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Phase transition, morphological transformation and 

highly enhanced luminescence properties of YOF:Eu
3+

 

crystals by Gd
3+

 doping 

Ruiqing Li,a Nannan Zhang,a Linlin Li,a Yimai Liang,a Yali Liu,a and Shucai Gan*a 

A series of undoped and Eu3+ doped YOF and Y1–xGdxOF (x = 0–0.7) crystals were prepared via a urea based 

homogeneous precipitation method followed by a heat treatment process. After doping Gd3+, we first observed 

the crystal phase transition, morphology transformation, and greatly enhanced luminescence properties of 

YOF crystals. The results reveal that the Gd3+ addition can promote the phase transition from the hexagonal 

phase to the rhombohedral phase and the morphology transformation from spheres, though the mixture of rods 

and spheres, to spheres. The luminescence properties of Eu3+ doped YOF phosphors were investigated upon 

UV excitation and the quenching concentration of Eu3+ was found to be 10 mol%. More importantly, 

luminescence intensity after doping a certain amount of Gd3+ increased by 31 times than that of the Gd3+ free 

sample, which may due to the modification of crystal field and crystal phase of YOF, providing an effective 

way to gain numerous Gd3+ doped luminescence materials. These result shows that the Gd3+ doped red 

phosphors have potential applications in white light emitting diodes. 

 

1. Introduction 

In recent years, the lanthanide ions (Ln3+) doped luminescent 
materials have attracted extensive attention due to their potential 
applications in displays, white light emitting diodes (WLEDs), 
lasers, medical diagnosis, and bio-labels.1−6 And it is generally 
accepted that controlling the phase structure, morphology, and 
dimensionality of phosphors are very important due to the 
correlation between these parameters and optical properties. 
Therefore, many efforts have already been devoted to exploring 
synthetic methods for preparing these kinds of luminescent 
materials.7−10 The use of morphology-control agents is an efficient 
strategy to control the size and shape, in which the functional groups 
of agents can preferentially adsorb on the crystal facet and then 
modulate the kinetics of crystal growth.11,12 However, the obtained 
samples always suffer from the surface contamination due to the 
residual organic surfactants, which would affect the physical and 
chemical properties of final products.13,14 Thus, it is still a challenge 
to establish a green, facile, and economic synthetic strategy for the 
synthesis of the high quality products with easy control over phase, 
and morphology. 

At present, great endeavors are focused on increasing the 
luminescent intensity of phosphors. In general, there are several 
methods on enhancing luminescence, such as core–shell, and energy 
transfer processes.15−17 Besides, impurity doping, is recently found to 
have significant influence on the nucleation and growth of many 

phosphors, and also provides an approach to modify the crystal 
phase, morphology, and electronic configuration of materials. For 
example, wang et al. obtained the conversion of CeO2 
nanopolyhedra into nanospheres by Ti4+ doping and You et al. 
reported rational tunability of the morphologies of GdF3 by Ba2+ 
doping.18,19 It was also found that lanthanide and some other metal 
ions doping could enhance luminescence intensity of the 
samples.20−22 Lanthanide oxyfluorides (LnOF) have attracted 
extensive interest for applications in up-conversion (UC) and down-
conversion (DC) luminescence due to the high ionicity, low phonon 
energy, better chemical and thermal stability compared with those of 
the fluorides and oxides.23−25 Among them, YOF crystals with 
various morphologies have been successfully prepared by several 
methods such as thermolysis method, sol-gel method, hydrothermal 
method, and coprecipitation method.26−29 Moreover, the Gd3+ based 
materials have been used as a contrast agent in magnetic resonance 
imaging (MRI) for medical diagnosis and a marker in bioprobes.30,31 
As far as we know, there is no systematic study on the phase 
structure, morphology, and photoluminescence (PL) improvement of 
YOF by introducing Gd3+ ions. 

