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Synthesis, characterization and luminescent properties of needle-like
lanthanide-doped orthorhombic Y5O4F7
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Abstract: Thermal annealing of YOH1.1F1.9 and YOH1.1F1.9:Ln3+ (Ln3+=Eu3+, Tb3+ and Gd3+) precursors in air gave access to synthesize yttrium oxyfluoride phosphors with well-preserved needle-like morphologies. The phase purities of samples strongly depended
on the thermal annealing temperature. At 600 °C, pure Y5O4F7 with orthorhombic structure were obtained, as evidenced by powder
X-ray diffraction measurement and chemical analysis. The interesting microstructure evolution of the annealed sample from
well-organized nanoparticles on curly slices to microrod-bundle structure had been aroused by raising annealing temperature. The
multicolor fluorescent emissions of Y5O4F7:Ln3+ phosphors were observed, e.g. ultraviolet emission for Gd3+, green emission for Tb3+
and red emission for Eu3+, which resulted from characteristic transitions of different lanthanide ions.
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Lanthanide (Ln3+) doped luminescent materials have
been widely studied for their applications in the fields of
3D flat-panel, low-intensity infrared (IR) imaging, fluorescence lamps and field emission displays because of
high brightness, well-defined color purity, high contrast
ratio and long fluorescence lifetime arising from the f-f
electronic transitions of Ln3+ ions[1]. Exploration of novel
and high efficient luminescent materials for enriching
fundamental interest or meeting the requirements of practical applications is continuous efforts of scientists[2,3].
There are abundant interests in the investigation of
Ln3+ doped rare-earth (RE) oxyfluorides known as one of
the most efficient luminescent materials due to their
unique chemical and physical behaviors, such as high
transparence in ultraviolet-visible (UV-Vis) region, high
chemical stability as well as the low phonon energy[4–6].
The RE oxyfluorides structures (e.g. rhombohedral, cubic, monoclinic, tetragonal and orthorhombic structures)
are the modifications of fluorite-type structure and consist of alternating layers of (REO)n+n, complex cations
and F– anions, resulting in two types of conjunction with
two distinct structures: namely stoichiometric REOF and
non-stoichiometric REOxF3–2x[4]. Compared to stoichiometric REOF, non-stoichiometric orthorhombic structure
REOxF3–2x materials have also competitive advantage as
luminescent host materials. The controllable concentra-

tions of O2– and F– ligands in REOxF3–2x:Ln3+ offer great
opportunities to engineer local symmetry and crystal
field strength surrounding Ln3+ ions, which affect the 5d
electronic energy level distribution of Ln3+ ions, leading
to the tunable luminescent emissions[7,8]. Meanwhile, it is
also a very effective way to investigate the influence of
mixed coordination environment on the crystal field of
Ln3+ ions for enriching the studies on the theory of luminescence[9]. Recently, Lu10O9F12:Ce3+,Pr3+ compounds
show efficient luminescence under X-ray excitation,
pointing to possible applications as scintillators[10]. Additionally, strong blue, green and red up-conversion emissions have been observed for Yb3+/Tm3+, Yb3+/Ho3+ and
Yb3+/Er3+ doped Y6O5F8 nanocrystalline under excitation
at 980 nm with a diode laser[11]. Thus, the REOxF3–2x materials would be very appropriate candidates as luminescent host materials. However, compared to widely studied stoichiometric REOF:Ln3+ systems[12,13], the difficulties in synthesis have discouraged the research on morphologies and luminescent properties of REOxF3–2x:Ln3+
systems.
In this work, we developed a novel and simple route to
synthesize pure and Ln3+-doped (Ln3+=Eu3+, Tb3+ and
Gd3+) orthorhombic Y5O4F7 (Y1.0O0.8F1.4) by thermal decomposition of corresponding YOH1.1F1.9 and Ln3+doped YOH1.1F1.9 precursors. All of precursors were ob-
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tained by a facile hydrothermal method[14]. The effect of
annealing temperature on the phase purities and morphologies of the annealed samples was investigated, and
the corresponding evolution mechanisms were expounded. The photoluminescence properties of Y5O4F7:
Ln3+ samples annealed at 600 °C for 6 h were studied and
discussed in detail.

