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bstract

lkaline-earth titanates, MTiO3 (M = Mg, Ca, Sr and Ba), were prepared by solid-state reactions in air and water vapor atmospheres to investigate
he effects of water vapor on the formation of MTiO3. The formation of MTiO3 was accelerated more or less by water vapor. Acceleration effect
y water vapor increased in the following order: MgTiO and CaTiO � SrTiO < BaTiO . The formation of SrTiO and BaTiO was drastically
3 3 3 3 3 3

ccelerated by water vapor even though the coarse particles of SrCO3 and BaCO3 remained in the starting mixtures. The difference in its effect
ight be mainly attributed to the vapor pressure of M(OH)2. Gas-phase transport of M(OH)2 would become important for the formation of MTiO3

y solid-state reactions in water vapor atmosphere.
2010 Elsevier Ltd. All rights reserved.
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. Introduction

Alkaline-earth titanates (MTiO3, M = Mg, Ca, Sr and Ba) are
mportant materials for the electronic industry. MgTiO3 has an
lmenite structure and the others have a perovskite structure.
mong these titanates, BaTiO3 is the most widely used because
f its high dielectric constant, ferroelectric properties and posi-
ive temperature coefficient of electrical resistivity.1 BaTiO3 and
ther titanates have been usually synthesized by the high temper-
ture solid-state reaction between TiO2 and each alkaline-earth
arbonate. The high calcination temperature required in this pro-
ess leads to many disadvantages of the calcined powders, such
s large particle size with a wide size distribution and high degree
f particle agglomeration.2 Therefore, current research efforts
ave been focused on the reduction of particle size of raw mate-
ials to submicrometer or even to nanoscale in order to decrease
he calcination temperature.3–6 In addition, mechanochemical
ffects are known to be quite effective to decrease the calcina-

ion temperature for solid-state reaction to prepare BaTiO3,7–10

gTiO3,11 CaTiO3
12 and SrTiO3.13

∗ Corresponding author. Tel.: +81 88 844 8352; fax: +81 88 844 8362.
E-mail address: yanagi@kochi-u.ac.jp (K. Yanagisawa).

d
d
p
B
2
(
t

955-2219/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2010.07.027
On the other hand, we have previously shown that the
ormation of BaTiO3 and �-Ca2SiO4 by solid-state reactions
s drastically accelerated by water vapor without particular

echanochemical processing.14,15 The solid-state reaction pro-
ess in water vapor atmosphere should be effective to prepare
ther ceramic powders consisting of oxygen polyhedra at low
emperatures. In this paper, we applied this method to the prepa-
ation of MgTiO3, CaTiO3, SrTiO3 and BaTiO3 and investigated
he effects of water vapor on the formation of MTiO3. Special
ttention was given to the gas-phase transport of the reactant in
ater vapor atmosphere.

. Experimental procedures

The raw materials used were commercially available
g5(CO3)4(OH)2·4H2O (SBET = 20.93 m2/g, dBET = 0.13 �m),
aCO3 (SBET = 5.63 m2/g, dBET = 0.40 �m), SrCO3

SBET = 4.21 m2/g, dBET = 0.38 �m), BaCO3 (SBET = 1.68 m2/g,
BET = 0.83 �m) and TiO2 (rutile, SBET = 5.60 m2/g,
BET = 0.25 �m) with a trace of anatase phase. Starting
owders with stoichiometric MgTiO3, CaTiO3, SrTiO3 and

aTiO3 composition were mixed in a dry condition for 6 h with
80 rpm using stainless jars and media. The mixed powders
0.3 g each) placed in an alumina boat were calcined at various
emperatures for 2 h in air and water vapor atmospheres by a

dx.doi.org/10.1016/j.jeurceramsoc.2010.07.027
mailto:yanagi@kochi-u.ac.jp
dx.doi.org/10.1016/j.jeurceramsoc.2010.07.027
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ig. 1. SEM photographs of the starting mixtures before calcination: (a) Mg5(C

