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Abstract

Praseodymium-doped calcium titanate, CaTiO3:Pr
3þ , powders (0 and 2 mol% Pr3þ ions) were synthesized using the polymeric precursor and

microwave-assisted hydrothermal methods. Both methods appear to be efficient in preparing photoluminescence materials because they require
low temperatures and very short reaction times. Several characterization techniques were used to evaluate the influence of structural disorder on
the reactions and properties of the materials produced. X-ray diffraction and Rietveld refinement were used to confirm that syntheses were
successful. Raman spectroscopy revealed significant details of the structures of the materials produced. FE-SEM images were used to determine
the shapes and dimensions of the products. Morphologies were found to be dependent on the synthesis method used. PL spectra showed Pr3þ

emission lines at approximately 612 nm when the CT:Pr3þ powders were excited with a 350.7 nm laser. These lines correspond to 1D2-
3H4

transitions.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Materials with perovskite structures and ABO3 formulas, such
as CaTiO3 are widely used in various applications and their optical
properties, such as luminescence, have attracted much attention in
recent years [1]. It is possible to incorporate cations of different
sizes into perovskite structures and distort them from their ideal
cubic structures. Substitutions at A (Ca2þ ) sites can affect the
symmetries of these oxides and create cation or oxygen vacancies,
which influence band structures significantly and are the main
determinants of the electronic structures of such materials [2]. In
particular, CaTiO3 can accommodate rare-earth ions in its
10.1016/j.ceramint.2015.06.121
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structure; therefore, doping with these ions can be used not only
to probe local centers but also to tune the optical properties of
these materials [3]. Research into doping with such rare earth ions
is of significant importance because of the potential of such doped
materials to be applied as red phosphors and used in electro-
luminescent devices, optical amplifiers, and lasers [4,5].
Investigations into doping using lanthanum [6], samarium

[7], and neodymium [8] in calcium titanates (CT) have been
published, but little attention has been paid to praseodymium.
Inaguma and co-authors [9] recently reported on structural
anomalies that occurred when praseodymium ions with differ-
ent oxidation states were incorporated into ferroelectric CT
materials using the traditional solid-state reaction.
Trivalent praseodymium (Pr3þ ) can emit efficiently in the blue

and red regions of the spectrum, depending on its concentration
and host material. Because Pr3þ -doped perovskite titanates exhibit
strong and sharp red luminescence, at approximately 610 nm
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when excited with UV radiation, they have been used as
photoluminescence enhancers and have attracted much interest
as potentially ideal red-emitting phosphors, particularly for use in
field emission display applications [10,11].

In this paper, we investigate the effects of Pr3þ substitution
on the microstructures and photoluminescence properties of
CT ceramics prepared using two different synthesis methods
(polymeric precursor method (PPM) and microwave-assisted
hydrothermal method (MAH)). In a previous work, our group
reported that the main advantages of the PPM are that it allows
for precise stoichiometry control, makes use of aqueous
solutions, and can be performed with inexpensive precursors
and equipment [12]. However, prolonged high-temperature
heat treatments are necessary to achieve good crystallinity
using this method. This is a major drawback.

Therefore, microwaves are being employed as alternatives to
high-temperature materials processing methods. Microwave tech-
niques have received significant attention because of their many
advantages, which include reduced processing costs, higher-
quality products, and the ability to produce new materials [13].

2. Experimental details

2.1. Synthesis of CaTiO3:Pr
3þ crystals using the polymeric

precursor method

CaTiO3:Pr
3þ crystals were synthesized using the PPM [14].

Calcium carbonate (99.9%, Aldrich), titanium (IV) isopropoxide
(99.9%, Aldrich), praseodymium nitrate Pr(NO3)3 � 6H2O (99.9%,
Aldrich), ethylene glycol (99%, J.T. Baker), and anhydrous citric
acid (99.5%, Synth) were used as starting materials. First, titanium
citrate was prepared by adding titanium (IV) isopropoxide to an
aqueous citric acid solution and stirring it constantly at 80 1C for
several hours. Next, a gravimetric procedure was used to
determine the TiO2 concentration of the resulting titanium citrate.
A stoichiometric amount of CaCO3 was then added to the titanium
citrate solution and Pr(NO3)3 � 6H2O was mixed into the resulting
calcium–titanium solution. After solution homogenization, ethy-
lene glycol was added to promote citrate polymerization via the
polyesterification reaction. A polymeric resin resulted when the
solution was heated to 120 1C with constant stirring, and then
placed into a conventional furnace and heat treated at 300 1C for
4 h. This last step promoted the decomposition of any remaining
organic compounds. Precursors were heat treated at 500, 600, and
700 1C for 2 h in air.

