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a b s t r a c t

Red emitting nano-sized Y(P,V)O4:Eu3+ phosphors were prepared by liquid phase precursor (LPP) method
followed by grinding in planetary ball mill, and their photoluminescence (PL) properties were inves-
tigated. A single phase Y(P,V)O4:Eu3+ phosphor was successfully synthesized by LPP process, and
as-synthesized phosphor exhibited an elongated morphology of ∼2 �m long and ∼400 nm wide. The
vailable online 14 January 2011
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planetary ball milling yielded a spherical nano-powder of ∼100 nm size and its PL intensity decreased
to 17% of as-synthesized phosphor due to some degree of amorphization. The subsequent annealing at
1100 ◦C produced a well-crystallized, polygonal shaped Y(P,V)O4:Eu3+ nano phosphor of ∼300 nm size
and its PL intensity increased to 120% compared to both as-synthesized and commercial Y(P,V)O4:Eu3+

phosphors.

lanetary ball milling
(P,V)O4:Eu3+

. Introduction

Eu3+-doped yttrium orthovanadate (YVO4:Eu3+) has been used
s a red phosphor in color television and cathode ray tubes, owing
o its high luminescence efficiency upon electron-beam excita-
ion [1]. Recently, it has been considered as an alternative red
hosphor for a plasma display panel (PDP) application because

t exhibits a great color saturation in the red compared to the
ommercial (Y,Gd)BO3:Eu3+ phosphor [2]. For the improved per-
ormance, the researches were focused on the effects of host

atrix composition, particle size, and morphology on the lumi-
escence properties. A complete solid solution has been reported

n Y(P1−xVx)O4:Eu3+ thin films from x = 0 to x = 1 with xenotime
tructure [3], and the partial substitution of P for V and Gd for
exhibited the better luminescent properties [4,5]. An extensive

esearch work has been performed on the nanosized YVO4:Eu3+

6,7], but nanoparticle phosphors (�100 nm) usually showed low
uantum yields and consequently low emission intensities com-

ared to bulk counterparts [8–11]. The highest emission intensity

n YBO3:Eu3+ phosphors was observed at ∼500 nm size when exam-
ned in the range of 17–3000 nm-sized phosphors [12]. However,
he nanocrystalline Y2O3:Eu phosphor (∼100 nm) without any sur-
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face defect layer showed a 10–20% higher photoluminescence
efficiency compared to the commercial bulk material [13], and sim-
ilar improvement was observed in the microwave-induced solution
combustion synthesized nanocrystalline BaMgAl10O17:Eu2+ (BAM)
phosphor [14]. The spray pyrolysis-derived spherical YVO4:Eu3+

phosphors have a higher emission intensity than that of cit-
rate gel-derived non-spherical phosphors due to high packing
density and low scattering of light [15]. The hydrothermally synthe-
sized YVO4:Eu3+ phosphors exhibited the different morphologies
depending on the pH values, and the soybean-like nanopowders
showed a higher intensity than those with other shapes [16]. The
different host morphology in nanocrystalline YVO4:Eu3+ phosphor
changes the site symmetry around Eu3+ ions, which influences
the chromaticity (color purity) of phosphors [17]. In addition, the
optimization of other extrinsic properties such as particle agglom-
eration, dispersion, surface passivation, and core-shell structure is
also known to have a great impact on the luminescence efficiency
[18–21].

In this study, a single phase Y(P,V)O4:Eu3+ red phosphor was
synthesized by liquid phase precursor (LPP) method using cellu-
lose pulp as a template, which yielded the elongated micron-sized

powder. To produce nano-sized phosphor with spherical shape,
as-synthesized powder was treated by a planetary ball milling
and post-annealed at various temperatures. The photolumines-
cence (PL) properties of the obtained nano-sized Y(P,V)O4:Eu3+

phosphors were investigated and the comparison has been made

dx.doi.org/10.1016/j.jallcom.2011.01.060
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phosphors are shown in Fig. 2. Both YPO4 and YVO4 are iso-
morphous (xenotime structure) with a space group of I41/amd
(141) [2]. The pattern for as-synthesized phosphor was completely
indexed based on the xenotime structure and all the diffraction
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Fig. 1. FESEM micrographs of (A) commercial, (B) as-synthe

ith both as-synthesized and commercially available micron-sized
(P,V)O4:Eu3+ phosphors.

