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Abstract

Five series of perovskite-type compounds in the system La,_,Ca,Cr;_,Ti, O3 with the nominal compositions y = 0, x = 0—0.5;
y=02,x=02-08y=05x=05-10;y=0.8,x=0.6—-1.0and y =1, x = 0.8 — 1 were synthesized by a ceramic technique
in air (final heating 1350°C). On the basis of the X-ray analysis of the samples with (Ca/Ti)>1, the phase diagram of the
CaTiOs-LaCr'™0;-CaCr'™vO; quasi-ternary system was constructed. Extended solid solution with a wide homogeneity range is
formed in the quasi-ternary system CaCr"O3-CaTiO5-LaCr'O5. The solid solution Lag_v—Cagv + y)CerrCr(l{I,Xr,y)TiyO3 exists
by up to 0.6-0.7mol fractions of CaCr'VO; (x' <0.6—0.7) at the experimental conditions. The crystal structure of the compounds
is orthorhombic in the space group Pbnm at room temperature. The lattice parameters and the average interatomic distances of
the samples within the solid solution ranges decrease uniformly with increasing Ca content. Outside the quasi-ternary system,
the nominal COH’lpOSitiODS Lao'lcao'gTiO% La0,2Cao,8TiO3, L3.044C3.0.6CI'0_2Ti04803 and La0,3CaO,7Cr0,2Tio,8O3 in the system
La,_,Ca,Cr,_,Ti, O3 were found as single phases with an orthorhombic structure. In the temperature range between 850 and
1000 °C, the synthesized single-phase compositions are stable at pO, =6 x 1071%-0.21 x 10° Pa. Oxygen stoichiometry and electrical
conductivity of the separate compounds were investigated as functions of temperature and oxygen partial pressure. The chemical
stability of these oxides with respect to oxygen release during thermal dissociation decreases with increasing Ca-content. At 900 °C
and oxygen partial pressure 1 x 1071°-0.21 x 10° Pa, the compounds with x>y (acceptor doped) are p-type semiconductors and
those with x<y (donor doped) and x = y are n-type semiconductors. The type and level of electrical conductivity are functions of
the concentration ratios of cations occupying the B-sites of the perovskite structures: [Cr®']/[Cr**] and [Ti*"J/[Ti’"]. The
maximum electrical conductivity at 900 °C and pO, = 10"'>Pa was found for the composition La, ;Cag TiO; (near 50 S/cm) and in
air at 900 °C for Lag sCag sCrO; (close to 100 S/cm).
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

One of the material problems of solid oxide fuel cells
(SOFC) for hydrocarbon fuels is the availability of
anode materials, which meet simultaneously the require-
ments of catalytic activity, thermal expansion, and
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electrical conductivity better than the usually applied
Ni/NiO+ YSZ cermet [1]. Recently, a variety of new
compounds were proposed as alternative anode materi-
als for SOFC: La;_,(Sr,Ca),CrO5 [1,2], Lag gSr-Crg 97
V0.0303 [3], ZrOx(Y,03+NbyOs) [4], (Sri_,Bay)os
Tig2Nbg 503 [5], Gdx(Ti;—,Mo,),07 [6], LagSrg4Coq.2
Fe( 305 [7,8], La;_Ba,Cr,_,Ti,O3_s [9], and selected
compositions in the system La,_,Ca,Cr,_,Ti,O5_; [10].
These materials show a number of disadvantages such
as interaction with YSZ, insufficient conductivity,
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decomposition under reducing conditions, low thermal
expansion, or low catalytic activity. Therefore, the
search for new anode materials actually remains,
especially with regard to reduced operation tempera-
tures of the SOFC with alternative ceria electrolytes [11].

Complex perovskite-type oxides 4BO; based on rare
earth and alkaline earth oxides with 3d transition metal
oxides remain to be interesting candidates for materials
with electrocatalytic properties. Lanthanum chromites
and titanates substituted with alkaline earth ions are
preferred materials of investigation in this field. Mixed
occupation of the B-site by varying the Cr:Ti ratios
enable to modify the donor and acceptor doping.
Systematic results on structure, electronic and ionic
conductivities as well as catalytic properties of this type
of perovskite oxide are not available so far.

