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a b s t r a c t

Monodisperse non-agglomerated Lu2O3:Eu3+ submicrometer spheres were obtained by the homoge-
neous precipitation technique with subsequent annealing for spheres crystallization. The morphological
and structural parameters of the Lu2O3:Eu3+ crystalline spheres prepared were investigated by the elec-
tron microscopy methods, thermal analysis (TG-DTA), X-ray diffractometry (XRD), X-ray photoelectron
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(XPS) and FT-IR spectroscopy. The influence of the annealing temperature on the morphology and spheric-
ity was shown. Eu3+-doped lutetium oxide spheres were characterized by effective luminescence under
X-ray excitation in the � = 575–725 nm range corresponding to 5D0 → 7FJ transitions (J = 0–4) of Eu3+ ions.
It was shown that the X-ray luminescence efficiency of the Lu2O3:Eu3+ spherical phosphors prepared
strongly depend on annealing temperature and dopant concentration.

© 2011 Elsevier B.V. All rights reserved.

-ray diffraction

. Introduction

Nowadays, monodisperse spherical particles of the varied com-
ositions are widely studied due to the prospective application
oth in practical and fundamental aspects. Colloidal suspensions
f the nano- and submicrospheres (SiO2, TiO2, polymer etc. [1–3])
re playing an increasingly important role as model systems to
tudy a variety of phenomena in condensed matter physics in
eal space, such as nucleation, growth mechanisms and rheology
spects.

Moreover spherical particles show ability to self-organization
n ordered photonic crystals (PhCs), a promising optical materials
ue to the possibility Bragg-reflect the light with the wavelength
efined by the spheres diameter [4,5]. Highly efficient light-
mitting materials for display technologies (cathode ray tubes,
lasma display panels, and field emission displays) can be achieved
y the placing of the luminescent component inside the PhC, it can
e realized by using of the phosphor spheres as structural units for
uch photonic crystals preparing. Thus, its stimulate active progress
n development and study of the inorganic luminescent spherical

ano- and submicron particles of the mixed compositions (rare-
arth doped SiO2, Y2O3:Eu3+, (Y1−xGdx)2O3:Eu3+, etc. [6–8]) or with
ore–shell structure [9,10].

∗ Corresponding author.
E-mail address: yermolayeva@isc.kharkov.ua (Y.V. Yermolayeva).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.02.022
To extend phosphors to high resolution applications, fine
phosphor particles with ideal spherical morphology, controllable
diameters, narrow size distribution and homogeneous composition
as well as required surface properties for the self-assembling would
be highly desirable. A variety of methods have been successfully
applied to the preparation of the spherical phosphors, including
sol–gel and hydrothermal technology, precipitation route, combus-
tion and spray pyrolysis methods [8,11–15]. Among these methods,
urea-based homogeneous precipitation (UBHP) technique is widely
used for the synthesis of the inorganic particles with the highly
controllable sizes and well-defined morphologies by taking advan-
tages of the slow decomposition of urea at the temperatures
above 80 ◦C. The in situ decomposition of urea releases of the pre-
cipitating ligands (OH− and CO3

2−) slowly and homogeneously
into the reaction system, avoiding localized distribution of the
reactants and thus making it possible to exercise control over
nucleation and growth. The UBHP technique was employed to
precipitate amorphous colloidal spheres of the mixed Y/Gd, Y/Eu,
Gd/Eu basic carbonates (precursor) with subsequent annealing for
the polycrystalline rare-earth oxides resultant particles obtaining
[7,12,14].

The luminescence parameters of the phosphor particles are
strongly depend on its morphology, surface area, crystallite sizes,

which is defined by the synthesis conditions, reagents concen-
tration, etc. The morphology dependent luminescence properties
of Y2O3:Eu3+ phosphors prepared were analyzed earlier [8,16,17].
Thus, it was concluded that the spherical morphology is good for
improving the emission intensity as well as that particles with

dx.doi.org/10.1016/j.jallcom.2011.02.022
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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smaller surface area showed higher photoluminescence inten-
ity. The luminescence intensities were also found to be strongly
ependent on crystallites size for Y2O3:Eu3+ and Gd2O3:Eu3+ poly-
rystalline particles [8,18].

