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ABSTRACT

This article investigates the effect of the time of aging of ZrO, powders, obtained from zirconium butoxide

sols, stabilized using complexating agents on the volume phase fractions tetragonal phase (T) and baddeleyite

crystalographic phase (B), pore size distribution and pore volume. It was proved that the aging time period influences

ratio between these two polymorphs of zirconia. The sample Zr3d possesses the largest content of baddeleyite phase

having the greatest crystallites in comparison to another two powders. The increasing of aging period leads to a

gradual increase in (101) peak intensity of T phase, while all the samples are microporous regardless of the aging

time. The longest time aged sample possesses higher pore volume and higher average pore diameter than the other

two powders. The physico-chemical features of the prepared ZrO ,nanosized powders could be beneficial as catalysts/

photocatalysts in different catalytic reactions, corrosion inhibition particles, etc.
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INTRODUCTION

Zirconium dioxide (ZrO,) is material having
excellent physico-chemical properties: good thermal
stability, high strength, abrasion/corrosion and
chemical resistance, antibacterial properties and ionic
conductivity. These properties make it suitable for a
variety of industrial and medical applications [1, 2].
Zirconium oxide ceramics have often been choosen for
joining ceramic and steel, due to its remarkably high
thermal expansion. Zirconium oxide is well known to
be a highly active catalyst and its activity is higher than
those of strongly acidic or basic catalysts [3, 4]. It is
also applied as a catalyst support [5], oxygen sensor [6],
NO, sensor [7], photocatalyst for degradation of dyes

[8], antimicrobial material in industry [9], implants in
dental medicine [10], optical lenses [11], etc.

Sol - gel is one of the most often applied, low-cost,
and flexible method to produce thin films and powders.
The main advantages of the sol-gel process are the
narrow particle size distribution, uniform nanostructure
at low temperatures and possibility to produce
high quality for two or more types of nanoparticles
simultaneously on industrial scale [12]. Roy and co-
workers in the 1950s and 1960s have synthesized a
large number of novel ceramic oxide compositions
on the basis of Al, Si, Ti, Zr, etc., achieving very high
levels of chemical homogeneity in colloidal gels [13 -
15]. Lately, the controlled hydrolysis of alkoxides has
been used to produce submicrometer size TiO, [16],
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ZrO, and SiO, [18] powders. In sol - gel process, the
following basic physico-chemical steps proceed: aging,
drying, stabilization and densification. During the aging
stage, polycondensation, syneresis, coarsening and
phase transformation can occur. As a result of aging,
the structure and properties of the gel are considerably
changed. It is possible to control the porosity by varying
of the drying conditions of the gel. The connectivity
of the network increases due to the polycondensation
reactions, which involves the establishment of M-OH-M
or M-O-M (where M represents the metal atom) between
the metal atoms in the raw materials. Syneresis step
leads to expulsion of liquid from the pores. After this
step, the surface area decreases through dissolution and
reprecipitation processes (coarsening step). Among
the other technological parameters of the sol - gel
process, the aging time interval has critical effect on
the microstructure and on the phase composition of
the sol - gel powders (e.g. oxides). During aging,
polycondensation continues, which increases the
thickness of interparticle necks as a result the porosity
decreases and the gel strength increases.

This article presents the results of the investigated
effect of the time period of aging of alcohol-based sols
(using zirconium butoxide and acetyl acetone and acetic
acid as complexating agents) on the phase evolution
and texture of the ZrO, powders, aiming at various
applications: as catalysts in different chemical reactions,
corrosion inhibition particles, etc.

