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Abstract Nanocrystalline ZrO, materials were prepared
by sol-gel method combining different W = [H,O]/[ZTB]
ratios (ZTB: zirconium tetrabutoxide) with 600, 800, and
1000 °C annealing temperatures, yielding diverse phase
compositions. A lower post-synthesis annealing tempera-
ture (600 °C) favored the #-ZrO, tetragonal phase while
higher temperatures (800 and 1000 °C) yielded the
monoclinic one (m-ZrO,). Depending on the preparation
conditions, mixed structure materials are readily obtained.
The luminescence activator in the undoped ZrO, is
assumed as trivalent titanium and emission bands are
assigned to the 3d1(eg) - 3d1(t2g) transition. Due to
weaker crystal field in m-ZrO, form, the Ti** emission
band is red-shifted from 410 nm in #-ZrO, to 500 nm. The
luminescence intensity of the #-ZrO, form is quenched at
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higher temperature than that of m-ZrO,, indicating higher
activation energy and smaller Stokes shift. The undoped
ZrO, excitation seems to involve photoionization of Ti*™
to Ti"". Simultaneously, the freed electron is trapped to the
oxygen vacancies (F™ centers) created by Ti**/Ti"V
charge compensation, so this can be considered as a metal-
to-host/ligand charge transfer. Since most of the excitation
results in immediate emission, the traps are probably very
shallow though deeper ones leads to the persistent lumi-
nescence from the undoped ZrO,.

Introduction

7Zr0O, is one of the most important metal oxides with
applications in photonic devices due to several unique
properties such as good thermal and chemical stability [1],
high refractive index (2.15-2.18) [2], and low phonon
energy [3]. The Zr—O stretching frequency is ca. 470 cm ™',
which is much lower than for Al1-O (870) or Si—O (1100)
while higher than for Y-O (300-380) [4]. The wide band
gap of ZrO, (5.0-5.5 eV) is important for the use as
luminescent materials providing good optical transparency
[5]. In addition to the photonic materials, zirconia has a
variety of other applications, including thermal barrier
coatings [2], fuel cell electrolytes [6], catalysis [7], and
oxygen sensors [8]. ZrO, shows a well-known polymor-
phism with three different crystal structures: cubic (c-
Zr0,), tetragonal (#-ZrO,), and monoclinic (m-ZrO,) [9].
The point symmetry of the Zr site is C,;, and Dy, for the
monoclinic and tetragonal form, respectively, indicating
that the local monoclinic structure is less symmetric than
tetragonal as well. Although m-ZrO, is stable at room
temperature, yet it is transformed to the tetragonal phase at
1250 °C, and then to cubic at 2370 °C [10]. Nevertheless,
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the tetragonal and cubic phases can be stabilized at the
room temperature by doping with trivalent rare earth (R°")
and divalent alkaline earth (Mg”>" and Ca’") ions, gener-
ating oxygen vacancies as a result of charge compensation
[11-13]. Even sulfur impurities have been used to stabilize
the cubic form [14].

The luminescence of the ZrO, materials has been studied
extensively, mainly when doped with the R** ions, includ-
ing the energy transfer from the host to the doping ion [15,
16]. The intrinsic luminescence of the undoped zirconia
materials has also been observed in different works though
the origin of this emission is still basically an open question.
Numerous hypotheses concerning the emission from
undoped zirconia have been given in the literature including
the self-activation of Zr caused by an asymmetric coordi-
nation of the oxygen atoms [17], and the point defects in the
zirconia structure [5, 10, 18]. Eventually, it has been sug-
gested that the luminescence comes from Ti present in the
crystal lattice as an impurity [19, 20]. The luminescence of
the Ti-doped ZrO, has been attributed to the activation of
Ti"V in the zirconia lattice. This interpretation originated
from the observation that the undoped zirconia presented the
same spectroscopic behavior as with Ti doping. The earlier
mechanisms for the conventional and persistent lumines-
cence based on the presence of Ti in ZrO, are, however,
rather qualitative [21] and do not account for e.g. the ener-
getics in the system. In a later work, both the conventional
and persistent luminescence of undoped ZrO, was suggested
to result from a Ti** impurity in ZrO, [22].

