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A thermodynamic method is proposed for analyzing the hydrothermal synthesis of ceramic
materials. The method utilizes standard-state thermodynamic data for solid and aqueous species
and a comprehensive activity coefficients model to represent solution nonideality. The method
isused to generate phase stability diagrams for the species that predominate in the system. The
stability diagrams can be used to predict the optimum suspension synthesis conditions (i.e.,
feedstock composition, pH and temperature) for hydrothermal synthesis of ceramic materials.
The synthesis of barium titanate (BaTiOs(s)) and lead titanate (PbTiOs(s)) are discussed as
examples. In the case of the synthesis of BaTiO;(s), which can be obtained at temperatures
as low as 363 K, it is important to use solutions of appropriate pH. Practical techniques have
been suggested to maintain the required pH by using a correct molar ratio of feedstocks, such
as barium hydroxide (Ba(OH)z(s)) to titanium dioxide (TiOz(s)) or use of a mineralizer such as
sodium hydroxide (NaOH(s)). It has been shown that contact with atmospheric carbon dioxide
(CO2(g)) will always lead to the contamination of the product with barium carbonate (BaCO;-
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(s)). Also, a low-temperature synthesis of PbTiO3(s) has been proposed.

Introduction

Hydrothermal synthesis is a useful method for preparing
myriad ceramic (e.g., ferroelectric and relaxor) materials
from a variety of precursor feedstocks (e.g., oxides, nitrates,
and alkoxides). The hydrothermal medium is attractive
for ceramic powder synthesis because the combined effects
of solvent, temperature, and pressure on ionic reaction
equilibria can stabilize desirable products while inhibiting
the formation of undesirable compounds. Also, hydro-
thermal synthesis makes it possible to prepare anhydrous
ceramic powders in a single process step and does not
require elaborate apparatus or expensive reagents.'™

Hydrothermal synthesis involves reactions, mostly of
ionic nature, between heterogeneous phases. The inter-
action between the solid and fluid phases determine the
physical characteristics of the powder. Therefore, the
powder properties can be controlled by utilizing chemical
process variables such as temperature, pressure, reactant
concentrations, pH, etc.® This requires the knowledge of
stability diagrams for hydrothermal systems. Thestability
diagram shows the regions of reagent concentrations and
pH for which various species predominate in the system.
Thus, the stability diagrams indicate the optimum syn-
thesis conditions for which the desirable products are
thermodynamically stable.

Traditionally, the process variables, with few excep-
tions,”® were adjusted empirically in a trial-and-error
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manner. Stability diagrams were considered for a limited
number of hydrothermal systems by assuming that the
aqueous solutions were ideal.”'® However, this is a crude
approximation. It is especially inaccurate when concen-
trated electrolyte solutions are utilized or when a multitude
of competing reactions occur in a solution, thus making
the equilibrium concentrations of various species strongly
dependent on activity coefficients.

In this work we propose a rigorous approach based on
a realistic thermodynamic model of electrolyte solutions.
This approach makes it possible to predict the optimum
synthesis conditions (i.e., feedstock composition, pH,
temperature, and pressure) to minimize the need for trial-
end-error experimentation. Stability diagrams useful for
the synthesis of BaTi03(s) and PbTiO3(s) ceramic powders
will be presented.

Thermodynamic Model

To establish a phase stability diagram, we need to
compute equilibrium concentrations of each species in a
system as a function of temperature, pressure, and the
initial amount of reagents. Let us assume that we have
k independent reactions. The jth reaction (j =1, ..., k)
involves n; different chemical species A"’ (i = 1, ..., n;).
Thus, the system can be described by the following set of
reactions:

nj

Y w49 =0 j=1,.,k @

i=1

where ;¥ is the stoichiometric number of species 4;%.
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Complete information about the equilibrium state of
each of these reactions is provided by the standard Gibbs
energy change of the reaction:

nj .
AGORXNJ = ZViU)Gof(AiO)) = —RT ln KJ(T,.P)
=1

J=lL .,k (2

where G°:(A;?) is the standard Gibbs energy of formation
of species A;¥) and Kis the equilibrium constant of reaction

In this work we use molality m as the concentration

unit. Therefore, the equilibrium constant is expressed as
nj
=1

where v4,0 is the activity coefficient of species 4;9.

In addition to k chemical equilibrium equations (eq 2)
we have mass balance equations, whose number depends
on the particular case, and an electroneutrality balance
equation. This system of equations can be solved for
equilibrium concentrations of reacting species provided
that the standard Gibbs energies of formation and activity
coefficients are known.

maorao?’ J=l..k (3

Standard-State Properties

To calculate the standard Gibbs energy of formation of
each species at the temperature and pressure of interest,
the values of the standard Gibbs energy AG°sand enthalpy
AH?®; of formation, and entropy S° at a reference tem-
perature (usually 298.15 K) as well as partial molar volume
V° and heat capacity C;° as function of temperature are
required. Subsequently, G«(T,P) is calculated using stan-
dard thermodynamic relations. In many cases, these data
are available from existing compilations of thermochemical
data. Whenever possible, the data should be taken from
critically evaluated and consistent sources. Usually, the
consistency of a data set can be checked by verifying the
conformity of relations between experimental values of
G, H, S, Cy, V, etc., to the general relations of thermo-
dynamics. Also, the consistency of thermochemical data
for a given substance can be determined by calculating
the data on the basis of several reactions.