In this study, we synthesized a series of undoped and Eu3+-doped 
Y1−xGdxOF crystals via a precipitation method followed by a heat-
treatment process. The effect of Gd3+ doping on phase structure, and 
morphology of YOF has been investigated in detail. Moreover, the 
PL properties of YOF: Eu3+ phosphors have been discussed. For the 
optimal Eu3+ content (0.1 mmol in this study), the Gd3+ doping 
prominently enhanced red emission of Eu3+ for the as-prepared 
samples. 

2. Experimental section 

2.1 Materials 
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Fig.1 XRD patterns of Y1−xGdxOF (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7) samples (a); the zoom-in patterns of Fig. 1(a) in the range of 27–30° (b); Schemes 
of the hexagonal, tetragonal, and rhombohedral phase YOF structures (c), (d), and (e), respectively. 
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Rare earth oxides Ln2O3 (Ln = Y, Gd, and Eu, 99.99%) were 
supplied from Science and Technology Parent Company of 
Changchun Institute of Applied Chemistry. Other chemicals were 
purchased from Beijing Chemical Company. Ln(NO3)3 solution 
were prepared by dissolving the corresponding Ln2O3 in dilute 
HNO3 solution at elevated temperature. 

2.2. Synthesis 

In a typical procedure 1 mmol Y(NO3)3 was added to 100 mL 
aqueous solution containing 3g urea and 0.25 mmol of NaBF4 
at room temperature. Then, dilute NH3·H2O was introduced 
rapidly into the vigorously stirred solution until pH = 6 and 
then the beaker was wrapped with polyethylene film. After 
magnetic stirring for 30 min, the mixture was heated to 90 °C 
for 3 h in the water bath. The resulting white precipitates were 
collected by centrifugation, washed several times with 
deionized water and ethanol, and finally dried at 70 °C in air 
for 12 h. The final YOF sample was obtained by a heat 
treatment of precursors at 500 °C for 3 h in air. 

A similar process was employed for preparing other sample 
except for a stoichiometric amount of Eu(NO3)3 and Gd(NO3)3 
instead of Y(NO3)3 in the initial solution. 

2.3 Characterization 

The products were examined by powder X-ray diffraction (XRD) 
performed on a Rigaku D/max-II B X-ray diffractometer at a 
scanning rate of 3.5°/min in the 2θ range from 10° to 70°, with 
graphite-monochromatic Cu Ka radiation (λ = 0.15406 nm). The 
morphologies of the as-prepared crystals were investigated by 
means of a scanning electron microscope (SEM, S-4800, Hitachi). 
The PL excitation and emission spectra were recorded using a 
Hitachi F-7000 spectrophotometer equipped with a 150 W xenon 
lamp as the excitation source. All measurements were performed at 
ambient temperature. 

3. Result and discussion 

3.1. Crystalline phase and morphology of the samples 

Fig. 1 shows the XRD patterns of the YOF samples with different 
Gd3+ contents. The XRD of undoped sample is identified as 
hexagonal YOF (JCPDS 71–2100). No extra impurity diffraction 
peaks were observed, indicating the formation of pure hexagonal 
phase structure. With the addition of 0.1–0.3 mmol Gd3+ ions, the 
phase of the samples is still maintained. By increasing the Gd3+ 
ions to 0.4–0.5 mmol, the tetragonal phase and rhombohedral phase 
of YOF coexist. Further increasing Gd3+ ions content up to 0.6–0.7 
mmol, the samples are all indexed to rhombohedral phase of YOF 
(JCPDS 75–1175). When the Gd3+ ions concentration reach 
reached 0.8 mmol, the product turns out to be hexagonal GdOF 
(Fig. S1 (ESI)). In addition, from Fig. 1b, the enlarged area of the 
main diffraction peak shows that the diffraction peak shifts towards 
lower angles with the increase of Gd3+/Y3+ ratio due to larger Gd3+ 
(1.053 Å) ions substituting the Y3+ (1.019Å) ions, which may result 
in the expansion of unit cell volume in the host lattice.32,33 Fig. 1c, 
d, and e depict the unit cell structure of hexagonal, tetragonal, and 
rhombohedral phase YOF and the coordination environment of the 
Y3+ ions. In three kinds of hosts, there all have one kind of cation 
sites. The Y3+ cations are coordinated by four O2− and three F− in 
the hexagonal YOF, while the Y3+ cations are coordinated by four 
O2− and four F− for the tetragonal and rhombohedral YOF.  

