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Incorporation of Ce into the BaTiO; lattice was studied by
quantitative wavelength dispersive spectroscopy—electron
probe microanalysis (WDS/EPMA) in combination with scan-
ning electron microscopy (SEM) and X-ray powder diffrac-
tometry (XRPD). The experimental results were used to decide
among various theoretically possible formulas of Ce—BaTiO;
solid solutions. Highly Ce-doped BaTiO; specimens, synthe-
sized by mixed oxide technology, were prepared in ambient air
or in a flow of a gas mixture of 92% Ar-8% H, at 1200 and
1400°C. When fired in air, cerium could be incorporated into
the BaTiO; perovskite lattice as Ce** at Ti sites or/and as Ce**
at Ba sites, depending on the starting composition. During
firing in a reductive atmosphere Ce is incorporated exclusively
as Ce’* at the Ba sites. A broad solid solubility region between
the Ba,_xCe}'Ti{*yTi¥'O; solution and the Ti-deficient
Ba,_xCe} Tittx/s_»sTi35(V1i)x40;_ssolution was detected. 01996

Academic Press, Inc.

1. INTRODUCTION

Doped BaTiO; ceramics are widely used as materials
for capacitors and resistors with a positive temperature
coefficient of resistivity (PTCR). The dielectric and semi-
conducting properties of BaTiOj; ceramics can be modified
by additions of various ions, especially those which dissolve
in the BaTiO; matrix. Among a wide variety of modifying
ions cerium undoubtedly has a special place, because it
could enter the perovskite BaTiO; lattice in oxidation state
4+ as well as in oxidation state 3+. From a comparison
of the effective ionic radii of the ions involved (Table 1)
(1), it may be predicted that Ce*" should enter the BaTiO;
lattice at octahedrally coordinated Ti sites, while Ce**
should exchange with dodencahedrally coordinated Ba
ions. Ce3" incorporated at Ba sites acts as a donor dopant.
Donor dopants have a higher valency than the substituted
ions, and therefore their incorporation requires formation
of effectively negatively charged defects, e.g., cation vacan-
cies, anion interstitials, electrons, or acceptor impurities.
The donor charge compensation mechanism in doped
BaTiO; depends on the partial pressure of oxygen in the
firing atmosphere and the donor concentration (2-14). Do-
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nor doped BaTiOs, sintered in the reducing conditions of
an atmosphere with a low oxygen partial pressure (for
example in H,), as well as BaTiO; doped with low donor
concentrations (below approximately 0.5 mol%) and sin-
tered in air, is semiconducting (2-5). It is generally ac-
cepted (2-5) that the semiconductivity of donor doped
BaTiO; results from donor charge compensation by con-
duction electrons ([D-] = e'). Alternatively, donor charge
compensation may be expressed as a reduction of Ti** to
Ti** and the solid solution can be described by the formula
Ba, xD¥Ti{*xTi¥ Os. At higher levels of donor dopant
in BaTiO; ceramics sintered in air (above approximately
0.5 mol%), the donor charge compensation mechanism
changes and the ceramics become insulating. Since intersti-
tials are unfavorable defects in the BaTiO; structure with
its high packing density (6), charge may be compensated
by ionized vacancies in the cation sublattice. Some early
works (7-9) proposed ionized Ba-site vacancies; however,
nowadays it is known (3, 6, 10-14) that the donor charge
in air-sintered, highly donor doped BaTiO; ceramics is
compensated by ionized vacancies at the Ti sites (V7). A
solid solution of a three-valent dopant at Ba sites may be
described by the formula Ba,_ xD¥X Ti;_x/4(Vi) x403.

In the literature there are relatively few data on Ce-
doped BaTiO;. Guha and Kolar (16) determined a broad
solid solubility region of Ce** in BaTiOj; in their three-
component phase diagram of the BaO-CeO,-TiO, system.
The solid solution extends along the tie-line between
BaTiO; and BaCeO; to the approximate composition
BaTisCei O3 (1200°C in air). At high temperatures in an
atmosphere with low oxygen partial pressure, CeO, would
reduce to Ce,Oj;, while in air, cerium is relatively stable
in its oxidation state 4+ (17). However, on the basis of
the influence of CeO, doping on the electrical properties
and microstructure of BaTiO; ceramics, it was concluded
that Ce could also act as a donor dopant when CeO,-doped
BaTiO; is sintered in air (5, 18). In this case Ce*" must
be reduce to Ce*'. Recently, reduction of CeO, during
incorporation of Ce** into the BaTiOs; lattice was proved
by thermogravimetry (13, 14). Cerium is incorporated as
Ce?* into the BaTiOj; lattice when CeO, is added to BaTiO;
together with excess amount of TiO, (13, 14).
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TABLE 1
Effective Ionic Radii of Ba’*, Ti*, Ce**, and Ce** in
Different Coordination States (1)

