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Highlights:

e Methods of producing zirconium dioxide with a small crystallite size ranging from 5 to 9 nm, a specific
surface area of approximately 150 m%g, and a pore volume below 0.25 cm¥g with a narrow size
distribution are proposed.

e It has been established that the phase composition of the ZrO2 samples obtained by different templateless
precipitation methods is mainly determined by the method of synthesis.

e The nature of precursors of zirconium dioxide has a strong effect on its textural and structural properties in
the case when the ZrO, samples are prepared by applying different types of the template hydrothermal
synthesis.

Keywords:
zirconium dioxide, template hydrothermal synthesis, ultrasonic treatment, monoclinic and tetragonal modifications,
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Abstract
This paper provides a comparative assessment of the influence of the nature of precursors of zirconium
dioxide and the methods of its production, including the application of such additional physical and chemical factors
as template introduction, ultrasound and hydrothermal ageing, on the textural and structural properties of ZrO».
Methods of producing zirconium dioxide with a small crystallite size ranging from 5 to 9 nm, a specific

surface area of approximately 150 m%g, and a pore volume below 0.25 cm?®/g with a narrow size distribution are
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proposed. It has been established that the phase composition of the ZrO» samples obtained by different templateless
precipitation methods is mainly determined by the method of synthesis. No significant effect of the nature of the
ZrO; (zirconium oxysalts) precursors on the structural properties of the studied samples was observed.

The textural and structural properties of the ZrO, samples, prepared in an aqueous alkaline medium by
different template hydrothermal synthesis methods in the presence of cationogenic surfactant -
cetyltrimethylammonium bromide (CTAB), show strong dependence on both the nature of the ZrO, precursors and
the ratio of the main components.

It is shown that, when ultrasound and hydrothermal treatment are used for synthesis of ZrO,, a sequence of
additional physical factors greatly influences the properties of the obtained samples.

1. Introduction

Due to its excellent resistance to high temperatures and corrosion, zirconium dioxide ZrO» has been
extensively used in industrial applications, in medicine, and in research in the field of creating new materials.
Thanks to its thermal and mechanical stability and acid-base properties, zirconium dioxide is an effective catalyst
for use in many physical and chemical processes [1-6].

There are two main groups of methods for producing zirconium dioxide: high temperature synthesis
techniques that include processing of zircon raw materials (most effective in large-scale applications), and wet
chemical methods which are based on transformation of zirconium compounds in aqueous solutions. Almost all
types of high temperature synthesis allow production of materials in which zirconium dioxide is in a crystal phase,
forming monoclinic m-ZrO,, tetragonal t-ZrO,, or cubic c-ZrO, modifications or their mixtures [7, 8]. The
application of wet chemical methods (precipitation methods, sol-gel technologies) makes it possible to obtain, along
with crystalline structures, the amorphous phase of zirconium dioxide [9, 10].

Wet chemical methods for producing zirconium dioxide are often coupled with different physical factors
that affect the reaction medium. A combination of physical and chemical methods may be quite promising for
synthesis of zirconium dioxide with a narrow particle size distribution and a controlled ratio of crystalline phases
[11-16].

The temperature range of existence of polymorphic modifications is known to be strictly limited. Despite
the fact that the monoclinic phase of zirconium dioxide is thermodynamically stable (to 1170 °C), some authors
reported that the high temperature modifications of ZrO2 - tetragonal (1170 °C - 2280 °C) and cubic (>2280 °C) -
exhibit the highest catalytic activity [3]. Therefore, the high-temperature phases of zirconium dioxide, which is
intended for use at temperatures below 1000 °C, are in need for stabilization. The metal oxides of group IIIB in
Mendeleev’s Periodic Table of Elements, namely, oxides of yttrium, scandium, lanthanum and lanthanides, are most
often used for this purpose [15, 16].

It is also reported that complete stabilization of the high-temperature phases of zirconium dioxide can be
attained by applying the ZrO, synthesis methods intended to reduce its crystallites and particle sizes [17-21].
Zirconium alkoxides are best suited for using as precursors in preparation of zirconium oxide for catalysis and
sorption processes. It is recognized that the hydrolysis of zirconium dioxide leads to the formation of
hydroxyalkoxide complexes. During the polycondensation reaction, these complexes can easily polymerize into
structures with a large number of repeating units. Amorphous hydrated oxides that contain residual alkoxide groups
are produced at the first stage of the reaction, and their subsequent drying and heat treatment promote the formation
of crystalline products [13, 22, 23].