Lutetium oxide (Lu2O3) doped with trivalent europium (Eu3+)
ons is a structural analog of effective commercial Y2O3:Eu3+ red
hosphor, and belongs to cubic structure, space group Ia3. It is
eported earlier that lutetium is more favorable cation than yttrium
or lanthanide dopant emission [19]. Moreover, Lu2O3:Eu3+ is one
f the most perspective material for X-ray detection and imaging
ue to high effective atomic number Zeff. = 67 and its extremely high
ensity (� = 9.4 g/cm3) in comparison with Y2O3 (� = 4,8 g/cm3) and
d2O3 (� = 7,6 g/cm3). Lu2O3:Eu3+ was obtained and studied in dif-

erent forms such as powders (including nanocrystalline), sol–gel
lms and transparent ceramics [20,21]. Preparation, morphology
nd structure features of the Lu2O3:Eu3+ spherical particles has
ot been properly described yet [22]. Lu2O3:Eu3+ in the form of
he nanoshells on SiO2 spheres was prepared by us earlier for the
reation of the spherical and size controlled phosphors [9]. How-
ver, the principal drawback of the luminescent nanoshells is lower
uminescence efficiency comparatively with bulk materials due to
he surface quenching processes through the decrease of the vol-
me/surface ratio of the phosphor layer. That is why, the bare
u2O3:Eu3+ spherical particles were chosen as investigation object
n the present study.

In this work, we report a systematic experimental study regard-
ng the preparing of the Lu2O3:Eu3+ spheres by UBHP method
nd their characterization and also the influence of the annealing
emperature on the structure and morphology of the Lu2O3:Eu3+

hosphors.

. Experimental

The Lu2O3:Eu3+ spheres were obtained by the UBHP technique. Europium con-
ent was ranged from 1 to 10 at.% with respect to lutetium. Firstly, high-purity
utetium oxide (Lu2O3, 99.99%) and europium oxide (Eu2O3, 99.99%) powders were
issolved in nitric acid to form Lu(NO3)3 and Eu(NO3)3 solutions. Synthesis pro-
edure was carried out in water solution of Lu(NO3)3 (2 × 10−3 mol/L), Eu(NO3)3

nd urea ((NH2)2CO) as a precipitant. The molar ratio [Lu3+]/[urea] was 0.002 for
reparing the precursor particles with the diameter about 130 nm [22]. The reac-
ive mixture was heated at 85 ± 1 ◦C to decompose the urea and stirred during 5 h.
he resulting precursor was separated by centrifugation, washed several times with
thanol and water, and dried at 60–80 ◦C to prevent “soft” agglomerates formation
22]. Finally, the precursor obtained was exposed by heating in air in 500–1200 ◦C
emperature range for 2 h to produce the final crystalline spherical particles.

The morphology of the samples obtained was studied by means of scanning
lectron microscopy (SEM) using a JSM-6390 LV (JEOL, Japan) and a transmission
lectron microscopy (TEM) using a EM-125 (Selmi, Ukraine). The X-ray diffraction
XRD) of the powder samples was examined on a DRON-3М diffractometer using
oK� radiation (� = 1.79021 Å). The average sizes of Lu2O3:Eu3+ crystallites were
ound from the broadening of the [2 2 2], [4 0 0] and [4 4 0] diffraction lines of the X-
ay patterns according to Scherrer’s formula: D = K�/(ˇcos �), where � is the X-ray
avelength, ˇ is the full-width at the half-maximum of the diffraction line located

t � angle. The thermal analysis (TG-DTA) was conducted using a MOM Q-1500
erivatograph in air within a temperature interval 20–1000 ◦C at heating rate of
0 ◦C/min. Fourier transform infrared spectroscopy (FT-IR) spectra of the samples
ere measured on a FT-IR spectrometer SPECTRUM ONE (Perkin-Elmer) with the
Br pellet technique. The surface composition of the particles prepared was studied
ith X-ray photoelectron spectroscopy (XPS) with a spectrometer XSAM-800 Kratos
sing MgK� – radiation (h� = 1253.6 eV). X-ray luminescence spectra of the samples
ere obtained using SDL-2 (LOMO, Russia) automated complex. X-ray luminescence
as excited by REIS-E X-ray source (Cu-anticathode, deceleration radiation with the

nergy E ∼30 keV), operating at U = 30 kV and I = 50 mkA.