1 Experimental
1.1 Synthesis
The starting materials used were rare-earth oxides
(Y2O3, Eu2O3, Tb3O4 and Gd2O3, purity 99.999%), ammonium fluoride (NH4F, analytical purity), benzoic acid
(C7H6O2, analytical purity), nitric acid (HNO3, analytical
purity) and ammonia solution (NH3·H2O, analytical purity) without further purification. The Y(OH)1.1F1.9 and
Y(OH)1.1F1.9:Ln3+ (Ln3+=Eu3+, Tb3+ and Gd3+) precursors
were synthesized by a facile hydrothermal method,
which had been described amply in our previous report[14]. All the as-prepared precursors were weighed and
transferred into the alumina crucibles, which were then
moved into the muffle furnace and sintered at the different temperatures ranging from 400 to 800 °C with the
heat rate of 15 °C/min for 6 h in air. The final products
were obtained when the alumina crucibles were cooled to
room temperature naturally.
1.2 Characterization
Powder X-ray diffraction (PXRD) data for phase identification was collected on a HUBER G670 (Cu K1 radiation, =0.154056 nm, Ge monochromator). The
chemical composition was confirmed using powdered
sample by inductively coupled plasma-optical emission
spectroscopy (ICP-OES) on a Varian Vista RL spectrometer with radial plasma observation. Morphology
and particle size were obtained by scanning electron microscopy (SEM, JEOL JSM-6700F) and transmission
electron microcopy (TEM, JEOL200CX). The excitation
and emission spectra of Y5O4F7:Ln3+ (Ln3+=Eu3+, Tb3+
and Gd3+) samples and the corresponding luminescence
lifetime under UV light were measured by the fluorescence spectrometer FLS920.

2 Results and discussion
The chemical composition of the as-prepared undoped
precursor has been identified as Y(OH)1.1F1.9 with hexagonal symmetry in our previous report[14]. Fig. 1 shows
the PXRD patterns of products after thermal annealing of
Y(OH)1.1F1.9 precursor at various temperatures. The main
phase of the sample treated at 400 °C retains hexagonal
phase structure (Y(OH)1.1F1.9). Nevertheless, the occurrence of the second phase which adopts orthorhombic

Fig. 1 PXRD patterns of the samples obtained at different annealing temperatures for 6 h in air, below which is the
standard diffraction data (ICSD card No. 68949) for
Y5O4F7 (the second phase is labeled as asterisk)
(1) 400 °C; (2) 500 °C; (3) 600 °C; (4) 700 °C; (5) 800 °C

symmetry indicates the onset of the formation of target
product. Increasing the temperature up to 500 °C favors
the yield of orthorhombic phase despite the fact that a
small amount of YF3 is observed. As the annealing temperature increases to 600 °C, all the diffraction peaks of
the annealed sample can be well indexed as pure orthorhombic phase with the refined lattice parameters, a=
0.541485(6) nm, b=2.75965(3) nm, c=0.55282(1) nm
and V=0.82608(3) nm3, isostructural to orthorhombic
Vernier incommensurate phase Y5O4F7 (Y1.00O0.80F1.40)
with the standard lattice parameters a=0.5403(1) nm, b=
2.7698(8) nm, c=0.5540(1) nm and V=0.8291(3) nm3.
The difference in lattice parameters between the annealed sample and Y5O4F7 implies the variations of
chemical compositions, which are evidenced by the
chemical analysis (Y1.000(5)O0.77(2)F1.36(1) for the annealed
sample). For the sake of simplification, composition
Y5O4F7 (Y1.00O0.80F1.40) is used in the following discussions. The pure orthorhombic Y5O4F7 remains stable at
700 °C, but finally it transforms into cubic Y2O3 with a
spot of rhombohedral YOF at 800 °C. The aforementioned phase purities as function of annealing temperature reveal that the temperature range of (600–700) °C is
most suitable for obtaining pure orthorhombic Y5O4F7.
Ln3+-doped Y5O4F7 samples were subsequently synthesized at 600 °C by thermal decomposition of
Y(OH)1.1F1.9:Ln3+ precursors. All the PXRD patterns of
products are analogous to that of the undoped sample,
indicating that the low doping concentrations (5 mol.%)
of Ln3+ ions do not change crystal symmetry of parent
(Fig. 2). The lattice parameters for Ln3+-doped samples
are calculated to be a=0.541102(4) nm, b=2.77184(5) nm,
c=0.554060(12) nm and V=0.83101(2) nm3 for Eu3+, a=
0.541354(4) nm, b=2.76518(6) nm, c=0.553440(12) nm
and V=0.82847(3) nm3 for Tb3+ and a=0.541776(6) nm,
b=2.76495(8) nm, c=0.553480(16) nm and V=0.82910(3)
nm3 for Gd3+, respectively. The increases of the cell vol-
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Fig. 2 PXRD patterns of undoped and Ln3+-doped Y5O4F7 samples annealed at 600 °C for 6 h in air