Collected data on the hydrolysis of inorganic zirconium salts suggest that the reaction medium contains not

only zirconium oxides but also inorganic anions (Cl-, NOs-, etc.). Therefore, in the case of inorganic zirconium
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salts, the intermediate synthesis products must be thoroughly washed. Since the aqueous solutions of zirconium salts
are subject to hydrolysis, which causes complex cations of different compositions to appear, the key properties of
the oxide material are determined to a great extent by reactions proceeding at this stage. Heat treatment helps to
speed up the processes of hydrolysis and subsequent polycondensation of intermediates, which makes it possible to
obtain zirconium dioxide particles [11-14].

Although there are a great number of publications related to the production of ZrO; and investigation of its
properties, the study of its textural properties, such as a specific surface area and porosity, depending on the applied
ZrO» synthesis method has not received sufficient attention. At the same time, according to the literature, it is the
high-temperature modifications of zirconium dioxide with a small particle size that exhibit the best acid-base
properties, which is of primary importance in choosing a catalyst base [3]. Therefore, the objective of this paper is to
perform a comparative assessment of the specific surface area, porous structure, phase composition and particle
morphology of zirconium dioxide samples obtained by different types of the template and template-free synthesis of
zirconium particles in which the alkoxides of zirconium and its inorganic oxysalts are used as precursors.

2. Experimental section

Methods for producing zirconium dioxide were chosen by analyzing literature and experimental data.

In this work, zirconium alkoxides — zirconium propylate 70% solution in 1-propanol Zr(C3H;0)s, Sigma-
Aldrich, Germany, samples P, and zirconium butylate 80% solution in 1-butanol Zr(CsHoO)s, Sigma-Aldrich,
samples B, as well as zirconium oxysalts — zirconium oxychloride octahydrate ZrOCl,-8H,O, Sigma-Aldrich,
samples Ch and zirconyl nitrate dehydrate ZrO(NO3)2-2H,0, Sigma-Aldrich, samples N, are used as the precursors
of zirconium oxide.

2.1. Synthesis of zirconium dioxide

The samples of zirconium oxides (hydroxides) were synthesized using different variants of the precipitation
method both with and without such additional physical-chemical factors as surfactants, ultrasonic and hydrothermal
treatment.

1. Methods of templateless precipitation

1.1. precipitation in an alcohol-ammonia medium by mixing the reaction components in molar ratios 20
H,O : 10 C,HsOH : 2 NH4OH : 1 Zr** using a magnetic stirrer during 5 h at a room temperature, followed by
removal of a liquid phase, washing and drying of precipitates at 100 °C — samples /.1P;1.1B; 1.1Ch, 1.IN;

1.2. calcination of samples [.1P,1.1B, 1.1Ch, 1.IN at a temperature 430 °C —samples 1.2P; 1.2B; 1.2Ch;
1.2N.

2. Methods of templateless precipitation coupled with ultrasound treatment and hydrothermal ageing

2.1. ultrasound treatment of a 2% aqueous suspension of the ZrO, samples synthesized by method 1.1/,
using an ultrasonic homogenizer Bandelin SONOPULS (Germany) for 30 min (oscillation frequency 20 kHz),
followed by hydrothermal ageing of these samples at 250 °C during 24 h, filtration, washing, and drying of a
precipitate at 100 °C — samples 2.1P; 2.1B; 2.1Ch; 2.IN;

2.2. 30 min ultrasonic treatment during the precipitation of zirconium hydroxides when mixing the reaction
components in molar ratios 315 H,O : 4 C3H;OH: 14 NaOH : 1 Zr*, followed by hydrothermal ageing of the
reaction mixture at 250 °C during 24 h, filtration, washing, and drying of a precipitate at 100 °C — samples 2.1P;
2.1B; 2.1Ch; 2.IN; 2.2P, 2.2B, 2.2Ch, 2.2N.