ubular furnace equipped with a water evaporator. For water
apor atmosphere, distilled water was introduced at a flow rate
f 2 mL/min into the evaporator without a carrier gas to generate
00% water vapor atmosphere in the furnace. Calcinations in

ir atmosphere were performed in stagnant condition in the
ame furnace by removing the evaporator. In a previous paper,
e examined the effect of forcible removing of CO2 gas from

he reaction field on the formation of BaTiO3, and concluded

a

R
a

ig. 2. XRD patterns of the samples obtained by solid-state reactions between Mg5(C
or 2 h. (�) MgTiO3, (�) MgTi2O5, (♦) rutile TiO2, (©) MgO.
(OH)2·4H2O–TiO2, (b) CaCO3–TiO2, (c) SrCO3–TiO2 and (d) BaCO3–TiO2.

hat N2 gas flow for forcible removing of CO2 gas had little
ffects on the decomposition of BaCO3.14 Consequently,
e investigated the effects of water vapor atmosphere on

he formation of MTiO3 comparing with that in stagnant air

tmosphere.

Powder X-ray diffractions (XRD) were measured on a
igaku Rotaflex RAD-RC diffractometer operating at 40 kV
nd 100 mA using Cu K� radiation. The patterns were col-

O3)4(OH)2·4H2O and TiO2 in air and water vapor atmospheres at 900–1150 ◦C
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Fig. 3. Reacted fraction of the crystalline phases obtained by solid-state
reactions between Mg5(CO3)4(OH)2·4H2O and TiO2 in air and water vapor
atmospheres. Circles and triangles correspond to MgTiO3 and MgTi2O5, and
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ected in the range of 5–80◦ in 2θ/θ scanning mode with a
.02◦ step and scanning speed of 4◦/min. The amount of each
rystalline phase was estimated by semi-quantitative analy-
is from XRD peak areas of the most intense peak of each
ompound, except for BaTiO3. Reacted fraction (α) of each
ompound was defined as a ratio of the strongest peak area of
he compound against the total of the strongest peak area of
ll compounds formed in sample. The amount of BaTiO3 was
etermined by quantitative analysis of XRD using the internal
tandard method.14 Specific surface area, SBET, was measured
y the BET method using N2 with a Yuasa-ionics NOVA-1200
nstrument. The equivalent BET diameter, dBET, was calcu-
ated by the equation: dBET = 6/(ρ·SBET), where ρ is the density
f Mg5(CO3)4(OH)2·4H2O 2.26 g/cm3, CaCO3 2.71 g/cm3,
rCO3 3.79 g/cm3, BaCO3 4.31 g/cm3 and rutile type TiO2
.25 g/cm3. Micrographs of scanning electron microscopy
SEM) were obtained by using Hitachi S-530 electron micro-
cope operating at 25 kV.

. Results and discussion

.1. Characterization of starting mixtures

Fig. 1 shows the SEM photographs of starting mix-
ures prepared by ball milling for 6 h. Starting mixtures of

g5(CO3)4(OH)2·4H2O–TiO2 and CaCO3–TiO2 had relatively
igh homogeneity. In contrast, coarse particles of SrCO3 and
aCO3 remained in those of SrCO3–TiO2 and BaCO3–TiO2,

espectively.

.2. Formation of MgTiO3

Fig. 2 shows the XRD patterns of the samples obtained by
olid-state reactions between Mg5(CO3)4(OH)2·4H2O and TiO2
n air and water vapor atmospheres at 900–1150 ◦C for 2 h. In
oth atmospheres, Mg5(CO3)4(OH)2·4H2O was already decom-
osed below 600 ◦C to form MgTiO3 and MgO. As shown in
ig. 2, the major phase of the calcined samples was MgTiO3 in
oth atmospheres when the starting mixtures were calcined at
00 ◦C for 2 h. On the other hand, the minor phase, MgTi2O5,
as obtained at 950 ◦C and the amount of MgTi2O5 increased

