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The thermodynamic principles controlling the electrochemical synthesis of barium titanate
(BaTiOs3) films are discussed and explored. a variety of E,—pH diagrams were generated for
the Ba—Ti—C—H,0 system as a function of temperature and whether CO, was in the system.
Barium titanate is predicted to form at 25 °C and higher temperatures under alkaline
conditions. It is demosnstrated that the phase field for BaTiO3; enlarges as a function of pH
with increasing temperature in the absence of CO,. The role of CO,, although still important
in controlling the phase stability of BaTiOs; via the formation of BaCOs;, becomes less
important under solution pH conditions greater than pH ~13 and temperatures greater
than 100 °C. The theoretical E,—pH predictions compare favorably with experimentally
determined regimes, where BaTiO3 and films in the Ba—Ti—C—H,0 system form through

electrochemical reactions.

Introduction

Recent years have witnessed significant advances in
the chemical synthesis of advanced ceramic materials
for a variety of applications, using techniques such as
hydrothermal synthesis, coprecipitation, and sol—gel
synthesis. These techniques involve chemical reactions
among precursor materials in an aqueous environment.
More recently, an electrochemical—hydrothermal tech-
nique has been developed to synthesize perovskite type
titanate (BaTiOs, SrTiO3, and CaTiOg3) thin films on
titanium substrates.!~'4 The success of these methods
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to produce the desired material with specific character-
istics depends to a large extent on process parameters,
such as pH, composition, electrode potential, and tem-
perature. While several investigators worldwide cur-
rently are working on developing and improving meth-
ods to synthesize advanced ceramic powders and thin
films, very few focused on studying the thermodynamic
stability relationships in the relevant systems.1>16 Such
data are crucial to understand the interactions between
precursors and other reactants, which ultimately govern
the characteristics of the produced material. In addition,
understanding electrochemical equilibria in multicom-
ponent systems is critical to evaluate the effect of
processing conditions on the electrochemical synthesis
of complex oxide thin films.

Electrochemical equilibria in systems containing vari-
ous elements and their compounds and ionic and neutral
species in aqueous environments are represented in the
form of En,—pH diagrams, where Ey is the electric
potential for the standard hydrogen electrode.l’—1°
These diagrams are extensively used in predicting the
stability of materials, usually metals, in aqueous solu-
tions. When interpreted with an understanding of their
advantages and limitations, E,—pH diagrams can pro-
vide useful information about the corrosion and passi-
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vation behavior of metals and solubility data for their
compounds and dissolved (ionic and neutral) species, as
a function of solution pH and electrode potential. Even
though the E,—pH diagrams are usually constructed for
one element—water systems, a few studies in the
multielement—water systems have been performed to
predict stability relationships in the extraction of metals
and beneficiation of ore minerals using hydrometallur-
gical techniques.?® Other areas of interest in the ap-
plication of multielement E,—pH diagrams include
biochemistry and geochemistry.? The current work
involves development of E,—pH diagrams to describe
electrochemical equilibria in Ba—Ti—C—H,O system
and attempts to verify the theoretical predictions with
experimental data published in the literature on the
synthesis of BaTiO3z powders and thin films using
hydrothermal and electrochemical methods.

Thermodynamic Data

To construct E,—pH diagrams, the values of the
standard Gibbs energies of formation (AGg) for all the
species considered in the system are required. To obtain
the most accurate information about the stability of
various phases in a system, as many species as possible
need to be considered, restricted only by the availability
of the thermodynamic data. In addition, it is desirable
to obtain the values of AG? as a function of tempera-
ture, to facilitate the construction of the equilibrium
diagrams at various temperatures. The standard Gibbs
energy of formation for each species can be calculated
as a function of temperature, if the values of the heat
of formation (AH°®), and entropy (S°) at a reference
temperature (usually 25 °C) as well as the heat capacity
(Cp) as a function of temperature (T) are known. From
this set of values, the AG{ can be calculated using
standard thermodynamic relations:??

o — o T o
H$ = AG3gg.15k + fy06.16<Ca(T) AT (1)
o e T Cy(M)
ST = S3eg1sk T j;ggllsK p-|- dT 2)

where H} and S$ are the enthalpy and entropy, re-
spectively, at 1 atm pressure and temperature T. The
above equations can also be used to calculate the
enthalpy and entropy for the elements. The heat of
formation and entropy of formation for compounds are
subsequently calculated from the expressions

AHS = H3(compound) — ZH% (elements) (3)
AS$ = S%(compound) — ZS$ (elements)  (4)

Finally, the Gibbs free energy for compounds is
calculated using the relation

AGS = AHS — TASS (5)
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Sources of Thermodynamic Data. Thermody-
namic data for several species in the Ba—Ti—C system
have been compiled by Lencka and co-workers.® For
many species, the data are readily available in several
existing compilations of thermochemical data.?2-3° For
species that are not available in the existing databases,
Lenka and Riman!® have used a computer programs3!
that uses the Helgeson—Kirkham—Flowers (HKF) es-
timation method to predict the standard thermodynamic
data. Lenka and Riman have critically evaluated the
consistency of these data by verifying the conformity of
the relations between the experimental values to the
general relations of thermodynamics. The data for
additional, usually minor, species that are not consid-
ered by Lenka and Riman are obtained from existing
thermodynamic databases as well as the data-
base included in HSC Chemistry for Windows,3? the
computer program used to calculate and plot the Ep—
pH diagrams in the current work. However, thermody-
namic data for some species, particularly Ti2*, Ti®*, and
their hydrolyzed species, are not available and there-
fore are not considered in the calculation of the dia-
grams.

Reference States. The reference state used in the
thermodynamic databases is the most stable form of the
pure elements at 298.15 K and 1 atm. The enthalpy and
entropy scales of the elements are established as

alement — 0 at 298.15 K and 1 atm and Sg. ., = at 0 K
and 1 atm.

For aqueous ions, the scales are fixed assuming the
enthalpy and entropy values for hydrogen ion (H") to
be zero in a hypothetical ideal 1 m (mol/kg) solution at
298.15 K and 1 atm. Therefore, AH°(H*) = 0 at 298.15
K and 1 atm and AS°(H*) = 0 at 298.15 K and 1 atm.
Using these in relation 5, AG? (H*) = 0 at 298.15 K and
1 atm.

