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Abstract - In broad terms, hydrothermal synthesis is a technology for crystallizing materials 
(chemical compounds) directly from aqueous solution by adept control of thermodynamic variables 
(temperature, pressure and composition). The objective of this chapter is to introduce the field of 
hydrothermal materials synthesis and show how understanding solution thermodynamics of the 
aqueous medium can be used for engineering hydrothermal crystallization processes. In the first 
section, we will focus on hydrothermal synthesis as a materials synthesis technology by,providing 
history, process definitions, technological merits and comments on its current implementation in 
industry. In the second section, we will describe how thermodynamic modeling is being developed 
as an engineering tool to predict equilibrium phase assemblages and use this predictive power as an 
engineering tool for development of hydrothermal technology for materials synthesis. 

R&urn6 - Cristallisation hydrothermale de ceramiques. De manibre generale, la synthbse 
hydrothermale est une technologie pour la cristallisation de materiaux (composes chimiques), 
directement a partir d’une solution aqueuse, et grace a un controle approprie des variables 
thermodynamiques (temperature, pression et composition). L’objectif de ce chapitre est d’introduire 
le domaine de la synthese hydrothermale des materiaux et de montrer comment la comprehension 
de la thermodynamique des milieux aqueux peut etre mise a profit dans l’ingenierie des procedes 
de cristallisation hydrothermale. Dans la premiere partie, nous nous concentrerons sur la synthese 
hydrothermale en tant que technologie de synthese de materiaux en dormant des elements 
historiques, les definitions du procede, les avantages et inconvenients technologiques ainsi que des 
commentaires sur sa mise en application en milieu industriel. Dans la deuxibme partie, nous 
d&irons comment la modelisation thermodynamique sert d’outil d’ingenierie pour predire les 
assemblages de phases a l’equilibre, et comment utiliser cette puissance de prediction pour le 
developpement de la technologie hydrothermale appliqute a la synthtse de materiaux. 

ReDrints : R. E. Riman, Rutgers University, Department of Ceramic and Materials Engineering, 607 Taylor 
Road, Piscataway, New Jersey 08854-8065, USA. 
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1. HYDROTHERMAL SYNTHESIS AS A MATERIALS SYNTHESIS TECHNOLOGY 

1.1. Brief history 

The first publications on hydrothermal synthesis of ceramics started appearing in the 
scientific literature in the middle of the 19th century [ 11. Hydrothermal research was conducted by 
geologists and was aimed at simulating natural hydrothermal phenomena occurring in the Earth’s 
crust in the laboratory, which helped to better understand geological processes. Progress in 
synthesis was accelerated by significant developments in hydrothermal pressure vessel engineering. 
While the 19’h century confined hydrothermal research mostly to Germany, France, Italy, and 
Switzerland, the 20th century brought in the USA, the Soviet Union, and Japan as major centers for 
development of hydrothermal technology. With respect to this chapter, the 20th century is the period 
when hydrothermal synthesis was clearly identified as an important technology for materials 
synthesis, predominantly in the field of single crystal growth [2]. However, the severe 
(supercritical) reaction conditions required for growing single crystals have discouraged extensive 
commercialization for many materials. For example, hydrothermal epitaxy was very popular during 
the 1970s however, it did not achieve commercial success due to the high temperatures and 
pressures involved (~5OO”C, p>lOO MPa) [3]. In recent years, commercial interest in 
hydrothermal synthesis has been revived in part because a steadily increasingly large family of 
materials has emerged that can be prepared under mild conditions (T<35O”C, P<lOO MPa). The 
growing number of scientific papers, which almost tripled between 1989 and 1999, illustrates the 
rising interest in hydrothermal synthesis. During this period, the United States, Japan, and China 
contributed 55% of all the papers on hydrothermal processing in materials science published in the 
world, with the USA (23%) leading ahead of Japan (19%) [4]. 

1.2. Hydrothermal synthesis: a process definition 

Hydrothermal synthesis is a process that utilizes single or heterogeneous phase reactions in 
aqueous media at elevated temperature (T>25”C) and pressure (-100 kPa) to crystallize anhydrous 
ceramic materials directly from solution. However, researchers also use this term to describe 
processes conducted at ambient conditions. Syntheses are usually conducted at autogeneous 
pressure, which corresponds to the vapor pressure above the solution at the specified temperature 
and composition of the hydrothermal solution. However, in the case of hydrothermal growth of 
single crystals, additional pressure adjustment is done to control solubility and growth rate [5, 61. 
Reactants used in hydrothermal synthesis are generally called precursors, which are administered in 
the form of solutions, gels, and suspensions. Mineralizers are either inorganic or organic additives 
that are often used to control pH but are used at excessively high concentrations (e.g., 10 m) to also 
promote solubility. Other additives, also organic or inorganic, are used to serve other functions such 
as promote particle dispersion or control crystal morphology. 

Upper limits of hydrothermal synthesis extend to over 1000°C and 500 MPa pressure [7]. 
Nevertheless, from the point of view of large-scale materials production, practical temperature and 
pressure restrictions fall around 350°C and 100 MPa (saturated vapor pressure of water at this 
temperature is -16 MPa) below which reaction conditions are considered mild and above which 
conditions are considered severe. This transition from mild to severe conditions is determined 
mostly by corrosion and strength limits of the materials of construction that comprise the 
hydrothermal reaction vessels. Intensive research has led to a better understanding of the 
hydrothermal chemistry, which has significantly reduced the reaction time, temperature, and 
pressure for hydrothermal crystallization of materials. A significant number of chemical systems in 



Hydrothermal crystallization of ceramics 17 

the form of powders and films can be synthesized in the range between that of ambient conditions 
and temperatures and pressures of 200°C and < 1.5 MPa, respectively. This breakthrough has made 
hydrothermal synthesis more economical since processes can be engineered using cost-effective and 
proven pressure reactor technology and methodologies already established by the chemical process 
industry. In addition, the maintenance and safety procedures are far less involved with reactions 
performed under mild conditions as opposed to severe ones, which are considerations that influence 
productivity and cost. Thus, problems relating to scale-up issues are more easily addressed than in 
other emerging advanced technologies (e.g., molecular beam epitaxy). 