umes followed lanthanide contraction rule can be accounted by the larger ionic radius of doped-Ln3+ (r=0.95
nm for Eu3+, r=0.092 nm for Tb3+ and r=0.094 nm for
Gd3+) ions than that of Y3+ ion (r=0.089 nm), showing a
clear indication of the substitution of the luminescent
Ln3+ ions with Y3+ ions.
The morphologies of the samples are characterized by
SEM and TEM (Fig. 3). It is evidently found that the
morphologies of the annealed samples can well inherit
that of as-prepared precursor with needle-like shape (Fig.
3(a), (c) and (e)), while the nanoparticles with dimensions within 30–100 nm on the surface of curly thin slice
are observed for the sample annealed at 600 °C (inset in
Fig. 3(c)), which is mainly attributed to the release of
gases (H2O and HF) in the thermal decomposition process. The removal of xH2O molecules is accompanied by
thermal decomposition of Y(OH)2xF3–2x precursor into
corresponding YOxF3–2x product in an inert atmos-
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phere[14,15]. However, more O2– anions can substitute for
F– anions in crystal lattice in an enriched oxygen atmosphere, simultaneously resulting in release of H2O and HF
gases[11]. TEM image in Fig. 3(d) reveals distinctly that
these needle-like specimens are constructed by curly thin
slices with coarse surface, connected loosely together in
bundle structure. The microstructure evolves from the
core-shell structure of the as-prepared precursor that is
constructed by curled thin slices with smooth surface,
where smaller diameter ones are enclosed by larger diameter ones (Fig. 3(b)). The release of thermal energy
and gases may force the vibration of curly thin slices and
then separate from each other, providing the evolution of
the microstructure for the annealed sample[16]. Further
investigations into SAED pattern show that these diffraction dots can be indexed to (200), (0340) and (2340)
planes of orthorhombic phase, and demonstrate directional alignment of nanoparticles along the curly thin
slice. The higher annealing temperature (700 °C) means
more strenuous thermal decomposition reaction and
faster release of gas products. These behaviors not only
lead to crush of curly thin slices to form microrods with
diameters of 200–400 nm in bundle structure, but also
induce an increase in the average particle size (200–300
nm) on the surface of microrods for the sample annealed
at 700 °C[17], as shown in Fig. 3(e) and (f). Therefore, we
can confirm the critical influence of annealing temperature on the microstructure of the samples. The curly slices
with well-organized nanoparticles, which have the low
light scattering for their small size, are very important
functional building blocks to construct nanodevices to
meet the requirements in varieties of luminescent fields[18].

