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Abstract 

Hydrothermal synthesis is one a chemical method with high potential for obtaining nanostructured materials with controlled 

properties for energy harvesting applications. The main advantage of the hydrothermal processes is the ability to control 

nucleation and growth in complex systems containing a large number of components and dopants, without affecting the 

structural and morphological homogeneity. This is leading to some important technological and environmental advantages such 

as: one step process for direct production of crystalline ceramic powders, low energy consumption, products with much higher 

homogeneity than classical solid state processing, versatility in producing oxides, non-oxides and hybrid materials with 

different morphologies, possibility to be up-scaled to pilot and production levels. These features are proved for some selected 

nanomaterials with high impact in energy harvesting technologies: yttria doped zirconia nanomaterials for solid oxide fuel cells, 

lead zirconate titantate (PZT) used as piezoelectric materials in sensors, transducers and actuators, BST perowskite structures 

for sensors applications and zinc oxide as nanomatrix for encapsulating phase change materials in energy storage. The 

development of these complex materials was based on thermodynamic approaches and modelling methods to optimize the 

grain size and microstructure. Based on these approaches, future developments are expected to show the scalability of the 

processes from laboratory to pilot and industrial scale, thus opening new directions in the energy harvesting field. 
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1. Thermodynamic and Kinetic 

Approaches in Hydrothermal 

Synthesis of Nanomaterials 

Nanomaterials are one of the “key-enabling technologies” of 

today and tomorrow industry due to their huge and global 

impact in all production sectors such as information and 

communications technology, medicine and pharmacy, 

constructions and buildings, energy and transportation, 

aerospace and defense [1]. Nanostructured materials science 

and technology is a broad and multidisciplinary field of 

research linked to both emerging applications and 

modernization of traditional sectors in recent years, 

explaining the continuous growing research interest. 

Nanostructured materials are defined as materials having at 

least one dimension < 100 nm (usually less than 50 nm) and 

include atomic clusters (0D), filamentary structures (1D), 

layered (lamellar) films (2D), and bulk nanostructured 

materials (3D). The law dimensionality and related high 

surface to volume atoms ratio lead to physical or chemical 

properties that can be very different from the macroscale 
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properties of the same substance [2]. The so called “triangle 

synthesis – properties – applications” must be fully exploited 

to obtain assessed materials for applications, due to the 

correlations with their atomic structure, composition, 

microstructure, defects and interfaces, which are controlled 

by thermodynamics and kinetics of the synthesis process. 

Different synthesis routes for manufacturing of nanomaterials 

have been proposed. Generally they may be classified in 

physical, chemical and combined routes. Other classification 

considers the top-down approach from the macroscale to the 

nanoscale, or conversely, by assembly of atoms or particles 

using the bottom-up approach. 

Chemical reactions for material synthesis can be done in 

solid (conventional synthesis route), liquid or gaseous state. 

For solid state reactions, diffusion of atoms depends on the 

temperature of the reaction and transport across grain 

boundaries and grain growth at elevated reaction temperature 

may lead to solids with large grain size. Compared to solid-

state synthesis, diffusion in the liquid or gas phase is 

typically many orders of magnitude larger than in the solid 

phase; thus the synthesis of nanostructured materials can be 

achieved at lower temperatures, reducing the detrimental 

grain growth.  

Water is one of the best known and the most common 

solvents used in the acid/base reaction, precipitation or 

reduction/oxidation (redox). In chemical synthesis of 

materials, one should always use caution when handling 

reactants and precursors, reaction by-products and post-

reaction wastes, particularly when complex and hazardous 

chemicals are involved.  

Although many laboratory-scale reactions can be scaled up to 

economically produce large quantities of materials, the 

laboratory-scale reaction parameters may not be linearly 

related to that of the large-scale reaction. The synthesis 

parameters such as temperature, pH, reactant concentration 

and time should be ideally correlated with factors such as 

super-saturation, nucleation and growth rates, surface energy 

and diffusion coefficients, in order to ensure the 

reproducibility of the process. 

Hydrothermal treatment is one of the chemical synthesis 

methods with high potential for obtaining nanostructured 

materials with controlled properties. The hydrothermal 

chemistry is responsible for the formation of many minerals. 

The success of the researchers in the hydrothermal synthesis 

of big quartz piezoelectric mono-crystals have stimulated the 

development of fundamental studies in the physical-chemical 

synthesis of hydrothermal solutions. The hydrothermal 

processes used in the synthesis of nanostructured oxide 

precursors may be classified in [3]: 

� Hydrothermal reactions, namely the synthesis of an oxide 

compound by the reactions of soluble precursors in 

solutions; 

� Hydrothermal treatment for the purification or structural 

transformation of materials previously prepared by other 

methods; 

� Hydrothermal growth of the crystals by controlling the 

dissolution – reprecipitation in solutions. 

