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Abstract. The Dy’ doped Gd,(WO,); phosphors have been successfully obtained through
calcining the precursor prepared via hydrothermal method at 900 °C. The structure, morphology
and luminescent properties of the resultant products were characterized by X-ray diffraction
(XRD), field emission scanning electron microscopy (FE-SEM), photoluminescence
excitation/photo-luminescence spectroscopy (PLE/PL), and fluorescence decay analysis. The
(Gd; xDyy)>(WO,); (x=0.01-0.10) solid solutions, exhibit strong yellow luminescence at 575
nm (the *Fo,—%H,3), electric dipole transition of Dy3+) optimal UV excitation into the Hysp—
*H,1» of Dy’" at ~452 nm. The quenching concentration was determined to be ~7at.%, and the
quenching was due to the exchange reaction between Dy’". The emission intensity decreased
monotonically with the used temperature increasing while the fluorescence lifetime (0.5+0.05
ms) does not alter appreciably. All the (Gd; Dyy),(WOy); phosphors have similar CIE
chromaticity coordinates and color temperatures of (~0.43+0.02, ~0.47+0.02) and ~3550 K
respectively, but the lifetime for 575 nm emission decreased with the Dy”" increasing ascribed
to the energy transfer between Dy’". The Gd,(WO,);:Dy’" yellow phosphors are expected to be
widely used in white light LED and display areas.

1. Introduction

Tungstate Lny(WQO,); (Ln=rare earth) is one of the most classical inorganic luminescent materials
which could be widely used in lighting and display areas due to its good physical and chemical
properties [1]. Gdy(WO,); is a bottom centered monoclinic structure [2]. Ln*" ion in Lny(WO,); could
be replaced by various activators and exhibit colorful emission. Zhang et al. prepared Eu’" doped
Gd,WO; and Gd,(WO,); nanophosphors via co-precipitation method [3]; Liu et al. prepared Eu’
doped Gd,(WO,); and studied energy transfer [4]; Zeng et al. prepared Eu’"/Tb*" doped Gd,(WO,);
nanophosphors by hydrothermal method [5].

Dy’ doped Gd,(WO,); system was chosen in the present work based on the following three
reasons: (1) WO, ion itself can effectively absorb the spectrum of blue violet LED emission, and
transfer to the rare earth ions doped in tungstate matrix [6]. (2) The characteristic emission peak of
Gd’* at 275 nm overlapped with the excitation band of many activator ions, and thus the Gd** could be
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usually served as a kind of effective sensitizer [7-8]. The Dy** emission in Gd,(WO,); system could be
further improved through the Gd**—Dy’" energy transfer. (3) The Dy’" mainly consisted two emission
bands at 480 nm (blue emission) and 575 nm (yellow emission) corresponding to the “Fo,—°H">* and
*Fop—°H,3,, transitions of Dy3+, respectively. The Dy3+ emission was effected significantly by the
matrix material, and the emission color of Dy’ could be adjusted by modulation the coordination
environment [9-11]. This makes Dy’" doped phosphors possess multi-functional performance, and
thus have been extensively studied in the recent years.

Rare earth ions doped Gd,(WQ,); phosphors usually were synthesized, however, there are few
reports about hydrothermal synthesis which can control the morphology and size of resultant products
easily. In this work, we synthesized Gdy(WO,);:Dy’" nanoscale phosphor by hydrothermal method.
The resultant products were systematically studied using the combined techniques of XRD, FE-SEM,
PLE/PL spectroscopy and fluorescence decay analysis. In the following, we report the synthesis, phase
evolution, and the optical properties of Gd,(WO,);:Dy’* samples in detail.

2. Experiment Section

2.1. Materials

The started chemicals required in this work mainly include gadolinium oxide (Gd,Os;, 99.99%,
Huizhou Ruier Rare Chemical Hi-Tech Co. Ltd., Huizhou, China), dysprosium oxide (Dy,0;, 99.99%,
Huizhou Ruier Rare Chemical Hi-Tech Co. Ltd., Huizhou, China), sodium tungstate dihydrate
(Na,WO,-2H,0, 99.5%, Sinopharm Chemical Reagent Co. Ltd., Shanghai, China), sodium hydroxide
(NaOH, 96%, Sinopharm Chemical Reagent Co. Ltd., Shanghai, China) and nitric acid (HNOs;,
Sinopharm Chemical Reagent Co. Ltd., Shanghai, China). All chemical reagents are used as received
without further purification.