According to this criterion, the CODATA Key Values,!!
the compilations of NBS,'2 JANAF,!3 and Medvedev et
al.*were preferred because they contain carefully selected
and evaluated data. However, they do not contain data
for many species of interest. Barin’s!® recent compilation
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is most complete and can be treated with confidence. Also,
the data bank of Johnson et al.l® was extensively used
because their data were taken from consistent data sources
and supplemented by estimates which were also checked
for consistency.

In many cases no experimental data are available and
predictive methods are necessary. This is frequently the
case for ions, for which the Helgeson—-Kirkham-Flowers
(HKF) estimation method is very useful.1’-22 A software
package!8 is also available that facilitates the application
of the HKF equation.

Activity Coefficients

The activity coefficient model used in this work2324 is
based on a combination of two models published by
Bromley?5% and Pitzer.2” The original method of Bromley
is an extended Debye-Hiickel?® equation which can be
used in a semipredictive mode because correlations have
been established for its parameters. The Pitzer model is
an extended Debye—Hickel equation with a virial-type
expansion to account for short-range interactions. The
Pitzer equation makes it possible to obtain a very good
correlation of experimental data, but requires a significant
amount of experimental input information for parameter
regression. The combined model, developed by OLI
Systems, Inc.,* utilizes an Debye—Hiickel term for long-
range ion—ion interactions, a modified Bromley expression
(Bromley-Zemaitis) for short-range ion—ion interactions
and the Pitzer expression for ion-neutral molecule in-
teractions. The Pitzer term is used in a simplified version
without taking into account three-body interactions.

The activity coefficient for an ion i is

log ‘Yi = DHI + BZl + Pi (4)
where DH; is the Debye—Hiickel term defined as
_ _Alzil211/2
STy ®

where A is the Debye—Hckel coefficient that depends on
temperature and solvent properties,? z; is the number of
charges on ion i, m; is the molality of species i, ] is the ionic
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strength:
I=05) z'm ®)
BZ;is the Bromley—Zemaitis term for ion-ion interactions:
N° 2] + Iz,l
B;m; )
J=1

(0 06 + 0.6B; )|z zjl
P70 ¥ 160z

where NO is the number of ions with charge opposite to
that of the ion being represented, and B;;, Ci;, and D;; are
temperature-dependent parameters for cation—anion in-
teractions.

Finally, the Pitzer term P; for ion—neutral molecule
interactions is

+B,;+CI+D;I* (@

2
P,= ZBP,, y BPS )

J=1
BP, =8, + 8, + (1 + 21" 2)[1 - exp(-2I'/H)/2I (10)

NS
BPS; = 0.86859mj;BPijmk [48))
=1

BPP;, = 6;,"[1 - (1 + 2I'* + 2I) exp(-2I'')] (12)

where NM is the number of molecular species in solution,
NS is the number of species in solution, and 8;;® and g;;"
are temperature-dependent parameters for each ion—
molecule and molecule-molecule interaction.

The activity coefficients of non-ionic molecules other
than water involve only the Pitzer term:

logy;=2) BP;m, (13)
J; ’

The solvent (water) activity is obtained from the above

expressions and the Gibbs—-Duhem equation:

1 NC NA
logay o = s |zi218,;mm; -

22
Zz m Zz m;

NM NS
o.o1so1Z[m,. + 2ZBPW,.jm,.mj] (14)
1=1 J=1

where NC and NA are the numbers of cations and anions
in solution, respectively.

Equations 4-14 determine the activity coefficients in a
multicomponent aqueous solution containing both ionic
and neutral species. These equations, coupled with
standard-state thermodynamic data, can be used to solve
eqs 2 and 3 and material and electroneutrality balances.
The OLI Systems software?® was used for this purpose.

To verify the OLI model, activity coefficients have been
calculated for BaCla(aq), NaOH(aq) and Pb(NOs3):(aq),
and compared with experimental data in Table I. These
electrolytes have been chosen because they contain ions
that are of interest in our investigation of hydrothermal
systems. As shown in Table I, the relative deviations
between calculated and experimental activity coefficients

(29) OLI Prochem Software V9.0; OLI Systems, Inc.: Morris Plains,
NJ, 1992,
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Table 1. Comparison of Activity Coefficients Calculated
from the OLI Model with Experimental Data®

NaOH(aq) BaCly(aq) Pb(NO3)2(aq)
m Ayexpa .Ycalcb ~exP ,chc e 7“1&!