. Experimental

Y0.97(P0.845V0.455)O4:Eu0.03
3+ phosphor was prepared by LPP technique using

(SO4)2·xH2O, YCl3·6H2O, Eu(NO3)3·6H2O, and P2O5 as starting materials. The lint-
ree cellulose pulp (C6H10O6) was used as a template and it was impregnated in
he mixed aqueous solution of the stoichiometric metal salts at a ratio of 1.1–1.3 in
eight. The impregnated pulp was calcined at 1150 ◦C for 1 h in air to obtain a single
hase Y(P,V)O4:Eu phosphor. Further details of material preparation are illustrated
lsewhere [11]. A planetary ball milling was employed, which is known to be a very
ffective method to produce nano-sized powder [22]. Ball milling was conducted in
lanetary ball mill (Pulverisette 5, FRITSCH, Germany) with zirconia balls and zir-
onia jar in absolute ethanol medium. The rotation speed was 250 rpm and milling
ime was varied from 12 to 48 h. The milled powders were dried at 80 ◦C for 24 h and
hen post-annealed between 900 and 1200 ◦C for 1 h in air to eliminate the defects
ntroduced by planetary ball milling and recover the crystallinity.

The phases of the obtained powders were examined by X-ray diffraction (XRD,
18XHF-SRA, MAC Science Co.). The powder morphology was observed by field

mission scanning electron microscopy (FE-SEM, JSM-6330F, JEOL), after Pt coat-
ng on carbon tape. The specific surface area of the powders was determined using
itrogen absorption (BET) (Model ASAP 2010, Micromeritics, Norcross, GA). The par-
icle size distribution was measured by dynamic light scattering spectrophotometer
DLS-700, Otsuka Electronics Co. Inc., Osaka, Japan). Photoluminescence spectra
ere measured at room temperature using a fluorescence spectrometer (FP-6500,

ASCO) equipped with a 150 W Xenon lamp at a scanning speed of 500 nm/min and
ampling interval of 0.1 nm.

. Results and discussion

The morphology of as-synthesized and milled powders is shown
n Fig. 1 along with the commercial Y(P,V)O4:Eu phosphor (KASEI
PTONIX, LTD). The commercial phosphor exhibited a rod-like

hape with a wide range of size distribution from 1 to 15 �m
Fig. 1(A)). The as-synthesized phosphor showed a similar elon-

ated morphology, but the particle size was rather smaller, ∼2 �m
ong and ∼400 nm wide, with a narrow distribution (Fig. 1(B)).
he as-synthesized powder exhibited a very smooth surface, but
t was agglomerated. During the planetary ball milling, the parti-
le fracture occurred and the size was significantly reduced. After
and milled Y(P,V)O4:Eu phosphors for (C) 12 h and (D) 48 h.

milling for 12 h, the milled powder exhibited the irregularly frac-
tured morphology and some of them still remained sub-micron
size (Fig. 1(C)). The particle size was continuously reduced and the
size distribution was narrowed with increasing the milling time.
After 48 h milling, the powder was uniformly reduced to nano par-
ticle of ≤ 100 nm size and exhibited a rather spherical morphology
(Fig. 1(D)). No noticeable change has been observed with further
increase of milling time and thus, 48 h milling was chosen as an
optimal milling time. Consistent with SEM observation, the specific
surface area increased from 1.8 to 27 m2/g after milling and the
estimated equivalent particle size of milled phosphor was 52 nm
assuming that the density of Y(P,V)O4 is 4.3 g/cm3 with a spherical
morphology.

The XRD patterns of as-synthesized and milled Y(P,V)O4:Eu
θ2θ

Fig. 2. XRD patterns of (A) as-synthesized, and milled Y(P,V)O4:Eu phosphors for
(B) 12 h, (C) 24 h, and (D) 48 h. The reference diffraction patterns of YPO4 (JCPDS No.
73-1980) and YVO4 (JCPDS No. 70-0194) are included.
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ig. 3. Emission spectra of (A) as-synthesized, (B) commercial, and milled
(P,V)O4:Eu phosphors for (C) 12 h, (D) 24 h, and (E) 48 h.

eaks were located between the corresponding peaks for YPO4
nd YVO4 (Fig. 2(A)). No phase change was found after planetary
all milling, but the diffraction peaks were broadened and their

ntensity was significantly reduced. After 24 h milling, no further
ecrease of intensity was observed and the diffraction patterns
emained almost same (Fig. 2(C) and (D)). The decrease of peak
ntensity is associated with the surface defects and amorphization
enerated during the ball milling process. The formation of amor-
hous phase through high energy ball milling was already reported

n other systems [23].
The PL spectra of as-synthesized and milled Y(P,V)O4:Eu phos-

hors are shown in Fig. 3. The emission spectrum of as-synthesized
hosphor exhibited one peak in the range of 590–600 and
hree peaks in the range of 610–630 nm under the excitation of
exc = 254 nm, which are attributed to 5D0 → 7F1 and 5D0 → 7F2

ransitions of Eu3+ ion, respectively. The intensity of as-synthesized
hosphor was comparable to that of commercial Y(P,V)O4:Eu phos-
hor even though they are slightly different in particle size and
orphology. Consistent with XRD results, the emission intensity

Fig. 4. FESEM micrographs of annealed Y(P,V)O4:Eu phosphor
Fig. 5. XRD patterns of annealed Y(P,V)O4:Eu phosphors at (A) 900, (B) 1000, (C)
1100, and (D) 1200 ◦C for 1 h.