2.2. Synthesis of CaTiO3:Pr
3þ crystals by the microwave-

assisted hydrothermal method

In contrast to the PPM, the MAH technique does not require
high-temperature treatments. CaTiO3:Pr

3þ (0 and 2 mol%
Pr3þ ) powders were synthesized by co-precipitation at room
temperature, without surfactants, in aqueous solutions. [Ti
(OC3H7)4] (99.99%, Aldrich), CaCl2 � 2H2O (99.9%, Merck),
and KOH (99%, Merck) were used as starting materials. First,
0.01 mol of [Ti(OC3H7)4] were slowly added to 25 mL of
deionized water with stirring. CaCl2 � 2H2O was dissolved in
another 25 mL of deionized water with constant stirring. Pr
(NO3)3 � 6H2O was stoichiometrically added to this reaction
mixture and KOH was used as the mineralizer. The mixture
containing all of the ions involved was homogenized and
transferred to a Teflon autoclave. The autoclave was then
sealed and placed in the MAH system, which was equipped
with a 2.45 GHz microwave radiation source with a maximum
power output of 800 W. The reaction mixture was held at
140 1C for 30 min. The autoclave was then allowed to cool
naturally to room temperature. Finally, the product was washed
several times, to neutralize its pH, and dried at 50 1C for 6 h.
2.3. Characterization of CaTiO3:Pr
3þ crystals

Structural characterizations of the CaTiO3:Pr
3þ powders

were carried out by X-ray diffraction (XRD). A Rigaku-DMax
(model 2500 PC) diffractometer with a Cu-Kα radiation
(λ¼1.54060 Å) source and graphite monochromator were
used. Measurements were carried out over an angular range
of 101r2θr701, using scanning steps of 0.021 and a fixed
counting time of 6 s. Divergence, scattering, and receiving
radiation slit values were 11, 11, and 0.3 mm, respectively. The
CaTiO3:Pr

3þ structures were refined according to the Rietveld
method, using GSAS [15].
FT-Raman spectroscopy was performed using a Bruker-RFS

100 (Germany). Raman spectra were obtained using a 1064 nm
Nd:YAG laser, a maximum output power of 100 mW, and a
spectral range of 50 to 1000 cm�1. The morphologies of the
CaTiO3:Pr

3þ crystals were observed by field emission scanning
electron microscopy (FE-SEM), using a Carl Zeiss Supra 35-VP
model (Germany) microscope operated at 6 kV. Photolumines-
cence (PL) measurements were performed with a Monospec 27
monochromator (Thermal Jarrel Ash, USA) coupled to a R446
photomultiplier (Hamamatsu, Japan). A krypton ion laser (Coher-
ent Innova 90K, USA) (λ¼350.7 nm) was used as an excitation
source, using a maximum output power of 500 mW. After passing
through the optical chopper, this corresponded to a maximum
power of 40 mW at the powder sample. PL measurements were
performed at room temperature.
3. Results and discussion

3.1. XRD patterns

Fig. 1 shows the X-ray diffraction (XRD) patterns of
CaTiO3:Pr

3þ (2 mol%) phosphors prepared by the PPM and
calcined at 500, 600, and 700 1C for 2 h. Diffraction peaks
were not observed in powders annealed at 500 1C. A lack of
diffraction peaks is typical of amorphous materials and
indicated that these powders lacked long range order. Diffrac-
tion peaks became more apparent with increasing calcination
temperature. Thus, higher heat treatment temperatures
improved crystalline powders. Crystalline CT:Pr3þ was pro-
duced using temperatures of 600 1C and above. All diffraction
patterns were well indexed to orthorhombic CaTiO3 in the
Pbnm space group.



Fig. 1. XRD patterns of CaTiO3:Pr
3þ crystals prepared by polymeric

precursor method (PPM) calcined at different temperatures.
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Fig. 2 shows the Rietveld analyses of the prepared CaTiO3:
Pr3 phosphors. Fig. 2(a) and (b) correspond to phosphors
prepared by PPM (heat treated at 700 1C) with 0 and 2 mol%
Pr3þ ions, respectively. Fig. 2(c) and (d) correspond to
phosphors prepared by the MAH (140 1C for 30 min) with 0
and 2 mol% Pr3þ ions, respectively.