Estimation at Elevated Temperatures. To obtain
the Gibbs energy of formation at elevated temperatures,
the standard thermochemical data for each species is
converted into the following data set: heat of formation
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Table 1. Free Energy of Formation Data for the Solid
Species in Ba—Ti—C—H;0 System at 25, 55, and 100 °C
and 1 atm Pressure

oxidation
number (Z) not AG¢(kJ/mol)

Ti Ba considered® considered 25°C 55°C 100 °C
0 Ti 0 0 0
+2 TiO —513.28 —510.32 —505.90

+2 Ti(OH),

+2 TiH2 —105.07 —101.09 —95.00

+3 Ti,O3 —1433.82 —1425.07 —1411.97

+3 Ti(OH)3

+3.33 TizOs —2317.29 —2303.03 —2281.72

+3.5 Ti O —3213.01 —3193.76 —3164.96

+4 TiOz(R) —890.67 —885.10 —876.77

+4 TiOy(A) —883.26 —877.69 —869.34

+4 TiOZ'HZO

+4 Ti(OH)4

+6 TiOs

0 Ba 0 0 0

+1 BayO —576.98 —573.13 —567.43
+2 BaH; —151.29 —147.37 —141.44
+2 BaO —525.34 —522.53 —-518.41
+2 Ba(OH), —855.10 —846.44 —833.55
+2 Ba(OH),-8H,0 —2779.31 —2723.42 —2637.37
+2 BaCOs; —1166.06 —1158.15 —1146.33
+4 BaO; —582.27 —577.06 —569.28

—1572.44 —1563.72 —1550.86
—2132.90 —2121.84 —2105.31

+4  +2 BaTiOs
+4 +2 BazTiO4

aTiOy(R), titanium dioxide, rutile form; TiO»(A), titanium
dioxide, anatase form.

(AH3gg 15K), €ntropy (Szeg15¢), @and heat capacity (Cp)
given as an empirical function of temperature (T) such
that

C,=A+ (B-10 3T + (C+10%T 2 + (D-10 T2 (6)

where A, B, C, and D are coefficients estimated from
experimental data. The heat capacity as a function of
temperature is then used in egs 1 and 2 to generate the
heat of formation and entropy as a function of temper-
ature for inclusion in eq 5.

Aqueous lons. The thermodynamic properties of
agueous ions are traditionally given only at 25 °C, which
limits the use of calculations to low temperatures.
Therefore, the heat capacity values of these ions are
extrapolated to higher temperatures using the entropy
correspondence principle developed by Criss and Coble.33
Using this method, it is possible to extrapolate heat
capacity values and estimate them up to 300 °C.
According to previous references in the literature,34-36
extrapolated values have been found to be quite con-
sistent with the experimental data available.

Tables 1 and 2 list the solid and dissolved species,
respectively, that are considered and not considered
along with the corresponding values of AGy at 25, 55,
and 100 °C. The source of thermochemical data for each
species is also cited.

Construction of E,—pH Diagrams

Types of Reactions Involved. E,—pH diagrams can
represent three types of reactions among the species in

(33) Criss, C. M.; Cobble, J. W. J. Am. Chem. Soc. 1964, 86, 5385.
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the system: reactions involving the transfer of elec-
tron(s) only, reactions involving the transfer of H* ion(s)
only, and the reactions involving both electron and H*
ion transfer. The reactions involving electron transfer
are potential dependent, but independent of pH, and
thus are represented as a horizontal line on Ep—pH
diagrams. Similarly, reactions involving transfer of H*
ions will only be dependent on pH and are represented
as vertical lines. Reactions involving both electron and
H* ion transfer are dependent on both pH and potential
are and represented as sloped lines in the diagram. The
equations for the straight lines representing each type
of reaction are calculated from thermodynamic data, as
described below.

Reactions Involving the Transfer of Electrons Only.
For electrochemical reactions, the familiar Nernst equa-
tion can be used to relate the potential and the equi-
librium constant for the reaction. Consider the following
reaction for the formation of a metal cation:

M=M""+ ne” 7)

Note that electrochemical reactions, by convention,
are written as oxidation reactions (i.e., electrons are
generated by the reaction and appear on the right-hand
side of the equation). The equilibrium constant (K) for
the above reaction can be written as

K=[M"] (8)

By substituting this in the Nernst equation, a linear
relationship between the equilibrium potential and the
logarithm of the metal cation is obtained

2.303RT

E=E°+ nE

log [M™] (9)

where E° = the standard electrode potential for the
reaction or

E° = AGy 10
T nF (10)

AG; = the Gibbs free energy change for the reaction or
AG? = ZG;’(products) — ZAG? (reactants)  (11)

R = the universal gas constant, T = the temperature
(K), n = the number of electrons transferred, and F =
Faraday's constant.

For a given activity of the metal cation, the above
relation reduces to a fixed potential value, which is
represented as a horizontal line on the E,—pH diagram,
representing the equilibrium between the metal and the
cation in solution. The position (En value) of this line
represents the equilibrium potential attained by the
pure metal surface in a solution containing its own ions
at that particular activity. This equilibrium can be
shifted to a higher or lower potential, either by changing
the concentration of the cation in solution or by chang-
ing the applied potential. By drawing several lines
representing various activities of dissolved species, one
can estimate the solubility of the solid substance with
reasonable accuracy.
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Table 2. Free Energy of Formation Data for the Dissolved Species in Ba—Ti—C—H;0 System at 25, 55, and 100°C and 1

atm Pressure.

oxidation number (2)

DG (kJ/mol)

