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Abstract: The present article aims to give a brief overview about the advantages of the hydrothermal 
crystallization method for the synthesis of advanced ceramics. Emphasis is given, not only on the 
conventional hydrothermal crystallization, but also on some of its variants; such as ultrasound-assisted, 
electrochemical-assisted, microwave-assisted and surfactant-assisted hydrothermal methods which 
open up new opportunities for the synthesis of ceramic materials with novel properties demanded for 
advanced applications. In the current work the synthesis of barium titanate (BaTiO3), lithium 
metasilicate (Li2SiO3) and sodium-potassium niobate (Na, K)NbO3 powders are reported as cases of 
study.  
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1  Introduction  

A general definition of hydrothermal process has been 
proposed by K. Byrappa and M. Yoshimura as follow: 
“the term hydrothermal refers to any heterogeneous 
chemical reaction in the presence of a solvent (whether 
aqueous or nonaqueous) above room temperature and 
at pressure greater than 1 atm in a closed system” [1]. 
In spite of this definition, which reaches a good 

consensus describing any hydrothermal process, it is 
important to keep in mind that depending on the field 
of study it is possible to find several other related 
terms. An example of this is the term alcothermal that 
makes reference to the type of solvent used [2]. 

The initial work related to hydrothermal synthesis 
of materials is attributed to R. W. Bunsen, who grew 
barium and strontium carbonate at temperatures above 
200 ℃ and pressures above 100 bars in 1839. After 
that in 1845, E. Schafhautl [3] observed the formation 
of small quartz crystals upon transformation of 
precipitated silicic acid in a steam digester, the 
forerunner of the autoclave. Actually, the earliest 
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studies on hydrothermal reactions were carried out by 
geologists in order to understand the petrogenesis of 
metamorphic rocks and minerals under hydrothermal 
conditions [2-5], and it wasn’t until the 1940’s that 
more intensive work about hydrothermal synthesis 
began with the preparation of single crystals of quartz 
and zeolites [1]. An interesting historical review about 
the first systematic studies carried out involving 
hydrothermal reactions was reported by R. Roy and O. 
F. Tutle [6]. 

Nowadays, the conventional hydrothermal method 
as well as its variants have emerged as a versatile 
synthesis option for the preparation of multifunctional 
ceramics materials including electronic ceramics, 
bioceramics, catalysts, catalyst supports, membranes 
and ceramics with optical properties, among others 
[1,2,7-18].  

The main advantage of hydrothermal synthesis over 
the conventional ceramic process of solid state reaction 
is the lower temperatures of reaction. In fact, in 
addition to precursor phase preparation, pure and well 
crystallized materials can be synthesized directly by 
hydrothermal reactions, thus avoiding further thermal 
treatments (i.e., hydrothermal crystallization) [19-23]. 
This characteristic offers the possibility to obtain 
submicrometric and even nanometric or nanostructured 
materials [2,24].  

In addition, hydrothermal crystallization also shows 
some advantages over other non-conventional 
processes of soft chemistry, such as sol-gel and 
coprecipitation. For instance, in hydrothermal 
crystallization the reaction times are shorter with a 
good control of the crystallization, crystal size, purity 
and even morphology of the products [25].  

1.1  Conventional hydrothermal crystallization 

In a typical hydrothermal synthesis, precursors are 
commonly prepared as solutions or suspensions, which 
are subsequently treated under autogenously pressures 
reached by using an autoclave vessel. Hydrothermal 
crystallization can be split into two stages, i.e., 
dissolution-supersaturation and subsequent 
crystallization [26]. In the first stage, dissolution of the 
precursor is promoted by both temperature and 
pressure, giving place to the formation of species in 
solution which are more prone to react and obtain the 
desirable product. This is assumed to be a stable phase 
under the selected hydrothermal conditions once the 
critical nucleation occurs. 

For instance, the synthesis of a metal oxide under 
hydrothermal conditions can be visualized as follows 
[3]. At the beginning of the process as the temperature 
is increased, the hydrolysis of a metal salt precursor 
produces metal hydroxides. Then, when the system has 
reached a more elevated temperature the hydroxides 
are dehydrated, yielding the metal oxide. This is 
favored by the decrease of the dielectric constant of 
water and the increase of the oxygen solubility in water 
due to the critical conditions.  

During the crystallization stage, particle growth is 
also present and takes place by re-dissolution and 
re-precipitation of the already formed phases. The 
growth of larger crystals is observed from those of 
smaller size, which is assumed to have a higher 
solubility. This phenomenon is known as Oswald 
ripening [27] and it happens during the second stage of 
the whole process. However, it is important to mention 
that nucleation and growth of amorphous phases or 
intermediate phases that are kinetically favored may 
takes place with further crystallization of the desirable 
phase only after longer periods of time. Based on this, 
it is clear that in a conventional hydrothermal synthesis, 
the composition of the precursor solution, temperature 
(including heating rate and reaction temperature), 
vessel pressure, and reaction time are the principal 
variables of any hydrothermal process. 