In this work, nanocrystalline ZrO, materials were pre-
pared by sol-gel method combining different W = [H,O0]/
[ZTB] ratios (ZTB: zirconium tetrabutoxide) with three
annealing temperatures (600, 800, and 1000 °C) to obtain
different tetragonal and monoclinic phase compositions.
The photoluminescence arising from different polymorphs
of zirconia was correlated with the different crystal field
splitting of the 3d1 configuration of Ti*",

Experimental
Materials preparation

1-butanol (99.5 %) and zirconium tetrabutoxide (ZTB,
70 wt%, 1-butanol solution) were purchased from Aldrich
and used as received. The ZrO, nanomaterials were prepared
using a conventional sol-gel method [23], where the ZTB
was hydrolyzed with different amounts of deionized water
according to the ratio W = [H,O]/[ZTB] = 3,4, 5,6, 8, and
10. In a typical synthesis, 4 cm® of ZTB was added in a
round bottomed flask containing 25 cm® of 1-butanol. The
homogeneous solution was capped and stirred for 15 min,
and then water was added dropwise. The gel-like solution
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was allowed to react for 24 h at room temperature. The crude
gel then was dried at 110 °C for 12 h. In the next step, the
dried gel was ground in a mortar and a white finely divided
powder was obtained. These as-prepared materials were
further annealed at 600, 800, and 1000 °C for 5 h.

Apparatus

Thermogravimetric analyses were carried out with a Mettler-
Toledo TG/SDTA 822 thermobalance, using platinum cru-
cibles containing ca. 10 mg of the sample, under synthetic air
atmosphere (flow rate: 50 cm® min~"), using a heating rate
of 10 °C min~"'. The infrared absorption spectra of the
materials were measured with a Bomem MB102 FT-IR
spectrometer in the range of 400 4000 cm ™' with4 cm ™' as
the spectral resolution. The crystal structure of the materials
was routinely verified with the X-ray powder diffraction
(XPD) measurements using a Rigaku Miniflex diffractom-
eter with CuK,; radiation (1.5406 A) between 20 and 65° (in
20) with 0.05 degree 20 step and 0.5 s step time. The
Scherrer equation:

B = b5 — Br (2)
was used to calculate the mean crystallite size d. In this
expression (Eq. 1), K is the form factor (0.9 rad), 4 the
wavelength of the X-ray radiation (1.5406 10~'° m), and 8
the full width at half maximum (FWHM) value (rad) of the
(111) diffraction reflection (at 28.2° in 20). The reflection
broadening due to the diffractometer setup was eliminated
from the fi5 value (Eq. 2) using a microcrystalline sodium
chloride as reference (fr). However, it should be realized
that the Scherrer equation (Eq. 1) can be applied only to
materials with an average crystal size of less than ca.

200 nm. The phase percentage (X,,) was determined by the
formula (Eq. 3) [24]:

Ln(111) + Iy (111)

X = —
T I (111) + L(101) + L, (111)

(3)

where I, and I, are the integrated intensities of the
appropriate reflections for the monoclinic and tetragonal
phases, respectively.

The scanning electron microscopy imaging (SEM) of
the ZrO, materials prepared with different W was carried
out with a JEOL JSM-740 1F Field Emission Scanning
Electron Microscope.

The photoluminescence measurements on the zirconia
materials were carried out at room temperature with a
SPEX Fluorolog-2 spectrofluorometer equipped with two
0.22 m SPEX 1680 double grating monochromators. A
450 W xenon lamp was used as the excitation source. The
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excitation and emission spectra were collected at an angle
of 22.5° (front face). All spectra were recorded using
automatic correction against spectral sensitivity of detec-
tion. Temperature dependent spectra were measured using
a liquid N; cryostat with homemade temperature controller
operating from 77 to 400 K.

