi-
nescence. GdOCl, by virtue of the multitudinous superiority 
of lanthanide oxyhalides, is a well-suited substrate of phos-
phor doped with the suitable rare earth dopant [9]. GdOCl 
employs a tetragonal matlockite PbFCl structure with space 
group of P4/nmm, thereinto, cationic layers of GdO+ and 
anionic layers of Cl− alternating change in the direction 
of crystallization [10]. Nanofibers and nanobelts are new-
fashioned varieties of one-dimensional (1D) nanostructures 
possessing unique morphologies. The 1D nanostructures 
of rare earth doped nanomaterials have attracted enormous 
attention in recent years [11–13]. Tailoring of aspect ratio in 
rare earth based 1D nanostructures offer several advantages, 
for instance, quantum confinement, tunable electrical, mag-
netic, and optical properties [14]. Thus far, some synthetic 
approaches have been reported for the fabrication of LnOCl 
nanomaterials, such as hydrothermal syntheses, mechano-
chemical grinding, chloride salt-assisted method, solid-state 
reaction method and thermohydrolysis [15–19]. Although 
these preparative processes are assuredly successful in the 
synthesis of nanoscale lanthanide oxychlorides, they induce 
barely little selectivity with concerning to size, morphology, 
or the directions of crystallographic growth, resulting in gen-
eration of polydisperse nanopowders. Electrospinning is an 
ordinary, advantageous, straightforward and universal tech-
nique for fabricating long fibers [20, 21], such as rare earth 
fluoride nanofibers [22], rare earth oxide nanofibers [23, 
24], rare earth oxyfluoride nanofibers [25], hollow nanofib-
ers [26], core–shell structured coaxial nanofibers [27], and 
nanobelts [28], etc.

Recently, rare earth ions (RE3+) doped luminescent nano-
materials have already gained comprehensive researches 

Abstract  A series of GdOCl:Yb3+, Tm3+ one-dimensional 
nanostructures with dual-mode [down-conversion (DC) and 
up-conversion (UC)] luminescence were successfully fabri-
cated by electrospinning technique incorporated with dou-
ble-crucible chlorination method. The samples have single-
phase tetragonal structure with space group of P4/nmm. The 
diameter and width of GdOCl:10%Yb3+, 0.1%Tm3+ nanofib-
ers and nanobelts are 212.84 ± 1.04 nm and 1.07 ± 0.03 μm, 
respectively. Excited by 357-nm ultraviolet (UV) light and 
980-nm near-infrared (NIR) light, Yb3+ and Tm3+ ions co-
doped GdOCl nanostructures exhibit bright blue emission. 
The mechanism of UC emission is determined to be three-
photon process. The energy transfer processes from Yb3+ 
to Tm3+ are discussed in detail. Moreover, the as-obtained 
products possess paramagnetic properties at ambient tem-
perature. The type of difunctional one-dimensional nano-
materials has promising applications in anti-counterfeiting, 
drug delivery, solid state lasers, biolabels and light emitting 
diodes (LEDs).

1  Introduction

Lanthanide oxyhalides have aroused extensive surveys for 
applications in field-emission driven phosphors, up-conver-
sion (UC) lasers, optical telecommunications infrastructure, 
biosensing, medical diagnosis, photocatalytic activity and 
bioimaging probes [1–7]. Lanthanide oxychlorides have 
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owing to their unique 4f electron configuration and specific 
properties. RE-doped luminescent nanomaterials have been 
extensively applied in plasma flat panel displays (PDP), 
fluorescent lamps, field emission display (FEDs) and white 
LEDs [29–32]. The characteristic transition of luminescent 
materials determines the color purity of emission. Although 
rich levels of lanthanide ions give its multispectral emit-
ting, but Tm3+ ions only generates around 458 nm blue light 
under the near ultraviolet excitation, it provides a high color 
purity of blue light emission. Tm3+ ions not only could pos-
sess own DC emission but also exhibit UC properties, mani-
festing as dividing one high energy photon into two or more 
lower energy photons. The UC is due to its excellent light-
emitting properties such as high brightness, low-energy, low-
cost and high efficiency [33–35]. It is well-known that Tm3+ 
is one of the most crucial activator ion in the UC lumines-
cent RE ions, which can reveal prominent blue (1G4 → 3H6) 
and weak red (1G4 → 3F4 and 3F3 → 3H6) emission under the 
excitation of a 980 nm diode laser, and Yb3+ ion is a good 
sensitizer for Tm3+ [36]. Therefore, the Yb3+–Tm3+ couple 
extremely improve UC luminescent efficiency via energy 
transfer due to the strong absorption at 980 nm, likewise 
it can be used to generate visible blue UC emission [37]. 
Gadolinium ions (Gd3+) have seven unpaired 4f electrons 
which populate electron orbitals with the same direction in 
a half full state according to the lowest energy principle. 
Thus, Gd-based materials possess a large magnetic moment 
and magnetism can be easily induced by the magnetic fields 
[38–40]. Therefore, Gd3+-based oxychlorides are good can-
didates as dual-mode luminescent materials, namely, optical 
imaging nanoprobes and magnetic resonance image (MRI) 
contrast agents. Up to now, some groups synthesized the 
dual-mode luminescent and multifunctional Ln3+ ions doped 
NaGdF4 nanocrystals [41], NaGdF4 nanoparticles [42, 43] 
and BaGdF5 nanoparticles [44]. However, the dual-mode 
emission of the Yb3+, Tm3+ ions co-doped GdOCl nanoma-
terials has not been investigated.