. Results and discussion
.1. Crystallization, structure and temperature effects

The urea-precipitated and dried at 60 ◦C precursor spheres of the
uropium-doped lutetium basic carbonate (Lu(OH)CO3:Eu·H2O)
omposition were amorphous to X-rays. Scanning electron
Fig. 1. SEM image (a), EDS analysis (b) and histogram for the size distribution (c) of
the Lu(OH)CO3:Eu·H2O precursor particles.

microscopy (SEM) was used for the morphology analysis in a large
scale of the freshly prepared spheres (Fig. 1a). It is clearly seen that
Lu(OH)CO3:Eu·H2O particles have perfect spherical shape, uniform
size distribution and keep they individuality without agglomer-
ation. Energy dispersive X-ray spectrum of precursor particles
includes the peaks attributed to Lu, O and C elements presence
(Fig. 1b). Statistical analysis of the particles size distribution car-
ried out using SEM data points to a narrow size distribution for the
obtained samples (Fig. 1c).

The thermal analysis was used for the studying of the precursor
particles decomposition and crystallization process. TG-DTA curves

of the precursor powders dried at 60 ◦C are given in Fig. 2. DTA
shows one endothermic peak at about 190 ◦C corresponds to release
of hydration water, a shallow peak in the region of 320–530 ◦C,
which is related with precursor decomposition and exothermic
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Fig. 2. TG-DTA curves of the precursor particles dried at 60 ◦C.

eak at 720 ◦C is due to the lutetium oxide crystallization. The TG
urve shows two steps weight loss up to 850 ◦C. Thus, it is possible
o suggest the following mechanism of the thermal decomposition
f Lu(OH)CO3:Eu·H2O into Lu2O3:Eu:

u(OH)CO3 : Eu · H2O
60–245 ◦C−→ Lu(OH)CO3 : Eu

(7 wt%)

245–550 ◦C−→

× intermediate phases
(10–18 wt%)

550–850 ◦C−→ Lu2O3 : Eu
(26 wt%)

,

here the possible intermediate phases are Lu2(CO3)3:Eu,
u2O(CO3)2:Eu, Lu2O2CO3:Eu [23,24]. The experimental total
eight loss is about 26% and in a good agreement with the the-

retical one.
X-ray diffraction patterns of the resultant particles after heat
reatment are presented in Fig. 3. The particles prepared at the
emperatures up to crystallization point are amorphous, however
he material heated up to 600 ◦C show very broad strongly over-
apping XRD peaks which indicate that the spherical powders

ig. 3. X-ray diffraction patterns of the spherical particles annealed at the specified
emperatures for 2 h.
Fig. 4. Lattice parameter (a, Å) as a function of Eu3+ concentration.

possess some crystalline areas. The intensive narrow diffraction
peaks correspond to the (2 1 1), (2 2 2), (4 0 0), (4 1 1), (3 3 2), (4 3 1),
(4 4 0), (6 1 1) and (6 2 2) planes are registered in the patterns of
the samples annealed at temperatures above 800 ◦C proving that
crystallization process is already complete. These peaks are belong-
ing to crystalline cubic Lu2O3 structure (JCPDS card 12-0728). With
increasing of the annealing temperature the diffraction patterns
become progressively narrower, which corresponds to an increase
of the crystallite size and improvement of the material crystallinity.
No impurity peaks were observed, indicating that the spherical
powders prepared are pure in both chemistry and crystalline phase.

The lattice parameter calculated for the undoped Lu2O3 parti-
cles (a = 10.390 ± 0.006 Å) coincides well with the theoretical value.
Incorporation of the Eu3+ dopant in the Lu2O3 cubic structure leads
to the increase of lattice parameter value due to the isomorphous
substitution of Lu3+ (ionic radius 0.84 Å) by the bigger Eu3+ ion
(0.96 Å) and can be registered by the shifting of the diffraction line
towards smaller angles as the concentration of Eu3+ increases. The
linear dependence of the lattice parameter on europium content
observed in the particles is shown in Fig. 4, which testify about
homogeneous Lu2O3:Eu3+ substitutional solid solution formation
in the given concentration range. The europium concentration in
the samples was controlled by means of inductively coupled plasma
atomic emission spectroscopy (ICP-AES).