Hydrothermal synthesis reactions represent “in-situ” 

deprotonation of the water molecules from the first 

coordination sphere of the metallic cation due to the high 

temperatures and pressures in the hydrothermal solutions [4]. 
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The hydrolysis reaction (1) describes a homogeneous 

nucleation process and the species formed represent the 

nucleation and growth sites leading to the formation of the 

new phase. From the thermodynamic point of view the 

equilibrium constant of the reaction (1) may be estimated 

from: 
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Where: KJ = equilibrium constant of the reaction "J" in the 

system 

Ai
J 
= species "i" participant in reaction “J” 

νi
J 
= stoichiometric coefficient of species Ai

J
 

Gf
o
 =Gibbs chemical potential for the formation of species  

nJ = total number of species in the system 

R = ideal gases constant (8,314 J cal
-1

 K
-1

 ) 

T = absolute temperature K 

The exact calculation of the equilibrium constants in high 

pressure solutions requires specific thermodynamic 

approaches and the application of the Helgeson-Kircham-

Flower (HKF) method. According to this apporach any 

thermodynamic property of solvated species MpXn or ions 

(M
n+

, X
p-

) is the sum of 2 terms: one for its intrinsic property 

(non-solvated) and the other one taking into account the 

contribution of the interactions solvate species (ion)/solvent 

(solvation) [5]. 

The kinetic of hydrothermal nucleation and growth may be 

studied based on Avrami-Erofeev equation: 

( )1 exp.
m

x kt= − −                                  (3) 
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exp.( / )ck E RTν= −                            (4) 

where x is the molar fraction from the new crystalline phase 

formed after the reaction time t, m is the reaction order, υ is 

the frequency factor and EC the activation energy of 

crystallization. For m = 0.54 – 0.62 the reaction is in a 

diffusion controlled regime, for m = 1 the process is 

controlled by the formation of new interfaces and for m = 2 – 

3 the nucleation and growth processes are the kinetic limiting 

steps. For hydrothermal reactions leading to phase transitions, 

the nucleation and growth processes are strongly influenced 

by the presence of anions (OH
-
, SO4

2-
, NO3

-
, etc.), the 

existence of structural similarities between initial and final 

phase and existence of some critical sizes that stabilize the 

metastable phases. These general thermodynamic and kinetic 

analyses show the practical importance of studying the 

influence of the temperature, pressure, time, mineralizing 

agents and surface additives on the yield and final products 

properties [6]. 

The kinetic of solid species formation in hydrothermal 

solutions may be modelled considering the transfer of 

mineralizing reagent (ex. OH
-
 from alkaline mineralizers 

providing the required pH) from the solution to the surface of 

the nucleus (hydrous oxides initially formed) through the 

external adsorbed film, transfer of reagents through the new 

oxide layer formed at the interface and desorption of the 

reaction products into the solution volume. According to 

kinetic general rules of such topotactile processes and the 

corresponding un-reacted core model (fig. 1), the curve 

describing the degree of transformation vs. process duration 

may bring important information on the kinetic limiting step. 

 

Fig. 1. The un-reacted core model for the kinetic study of transformation. 

The symbols here are: rC = the initial radius of the core 

particle; rt = the radius of the particle at the time t from the 

process started; r0 = the final radius of the particle. 

According to this model, the steps of kinetic of the 

hydrothermal crystallization may be described by the 

following equations: 
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for the mass transfer of the reagent from the solution volume 

to the surface of the nuclei (hydrous oxides) through the 

external adsorbed solution film; 
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For the mass transfer through the solid product layer, and  
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for the chemical transformation reaction at the interface. 

The significance of the symbols in equations 5 to 7 are: 

Kd
R
 – coefficient of mass transfer of reagent R trough the 

adsorbed solution film; 

r0 – initial radius of the particle 

C – molar density of the reagent 

XR
v
, XR

i
 , XR

C
 – molar fraction of reagent (volume, at 

interface and at un-reacted core) 

XR0 – molar fraction of the new oxide formed 

ks – Kinetic constant of the chemical reaction 

Ke – equilibrium constant of the reaction 

2. Energy Harvesting Materials 
Developed by Hydrothermal 

Method 

As a result of the main thermodynamic and kinetic features 

of the hydrothermal processes, the main advantages of the 

hydrothermal synthesis are: 

� One step process for powder synthesis or oriented ceramic 

films; 

� Minimized consumption of energy, particularly for 

complex and doped oxides; 

� Products with much higher homogeneity than solid state 

processing; 

� Products with higher density than gas or vacuum 

processing (faster growth rate); 

� Versatility: oxides, non-oxides, organic/biologic materials, 

hybrid materials with different morphologies may be 

obtained; 