3. Methods of template hydrothermal synthesis in the presence of a cationogenic surfactant -

cetyltrimethylammonium bromide (CTAB), followed by the hydrothermal ageing of a reaction mixture



3.1. Methods of template hydrothermal synthesis under conditions of hydrothermal ageing at 120°C during
48 h, filtration of a precipitate, its washing to the pH value of the medium, drying and thermolysis of the organic
component at a temperature 650 °C during 3 h; the mole ratios of the reaction components: 100 H,O : 0,44 CTAB :
0,4 NaOH : 1 Zr* — samples 3.1P; 3.1B; 3.1Ch; 3.IN;,

3.2. Methods of template hydrothermal synthesis with a large amount of a precipitant under conditions of
hydrothermal ageing at 120 °C during 48 h, filtration of a precipitate, its washing to the pH value of the medium,
drying and thermolysis of the organic component at a temperature 650 °C during 3 h; the mole ratios of the reaction
components: 100 H>O : 0,44 CTAB : 2 NaOH : 1 Zr** — samples 3.2P; 3.2B; 3.2Ch; 3.2N,

3.3. Method of template hydrothermal synthesis in large volumes of aqueous ammonia solutions in the
presence of a cationogenic surfactant - cetyltrimethylammonium bromide (CTAB), followed by the hydrothermal
ageing at 100 °C during 12 h, , filtration of a precipitate, its washing to the pH value of the medium, drying and
thermolysis of the organic component at a temperature 650 °C during 3 h; the mole ratios of the reaction
components: 6000 HO : 0,22 CTAB : 240 NH4OH : 1 Zr* — samples 3.3P; 3.3B; 3.3Ch; 3.3 N.

2.2 Methods

The properties of synthesized zirconium dioxide samples were investigated by different physical-chemical
methods of analysis.

The TGA/DSC 1 thermal analyzer (METTLER-TOLEDO, Switzerland) was used to determine the
temperatures of decomposition of zirconium dioxide precursors and intermediate synthesis products and the phase
transition temperature in an air atmosphere at a heating rate of 10°C/min in the temperature range 25—1000 °C.

After degassing the test material in vacuum at 100 °C during 3 h, the textural properties of the zirconium
dioxide samples obtained in different ways were investigated by the low-temperature nitrogen sorption method
using the ASAP 2020 device (Micromeritics, the USA). The specific surface area of the samples ((Szer) was
determined by the BET method, and the pore volume and the pore size distribution were obtained from the
desorption isotherms by applying the BJH method.

The phase composition of the synthesized zirconium dioxide samples was determined by the X-ray phase
analysis (XRD) on an XRD-7000 (Shimadzu, Japan) with CuK,-radiation (1, = 1,54184 A) in the angular range 10—
80° with a step 0,01-0,005°. The XRD patterns of all samples were decoded using the JCPDS card. The average
crystallite size was determined by the Scherrer method: Dpes = KM(fcosO), where K = 0,89; 1 = 1,54056 A; fis the
half-width of the reflection (100), rad.; O is the diffraction angle of reflection. The mass ratio of the crystalline
phases in the samples was determined by the Rietveld method using the Siroquant software v4.

The IR spectra were recorded in the region 400-4000 cm™! using a Vertex80V IR Fourier spectrometer
(Bruker, Germany).

The average particle size (Dcaw) and the particle shape of the obtained ZrO, samples were examined by
scanning electron microscopy (SEM) using a FEI Quanta FEG 650 (Thermo Fisher Scientific, Netherlands) on a
secondary electron detector at the accelerating voltage of 10 kV.

3. Results and discussion
3.1 The structural properties of zirconium dioxide produced through various methods of template-less
precipitation synthesis

Table 1 and Figs.1-5 provide information about the structural properties of the zirconium dioxide samples

synthesized following different methods and using different precursors.



According to the results of XRD (Table 1), the expected precipitation products of zirconium alkoxides and
salts in an aqueous-alcoholic medium by ammonia solutions are the X-ray amorphous hydrated zirconium oxides
(samples 1.1P,1.1B, 1.1Ch, 1.IN).

Based on the thermal analysis data and the results of literature search, we suggest that the crystallization of
amorphous precipitation products proceeds at 430 °C either with zirconium alkoxides as precursors to ZrO; or its
oxysalts.

After the calcination of amorphous precipitation products at 430 °C (method /.2), two zirconium dioxide
phases — t-ZrO, and m-ZrO, — are identified in all samples under study. The samples of this group have a similar
crystallite size of ~13-15 nm. An exception is sample /.2B, prepared from zirconium butoxide, whose crystallites
are significantly smaller in size (Table 1).

