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Abstract: A low-temperature hydrothermal synthesis technique was employed as a
medium to produce ceria—zirconia mixed oxides particles at temperatures of 200-300 °C
and pressure of 10 MPa in a batch process. At these conditions, the average crystallite
sizes of ceria—zirconia mixed oxides increased slightly with increasing reaction
temperature when the feed solution containing ceria and zirconia with a ratio of 1:1 was
fed. SEM images illustrated that the morphologies of the ceria—zirconia mixed oxides
particles were spherical and spherical-like with a diameter of around 100 nm. The EDX
spectrum indicated that the signal corresponding to the ceria and the zirconia elements
at 5 and 2 keV, respectively, were strongly detected in the products. The XRD pattern
revealed that the mixed metal oxides particle products that comprised of cerium and
zirconium oxides particles with cubic and monoclinic structures, respectively, were

affected by their molar content in the feed solution.
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m INTRODUCTION

Ceria—based materials have been known as one of
the most attractive materials for environmental and
energy applications due to their distinct defect chemistry.
From an environmental point of view, ceria has been used
as a key component in composite catalysts due to how
relatively easy it can change between its two stable
oxidation states This cerium(IV) oxide—cerium(III) oxide
cycle activity allows switching from cerium(IV) oxide
under oxidizing conditions to cerium(III) oxide under net
declining conditions and vice versa. The highly mobile
oxygen vacancies in high concentrations of cerium may
promote the rapid change of the oxidation state and may
result in its ability to store and release oxygen. This
phenomenon resulted in beneficial effects and was an
important factor for its catalytic activity [1-4]. Regarding
energy applications, ceria—based materials have been
known to have the highest ionic and electronic

conductivity by reducing the partial pressure of oxygen
at environment temperatures below 1000 °C [5].
Despite the fact that cerium oxide is an attractive
rare earth oxide and has been widely investigated for
many applications, the sintering of this oxide can occur
at high temperatures (over 1000 °C) via a redox reaction.
This sintering process may decrease the catalytic activity
and the capacity of oxygen storage and release
significantly [6-7]. To avoid the effect of the sintering
process when cerium oxide is employed at high
temperatures, it is very important to stabilize the cerium
oxide by addition or modification using different
elements. In the current study, cerium oxide is modified
by adding zirconium oxide and prepared by
hydrothermal treatment in a batch process. Zirconia
(zirconium dioxide, ZrO,) possesses several unique
properties that have proven to be superior to other
ceramic elements. It is known to be able to improve

morphological and redox stability at high temperatures.
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Zirconia has good mechanical strength, good resistance
against crack propagation, good thermal resistance,
relatively high thermal expansion coefficient, and low
thermal conductivity at high temperatures (over 1000 °C)
[8-11]. Due to these properties, zirconia was used in many
industrial applications as ceramic bodies and was also
used as reinforcement in various composite materials to
improve their mechanical properties.

It is widely known that ceramic nanoparticles can be
prepared and synthesized by various approaches. In
general, the applied techniques for the synthesis of
ceramic nanoparticles can be classified into two types of
techniques: chemical and physical [12]. Each technique
possesses its own advantages and disadvantages; however,
whichever technique is applied, it is important to focus on
attaining monodispersity or long-term stability of the
particle products. In this work, the hydrothermal
synthesis technique, as one of the wet-chemical synthesis
techniques, was employed as a media to generate ceria—
zirconia mixed oxides nanoparticles from cerium and
zirconium oxides. This technique is inexpensive and less
hazardous, therefore environmentally friendly, and only
requires the use of simple equipment. The hydrothermal
synthesis technique can be referred to as crystal growth or
heterogeneous crystal synthesis in the presence of
aqueous media or mineralizers under high temperature
and pressure conditions from materials that are insoluble
under ordinary conditions (< 100 °C, < 1 atm) [13].

