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Abstract

Nanomaterials can be prepared by means of various synthesis meth-
ods, such as sol-gel synthesis, combustion synthesis, mechanochemical
synthesis, etc. Among numerous nanosynthesis methods, hydrothermal
synthesis is one of the most commonly used. Hydrothermal/solvothermal
reaction is defined as a chemical reaction that occurs in a closed reaction
vessel above the boiling point of water/solvent. The development of hydro-
thermal techniques has a history of more than 150 years, starting from the
synthesis of macro crystals, through the synthesis of conventional materi-
als, all the way to the synthesis of new advanced materials, particularly
nanomaterials. In this paper, the setup of hydrothermal experiment and
the procedure of hydrothermal synthesis are described. Furthermore, the
parameters available for process control, as well as advantages and dis-
advantages of the hydrothermal synthesis, are discussed. Finally, a brief
overview of the first author scientific group achievements in hydrothermal
synthesis of ceria is presented.

Keywords: hydrothermal synthesis; nanomaterials; ceria.

1. INTRODUCTION

Intensive investigation of various nanomaterials, their synthesis, properties and uti-
lization in various areas has been carried out over approximately last 50 years. Consid-
erable progress and substantial impact of these efforts on science, economy and society
has been noted as a result thereof. Nanomaterials enabled many improvements, pro-
viding advanced materials, industrial products, electronics, sporting goods, consumer
products, diagnostic and therapeutic procedures, environmental applications, renewable
energy solutions, etc. [1,2]. According to the Royal Society and the Royal Academy of
Engineering [3], nanotechnology is the design, characterization, production and appli-
cation of structures, devices and systems by controlling the shape and size at the nanom-
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eter scale. Therefore, crucial features of nanotechnology are dimensions, i.e. at least one
dimension below 100 nm, and fundamentally new properties, different from the proper-
ties of parent bulk materials, due to nano dimensions [1]. According to dimensions, na-
nomaterials can be classified into [4]: 0-dimensional, having all three dimensions below
100 nm, such as quantum dots [5], metal [6] and semiconductor nanoparticles (Fig. 1)
[7], etc.; 1-dimensional, with two dimensions on the nanoscale, such as nanorods [8], na-
nowires [9], nanotubes (Fig. 2) [10], etc.; 2-dimensional, with only one dimension below
100 nm, such as nano-coatings [11], thin films (Fig. 3) [12], layered materials, etc.; and
3-dimensional, without any dimensions on the nanoscale, but being nanostructured such
as nanocrystalline glass-ceramics (Fig. 4) [13], metallic glasses [14], composite materi-
als, etc. Therefore, nanotechnology does not deal with nanoparticles only. Nanotechnol-
ogy has made it possible to integrate nanoparticles into macroscopic systems of nano- to
macroscopic sizes. Nanotechnology empowered the manufacturing of nanostructured
materials having elements with one or more dimensions on the nanoscale. Nanotech-
nology enabled the creation of nanodevices, relatively simple devices able to perform
simple tasks, such as sensors or transducers, capable of converting energy from one
form to another, storing information, etc. Finally, nanotechnology has created systems
of great sophistication and complexity, capable of performing complex tasks, such as
information processing [1]. Although nanotechnology is much more than nanoparticles,
their production and use still remains an important sector of nanotechnology. In a recent
review, Kumari et al. [15] called nanoparticles the foundation of nanotechnology.
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Figure 1. HRTEM micrograph of the hydrother-
mally derived anatase nanoparticles (0D nanoma-
terial). (Reprinted from the publication: S. Kurajica,
I. Grcic, 1. Minga, V. Mandi¢, K. MuZzina, Hydro-
thermally-Derived Silver-Decorated Nanocrystal-
line Anatase Photocatalyst for Reactive Violet 2
Photodegradation, Processes, 11 (2023) 210. CC-

Slika 1. HRTEM mikrografija anatasa dobivenog
hidrotermalnim postupkom (0D nanomaterijal).
(Pretisnuto iz publikacije: S. Kurajica, 1. Grgic, I.
Minga, V. Mandic, K. MuZzina, Hydrothermally-
Derived Silver-Decorated Nanocrystalline Anatase
Photocatalyst for Reactive Violet 2 Photodegrada-
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Figure 2. FESEM micrograph of titanate nano-
tubes (1D nanomaterial). (Reprinted from the
publication: S. Kurajica, J. Macan, V. Mandic,
M. Galjer, K. MuZina, J. R. Plaisier, Reinforcing
blade-cast photocatalytic titania thin film by ti-
tanate nanotubes, Materials Research Bulletin,
105 (2018) 142-148. Copyright (2018), with
permission from Elsevier.)

Slika 2. FESEM mikrografija titanatnih na-
nocjevcica (1D nanomaterijal). (Pretisnuto iz
publikacije: S. Kurajica, J. Macan, V. Mandic,
M. Galjer, K. MuZina, J. R. Plaisier, Reinforcing
blade-cast photocatalytic titania thin film by ti-
tanate nanotubes, Materials Research Bulletin,
105 (2018) 142-148. Copyright (2018), s dopu-
Stenjem Elseviera.)

Figure 3. AFM micrograph obtained in a dy-
namic scanning mode depicting the monolay-
er thin-film (2D nanomaterial) at the surface of
of thermal insulation glass, average thickness
approximately 28 nm, surface roughness of
about 4 nm. (Reprinted from the publication:
V. Mandi¢, S. Kurajica, I. Panzic, A. Bafti, J.
Sipusic, K. Muzina, F. Brlekovic, L. Gigli, M.
Gaboardi, Utilization of conventional PXRD
apparatus for characterization of thin-films us-
ing reconsidered equations for XRD, Surfaces
and Interfaces, 36 (2023) 102554. Copyright
(2023), with permission from Elsevier.)

Slika 3. AFM mikrografija dobivena uz dinamic-
ki natin pretrazivanja koja prikazuje jednoslojni
tanki film (2D nanomaterijal) na povrsini termo-
izolacijskog stakla, prosjecna debljina priblizno
28 nm, povrsinska hrapavost oko 4 nm. (Preti-
snuto iz publikacije: V. Mandic, S. Kurajica, 1.
PanZic, A. Bafti, J. Sipusic, K. MuZina, F. Brle-
kovic, L. Gigli, M. Gaboardi, Utilization of con-
ventional PXRD apparatus for characterization
of thin-films using reconsidered equations for
XRD, Surfaces and Interfaces, 36 (2023) 102554.
Copyright (2023), s dopustenjem Elseviera.)
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Figure 4. Bright field HRTEM micrographs of
glass-ceramics (3D nanomaterial). (Reprinted
from the publication: S. Kurajica, J. Sipusic,
M. Zupancic, Igor Brautovic, M. Albrecht,
ZnO-AlLO,-SiO, glass ceramics: Influence
of composition on crystal phases, crystallite
size and appearance, J Non-Cryst. Solids,
553 (2021) 120481. Copyright (2021), with
permission from Elsevier.)

