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a b s t r a c t

Praseodymium doped ZrO2 materials were prepared via sol–gel route and structurally characterized by X
ray powder diffraction (XPD) technique as well as Rietveld refinements. The addition of the Gd3þ co-
dopant gradually changes the zirconia structure from monoclinic to tetragonal, and then to cubic.
Intensification of the Pr3þ luminescence was observed with the increasing Gd3þ co-dopant concentra-
tion. Emission spectra of the Zr0.99�xGdxPr0.01O2 materials show an initial strengthening of the red
emission of Pr3þ (1D2-

3H4 transition) with increasing Gd3þ co-doping. However, the luminescence is
quenched at the highest Gd3þ concentration-possibly due to strongly increased concentration of the
charge compensation defects. The valence change (PrIV-Pr3þ) is supported by the XANES results on the
LIII edge of Pr. Although predominantly in the Pr3þ form irrespective of the Gd3þ concentration, the
contribution from PrIV is clearly visible at low (or zero) Gd3þ concentrations leading to the loss of Pr3þ

and to poor luminescence output. Though enhancing the emission intensity of Pr3þ , the defect clusters
engender short Pr3þ–Pr3þ distances enhancing the cross-relaxation process coupling the 3P0-1D2

relaxation with the 3H4-
3H6 excitation. This process leads to the high red/blue–green emission ratio by

quenching the 3P0-3H4 transition in blue–green. Eventually, the increased Gd3þ co-doping dilutes the
Pr3þ ions and, the cross-relaxation process becomes non-operational; the quenching of the 3P0-3H4

transition is reversed.
& 2015 Elsevier B.V. All rights reserved.
1. Introduction

The different rare earth (Rnþ) valences can affect largely the
optical properties of the materials and consequently the further
applications [1–4]. In some cases it can quench dramatically the
luminescence by recombination processes or energy transfer [1,5].
Accordingly, different processes in luminescent material prepara-
tion such as heating in a reducing atmosphere [6], carbothermal
reduction [7] and pulsed-laser deposition [8] are developed to
control the valence of the Rnþ ions and obtain selected optical
properties. For example, to obtain the SrAl2O4:Eu2þ ,Dy3þ persis-
tent luminescence material with Eu2þ a reducing atmosphere
furnace [6,9] is used, also sol–gel [10] and combustion [11,12]
synthesis can be used to improve the reduction of Eu3þ ion. Sev-
eral studies about the valence state of Eu in different materials can
be found in literature [13–15], due to the importance of this
activator in a variety of phosphors. On the other hand, studies on
the valence control of other rare earth with multi-oxidation states,
such as Pr3þ /IV and Tb3þ /IV, can be found in a less extension [16–
18]. Phosphors containing Pr ions must have preferentially the
trivalent state, because the tetravalent form can act as lumines-
cence quencher.

The valence state of R ions may depend on its reduction
potential, the chemical environment and defect structure of a
particular material. However, the present models of the valence
control of rare earths in materials seems inconclusive [19]. The
effect of the rare earth environment and different defects in the
materials (like oxygen vacancies) or even size effects of relative
position of the dopants can drastically change or tune their
valences [13,14].

Despite the large number of reports on rare earth doped zir-
conia [20–27], the knowledge about the valence change of key R
doped zirconia is still serendipitously poor. For many applications,
the ZrO2 materials are stabilized with yttria generating the yttria-
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stabilized-zirconia (YSZ) [28]. The luminescence properties of the
Tb and Pr doped YSZ has thus been reported frequently [29,30].
The enhancement of red luminescence in the Pr3þ doped YSZ was
attributed to sensitization by the Y3þ co-doping [17]. Recently, the
reduction of TbIV to Tb3þ in ZrO2 host was reported by our group
[18], as an effect of Yb3þ aliovalent co-doping, causing an increase
of the luminescence efficiency.

In this work, ZrO2:Pr,Gd3þ nanomaterials were synthesized
using a simple one-step sol–gel method and the red luminescence
intensity of Pr3þ was correlated with the valence of the ions which
can be modulated changing the defect structure of the materials.
The influence of the crystalline structure on the luminescence
process was discussed as well.
Fig. 1. The XPD data including the Rietveld refinements for Zr0.99�xGdxPr0.01O2. The
symbols, solid lines and bars represent experimental data, calculated and difference
plots and Bragg's reflection positions, respectively. The structures derived from
refinements are the monoclinic (bottom), tetragonal (middle) and cubic (top) ZrO2.
2. Experimental