In order to improve the performance of the 
conventional process, several techniques have been 
coupled with the hydrothermal crystallization method. 
In general, the resulting hybridized synthesis methods, 
such as ultrasound-assisted hydrothermal, 
electrochemical-assisted hydrothermal, microwave-     
assisted hydrothermal and surfactant-assisted 
hydrothermal techniques, can offer additional 
advantages over the conventional hydrothermal 
method. These include the reduction of reactions times 
and energy savings. This may also modify the 
characteristics of the products, such as purity, particle 
size, particle size distribution and morphology. 

1.2  Ultrasound-assisted hydrothermal 
crystallization 

This technique could be performed such as an 
ultrasound pretreatment of precursor solution and its 
further hydrothermal crystallization or the 
simultaneous use of ultrasound under hydrothermal 
conditions [28]. In both cases, the main benefits are the 
increase of the reaction kinetic and obtaining small 
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particle sizes. For example, Meskin et al. [29] 
successfully prepared the pure monoclinic phase of 
hafnium oxide (HfO2) by ultrasound-assisted 
hydrothermal method at 250 ℃ for 0.5 h. It was 
observed that by using conventional methods, the 
crystallization process takes more than 3 h and the 
obtained product contains small quantities of a 
secondary amorphous phase. In the same manner, 
Rujiwatra et al. [30], prepared nanoparticles of the lead 
titanate (PbTiO3) perovskite. In this case, an ultrasound 
pretreatment of the precursor solution promoted the 
crystallization of the phase at low temperature (130 ℃) 
and short hydrothermal reaction time (3.5 h). As in the 
single sonochemical reaction cases, the acustic 
cavitation phenomena and its related cavitational 
heating is believed to be the cause of the reaction rate 
improvement [31,32]. Other advantages attributed to 
the process are the possible formation of especial 
morphologies such as nanotubes [33], as well as the 
feasibility to prepared doped materials such as in the 
case of Fe-doped mesoporous TiO2 [34]. 

1.3  Electrochemical-assisted hydrothermal 
crystallization 

Electrochemical-assisted hydrothermal crystallization 
is a useful technique to fabricate crystalline ceramic 
thin films. The main advantages attributed to the 
technique are improved purity of the products, lower 
reaction temperature and higher film growth rates 
[4,35-43]. Moreover, film microstructures can be 
controlled by changing synthesis parameters such as 
the electrolyte temperature and composition, current 
loading time, and current density. Additionally, since 
the ceramic films, anodically grown, are affected by 
the dissolution-recrystallization process under 
hydrothermal conditions can show different 
microstructures specially from the point of view of the 
morphology and grain size of the films [35,36]. For 
instance, Wu and Yoshimura [36] observed the 
formation of multilayer microstructures in the case of 
BaTiO3 films fabricated by the hydrothermal-    
electrochemical technique. This fact was explained by 
the competing reaction between the rate of the growth 
of anodic Ti-oxide films and the rate of precipitation 
from supersaturated BaTiO3 particles. 

Hill et al. [37] prepared several MnO2 compounds 
with different crystalline phase (and phases), as 
well as a number of different morphologies for     
the same phase (-MnO2), such as needle-like and 

rod-like fibers. Different crystalline phase and 
morphology were obtained by controlling the synthesis 
parameters such as pH, temperature and applied 
current density. 

The technique also offers the possibility to prepare 
more complex oxides, e.g., LiNiO2 [38], solid 
solutions such as those reported by Masahiro 
Yoshimura (Ca1-xSrxTiO3) [39], doped materials such 
as Eu3+:YVO4 [40], and composite materias exposing 
good distribution of their components, such as 
hydroxyapatite/Ti [41] and hydroxyapatite/TiO2 [42] 
composites. 

1.4  Microwave-assisted hydrothermal 
crystallization 

The first studies about microwave-assisted 
hydrothermal crystallization were conducted by 
Komarneni et al. [44] who synthesized different 
ceramic particles including TiO2, ZrO2, Fe2O3, KNbO3 
and BaTiO3, and subsequently, several electroceramic 
powders such as SrTiO3, Sr0.5Ba0.5TiO3, PbTiO3, 
BaZrO3, SrZrO3, Pb(Zr0.52Ti0.48)O3, and pyrochlore 
phases with formula Pb(Mg1/3Nb2/3)O3 and 
Pb(Zn1/3Nb2/3)O3 [45]. In these studies, authors 
observed several advantages over the conventional 
technique such as a significant reduction of reaction 
times and, in some cases, the formation of different 
crystalline phases than those obtained by the 
conventional hydrothermal route. They suggested that 
the success of the technique is due to the feasibility of 
microwave heating to dissolve the precursors during 
the hydrothermal reaction. 