� One of the few methods enabling obtaining of controlled 

doped or complex material systems. 
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The versatility of the hydrothermal method is demonstrated 

by the great number of compounds obtained via this 

processes. A non-exhaustive list comprises (starting from 

simple to complex oxides) contains: Al2O3, Fe2O3, SnO2, 

TiO2, ZrO2, AlOOH, ErOOH, K4Nb6O17, K2Ti6O13, KNbO3, 

KTiNbO3, KTaO3, Zn2SiO4, PbZr1-xTixO3, Ba(Sr)Ti(Zr)O3, 

Ca0.8Sr0.2Ti1-xFeO3, (Fe, In)2O3(ITO), LiFePO4, (Ce,Zr)O2, 

YVO4, (Co,Cu,Ni)(Fe,Co)2O4, YAG, Mg3.5H2(PO4)3, CuAlO2, 

ZnO, LiMn2O4, LaxNiyO3, (Ca,Mg)(PO4)3, etc, demonstrated 

by hydrothermal batch and flow reaction systems [7-22].  

The hydrothermal technique is also well suited for non-

oxides, such as pure elements (for example Si, Ge, Te, Ni, 

diamond, carbon nanotubes), selenides (CdSe, HgSe, CoSe2, 

NiSe2, CsCuSe4), tellurides (CdTe, Bi2Te3, CuxTey, AgxTey), 

sulfides (CuS, ZnS, CdS, PbS, PbSnS3), fluorides, nitrides 

(cubic or hexagonal BN), arsenides (InAs, GaAs), etc. [23]. 

A remarkable advantage of the hydrothermal synthesis is the 

significant effect on the solubility product of compounds in 

water at elevated temperatures and pressures. Also, the 

chemical reactivity of usually insoluble reagents can be 

strongly enhanced and the sluggish solid state reactions can 

be initiated in hydrothermal environment. Thirdly, the 

synthesis of 1 dimensional nanostructures can be done in 

facile conditions compared to other procedures [24]. 

A close look to the many materials developed via 

hydrothermal processes shows that many of these materials 

are of high importance in energy harvesting technologies and 

applications.  

Doped BaTiO3 (BT) and PbZr1-xTixO3 (PZT) are key 

piezoelectric materials with applications in sensors, 

transducers and actuators, able to transform the mechanical 

vibrational energy in electricity. Other even more complex 

systems based on compounds like (Na,K)NbO3 (KNN), 

Li(Nb,Ta,Sb)O3 or their combinations such as KNN-LiNbO3, 

KNN-LiTiO3, KNN- Li(Nb,Ta,Sb)O3, KNN-BT, KNN-

SrTiO3 have been developed as lead-free materials in the 

form of single crystals, polycrystalline ceramics and films to 

replace PZT, based on the unlimited possibilities to modify 

structure and properties by substitution and addition [25]. 

The application of piezoelectric vibration-based energy 

scavengers for converting mechanical energy to electrical 

energy are based on the utilization of piezoelectric generators 

and micro-power generators and are vital for the 

development of wireless sensors, low-power electronics, 

communication nodes and medical devices [26]. 

Magnetic nanomaterials are another class of materials used in 

energy harvesting technologies for many traditional or new 

emerging applications. Complex ferrites are already the core 

of electromagnetic devices while the development of 

nanostructures hybrid materials based on iron oxide and 

piezoelectric layered structures become indispensable 

solutions for energy harvesting in bio-micro-elecro-

mechanics applications [27]. Semiconducting oxides like 

ZnO or TiO2 doped with transitional metals (Co, Ni, Fe, Cr, 

etc.) having giant magneto resistance (GMR) are novel 

ferroelectric materials for spintronics [28]. 

Stabilized Y2O3–ZrO2 ceramic (YSZ) is the most common 

solid electrolyte used in various applications as oxygen 

sensors and fuel cells. Their utilization made automotive 

industry more environment friendly due to its adequate level 

of oxygen ion conductivity and desirable stability in both 

oxidizing and reducing atmospheres. [29-31] NiO-YSZ 

composite powders were prepared by 2-step hydrothermal 

synthesis and applied as an anode functional layer to improve 

the performance of SOFCs [32]. 

Hydrothermal technology has also been recognized as an 

accessible technique for functionalization of carbon based 

materials, including functionalization of graphene for new 

types of sensors, batteries and other energy harvesting 

applications [33-35]. 

Some original results regarding the hydrothermal synthesis of 

doped zirconia nanomaterials for solid oxide fuel cells 

applications, barium strontium titanate perowskite structures 

and zinc oxide based nanomaterials for energy storage 

applications are presented below. 