Fig. 3 SEM and TEM images of Y(OH)1.1F1.9 precursor (a, b) and Y5O4F7 samples annealed at 600 °C (c, d) and 700 °C (e, f), respectively (Inset (c, e): SEM images with larger magnifications; (Inset (d): SAED pattern for one curly slice)
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Fig. 4(a) shows the excitation and emission spectra of
Y5O4F7:Eu3+ (5 mol.%) sample annealed at 600 °C. The
excitation spectrum monitored at 613 nm consists of a
broad band from 200–300 nm and some narrow lines
beyond 300 nm. The strong broad emission band centered at 262 nm is ascribed to the O2–Eu3+ charge
transfer (CT) transition. The narrow peaks beyond 300
nm, with maxima at 319, 361, 383 and 394 nm, are attributed to the characteristic ff transitions of Eu3+ from
7
F0 to 5H6, 5D4, 5G2 and 5L6, respectively. The emission
spectrum of Y5O4F7:Eu3+ is dominated by the red emission 613 and 622 nm resulting from electric dipole (ED)
5
D07F2 transitions of Eu3+ ions. Other emissions of
Eu3+ within the 4f6 configuration can be also resolved:
578 nm and 583 nm (5D17F3), 593 nm (5D07F1), 651 nm,
(5D07F3) as well as 705 nm (5D07F4). The integrated
intensity ratio of ED 5D07F2 transition and magnetic
dipole (MD) 5D07F1 transition is sensitive to ligand environment surrounding Eu3+ ion[19]. The symmetry of inversion center for Eu3+ ions is favorable for the latter MD
5
D07F1 transition, otherwise the former ED 5D07F2
transition will be preferred. The predominant emission
intensity of 5D07F2 transition (613 and 622 nm) indicates that the high purity of red color emission is obtained, and Eu3+ ions are located in low crystal symmetry
sites in the host material.
The luminescent properties of Y5O4F7:Tb3+ (5 mol.%)
annealed at 600 °C are also examined, shown in Fig. 4(b).
The bands centered at 270, 283 nm in the excitation
spectrum are observed and can be assigned to the
spin-forbidden 4f84f75d1 transition, according to the
Hund’s rule[9]. For Tb3+ ions incorporated in Y5O4F7, the
spin-allowed 4f84f75d1 transition is expected in the
higher energy range in comparison with the spin-forbidden transition and may be observed in the vacuum ultraviolet range[9]. In the longer-wavelength region, there
are a few excitation bands with maxima at 303, 317, 340,
353, 369 and 377 nm, corresponding to Tb3+ intra-4f8
transitions from 7F6 to 5H6, 5D0, 5L7, 5D2, 5L10 and 5G6
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levels, respectively. The corresponding emission spectrum excited at 270 nm are also shown in Fig. 4(b),
which consists of ff transition lines within 4f8 electron
configuration of Tb3+ ion. The emission peaks appearing
at 487 and 494 nm (blue), 543 and 550 nm (green), 585
nm (orange) and 624 nm (red) are assigned to the energy
level transitions from 5D4 state to 7F6, 7F5, 7F4 and 7F3
states, respectively. Its predominant emission is located
at 543 nm, indicating the high purity of green color
emission for Y5O4F7:Tb3+.
The photoluminescence spectra of Y5O4F7:Gd3+ sample annealed at 600 °C are shown in Fig. 4(c). The excitation bands centered at about 273 nm, corresponding to
8
S7/26D7/2 transition of Gd3+ ion, shows a well-resolved
fine structure. Another weak excitation band centered at
253 nm can be observed and assigned to 8S7/28I7/2 transition of Gd3+ ion. Under predominate 273 nm excitation,
the strong emission band centered at 313 nm, assigned to
the transition from the lowest excited 6P7/2 level to the
8
S7/2 ground state of Gd3+, is observed for Y5O4F7:Gd3+.
The single emission of Gd3+ ion demonstrates too low
crystal field splitting for the 8S7/2 ground state of Gd3+ to
disturb the actual luminescent spectrum[20].
Fig. 5 shows the luminescence decay curves of Ln3+doped Y5O4F7 samples annealed at 600 °C. All the decay
curves can be well fitted into single exponential function
I=Ioexp(–t/), where  is the luminescence decay lifetime.
For the 5D07F2 emission (613 nm) of Eu3+, 5D47F5
emission (543 nm) of Tb3+ and 6P7/28S7/2 (313 nm)
emission of Gd3+, the luminescence lifetimes are determined to be 1.71, 1.78 and 3.01 ms, respectively. The
above promising luminescent properties of Y5O4F7:Ln3+
samples demonstrate that Y5O4F7 may be used as an
available type of luminescent host materials.

Fig. 5 Luminescence decay curves for Ln3+-doped Y5O4F7
(1) Eu3+; (2) Tb3+; (3) Gd3+ at room temperature

3 Conclusions
Fig. 4 UV-Vis excitation and emission spectra of Y5O4F7:Ln3+,
(1) Eu3+, (2) Tb3+ and (3) Gd3+ at room temperature

Ln3+-doped orthorhombic Y5O4F7 samples with needle-like shape were synthesized through a simple thermal
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annealing method. The method provided great possibility
to prepare REOxF3–2x products with tunable chemical
compositions
originated
from
corresponding
RE(OH)2xF3–2x precursors in a large composition ranges.
The well-organized nanoparticles on curly thin slices and
microrod-bundle structure could be obtained by heat
treating at 600 and 700 °C, respectively. The microstructure evolution of the annealed samples was ascribed
to the release of thermal energy and gases in thermal decomposition process. The luminescent properties for
Y5O4F7:Ln3+ samples were studied in detail. The bright
red (613 nm) and green (543 nm) emissions had been
observed for Eu3+- and Tb3+-doped samples and the
strong emission (311 nm) in ultraviolet (UV) region for
Gd3+-doped sample could also be exhibited upon UV irradiation.
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