Actually, the use of microwave-assisted reactions in 
chemical synthesis is mainly based on the efficient 
heating by microwave irradiation [46]. In fact, in the 
case of microwave-assisted hydrothermal processes, 
microwave heating enhances the preparation of 
ultrafine and monodispersed powders. This is due to 
the fact that volumetric heating eliminates the thermal 
gradients, which favors a homogeneous nucleation and 
growth processes during the hydrothermal reaction. In 
addition, the microwave-assisted hydrothermal process 
enhances the product’s purity and its affordability. 

Some of the materials obtained via this method 
include BaTiO3; wherein the use of microwave heating 
promotes the tetragonal phase of the powders [47,48] 
as well as the preparation of polycrystalline and 
homogeneous BaTiO3 thin films grown on Ti-covered 
polymer substrates [49]. Microwave-assisted 
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hydrothermal reactions have been used for the 
synthesis of zeolite materials with special 
morphologies [50]: cerium carbonate hydroxide 
(Ce(OH)CO3) showing hexagonal-shaped microplates 
[51], well-dispersed nanometric TiO2 particles [52], 
nitrogen doped TiO2 nanoparticles [53], Ni- and 
Zn-ferrite powders [54], nanosized bismuth tungsten 
oxide Bi2WO6 [55], AgIn5S8 nanoparticles with 
photocatalytic properties [56], well crystalline barium 
strontium titanate (Ba0.8Sr0.2TiO3) [57], Yb3+ and Tm3+ 
co-doped β-NaYF4 phase [58]. Other examples are the 
synthesis of binary mixed metal oxides having 
composition of Ce0.75Zr0.25O2 [59], rod-like LiMnO2 
nanocrystals [60], high purity Hectorite clays materials 
[61] and mixed Co3O4/CoO nanorods [62]. 

Finally, another interesting feature of microwave 
heating is its selective heating characteristic. Since 
different materials show different abilities to absorb 
microwave energy and to convert it into heat (loss 
factor), this phenomenon could be useful to select a 
suitable reaction system. Therefore, a reaction medium 
with high microwave absorbing properties can be 
chosen looking forward to efficient and rapid heating. 
The use of ionic liquids as solvents for hydrothermal 
reactions is a good example of this. In the same sense, 
the loss factor phenomena is the reason why some 
ferrite materials can be synthesized at low 
temperatures only when microwave heating is used 
[63]. Cao et al. [64] prepared successfully ZnFe2O4 
nanoparticles, iron hydroxyl phosphates 
(NH4Fe2(PO4)2OH•2H2O) nanostructures [65] as well 
as -FeOOH hollow spheres and -Fe2O3 
nanoparticles [66] via microwave- assisted 
hydrothermal ionic liquid synthesis. Other synthesized 
materials are Fe3O4 nanorods [67] and SnO2 
microspheres [68]. 

1.5  Surfactant-assisted hydrothermal 
crystallization. 

The use of surfactants coupled with different routes of 
chemical synthesis has been used to control the 
crystallization of single particles, as well as to promote 
the ordering of these into more complex 
microstructures [69-74]. The surfactant-assisted 
hydrothermal method is a clear example of a 
bottom-up method for the synthesis of nanostructured 
ceramics [3,25], wherein different products exposing 
unique morphologies could be obtained as a result of 
surfactant acting as soft templates or growth-directing 
agent [71,75-87]. For instance, Zhao et al. [75] 

prepared crystalline calcium carbonate particles 
(CaCO3) through the surfactant-assisted hydrothermal 
method. The obtained materials show several 
morphologies by using different solvents as well as 
different surfactants. The various morphologies include 
flower-like, belt-like, network-like, coralloid, and 
hexagonal morphologies, all of which exhibit different 
textural properties. The formation of the ordered 
superstructures takes place by a preferential 
aggregation mechanism due to the surfactants 
interaction with the primary formed nanoparticles. 

Xu et al. [76] successfully synthesized -Bismuth 
molybdate (Bi2MoO6) powders. It was observed that 
when the conventional hydrothermal route was used, 
ultrafine particles with particle sizes in the range of 
100 to 200 nm were obtained. On the other hand, when 
poly vinyl pyrrolidone (PVP) was used as surfactant, 
powders exposing nanoplate morphology were formed, 
resulting in unusual optical properties. 

Meng et al. [77] prepared crystalline BiVO4 with 
polyhedral, rod-like, tubular, leaf- like and spherical 
architectures via surfactant -assisted hydrothermal 
method by using the triblock copolymer P123. When 
the different samples were tested for the 
photodegradation of methylene blue, a remarkable 
influence of the morphology on the catalytic 
performance was observed. 