Slika 4. HRTEM mikrografija u svijetlom
polju uzorka staklokeramike (3D nanoma-
terijal). (Pretisnuto iz publikacije: S. Kurajica,
J. Sipusi€, M. Zupancic, Igor Brautovic, M.
Albrecht, ZnO-AlLO,-SiO, glass ceramics:
Influence of composition on crystal phases,
crystallite size and appearance, ] Non-Cryst.
Solids, 553 (2021) 120481. Copyright (2021), s
dopustenjem Elseviera.)

2. NANOMANUFACTURING

Nanomanufacturing techniques are most frequently classified into top-down and
bottom-up methods. Top-down are techniques of removing aggregates of molecules
from the surface of a bulk material, while bottom-up are techniques of assembling and
arranging individual atoms or molecules using chemical and physical interactions that
allow components to be arranged in an ordered manner into nanostructures [1]. A sim-
plified schematic representation of both processes is shown in Figure 5. It could be ar-
gued that top-down techniques are predominantly of physical nature, while bottom-up
techniques are based on chemical processes [2], although this is not entirely true. How-
ever, nanomanufacturing processes can indeed be divided into those of a predominantly
physical nature (without a chemical reaction) and those of a predominantly chemical
nature (with a chemical reaction). Another approach classifies the nanomanufacturing
techniques into nanoparticle production methods and nanostructured materials produc-
tion methods [1]. Recently, molecular nanofabrication methods and nanobiotechnologi-
cal methods are gaining in importance. The top-down approach is currently dominant in
industrial applications owing to the utilization of numerous methods, from grinding for
the production of nanoparticles to lithography used for microprocessors manufacturing
[15]. However, in chemical laboratories, the bottom-up approach is far more common.
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This group of methods implies the building of nanomaterials from the smallest units,
such as atoms or molecules [16]. This approach allows building of aimed sizes and
shapes, and has the potential to be more cost-effective and produce less waste [15]. Even
when focusing only on chemical methods, which the authors find more convenient, the
methods remain numerous and diverse, from the simple chemical synthesis [12] and the
slightly more complex wet chemical techniques [9,11] up to the methods for the prepara-
tion of nanostructured materials [13].

Top-down
Bottom-up

@ @ o% %0 o oo =,
@ — i — i — %
0%° ot i

Bulk Powder Nanoparticles Clusters Atoms/Molecules

Figure 5. Schematic representation of top-down and bottom-up nanomanufacturing approaches.
Slika 5. Shematski prikaz pristupa nanoproizvodnji odozgo prema dolje i odozdo prema gore.

There is no ideal method of materials synthesis, some involve precursors or solvents
harmful to the environment, some require valuable equipment or expensive chemicals,
high temperatures or pressures, some are complicated, difficult to control, have low
conversion, are time consuming, etc. Downsides are usually more than one, e.g. sol-
gel synthesis [17], which is a typical bottom-up, chemical method, provides very pure
products, does not require expensive equipment or harsh conditions, but usually uses
relatively expensive alkoxides as precursors and organic solvents. Additionally, the pro-
cess is not easily controllable and, in order to induce crystallization, thermal treatment
is usually required. Combustion synthesis [18], which could also be classified as bottom-
up, chemical method, is simple and cheap, but it is accompanied by the emission of a
large amount of harmful gases, and the final product is often contaminated with car-
bon. Mechanochemical synthesis [19], typical physical, i.e. top-down method, requires
somewhat more substantial, but still affordable equipment. The process even allows the
preparation of metastable phases unattainable by other methods. However, the product
is often polydisperse, heavily agglomerated, and may be contaminated with the mill
material. Furthermore, the occurrence of structural flows is common. Nor is the hydro-
thermal process ideal [7], but it is a very useful bottom-up method, often favored by sci-
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entific laboratories and industry. According to Byrappa and Tadafumi [20], both being
authority for this method, hydrothermal synthesis turned into frontline technology for
advanced materials and nanomaterials processing. In their editorial of the special issue
of the Journal of Nanomaterials dedicated to the hydrothermal synthesis of nanomateri-
als, Gan et al. [21] claim that hydrothermal synthesis is one of the most commonly used
methods for preparation of nanomaterials.

3. HYDROTHERMAL SYNTHESIS

The term “hydrothermal” was first used by the Scottish geologist Sir Roderick Mur-
chison in the mid-19* century to describe the formation of minerals from aqueous solu-
tion at elevated temperatures and pressures in the course of magma cooling [20]. The
first to use the hydrothermal method for synthesis was K.E. Schafhiutl [22] who grew
a quartz crystal from silicic acid in a pressure vessel. In short, hydrothermal synthe-
sis may be described as a method of producing nanoparticles by chemical reactions in
aqueous media at elevated temperatures and pressures [23]. Like any other definition,
this one is unilateral, because it neglects the fact that other materials besides nanopar-
ticles, such as powders, coating, single crystals, etc., may be obtained by hydrothermal
synthesis. It is furthermore not necessary for the medium to be water, although in such
case, the synthesis is usually (but not inevitably) called solvothermal (Figure 6) [24].
For example, Byrappa and Tadafumi [20] define the hydrothermal process as any het-
erogeneous chemical reaction in the presence of a solvent above room temperature and
pressure in a closed system. This definition encompasses all possible processes in which
the preparation of nanoparticles and bulk single crystals are the most important ones,
aqueous or non-aqueous solvents, different technical performances and approaches, etc.
Hydrothermal synthesis is fundamentally based on the fact that the solubility of most
inorganic materials increases at elevated temperatures, enabling the dissolution of pre-
cursors. Sometimes precursors are completely insoluble at standard temperature and
pressure [25]. From these dissolved substances, the desired new crystalline phase crys-
tallizes due to lesser solubility under the given conditions or reduced solubility due to
temperature decrease.
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Figure 6. HRTEM micrographs with inset micro-
graph at lower magnification of solvothermally
prepared titanium dioxide nanoparticles with
particle size <10 nm. (Reprinted from the publi-
cation: S. Kurajica, I. Minga, 1. Grcic, V. Mandic,
M. Plodinec, The utilization of modified alkox-
ide as a precursor for solvothermal synthesis of
nanocrystalline titania, Materials Chemistry and
Physics 196 (2017) 194-204. Copyright (2017),
with permission from Elsevier.)

Slika 6. HRTEM mikrografija, s umetnutom mik-
rografijom pri manjem povetanju, nanoCestica
titanijevog oksida pripravljenih solvotermalnom
sintezom s velicinom Cestica <10 nm. (Pretisnu-
to iz publikacije: S. Kurajica, I. Minga, 1. Grtic,
V. Mandi¢, M. Plodinec, The utilization of
modified alkoxide as a precursor for solvother-
mal synthesis of nanocrystalline titania, Materi-
als Chemistry and Physics 196 (2017) 194-204.
Copyright (2017), s dopustenjem Elseviera.)

