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Synthesis and luminescence properties of ZrO2:Gd3+, RE3+

(RE = Sm3+, Er3+) phosphors
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In the present study, ZrO2 co-doped with Gd3+/Sm3+ and Gd3+/Er3+ ions have been synthesized using Pechini method.
Phase composition, morphology and photoluminescence properties of the synthesized phosphors were investigated by using
X-ray powder diffraction (XRD), differential thermal analysis/thermal gravimetry (DTA/TG), scanning electron microscopy
(SEM) and photoluminescence spectrofluorometer (PL). After heating at 1200 °C, XRD revealed that the phosphors were
crystallized as monoclinic and tetragonal multiphases. SEM images indicated that the phosphors consist of fine and spherical
grains with a size around 200 nm to 250 nm. Luminescence studies of these phosphors have been carried out on the emission
and excitation, along with lifetime measurements.
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1. Introduction

Zirconium oxide (ZrO2) is one of the widely
studied oxide materials over the last two decades
because of its excellent electrical and optical prop-
erties, such as high dielectric constant (ranging
from 23 to 29), good thermal stability, high melt-
ing point, and wide band gap (5 eV to 7 eV) [1, 2].
Due to its excellent optical properties, such as high
refractive index, large optical band gap, low optical
loss and high transparency in the visible and near
infrared region [3, 4], it is widely used as an essen-
tial material in the optical fields including broad-
band interference filters and active electro-optical
devices. ZrO2 is an ideal host material for various
phosphors, because of its wide band-gap and low
phonon energy [5].

The intrinsic luminescence of zirconia is rela-
tively weak and therefore, for practical lumines-
cence applications, zirconia is doped with rare
earth (RE) ions [6]. Wide-band gap materials
doped with RE ions have been already commercial-
ized as luminescent phosphors. The basis for these
new applications was provided by the high quan-
tum yield of intra-shell emission in the case of RE
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or transition metal ions. Rare earth ions have been
playing an important role in modern lighting and
display fields due to the abundant emission of col-
ors based on their 4f-4f or 5d-4f transitions [7]. To
be excited efficiently, phosphors activated with rare
earth ions should have a strong and broad absorp-
tion band in the UV or VUV region depending on
the practical application requirements [7, 8].

Sol-gel technology, by which composite or-
ganic, inorganic materials are made at relatively
low temperature, involves the hydrolysis of the
constituent molecular precursors and subsequent
polycondensation to glass-like form [9]. Sol-gel
methods enable homogenous samples to be ob-
tained at low temperatures and the starting cationic
composition to be maintained by using metal salts
as raw materials and mixing them in a liquid so-
lution. The most obvious advantage of this sol-
gel method is that reagents are mostly mixed at
atomic level, which may increase the reaction rate
and decrease the synthesis temperature. In 1967,
Pechini [10] developed a process for the prepa-
ration of precursor polymeric resin. In this pro-
cess, first, a mixture of cations is formed using or-
ganic agents, such as citric acid (CA) or ethylene-
diaminetetraacetic acid (EDTA) and ethylene gly-
col (EG). Second, the cations take a chelate and
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the polymeric resin forms. Finally, this polymer de-
composes at 573 K. Two reactions are involved in
the formation of a complex between citric acid or
EDTA and metals, and esterification between citric
acid or EDTA and ethylene glycol (EG). The aim of
the polymeric organic net obtained by esterification
is to reduce any segregation of the cations [11].

In this paper, ZrO2:Gd3+–Sm3+ and
ZrO2:Gd3+–Er3+ phosphors have been pre-
pared by Pechini method using ethylene glycol and
citric acid as a chelating agent. The synthesized
phosphors were characterized by DTA/TG, XRD
and SEM. After synthesis and characterization of
the phosphors, the photoluminescence properties
were investigated using a spectrofluorometer at
room temperature.

2. Experimental

2.1. Powder synthesis

Gd3+/Sm3+ and Gd3+/Er3+ co-doped zir-
conia phosphors were prepared by Pechini
method. Powders of ZrCl4, Gd(NO3)3·6H2O,
Sm(NO3)3·6H2O and Er(NO3)3·5H2O were used
as starting materials. The initial compositions were
98ZrO2·1Gd2O3·1Sm2O3 (ZrO2:1 % Gd3+, 1 %
Sm3+) and 98ZrO2·1Gd2O3·1Er2O3 (ZrO2:1 %
Gd3+, 1 % Er3+). The powders were dissolved
in distilled water under stirring. All the cation
solutions and citric acid were mixed well in the
stoichiometric ratio. The weight ratio of the total
metal cations (Zr + Gd + Sm and Zr + Gd + Er)
to citric acid was 1:4. After that, ethylene glycol
(EG) was dropped into the continually stirred
solution. The molar ratio of citric acid to ethylene
glycol was 1:4. The solution was stirred on a hot
plate at a temperature of 80 °C for 4 h and then a
transparent gel was formed. The resulting gel was
dried at 120 °C for 24 h in air. The dried gels were
heated at 900 °C for 12 h to decompose the organic
components. The obtained precursor was then
finely ground in a mortar and sintered at 1100 °C
and 1200 °C for 12 h, respectively.