In order to acquire a novel morphology of GdOCl:Yb3+, 
Tm3+ nanomaterials, preparation of GdOCl:Yb3+, Tm3+ 
nanofibers and nanobelts is an important subject to research. 
Up to now, no reports on the synthesis of GdOCl:Yb3+, 
Tm3+ nanofibers and nanobelts by double-crucible method 
are found in the references. In particular, the morphology, 
structure, photoluminescence and magnetic properties of 
products were systematically researched. More importantly, 
GdOCl:Yb3+, Tm3+ nanomaterials showed satisfactory 
luminescence properties of both UC and DC. The enhanced 
UC luminescence from the transitions of 1G4 → 3H6 and 
1G4 → 3F4 of Tm3+ ions has been observed for the first time 
with increasing concentration of Yb3+ and Tm3+ ions, which 
is studied to the energy transfer from Yb3+ to Tm3+. Fur-
thermore, the forming mechanisms of GdOCl:Yb3+, Tm3+ 
nanostructures are also put forward.

2 � Experimental sections

2.1 � Chemicals

Polyvinyl pyrrolidone (PVP, K90, Mr = 90,000, AR) was 
bought from Tiantai Chemical Co., Ltd. Gadolinium oxide 
(Gd2O3, 99.99%), thulium oxide (Tm2O3, 99.99%) and 
ytterbium oxide (Yb2O3, 99.99%), N,N-dimethylformamide 
(DMF, AR) and ammonium chloride (NH4Cl, AR) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. Nitric 
acid (HNO3, AR) was bought from Beijing Chemical Works.

2.2 � Preparation of GdOCl:x%Yb3+, y%Tm3+ 
nanofibers

Preparation of GdOCl:x%Yb3+, y%Tm3+ [y = 0.1 and 
x = 2.5, 5, 10, 15, 20; x = 10 and y = 0.05, 0.1, 0.3, 
0.5, 0.7]; x% and y% represent molar ratio of Yb3+/
(Yb3+ + Tm3+ + Gd3+) and Tm3+/(Yb3+ + Tm3+ + Gd3+), 
respectively nanofibers was performed by calcining and 
chloridizing the electrospun PVP/[Gd(NO3)3 + Yb(NO3)3 
+ Tm(NO3)3] original composite nanofibers. In the repre-
sentative process of synthesizing typical GdOCl:10%Yb3+, 
0.1%Tm3+ nanofibers, 0.8949 g of Gd2O3, 0.1082 g of 
Yb2O3, and 0.0011 g of Tm2O3 were dissolved in dilute 
HNO3 at high temperature, and mixed rare earth nitrates 
were obtained after getting rid of the water from the liq-
uor through heated. The compounded rare earth nitrates 
were dissolved in 14.9626 g of DMF, after that 2.0834 g 
of PVP was added into the above-mentioned liquor under 
intensely stirring for 6 h to generate uniform lucid spin-
ning liquid. The mass ratios of rare earth nitrates, DMF 
and PVP were equal to 10:79:11 in the spinning liquid. 
Whereafter, the spinning liquid was electrospun under 
the high-tension of 13 kV, and the distance between the 
spinneret and collector was constant at 18 cm. The ambi-
ent temperature was 20–24 °C and the relative moisture 
was 30–50%. The electrospun original composite nanofib-
ers were prepared on the collector in this method. As-
obtained nanofibers were calcined at 700 °C for 4 h with 
a heating rate of 1 °C/min in the air, then the calcining 
temperature was declined to 200 °C at a cooling rate of 
1 °C/min, after that natural cooling down to ambient tem-
perature, and Gd2O3:10%Yb3+, 0.1%Tm3+ nanofibers were 
acquired. Using NH4Cl powders as a chlorination source, 
GdOCl:10%Yb3+, 0.1%Tm3+ nanofibers might be syn-
thesized by chloridizing pre-samples. Some NH4Cl pow-
ders were fitted into a big crucible, and carbon rods were 
stowed on the NH4Cl powders, pre-samples were put on 
a small crucible, afterwards the small crucible was put in 
the big crucible, and the big crucible finally was covered 
with its lid. The crucibles were heated at a rate of 1 °C/
min and maintained at 500 °C for 2 h, then the calcining 
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temperature was reduced to 200 °C at a rate of 1 °C/min, 
and then cooling down to ambient temperature sponta-
neously. The procedure is called as a double-crucible 
chlorination technique. Other series of GdOCl:x%Yb3+, 
y%Tm3+ [x = 10 and y = 0.05, 0.3, 0.5, 0.7; y = 0.1 and 
x = 2.5, 5, 15, 20] nanofibers were synthesized by the ana-
logical process apart from various doping concentration of 
Yb3+ ions and Tm3+ ions.

