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Luminescent zirconia nanoparticles with europium ion content 1 and 10 mol.% were synthesized under hydrothermal conditions. Annealing

of ZrO2: 1 mol. Eu3+ nanoparticles made it possible to obtain a sample with a high monoclinic phase content up to 92 %. An increase in

the concentration of Eu3+ ions introduced into the zirconia crystal lattice has made it possible to almost completely convert its monoclinic

and tetragonal phases into cubic modification. The phase composition of the synthesized samples was determined by powder X-ray diffraction,

electron microdiffraction, and Raman spectroscopy. Analysis of the crystallographic data and the luminescent spectra helped to reveal corre-

lations between the ZrO2:Eu3+ nanophosphor structure and the energy redistribution of Eu3+ optical transitions at 614 – 626 nm and 606 –

633 nm wavelengths. In addition, a relationship was established between the phase composition of nanoparticles based on zirconia and the

luminescence lifetime of Eu3+ ions.
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1. Introduction

Zirconia and its solid solutions have some non-trivial physico-chemical properties. It is worth mentioning
mechanical strength [1,2], hardness [3,4], wear and crack resistance [5,6], high thermal expansion [7], low thermal
conductivity [8], and photocatalytic activity [9]. Zirconia transparency is in a broad spectral range from mid-
wavelength IR (λ < 8 µm) to near UV (λ > 300 nm) [10]. Chemical and photochemical stability [11, 12], along
with a high refractive index [13], low phonon energy [14] and large band gap [15] make zirconia an ideal matrix
for obtaining highly effective luminescent materials [16].

Zirconia is found in the form of three main polymorphic modifications. A thermodynamically stable monoclinic
modification of zirconia (m-ZrO2) occurs naturally in the form of baddeleyite minerals. Monoclinic (α) zirconia
P21/c [17] exists at room temperature and up to 1170 ◦C; above this temperature, its transition into a denser
tetragonal (β) form occurs. The tetragonal phase P42/nmc [18] is stable in the temperature range 1170 – 2370 ◦C,
whose upper limit determines the formation of the cubic (γ) modification of ZrO2 belonging to the structural type
of fluorite Fm3m [19].

The highest performance indicators have metastable high-temperature modifications of ZrO2 (cubic and tetrag-
onal), which are stabilized by the introduction of Mg, Ca, Sc and rare earth elements (REE) ions. Substitutional
solid solutions based on zirconia are obtained by introducing the trivalent ions of II and III groups in the periodic
system or REE ions (in particular lanthanides) into the ZrO2 crystal lattice [20–23].

Oxygen vacancies play a significant role in the formation of the tetragonal and cubic phases of zirconia. Phase
stabilization using only oxygen vacancies was confirmed by theoretical calculations [24]. In addition to phase
stabilization, oxygen vacancies also strongly affect the luminescence intensity of the Ln3+ ions and the Stark
splitting of the spectral terms [25, 26]. The change in the luminescence intensity and the phase transition from
ZrO2 equilibrium modification to metastable tetragonal and even cubic occurs with an increase of the lanthanide
content in its crystal lattice. For stabilizing the tetragonal phase, it is usually necessary to add up to 6 mol.% of the
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trivalent ions, whereas the required concentration to achieve the cubic phase is 10 – 12 mol.% [27]. The tetragonal
with or separately from the monoclinic phase of ZrO2 are formed depending on the synthesis method at a low
concentration of Ln3+ ions. High annealing temperatures lead to the formation of large grains, thereby reducing the
effect of surface defects on nonradiative recombination of excitations. Both defects (volume and surface defects)
and structure have a significant effect on the intensity of luminescence [28].

Lanthanide ions are widely used as local probes to identify the crystalline structure of materials. The trivalent
europium ion is well known as a red-emitting activator due to its 5D0–

7Fj (j = 0, 1, 2, 3, 4). These transitions are
very sensitive to structural changes and depend on the local symmetry of the crystal field around the Eu3+ ions in
different oxide matrix [29]. Europium is preferable as a luminescent structural probe for determining the number,
location, and symmetry of the metal ions in the compound, as well as the population of their levels because of
its non-degenerate emission state 5D0. Other lanthanide ions have transitions, which are usually a mixture of
magnetic (MDT, 5D0–

7F1) and dielectric (EDT, 5D0–
7F2) dipole transitions, and the symmetry effects in them are

less pronounced [30].
Today in the literature there are several papers on the luminescence of zirconia nanoparticles doped with

europium ions [31–35]. They provide information on changes in the splitting of EDT and MDT for Eu3+ ions
in various crystal structures of ZrO2. Moreover, the researchers consider aspects of the crystal structure effect of
zirconia on the luminescence lifetime of Eu3+ ions in order to increase the productivity of optical devices based
on them. It is critical from a fundamental point of view to identify correlations between the zirconia crystalline
structure and the europium luminescence properties in the ZrO2:Eu3+ nanoparticles, and also the nature of their
changes as a function of temperature and dopant concentration. Also, the combination of the physico-chemical
properties of ZrO2 matrix acting as an oscillator with the europium optical characteristics gives a considerable
potential in the field of photonic applications, such as solid-state lasers, sensors, optical amplifiers, scintillators,
phosphors and lamps [36].