Crystal structure, electrical conductivity, oxygen and
cation diffusion mobility, and thermodynamic character-
istics of doped lanthanum chromites and calcium or
strontium titanates are well investigated [12—18]. Only a
few results were published in the last few years [10,19-21]
on mixed chromites—titanates. Pudmich et al. [10]
prepared and investigated a series of lanthanum chro-
mites, partially substituted with alkaline-earth elements in
the A-position of the perovskite and with transition
metals like Ti, Co, or Fe in the B-position. A broad range
of variations of the physical properties such as electrical
conductivity and thermal expansion was observed.

The solubility of Sr in LaCrO; after [22,23] is relatively
small (0.05-0.12mol), whereas the Ca solubility in
analogous chromites reaches 0.5-0.6mol. Taking into
account that the solubility of Ca in chromites is higher
than the solubility of Sr, the La—Ca—Cr-Ti—O system was
chosen for the investigation of relations between compo-
sition, crystal structure and electrical conductivity.

The structural features and conductivity properties of
the series La;_,Ca,Cr;_,Ti,O3 were described in our
previous publications [24] (La;_,Ca,Cry,Tigg03), [25]
(La;_Ca,CrosTips03), [26] (La;_,Ca,CrogTip203),
and [27] (La;_.Ca,TiO3). In these works, the crystal
structure, oxygen stoichiometry, and electrical conduc-
tivity were investigated as functions of the Ca content,
oxygen partial pressure and temperature. In this paper
we present an overview of the structural and electrical
properties of the mixed perovskites in the series
La,_,Ca.Cr,_,Ti,O3_5 (x =0—1, y=0,0.2,0.5,0.8,1)
together with some new results.

2. Experimental

2.1. Powder preparation and crystal structure
investigation

La;_.Ca,Cr,_,Ti,O3_5 (x, y=0.0—-1.0) powders
were prepared by mixing of La,O;, CaCO;, Cr,O3 and

TiO, powders with a 99.9% purity. The mixtures were
milled in ethanol by means of an agate ball mill for 24 h.
After drying the mixtures were heated in air at 1100 °C
for 20h in alumina crucibles. After cooling to room
temperature the products were milled again and finally
heated in air at 1350°C for 20h. The cooling and
heating temperature rates during syntheses on these
stages were always 5 °C/min. Finally cooled substances
were repeatedly milled. Before X-ray and oxygen non-
stoichiometry investigations, the powders were treated
at 1000 °C for 10 h and cooled to room temperature at a
rate of 2 °C/min.

The crystal structures were investigated by means of
the powder diffraction technique using a Siemens D5000
powder X-ray diffractometer (CuKo-radiation, 0/20-
scanning mode, step width of 0.02°, counting time per
step—7s). The crystal structures were refined by the full-
profile Rietveld method, including refinement of lattice
parameters, positional and displacement parameters,
site occupancy, scaling factor, sample shift, background
and Bragg-peak profile parameters. The atomic dis-
placement parameters were refined anisotropically for
La(Ca) cations and isotropically for all other atoms. All
calculations were performed using the WinCSD (Crystal
Structure Determination) program package [28].

2.2. Oxygen content measurements

2.2.1. Initial oxygen content

The oxygen content of the compounds was measured
by the carrier gas hot extraction method (CGHE) with a
commercial oxygen analyzer TC436-DR (LECO, USA).
The powders were weighed (about 25 mg) and filled into
a metallic capsule of nickel (0.4 g) with an additional tin
tablet (0.2 g). This pressed package was dropped into a
degasified high-temperature graphite crucible, which
was electrically heated with a power-time-program.
Two IR-selective detectors registered simultaneously
the formed reaction species CO and CO,. All values
were referred to ZrO, measured under the same
measurement conditions. A reproducibility of 0.5%
RSD can be reached by this method as shown for many
oxides by Gruner [29].

Parallel to the CGHE method, the powder samples
were analyzed jodometrically after digestion in KJ/HCI
solution at elevated temperatures in sealed glass
ampoules.