Hydrothermal methods can be classified in different ways: They may be differenti-
ated according to the purpose of synthesis (bulk and nanomaterials), crystal growth,
sintering, deposition, etc. According to temperature processes, hydrothermal methods
can be classified into subcritical and supercritical. The ionic product of water (Kw), the
equilibrium constant for the self-ionization of water (the reaction between water mol-
ecules to produce hydronium, H,O", and hydroxide, OH, ions) has a maximum value
at about 250-300°C. The hydrothermal synthesis is hence usually carried out below
300°C, which is below the water supercritical point (374°C and 22.1 MPa). However,
hydrothermal synthesis above the supercritical point of water has been developed too
[25]. According to the production continuity, processes may be divided into: batch pro-
cess, where the production is accomplished through separate runs; and continuous flow
process, where the production is constantly ongoing. The continuous flow hydrothermal
synthesis is an option only for the supercritical process. According to the induction of
crystallization, the processes of synthesis and crystallization in the autoclave can occur
in three ways, based on which the three methods of hydrothermal synthesis are distin-
guished [26, 27]. The metastable-phase method is based on the difference in solubility
between precursors and product. Precursors are thermodynamically less stable under
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autoclave conditions and readily dissolve, providing nutrients for crystallization of a
stable product from solution. In the temperature-reduction method, the precursors are
dissolved at high temperature and pressure, and the temperature is reduced causing
supersaturation and crystallization. The temperature difference involves heating the au-
toclave in such a way that there is a hotter zone at the bottom and a colder zone at the
top of autoclave. Reactants are dissolved in the hotter zone and transported to the colder
zone by convective motion of the solution occurring due to the temperature gradient.
Due to the lower temperature in the upper part, the solution becomes supersaturated,
and crystallization occurs. Finally, hydrothermal methods can be improved by a special
reactor design, enabling additional ways to transfer the energy required by the system,
thus enhancing the process [20, 28, 29].

3.1. Setup and procedure

Hydrothermal synthesis is usually performed in a steel container called an autoclave,
or, more precisely, a hydrothermal autoclave reactor, Fig. 7a. This is a steel cylindrical
vessel capable of sustaining prolonged high pressure and high temperature without risk
of structural damage. Instead of steel, other alloys and even thick glass can be used. The
design shown in Fig. 7a is not the only one, but it may be regarded as the most widely
used one. Today, there are numerous reactor designs, some of them enabling stirring,
fluid redrawing, external gas supply, etc. A Teflon capsule (also called lining) is placed
inside the autoclave, although polypropylene, glass, titanium, gold, etc. are sometimes
used instead of Teflon. The capsule provides a corrosion-resistant reaction space where
the chemical reactions of the hydrothermal process take place. Accordingly, it ought to
be chemically inert, i.e. resistant to solvents and chemicals. In most cases, the capsule
is of such a shape and size that it fits seamlessly into the interior of the autoclave. Tef-
lon is the most commonly used lining material, since it is resistant to the majority of
chemicals and stable at temperatures up to 240°C. However, when Teflon is used, 200°C
is considered the maximum safe temperature for synthesis, primarily due to creep to
which deformation occurs, but also due to slow thermal degradation, especially during
long-term loadings. If Teflon is not suitable due to the required temperature or chemical
environment, a capsule made of another material should be used. For some syntheses,
the autoclave does not need a lining if the solution is not corrosive to the autoclave ma-
terial, or if the autoclave material is capable of building a passive layer. The autoclave
ought to be easy to assemble and disassemble (Fig. 7b), able to be sealed hermetically,
and capable of enduring repeated cycles of temperature and pressure increase and de-
crease over a long period of time.
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Figure 7. a) Simplified schematic view of the autoclave. b) Autoclave parts and Teflon capsule.
Slika 7. a) Pojednostavljeni shematski prikaz autoklava. b) Dijelovi autoklava i teflonski uloZak.

The first step in the synthesis is the preparation of the precursors and the solvent,
which are weighted and mixed together [30]. Additional agents, such as mineralizers,
surfactants, chelating agents, etc. may be added too [7]. The dissolution of precursors
may, but does not need to occur in this step. The solution (or mixture) is then poured
into the Teflon capsule, the capsule is placed in the autoclave, and the autoclave is tightly
closed to avoid leakage. It is then placed in a device in which the temperature can be eas-
ily controlled, e.g. in a laboratory dryer. The temperature is increased to the temperature
above water boiling point in order to attain vapor saturation pressure (the pressure at
which water vapor is in thermodynamic equilibrium with its condensed state). If the pre-
cursors are not easily soluble in the solvent under standard conditions, by changing the
conditions, i.e. by increasing the temperature and pressure, their dissolution occurs first.
As stated earlier, if the precursors are easily soluble, it means that they had already been
dissolved in the solvent. Thereafter, high temperature and pressure conditions facilitate
nucleation and consequent growth of nanoparticles. Temperature, pressure and other
conditions influence the size and shape of the nanoparticles, so the conditions in this
step are adjusted in order to obtain the desired outcome. The process is determined by
thermodynamic and kinetic factors, and takes a certain amount of time. Alternatively,
nucleation and growth proceed after the decrease of temperature and pressure. After a
defined period, the autoclave is removed from the dryer, cooled down and opened. The
obtained nanoparticles are separated from the solution. Centrifugation is often neces-
sary for the separation to be accomplished, since fine nanoparticles cannot be separated
from the suspension by simple decantation or filtration procedures. If necessary, nano-
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particles are washed to remove residual reactants, solvents or byproducts. Water or some
other solvent are used, the procedure of washing and separation may be repeated for
several times [30]. Finally, the nanoparticles are dried and stored.

3.2. Process control

In order to control the process, the parameters available, i.e. the parameters influ-
encing the outcome of the synthesis, are the following: stoichiometry, solvent, additional
agents, temperature, pressure and time [30]. Stoichiometry is important in all chemical
processes, because it directly affects the composition of the product. The properties of
solvents, such as viscosity or polarity, exert a considerable influence on the process. Sol-
vent interactions with reactants, intermediates and products can affect reaction equilib-
rium and kinetics, and ultimately affect the products [24]. The solvent, especially water,
can participate in the reaction. Under high-temperature and high-pressure hydrothermal
conditions, hydrolysis reaction and ion reaction rates naturally increase with water as a
medium [29]. Additional agents can be e.g. mineralizers, salts that increase the solubil-
ity of precursors through the formation of a solution in which the solubility of precursors
is increased, or through the formation of compounds with precursors having greater
solubility. Furthermore, as additional agents, chelating agents, reducing the excessive
reactivity of precursors and directing the formation of oligomers [24], or surfactants
to control the shape and size of the nanoparticles, can be utilized. Temperature con-
trols the thermodynamics and kinetics of product formation. The stability of a certain
phase is determined by thermodynamics, while, according to the Arrhenius equation,
the reaction rate increases exponentially with the increasing temperature. Temperature
considerably reduces the dielectric constant, thus affecting the ability of water to act as a
solvent [31]. The increase in water ionization constant with temperature acts beneficially
to the reaction rate [29]. Additionally, the reaction rate is accelerated by increasing the
probability of molecules colliding. Finally, with the temperature increase, water viscosi-
ty decreases, enhancing the mobility of ions or molecules in the solution, thus increasing
the crystal growth rate [29]. The temperature is controlled by an external device, such
as a laboratory dryer or similar. The pressure is controlled indirectly through the solvent
temperature. The pressure influences the solubility and supersaturation, affecting there-
by the crystallization process. The pressure also influences the thermodynamic stability
of the product, while through water ionization constant, that increases with pressure,
the reaction rate increases [29]. The pressure is controlled by the temperature and Tef-
lon capsule fill factor, i.e. the degree of filling of the reaction vessel with the reaction
mixture. Considerable vapor pressure exists above the boiling point of water (or other

