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ARTICLE INFO ABSTRACT

Keywords: CaZrO3; nanoparticles were obtained by a new synthesis route: nucleation using the microwave-assisted hy-

Hydrothermal drothermal method (MAH) and crystallization by heat treatment. Structural characterization by X-ray diffraction

Microwave (XRD) was performed for the synthesized material and after heat treatment at 700, 800, 900, 1000 and 1200 °C.

Igaezza:(;reatment At 800 °C, the lakargite phase crystallization (CaZrOs) starts and portions of the non-stoichiometric calcium-
3

zirconium oxide phase were observed by XRD and Raman spectroscopy. A residual CaCO5 phase was present in
the untreated samples. At 1200 °C, the well-crystallized stoichiometric and non-stoichiometric mixed oxide
phases of CaZrOj3 (crystallites of about 75 nm) were observed, along with particle agglomerates often in the
micrometer range. The synthesized material was subjected to differential thermal analysis, which revealed
carbonate degradation at approximately 695 °C, resulting in a small loss of mass of 6%. An endothermic reaction
at 85 °C was observed for water loss, where there was a considerable amount of energy involved. This result
showed the sensitivity to moisture absorption and adsorption processes of the CaZrO5; sample, obtained by the
MAH route. UV-Vis spectroscopy showed the characteristic gap energies for the two phases, which were 2.9
(non-stoichiometric) and 4.9 eV (stoichiometric), values smaller than those obtained by usual synthesis routes.

1. Introduction

Calcium zirconate (CaZrO3) is a perovskite family ceramic, whose
mineral in its natural form was only discovered in 2008 in the northern
part of the Caucasus region, Russia [1]. This material shows poly-
morphic transition from orthorhombic to cubic at 1750 °C, has a rela-
tively small thermal expansion coefficient and high thermal and che-
mical stability [2]. At room temperature, its orthorhombic structure
exhibits slightly deformed [ZrOg] and [CaOg] clusters (Fig. 1), which
may generate intermediate states in the energy gap of the material,
affecting its optical properties [3].

CaZrOs3 has very interesting electrical properties, potentiating its use
in various applications, mainly as a humidity sensor [5]. Dudek et al.
[6] reported the sensor properties of a CaZrO3-CaO-ZrO, system, ob-
tained by different synthesis methods with subsequent thermal treat-
ments at temperatures between 1000 and 1500 °C. CaZrO3 can be used
as a semiconductor, with applications in high-temperature water sen-
sors, photoluminescent emitter at 450 and 700 nm, solid electrolyte,
proton conductor and photocatalytic material (for molecules such as
rhodamine B) [5-10]. In addition, CaZrOs can be used in various areas
due to its refractory character (melting point of 2340 °C), relative high

electrical permittivity and low dissipation factor [11].

Stoichiometric CaZrO3 has been reported as a p-type semiconductor
material. When small excesses of CaO or ZrO, are added to CaZrOs,
ionic conductivity is observed for different values of oxygen partial
pressure besides high chemical stability at temperatures above 1000 °C.
Therefore, CaZrO5-ZrO,, heterostructure can be beneficial for both ionic
conduction and improvements in water adsorption due to its increased
surface area [12].

There are several physical or chemical methods for obtaining this
material, such as the polymer precursor, or Pechini method [13], sol-gel
[14], gelation-combustion [15], solid state reaction [16] and micro-
wave-assisted salt melting [17]. However, there are no reported studies
on the synthesis of this material by microwave-assisted hydrothermal
methods (MAH) [18]. In this work, CaZrOs; nanoparticles were nu-
cleated using MAH and subsequently thermally treated to complete the
CaZrO3 phase crystallization. A new method for the synthesis of this
ceramic allows us to investigate new microstructures and possibly im-
prove their properties, especially those concerning applications in hu-
midity sensors [19].
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Fig. 1. [ZrO¢] and [CaOg] clusters slightly deformed in the CaZrO3; orthorhombic struc-
ture [4].