2.2.2. Change of oxygen content

Oxygen content changes were measured by solid-
electrolyte technique using the PC-controlled device
OXYLYT (SensoTech Magdeburg, Germany) (Fig. 1).
The concept of a combined coulometric—potentiometric
arrangement for the investigation of interactions be-
tween solids and the gaseous environment in the carrier
gas mode was described earlier in [30,31].
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The amount of oxygen exchanged between the gas
flow and a sample within a process in the case of the
coulometric method could be determined by the
equation

t=end
Amo, = ki / (Io —1,)dt (U, = constant) (1)
t=start
and in the case of potentiometric method by the
equation
t=end

Amo, = ky (pOl

t=start

—pOihdr (I, =0), )

where k; and k, are constants, I, and I, are the basic
and running titration currents on cell 2, pOY and pOM
are the oxygen partial pressures before and after the
reactor, respectively, and ¢ the duration of the process.
The constants k; and k; consider the gas flow rate,
temperature of the gas flow meter, and the electro-
chemical equivalent of oxygen.

Oxygen partial pressures (pO,) in the reactor are
calculated by the Nernst-equation for pO,>0.1Pa

RT p02

U= ﬁln pogif 5

(©)

where U is the voltage of the solid electrolyte cell, R the
absolute gas constant, 7" the absolute temperature of the
electrochemical cell, and F the Faraday constant and
pO3S" the oxygen partial pressure in air. In atmospheres
with strongly reduced oxygen partial pressures, as for
example, Ar/H,/H,O mixtures, the oxygen partial
pressure in the reactor could be calculated by the
following equation:

2
_ ,2(PH20
p0: =3 (222). @

where k3 is the constant of the water dissociation
reaction (2H,O = 2H,+0;), pH,O and pH, are the
water vapour and hydrogen partial pressures in the gas
stream, respectively.

The investigation of oxygen non-stoichiometry was
performed on powder samples prepared as described in

Cell 1

Ol O”................... O”I pOIV
Moisturizer | P02 yceaze sage P2 — M TPPPI P i

Thermostat for
H, or O, penetration

?

Section 2.1. Air, Ar/O,, and Ar/H,/H,O were used as
the initial reaction gas mixtures with the defined oxygen
partial pressures 21000, 1Pa and pH,O/pH,=0.01,
respectively. The electrical conductivities were measured
on ceramic bars with rectangular cross section, which
were placed in the reactor at controlled temperatures
and oxygen partial pressures. The observed accuracy of
changes of the oxygen content was better than +0.005
of oxygen atomic index.

2.3. Electrical conductivity measurements

The electrical conductivity (o) of ceramic samples was
measured in gas atmospheres with defined oxygen
partial pressures (Fig. 1) by a DC four-point method
described elsewhere [32]. The powders were pressed into
shapes of 1x3x10mm® together with 4 Pt wires
(0.1mm by diameter) and sintered for 20h in air at
temperatures of 1250-1400 °C depending on composi-
tion. Heating and cooling rates during sintering were
5°C/min. The conductivity was measured at 20-1000 °C
in air and in flowing gas mixtures of Ar/O, (1-100Pa
02) and Ar/Hz/Hzo with szO/szZOOI*SO Equ111-
brium state values of the conductivity at 900 °C and
different oxygen partial pressures were achievable after
1-100h of exposition depending on oxygen partial
pressure range, composition and ceramic structure of
the samples. The temperature dependencies of the
electrical conductivity in air and in gas flow of Ar/
H,O/H, with pH,O/pH,=0.01 were recorded during
cooling at a rate of 5°C/min.

3. Results and discussion

3.1. Synthesis and crystal structure of the compounds in
the system La;_.Ca,Cr;_,Ti,O;

The phase compositions of the samples obtained after
synthesis in air at 1350 °C are given in Table 1. Single-
phase samples occur mostly for the compositions with

Reactor Cell 2

Ohmmeter

| Gas Flow Controller |

?

Air, Ar/O, or Ar/H,/H,0O

gas mixture

PC

Fig. 1. Scheme of the solid electrolyte device oxylyt for solid-state coulometry and electrical conductivity measurements.



V. Vashook et al. | Journal of Solid State Chemistry 177 (2004) 3784-3794 3787

x>=y. The samples with nominal compositions Lag
Cao‘gTiO3, La0_2Ca0.gTiO3, Lao.4CaO.(,Cr0_2Tio_8O3 and
Lag3Cag 7Cry,TipgO;5 (all with x<y) were found to be
single-phase compositions too, according to the results
of the X-ray phase analysis.