2.2. Preparation procedure
The RE(NOs); (RE=Gd and Dy) solutions were prepared via dissolving Gd,O; and Dy,05 in hot nitric
acid. The mother salt solution was prepared by RE(NOj); and Na,WO,42H,O according to the
chemical formula of (Gd;_ Dy,),(WOQOy)3

After the above process is completed, a certain proportion of Na,WO,2H,O white particles
dissolved in 50 ml water, then take the appropriate amount of nitrate solution dissolved in 20 ml water,
respectively, placed in a collector type thermostatic magnetic stirrer, stirring about 5 min; When the
two raw materials are fully dissolved and stirred in deionized water, the resulting nitrate aqueous
solution is uniformly dropped into the sodium tungstate solution and treated at the end of the titration
for 30 min, add NaOH solution to the mixture and adjust the pH until pH=7, The resulting reaction
solution is then moved to a stainless steel autoclave in the capacity of 100 ml; The reaction kettle is
placed in the oven and the oven is set at a temperature of 120°C, and the reaction time is 24 h. When
the reaction is finished, the reaction kettle is cooled to room temperature and the hydrothermal product
is removed; The obtained hydrothermal product is washed repeatedly by deionized water and once
cleaned by anhydrous ethanol, and the product is dispersed into alcohol and dried in a drying box
(80°C, dried 6 h) to obtain precursor; Finally, the precursor was calcined in an air atmosphere at high
temperature (900°C 2 h), and finally the target phosphor was obtained

2.3. Characterization

The XRD patterns were collected at room temperature by diffractometer (Model D8 ADVANCE,
BRUKER Co., Germany) using nickel-filtered CuK, radiation in the 20 range 10-70° at a scan rate of
4.0° 20/min. The morphologies of products were observed by the FE-SEM with an acceleration
voltage of 10 kV (Model QUANTA FEG 250, FEI Co., America). The PL/PLE spectra of the (Gd;.
Dy)2(WO0O,); phosphors were studied by a fluorescence spectrophotometer (FP-6500, JASCO, Tokyo,
Japan) equipped with a ®60-mm intergating sphere (Model ISF-513, JASCO, Tokyo, Japan) and a
150-W Xe-lamp as the excitation source.
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3. Results and discussion
The XRD patterns of the (Gd;(Dy,) 2(WOy); phosphors calcined at the same temperature 900°C with

different Dy’* contents (x=0.01, 0.05 and 0.10) are shown in Fig. 1. It is well known that the pure
phase is beneficial to the luminescent properties of phosphors. As shown in Fig. 1, all the Dy’ -free
samples can be well indexed to Gd,(WO,); with the bottom centered monoclinic structure (space
group: Cy/c, JCPDS: n0.23-1076) [12]. No additional diffraction peaks were observed on the XRD
spectra indicating that the pure phase (Gd,Dy,),(WO,); has been formed and Dy*" doping does not

change the crystal structure.
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Figure 1. XRD spectra of (Gdi,Dy,)2(WQO,); Figure 2. FE-SEM of the (Gdi,Dy,)2(WQ,)s

calcined 900 °C at as function of Dy** content (x precursors, x=0.01 (a), x=0.10 (b), and the
value) precursors calcined at 900 °C, x=0.01 (c), x=0.1

(d)

Fig. 2 shows FE-SEM micrographs of Gd,(WO,); with different Dy>* content. From which it can
be seen that the particle shape of samples does not change significantly with the Dy’ incorporation,
and all the precursors show needle-like appearance. The products with good dispersion calcined at
900°C maintain the morphology of precursor.
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Figure 3. PLE spectra of the (Gd,xDy,),(WO,); phosphors calcined at 900 °C. The PLE spectra were
taken by monitoring the 575 nm emission

Fig. 3 shows the excitation spectra of Dy’" doped Gd,(WO,); phosphor as a function of Dy’
content. The PLE spectra all mainly are composed of five excitation bands and the excitation intensity
of the 452 nm (Dy3+: H,sp—*H, 12) wavelength is the strongest. The excitation peak at 245 nm
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originates from the charge transfer band transition of W-O proving direct evidence of WO,*—Dy’"
energy transfer. The S;,—°l; transition of Gd** appeared at ~270 nm [13-14] indicating the efficient
energy transfer from Gd** to Dy’". As shown in Fig. 3, the other bands observed in the longer
wavelength region at ~352, ~366, ~386, ~427 and ~470 nm are corresponded to the °H, 5/2—>6P7/2, H,s)
P35, *Hy5n—>"F7, *Hisn—"G1112 and °H, 50— *Fy, transitions of Dy’", respectively.