2.3 � Preparation of GdOCl:10%Yb3+, 0.1%Tm3+ 
nanobelts

Gd2O3 (0.8949 g), Yb2O3 (0.1082 g) and Tm2O3 (0.0011 g) 
were dissolved in dilute HNO3 at high temperature. The 
compounded rare earth nitrates were acquired by elimi-
nating the water from the liquor. The compounded rare 
earth nitrates were dissolved in 13.258 g of DMF, and 
3.788 g of PVP subsequently was added into the above-
mentioned liquor under intensely stirring for 6 h to gener-
ate uniform lucid spinning liquid. The mass ratios of rare 
earth nitrates, DMF and PVP were equal to 10:70:20 in the 
spinning liquid. Whereafter, the spinning liquid was elec-
trospun beneath the high-tension of 8 kV, and the distance 
between the spinneret and collector was constant at 15 cm, 
and the other fabrication criterias were identical to those 
for the nanofibers. The electrospun original composite 
nanobelts were generated on the collector by this means. 
GdOCl:10%Yb3+, 0.1%Tm3+ nanobelts were fabricated 
through calcining and chloridizing of the obtained origi-
nal composite nanobelts utilizing the identical process, as 
depicted in Sect. 2.2.

2.4 � Characterization methods

X-ray diffraction (XRD) measurements were performed uti-
lizing a Rigaku D/max-RA X-ray diffractometer with Cu Kα 
radiation. The size and morphology of the products were 
observed by an JSM-7610F field emission scanning elec-
tron microscope (SEM). The elementary compositions of the 
samples were inspected by an OXFORD ISIS-300 energy 
dispersive spectrometer (EDS). The magnetic properties of 
samples were recorded by a MPMSSQUID XL magnetom-
eter in magnetic fields up to 20 kOe. The excitation and 
emission spectra of products were measured with a Hitachi 
F-7000 fluorescence spectrophotometer equipped with a Xe 
lamp as the excitation source. The UC luminescence spectra 
were determined with Hitachi F-7000 fluorescence spectro-
photometer utilizing a power-tunable 980 nm diode laser. 
For purpose of comparing the luminescent intensity of the 
products, all test conditions maintain uniform. All the meas-
ures were executed at ambient temperature.

3 � Results and discussion

3.1 � XRD analysis

Figure  1a reveals the XRD patterns of the obtained 
GdOCl:10%Yb3+, y%Tm3+ nanofibers with various Tm3+ 
concentrations from 0.05 to 0.7%. The XRD patterns agree 
well with the PDF standard diffraction lines (PDF#85-
1199), secondary phase or impurity peaks were not discov-
ered, revealing a single-phase tetragonal GdOCl with lattice 
parameters of a = b = 3.950, c = 6.671 and the space group 
of P4/nmm. The stronger diffraction peaks appear at 13.26°, 
26.20°, 32.02°, 35.19°, 42.17°, 46.85°, and 59.14° corre-
spond to the (001), (101), (102), (110), (112), (103), and 
(212) planes, respectively. Similar XRD patterns (Fig. 1b) 
for samples with different Yb3+ doping concentrations sug-
gest that whole the products have been crystallized into the 
pure tetragonal phase. In addition, the same structures are 
obtained for the GdOCl:10%Yb3+, 0.1%Tm3+ nanofiber and 
nanobelts, as manifested in Fig. 1c. The crystal structure 
(Fig. 1d) of GdOCl was modeled utilizing lattice param-
eters and atom positions. In GdOCl structure, the Gd3+ ion 
was composed of four O atoms with identical Gd–O bond 
length and five Cl atoms having two diverse Gd–Cl bond 
lengths. The result demonstrates that pure phase products 
are obtained under current synthetic condition, implying that 
the Yb3+ and Tm3+ ions may be doped into the GdOCl host 
lattice by substitution for the Gd3+ owing to their similar 
ionic radii and same valence states.

3.2 � Morphology observation

The morphologies of the samples are measured by SEM. 
Figure 2 shows the typical SEM images of the original com-
posite nanofibers, GdOCl:10%Yb3+, 0.1%Tm3+ nanofib-
ers, original composite nanobelts and GdOCl:10%Yb3+, 
0.1%Tm3+ nanobelts. From the SEM image of Fig. 2a, it 
can be clearly noticed that the original composite nanofib-
ers before calcined have smooth surface and homogeneous 
diameter. After annealing at 700 °C and chlorinating at 
500 °C, as-formed GdOCl:10%Yb3+, 0.1%Tm3+ nanofibers 
have rough surface, as revealed in Fig. 2b. The SEM image 
of original composite nanobelts with a thickness of 333 nm 
is manifested in Fig. 2c. Clearly, uniform GdOCl:10%Yb3+, 
0.1%Tm3+ nanobelts with a thickness of 135 nm are pre-
pared and possess a relatively smooth surface and the width 
is uniform, as shown in Fig. 2d. Under the 95% level of 
confidence, the diameters and widths of original compos-
ite nanofibers, nanobelts and GdOCl:10%Yb3+, 0.1%Tm3+ 
nanofibers, nanobelts are normal distribution based on Sha-
piro–Wilk analytical method. Distribution histograms of 
diameter and width of the nanostructures are revealed in 
Fig. 3. It can be shown that diameters of original composite 