Regarding ceramic particle generation, the
hydrothermal synthesis technique has several advantages,
such as how the size and morphology of the particle
products are easily managed by varying the synthesis
conditions. Allowing the generation of materials with an
elemental oxidation state, the synthesis process can be
directly applied to many materials to produce the desired
crystalline phase at low operating temperatures [14-15].
Furthermore, it is important to judge the conditions of
hydrothermal synthesis with water media. In this case,
subcritical synthesis conditions would be applied as a
media for the synthesis process, where the temperature of
the water is increased to above its boiling point (between
100 and 374 °C). However, the pressure is required to be
tuned to maintain water in its liquid form. Under these

conditions, the physical and chemical properties of
water change quite dramatically, including the ionic
product (Ky), density, and dielectric constant of water.
Hence, water at subcritical conditions gives a favorable
reaction medium for particle generation, owing to the
promoted reaction rate. According to the nucleation
theory, the high degree of supersaturation is caused by
declined solubility [13-16].

m EXPERIMENTAL SECTION
Materials

The commercial cerium(IIl) nitrate hexahydrate
(Ce(NO:s3)5-6H,0, product no. 035-09735) and zirconium
nitrate oxide dehydrate (ZrO(NOs),-2HO, product no.
265-00915) were used as starting materials. They were
purchased from Wako Pure Chemical Industries Ltd.
(Japan), with purities of more than 97.0%. Nitrogen gas
obtained from Samator PT (Gresik, Indonesia) was used
to purge air during experimental preparation. During
preparation, the cerium or zirconium solution was
prepared by dissolving cerium(III) nitrate hexahydrate
or zirconium nitrate oxide dehydrate in a flask with
deionized water. The concentration of each specimen
was 0.06 M.

Instrumentation

The experiments were performed in batch type
reactors made of SUS-316 and comprised of a tube body
and cap (AKICO Co. Ltd., Japan; 8.8 mL). This reactor
was operated at 300 °C and 35 MPa. The electric furnace
(Linn High Therm GmbH, model VMK 1600, Germany)
was used to heat the reactors. The particle products were
characterized using a scanning electron microscope
(SEM, JEOL JSM-6390LV, Japan), particle size analysis
(PSA, a Malvern Zetasizer nanoseries, Germany), energy
dispersive X-ray (EDX) spectroscopy equipped in a
Zeiss EVO MA 10 scanning electron microscope (SEM)
from Bruker, thermogravimeter (TG-50, Shimadzu,
Japan), and BET (Brunauer-Emmett-Teller, Nova 1200,
Quantachrome, USA).

Procedure

An aqueous solution containing zirconium and
cerium substances with different molar ratios was loaded

Siti Machmudah et al.



Indones. I. Chem., 2021, 21 (1), 1-13 3

into the reactor and sealed tightly. The given amounts of
solution corresponded to 0.71-0.87 g mL~* water density.
Before closing the reactor, nitrogen gas was introduced to
the reactor to purge the air. Next, the reactor was put in
the electric furnace and quickly heated to 200-300 °C. The
temperature in the reactor was determined by a
thermocouple (K-type), and the pressure was determined
from the water densities. After 2 h (including the heating
time of about 15 min) [13], the reactor was taken out from
the electric furnace and quickly quenched in a water bath
at room temperature. The collected products were dried
and calcined. Fig. 1 shows the general process of the
particle synthesis by hydrothermal technique.

The morphologies of the calcined powder products
were observed using a scanning electron microscope after
gold coating. The size was determined by using particle
size analysis (PSA). The elemental analysis of the particle
products was investigated by using energy dispersive
X-ray (EDX) spectroscopy, which was equipped in a Zeiss
EVO MA 10 scanning electron microscope (SEM). X-ray
diffraction (XRD) patterns were employed to confirm that

Starting Materials:
Ce(MNOz)=-6Hz0 or (ZrO(NOz)z-2H=0) or
mixed of them

Stir and loaded in
the reactor

Hydrothermal conditions:
Temperatures: 200-300 *C
Preszure 210 MPa

Time t2h

Cool and wash

Product recovery:
Washing : deionized water
Drying :60°C,6h
Calcination: 300 °C, 6 h

Store in the vacuum
desiccator

Product characterization:
SEM, SEM-EDS, XRD, PSA, BET, TG

Fig 1. Flowchart summary of the hydrothermal synthesis

the crystal structure of ceria-zirconia was generated
through this hydrothermal synthesis method. The
capacity of oxygen storage of the ceria-zirconia particle
product was determined by using a thermogravimeter
[17-18]. The surface area of the ceria-zirconia particle
products was determined by using the BET method.

m  RESULTS AND DISCUSSION

Fig. 2 and 3 show the typical SEM images of
synthesized particles from cerium or zirconium solution
under hydrothermal conditions at various operating
temperatures with 2 h synthesis time. These results
reveal that ceria or zirconia particles can be produced
easily in water at the applied reaction temperatures. At
subcritical conditions, the water turns into a solvent with
weak polarity and possesses both acidic and basic
properties. These beneficial properties may result in
faster and easier particle generation via synthesis
reaction. The water molecules underwent dissociation
into H" and OH", which were illustrated as ion products.
These ion products rose as the environmental
temperature was increased and achieved the highest
value when the environment temperature was around
300 °C. Simultaneously, the dielectric constant of water
also changed. At ordinary conditions, the dielectric
constant of water is around 78; thus, water becomes
favorable to dissolve the inorganic salts.