2. Experimental procedure

CaZrO3 nanoparticles were produced in two processing steps. In the
first, we used MAH with a heating rate of 140 °C/min, temperature of
140 °C, synthesis times of 20 and 160 min and maximum pressure of
4 bar. The precursor solution was prepared in deionized water by
adding, with stirring, CaCl,2H,0 (99%, Synth), ZrOCl,-8H,0 (99%,
Synth) and NaOH (6 mol/L) (98%, Synth) as a mineralizing agent. The
chlorides were stoichiometrically mixed at a 0.01 mol Ca/Zr ratio. After
the synthesis, the supernatant was discarded and the ceramic pre-
cipitate was washed several times with deionized water until neutral pH
[20]. The material thus synthesized was dried in an oven, ground in an
agate mortar and then subjected to structural characterization. In the
second stage, the samples were subjected to thermal treatments at 700,
800, 900, 1000 and 1200 °C for 1 h, using a laboratory furnace (EDG
3000). To evaluate the effect of heating time, a sample was treated at
1000 °C for 6 h.

Identification of the phases in the samples was performed by X-ray
diffraction (XRD) analysis (Shimadzu XRD-6000), with Cu Kal (A =
1.5406 A) and Cu Ka2 (A = 1.5444 A), at 40 kV and 30 mA, with 0.02°
step, scanning speed of 2°/min and angular range 26 = 10° to 80°. Also,
data were collected for structure refinement using the Rietveld method,
for the CaZrO3 sample heated at 1200 °C. In this case, the angular range
(206) was from 10° to 120°, with scanning speed of 0.2°/min. The
average crystallite size of some samples was calculated using the
Scherrer equation (Eq. (1)), using XPowder software, where back-
ground and ka2 radiation were subtracted. In this equation, D is the
average crystallite size, k is a dimensionless constant called the form
factor (Scherrer constant, which varies with the geometric configura-
tion of the crystallite), A is the wavelength of the radiation (Cu kal), 6
is the diffraction angle, and $ is the full width at half maximum
(FWHM) of the most intense diffraction peak [21].

D = kA/Bcos6 (D

Thermal characterization was performed by differential scanning
calorimetry (DSC) and thermogravimetry (TG) (SDT-Q600TA
Instruments). The analyses were carried out up to 1200 °C, at a heating
rate of 10 °C/min in air flow (100 mL/min). The morphology of the
synthesized (160 min) and heated sample (1000°C, 1h) were
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Fig. 2. XRD of the CaZrO3 samples synthesized for (a) 20 min and (b) 160 min (140 °C)
using MAH method.

characterized using a scanning electron microscope (SEM, Supra™ 35
Gemini, Zeiss).

The synthesized sample (MAH) at 160 min and treated (1200 °C,
1 h) was analyzed directly in the powder form at room temperature
using Raman scattering and UV-Vis absorption. Raman spectroscopy
was performed using a Renishaw micro-Raman, inVia model, equipped
with Leica microscope and CCD detector. Raman spectra were obtained
with scanning from 100 to 600 cm ™!, with a 514 nm wavelength ex-
citation laser (He-Ne). Finally, UV-Vis spectroscopy was performed by
diffuse reflectance (Cary 5 G Varian) spectrophotometer (UV-Vis-NIR)
in full reflection mode. The equipment was calibrated with two
Labsphere reflectance standards, SRS 94-010 (white, 99% reflection)
and SRD 02-010 (black, 0.2% reflection). The region analyzed was
800-200 nm with a 600 nm/min step and a lamp change (visible - ul-
traviolet) at 350 nm. The gap energy (Eg,,) was estimated using the
Wood and Tauc method [22].

3. Results and discussion

The X-ray diffractograms of samples synthesized by MAH for 20 and
160 min (Fig. 2) showed wide peaks (at 30°, 50° and 60°, 20). This
particular characteristic of wide peaks is related to the short- and
medium-range order of the ceramic material structure, indicating a
process of phase nucleation. The wide peak between 20° and 40° (26),
with a maximum of 30°, is characteristic of the medium-range order of a
glass structure. These three peaks are located in the positions of the
most intense peaks of non-stoichiometric calcium-zirconium oxide. The
peak near 20 = 30° corresponds to the calcium zirconate phase. In
addition, calcium carbonate formation (CaCO3; — PDF 5-0586) can be
observed, mainly for the sample prepared with less synthesis time
(20 min). In this case, it can be concluded that the MAH method used
provides energy for the crystallite nucleation process, but that it is not
sufficient for phase growth.