Decreasing x/y ratios at some values led to the
appearance of non-perovskite phases, mainly the oxygen
intergrowth phases of the type La,(Ti,Cr),O3,+> [33]
(Table 1). The amount of La,(Ti,Cr),O3,+> phases
increase and the perovskite phases diminish with
decreasing x/y ratio, respectively.

There are two distinct ranges of the La;_,
Ca,Cr,_,Ti,O; system, depending on two different
modes of charge compensation at La—Ca substitution
as shown in [24-27]. For La,_,Ca,Cr,_,Ti,O; with
x>y, the compensation of negative charges at the
partial substitution of La** with Ca®" is based on the
change of the chromium oxidation states. In contrast to
that mode, at x<y the oxidation levels of chromium
(3+) and titanium (4 +) cations stay unchanged and the
charge compensation is based on the formation of
cation vacancies. Precipitation of non-perovskite phases
occurs in the La;_Ca,Cr;_,Ti O3 system at x <y when
y=10.2—-0.5 and at x<(y — 0.2) when y = 0.8—1.0.

The phase diagram of the quasi-ternary system
CaCr'VO;-CaTiO;-LaCr''O; was constructed on the
basis of X-ray phase and structural analysis of the
La,_,Ca,Cr,_,Ti,O; samples with x>y (Fig. 2).
Extended solid solutions with a wide homogeneity range
are formed in this system at 1350°C in air. The
formation of these solid solutions is not surprising
because all three end-members of the system (LaCrOs;,
CaTiO; and CaCrOs) adopt the same GdFeOs-type
structure. Continuous solid solution is formed in the
CaTiO3;-LaCrO; pseudo-binary system (Fig. 3a).
The third end-member on the system (CaCr'YO5) could
be obtained by a solid-state reaction only by application
of high-pressure synthesis (65kbar at 700°C) [34].

Therefore, the solid solution ranges in the pseudo-
binary systems CaTiO;~CaCr'VO; and LaCr'O;-Ca
Cr™VO; (Figs. 3b and ¢) and in the quasi-ternary
system CaCr'"VO;-CaTiO;-LaCr'™0; (Fig. 2) do not
exceed ~60-70molar percent of CaCr'VO; at the
ambient conditions mentioned above. Besides the
Lag_v_Cag ) Cr'Y o Crii" v yTi,O3 perovskite-like
compounds, Ca,Cr,Os and CaCr,04 are formed in the
CaCr'VO5-rich corner of the phase diagram.

All the single-phase compounds in the LaCr'"O;-
CaTiO;-CaCr'V O, system show the orthorhombically
distorted GdFeOs-type structure. Fig. 4 summarizes the
lattice parameters and cell volumes of the samples
within the La,_,Ca,Cr,_,Ti, O3 solid solution region.
The corresponding values for CaCrO; obtained by

Multiphase region

. 1.0
4
LaCrO, CaCr'0o,

v~ . . .
La(l_x,_y)Ca(X, +y)Cr L Cr (1_x,_y)T|y03 solid solution

with the perovskite-like GdFeO,-type structure

Fig. 2. Range of existence of the perovskite-like phases in the system
La 1 _xCaXCrl _},TiyO}

Table 1
Composition and structure of compounds in the series La,_,CaCr,_,Ti, O3
Series X Phases
La,_,Ca,CrO; 0<x<0.5 Perovskite
La,_,Ca,CrygTip-,0O3 x=0,0.1 Perovskite (~95-97%) +unknown phase (~3-5%)
0.2<x<0.8 Perovskite
x=09 Perovskite + Ca,Cr,05 (~30%)
x=1 Perovskite (~50%) + Ca,CryO5 (~11%) + Ca(CrO,), (~25%) + Ca3(CrOy), (~8%)
La,_,Ca,CrgsTip 503 x=0,0.1 Perovskite (70-77%) + Las(Ti,Cr)sO17 (10-8%) + La,Ti,O7 (14-10%) + Las(Ti,Cr)40;5 (6-5%)
0.2<x<04 Perovskite (90-97%) + CaLayTisO7 (10-3%)
0.5<x<1 Perovskite
Lal_>\»ca_\»cl‘0A2Ti0.gO3 0.2<x<0.5 Perovskite + La5Ti5017 (30*1 0%)
0.6<x<1 Perovskite
La,_,Ca,TiO3 x=02 CaLayTisO7 (80-90%) + perovskite (10-15%)
x=03 Ca,La,TigOs9 (~70%) + perovskite (20-25%) + CaLayTis017 (5-10%)
04<x<0.7 Perovskite (75-95%) + Ca,LaTigOy0 (5-25%)