Results and discussion

Phase formation and morphology of sol-gel derived
ZI'Oz

The TG curve of a representative as-prepared ZrO, mate-
rial (W: 3) shows a mass loss at three main stages in the
temperature intervals of 30-110, 110-265, and 265-480 °C
(Fig. 1). The first stage is probably due to loss of water and
solvent adsorbed and trapped in the pores of the dried gel
[25]. The second one is compatible with an oxidative
decomposition of residual organic moiety while the third
stage is related to the dehydroxylation of ZrOH and for-
mation of ZrO, [25]. The final composition of the material
was achieved at ca. 500 °C. No considerable differences
were observed on the thermal decomposition behavior of
the materials obtained with different W.

The FT-IR absorption spectra of the as-prepared ZrO,
materials (not shown here) present a broad band at ca.
3400 cm™! and a narrower one at 2900 cm_l, assigned to
the O-H and C-H stretching vibrations of water and
butanol, respectively, present as residues of the sol-gel
process. The FT-IR results support the analysis of the TG
curves. Furthermore, the absorption bands at 480 and
620 cm ™! are assigned to the Zr—O and Zr—OH stretching
vibrations, respectively.

All XPD patterns of the ZrO, materials prepared with
W: 3 and 6, and annealed at 600, 800, and 1000 °C show

T T T T T T T

ZrO, "as-prepared”
W: 3

100 -

Weight Remaining / %
DTG/°C’”

160 260 360 460 560 660 760
Temperature / °C
Fig. 1 TG and DTG curves of the as-prepared ZrO, material

obtained in air atmosphere, at a heating rate of 10 °C min~! and
flow rate at 50 cm> min™!

narrow reflections which indicate the high crystallinity of
the materials (Fig. 2). The most intense reflections at 28.2
and 31.5° (in 20) correspond to the (111) and (111)
reflections of the monoclinic phase (space group P2,/c; Z:
4) [26], respectively, whereas that at 30.2° corresponds to
the (101) reflection of the tetragonal phase (space group
P4,/nmc; Z: 2) [26]. The sol-gel method using different
W ratios allowed the preparation of zirconia materials with
different proportions between the tetragonal and mono-
clinic phases after the thermal treatment.

The XPD patterns of the ZrO, materials annealed at
600 °C (Fig. 2) indicate that the tetragonal phase is dom-
inant at low temperatures. Tetragonal phase is thermody-
namically unstable in the case of chemically pure bulk
zirconia. But in the case of (a) small particle size or
(b) certain impurities (Y,03, etc.), the tetragonal phase can
become thermodynamically stable already at room tem-
perature. Tetragonal phase present is then attributed to the
method of synthesis which yields small particles that sta-
bilize #-ZrO, by excess of surface energy [27]. The
hydrolysis of the sol-gel zirconia precursor (ZTB) could be
controlled to generate ordered sheets of Zr(OH),4-2H,0 that
lead to the tetragonal phase upon heating [11]. Theoretical
investigation on the relative stabilities of the ZrO, crys-
talline phases present in the literature [28] has shown a
good agreement with the obtained experimental data. The
present results suggest direct influence of the W ratio on the
zirconia phases, with the W: 3 ratio offering the best syn-
thetic condition for the crystallization of the monoclinic
phase (Fig. 2). On the other hand, with increasing anneal-
ing temperature, the monoclinic phase becomes predomi-
nant at 800 and 1000 °C, indicating a ¢ — m transition to
the thermodynamically stable phase [11]. The mean crys-
tallite size of ZrO, (Fig. 2) at the annealing temperature of
600, 800, and 1000 °C, respectively, indicates a significant
increase in the crystallite size with the increasing W ratio.
Even stronger dependence of the crystalline size is shown
by an increase in the annealing temperature from 600 to
1000 °C (Fig. 2), a well-known tendency.