Table 1 — The phase composition of the zirconium dioxide samples prepared by different methods

Ph Crystallite size,
Production method Sample as.e . Mole ratio, % fystatiite size
composition nm
1.1P - - -
Precipitation in alcohol— L1 1.1B - - -
ammonia medium ' 1.1Ch - - -
1.IN - - -
1.2P t-ZrO>/m-ZrO» 61/39 13,0
Calcination of the Zr 1.2B t-Zt0s/m-Z105 57/43 8.2
hydroxides obtained by 1.2
method 1.1 at 430 °C 1.2Ch t-ZrO2/m-ZrO; 66/34 15,3
1.2N t-ZrO2/m-ZrO, 66/34 15,2
2.1P t-ZrO»/m-ZrO; 65/35 11,3
Ultrasound effect on the > IB c-Z102/m-Z10» 50/50 54
suspension of hydroxides
2.1 - -
Zr, hydrothermal ageing 2.1Ch +Zr0/m-210, 45153 139
2.IN t-ZrO»/m-ZrO, 47/53 13,1
Use of ultrasound in the 2.2P m-ZrO, 100 22.0
process of precipitation of 2B m-ZrO» 100 384
Zr hydroxides in alcohol— 2.2 100 -
ammonia medium, 2.2Ch m-ZrO, 34,9
hydrothermal ageing 2.2N m-ZrO; 100 35,1
3.1P t-ZrO»/m-ZrO, 44/56 9,0
- 3.1B t-ZrO»/m-ZrO, 41/59 8.8
' 3.1Ch m-Zr0, 100 93
Template hydrothermal 3.IN t-ZrO»/m-ZrO, 62/38 13,9
synthesis in an alcohol- 3P t-Zt0y/m-ZrO5 22/78 28.9
alkaline (alcohol- ’
ammonia) 3.2B t-ZrO»/m-ZrO, 39/61 223
medium at different ratios 3.2 32Ch -Z10,/m-Z105 40/60 13.7
of components and
hydrotheﬂnal ageing Of thC 32N t—ZrOZ/m—ZrOZ 52/48 ]3,0
reaction mixture 3.3P t-ZrOy/m-ZrO, 40/60 6,6
33B t-ZrO»/m-ZrO; 33/67 6.5
33 3.3Ch ¢-Zr0y/m-Z10O; 43/57 7.7
3.3N ¢-ZrOo/m-ZrO; 40/60 83




Figure 1 presents a typical zirconium dioxide X-ray diffraction pattern for samples /.2P, 1.2B and 1.2N of
this group using sample 1.2Ch as an example. The X-ray diffraction pattern for samples 1.2P, 1.2B and 1.2N look
similar.

It is seen from Table 1 and Fig.1 that the ultrasound treatment of the aqueous suspension of the amorphous
precipitation products and their subsequent hydrothermal ageing (method 2.7) leads to the formation of zirconium
dioxide crystalline phases at 250 °C. In the case of Zr oxysalts, the nature of inorganic precursors does not
practically matter. The crystal structure of the zirconium dioxide samples 2./Ch and 2. 1N synthesized in this way is
represented by the tetragonal (t-ZrO;) and monoclinic(m-ZrO,) modifications in almost equal proportions, yet with
some advantage of the latter.

When ZrO; is synthesized using zirconium propylate or butylate by method 2.1, the obtained samples
exhibit some differences in their structure depending on the nature of alkoxides (Table 1, Fig.1). Apparently, the
structural feature of samples 2./P and 2./B are determined in this case by the structure of the alkoxide groups.
According to literature data [24], the number of metal atoms in a single polymer molecule in the solutions of initial
n-propoxide and n-butoxide alcohols is equal to 2.44 and 1.77, respectively.

It was established in [25] that a mixture of two complexes (solvated dimer and trimer) is present in the Zr
isopropoxide solutions. According to [26-28], the equilibrium in the Zr butoxide solution is shifted toward solvated
dimer. The X-ray diffraction pattern of sample 2./B, synthesized using Zr butoxide, shows reflections that
correspond to the cubic and monoclinic modifications of ZrO, in equal proportions.