108



S. Kurajica, K. Muzina: The hydrothermal synthesis of nanomaterials

solvent). Fig. 8 shows the dependence of the pressure on the temperature and the degree
of filling with water. Therefore, the greater the temperature and fill factor, the higher the
pressure. Most often, the level of filling is 50 to 80%; this corresponds to pressures of 20
to 300 MPa, depending on temperature [32], enabling optimal conditions for hydrother-
mal synthesis. Finally, the duration of the process affects the product through the kinet-
ics, whereby a short time of the process in the case of slow kinetics favors the obtaining
of metastable phases, while thermodynamically stable phases are favored after a longer
duration of the process. In addition to the crystallization of the phases, all the factors
mentioned above may affect the shape and size of the nanocrystals. However, some ad-
ditional factors, such as convection inside the autoclave, may influence the process and
affect the final product. Additional complexity comes from the fact that the mentioned
process parameters interact, i.e. influence each other. Therefore, the impact of process
variables on each other and the final product is yet to be fully defined.
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Figure 8. The dependence of pressure on temperature and fill factor (PVT diagram) for the SiO,-
H,O system, drawn on the basis of data from the publication: G.C. Kennedy, Pressure-volume-
temperature relations in water at elevated temperatures and pressures, American Journal of
Science, 248 (1950) 540-564.

Slika 8. Ovisnost tlaka o temperaturi i postotku ispunjenosti (PVT dijagram) za sustav SiO,-H,O,
nacrtana na temelju podataka iz publikacije: G.C. Kennedy, Pressure-volume-temperature rela-
tions in water at elevated temperatures and pressures, American Journal of Science,

248 (1950) 540-564.
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3.3. The advantages and disadvantages of hydrothermal synthesis

From the economic point of view, hydrothermal synthesis undoubtedly belongs to
the affordable group of methods. Steel autoclave and Teflon capsule are to a certain ex-
tent more expensive than laboratory glass, but far cheaper than equipment required for
other advanced synthesis methods. Solvents and precursors are usually simple chemi-
cals with reasonable prices. Finally, although the process involves prolonged heating of
the autoclave, the temperatures are not so high; thus, the process is not considered to be
energy demanding. Since water is most commonly used as solvent, relatively harmless
precursors are used, temperatures are not so high, the system is closed, its duration is not
excessive, and a small amount of waste or no waste at all is generated; it is considered
environmentally friendly. Furthermore, it allows compositional, size and shape control
of nanoparticles, i.e. the obtaining of pure products, with high crystallinity, small sizes
and narrow particle size distribution [21]. Even the control is not too complicated, since
most of the parameters can be controlled easily, and their influence on product properties
may — if not predicted — be easily determined [20]. Other advantages are that crystalline
phases unstable at their melting points and metastable compounds can be obtained via
this technique. Finally, the method is versatile, since it can be used for synthesis of a
wide range of materials. However, there are downsides to it. If one is aiming to prepare
nanoparticles, the concentration of the solution ought not to be high. It follows that the
amount of product from one batch will be very small. This shortcoming is reduced by
carrying out simultaneous parallel syntheses in multiple autoclaves; however, serious
quantities require effort and time. Due to the interdependence of controlling parameters,
scale-up is far from being straightforward. Some authors mention the inability to ob-
serve the progress of the synthesis as a drawback; however, it is possible today to utilize
sensors for this task. Finally yet importantly, high pressures and material fatigue could
cause the reactor to explode. In this case, the corrosive solution at high temperatures
might be dispersed at high speed, which presents a hazard to human beings.

4. A BRIEF OVERVIEW OF THE AUTHOR’S GROUP ACHIEVMENTS IN
HYDROTHERMAL SYNTHESIS

Numerous publications describing hydrothermal syntheses of various materials, es-
pecially nanomaterials, and various aspects of hydrothermal processing appear daily.
Various nanomaterials, such as metals (noble metals like Au or Ag, magnetic metals
like Fe and Co, metal alloys like FePt, etc.) [20, 33, 34], sulphides (such as CdS, PbS,
ZnS, CuS, MoS, etc.) [35, 36], various forms of carbon (such as diamond, fullerenes,
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carbon nanotubes, etc.), zeolites, hydroxyapatite, semiconductors, composites, etc. [20,
32], are produced using hydrothermal technique. To give an overview of all these stud-
ies is a task that might lead to an overabundance of content. Instead, the authors will
give a short overview of their own research involving hydrothermal synthesis of ceria
nanocrystals.

4.1. Ceria

Both oxides of cerium — cerium(III) oxide (Ce,0,) and cerium(IV) oxide (CeO,) —
are called ceria. The more important one, CeO,, forms a fluorite-type crystal lattice with
the space group Fm3m (Figure 9), which is stable over the entire temperature range from
room temperature to the melting point at ~ 2400°C.

Figure 9. Fluorite crystal lattice of cerium (IV) oxide: Cerium cations (yellow spheres) form a
face-centered cubic lattice, while oxygen anions (blue spheres) occupy tetrahedral interstices.
Slika 9. Fluoritna kristalna reSetka cerijevog (IV) oksida: cerijevi kationi (zute kuglice) tvore
plosno centriranu kubi¢nu resetku, dok anioni kisika (plave kuglice) zauzimaju tetraedarske
meduprostore.

Fluorite lattice can withstand a considerable reduction of Ce*" to Ce** without any
change or collapse of the structure, especially at high temperatures [37]. When the par-
tial reduction of Ce*" to Ce*" ions occurs, due to charge compensation, oxygen molecules
are released from the crystal lattice, leaving vacancies behind (Figure 10). These va-
cancies can move within the crystal lattice, and oxygen molecules from the air may be
re-adsorbed on them. The good catalytic properties of cerium(IV) oxide are attributed
to this easy transition between oxidation states, which enables the formation of oxygen
vacancies, easy oxygen mobility through the crystal lattice, and a high oxygen storage
capacity within the crystal lattice [38].
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Figure 10. Redox process within cerium(IV) oxide crystal lattice followed by the generation of
O, molecule and the formation of oxygen vacancies. Ce*, Ce** O, , lattice with x/2 oxygen
vacancies is formed, and x/4 O, molecules are released.

Slika 10. Redoks proces u kristalnoj resetci cerijeva(lV) oksida pracen stvaranjem molekule O
i stvaranjem upraznjenih mjesta koja inate zauzimaju anioni kisika. Nastaje Ce**, Ce** O, ,
redetka s x/2 slobodnih mjesta kisika i oslobada se x/4 molekula O,.