Fig. 2a−h show the SEM images for YOF particles doped with 
various Gd3+ concentration. As shown in Fig. 2a, the obtained YOF 
sample without doping Gd3+ ions is composed of numerous spheres  

 
Fig.2 SEM images of Y1−xGdxOF with (a) x = 0, (b) x = 0.1, (c) x = 0.2, (d) 
x = 0.3, (e) x = 0.4, (f) x = 0.5, (g) x = 0.6, (h) x = 0.7. Schematic illustration 
of the formation process of YOF submicro spheres (i). 
 
with a uniform size of 740 nm in diameter and the surfaces are 
rough. With the addition of 0.1 mmol, the as-prepared YOF 
product consists of a great number of monodispersed spheres and 
rods with a relative uniform size of 1.2 µm in length and 320 nm in 
diameter, and the aspect ratio of the product is about 4 (Fig. 2b). 
With increasing Gd3+ doping content from 0.1 to 0.2, the as-
obtained YOF product exhibits similar morphology (Fig. 2c). The 
respective average length and diameter of the rods are about 1.15 
µm and 460 nm, respectively, and the aspect ratio is about 2.5. By 
increasing the Gd3+ ions to 0.3, and 0.4 mmol, the aspect ratios of 
length and diameter of the rods decrease to 1.9, and 1.6, 
respectively (Fig. 2d and e). Further increasing the amount of Gd3+ 
up to 0.5 mmol, the as-obtained YOF product comprises of spheres 
with diameter of about 379 nm and 540 nm (Fig. 2f). When the 
Gd3+ concentration reached 0.6 and 0.7 mmol, the YOF products 
become highly uniform spheres (Fig. 2g and h). Therefore, the 
YOF with controlled shape and size can be achieved by only 
adjusting the doped Gd3+ contents. The morphology evolution of 
the samples upon increasing doping concentration may be 
attributed to the strong effect of Gd3+ ions on the crystal growth 
rate through surface charge modification, which is similar to 
previous reports that the La3+, Mo3+ or Mn2+ ions doped in the 
crystals.33–35 On the basis of the above experimental results and 
analysis, a schematic illustration for the formation of YOF product 
is presented in Fig. 2i. 
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Fig.3 PL excitation and emission spectra of YOF:0.1Eu3+. 
 

3.2 Luminescent properties 

Eu3+ ion is a well-known red-emitting activator in commercial 
phosphors because the emission of Eu3+ ion usually consists of line 
transitions in the red region due to the 5D0 → 7FJ (J = 1, 2, 3, 4, 5 
and 6) transitions.36 Hence, in our experiment, the Eu3+ ion was 
selected as the doping ion to investigate the PL properties of the 
samples. Fig. 3 presents the PL excitation and emission spectra of 
the as-prepared YOF: Eu3+ spheres. The excitation spectrum 
monitored with 609 nm consists of a strong broad excitation bands 
from 200–290 nm with a maximum at 244 nm, which should be 
attributed to the charge transfer band (CTB) between O2– and Eu3+. 
In the longer wavelength region (350–500 nm), the weak peaks are 
intraconfigurational 4f–4f transition of Eu3+ at about 360 nm (7F0 
→ 5D4), 380 nm (7F0 → 5G2), 391 nm (7F0 → 5L6), 415 nm (7F0 → 
5D3), and 465 nm (7F0 → 5D2). The emission spectrum is obtained 
under 244 nm excitation and displays two groups of PL bands 
corresponding to the 5D1 → 7F1 and 5D0 → 7FJ (J = 0, 1, 2, 3) 
transitions.37 In case of Eu3+, the 5D1 → 7F1 emission transition is 
not main and the 5D0 → 7F0,1,2,3 transitions with peak maximum at 
580, 591, 609, 628, and 654 nm, respectively, are noteworthy. 
Generally, if Eu3+ ions are occupied in a site with inversion 
symmetry, the 5D0 → 7F1 magnetic dipole transition is the 
strongest, while in a site without inversion symmetry, the 5D0 → 
7F2 electric dipole transition is domination. In the YOF:Eu3+ 
system, we can use the I(5D0 → 7F2)/I(