19041J Mater Sci: Mater Electron (2017) 28:19038–19050	

1 3

nanofibers and GdOCl:10%Yb3+, 0.1%Tm3+ nanofibers are 
420.25 ± 2.46 and 212.84 ± 1.04 nm, respectively and widths 
of original composite nanobelts and GdOCl:10%Yb3+, 
0.1%Tm3+ nanobelts are 5.13 ± 0.03 and 1.07 ± 0.03 μm, 
respectively. After calcining  at 700  °C and chloridiz-
ing at 500 °C, the diameters and widths of nanomaterials 
immensely reduce owing to the loss of PVP. In summary, 
the chlorination technique can maintain the morphologies of 
nanofibers and nanobelts acted as precursors.

The elementary compositions of original composite 
nanofibers, GdOCl:10%Yb3+, 0.1%Tm3+ nanofibers, origi-
nal composite nanobelts and GdOCl:10%Yb3+, 0.1%Tm3+ 
nanobelts are ulteriorly verified by energy dispersive spec-
trometer (EDS), as presented in Fig. 4. EDS spectra reveal 
that C, N, O, Gd, Yb, and Tm are the primary elements in 
original composite nanofibers and nanobelts, and Cl, O, Yb, 
Tm, and Gd in GdOCl:10%Yb3+, 0.1%Tm3+ nanofibers and 
nanobelts. The C element in GdOCl nanomaterials is derived 
from conducting resin for preparing SEM measurement sam-
ples. Cu comes from copper carrier for supporting samples 

and Pt is from the conductive film coated on products for 
SEM examination.

3.3 � Photoluminescence properties

3.3.1 � Up‑conversion luminescence properties

The optical properties of samples are investigated as a func-
tion of the activator Tm3+ ions and sensitizer Yb3+ ions con-
centrations in the system. Figure 5a reveals the UC emission 
spectra of GdOCl:10%Yb3+, y%Tm3+ with different Tm3+ 
concentrations under 980 nm laser excitation. All the spectra 
show two main emission bands at 483 and 676 nm assigned 
to 1G4 → 3H6 and 1G4 → 3F4 transitions of Tm3+ ions, respec-
tively. The dependence of UC luminescence emission inten-
sity on the Tm3+ doped concentration of GdOCl:10%Yb3+, 
y%Tm3+ nanofibers is also shown in the inset of Fig. 5a. 
When the concentration of Yb3+ ions is fixed at 10%, the 
emission intensity of samples increases gradually with 
increasing in the concentration of Tm3+ ions. The emission 

Fig. 1   XRD patterns of GdOCl:10%Yb3+, y%Tm3+ nanofibers 
(y = 0.05, 0.1, 0.3, 0.5, and 0.7) (a), GdOCl:x%Yb3+, 0.1%Tm3+ 
nanofibers (x = 2.5, 5, 10, 15, and 20) (b), GdOCl:10%Yb3+, 

0.1%Tm3+ nanofibers and nanobelts (c) with PDF standard card of 
GdOCl and crystal structure of GdOCl compound (d)
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intensity achieves the maximum when the Tm3+ concentra-
tion is at 0.1%. However, as the concentration of Tm3+ ions 
further increases beyond 0.1%, an intensity decrease of UC 
emission is clearly seen as a result of concentration quench-
ing effect. When the concentration of Tm3+ ions increase 
gradually, the distance between two adjacent Tm3+ ions or 
Tm3+ and Yb3+ ions decrease. As a result, the probability of 
cross-relaxation will be enhanced and the effective energy 
transfer from Yb3+ to Tm3+ will be suppressed.

Figure  5b reveals the UC emission spectra of 
GdOCl:x%Yb3+, 0.1%Tm3+ nanofibers. Increasing concen-
trations of Yb3+ ions for GdOCl:Yb3+, Tm3+ nanofibers, the 
spectral shape and location of emission peaks do not change, 
but the emission intensity for GdOCl:Yb3+, Tm3+ nanofibers 
strongly rely on the doped concentration of Yb3+ ions. The 
dependence of UC luminescence emission intensity on the 
Yb3+ doping concentration of GdOCl:x%Yb3+, 0.1%Tm3+ 
nanofibers is likewise shown in the inset of Fig. 5b. When 
the concentration of Tm3+ ions is immobilized at 0.1%, 
the emission intensity raises gradually with increasing the 
concentration of Yb3+ ions. The emission intensity attains 
to the maximum value when the Yb3+ concentration is at 
10%. However, as the concentration of Yb3+ ions further 

increases beyond 10%, an intensity decrease of UC emission 
is clearly seen as a result of concentration quenching effect. 
When the doping ratio between Yb3+ and Tm3+ is 10:0.1 
for GdOCl:Yb3+, Tm3+ nanofibers, the strongest emission 
spectra can be acquired.