Ti Ba considered not considered 25°C 55°C 100°C ref
+2 Tiz+
+2 HTiO,~
+2 Ti(OH)*
+2 Ti(OH)2(a)
+3 Tist
+3 HTi,O4~
+3 Ti(OH)2+
+3 Ti(OH)*
+3 Ti(OH)3(a)
+4 Ti4+ —354.18 —339.78 —315.54 16
+4 HTiO3~ —955.88 —959.58 —965.78 16
+4 TiOH3* —614.00 —607.78 —596.49 16
+4 Ti(OH)2" —869.56 —867.98 —864.30 16
+4 Ti(OH)s* —1092.50 —1094.03 —1095.67 16
+4 Ti(OH)4(a) —1318.17 —1298.79 —1269.94 16
+4 Tio2+
+6 TiO2+
+6 HTiO4~
+6 TiO42~
+2 Ba2* —560.86 —563.12 —566.18 16
+2 BaOH™ —-716.71 —713.40 —708.38 16
+2 Ba(CH3CO32)2(a) —1299.68 —1278.23 —1244.97 29
+2 BaHCO3;* —1153.54 —1147.96 —1138.94 16
+2 Ba(HCO3),(a) —1734.64 —1715.56 —1686.10 29
+2 BaCOs(a) —1103.88 —1094.49 —1079.99 16
COz(a) —385.99 —383.68 —382.05 16
HCO,~ —351.19 —343.60 —331.84 29
HCOzH(a) —351.19 —343.65 —332.15 29
CO32~ —527.90 —512.57 —487.68 16
HCO3~ —586.85 —576.38 —560.35 16
H,CO3(a) —623.20 —615.38 —603.22 29
C,042 —674.09 —658.60 —634.28 29
HC,04~ —698.35 —686.39 —668.95 29
(COOH),(a) —674.09 —658.73 —635.15 29
H* 0 0 0

Reactions Involving the Transfer of H* lons Only. In
this type of reaction, the Gibbs free energy change of
the reaction is related to the equilibrium constant by

AG?=—RTInK=—-2303RT logK (12

For the following hydrolysis reaction of a metal ion,
the equilibrium constant can be written and substituted
in the above equation:

M™ + nH,O — M(OH),(s) + nH" (13)

K= {;:1; (14)

o

>303rT =~ ~"(PH) —log MM (15)

log K=

At a given activity of the metal cation, the above
equation yields a straight line with a fixed pH value,
which is represented as a vertical line on the E,—pH
diagram, indicating the equilibrium between the hy-
droxide and the metal cation. This line, similar to the
horizontal line described above, represents a constant
activity for the dissolved metal cation. In other words,
it defines a pH value beyond which metal hydroxide can
precipitate from a solution containing the metal cations
at that particular activity. The position of this line (pH

value) can be shifted, by changing the concentration of
the dissolved species in relation 15. In the acidic regime,
the metal hydroxide can precipitate only at a higher
concentration of the cations.

Reactions Involving the Transfer of Both Electrons
and H™ lons. For electrochemical reactions involving the
transfer of both electrons and HT ions, the Nernst
equation can be used to deduce a straight line relation
between the equilibrium potential and pH. For the
following equilibrium between a metal and its hydroxide

M + nH,O — M(OH),(s) + nH" + ne”  (16)

K=[HT (17)
_ oo _ 2.303RT _

the above relation can be represented as a sloped line
on the Ep—pH diagram, indicating the equilibrium
between the metal and its hydroxide. Along this sloped
line, the metal and its hydroxide are in equilibrium,
with the same activity of metal cation in solution. Away
from this line, only one solid, either the metal or its
hydroxide, is stable.

Stability of Water. Each of the E,—pH diagrams
includes a set(s) of sloped parallel lines, a and b, that
indicate the thermodynamic stability of water as de-
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scribed by the following reactions:3”

H,(g) — 2H" + 2e~
E, = 0.000—0.0592 pH, at 25 °C (19)

2H,0 — 0,(g) + 4H" + 4e~
E,, = 1.223—0.0592 pH, at 25 °C (20)

In the portion below line a, representing relation 19,
if the equilibrium hydrogen pressure is above 1 atm,
water under atmospheric pressure is reduced with the
evolution of hydrogen. Similarly, in the portion above
line b, representing relation 20, if the equilibrium
oxygen pressure is above 1 atm, water under atmo-
spheric pressure is oxidized to release oxygen. Between
the two lines a and b, the equilibrium pressures of
hydrogen and oxygen are both below 1 atm, and the
region included between these two lines is the domain
of thermodynamic stability for water. Since all aqueous
solutions contain water, this domain of stability for
water is important, whenever the electrochemical equi-
libria in aqueous systems are considered. For this
reason, all E,—pH diagrams include the “water” lines a
and b. Due to slowness of the kinetics of decomposition
of water and high overvoltages of gas production, a
significantly wider range of Ep values is actually at-
tainable in the electrochemical studies of aqueous
solutions.??

Representation of Equilibria. As mentioned in the
above section, E,—pH diagrams contain several lines,
each representing a chemical or electrochemical reac-
tion. Depending on the type of reaction, as discussed
above, these are represented as horizontal, vertical, and
sloped lines. To facilitate easy understanding of the
equilibria in En—pH diagrams, different line types are
used by convention in this paper, to represent each kind
of equilibrium. Homogeneous reactions between dis-
solved (neutral, ionic, and gaseous) species are always
represented by thin, dashed lines. These coexistence
lines represent the condition wherein the thermody-
namic activity of the species on each side of that line is
the same. Independent equilibria between dissolved
species such as Ba species and Ti species in the Ba—
Ti—H,0 system are distinguished by different types of
dashed lines. Similarly, independent equilibria between
Ba species and C species are distinguished in the Ba—
Ti—C—H.0 system. Heterogeneous reactions between
dissolved substance(s) and solid substance(s) are rep-
resented by thin, solid lines, whereas the equilibria
between solid substances are represented by thick, solid
lines. The lines representing the effect of temperature
for each reaction are individually labeled with a symbol,
corresponding to that temperature, as assigned in the
legend. Similarly, the lines representing the effect of
activity of the dissolved substances on solid—solution
equilibria are individually labeled by a digit correspond-
ing to the common logarithm of activity. For example,
a line representing 1072 m activity is labeled as —2. To
preserve the clarity of the diagrams, some of the lines
representing the effect of temperature or activity are

(37) Guenther, W.B. Chemical Equilibrium: A Practical Introduc-
tion for the Physical and Life Sciences; Plenum Press: New York, 1975;
pp 207—228.
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not labeled, when they can be deduced from other sets
of lines that are labeled. Some ionic equilibria exist only
at a particular temperature or activity. Such lines are
appropriately labeled and care should be taken to note
these conditions when interpreting the data. Finally,
each line or set of lines is labeled with a number, under
which the reaction data is listed in the relevant ap-
pendix for each system.

