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a b s t r a c t

One-dimensional ZnWO4:Eu3+ nanorods with excellent photoluminescence (PL) properties were pre-
pared by a facile template-free hydrothermal route. The products were characterized by X-ray diffraction
(XRD), transmission electron microscopy (TEM) as well as PL spectra. The results show that tunable color
from blue through white to orange could be obtained by adjusting the doping concentration of Eu3+. It
is notable that white light with CIE chromaticity coordinates of x = 0.32, y = 0.30 and the correlative color
temperature of 5919 K could be observed by combining the broad blue-green emission band assigned
to the charge transfer transition of tungstate group with red emission from Eu3+, upon the excitation of
ultraviolet radiation.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

One-dimensional lanthanide-doped nanomaterials have
ttracted extensive attention in luminescence devices, displays,
iolabeling and other functional materials owing to their elec-
ronic, optical and chemical properties originated from the 4f
hell of rare earth ions [1–4]. Especially for high-performance
u3+-doped phosphor, this is a key component for tri-color lumi-
escence in various devices to realize white light. Phosphors
onverted white light-emitting diodes (pc-WLEDs) are considered
s the next generation solid state lighting, the commercial available
c-WLEDs are mostly fabricated by combining blue LED with a
ellow emitting phosphor (YAG:Ce) [5,6]. However, the lack of red
mitting component results in low color rendering index (CRI) [7].
he commonly alternative way is to employ an ultraviolet (UV)
ED chip as the excitation light source with different color phos-
hors [8,9]. Furthermore, a kind of single-phased white-emitting
hosphor has triggered active research efforts recently, which
ncludes an appropriate host lattice with singly doping Eu3+ ion
10–12]. All their principles can be summarized to the abundant
u3+ emissions which yield the blue and green emissions from
he higher 5DJ levels (5D1, 5D2, and 5D3) and the red emission

∗ Corresponding author. Tel.: +86 20 87113681; fax: +86 20 87114204.
E-mail address: qyzhang@scut.edu.c (Q.Y. Zhang).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.10.061
from the 5D0 level to 7FJ (J = 0–4) of Eu3+ simultaneously, then the
combination of comparable multi-color emissions produces the
white light.

Zinc tungstate (ZnWO4) is well-known for its traditional appli-
cations in optical fields such as X-ray scintillator, photoanode and
solid state laser host [13]. As a self-activating phosphor, ZnWO4
exhibits a broad, intrinsic blue-green emission band under deep
UV excitation [14]. The well-researched deep UV LED based on
AlGaN semiconductor can perfectly provide excitation wavelength
in the range of 280–315 nm [15,16]. Therefore, considering the high
chemical stability, short decay time and non-toxicity of tungstate,
ZnWO4:Eu3+ may be an ideal candidate for white light source by
combining the red emission from Eu3+ with the blue-green emis-
sion from tungstate group [17]. ZnWO4-based material can be
prepared by various traditional methods [18,19], however, some
treatments may increase the size of the product regardless of the
shape. Controlled synthesis of well-defined crystals is of extraor-
dinary importance because the electronic structure, bonding and
surface energy are directly related to their surface morphology
[20]. Hydrothermal method is a promising synthetic route, which
can be better controlled from the molecular precursor to the reac-

tion parameters, such as the reaction time and temperature, to give
highly pure and homogeneous materials [11,21–23].

Herein, the main objective of this work is to carry out a detailed
study on synthesis and PL properties of the ZnWO4:Eu3+ nanorods,
and to examine their suitability as potential white light-emitting
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ig. 1. XRD patterns of ZnWO4 and ZnWO4:5% Eu3+ synthesized hydrothermally at
80 ◦C for 12 h with pH = 6. The peaks of the main crystal phase are consistent well
ith monoclinic ZnWO4 (JCPDS: 15-0774).

hosphors for pc-WLEDs. A tunable emission color especially a
early ideal white light under UV wavelength radiation was real-

zed by adjusting the doping concentration of Eu3+.