imultaneously with disappearance of the TiO2 phase. It has
een reported that MgTi2O5 has a pseudobrookite type structure
ith an orthorhombic unit cell16 and is formed even by calcina-

ion of the oxide mixtures with 1:1 molar ratio.17,18 The formed
gTi2O5 was reacted with residual MgO to form MgTiO3 with

ncreasing calcination temperature in both atmospheres. Single-
hase MgTiO3 was obtained by calcination at 1150 ◦C for 2 h in
ater vapor atmosphere, whereas the trace amounts of MgTi2O5

nd MgO remained in air atmosphere. In air atmosphere, calci-
ations at 1150 ◦C for 4 h or 1200 ◦C for 2 h were required to
et a single-phase MgTiO3.

Fig. 3 shows the reacted fraction of the MgTiO3 and MgTi2O5

hases in both atmospheres. Formation of MgTiO3 already
tarted at 600 ◦C. The reacted fraction of the MgTiO3 phase
radually increased up to 950 ◦C and 900 ◦C in air and water
apor atmospheres, respectively, and stayed constant because of

t
v
a
f

pen and solid symbols correspond to air and water vapor atmospheres, respec-
ively.

he formation of minor MgTi2O5 phase. After that, the amount
f MgTiO3 increased again with decrease of the MgTi2O5 phase.
t is worth noting that the amount of MgTi2O5 obtained in
ater vapor atmosphere is half compared with that obtained

n air atmosphere. Water vapor suppressed the formation of the
ntermediate phase.

On the basis of the results of XRD patterns (Fig. 2) and semi-
uantitative analysis (Fig. 3), solid-state reaction between MgO
nd TiO2 to form MgTiO3 is shown as follows:

gO + TiO2 → MgTiO3 (1)

gTiO3 + TiO2 → MgTi2O5 (2)

gTi2O5 + MgO → 2MgTiO3 (3)

The formation of MgTiO3 by solid-state reaction of MgO
ith TiO2 (Eq. (1)) was accelerated by water vapor. Water vapor

s considered to attack Ti–O–Ti bonds of rutile TiO2 particle
urface to promote rotation and movement of TiO6 octahedra.
hus, MgO which has already formed by the decomposition of
g5(CO3)4(OH)2·4H2O easily reacts with TiO6 octahedra to

orm MgTiO3 up to 900 ◦C. As shown in Eq. (2), the intermedi-
te MgTi2O5 phase would be formed by the reaction of MgTiO3
ith TiO2, because the XRD peak intensity of MgO was not
ecreasing at 950 ◦C (Fig. 2). Furthermore, we also confirmed by
olid-state synthesis of MgTi2O5 from Mg5(CO3)4(OH)2·4H2O
nd TiO2 that the reaction products up to 900 ◦C consisted of
he MgTiO3 and TiO2 phases, and then MgTiO3 was reacted
ith residual TiO2 to form MgTi2O5 as the reaction advanced.

n the case of the solid-state synthesis of MgTiO3, the forma-
ion of intermediate MgTi2O5 phase was suppressed in water

apor atmosphere, because the reaction in Eq. (1) was acceler-
ted by water vapor and consequently the amount of TiO2 to
orm MgTi2O5 decreased.
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ig. 4. XRD patterns of the samples obtained by solid-state reactions betwee
00–900 ◦C for 2 h. (�) CaTiO3, (♦) rutile TiO2, (�) anatase TiO2, (�) CaCO3

.3. Formation of CaTiO3

Fig. 4 shows the XRD patterns of the samples obtained by
olid-state reactions between CaCO3 and TiO2 in air and water
apor atmospheres. A small amount of anatase was detected
n the samples obtained in both atmospheres up to 650 ◦C and
hen disappeared by calcination at 700 ◦C (Fig. 4a). Anatase,

contaminant of the starting rutile, was transformed to rutile
t around 700 ◦C. In air atmosphere, CaCO3 remained in large
uantities up to 650 ◦C, though the decomposition of CaCO3 and
ormation of CaTiO3 started at 600 ◦C. In contrast, in water vapor

tmosphere, thermal decomposition of CaCO3 and formation of
aTiO3 were accelerated by water vapor. Ca(OH)2 was detected
ecause of the hydration of CaO during the cooling process of
he sample in water vapor atmosphere.

w
t

c

O3 and TiO2 in air and water vapor atmospheres at (a) 600–750 ◦C and (b)
CaO, (�) Ca(OH)2.