0.1 0.766 0.787 0.500  0.499 0.396 0.402
0.3 0.708  0.734 0419  0.420 0.260 0.271
05 0690 0720 0397 0.396 0.2056 0.213
0.7 0.681 0718  0.391 0.388 0.172 0.179
10 0678 0728 0395  0.391 0.141 0.145

o y¢xP: experimental activity coefficients.5” & ycale; calculated ac-
tivity coefficients.

Table II. Relevant Equilibria in the Ba-Ti and Pb-Ti
Hydrothermal Systems

. H,O0 = H* + OH-

. HoO(g) = Hy0

. TiOqa(s) + OH- = HTiO4

. Ba(OH)2(s) = Ba2* + 20H-

BaOH* = Ba?* + OH-

. BaTiOs(s) + HoO = Ba2* + 20H- + TiOs(s)
. Ba(OH)2:8H;0(s) = Ba?* + 20H- + 8H;0

. BaO(s) + 2H* = Ba?* + H;0

. BasTiO4(s) + 2H:0 = 2Ba?* + 40H- + TiOz(s)
10. COz(g) = COz(aq)

11, COq(aq) + H:O = H* + HCO3~

12, HCOg~ = H* + CO3?-

13. BaCOs(s) = Ba?* + CO42"

14. BaCOs(aq) = Ba?* + CQOg?"

15. BaHCO3* = Ba?* + HCO4~

16. Ti** + H,0 = TiOH*+ + H+

17. TiOH®** + H:0 = Ti(OH)y2* + H*

18. Ti(OH)z** + H:0 = Ti(OH)s* + H*

19. Ti(OH);* + Hy0 = Ti(OH)(aq) + H*

20. Ti(OH)4(aq) = TiOa(s) + 2H;0

21. PbO(s) + H;0 = Pb2* + 20H-

22. PbO(aq) + H;0O = PbOH* + OH-

23. PbOH* = Pb?t + OH-

24. Pb(OH)2(s) = Pb?* + 20H-

25. Pb?* + 20H- = H* + HPbO;~

26. Pb,OH** + H* = 2Pb%* + H;0

27. Pbs(OH)** = 3Pb?* + 40H-

28. Pby(OH)4** = 4Pb2* + 40H-

29. Pbg(OH)g** = 6Pb%* + 8OH-

30. PbTiOs(s) + HoO = Pb2* + 20H- + TiO(s)

lie between 2.7 and 6.9% for NaOH(aq), 0.2 and 1.0% for
BaCls(aq), and 1.7-3.9% for Pb(NOs)2(aq). Thisaccuracy
is adequate for the computation of reaction equilibria.

Our calculations made it possible to construct stability
diagrams that indicate which species dominate in the
investigated system. The stability diagrams show pre-
dominance fields for several species as functions of pH
and total molality of reactant species in the solution at
constant temperature. Total molality and pH were chosen
as independent variables because they are easily mea-
surable and can be used in practice to determine the desired
compositions of feedstocks for hydrothermal synthesis.
Boundaries between the predominance fields of different
aqueous species denote the loci where both species have
equal concentrations. Boundaries between solid and
aqueous species correspond to the beginning of precipi-
tation (or, alternatively, complete disappearance) of the
solid phase. Inpractice,an equilibrium point was assumed
to lie on the solid—aqueous species boundary when less
than 0.25% of the feedstock was found to be in the form
of a solid phase.

00 1Mo AN

Results

Synthesis of BaTiO3(s). BaTiO3(s) has been chosen
as an example because its synthesis conditions have been
experimentally determined3®-3¢ and, on the other hand,
standard-state thermodynamic properties are known for
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all reactants involved in the synthesis. Therefore, the
computed results for the synthesis of BaTiO3(s) can be
verified by comparing them with experimentally deter-
mined conditions.

All possible reactions that may occur in the hydrother-
mal medium are summarized in Table II. The standard
thermodynamic properties of species for these reactions
arelisted in Table III. For H* allstandard state properties
are, by convention, equal to zero. For OH- and H;0 the
critically evaluated values from the CODATA!! compi-
lation were used. Inthe case of Ba(OH)s(s), the data from
the compilations of Barin!® and Medvedev et al.l¢ are in
reasonable agreement and the differences between them
do not affect the results of calculations. The Medvedev
et al. data were adopted in the calculations. Similarly,
there are small differences between the data for
BaOQ(s)12-1544 gnd Ba,Ti04(s).1537 However, these species
are practically insignificant, and the selection of the data
for them is not important. Some small differencies
between data sets were noted for TiOs(s)12-1644 for both
the rutile and anatase forms. In this case the values from
Johnson et al. data bank!® have been used because they
form a part of a large, critically evaluated compilation.
Results of calculations have been found to be insensitive
to choosing rutile and anatase and, therefore, only the
data for rutile have been used. BaTiOs(s) is the only
compound in the system for which significant discrepancies
instandard state data exist between those given by Barin!®
and Naumov et al.3” While the Naumov et al. compilation
provides data recommended on the basis of literature
comparisons, their consistency does not appear to have
been checked. Barin’s!® data were adopted for BaTiO3-
(s). Among the hydrates of barium hydroxide, Ba-
(OH).-8H,0(s) is the most stable, and it was not necessary
to explicitly take into account other less stable hydrates.
For Ba(OH)»-8H,0(s), the only available data are those
from Medvedev et al.}