Limitations of E,—pH Diagrams

Similar to any thermochemical analysis, E,—pH
diagrams are inherently subject to several limitations
in accurately representing the electrochemical equilib-
ria. As discussed in the following sections, these limita-
tions are important and must be understood before
utilizing the diagrams to predict phase stabilities.

Thermodynamic Data. The validity of Ex—pH dia-
grams depends, to a great extent, on the accuracy of the
free energy of formation data for the species considered
in the system. Unfortunately, there is no single source
that provides the thermochemical data for all the species
of interest. As a result, the free energies are obtained
from multiple sources, which use a wide variety of
techniques to determine or estimate the standard state
properties of pure substances. Without a specific pro-
cedure to estimate the accuracy of the data, this can
lead to a random error in the construction of the E,—
pH diagrams. Even though the free energy data in the
current work was obtained from the most recent,
critically evaluated sources of thermochemical data, care
must be taken while interpreting the stability domains
in the diagrams. If the diagram shows that a particular
phase is stable relative to the other phase based on a
small free energy margin, the unstable phase should
only be ignored with reservations.

Species Not Considered. While interpreting the
En—pH diagrams, one should remember that the dia-
grams show the equilibria only between the species that
are considered in the system. Therefore, the equilibria
are valid only if there are no unknown species that are
stable in the E,—pH range of interest and if none of the
species that are not considered are stable. In addition,
one has to consider all possible reactions among the
species in the system, a task made easier with the
advent of computers. Considering these difficulties, it
is appropriate to say that many of the useful revelations
made by the E,—pH diagrams are negative; for example,
one can get an unequivocal answer that two particular
phases cannot coexist at equilibrium.

Thermodynamics versus Kinetics. As in the case
of any thermodynamic calculation, En,—pH diagrams are
constructed with an assumption of thermodynamic
equilibrium between the species and indicate regions
of thermodynamic stability and boundaries of thermo-
dynamic equilibria. However, these diagrams do not
provide any information regarding the Kinetics of reac-
tions. Kinetic information, such as reaction rate, activa-
tion energy, and reaction pathway are usually obtained
by experimental methods.

Activities versus Concentrations. As the E,—pH
diagrams are constructed for activities of the dissolved
species, difficulties arise when one attempts to estimate
the solubilities of solids or predict their stability as a
function of the concentration of the dissolved species.
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Activity of a dissolved substance is equal to its concen-
tration in an ideal solution, but all solutions deviate
significantly from ideal behavior, except at infinitely
dilute concentrations. In a nonideal solution, the activity
of an ion differs from its molality by a factor v, the
activity coefficient for that particular ion in a specific
solution environment. Activity coefficients can some-
times be estimated fairly accurately, from the knowl-
edge of the ionic strength. However, for complex,
multicomponent solutions, activity coefficients need to
be predicted on the basis of several solution models.1®
To calculate the solubility of a solid under a given set
of En—pH conditions, the activities of all contributing
dissolved species must be known, along with their
activity coefficients. A more direct situation, while
utilizing the Ep—pH diagrams, is the prediction of
stability of solids at a given composition of the solution.
If the stability can be expressed as a function of E and
pH alone, then no difficulty arises due to lack of activity
coefficients, since the equilibrium is independent of
dissolved species. But in the case of an equilibrium
between a solid and its aqueous species in solution, it
is necessary to know the activities of the dissolved
species to accurately predict the stability of the solid.
Despite this limitation, equilibrium activities obtained
from E,—pH diagrams can be used to estimate the
minimum solubility of solids. This can be achieved by
the generalization that, when a solid is in equilibrium
with a solution, the sum of the activities of all dissolved
species containing an element is almost always less than
the concentration of that element as determined by
chemical analysis. In addition to the above limitations
in the use of concentrations as a opposed to activities,
En—pH diagrams are often drawn at pH values greater
than pH 14 to expose phase fields beyond the limits of
the accepted pH range. Accordingly, such phase fields
should be considered with a degree of reservation.

Discussion of Electrochemical Equilibria

The electrochemical equilibria as revealed by the E,—
pH diagrams constructed for several independent sys-
tems among Ba,Ti, and C species are discussed in the
following sections. The voluminous reaction data and
equilibrium formulas for each reaction in each system
are available as Supporting Information.

Ba—H,O System. Barium, similar to the other
alkaline earth metals, is very reactive in aqueous
solutions, exerting an extremely low solution potential
(Ep = —2.908V at 25 °C), well below the thermody-
namic stability domain for water. Ba is unstable with
respect to BaH,, which itself is unstable in the presence
of water. Ba and BaH; do not coexist, as the coexistence
potential lies well above the solution potentials for both
Ba and BaH,. For this reason, E,—pH diagrams are
drawn without considering the formation of BaH,. The
diagram at 25 °C (Figure 1a) is in good agreement with
those already reported by Pourbaix.®® A significant
difference, however, is the inclusion of BaOH™ in the
current diagrams, in equilibrium with Ba?*t under
alkaline conditions. Under oxidizing, alkaline condi-

(38) Van Muylder, J.; Pourbaix, M. In Atlas of Electrochemical
Equilibria in Aqueous Solutions; Pourbaix, M., Ed.; National Associa-
tion of Corrosion Engineers: Houston, TX, 1974; pp 146—154.
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Figure 1. (a) En—pH diagram for Ba—H,0 system at 25 °C
and 1 atm pressure, not considering the formation of BaH,.
The total activity of dissolved Ba species is varied from 1 to
1073 m. (b) En—pH diagram for Ba—H,0 system at 25 (@), 55
(»), and 100 °C (#), and 1 atm pressure, not considering the
formation of BaH,. The total activity of dissolved Ba species
is kept constant at 1 m. a and b are defined by equations 19
and 20, respectively.

tions, barium peroxide (BaO,) can be formed, as can be
seen in the upper right corner of the E,—pH diagrams.
However, in the thermodynamic stability domain of
water, BaO is unstable, converting to barium hydroxide
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octahydrate, Ba(OH),-8H,0. Higher temperatures tend
to stabilize BaO,, with the hydration reaction proceed-
ing at lower potentials (Figure 1b). Barium hydroxide
octahydrate precipitates at high pH, maintaining an
equilibrium with Ba?* (1.0 m activity at 25 °C) in
solution at pH 13.42. The equilibrium pH is initially
lowered with temperature (pH 12.95 at 55 °C), indicat-
ing a decreasing solubility of Ba(OH),-8H,0, as shown
in Figure 1b. At 100 °C, however, the presence of BaOH™
in equilibrium with hydroxide extends the solubility of
Ba(OH),-8H,0 to pH 13.7.

