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Abstract

Self-activated luminescence ceramic Sr2ZrCeO6 were prepared via typical solid-state reaction. X-ray diffraction (XRD) and scanning electron
microscope (SEM) were utilized to characterize the ceramic. The photoluminescence excitation and emission spectra, the fluorescence decay
curves, X-ray-excited luminescence (XEL), Stokes shift, and CIE color coordinates were investigated. The ceramics can be efficiently excited by
UV light and realize yellowish-green luminescence band peaked at 520 nm with lifetime of about 6 μs. The luminescence mechanism was
discussed on the base of the luminescence properties and crystal structure. The origin of the luminescence was suggested from self-activation
center of the octahedral Zr–O groups from the Zr4+–O2� CT transition.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Compounds with perovskite ABX3 structure are very well-
known inorganic materials, which have been intensively studied
in the modern solid state sciences; here A sites are larger cations, B
sites are occupied by the smaller cations, and X is anion;
Octahedral BX6 groups link by the vertices and form three-
dimensional frame. This forms a very large group of versatile
and interesting materials, which cover conductor, semiconductor,
superconductor, dielectricity (pyro-, piezo- and ferroelectric),
magnetic, luminescence, photo-catalytic, energy save, etc. [1–8].

The substitution on B sites can result in double perovskite
A2B′B″O6 (A being alkaline-earth, B′ and B″ being two different
transition metal elements). B′ and B″ cations can occupy crystal-
lographically indistinguishable sites or distinct sites depending on
the charge and ionic radii. B′ and B″ ions in 6-coordination are
corner-shared alternately form cube-octahedral cavities, which are
filled by A-site cations [9]. These materials crystallize in different
type of lattices, viz., cubic, tetragonal, orthorhombic, monoclinic,
etc. [10]. Double perovskites have the variety of interesting
properties due to the compositional and structural diversity, which
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have been widely investigated for their structural, catalytic, and
magnetic and microwave dielectric properties [11–13].
Perovskite-type materials have been intentionally modified

by doping with rare-earth ions (RE) to enhance electrical,
mechanic and magnetic properties [14–16]. RE ions doped
perovskite-type materials have been widely studied in order to
develop multifunctional phosphors [17], for example, perovs-
kites of CaTiO3:Pr

3+ [18], SrTiO3:Pr
3+ [17], BaTiO3:Eu

3+

[19], and double perovskites of Sr2Ca(Mo,W)O6:Eu
3+ [20],

Sr2CaMoO6:Eu
3+ [9], A2CaWO6 (A¼Sr, Ba):Eu3+ [21] etc.

In this letter, of Sr2ZrCeO6 ceramic with double perovskite
structure was prepared via typical solid-state reaction. The
luminescence properties, as well as excitation and emission spectra,
X-ray excited luminescence, luminescence decay etc. were
reported. The luminescence mechanism was suggested on the base
of the luminescence properties and crystal structure. The origin of
the luminescence was suggested from self-activation center of the
octahedral Zr–O groups from the Zr4+–O2� CT transition.
2. Experimental

Sr2ZrCeO6 ceramics were prepared via typical solid-state
reaction method. The starting materials were stoichiometric
ghts reserved.
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amounts of CeO2 (Aldrich, 99.9%), ZrO2 (99.9%), SrCO3

(Aldrich, 99.99%). The raw materials were ball-milled in
alcohol for 12 h, using yttrium stabilised zirconia balls in
polymeric tanks. Then the alcohol was removed by drying the
milled slurry at 80 1C for 24 h in an oven. Then it was calcined
in a muffle furnace at 880 1C for 4 h. The calcinated powders
were dry pressed into a pellet in a steel mold. The pellets were
then sintered at 1400–1450 1C for 8 h in air. For a comparison,
another sample was sintered in a reducing atmosphere (CO).
Both the heating rate and the cooling rate were set to 5 1C/min.