0.8<x<1 Perovskite
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Fig. 3. Compositional dependencies of the lattice parameters and cell
volumes in the pseudo-binary systems LaCrOs;—CaTiOj; (a), LaCrO;—
CaCrOs; (b) and CaTiO3;—CaCrOs; (c), orthorhombic lattice parameters
are transformed into the perovskite-like cell parameters as follows:
a,=ao//2, by=bo//2, c,;=Co/2, V}, = V /4, cell parameters of CaCrOs,
obtained by solid-state reaction at 65 kbar and 700 °C, were taken from
[34].

solid-state reaction at 65kbar and 700 °C [34] are given
additionally for comparison. Fig. 5 represents the
average interatomic distances between the atoms in the

first coordination sphere of the investigated structures.
Lattice parameters and interatomic distances in the
La,_,Ca,Cr,_,Ti,O3 compounds change uniformly
with composition, in accordance with average radii of
A- (due to substitution of Ca for La) and B-cations
(due to substitution of Ti for Cr and partial reduction of
Cr** to Cr*"). All structural parameters of composi-
tions within the solid solution range are placed in the
triangle CaTiO3;—-LaCrO;—CaCrOs; (Figs. 4 and 5). This
result together with the compositional dependencies of
the lattice parameters and average interatomic distances
prove clearly the existence of extended solid solution
with the perovskite-like structure in the quasi-ternary
LaCr'™0;-CaTiOs—CaCr'vO5 system.

The determined oxygen contents of some selected
compounds in the system La;_,Ca,CrgsTigsO5_s,
measured by CGHE, are presented in Table 2 together
with the calculated nominal oxygen contents according
to the formulas, the average values (AVG) of oxygen
contents, the standard deviations (SD) of the series of
4-5 measurements, in some cases the reproduction of the
measurement series (RSD) and the oxygen contents
pro-perovskite unit. The methodical ability has been
proofed by two commercial titanates from ChemPur
(Germany). For pure BaTiO3 (99.9wt%) the experi-
mental value corresponds with the expected stoichiome-
tries with acceptable reproducibility. The poor accuracy
in the case of CaTiO3 (99 wt%) cannot be understood
and may be attributed to other components not certified
in detail by the producer. For single-phase compounds
like Lag;Cag-Crg5Tip5s03, the oxygen content was
analyzed according to the stoichiometric formula with
a relative good precision. But higher discrepancies of
experimental results and nominal values of oxygen
content in the case of Lag4Cag¢CrgsTigsO3 and
Laj sCag sCrg sTig 503 powders cannot be explained, as
in the case of commercial CaTiO;. More precise and
reproducible results were obtained by iodometry. These
were used as initial oxygen contents for the further
investigations of oxygen non-stoichiometry (Table 3 and
Fig. 7).

3.2. Electrical conductivity and oxygen non-stoichiometry

The typical pO,-dependencies of the electrical con-
ductivity for the single-phase ceramic samples in the
system La;_,Ca,Cr;_,Ti,O3_s at 900 °C are presented
in Fig. 6. The first group of the compounds (x/y>1)
shows the p-type conductivity. The slope k of the log
(o) = klog(p0,) dependences for Lag CagoCrg,Tig 03
[24] and Lag4CagyCrg5TigsO3 [25] amounts to k=
+1/4 in the range p0O><107°Pa and to k ~ 0 at more
oxidizing conditions. The single-phase samples of
the second group of the compounds with x/y<1
are n-type semiconductors with k= —1/4 in the
whole pO5 range from 10~"° to 10° Pa. The compounds
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Fig. 4. Lattice parameters of the La,_,Ca,Cr,_,Ti, O3 samples with perovskite-like structure (x>y), transformation of orthorhombic lattice
parameters into perovskite-like cell parameters and cell parameters of CaCrOj; see Fig. 3.
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Fig. 5. Average interatomic distances of the La,_,Ca,Cr;_,Ti,O3 samples with x>y within the solid solution range with perovskite-like structure.