García-Benjume et al. [78] prepared TiO2-Al2O3 
mixed oxides via hydrothermal synthesis using 
Tween-20 as a microstructure directing agent. The 
synthesized powders presented an unusual hierarchical 
macro-mesoporous microstructures. The authors 
propose a formation mechanism where supramolecular 
arrays of surfactant (both vesicles and micelles) act as 
soft templates promoting the porous superstructures. 

Another examples of hydrothermal synthesis 
wherein the use of several surfactants plays a key role 
in the formation mechanism of complex 
microestrustures and novel properties are as follows: 
synthesis of Bi2Te3 [79], silica microspheres with 
MCM 41 porous microstructure[71], BiVO4 
photocatalysts [80], alumina nanotubes [81], 
hydroxyapatite nanoparticles [82], -Fe2O3 
nanoparticles [83], CoFe2O4 nanorods [84], YVO4:Eu3+ 
powders [85], ZnO nanowires and nanopowders [86,87] 
and lamellar ultrafine magnesium hydroxide [88]. 

The present work aims to shows the advantages of 
the hydrothermal crystallization method for the 
synthesis of advanced ceramics. Three cases studies 
are discussed, i.e., the preparation of ultrafine barium 
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titanate (BaTiO3) powders via the conventional 
hydrothermal method, the synthesis of lithium 
metasilicate (Li2SiO3) via surfactant-assisted 
hydrothermal crystallization, and finally the 
preparation of sodium-potassium niobate (Na, K)NbO3 
powders via microwave-assisted hydrothermal 
crystallization.  

2  Experimental 

2.1  Low temperature synthesis of BaTiO3 
ultrafine powders via conventional-    
hydrothermal method  

In spite of the fact that ceramic materials have been 
obtained by the conventional hydrothermal (CH) route 
since mid-19th century, it was not until 1955 that the 
first barium titanate synthesis was recorded, which was 
based on hydrothermal crystallization from a titanium 
ester in an aqueous solution of barium soluble salt 
[4,89]. Since then a variety of ferroelectric and other 
electroceramics have been synthesized under different 
hydrothermal environments [89]. For the preparation 
of barium titanate (BT), a great variety of precursors 
has been used such as titanium dimetoxy-    
dineodecanoate with Ba(OH)2 [90], titanium peroxo-    
hydroxide (TiO2(OH)2 with Ba(OH)2•8H2O [91]), TiO2 
anatase with Ba(OH)2•8H2O [92-94], TiCl4 with 
BaCl2•2H2O [95], titanium loaded polymer support 
with Ba(OH)2 [95] and mineralizers such as KOH 
[4,94], NaOH [96], NH4OH [95] while in some cases, 
Ba(OH)2 hydrated or anhydrous was used as basic pH 
regulation source [90-91,93]. 
2.1.1  Synthesis and characterization of BaTiO3 

powders 
Fine BaTiO3 powders were synthesized by using 
anhydrous barium hydroxide Ba(OH)2 and titanium 
oxide TiO2 as precursors. Ba(OH)2 was used not only 
as a source of Ba but also to adjust pH and then to 
promote solubility [90-91,93]. Precursors were charged 
into a teflon-lined autoclave. The Ba/Ti molar ratio in 
the mixed solution was fixed at 1 using a concentration 
ratio of mBa(OH)2=mTiO2=0.5. The pH obtained in 
the aqueous solution precursor was 12. Subsequently, 
the reactor was heated to temperatures between 90 ℃ 
and 180°C for different reaction times of 48 and 72 h. 
The obtained powders were washed with distilled 
water to remove soluble components and then dried at 
100 ℃ for 24 h.  

Later, in a second step, the obtained powders were 
sintered via the spark plasma sintering (SPS) process. 
Powder was poured into a graphite die and sintered 
following a heating rate of 200 ℃/min under uniaxial 
pressure of 40 MPa. High pulse sequence current of 
3000 A and 3.5 V were utilized. The sintering 
temperature was 1100 ℃ at a holding time of 3 min. 
The crystalline structure and phase of the as-prepared 
and heat-treated powders were identified by X-ray 
powder diffractometry (XRD, Cu-Kα). Size and 
morphologies of powders were examined by high 
resolution scanning-transmission electron microscopy 
HRSTEM techniques. 
2.1.2  Results and discussion 
X-ray diffraction analysis indicates that crystalline BT 
phase can be obtained successfully at temperatures 
from 90 ℃ to 180 ℃ and times from 48 h to 72 h. 
Figure 1 shows XRD patterns and estimated crystallite 
sizes, of the series of samples synthesized by 
hydrothermal reaction at 72 h; only a small quantity of 
BaCO3 was detected as secondary phase (Fig. 1a). 
Figure 1b shows crystallite sizes of different samples 
which were estimated based on the broadening of XRD 
pattern profiles by using the Scherrer’s equation. In 
general, crystallite size augments with increasing the 
reaction temperature from 90 ℃ to 180 ℃. As 
expected, higher temperature and longer times results 
in bigger growth of crystallite.  