Ti—H,O System. The E,—pH diagrams for Ti—H,0
are drawn similarly to the Ba—H,O system, without
considering the formation of TiH,. In addition, these
En—pH diagrams are drawn with an extended pH range
(pH —10 to 15) to fully describe the equilibria between
the dissolved species and Ti and its oxides. As seen in
Figure 2a, Ti is not stable in the presence of water, but
forms a passivating film of oxide on its surface. TiO,-
(R), the rutile phase of titanium dioxide, is the most
stable form of native oxide on Ti, in the stability regime
of water. TiOy(R) protects the metal from further
deterioration, through most of the pH range, except in
the extremely acidic regime,?® where it dissolves to form
Ti(OH),2*". The other oxides of titanium, TiO and Ti,Os,
are not stable in the presence of water and convert to
TiO2(R). For this reason, Ti is classified as a base metal,
which is easily rendered passive in the presence of
water, very similar to aluminum.

The electrochemical equilibria in Ti—H,O system
presented here are in good general agreement with
Pourbaix,? barring the deviations in the positions of
equilibria due to revised thermochemical data. Corro-
sion and passivation regimes for Ti in the presence of
several complexing agents as well as the thermody-
namic stability of various forms of the oxides of titanium
were well-described by Pourbaix.3® One notable differ-
ence however, is the inclusion of hydrolysis products of
Ti** in the current work. Also, Ti2t and Ti3* ions and
their hydrolysis products are not considered in the
construction of these diagrams due to the lack of reliable
thermochemical data. For this reason, predominance
domains for Ti?" and Ti®* do not appear in the current
En—pH diagrams as they do in Pourbaix’s diagrams.3°
However, there is evidence that Ti2* and Ti3* can form
by the dissolution of Ti and its oxides in the presence
of acidic solutions free from oxidizing agents or by
electrolytic reduction of Ti(l1V) species.? Ti2t and Ti3"
are strong reducing agents and their domains of pre-
dominance lie well below line a, corresponding to the
equilibrium of reduction of water (Figure 2). Ti?* and
Tid* can reduce water, liberating gaseous hydrogen at
atmospheric pressure. Accordingly, the exclusion of
Ti(ll) and Ti(l11) species should not affect the accuracy
of the diagrams for the most part, as they are readily
converted to hydrolyzed Ti(1V) species such as Ti(OH),2"
between pH 1 and 2 in the stability domain of water.?>
At 25 °C, the only ionic equilibrium that exists in
solution is between Ti(OH),?" and Ti(OH)4(a), at pH
2.25, as seen in Figure 2a. While the less hydrolyzed

(39) Schmets, J.; Van Muylder, J.; Pourbaix, M. In Atlas of
Electrochemical Equilibria in Aqueous Solutions, 2nd ed.; Pourbaix,
M., Ed.; National Association of Corrosion Engineers: Houston, TX,
1974; pp 213—222.
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Figure 2. (a) En—pH diagram for Ti—H,0O system at 25 °C
and 1 atm pressure, for an extended range of pH, not
considering the formation of TiH,. The total activity of dis-
solved Ti species is varied from 1 to 102 m. (b) E,—pH diagram
for Ti—H,O0 system at 25 (®), 55 (A), and 100 °C (#), and 1
atm pressure, for an extended range of pH, not considering
the formation of TiH,. The total activity of dissolved Ti species
is kept constant at 1 m. a and b are defined by equations 19
and 20, respectively.

TiOH3" is likely to be stable only at a lower pH, the
absence of Ti(OH)s™ at 25 °C is likely due to the decrease
in coordination number when Ti(OH)3" is converted to
Ti(OH)4(a).2° These ionic equilibria are consistent with
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the speciation diagram reported for Ti agueous species.16
The temperature dependence of the ionic equilibria is
illustrated in Figure 2b, showing the presence of
Ti(OH)3*, and HTiO3;~ at higher temperatures. Tita-
nium and its oxides dissolve only with great difficulty,
as evident in Figure 2a, where the solid—liquid equi-
libria can be seen only at extremely low pH. Titanium
becomes less and less noble with increasing temperature
at high pH, with the stability domain for its oxides
extending to lower potentials. However, TiO2(R) shows
higher solubility at elevated temperatures as the equi-
librium with Ti(OH),2™ moves to higher pH values.
Formation of metastable TiO,(A), the anatase form of
titanium dioxide, under hydrothermal and electrochemi-
cal conditions has been reported.®4l Even though it is
metastable, crystallization of TiO,(A) is very dominant
at low temperatures, particularly under alkaline condi-
tions (pH >7) and high concentrations of Ti precursors
(e.g. TiCly). Metastable TiO,(A) converts exothermally
to thermodynamically stable TiO,(R) only at high tem-
peratures (about 1000 °C). It is also found that Ti and
TiH2 do not coexist in equilibrium. This is due to the
relatively high temperatures (200—500 °C) and pres-
sures required for the formation of transition metal
hydrides.*?