The results shown in Fig. 4a clearly indicated that water
apor accelerated the thermal decomposition of CaCO3 and
hen a large amount of CaTiO3 was formed at lower tem-
eratures than in air atmosphere. It has been shown that
he thermal decomposition of CaCO3 is accelerated by water
apor.19–22 Wang and Thomson21 described that adsorbed water
apor weakened Ca–CO3 bond and the thermal decomposition
f CaCO3 was accelerated by water vapor. Furthermore, the
ower CO2 partial pressure in water vapor atmosphere might
nhance the decomposition of CaCO3. Therefore, it is con-
luded that the formation of CaTiO3 in water vapor atmosphere

as promoted by accelerated decomposition of CaCO3 at low

emperatures.
Fig. 4b shows the XRD patterns of the samples obtained by

alcinations at high temperature region from 800 ◦C to 900 ◦C
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ig. 5. Reacted fraction of the CaTiO3 phase obtained by solid-state reactions
etween CaCO3 and TiO2 in (©) air and (�) water vapor atmospheres.

or 2 h. Formation of the single-phase CaTiO3 required calcina-
ion at 900 ◦C in both atmospheres.

Fig. 5 shows the reacted fraction of the CaTiO3 phase.
n water vapor atmosphere, the amount of CaTiO3 started to
ncrease at low temperatures by accelerated decomposition of
aCO3. However, the effect of water vapor became smaller at
igh temperatures.

.4. Formation of SrTiO3

Fig. 6 shows the XRD patterns of the samples obtained by
olid-state reactions between SrCO3 and TiO2 in air and water

apor atmospheres at 700–950 ◦C for 2 h. In air atmosphere,
rCO3 and TiO2 remained in large quantities up to 850 ◦C.
n intermediate phase, Sr3Ti2O7, was detected after calcina-

ion at 850 ◦C and remained up to 900 ◦C. Sr3Ti2O7 has a

a
a

q

ig. 6. XRD patterns of the samples obtained by solid-state reactions between SrC
rTiO3, (�) Sr3Ti2O7, (♦) rutile TiO2, (�) SrCO3.
ions between SrCO3 and TiO2 in air and water vapor atmospheres. Circles
nd triangles correspond to SrTiO3 and Sr3Ti2O7, and open and solid symbols
orrespond to air and water vapor atmospheres, respectively.

uddlesden–Popper structure building up from perovskite-like
locks.23 Formation of the single-phase SrTiO3 required calci-
ation at 950 ◦C for 2 h in air atmosphere. In contrast, the thermal
ecomposition of SrCO3 and formation of SrTiO3 were acceler-
ted by water vapor, and the single-phase SrTiO3 was obtained
t 900 ◦C for 2 h in water vapor atmosphere.

Fig. 7 shows the reacted fraction of the SrTiO3 and
r3Ti2O7 phases in both atmospheres. The formation of
rTiO3 was drastically accelerated by water vapor and SrTiO3
as obtained in water vapor atmosphere at lower temper-

tures compared with in air atmosphere. In addition, the

mount of Sr3Ti2O7 was remarkably small in water vapor
tmosphere.