Effective ionic radius (nm) Effective ionic radius (nm)

Ton CN 6 CN 12
Ba** — 0.161
Tit* 0.0605 —
Ce** 0.087 0.114
Ce’t 0.101 0.134

In this work the mode of cerium incorporation into the
BaTiO; lattice was systematically studied as a function of
the starting composition (ratio between added CeO,, BaO,
and TiO,) and the sintering atmosphere (air, Ar/H,), using
quantitative wavelength dispersive spectroscopy—electron
probe microanalysis (WDS/EPMA) in combination with
X-ray powder diffractometry (XRPD) and scanning elec-
tron microscopy (SEM).

2. EXPERIMENTAL

Samples with different compositions, marked in the
three-component diagram in Fig. 1 and listed in Table 2,
were prepared by conventional mixed oxide technology.
BaTiO; (Transelco 219-8, LOT 881191) was mixed with
appropriate amounts of CeO, (Koch-Light Lab., 99.9%),
TiO; (anatase modification, Fluka AG, >99%), and BaCO;
(Ventron Alfa, 99.999%), pressed into tablets, and fired
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FIG. 1. The starting compositions analyzed are shown in the BaO-

CeO,-TiO, three-component diagram (16).

for a long period (~5 days) at 1400°C in ambient air or in a
flow of the gas mixture of 92% Ar—8% H,, with intermittent
cooling, crushing, mixing, and pressing to promote homo-
geneity. Equilibrated samples were quenched.

According to the manufacturer’s analysis, BaTiO;
Transelco 219-8, LOT 881191 contains a small excess of
Ti (ratio Ba + Sr/Ti = 0.994).

Samples were analyzed by X-ray powder diffractometry
(XRPD) (Model PW 1710, Netherlands Philips, Bedrijven
b. v. S&I, The Netherlands) and by electron probe wave-
length dispersive spectroscopic (WDS) microanalysis. Pol-
ished surfaces for microanalysis were prepared by conven-
tional metallographic techniques. WDS microanalysis was
performed on an electron probe microanalyzer (Model
JXA 840A, JEOL, Tokyo, Japan) using TRACOR (Model
TRACOR, Series II X-ray Microanalyzer, TRACOR, The
Netherlands) software for quantitative analysis. The mea-
surements of Ba, Ce, and Ti were carried out on a LiF
crystal at 20 kV voltage, 15 nA electron beam current, and
40° take off angle. Counting times were sufficient to assure
1% relative counting deviation, resulting in good analytical
sensitivity and precision. The calculated electron probe
diameter for experimental conditions applied was below
150 nm. According to Monte Carlo electron trajectory
simulation and Kanaya—Okayama electron range calcula-
tions (19), the excitation volume in the material analyzed
was about 1 um?®. The corresponding spatial resolution for
WDS microanalysis was estimated to be less than 1 um.
Because of overlapping of the strongest Ce line (Ce Lo 5)
by the BalB; 4 line, a special calibration curve method (20,
21) was used in order to obtain correct results. In this
method net counts per second (cps) for Ba were measured
at the positions of the BaLa; and CeLq, lines in com-
pounds with different Ba content, using BaTiOs;,
BagTi;;0,4, and BaTi,Og. On the basis of these measure-
ments, the calibration curve of net cps for Ba at the Ce Lo,
position versus net cps for Ba at the BaLo, position was
plotted. For analyzed phases (Ce-doped BaTiO;) the net
cps for Ce were determined by subtracting counts that
were contributed by Ba. Corrected k ratios for Ce and
measured k ratios for Ba and Ti were processed through
the ZAF quantitative matrix procedure to obtain the corre-
sponding element concentrations. Pure BaTiO; and CeO,
were used as standards. A detailed consideration of the
method used and the experimental conditions for WDS
microanalysis has been published elsewhere (21).