Ba—Ti—H,0 System. The E,—pH diagrams for the
Ba—Ti—H,0 system are presented in Figure 3. These
diagrams primarily represent the phase equilibria
between Ti metal and its oxides (not considering the
formation of TiH;), including the complex oxide BaTiOs.
The lack of equilibrium between the metal hydrides and
pure metal states in aqueous solutions and the over-
whelming evidence for the existence of Ba and Ti in
their pure, elemental states in equilibrium with their
native oxides justify the omission of BaH, and TiH,.
Stability domains for BaO, and Ba(OH),-8H,0 are also
represented in equilibrium with BaTiO3; and the dis-
solved species Ba?t and BaOH™. The ionic equilibria
between Ti species are distinguished from the equilib-
rium between Ba?" and BaOH™ by a different type of
dashed line, as indicated in the captions. The line(s)
corresponding to the equilibrium between Ti metal and
TiO intersects the predominance domain for Ba(OH),-
8H,0. The portion of the line(s) present in the Ba(OH),-
8H,0 regime is represented as broken line(s) to clarify
that there is no equilibrium between Ba(OH),-8H,0 and
Ti oxides.

It is evident from Figure 3a that BaTiOgs is stable at
high pH and moderate potentials. At anodic (positive)
potentials higher than ~1.0 V E;, at 25 °C, BaTiOj3 tends
to decompose to BaO, and TiO»(R), whereas at low
potentials (below ~ —1.75 V E;, at 25 °C), Ba(OH),-8H,0
is the stable phase. At sufficiently high pH, barium
titanate is the stable phase in the domain of thermo-
dynamic stability of water, and the only formation
reaction is the potential independent conversion of
TiO,(R) in the presence of Ba" in solution. The con-
centration of Ba?* determines the equilibrium between

(40) Cheng, H.; Ma, J.; Zhao, Z.; Qi, L. Chem. Mater. 1995, 7, 663.

(41) Yoo, S.-E.; Yoshimura, M.; Somiya, S. Proceedings of Materials
Research Society International Meeting on Advanced Materials; Doya-
ma, M., Somiya, S., Chang, R. P. H., Eds.; Materials Research
Society: Pittsburgh, PA, 1989; Vol. 3, pp 157—164.

(42) Muetterties, E. L. Transition Metal Hydrides; Marcel Dekker:
Inc.: New York, 1971; pp 11—-32.
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Figure 3. (a) En—pH diagram for Ba—Ti—H,0 system at 25
°C and 1 atm pressure. The total activities of dissolved species
are independently varied for Ba and Ti, in the range from 1
to 1073 m. (b) En—pH diagram for Ba—Ti—H,0 system at 25
(®), 55 (»), and 100 °C (#), and 1 atm pressure. The total
activities of dissolved species of Ba and Ti are kept constant
at 1 m each. a and b are defined by equations 19 and 20,
respectively.

TiO2(R) and BaTiOz. At 1 m activity of Ba?", the
minimum pH required to form BaTiO3 at 25 °C is 10.2.
At lower concentrations of Ba2™, the equilibrium shifts
to higher values of pH, demonstrating the importance
of solution alkalinity for synthesizing BaTiOs. The effect
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of temperature on the stability of BaTiOs is illustrated
in Figure 3b. The equilibrium between BaTiO3; and
TiO2(R) shifts to lower pH at elevated temperatures,
extending the stability domain for BaTiOs. However, the
stability of BaO, extends to lower potentials with
increasing temperature, which restricts the predomi-
nance of BaTiOs. At higher temperatures, the stability
of BaTiOj3 is extended at cathodic potentials.

Ba—Ti—C—H,0O System. Addition of carbon to the
Ba—Ti—H,0 system drastically affects the electrochemi-
cal equilibria, as shown in Figure 4a at various activities
of Ba, Ti, and C. The activities of all three elements are
the same in each case. The ionic equilibria between C
species are distinguished from the ionic equilibria
between Ba species by a different type of dashed line.
To preserve the clarity of the diagrams, equilibria
between Ti species (dissolved and solid) are not shown,
as they are not affected by the presence of carbon in
the system. Even at an activity as small as 1076 m,
BaCOs is stable over a significant range of pH (9—14).
Increasing activity extends this domain even further,
with BaCOj3; being stable over most of the pH range (2—
17) calculated at 1 m activity. This indicates the
importance of eliminating the sources of carbon con-
tamination (e.g., dissolved atmospheric CO2(g)) while
BaTiOzs is synthesized. lonic equilibria are also affected
significantly by the presence of carbon. Barium acetate
ion is stable at cathodic potentials, and the ionic
equilibria at higher potentials depend on the activities
of Ba and C. At low activities (L0~* m and lower), only
Ba?t and BaOH™ are in equilibrium, whereas with
increasing activity, other species such as BaCOg3(a) at
1072 m and BaHCOg3" at 1 m become stable. The effect
of temperature on the Ba—Ti—C system at 1 m activity
is shown in Figure 4b. Temperature dependence of
BaTiOj3 stability is very similar to that described for the
Ba—Ti—H>0 system. The equilibrium between BaCO3
and BaTiOj3 shifts gradually to a lower pH with increas-
ing temperature, extending the stability domain for
BaTiOs.

Experimental Verification

Using the experimental data published in the litera-
ture for hydrothermal and electrochemical synthesis of
BaTiOj3, the Ey,—pH diagrams for Ba—Ti—H,0 and Ba—
Ti—C—H0 have been verified in the following sections.
Table 3 lists the experimental conditions along with
physical and chemical nature of the reaction products
obtained from hydrothermal/electrochemical synthesis
of BaTiO3 powders and films as reported in the litera-
ture. Since the Ep,—pH diagrams indicate thermody-
namic equilibrium and are drawn for activities of
dissolved substances, experimental data often is not
confined to the predominance domains defined by the
En—pH diagrams. Moreover, reaction kinetics can be too
sluggish for the equilibria to be established. As a result,
experimental reactions may involve metastable phases
and some of the metastable phases may appear to be
stable, equilibrium products. Therefore, while verifying
or utilizing the E—pH diagrams, one must bear in mind
that these diagrams at best show specific “trends” in
phase stability, particularly if the equilibria depend on
concentrations of dissolved species or involve metastable
phases.

