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Abstract: This article presents a new approach to preparing the precursors of complex oxide systems
AlyO3-ZrO;-MxOy (M = Mg, Ce). The approach is based on the electrogeneration and interaction
of reagents with electrolyte components in a coaxial electrochemical reactor. The design of the
electrolyzer provides the suspension homogenization due to the turbulence induced by the intensive
hydrogen bubbles and electrolyte movement in opposite directions relative to the central electrode in
a closed space. Hydrogen evolution leads to the mixing of the solution. The transfer of OH™ ions
generated at the cathode into the electrolyte and interaction with metal ions (Zr, Al, Ce, Mg) leads to
the formation of hydroxoaqua complexes of these metals. They participate in the polycondensation
reaction, forming polymerized hydroxides and oxyhydroxides, which are the basis of the primary
particles. The process of hydroxylation of nanoparticle surface of the formed precursors of oxide
systems stabilizes the dispersion and prevents particle aggregation. The stabilized tetragonal t-
ZrO, was obtained by sintering the precursor of the synthesized oxide system at 1100 °C with the
formation of an alumina phase (y-Al,O3, or an aluminum-magnesium spinel MgAl,O,) with a low
CeO, content (2-3 wt%).

Keywords: alumina/zirconia/cerium composition; precursor; electrogeneration; anode dissolution;
hydroxoaqua complexes; primary particles; sintering; phase content; tetragonal t-ZrO,

1. Introduction

There is a growing industrial demand for Al,O3-ZrO, ceramic materials due to their
high static bending strength, shear modulus and Poisson’s ratio. The presence of a tetrago-
nal phase of zirconium dioxide, partially stabilized with yttrium, cerium oxides or oxides of
other elements (REE, Ca, Mg), provides these materials with improved properties such as
hardness, crack and wear resistance, refractoriness, and inertness to chemically aggressive
media. The ceramic properties depend on characteristics of initial powders, which are
directly related to their synthesis method [1,2].

Traditionally, ceramic powders are obtained by mechanical grinding of initial ox-
ides [3]. The main disadvantage of this method is the lack of constant control of grinding
and mixing degree of components during the process.

AlyO3-ZrO, powders have also been developed by various chemical routes, such as
the sol-gel method [4], hydrothermal synthesis [5], the coprecipitation method [6,7], and
the solution combustion synthesis route [8]. Many contributions indicate that the key to
synthesizing nano-sized Al,O3-ZrO, nanopowders is to prevent particle agglomeration
during the formation of the precursors. However, the synthesis of Al,O3-ZrO; nanopow-
ders is highly sensitive to all of the experimental factors. All of these factors can cause
the agglomeration of Al,O3-ZrO; nanopowders in the coprecipitation process, eventually
resulting in the formation of powders with poor dispersibility, large particle size, and wide
particle size distribution [9,10].

To obtain homogeneous powder composition, liquid-phase synthesis methods (co-
precipitation, sol-gel, hydrothermal and electrochemical methods) are used [11-19]. The
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electrochemical method is one of the most reliable. It does not require special reagents
and provides a high degree of homogenization of precursor particles of ceramic powders.
This method allows us to control the process of reagents generation and coprecipitation by
regulating electrical parameters.

Nevertheless, as far as we know, the reported studies on the influence of electrochemi-
cal methods on the physicochemical properties of Al,O3-ZrO, powders are still limited.

The aim of this work is to synthesize by an electrochemical method powders of
the Al,O3-ZrO,-CeO, composition, containing Mgy AlOy spinel to increase the thermal
stability of the ceramics. The main objective of this work is to study the possibility of
using an approach based on the electrical generation of a part of the reagents and their
interaction with electrolyte components in a coaxial electrolytic reactor to obtain precur-
sors of complex oxide systems Al,O3-ZrO,;-MxOy (M = Mg, Ce) and the estimation of
physicochemical properties.

2. Results and Discussion

The electrolyzer configuration was chosen according to the symmetric picture of the
electric field and a significant difference in the surfaces of cathode and anode. The anode
surface area is 100 times as large as the cathode surface area. Therefore, the current density
at the central cathode significantly exceeds the current density at the peripheral anode,
which affects the process rate.