Hydrothermal synthesis can be distinguished from solvothermal synthesis methods [8] and 
“soft solution processing” [4]. Solvothermal synthesis utilizes non-aqueous solvents instead of an 
aqueous medium [S]. For example, glycothermal synthesis is a solvothermal method that utilizes 
glycols solvents such as ethylene glycol or 1,4-butanediol. “Soft solution processing” is a broad 
term that encompasses many well-established, processing routes that utilize mild reaction 
conditions, which include hydrothermal synthesis among other methods such as bio-mimetic 
processing, electro-deposition, self-assembly, etc. 

A variety of materials have been synthesized by hydrothermal methods, such as stabilized 
zirconia [9], BaTiOs [lo], Pb(Zr,Tii.,)Os [ll], hydroxyapatite [12], quartz [5], zeolites [13], 
vanadates [14], and phosphates [2]. It appears that the hydrothermal technique is well suited not 
only for fabrication of simple and complex oxides, but also for non-oxide materials, such as 
fluorides, sulfides, and pure elements. For example, various forms of carbon, such as diamond [ 151 
and multi-walled carbon nanotubes [ 161 can be fabricated under hydrothermal conditions. 

1.3. The merits of hvdrothermal svnthesis 

Hydrothermal synthesis offers many advantages over conventional and non-conventional 
ceramic synthetic methods. All forms of ceramics can be prepared with hydrothermal synthesis, 
namely powders, fibers, and single crystals, monolithic ceramic bodies, and coatings on metals, 
polymers, and ceramics. Unlike many advanced methods that can prepare a large variety of forms, 
such as chemical vapor-based methods, the respective costs for instrumentation, energy and 
precursors are far less for hydrothermal methods. From the environmental perspective, 
hydrothermal methods are more environmentally benign than many other synthesis methods. This 
can be attributed in part to energy conservant low processing temperatures, ability to recycle waste, 
and safe and convenient disposal of waste that cannot be recycled. The low reaction temperatures 
also avoid other problems encountered with high temperature processes such as poor stoichiometry 
control due to volatilization of components (e.g., lead volatilization in lead-based ceramics) and 
stress-induced defects (e.g., micro-cracks) caused by phase transformations that occur as the 
ceramic is cooled to room temperature. From the standpoint of ceramic powder production, there 
are far fewer time- and energy-consuming processing steps since mixing and milling steps are not 
necessary. Moreover, the ability to precipitate the powders directly from solution regulates the rate 
and uniformity of nucleation, growth and aging, which affords size, morphology and aggregation 
control that is not possible with many synthesis processes [ 17, 181. Figure I shows several 
examples of the varieties of morphologies and particle sizes possible with hydrothermal processing. 
In the future, many industries that rely on powder (e.g., materials, pigments, pharmaceuticals, 
medical diagnostics) will benefit from having access to powders with controlled size and 
morphology for a wide range of reasons beyond the scope of this chapter. For instance, in the 
materials community, the elimination of aggregates leads to optimized and reproducible properties 
because of better microstructure control [ 19,201. From the standpoint of thin films (coatings), other 
methods such as physical vapor deposition, chemical vapor deposition and sol-gel suffer from the 
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Figure 1. (a) and (b) PZT crystals prepared hydrothermally at 150°C for 24 h at moderate stirring. 
In both cases, Pb-acetate and Zr-Ti-hydrous oxide were used as sources of Pb, Zr, and Ti, 
respectively. Total concentration of (Zr+Ti) was 0.1 m and the Pb:Zr:Ti ratio was 1.1:0.52:0.48. 
Concentration of the TMAH mineralizer was (a) 0.5 m, (b) 1.0 m. (c) and (d) Hydroxyapatite 
crystals prepared hydrothermally at 200°C for 24 h at pH=lO.O at moderate stirring. (c) Powders 
crystallized in 50 vol. % 2-propanol (aq). (d) Powders crystallized in 1 wt.% KC1 (aq). 

disadvantage that they all require high temperature processing to crystallize the ceramic phase. 
Thermally induced defects result, such as cracking, peeling, undesired reactions between the 
substrate and coating and decomposition of the substrate material. In contrast, hydrothermal 
synthesis can be used to directly crystallize films on to substrate surfaces at low temperatures 
thereby enabling new combinations of materials such as ceramic coatings on polymer substrates 
(Figure 2). Many methods have been reported for the preparation of conversion coatings [21, 221, 
polycrystalline thin films [23, 241, epitaxial films [25], mono-molecular layers [26, 271, and 
superlattices [28]. 

The unique pressure-temperature interaction of the hydrothermal solution allows the 
preparation of phases that are difficult to prepare with other synthetic methods. This has been 
particularly relevant to the manufacturing of single crystals (Figure 3). For example, no method 
other than hydrothermal synthesis can be used to grow large a-quartz single crystals [5]. In general, 
hydrothermal methods are also used for materials that melt incongruently because such materials 
cannot be grown with compositional and phase uniformity. Lead zirconate titanate (PZT) is a good 
example. No compositions with 52/48 Zr/Ti ratios have been reportedly grown from the melt [29]. 
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Figure 2. Typical microstructures of Pbi.i(Zra.7Tio.3)03 (PZT) epitaxial films deposited on SrTiO3 
(100) substrates under hydrothermal conditions at 150°C for 24 h (a) island growth observed at 
stirring speed of 1200 rpm from a precursor containing 0.33 m Pb-acetate, ZrOClz, and Ti02 (total 
concentration of (Zr+Ti)=0.3 m), and 6 m KOH mineralizer; (b) thin film exhibiting a characteristic 
spiral growth pattern that was synthesized without stirring, using 0.41 m Pb-acetate, 0.37 m Zr-Ti- 
hydrous oxide as sources of Pb, Zr, and Ti, respectively, and 10 m KOH mineralizer. 

