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Nanocrystal GdsWO;, phosphor doped with Dy3* was prepared by a co-precipitation method. X-ray
diffraction (XRD), scanning electron microscopy (SEM) and selected area electron diffraction (SAED) were
used to characterize the structure and morphology of the resultant phosphor. It was found that the phos-
phor exists in tetragonal phase and the phosphor particles show sphere-like shape with an average size of
31 nm. In aid of excitation and emission spectra, the energy levels of the complex ion WO;, '8~ were con-
firmed, and that the possible luminescent mechanisms for various wavelengths excitation were analyzed.
The cross relaxation and energy transfer between complex ion and Dy3* were discussed. The dependence
of luminescent intensity and color coordinates on the excitation wavelength was also investigated.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Complex ions are important luminescent centers for the lumi-
nescent materials [1-4]. The luminescent materials containing
complex ions have received much attention and wide applica-
tions [5-10]. Amongst the materials containing complex ions, the
scheelite and perovskite compounds have long been known as
luminophors for several decades [11,12]. The scheelite compounds
have a general molecular formula A;BO4, where A is a monovalent,
divalent or trivalent metallic ion, m is the number of the metallic
ion A, and B is W8, Mo%* or V°*. Simplest perovskite compounds
have a general molecular formula ABO3 with a metallic ion on its
site A and a transition metallic ion, such as Ti%*, Zr**, Nb>* and Ta>",
on site B.

Tungstates can be either scheelite (typical example: CaWOQ,) or
peroveskite (typical example: Bi;WOg) compounds. The lumines-
cence of the complex ions WO42~ and WOg6~ was widely studied
[13-18]. The luminescent mechanism of the complex ions W04~
and WOg®~ was assigned to the charge transfer from oxygen 2p
orbital to the 5d orbital of W6*. In this case, the energy levels include
one ground state 'A; and four excited states 1Ty, 1Ty, 3T and 3T,
(the energy level scheme will be shown in Fig. 4). In general, the
emission corresponding to the spin-forbidden transition 3T; — A;
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can be observed thanks to the fact that spin-forbidden selective
rule is broken by the spin-orbital interaction. However, the absorp-
tion transition from 'A; to 3Ty cannot easily be observed in the
excitation spectrum due to the spin-forbidden rule. The strong
absorption band in the near ultraviolet region is assigned to the
transition 'A; — 1T;.The transition 1A; — 1T, is usually overlapped
with the host absorption band [19]. The absorption and emission
wavelengths depend on the specific type of tungstate compounds
since the energy level locations are various in different hosts. There-
fore, exploring novel complex ions activated phosphors, which can
be excited by various excitation sources, would be an interesting
issue.

In this paper, nanocrystal GdgWO;, phosphor doped with Dy3*
was prepared via a co-precipitation route. The crystal structure
and morphology of the obtained phosphor were examined through
XRD, SEM and SAED. The luminescent properties of the sample were
analyzed by means of fluorescence spectroscopy. The intense broad
band emissions from the complex ion WO1, 8~ and weak emissions
from Dy3* were observed. The excitation-wavelength dependences
of emission intensity and the color coordinates were studied.

2. Experimental details
2.1. Synthesis
Spectrographically pure Gd,0s3, Dy,03 (99.99%) and other analytically pure

reagents (99.9%) were used in the sample preparation. GdCl;-6H,0 and DyCl;-6H,0
were obtained via a re-crystallization process. First, Gd;03 and Dy,03; were dis-
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Fig. 1. XRD pattern of nanocrystal GdgWO1, phosphor doped with 1 mol% Dy3*.

solved, respectively, in hydrochloric acid solutions, and then the GdCl;-6H,0 and
DyCl3-6H,0 were received by re-crystallizing the solutions for five times.