The electrochemical reactions on the electrodes increase natural convection due to
changes in reagent concentrations near the electrode surfaces, as well as due to gas evolution
and heating of the central electrode. The rate of gas evolution depends on electrochemical
process conditions and electrolyzer geometry [20]. The higher the electric field strength and
the magnitude of the charge, the greater the ponderomotive forces that detach the bubble
from the electrode and make the dimension of bubbles smaller [21]. Gas bubbles move in
the direction from the bottom to the top of the unit and cause reaction blend mixing [22].

The intense hydrogen evolution at the central electrode leads to the formation of
hydrodynamic flows directed along the electrode, which ensures the transfer of reaction
products to the cathode along a toroidal trajectory from the center to the peripheral anode
(Figure 1).

Figure 1. Hydrodynamic flows in a coaxial electrolyzer.

This allows the products of the cathodic reaction (OH™ ions, radicals, etc.) to reach
the anode surface in a short time that prevents the aggregation of the formed particles. The
process of alkalization in the electrolyzer takes less than a minute.
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In alkaline solution, the discharge of water molecules proceeds according to the
scheme [23]:
H,O+e — Hpgs +OH™, (1)

Hads + Hads — HZ (2)

The hydrogen evolution overpotential decreases in the alkaline solution. It also
decreases with increasing temperature under the influence of Joule heat during electrolysis.

The transfer of OH™ ions generated at the cathode into the electrolyte and interaction
with metal ions (Zr, Al, Ce, Mg) leads to the formation of hydroxoaqua complexes of
these metals. They participate in the polycondensation reaction, forming polymerized
hydroxides and oxyhydroxides, which are the basis of the primary particles.

In the anodic dissolution of aluminum, cations A1** and Al(OH),* are formed. They
are transformed into AI(OH); and then polymerized in the form of Al,(OH)s, at a pH 8 [24].

The process of anodic dissolution of aluminum and the interaction of hydroxyl ions
with metal ions (electrically generated and presented in the electrolyte) lead to the formation
of primary particles of highly dispersed oxide precursors of these metals in the volume of
the electrochemical reactor. The current efficiency is associated with the presence of cations
of metals (Zr**, Ce** and Mg?*) in electrolyte, which intensify the anodic dissolution of
aluminum (Table 1). A significant excess (>100%) of the current efficiency is explained by
the influence of metal cations on the anodic dissolution of aluminum and the phenomenon
of a negative difference effect.

Table 1. Grade and composition of Al;O3-ZrO».

Content, (Wt%)

Sample Designation & mV  Current Efficiency, %
A1203 ZI‘02 MgO CEOZ
10 wt% ZrO;-Al,03-CeO, 87.14 10.7 - 2.15 48 124
5 wt% ZrO,-Al,03-MgO-CeO, 90.15 4.06 3.07 271 37.5 115
1 wt% ZrO,-Al,03-MgO-CeO, 94.03 0.94 2.73 2.3 134 138

Polarization measurements were used to assess the effect of the ionic composition
of the solution on the anodic dissolution process. The kinetics of anodic dissolution
of aluminum depending on the electrolyte composition was studied. Chloride ions are
the strongest activators of anodic dissolution of passivated metals. They promote the
transformation of the surface oxide layer and dissolution of aluminum [25]. The joint
presence of zirconium, magnesium, cerium, nitrate, and chloride ions in the electrolyte
intensifies the process of metal dissolution. This was proved by the characters of the anodic
polarization curves (Figure 2).

The suspension stability to the aggregation is characterized by the values of the &-
potential and depends on the size of particles, their chemical and phase composition, and
the nature of the dispersion medium.

The particle stability of the synthesized precursors of oxide systems decreases over
time as a result of hydroxylation of the surface of these particles due to the continuous
generation of OH™ —ions at the cathode [26]. Zr (IV), Mg (II) and Ce (IV) ions also affect
the behavior of the disperse system, reducing the value of the &-potential with time, which
indicates the metastability of the obtained systems (Table 2).

Table 2. Data of differential scanning calorimetry.