SEM images show that the agglomeration and the shape
of the particles for the as-prepared ZrO, materials (Fig. 3)
obtained with W: 3 and 6 depend on the water content in
the synthesis. For W: 3 (Fig. 3a, b), the particles have a
wide size distribution and are highly agglomerated. On the
contrary, for W: 6 (Fig. 3b, c) the particles have diameter
around 0.7 pm, and are less agglomerated.

Structural dependence of ZrO, photoluminescence
Approximately 20 different metal impurities may be pres-

ent in zirconia materials in ppm concentrations [20],
depending on the source. Among the proved impurities,
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titanium is one of the best candidates to exhibit lumines-
cence, and from the different Ti species, the Ti** ion may
be preferred. Therefore, the luminescence from the ZrO,
materials could be improved with an addition of different
amounts of the Ti dopant [19, 20], but the oxidation state of
Ti could not be resolved. According to the Vegard’s rule
[29], it is more likely that the Ti** (ionic radius: 0.67 A for
CN: 6) substitutes Zr'¥ (0.78/0.84 A, CN: 7/8) in the ZrO,
lattice than Ti'Y (0.61/0.74 A, CN: 6/8) [30]. Moreover, the
luminescence of Ti>" has been reported in matrices as
aluminosilicate glass [31, 32] and bazirite-type BaZr;
Ti SizOy phosphors [33].

The UV-excited emission spectra of the representative
7ZrO, materials (W: 3) annealed at 800 and 1000 °C differ
significantly from that of the material annealed at 600 °C
(Fig. 4). These spectra are in good agreement with the
literature data [30, 31], indicating different broad emission
bands with emission centered at ca. 410 and 500 nm,
respectively. The materials exhibit either bright blue
(tetragonal) or cyan emission (monoclinic) colors. Con-
sidering the Ti*" ion as the luminescent activator, it is
expected that the tetragonal (CN: 8) and monoclinic (CN:
7) phases present different emission bands, since the d-
transition metal ions are very sensitive to the crystalline
field.

@ Springer
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The excitation spectra of ZrO, materials (Fig. 5)
obtained by monitoring the emission at either 410 or
500 nm for the samples annealed at 600 and 800/1000 °C
show broad absorption bands composed with two Gaussian
contribution each. The higher intensity of the deconvolu-
tion curves of the excitation bands of the ZrO, materials
(Fig. 5, top) prepared at 600 °C shows a major contribution
centered at 29000 cm™' assigned mainly to the d—d intra-
configurational transition of Ti’>" in a tetragonal site. The
deconvoluted excitation spectra of ZrO, materials obtained
at 800/1000 °C present two contributions centered at
34000 and 31800 cm ™' attributed to the charge transfer
from Ti>* to the host, and d-d excitation of Ti>* in a
monoclinic site, respectively. It is possible to observe the
contribution of the charge transfer band with lower inten-
sity in the tetragonal phase. Generally, the charge transfer
transition is independent of the environment around the
Ti** and may not be attributed to an excitation to a higher
3d ](eg) level. A more plausible explanation is offered by a
transition originating from a charge (electron) transfer from
Ti** to an oxygen vacancy, which was created by the
charge compensation due to the Ti*" impurity. The elec-
tron transfer from Ti’" creates a tetravalent titanium spe-
cies with a reasonably low amount of energy as should be
expected.
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Fig. 4 Emission spectra of ZrO, materials sintered at 600 (left), 800 (center) and 1000 °C (right). The deconvolution curves show two main
contributions attributed to the t- and m-ZrO, phases. The calculated proportions of t-/m-ZrO, is given in parenthesis