In this regard, this work aimed to obtain ZrO2:Eu3+ nanoparticles under hydrothermal conditions and to vary
their phase composition due to annealing at high temperature, as well as changing the lanthanide concentration in
the zirconia lattice with subsequent analysis of the structure influence on the europium luminescent properties.

2. Experimental methods

The compositions with 1 and 10 mol.% of europium ions which make it possible to obtain zirconia mainly
in tetragonal and cubic polymorphous modifications were selected for the synthesis of luminescent nanoparticles
according to the ZrO2–Eu2O3 phase diagram [37]. ZrO2:Eu3+ nanoparticles were synthesized by coprecipitation
of zirconium and europium hydroxides from 0.5 M chloride solutions, followed by dehydration of the resulting
mixtures under hydrothermal conditions. Coprecipitation of hydroxides was performed using NH4OH solution
(25 %) at room temperature and continuous mechanical stirring to pH = 8. The resulting white precipitates were
washed with distilled water until a negative reaction to chloride ions and neutral pH, using the decantation method.
Then, the ZrO(OH)2–Eu(OH)3 compositions were dried in air at 100 ◦C. Hydrothermal treatment of coprecipitated
hydroxides was performed in steel autoclaves according to the procedure given in [38].

Wide angle X-ray diffraction analysis of synthesized nanoparticles and annealed samples were obtained at
scattering angles varying from 10 ◦ to 100 ◦ with 0.02 ◦ step using a Rigaku SmartLab diffractometer (Tokyo,
Japan). Cu-Kα radiation (40 kV, 40 mA) was used. The identification of ZrO2 crystalline phases was performed
in Crystallographica Search-Match software by comparing our experimental data with powder diffraction files
from the ICDD (International Centre for Diffraction Data) database. The crystallite size was estimated from the
broadening of X-ray diffraction (XRD) lines of the ZrO2:Eu3+ nanopowders in the PD-Win 4.0 program complex
using the Scherrer formula. The ReX software [39] with the Crystallography Open Database (COD) was used for
quantitative X-ray phase analysis and calculation of lattice parameters from WAXD data.

The size, shape and phase composition of the ZrO2:Eu3+ nanoparticles were determined using a transmission
electron microscope JEM-2100F (JEOL microscope, Tokyo, Japan) at an acceleration voltage of 90 kV. Bright-
field images and electron diffraction patterns were obtained. Sample preparation included dispersing of ZrO2:Eu3+

nanoparticles in ethanol by ultrasonic bath and subsequent dipping of the graphene foil grids in the resulting slurry.
Raman measurements were performed using LabRAM HR800 (Horiba Jobin Yvon, Japan) with 1800 gr/mm

diffraction grade in backscattering geometry. Raman spectra were recorded with excitation by a 488 nm of Ar+

laser. Before measurement, the spectrometer was calibrated using 520.7 cm−1 line of silicon standard.
The elemental composition of nanoparticles was controlled by the microanalysis system INCA (Oxford Instru-

ments, UK) using a Zeiss SUPRA 55VP field-emission from Carl Zeiss AG (Germany).
The emission spectra and the luminescence lifetime of ZrO2:Eu3+ nanoparticles were recorded with a spec-

trophotometer LS-100 BASE (PTI Lasers INC, Canada). The geometric width of the output slit of the excitation
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monochromator was 1.25 mm, and that of the entrance slit of the fluorescence monochromator was 0.5 mm. The
wavelength interval for the emission spectra of nanophosphors was set at 560 – 770 nm, and photoluminescence
was excited in the range of 205 – 315 nm. The xenon lamp in the pulsed mode was used as a source of excitation.
The integration window of the signal was 100 – 2000 µs.