3. RESULTS

3.1. Phase Composition

The phase composition of the samples was determined
by diffractometry in combination with scanning micros-
copy and microanalysis. The results of X-ray diffractome-
try alone are not conclusive, since the peaks of coexisting
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TABLE 2
Starting Compositions and Phases Determined after Firing at 1400°C in
Ambient Air and in a Flow of 92% Ar-8% H, Gas Mixture

PHASES DETERMINED*

BaO CeO, TiO, Sintering at 1400°C  Sintering at 1400°C

Sample mol% mol% mol% in air in Ar/H, mixture

als 50.00 15.00 35.00 BT BT, BTy, CeO,

a25 51.00 25.00 24.00 BT, BC, BoT B,T, BT

b6 47.00 6.00 47.00 BT, CeO, BT, BoTy

cl5 38.00 15.00 47.00 BT, CeO,

c25 31.25 25.00 43.75 BT, CeO,

d3 47.37 3.00 49.63 BT,

d10 44.75 6.00 57.50 Bty, BT,, CeO, BT

dis 36.88 15.00 48.12 BTy, BTy, CeO,

d30 23.75 30.00 46.25 BT, B.C,Ts, CT

els 35.00 15.00 50.00 BT

e30 20.00 30.00 50.00 BT, CT»

f6 42.50 6.00 51.50 BT, BT,, CeO, BT, BT,

f15 31.25 15.00 53.75 BT, BT,

23 21.43 22.86 55.71 BT, BCTy), BT,

“BT,: Ce-doped BaTiO;, B,T: Ce-doped Ba,TiO4, BCg: Ti-doped BaCeO;, BT, : Ba-
pOlytitanateS, BCT4(SS): solid solution BacezTi4012, B2C2T5: BaQCe4Ti5018, CT: CezTiO5,

CT,: Ce,Ti,05.

phases frequently overlap (for example, the peaks of
BaTiyOg and BCTy()) (for the meaning of the abbrevia-
tions see Table 2), or the single phases are too poorly
crystalline (for example, all Ba-polytitanates). Results are
summarized in Table 2.

Air-sintered samples, with compositions on and above
the line which connects BaTiO; with CeO, (samples al5,
a25, and b6) in the BaO-CeO,-TiO, phase diagram (16)
are of yellowish-gray color, whereas samples with composi-
tion below this lines (d10, f6) are orange.

Figure 2 shows the microstructures of the samples a25,
b6, d3, and d10, sintered at 1400°C in ambient air. Sample
a25 is composed of three phases (Ce-doped BaTiO;, Ti-
doped BaCeQO3;, and Ce-doped Ba,TiO,), while sample b6
is composed of only two phases (Ce-doped BaTiO; and
Ce0,). Sample d3 seems to be monophasic, while sample
d10 is composed of Ce-doped BaTiO;, CeO,, and solidifed
Ba-polytitanate melt. The Ba-polytitanate phase in sam-
ples d10 and f6 was analyzed by quantitative WDS micro-
analysis. The results suggest that the Ba-polytitanate phase
is BagTi;704 after firing at 1200°C and BaTi,Oy at 1400°C.
The nature of Ba-polytitanate phase in these samples is in
agreement with the BaO-TiO, phase diagram (22).

During sintering of samples in the reducing conditions
of the mixture of 92% Ar—-8% H,, Ce** reduces to Ce3*.
All samples were black and semiconductive. It is known
(4) that the dark color as well as the semiconductivity of
BaTiOs-based ceramics is related to the presence of Ti**.
Figure 3 shows X-ray powder diffractograms of the samples

d30, €30, and f23. The samples contain some Ce**-com-
pounds, which are isostructural with compounds already
known from other rare earth oxide (Ln,O;)-BaO-TiO,
systems. In sample d30, Ce-doped BaTiOjs is in equilibrium
with a compound which is isostructural with the La-com-
pound Ba,La,TisO5 (23), and with the compound Ce,TiOs
from the Ce,0;-TiO, binary system (24, 25). Sample €30
is composed of only two phases, Ce-doped BaTiO; and
Ce,Ti,07. In the diffractogram of sample 23 (Fig. 3), only
peaks of Ce-doped BaTiO; and BCT,() solid solution are
present, whereas, in the microstructure of this sample
shown in Fig. 4, it is clearly evident that the sample is
actually composed of three phases. The solid solution
BCTys) has a composition close to the atomic ratio
Ba:Ce:Ti = 1:2:4 (BaCe,Ti;Oy,) and is isostructural with
the series of rare-earth solid solutions with compositions
near BaO - Ln,0; -4 TiO, (26, 27). Apart from two phases
detected by diffractometry (Ce-doped BaTiO3, BCTy)),
a phase composed of only Ba, Ti, and O is present. WDS
microanalysis performed on 10 crystallites of this phase
showed the average composition 14.3 + 0.8 mol% BaO,
85.7 = 2.4 mol% TiO,. Because of the reductive firing
conditions, Ti could be partially in valency state 3+. This
phase after quenching from the firing temperature obvi-
ously remained too poorly crystalline to be detected by
diffractometry.