Nanocrystal GdgWO;,:Dy3* phosphor was synthesized via a co-precipitation
reaction. Firstly, certain amount of GdCl;-6H,0 and DyCl;-6H,0 was mixed based
on a molar ratio of 99:1 (Gd** to Dy3*) and dissolved in 10 ml deionized water.
Meanwhile, appropriate amount of Na;WO04-2H,0 was dissolved in 30 ml deion-
ized water, and its pH was adjusted to a certain value with ammonia under magnetic
stirring at room temperature. Secondly, the solution with rare earth (RE) ions was
poured into Na, WO4-2H, O solution drop by drop under magnetic stir. The white pre-
cipitation was observed during the pouring and stirring process. After the solution
was completely poured into Na,WO4-2H,0 solution, the white suspension solu-
tion was stirred unceasingly for 30 min to ensure that the reaction was completed.
Thirdly, the obtained emulsion mixture was centrifuged at 6000 rpm for 20 min. The
precipitation was washed by using deionized water for three times, and then dried
at 100°C for 3 h. Finally, the dried product was calcined at 900 °C for 4 h to obtain
the nanosized GdgWO1,:Dy3* phosphor. In the synthesis process, it was found that
the pH value of Na, WOy, solution and the mole ratio of W®* to RE3* greatly affect the
formation of the product. The pure phase GdgWO12:Dy>* can be gotten while the pH
value is higher than 12 and the ratio of W8* to RE?* is 1.5:1. A detailed preparative
procedure can be found in our previous work [20].

2.2. Characterization

The crystal structure of the sample was characterized by using a SHIMADZU XRD
(X-ray diffraction)-6000 X-ray diffractometer with Cu Ka1 radiation (A=1.5406 A)

5.0kV 5.7mm x80.0k SE(U)

source. The scanning region of 26 angle is from 10° to 70° with step size of 0.02°.
The morphology and particle size were characterized by using a HITACHI S-4800
field-emission scanning electron microscope (FE-SEM). The image of SAED was
taken on a Transmission Electron Microscope (TEM) JEOL JEM 2100. Emission and
excitation spectra were recorded by Hitachi F-4600 fluorescence spectrometer
equipped with 150 W Xe lamp as an excitation source. Prior to spectral measure-
ments, a calibration procedure was run by using the standard accessories offered
by the manufacturer. The excitation spectra were intensity-calibrated in the region
200-600 nm, and the emission spectra were also intensity-calibrated in the region
200-900 nm.

3. Results and discussion
3.1. Structure and morphology characterization

The XRD pattern for the obtained nanocrystal GdgWO1, phos-
phor doped with 1 mol% Dy3* is shown on the top of Fig. 1, and
the diffraction pattern for the tetragonal phase GdgWO, reported
in JCPDS card No. 24-0434 is shown at the bottom. It can be seen
that the diffraction peak positions in these two patterns are in good
agreements. This fact means that the obtained resultant from our
synthesis experiment is pure phase GdgWO1,. The broadening of
diffraction peaks in the studied sample is caused by the small size
of the phosphor particles. The crystallographic size of the nanopar-
ticles can be estimated by using Scherrer formula expressed below,

kA
1/2

D
(B2 - BY)

cosf

k=0.9, 1 (0.15406 nm) is the Ko radiation wavelength of copper tar-
get, B is the full width at half maximum (FWHM) of the diffraction
peak, Bp is a modification factor for the system broadening, and 6
stands for half of the diffraction position 26. In the calculation the
data for the diffraction peaks at 26 =28.72° and 33.32° were used,
Bo was taken to be 0.01° as the system broadening measured by
using silicon monocrystal. The confirmed average crystallographic
size is approximately 30 nm.

Fig. 2(a) shows the FE-SEM image of nanocrystal GdgWO01,:Dy3*
phosphor. This image displays that the phosphor particles have
sphere-like shape and the particle sizes distribute in a narrow scale.
Fig. 2(b) represents the column graph for particle size distribution
with a Gaussian’s fitting curve. By counting 100 particles the aver-
age particle size was estimated to be 31 nm, which coincides with
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Fig.2. (a)SEM image of nanocrystal GdsWO1,:Dy>* phosphor; (b) Size distribution of Gds WO+, :Dy>* nanoparticles. The insert in Fig. 2 (a) shows the SAED image of nanocrystal

GdgWO;; phosphor.
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Fig. 3. (a) Excitation spectra of nanocrystal GdgWO1,:Dy3* phosphor while monitoring various emission wavelengths; (b) Emission spectra of nanocrystal GdgWO1,:Dy>*
phosphor under various wavelengths excitation; (c) Gaussian’s fitting of the emission spectra under 220 nm excitation.

the crystallographic size derived from XRD. This fact implies that
the GdgWO1; particles are crystallized well [21].