2.2. Characterization

The phase structure studies were performed
by X-ray powder diffraction (Philips PANalytical,
Empyrean) operating at CuKα radiation (45 kV,
40 mA). The thermal behavior of the phos-
phors was evaluated by thermal gravimetry (TG)
and differential thermal analysis (DTA) using a
PerkinElmer diamond analyzer in the temperature
range of 50 °C to 1000 °C under inert N2 at-
mosphere at the heating rate of 10 °C/min. The
crystallite size verification and morphology stud-
ies were performed using a LEO 440 model scan-
ning electron microscope operated at 20 kV. The
photoluminescence (PL) excitation and emission
spectra were measured by Photon Technology In-
ternational Quanta Master 30 model phospho-
rescence/fluorescence spectrofluorometer equipped
with a pulsed xenon lamp.

3. Results and discussion

3.1. Structural and morphological charac-
terization

The XRD patterns of obtained ZrO2:1 % Gd3+,
1 % Sm3+ and ZrO2:1 % Gd3+, 1 % Er3+ phos-
phors sintered at 1200 °C for 12 h are given in
Fig. 1. The observed XRD pattern peaks were in-
dexed and compared with ZrO2 monoclinic (m)
phase (JCPDS Card No. 01-078-1807) and ZrO2
tetragonal (t) phase (JCPDS Card No. 01-080-
2155). It was found that the phosphors are mostly
monoclinic and tetragonal multiphase.

The DTA/TG curves of ZrO2:1 % Gd3+, 1 %
Sm3+ phosphor are shown in Fig. 2. As seen in
the DTA curve, no endothermic or exothermic peak
is observed in the range between room tempera-
ture and 1000 °C. This observation reveals that in
the formed samples no phase transition took place
and they showed a high thermal stability up to
around 1000 °C. This result is in agreement with
the measured ones. There is no mass loss between
50 °C and 1000 °C as shown in the TG curve. The
DTA/TG curve of the ZrO2:1 % Gd3+, 1 % Er3+

phosphor is quite similar to the curves shown in
this figure.
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Fig. 1. XRD patterns of ZrO2:1 % Gd3+, 1 % Sm3+ and
ZrO2:1 % Gd3+, 1 % Er3+ phosphors calcined at
1200 °C for 12 h.

Fig. 2. DTA/TG curves of ZrO2:1 % Gd3+, 1 % Sm3+.

In order to examine the surface morphology
and particle sizes of the synthesized material, SEM
images were taken. Fig. 3 shows SEM images of
the as-prepared ZrO2:1 % Gd3+, 1 % Sm3+ and
ZrO2:1 % Gd3+, 1 % Er3+ phosphors obtained by
Pechini method at 1200 °C for 12 h. The presented
micrographs show that the phosphors consist of
regular fine grains and the particle size is between
200 nm and 250 nm.

3.2. Luminescence properties

Fig. 4 shows the excitation and emission spec-
tra of ZrO2:1 % Gd3+, 1 % Sm3+ phosphor excited
at 405 nm and monitored at 623 nm, respectively.
It exhibits a broad excitation band in the range

Fig. 3. The measured SEM images of (a) ZrO2:1 %
Gd3+, 1 % Sm3+ and (b) ZrO2:1 % Gd3+, 1 %
Er3+ phosphors.

of 235 nm to 320 nm which is attributable to the
charge transfer (CT) band because an electron is
transferred from the oxygen 2p orbital to the empty
4f orbital of samarium [12]. The sharp excitation
lines between 350 nm and 500 nm are related
to the 4f5 - 4f5 transitions of Sm3+ in the host.
The excitation spectrum, consists of three bands
originating from the 6H5/2→ 4D3/2 (370 nm),
6H5/2→ 4F7/2 (405 nm) and 6H5/2→ 4I11/2
(474 nm) transitions of the Sm3+ ions [13].
From all these transitions, the transition at
6H5/2→ 4F7/2 at wavelength 405 nm shows the
strongest intensity.