The luminescence lifetimes for nanophosphors containing Eu3+ were determined from the emission intensity
decay using pulse xenon lamp mode. The luminescence was excited at 247 nm, and it was observed at 606 and
614 nm. The values of lifetimes were calculated with an iterative fitting procedure using QtiPlot software [40]. The
reliability of coincidence of the experimental signal with that calculated was monitored by the statistical parameter
χ2, which characterizes the extent to which the experimental data coincide with the theoretical model.

3. Results and discussion

A mixture of coprecipitated zirconium and europium hydroxides prepared for the synthesis of ZrO2:1 mol.%
Eu3+ nanoparticlesis amorphous according to XRD data. Its hydrothermal treatment over 4 hours at 250 ◦C and
15 MPa led to the formation of ZrO2:Eu3+ nanocrystals with an average size of 15±3 nm consisting of monoclinic
and tetragonal polymorphous modifications in the 22:78 ratio (Fig. 1(a)). ZrO2:1 mol.% Eu3+ nanoparticles were
annealed in air at 1200 ◦C for 2 hours and slowly cooled to room temperature together with the furnace in order
to increase the monoclinic phase content. During the heating process at the temperature of the equilibrium phase
transition (T = 1170 ◦C), the existing monoclinic zirconia (m-ZrO2) transforms into a tetragonal polymorphic
modification. Since this phase transition is reversible, zirconia is transformed into an equilibrium modification
m-ZrO2 with slow cooling. The quantitative X-ray phase analysis performed in the ReX program using the cards
of the diffraction standards for monoclinic [41] and tetragonal [42] zirconia showed that phase ratio is 92:8 after
annealing of ZrO2:1 mol.% Eu3+ nanoparticles (Fig. 1(b)). The Eu3+ ions introduced into the crystal lattice of
zirconia nanoparticles stabilize the metastable tetragonal phase (t-ZrO2) and do not entirely transfer it to equilibrium
upon cooling. The average crystallite size calculated from the broadening of the X-ray diffraction maxima for both
the monoclinic and tetragonal phases after annealing was 29 ± 5 nm. Eu3+ ions in an amount of 10 mol.% were
introduced into the zirconia crystalline structure to stabilize its cubic phase (c-ZrO2) and reduce the monoclinic
content to a minimum. In this case, the ZrO2:10 mol.% Eu3+ nanoparticles consisted of 98 % of the zirconia cubic
phase, and the remaining 2 vol.% corresponded to its monoclinic polymorphic modification (Fig. 1(c)). c-ZrO2 [43]
and m-ZrO2 cards [41] from the COD database were used to calculate the phase composition of nanoparticles.
The size of the coherent scattering regions for ZrO2:10 mol.% Eu3+ nanoparticles, calculated from the Scherrer
equation, was 12± 2 nm. The portions of m-, t-, and c-ZrO2 phases, calculated using intensities of Raman shifts,
are correlated with those obtained with Rietveld refinement (Table 1). The parameters of the unit cell for the
monoclinic, tetragonal, and cubic phases refined by the Rietveld method from X-ray diffractograms of ZrO2:Eu3+

nanoparticles (Table 1) are comparable with the literature data [44].

TABLE 1. Structural parameters of ZrO2:Eu3+ nanoparticles

Sample
Phase

composition
Unit cell parameters

Im/(t,c)

Im + It,c
1)

ZrO2:1 mol.% Eu3+
22 vol.% m-ZrO2 – 0.209

78 vol.% t-ZrO2
a = 3.6102; b = 3.6102; c = 5.1847
α = 90 ◦; β = 90 ◦; γ = 90 ◦ 0.791

ZrO2:1 mol.% Eu3+

(annealing 1200 ◦C)

92 vol.% m-ZrO2
a = 5.1575; b = 5.2055; c = 5.3115
α = 90 ◦; β = 99.03 ◦; γ = 90 ◦ 0.867

8 vol.% t-ZrO2
a = 3.6003; b = 3.6003; c = 5.1787
α = 90 ◦; β = 90 ◦; γ = 90 ◦ 0.133

ZrO2:10 mol.% Eu3+
2 vol.% m-ZrO2 – 0.114

98 vol.% c-ZrO2
a = 5.1548; b = 5.1548; c = 5.1548
α = 90 ◦; β = 90 ◦; γ = 90 ◦ –

Note: 1)Portions of m-, t-, and c-ZrO2 phases were calculated using intensities of Raman shifts Im,
at 177.7 cm−1 and It,c at 146 cm−1 in Fig. 4.
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(a)

(b)

(c)

FIG. 1. Line profile analysis in the Rietveld method of powder X-ray diffractograms for nanopar-
ticles: a – ZrO2: 1 mol.% Eu3+; b – ZrO2: 1 mol.% Eu3+ annealed at 1200 ◦C; c – ZrO2:
10 mol.% Eu3+