2.1. Material and synthesis

The ZrO2:Pr,Gd3þ nanomaterials were prepared by a conven-
tional sol–gel method [31,32], where the zirconium tetrabutoxide
(ZTB, 70 wt%, 1-butanol solution, Sigma-Aldrich) was hydrolyzed
with a controlled amount of water dissolved in isopropanol for the
molar ratio W¼[H2O]/[ZTB]¼3. In a typical synthesis, 4 cm3 of ZTB
was added in a round bottomed flask containing 25 cm3 of dry
1-butanol. The homogeneous solution was capped and stirred for
15 min and then the water/iPrOH solution was added dropwise.
The R(NO3)3∙6H2O salts (R: Pr and Gd) were obtained by dissolving
Pr6O11 and Gd2O3 (99.99%, C-STARM) in HNO3 (70% v/v, Vetec) and
then added in the water/iPrOH solution to obtain the doped
materials. The formed gel-like dispersion was allowed to react for
24 h at room temperature (298 K) without stirring. In the next
step, the crude gel was dried at 110 °C for 12 h. The dried gel was
ground in a mortar and finely divided powders were obtained. The
as-prepared materials were further annealed at 1000 °C for 5 h,
yielding Zr0.99–xGdxPr0.01O2 (xGd: 0.01, 0.05, 0.10 and 0.20)
nanocrystals.

2.2. Characterization

The crystal structure of the materials was verified with the
X-ray powder diffraction measurements using a Huber G670 dif-
fractometer with CuKα1 (1.5405 Å) radiation between 15 and 70
degrees (in 2θ) with 0.005 degree 2θ step and 60 min data
collection.

Rietveld refinements were carried out using the general
structure analysis system (GSAS) and illustrated by VESTA
software.

The transmission electron microscopy imaging (TEM) of the Pr–
Gd ZrO2 co-doped materials were carried out with a JEOL JEM
2100F from the Laboratório Nacional de Luz Síncrotron (LNLS,
Campinas, Brazil).

The photoluminescence measurements on the zirconia mate-
rials were carried out at room temperature with a SPEX Fluorolog-
2 spectrofluorimeter equipped with two 0.22 m SPEX 1680 double
grating monochromators. A 450 W Xenon lamp was used as the
excitation source. The excitation and emission spectra were col-
lected at an angle of 22.5 degrees (front face). All spectra were
recorded using automatic detector mode correction. The near-
infrared spectra for the zirconia materials were carried out at room
temperature with a FieldSpec HandHeld Pro Spectroradiometer.

The valence and environment of Pr and Gd in ZrO2 were stu-
died by XANES and EXAFS measurements at 10 K. Beamline A1 at
the Hamburger Synchrotronstrahlungslabor (HASYLAB) at Deuts-
ches Elektronen–Synchrotron (DESY) (Hamburg, Germany) was
used. Data was collected on the Pr LIII and Gd LIII edges using a Si
(111) double crystal monochromator. The measurements were
carried out in fluorescence mode using a SDD-MI 7 channel silicon
drift detector.
3. Results and discussion

3.1. Structural analysis

The ZrO2 matrix has three different polymorphs: monoclinic
(space group: P21/c), tetragonal (P42/nmc) and cubic (Fm 3̄m).
Monoclinic zirconia has a seven coordinated Zr site with a dis-
torted monocapped octahedral coordination polyhedron whereas
the tetragonal and cubic phases have eight coordinated sites with
cubic-like coordination polyhedron. The monoclinic phase is the
stable phase at room temperature and pressure. Nevertheless, it is
possible to obtain the tetragonal and cubic phases at room tem-
perature using trivalent (e.g. Y3þ) or even divalent (e.g. Ca2þ)
dopants to create the so-called stabilized zirconia. The stabiliza-
tion occurs due to the aliovalent substitution of ZrIV, which can
create a proximal structural defects, mostly oxide vacancies (V̈o).
The usual representation to the structural defects is the Kroger–
Vink notation [33].

XRD patterns (Fig. 1) of the zirconia nanomaterials with
increasing dopant concentrations confirm the monoclinic
(m-ZrO2), tetragonal (t-ZrO2) and cubic (c-ZrO2) structures as a co-
dopant stabilization effect [31,32,34]. For low dopant concentra-
tion, the material crystallizes as m-ZrO2 that is the thermo-
dynamically stable phase of non-doped ZrO2 at 298 K. When the
trivalent dopant (R3þ: Pr or Gd) substitution in the ZrIV sites
increases, the number of oxygen vacancies created by charge
compensation (R'zr–V̈o–R'zr) displaces the oxygen positions,
allowing the structural stabilization [35], first to tetragonal phase
and then to cubic at higher Gd3þ concentrations [36]. The Rietveld
refinements converged to good fits, yielding good values of χ2 in
the range of 2–3 for the data set.