The most abundant, although not complete, source of
information for ions is the Johnson et al.'¢ data bank. For
ions that were not included into this bank, the data were
taken from the Medvedev et al.l4 compilation. Experi-
mental data for ions, especially more complex ones (Ti**,
TiOH3+, Ti(OH).2+, Ti(OH)3*), are much more scarce and
usually limited to the Gibbs energies at 298.15 K. These
values were taken from Medvedev et al.’* compilation.
For some ions (Ti4*, HTiO3) entropies are also avail-
able.21:3 However, there is a general lack of data for
hydroxy complexes of titanium. In this case the entropies
have been estimated using a technique proposed by Baes
and Mesmer.3?
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Following Baes and Mesmer, the entropy of the reaction
Ti** + H,0 = Ti(OH)** + H* (15)

is given by
AS,; = 1.772 log K + 19.12(z/d) (16)

where K;; is the equilibrium constant of this reaction at
298.15 K, z is the cation charge (+4 in this case), and d
is the distance between the metal and oxygen (Ti-0). The
quantity (2/d) is estimated from

InK,; =A+11.0(z/d) amn

where A is assigned a characteristic value for several groups
of cations. For Ti¢*, the value of -19.1 is recommended.
Since the entropies of Ti** and water are known,!12! the
entropy of the Ti(OH)3* cation can be calculated from

S°[Ti(OH),*] = AS,; + S°(Ti*") + S°(H,0) (18)

A similar technique is employed for further hydrolysis
reactions:

Ti(OH),“”* + H,0 = Ti(OH),.,,“>""* H* (19)
In this case the entropy of reaction is

AS,,=-17.8 + 12.2(z - ) (20)

where z = 4 for titanium ion. The entropy of the Ti-
(OH),+;“4>~D* jon is then given by

S° [Ti(OH)y+1(4'y'1)+] = AS,, + §° [Ti(OH)y“_y)"'] +
S°(H,0) (21)

The estimated entropies are given in Table III. Once
the Gibbs energies and entropies of ions are known at
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Table III. Relevant Species in the Ba-Ti and Pb-Ti Hydrothermal Systems and Their Standard State Properties at 298.15 K