The lattice parameters and phase identification were mea-
sured by X-ray powder diffraction measurement (Philips,
X’Pert-MPD System) which were collected on a Rigaku D/
Max diffractometer operating at 40 kV, 30 mA with Bragg-
Brentano geometry using Cu Kα radiation (λ¼1.5405 Å). The
UV-excited luminescence spectra were recorded on a Perkin-
Elmer LS-50B luminescence spectrometer with Monk–Gillie-
son type monochromators and a xenon discharge lamp used as
an excitation source. The X-ray excited luminescence (XEL)
spectra were measured by using an X-ray-excited spectro-
meter, FluorMain, where an F-30 movable X-ray tube (W
anticathode target) was used as the X-ray source. Monochro-
mators used for XEL were Monk–Gillieson type which
provides the wavelength accuracy of 71.0 nm and the
wavelength reproducibility of 70.5 nm. The luminescence
decay curves were recorded by the 500 MHz digital storage
oscilloscope (Tektronics TDS754A). The samples were excited
by the forth harmonics (266 nm) of Nd-YAG pulsed laser.
Fig. 2. The sketch map of Sr2ZrCeO6 crystal structure.

3. Results

The as-prepared sample of Sr2ZrCeO6 ceramics at 1400 and
1450 1C were identified by powder X-ray diffraction measure-
ments as shown in Fig. 1. The sharp peaks in each XRD
pattern indicate a good crystallinity. The diffraction patterns
have the same profiles with the PDF2 card number No. 54-
0959 (SrCe0.5Zr0.5O3) selected in the International Centre for
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Fig. 1. The XRD patterns of Sr2ZrCeO6 ceramic sintered at 1400 1C (a) and
1450 1C (b) which are compared with the standard pattern card PDF2 No. 54-
0959.
Diffraction Data (ICDD) database. No impurity lines are
observed, and all the reflections could be well indexed to a
double perovskite single phase with space group Pnma (62).
The lattice parameters of the samples were fitted by Jade 5.0
program as following: a¼5.970 Å, b¼5.112 Å, c¼8.431 Å,
Volume V¼297.586 Å3, formula units Z¼4. This is in
agreement with the reported values [22].
Fig. 2 shows the structure sketch map of the unit cell of

Sr2ZrCeO6 crystal, which was modeled using the Diamond
Crystal and Molecular Structure Visualization software on the
basis of the atomic coordinate′s data reported in refs [22].
Double perovskite structure Sr2ZrCeO6 is derived from the
typical perovskite ABO3, which is built up from ZrO6 and
CeO6 octahedral linked together by corners, forming a three-
dimensional framework as shown in Fig. 2. In the structure
Fig. 3. The typical SEM images of Sr2ZrCeO6 ceramics with different
amplification.
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Sr2+ (A-site) ions are coordinated to 12 oxygen atoms.
Octahedral site cation ordering leading to a rocksalt structure
is particularly favorable when there is a large difference in
oxidation state and or ionic radii of the Zr4+ and Ce4+ cations.

Fig. 3 shows the representative SEM micrograph of ceramic
sample Sr2ZrCeO6 (1400 1C for 5 h). The ceramics show
dense and well-grown grains. The ceramic particles have very
fine and irregular elliptical or ball shapes with average sizes of
10 μm.

Fig. 4 presents the photoluminescence excitation (λem¼520
nm) and emission (λem¼315 nm) spectra of Sr2ZrCeO6

ceramics. The excitation spectrum by monitoring at 520 nm
consists of a broad absorption band from 220 to 350 nm with a
maximum at around 315 nm.

Sr2ZrCeO6 ceramics present green color under the excitation
of UV light (250–350 nm). The emission spectrum excited by
315 nm UV light shows bright green luminescence with the
maximum wavelength at 520 nm (Fig. 4). The full width at
half maximum (FWHM) of the emission band is about
200 300 400 500 600 700
0.0

0.2

0.4

0.6

0.8

1.0
λex=310 nm

In
te

ns
ity

 (a
. u

.)