The cell parameters (Table 1) obtained from the Rietveld
refinement show an expected expansion of the lattice, due to the
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incorporation of the larger R3þ ion [reff: 1.126 (Pr3þ) and 1.053 Å
(Gd3þ); CN¼8] replacing the smaller ZrIV (reff¼0.84 Å; CN¼8)
[37]. The tetragonal and cubic zirconia phases have smaller cell
volume compared to the monoclinic one, partly due to the
higher concentration of oxygen vacancies allowing a degree of
contraction for the Zr–O bonds. This effect can be seen in the
lattice parameters for the cubic structure, which has smaller a cell
parameter, even containing higher dopant concentration.

The formation of oxygen vacancies because of charge com-
pensation seems to cancel partially the unit cell expansion. No
segregation of cubic R2O3 was observed in materials. The struc-
tures based on the Rietveld refinements (Fig. 1, right) indicate
decreasing structural distortions from monoclinic to cubic phase,
Table 1
Refined structural cell parameters, phase proportion and distortion index related to
the bond length of the zirconium coordination polyhedral on major refined phase.

Zr0.99�xGdxPr0.01O2 a b c Distortion index
(bond length)

xGd:0.01 Monoclinic
(83.2%)

5.1644(5) 5.2175(7) 5.3294(6) 0.064

Tetragonal
(16.8%)

3.6065(5) a¼b 5.1865(7)

xGd:0.05 Monoclinic
(2.2%)

5.1206(4) 5.2270(4) 5.3450(4) 0.023

Tetragonal
(97.8%)

3.6123(6) a¼b 5.1872(2)

xGd:0.10 Cubic (100%) 5.1457(9) 0.000

Fig. 2. Transmission electron images of the Zr0.99�xGdxPr0.01O2 for xGd:0.01 (top left), 0.0
image with xGd:0.01.
as shown by the distortion index parameters (Table 1). This result
suggests that the co-dopant is not disturbing considerably the
average crystal structure.

3.2. Particle morphology

Two main chemical reactions govern the sol–gel process:
hydrolysis and condensation. Many parameters can affect the
hydrolysis rate [38–40], such as solvent polarity, water con-
centration in the synthesis, ionic strength, etc. The addition of
crescent concentrations of hydrated rare earth nitrates in the
precursor solution makes the hydrolysis rate increases, forming
bigger agglomerates. The transmission electron microscopy (TEM)
was used to investigate the particle size of the materials and
aggregation was observed as a function of dopant concentration
(Fig. 2). The nanocrystals synthesized with xGd:0.01 have very good
dispersion with size distribution at around 50 nm. The formation
of the nanocrystals by sol–gel method is very dependent of the
concentration of rare earth salt precursors, yielding different
agglomeration, but relatively similar particle sizes. For higher
concentrations of Gd3þ co-dopant the agglomeration is more
evident, however the material is still composed by ZrO2 nano-
crystals with 40–50 nm. The using of a stabilizing agent may be
useful to obtain more disperse luminescent nanoparticles.

Despite the fact of the agglomeration, it is still possible to
observe some square flat faces for the 5 and 10% Gd3þ co-doping,
which is attributed to tetragonal and cubic zirconia nanocrystals
stabilized by the R3þ ions. The existence of nanocrystals with less
than 40 nm of m-ZrO2 indicates that metastable tetragonal phase
5 (bottom left) and 0.10 (bottom right). The size distribution (top right) is related to
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is not observed as “precursor” of monoclinic in zirconia sol–gel
materials [41].

3.3. Valence state and chemical environment of Pr ion

X ray absorption near edge structure (XANES) spectroscopy was
used to study the valence state of the praseodymium ion doped in
the Zr0.99�xGdxPr0.01O2 materials (Fig. 3). The XANES spectrum of
Pr6O11 compound shows two maxima around the absorption edge.
The higher energy (5981 eV) corresponds to the final state
2p4f15d* (_denotes a hole and * an excited electron) for PrIV ion.
The lower energy maximum (5969 eV) is due to Pr3þ (2p4f25d*)
and PrIV by the occupation of localized 4f orbitals in the core-
excited final state via 4f-ligand (L) covalency (2p4f25d*L). The lat-
ter contribution is also observed for CeIV and TbIV reported in
reference [42]. Therefore, the ratio of the integrated areas of the
two peaks does not give directly the valence of Ce, Pr or Tb, but it
still gives a qualitative indication of the valence states of each
cation. The Pr LIII edge XANES spectra of the ZrO2:Pr,Gd materials
show that PrIV is clearly present with xGd: 0.00, 0.01 and 0.05
concentrations. The presence of some PrIV in the material with xGd:
Fig. 3. Synchrotron X ray near edge structure (XANES) spectra for the set of
materials centered on the Pr (LIII) edge at 10 K. The Pr6O11 spectrum is is presented
as reference.