In the diffractograms of the samples al$5, c15, c25, and
d15, peaks of a phase with fluorite structure, ascribed to
CeO,_;, are visible. CeO,_; appears most probably as a
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FIG. 2. Backscattered electron micrographs showing the microstructures of samples a25, b6, d3, and d10, sintered at 1400°C in air.

result of reaction between Ce,O;, formed during firing in
the reductive conditions, and oxygen, when the pellets
were exposed to ambient air. Ce,Oj; is unstable in air even
at room temperature (28).

Figure 5 shows the microstructures of the samples d10
and el5, fired at 1400°C in the flow of Ar/H,. Both samples
are monophasic.

3.2. Microanalysis of Ce-Doped BaTiO; Phase

In each chosen sample at least 10 Ce-doped BaTiO;
grains were analyzed. Concentrations of Ba, Ce, and Ti
were measured by quantitative WDS microanalysis. In Ta-
bles 3 and 5, results are given as average concentrations

of each element with standard deviations obtained by sta-
tistical calculation of individual sets of results.

Results of microanalysis were then calculated to obtain
perovskite formula ABQOj;. For calculation of results of
microanalysis to obtain the chemical formula, some clear
and undoubted assumptions must be applied:

» BaTiO; has a very sharply defined composition. The
solid solubility of both BaO or TiO, in BaTiOj; is negligible
(29, 30). Interstitial incorporation of atoms into the perov-
skite lattice is not likely to occur because of the perovskite’s
high packing density (6). The samples, fired in the reducing
atmosphere, in which BaTiO; could be O deficient, are
more problematic.
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FIG. 3. X-ray powder diffractograms of samples d30, ¢30, and {23
fired at 1400°C in a flow of a 92% Ar-8% H, gas mixture. 1, Ce-doped
BaTiO;; 2, Ba,Ce,TisO5; 3, Ce,TiOs, 4, Ce,Ti,O5; 5, BaCe,Ti,O1»
solid solution.

» The dopant is homogeneously distributed. The homo-
geneity of the phase analyzed was verified on the basis
of the simplified criterion, widely used in X-ray counting
statistics, that all the measured data must fall within N *+
VN (average number of counts =3 standard counting devi-
ations) (19). According to this criterion the Ce-doped
BaTiO; phase was found to be homogeneous in all the
samples analyzed.

* Ce could be incorporated exclusively as Ce*" at Ti sites
or as Ce*" at Ba sites. This statement is in agreement with
differences between the effective ionic radii of the cations
involved (Table 1).

+ Ce3*-donor charge could be compensated by reduction
of Ti*" to Ti** (electronic compensation) by creation of
ionized vacancies at Ti sites (Vi) or by a combination of
both mechanisms (2, 3, 6, 10-15).

+ Ce* and Ti** cannot coexist in the same solid solution.
It was experimentally shown that Ce*" reduces before

Ti** (31).

If the assumptions listed are considered, five different
types of solid solution are theoretically possible:

1. Ce is incorporated as Ce*" at Ti
(BaTi{f,Cei O3).

2. Ce is incorporated as Ce*" at Ba sites; excess
charge is compensated by ionized vacancies at Ti sites,
(Bal—Xcengi?fX/4(V’T”{)X/4O3)-

3. Ce is incorporated as Ce*" at Ti sites and as Ce®* at
Ba sites; donor charge is compensated for by ionized
vacancies at Ti sites, (Ba;_xCe¥X Tit" x4 yCed (V) x/403).

4. Ce is incorporated as Ce** at Ba sites; donor charge
is compensated by reduction of Ti*" to Ti**, (Ba,_x
CeX Tit" xTix O3).