-
(&
(®
(0
()
()
<
()
(@)
(&
(&
(®)
(0
<
(®
(@

2

Other important properties of CeO, are high mechanical strength, thermal stability
and good optical properties. Additionally, due to its wide distribution in the Earth’s crust,
the price of CeO, is relatively low [39]. CeO, finds its application in various areas, such
as solar cells, fuel cells, supercapacitors, mechanical polishing, sensors, UV protection,
and catalysis [40]. Catalytic application is increasingly gaining on importance, since
traditional catalysts (precious metals) are expensive, sensitive to high temperatures, and
subject to poisoning; alternative solutions are therefore actively sought. It is evident that
cerium(IV) oxide has the appropriate properties — low price, lower sensitivity to high
temperatures, and resistance to poisoning, while at the same time, it enables achieving
high conversions for certain types of chemical processes. Therefore, cerium(IV) oxide
is widely used in three-way catalytic converters in automobile exhaust systems, in the
conversion of water gas for the purpose of obtaining hydrogen, for various industrial
processes, in self-cleaning ovens, and in the removal of air pollutants, such as volatile
organic compounds [41, 42, 43, 44].

4.2. Hydrothermal synthesis of ceria nanoparticles

Contemporary researches of hydrothermal and solvothermal synthesis mainly focus
on the reactivity of reactants, and the control of reaction conditions and their influence
on the structure, morphology and properties of the final product [32]. Our strategy did
not deviate from this principle, so we started our research by studying the influence of
hydrothermal synthesis conditions influence on the properties of CeO, nanoparticles
[30]. Our goal was to obtain nanoparticles with the highest specific surface area (SSA),
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which is of great importance for catalytic applications. Cerium sulfate tetrahydrate
(Ce(SO,),x4H,0) and a concentrated solution of sodium hydroxide (NaOH) were used
as precursors, whilst a stainless steel autoclave with a Teflon container was used for the
synthesis. The degree of filling of the container with the NaOH solution was 80 %. The
process variables that were changed in the experiments were the concentration of NaOH
(8 and 12 mol L"), the amount of Ce(SO,),<4H,0 (0.8 and 1.2 mmol), the duration of
the synthesis (16 and 24 h), and the temperature (120 and 180 °C). In order to examine
the influence of process parameters on the properties of cerium oxide nanoparticles, i.e.
to determine the optimal conditions for obtaining particles with greater SSA, Taguchi’s
experimental design was used. The SSA was determined using nitrogen adsorption-
desorption isotherms. The synthesis temperature was found to be the only significant
parameter, where lower temperature enabled the crystallization of nanoparticles with
greater SSA (Figure 11). Nanocrystalline ceria with the SSA as great as 226 m? g™! was
obtained, which was unprecedented for hydrothermally synthesized ceria. X-ray dif-
fraction (XRD) analysis showed that pure cerium(IV) oxide was obtained in all samples,
without admixtures or impurities. The crystallite sizes were calculated on the basis of
diffraction data utilizing the Scherrer method, and crystallites with sizes as low as 5.9
nm were obtained. Crystallite size turned out to be roughly inversely proportional to the
SSA. It was concluded that at a lower temperature, nucleation is favored due to a lower
diffusion coefficient, which results in fine particles.
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Figure 11. Factor effects plots for each individual factor level (SN - signal to noise ratio).
(Reprinted from the publication: S. Kurajica, 1. Minga, M. Guli§, V. Mandig, I. Sim¢ic, High
Surface Area Ceria Nanoparticles via Hydrothermal Synthesis Experiment Design, J. Nanomater.
(2016) 7274949. CC-BY-4.0.)

Slika 11. Dijagrami ucinaka ¢imbenika za razlicite razine pojedinih ¢imbenika (SN — omjer
signala i Suma). (Pretisnuto iz publikacije: S. Kurajica, I. Minga, M. Guli§, V. Mandig, I. Simcic,
High Surface Area Ceria Nanoparticles via Hydrothermal Synthesis Experiment Design, .
Nanomater. (2016) 7274949. CC-BY-4.0.)
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Based on previous research, ceria nanocrystals were further prepared under condi-
tions that favor obtaining nanoparticles with high SSA and small crystallite size: § M
NaOH solution, 0.8 mmol Ce(SO),x4H,0, 120 °C and 16 h, degree of filling of 80%.
Prepared ceria sample was tested as a potential catalyst for oxidation of volatile organic
compounds, using toluene as a model compound [44]. Catalytic tests were performed on
ceria previously calcined at 500 °C for 2 h, which caused the increase of the crystallite
size to 9 nm. Thermal treatment was inevitable, as the catalytic testing occurs under el-
evated temperature conditions. Similarly, in practical applications, such as in three-way
catalysts, ceria is subjected to high temperatures. The tests showed good catalytic activ-
ities for toluene oxidation with temperatures corresponding to 50 % toluene conversion
(T,,), observed at 250 °C, and even lower temperatures depending on the total flow rate
of the gas mixture (Figure 12). The one-dimensional pseudo-homogeneous model of the
fixed bed reactor was proposed to describe the reactor performance, and the appropriate
kinetic parameters were estimated.
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Figure 12. Influence of temperature and total flow rate of the reaction mixture on toluene con-
version over CeQ,. (Reprinted from the publication: M. Duplantic, S. Kurajica, V. Tomasic, I.
Minga, Catalytic oxidation of toluene on hydrothermally prepared ceria nanocrystals, Chemical
and Biochemical Engineering Quarterly, 31 (2017) 375-383. CC-BY-4.0.)

Slika 12. Utjecaj temperature i ukupnog protoka reakcijske smjese preko CeO, na konverziju
toluena. (Pretisnuto iz publikacije: M. Duplancic, S. Kurajica, V. Tomasic, |. Minga, Catalytic
oxidation of toluene on hydrothermally prepared ceria nanocrystals, Chemical and Biochemical
Engineering Quarterly, 31 (2017) 375-383. CC-BY-4.0.)
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It has been shown that ceria doped with various metal ions can exhibit improved
properties [45, 46]. Divalent or trivalent dopants can introduce oxygen vacancies (Fig-
ure 13), which in turn affect oxygen mobility, ionic conductivity, and ceria’s oxygen stor-
age capacity [47]. Additionally, the synergistic effect between MO, and CeO, promotes
electron exchanges between M?"/M®™* and Ce**/Ce*". As a result, the combined com-
ponents undergo oxidation or reduction more easily than their individual counterparts
[45]. Furthermore, dopants can influence the crystal growth and morphology of ceria
particles, enhancing its sintering properties by stabilizing the crystal size and maintain-
ing or enhancing the specific surface area [47]. Owing to these phenomena, doped CeO,
often demonstrates higher catalytic activity compared to undoped ceria.

Figure 13. Modification of ceria crystal lattice by substitution of Ce** ions with metal ions of lower
valence. As a consequence of replacement of Ce** ion with M jon, an oxygen vacancy appears.
Slika 13. Modifikacija kristalne resetke cerijeva(lV) oksida supstitucijom Ce** s metalnim ionom
nize valencije. Kao posljedica zamjene iona Ce** ionom M?*" nastaje upraznjeno mjesto kisika.