Excited by a 980  nm diode laser with different 
pump powers, emission spectra of GdOCl:10%Yb3+, 
0.1%Tm3+ nanofibers are gained, as presented in Fig. 6a. 
It is clearly shown that the UC luminescence intensity 
of GdOCl:10%Yb3+, 0.1%Tm3+ nanofibers raises with 
the increase of pump powers. The UC emission intensity 
increased with power obeying a rule I ∝ Pn for blue emis-
sion, where I is the UC emission intensity, P is the excitation 
laser power, and n is the number of photons [45]. Figure 6b 
shows the natural logarithm plots of the emission intensity 
as a function of pump power for the blue (483 nm) emission 
in GdOCl:10%Yb3+, 0.1%Tm3+ nanofibers. It may be judged 
that photon avalanche mechanism of the nanofibers is elimi-
nated due to inexistence of sharp change. For the emission, 
the value of n (the slope) in GdOCl:10%Yb3+, 0.1%Tm3+ 
is determined to be 2.54. Generally speaking, a straight 
line with the slope ~3 for the UC luminescence manifests 
that three photons are drawn into this UC luminescence 

Fig. 2   SEM images of original composite nanofibers (a), GdOCl:10%Yb3+, 0.1% Tm3+ nanofibers (b), original composite nanobelts (c) and 
GdOCl:10%Yb3+, 0.1% Tm3+ nanobelts (d)
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procedure. It is testified from the aforementioned research 
that the blue emission of GdOCl:10%Yb3+, 0.1%Tm3+ is 
three photons process.

Figure 7 demonstrates the comparison of the UC emission 
spectra between the GdOCl:10%Yb3+, 0.1%Tm3+ nanofib-
ers and nanobelts beneath the same measured conditions. It 
can be discovered that the nanobelts have higher lumines-
cent intensity than nanofibers. It is generally known that the 
specific surface area of the nanobelts is smaller than that of 
the nanofibers, suggesting that the nanobelts have less sur-
face defect than the nanofibers [46, 47]. As a consequence, 
the nanobelts have stronger luminescence intensity than the 
nanofibers.

Generally speaking, color is stood for by the Commis-
sion Internationale de L’Eclairage (CIE) chromaticity coor-
dinates. For the GdOCl:10%Yb3+, y%Tm3+ nanofibers, the 
chromaticity coordinates (X, Y) are ensured to be [(0.101, 
0.151), (0.100, 0.133), (0.098, 0.134), (0.074, 0.237) and 
(0.064, 0.281)], which correspond to the Tm3+ concentra-
tion of 0.05, 0.1, 0.3, 0.5 and 0.7%, respectively. Apparently, 
the emission color of GdOCl:10%Yb3+, y%Tm3+ nanofib-
ers shifts from blue to blueish green along with the change 

of concentrations of Tm3+ ions, as presented in Fig. 8a. 
Analogously, CIE chromaticity coordinates diagram for 
GdOCl:x%Yb3+, 0.1%Tm3+ nanofibers is shown in Fig. 8b. 
The chromaticity coordinates (X, Y) are [(0.098, 0.133), 
(0.098, 0.134), (0.100, 0.133), (0.090, 0.165) and (0.080, 
0.209)], which correspond to the Yb3+ concentration of 
2.5, 5, 10, 15 and 20%, respectively. The emission color 
of GdOCl:x%Yb3+, 0.1%Tm3+ (x = 2.5, 5, 10, 15 and 20) 
nanofibers is regulated from blue to greenish blue. The CIE 
chromaticity coordinates of GdOCl:10%Yb3+, 0.1%Tm3+ 
nanofibers (0.098, 0.134) and nanobelts (0.103, 0.124) are 
represented in Fig. 8c. The results manifest that the emitting 
color may be adjusted by varying the doping concentration 
of ions and the morphologies of nanostructures.