However, such incongruency is not observed when PZT is grown from hydrothermal solution. This 
has been used to grow thin and thick single crystals on strontium titanate seeds with excellent 
compositional control [30-321. Phase fields are often simpler when hydrothermal solutions are used. 
For instance, in the case of barium titanate, it is the only phase that is stable in hydrothermal 
solutions while all the other phases with Ba/Ti ratios greater or less than 1:l are eliminated [33]. 
The use of mild hydrothermal reaction conditions allows synthesis of metastable compounds which 
cannot be obtained using classical synthesis methods at high temperatures, as discussed in [34]. 
Good examples are me&table oxides of tungsten, molybdenum, vanadium, and manganese [14, 
341. 

Materials synthesized under hydrothermal conditions often exhibit differences in point 
defects when compared to materials prepared by high temperature synthesis methods. For instance, 
tungstates of Ca, Ba, and Sr synthesized at room temperature by an hydrothermal-electrochemical 
method do not contain Schottky defects usually present in similar materials prepared at high 
temperatures [35], which results in improved luminescent properties. Other types of defects, such as 
hydroxyl ions substituted for oxygen ions in barium titanate generate barium ion vacancies, which 
are believed to degrade the dielectric properties [36,37]. 

A major advantage of hydrothermal synthesis is the myriad of ways the technology can be 
hybridized with other processes to gain advantages such as enhancement of reaction kinetics or the 
ability to make new materials. A great amount of work has been done to enhance hydrothermal 
synthesis, by hybridizing this method with microwaves, electrochemistry, ultrasound, 
mechanochemistry, optical radiation, hot-pressing, and many other processes. 

Microwave-hydrothermal processing is used mostly for synthesis of ceramic powders. It 
enhances crystallization kinetics by l-2 orders of magnitude with respect to standard hydrothermal 
processing [7]. Additional advantages of this method are very high heating rates and the synthesis 
of novel phases. The hydrothermal-microwave technique has been used to synthesize different 
ceramic powders with controlled size and morphology, such as TiOz, ZrOz, Fez03, BaTiOs, 
hydroxyapatite, etc. [7,38]. 
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Figure 3. A single crystal of a-quartz, produced commercially using the hydrothermal technique at 
350°C under 100 MPa pressure using Na2C0, (aq) as a solvent (photograph provided by J. 
Radwanski of Sawyer Research Products, mc). 

Hydrothermal-electrochemical synthesis combines the hydrothermal method with 
electrochemical treatment and involves deposition of polycrystalline oxide films on reactive metal 
electrode substrates. It is particularly important when crystalline oxide products cannot precipitate 
from solution in the absence of an applied electrical potential. Highly crystallized ceramic thin 
films, such as BaTi03, SrTiOs, LiNiOz, PbTi03, CaW04, and BaMoOd can be deposited on metallic 
substrates from aqueous solutions at low temperatures 25200°C within several hours by the 
hydrothermal-electrochemical method [23, 241. The hydrothermal-electrochemical technique also 
enables fabrication of ceramic superlattices. Alternate layers of thallium (RI) oxide films (7 nm 
thick) with different defect structures were deposited using this method. [28]. Monomolecular 
layers of semiconductors, such as GaAs, CdTe, CdSe, and CdS are made by electrochemical atomic 
layer epitaxy, which is analogous to molecular beam epitaxy, but instead uses aqueous solutions 
instead of a vapor phase for transport of growth species [27,39]. 

Mechanochemical-hydrothermal synthesis (“wet” mechanochemical) hybridizes 
hydrothermal synthesis and the classical mechanochemical powder synthesis, which is a solid-state 
synthesis method that takes advantage of the perturbation of surface-bonded species by pressure to 
enhance thermodynamic and kinetic reactions between solids [40]. Materials such as PbTi03 and 
hydroxyapatite have been made with this approach [40, 411. It is known that high pressures in 
excess of 1 GPa catalyze low-temperature solid-state reactions in ceramic materials by orders of 
magnitude [7]. Mechanochemical-hydrothermal synthesis utilizes the solvency of an aqueous 
solution, which capitalizes on using the pressure environment provided by the mechanochemical 
reactor to accelerate one or more the rate-determining steps that limit the lower temperature for 
hydrothermal reactions such as interfacial reaction, crystal dissolution or dehydroxylation. The 
mechanochemical activation of slurries can generate localized zones of high temperature (- 4.50- 
7OO’C) and high pressure due to friction and adiabatic heating of gas bubbles (if present in the 
slung), while maintaining the average temperature close to the room temperature [42]. Since any 
type of mill or comminuting equipment can be used, the mechanochemical-hydrothermal route 
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offers the potential for process scale-up yet eliminates the need for use of a pressure vessel or 
external heating. However, control of particle size, morphology and aggregation is a challenge for 
this method since current methods fail to regulate rates of nucleation, growth and aging, as well as 
conventional hydrothermal technologies are able to. To address this issue, recent work [43] has 
incorporated the use of emulsions in mechanochemical-hydrothermal reactors to better regulate 
nucleation and growth, which resulted in hydroxyapatite that is far less aggregated. 