5D0 → 7F1) emission 
intensity ratio as a measure of the site symmetry of Eu3+. And the 
intensity of red 5D0 → 7F2 transition of Eu3+ at 609 nm is about 3.4 
times stronger than that of 5D0 → 7F1, which significantly indicates 
that the Eu3+ ions are located at a center of asymmetry in the crystal 
lattice.38,39 The transition 5D0 → 7F2 is much stronger than the 
transition 5D0 → 7F1, which is favorable to improve the color purity 
of red phosphor. 

To investigate the effect of concentration on the luminescence 
properties of samples, a series of YOF:xEu3+ (x = 0.01–0.12) were 
synthesized. Fig. 4a depicts the emission spectra of the phosphors 
with different Eu3+ contents under the 244 nm irradiation. With the 
increase of Eu3+ content, the luminescence intensity of phosphor 
first increases gradually to a maximum at x = 0.1 and then 
decreases due to the concentration quenching of the Eu3+ ions. Fig. 
4b shows the variation of emission intensity as a function of doped 
Eu3+ content. 
  According to Dexter’s energy transfer theory, concentration 
quenching is mainly caused by the non-radiative energy migration  

 
Fig.4 (a) Emission spectra of YOF:xEu3+ (x = 0–0.12)samples under 244 
nm excitation; (b) variation of emission intensity as a function of Eu3+ 
content for YOF:xEu3+ phosphors; (c) dependence of log(I/x) on log(x) in 
YOF:xEu3+ samples. 

 
due to the exchange interaction or multipole–multipole interaction 
when the activators is in high concentration.40 According to the 
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report of Van Uiter, the emission intensity (I) per activator can be 
estimated using the following equation 41,42 

                             [ ] 13)(1
−

+= θβ xkxI                               (1) 

where I is the emission intensity of Eu3+, x is the Eu3+ doping 
concentration, k and β are constants for a given host under the same 
excitation condition, θ = 3 stands for the energy transfer among the 
nearest neighbor ions, while θ = 6, 8, and 10 represent the dipole– 
dipole, dipole–quadrupole, and quadrupole–quadrupole 
interactions, respectively. By taking the logarithm of eqn (1), the 
log(I/x) was plotted as a function of log(x) with a slope of (–θ/3) 
and was presented in Fig. 4c. The slope of fitted line was calculated 
to be –0.483 and thus, the θ was determined to be 1.449 indicating 
that the nearest neighbor ions is responsible for the concentration 
quenching of the Eu3+ ions. In addition, when Eu3+ doping 
concentration is higher than the critical concentration, the Eu3+ may 
form the ion pair, which leads to concentration quenching of the 
Eu3+ ions.43–45 