Wavelength (nm)

λem=520 nm

Fig. 4. The room temperature excitation (λem¼520 nm) and emission
(λem¼315 nm) spectra of Sr2ZrCeO6 ceramics.
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Fig. 5. The luminescence decay curves of Sr2ZrCeO6 ceramics by monitoring
emission from 520 and 610 nm under 266 nm excitation at 300 K
6100 cm�1. The Stokes shift of Sr2ZrCeO6 luminescence
can be estimated to be 12.5� 103 cm�1. The CIE chromaticity
coordinates of luminescence in Sr2ZrCeO6 ceramic were
calculated to be (0.311, 0.383), which are close to pure white
region of the standard of National Television Standards
Committee (NTSC) (x¼0.33, y¼0.33).
The luminescence decay curves of Sr2ZrCeO6 ceramic under

the excitation of the fourth harmonic 266 nm of a pulsed Nd:
YAG laser are shown in Fig. 5; The luminescence decay
curves exhibit a biexponential feature. Apparently, the two
emission bands show the same luminescence decay character-
istics, indicating the same dynamic emission transition from
one luminescence center. The decay curves can be fitted by the
equation:

τave ¼
R1
0 tIðtÞdt
R1
0 IðtÞdt ð1Þ

where I(t) is the luminescence intensity; t is the time; By fiting
the curves in Eq. (1), the average decay lifetime values of 610
and 520 nm are calculated to be about 6.02 and 5.95 μs,
respectively.
The luminescence of Sr2ZrCeO6 ceramics was also detected

under excitation of X-ray; and the XEL spectrum is shown in
Fig. 6. The emission shows green luminescence band centered
at 525 nm with a full width at half maximum (FWHM) of
5700 cm�1. Under the excitation with X-ray, the emission
spectrum keeps the same profile as that under 315 nm. It is
interesting that the luminescence intensities under X-ray are
different from that under UV light. The sample presents very
weak luminescence, which is only several percent of
Bi4Ge3O12 powders under the same conditions at room
temperature. This indicates that the ceramics are not effective
candidates as potential XEL material or scintillator.
4. Discussion

The crystal structure of double perovskite Sr2ZrCeO6 is
derived from the typical perovskite ABO3. SrZrO3 and SrCeO3
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Fig. 6. The X-ray-excited luminescence spectra of Sr2ZrCeO6 ceramic at
300 K.
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do not show any luminescence, however, efficient lumin-
escence can be observed in Sr2ZrCeO6 under UV light
excitation. There are several possible mechanisms for this
luminescence: (1) a possible defect center; some defects such
as perhaps an oxygen vacancy or a cation disorder could be
formed; (2) a d–f transition in the excited states Ce3+ ions; (3)
a charge transfer (CT) transition of Ce4+ to O2�, and (4) a CT
transition from Zr4+ to O2�.

Usually, luminescence in self-activated oxides might come
from the delocalization of electrons in various defect levels or
energy states lying within the band gap of materials [23]. The
formations of lattice defects such as oxygen-vacancies, cation
vacancies etc. are possible in the solid-state reaction at high
temperature. In this work, luminescence was also detected in
the sample sintered in CO atmosphere; however, no difference
can be found in the emission spectra from the samples sintered
in air and in a reducing atmosphere (CO). This indicates that
vacancy defects are not the luminescence centers responsible
for the efficient luminescence.

For Ce3+-based materials, a luminescence could arise from d
to f transitions of Ce3+ ions. The d–f transitions in a Ce3+

excited state should have a lifetime of a few tenth ns. The long
excited-state lifetimes (about 6.0 μs) in Fig. 5 exclude the
origin of emission from d to f transitions of Ce3+ ions. By the
way, it is necessary to get Ce3+ ions by sintering the raw
mixtures (containing CeO2) at high temperatures in a reducing
atmosphere (N2+H2) or CO. In this work, the ceramics
prepared by a solid-state reaction method in air are expected
to be present in the form of Ce4+.