Hydrothermal-sonochemical synthesis hybridizes hydrothermal synthesis with ultrasound 
(acoustic 20kHz-1OMHz). Ultrasound is known to accelerate the reaction kinetics by as much as 
two orders of magnitude [7]. This has been attributed to to sharp temperature gradients with 
localized peak temperature zones that are speculated to be as high as 5000 K and localized peak 
pressure zones of up to 180 MPa, while maintaining the average temperature close to room 
temperature [44]. These gradients create CaviationIbubble collapse events that inhibit the formation 
of agglomerates or aggregates during crystallization. The sonochemical environment is also 
considered to alter molecular chemistry (chemical bond scission, generate excited states and 
accelerate electron transfer steps in chemical reactions), and enhance mass transport and 
crystallization kinetics. [44]. Hydrothermal-sonochemical synthesis methods have been reported for 
many ceramic powders (Calo(PO&(OH)2, AlPOd, InSb, CdS) and thin films (LizB407, BazTiSizOs). 

Hydrothermal-photochemical synthesis utilizes laser irradiation is to increase growth rates 
by an order of magnitude for ceramics and 3 orders of magnitude for metals [45,46]. Moreover, it 
enables precise patterning of thin films with a resolution of -1 pm [45,46], which is essential in the 
integration of hydrothermal techniques with other device fabrication technologies. Enhancement of 
the reaction rate can be attributed to temperature, diffusional enhancement due to light-induced 
thermal-gradients that micro-stir the solution [45, 461, and/or photo-chemistry [47]. Examples of 
ceramics synthesized by the hydrothermal-photochemical include thin films of Ni-, Zn-, Co-, and 
Mn-ferrites, C0304, Tl2O3, and Fe304. 

Hydrothermal hot pressing is a simple and effective fabrication technique for shaped 
ceramics under mild conditions (T=lOO-35O”C, PC25 MPa), within a short reaction time below 1 h, 
often in only one processing step (reactive hydrothermal sintering or hot pressing). This technique is 
very usefnl for solidification of radioactive wastes and sludge ashes [48]. The process involves 
compacting a ceramic powder or its precursor under hydrothermal conditions either in a special hot- 
pressing apparatus where uniaxial pressure can be applied or simply in a metal capsule [9, 491. 
Another possibility is direct hydrothermal sintering of a pressed pellet of powder. During the 
hydrothermal treatment, mass transport leading to densification occurs mostly by a dissolution- 
precipitation mechanism. The resulting materials are usually very porous, but exhibit fairly good 
mechanical properties. Nevertheless, relative densities as high as 94% have been reported [49]. Low 
processing temperatures enable the incorporation of organic components that can improve 
mechanical strength of the porous ceramics. Examples of ceramics synthesized and/or densified by 
this method include zirconia, titania, silica, calcium carbonate, strontium carbonate, magnesium 
carbonate, hydroxyapatite, glass, and mica. 

1.4. hnnlementation of hydrothermal swthesis in industry 

The advantages of hydrothermal methods provide the means for transforming this emergent 
technology into a commercially feasible one. For instance, nanopowders used to comprise 
nanomaterials are primarily synthesized by expensive vapor phase synthesis methods, whose cost 
drivers are precursors, energy and reactor technology. Development of commercial hydrothermal 
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processes capable of making similar powders will be a “disruptive” technology that will provide a 
paradigm shift in the nanomaterials community. The numerous reports in the literature of 
nanopowder synthesis by hydrothermal methods [ 17, 50-521 serve as significant evidence that this 
paradigm shift is inevitable. 

Several hydrothermal technologies for ceramic powders have already been developed that 
demonstrate the commercial potential of this processing route. For the production of single crystals, 
a-quartz is the best example (Figure 3), with a production rate on the order of 3000 tons/year [2] 
for a wide range of frequency control and optical applications. Potassium titanyl phosphate (KTP) is 
another single crystal material that is hydrothermally grown for nonlinear optical applications [53, 
541. While this is a great example of a novel advanced material, the annual production rate 
(estimated as -1 ton/year [55]) is orders of magnitude lower than for quartz. Perhaps the largest 
potential growth area for commercialization is ceramic powder production. The widely used Bayer 
process uses hydrothermal methods to dissolve Bauxite and subsequently precipitate aluminum 
hydroxide, which is later heat-treated at high temperature to crystallize as a-alumina. In 1989, the 
worldwide production rate was about 43 million tons/year [56]. The production of perovskite-based 
dielectrics and zirconia-based structural ceramics is a promising growth area for hydrothermal 
methods. Corporations such as Cabot Corporation, Sakai Chemical Company, Murata Industries, 
Ferro Corporation and others have established commercial hydrothermal production processes for 
making dielectric ceramic powder compositions for capacitors [57]. Unlike the above process for 
making a-alumina or most ceramic powder manufacturing methods, these hydrothermal powders 
are crystallized as anhydrous oxides with controlled size and morphology directly from solution. 

2. THERMODYNAMIC MODELING-A VIABLE ENGINEERING TOOL FOR 
HYDROTHERMAL SYNTHESIS 

In order for hydrothermal synthesis to become a mainstream technology, engineering 
approaches must be available to facilitate rapid technology development. A majority of the 
hydrothermal synthesis work that has been done in the past has used Edisonian trial and error 
methods for process development. This type of experimental approach suffers from its time- 
consuming nature and the inability to clearly discern between processes that are controlled by either 
thermodynamics or kinetics. By designing a hydrothermal process to be thermodynamically favored 
to form desired products, kinetics limitations of the process can be subsequently resolved. 
Thermodynamic modeling can be used to design a process to be thermodynamically favored using 
fundamental principles instead of Edisonian methods. Such models can perform many functions for 
the design of hydrothermal experiments. First, for a given precursor system, the effects of 
concentration, temperature and pressure can be explored to define the processing variable space 
over which the phase(s) of interest are stable. Second, many different types of precursor systems 
can be compared so that robust and cost-effective processes are designed. Third, experiments can be 
designed to make materials that have never been previously prepared in hydrothermal solution. 
Such a design approach requires far fewer experiments than Edisonian methods. Furthermore, with 
phase space well defined for the material of interest, a range of conditions can be explored for 
control of reaction and crystallization kinetics for the purpose of developing a process suitable for 
the desired form of the material (e.g, powder, film, or single crystal). Thus, based on the above 
arguments, the development of thermodynamic models is the core of a suite of engineering tools 
useful for accelerating technology development. 