Since the X-ray diffraction patterns of high-temperature zirconium oxide modifications c-ZrO; u t-ZrO; are
very similar, the interpretation of the XRD results in favor of the cubic phase in sample 2.1/B is carried out based on
the absence of bifurcation (characteristic of the tetragonal structure of ZrO5) in reflections at 20=35° and 20=60°. It
is worth to note that sample 2.7/B has the smallest crystalline size (~5 nm) of all the materials examined. For sample
2.1P prepared from zirconium propoxide, the X-ray diffraction method determines the tetragonal and monoclinic
phases of ZrO», but the proportion of the high-temperature phase t-ZrO; is significantly higher than in samples 2. /N
and 2.1Ch, where oxysalts were used as zirconium oxide precursors (Table 1, Fig.1).

The application of ultrasound directly to the process of precipitation of zirconium hydroxides (method 2.2)
and subsequent hydrothermal ageing of the obtained precipitates at 250 °C, regardless of the nature of precursors,
lead to the formation of ZrO, in the monoclinic modification with largest, of all the samples considered in this work,
crystallite size of 22-38 nm (Table 1). The X-ray patterns of the ZrO, samples prepared by this method are similar,

as shown in Fig.1, where sample 2.2P is used as an example.
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Fig. 1 - X-ray diffraction patterns of the ZrO, samples prepared by the template precipitation methods

The influence of the nature of Zr precursors and the effects of additional physical impact factors —
ultrasound, hydrothermal ageing and calcinations — during the synthesis of zirconium dioxide samples by different
template-free precipitation methods was evaluated when studying its textural and morphological properties (Tables
1,2).

The nitrogen sorption-desorption isotherms of the samples /./P and [.IB, prepared from zirconium
alkoxides, as well as these samples but after calcination (/.2P u 1.2B), can be assigned to type II (UPAC), which
corresponds to the processes of free mono-polylayer adsorption. A long, close to horizontal, section on the
adsorption-desorption isotherms and the curves of pore size distribution in these samples indicate the presence of
micropores. A sharp rise in the curves in the range of relative pressures 0.9-1 characterizes the processes of nitrogen
sorption-desorption in the interparticle space (Fig.2).

The sorption isotherms of the samples obtained by the same methods from zirconium oxysalts (samples
1.IN, 1.1Ch, 1.2N and 1.2Ch) can be assigned, according to UPAC, to type IV. Hysteresis on the sorption isotherms
of these samples corresponds to type H2. The samples of this group are characterized by a narrow pore size
distribution with a clearly defined maximum (Fig. 2B).

3.2 The textural properties of zirconium dioxide produced by through various methods of template-less
precipitation synthesis

The textural properties of zirconium dioxide prepared by different variants of method 2 are mainly
determined by a sequence of ultrasound effects during the process of zirconium oxide synthesis and are practically
independent of the nature of precursors (Fig.2, Table 2).

Thus, the suspension of amorphous precipitation products is exposed to ultrasound (method 2.1), the shape
of the sorption isotherms of the samples prepared from zirconium alkoxides (samples 2./P and 2.1B), and from its
oxysalts (samples 2./Ch and 2.1N) can also be assigned to type IV (UPAC). The region of capillary condensation of
nitrogen is shifted to the region of high relative pressures. Hysteresis on the sorption isotherms of the samples also

corresponds to type H2 (UPAC) and indicates the presence of homogeneous mesopores with a narrow distribution of



their sizes. The average pore size in the zirconium alkoxide samples 2.I/P and 2.IB is slightly less (4-6 nm)
compared to the samples prepared from Zr oxysalts (~8 nm).

The isotherms of the samples 2.2P, 2.2B, 2.2Ch and 2.2N produced from zirconium alkoxides and from its
oxysalts under ultrasound treatment directly in the process of precipitation (method 2.2) have the shape close to type

IIT (UPAC), which is typical of non-porous and low-porous materials (Fig.2).
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Fig.2 - Adsorption isotherms (1A, 2A) and pore size distribution (1B, 2B) for the ZrO», samples obtained from Zr
alkoxides(A), Zr oxysalts (B) by different types of the templateless precipitation synthesis.

3.3 The textural and structural features of zirconium dioxide produced by through various methods of template
methods

The results of a study of the textural and structural properties of the zirconium dioxide samples, which were
fabricated in the water-base medium by different types of the template hydrothermal synthesis (method 3),
demonstrate that these samples are significantly dependent on the ratio of the main components.