3. Hydrothermal Synthesis of 
Zirconia Nanomaterials 

Zirconia (ZrO2) is a ceramic material with very interesting 

and useful optical, electrical, thermal, hardness and 

biocompatibility properties. At temperatures below1100°С, 

monoclinic (m) phase of pure ZrO2 is the stable form. From 

1100°С up to 2370°С pure ZrO2 has a tetragonal structure, 

but at temperatures between 2370°С and 2706°С (the melting 

point) it exists as cubic phase. The transition from tetragonal 

to monoclinic phase is done with a volume increase of about 

4% leading to micro-cracking that drastically affects the 

mechanical properties. Therefore the stabilization of cubic or 

tetragonal phase on larger temperature ranges is required for 

safety application/reasons. The tetragonal or cubic phase can 

be stabilized (e.g. the temperature of the "с → t" transition 

may be decreased), by introducing additives as MgO, CaO, 

Y2O3 and other rare earth oxides, etc. The doping elements 

do not affect only the structural and mechanical properties 

but also the optical and electrical behavior. Synthetically the 

binary system of ZrO2 may be classified in [36, 37]: systems 

with formation of chemical compounds; systems forming 

cubic solid solutions in the rich ZrO2 domain: ZrO2 – MeO 

(Me = Mg, Cr, Co, Cu), ZrO2 - Me2O3 (Me = Fe, Cr,La,), 
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ZrO2 - Me3O4 (Me = Fe, Mn), ZrO2 - MeO2 (Me = Th, Ce); 

systems with the formation of other types of solid solutions 

in the rich ZrO2 domain: HfO2 - ZrO2, TiO2 - ZrO2 and 

systems with no interactions between the components, e.g. 

ZnO - ZrO2, Al2O3 - ZrO2. 

The ionic conductivity of doped zirconia materials in a large 

temperature range is the key property for energy harvesting 

applications in solid oxide fuel cells. To improve this 

property different approaches have been made: partial or total 

replacement of Y2O3 with Sc2O3 having a maximum 

corresponding to the composition (Y0.5Sc0.5)*0.3Zr0.7O1.85, 

reducing the diffusion and transport distances using 

nanocrystalline membranes and thin films and development 

of composite ceramic materials with enhanced grain 

boundary conductivity [29-31]. 

The formation of ZrO2 (as well as of the most of other oxides 

in hydrothermal solutions) takes place by a typical 

dissolution - reprecipitation process. For such types of 

transformations it is necessary to have a sufficient degree of 

super-saturation of the metallic cation in the solution acting 

as nucleation sites. Consequently, increasing the solubility of 

the Zr (IV) hydrated species one may expect to improve the 

kinetics of the new phase formation. 

It was also reported that utilization of peroxo-precursors has 

important advantages in lowering ZrO2 synthesis 

temperature and improving kinetic conditions [38]. This was 

explained in terms of an increased solubility of the complex 

formed in the reaction: 
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A simple method to estimate phase equilibrium during 

hydrothermal processes may be the analysis of potential-pH 

(Pourbaix diagrams). The graph below presented in figure 2 

was done using the actual HSC v7 software. The calculation 

may be done at different initial metal concentrations while 

the pressure is automatically calculated on the basis of 

solution pressure at the given temperature. It shows that at 

the working temperature ZrO2 solid species exists at pH>5. 

The software calculates the equilibrium diagram based on 

heat capacities, enthalpy and entropy of formation. Due to 

the lack of data regarding Y2O3-ZrO2 solid solutions it is not 

possible to show its formation, however it is observed that at 

this temperature and pH range Zr and Y precipitate together 

as solid species and no soluble ions exist. 

 

Fig. 2. Pourbaix diagram for the system Zr-Y-O-H at 250oC, calculated with 

HSC v.7 software (Zr concentration 0.01M, Y2O3=3 mol %, autogenously 

pressure). 

The hydrothermal synthesis of yttria-stabilized zirconia based 

on the mechanism proposed by the reaction (8) was done 

according to the procedure described in our paper [39]. The 

degree of crystallization of cubic ZrO2 phase (Xc) and 

monoclinic phase (Xm) has been calculated from the ratios 

between the areas of the characteristic [111] peaks of samples 

and standard samples obtained by ammonia coprecipitation.  

The mean crystallite sizes were calculated according to the 

Scherrer formula from the broadening of the [111] 

characteristic peak of the crystalline phases (table 1). 

Table 1. Cubic zirconia crystallization from peroxide precursors [39]. 

Temperature  

(0C) 

Cubic Monoclinic Kinetic constants 

Xc(%) D111(nm) Xm(%) D111(nm) K N 

125 21 7 - - 1.65x10-9 2.09 

150 47 17 20 14 3.47x10-8 1.871 

175 69 19 26 22 1.285x10-6 1.241 

200 56 22 25 23 2.698x10-5 1.308 

 

In the temperature range 125–200
0
C cubic zirconia phase has 

been formed, the degree of crystallization increasing with the 

time and temperature of the hydrothermal treatment (Table 1). 