ionic species
H* BaOH* BaHCO,* Ba2t Ti¢+
AG®s/ (kJ mol™1) 0 -716.72 -1153.5 -560.78 -354.18
AH®¢/ (kd mol™) 0 ~749.35 -1207.2 ~537.64
S§°/(J mol1 K1) 0 55.5 195.9 9.62 -456.5
C°Gp/ (J mol' K1) 0 44.0 -12.3
10 V°/(m3 mol™) 0 -12.6
lit. 14,21 16 16,21 14,21
ionic species
TiOH3+ Ti(OH)22* Ti(OH)s* Pbh*+ PbOH*
AG®°¢/(kJ mol™) -614.00 -869.56 -1092.5 —-23.89 -217.74
AH®¢/(kJ mol™) 0.920 -224.48
S§°/(J mol1 K1) -189.5 -40.8 56.9 17.6 146.4
C°/(J mol't K -53.1 -11.21
106 V°/(m® mol™) -65.3
lit. 14, 39 14, 39 14,39 16,21 186, 21, 49
ionic species
Pb,OH3* Pbs(OH)2* Pby(OH) 4 Pbg(OH)g** OH-
AG®°s/(kJ mol™) —248.72 -888.68 ~-036.38 -1800.4 -157.30
AH®:/(kJ mol™) -1038.1 -1066.1 -1090.3 -230.03
S§°/(d mol'l K1) 104.6 192.5 150.6 414.2 -10.7
C°p/(J mol"t K1)
108V°/(m?3 mol™?)
lit. 46,48 40 40 40 11
ionic species
CO42- HCO;s HTiOs HPbO,s
AG®¢/(kJ mol™) -527.98 -586.94 -955.88 -338.75
AH®¢/ (kd mol ™) -675.23 —689.93 -431.19
S°/(J mol"1 K} -50.0 98.4 117.3 92,0
C°p/(J mol 1 K1) -290.8 -35.4
105V°/(m?® mol™1) -21.0 102.9
lit. 16,21 16,21 38 16,21
aqueous species
H:0 Ti(OH)4 CO; BaCO; PhO
AG®¢/(kJ mol™?) -237.25 -1318.38 -385.97 -1103.9 -164.08
AH°¢/(kd mol™?) -285.83 -1511.26 -413.80 -1196.0 -187.03
S°/(J molt K1) 70.0 54.8 117.6 66.9 92.0
C°p(J mol 1 K1) 75.3 50.2 243.1
lit. 11 14 16, 22 16 16
solid species
Ba(OH). BaCO; BaTiO; BaO Ba(OH)2-8H:0
AG®¢/(kJ mol™) -855.17 -1164.8 -1572.4 -525.35 -2779.9
AH®¢/(kd mol™) -941.40 -1244.7 -1659.8 -553.54 -3328.4
S$°/(J mol'' K1) 108.8 112.1 107.9 70.4 422.6
C°,/(J molt K-1ye 97.9 102.5
a/(J molt K1) 116.8 89.96 121.5 53.30
103b/(J mol! K2) 18.44 46.28 8.535 4.351
10-%¢/(J mol! K) -18.41 -16.36 19.16 8.301
106V°/(m® mol™) 38.19 45.81 38.80 25.59 144.7
lit. 14, 13b, 43 16 15, 41, 37 15,41, 44 14,45
solid species
Ba:TiO, TiO; (rutile) TiO; (anatase) PbO (litharge) PbO (massicot) PbTiO;
AG®s/(kd mol™) -2132.9 -890.70 -883.27 -189.28 ~-188.65 -1111.9
AH®;/ (kJ mol™) -2243.0 —-946.01 -938.72 -219.40 -218.06 -1198.7
S°/(d molt K1) 196.6 50.3 49.9 66.3 68.7 111.9
C°,/(J mol't K-1)a 152.6 55.1 55.3 45.8 478 104.4
a/(J molt K1) 179.9 62.82 75.04 46.36 37.87 119.5
10%5/(J mol! K-2) 6.694 11.38 0.0 11.34 26.78 17.91
1075¢/(J mol! K) -29.12 -9.897 -17.63 -3.556 0.0 -18.20
108V°/(m? mol1) 18.82 20.52 23.91 23.15
lit. 15,41 16 15,42, 44 15,37, 44 15,41, 44 15, 42

@ Heat capacities are calculated from the relation C°, = a + bT + ¢T2

Thestandard-state properties described above were used
to construct stability diagrams for the Ba—Ti system. The

298.15 K, their values at other temperatures and pressures
can be calculated from the method of Helgeson et al,20:21.16
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Figure 1. Calculated stability diagram for the Ba-Ti hydro-
thermal system using an ideal-solution approximation at 298.15
(1) and 363.15 K (2). The solid and dashed lines denote the
results obtained using the data of Barin!® and Naumov et al.,’
respectively.

calculated stability diagrams show which species predom-
inate at a given T, pH and total concentration of either
Ba (mga,) or Ti (mriy). In all cases, autogenous pressure
was assumed.

The stability diagrams were obtained by solving the
equilibrium and balance equations for different input
compositions to cover the whole mg,, vs pH or mri, vs pH
plane. Calculations were performed at T’ = 298.15 K and
363.15 K. The latter temperature has been empirically
found to be appropriate for the hydrothermal synthesis
of BaTi0s(s).32:36

Figure 1 shows thestability diagrams calculated at 298.15
K (lines 1) and 363.15 K (lines 2) using ideal solution
approximation (i.e., with all activity coefficients assumed
to be equal to one). These diagrams have been obtained
using two standard-state property data sets reported for
BaTi03(s) by Barin!® and Naumov et al.®” Thus, this figure
illustrates the effect of deviation in standard state
properties on stability diagrams. As shown in Figure 1,
the differences between standard state data can shift the
boundaries between phase stability regions by as much as
1-1.5 pH units. As explained above, the data of Barinl6
are deemed more reliable and have been, therefore, used
for all remaining calculations reported in this work.

Figures 2 and 3 show the results obtained using the
complete thermodynamic model at 298.15 and 363.15 K,
respectively (solid lines). For comparison, the results
obtained using the ideal-solution approximation are shown
as dashed lines. In both cases, the boundaries are shown
between aqueous Ba?* and solid BaTiOs(s), aqueous Ba®*
and BaOH*, and aqueous BaOH™* and solid BaTiO3(s). As
evident from Figures 2 and 3, the phase boundaries
calculated from the complete and simplified (ideal solu-
tion) models are markedly different. In contrast to the
ideal-solution case, the phase boundaries calculated from
the complete model are no longer represented by straight
lines. Their curvature is especially significant for higher
concentrations of aqueous species (mpa, > 10™%). When
solution nonideality is introduced, the phase boundaries
are shifted toward higher pH values. The Ba?*-BaOH*
boundary is shifted by ca. 2 pH units whereas the
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Figure 2. Calculated stability diagram for the Ba-Ti system at
298.15 K using modeled activity coefficients. Standard-statedata
were taken from the compilation of Barin.!®* For comparison,
the ideal-solution results are shown as dashed lines.
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Figure 3. Calculated stability diagram for the Ba-Ti system at
363.15 K using modeled activity coefficients. Standard state
data were taken from the compilation of Barin.!* For comparison,
the ideal-solution results are shown as dashed lines.