5. Ce is incorporated as Ce*" at Ba sites; donor charge
is compensated by the combination of ionized vacancies
and Ti*", (Bal—XC‘f\;r Ti‘fJ—rX+3XY/4Ti§Y+—XY(V£f’i,)XY/403; 0 <
Y >1).

For measurement on every grain in an individual sample,
measured concentrations were calculated to the theoreti-
cally possible formulas of solid solutions with normaliza-
tion to three O per formula unit, taking into account the
valency of an individual ion. Samples prepared by firing
in the reducing atmosphere could be O deficient. If this is
the case, a small systematic error is introduced, because
of normalization to O.

For calculation of the results of microanalysis to the
solid solution formulas, in which the measured element is

sites,

10T m)

P —

FIG. 4. Backscattered electron micrograph showing the microstruc-
ture of sample 23, fired at 1400°C in a flow of a 92% Ar-8% H, gas
mixture.
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b

FIG. 5.
gas mixture. Both samples are monophasic.

present in two different oxidation states, the concentration
of individual species was calculated using

[Ba] + [Ce®*] = [Ti*] + [Ce*] + [Ti**]

¥ (—[Ce%] . [Ti%]) [1]
[Ce* ] + [Ce*'] = [Ce] [2]
[Ti**] + [Ti**] = [Ti], [3]

where [Ce] denotes the total element concentration and
[Ce**] denotes the concentration of the individual species.

Equation [1] postulates equivalent occupancy of A and
B sites in the perovskite formula ABOj;. The A sites may
be occupied by Ba?* and Ce**, whereas at the B sites Ti*",

"

Ce**, and species which compensate donor charge (Vi
and Ti*") may be present. Each (V) compensates four
Ce3" ions and each Ti** one Ce3*, incorporated at A sites.

In calculation of results to the presumed perovskite for-
mulas only the ratios between ion concentrations were
taken into account, and not the absolute values of mea-
sured concentrations. Consequently, some systematic er-
rors in the microanalysis, which contribute relatively
equally to the results of measurements for each element,
were avoided. Systematic errors frequently arise during
microanalysis because of microporosity, nonideal surface,
etc. (19).

Chemical formulas, calculated from results of microanal-
ysis at each point on an individual sample, were statistically
treated to obtain average values and standard deviations
of the coefficients in the formulas. The results of microanal-

Backscattered electron micrographs showing the microstructures of samples d10 and el5, fired at 1400°C in a flow of a 92% Ar-8% H,

ysis of almost all samples match only one of the presumed
theoretically possible solid solution formulas, taking into
account the calculated standard deviations of the coeffi-
cients in the formulas. The calculated formulas, which
match presumed theoretically possible formulas, are listed
in Tables 4 and 6.

The Ce-BaTiOj; solid solution in sample a25, fired at
1400°C in ambient air may be expressed by the formula
BaTifxCe% Os. Solid solubility limit is at approximately
X = 0.35. Of course, calculation of the results to the solid
solution formulas cannot exclude the possibility that Ce>*
is also present in the solid solution at low concentrations,
which are inside the deviations of the coefficients in the
calculated formula.

Microanalysis of Ce-doped BaTiO; phase in samples d10
and f8, fired in ambient air, showed that the solid solution
could be described by the formula Ba; xCe¥%
Tit* x4(VH)x405. The solid solubility limit was around
X = 0.08 at 1400°C and around X = 0.04 at 1200°C.

The solid solubility of Ce in BaTiO; in sample b6 is low.
Because of the low concentration of Ce in BaTiO; and
consequently the high deviations of the measurements, the
results match two of the presumed theoretically possible
formulas (listed in Table 4). The results fit the formula
with Ce entirely in oxidation state 3+ (Ba; yCe%
Tit" x4(V1)x403) and also the formula with Ce incorpo-
rated into the BaTiO; lattice in oxidation state 3+ and
4+ (Ba;_xCe¥X Tit* x/a-yCeV (V) x1403).