. Experimental details

All the reagents were analytical grade and used without further purification.
ake ZnWO4:5% Eu3+ as an example. 4.75 mmol (1.413 g) Zn(NO3)2·6H2O was dis-
olved in 5 mL distilled water, 5 mL (0.05 M) Eu(NO3)3 aqueous solution was added
ith vigorous stirring to form a transparent solution. Then 10 mL (0.5 M) Na2WO4

queous solution was dropwise added into the mixed solution to form white sus-
ension. The pH value of the reaction system was adjusted using ammonia solution
27 wt.%). After magnetic stirring for 30 min, the precursor suspension was trans-
erred into a 50 mL Teflon-lined stainless autoclave, filled up to 80% of its capacity,
ealed and maintained at 180 ◦C for 12 h in an electrical oven. After air-cooled,
he precipitates were centrifuged several times with distilled water and absolute
thanol, then dried at 80 ◦C for 8 h. ZnWO4:x Eu3+ (x = 0, 0.1, 0.5, 1, 2, 3 mol.%) were
btained by the similar process. The products were characterized by various tests
ncluding X-ray diffraction (XRD, Philips PW1830 with Cu K� irradiation at 40 kV and
0 mA), transmission electron microscopy (TEM, JEM-2010), and PL spectroscopy
Jobin-Yvon Triax 320 with 450 W xenon lamp as the excitation source).

. Results and discussion

Fig. 1 represents the XRD patterns of the ZnWO4 and ZnWO4:5%
u3+ synthesized hydrothermally at 180 ◦C for 12 h with pH = 6,
espectively. As detected by XRD, all diffraction peaks can be read-
ly indexed to the pure monoclinic ZnWO4 (JCPDS: 15-0774) with
pace group of P2/c. No additional peaks of other phases have been
ound, indicating that the existence of Eu3+ did not significantly
nfluence the phase and crystallization of the products. The ionic
adius of Eu3+ (0.95 Å) is slightly larger than that of Zn2+ (0.74 Å),
ut much larger than that of W6+ (0.62 Å) in 6-fold coordination, so
u3+ prefers to locating in Zn2+ sites without inversion center. As
he amount of Eu3+ increases, it is observed that the corresponding
RD peaks move to lower degree.

A typical TEM image of the synthesized ZnWO4:Eu3+ nanorods
s shown in Fig. 2(a), indicating that the product mainly consists of a
arge quantity of straight nanorods with smooth surface and an uni-
orm diameter of several tens of nanometers. The inset in Fig. 2(a)
hows the selected-area electron diffraction (SADE) pattern for a

ingle nanorod. As depicted in Fig. 2(b), the high resolution TEM
HRTEM) image of the corresponding single nanorod reveals that
he spacing of the two adjacent fringes is 2.46 Å, which matches
ell with the interplanar spacing of (0 0 2) and suggests the growth
irection is perpendicular to the (0 0 2) plane (indicated with an
mpounds 509 (2011) 1355–1359

arrow). The clear lattice fringes without dislocation further con-
firm the singly crystal structure of ZnWO4 nanorods. The energy
dispersive spectrometry (EDS) pattern of the ZnWO4:Eu3+ is shown
in the inset of Fig. 2(c). The presence of Zn, W, O and Eu is con-
firmed by EDS, and no other element except Au existing for the
coating of the measurement. ZnWO4 has a wolframite-type crys-
talline structure, in this structure, each W is surrounded by four
nearest oxygen ions and two more distant ones in approximately
octahedral coordination to form a WO6

2− molecular complex and
each octahedron shares two corners with its neighbors as shown
in Fig. 2(d) [24,25].

PL excitation (PLE) and emission (PL) spectra of ZnWO4 host
lattice and ZnWO4:5% Eu3+ nanorods are displayed in Fig. 3. For
ZnWO4 host lattice, two notable broad bands extending from 260
to 320 nm with peak wavelength at 282 and 309 nm can be detected
when monitored at 466 nm (line a), which are both assigned to
the transition from O → W ligand to metal charge transfer (LMCT).
For the doped case, the PLE spectrum (line b) is composed of both
LMCT and the characteristic sharp lines of Eu3+ peaking at 362, 384,
394, and 415 nm which correspond to the transitions of 7F0 → 5D4,
7F0 → 5G2, 7F0 → 5L6 and 7F0 → 5D2 under the 613 nm monitoring.
According to Jorgensen’s equation, the charge transfer band (CTB)
position from the 2p orbital of O2− to the 4f orbital of Eu3+ is esti-
mated around 250 nm [26]. However, it does not appear obviously
in the excitation spectrum, so the board bands in the UV region may
contain the CTB of O2−–Eu3+ and the energy transfer transition from
tungstate groups to Eu3+ ions, and it is difficult to distinguish these
two components due to spectral overlapping [23,27].