Sample Temperature Range (Tmax.), °C Total Weight
Designation Weight Loss, (wt%). Loss, (Wt%)
30—190 (81 190—310 (271 310—500 (— 500—1000 (—
10 wt% ZrO,-Al,03-CeO, 190 (81) 310 (271) 200 1000 () 34.38
30—180 (97 180—300 (217;255) 300—500 (346 500—1000 (—
1 wt% ZrO,-Al,03-MgO-CeO, mo( ) &5(7 ) 7A85< ) ton (=) 31.94
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Figure 2. Anode polarization curves of aluminum electrode in solutions: (a) 0.5 M NaCl + 0.045 M
Zr(NOg3), + 0.006 M Ce(NO3)y4; (b) 0.5 M NaCl + 0.030 Zr(NO3), + 0.050 M Mg(NOs), + 0.006 M
Ce(NO3)4; (c) 0.1 M NaCl + 0.030 Zr(NOg3), + 0.050 M Mg(NO3), + 0.006 M Ce(NO3)4.

An excess of OH™ ions coming from the cathode gradually leads to hydroxylation
of the particle surface. The simultaneous presence of metal ions with different valence
in the electrolyte, differing in their coagulating ability, may lead to the adsorption of
counter-ions in superequivalent amounts. The combination of these factors leads to the
propensity of particles to change the &-potential. For oxide system No. 1, the proposed
ionic composition contributes to the formation of the most stable particles. With an increase
in the concentration of chloride ions up to 0.5 M in a four-component electrolyte and after
two hours of treatment of the suspension in the electric field, a fourfold decrease in the
&-potential is observed. It is associated with an increase in the content of hydrated polyions
according to the Faraday law.

Figure 3 presents SEM-images of the synthesized samples. The introduction of magne-
sium and the increase of anodic current density result in a decrease in the size of subindi-
viduals aggregated into larger formations.

Figure 3. SEM image samples: (a) 10 wt% ZrO,-Al,03-CeOy; (b) 1 wt% ZrO,-Al,03 MgO-CeO;.
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The TGA data (Figure 4) show that the process of dehydration proceeds gradually and
continuously due to the interaction of the surface of precursor particles of complex oxide
systems with electrochemically generated OH™ ions.

5._

Weight Loss (wt%)

_40 1 1 1 1 1 1 1 ]
0 100 200 300 400 500 600 700 800 900 1000

Temperature (°C)
Figure 4. TGA curve samples: (a) 10 wt% ZrO;-Al,O3-CeO;; (b) 1 wt% ZrO,-Al, O3 MgO-CeO,.

Desorption of physically bound water (adsorbed and crystallization) corresponds
to the first endothermic effect in the temperature range 30-180 °C (Table 2). The second
endothermic effect in the temperature range 180-310 °C is associated with the removal of
coordinated water from the bayerite structure, and the formation of two phases: boehmite
and low-temperature aluminum oxide (n-Al,Og3). In this temperature range, dehydration
of zirconium hydroxide occurs with the formation of cubic zirconium dioxide.

The high-temperature endothermic effect at 300-500 °C characterizes the removal of
water from the boehmite structure and the formation of y-Al,O3. A phase transformation
of cubic zirconium dioxide into tetragonal structure was observed in the same tempera-
ture ranges. The third low-intensity peak on the DSC curves at a temperature of about
500-1000 °C is an additive effect caused by the dehydration of pseudoboehmite and further
phase transition of zirconium dioxide.

The total weight loss is of the same order of magnitude and is most likely associated
with the removal of chemisorbed water. In any case, the proposed approach may be used to
obtain an oxide system consisting of a stabilized t-ZrO,, an aluminum-containing y-Al,O3
phase, or an aluminum-magnesium spinel MgAl,O, with a low (2-3 wt%) CeO, content,
which is confirmed by X-ray phase analysis data (Figure 5).

The experimental results prove that the proposed approach allows us to obtain com-
plex oxide systems based on the Al,O3-ZrO; binary system, characterized by the presence
of a tetragonal zirconium dioxide phase in them, which is stable over a wide tempera-
ture range.
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Figure 5. XRD patterns: (a) 10 wt% ZrO,-Al,O3-CeOy; (b) 1 wt% ZrO,-Al,O3 MgO-CeOs.
The transformation chains are presented below.