Chem. Mater., Vol. 11, No. 3, 1999 597

EsHe(Volts)

EsHEe (Volts)

-2.0

pH

Figure 4. (a) En—pH diagram for Ba—Ti—C—H,0 system at
25 °C and 1 atm pressure. The total activities of dissolved
species are independently varied for Ba, Ti, and C, in the range
from 1 to 10® m. (b) En—pH diagram for Ba—Ti—C—H,0
system at 25 (@), 55 (2), and 100 °C (#), and 1 atm pressure.
The total activities of dissolved species of Ba, Ti, and C are
kept constant at 1 m each. a and b are defined by equations
19 and 20, respectively.

Synthesis of BaTiO3; at Low Temperatures. Hy-
drothermal and electrochemical syntheses of barium
titanate thin films and powders at low temperatures
have been reported by several authors. Synthesis tem-
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Table 3. Experimental Conditions and Synthesis Products Described in the Published Literature on the Hydrothermal/
Electrochemical Synthesis of BaTiO3; Thin Films and Powders?2

source C
(refy method form V (V) (mA/cm? T (°C) pH electrolyte products remarks
41 EC  powder 40-50 50-100 100—250 NM 0.1 N Ba(NOs3); BaTiO3 at 250 °C pure phase
0.5 N Ba(NO3), BaTiO3 at 200 °C BaCOj3; contamination
0.1 N BacCl, TiO2 (A) at all temperatures
1 EC films NM 10-100 RT-150 NM 0.5 N Ba(OH); BaTiO3z at 100—150 °C
TiOz (A) below 100 °C
4 HT  films - — 120—-180 NM 0.5 N Ba(OH), BaTiO3 at 180 °C very thin films
(50—100 nm)
3.0 N Ba(OH); BaTiOz at 150 °C long reaction times
(3—4h)
BaCO3 contamination
5 HT films — - 400—800 NM 0.5-8.0N BaTiOg3 at all thicker (0.5—2.5 um)
Ba(OH); temperatures films, oriented with
substrate
film thickness increased no BaCOs
with incresing T, time, contamination
and Ba?* concn
well-faceted grain
structure
7 EC films 2-3 10-50 80—200 13 0.4 M Ba(OH), BaTiO3 ~2um thick film at thickness increases
200 °C, 45 min reaction with time and temp
7 HT  films - — 80—200 0.4 M Ba(OH); BaTiO3 600 nm film at thin, fine grained films

12,13 EC Films 2-4

0.5-25 55-100 14 0.5M Ba(CH3COy), BaTiOs,

80 °C, 20 h reaction even after long reaction
lowest synthesis temp
BaCOs3, reported

TiO, (amorphous)

aHT, hydrothermal; EC, electrochemical; V, cell voltage; C, cell current; T, temperature; TiO»(A), titanium dioxide, anatase form.

peratures varied from as low as 55 °C12-14 to about 300
°C.1441 While the success of synthesizing BaTiOs at low
temperatures verifies the phase stability of BaTiOs3, the
reason for using higher temperatures and sealed reac-
tion vessels is primarily due to the lack of understand-
ing of the effect of parameters such as pH and solution
concentration. Even though TiOy(R) is the thermody-
namically stable precursor phase to BaTiOs3, as indicated
in the E,—pH diagrams (Figure 3), an amorphous,
metastable, hydrated titanium oxide is more likely to
form under highly alkaline conditions, which is widely
believed to be the precursor to BaTiO3 in hydrothermal
as well as electrochemical processes.34344 |n most cases
where a high temperature (above 100 °C) was used to
synthesize BaTiOgz, the solution pH and/or the Ba?*
concentration were significantly lower.44! This “trend”
is evident from the temperature dependence of BaTiO3
stability in Figure 3b, where the equilibrium between
Ba?t and BaTiO3 gradually shifts to lower pH with
increasing temperature. In other cases, a higher tem-
perature was intentionally used to study the process
kinetics, microstructure, crystallinity, and morphol-
ogy.2® Higher synthesis temperatures, in general, im-
prove the kinetics of the electrochemical formation of
BaTiOs3, yielding thicker films in shorter times. At-
tempts to electrochemically synthesize BaTiOj3 films on
Ti substrates at 25 °C were not successful, yielding only
an unknown, amorphous phase.'® However, Klee*® used
the controlled hydrolysis of (Ba,Ti) metal organic pre-
cursors to prepare spherical BaTiO3; powders at 30 °C.
In the aqueous-based (hydrothermal, electrochemical)
processes, reaction of titanium hydrous oxide precursor
with Ba?" in solution may be kinetically hindered at
temperatures less than 50—60 °C. Hydrolysis of metal

(43) Prusi, A. R.; Arsov, Lj. D. Corros. Sci. 1992, 33, 153.

(44) Vivekanandan, R.; Kutty, T. R. N. Powder. Technol. 1989, 57,
181.

(45) Klee, M. J. Mater. Sci. Lett. 1989, 8, 985.

organic precursors, on the other hand, leads to a direct
precipitation of BaTiO3; from the elemental Ba and Ti
precursors, avoiding the kinetically slow conversion of
Ti oxide.

Effect of pH and Ba?" Concentration. Concentra-
tion of Ba?* ion plays an important role in the synthesis
of barium titanate under hydrothermal and electro-
chemical conditions. Even though the Ba?" concentra-
tion is widely varied (0.01—1.5 m) among the reports
published in the literature, only Yoshimura and co-
workers performed systematic studies on the effect of
Ba?" on the stability of BaTiOz synthesized under
electrochemical conditions.##! It has been experimen-
tally confirmed in the above investigations that the
minimum temperature required to synthesize BaTiO3
decreases significantly with increasing Ba2" concentra-
tion in the electrolyte. Using Ba(OH),-8H,0 solutions
as the electrolyte,* BaTiOs thin films were synthesized
on Ti at moderately high concentrations (0.5—1.5 m) of
Ba?*t in the temperature range of 150—200 °C. At lower
concentrations of Ba?™ and/or lower synthesis temper-
atures, only a mixture of BaTiOz and TiO,_, was
obtained, which is in agreement with the phase stability
domain for BaTiO3 shown in parts a and b of Figure 3.
However, as the electrolyte pH also varies with the
concentration of Ba(OH),-8H,0, the phase stability of
BaTiO3; might have been affected by solution pH as well.
The effect of Ba?" concentration on the synthesis of
BaTiO3 powders by anodic oxidation of Ti in Ba(NOs),
solutions*! confirms the stability of BaTiOz only above
250 °C with 0.25 m Ba2*. At lower concentrations, either
a mixture of BaTiO3 and metastable TiO»(A) or only
TiO2(A) was obtained. Since the Ba(NOgs), solutions
possess considerably lower pH values compared to
Ba(OH),-8H,0 solutions, and are relatively insensitive
to concentration, these data confirm the effect of Ba?"
concentration alone. The effect of solution pH at a
constant concentration of Ba?" has also been re-
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ported.1314 BaTiOsz thin films were electrochemically
synthesized on Ti substrates only above pH 13, in 0.5
m Ba(CH3COy), electrolytes at 55 °C.