All XRD patterns were perfectly indexed to orthorhombic
structures and showed no evidence of secondary phases. The
XRD analyses were performed using GSAS and assumed the
structures to be in the Pbnm space group, as is typical of
perovskite structures. The input data of the theoretical model
were taken from the Inorganic Crystal Structure Database (ICSD)
N. 165801 [16]. Good correlation between the observed and
calculated XRD patterns was observed (Fig. 2(a)–(d)). When
samples resulting from the two production methods were com-
pared, those prepared by the MAH were found to have larger unit
cell volumes than those produced by the PPM (Table 1). The
experimental variables of each synthesis method (temperature,
processing time, heating rate, solvent used, etc.), which influence
structural organization, can affect the numbers of structural defects
(oxygen vacancies, bond distortions, lattice stress or strain) present
in the resulting materials.
3.2. FT-Raman analyses

Raman spectroscopy is a well-known and useful method for
investigating symmetry changes in ceramic compounds. The
short-range structural order of each sample was evaluated by
micro-Raman scattering spectroscopy. Duran et al. [17] have
suggested that Raman spectroscopy probes local, dynamic crystal
symmetry while XRD techniques probe average, static symmetry.

There are 117 vibrational modes (3n�3) associated with
orthorhombic CaTiO3 in the Pbnm space group; however,
most of these modes cannot be detected because of their low
polarizabilities [18]. Nine Raman-active modes that can be
attributed to orthorhombic CT:Pr3þ were observed between
100 and 700 cm�1 in all spectra (Fig. 3).
Fig. 3(a) presents the Raman-active modes of pure CT and
Pr3þ -doped CT powders prepared using the PPM and
annealed at 700 1C for 2 h. It is confirmed that the materials
produced at this annealing temperature are highly ordered.
Fig. 3(b) shows the Raman spectra of pure CT and Pr3þ -doped
CT samples prepared using the MAH. The frequencies and
assignments of the observed Raman modes are given in
Table 2.
The P1 and Pn Raman modes correspond to vibrations of Ca

atoms bonded to TiO3 groups (Ca–TiO3 lattice modes). The
peaks labeled P2, P3, P4, P5, and P6 are associated with O–
Ti–O bending modes. Peaks P7 and P8 correspond to Ti–O6

torsional modes (either through a Ti–O bond or a completely
internal vibration of the oxygen cage). Finally, the peak
labeled P9 is associated with a Ti–O symmetric
stretching mode.
The vibrational mode responsible for the peak at 158 cm�1

(Pn) is generally not active in CT compounds with orthor-
hombic perovskite-type structures that have been prepared by
the MAH [19]. Small differences in the Raman-active phonon
modes of the samples prepared using different thermal treat-
ments (Fig. 3(c)) can be attributed to differences in the
energies used to organize the CT powders. In a conventional
furnace (PPM), the direction and nature of the heat flow during
powder processing are different from those of the MAH. In
conventional furnaces, heating starts at the surfaces of powders
then moves to their interiors. On the other hand, in microwave
furnaces, heating proceeds from the interiors of powders and
moves to their surfaces.
The band centered at a frequency of 182 cm�1 disappears

when phase transitions occur. This indicates that the samples
studied were composed of single orthorhombic phases.
Analysis of the data presented in Table 2 and Fig. 3(c)

indicates that peaks P1–P7 are not affected by the synthesis
method. The Pn peak, however, does change with the synthesis
method. In addition, the torsional mode, P8, which occurs at
494 cm�1 for samples produced using the PPM, is displaced to
higher energies, approximately 540 cm�1, in samples prepared
by the MAH. This is attributed to an increase in structural
disorder that results from an increase in the tilt of the titanium
octahedron cluster, as demonstrated by Hirata et al. [20]. The
shift towards the high-frequency region is attributed to
increased cell volume (Table 1), a phenomenon that is
dependent on the processing method and affects the angles
between titanium octahedra, effectively distorting and polariz-
ing the CT cell [21].
Moreover, the very wide band centered at 663 cm�1 (P9) in

CT:Pr3þ powders produced by the MAH shifts to higher
frequencies in CT:Pr3þ powders produced by the MAH,
which indicates the TiO6 octahedron distortion by Ti–O
stretching. This conclusion is supported by the literature [22].

3.3. Photoluminescence emission of CaTiO3:Pr
3þ crystals

Fig. 4(a) shows room-temperature PL spectra for CT:Pr3þ

powders prepared by the PPM and annealed at different tempera-
tures (500–700 1C). When annealed at 500 1C for 2 h, we



Fig. 2. Rietveld refinements of CaTiO3:Pr
3þ crystals: (a–b) prepared by PPM (heat treated at 700 oC), 0 and 2 mol%, respectively; (c–d) prepared by MAH method

(140 oC), 0 and 2 mol%, respectively.