Ba?*-BaTi03(s) boundary is shifted by ca. 1 unit at both
temperatures. The predominance field of BaOH* ions
predicted using modeled activity coefficients is much
smaller than that estimated using the ideal solution
approximation and appears at lower total concentrations
of Ba.

It is evident from Figures 2 and 3 that solution
nonideality has an important effect on the location of phase
boundaries. The simplified ideal-solution model leads to
significant deviations from the results of more rigorous
calculations. The magnitude of solution nonideality is
additionally illustrated in Table IV which shows the
activity coefficients of aqueous species in equilibrium with
solid BaTiOs(s).

The stability diagrams (Figures 2 and 3) illustrate the
effect of process variables such as mpa,, pH, 7T, and the
Ba/Ti ratio on the synthesis of barium titanate BaTiOs-
(®).

BaTiOs(s) can be obtained in the whole range of mg,,
provided that pH is appropriately chosen. The higher is
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Table IV. Activity Coefficients of Aqueous Species in
Equilibrium with BaTiOs(s) at 363.15 K

mpa,/mol kg1; I%/mol kg1

1075, 0.0789 0.0017; 0.0050 1.0000; 2.8800
YBa2* 0.3291 0.7038 0.0362
“YBaOH* 0.7651 0.9164 0.5718
YH* 0.7454 0.9153 0.5417
YNa* 0.7654 0.9164 0.4492
Y 0.0227 0.2525 0.00001
YTiOH* 0.0648 0.4489 0.0005
YTi(OH)** 0.3557 0.7063 0.0343
YTi(OH)s* 0.7666 0.9165 0.4304
YHTiOs 0.7454 0.9182 0.8423
YOH- 0.7654 0.9166 0.5166
YTi(OH)((aq) 1.0230 1.0010 1.1200
e I': ionic strength.
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Figure 4. Comparison of the pH of a Ba(OH)2(s) solution (curve

1) with the pH that is necessary to precipitate BaTiOs(s) from
the solution (curve 2).

the total concentration of Ba in solution (mga;), the lower
can be the pH to cause the precipitation of BaTiOs(s). For
example, pH that is necessary to precipitate BaTiO3(s)
from a 1 m solution of barium is 9.2 at T = 363.15 K; it
increases to 11.2 for a 10~° m solution of barium.

Barium hydroxzide (Ba(OH)s(s)) is the most obvious
feedstock, along with titanium dioxide (TiO2(s)), to
synthesize barium titanate (BaTiOs(s)). However, an
aqueous solution of Ba(OH):(s) may not be sufficiently
alkaline for the synthesis of BaTiOs(s). This is shown in
Figure 4 which compares the pH of an aqueous solution
of Ba(OH)3(s) (curve 1) with the pH that is necessary to
initiate the formation of BaTiOs(s) (curve 2). If mg,, is
greater than 0.0017 (point A), the alkalinity of a Ba(OH).-
(s) solution is sufficient for the precipitation of BaTiOs-
(8). Forlower values of mg,,, additional mineralizers, such
as NaOH or KOH should be introduced. For this case,
Figure 5 shows the ratios of molalities of NaOH to mg,,
that has to be maintained in order to initiate the
precipitation of BaTiOs(s) for mpa, < 0.0017 (curve 1) or
to obtain 99.995% of the precipitate (curve 2).

The formation of BaTiOs(s) consumes equimolar
amounts of Ba and Ti (Ba/Ti = 1, Table II, reaction 6).
If different relative amounts of Ba and Ti are used (Ba/Ti
= 1), the location of phase boundaries does not change.
However, the Ba/Ti ratio may have an important effect
on the synthesis. Notably, an excess amount of Ti (Ba/Ti
< 1) will cause a contamination of BaTiOs(s) with TiOs-
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Figure 5. Ratio of molality of NaOH to mp,, that is necessary
toinitiate the precipitation of BaTiO3(s) for mg,, < 0.0017 (curve
1) and to obtain 99.995% of the precipitate (curve 2).

(8), which is stable under hydrothermal conditions. Mod-
erate excess amounts of barium (Ba/Ti > 1) will increase,
ontheother hand, the pH of the solution. Thisis desirable
for the hydrothermal synthesis as it makes it possible to
avoid the use of an alkaline mineralizer (e.g., NaOH). The
amount of excess Ba required to ensure a complete reaction
isa function of the concentration of the reagents employed.
For example, when a 0.01 m Ba(OH).(s) solution is used
aBa/Tiratio equal to 1.167 is required to ensure 99.995%
complete reaction. In contrast, when 2 m Ba(OH)s(s)
solution is used the Ba/Ti ratio can be reduced to 1.001.