The HRSTEM technique (Fig. 2) has shown in 
detail the particle size and morphology of powders 
obtained at different hydrothermal reaction times. In 
fact HRSTEM has shown that BT powders are 
constituted particles in the nanometric scale. It is 
revealed that reaction time has an effect on both 
particle size and morphology. Samples obtained at 48 h 
show a polygonal morphology with a main particle 
size of 75 nm. On the other hand, samples obtained at 
72 h are spherical with a particle size of about 130 nm. 
HRSTEM analysis revealed that BT particles are made 
of crystallites smaller than 50 nm, or in other words 
single particles are constituted of small coherent 
crystalline domains (Fig. 2b inset) the aforesaid can 
explain the crystallite size values estimated by XRD 
technique. For all the cases, samples prepared via CH 
synthesis have a significantly smaller particle size with 
respect to samples prepared via solid state reaction, 
which commonly shows a particle size in the range of 
microns. 
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Finally, dense ceramic bodies were successfully 
produced by using the synthesized powders. With the 
use of Spark Plasma Sintering technique, densities of 
95.88% of theoretical values were obtained for the 
ceramic bodies fabricated. These characteristics are 
desirables from the point of view that high density 
reduces the effect of pores on weakening dielectric 
constant. In addition, the transforming fraction 

increases with the decrease of grain size.  
Summarizing, BT is able to be synthesized at low 

temperature using the hydrothermal method. The 
obtained powders are nanocrystalline and present a 
fine particle size. These characteristics offer the 
advantage of obtaining homogeneous and fine grain 
size microstructures throughout the sintering process.  

2.2  Synthesis of Li2SiO3 hollow microspheres via 
surfactant-assisted hydrothermal 
crystallization 

Lithium metasilicate has been the topic of several 
studies because of their potential application as tritium 
breeder material into the fusion reactors [97,98] as an 
ionic conductor [99,100] and as a candidate for 
luminescent materials [101,102]. In general, Li2SiO3 
has been synthesized by the conventional solid-state 
reaction method, and only some chemical routes have 
been studied such as the sol-gel, microemulsion and 
combustion methods [103-105]. Similar to the case of 
other alkaline ceramics, it is complicated to prepare 
lithium ceramics with small particle sizes because of 
its tendency to sinter or to lose lithium through a 
sublimation process at high temperatures. In this sense, 
chemical synthesis routes provide the possibility to 
obtain unique microstructural and morphological 
characteristics and, therefore, new applications for 
these kind of materials. Here the preparation of 
Li2SiO3 by both surfactant-assisted hydrothermal 
approach (SAH) and solid-state reaction (SSR) is 
reported, establishing the effect of the synthesis route 
on the microstructural and textural characteristics of 
the resultant powders.  

Fig. 1  (a) XRD patterns of BT produced by CH at 72 h and different temperatures, and (b) crystallite size 
comparison of BT produced via CH as a function of the reaction temperature. 
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Fig. 1  (a) XRD patterns of BT produced by CH at 72 h and different temperatures, and (b) crystallite size 
comparison of BT produced via CH as a function of the reaction temperature. 
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Fig. 2  HRSTEM micrograph of BT particles 
produced by CH method: (a) 48 h and (b) 72 h of 
reaction at 180 ℃. 
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2.2.1  Synthesis and characterization of Li2SiO3 
powders 

For the synthesis of SAH sample, lithium hydroxide 
(LiOH•H2O) and tetraethyl orthosilicate (TEOS, 
Si-(OC2H5)4) were used as starting materials. The used 
surfactant was Octylphenol ethylene oxide condensate 
(TRITON X-114). In the first step, certain quantity of 
the select non-ionic surfactant and LiOH reagents were 
dissolved in an ethylic alcohol aqueous solution. Later, 
stoichiometric amount of TEOS was added drop wise 
to the solution under mechanical stirring, followed by 
continuous stirring in an ultrasonic bath for 15 min. 
The obtained homogeneous gel was transferred into a 
Teflon-lined stainless steel autoclave vessel. The 
hydrothermal reaction was performed under 
autogenously produced pressure at a temperature of 
100 ℃ for 20 h. 