On the basis of the results of XRD (Fig. 6) and semi-
uantitative analysis (Fig. 7), solid-state reaction between

O3 and TiO2 in air and water vapor atmospheres at 700–950 ◦C for 2 h. (�)
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ig. 8. XRD patterns of the samples obtained by solid-state reactions between
aCO3 and TiO2 in air and water vapor atmospheres at 700 ◦C for 2 h.

rCO3 and TiO2 to form SrTiO3 is given as following:

rCO3 + TiO2 → SrTiO3 + CO2 (4)

rTiO3 + 2SrCO3 + TiO2 → Sr3Ti2O7 + 2CO2 (5)

r3Ti2O7 + TiO2 → 3SrTiO3 (6)

The formation of SrTiO3 by solid-state reaction of SrCO3
ith TiO2 (Eq. (4)) was accelerated by water vapor because
f accelerated decomposition of SrCO3, so that formation of
he intermediate Sr3Ti2O7 phase was suppressed. Liu et al.24

howed that SrTiO3 was formed at the initial stage of the molten
alt synthesis of Sr3Ti2O7 using SrCO3, TiO2 and KCl as raw
aterials, and then reacted with residual SrCO3 and TiO2 to form
r3Ti2O7. Therefore, the intermediate Sr3Ti2O7 phase obtained

n this study would be formed by the reaction as shown in Eq.
5).

.5. Formation of BaTiO3

We have already found that water vapor accelerated the for-
ation of BaTiO3 by solid-state reactions.14 Fig. 8 shows the
RD patterns of the samples obtained by solid-state reactions
etween BaCO3 and TiO2 in air and water vapor atmospheres
t 700 ◦C for 2 h. Water vapor accelerated the thermal decom-
osition of BaCO3 and then BaTiO3 started to form at low
emperatures even from the starting mixture with coarse particles
f BaCO3 (Fig. 1d).

Fig. 9 shows the reacted fraction of the BaTiO3 phase
btained by the XRD quantitative analysis with the internal stan-

14
ard method. BaTiO3 was formed by calcinations in water
apor atmosphere at temperatures 100–150 ◦C lower than those
n air atmosphere. Thus, water vapor is fairly effective in this
ystem.

v
f
a
i

ig. 9. Reacted fraction of the BaTiO3 phase obtained by solid-state reactions
etween BaCO3 and TiO2 in (©) air and (�) water vapor atmospheres.

.6. Effect of water vapor on the formation of MTiO3

The formation of alkaline-earth titanates was accelerated
ore or less by water vapor. However, the effects of water

apor on the formation of MTiO3 phases differed consid-
rably depending on alkaline-earth ions. Acceleration effect
y water vapor increased in the following order: MgTiO3
nd CaTiO3 � SrTiO3 < BaTiO3. Interestingly, the formation of
rTiO3 and BaTiO3 was accelerated by water vapor especially
t low temperatures even though the coarse particle of SrCO3
nd BaCO3 remained in the starting mixtures (Fig. 1). It is con-
idered that water vapor has following effects to accelerate the
ormation of MTiO3: (1) acceleration of MCO3 decomposition,
2) acceleration of MTiO3 formation by surface attacking of
ater vapor at the TiO2 reaction front and by gas-phase trans-
ort of M(OH)2 and (3) acceleration of solid-state diffusion of

2+ and O2− ions in the MTiO3 layer by formation of vacancies
n the MTiO3 structure.14

Actually, carbonates decomposition was accelerated by water
apor. However, the remained amount of SrCO3 (Fig. 6) and the
eacted fraction of the SrTiO3 phase (Fig. 7) at 700 ◦C in water
apor atmosphere were comparable with those at 800 ◦C in air
tmosphere. Thus, accelerated formation of MTiO3 cannot be
xplained only by promotion of carbonates decomposition. The
ttacking of water vapor to TiO2 was negligible to explain the
ifference of acceleration effects by water vapor, because the
ame starting TiO2 powder was used in this study.