However, excessive amounts of barium may cause the
precipitation of other, undesirable species. In particular,
the hydrate Ba(OH)2-8H20(s) will precipitate at 298.15 K
for pH > 13.58 and mg., = 1072 and for pH > 16.50 and
mga; <1072, The threshold temperature below which the
hydrate precipitates is 338 K. This result has important
practical implications as it indicates that the obtained
BaTiOs(s) powder can be contaminated with Ba(OH)s
8H;0(s) below 338 K.

Thestability diagrams are also affected by temperature.
The phase boundaries are shifted toward lower pH values
with an increase in temperature. Also, temperature
determines the appearance or disappearance of additional
solid species (e.g., Ba(OH)2-8H;0(s)). In comparison with
temperature, pressure has a minor effect because all
reactions involved in the synthesis proceed in a condensed
phase with limited compressibility.

Additionally, Figures 6 and 7 show the distribution and
the stability diagram of titanium species in the Ba-Ti
system as a function of the solution pH at 298.15 K,
respectively. As shown in Figure 6, Ti(OH)s2* is the
predominant species for pH < 2.45 whereas Ti(OH)4(aq)
is predominant for pH > 2.45. Also, TiOHs* occurs in
significant, although smaller, quantities for 1 < pH < 4.6.
For the conditions of practical hydrothermal synthesis
(i.e., pH > 9 and m;, > 1075), TiOs(s) is stable. This con-
firms that the ratio Ba/Ti should not be smaller than one
to avoid the contamination of BaTiOs(s) with the re-
maining TiOx(s).

Effect of CO2(g) onthe Synthesis of BaTiO3(s). The
proposed method makes it possible to analyze the effect
of CO2(g) on the hydrothermal synthesis. Carbon dioxide
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Figure 6. Distribution of various aqueous T species in the Ba—-
Ti system as a function of pH at 298.15 K.
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Figure 7. Calculated stability diagram of aqueous Ti species at
298.15 K using modeled activity coefficients.

acts as a contaminant because of its appreciable concen-
tration in the atmosphere. Standard state datafor BaCOg-
(s), BaCOs(aq), CO2(aq), BaHCOs*, HCO5~, COs*, H20(g),
and CO(g) have been taken from Johnson et al.}¢ and
CODATA.!! Fugacity coefficients of gaseous species were
estimated using the critical parameters from Reid et al.*’

Calculations have been performed for two cases: (1)
assuming that a constant partial pressure of COa(g) (33.54
Pa) is maintained over the hydrothermal solution which
corresponds to an open system with respect to CO2(g) and
(2) assuming that the reaction proceeds in a closed
autoclave with about 20% of its volume filled with air
containing atmospheric carbon dioxide, this case simulates
the real conditions of a hydrothermal experiment.

The results obtained in case 1 are shown in Figure 8. In
an open system with respect to COz(g), the desirable
BaTiOs(s) does not form at all because BaCOjs(s) is
inherently more stable. In the closed system, which
drastically reduces the availability of COq(g), BaCO3(s)
tends to precipitate at concentrations of Ba higher than
ca. 105 m (Figure 9). BaCOjs(s) precipitates at lower pH
values than those needed to precipitate BaTiOs(s). There-
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(pco,(®) = 33.54 Pa) at 298.15 (1) and 363.15 K (2).

1 T ] T T

83003(5) + BaTiOa(s)

|Og Mgy,
L]
(63}

-1 | i | ‘?aow
9 11 13 15
pH
Figure 9. Calculated stability diagram for the Ba—Ti system in

a sealed vessel containing 20 vol. % air (COs(g)-containing) at
363.15 K.

fore, the precipitated BaTiOs(s) will be always contam-
inated with some amount of BaCOs(s) if the solution is
concentrated with respect to Ba (i.e., if mpa, > 107%). This
suggests that the exposure to CO2(g) should be always
avoided while synthesizing BaTi03(s).

Synthesis of PbTi03(s). For simulating the hydro-
thermal synthesis of PbTiO3(s), the standard state data
for PbO(s) (both massicot and litharge) and PbTiOs(s)
were taken from Barin’s compilation.’® Data for Pb(OH);-
(s) were taken from Medvedev et al.!4 For the common
aqueous species PbO(aq), Pb2*, PbOH*, and HPbO,, the
data from Johnson et al.1é were used. For the less common
species Pb;OH3*, Pb3(OH)4%*, and Pbsy(OH)4**, and Pbs-
(OH)g**, which are absent in the above sources, the data
from Barner and Scheuerman’ and Baes and Mesmer*®
were adopted. The standard state data are listed in Table
III. It was found that the results were not sensitive to
choosing either massicot or litharge.