Table 1
Lattice parameters, unit cell volume, and statistical parameters obtained by Rietveld refinement of pure and doped CaTiO3 synthesized by different methods (PPM
and MAH).

Ceramic composition a (Å) b (Å) c (Å) Cell volume (Å3) χ2 Rp (%) RBragg (%) Rwp (%)

Pure CT (PPM) 5.43976 (25) 7.64456 (34) 5.38692 (24) 224.012 (17) 1.27 14.46 8.50 23.35
CT2 mol% Pr (PPM) 5.44415 (21) 7.65129 (29) 5.39498 (20) 224.727 (15) 1.40 12.47 5.95 18.94
Pure CT (MAH) 5.4736 (11) 7.6606 (15) 5.3974 (11) 226.32 (13) 1.31 14.39 8.62 20.83
CT2 mol% Pr (MAH) 5.47464 (25) 7.66103 (27) 5.40296 (20) 226.607 (16) 1.16 13.28 7.24 20.02
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observed a broad band spectrum in the range of 400–800 nm. The
maximum PL emission was centered at 620 nm. This behavior
indicates the presence of long and short range structural disorder.
Broad-band luminescence is associated with the presence of
imperfections and is typical of multiphonon and multilevel
emission processes. These ceramic powders probably displayed
structural disorder, which contributed to the broad peaks in their
room-temperature visible photoluminescence spectra.
When annealed at higher temperatures, the broad band was not

present in compounds prepared by the PPM. Therefore, PL



Fig. 3. Raman spectra of CaTiO3:Pr
3þ (0 and 2 mol%): (a) prepared by PPM and (b) prepared by MAH; (c) Raman spectra of CaTiO3:Pr

3þ (2 mol%) synthesized
by different methods, comparative effect.

Table 2
Raman active modes (cm�1) of Pr3þ -doped CaTiO3 synthesized by different methods.

Vibrational modes Polymeric precursor method (PPM) Microwave-assisted hydrothermal method (MAH) Ref. [1]

Soft mode P1 123 124 134
Ca–TiO3 lattice mode P* 158 – –

O–Ti–O bonding mode P2 182 182 181
P3 227 225 224
P4 247 245 244
P5 289 288 287
P6 338 341 340

Ti–O3 torsional mode P7 470 467 461
P8 494 540 539

Ti–O stretching mode P9 643 663 670
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emission behavior depends on the annealing temperature. When
annealed at 500 1C, the resulting CT host matrix has a higher
concentration of defects. Increasing annealing temperature
decreases defect concentration, results in greater structural order,
and promotes Pr3þ ion photoluminescence. CT:Pr3þ powders
annealing at 600 1C and 700 1C were observed to have character-
istic Pr3þ transitions. The observed emission peaks are attributed
to transitions from the ground state to excited states of Pr3þ .



Fig. 4. (a) PL spectra at room temperature of CaTiO3:Pr
3þ (2 mol%) prepared by

PPM at different temperatures; (b) PL spectra at room temperature of CaTiO3:Pr
3þ

(2 mol%) prepared by MAH.
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Emissions include a single narrow band peaking at 612 nm. This
red emission is attributed to a 1D2-

3H4 transition. An energy
transfer excites an electron to the 4f or 5d level of Pr3þ , allowing
for a subsequent 4f-4f emission.

Fig. 4 (b) shows PL emission spectra for CT:Pr3þ samples
prepared at 140 1C for 30 min using the MAH.

It has been shown in the literature that pure CaTiO3 has a
large concentration of [TiO5] clusters [19] and that Pr3þ -
doped CaTiO3 likely has a significantly lower concentration of
these clusters, which results in decreased matrix PL emission,
prevailing the Pr3þ PL emission as can be seen in Fig. 4(b).

Luminescence properties depend strongly on defect states. In this
study, Pr3þ ions were added to CT lattices to act as luminescence
centers. Defects are generated to compensate for the extra positive
charges of Pr3þ ions occupying the Ca2þ sites. First, this can result
in the formation of negatively charged Ca vacancies, which act as
non-radiative recombination centers [23]. Second, the extra positive
charge that results from the incorporation of Pr3þ can be
accompanied by the generation of excess oxygen and/or a reduction
in the number of oxygen vacancies. Defects formed by excess
oxygen also act as non-radiative recombination centers and hinder
energy transfer from the matrix to Pr3þ ions.
The Pr3þ PL emissions of the CT:Pr3þ crystalline phases

produced by the synthesis methods studied in this work
demonstrated similar characteristics (Fig. 4(a)–(b)). However,
materials prepared using the MAH had advantages over those
prepared by the PPM. The MAH materials that produced the
characteristic red emissions of praseodymium ions were made
using much lower annealing temperatures. Cavalcante and co-
authors [24] have postulated that more rapid structural
organization occurs when CaTiO3 powders are processed in
microwave ovens than when they are processed in conven-
tional furnaces. This behavior is related to the microwave
heating process, which proceeds from the interiors to the
exteriors of CaTiO3 particles. Microwave energy is trans-
formed into heat when molecules and atoms interact with the
electromagnetic fields of microwaves. This results in internal
and volumetric heating of powders, which promotes the
formation of temperature gradients and heat flows. Therefore,
this behavior contributes significantly to the rapid formation of
kinetic phases.