As shown in Fig. 3 (lines c and d), under the LMCT excita-
tion at 282 nm, the PL spectrum of ZnWO4 host lattice exhibits a
broad blue-green emission band ranging from 380 to 580 nm with
peak wavelength at 466 nm, which is assigned to the O2− → W6+

LMCT states. After Eu3+ is introduced into the host lattice, it can be
seen clearly not only the broad emission of tungstate groups but
also the characteristic red emission of Eu3+ at 577, 590, 613 and
624 nm correspond to 5D0 → 7FJ (J = 0–3) transitions, respectively.
Among these narrow emission bands, the 5D0 → 7F2 emission is
dominating. The optimized Eu content value for the 5D0 → 7F2 red
emission is 3%, i.e., ZnWO4:3% Eu3+ phosphors. In principle, Eu3+ is
a good probe for the crystal field environment of the rare earth ions,
because the 5D0 → 7F2 transition (allowed by electric dipole) is very
sensitive to the surroundings environment, while the 5D0 → 7F1
transition (allowed by magnetic dipole) is insensitive to the envi-
ronment. When Eu3+ located in a site with inversion symmetry, the
5D0 → 7F1 transition is dominating. Conversely, the 5D0 → 7F2 tran-
sition is dominating in an asymmetric site [28,29]. Therefore, it can
be deduced that Eu3+ ions occupy the lattice sites without inversion
symmetry in ZnWO4 host lattice. In addition, it is shown that the
emission intensity caused by tungstate group reduced compared to
the undoped sample, indicating an efficient energy transfer from
tungstate group to Eu3+ [27]. Moreover, the emission from higher
Eu3+ excited states 5DJ (J = 1–3) is absent, which may be ascribed
to two possibilities. The emission from the higher levels 5DJ may
be generally quenched by multiphonon relaxation or overlapped
by the broadband of O → W transition [30,31], and it is hard to
say which one is the dominant factor for the absence of the 5DJ
emission.

To investigate the dependence of the visible emission color and
intensity on the Eu3+ doping-concentration, Fig. 4 presents a series
PL spectra of ZnWO4:xEu3+ (x = 0, 0.1, 0.5, 1, 2, 3, 5 mol.%) nanorods
prepared at pH = 6 with the reaction temperature of 180 ◦C. It can

be seen clearly that the emission intensity of blue-green band
decreases gradually with increasing Eu3+ concentration from 0 to
3 mol.%. Meanwhile, the emission intensity of Eu3+ exhibits the
opposite tendency, which confirms the efficient energy transfer
process from WO4

2− to Eu3+. However, the emission intensity of
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ig. 2. (a) Transmission electron microscopy (TEM) image of ZnWO4:5% Eu3+ synth
ingle nanorod. (b) High resolution TEM (HRTEM) image of the corresponding sing
he schematic diagram of crystal structure for ZnWO4.

ungstate group increases and Eu3+ decreases again when the con-

entration of Eu3+ reaches 5%, due to concentration quenching [27].

The inset of Fig. 4 shows the decay curves of both the ZnWO4
nd ZnWO4:0.1% Eu3+ nanorods, respectively. The decay curves
or 466 nm emission (�ex = 282 nm) can approximatively fit into

single-exponential formula I(t) = I(0) exp(−t/�) [32], where I(0)

500450400350300250200

In
te

n
s
it
y
 (

a
.u

.)