When the environment temperature was increased
to 200 or 300 °C, the values of the water dielectric
constants decreased to 35 or 21. This means that water
was still favored to dissolve non—polar organic
compounds and to serve a homogenous phase for
reactions. The solubility of ionic inorganic salts became
lower and was able to promote the solute precipitation
to generate fine particles via hydrolysis reaction. At the
same time, the change of water properties (acid—base
characters) can enhance inorganic salts hydrolysis to
obtain hydroxides without the presence of catalysts
[13,15-16,19]. Therefore, based on benefits such as the
reaction rate enhancement and the reduction of
solubility that causes a high degree of supersaturation,
subcritical water conditions serve as a comfortable
reaction media for particle generation.

Siti Machmudah et al.



4 Indones. I. Chem., 2021, 21 (1), 1-13

Fig 3. SEM images of zirconia particle products

Adschiri et al. [20] reported that there were two
reaction steps for particle generation in hydrothermal
conditions from inorganics salts as starting materials,
namely, hydrolysis and dehydration reaction. In brief, the

metal salt in the aqueous solution was hydrolyzed into
metal hydroxide. Next, the precipitation of metal oxide
crystals in nano— or micro—sized particles from solution
occurs via dehydration reaction to form particle products.
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The formation mechanism of metal oxide particles from
the metal nitrate solution was as follows [20-21]:
Hydrolysis

M(NO;), ) +xH,0(;) —> M(OH)
Dehydration

M(OH), ) = MO, (5) +(x/2)H,0,

) + XHNO:;,(I) (1)

x(s
(2)

where M is a metal.

As displayed in Fig. 2 and 3, most of the generated
ceria and zirconia particles appeared to have spherical
morphologies with a diameter of less than 100 nm. The
reason for these results may be due to the good solubility
of cerium(III) nitrate hexahydrate, and zirconium nitrate
oxide dehydrate in aqueous media, while the nitrate
component from the starting materials may have
prevailed as a surfactant to promote the generation of
micelles. Similar to other anions that are employed as a
coprecipitator, nitrate anions and water are able to
surround the surface of cerium or zirconium, which
would lead to the generation of fine particles. Due to this
phenomenon, the shapes of the generated metal oxide
particles, including ceria and zirconia, seemed to have
spherical or spherical-like morphologies when the
synthesis reaction was carried out in hydrothermal
conditions [21-24].

The morphologies of the samples did not shift with
the increase in operating temperatures and reaction time.
This indicated that the different crystallographic planes of
ceria or zirconia particles might have a similar growth rate
at these conditions. As a result, the ceria or zirconia
particle products that were generated at different
temperatures or different reaction times had similar
morphology. The results also indicated that hydrothermal
reaction conditions are convenient and enough to initiate
the formation of fine particles from cerium nitrate or
zirconium nitrate solution through hydrolysis and
dehydration reactions. Hayashi and Hakuta [13] reported
that the hydrothermal synthesis technique involves
heterogeneous particle synthesis or particle growth in the
existence of liquid media under temperatures (below 300
°C) high enough to start chemical reactions for several
hours (h). Afterwards, the hydrothermal synthesis
technique for the generation of ceria—zirconia mixed

oxides nanoparticles was set at 2 h reaction time.