The diameter of the ZrO2:1 mol.% Eu3+ nanoparticles from the TEM micrographs (Fig. 2(1a)) correlates with
the average crystallite size calculated from the X-ray diffractogram (Fig. 1a). Annealing the sample at 1200 ◦C leads
to the fusion of nanocrystals to submicron dimensions (Fig. 2(1b)). In the case of zirconia stabilized with 10 mol.%
europium ions, microphotographs contain both spherical particles 10 nm in diameter and cubical with an average
size of 13 nm (Fig. 2(1c)). According to electron microdiffraction data, the ZrO2:1 mol.% Eu3+ nanoparticles in
native form and after thermal treatment contain the monoclinic and tetragonal phases (Fig. 2(2a,2b)), and with the
increase in the concentration of europium ions only the fluorite-like structure stabilizes (Fig. 2(2c)).
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(1)

(2)

(a) (b) (c)

FIG. 2. TEM micrographs (1) and electronic diffraction patterns (2) of nanoparticles: a –
ZrO2:1 mol.% Eu3+; b – ZrO2:1 mol.% Eu3+ annealed at 1200 ◦C; c – ZrO2:10 mol.% Eu3+

The data of the Energy Dispersive X-ray Spectrometry (EDS) analysis, shown in Fig. 3 and Table 2, confirm
the compliance of europium content (mol.%) in ZrO2-based nanophosphors to the values determined by synthesis.

TABLE 2. EDS analysis of ZrO2:Eu3+ nanoparticles

Sample
Zr Eu O

wt.%

ZrO2:1 mol.% Eu3+ 67.2± 0.9 1.6± 0.5 31.2± 0.8

ZrO2:10 mol.% Eu3+ 61.9± 0.9 12.1± 0.5 26± 0.8

The differences between t-, c-ZrO2 and m-ZrO2 phases are reflected in the normalized Raman spectra (Fig. 4).
For the nanoparticles with 1 mol% Eu3+ subjected to subsequent annealing at 1200 ◦C, the Raman shifts indicate
that the sample preferably consists of the m-ZrO2 phase (curve 1). The strong peaks are at 183, 335, and
474 cm−1 [45, 46]. Besides, the small number of bands observed for the sample with 1 mol.% Eu3+ allows
identifying the t-ZrO2 phase considerably easily with the peaks shown at 149, 224, 292, 324, 407, 456, and
636 cm−1 (curve 2) [47]. In the Raman spectra of ZrO2:10 mol.% Eu3+ nanoparticles, there are mainly hard-
to-separate bands of the high-temperature metastable c-zirconia phases with a narrow band at 145 cm−1 and
broad bands 230 – 290 cm−1, 400 – 430 cm−1, 530 – 670 cm−1 and a shoulder at 301 cm−1 (curve 3) [48].
Some peaks of the monoclinic modification are likely to appear at this. The phase ratio in the samples of
ZrO2:Eu3+nanoparticles, calculated from the Raman spectra, correlates with the XRD data refined by the Rietveld
method (Table 1).

Figure 5 shows the photoluminescence spectra of nanophosphors containing Eu3+ ions in the ZrO2 matrix
for the three cases studied. The emission band represents a quasilinear spectrum and consists of characteristic
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(a)

(b)

FIG. 3. SEM selected area image and EDS spectrum of ZrO2 nanoparticles with 1 mol.% (a)
and 10 mol.% Eu3+ (b)

luminescence peaks corresponding to optical transitions between the spectral terms of the ion Eu3+: 5D0 →7FJ
(0 ≤ J ≤ 6) 581, 592, 614, 655 and 712 nm [49]. The optical transition of 5D0 →7F2 splits into 4 peaks in a
zirconia crystal field with maxima at 606, 614, 625, 633 nm and different contributions, depending on the ratio
of ZrO2 polymorphous modifications. The more significant is a less symmetrical m-phase as compared with t- or
c-ZrO2 phases, the higher is the contribution of the peak at 614 nm compared to the peak at 606 nm (compare
curve 1 with curves 2 and 3). In the optical transition 5D0 →7F4, it is also seen that the higher symmetry of the
prevailing phase is, the stronger the Stark effect is, i.e., this peak is more shifted into the long-wavelength region.
So, the maximum for the m-phase is at 712 nm, for t- or c-ZrO2 it is already at 715.3 nm.