For the preparation of SSR samples the starting 
materials silicic acid (H2SiO3) and lithium carbonate 
(Li2CO3) were mixed in a mortar and calcined at 
1000 ℃ for 7.5 h. After which time the powders were 
ground milled again before repeating the thermal 
treatment. Samples were characterized by XRD, SEM, 
TEM, and N2 adsorption techniques.  
2.2.2  Results and discussion 
In order to reduce the number of experiments for 
obtaining the desirable pure phase of Li2SiO3, Eh-pH 
diagrams were constructed. Eh-pH diagrams show the 
stability region for the different stable ionic and 
nonionic species in aqueous solutions. The information 
is displayed as a plot of pH versus electrochemical 
potential, and it can be used as a simple resort to 
estimate phase equilibrium during the hydrothermal 
processes [23,106-107].  

In this same sense, another well documented and 
powerful resource to determine the optimum 
conditions in systematic synthesis studies related to 
hydrothermal processes are both phase stability and 
yield diagrams. However, their construction involves 
more complex thermodynamic calculations. Their 
construction and the thermodynamic fundamentals 
have been also well documented [108-110]. 

In the current work, the specific hydrothermal 
reaction conditions were chosen based on Eh-pH 
equilibrium diagram for the Li-Si-H2O system only as 
a reference (Fig. 3). The Eh-pH diagram was drawn 
with the help of the FACT-Sage (Thermochemical 
Software and Databases) software [111], considering a 
total concentration of 0.8 molal and temperature of 

100 ℃.  
The Eh-pH diagram reveals that the Li2SiO3 phase 

is stable at pH values up to ~9.2.  
Figure 4 shows the XRD patterns of the different 

samples. The results show that both SSR and SAH 
samples correspond to Li2SiO3 phase (JCPDS card No. 
29-0828). However, the SSR sample has a small 
impurity of lithium orthosilicate phase (Li4SiO4). In 
addition, the XRD pattern profiles show some 
differences mainly on the line broadening. This is 
attributed to certain differences on crystallite size as a 
result of the synthesis method, surfactant addition and 
synthesis temperature. In fact, based on the analysis of 
XRD patterns profiles, crystallite size were estimated 

Fig. 3  Eh-pH diagram of the Li-Si-H2O system 
showing predominance domains of species. 
Diagrams were obtained considering a metal’s ratio 
of 0.2<Si/(Li+Si)<0.333, and temperature of 100 ℃. 

Fig. 4  XRD patterns of as prepared lithium silicate 
powders; the different samples are: (a) SSR, and (b) 
SAH.  
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as 14 nm and >50 nm for SAH and SSR samples, 
respectively. 

SEM photomicrographs show a noticeable change 
in morphology due to different synthesis methods (Fig. 
5). SSR powders present morphology of dense 
aggregates with particle size varying from 3 to as 
higher as 25 m (Fig. 5a) On the other hand, SAH 
powders show well-defined spherical aggregates with 
particle size smaller than 3.5 m (Fig. 5b). Another 
important feature is the fact that these powders present 
a hollow microstructure. Similar to other reported 
systems [27], the possible formation mechanism of the 
hollow Li2SiO3 microspheres is attributed that takes 
place via Oswald ripening mediated process.  

Figure 6 shows the TEM image corresponding to 
the SAH synthesized sample. The contrast observed in 
the bright-field image shows the hollow microstructure 
(Fig. 6a). Spherical aggregates present diameters 
between 2 m and 3 m. The TEM electron diffraction 
pattern shows diffused rings, indicating that 
synthesized powders are polycrystalline (Fig. 6b). The 
SAED rings were indexed as the orthorhombic 
structure of Li2SiO3 according with the XRD JCPDS 
card No. 29-0828. In addition, TEM images revealed 
the formation of smaller and also hollow spheres about 
400 nm. In general, these observations suggest the 
presence of different mechanism of formation of the 
aggregates. Among them, the formation of the smallest 

 
Fig. 5  (a) SEM images of samples prepared by solid state reaction and (b) surfactant-assisted hydrothermal 
methods. 

 
Fig. 6  (a) Bright field TEM image of sample SAH and (b) indexed SAEDP of Li2SiO3. 
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spherical aggregates is the result of the surfactant 
effect which plays the role of template. More details 
about the hydrothermal synthesis of Li2SiO3 in 
presence of different surfactants were previously 
reported [112]. 

Figure 7 shows adsorption-desorption isotherms 
corresponding to the different samples. According to 
the IUPAC classification [113-114], while the SSR 
sample shows a type III isotherm, the SAH sample 
presents a type II isotherm which can be attributed to a 
monolayer-multilayer adsorption on an open external 
surface of macroporous adsorbents. This sample shows 
a hysteresis loop type H3, which doesn’t exhibit a 
limiting adsorption at high P/Po values. This fact is 
usually interpreted as a result of the presence of 
slit-like pores. In the current work this fact was 
attributed to the presence of interparticle voids. In 
addition, it is noticeable that in the case of the SAH 
sample, volume adsorbed increases considerably 
compared to the SSR sample (Fig. 7, see scale), which 
corroborates the formation of smaller and more porous 
particles. Additionally, specific surface values were 
calculated by BET model [115]. Samples exposed 
surfaces area values of 69.5 m2g1 and 0.47 m2g1 for 
SAH and SSR, respectively. 
The microstructure and textural properties obtained 
through the surfactant-assisted hydrothermal synthesis 
route, suggests advantages with respect to the solid 
state reaction method. These pure and nano-crystalline 
Li2SiO3 may be suitable to be used for certain 
applications such as CO2 absorption [103-105]. 