Fig. 4 shows the PL properties obtained under UV excitation at 452 nm of the (Gd,;Dyx),(WOy);
phosphors calcined at 900°C. The PL spectra for all the samples with different Dy®" concentrations
include three emission banks at ~480 nm (blue), ~575 nm (yellow, the strongest) and ~663 nm (red),
corresponding to the 4F9/2—>6H15/2, 4F9/2—>6H13/2 and 4F9/2—>6F11/2 transitions of Dy3+, respectively [15].
Further observation is that the yellow emission is much stronger than the blue one in each case, and
the integrated intensities of the yellow to blue emission bands have ratios of ~3.91, 4.13, 4.18, 4.30
and 4.33 for the different Dy’" contents studied in this work. The reason is that the Judd-Ofelt parity
law [16, 17] predicts that the magnetic dipole transition of *Fo,—CH;s), is allowed while the electric
dipole transition of 4F9/2—>6H13/2 is forbidden, the electric dipole transition is permitted only when the
Dy’" ions occupy a low symmetry site without an inversion center. Gd,(WO,); is a bottom centered
monoclinic structure,, the Gd®" mainly occupies the low symmetry site without an inversion center
[18]. The Dy’" ions are expected to partially substitute for Gd**, and thus the emission spectra are thus
dominated by the *Fop—°H,3, forced electric dipole transition at 575 nm rather than*Fo, — °H,s)»
magnetic dipole transition at 480 nm. The Dy’" addition does not alter the emission peak position and
shape significantly, but the intensity varied. The inset in Fig. 4 shows intensity of the 575 nm emission
(A =452 nm) plotted against Dy’ “concentration. It is clearly seen that the intensity steadily improves
with increasing Dy’" doping up to 7.0 at% (x=0.07) and then rapidly deteriorates owing to
concentration quenching. The optimal Dy’" content is thus determined to be 7.0 at% (x=0.07).
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Figure 4. PL spectra of the (Gd,.,Dy,).(WQ,); phosphors calcined at 900 °C. The PL spectra were

measured under UV excitation at 452 nm. The inset is the relative intensity of the 575 nm emission,
normalized to that of the (Gdo e3DYo.07)2(WO,)s phosphors, as a function of the Dy** content

The interaction type of luminescence quenching in solid phosphors can be concluded by analyzing
the constants according to the following equation [19]:

log(1/c)=(~s/d)logc +log f (1)

where I is the emission intensity, ¢ the activator concentration, d the sample dimension (d=3 for
regular sample), f'is a constant, and s is the index of electric multipole. The s values of 6, 8, and 10
represent the dipole-dipole, dipole-quadrupole, and quadrupole-quadrupole electric interactions,
respectively, whereas s=3 corresponds to exchange interaction. The log(//c)-log(c) plot of the 575 nm
emission is given in Fig. 5. The slope (-s/3) was determined to be -0.933 yielding an s value of ~ 2.8
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for the Dy’ doped Gd,(WOy); systems. This indicates that the concentration quenching is mainly due
to the energy transfer between Dy’ "-Dy’" [20].
54

-
5.2

T8t =
; 4.6 "
=]
-
“I  Slope=-0.933
4.2 -
40 -2l.|:| -1l.s .1L.s .11.4 .11.2 -1J.|:|
Log (c)
Figure 5. The relationship between log(l/c) and log(c) for the (Gd;.«Dyy).(WO,); samples calcined at
900 °C

Fig. 6 shows the decay kinetics for the 575 nm emission of (Gdg 93Dy .07),(WOy); calcined at 900 C
for 2 h. The decay curve can be fitted via the equation:

| = Aexp(~t/7, )+ B (2)

where [ is the relative fluorescence intensity, t is the decay time, 7z is the fluorescence lifetime. 4 and
B are constants [21]. The fitting results are A=7.19+0.07, B=-0.03%0.07, 1z=0.554+0.004 ms. The inst
(a) in Fig. 6 displays the lifetime value against the Dy’* concentration. The lifetime shortens from 0.56
ms to 0.48 ms when the content of Dy’ increases from x=0.01 to x=0.10. The shortened lifetime can
be explained as follows: when the Dy’ content is low, the distance among the Dy’" ions is relatively
long and the interaction among luminescent centers can be neglected. A higher Dy’ concentration
would lead to the formation of a resonant energy transfer net, which can act as an additional channel to
the nonradiative centers of surface and therefore shorten the lifetime. The inset (b) in Fig.6 shows the
lifetime of the (Gdg.93Dyo.07)2(WO,); at the temperature of 423 K. The fitting results are 4=1.73+8.45,
B=-0.03+0.27, 73=0.45+0.001 ms. The used temperature does not affect the fluorescence lifetime
appreciably, and the lifetime in the temperature range 298-573 K was similar to be ~0.5+0.05 ms.