Powders with large peaks, typically for the nanopowders 

have been prepared. Increasing temperature and time, the 

monoclinic zirconia phase has also been formed. The 

calculated mean crystallite sizes increased from about 6 nm 

to a maximum of 22 nm. 
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The kinetic constants of the crystallization process have been 

calculated using the equation proposed by Avrami in linear 

form: 

1
n ln ln ln

1 c

k n t
X

= −
−

                         (9) 

where Xc is the fraction of the crystalline phase crystallized 

at the given time, k is the kinetic factor and n is the time 

exponent. The values obtained correspond to a diffusion-

controlled crystallization process. 

The formation of YTZP took place by hydrothermal 

crystallization of amorphous precipitated zirconia. The TEM 

presented in fig. 3 shows that powders preserve a structure 

similar to the chain structure of hydrous zirconia. This chain-

like structure may explain the very high BET specific area 

between 195 to 200 m
2
/g.  

 

Fig. 3. TEM micrograph of hydrothermally synthesized 3 mol% Y2O3 - ZrO2 

powders [39]. 

Furthermore the same procedure has been developed to study 

the correlations between the hydrothermal synthesis 

parameters and the sintering behavior of YSZ nanopowders 

obtained by this procedure. Phase composition, calculated 

mean crystallite sizes (d111) and particle sizes (Dp) for 

different hydrothermal treatment conditions showed that 

powders with large peaks, typical for the nanopowders have 

been prepared. The calculated mean crystallite sizes were in 

the range 8–23 nm, increasing with hydrothermal synthesis 

temperature and having a maximum in the neutral pH domain.  

A mathematical correlation between the mean crystallite 

sizes, particle sizes and synthesis parameters (pH and 

temperature) could be derived by the minimum error analysis 

method using linear correlation analysis [40]. The 

mathematical model of the process was considered as a 

polynomial function yi = f1(xj), where yi is the objective 

function or the problem restriction and xj are the selected 

process parameters. 

Linear dependence between the process realizations and 

parameters or second-order degree functions was considered: 

0
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Determination of the regression equations practically reduces 

to finding the maximum of a function of many variables by 

applying the less-square methods: 

0i
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Statistical analysis of the regression functions was done on 

the basis of Fischer criteria with the condition that calculated 

values to be less than the tabulated ones for the given number 

of parameters and restrictions. 

Using this approach the following equations could be derived 

for the XRD mean crystallite size (Scherrer) and particle size 

(measured by dynamic laser scattering method) 

111 7.704 0.169 0.109d pH T= − + +              (12) 

2 3
0.6429 2.49 10 1.5797 10pD pH T

− −= + × − ×     (13) 

As a conclusion, these studies show that YTZP powders with 

crystallite sizes in the range 8–22 nm have been obtained by 

hydrothermal treatment of amorphous hydrous oxides. The 

crystallization degree increases with hydrothermal treatment 

temperature, agglomeration degree decreasing with 

temperature increasing and pH decreasing. A mixture of 

tetragonal and cubic zirconia is formed, with increasing 

tetragonal phase content with decreasing pH. 

YTZP powders obtained by the hydrothermal procedure 

having the microstructure and properties described before 

were used to obtain dense compact materials via two 

methods: bulk material by pseudo-axial pressing and 

sintering and tape casting of membranes followed by drying 

and sintering. The effective ionic conductivity of YTZP bulk 

materials was measured using impedance measurements. The 

contributions of bulk and grain boundaries on the total ionic 

conductivity were calculated from the impedance spectra of 

the samples. The results on the activation energy of ionic 

conduction are presented in table 2 and are in good 

agreement with the estimated values for YTZP nanomaterials. 
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Table 2. Activation energy of the ionic conductivity in YTZP nanomaterials. 

Y2O3 mol% in YTZP Grain sizes (nm) Microstructure 
Activation energy of ionic conductivity 

(kJ/mol) 

7.5 625 Polycrystalline 110 

3 524 Polycrystalline 97.5 

3 393 
Polycrystalline (0.25% Al2O3 (grain growth 

inhibitor) 
86 

4 603 Polycrystalline 90 

3  Single crystal 84 

 

The results developed suggest that grain boundaries increase 

the total ionic conductivity of yttria-doped zirconia due to a 

“short circuit effect” leading to an apparent conductivity 

which is higher than of single crystals of similar composition 

[41]. This effect increases with decreasing grain sizes and 

may be practically neglected for large micrometric grain 

sizes. 