Fig. 4 shows the XRD spectra of (a) ceria and (b)
zirconia particles obtained by hydrothermal synthesis
when the experiments were performed at 300 °C with a
reaction time of 2 h. XRD has been applied and mainly
relied on for the identification of monoclinic, tetragonal,
and cubic phases in materials [25-26]. As shown in Fig.
4(a), the diffraction peaks at 28.5, 33.2, 47.4, 56.5, 59.0,
and 69.5° were found clearly on the XRD pattern of the
ceria particle products, and can be attributed to the
(111), (200), (220), (311), (222), and (400) crystalline
(JCPDS ICDD PDF card 00-043-1002),
respectively. These features revealed that the ceria

faces

particle products seemed to have a cubic fluorite—type
structure [27-29], where each cerium atom was
surrounded by eight oxygen atoms in a face—centered
cubic order. This cubic fluorite structure is stable from
room temperature to its melting point at around
2400 °C. In addition, ceria particles are also known to be
generated by the hydrothermal synthesis method at low
operating temperatures.

Tok et al. [27] conducted an experiment for ceria
nanocrystalline particles by using a hydrothermal
synthesis method at low operating temperatures. They
that
cubic—fluorite structures were easily generated with

found ceria particle products containing
relatively good crystallinity at a temperature of around
250 °C. They also reported that increasing the reaction
time did not give influence to the properties of the ceria
particle products. A similar result was also found when
the zirconia particle products were subjected to the
X-ray diffraction device (see Fig. 4(b)). The monoclinic,
tetragonal, and cubic structures were found in the
zirconia particle products; however, the monoclinic
structure was found dominantly in the zirconia particle
products compared to tetragonal or cubic structures.
Hence, the X-ray diffraction patterns for tetragonal or
cubic structures were not presented.

The same results were found when Machmudah et
al. [15] conducted experiments for hydrothermal
synthesis to produce zirconia particles at temperatures

0f 200-300 °C. They explained that the zirconia particle
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Fig 4. X—ray diffraction spectra of (a) ceria and (b) zirconia particles

products with the monoclinic structure were generated
through a dissolution or precipitation process followed by
the formation of the tetragonal and cubic structures under
subcritical water conditions. As a result, the hydrothermal
synthesis products from the zirconium nitrate solution

via the hydrolysis and the dehydration reactions under
subcritical water conditions would predominantly be
monoclinic zirconia particles. Thus, it can be concluded
that the ceria particles with a cubic fluorite-type
structure and the monoclinic zirconia particles were
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successfully generated from cerium nitrate and zirconium
nitrate solutions under hydrothermal conditions.

Fig. 5 shows the typical SEM images and XRD
spectra of synthesized particle products from
ceria—zirconia solution in a 1:1 ratio at various reaction
temperatures with 2 h reaction time. Similar to the pure
ceria or pure zirconia particle products, the collected
particle products from ceria—zirconia mixed oxides
solution seemed to have spherical or spherical-like (oval)

shapes at every reaction temperature. Apparently, at these

ranges of temperature, the shapes of the ceria—zirconia
particles were dominantly affected by the composition of
feed solution that was loaded in the SUS reactor [30-34].

Phokha et al. [30] conducted experiments for the
production of monodisperse ceria particles in nano-
sphere shapes under hydrothermal conditions. They
reported that the feed composition containing cerium
nitrate as a cerium source had a significant influence on
the morphology of the final product. They also found that
the cerium source from cerium nitrate is most favorable

| Cubic phase
|

T T T T T T T T

Monoclinic phase

Ly Ly Illl_lll L

Intensity (a.u.)

28 (deg)
Fig 5. SEM images and X-ray diffraction spectra of ceria—zirconia particle products with 1:1 ratio at various reaction
temperatures
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for the generation of ceria particles with spherical or
spherical-like shapes. Zhang et al. [32] also found the
spherical or spherical-like shapes of ceria—zirconia
particles when they performed the hydrothermal synthesis
of ceria—zirconia nanocomposites from a feed solution
containing cerium(III) nitrate hexahydrate and zirconium
nitrate hexahydrate. Furthermore, they also reported that
the morphologies of the ceria—zirconia nanocomposites
did not shift after the calcination process.

When the particles produced from a feed solution
containing cerium and zirconium were submitted into the
XRD apparatus, the peaks of ceria and zirconia were
detected clearly in the XRD patterns at each reaction
temperature. Although the hydroxylation of metal ions,
including cerium and zirconium, can be significantly
stimulated by elevating the reaction temperature at
hydrothermal conditions, the characteristic peaks of
ceria—zirconia did not seem to shift with increasing
reaction temperature. It is well known that the hydrolysis
reaction may facilitate and promote complex precursor
generation to metal oxide nucleation at hydrothermal
conditions (200-300 °C) [13].