Therefore, samples of ceria, substitutionally doped with 10 mol. % of Mn, Fe, Co,
Ni, Cu and Zn, were prepared under previously optimized conditions and their proper-
ties and catalytic activity were investigated [48]. It was determined that under the syn-
thesis conditions applied, at least some of Mn, Cu and Zn enter the ceria crystal lattice.
In other samples, additional crystal phases appeared. The presence of foreign cations
did not affect the ceria particle size, crystallite size or the SSA. Particles with particle
and crystallite sizes close to 5 nm and the SSA around 200 m? g were obtained (Figure
14). However, with the exception of the Mn doped sample, a negative influence of the
dopants on coarsening resistance has been noted. Most importantly, it was determined
that doping with Cu and Mn considerably enhanced the ceria catalytic activity.
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CeO,

10 nm

Figure 14. Bright Field STEM micrographs of the as-prepared samples: a) pure ceria, and ceria
doped with b) Mn, ¢) Cu and d) Zn. (Reprinted from the publication: S. Kurajica, K. MuZina, G.
of hydrothermally derived Mn, Fe, Co, Ni, Cu and Zn doped ceria nanocatalysts, Materials
Chemistry and Physics, 244 (2020) 12689. Copyright (2020), with permission from Elsevier.)
Slika 14. STEM mikrografija u svijetlom polju pripravljenih uzoraka: a) istog cerija i cerija dop-
iranog s b) Mn, ¢) Cu i d) Zn. (Pretisnuto iz publikacije: S. Kurajica, K. MuZzina, G. Drazi¢, G.
Matijasic, M. Duplanci¢, V. Mandi¢, M. Zupancig, I. K. Munda, A comparative study of hydro-
thermally derived Mn, Fe, Co, Ni, Cu and Zn doped ceria nanocatalysts, Materials Chemistry
and Physics, 244 (2020) 12689. Copyright (2020), s dopustenjem Elseviera.)
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Since the results for ceria doped with manganese and copper were promising, a
more detailed research of ceria doped with these metals was commenced.

Thus, samples with 10, 20 and 30 % of cerium ions replaced with manganese ions
have been prepared by hydrothermal synthesis [49]. The XRD analysis revealed that be-
sides ceria, monoclinic birnessite (Na,  ,Mn,O, x 1.5H,0) appears in the samples. Typi-
cal layered formations of birnessite, along with ceria nanoparticles, were observed via
scanning electron microscope (SEM). Whole powder pattern decomposition (WPPD)
enabled the determination of weight percentages, lattice constants and crystallite sizes
of ceria, as well as birnessite. The decrease of ceria crystal lattice constant with the
increase in Mn loading points out to the entrance of Mn into ceria crystal structure, and
the same observation is reinforced by energy dispersive X-ray spectroscopy (EDS). The
amount of Mn entering the ceria lattice or forming birnessite varies with nominal com-
position. Crystallite size and the SSA of pure and Mn doped ceria samples were between
3.1 and 3.4 nm, and 183 and 212 m? g!, respectively. Thermal analysis in combination
with the XRD and Fourier-transformed infrared spectroscopy (FTIR) results showed
that birnessite decomposes below 200 °C and transforms into a romanechite-like phase,
Na,MnO,,
15). Thermogravimetric analysis enabled the calculation of birnessite weight percentage

with nanorod morphology after thermal treatment at 500 °C for 2 h (Figure

on the basis of the interlayer water loss, confirming the WPPD results.
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20 nm .

Figure 15. HRTEM micrographs of Mn-doped ceria samples thermally treated at 500 °C for 2
hours. a) Pure sample, b) spherical nanoparticles of the sample doped with 10% Mn, c) fibrous
structure of the sample doped with 10% Mn, d) electron energy loss spectroscopy (EELS) of a,
e) EELS of b, f) EELS of c. (Reprinted from the publication: S. Kurajica, I. K. Munda, G. DraZic,
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Slika 15. HRTEM mikrografije uzoraka cerija dopiranog s Mn termicki tretiranih pri 500 °C
tijekom 2 sata. a) Cisti uzorak, b) sferitne nanotestice uzorka dopiranog s 10% Mn, ¢) vlaknasta
struktura uzorka dopiranog s 10% Mn, d) spektroskopija gubitka energije elektrona (EELS) od
a, €) EELS od b, f) EELS od c. (Pretisnuto iz publikacije: S. Kurajica, I. K. Munda, G. DraZzic, V.

occurrence of birnessite and the distribution of manganese, Ceramics International, 46 (2020)
29451-29459. Copyright (2020), s dopustenjem Elseviera.)

Thermal stability of Mn-doped ceria samples was further examined through grain
growth kinetics investigation [50]. Samples were isothermally annealed at temperatures
between 500 and 700 °C for different annealing times. The crystallite sizes of doped ceria
nanoparticles were determined using Scherrer analysis from the XRD data and compared
with grain sizes obtained via TEM analysis. Using isothermal and non-isothermal kinetic
models, it has been shown that the presence of manganese reduces the grain growth rate of
ceria, i.e. that doping with manganese increases ceria thermal stability (Figure 16).
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Figure 16. The average crystallite size of: a) pure ceria sample, b) sample doped with 10 mol.
% of Mn, c) sample doped with 20 mol. % of Mn, and d) sample doped with 30 mol. % of
Mn, thermally treated at various temperatures for various durations. Lines represent the fit of
equation. R = (kt + R """ to data. (Reprinted from the publication: S. Kurajica, I. K. Munda, F.

Brlekovic, K. MuZina, G. Drazic, J. Sipusic, M. Mihaljevic, Manganese-doped ceria nanoparticles

grain growth kinetics, Journal of Solid State Chemistry, 291 (2020) 121600. Copyright (2020), with
permission from Elsevier.)
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Slika 16. Prosjecna velicina kristalita: a) uzorka nedopiranog cerijeva oksida, b) uzorka cerijeva
oksida dopiranog s 10 mol. % mangana, c) uzorka cerijeva oksida dopiranog s 20 mol. %
mangana i d) uzorka cerijeva oksida dopiranog s 30 mol. % mangana, termicki obradenih pri
razlicitim temperaturama u razli¢itom trajanju. Linije predstavljaju slaganje jednadZbe Rt = (kt
+ R, s podacima. (Pretisnuto iz publikacije: S. Kurajica, I. K. Munda, F. Brlekovi¢, K. MuZzina,
G. Drazic, ). Sipusic, M. Mihaljevic, Manganese-doped ceria nanoparticles grain growth kinetics,
Journal of Solid State Chemistry, 291 (2020) 121600. Copyright (2020), s dopustenjem Elseviera.)