Photoluminescence emission spectrum was
measured in the range of 450 nm to 900 nm un-
der the 405 nm excitation. It consists of the intra
f-f transition lines within the Sm3+ ions. When the
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Fig. 4. Excitation and emission spectra of ZrO2:1 %
Gd3+, 1 % Sm3+ phosphor.

Sm3+ ions are excited to 4F7/2 level (405 nm), ini-
tially they relax to the 4G5/2 level by nonradiative
relaxation (NR) process as shown in Fig. 5. Since
there are several energy levels available between
4F7/2 and 4G5/2 levels, this could help to have ef-
ficient NR. In this NR process the 4G5/2 lumines-
cence level is populated. The relaxation of Sm3+

ions leads to four characteristic emission bands ob-
served at 579 nm, 620 nm, 665 nm and 726 nm.
They are assigned to the 4G5/2→ 6Hj transitions
of Sm3+ ions, where J = 5/2, 7/2, 9/2 and 11/2,
respectively [14–17]. There are no excitation and
emission bands of Gd3+. Because of the overlap of
energy levels of both Sm3+ and Gd3+ in the UV
region, it is really difficult to differentiate more ac-
curately in labeling the levels of Gd3+ ions.

The excitation and emission spectra of the
ZrO2:1 % Gd3+, 1 % Er3+ phosphor powders
sintered at 1200 °C at room temperature are given
in Fig. 6. Two bands are observed at 275 nm and
313 nm in the excitation spectrum (λem = 635 nm).
The excitation bands are related to the f-f tran-
sitions of Gd3+ in ZrO2, which correspond to
the 8S7/2→ 6I11/2 and 8S7/2→ 6P7/2, respec-
tively [18]. The emission spectrum (λex = 275 nm)
shows one strong band at 635 nm due to the
6I7/2→ 6P3/2 transition of Gd3+ [19]. The much
weaker violet and green emission bands lo-
cated at 410, 475 and 565 nm, are ascribed

Fig. 5. Partial energy levels diagram of the Sm3+ doped
ZrO2 showing excitation, emission and cross-
relaxation channels.

to the 2G9/2→ 4I15/2, 4F7/2→ 4I15/2 and
4S3/2→ 4I15/2 transitions of Er3+ ions [20].
ZrO2:1 % Gd3+, 1 % Er3+ shows that the strongest
emission peak is located at 635 nm, which is closer
to the red range.

Fig. 6. Excitation and emission spectra of ZrO2:1 %
Gd3+, 1 % Er3+.

Fig. 7 shows PL decay curves of the ZrO2:1 %
Gd3+, 1 % Sm3+ and ZrO2:1 % Gd3+, 1 % Er3+

phosphors. The luminescence decay curve fitted
well by a decay time can be calculated by a single
exponential function represented as:

I = A1 exp(−t/τ1)+C (1)

where I is phosphorescence intensity, A1 and C are
constants, t is time, τ1 is life time for the exponen-
tial components. The decay lifetimes τ1 for the ex-
ponential components of the ZrO2:1 % Gd3+, 1 %
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Sm3+ and ZrO2:1 % Gd3+, 1 % Er3+ phosphors
were found as 112.9 µs and 78.7 µs, respectively.
The phosphor ZrO2:1 % Gd3+, 1 % Sm3+ shows
much longer afterglow than the ZrO2:1 % Gd3+,
1 % Er3+ phosphors which indicates that Er3+

ions do not play an important role in prolonging
the afterglow.

Fig. 7. The decay curves of (a) ZrO2:1 % Gd3+, 1 %
Sm3+ and (b) ZrO2:1 % Gd3+, 1 % Er3+ phos-
phors.

4. Conclusions
In summary, it is concluded that the novel

ZrO2:1 % Gd3+, 1 % Sm3+ and ZrO2:1 %
Gd3+, 1 % Er3+ phosphors have successfully
been synthesized by using Pechini method, which
is known to be effective and simple, and their
photoluminescence properties were investigated.
The ZrO2:1 % Gd3+, 1 % Er3+ and ZrO2:1 %
Gd3+, 1 % Sm3+ phosphors were excited by the
ultraviolet and light of near ultraviolet, respec-
tively. The PL analysis showed that all of the
activated systems, which were based on same

host/activator and the different co-activator, ex-
hibit excitations and red emissions due to f-f tran-
sitions of Gd3+/Sm3+ and Gd3+/Er3+. Also, the
Sm3+ ions co-doped phosphor showed a longer
lifetime than Er3+ ions co-doped phosphor. There-
fore, ZrO2:1 % Gd3+, 1 % Sm3+ may be a good
candidate for red phosphors.
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