In the following sections, the steps involved in the construction of a thermodynamic model, 
its relevant output, experimental validation, and its use as an engineering tool will be described. 
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Table I. Reaction equilibria in the Ba-Ti-K-H20 hydrothermal system with Ti02, Ba(OH)z and 
Ba(N03)z as precursors and KOH as a mineralizer. 

H*O=H++OH BaOH+ = Ba” + OH‘ 
HzO(,, = Hz0 Ba(OH)2(s) = Bat2 + 20H- 
BaTi03(s)+H20 = Ba’++ HTiO3- + OH Ba(OH)2.8H20 = Ba+2 + 20H‘ + 8H2O 
Ti4+ + Hz0 = TiOH3+ + H+ Ba(NO&) = Bat2 + 2N03‘ 
TiOH’+ + Hz0 = Ti(OH)2’+ + Ht HNO3(,) = HNO3(aq) 

Ti(OH)z2’ + Hz0 = Ti(OH)3+ + H+ HNO3(,, = H+ + N03- 
Ti(OH)3+ + Hz0 = Ti(OH)4(aq) + Ht KOH(,, = K+ + OH- 
Ti(OH)4,,,j +OH- = HTiOx- + 2H20 KOH.H20 = K+ + OH- + H20 
TiO&-utile) + 2H20 = Ti(OH),,,,) KOH.2H20 = K+ + OH- + 2H20 
TiOz(anatase) + 2HzO = Ti(OH)4ca4) KNO3(,, = K+ + NO3- 

2.1. Construction of a thermodvnamic model 

In order to construct a thermodynamic model, we will design a process for barium titanate 
(BaTiO3) powder synthesis from either barium hydroxide or barium nitrate and titanium oxide with 
a KOH mineralizer. Tubk I shows all possible chemical reactions, which can take place in the Ba- 
Ti-K-H20 hydrothermal system. Nitric acid is added in addition to potassium hydroxide so the 
formation of ceramic materials in basic and/or acidic environments can also be simulated. For 
completeness, the data for gaseous species are also included although the gas phase plays a 
secondary role in this case. Table I shows that even a simple hydrothermal system such as Ba-Ti-K- 
Hz0 contains a significant number of species and independent chemical reactions. 

Determining the equilibrium concentrations for each of the species requires the use of 
automated computer-based solution algorithms. These algorithms together with data banks are 
embedded in the OLI Software [58]. One algorithm serves to obtain equilibrium concentrations of 
all species in the electrolyte system and another algorithm is used to construct stability and yield 
diagrams. Stability diagrams concisely represent the thermodynamic state of multicomponent, 
multiphase aqueous systems over wide ranges of temperature and reagent (precursor) 
concentrations. In the past, stability diagrams were considered for a limited number of hydrothermal 
systems by assuming that the aqueous solutions were ideal [59-611. Such diagrams were of limited 
utility for synthesis research because the input precursor concentrations and corresponding product 
yields were not specified. For this reason, Lencka and Riman [62] proposed the use of yield 
diagrams, which specify the synthesis conditions suitable for quantitative precipitation of the phase 
of interest. No other solid phases are precipitated within this phase field. At that time, stability and 
yield diagrams for perovskite-type ceramic materials were constructed manually using point-by- 
point calculations [62-661. Sotlsvare for automating the generation of stability and yield diagrams is 
now available [58, 671. 

Calculations of stability and yield diagrams are based on a thermodynamic model that 
combines the Helgeson-Kirkham-Flowers-Tanger (HKFT) equation of state for standard-state 
properties of aqueous species [68, 691 with a non-ideal solution model based on the activity 
coefficient expressions developed by Bromley [70] and Pitzer [71], and modified by Zemaitis et al. 
[72]. For solid species, standard-state properties are used in conjunction with basic thermodynamic 
relationships. Fugacities of components in the gas phase are calculated from the Redlich-Kwong- 
Soave equation of state [73]. Details of this thermodynamic model were previously given with an 
emphasis on the hydrothermal synthesis of ceramic materials [62, 63, 72, 74, 751. 
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Figure 4. Flow chart for OLI software used for generating stability and yield diagrams. 

2.2. Methodologv for Penerating stabilitv and vield diagrams 

Figure 4 shows an overall scheme of the program for generating stability and yield 
diagrams. First, the desired product and components of the hydrothermal system have to be defined 
(#l). Thus, the identities of the precursors, mineralizers and other additives needed for the synthesis 
of a required solid phase need to be specified. This information is used as input data, along with the 
range of reagent concentrations, temperature and pressure specified by the user (#2). It is important 
that there is a data bank that is relevant for all the components in the system. The software has a 
comprehensive data bank (#3), which contains standard-state thermochemical properties and 
independent reaction sets for all species, Helgeson-Kirkham-Flowers-Tanger equation of state 
parameters for aqueous species, and Redlich-Kwong-Soave equation of state parameters for gaseous 
species. The software also stores binary parameters for ion-ion, ion-neutral and neutral-neutral 
species interactions. Standard-state properties used in the data bank were described previously [63, 
751. It should be noted, however, that the standard-state properties and parameters are frequently 
obtained by regressing numerous kinds of thermodynamic data. These data include vapor pressures, 
osmotic coefficients, activity coefficients, enthalpies and heat capacities of solutions, and 
solubilities and heat capacities of solids. When data is not available in the OLI data bank for the 
specified hydrothermal system, a private data bank must be constructed. The literature can be 
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Figure 5. Calculated yield diagram for the Ba-Ti-K-H20 system at 433 K as a function of the 
equilibrium solution pH. Ba(OH)z and Ti02 @utile) are used as precursors and the ratio of Ba/Ti is 
equal to 1. The solid line denotes the incipient precipitation boundary for BaTi03; in the area above 
the solid line, BaTiOs and TiO2 coexist. The shaded area corresponds to the BaTi yield >99%. 
The dotted line separates regions dominated by different aqueous species, which in this case are 
Ba2’ and BaOH+. 