4. Hydrothermal Synthesis of 
PZT and BST Perowskite 

Nanomaterials 

Since the discovery of ferroelectric ceramics in the early 

1940s (barium titanate capacitors), piezoelectrics market has 

reached several multibillion dollar on a market ranging from 

high-dielectric-constant capacitors to piezoelectric 

transducers, positive temperature coefficient devices or 

electro-optic devices. Materials based on two compositional 

systems, barium titanate and lead zirconate titanate, have 

dominated the field throughout their history. Various ceramic 

formulations, their form (bulk, films), method of fabrication 

and properties strongly influence their ferroelectric nature 

and specific areas of application [42]. 

The piezoelectric effect is related to an asymmetry in the unit 

cell and the resultant generation of electric dipoles due to the 

mechanical distortion. Lead zirconate titanate (PZT) is a 

solid solution phase of the xPbZrO3 - (1-x)PbTiO3 (0<x<100) 

binary system, with Ti and Zr atoms randomly occupying A-

sites and Pb atoms situated at the corners of the unit cell with 

oxygen atoms located at the surface centers. For PZT 

ceramics the polarization is not spontaneous and a polling 

operation is required. After polling, the materials become 

ferroelectric up to the Curie temperature (TC) when the 

crystalline lattice becomes symmetrical (cubic) and the 

piezoelectricity disappear. The direct piezoelectric effect is 

associated to the transformation of the electric charge to 

mechanical deformation and the reverse effect is 

transforming the mechanical deformation to electric charge. 

The piezoelectric properties are strongly influenced by 

doping with isovalent, donors or acceptor ions (table 3). 

Table 3. Influence of dopants on the PZT ceramics properties. 

Dopant type Examples Major effects 

Isovalent 
Ba2+, Sr2+ replacing Pb2+  Lower Curie temperature 

Higher permittivity Sn4+ replacing Zr4+ or Ti4+  

Donors 

(soft dopants) 

La3+, Nd3+ , Sb3+, Bi3+ replacing Pb2+  Higher permittivity, higher coupling constant Kp, 

much lower mechanical quality factor Qm, 

resistivity > 103 

Nb5+, Ta5+ , Sb5+, W6+  

replacing Zr4+ or Ti4+  

Acceptors 

(hard dopants) 

K+, Na+ replacing Pb2+  Lower permittivity, lower dielectric loss, lower 

coupling constant Kp, much higher mechanical 

quality factor Qm 
Fe3+, Al3+ , Sc3+, In3+ Cr3+ replacing Zr4+ or Ti4+  

 

Soft dopants are required for actuators applications, therefore 

selection of doping elements should fall into this domain.  

The microstructure of PZT ceramics depends on different 

factors such as grain sizes and grain boundaries, homogeneity, 

density and open porosity. Oxide dopants may control not 

only the ferroelectric properties but also inhibit (e.g. Fe3
+
) or 

enhance (e.g. Ce4
+
) the grain growth and therefore the 

density and the porosity. The selection of doping elements 

and their concentration may be predicted based on the 

tolerance factor defined by:  

2( )

A O

B O

r r
t

xr r

+
=

+
                            (14) 

where rA is the covalent radius of Pb, Ti or Zr, rB is the 

covalent radius of dopant B and x its molar concentration. A 

tolerance factor close to 1 is required to preserve the 

perowskite nature of the crystallite lattice. It is therefore 

expected that synthesis rout will affect the final properties of 

the sintered PZT ceramics. 

The main problems for PZT powder synthesis routes are 

related to inhomogeneous distribution of dopants, grain sizes 
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and morphology. The one hydrothermal synthesis route based 

on thermodynamic design of the process eliminates or 

drastically reduces these problems. 

 

Fig. 4. The Gibbs free energy of formation of PZT from oxides (upper 

straight line) and from aqueous ions in hydrothermal solutions (lower 

polynomial line). 

From the thermodynamic point of view, compared to 

classical ceramic route (solid phase mixing), the advantage of 

the process consists in a strong shift of the free energy 

toward much higher negative values presented in Fig. 4, as 

calculated with the HSC 7.1 thermodynamic software 

(Outokumpu, Finland). 

The thermodynamic design of PZT materials shows the 

ability of hydrothermal process to obtain PZT powders with 

crystalline sizes < 43 nm by modeling crystallite growth 

according to equation (15): 

1
ln(ln ) 1.776 1.507 ln

1 /
i iY t

di dm
= = − +

−
    (15) 

where di is the crystallite size in experimental point i and dmax 

is the maximum size after hydrothermal treatment at a certain 

pH and temperature. 

Barium strontium titanate Ba1-xSrxTiO3 (BST) is also a 

perowskite ceramic material with interesting applications in 

sensors and other devices [43]. The Curie temperature Tc of 

the BST compound can be controlled by varying the Ba/Sr 

ratio. At room temperature, when Ba amount is ranging 

between 0.7 – 1, the system is in ferroelectric phase, when Ba 

amount ranging between 0.1-0.7 the system is in paraelectric 

phase [44]. 