Fig. 4. Distance distributions calculated from the Synchrotron radiation EXAFS spectra
surements were conducted at 10 K.
0.10 cannot be completely ruled out because the of the Gd LIII
XANES spectral feature (figure not shown) show a small drop
instead of an almost vertical signal after the white line. Thus, the
Gd3þ concentration is responsible to the valence change of Pr ion
(PrIV-Pr3þ). The same effect of valence control was observed in a
previous work for Tb–Yb co-doped zirconia, where the Yb con-
centration affects the Tb valence [18].

In synthesis of ZrO2:Pr,Gd materials, trivalent praseodymium
nitrate was used as precursor and tends to oxidate to PrIV after
thermal treatment. When the concentration of the Gd co-dopant
increases, the number of defect clusters (R'zr–V̈o–R'zr) increases,
involving also Pr3þ ion, which stabilize the trivalent state
(PrIV-Pr3þ). The created oxide vacancies could store the electrons
liberated in the redox process Pr3þ /IV pair forming a dynamic
Pr3þ/PrIV couple with concentration ratio depending on the
available external energy (mostly kT). Other studies are needed to
check the energy level position of aliovalent dopants in the
bandgap and correlate with the Fermi level of the material.

The calculated distance distributions around Gd3þ ion are
rather similar with all Gd concentrations (Fig. 4). The Gd–O dis-
tances indicate that with xGd:0.05 and 0.10, the structure is close to
cubic, but monoclinic cannot be completely ruled out (Fig. 4). With
xGd:0.01, monoclinic seems more dominant. The Gd–O distances
are always longer than the Zr–O ones, as expected from the dif-
ferences of the respective ionic radii, i.e. r eff: (Gd3þ: 1.05, CN: 8)
and reff: (ZrIV: 0.84 Å, CN: 8) [37].

The distance distributions around Pr are not completely similar
to those around Gd. For the materials without gadolinium
(xGd:0.0) the Pr–O distance (ca. 2.5 Å) is clearly more than
expected, which is since the ionic radius of Pr3þ (1.13 Å [37]) is not
far from that of Gd3þ . Moreover, the presence of PrIV (0.96 Å [37])
should decrease Pr–O distance. As the EXAFS calculations indicate
that the Pr–O distances are shorter than the Gd–O ones, except to
the xGd:0.0 one, the results support the presence of PrIV. Based on
EXAFS calculations, the distances around Pr suggest monoclinic,
cubic and tetragonal (local) structures for xGd: 0.01, 0.05 and 0.10,
respectively.

3.4. Photoluminescence study of the ZrO2:Pr
3þ nanocrystals

The emission spectra of Zr0.99�xGdxPr0.01O2 (xGd:0.01, 0.05, 0.10
and 0.20) nanocrystals (Fig. 5, left) are composed of narrow
emission bands assigned to 4f–4f transitions of Pr3þ , with most
intense transition peaking at ca. 620 nm. All materials show
for the set of materials centered on the Pr (LIII) (left) and Gd (LIII) edge. The mea-
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orange–red emission color under UV excitation (�300 nm) due to
Pr3þ 4f-5d absorption band. The excitation on the visible range
(ca. 450 nm) is also possible due to the Pr3þ energy level struc-
ture; however, the resultant emission is less intense. The site
symmetry for the praseodymium site is changing from low to
higher symmetry (C2h to Oh) with the increase of the Gd3þ

concentration.
However, no considerable difference is observed in the emis-

sion band splitting of 4f transitions of the Pr3þ ion, probably due
to the nanoparticle size effect. Integrated intensity bands of the
1D2-

3H4 (red) and 3P0-3H4 (green) transitions of the
Zr0.99�xGdxPr0.01O2 materials (Fig. 5, right) show an enhancement
of the red emission intensity of Pr3þ (mainly the 1D2-