Microanalysis of Ce-doped BaTiOj; phase in the samples
fired in flow of the 92% Ar-8% H, gas mixture confirmed
that Ce is present exclusively in oxidation state 3+. The
results obtained by microanalysis of samples al5, c15, and
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TABLE 3
Results of Microanalysis of Samples Fired in Ambient Air at
1200°C and at 1400°C

TABLE 5
Results of Microanalysis of Samples Fired in a Flow of 92%
Ar-8% H, at 1400°C

Sample T (°C) Ba (at%) Ce (at%) Ti (at%) Sample Ba (at%) Ce (at%) Ti (at%)
a25 1400 19.51 = 0.41 6.79 = 0.43 12.31 = 0.30 al5 15.18 = 0.43 598 = 0.21 19.40 = 0.30
b6 1400 19.44 = 0.40 0.54 = 0.11 19.57 = 0.54 cl5 15.15 = 0.41 5.54 £ 0.12 19.43 = 0.31
d10 1400 17.55 = 0.40 1.60 = 0.07 18.66 = 0.50 dis 14.41 = 0.25 5.96 * 0.18 18.40 = 0.47
d10 1200 18.86 = 0.39 0.82 = 0.06 19.41 = 0.35 d30 11.44 = 0.33 8.40 = 0.16 19.08 = 0.39
6 1400 16.99 = 0.37 1.59 = 0.06 18.45 = 0.30 e30 8.88 £ 0.72 10.91 = 0.98 19.35 = 0.34

f15 12.77 = 0.30 6.95 = 0.13 19.66 = 0.44
Note. Difference from 100 at% is O. 23 10.07 £ 0.53 10.39 £ 0.27 2043 = 0.26

d15 are equal and correspond to a formula with Ce®" at
Ba sites and a deficient Ti sublattice (Ba; xCe¥%'
Tit* x/4(V1i)x403). The solid solubility limit of this solid
solution is at X around 0.28.

The solid solutions in samples €30, f15, and 23 may be
described by a formula with Ce3* at the Ba sites and fully
occupied Ti sites. Donor charge is obviously compen-
sated electronically by the reduction of Ti*" to Ti*" (Ba;_x
Cex'Ti{*xTix O3). Grains of solid solution in sample €30
are relatively very small and unfavorable for microanalysis.
Consequently, the standard deviations of the measure-
ments of this sample are relatively high. The results are
equal (considering the deviations) to results obtained on
sample 23, which was more suitable for microanalysis. The
solid solubility limit for this sample at 1400°C is very high
(around a composition with X = 52 in the formula
Ba1 7Xce§(+le11thl3)’(+O3)

The results of microanalysis of sample d30 correspond
to a formula with Ce** donor charge compensated by Ti**,
as well as by vacancies at Ti sites (Ba; xyCex
Tit* x3xva TiXxr(VE) xv1403)-

4. DISCUSSION

With fitting the results of quantitative microanalysis to
theoretically possible formulas of Ce-BaTiO; solid solu-
tions using some reasonable assumptions, we were able to

TABLE 4
Formulas of Ce-BaTiO; Solid Solutions, Calculated from
Results of Microanalysis of Samples Fired in Ambient Air at
1200°C and at 1400°C

Sample T (°C) Calculated formula
325 1400 Ba1.01er 017Ti 0.640:0.013C%::§53t0.01903
b6 1400 Ba1981t0‘007c6?2r)1910‘006-n 0.986104005C%50810.005(V#)0400510‘00103
B aO.QSer OGBC@BZB 0. 005T | 0,987 OOOQ(V "I!|”)0.0071 0.00103
le 1400 BaO.QZOtO OOQCQBSMO 004T| 0.97810.007(V?;’)0.0211000103
dlo 1200 BaO.QSS:O 013C$E4210 003Ti 0.986:0.010(V?;’)0,01110.00103
f6 1400 BaO.QlOtO 021C%.4(r)8510 003Ti 0.984‘:0.005(V?{’)0.021‘:0'00103

Note. Difference from 100 at% is O.

determine indirectly not only the solid solubility limits, but
also the sites in perovskite lattice where the dopant is
incorporated, its oxidation state, and donor charge com-
pensation mechanism.

The mode of incorporation of Ce into the BaTiO; lattice
at a particular temperature depends on the partial pressure
of oxygen in the firing atmosphere and on starting compo-
sition.

In a firing atmosphere with a high oxygen partial pres-
sure (air), cerium is preferentially in oxidation state 4+;
however, in BaTiOj; it may also be dissolved in oxidation
state 3+. If CeO, is added to BaTiO; together with an
excess amount of BaO, Ce will be incorporated preferen-
tially as Ce** at Ti sites. The solid solution with the highest
concentration of Ce*" extends along the BaTiO3;-BaCeOs
tie-line, at 1400°C to the composition approximately
BaTig5Cef 3505 (around 18 mol% of CeO, is dissolved in
BaTiO3). The solid solubility limit is in good agreement
with results obtained on the basis of XRPD by Guha and
Kolar (16). They found that at 1200°C ~20 mol% of CeO,
dissolved in BaTiO;.