2.3  One step synthesis of K0.5Na0.5NbO3 solid 
solutions via hydrothermal 
microwave-assisted method 

Today, synthesis of lead-free piezoceramics is of strong 
interest when looking at a more environmentally 
friendly option for the fabrication of optical and 
acoustic devices such as optical wave-guiding and 
frequency doubling [116-120]. The different studies 
have been focused on the preparation of 
sodium-bismuth titanates and potasium-sodium-    
niobates (KNN) [117,121-124]. These studies included 
both pure and doped compounds. In fact, among them, 
KNN are the most promising because of their good 
piezoelectric properties as well as their high Curie’s 
temperature values [125]. With respect to the synthesis, 
a common problem faced by using the conventional 
solid state reaction route is that potassium and sodium 
are lost by sublimation during the calcinations and 
sintering stages at elevated temperatures. This affects 
the stoichiometry of the final products promoting the 
presence of secondary phases [126]. Other synthesis 
methods have been studied as an alternative proposal, 
such as sol-gel [127,128], Pechini [129] and 
conventional hydrothermal [130,131]. Among them, 
the sol-gel and Pechini approaches present the 
disadvantages of involving expensive precursors which 
in some cases may also be difficult to handle, as in the 
case of alkoxides.  

The conventional hydrothermal method has been 
used to prepare sodium niobate, potassium niobate and 
potassium tantalite [132-134]. However, this method 

 
 

Fig. 7  N2 physisorption isotherms of the prepared samples: (a) SSR, and (b) SAH. 
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also presents certain difficulties to obtain pure phases 
and compositional homogeneous products in one step, 
making it necessary to perform further thermal 
treatments [135].  

In the present work, the synthesis of KNN by 
conventional hydrothermal (CH) and microwave-    
assisted hydrothermal (MAH) methods is reported. 
2.3.1  Synthesis and characterization of 

K0.5Na0.5NbO3 solid solutions 
Potassium hydroxide (KOH  90%), Sodium 

hydroxide (NaOH 99%) and niobium pentoxide 
(Nb2O5 99.99%) were used as starting materials. In the 
first step, an aqueous solution of (KOH+NaOH) was 
prepared. Based on previous studies [130,131], the 
molar ratio of 7.5:2.5 (KOH:NaOH) was chosen. After 
that, 2 grams of Nb2O5 were added to the alkaline 
solution. The formed suspension was stirred for 2 
hours before the hydrothermal reaction.  

For the synthesis of CH sample, the mixed 
precursor suspension was put in a Teflon-lined 
stainless steel autoclave, which was heated at 240 ℃ 
for 24 h by using an electric furnace and following a 
heating rate of 10 ℃/min. After that, the autoclave 
reactor was cooled to ambient temperature and the 
obtained powders were filtered, washed several times 
with deionized water and finally dried at 120 ℃ for 
2 h. 

Regarding the synthesis of MAH sample, a Teflon 
reinforced autoclave was used. The autoclave reactor 
was heated at 210 ℃ in a microwave oven CEM model 
MARS for 30 min, followed by a heating rate of 
14 ℃/min. The power source in the oven was fixed at 
800 W. After hydrothermal reaction, the washing and 
drying steps were carried out. 

Structural and microstructural characterization of 
the powders was performed by XRD and SEM 
techniques.  
2.3.2  Results and discussion 
X-ray patterns corresponding to different synthesized 
samples are shown in Fig. 8. 

It is noticed that when the conventional method was 
used two phases were obtained. The first one was 
identified as KNbO3 (JCPDS 71-2171), and the second 
one as NaNbO3 (JCPDS 01-074-2025). However, it is 
remarkable that for both phases, the obtained XRD 
patterns present certain shifts of their reflexions; this 
fact was clearly evident in the higher 2-thetha values 
peaks (see Fig. 8). This suggests that in both cases a 
partial degree of substitution (Na+1↔K+1) was 

promoted, so it can be expressed as the obtaining of the 
KxNa1-xNbO3 (x>0.5) and Na1-yNbO3 (y<0.5) which are 
potassium and sodium enriched phases, respectively. 
On the other hand, the diffraction pattern of MAH 
sample shows only the peaks corresponding to the 
orthorhombic pure KNbO3 perovskite phase (JCPDS 
71-2171). Of course, in this case the reflexions also 
shift to higher two theta values due to the incorporation 
of Na into the crystalline structure of KNbO3, and then 
the one-step formation of the K0.5Na0.5NbO3 solid 
solution phase (Fig. 8b). Actually, in a recent study 
Maeda et al. [135] prepared (K, Na)NbO3 lead-free 
piezoelectric ceramics by using previously CH 
synthesized powders. However, in this case thermal 
treatment was required for the solid solution formation. 
Therefore, this work is reported for the first time the 
use of microwave-hydrothermal processing for the 
preparation of this kind of materials in one step. 