Hayashi and Hakuta [13] proposed the mechanism
of metal oxide particle generation from metal nitrate
solution under hydrothermal conditions. In brief, the
hydrated metal ions were hydrolyzed to metal hydroxide.
In the next step, the metal hydroxides proceeded to
precipitate as metal oxides via dehydration reaction. Due
to this phenomenon, the size of the metal oxide particle
products was strongly affected by the rate of hydrolysis
and the metal oxide solubility in the solvent media. In this
work, by using the Scherrer equation, the average
crystallite size of ceria—zirconia particle products was
estimated from the diffraction peak width at half the peak
height (full width half FWHM).
Approximately, the sizes of

maximum,
average  crystallite
ceria—zirconia particle products at 200, 250, and 300 °C
were 7.9, 8.54, and 10.12 nm, respectively. It seemed that
the average crystallite sizes slightly increased with the
increase in reaction temperature.

In order to accomplish the ceria—zirconia particle
analysis, the characterization of the particle products was

also carried out by using energy dispersive X—ray (EDX)

analysis, which was attached to the SEM apparatus
system. This analysis technique is the general type of
X-ray spectroscopy that is simple, non—destructive, and
applicable to a small amount of sample. As presented in
Fig. 6, the EDX spectrum describes a strong signal
corresponding to the ceria and the zirconia elemental
regions at around 5 and 2 keV, respectively [35-36]. The
peaks that correspond to the existence of ceria and
zirconia elements were also found in the regions around
0.2 and 0.9 keV, respectively. It seemed that the ceria and
the zirconia elements were a major component
compared to oxygen. This is, of course, good news in
terms of ceria—zirconia particles formation from
cerium(III) nitrate hexahydrate and zirconium nitrate
hexahydrate solutions.

The oxygen might have originated from the solvent
and/reactants that were bound to the surface of the
ceria—zirconia particles. A similar spectrum was also
obtained when the ceria—zirconia particles generated
from the 200 and 300 °C reaction temperatures were
submitted to the EDX device system. Thus, the EDX data
for these mixed metal oxide products after hydrothermal
treatment at temperatures of 200 and 300 °C are not
presented. Judging the results, it can be concluded that
the formation of ceria—zirconia particles from the feed
solution containing cerium and zirconium elements
were successfully performed under hydrothermal
conditions at temperatures of 200-300 °C.

Fig. 7 shows the XRD patterns for a series of
ceria—zirconia products obtained via hydrothermal
reactions at a temperature of 250 °C and 2 h of reaction
time with varying molar ratios. As explained above, the
composition of the feed solution has an extraordinary
influence on the nature and properties of the mixed
oxides particles. Proportionally, when cubic fluorite
ceria oxides and monoclinic zirconia oxides (see Fig. 4)
was fed as the starting materials to produce particles via
hydrothermal process, the precipitated particle products
with a similar composition to the feed solution can be
obtained.

As shown in Fig. 7, when the molar content of ceria
oxide in the feed solution was over 50%, the particle
products seemed to have a cubic structure. Otherwise, they
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Fig 6. EDX spectrum (a) and dark—field SEM image of ceria—zirconia particles (b) with the corresponding EDX maps

for oxygen (c), ceria (d), and zirconia (e) elements (reaction temperature: 250 °C; ceria—zirconia ratio: 1:1; time: 2 h)

appeared as monoclinic structures the same as that of
zirconia. The zirconia phase intensity was very weak when
the feed solution ratio of ceria to zirconia was 2:1 and 4:1.
This result was in agreement with the low amounts of
zirconia in the feed solution (ceria—rich feed solution). By
increasing the content of zirconia in the starting
materials, gradually the shifting of the diffraction lines at
111, 220, and 311, that are attributed to the cubic
fluorite—type structure of ceria, was observed [29,37].
Other than that, there were no other diffraction peaks on
the XRD patterns of the mixed ceria—zirconia particle
products.

It can be assumed that the structure of the
products  had
distribution. When these particle products were

ceria—zirconia  particle uniform
submitted in the particle size analysis (PSA) device, the
diameter size of the particles was found at around
100 nm. Note that the particle size distribution was not
determined during this study due to the limitation of the
analytical equipment. On average, the mean diameter
size of the particles was observed at around 99, 125, 92,
118, and 116 nm when the ceria to zirconia ratios of the
feed solution was 4:1, 2:1, 1:1, 1:2, and 1:4, respectively.
However, by using the Scherrer equation, the estimated
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Fig 7. X—ray diffraction spectra of ceria—zirconia particle products at 250 °C with varying molar ratios

crystallite sizes of the ceria—zirconia particles were found
at around 10.47, 8.96, 8.54, 5.2, and 7.03 nm on average
when the ratios of ceria to zirconia in the starting
materials were 4:1, 2:1, 1:1, 1:2, and 1:4, respectively.