Figure 6 shows the luminescence intensity decays Ilum(t) of Eu3+ in the ZrO2 matrix. The table includes the
calculated parameters of the curves using the stretched exponential function first used by A. Werner in 1907 to
describe the complex luminescence decay, and then by Theodor Förster in 1949 to describe the fluorescence decay
of electron energy donors [50–52]:

Ilum(t) = Ilum(0) exp

[
−
(
t− t0
τPL

)β]
, (1)

where t is decay time; Ilum(0) is the luminescence intensity at t = 0; τPL is the photoluminescence lifetime; t0 is
the time shift in the observation channels; β is the width of luminescence lifetime spectrum in the excited states
(0 ≤ β ≤ 1).

Analysis of the luminescence decay data for the three studied systems showed (Table 3) that the more
homogeneous system regarding the polymorphic modification content (m-phase of ZrO2) is, the narrower lifetime
spectrum range of the excited state, characterized by the value Df = 2 − β, we observe [52–54]. The less
symmetrical m-phase has the shortest luminescence lifetime – 0.57 ms, versus 2.39 ms for the t-ZrO2. The
decrease in the luminescence lifetime for nanoparticles with a stabilized cubic phase of zirconia (10 mol% Eu3+),
in comparison with the ZrO2:1 mol.% Eu3+ sample which contains a mixture of m/t-phases may indicate the
occurrence of concentration quenching at a high europium concentration.
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FIG. 4. Normalized Raman spectra of nanoparticles: 1 – ZrO2:1 mol.% Eu3+ annealed at
1200 ◦C; 2 – ZrO2:1 mol.% Eu3+; 3 – ZrO2:10 mol.% Eu3+. Spectra were normalized at
474 cm−1

TABLE 3. Analysis of the luminescence decay for ZrO2:Eu3+ nanoparticles

No. Sample

Phase
composition,

mol.% τPL, ms β Df = 2− β Ilum(0) χ2
red.

m t c

1
ZrO2:1 mol.% Eu3+

(annealing 1200 ◦C)
92 8 – 0.57±0.02 0.898(12) 1.102 318.0±35.2 2.08

2 ZrO2:1 mol.% Eu3+ 22 78 – 2.39±0.03 0.872(7) 1.128 188.6±1.7 1.84

3 ZrO2:10 mol.% Eu3+ 2 – 98 1.18±0.01 0.749(5) 1.251 187.1±1.1 1.28

Note: the luminescence decay was observed at 606 nm for ZrO2 nanoparticles with 1 and 10 mol.% Eu3+

and at 614 nm for the annealed sample using the excitation wavelength of 247 nm.

4. Conclusions

The ZrO2:1 mol.% Eu3+ nanophosphors represented by a mixture of monoclinic and tetragonal phases with a
set of interconfiguration 4fn−15d-4fn optical transitions in the red region of the emission spectrum, and quasilinear
bands distinctive for europium ions were obtained under hydrothermal conditions. Samples, where europium ions
were predominantly in the crystal lattice of either the metastable or the equilibrium zirconia phase, were obtained
by increasing the concentration of the stabilizer ions to 10 mol.% and annealing the synthesized nanoparticles at a
temperature of 1200 ◦C. It was shown that the luminescent properties of Eu3+ ions in the zirconia crystal lattice
are very sensitive to the phase composition of the nanoparticles. The Stark splitting of the dielectric (5D0 →7F1)
and magnetic (5D0 →7F1) dipole transitions of Eu3+ ions with maxima at 590 and 606 nm is observed for ZrO2

cubic phase with a more symmetric structure. The contribution of the peaks at 596 and 614 nm significantly
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FIG. 5. Normalized luminescence spectra of nanoparticles: 1 – ZrO2:1 mol.% Eu3+ annealed
at 1200 ◦C; 2 – ZrO2:1 mol.% Eu3+; 3 – ZrO2:10 mol.% Eu3+. Excitation is at 247 nm.
Photoluminescence spectra are normalized at 596 nm

increases in the case of a sample in which the zirconia monoclinic modification predominates. The luminescence
lifetime of Eu3+ ions also correlates with the symmetry of the crystal field, a more extended 2.39 ms refers to
t-ZrO2, and a short 0.57 ms is characteristic of the monoclinic phase. Thus, Eu3+ ions, given their sensitivity to
the environment, can be used as a structural probe, and the method of luminescence spectroscopy serves to identify
the phase composition of the oscillator matrix.
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(a)

(b)

(c)

FIG. 6. Luminescence intensity decay of europium ions for nanoparticles: a – ZrO2:1 mol.%
Eu3+ annealed at 1200 ◦C; b – ZrO2:1 mol.% Eu3+; c – ZrO2:10 mol.% Eu3+
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