The properties of the BST based perovskites depend also on 

microstructure, grain size and defects [45]. The ferroelectric 

properties of the material decrease with grain size [46]. 

From the thermodynamic point of view, similar to PZT, the 

advantage of the hydrothermal synthesis of BST consists in a 

strong shift of the free energy toward much higher negative 

values compared to the classical ceramic route [47], 

according to values calculated with the HSC 7.1 

thermodynamic software and presented in fig. 5. 

 

Fig. 5. The Gibbs free energy of formation of BST from oxides (upper 

straight line) and from aqueous ions (lower polynomial line) in hydrothermal 

solutions. 

The perovskite BaxSr1-xTiO3 (x=0.7) based nanostructured 

materials were synthetized in one step process by 

hydrothermal method starting from soluble salts of Ti (TiCl4 -

Sigma ALDRICH – p.a. 98%), Sr (Sr(NO3)2 –MERCK- 

p.a. >99%), and Ba(OH)2*8H2O (MERCK - p.a. >98%) and a 

mineralizer agent. Hydrothermal synthesis was performed in 

5L Berghoff autoclave, at low temperatures (<200 
0
C) and 

high pressure (200 bar) for two hours. 

 

Fig. 6. XRD analysis on BST. 

XRD analysis (Fig. 6) revealed the presence of two phases: 

Ba0.7Sr0.3TiO3 (88.9%) indexed as tetragonal according to 

JCPDS No 04-015-0356 and BaCO3 (11.1%) as 

orthorhombic according to JCPDS No. 00-005-0378. The 

average crystallite size is 19 nm. The tetragonality ratio (c/a) 

was 0.991. SEM analysis from Fig. 7 presents the BST 

powder having nanometer size ranging from 25 to 158 nm, 

with small particle tending to agglomerate. 
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Fig. 7. SEM images for BST hydrothermally

5. Hydrothermal/Solvothermal

Synthesis of Nanostructured
ZnO for Energy Storage

Applications 

The utilization of nanomaterials in thermal

technologies is becoming more and more

radical solution for improving the performances

systems and overcoming the problems of 

Enhanced thermal transfer properties may be

utilization of very large specific surface area

use of nanosystems. An innovative 

solution involves nanofluids obtained 

encapsulation of phase change materials

accumulate heat. It is well established that

(wurtzite) single crystals grow along the c 

(0001) surfaces are highly polar due to

terminated surfaces, while (001) surfaces 

Therefore, it is possible to explore the growth

side surfaces of the (101) crystalline faces

obtaining inorganic shells or nanomatrices 

control of the hydrophobicity of the developed

Nanoencapsulation in inorganic shells have

recently as a method to encapsulate PCMs

toxic sugar alcohol having a very high latent

[www.sam.ssa.eu]. D-Mannitol and Erythri

were encapsulated by a solvothermal 

pressures and temperatures below 100
0
C to

of PCM. D-mannitol or erythritol, respectively

dried before hydrothermal synthesis in order

much as possible spherical shapes of sugar

of the high pressures is to enhance the encapsulation
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hydrothermally synthetized. 

Solvothermal 

Nanostructured 
torage 

thermal energy storage 

more important as a 

performances of thermal 

 heat transfer [48]. 

be obtained by the 

area brought by the 

 nanotechnological 

 by micro/nano-

materials (PCMs) used to 

that hexagonal ZnO 

 axis and therefore 

to Zn
2+

- and O
2-

-

 are nonpolar [49]. 

growth of nonpolar 

faces in view of 

 with simultaneous 

developed nanosystems. 

have been proposed 

PCMs based on non-

latent heat capacity 

Erythritol used as PCMs 

 process at high 

to avoid the melting 

respectively were spray 

order to obtain as 

sugar alcohol. The role 

encapsulation degree 

and stability of the nanomatrix

between the –OH groups of sugar

from the shell. 

Zinc nitrate hexahydrate was precipitated

with ammonia solution at alkaline

slurry representing ZnO precursor

ethanol medium with spray dried

respectively and hydrothermally

hours at pressure of 40-3000 atm.

and mannitol was varied. Molar

erythriol was 4:1.  

The FT-IR spectra of the erythritol

Fig. 8 identified stretching vibrations

cm
-1

), C-O group (1079 cm
-1

) 

group (2907 cm
-1 

and 1383 cm

sugar alcohol. The SEM picture

nucleation and growth of ZnO 

encapsulated erythritol. 

Fig. 8. FT-IR spectra

Fig. 9. SEM image

, 2015, pp. 31-42  39 

nanomatrix by creating polar interactions 

sugar alcohols and Zn
2+

 ions 

precipitated in aqueous medium 

alkaline pH. Precipitated white 

precursor was further mixed in 

dried D-mannitol or erythritol, 

hydrothermally treated at 100
0
C for 1-3 

atm. Molar ratio between ZnO 

Molar ratio between ZnO and 

erythritol encapsulated in ZnO from 

vibrations of O-H group (3260 

 and bending vibration of C-H 

cm
-1

) due to the presence of the 

picture from Fig. 9 shows the 

 nanoparticles shell around the 

 

spectra of ZnO-Erythritol. 