In order to further check the crystal structure of the sample, the
SAED image was taken and shown in Fig. 2(a) as an insert. From
the diffraction pattern the distances between lattice planes can be
calculated to be 0.314, 0.268, 0.189 and 0.164 nm corresponding to
the diffraction circles from the inside to outside. The SAED results
reveal that the prepared sample is GdgWO1;.

3.2. Luminescence of WO;,'8~ and Dy3* in nanocrystal GdgWO0

The excitation spectra for the nanocrystal GdgWO;,:Dy3* were
measured while monitoring various emission wavelengths starting
from 320 to 500 nm with an increment of 10 nm, and are shown in
Fig. 3(a). It can be seen that: when the monitoring wavelength is
shorter than 360 nm, only one broad excitation band centered at a
wavelength shorter than 220 nm is observed; when the monitoring

wavelengths fall in the region 360-430 nm, a new broad band cen-
tered at 243 nm appears and its intensity increases first and then
decreases; if the monitoring wavelength is longer than 460 nm, the
243 nm band disappears. It should be noted that the intensity of
210 nm excitation band changes with monitoring wavelength and
can be observed in all the excitation spectra, therefore this band can
be assigned to the overlap between the absorptions of host matrix
and the upper T, state of complex ion W01, 18-,

Fig. 3(b) represents the emission spectra of nanocrystal
GdgWO1,:Dy3* phosphor for different excitation wavelengths. The
excitation wavelength changes from 205 to 300 nm with a step size
of 5nm. When the excitation wavelength is shorter than 235 nm,
the emission spectra exhibit a broad band which can be decom-
posed by Gaussian’s fitting into two components centered at 390
and 465 nm as shown in Fig. 3(c), and that the intensity of 465 nm
component decreases with the increase of excitation wavelength.
When the excitation wavelength is located at 235-255nm, the
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Fig. 4. The simplified energy schemes for complex ion WO;,'8~ and Dy3* together
with the luminescent mechanisms.

465 nm component disappears, and then appears again with the
increase of excitation wavelength. While the excitation wavelength
is longer than 260 nm the broad band emissions and the intrin-
sic f-f transitions of Dy3* (4Fg, — ®Hys> peaking at 486 nm and
4Fg2 — OHy3p, peaking at 579 nm) are observed, however, they are
relatively weak. In order to give a clear look, the emission spec-
tra for the excitation wavelengths ranging from 265 to 300 nm are
enlarged by a factor of 10. The 465 nm emission in those emis-
sion spectra measured upon the excitation wavelengths longer
than 260 nm is overlapped with Dy3* emission corresponding to
4Foj2 — %Hys2 transition.

From above spectral results, it can be deduced that the broad
bands in the excitation and emission spectra are related with the
complex ion WO1,18-[22,23]. The 210 and 243 nm excitation peaks
can be assigned to the transitions from the ground state 1A; to the
upper state 'T, and 'T; of the complex ion WO;, 8-, respectively.
The emission peaks located at 390 and 465 nm can be assigned to
the transition from the excited state 3T, and 3T; to the ground
state 'A;. The simplified energy level schemes of W01, 18~ and Dy3*
are shown in Fig. 4. The possible luminescent mechanisms for the
studied nanocrystal GdgWO1,:Dy3* phosphor can be explained as
follows:

When the !T, state is excited by 210 nm light, a cross relaxation
1T, +1A; — 3T +3T, (see CR1 in Fig. 4) may happen. In this case the
emissions centered at 390 and 465 nm corresponding to 3T, — 1A,
and 3T; — A, can be observed as shown in Fig. 3(b).

While the excitation wavelength reaches 243 nm,
the T; state is populated and then a cross relaxation
Ty +6H;52(Dy?") > 3T, +6F; 5(Dy>*) (see CR2 in Fig. 4) may
take place, so that 465 nm emission disappears and only 390 nm
emission corresponding to 3T, — 1A can be detected as shown in
Fig. 3(b).