Many solid-state reactions are not actually solid–solid reac-
ions but sometimes include gas-phase transport of the reactants.
as-phase transport can occur by direct vaporization of the
xides or by formation of gaseous hydroxides, as observed in
he systems MgO–Al2O3,25 NiO–Al2O3,26 ZnO–Al2O3

27 and
d2O3–Fe2O3.28 The formation of gaseous Ba(OH)2 was pre-
iously proposed by Ubaldini et al.29 to explain the more rapid

ormation of BaZrO3 in humid air atmosphere than in dry air
tmosphere. The volatility of alkaline-earth monoxides is greatly
ncreased by the presence of water vapor because of the forma-
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ig. 10. (a) Schematic illustration of the superposed pellet of BaCO3 and TiO2 be
nd (c) XRD patterns of the pellet after calcination at 800 ◦C for 2 h in water va

ion of volatile hydroxide vapors given as follows:

O(s) + H2O(g) → M(OH)2(g) (7)

The equilibrium constant Kp for the reaction in Eq. (7) could
e expressed in terms of the partial pressure of alkaline-earth
apor species and water vapor as follows:

p = p(M(OH)2)

p(H2O)
(8)

here p(H2O) is 1 atm in water vapor atmosphere used this study.
ccording to the thermodynamic data represented by L’vov30

he vapor pressure of Mg(OH)2 (g), Ca(OH)2 (g), Sr(OH)2
g) and Ba(OH)2 (g) is calculated to be 9.3 × 10−12 atm,
.2 × 10−10 atm, 5.9 × 10−9 atm and 9.2 × 10−6 atm at 800 ◦C
1073 K), and 1.7 × 10−9 atm, 3.8 × 10−8 atm, 4.4 × 10−7 atm
nd 1.8 × 10−4 atm at 1000 ◦C (1273 K), respectively. These
alculated values almost agree with estimated values by tran-
piration technique.31–33 The vapor pressure of alkaline-earth
ydroxides increases from Mg(OH)2 to Ba(OH)2, and this rela-
ionship is same as the order of accelerated effects of water
apor on the formation of MTiO3. Moreover, the vapor pressure
f Ba(OH)2 is 3–6 orders of magnitude higher than the vapor
ressure of the other hydroxides.

To verify the gas-phase transport of the reactant in water vapor
tmosphere, separate calcination experiments were conducted
y using the superposed pellets consisting of BaCO3 and TiO2
lane slab. The TiO2 powders (0.15 g) were isostatically pressed
t 100 MPa for 10 s, and then the BaCO3 powders (0.15 g) were
ounted on the TiO2 pellet and pressed at 100 MPa for 3 min.
he superposed pellet placed on a platinum plate was put on an
lumina boat and then calcined at 800 ◦C for 2 h in air and water
apor atmospheres.

After calcination at 800 ◦C in air atmosphere, the BaCO3
lab was split off from the TiO2 slab and no compounds were
etected on the TiO2 slab and under the BaCO3 slab. Fig. 10

hows the photograph and XRD patterns of the pellet after the
alcination in water vapor atmosphere. In water vapor atmo-
phere, BaCO3 on the TiO2 slab spread over the platinum plate as
ell as the side of the TiO2 slab after calcination and the BaCO3

a
o
o
a

nd after calcination at 800 ◦C for 2 h in water vapor atmosphere. (b) Photograph
tmosphere.

lab could not be observed anymore. BaCO3 remained on the
iO2 slab and was detected on the side of the TiO2 slab. A small
mounts of Ba(OH)2·8H2O and Ba2TiO4 were also detected on
he side of TiO2. Furthermore, it was confirmed that BaCO3
as deposited on the platinum plate. BaCO3 on the platinum
late must be formed by the carbonation of barium hydroxide
r barium oxide after the calcination. Thus, gas-phase trans-
ort of barium component was clearly observed in water vapor
tmosphere.