The results of calculations are shown in Figure 10 for
T = 325.15 K and in Figure 11 for T = 373.15 K.
Additionally, Figure 12 shows the distribution of lead
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Figure 10. Calculated stability diagram for the aqueous Pb-Ti
system at 323.15 K.
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Figure 11. Calculated stability diagram for the aqueous Pb-Ti
system at 373.15 K.

species in the hydrothermal Pb-Ti system as a function
of pH at 323.15 K.

The most important feature of the Pb—Ti hydrothermal
system is the competition between the precipitation of
lead titanate (PbTiOs(s)) and lead hydroxide (Pb(OH).-
(8)). Figure 10showssolubility curves for PbTiOs(s) (curve
1) and Pb(OH)s(s) (curve 2) at 323.15 K. Both curves
have a similar shape and show a minimum at 9.5 < pH <
9.7. The distance between the curves is ca. 0.3-0.5 pH
units and remains the same in the entire concentration
range. Similarly as in the case of BaTiO3(s), the synthesis
of PbTiOs(s) consumes equimolar amounts of Pb and Ti
(TableIl, reaction 30) and, therefore, phase pure perovskite
will be obtained when the ratio Pb/Ti is equal to one. Any
excess amount of Pb will cause precipitation of Pb(OH).-
(s). The effect of temperature on the solubility curves is
similar as in the case of the Ba—Tisystem, i.e., the solubility
of PbTiOs(s) and Pb(OH);(s) phase field shifts toward
lower pH with an increase in temperature while PbTiO3-
(s) phase field disappears. Thus, a temperature (7" ~ 348
K) exists for which PbTiOs(s) and Pb(OH)s(s) can
coprecipitate. At temperatures below 348 K, PbTiO;s(s)
is more stable and the precipitation of Pb(OH)a(s) can be
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Figure 12, Distribution of aqueous Pb species in the Pb-Ti
system as a function of pH at 323.15 K.

avoided if no excess amount of Pb is present over that
required to produce stoichiometric lead titanate (PbTiO3-
(8)). This suggests a possible low-temperature synthesis
route to obtain PbTiO3(s). At 373.15 K (Figure 11), Pb-
(OH);(s) is more stable and precipitates, thus consuming
all available Pb and making it impossible to precipitate
PbTiOs(s).

Comparison of calculated diagrams with reported
PbTi0s(s) syntheses is supportive. Fox et al.8% obtained
a PbTi0;(s) precursor powder by coprecipitation from a
mixed solution of TiCly(aq) and Pb(NOj3)s(s) at 318.15 K,
which was assumed to be an amorphous PbTiO3(s) powder.
Unfortunately, most of the literature is irrelevant since
temperatures greater than ca. 433 K were employed to
obtain crystalline PbTiQs(s).50-55

In this study we explored a low-temperature route to
the synthesis of PbTiOj3(s) using lead oxide PbO(s) and
titanium dioxide TiOx(s) as feedstocks. Itshould be noted
that the activity coefficient model and standard state data
are most accurate at low and moderate temperatures and
lose accuracy above ca. 473 K. Therefore, the predictive
technique proposed in this work seems to be most
appropriate for low-temperature synthesis.

The obtained results suggest that such synthesis is
possible and warrants further experimental investigation.
In a forthcoming work we will focus on determining the
optimum feedstocks and conditions for this synthesis.

Conclusions

The above results show that phase stability diagrams
can be rigorously generated for hydrothermal systems of
ceramic interest. As demonstrated for BaTiO3(s), the use
of reliable standard state thermodynamic data is crucial
for the calculations. A careful critical evaluation of the
data is necessary for each case. The obtained results
demonstrate that the effect of solution nonideality on
hydrothermal reactions is very significant. PH is an
important thermodynamic variable for the synthesis of
perovskite materials. Both PbTiO3s(s) and BaTiOs(s)
stability exhibit a strong dependency on solution pH and
total concentration on Ba (mg.;) or Pb (mpy,) species. In
addition, pH and total concentration of Ba and Pb must
be monitored to avoid the precipitation of impurity
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hydroxide phases. Tailoring the pH and mg., to obtain
phase pure powders may require either addition of a
mineralizer (e.g.,, NaOH) or maintaining Ba/Ti ratios
greater than 1. In contrast, for the lead system, Pb/Ti
ratio greater than 1 can lead to impurity phases unless a
temperature of 348 K or less is maintained. The effect of
temperature on either BaTiO3(s) or PbTiOs(s) shifts the
solubility curves to lower pH values. Finally, for BaTiOs-
(s), carbon dioxide exposure should be avoided since it

Zencka and Riman

leads toward the precipitation of a BaCOjs(s) impurity
phase.
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