3.3.2 � Down‑conversion luminescence properties

In order to research the effects of Yb3+ and Tm3+ doped 
concentration on down-conversion luminescence properties, 
we research the photoluminescence excitation and emission 
spectra of a series of GdOCl:10%Yb3+, y%Tm3+ (y = 0.05, 
0.1, 0.3 ,0.5 and 0.7) and GdOCl:x%Yb3+, 0.1%Tm3+ 

Fig. 3   Distribution histograms of the diameters of original composite nanofibers (a), GdOCl:10%Yb3+, 0.1%Tm3+ nanofibers (b) and widths of 
original composite nanobelts (c), GdOCl:10%Yb3+, 0.1%Tm3+ nanobelts (d)
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Fig. 4   EDS spectra of original composite nanofibers (a), GdOCl:10%Yb3+, 0.1% Tm3+ nanofibers (b), original composite nanobelts (c) and 
GdOCl:10%Yb3+, 0.1% Tm3+ nanobelts (d)

Fig. 5   UC emission spectra of GdOCl:10%Yb3+, y%Tm3+ nanofibers 
(y = 0.05, 0.1, 0.3, 0.5 and 0.7) (a) and GdOCl:x%Yb3+, 0.1%Tm3+ 
nanofibers (x = 2.5, 5, 10, 15 and 20) (b) excited by 980  nm diode 
laser with the pump power of 1393  mW. The inset are the depend-

ence of its PL intensity on the Tm3+ content in GdOCl:Yb3+, Tm3+ 
nanofibers (a) and the Yb3+ content in GdOCl:Yb3+, Tm3+ nanofibers 
(b)
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(x = 2.5, 5, 10, 15 and 20) nanofibers, as demonstrated in 
Figs. 9 and 10. The excitation spectra (Figs. 9a, 10a) of 
GdOCl:10%Yb3+, y%Tm3+ (y = 0.05, 0.1, 0.3 ,0.5 and 0.7) 
and GdOCl:x%Yb3+, 0.1%Tm3+ (x = 2.5, 5, 10 ,15 and 20) 
nanofibers consist of a strong absorption band attributed to 
the transition of 3H6 → 1D2 of Tm3+ at 357 nm. Upon the 
357-nm excitation, the emission spectra of the as-obtained 
GdOCl:10%Yb3+, y%Tm3+ (y = 0.05, 0.1, 0.3 ,0.5 and 
0.7) (Fig.  9b) and GdOCl:x%Yb3+, 0.1%Tm3+ (x = 2.5, 
5, 10, 15 and 20) nanofibers (Fig. 10b) exhibit blue emis-
sions due to 1D2 → 3F4 (Tm3+, 458 nm) transition. With 
the increase of Tm3+ concentrations, blue emission band 
at 458 nm (1D2 → 3F4) of Tm3+ increases until a maximum 
intensity is reached at the Tm3+ concentration of around 

0.5%, and then reduces owing to concentration quenching 
effect, which is attributed to the cross relaxation between 
adjacent Tm3+ ions. When we fixed the doped concentra-
tion of Tm3+ ions as 0.1%, the emission intensities of Tm3+ 
decrease with increasing in Yb3+ concentrations as shown in 
Fig. 10b, which strongly suggests the cross relaxation from 
Tm3+ to Yb3+, attributed to 3H4 (Tm3+) + 2F7/2 (Yb3+) → 3H6 
(Tm3+) + 2F5/2 (Yb3+). The results also have been confirmed 
by other researchers [48]. The CIE chromaticity coordi-
nates of GdOCl:10%Yb3+, y%Tm3+ and GdOCl:x%Yb3+, 
0.1%Tm3+ nanofibers are shown in Fig.  11. Under UV 
irradiation (357 nm), GdOCl doped with Yb3+ and Tm3+ 
nanofibers show blue light. Chromaticity coordinates of 
GdOCl:Yb3+, Tm3+ nanofibers are listed in Table 1.

3.4 � Energy transfer mechanism

In principle, there exist four basic mechanisms of popula-
tion included in the UC process, i.e., ground state absorp-
tion (GSA), excited state absorption (ESA), energy transfer 
(ET), and photon avalanche (PA). For the UC lumines-
cence mechanisms of GdOCl:Yb3+, Tm3+ nanofibers, 
PA can be excluded directly because there is no obvious 
turning point in the energy. The three photons process in 
GdOCl:Yb3+, Tm3+ nanofibers may occur sequentially 
through GSA, ESA, and ET processes. Figure 12 reveals 
the probable UC mechanism of Yb3+ ions and Tm3+ ions. 
Under excitation at 980 nm, the Yb3+ ions consecutively 
absorb 980 nm photons, and then transfer the energies to 
the 3H5, 3F2, and 1G4 levels in the Tm3+ ion. Subsequently, 
radiationless multi-phonon decay of 3H5 → 3F4 also inhabits 
the 3F4 level and nonradiative relaxation leads to population 
of the 3H4 level from 3F2 level. Finally, the blue emission 
centered at 483 nm (Tm3+, 1G4 → 3H6) and the quite weak 

Fig. 6   UC emission spectra of GdOCl:10%Yb3+, 0.1%Tm3+ 
nanofibers excited by a 980  nm diode laser at various pump power 
(a) and plots of natural logarithm up-conversion emission inten-

sity (Iup) versus natural logarithm pump power of diode laser (P) for 
GdOCl:10%Yb3+, 0.1%Tm3+ nanofibers (b)