Finally, phase composition, morphology, properties and catalytic activity of hydro-
thermally-derived manganese-doped ceria nanoparticles thermally treated at 500 °C for
2 h were investigated [51]. Nanocrystalline ceria was the main phase in all the samples,
while the XRD revealed the presence of Na,Mn O, only in the sample doped with 30
mol.% of Mn. However, TEM coupled with the EDS exposed the presence of the same
phase in the sample doped with 20 mol.% Mn. Ceria particles showed spherical morphol-
ogy and particle sizes ranging from 4.3 to 9.2 nm, while the Na,Mn, O, phase displayed
tubular morphology with a length of at least 1 pm (Figure 17). The fact that a substantial
amount of manganese entered the ceria crystal lattice was confirmed through the de-
crease of ceria lattice constant and the EDS spectra of the ceria nanoparticles. Beneficial
impact of manganese doping on the SSA of ceria was observed too. Additionally, the
decrease in the Ce*" content and a drastic increase in adsorbed oxygen with an increase
in the Mn load was revealed by X-ray photoelectron spectroscopy (XPS) (Figure 17).
The decrease in the Ce** content was a consequence of replacing cerium ions with Mn*",
while adsorbed oxygen increase is the consequence of Mn3* species promoting oxygen
migrations to the surface of the sample. Finally yet importantly, in comparison with the
pure sample, the doped samples showed a considerably higher catalytic activity for the
process of toluene oxidation.
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Figure 17. TEM micrograph of secondary
phase in: 20 mol.% Mn doped sample, EDS
elemental (Ce, Mn and O) distribution maps
are given below. (Reprinted from the publi-
cation: S. Kurajica, 1. K. Ivkovi¢c, G. DraZic,
Cvelbar, K. MuZina: Phase composition, mor-
phology, properties and improved catalytic
activity of hydrothermally-derived manga-
nese-doped ceria nanoparticles, Nanotech-
nology, 33 (2022) 135709. CC-BY-4.0.)

Slika 17. TEM mikrografija sekundarne faze
u: uzorku dopiranom s 20 mol.% Mn, EDS
mape distribucije elemenata (Ce, Mn i O)
dane su ispod glavne slike. (Pretisnuto iz pu-
blikacije: S. Kurajica, I. K. Ivkovic, G. DraZic,

¢ Cvelbar, K. MuZina: Phase composition, mor-
% o phology, properties and improved catalytic
r oK 4 activity of hydrothermally-derived mangane-
se-doped ceria nanoparticles, Nanotechno-

logy, 33 (2022) 135709. CC-BY-4.0.)
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Mn-doped ceria was further researched using other synthesis methods, such as sol-gel
[17] and mechanochemical synthesis [19]. These studies will however not be presented here.

Besides Mn-doped ceria, Cu-doped ceria was rated as promising, so the research of
these samples was accomplished too. Thus, hydrothermally derived ceria nanoparticles
doped with copper with nominal composition given by the formula: Cu Ce, O,, where
x=0,0.1,0.2,0.3, 0.4, and 0.5, respectively, were prepared [52]. According to the XRD
analysis, besides ceria, no additional phases were formed for all samples up to x = 0.4.
On the other hand, inductively coupled plasma mass spectrometry (ICP-MS) and the
EDS analyses showed copper incorporation in ceria crystal lattice in far lower amounts
than nominal. Nevertheless, it has been shown that incorporated copper has a consider-
able influence on the ceria properties. The size of nanoparticles determined by TEM
decreases with the increase of copper load from 6 nm for the pure sample to 3.8 nm for
the 40 mol. % doped sample (Figure 18). The increase in copper loading also caused
the reduction of the band gap determined by the UV-Vis diffuse reflectance analysis
(UV-Vis DRS), and an increase in reducibility, as proven by temperature programmed
reduction by hydrogen (H,-TPR).
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10 nm

Figure 18. HRTEM micrographs and particle size distributions of a) pure ceria, b) 10 mol. % Cu,
) 20 mol. % Cu, d) 30 mol. % Cu, and €) 40 mol. % Cu doped ceria. Particle size distributions
were based on 30 analyzed particles for each sample. (Reprinted from the publication:

K. MuZina, S. Kurajica, G. Drazic, P. Guggenberger, G. Matijasic, True doping levels in
hydrothermally derived copper-doped ceria, Journal of Nanoparticle Research, 23 (2021) 149.
Copyright (2021), with permission from Springer.)

Slika 18. HRTEM mikrografije i raspodjele velitine Cestica a) Cistog cerijeva(lV) oksida te
cerijeva(lV) oksida dopiranog s b) 10 mol. % Cu, ¢) 20 mol. % Cu, d) 30 mol. % Cu, i e) 40
mol. % Cu (e). Raspodjela velicine Cestica temelji se na 30 analiziranih testica za svaki uzorak.
(Pretisnuto iz publikacije: K. MuZina, S. Kurajica, G. Drazic, P. Guggenberger, G. Matijasic,
True doping levels in hydrothermally derived copper-doped ceria, Journal of Nanoparticle
Research, 23 (2021) 149. Copyright (2021), s dopustenjem Springera.)

The catalytic application of ceria nanoparticles requires their use at elevated temper-
atures that can cause particle agglomeration and aggregation, diminishing the favorable
properties of ceria. Doping might increase the thermal stability of ceria nanoparticles,
so copper-doped ceria samples were subjected to the investigation of grain growth ki-
netics [53]. Pure ceria and ceria doped with 10, 20, 30 and 40 mol.% Cu were thermally
treated at temperatures in the range between 300 and 700 °C at various annealing times,
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and analyzed by X-ray diffraction analysis and transmission electron microscopy. It has
been determined that the addition of copper has a positive influence on ceria thermal
stability up to 650 °C, and that the sample with 40 mol.% copper has the greatest stability
(Figure 19). Different grain growth regimes in dependence on the temperature range were
observed. As the treatment temperature increased, an increase in activation energies and a
decrease in grain growth exponents were observed. This behavior was explained through
the change in the growth mechanism from diffusion to Ostwald ripening.

Figure 19. BF-STEM micrographs of (a) pure ceria, (b) 20, and (c) 40 mol.% Cu-doped as
prepared samples and (d) pure ceria, (e) 20, and (f) 40 mol.% Cu-doped ceria samples thermally
treated at 500 °C for 2 hours. (Reprinted from the publication: K. MuZina, S. Kurajica, F.
Brlekovic, D. Jozic, G. DraZzic, L. Volf, H. Bach-Rojecky, Thermal stability study of hydrothermally
derived copper-doped cerium (V) oxide nanoparticles, Journal of Thermal Analysis and
Calorimetry, 148 (2023) 1657-1667. Copyright (2023), with permission from Springer.)