For Al,O3-ZrO;-CeO, system:

0.5M NaCl + 0.05M Zr(NO3), + 0.006M Ce(NO3),, j =80-200 4, = 80100 °C t = 1100 °C
" v — AIOOH + a — Al(OH)3

v —AlLO; + t—ZrO; + CeO,,

and for the system Al;O3-ZrO,-MgO-CeOy:

0.5M NaCl + 0.05M Zr(NO3), + 0.05M MgCl, + 0.006M Ce(NO3)5,  j = 80-200 4, t = 80—100 °C

Alanode
v — AIOOH + Al(OH), + Mg,Al;(OH),, 125 o — ALO; + t — ZrO, + MgAL O, + CeO;

The transformation of ionic forms and their transition to heterogeneous phases for
reagent electrogeneration using a soluble anode include the formation of polynuclear
aquahydroxocomplexes, which are precursors of primary particles (PM) of oxide precur-
sors [27]. The interaction of electrogenerated OH ions and hydrated metal ions leads to the
formation of aqua hydroxo complexes. In addition, polynuclear complexes are formed which
participate in polycondensation processes [26]. The growth of polymerized ions leads to the
formation of PM. They form amorphous structures with their subsequent crystallization.

3. Materials and Methods

The synthesis of precursors of the oxide systems was performed in a coaxial elec-
trolyzer, similar to a cylindrical capacitor with a highly inhomogeneous electric field, where
the cathode was a rod of high-alloy steel 316 L, and the anode was made of aluminum with
a purity 99.7%. The solution of sodium chloride with a concentration of 0.5 mol/L was
used as an electrolyte. The weight fraction of ZrO,, CeO;, and MgO in the alumina system
was controlled by varying the concentration of an ion modifier in the electrolyte. The
process was performed at an anodic current density of 80-200 A/m? followed by keeping
the precipitate in an electrolyte solution for 48 h.

The sediment was centrifuged, washed with bidistillate until neutral reaction, dried at
80 °C to constant weight, and heated at 1100 °C for two hours.
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The phase composition of the sample was analyzed by a D2 PHASER X-ray diffrac-
tometer (Bruker, CoK-radiation, A = 1.78892 A). Crystalline phases were identified using
the PDF-2 database.

X-ray fluorescence analysis was carried out using a Bruker S2 PICOFOX spectrometer. A
Mastersizer 2000 laser analyzer, Malvern was used to determine the particle size distribution.

Thermal analysis was performed using an STA 6000 synchronous thermal analyzer
(PerkinElmer). The sample heating was carried out in a corundum crucible in air in the
temperature range of 30-1000 °C with a change rate of 10 °C/ min.

4. Conclusions

A new approach to preparing precursors of complex oxide systems Al,O3-ZrO,-MxOy
(M =Mg, Ce) was proposed. It is based on the electrogeneration and interaction of reagents
with electrolyte components under conditions of a specific hydrodynamic regime in a
coaxial electrolytic reactor with electrodes which differ significantly in areas. The design of
the electrolyzer provides homogenization of the suspension due to turbulence resulting
from the intensive movement of gas and electrolyte bubbles in opposite directions relative
to the central electrode in a closed space.

It was found that the current efficiency of the anodic process exceeds 100% due to the
difference effect and the influence of the ionic composition of the electrolyte on the anodic
dissolution of aluminum. The intensification of the anodic dissolution by increasing the
NaCl results in an approximately 1.8-fold increase in the average particle size. The injection
of Mg?* ions into the electrolyte leads to a 1.5-fold decrease in the average particle size as
well as to the formation of a disperse system with a more uniform particle size distribution.

The injection of the Zr**, Mg?*, Ce** cations, and the NO?®" anion into the electrolyte
leads to the change in the value of the &-potential and indicates the metastability of the
obtained systems. This approach is distinguished by the internal electrochemical genera-
tion of a part of the reagents and stabilization of the dispersions as a result of continuous
hydroxylation of the surface of the formed precursors of oxide system nanoparticles, pre-
venting particle aggregation. The method can be used to obtain oxide systems consisting of
a stabilized t-ZrO,, an aluminum-containing phase (y-Al,O3, or an aluminum-magnesium
spinel MgAl,O,) with a low CeO; content (2-3 wt%).
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