The effect of the annealing temperature on the spheres diam-
eters and morphology was studied by means of transmission
electron microscopy (TEM). The results showed that the thermal
decomposition of precursor particles accompanying about 20%
decrease of the particles average diameter. The dependence of
the particles diameter versus annealing temperature is shown in
Fig. 5a (curve 1) is in a good agreement with the TG curve and
have two characteristic plots: (1) up to 400 ◦C – intensive particles
diameter decrease due to lutetium basic carbonate decomposition;
(2) 400–800 ◦C – less intensive decrease of the particles diame-
ter, which occur during intermediate phases decomposition and
crystallization. As expected the average diameter was not changed
above 800 ◦C after the crystallization process was finished. The
Lu2O3:Eu3+ spheres have the polycrystalline structure. The average
crystallites sizes (Scherrer size) of the spherical powders annealed
at specified temperatures were calculated from XRD patterns using
the Scherrer equation (Fig. 5a, curve 2). The size of crystallites is
clearly seen to rise with the increase of annealing temperature.
Thus, it can be supposed that the intensive crystallites size growth

during thermal treatment collides with the spherical shape stability
of the particles. The TEM images show the morphology evolution
of the Lu2O3:Eu3+ particles (Fig. 5b). It is clearly seen that tendency
towards agglomeration of the spheres increases at the temperature
above 900 ◦C because of the sticking between particles. Moreover,
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Fig. 6. FT-IR spectra of the spherical particles annealed at specified temperatures.

b b b
spectra (Fig. 7a) of the precursor samples before annealing corre-
sponding well with the literature data for the lutetium hydroxide
[25]. In the XPS core level C1s spectrum of the precursors spheres
(Fig. 7a) the two lines are observed with the binding energy
ig. 5. Particles diameter (1) and Scherrer’s crystallites sizes (2) of Lu2O3:Eu3+

pheres depending on annealing temperature (a) and TEM images of the resultant
articles (b).

t the temperature above 1000 ◦C the crystalline spheres destroyed
robably because of the increasing of the stresses inside the particle
s a result of the re-crystallization processes.

.2. FT-IR spectroscopy

FT-IR spectra recorded for the spherical particles samples
nnealed at the different temperatures are shown in Fig. 6. FT-
R spectrum for precursor particles has the absorption band near
435 cm−1, which is assigned to stretching vibration of O–H bonds.
wo intensive bands at 1530 cm−1 and 1403 cm−1 are observed in
he spectrum, which are concerned with the asymmetric stretch
f C–O in CO3

2− groups. The absorption bands at 1092 cm−1 and
40 cm−1 are assigned as symmetric stretch of C–O band and
eformation vibration of C–O in CO3

2− groups, respectively [24].
hese absorption bands indicate the presence of carbonate groups
CO3

2−) in the lutetium basic carbonate precursor. The C–O group’s
ands are disappeared after the 700 ◦C annealing, which connected
ith the precursor decomposition and CO2 removing. Appearance
f Lu–O (491 cm−1 and 575 cm−1) bands testifies about crystalline
utetium oxide formation. It is necessary to notice that only the
eating at 1200 ◦C let getting rid of residual OH-impurities, which
trongly influences on the luminescence intensity.
Fig. 7. Normalized X-ray photoelectron spectra of Lu4f, Lu4d, C1s, O1s-levels of the
spherical particles samples: (a) – precursor spheres, (b) – Lu2O3 spheres (annealed
at 900 ◦C).

3.3. XPS analysis

The normalized XPS spectra of Lu4f, Lu4d, C1s and O1s-levels
of the dried precursor Lu(OH)CO3·H2O spheres as well as Lu2O3
annealed spheres at 900 ◦C are presented in Fig. 7. The lines position
in the Lu4f (E = 9.2 eV), Lu4d (E = 197.2 eV) and O1 s (E = 532.3 eV)
Fig. 8. Room-temperature X-ray-exited luminescence spectrum of Lu2O3:Eu3+

(5 at.%) spherical particles.
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ig. 9. The X-ray luminescence integral intensity of Lu2O3:Eu3+ spherical particles
epend on annealing temperature (a) and europium ions concentration (b).

85.0 eV and 290.0 eV, which are fit with hydrocarbon compounds
bsorbed on the sample surface and C–O band in CO3

2− groups,
espectively. Thus, it was proved based on FT-IR and XPS methods
hat the Lu(OH)CO3·H2O precursor was urea-precipitated during
pherical particles synthesis. The following changes are observed in
he spectra after samples annealing (Fig. 7b): (1) the line at 290.0 eV
n the C1s – spectrum is not observed and (2) the Lu4f and Lu4d
ines shift for 1 eV to lower binding energies and also (3) the line

ith the binding energy 530.0 eV in the O1s spectrum is appeared.
uch binding energies values are typical for crystalline lutetium
xides [26], which along with FT-IR data testify about lutetium
xide Lu2O3 phase formation during samples annealing.