Fig. 3 shows the thermal analysis results of the oven-dried CaZrO;
ceramic powder, synthesized by MAH for 20 min. The endothermic
peak at 85 °C showed a mass loss of 8%, associated with loss of surface
water (adsorbed water). Another endothermic peak, at 695 °C (loss of
approximately 6% mass), was related to calcium carbonate degrada-
tion, as observed in the X-ray diffractogram of this sample (Fig. 2). In
general, carbonate decomposition occurred near 900 °C [23,24]; how-
ever, the lower value observed was associated with the size of the
particles, i.e., the smaller the size, the lower the decomposition tem-
perature. Above 700 °C, other reactions occurred without change in
mass, and therefore, there was no degradation of the material.

Since the longer synthesis time (MAH) resulted in a material with
lower carbonate volume, the thermal treatments for phase crystal-
lization were performed only with the sample synthesized for 160 min.
Small amounts of this sample were heated at four different tempera-
tures (700, 800, 900 and 1000 °C) for one hour and analyzed by XRD
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Fig. 3. Thermogram of the CaZrO3 sample synthesized for 20 min.
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Fig. 4. XRD of the CaZrO; samples synthesized by MAH for 160 min (a) without heating,
and heated at (b) 700 °C, (c) 800 °C, (d) 900 °C and (e) 1000 °C, for 1 h.

(Fig. 4). The sample heated at 700 °C showed little change in the dif-
fractogram. The XRD peaks became more intense and sharper, espe-
cially those near 30°. In this sample, the carbonate fine peaks were not
observed, confirming the thermal analysis results (Fig. 3), i.e., calcium
carbonate decomposition occurred at this temperature. The diffracto-
gram showed that in the samples heated at 800 and 900 °C, the initial
growth of the calcium zirconate (lakargite, PDF 35-790 — CaZrO3) and
non-stoichiometric calcium-zirconium oxide phases (PDF 26-341 -
Cag.15Zr0.8501.85) Was observed, but that they did not crystallize com-
pletely. The larger diffraction peaks, close to 30°, 35°, 50° and 60° (26)
are characteristic of the non-stoichiometric calcium-zirconium oxide
phase, with cubic unit cell, while the sharp ones are characteristic of the
orthorhombic calcium zirconate phase. Therefore, with these synthesis
conditions and heating, non-stoichiometric calcium-zirconium oxide
nanoparticles were predominantly formed and well-crystallized cal-
cium zirconate, characterized by fine XRD peaks, was less evident.
However, as the heat treatment temperature was increased (1000 °C),
there was an increase in the CaZrO3; phase over the non-stoichiometric
phase.

The SEM images for the sample synthesized for 160 min and treated
at 1000 °C are shown in Fig. 5. The images show agglomerates (mi-
crometric) with high roughness and no defined shapes (Fig. 5 (a)) and
with nanometric particles adhered to their surface (Fig. 5 (a)-(d)),
which is usually observed in the growth of perovskite crystals [25]. The
observation of agglomerate particles with undefined morphology in-
dicated that one hour of heat treatment was not sufficient for phase
morphological evolution [17]. The X-ray diffractograms showed wide
peaks, especially for the non-stoichiometric phase, indicating smaller
particles for this phase. These images showed different morphologies
compared to those for other synthesis routes of CaZrO3 [5,6], which
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Ceramics International 44 (2018) 953-958

Fig. 5. SEM images of the CaZrO3 sample synthesized by MAH for 160 min and heated at
1000 °C for 1 h.

although they showed that the samples were composed of porous ag-
glomerates, there were smaller particles with defined morphology. This
characteristic is observed in the enlargement in Fig. 5(d), which shows
that the micrometric particle analyzed was formed by the agglomera-
tion of nanometric particles, apparently spherical and organized to give
a porous microstructure (Fig. 5(e)).

Huang et al. [17] and other authors [26,27] report that a longer
heating time is more efficient than a higher temperature in the crys-
tallization of zirconates. Accordingly, a sample synthesized for 160 min
by MAH was heated at 1000 °C for 6 h (Fig. 6 — (I)). For this longer
heating time, there was a slight improvement in the crystallization of
the two phases, which showed more defined XRD peaks. Although this
slight improvement in the intensity and resolution of the doublets, at
30° and between 50° and 60° (20) confirmed a better phase crystal-
lization in the sample treated for 6 h, these changes were not as sub-
stantial as those observed by Huang et al. [17].

For the sample treated at 1200 °C for 1h, the X-ray diffraction
pattern (Fig. 6 — (II)) showed the existence of two well-ordered phases,
with sharp and more intense diffraction peaks. This showed that the
higher temperature was more effective than longer heat treatment time
(Fig. 6 — (I)) in the crystallization process for this synthesis method. For
this sample, structure refinement was performed using the Rietveld
method (Fig. 7). From the refinement, the lattice parameters and per-
centage of formed phases were obtained. The mean crystallite size was
obtained by the Scherrer equation using XPowder software (Table 1).