However, if the excitation wavelength is longer than the absorp-
tion wavelength of 'A; — 1T; transition and shorter than the
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Fig. 5. Dependence of integrated emission intensity on the excitation wavelength.

absorption wavelength of 'A; — 3T, transition, the complex ion
WO1, 18~ cannot be excited directly. In this instance, the Dy3* ions
at ground state can be excited with these wavelengths and reach
their higher excited states, and then relax nonradiatively to 4Fg/2 via
cascade multiphonon relaxations. In this case the 486 and 597 nm
emissions corresponding to the transitions from 4Fg, to Hysp
and 61—[13/2 of Dy3* can be observed. Meanwhile, an energy trans-
fer from Dy3* at 4Gyq)2/41152/%Fg/2 levels to complex ion W01, 18~
may occur, thus the 390 and 465 nm emissions corresponding to
the transitions from 3T, and 3Ty to !A; can be observed. The reason
why the total emission intensities are weak is due to the fact that
the f-f transitions of Dy3* ions are usually weak.

Since the mnanocrystal GdgWO;,:Dy3* phosphor shows
excitation-wavelength-dependent emission spectra, the inte-
grated emission intensity for each spectrum under corresponding
wavelength excitation were calculated. Fig. 5 shows the relation-
ship between the integrated emission intensity and the excitation
wavelength. A general varied trend is clearly seen that the inte-
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Fig. 6. Dependence of color coordinates on the excitation wavelength (the arrowed
curve shows the shift trend of color coordinates with increasing excitation wave-
length; 3 triangle points represent the color coordinates for standard tricolor
phosphors for full color TV sets).
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grated emission intensity decreases with the increase of excitation
wavelength. The excitation wavelengths ranging from 200 to
260 nm are more effective for obtaining intense fluorescence. The
peak located at 243 nm in this figure is due to the absorption of
1T, state of WO, 18- ion.

3.3. Dependence of color coordinates on excitation wavelength

Color coordinates are important factor for evaluating lumi-
nescent materials. It is already discovered that the profile and
intensity of emission spectra depend on the excitation wavelength
in nanocrystal GdgWO1,:Dy3* phosphor. Therefore, its emissive
color coordinates would be dependent on the excitation wave-
length too [24]. By using the intensity-calibrated emission spectra
and the color matching function issued by CIE (Commission Inter-
national del’Eclairage) in 1931, the color coordinates for the sample
under various wavelength excitations were calculated. The depen-
dence of color coordinates on the excitation wavelength is shown
in Fig. 6. In this figure, three triangle points indicate the color
coordinates of standard tricolor phosphors for full color TV sets,
the solid circles represent the color coordinates for the studied
GdgWO;,:Dy3* phosphor. The curve with an arrow shows the
varying trend of the color coordinates with increasing excitation
wavelength. It can be seen that the color coordinates first shift from
blue to deep blue and then shift into the white region in the color
space. This nanocrystal Gd,WO1,:Dy3* with the special chroma-
tric and spectral property probably can be applied in some special
fields, such as color-varied indicators, fluorescence biomarkers, and
So on.

4. Conclusions

In conclusion, nanocrystal GdgWO1,:Dy3* phosphor has been
successfully synthesized via a co-precipitation reaction. The XRD
pattern and SAED image indicated that the obtained sample is pure
phase GdgWO1; and the nanocrystals exist in tetragonal phase. SEM
image displayed sphere-shaped and uniformed morphology of the
resultant nanoparticles. The excitation and emission spectra were
measured. 210 and 243 nm absorption bands of the complex ion
WO1,18~ were observed in the excitation spectra. Intense broad
band emissions centered at 390 and 465 nm originating from the
complex ion WO, 18-, weak emissions peaking at 486 and 579 nm
corresponding to the transitions from 4Fg; to ®Hysp; and ®Hys, of
Dy3* were observed. It was also found that the emission spectra
are excitation-wavelength-dependent. The luminescent mecha-
nism was analyzed. The excitation wavelength dependence of color
coordinates was studied.
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