dramatically decreased with milling time and it reached 17% of the
original value after 24 h milling (Fig. 3(D)). There was no notice-
able shift of peak position in the spectra of the milled phosphor.
One thing to note in the spectra is that the PL intensity of 48 h
milled powder was slightly higher than that of 24 h milled phos-
phor (Fig. 3(D) and (E)). It was reported that at the first stage of high
energy milling, a dramatic refinement of particle size occurred and
structural defects and disorder were induced, which lead to some
degree of amorphization [24]. In the second stage, new (or desired)
phases nucleated and grew from the activated amorphous matrix.
Based on these observation, it is speculated that defect-free nuclei
are nucleated in activated amorphous matrix and subsequently
crystallized into nanometer scale Y(P,V)O4:Eu particles after 24 h
milling, which resulted in the increase of PL intensity without fur-
ther decrease of XRD intensity as shown in Fig. 2. Further work such
as TEM is required to confirm this hypothesis.
The morphology and XRD patterns of annealed Y(P,V)O4:Eu
phosphors after planetary ball milling are shown in Figs. 4 and 5,
respectively as a function of annealing temperature. After anneal-
ing at 900 ◦C for 1 h, no particle coarsening occurred and the

s at (A) 900, (B) 1000, (C) 1100, and (D) 1200 ◦C for 1 h.
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ig. 6. Particle size distribution of (A) as-synthesized and (B) annealed Y(P,V)O4:Eu
hosphors at 1100 ◦C for 1 h.

hape and size remained almost same as those of milled powder
Fig. 4(A)). The diffraction peaks were still broad and their inten-
ity was relatively low, indicating that the amorphous nature and
he damages introduced during milling were not fully recovered
Fig. 5(A)). With increasing the annealing temperature, the particles
ere coarsened and polygonal shaped particles appeared, which

re believed to be newly recrystallized, defect-free Y(P,V)O4:Eu
articles. At 1100 ◦C, the particles were grown up to ∼300 nm with
polygonal shape (Fig. 4(C)). The specific surface area and equiv-

lent particle size were 4.8 m2/g and 280 nm, respectively. The
btained powder had a narrow size distribution (Fig. 6(B)) and was

ell dispersed in the absolute alcohol solution without a severe

gglomeration compared to as-synthesized powder (Fig. 6(A)). It
s believed that the present method yields more uniform-sized
hosphors than the other methods such as solid state reaction, pre-
ipitation [25], and combustion [26]. The XRD intensity was almost
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ig. 7. Emission spectra of (A) as-milled, and annealed Y(P,V)O4:Eu phosphors at (B)
00, (C) 1000, (D) 1100, and (E) 1200 ◦C for 1 h. The emission spectrum of commercial
hosphor was included for reference (F).
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recovered (Fig. 5(C)). Further increase of annealing temperature
resulted in the well-faceted, polygon-shaped Y(P,V)O4:Eu parti-
cles of 500–600 nm (Fig. 4(D)). No composition change has been
found by the preliminary EDS analysis during milling and annealing
processes.

The PL spectra of annealed Y(P,V)O4:Eu phosphors after plan-
etary ball milling are shown in Fig. 7. The shape and position
of the emission peaks are unchanged revealing that the compo-
sition of Y(P,V)O4:Eu phosphors is conserved during milling and
annealing processes. The PL intensity increased with annealing
temperature and it became comparable to that of as-synthesized
phosphor at 1000 ◦C (Fig. 7(C) and (F)). The phosphor annealed
at 1100 ◦C exhibited the enhanced PL properties and its intensity
reached 120% compared to the original value (Fig. 7(D)), which can
be attributed to the well-crystallized, uniform-sized particle with
a smooth surface. Thus, the roundish shaped phosphor exhibited
more improved luminescence properties than elongated or plate
shaped phosphor. The annealing at 1200 ◦C increased the particle
size approximately twice, but the improvement of PL intensity was
insignificant (Fig. 7(D) and (E)), possibly due to the irregular shape
and wide size distribution originating from particle coarsening [27].

4. Conclusions

The combined process, planetary ball milling and post-
annealing, was employed to fabricate the nano-sized phosphor
of spherical morphology and to improve the emission property
of the phosphor. This approach was applied to the elongated
micron-sized, red-emitting Y(P,V)O4:Eu phosphor, prepared by the
liquid phase precursor method. The planetary ball milling effec-
tively reduced the particle size resulting in the ∼100 nm sized,
amorphous powder. The subsequent post-annealing at 1100 ◦C
yielded the well crystallized, polygonal shaped Y(P,V)O4:Eu3+ phos-
phor. The obtained nano-phosphor was well dispersed in absolute
alcohol and its PL intensity increased to 120% compared to both
as-synthesized and commercial phosphors. It is expected that such
a surface and shape modification process can improve the lumi-
nescence properties of Y(P,V)O4:Eu3+ and be applied to the other
phosphor materials.
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