Figure 3 gives the X-ray diffraction patterns of the ZrO, samples prepared by method 3.1 at the mole ratio
of the reaction medium components 100 H,O : 0,44 CTAB : 0,4 NaOH : 1 Zr*, selected using the results of the

synthesis of zirconium dioxide with a high specific surface [29].
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Fig. 3 - X-ray diffraction patterns of the ZrO, samples obtained by method 3.1



It is seen that two zirconium dioxide phases, t-ZrO> and m-ZrO», are identified in the samples 3./P and 3./B
prepared using zirconium alkoxides, as well as in sample 3./N, where zirconyl nitrate dihydrate is used as a precursor.
However, the proportion of a ZrO» tetragonal modification in sample 3. 1N is far greater. In the sample 3.1C synthesized
using zirconium oxychloride, only a ZrO> monoclinic modification with a small crystallite size is detected (Table 1).

At the same time, the sample 3.2Ch, produced under alkaline hydrolysis in the presence of CTAB by
applying hydrothermal ageing but with a greater number of NaOH cations, contains, in addition to the monoclinic
modification of ZrO, its tetragonal modification (Fig.4).

The crystallite size in the samples 3./P and 3.1B, obtained using zirconium alkoxides by method 3.1 under
hydrothermal conditions is slightly smaller than in the samples 3.IN, 3.1Ch, fabricated by the same method but
using Zr oxysalts. When a large amount of NaOH (method 3.2) is added to the reaction mixture, a reverse trend is
being seen (Table 1).
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Fig. 4 - X-ray diffraction patterns of the ZrO, samples obtained by methods 3.2 and 3.3 using zirconium oxysalts (A)

and zirconium oxysalts (B)

Of all the samples synthesized by different variants of method 3, the zirconium oxide samples prepared
under hydrothermal conditions in the presence of CTAB but in a greater volume of an aqueous ammonia solution
and, correspondingly, with a low concentration of precursors (method 3) have the smallest crystallite size (Table 1).
In the ZrO; samples produced in this way, the X-ray diffraction method determines three phases of zirconium
dioxide. In addition to the monoclinic and high-temperature phases of zirconium dioxide (t-ZrO, or c-ZrO;) and
despite the long-term high-temperature ageing (3 h, 650 °C), the presence of amorphous compounds can be observed
in the X-ray patterns as well. Furthermore, in the samples 3.3P and 3.3B, prepared from alkoxides Zr (Table 1, Fig.
4B), a tetragonal modification of ZrO, is determined, and in the samples 3.3Ch and 3.3.N made of oxysalts — cubic.

The textural and structural features of the zirconium dioxide samples prepared by different variants of
method 3 in the presence of CTAB are most likely associated with the formation of different intermediate

compounds that appear during the process of precipitation and subsequent hydrothermal ageing. The authors of



numerous papers, including [23, 30], support the view that the precipitation of hydroxides at pH>8 in the presence
of surfactant cations is accompanied by the process of ion exchange due to electrostatic interactions. This promotes
the formation of organic and non-organic compound, which, upon heating, loses water and an organic component
and is converted into a non-organic oxide.

Figure 5 presents the IR-spectroscopy data for the zirconium dioxide samples, produced by different
variants of method 3 and the IR-spectra of CTAB.

It is determined that the IR-spectra of CTAB are characterized by the absorption bands of 2872 cm™! and
1432 cm!, which correspond to N-CHj; bonds. The bands of 1486 cm™ and 719 cm™ correspond to the CH, groups
of the carbon tail of surfactants. The bands in the 2850-3000 cm™! region are assigned to methyl groups [30]. The
vibration absorption bands corresponding to CTAB were present in all intermediate compounds during the synthesis
of zirconium dioxide by different variants of method 3 and disappeared after calcination at 650 °C (Fig.5, 6).

In the IR-spectra of all samples produced by different variants of method 3 and calcined 650 °C, one can
observe both the broad bands of 3432-3460 cm™ and the bands of 1620-1637 cm™! which correspond to the valence
and deformation vibrations of water. According to existing literature, the bands in the 14301480 cm™' region can be
assigned to the deformation vibrations of the hydroxyl groups, which are related to the metal 3(ZrOH) involved in
hydrogen bonding, and the bands in the 1300-1400 cm™ region — to bridging OH-groups and hydroxide structured
water [31].