EXPERIMENTAL

Preparation of zirconia samples

The precursor solution was prepared using Zr(OBu),,
dissolved in 20 mL of isopropyl alcohol. This mixture
was added dropwise to a mixture of 8.6 mL acetyl
acetone (AcAc), 5.6 mL acetic acid and isopropanol
under continious stirring for 1 h (solution A). Then small
amounts of polyethylene glycol (PEG400) and HNO,
were added to the solution A. The final solution B is
diluted adding isopropanol to 0.2 M. Thus, prepared final
solution was divided in 3 parts. An aging procedure was
conducted at room temperature (25°C) with different
durations: 1 day, 3 days and 180 days. The dried powders
are thermally treated in a programmable oven at 500°C
for 3 hours in air. Thus obtained ZrO, powders was
signed as: Zr-1d, Zr-3d, Zr-180d.
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Characterization

The phase compositions of the samples were
investigated by means of X-ray diffraction (XRD) using
a Bruker D2 Phaser diffractometer, Karlsruhe, Germany
(Cu K radiation at 40 kV). An automated apparatus
NOVAWiIn-CFR Quantachrom-Gas Sorption System,
Florida, USA was applied to estimate the pore size
distribution (DFT method). The infrared spectra (4000
cm! - 400 cm! region) were registered using a Thermo
Scientific Nicolet iS5 Fourier-transform IR spectrometer
(KBr pellets, resolution of 2 cm™). Scanning electron
microscopy (SEM) micrographs were recorded on a
JEOL JEM-200CX at an accelerating voltage of 80
keV. EDX analyses were carried out on four different
points and revealed similar chemical composition. The
differential thermal analysis was accomplished on a
combined DTA-TG apparatus LAB-SYSEVO 1600,
manufactured by the SETARAM Company (Caluire,
France) using synthetic air (flow rate of 20 mL-min™');
heating rate 10°C/min; temperature interval ranging
from 25°C to 800°C. A corundum crucible and a Pt/
Pt—Rh thermocouple were used.

RESULTS AND DISCUSSION

X-ray phase analysis revealed that the obtained ZrO,
powders contain tetragonal phase (T) and baddeleyite
(B) crystallographic phase (Fig. 1, Table 1). A gradual
increasing in (101) peak intensity of tetragonal phase
was observed. This could be due to the recrystallization
process and aging of the obtained material. Shevchenko
et al. have studied the effect of aging on ceria doped
ZrO, gels [19]. They have proved that the increasing
of the aging time interval increases the structural

Table 1. Phase composition and crystallites sizes of the
ZrO, samples.

Tetragonal phase Baddeleyite
(98-009-7004), (98-006-0900),
Sample content, % content, %
Size of the Size of the
crystallites,nm crystallites, nm
Zrld 90.8 /10 9.2/ 12
Zr3d 88/8 12/14
Zr180d 97.2/10 2.8/5
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Fig. 1. X-ray diffractograms of ZrO, samples, aged for different time and the (101) peak intensity of the tetragonal phase.

perfection, but it has little influence on the crystallites
size. Table 1 revealed that the sample Zr3d possesses
the largest content of baddeleyite phase with the
greatest crystallites, while for the other two powders
the tetragonal phase possesses the smallest crystallites.

In order to determine the appropriate heat treatment
regime of the samples, DTA/TG analysis of the precursor
solution dried at 100°C (Fig. 2) was applied. Small
endothermic peak at 100°C, which corresponds to the
loss of adsorbed water was recorded. The registered
four small exothermic peaks in the DTA curve could
be due to the gradual decomposition of a larger amount
of organic residues. The exothermic peak at 535°C
corresponds to the crystallization of ZrO, tetragonal
and baddeleyite phases from the amorphous material.
According to some other researchers the transformation

tetragonal (T) to monoclinic baddeleyite (B) phase is
registered at higher temperature - 600°C, which is due
to the stabilizing role of complexating agent acetic acid
[20]. In our case, probably the presence of zirconium
butoxide, AcAc (complexating agent) and nitric acid
(catalyst) promote the transformation T to B phase at
lower temperature.

Randomly oriented plate-like particles are visible
on the SEM photographs of the sample Zrld, Fig 3(a).
After 3 and 180 days aging time period, the shape of the
particles are not significantly changed (Fig. 3(b), (c)).
After thermal treatment at 500°C one observes the same
type of morphology but having more compact type. In
the case of sample Zr180d an enlargement of the plates
is observed. The chemical composition of the powders,
evaluated by EDX analyses are similar, (Fig. 4).
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Fig. 2. DTA of the powder, obtained after drying at 100°C
(TG- black line, heat flow- blue line).