.4. X-ray luminescence

Fig. 8 presents the normalized luminescence spectrum under
-ray excitation of the Lu2O3:Eu3+ spheres. Luminescence spec-

rum consists of a group of lines in the � = 575–725 nm spectral
egion corresponding to 5D0 → 7FJ transitions (J = 0–4) of Eu3+ ions
nd conform well to emission of the Eu3+ ions in the Lu2O3 host
attice [27]. The 5D0 → 7F2 electric dipole transitions with the max-
mum at � = 611 nm are dominant, and the emission falls within
he spectral sensitivity range of CCD camera. In the cubic Lu2O3
attice two different sites are available for Eu3+ ions with C2 and C3i
S6) symmetry. The Eu3+ ions in the C2 noncentrosymmetric site
emonstrate forced 4f–4f electric dipole transitions, while the Eu3+

ons in the symmetrical site of C3i (S6) are characterized only by

agnetic dipole transitions with significantly lower intensity. Thus,

he X-ray luminescence spectrum of the Lu2O3:Eu3+ presented in
ig. 8 corresponds to the superposition of emission of the Eu3+

ons occupying in Lu2O3 host different crystallographic positions.
he high luminescence intensity of the Lu2O3:Eu3+ sphere samples
d Compounds 509 (2011) 5320–5325

under X-ray excitation evidences the presence of an efficient chan-
nel of the energy transfer from matrix to the Eu3+ emission centers
according to a recombination mechanism [28].

The influence of the annealing temperature as well as europium
concentration on the integral X-ray luminescence intensity of the
Lu2O3:Eu3+ spheres was studied in detail. By varying of the Eu3+

content in Lu2O3 host, we determined the compositions with
the highest X-ray-exited emission intensity. Fig. 9a shows the
dependence of the radioluminescence intensity on the Eu3+ ions
concentration in the Lu2O3:Eu3+ spheres. The maximum of X-ray
luminescence intensity was observed for europium ions concen-
tration of about 5 at.%. The further increase of the Eu3+ ions content
results in the decrease of the luminescence yield due to the con-
centration quenching effect.

Fig. 9b shows the luminescence intensity of the Lu2O3:Eu3+

(5 at.%) spheres depending on the annealing temperature. It is
clearly seen that with the rising of the annealing temperature
the luminescence intensity increases. First of all, this fact can be
related to the rising of the crystallites sizes (Fig. 5a) and as a result
improvement of the particles crystallinity. Furthermore, lumines-
cence increasing is probably caused by the removal of quenching
impurities, particularly hydroxyl-groups (OH) [29], which was
observed according to FT-IR results (Fig. 6). However, along with
significant enhancement of the spherical particles luminescence
with the increasing of annealing temperature the loss of sphericity
take place and the agglomeration processes become more effec-
tive that limits the practical application of the particles annealed at
temperatures above 1000 ◦C.

4. Conclusions

Uniform-sized submicrometer spherical Lu2O3:Eu3+ phosphors
have been obtained by the urea-based homogeneous precipi-
tation with subsequent annealing at the temperatures ranging
from 500 ◦C to 1200 ◦C for the precursor decomposition and
crystallization. Combined analysis of TG-DTA, FT-IR and XPS char-
acterizations reveals that the precursor has a lutetium basic
carbonate composition and its thermal decomposition process
includes the removal of hydration water, OH− and CO3

2− ions
during annealing. It was shown that the annealing temperature
strongly influences on the structure, morphology and composi-
tion of the spherical Lu2O3:Eu3+ phosphors obtained. Lu2O3:Eu3+

cubic phase is found to crystallize complete at 800 ◦C and heat
treatment above 1000 ◦C results in deformation of the spher-
ical shape of the particles and also initiates the processes of
sintering and agglomeration. However the improvement of the par-
ticles crystallinity and removing residual quenching centers (OH)
at the high temperatures leads to increase the X-ray lumines-
cence efficiency of Lu2O3:Eu3+ phosphors. The phosphor spheres
developed in this work are attractive as building blocks for scintil-
lation films for X-ray imaging and also for new types of photonic
structures.
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