The room temperature PL spectra of YOF:0.1Eu3+ samples with 
different doping concentration of Gd3+ ions under 244 nm 
excitation are shown in Fig. 5. It can be seen that the peak location 
and profile of the emission spectra of samples after Gd3+ ions 
doping are basically identical with those Gd–free sample, 
suggesting that the added Gd3+ ions would not influence the 
luminescent characteristics of YOF:Eu3+. However, the PL 
intensities drastically changed with increasing Gd3+ doping 
concentration. The luminescence intensities distinctly increased 
when the concentration of Gd3+ ions increased from 0 to 0.35 
mmol, but subsequently decreased with further increasing doping 
concentration. The strongest PL intensity was observed in the 
sample with a Gd3+ concentration of 0.35 mmol and the 
luminescence intensity were enhanced by 31 times than that of the 
Gd3+ free sample. The inset of Fig. 5 depicts the variation of the 
emission intensity as a function of doped Eu3+ content. It is 
generally accepted that luminescent property of phosphors is 
critically depend on the crystal structure and crystal field of the 
surroundings around Ln3+ ions.33,35 To this end, we investigated the 
crystal field and crystal phase of YxGd0.9–xOF:0.1Eu3+ crystals. As 
shown in Fig. S2 (ESI), the XRD patterns of the YxGd0.9–

xOF:0.1Eu3+ (x = 0–0.5) samples can be indexed to hexagonal and 
rhombohedral YOF, respectively. For hexagonal YOF (x = 0–0.2), 
when the Y3+ ions are substituted by the larger radius Gd3+ ions, the 
calculated lattice parameters tend to increase, indicating the 
expansion of host lattice dimension (Table S1, ESI). Based on the 
quantum selection rules, the intra 4f electronic transitions of Ln3+ 
ions strongly depend on their local crystal field. Thus, the 
substitution of Y3+ by Gd3+ ion would destroy the local crystal field 
around the Eu3+ ions, which can then expectedly enhance the 
radiative transition rate and their luminescence intensity.21,46 For  

 
Fig.5 PL spectra of: Y0.9−xGdxOF:0.1Eu3+ with different x values. 

 
Fig.6 The CIE coordinate diagram for representative Y0.55Gd0.35OF:0.1Eu3+ 
phosphor under 244 nm excitation. 
 
rhombohedral YOF (x = 0.25–0.5), the PL intensities enhance with 
increasing of Gd3+ concentration until x = 0.35, due to the 
destruction of local crystal field of Eu3+ ions. However, when the 
Gd3+ concentration exceeds the optimal value, luminescence 
intensity of the Eu3+ becomes weak, which means that 
concentration quenching effect of Gd3+ ion exists. It leads to the 
assumption that the Gd3+ ion induces significant distortion to the 
lattice, which affects the spatial distribution of lanthanide ions and 
induces concentration quenching, thus reduce the emission 
intensity. This phenomenon of initial enhancement and subsequent 
decrease of the emission intensity have also been observed in Li+, 
Mo3+, and Fe3+ doped crystals.22,35,47 In addition, we first observed 
that the fluorescence performance of rhombohedral YOF is 
superior to that of hexagonal YOF. 

The Commission Internationale de l’Eclairage (CIE) study has 
been performed on Y0.9–xGdxOF:0.1Eu3+ samples. As a 
representative example, the CIE coordinate of synthesized 
Y0.55Gd0.35 OF:0.1Eu3+ sample is determined as (0.655, 0.344), 
located in the red region (point a in Fig. 6) with a correlated color 
temperature (CCT) of 2798 K. Detailed analysis of CIE coordinates 
and CCT of other samples are given in Table S2 (ESI†). This merit 
of highly enhanced emission males this material potential 
applications in the LEDs, and color display. 

4. Conclusion 

In summary, undoped and Eu3+ doped YOF and Y1–xGdxOF 
crystals were synthesized via a facile urea based homogeneous 
precipitation method followed by a heat treatment. The crystal 
phase transition, and morphology transformation of the samples 
can be first observed by Gd3+ doping. The luminescence properties 
and the quenching concentration of Eu3+ doped YOF samples were 
investigated upon UV excitation. More importantly, after doping 
Gd3+ ions, luminescence intensity of the sample enhanced by 31 
times, which may due to modification of the crystal field and 
crystal phase of YOF. The prepared material may be a potential red 
phosphor material in LEDS. 
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