to the compositions with x>y they show weak
log (¢) versus log (pO,) dependencies with k ~ 0 at
high pO,.

with x =~y demonstrate the change from n-type
conductivity with k= —1/4 to p-type conductivity
with k = +1/4 near the conductivity minima. Similar
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Results of the chemical analysis of some of the powder samples in the system La,_,Ca,Cr;_,Ti, O3 by means of the carrier gas hot extraction method

(CGHE) and iodometry

Formula Oxygen content, wt% RSD Oxygen content pro perovskite unit
Nominal AVG SD CGHE Todometry
Lag3Cag ,Crg 5Tip 503 28.63 28.39 0.22 0.8 2.9840.02 2.99+40.01
28.37 0.19 0.7
28.50 0.09 0.3
Lag_4Ca0_6Cr0_5Ti0_503 27.03 26.46 0.41 1.5 294i004 299i001
Lag sCag sCrg 5Tip 503 25.61 25.30 0.36 1.4 2.96+0.04 2.99+0.01
25.32 0.64 2.5
25.08 0.69 2.8
20.58 20.64 0.04 0.2 3.004+0.006 2.99+0.01
BaTiO; (Commercial)
35.30 32.28 1.18 3.6 2.7440.1 2.99+0.01

CaTiO; (Commercial)

AVG, average value of oxygen content; SD, standard deviation of the results from 4 to 5 measurements; RSD, reproducibility of measurement series.

Table 3

Oxygen atomic indices of the single-phase La;_.Ca,Cr,_,Ti,O3_s compounds with x>y at room temperature in air and in Ar/H,/H,O gas flow

(pO,=8 x 107" Pa) at 1000 °C

NN  «x ¥y 3-8 RT air  3-8'1000°C Ar/H,/H,O NN o« y 3-8 RTair 3-8 1000°C Ar/H,/H,O
1 0 0 2.99 3.0 14 0.5 0.5 2.99 2.95
2 0.1 0 2.99 2.98 15 0.6 0.5 2.99 2.92
3 0.2 0 2.99 2.94 16 0.7 0.5 2.99 2.90
4 0.3 0 2.99 2.90 17 0.8 0.5 2.99 2.85
5 0.4 0 2.99 2.87 18 0.9 0.5 2.99 2.82
6 0.5 0 2.99 2.81 19 1.0 0.5 2.99 2.77
7 0.2 0.2 2.99 2.99 20 0.8 0.8 2.99 2.97
8 0.3 0.2 2.99 2.99 21 0.9 0.8 2.99 2.96
9 04 02 299 2.97 2 10 08 299 2.90
10 0.5 0.2 2.99 2.94
11 0.6 0.2 2.99 2.90
12 0.7 0.2 2.99 2.77 23 0.9 1.0 2.99 2.96
13 0.8 0.2 2.99 2.60 24 1.0 1.0 2.99 2.98
As an example, the changing titration currents in cell
100 3 La, ,Ca,Cry yTiOz5  900°C 2 and the corresponding calculated oxygen atomic
] % Loo1ca0ec0%Tio80, indexes of La;_,Ca,CrO;_s during heating, exposition
, log v L204Ca06Cr08T0507 and cooling in a gas flow Ar/H,/H,O with pH,O/
£ ] X LaD5GaD SCH0-0.065 (0500500 pH,=0.53 are shown in Fig. 7. Analogous dependencies
& 13 for the other series were given previously in [24-27]. The
> exposition at 1000 °C during 1 h was sufficient to reach
% 0.173 the equilibrium states of the fine-powdered single-phase
3 ; samples at the conditions mentioned above. The
é 0_01_; increasing Ca content of La,_,Ca,CrO;_s results in
] decreasing stability of the compounds with respect to
1E-3+ thermal dissociation with oxygen release. No oxygen
3 release was observed for LaCrOs up to 1000 °C.
_1'5 " _1'0 " :5 " (') " é 'The thermal stability of the spries La,;_,Ca,Cryg
l9(pO, / Pa) Tip203_5 [26], La;_.Ca,CrosTips05_s [25], and

Fig. 6. pO, dependencies of the electrical conductivity for some
ceramics in the system La,_,Ca,Cr;_,Ti,O3_s at 900 °C.