Refinement showed good values of convergence parameters be-
tween the points observed and calculated (2 = 1.785, wRp = 8.44%,
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Fig. 6. (I) XRD of CaZrO3 samples synthesized by MAH for 160 min: sample (a) without heat treatment; (b) heated at 1000 °C for 1 h, (c) at 1000 °C for 6 h
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Fig. 7. Rietveld structure refinement diffractogram of the CaZrO3z sample synthesized by
MAH for 160 min and heated at 1200 °C for 1 h.

R(F?) = 3.67%). The percentages of the orthorhombic calcium zirco-
nate and non-stoichiometric calcium-zirconium oxide cubic phases
were 65% and 35%, respectively. The cubic phase stoichiometry was
determined to be Cag 16Zr9g601.57. The diffractograms demonstrated
that with heat treatment, the non-stoichiometric phase was initially
more crystalline, i.e., larger crystallites, with more intense diffraction
peaks. According to the average crystallite size before (4 and 52 nm)
and after (76 and 75 nm) heat treatment at 1200 °C, zirconate crystal-
lization rate was higher than that of non-stoichiometric oxide, during
heat treatment. Both phases reached approximately the same final
crystallite sizes, as observed in Fig. 6 — (II) by the peak width of each
phase. Comparing the calculated lattice parameters with those of the
reference diffractograms (PDF), there was a slight increase in unit cell
for the two phases.

The Raman spectroscopy results of the heated sample at 1200 °C are
shown in Fig. 8 and Table 2, confirming the X-ray diffraction data. The
most evident and intense vibration modes were those referring to the
CaZrO3 phase. Non-stoichiometric phase vibration modes, such as those
peaking at 141 and 460 cm™?, coincided with those of the calcium

Table 1

and (II) 1200 °C for 1 h.

CaZrO, 160 min 1200C 1H

©
-
©
&

544.7)

Intensity (a.u.)

T x T
300 400
Raman Shift (cm™)

100 600

Fig. 8. Raman spectrum of the CaZrO; sample synthesized by MAH for 160 min and
heated at 1200 °C for 1 h.

Table 2
Comparison of the wave numbers obtained for the CaZrO; sample synthesized by MAH
for 160 min and heated at 1200 °C for 1 h with those of reference 29.

CaZrOz; Sample (cm 1) Orera et al. [29] (cm ™ 1) Assigned Mode

147.6 145 (Ag) Network Mode

189.9 190 (B2g) Zr-O Flexion

212.7 212 (B2g) Zr-O Flexion

226.7 227 (Big orB3g) Zr-O Flexion
235.4 234 (Bzg) Zr-O Flexion

261.6 262.5 (Ag) Zr-O Flexion

284.2 286.5 (Ag) Zr-O Flexion

301.6 305 (Big orBsg) Zr-O Twist

357 358 (Ag) Twist

- 418 (Bzg) Twist

437.7 439 (Ag +Byg) Twist

470.1 469 (Bzg) Zr-O Stretching
544.7 543 (Ag +Bgg) Zr-O Stretching
- 547 (Big+Bsg) Zr-O Stretching

zirconate phase [28]. The other peaks were very weak and overlapped
by calcium zirconate vibrational modes. According to Rosa et al. [13],
the frequencies near 141 and 185 cm ™! correspond to the Ag and By,

Rietveld structure refinement data of the CaZrO3; sample synthesized by MAH for 160 min and heated at 1200 °C for 1 h.

Phase Structure a (A) b (A) cA) Weight % (%wt) Average crystallite size (nm)
CaZrO3 Orthorhombic 5.599 8.019 5.752 65% 76
Cag.16Z10.8601.87 Cubic 5.139 5.139 5.139 35% 75
PDF CaZrO; Orthorhombic 5.593 8.010 5.756 - -
Cag.15Zr0.85 O1.85 Cubic 5.135 5.135 5.135 - -

* Powder Diffraction Files: 35-790 (CaZrO3) and 26-341 (Cag.15Zr¢ g5 O1 .85)-
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Fig. 9. UV-Vis absorption spectrum of the CaZrO; sample synthesized by MAH for
160 min and heated at 1200 °C for 1 h.