If the accelerated effects on the formation of MTiO3 by solid-
tate reactions are determined by a rapid gas-phase transport
rocess in water vapor atmosphere, the gas-phase transport must
e faster than the observed reaction rate. In accordance with the
efs. [28,29], a rough estimate of the mass flux of barium, Jg,

hrough the gas-phase can be obtained by means of Fick’s law
s follows:

g = −D · dC

dx
≈ D�p

λRT
(9)

here D represents the diffusion coefficient of Ba(OH)2, �p
he variation of Ba(OH)2 partial pressure through the mean
ree path λ of Ba(OH)2 in a gas-phase, R the gas constant,
nd T the absolute temperature. The diffusion coefficient of
a(OH)2 in water vapor atmosphere can be calculated from

he kinetic theory of gases to be ≈0.32 cm2/s at 800 ◦C. Tak-
ng �p = 9.2 × 10−6 atm and λ = 0.14 �m, the gas-phase flux is

2.5 × 10−6 mol/(cm2 s). The growth rate of BaTiO3 particles
alculated from the previous paper14 is ≈3.5 × 10−9 cm/s. It
an be concluded that the gas-phase transport of Ba(OH)2 is
aster than the growth rate of BaTiO3 particles. Thus, barium
omponent might be efficiently supplied to the TiO2 particle
urface in water vapor atmosphere, despite the starting mixture
ontaining coarse particles of BaCO3. Therefore, the gas-phase
ransport of M(OH)2 would became important for the formation
f MTiO3 by solid-state reactions in water vapor atmosphere,

nd then the difference of acceleration effects on the formation
f MTiO3 phases would be strongly dependent on the difference
f the vapor pressure of alkaline-earth hydroxides in water vapor
tmosphere.
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In the previous paper,14 we found that the formation kinetics
f BaTiO3 by calcination of the mixtures of BaCO3 and rutile
ype TiO2 followed the Valensi–Carter equation,34,35 even in
ater vapor atmosphere. This result suggested that the reaction
roceeded by a diffusion controlled process. It is commonly
ccepted that the formation of BaTiO3 occurs by coupled par-
llel diffusion of Ba2+ and O2− ions from the BaCO3/BaTiO3
nterface to the BaTiO3/TiO2 interface through the perovskite
attice.36–38 In addition, it is well known that the BaTiO3 pow-
ers prepared by hydrothermal method contain a large amount
f protons which are incorporated in the oxygen sublattice as
hydroxyl ions with an effective positive charge. The incorpo-

ation of protons in the perovskite lattice might be also formed
y solid-state reactions in water vapor atmosphere, and the for-
ation of barium and titanium vacancies with negative charge

s compensating defects is required.39 It is also well known
hat sintering of BaTiO3 in reducing atmosphere forms O2− ion
acancy (BaTiO3−x) with a valence reduction of titanium from
i4+ into Ti3+. In water vapor atmosphere that gives a reducing
tmosphere compared with in air atmosphere, O2− ion vacancy
ith the reduction of titanium ion might be formed in the BaTiO3

tructure.
Thus, the accelerated formation of BaTiO3 and the other

TiO3 can be explained by vacancy mechanism for solid-
tate diffusion. It is considered that the formation of MTiO3
n water vapor atmosphere is still controlled by solid-state dif-
usion, though the lattice defect concentration is increased and
he solid-state diffusion in MTiO3 is enhanced.

. Conclusions

In the present study, alkaline-earth titanates, MTiO3
M = Mg, Ca, Sr and Ba), were prepared by solid-state reactions
n air and water vapor atmospheres. The formation of MTiO3
as accelerated by water vapor but the acceleration effect by
ater vapor differed considerably depending on alkaline-earth

ons. Water vapor atmosphere gave the most effective influence
n the formation of BaTiO3, whereas it gave the least influence
n that of MgTiO3 among the four kinds of MTiO3 formation.
he difference in its effect might be mainly attributed to the
apor pressure of M(OH)2. Vapor pressure of Ba(OH)2 is 3–6
rders of magnitude higher than the vapor pressure of the other
ydroxides. Accordingly, gas-phase transport of Ba(OH)2 may
e efficiently occurred in water vapor atmosphere.
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