Fig. 7   UC emission spectra of GdOCl:10%Yb3+, 0.1%Tm3+ nanofib-
ers (black line) and nanobelts (red line) excited by 980 nm diode laser 
with the pump power of 1393 mW. (Color figure online)
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Fig. 8   CIE chromaticity coordinates diagrams of GdOCl:10%Yb3+, y%Tm3+ (y = 0.05, 0.1, 0.3, 0.5 and 0.7) nanofibers (a), GdOCl:x%Yb3+, 
0.1%Tm3+ (x = 2.5, 5, 10, 15 and 20) nanofibers (b) and GdOCl:10%Yb3+, 0.1%Tm3+ nanostructures (c)

Fig. 9   Excitation (a) and emission (b) spectra of GdOCl:10%Yb3+, y%Tm3+ nanofibers

Fig. 10   Excitation (a) and emission (b) spectra of GdOCl:x%Yb3+, 0.1%Tm3+ nanofibers
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red emissions at 676 nm (Tm3+, 1G4 → 3F4) is then emitted. 
In the DC process (red frame), under excitation at 357-nm 
(Tm3+, 3H6 → 1D2) light, blue emission is achieved due to 
1D2 → 3F4 (Tm3+, 458 nm) transition.

3.5 � Magnetic properties

The magnetic properties of GdOCl:x%Yb3+, y%Tm3+ 
(x = 10, y = 0.05, 0.1, 0.3, 0.5, 0.7; and y = 0.1, x = 2.5, 
5, 10, 15, 20) nanofibers were measured by a MPMSS-
QUID XL magnetometer in magnetic fields up to 20 kOe. 
GdOCl:x%Yb3+, y%Tm3+ samples present nice paramag-
netic properties, as shown in Fig. 13. The magnetization 
value of GdOCl:10%Yb3+, 0.1%Tm3+ samples is 2.33 
emu g−1 at 20 kOe. The dependence of magnetization on the 
Tm3+ doping concentration of GdOCl:10%Yb3+, y%Tm3+ 
nanofibers is also shown in Fig. 13a. When the concentration 
of Yb3+ ions is immobilized at 10%, magnetizations decrease 
gradually with increasing the concentration of Tm3+ ions. 
The dependence of magnetizations on the Yb3+ doped 

Fig. 11   CIE chromaticity coordinates diagrams of GdOCl:10%Yb3+, y%Tm3+ (y = 0.05, 0.1, 0.3, 0.5 and 0.7) (a) and GdOCl:x%Yb3+, 
0.1%Tm3+ (x = 2.5, 5, 10, 15 and 20) nanofibers (b)

Table 1   Chromaticity coordinates of GdOCl:Yb3+, Tm3+ nanofibers

Samples Chromaticity coordinate Samples Chromaticity coordinate

GdOCl:10%Yb3+, 0.05%Tm3+ (0.141, 0.035) GdOCl:2.5%Yb3+, 0.1%Tm3+ (0.146, 0.036)
GdOCl:10%Yb3+, 0.1%Tm3+ (0.143, 0.040) GdOCl:5%Yb3+, 0.1%Tm3+ (0.144, 0.034)
GdOCl:10%Yb3+, 0.3%Tm3+ (0.144, 0.042) GdOCl:10%Yb3+, 0.1%Tm3+ (0.143, 0.033)
GdOCl:10%Yb3+, 0.5%Tm3+ (0.144, 0.045) GdOCl:15%Yb3+, 0.1%Tm3+ (0.142, 0.037)
GdOCl:10%Yb3+, 0.7%Tm3+ (0.159, 0.049) GdOCl:20%Yb3+, 0.1%Tm3+ (0.140, 0.044)

Fig. 12   Schematic energy level diagram of Yb3+ and Tm3+ in GdOCl
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concentration of GdOCl:x%Yb3+, 0.1%Tm3+ nanofibers is 
also shown in Fig. 13b. When the concentration of Tm3+ 
ions is immobilized at 0.1%, magnetizations decrease gradu-
ally with increasing the concentration of Yb3+ ions, because 
magnetic moments of Yb3+ and Tm3+ ions are smaller than 
that of Gd3+ ions. The magnetizations of products are listed 
in Table 2. The results indicate their underlying applications 
in the realms of clinical medicine and biological labeling.

3.6 � Formation mechanism for the GdOCl:Yb3+, Tm3+ 
nanomaterials

Formation mechanism of GdOCl:Yb3+, Tm3+ nanostruc-
tures is presented in Fig. 14. PVP, Gd(NO3)3, Yb(NO3)3 and 
Tm(NO3)3 were dissolved with DMF to generate precursor liq-
uor. Gd3+, Yb3+, Tm3+, and NO3