3H4 tran-
sition) with increasing Gd3þ co-doping from 0.01 to 0.10. How-
ever, it is observed the luminescence quenches at the highest
Gd3þ concentration (0.20), possibly due to charge compensation
defects. The emission intensity changing of Pr3þ as a function of
Y3þ co-doping was investigated in literature [17], showing an
Fig. 5. Emission spectra for the Zr0.99�xGdxPr0.01O2 nanocrystals, obtained by sol–gel
transitions of Pr3þ ion (right). The excitation was centered in 300 nm and all experiments
in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Near-Infrared absorption spectra for the set of materials showing the low energy
the mechanism of cross-relaxation path for blue–green transition hindering (right). (For i
the web version of this article.)
increase in the luminescence output with increasing Y3þ content,
which was attributed to Y3þ sensitization of the Pr3þ . However,
the enhancement of the red emission intensity is due to the
conversion of PrIV to Pr3þ causing an increasing of the Pr3þ con-
centration, as showed unambiguously by the XANES spectra
(Fig. 3).

The higher contribution of the red emission of Pr3þ ion indi-
cates that a cross-relaxation path for the blue–green emission
must be operative. This is an evidence for the short Pr3þ–Pr3þ

distances promoted by praseodymium clustering. Cross-relaxation
processes between two Pr3þ ions (Fig. 6, right) is a distance
dependent phenomenon, coupling the 3P0-1D2 relaxation with
the 3H4-

3H6 excitation of Pr3þ ion. With the increasing of Gd3þ

concentration (from xGd: 0.01–0.20) the clustering probability
changes, and then more cluster of Pr3þ–Gd3þ are possible. At
lower concentrations of Gd3þ (x:0.01) it is possible to observe very
weak emission coming from Pr3þ ions (Fig. 5, left – insert figure).
method (left). Integrated intensity for the 1D2-
3H4 (orange) and 3P0-3H4 (blue)

were carried out at room temperature. (For interpretation of the references to color

infrared transitions of Pr3þ ion (left). Praseodymium energy level diagram showing
nterpretation of the references to color in this figure legend, the reader is referred to
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The monoclinic phase of Zr0.99�xGdxPr0.01O2 materials present
the weakest emission intensity arising from the Pr3þ in compar-
ison with tetragonal and cubic and similar photoluminescent
behavior was also observed to the Tb doped ZrO2 reported in
reference [18]. Besides, the CdSiO3 matrix doped with Pr and Tb
ions show the luminescence from the rare earth ions, which are
very dependent to the bandgap of the material [43].

The 3H4-
3H6 transitions of Pr3þ ion present in the near-

infrared absorption spectra of the Zr0.99�xGdxPr0.01O2 materials
become less intense with increasing Gd3þ concentration (Fig. 6,
left), due to monoclinic to tetragonal/cubic phase transition. The
different structures lead to different oscillator strengths, and dif-
ferent green/red emission ratio, consequently.
4. Conclusions

High quality nanocrystals of Zr0.99�xGdxPr0.01O2 materials were
successfully prepared using a one-step sol–gel method and
structurally characterized by XPD techniques along with Rietveld
refinement. The elongated cell parameters for all three phases
indicate that Pr and Gd ions substitute the Zr site in the structure.
The formation of oxygen vacancies partially cancels the unit cell
expansion due to charge compensation. The TEM images showed
nanocrystals with 40–50 nm size range for all set of materials,
however, the agglomeration of the particles increase with the
increasing dopant concentration. Monoclinic nanocrystal with less
than 40 nm indicates that metastable tetragonal zirconia is not the
precursor of the monoclinic phase in the materials. Red emission
color arising from all materials is assigned mainly to the 1D2-

3H4

transition of Pr3þ ion. The emission intensity of the Pr3þ is
increased with the Gd3þ content due to redox conversion of PrIV to
Pr3þ assisted by defect clusters formation. The luminescence
quenching is observed at higher Gd3þ doping concentration, due
to increased concentration of defect clusters. Enhancement of the
cross-relaxation process coupling the 3P0-1D2 relaxation with the
3H4-

3H6 excitation was observed. The absorption band assigned
to 3H4-

3H6 transition becomes less intense with the increasing of
Gd3þ content hindering the cross-relaxation process and
increasing the blue–green emission. The valence control of Pr3þ in
ZrO2 materials is an important issue, since no luminescent efficient
Pr or Tb doped ZrO2 materials have been prepared so far, due to
inherent oxidation of these rare earths when substituted into the
ZrIV lattice. This study can open an avenue to prepare lumines-
cence materials with desired optical properties controlling only
the synthesis parameters.
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