 

image of ZnO shell. 
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Analysis of the thermal behavior of the PCM based on 

Erythritol encapsulated in ZnO shell presented in Fig. 10 

shows that during repeated heating and cooling cycles during 

direct scanning calorimetry measurements (DSC) the 

difference between the melting and solidification 

temperatures is maintained and the heat storage capacity is 

thus preserved. 

 

Fig. 10. DSC analysis showing thermal stability of Eyrthritol encapsulated in 

ZnO. 

Modelling the encapsulation process of D-Mannitol in ZnO 

shell by high pressure solvothermal process at pressures 

between 100 and 3000 atm and 100
0
C revealed that 1000 atm 

is the optimal pressure for obtaining a good encapsulation 

degree without degradation of the morphology and thermal 

properties of the encapsulated PCM. This innovative route 

for obtaining hybrid nanocapsules may open new directions 

in the seasonal thermal energy storage systems. 

6. Conclusions and Future 
Prospects 

Hydrothermal method is one of the chemical synthesis routes 

with high potential for obtaining nanostructured materials 

with controlled properties for energy harvesting applications. 

A large number of pure or doped oxide and non-oxide 

ceramic nanomaterials from mono-component and poly-

component systems with properties required in sensors, 

actuators or devices were already reported. The main 

advantage of the hydrothermal processes is the ability to 

control nucleation and growth in complex systems containing 

a large number of components and dopants, without affecting 

the structural and morphological homogeneity. This is 

leading to important technological and environmental 

advantages compared to classical ceramic routes: one step 

process for direct production of crystalline nanomaterials, 

low energy consumption, products with much higher 

homogeneity, versatility in producing oxides, non-oxides, 

organic/biologic materials, hybrid materials with different 

morphologies, possibility to be up-scaled to pilot and 

production levels. To fully exploit these advantages in 

developing nanomaterials with controlled chemical, 

structural and morphological composition the experimental 

approach needs to start from thermodynamic prediction of 

equilibria in aqueous solutions, to study the kinetic of the 

process for controlling grain growth and model the synthesis 

leading to optimization of the whole process. These features 

are proved for some selected nanomaterials with high impact 

in energy harvesting technologies.  

YTZP powders with crystallite sizes in the range 8–22 nm 

have been obtained by hydrothermal treatment of amorphous 

hydrous oxides. The crystallization degree increases with 

hydrothermal treatment temperature, agglomeration degree 

decreasing with temperature increasing and pH decreasing. 

The effective ionic conductivity of YTZP bulk materials was 

measured using impedance measurements. The contributions 

of bulk and grain boundaries on the total ionic conductivity 

were calculated and modelled from the impedance spectra of 

samples. The results on the activation energy of ionic 

conduction show a good agreement with the estimated values 

for YTZP nanomaterials. 

Lead zirconate titanate (PZT) powders for piezoelectric 

materials in sensors, transducers and actuators were obtained. 

Prediction of free Gibbs energy of formation show a strong 

shift toward much higher negative values, compared to 

classical ceramic route. The thermodynamic design of PZT 

materials show the ability of hydrothermal process to 

produce PZT powders with crystalline sizes < 43 nm by 

modeling crystallite growth. 

Similar to PZT case, hydrothermal synthesis of barium 

strontium titanate (BST) nanopowders allows a strong shift 

of the free energy toward much higher negative values 

compared to the classical ceramic route. Perovskite BaxSr1-

xTiO3 (x=0.7) nanostructured powders with nanometer size 

ranging from 25-158 nm and tetragonality ratio (c/a) 0.991 

were synthetized in one step process by hydrothermal method 

for future development of new types of sensors. Finally an 

innovative process for high pressure solvothermal 

encapsulation of some phase change materials based on sugar 

alcohols in zinc oxide nanomatrices for energy storage 

application was presented. Modelling the encapsulation 

process of D Mannitol in ZnO shell by high pressure 

solvothermal process at pressures between 100 and 3000 atm 

at 100
0
C revealed that 1000 atm is the optimal pressure for 

obtaining a good encapsulation degree with no degradation of 

the morphology and thermal properties of the encapsulated 

PCM. 

The development of such complex materials was based on 

thermodynamic approaches to predict the temperature and 

composition ranges and modelling methods to optimize the 

grain size and microstructure. Based on these approaches, 
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future developments are expected to show the scalability of 

the processes from laboratory to pilot and industrial scale, 

thus opening new directions in the energy harvesting field. 
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