The energy balance is more favorable to charge transfer
due to electrostatic attraction of the electron by the positive
oxide vacancy, V& in Kroger—Vink notation [34] or F*™*
centre. The electron trapped in an oxide vacancy (now a F*
centre) and the hole in Ti"Y is, however, a metastable
system and the relaxation occurs rather rapidly when the
electron recombines with the hole. The energy then is
transferred to the excited e, levels of Ti** by multiphonon

relaxation. It should be noted that the annihilation of the
metastable system depends also on the depth of the electron
traps. Accordingly, the undoped ZrO, shows non-negligi-
ble persistent luminescence [22] probably due to bleaching
of the deep traps. The emission bands of both the mono-
clinic and tetragonal ZrO, (Fig. 4) can be assigned to the
3d1(eg — 1) transition of Ti*" ion. The presence of dif-
ferent broad emission bands for the undoped ZrO,
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Fig. 5 Deconvoluted excitation spectra of undoped ZrO, materials
obtained by sol-gel method and calcinated at different temperatures.
The calculated proportions of - and m-ZrO, are shown in parenthesis.
All spectra were recorded at room temperature

materials is due to the different zirconia phases. This
structural dependence can be related to a distorted Oy
symmetry, the TiOg cube for the tetragonal and the dis-
torted TiO; (monocapped) octahedron for the monoclinic
phase [28]. The crystal field in the monoclinic form is
expected to be weaker because of the fewer oxide ligands.
All this in spite of the shorter Zr-O distances in the
monoclinic form, values from 2.05 to 2.29 A (average:
2.159 A) while between 2.102 and 2.351 A (average:
2.226 A) have been reported for the monoclinic and
tetragonal structures, respectively [26].

Owing to the weaker crystal field, the emission band of
the e, — 1,, transition of Ti> ion for the monoclinic form,
is redshifted when compared to the tetragonal phase. For
the zirconia annealed at 600 °C, the tetragonal phase is
predominantly present with 67-89 % of #-ZrO,, and an
emission band in blue is observed due to the large crystal
field splitting confirming this reasoning. The different
processes leading to luminescence in undoped zirconia
materials are schematized in a forthcoming section.

As stated above, the structure of the ZrO, material
depends not only on the annealing temperature but also on
the W parameter. The annealed product contains in most
cases both the monoclinic and the tetragonal forms of
ZrO,, i.e., a mixed structure product is obtained. However,
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Fig. 6 Integrated intensity of emission spectra as a function of
temperature. The lines are just a guide to the eye

the deconvolution curves of the emission bands of ZrO,
can be used to probe the phase composition of the ZrO,
materials. The two emission bands can be separated and
assigned to emission from the tetragonal [35] (ca.
23000 cm_l) and monoclinic phases (ca. 20000 cm_l). On
the other hand, the compositions obtained from optical
spectra do not match with those obtained from the X-ray
diffraction for different reasons, for example the measuring
temperature as discussed further below.

Thermal quenching of the luminescence of ZrO,

The Fig. 6 shows the thermal quenching of the lumines-
cence for the ZrO, materials with different tetragonal/
monoclinic proportions. The luminescence intensity of the
monoclinic phase of the ZrO, is quenched fast at lower
temperatures to about half at temperatures close to 320 K
(Fig. 6). This preliminary result shows that the thermal
quenching is already effective at room temperature, which
is confirmed by the low temperature emission spectra [17].
The same optical behavior is observed with the 7-/m-ZrO,
(48/52 %) mixed material. The monoclinic contribution
suffers the thermal quenching at lower temperatures hin-
dering the luminescence output of the mixed materials. On
the other hand, the thermal quenching of the tetragonal
phase is less evident at room temperature and shows still
50 % intensity at temperatures at around 470 K. Both
observations are in accordance with the Stokes shift
observed in the materials.
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Fig. 7 Schematic presentation
of excitation and emission
processes for monoclinic and
tetragonal undoped ZrO,
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The tetragonal zirconia phase shows a smaller Stokes
shift indicating less efficient non-radiative decay due to
weaker vibrational contribution. The m-ZrO, phase shows
larger Stokes shift and the thermal quenching is more
operative at room temperature due to stronger vibrational
contribution, converting the exciting energy into heat.
Thus, the activation energy of the process is higher for #-
7ZrO, phase. As far as the practical applications are con-
cerned, the different thermal behaviors of the two ZrO,
phases can be used as thermally tunable phosphors.