Slika 19. BF-STEM mikrografije (a) Cistog uzorka cerijeva(lV) oksida i uzoraka cerijeva(lV)
oksida dopiranih s (b) 20 i (c) 40 mol.% Cu, koji nisu termicki obradeni, te (d) Cistog uzorka
cerijeva(lV) oksida i uzoraka cerijeva(lV) oksida dopiranih s (e) 20 i (f) 40 mol.% Cu (c) termicki
obradenih pri 500 °C tijekom 2 sata. (Pretisnuto iz publikacije: K. MuZina, S. Kurajica, F.
Brlekovic, D. Jozit, G. Drazic, L. Volf, H. Bach-Rojecky, Thermal stability study of hydrothermally
derived copper-doped cerium (V) oxide nanoparticles, Journal of Thermal Analysis and
Calorimetry, 148 (2023) 1657-1667. Copyright (2023), s dopustenjem Springera.)
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Finally, catalytic activity and properties of thermally treated copper-doped ceria na-
noparticles in the process of volatile organic compounds oxidation were tested using
benzene, toluene, ethylbenzene, and o-xylene [54]. A beneficial synergistic effect be-
tween copper and cerium species is visible in the catalytic properties, where the sample
with the largest dopant loading exhibited the best catalytic activity for all studied VOCs
(Figure 20).
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Figure 20. The influence of reactor temperature on conversion of benzene (a), toluene (b), ethylene
(c), and o-xylene (d) over pure and Cu-doped ceria nanocatalyst. (Reprinted from the publication:
K. MuZina, S. Kurajica, P. Guggenberger, M. Duplantic, G. Drazic, Catalytic activity and properties
of copper doped ceria nanocatalyst for VOCs oxidation, Journal of Materials Research 37 (2022)
1929-1940. Copyright (2023), with permission from Springer.)

Slika 20. Utjecaj temperature reaktora na konverziju benzena (a), toluena (b), etilena (c) i o-
ksilena (d) preko Cistog i Cu-dopiranog cerijevog nanokatalizatora. (Pretisnuto iz publikacije: K.
MuZina, S. Kurajica, P. Guggenberger, M. Duplanti¢, G. Drazic, Catalytic activity and properties
of copper doped ceria nanocatalyst for VOCs oxidation, Journal of Materials Research 37 (2022)

1929-1940. Copyright (2023), s dopustenjem Springera.)
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As a kind of spin-off research of hydrothermally-derived doped ceria, a few more
investigations were conducted. In the first among them, hydrothermally prepared pure
ceria and Zn-doped ceria were tested as candidates for UV filter materials in sunscreens
[55]. Fine ceria and doped ceria nanoparticles with particle sizes of 6.1+0.9 and 4.2+0.4
nm, and homogeneous distribution of zinc were obtained. As required, nanoparticles
exhibited transparency in the visible region, and absorbance in the UV region, having
a band gap of 3.23 and 3.14 eV for pure and doped sample, respectively. For the oxida-
tion stability time determination, the Castor oil oxidation process was utilized. Rather
satisfactory results of 23 hours for the pure and 15 hours for the doped sample were
obtained. Finally, the in vitro cytotoxicity study showed good tolerance of human skin
keratinocytes (HaCaT cell line) to prepared nanoparticles, without considerable differ-
ences in the skin cells viability (Figure 21).
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Figure 21. HaCaT cells viability (%) after 24 h of incubation at 37 °C treated with ceria, zinc-
doped ceria, and titania nanoparticles as determined by the MTT assay. The values denote
the mean + S.D. (n = 6). (Reprinted from the publication: S. Kurajica, K. MuZzina, S. Keser, G.
DraZic, I. K. Munda, Assesment of cell toxicity and oxidation catalytic activity of nanosized
zinc-doped ceria UV filters, CABEQ, 35 (2021) 157-164. CC-BY-4.0.)

Slika 21. MTT testom odredena vijabilnost stanica HaCaT (%) nakon 24 sata inkubacije pri 37
°C tretiranih cerijevim, cinkom dopiranim cerijevim i titanijevim nanotesticama. Prikazane su
srednje vrijednosti + S.D. (n = 6). (Pretisnuto iz publikacije: S. Kurajica, K. MuZina, S. Keser,
G. Drazic, I. K. Munda, Assesment of cell toxicity and oxidation catalytic activity of nanosized
zinc-doped ceria UV filters, CABEQ, 35 (2021) 157-164. CC-BY-4.0.)
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In another study, ceria nanoparticle slurry was tape-casted onto a conducting glass
substrate to form thin-films of various thicknesses, and investigated as humidity sensor
[12]. The last investigation published, having some continuity with the described re-
search, deals with the combustion synthesis of zirconium-doped ceria nanocatalyst [56].
Since in these investigations, the methods of sample preparation were coprecipitation
and combustion synthesis, we will not further comment them here.

We are currently at the beginning of research in which we intend to use nanocast-
ing as a synthesis method, i.e. mesoporous doped ceria will be prepared via the hard
template method. Although it seems that we are diverging from hydrothermal synthesis,
it is highly probable that our group will continue research on the materials prepared by
hydrothermal synthesis.

5. CONCLUSION

It has been shown that the hydrothermal synthesis is an efficient method for the
preparation of nanoparticles of various materials. The main advantages of this method
are simplicity, low cost and environmental acceptability in terms of precursors, equip-
ment and energy consumption, the possibility of good control of the properties of the
obtained product by changing the internal and external process parameters, and the
purity and homogeneity of the final product. It has been clearly shown at the example of
doped cerium oxide that hydrothermal synthesis enables the obtaining of doped cerium
oxide nanoparticles of high purity and homogeneity, small in size, with great SSA, etc. It
has furthermore been shown that good control of the properties of the obtained materi-
als can be achieved.

In the future, further development of this method may be expected in terms of both
the synthesis and the control of synthesis parameters, and in terms of obtaining new ma-
terials with new morphologies and properties. Synthesis could move in the direction of
continuous synthesis and acceleration of processes rates, while control could go toward
in situ observation techniques. There is a great demand for nanomaterials in various
fields, medicine being one of the prominent ones. Thus, one could expect hydrothermal
processing of nanoparticles for utilization in diagnostics and therapy. However, a great
variety of other advanced nanomaterials, alloys, semiconductors, metal oxides, compos-
ites, etc. could be made possible via the hydrothermal synthesis. New additives could
possibly bring better control of shapes, and ultimately result in the creation of materi-
als with new morphologies. Finally, further process enhancement by combination with
ultrasonic or microwave energy can be expected.
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HIDROTERMALNA SINTEZA NANOMATERIJALA
Sazetak

Nanomaterijali se mogu pripraviti pomocu razli¢itih metoda sinteze
poput sol-gel sinteze, sinteze sagorijevanjem, mehanokemijske sinteze,
itd. Medu brojnim metodama nanosinteze, hidrotermalna sinteza je jedna
od najcesée koristenih. Hidrotermalna sinteza moze se definirati kao bilo
koja heterogena kemijska reakcija u prisutnosti otapala u zatvorenom sus-
tavu pri temperaturi visoj od sobne i tlaku visem od atmosferskog. Razvoj
hidrotermalnih tehnika traje ve¢ duze od 150 godina, pocevsi od sinteze
makrokristala, preko sinteze konvencionalnih materijala, pa sve do sin-
teze novih naprednih materijala, posebice nanomaterijala. U ovom radu
opisane su temeljne postavke hidrotermalnog eksperimenta i sam postu-
pak hidrotermalne sinteze. Takoder, razmotreni su parametri pomocu ko-
jih se moze upravljati procesom, kao i prednosti i nedostaci hidrotermalne
sinteze. Na kraju je dan kratak pregled postignuca znanstvene grupe pr-
vog autora u hidrotermalnoj sintezi cerijeva oksida.

Klju¢ne rijeci: hidrotermalna sinteza; nanomaterijali; cerijev oksid.
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