− were mixed or assimilated 
onto PVP to form sol possessing definite viscosity. Afterwards, 
original composite nanofibers and nanobelts were prepared 
via electrospinning. PVP is template in the generation of 
Gd2O3:Yb3+, Tm3+ nanofibers and nanobelts. In the procedure 

of heating, PVP was oxidized to destroy the branched chain and 
then to evaporate. Nitrates occur decomposition and oxidation 
reaction to generate NO2, and Gd3+, Yb3+, Tm3+ was oxidized 
to produce Gd2O3:Yb3+, Tm3+ crystallites that were merged 
into nanofibers and nanobelts. Gd2O3:Yb3+, Tm3+ nanofib-
ers and nanobelts were chlorinated utilizing NH4Cl served as 
chlorinated source. The double-crucible technology played 
a vital effect in the chlorination course. First of all, NH4Cl 
decomposed and reacted with Gd2O3:Yb3+, Tm3+ nanofibers 
and nanobelts to produce generate (NH4)3GdCl6:Yb3+, Tm3+ 
nanostructures in the chlorination course. NH4Cl powders and 
Gd2O3:Yb3+, Tm3+ nanofibers and nanobelts were isolated 
by carbon rods which availably avoided Gd2O3:Yb3+, Tm3+ 
nanofibers and nanobelts from breaking morphology in the 
process. Carbon rods played a remarkable reduction effect via 
incorporation with O2 to generate CO, which reacted with the 
oxide of Gd2O3:Yb3+, Tm3+ to give CO2 in the heating proce-
dure. (NH4)3GdCl6:Yb3+, Tm3+ resolved to ammonia, hydro-
gen chloride and GdOCl:Yb3+, Tm3+ [49]. Reaction schemes 
for production of GdOCl:Yb3+, Tm3+ nanofibers and nanobelts 
proceed as follows:

  

PVP/[Gd(NO
3
)
3
+ Yb(NO

3
)
3
+ Tm(NO

3
)
3
] + O

2

700 ◦C

����������������������→ Gd
2
O

3
:Yb

3+
/Tm

3+ + CO
2
+ H

2
O + NO

2

Fig. 13   Room-temperature magnetization curves of GdOCl:10%Yb3+, y%Tm3+ (y = 0.05, 0.1, 0.3, 0.5 and 0.7) nanofibers (a) and 
GdOCl:x%Yb3+, 0.1%Tm3+ (x = 2.5, 5, 10, 15 and 20) nanofibers (b)

Table 2   Magnetization (M) of 
GdOCl:Yb3+, Tm3+ nanofibers

Samples M (emu g−1) Samples M (emu g−1)

GdOCl:10%Yb3+, 0.05%Tm3+ 2.33 GdOCl:2.5%Yb3+, 0.1%Tm3+ 2.31
GdOCl:10%Yb3+, 0.1%Tm3+ 2.28 GdOCl:5%Yb3+, 0.1%Tm3+ 2.30
GdOCl:10%Yb3+, 0.3%Tm3+ 2.21 GdOCl:10%Yb3+, 0.1%Tm3+ 2.28
GdOCl:10%Yb3+, 0.5%Tm3+ 2.20 GdOCl:15%Yb3+, 0.1%Tm3+ 2.16
GdOCl:10%Yb3+, 0.7%Tm3+ 2.18 GdOCl:20%Yb3+, 0.1%Tm3+ 1.99
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4 � Conclusions

The pure tetragonal-phase GdOCl:Yb3+, Tm3+ one-dimen-
sional nanofibers and nanobelts have been resoundingly 
synthesized by electrospinning technique coupled with a 
double-crucible chlorination method. The diameter and 
width of the GdOCl:Yb3+, Tm3+ nanofibers and nanobelts 
are 212.84 ± 1.04 nm and 1.07 ± 0.03 μm, respectively. 
Beneath the excitation of 357-nm ultraviolet and 980-nm 
near-infrared light, Yb3+ and Tm3+ ions co-doped GdOCl 

2C + O
2

500 ◦C

����������������������→ 2CO

Gd
2
O

3
:Yb

3+
/Tm

3+ + 12NH
4
Cl + 2CO + O

2

500 ◦C

����������������������→ 2(NH
4
)
3
GdCl

6
:Yb

3+
/Tm

3+ + 3H
2
O + 6NH

3
+ 2CO

2

(NH
4
)
3
GdCl

6
:Yb

3+
/Tm

3+ + H
2
O

500 ◦C

����������������������→ GdOCl:Yb
3+
/Tm

3+ + 3NH
3
+ 5HCl

nanostructures exhibit bright blue emission in the nearby 
of 450–500 nm due to the contribution of the 1G4 → 3H6 
transitions of Tm3+ ions. The relative intensity of blue 

luminescence is changed after adjusting the doping con-
centration ratio of Yb3+ ion and Tm3+ ion. The blue emis-
sion of GdOCl:10%Yb3+, 0.1%Tm3+ nanostructures is 
three-photon process in the up-conversion luminescence 
process. Moreover, the as-prepared nanomaterials not only 
possess dual-mode (DC and UC) luminescence, but also 
exhibit paramagnetic properties at ambient temperature. 
The results suggest that the as-fabricated samples can be 
a potential and hopeful material for biological medicine, 
luminous lighting.

Fig. 14   Schematic diagram 
of formation mechanism of 
GdOCl:Yb3+, Tm3+ nanofibers 
and nanobelts
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