consulted for data, as well as several methods for estimating thermochemical data [76, 771. The 
chemistry model generation step (#4) creates the species and reactions that are possible with the 
given components of the system. All possible combinations of ions, neutral complexes and solids 
are considered in this step. The chemical speciation model (#5) is a set of equations, which contains 
chemical equilibrium equations, phase equilibrium equations, mass balance and electroneutrality 
equations. Once the thermodynamic conditions are specified (#2), the chemical speciation model is 
solved (#6). Equilibrium concentrations of all species are calculated as a function of processing 
variables (e.g. mineralizer concentration) (#7). This gives the equilibrium composition of a specific 
set of reaction conditions, but in order to understand the overall behavior of the system, 
computations must be performed over a wide range of conditions. For this purpose, we specify the 
processing variables of interest (#8). The OLI software offers a flexible choice of independent 
variables as x- and y-axes of stability and yield diagrams, which include precursor and mineralizer 
concentrations, solution pH and temperature, in addition to the electrochemical potential, the latter 
being used for the simulation of corrosion. In the case of yield diagrams, the yield value (e.g., 99, 
99.9 and 99.95 %) of the desired material must be chosen. Stability and yield diagrams can then be 
generated (#9). 

2.3. Examnles of stabilitv and vield diagrams 

Figure 5 presents yield diagram calculated at 433 K for the hydrothermal system obtained 
by mixing barium hydroxide and titanium dioxide with a stoichiometric molar Ba/Ti ratio equal to 
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one. The total input concentration of the Ba precursor and the solution pH adjusted by KOH are 
used as independent variables. The input concentration of the metal precursor takes into account all 
Ba-containing solution and solid species because we are concerned not only with the equilibrium 
concentration of species in saturated solution, but also with the conversion of the precursor system 
into a phase-pure product. It should be noted that all concentrations are expressed in molality (i.e. 
number of mols per 1 kg of H20) because it can be measured more accurately and precisely than 
molarity. The solid curve in Figure 5 corresponds to the incipient precipitation (solubility curve) 
boundary for BaTiOj. In our calculations, an equilibrium point is assumed to lie on the incipient 
precipitation boundary when less than 0.25% of the precursor is reacted to form a solid phase. Only 
one point on the solubility curve of BaTiOs corresponds to the solubility of barium titanate in water 
and this solubility is equal to about 8.6.10d m at 433 K, which corresponds to a pH of 8.7. The pH 
values correspond to the temperature of the experiment. For example, pH values in alkaline 
solutions at 433-473 K are 2-3 pH units lower than those for the same solutions at room 
temperature. The formation of BaTi is dependent on pH. Crystalline BaTi can be obtained at 
pH higher than ca. 8.0 for the input concentration of TiOz equal to 1 m. The stability of BaTi also 
increases with rising pH, which means, the solubility of barium titanate decreases with increasing 
pH. At the solubility curve, the yield of barium titanate is very small and it increases as we move 
beyond the solubility curve into the solid-liquid region, which reaches at least 99% in the shaded 
area of Figure 5. The yield is calculated by dividing the number of moles of the product by the total 
number of moles of the input metal precursor. The shaded area in Figure 5 shows the range of input 
precursor concentrations and equilibrium pH that can produce 99%+ phase-pure BaTiO3 at 433 K. 

T=160”C (433 K) Yield=0.99 
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Figure 6. Calculated yield diagram for the Ba-Ti-K-H20 system at 433 K as a function of the input 
molality of KOH. Ba(OH)z and TiOz @utile) are used as precursors and the ratio of Ba/Ti is equal to 
1. The solid line denotes the incipient precipitation boundary for BaTi03; in the area above the solid 
line, BaTi and Ti02 coexist. The shaded area corresponds to the BaTi yield >99%. The dotted 
line separates regions dominated by different aqueous species, which in this case are Ba” and 
BaOH+. 
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The dotted line on the yield diagram corresponds to the loci where two aqueous species have equal 
concentrations, which in this case corresponds to Ba*’ and BaOH+. At 433 K, Ba*’ dominates at pH 
below 10.8 and it becomes hydrolyzed to BaOg above this PH. There are also titanium complexes 
present in this system (cf., TableI). However, their concentrations within the stability region 
corresponding to 99% yield of barium titanate are very small (-1O-9-1W8 m) and do not change 
significantly with mineralizer concentration or increases in temperature. Thus, this data is not 
shown in Figure 5 for clarity. As pH increases (increasing mineralizer concentrations), even the 
amount of soluble barium decreases to very low values. 