Host Absorption
282

b

Host Absorption + CTB

465

394
309

λ
em

=466nm

λ
em

=613nm

a

Wavelength

ig. 3. PLE spectra of (a) ZnWO4 host lattice (�em = 466 nm) and (b) ZnWO4:5% Eu3+ (�
�ex = 282 nm) (right).
d in pH = 6, inset shows the selected-area electron diffraction (SADE) pattern for a
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is the initial emission intensity and � represents the 1/e lifetime

of the emission center. The lifetime is determined to be 17.5
and 15.4 �s for ZnWO4 and ZnWO4:0.1% Eu3+ nanorods, respec-
tively. The shortening lifetime of ZnWO4:0.1% Eu3+ is a further
evidence for the energy transfer from WO4

2− to Eu3+ in ZnWO4
host.
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ig. 4. PL spectra of ZnWO4:xEu3+ (mol.%) (x = 0, 0.1, 0.5, 1, 2, 3, 5) (�ex = 282 nm).
nset shows the luminescence decay curves of WO4

2− in (a) ZnWO4, (b) ZnWO4:0.1%
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Fig. 5 illustrates the model of the possible PL process with princi-
al radiative and nonradiative courses. Upon excitation at 282 nm,
he charge transfer of O2− → W6+ firstly happens and emits blue-
reen light extending from 380 to 580 nm. On the other hand,
fficient energy transfer from WO4

2− to 4f shell of Eu3+ occurs. Thus,
he electrons of Eu3+ at 5D0 excited state can populate both from the
onradiative charge transfer feeding and the 5DJ → 5D0 relaxation,
hen emit the characteristic red light at 577, 590, 613 and 624 nm
orresponding to the 5D0 → 7FJ (J = 0–3) transitions, respectively.

Following the available CIE (Commission International de
’Eclairage, France, 1931) standard, we computed the CIE chro-
aticity coordinates (x, y) of ZnWO4:Eu3+ phosphors and are
arked as points a, b, c, d, e, f and g in Fig. 6. In the figure, R,

, and B (denoted by black squares) represent the color gamut
ositions of red, green, and blue of CRTs, respectively, i.e., R for
2O2S:Eu (x = 0.624, y = 0.337), G for ZnS:Cu,Al (x = 0.312, y = 0.597),
nd B for ZnS:Ag (x = 0.157, y = 0.069) [33]. The upper arc in Fig. 6 is
he locus of saturated colors. All the colors and shades that eye can

ig. 5. The schematic energy level diagrams of possible excitation and visible emis-
ion for ZnWO4:Eu3+ system.
Fig. 6. The corresponding CIE chromaticity diagram of ZnWO4:x% Eu3+ (mol.%) with
various Eu3+ concentrations (G, R, B: CRTs coordinates), (a) x = 0, (b) x = 0.1, (c) x = 0.5,
(d) x = 1, (e) x = 2, (f) x = 3, (g) x = 5.

resolve are enclosed between the area of saturated colors and the
straight line labeled magenta. The central region appears white. The
corresponding CIE coordinates for ZnWO4:xEu3+ (x = 0, 0.1, 0.5, 1,
2, 3, 5 mol.%) phosphors are determined to be (x = 0.23, y = 0.24),
(x = 0.27, y = 0.29), (x = 0.32, y = 0.30), (x = 0.40, y = 0.30), (x = 0.42,
y = 0.31), (x = 0.50, y = 0.32) and (x = 0.31, y = 0.29), respectively. As
shown in Fig. 6, the color tone changes from blue (represented by
point a) through white zone (represented by points b, c, d, e) and
finally to orange (represented by point f) with increasing concen-
tration of Eu3+ ion. Especially, the point c (x = 0.5) which locates at
x = 0.32, y = 0.30 with a color temperature of 5919 K, is very close to
the standard white chromaticity (x = 0.33, y = 0.33) for the National
Television Standard Committee (NTSC) system. In summary, a fine-
tuning emission color can be easily realized by adjusting the Eu3+

concentration appropriately in a single-phased host lattice.

4. Conclusions

In summary, we briefly concluded that ZnWO4:x% Eu3+ 0 ≤ x ≤ 5
nanorods were prepared by a facile template-free hydrother-
mal route. Upon excitation at 282 nm, white light emission was
obtained by combining the blue-green emission assigned to the
charge-transfer transition of tungstate group and the red emissions
of Eu3+. Investigation of the variation concentration of Eu3+ indi-
cated the energy transfer from tungstate group to Eu3+ in ZnWO4
host. Tunable color from blue though white and finally to orange
could be realized by adjusting the Eu3+-doping concentration. A
nearly ideal white light of ZnWO4:0.5% Eu3+ with CIE coordinates
(x = 0.32, y = 0.30) and color temperature of 5919 K implies the
potential applications in deep ultraviolet LEDs for pc-WLEDs.
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