The absorption bands in the frequency ranges 750-770 cm™' and 580-680 cm™' correspond to the valence
v(Zr-0) and deformation 8(O—Zr—0O) vibrations, respectively, which indicates the formation of ZrO, [3, 32].

Figure 6 shows that the configurations of the IR spectra in the samples obtained from zirconium alkoxides
by different variants of method 3 are similar. In the samples 3.2P and 3.2B, produced by the hydrothermal template
method with an increased amount of a precipitation agent, one can observe a broad and intense band of ~1440 cm!
that corresponds to the vibrations of hydroxide groups of the zirconium dioxide surface connected by hydrogen
bonds. In the samples 3./P and 3.1B, obtained with a smaller amount of the precipitant, the bands of 1458 (1461)

cm! and 1345 (1350) cm™!, corresponding to 8(ZrOH) and bridging hydroxides, are well identified.
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The IR spectra of the calcined samples obtained by methods 3.1 and 3.2 from zirconium oxychloride
octahydrate, regardless of the amount of a precipitant, are also identical (Fig.6A). A broad band of 812 cm™' on the
IR spectra of these samples is probably caused by the superposition of the absorption bands of deformation
vibrations of Zr-OH and vibrations of Zr-O in groups Zr-O»-Zr.

The IR spectra of samples 3.3Ch u 3.3N obtained by method 3.3 with a low concentration of zirconium oxysalts,

regardless of the nature of the anion, are also identical (Fig.5, 6B).
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Fig. 6 — IR spectra of zirconium oxide samples prepared by different types of the template hydrothermal synthesis using

zirconium oxychloride octahydrate (A) and zirconyl nitrate dehydrate (B)

The textural properties the zirconium dioxide samples produced by different variants of method 3 are
shown in Fig.7 and summarized in Table 1. As one can see, the sorption-adsorption isotherms of the examined
samples, except for sample 3.2N, can be assigned to type IV (UPAC). Hysteresis on the sorption isotherms of the
samples obtained by methods 3.1and 3.3., regardless of the nature of precursors, are more in line with type H2. This
indicates that the porous structure is formed from tightly packing homogeneous primary particles that are close in
size.

As depicted in Fig. 7A, the sorption isotherms and the pore size distribution curves for samples /P and
3.1B, as well as for 3.2P and 3.2B, ZrO,, prepared from zirconium alkoxides, practically coincide.

The textural properties of the zirconium dioxide samples 3.2Ch and 3.2N obtained by method 3.2 exhibit a
certain dependence on the nature of the anion due to the probable interaction of the components of the reaction
mixture under hydrothermal conditions and, consequently, on the structural features identified by IR spectroscopy

(Fig.6).
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Table 2 — The textural properties of the zirconium dioxide samples prepared by different methods
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1.1P 203 0,29 9,3

Precipitation in the 1 1.1B 280 0,26 5.0
alcohol-ammonia medium | 1.1Ch 236 0,17 3.5
1.IN 214 0,19 44

1.2P 69 0,11 8,2

Calcination of the Zr 12B 147 0.24 77

hydroxides obtained by 1.2

method 1.1 at 430 °C 1.2Ch 102 0,10 3.9
1.2N 104 0,13 3,6

Ultrasound effect on the 21P 84 0,17 6.0
suspension of hydroxides 2.1B 145 0,22 44
Zr (X, H), hydrothermal 21 2.1Ch 75 0,21 8,0
ageing 2.IN 80 0,23 84

Use of ultrasound in the 2.2P 17 0,07 15,2

process of precipitation of 2B 27 0.08 107
Zr hydroxides in the 2.2 . .

alcohol-ammonia medium 2.2Ch 15 0,07 17,7
, hydrothermal ageing 2.2N 13 0,06 17
Template hydrothermal 31 3.1P 53 0,16 74
synthesis in the alcohol- ' 31IB 48 0,14 7.1
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alkaline (alcohol— 31Ch 32 0,17 17
ammonia) medium at 3N 28 0.07 54
different ratios of the i . .

components and 3.2P 16 0,12 22
subsequent hydrothermal 3.2B 14 0,12 24
ageing of the reaction 32 3.2Ch 43 0.29 19.1
mixture
3.2N 8 0,02 12,77
3.3P 58 0,15 5,1
33B 59 0,08 4,0
33 3.3Ch 83 0,2 54
3.3N 72 0,13 4.9

The samples ZrO,, which were obtained in the presence of CTAB by method 3.3 (Table 2, Fig.7), exhibit
extra-large surface areas and narrow pore size distributions.