o e 0.9
[ \ 08
i :
80 |- 2 0.7
s A=7.19 £ 0.07(a.u.) ) e ~ '
= B=-0.03 + 0.07(a.u.) . — ik
© 80 lifetime=0.55£0.004ms  Concontration mors) .
~— 500
z. b 05
= 0 TH A=1.73%8.45(a.u) y
g il B=0032027(au) 0.4
3 g w} Llifetime=0.450.001ms
= 20 |- Em= 03
ls’eca‘y’lim;(ms‘)' " 0.2
0+
1 i 1 i 1 1 3 1 i 1 0.1
8 10 12 14 16 18
i 0.0 LRz o1 } ! 4 ! \ i
Decay tlme(ms) § l().U 0.1 US‘) 0.3 0.4 0.3 0.6 0.7 0.8

AR ¢

Figure 6. Fluorescence decay curve for the 575 nm
emission of (Gdy.g3DYo.07)2(WO4)s phosphors calcined at
900 °C for 2 h. The inset (a) in the figure is the lifetime

values as function of Dy*" content, (b) is the fluorescence
decay curve for the 575 nm emission of

(Gdp.93DY0.07)2(WO4)s at used temperature of 423 K

Figure 7. CIE chromaticity diagram
for the (Gdo.93DY0.07)2(WO,)3 System
under 452 nm excitation
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Moreover, the color chromaticity coordinates of phosphor has been calculated by using the CIE
1931 color matching functions, and the result was shown in Fig. 7. Fig. 7 shows the CIE chromaticity
diagram of (Gdy3;Dy0.07)2(WOQO4); phosphor under 452 nm light excitation. The CIE chromaticity
coordinate of sample (Gdgo3Dyo07)2(WOy,); is determined to be (0.43, 0.47), indicating that the
samples emit a vivid yellow color. The corresponding color temperature was calculated to be ~3550 K
according to the following formulas [22]:

T = —437n° +3601n* — 6861n +5514.31 3)
n=(x—0.332)/(y—0.1858) (4)

It should be noted that all the samples studied in this work have almost identical CIE chromaticity
coordinate and color temperature of (0.43+0.02, 0.47+0.02), and ~3550 K, respectively.

The CIE coordinate (x, y) of (Gdg.93Dyo.07)2(WO,); is (0.4300, 0.4700). The dominant wavelength
of (Gdy3Dy0.07)2(WQy)3 is determined to be 575 nm, and we can obtain the (x; y;) chromaticity
coordinate of (Gdy.93Dy0.07)2(WO,); is (0.5096, 0.4904). By substituting the coordinates of (x, y), (x; 1),
and (x4 y,) in equation (6), the color purities of (Gdgg3Dyo.07)2(WQy)s is calculated to be 71%. This
result indicates that (Gd,.Dy,),(WO,); phosphor is a deep yellow phosphor and features higher color
purity.

4. Conclusions

In the experiment, the Gd, (WO,); doped Dy’" phosphors were successfully obtained via hydrothermal
method. The phase-pure (Gd,.,Dy,) 2(WO,); with good dispersion and uniform particle size formed at
900 C. The (Gd;Dyy)(WO,); phosphors with needle-like feature exhibit strong yellow emission at
575 nm (*Fo,—°Hy3), transition of Dy’") under UV excitation into the ®°H;s,—*H;;» of Dy’" at ~452
nm. The currence of charge transfer band of W-O and ¥S,,,—°1; transition of Gd** provide the direct
evidence of the WO, —Dy’" and Gd>* =Dy’ energy transfer. The quenching concentration of (Gd;.
«DYx)2(WOy); phosphors was determined to be 7 at% (x=0.07) and the luminescence quenching is
dominated by exchange interactions resulting from the energy transfer among Dy’" ions. All the (Gd;.
DY¥x)2(WOy); phosphors have the similar CIE chromaticity coordinates, and color temperatures of
(~0.43£0.02, ~0.47+£0.02), and ~3550 K, respectively. By analyzing the fluorescence decay kinetics
of Gdz(WO4)3:Dy3+ phosphor, it is found that the fluorescence lifetime of best (Gdg.93Dy0.07)2(WO,);
sample was determined to be 0.55£0.004 ms, and the lifetime shortens with the increase of Dy’
concentration while changes little with the temperature increasing.
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