The physicochemical changes due to the hydrolysis
-condensation processes, as well as the phase
transformations in the gels were determined by infrared
spectroscopy, Fig. 5(a). The absorption broad bands in
the region 3000 cm™ - 3600 cm™ corresponds to the
vibrational frequencies of OH groups, due to adsorbed
water molecules and surface H-bonding hydroxyl
groups. The spectrum exhibits the bands corresponding
to the stretching and bending vibrations of the CH,
and CH, groups, within the ranges of 2980 cm™ - 2870
cm’! and 1460 cm™ - 1380 cm™, respectively. Whitin
the region 1550 cm™! - 1400 cm™' are registered peaks
corresponding to carbonate and hydrogen carbonate
groups. The band at 785 cm! and the bands in the 1050
cm - 1150 cm™! region correspond to vibrations of the
CH groups of the organic precursors (butoxy group
belonging to zirconium butoxide) [21]. The band at 780
cm !, which is due to the v(Zr—Obr) stretching vibration
[21]. The bands at 616 cm™ and 655 cm™ correspond to
Zr—0O and Zr-O—Zr vibrations.

All the peaks corresponding to organic groups were
not observed in the infrared spectra of the thermally
treated precursors (aging time: 3 and 180 days), Fig.
5(b). The bands corresponding to Zr—O and Zr—O—Zr
vibrations were observed. The inset picture on Fig.
5(b) represents peaks, which belong to carbonate and
hydrogen carbonate groups, while the peak at 1634 cm’!
correspons to the vibrational frequencies of OH groups.

The adsorption - desorption isotherms of the
powders are shown in Fig. 6(a). A difference in the
hysteresis sections of the two samples is observed. In

226

x 1000

80 ko\, s

Fig. 3. SEM photograph of sol aged precursor powder
Zrld (a), Zr3d (b) and Zr180d (c) dried at 100°C at 10 um
magnifications, respectively.
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Fig 4. SEM photographs and EDX spectra of powder Zr3d (a) and Zr180d (b), treated at 500°C.
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Fig. 5. IR spectrum a) - of the precursor Zr3d dried at 100°C; b) - of the precursors Zr3d and Zr180d, thermally treated
at 500°C.
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Fig. 6. BET surface area (a) and pore size distribution (b) of sol-aged precursors.

Table 2. Specific surface area (S), pore volume (V) and
average pore sizes (D, ) of the samples

Sample S, m?/g V, cm’/g D, ,nm
Zr3d 10 0.009 3.7
Zr180d 10 0.014 53

accordance with the UPAC nomenclature the sample
Zr3d shows a hysteresis section, which is closer to type
H4. The sample Zr180d has modified type of isotherm
H4. These facts are indications for the presence of
micropores in the structure. The samples do not reveal
any substantial difference in the pore size distribution,
Fig. 6(b).

The powders exhibit only one broad peak appearing
in the pore size region varying from 3 to 5 nm, which
corresponds to micropores. The specific surface areas
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of the samples are the same (Table 2). The sample,
aged longer time period (180 days) possesses higher
pore volume and higher average pore diameter than the
other powder.

CONCLUSIONS

Nanosized mixed phase ZrO, powders have been
prepared using zirconium butoxide precursor sols, aged
for 1, 3 and 180 days and treated at 500°C. The time
of aging of zirconia sols has effects on the following
parameters: volume phase fractions T : B, pore size
distribution and pore volume. It was registered that there
two polymorphs of ZrO, in all samples: tetragonal and
baddeleyite with various volume fractions present. The
sample Zr3d possesses the largest content of baddeleyite
phase with the greatest crystallites in comparison to the
other two powders. A gradual increasing in (101) peak
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intensity of tetragonal phase was proved upon increasing
of aging period of time. The morphology and chemical
composition of all powders are similar. The samples are
microporous regardless of the aging time. The longest
time aged sample possesses higher pore volume and
higher average pore diameter than other two powders.
The simultaneous presence of mixed ZrO, phases as
well the presence of micropores could be beneficial for
the catalytic/photocatalytic activity, due to close contact
between the particles of each constituent phase.
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