Emission diagram and tuning of luminescence

As discussed in “Structural dependence of ZrO, photolu-
minescence” section, the different chemical environments
for the Ti*" ion lead to different emission colors from r-
and m-ZrO,, under UV radiation. The luminescence pro-
cess depends on the following steps (Fig. 7): (i) The
electron is UV-excited both to the e, level of Ti** and to
the oxide vacancies (V¢ or F** centers) in a d—d excita-
tion and/or metal-to-ligand/host charge transfer (MLCT),
(ii) The electron trapped in an oxide vacancy (F' centre)
and the hole in Ti'V relax by electron—hole recombination
and the energy is transferred to the excited e, levels of Ti**t
by multiphonon relaxation and, (iii) The populated e,
excited state decays to the t,, ground state, emitting photon
with wavelength controlled by the 3dl crystal field
splitting.

Since the sol-gel method allows obtaining different mix-
tures of phases, only varying the W and temperature of cal-
cination parameters, the emission colors could be fine tuned.
This fact can be visualized in a chromaticity coordinate dia-
gram of the emission from the zirconia materials with diverse
phase compositions (Fig. 8). The different phase composi-
tions at the same temperature show different emission colors
arising from the zirconia materials.

520

(@)
90 % t-Zr0,
298 K

EPECTRA

R

460
420

Fig. 8 CIE chromaticity diagram for the emission from the 99 % m-
ZrO, material recorded at different temperatures (red triangles), 90 %
t-ZrO, (white circle) and 50 % m-ZrO, (black square) materials
recorded at room temperature. The curved arrow indicates a tentative
path connecting monoclinic to tetragonal zirconia (Color figure
online)

Furthermore, the tetragonal and monoclinic phases of
zirconia undergo thermal quenching at different tempera-
tures, allowing tuning of the emission color, changing only
the temperature of the material. For example, the material
with 99 % of monoclinic phase shows a blue shift of the
luminescence with the temperature varying from 122 to
398 K (spectra not shown). The materials with higher
contents of the tetragonal phase do not show great change
in the emission color as a function of temperature. These
results show the great versatility of the undoped zirconia
luminescent materials prepared by sol-gel method.
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Conclusions

The preparation of the sol-gel zirconia nanomaterials was
studied systematically exploiting different parameters
involved. Sets of interacting parameters were obtained
which allowed a good control of the crystalline phases and
morphology of the #-ZrO, and m-ZrO, nanomaterials. The
sol-gel synthesis thus proved as a powerful method to
obtain refractory materials with preferred photonic prop-
erties. Ti>™ ion was assumed with success to be the lumi-
nescent activator in the undoped zirconia because most of
the optical behavior of these nanomaterials could then be
explained unambiguously. The materials have different
emission, depending whether the phase is tetragonal,
monoclinic, or mixed. The analytical deconvolution of the
bands shows that the emission from tetragonal and mono-
clinic can be resolved and therefore the mixed material can
be identified and their proportions qualitatively estimated.
The persistent luminescence phenomenon suggested that
the excitation probably involves the photoionization of
Ti*" to Ti'"Y + e™. The relationship between the thermal
quenching of the luminescence and the structure of each
crystalline phase was studied and showed that tetragonal
phase offers less non-radiative decay paths through multi-
phonon de-excitation. Photoluminescence and thermal
quenching data suggest a mechanism of the photonic pro-
cess in both ¢- and m-ZrO,. The 7- and m-ZrO, materials are
potentially applicable as structurally and thermally tunable
luminescence materials. Zirconia can be used also as per-
sistent luminescence materials or as a phosphor for ther-
mometry, because of the lack of expensive starting
materials—especially if juxtaposed to the rare earth based
materials.
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