3.4 The morphological features of zirconium dioxide obtained by different methods

Figure 8 presents the SEM images of zirconium dioxide obtained by different template-free and template-
based precipitation methods.

It is seen that, after deposition and drying at 100 °C, the hydrated zirconium oxides — samples of group 1.1
(Fig.8A) — consist of particle aggregates of different sizes, which are larger in the case of zirconium alkoxides.
After calcination of these samples at 430 °C, the particle size is somewhat averaged (Fig.8B).

The particles of the samples obtained by method 2.1 (ultrasonic treatment of hydrated zirconium oxides
produced by method 1.1 and subsequent hydrothermal ageing at 250 °C) also have a round shape (particle size <100
nm) similar to samples /.2P and /.2B. All samples obtained by method 2.1 (ultrasound during the precipitation
process and subsequent hydrothermal ageing) consist, regardless of the nature of precursors, of needle-shaped
particles of the same size (Fig.8C).

The morphological features of ZrO» produced during the template hydrothermal synthesis by applying
different variants of method 3 are similar, and they are shown in Fig.8D for the samples obtained by method 3.1.
Samples 3.1P, 3.1B, where the ZrO, precursors are zirconium alkoxides, consist of equal-sized porous aggregates of
round and spherical particles. The size of primary particles in these samples is ~ 40 nm, and the size of particle
aggregates ranges from 0.8 to 1,5 um. the size of the particle aggregates of a round shape in the samples 3./Ch and

3.IN, prepared from zirconium oxisalts is somewhat less.
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Fig. 8 - SEM images of the zirconium dioxide samples obtained by different methods

4. Conclusion

In this study, a comparative assessment of the textural-structural and morphological properties of the
zirconium dioxide samples depending on the routes of its production and the nature of the precursors is given.

Methods of synthesizing zirconium dioxide with a small crystallite size (5-9 nm), a specific surface area ~
up to 150 m?/g, and a pore volume up to 0.25 cm?/g and with a narrow size distribution have been proposed.

It has been established that the nature of precursors observed in the case when zirconium dioxide is
synthesized by different variants of the templateless precipitation method has a significant impact on its textural
properties — the character of the sorption-desorption isotherms and the size pore distribution curves— and only
slightly affect the phase composition of the samples. The phase composition of the samples mainly depends on the
synthesis conditions of ZrO,, including such additional physical factors as temperature, ultrasound, and
hydrothermal ageing.

The use of ultrasound both at the precipitation stage and during the treatment of the suspension of pre-
precipitated zirconium hydroxides leads to the formation of the crystalline structure of ZrO, at subsequent
hydrothermal ageing stages at a temperature of ~ 250 °C. In this case, the phase composition and morphology of the
ZrO, sample particles depend on the priority of exposure to ultrasound. When ultrasound is applied directly during
precipitation, the needle-shaped monoclinic ZrO; particles are formed. Under the action of ultrasound on a
suspension of X-ray amorphous precipitation products (hydrated Zr oxides), the sample particles have a round
shape. A phase composition in this case is represented by tetragonal and monoclinic modifications.

The nature of precursors of zirconium dioxide has a strong effect on its textural and structural properties in

the case when the ZrO,samples are prepared by applying different types of the template hydrothermal synthesis.
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All ZrO; samples synthesized using different template hydrothermal treatment techniques are mesoporous.
The method of producing zirconium dioxide from Zr alkoxides in the presence of a template (CTAB), followed by
hydrothermal ageing, where 100 H,O: 0.44 CTAB: 0.4 NaOH: 1 Zr*, holds promise for use in catalytic and
sorption technologies. In this case, the zirconium dioxide samples consist of monodisperse particles ~ 40 nm in size,
collected in equal-sized aggregates. The zirconium oxide samples produced by the template hydrothermal synthesis
method using alkoxides and zirconium oxysalts with a low concentration of precursors in a large volume of
ammonia solution have the smallest crystalline size (6-8 nm) and high specific surface (up to 83 m?%/g), but low yield

in mass.
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