Effect of Applied Potential. As indicated in the
En—pH diagrams for the Ba—Ti system, the major
formation reaction for BaTiOg3 is the equilibrium with
thermodynamically stable TiO»(R) and Ba?" ion in
solution, which is independent of potential. Even though
the actual reaction may involve metastable titanium
hydrous oxide precursors as discussed earlier, applied
potential has no direct role in the precipitation of
BaTiO3;. This observation is supported by the data
published in the literature on the hydrothermal syn-
thesis of BaTiO3 on Ti substrates.*>” BaTiO3 could be
synthesized without applied potential, even though the
rates of deposition were significantly lower (about 4 h
for a 100 nm film). Applied potential, however, improves
the rate of reaction of the deposition process, probably
through the anodic oxidation of Ti, generating the
suitable precursor(s) for the precipitation of BaTiO3.13
In this case, a high anodic potential should have a
favorable effect on electrochemical formation of BaTiOs,
through the enhanced corrosion of Ti. But the E,—pH
diagrams in Figure 3 indicates the decomposition of
BaTiO3 into BaO; and TiO»(R) at even slightly high
(>1.0 V Ey) anodic potential. Unfortunately, none of the
reports in the literature have done a systematic study
on the effect of potential or the current density. More-
over, many studies on the electrochemical synthesis of
BaTiO3; were performed galvanostatically, making it
difficult to assess the effect of potential. However, a few
have reported the cell potentials, which give an insight
into the potential dependence of phase stability. At very
high cell voltages (40—50 V), only a TiO»(R) layer was
found on the surface of the Ti electrode, while BaTiO3
powder was produced at the bottom of the vessel,
through the conversion of fine TiO, particles ejected
during the breakdown of the anodic TiO; film.*! In
another study,* use of even a moderate cell voltage (4.0
V) resulted in the formation of BaCOs, probably through
the electrolytic breakdown of the barium acetate elec-
trolyte. In an earlier study,’® depth profile analysis
using Auger electron spectroscopy revealed a thicker Ti
oxide interface layer between the Ti substrate and the
BaTiO3 film grown at higher current density, and the
thickness of the film was less than those formed at
smaller current densities. From these data, it is appar-
ent that formation of BaTiOj3 is not favored at very high
potentials, even though the breakdown of BaTiOz may
not proceed at potentials as low as 1.0 V Ej, as indicated
in Figure 3.

Effect of Carbon Contamination. Formation of
BaCO3; as a contaminant in the synthesis of BaTiOg3 is
a well-known phenomenon, and appropriate precautions
are usually taken to avoid exposure to atmospheric COs,.
However, BaCOg is always in equilibrium with BaTiOs,
even at extremely low concentrations of CO32~ and Ba2"
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species, as shown in Figure 4a, and as a result, surfaces
of hydrothermally derived BaTiO3 powders or films are
always contaminated with BaCO3.1316 Although the
formation of BaCO3 can be easily avoided during the
synthesis step, surface contamination occurs during the
postsynthesis washing and handling of BaTiO3.12 Wash-
ing with ammoniated water (at pH 11-12) has been
reported as an effective method to minimize surface
contamination. This is in agreement with the phase
equilibria observed in Figure 4a, where BaTiOs is stable
with respect to BaCO3; at high pH and low activity of
dissolved species. The effect of temperature on formation
of BaCOgs in the electrochemical synthesis of BaTiO3 was
reported.*? In syntheses at temperatures higher than
250 °C, pure BaTiOz was formed, whereas a small
amount of BaCO3; was always associated with BaTiO3
at synthesis temperatures of 200 °C or less. It is likely
that the authors did not remove the dissolved CO, from
the electrolyte solutions, which might have caused the
formation of BaCOs3 in the first place. However, these
data are consistent with the effect of temperature on
the BaCO3/BaTiOsz equilibrium as illustrated in Figure
4b. At a fixed activity of carbon, formation of BaCOs is
less favored at elevated temperatures.

Conclusions

En—pH diagrams for Ba—H,0, Ti—H,0, Ba—Ti—H,0,
and Ba—Ti—C—H,0 systems are constructed at 25, 55,
and 100 °C. Thermochemical data for the solid and
dissolved species in the above systems have been
acquired from the most recent compilations. The electro-
chemical equilibria obtained for Ba—Ti—H;O and Ba—
Ti—C—H0 are consistent with the experimental data
published in the literature for the hydrothermal and
electrochemical synthesis of BaTiOs.

BaTiO3 is thermodynamically stable at high pH and
moderate potentials. Experimental data suggests the
feasibility of electrochemically synthesizing BaTiO3;
films at potentials higher than indicated by the stability
domain for BaTiOgz in the E,—pH diagrams. This sug-
gests that the decomposition of BaTiO3 is kinetically
slower than the formation reaction, so that the equilib-
rium between BaO, and BaTiOs is not attained. How-
ever, at very large anodic potentials, it appears that the
formation of BaTiOz on the anode surface is not favored.
The presence of carbon significantly restricts the stabil-
ity of BaTiOg, even at very low activities, emphasizing
the importance of avoiding the exposure to atmospheric
CO,. High synthesis temperatures minimize the BaCOg3
contamination by extending the stability domain for
BaTiO3 to a lower pH.

Supporting Information Available: Reactions and equi-
librium formulas for the various systems discussed. This
material is available free of charge via the Internet at
http://pubs.acs.org.

CM980424G