When CeO, is added to BaTiO; together with an excess
amount of TiO,, Ce is incorporated into the BaTiO; lattice
as Ce’" at the Ba sites. Monophasic samples are obtained

TABLE 6
Formulas of Ce-BaTiO; Solid Solutions Calculated from
Results of Microanalysis of Samples Fired in a Flow of 92%
Ar-8% H,

Sample Calculated formula

als Bao.723:0.014C68385:o.013Ti?)525:0.01 1(V1i)0.0712000303

cl5 Bao.731:0.012C38§o7:o.oosTi3.537:0.009(VTi)0.057:0.00203

dis BaO.?l910.012C6859610.006Ti3.+918tO.OOG(VTi)O.OMtO.OOZOB

d30 B30.57610.009C6812410,OO9Ti3.§1510.066Ti8.+268tOA045(VTi)O.O39tO.014O3
€30 Bag 445-0.041 Ce835010.038Ti?)§07:0.036Ti3.350:0.07703

f15 Bay 646:0.005C3 5520.005 T10.656:0.022 T13 5402003303

23 BaO.48710.016C681%16t0.0l1TiéEGStO.OZGTigE%t(J.(133O3
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FIG. 6. Sketch of the phase diagram of the BaO-CeO,-Ce,05-TiO,
system (1400°C in air).

when CeQ, is added to BaTiO; together with TiO, in the
molar ratio CeO,/TiO, = 4:3 (sample d3 in Fig. 2). Donor
charge is compensated by creation of ionized vacancies at
the Ti sites. Reduction of CeO, during firing of the mixture
of BaTiOs3, CeO,, and TiO; in air was confirmed by ther-
mogravimetry (13, 14). The solid solubility limit is strongly
temperature dependent.

In the sample in which only CeO, was added to BaTiO;
(sample b6) the solid solubility of Ce was relatively low.
Consequently, the results of microanalysis could not be
classified according to only one presumed solid solution
formula. However, since this sample is composed only
of two phases, Ce-doped BaTiO; and CeO, (Fig. 2), Ce
must be incorporated into the BaTiO; lattice as Ce** as
well as Ce**. If Ce were dissolved exclusively as Ce®",
an additional Ti-rich phase would have appeared. To
obtain solid solution which lies on the BaTiO;-CeO,
tie-line, Ce must be incorporated into the BaTiOj lattice
as Ce’* and as Ce*" in the ratio Ce3*/Ce* = 4:3,
enabling Ce*'-donor charge compensation by ionized
vacancies at the Ti sites. The solid solution can be
described by the formula Ba; 4x;7Celx/ Tit sx7
Cet/7(V1)x705. Results of microanalysis of the sample
b6 are in agreement with such a mode of Ce incorpora-
tion. Ce-BaTiO; solid solutions are sketched in the
BaO-Ce0,-Ce,05-TiO, phase diagram in Fig. 6.

If a mixture of BaTiO3, CeO,, TiO,, and BaO is fired
in the reducing atmosphere of a gas mixture of 92%
Ar-8% H,, CeO, reduces and Ce is incorporated into
the BaTiOj; lattice as Ce*', independent of the starting
composition. It is generally accepted (26, 14) that under