The optimum conditions for the precipitation of barium titanate are also shown in Figure 6, 
which is a plot that shows input concentrations on both x and y axes. The total input concentrations 
of Ba and Ti precursors at a fixed molar ratio (BaJTi=l) are shown on the y-axis and pH is replaced 
with the molality of a mineralizer (KOH) as the x-axis variable. In contrast to the diagrams with 
equilibrium pH as an independent variable, these diagrams are more practical because they directly 
specify the molalities of precursors and mineralizer that are needed to obtain a specified yield of 
product. The solid line in Figure 6 denotes the incipient precipitation boundary for barium titanate. 
In the area above the solid line, barium titanate and titanium oxide coexist. As we move closer to 
the shaded area, the yield of barium titanate increases while the amount of titanium dioxide 
decreases. The shaded region shows the optimum synthesis conditions (i.e., input molality of 
barium hydroxide, titanium dioxide and potassium hydroxide) for the formation of phase-pure 
barium titanate (yield greater than 99%) at 433 K. The amount of KOH necessary to form phase- 
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Figure 7. Calculated yield diagram for the Ba-Ti-K-H20 system at 433 K as a function of the input 
molality of KOH. Ba(NO3)r and TiOz @utile) are used as precursors and the ratio of Ba!Ti is equal 
to 1. The solid line denotes the incipient precipitation boundary for BaTiOr; in the area above the 
solid line, BaTi and TiOr coexist. The shaded area corresponds to the BaTiOr yield >99%. The 
dotted line separates regions dominated by different aqueous species, which in this case are Ba2’ 
and BaOH+. 
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pure BaTi Ii-om Ba(OH)z increases with a decrease of input molalities of precursors. For the input 
concentration of Ba(OH)z above 0.09 m, no mineralizer is necessary to obtain phase-pure BaTiOs. 
This is because the necessary concentration of OR groups is provided by the barium hydroxide 
precursor to drive the reaction for barium titanate formation to completion. 

When barium nitrate and titanium dioxide with a molar ratio Ba/Ti equal to 1 .O are used as 
precursors and KOH is used to adjust pH, a qualitatively similar diagram is obtained (see Figure 7). 
The position of the incipient precipitation line does not depend on the precursor identity and 
therefore, remains the same, however, the area of the 99% yield of barium titanate has a different 
shape. At low concentrations of barium nitrate (below 0.004 m), the same amount of KOH is 
necessary to obtain more than 99% of BaTiO3, as in the case of barium hydroxide. At 
concentrations of precursors above about 0.004 m, the amount of the mineralizer increases 
proportionally to the amount of precursors. This is because in concentrated solutions, two moles of 
OR are consumed for the synthesis of one mole of BaTi and only a relatively small amount of 
additional OR is necessary to ensure a pH sufficient for BaTi stability. Figure 7 shows that a 
mineralizer will always be necessary for the hydrothermal synthesis of BaTi if barium nitrate is 
used as the precursor. If precursors with the Ba/Ti ratio above 1 are used, the area of phase-pure 
BaTi 99% yield region widens and moves towards the incipient precipitation line. In general, it is 
possible to vary the relative amounts of precursors in order to decrease or eliminate the necessary 
amount of mineralizer for the precipitation of a pure material [67, 751. 

2.4. Thermodvnamic model validation and utility 

Thermodynamic modeling has benefited the materials community by being enabling the 
preparation of new materials, streamlined experimental design, process optimization for making 
phase-pure materials and designated processing variable space for particle size and morphology 
control. To demonstrate this utility, we will discuss our research focusing on the synthesis of 
perovskite materials useful for dielectric and piezoelectric applications [62, 63, 761. The research 
always starts with the computation of stability and yield equilibrium diagrams. After the diagrams 
are generated, experiments are chosen to test the phase boundaries that are relevant to the material 
of interest. For instance, diagrams were generated for Nao.jBia.STiOj (NBT) and Ko.sBis.sTi03 
(KBT), which prior to our research have never be previously prepared via hydrothermal methods. 
The diagrams calculated at 200°C postulated that NBT was stable at pH>l 1 (Figure 8) and KBT 
was stable at pH>12 for wide ranges of titanium and bismuth precursor concentrations. These 
conditions correspond to the NaOH concentrations greater than 4 m for NBT and KOH 
concentrations above 6 m for KBT (Figure 9), where yields higher than 99% are expected. The data 
points on these Figures 8 and 9 show experimental data that demonstrates that the recommended 
reaction conditions and experimentally obtained phase assemblages are entirely consistent with the 
expected phase assemblages based on thermodynamic calculations [78]. 