3.4. FE-SEM analyses

It is general knowledge that the properties of materials
depend largely on their chemical composition, structure, and
the sizes and shapes of their particles. These factors, in turn,
are known to be directly related to how materials are
synthesized.
Figs. 5(a)–(d) and 6(a)–(d) show FE-SEM images of CT:

Pr3þ powders obtained by the PPM followed by calcination at
700 1C, and by the MAH, respectively. Note that the powders
prepared by the PPM were composed of irregular micro-sized
particles; such structures tend to form large agglomerates. On
the other hand, powders prepared by the MAH were composed
of micro-sized cubes, which did not form large agglomerates
since they were not subjected to the conventional calcination
process. The microstructures of samples that had not been
irradiated were very different from those that had been
irradiated with microwaves. The nucleation from primary
nanocrystals to primary growth proceeds, and this is followed
by particle aggregation. Primary nanocrystals agglomerate
thereby decreasing the surface energy and forming larger
crystallites called mesocrystals.
Dahal et al. [25] investigated the effects of microwave heating,

versus conventional heating, on the nucleation and growth of nearly
monodispersed Rh, Pd, and Pt nanoparticles. They used a one-pot
synthesis method that combined nucleation and growth in a single
reaction system and provided precise control over the precursor
addition rate. Microwaves enabled the convenient preparation of
polymer-capped metal nanoparticles with higher crystallinity, improved
monodispersity, and enabled better morphological control than a
conventional heat source, under otherwise identical conditions. The
fundamental difference in Rh nanoparticle formation was observed to



Fig. 5. FE-SEM micrographs of CaTiO3:Pr
3þ (2 mol%) crystals (a–d) prepared by PPM.

Fig. 6. FE-SEM micrographs of CaTiO3:Pr
3þ (2 mol%) crystals (a–d) prepared by MAH.
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occur during nucleation, which was directly dependent on the heating
method used. Microwave heating led to faster nucleation and the
formation of a larger number of uniform nanoparticles compared to oil
bath heating. Microwave irradiation was also found to provide more
uniform seed crystals. Furthermore, heating with microwaves resulted
in nanoparticle growth kinetics different from those observed when
conventional heating was used. Conventional heating generally
produced nanostructures with mixed morphologies, while microwave
heating produced mostly tetrahedral nanocrystals, 5–7 nm in size, or
larger nanocubes, 48 nm in size, if they were allowed to grow for
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longer. Rh seed crystals and larger nanoparticles obtained from
microwave-assisted syntheses were more crystalline and faceted than
their conventionally prepared counterparts.

Microwave energy can significantly enhance reaction rates,
selectivities, and yields [26]. Microwave reactor systems can
be operated in various ways, such as by varying microwave
power, stirring rate, and rate at which the temperature is
increased. Conventional heating systems consume more than 6
times the energy of microwave heating systems [27].

4. Conclusions

In summary, we have reported a comparative study on two
CaTiO3:Pr

3þ preparation methodologies. We have demonstrated
that annealing temperature influences the photoluminescence
behaviors of materials prepared by the polymeric precursor
method. The PL emission band intensity corresponding to the
characteristic praseodymium peaks increases with increasing
structural order in samples synthesized by PPM. It was found
that improving crystallinity increases energy transfer efficiency
from the host material, CaTiO3, to the activator ions, Pr3þ , and
improves the PL of these red phosphors.

However, powders produced using both synthesis methods
(PPM and MAH), showed intense PL emissions in the red
region (near 612 nm). We, therefore, conclude that Pr3þ -
doped calcium titanates show promise for use as red-light-
emitting phosphors in display applications.

Raman spectroscopy was highly useful in determining and
comparing the structures of the materials produced using the
different synthesis methods.

Microwave irradiation was found to significantly affect
microstructure. This is because high-energy microwaves pro-
mote rapid thermal transfer. Further, less time and lower
temperatures are involved in thermal treatment based on
microwave irradiation.
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