It is well known that cerium oxide is the main
substance in the three—way catalysis due to its high
oxygen storage capacity. This property is associated with
the ability of cerium oxide to undergo a rapid
reduction—oxidation cycle (between Ce* and Ce’).
When cerium ion is reduced to Ce**, the materials release
oxygen, and when cerium ion is oxidized to Ce*, the
materials store oxygen. Nevertheless, pure cerium oxide is
not widely applicable due to its poor thermal stability and
low oxygen storage capacity [6-7].

In this work, when the ceria particles obtained from
hydrothermal treatment at a temperature of 250 °C with
2 h submitted into the
thermogravimeter device to measure its oxygen storage

reaction time was

capacity, the amount of oxygen adsorbed was found at
around 112.66 mmol-0,/g of sample. By adding zirconia,

the oxygen storage capacity of ceria and the thermal
stability were significantly improved. The amounts of
oxygen adsorption were 544.48, 652.39, 532.34, 614.71,
and 447.38 mmol-0,/g of sample when the ratios of
ceria to zirconia in the starting materials were 4:1, 2:1,
1:1, 1:2, and 1:4, respectively. The specific surface area of
these samples was around 86.73, 90.98, 92.03, 116.41,
and 110.01 m?/g of sample. It seemed that the values of
the oxygen storage capacity were affected by the feed
composition of the starting materials. This indicated
that the surface area of the ceria—zirconia particles and
its oxygen storage capacity were not strongly correlated.
The value of the oxygen storage capacity increased with
increasing amount of zirconia in the feed solution.
However, increasing zirconia content in the feed
solution to over 50% did not significantly affect the
oxygen storage capacity of the ceria—zirconia mixed
oxides. On the contrary, the oxygen storage capacity
value seemed to decrease to 447.38 mmol-0O,/g of
sample when the mol% ratio of zirconia in the feed
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solution was 80%. This indicated that the oxygen storage
capacity was not dependent on the surface area of the
materials, but they might have been controlled by the
thermodynamic equilibrium of the redox reaction of the
cerium oxide ions [5,37-42].

Cui et al. [40] investigated the influence of
precipitation temperature on the properties of the
ceria—zirconia solid solution composite. They reported
that the in the
ceria—zirconia solid solution composite did not improve

increasing amount of zirconia

the oxygen storage capacity. Furthermore, they pointed
in the
ceria—zirconia solid solution composite caused larger

out that the lower amount of zirconia

oxygen storage capacity. In addition, Cui et al. explained
that the decline of textural properties and the shift of
composition of the ceria—zirconia composites resulted in
the decrease of oxygen storage capacity. Yin et al. [41]
confirmed that the high oxygen storage capacity of the
ceria—zirconia mixed oxides was associated with the
addition of the zirconia substance. However, they also
informed that due to the shift of the oxygen mobility in
the ceria—zirconia mixed oxides, the higher amount of
zirconia in the ceria—zirconia mixed oxides also resulted
in ower oxygen storage capacity.

m CONCLUSION

Ceria—-zirconia mixed oxides particles were
synthesized via hydrothermal technique at subcritical
conditions, at temperatures of 200-300 °C and pressure of
10 MPa. At these conditions, water provides a favorable
reaction medium for mixed metal oxides particles
adjustability of the

thermodynamics and transport properties via pressures

formation owing to the
and/or temperatures. The SEM images showed that the
shapes or morphologies of the ceria—zirconia mixed oxides
particles were spherical and spherical-like with a diameter
of around 100 nm. The EDX spectrum showed that the
signal corresponding to ceria (5 keV) and zirconia (2 keV)
were strongly detected in the particle products. The XRD
pattern revealed that the mixed metal oxide particles were
comprised of cerium and zirconium oxide particles with
cubic and monoclinic structures, respectively. Based on
the results, this process can be considered as a feasible

technique to produce metal oxide and mixed metal
oxides from other types of metals.
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