vibrational modes of the Zr-O bond, respectively. All other torsion
modes, stretching and bending, peaked approximately in the same re-
gions as the references [13-29]. The differences seen at the maximum
point of these bands can be related to the average crystallite size of each
sample, because the FWHM of Raman bands, in general, is inversely
proportional to the average crystallite size [30]. On the other hand, the
non-stoichiometric calcium-zirconium phase may contain structural
defects due to oxygen vacancies, for example, which may change the
bonding energy between Zr and O atoms and also the cluster [ZrOg]
symmetry, which can result in the Raman mode shift. According to
André [2], defects are related to short-, medium- and long-distance
structural order-disorder, which in turn may alter the material elec-
tronic structure and surfaces and interfaces as well. As a consequence,
changes in Raman band position and E,,, may occur, for example. Also,
according to Li et al.[31], the bands at 149, 269 and 312 cm™! are
characteristic of the tetragonal ZrO, phase. However, the spectrum in
Fig. 9 showed the absence of these bands, confirming the finding that
the non-stoichiometric phase (Cag16Zro.8601.57), whose substitution
occurs at the Ca/Zr site, has cubic symmetry, as identified by XRD.
The optical Eg,, of the CaZrOs; sample synthesized by MAH for
160 min and heated at 1200 °C for 1 h was determined using the Wood
and Tauc method [22], considering an indirect transition. Fig. 9 shows
the absorption spectrum versus photon energy for this sample. Two
absorption regions were observed, for which two different Eg,, were
estimated, 2.9 and 4.9 eV. These values were attributed to the gap of
the non-stoichiometric calcium-zirconium and CaZrOs; phases, respec-
tively. In the work of Rosa et al. [13], the experimental Eg,;, value of the
pure CaZrO3 phase was 5.7 eV, while André [2] reported a value of
3.8 eV, also for a pure phase, where the polymeric precursor method
was used in both cases. Stoch et al. [32] found Eg,;, values on the order
of 4.1 eV for CaZrOs, prepared by melting in an electric arc and the
standard solid state reaction method. These results showed the influ-
ence of the synthesis method and suggested that the coexistence of non-
stoichiometric calcium-zirconium and CaZrO; phases significantly alter
the band structure configuration of each one. ZrO,, for example, may
have its Eg,, changed by dopants, as observed by Lovisa [33]. Ac-
cording to the author, the controlled doping of ZrO, with Tb, Eu or Tm,
associated with the calcination conditions, can alter Egz,, from 2.8 to
4.8 eV. This author contends that the decrease in gap energy depends
on structural ordering, that is, the lower the Eg,;, value, the greater the
number of intermediate levels in the band gap. In this context, for the
non-stoichiometric calcium-zirconium phase, the Ca/Zr substitution
and the absence of oxygen in the lattice leads to medium-range defects
and may induce destabilization of its electronic structure and alteration
in Egap. In addition, these changes in Eg,,, compared to those in the
literature for the two phases, may be related to the nanometric particle
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size and interface effects between them.
4. Conclusions

CaZrOs5 samples were obtained by a new synthesis route: nucleation
using the MAH method and crystallization by heat treatment. The re-
sults showed that the crystallization process of the CaZrO3 phase started
with heating at 800 °C, together with the crystallization of the non-
stoichiometric calcium-zirconium oxide. After heat treatment at
1200 °C, the sample consisted of 65% orthorhombic CaZrO5; phase and
35% non-stoichiometric cubic phase, both with high structural or-
dering, according to XRD data and structure refinement. SEM images
showed that after heat treatment at 1000 °C, the samples consisted of
micrometric particles formed by the agglomeration of nanometric
particles. Also, some nanoparticles were found to be adhered to the
surface of larger particles. The material synthesized apparently ex-
hibited sensitivity to surface water, as shown by the thermal analysis
results, which might have been improved (relative to the single-phase
CaZrO; materials) due to its coexistence with the non-stoichiometric
phase and its consequent increase in surface area. The UV-Vis spectrum
showed two absorption regions, for which the gap energy values of 2.9
and 4.9 eV were estimated, and attributed to the non-stoichiometric
calcium-zirconium oxide and CaZrOj phases, respectively. These values
are smaller than those obtained by other synthesis routes. Variations in
the Eg,p, values for the two phases, compared to the literature, may be
associated with structural disorder and with the interface between the
nanometric particles of both phases.
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