In this case, is it possible that the emission in Sr2ZrCeO6

from a CT transition of Ce4+ to O2�, i.e., an electron is excited
from a delocalized ligand to the 4f shell of Ce4+? It is well-
known that a CT luminescence of Ce4+ has a very strict
limitation on a crystal structure, which must be comprised of
one-dimensional chains of edge-sharing CeO6 octahedral. To
date, Sr2CeO4 has been the only material in which the CT
luminescence of Ce4+ is observed [24,25]. The other known
Ce4+-based compounds such as SrCeO3 and BaCeO3 each
with a three-dimensional CeO6 frame-work structure, do not
have any luminescence. Sr2ZrCeO6 is based on an orthorhom-
bic framework of corner-sharing ZrO6 and CeO6 octahedral in
the structure. This implies that the luminescence in Sr2ZrCeO6

is very difficult from a Ce4+-to-O2� CT transition.
Consequentially, the excitation and fluorescence band in

Sr2ZrCeO6 can be suggested from self-activation center of
octahedral Zr–O groups by Zr4+–O2� CT transitions. Usually
luminescence due to CT transitions from Zr4+ to O2� in Zr4+

-containing compounds are located at short wavelength in
UV–VUV region [26], for example, 320 nm in Sr2ZrO4, [27]
285 nm in SrZrSi2O7 and BaZrSi3O9 [28], 365 nm in
BaHf1�xZrx(PO4)2 [29], and 290 nm in YPO4:Zr

4+ [30].
However, the emission in Sr2ZrCeO6 (520 nm) is longer than
those of the previously reported Zr4+-containing compounds.
Similar long wavelength emissions of Zr4+ are reported in
β-Zn3(PO4)2:Zr

4+ (485 nm) [31], Ca3ZrSi2O9 (540 nm) [26],
ZrO2 xerogel (515 nm) [32], Ca4ZrGe3O12 (530 nm) [33], and
K2YZr(PO4)3 (480 nm) [34]. This difference is due to local
surrounding of Zr4+ ions in the lattices. It has been confirmed
that Zr4+ gives UV emission in a Zr-containing compound
where the site symmetry occupied by Zr4+ is close to an ideal
octahedron [28]. The low-energy emission (long wavelength)
has been suggested to be related to the unusually disordered
environments of Zr4+ ions in Zr-containing compounds [31].
The structure of double perovskite A2B′B″O6 is very easy to

get different types of disorder in the cation or anion (or both)
frameworks because of the difference between B′O6 and B″O6

octahedral. For a perovskite the tolerance factor, τ, gives a
measure of the fit of the larger A-site cation to the cubic
framework of corner connected octahedral. When τ falls below
unity, the octahedral tilting distortions are expected [35].
Fig. 2 is the schematic picture of double perovskite

Sr2ZrCeO6. Zr
4+ (r¼0.72 nm CN¼6) and Ce4+ (r¼1.01 nm

CN¼6) ions on B-sites have obvious octahedral tilting
because of the difference between their ionic radius, i.e., one
rotates clockwise, and another rotates counterclockwise. It
could be suggested that the disorder of Zr4+ sites in Sr2ZrCeO6

lattices could bring unusual luminescence, i.e., long wave-
length emission. Similar situation can be found in the other
transition-metal oxides. For example, blue and green emission
bands in niobates are due to two different niobate centers, viz,
a regular and a defect niobate center [36]. Usually the efficient
blue emission originates from the regular niobate center and
the weaker green emission from the defect niobate center [37].
5. Conclusions

Sr2ZrCeO6 ceramics were prepared via typical solid-state
reaction, which can crystallize in fine grains with average sizes
of 10 μm. The luminescence properties and luminescence
mechanism were suggested. The ceramics can be excited by
UV light (220 to 350 nm) and X-ray irradiations. The emission
of Sr2ZrCeO6 ceramics shows bright green luminescence with
the maximum wavelength at 520 nm and CIE color coordi-
nates of x¼0.311, y¼0.383. The Stokes shift was estimated to
be 12.5� 103 cm�1. The sample presents one luminescence
center with average decay time value of about 6.0 μs. The
luminescence of double perovskite Sr2ZrCeO6 is unusual, i.e.,
it is at longer wavelength than those of the previously reported
Zr4+-containing compounds. The unusual self-activated lumi-
nescence in Sr2ZrCeO6 might be related to the disturbed
environment of Zr4+ ions in the lattice. To elucidate the
detailed luminescence mechanism of perovskite Sr2ZrCeO6,
investigations will be conducted in the future.
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