After that, CH powders were thermally treated at 
temperatures of 600 ℃ and 800 ℃ in order to obtain 
the K0.5Na0.5NbO3 phase. Figure 9 shows the XRD 
patterns of the different samples. 

Figure 9 shows the evolution of the KNN phase by 
both sodium and potassium diffusion among the solid 
particles throughout the further thermal treatments. In 
fact, the reaction can be described as follow: 

nKxNa1xNbO3+(1n)KyNa1yNbO3  
K0.5Na0.5NbO3               (1) 

where KxNa1xNbO3 (x>0.5) and Na1-yNbO3 (y<0.5) 
are the potassium and sodium enriched phases, 
respectively.  
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Fig. 8  KNN powders synthesized by: (a) 
conventional hydrothermal at 240 ℃ for 24 h, and 

(b) microwave-assisted hydrothermal at 210 ℃ for 
30 min. 
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The complete formation of K0.5Na0.5NbO3 from the 
CH powders was finally reached after calcinations at 
800 ℃. 

Finally, Figure 10 show the SEM images of KNN 
samples prepared by calcinations of CH powders at 
800 ℃ and MAH sample. 

Both samples are constituted by ultrafine powders 
with aggregates in the micrometric range. However, it 
is clear that smaller particles were obtained in MAH 
sample. In fact, this sample is constituted by 
submicrometric primary particles smaller than 500 nm 
(Fig. 10b). These results can be attributed to both the 
shorter time of hydrothermal reaction as well as the 
direct crystallization of KNN phase without thermal 
treatment. 

Then summarizing, KNN powders with chemical 
composition of K0.5Na0.5NbO3 are able to be 

successfully synthesized by the hydrothermal 
technique. The conventional method gives the 
possibility of obtaining ultrafine powders, and in fact, 
reduces the calcination temperature for the preparation 
of the solid solution. In addition, the microwave-     
assisted method offers not only the possibility to obtain 
high quality powders, but also to obtain well 
crystallized doped materials such as KNN powders 
with the advantages of shorter times and in one-step. In 
other words, further thermal treatment would not be 
necessary. This is attributed to the effect microwave 
heating has on the dissolution of the precursors and on 
the kinetic of crystallization of the final product during 
the different stages of the hydrothermal process. 

3  Conclusions 

The hydrothermal crystallization method for the 
synthesis of ceramics was reviewed. Conventional 
hydrothermal crystallization, surfactant-assisted and 
microwave–assisted hydrothermal methods were 
showed as promising methods for the preparation of 
ceramic powders with novel properties. The synthesis 
of BaTiO3, Li2SiO3 and ((Na, K)NbO3) powders were 
discussed as cases of study.  

BaTiO3 was successfully synthesized at low 
temperature. The effect of both temperature and 
reaction time on the crystallization and particle size 
were studied. The obtained powders show fine particle 
size in the nanometric range that can offer advantages 
for the fabrication of homogeneous and fine grain size 
microstructures through the sintering process.    

Crystalline Li2SiO3 powders were synthesized 
using TRITON X-114 surfactant. Experimental 
conditions for obtaining the desirable pure phase of 
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Fig. 9  XRD patters of CH samples: (a) as 
prepared powders, (b) calcined at 600 ℃ and (c) 

calcined at 800 ℃. 
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Fig. 10  SEM images of different samples: (a) CH after calcinations at 800 ℃ and (b) MAH powders. 
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Li2SiO3 were established base on the Eh-pH diagrams 
that constitute a simple resort to estimate phase 
equilibrium during the hydrothermal processes. The 
obtained powders show novel microstructures of 
hollow microspheres exposing high surfaces areas 
about 69.5 m2g1.  

Finally K0.5Na0.5NbO3 solid solutions were 
synthesized by both the conventional and microwave-     
assisted hydrothermal methods. Conventional method 
produces ultrafine powders and reduces the 
temperature for the preparation of the solid solutions 
by further calcinations. Additionally, the used of 
microwaves-based heating offers the possibility to 
obtain well crystallized solid solutions with the 
advantages of short reaction times and in one-step, 
which avoids further thermal treatments.  
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