The above discussion shows how thermodynamics can be used to quickly identify systems 
that are suitable for hydrothermal methods. However, calculations can also be used to quickly 
identify materials that cannot be prepared with hydrothermal methods due to thermodynamic 
instability. Two good examples are lead magnesium niobate (PMN) and lead zinc niobate (PZN). 
Diagrams computed at temperatures of 200°C for hydrothermal systems targeted for PhJN or PZN 
failed to show any perovskite phase field (Figures 10 and 11). The experiments were performed to 
test these thermodynamic models, and the phase fields predicted by thermodynamic calculations 
were confirmed, which indicated that these phases cannot be prepared with hydrothermal methods 
under mild reaction conditions. 
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Figure 8. Calculated yield diagram for the Na-Bi-Ti-Hz0 system at 200°C as a function of solution 
pH. The symbols denote experimentally obtained phase assemblages corresponding to the reaction 
conditions specified by the equilibrium diagram: 0, Bi4Ti3012+Ti02; Cl, 
Bi4Ti~012+TiOz+N~.~Bio,sTiO~; ??, N%.5Bi0,5Ti03. The shaded area corresponds to the 
Nao.sBio.sTi03 yield >99%. 
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Figure 9. Calculated yield diagram for the K-Bi-Ti-Hz0 system at 200°C as a function of KOH 
concentration. The symbols denote experimentally obtained phase assemblages corresponding to the 
reaction conditions specified by the equilibrium diagram: f, Bi4Ti30,2+Ti02+an unknown phase; 
0, Bi4Ti3012+Ti02+&.5Bi0,5Ti03; 0, J.&BiO.~TiO~. The shaded area corresponds to the 
&.SBio,STiO3 yield >99%. 
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Figure 10. Computed stability diagram for the Pb-Mg-Nb-K-Hz0 system at 200°C where input 
precursor concentration is plotted as a function of mineralizer (KOH) concentration. The symbols 
denote experimentally obtained phase assemblages corresponding to the reaction conditions 
specified by the equilibrium diagram: 0, Mg(OH)z+Pb3Nb4013; 0, KNb03+Mg(OH)2. 
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Figure 11. Computed stability diagram for the Pb-Zn-Nb-K-H20 system at 200°C where input 
precursor concentration is plotted as a function of equilibrium pH. The symbols denote 
experimentally obtained phase assemblages corresponding to the reaction conditions specified by 
the equilibrium diagram: O,Pb,,s~Z~.~~Nb~,~~O~.~~ (pyrochlore); 0, KNbO3. 
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Figure 12. Solid products of hydrothermal reactions of Pb-acetate and/or Pb(NO& and TiO2 for 
Pb/Ti=l at different temperatures and pH values: 0, crystalline PbTiOs; A, amorphous PbTi03; 0, 
TiO2; O/O, PbTiOj+TiOz; +, PbTiO+Ti02+PbO+ Pb2Ti206. The horizontal dashed line denotes 
the beginning of precipitation of PbTi03 and the horizontal solid lines encompass the region where 
the calculated yield of PbTi03 exceeds 99.99%. This region is divided by a vertical dotted line, 
which is a threshold temperature above which the process is thermodynamically controlled and 
below which the process is controlled by sluggish kinetics. 
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Figure 13. Calculated stability diagrams for the system Pb-Zr-Ti-Hz0 at 150°C. The incipient 
precipitation lines are shown for (1) PbZr~,46Ti0.540sr (2) PbZre.52TiO.4s03, (3) PbZr0.6aTi0.4a03, and 
(4) PbZre.75Tio.2503. Pb-acetate, Ti02, and ZrO2 are used as starting materials and the ratio of total 
molalities Pb/(Zr+Ti)=l .O. The dashed dotted lines separate regions dominated by different aqueous 
species. 
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Computed phase diagrams can also be used to determine the temperature where kinetically- 
controlled processes transition to thermodynamically-controlled ones. Figure 12 shows 
thermodynamically stable phases with temperature as the independent variable and pH as the 
dependent variable for the Pb-Ti-Hz0 system. The vertical line at -137°C shows the transition 
temperature below which thermodynamics cannot predict the phase assemblage (the phases are 
often amorphous or consisting of mixtures of reactants and intermediates). Above this temperature, 
thermodynamics is very effective in predicting the phase assemblage. 

The interdependence between product composition and the requisite reaction conditions can 
be studied with thermodynamic calculations. A good example is Pb(Zr,Tir.,)03 (PZT) with its 
broad range of solid solutions. Stability fields are shown in Figure 13 for both solid phases and 
dominant species with pH as the dependent variable and precursor concentration as the dependent 
variable. Incipient precipitation boundaries are shown for several x values that correspond to 0.46, 
0.52 and 0.75, which were chosen since they correspond to tetragonal, morphotropic phase 
boundary (mixture of tetragonal and rhombohedral) and rhombohedral compositions, respectively. 
These calculations reveal that changing the relative fraction of zirconium and titanium in PZT does 
not change the hydrothermal conditions required for thermodynamic stability to a very significant 
degree. Thus, computations for one specific PZT composition are probably relevant for a wide 
range of compositions. Our work has validated that since we have found the conditions to be 
comparable for both morphotropic and rhombohedral compositions. 

Validated equilibrium diagrams can be used to define the range of processing variable space 
(reaction conditions) to control particle size and size distribution for a given phase. For example, 
changing the concentration of tetramethylammonium hydroxide (TMAH) from 0.5 to 1.0 m can 
change the PZT powder morphology from a fiber-like morphology to a cube-shaped morphology 
(Figure I) [79]. Similarly, nanosized hydroxyapatite powders with a range of sizes and aspect ratios 
can be prepared by applying different additives to the crystallization environment (Figure I). 

KOH] (mol,‘kg H,O) 

Figure 14. Phase equilibria in the Pb-Zr-Ti-K-Hz0 system at 150°C (solid lines) and at 300°C 
(dotted lines) as functions of precursor and mineralizer concentrations. Pb/(Zr+Ti)=l. 1 has been 
assumed in the calculations. The shaded region corresponds to a Pb(Zr0.7Tis.s)Os yield of more than 
99% at 150°C. The symbol, 0, denotes experimental reaction conditions where phase-pure 
Pb(Zrs.rTis.3)Os was formed. 
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Figure 15. PZT crystals synthesized hydrothermally at 150°C for 24 h. In all cases lead acetate, 
crystalline Ti02, and ZrOClz were used as sources of Pb, Ti, and Zr, respectively. Total 
concentration of (ZrtTi) was 0.3 m, concentration of the KOH mineralizer was 6 m, and the 
Pb:Zr:Ti ratio was 1.1:0.70:0.30. Stirring speeds were as marked. 

Processing variables such as temperature, pH, reactant concentration are thermodynamic 
variables but also influence both reaction and crystallization kinetics. However, it should be realized 
that non-thermodynamic variables associated with the reactors used to crystallize the ceramic 
powders are also important when operating in thermodynamically-controlled processing variable 
space. Using Figure 14 to define the phase space, increasing the stirring speed from 200 to 1700 
rpm can change the particle size of PZT crystals from over 10 microns to a nanosized range (Figure 
15) [32]. This is a very important capability of hydrothermal synthesis, since it allows dialing in a 
specific particle size or morphology for a process and changing it to suit the requirements of the 
user. Furthermore, it simplifies the process greatly since all other reaction conditions are held 
constant. 
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