reducing conditions of low oxygen partial pressure and
high temperature, the donor charge is compensated by
reduction of Ti*" to Ti**. Fitting of the results of micro-
analysis to presumed theoretically possible formulas of
the solid solutions showed that the Ce**-donor charge
is undoubtedly compensated by Ti**, if enough Ti is
present in the system. A Ba;_ xCe¥ Ti¥ Ti% O3 solid solu-
tion was formed when CeO, was added to BaTiO;
together with an excess amount of TiO, in a molar ratio
equal or higher than CeO,/TiO, = 1:1 (samples el5,
e30, fI5, £30). However, if CeO, is added to BaTiO;
together with an excess amount of BaO or TiO, at a
molar ratio CeO,/TiO, of less than 4:3 (samples al5,
cl5), a Ti-deficient solid solution is formed. The results
of microanalysis fit the presumed formula Ba;_y
CeX Tit x/4(V1i) x403; however, Ti*" is also present since
the samples are black in color. The results of micro-
analysis determine the compensation mechanism indi-
rectly, taking into account some assumptions (in the
calculations of solid solution formulas the results were
normalized to 3 O per formula unit). Microanalysis
confirmed that the Ti sublattice is deficient in accordance
with the formula Ba;, xCe¥ Ti{" x/4(V1i)x4O3, whereas it
cannot be said whether compensating electrons are local-
ized at vacancies or not. If the donor charge was also
compensated electronically in this Ti-deficient solution,
then the O sublattice should also be deficient. In this
case the Ti-deficient solution of Ba;_xCe¥Ti{ x4
(V1) x/403 (determined on the basis of microanalysis)
can be described by the formula Ba; xCe¥X Ti{ x4 2s
Ti35 (V1) x403-5(Vo)s. If the entire Ce**-donor charge
were compensated by Ti** then the value of § is X/2,
and if the donor charge were compensated by ionized
vacancies at Ti sites then the value of § is 0.

If the molar ratio between added CeO, and TiO, is
equal to 4:3 (samples d15, d30), then a Ti-deficient solid
solution of Ba; xCeX'Tit x4 25Ti35 (Vi) x1403-5(Vo)s is
formed, when the concentration of Ce®* in the solid
solution is below the solubility limit. On further additions
of CeO, and TiO, in the ratio 4:3, titanium ions are
incorporated into the lattice to a greater extend than
Ce3" ions so that the Ti deficiency is decreased.

The solubility limit of Ba;_xCe% Ti}*xTi¥ O3 solid solu-
tion is much higher (X ~ 0.52) than the solubility limit
of Ba; xCe¥Tit x4 25T35 (Vi) x/403-s(Vo)s  solution
(X ~ 0.28). Obviously, formation of a solution with a
fully occupied Ti sublattice is favored during firing in a
reductive atmosphere over formation of a Ti-deficient
solution. If Ti is present in the system in excess with
respect to the nominal formula Ba; Ce3'Ti}',,
(V11):405, then the deficiency of the Ti sublattice is
decreased. Decrease of the deficiency in the Ti sublat-
tice is accompanied by increase in the solubility of
Ce’".
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5. CONCLUSIONS

The site at which cerium is incorporated at high tempera-
tures in the barium titanate perovskite lattice depends on
the oxygen partial pressure and starting composition.

 When sintered in air, Ce may be incorporated as Ce**
at the Ti sites as well as Ce>* at the Ba sites. When CeO,
is added to BaTiO; with an excess amount of BaO, cerium
is incorporated preferentially at the Ti sites. The solid
solution at 1400°C extends along the BaTiO;—BaCeOs tie-
line to the composition BaTiye;Ceo3505. When CeO, is
added with an excess amount of TiO,, cerium enters the
BaTiO; lattice as Ce®* at the Ba sites. The solid solubility
of the Ba; ,Ce3'Ti}t,,4(V1),/4O;5 solution is highly affected
by the temperature. At 1400°C in air ~8 mol% of Ba ions
are substituted by Ce*" ions and at 1200°C ~4 mol% are
substituted. When pure CeQO, is added to BaTiO;, the
solid solubility is low. Cerium is incorporated into the
BaTiO; lattice at Ba and Ti sites in the ratio of 4:3
(Ba, —4X/7C€;3J(/7Ti‘1‘f3X/7ce‘3‘3?/7(V'T"f )x/703).

* When samples are sintered in a reducing atmosphere
(92% Ar-8% H,), Ce is incorporated into the BaTiO; lat-
tice as Ce®" independent of the starting compositions. If
Ce0, is added to BaTiOj; together with an excess amount
of TiO, in a CeO,/TiO, molar ratio equal to or higher
than 1:1, a Ba;_xCe¥ Tif* yTi¥ O; solid solution is formed.
If the concentration of Ti in the system is lower than re-
quired by this formula, then a Ti-deficient solid solu-
tion is formed. The solid solubility limit of the
Ba; yCe¥ Tit* yTi¥ O3 solution is at X ~ 0.52 (1400°C),
whereas solubility of the Ti-deficient solution (Ba;_y
CeX Tit x/4-26T135 (V1i) x403-5(Vo)s) is much lower (X ~
0.28 at 1400°C).
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