La;_,Ca,Crg,TiggO05_;5 [24] decreases with increasing
Ca/Ti ratio. The compounds with the Ca/Ti=1 ratio do
not change their oxygen content during heating from
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Fig. 7. Oxygen exchange characteristics of the powder samples
La,_,Ca,CrO;_; during heating and cooling in Ar/H,/H,O (pH,O/
pH,=0.53): (a) titration current of the coulometric cell, and (b)
calculated oxygen atomic index (39).

room temperature to 1000°C in gas flows with
pO,>1Pa and show only small oxygen releases in
reducing atmospheres.

The oxidation state of Ti cations in this system is most
likely constant and amounts to 4+ under oxidizing
conditions (near air), whereas Cr cations can change
their oxidation state between 3+ and 4+ depending on
the Ca/Ti ratios. At increasing temperatures or at
reducing conditions firstly chromium cations change
their oxidation states from 4+ to 3+, followed by
titanium cations. The La;_,Ca,CrO;_s compounds
with x>y prepared in air show black color due to the
presence of Cr*" cations. The intensity of black color
increases with rising Cr*" and Cr’* cation content. The
single-phase powders of the series with x<y are light
yellow after synthesis in air, but these turn into black
color after annealing at reducing conditions due to the
appearance of Ti* " cations.

Increasing Ca content at a constant Cr/Ti ratio as well
as increasing Cr content at a constant Ca/La ratio are
accompanied with increasing amounts of Cr*™ cations
in the compounds with x>y prepared in air. During

heating at reducing conditions the oxygen release
increases with rising Cr** content.

Oxygen release of the La;_.Ca.Cr,_,Ti, O3 series
with x>y can be explained firstly with the reduction of
Cr** cations and then with the following reduction of
Ti*" cations at more reducing conditions:

Laj® Ca’fCriT Cr*t TitT0;

X=y =y

: b
= Lajt CaltCri* ,sCrit ) TilT 055+ 502 (9)

, B
T Cartert ,Crtt, s Ti 05, +5 0

— 2+ 4 34
= Lajt CaZ*Crjt ,,;Crit . 25T1y 2, 115,035

5+~
Lot

0, (6)

The heating of individual lanthanum-—calcium tita-
nates [27] and chromites (Fig. 7) in reducing gas flows is
accompanied with only one maximum of oxygen release,
whereas mixed lanthanum-—calcium titanate—chromites
show two oxygen release maxima, as is the case for
Lag»,Cag gCrg gTig O3 [26], for example. The maximum
at lower temperature corresponds evidently with the
reduction of Cr** to Cr*" according to Eq. (5) and the
second maximum comes with the reduction of Ti** to
Ti*", described by Eq. (6). The contribution of the Ti**
cations to the oxygen release is small in comparison with
that of the Cr*" cations. In some cases, only one
maximum is observed, because the temperature posi-
tions of the separate maxima are influenced by the
cationic compositions, oxygen exchange rates, oxygen
diffusion mobilities, and dispersion of the powders.

The relatively high stability of LaCrO; can be
explained with the absence of reducible cations at the
applied conditions (Fig. 7). The La chromites partially
substituted with Ca can release oxygen according to the
following equation:

T Ca?tCrit Crit0;

0
= Lajt Cal*Crit ,;Crit )05 5 + =

5 0O, (7

The equilibrium oxygen atomic indexes of the
La,_,Ca,Cr,_,Ti,O3_s compounds with x>y and
y=0, 0.2, 05, 0.8 and 1.0 at 1000°C and
p0,~8 x 107" Pa (pH,O/pH,=0.53) are presented in
Table 3.

The existence of the single-phase donor-doped com-
pounds with the nominal formula La,_,Ca,Cr,_,Ti,O;
(x<y) can be understood either by formation of cation
vacancies (Lal,xCaxCrl,yTiy)w(é,x +y)2(yfx)/(67x+y)o3a
or by oxygen interstitials according to the formula
La;_,Ca,Cr;_,Ti,O3 (_x)». The second possibility is
unlikely because it contradicts the general structural
concept of perovskites and the results of structural
investigations of La;_,Ca,Cr,_,Ti, O3 (Section 3.1).
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The chemical formula of the donor-doped compounds
(x<y) is assumed as (La;_.Ca,Cr;_,Ti,)s/6—x+1)O3
because no impurities of other compounds
were registered. It may be that cation vacancies are
statistically distributed in the cationic sub-lattice. Oxy-
gen release of these compositions at increasing tempera-
tures and low pO, can be described with the following
equation:

(La?txca)2c+Cr%iryTij-_F)é/(é—x-i—y)O?’
B 6
T 6406 —x+Y)
-(Lajt Cai"Cri® Til™ Ti)")g/6_v11)+, 03
36 —x+y)
24+296—x+y) °

During the reduction of these oxygen stoichiometric
compositions, Ti’* cations are formed due to the
simultaneous removal of oxygen ions and metal
vacancies. Only a very small oxygen release was
registered during heating of the (La,_,Ca,Cr_,
Ti,)e/6—x+1)O3 powders with x<yp at reducing
conditions. That behavior was also found for the
La,_,Ca,Cr;_,Ti,O3 compounds with x ~ y.

A weak dependency of the electrical conductivity of
La;_,Ca,Cr;_,Ti,O3 with x>y versus oxygen partial
pressure at pO,>10">Pa (Fig. 6) indicates stability of
these compounds with respect to oxygen release after
Eq. (5). The p-type conductivity with k = +1/4 in the
more reducing region corresponds with decreasing
concentration of Cr*" cations (holes) of these com-
pounds with oxygen release. From Eq. (5) and the mass
action law follows [Cr*"]=const x pO5 4 if the
concentration of La;_.Ca,Crj Cri’ Ti}*O; could
be assumed as constant. The same dependence
was found for La;_,Sr,CrO;_gs, in [35], for example.
The observed p-type conductivity with k= +1/4
indicates that no Ti’" cations are simultaneously
formed (Eq. (6)) by decreasing pO, up to 107" Pa
(Fig. 6).

@)

The n-type conductivity of (Lay¥ Cai*Crit,
Tiifr)()/(éfx 03 with x<yp (Fig. 6) correlates
with increasing concentration of Ti® " cations according
to oxygen release after Eq. (8). The LagCagoTiO3
(Fig. 6) and Lag,CaygTiO; [27] ceramic samples at
900 °C show ideal linear dependencies in the range
p0,=10"" ... 10°Pa. Other donor-doped chromites—
titanates (Laj’ Ca3"Cri" Ti}*)g/4 1,03 show small
deviations from linear dependencies only in the region of
high oxygen partial pressures. An explanation of the
observed log (o) = klog (pO,)~"* dependencies for
the compounds in the similar La;_,Ba,Cr;_,Ti,0;3_;
system with x<y (0.0<x<0.2 and 0.0<y<0.5) at
temperatures between 800 and 1000°C and
p0,=10"""-10°Pa was given in [9]. Cation vacancies
have to be assumed as the predominant point defects in

La,_,Ca,Cr,_,Ti,Os, if x<y and La, Ca, Cr, Ti and O
have constant oxidation states 3+, 2+, 3+, 4+, and
2—, respectively. It was shown that conductivity of
La,_,Ba,Cr;_,Ti,O3_; is directly proportional to pO5 18
if Ti*" is far from being completely reduced to Ti**.
The minima of conductivity versus oxygen partial
pressure observed for some compounds with x =~ y,
as, for example, Lag,CaygCrg,TipgO3 [24] and
Lag sCag sCrysTig 505 (Fig. 6) can be explained evi-
dently with minor deviations from the cationic composi-
tions strived for with the solid-state synthesis. If the
ratio of x/y amounts to 1.001 in La,_,Ca,Cr,_,Ti,Os,
the corresponding (x —y) amount of Cr*" cations
should exist in the compound. Evidently these tiny
fractions of Cr*" cations provide the p-type conductiv-
ity with £ =+1/4 in the pO,-rich region beside the
minimum (Fig. 6) corresponding to Eq. (5). The n-type
conductivity at the pO, poor region beside the minimum
can be provided by increasing concentration of Ti*"
cations according to Eq. (6). That dependence of the
conductivity from pO, corresponds with two maxima of
oxygen release, observed during programmed heating of
the compounds with x~ y in reducing atmosphere
[24,25], when the concentration of Cr*" cations in the
prepared compound is comparable with the concentra-
tion of formed Ti’" cations during oxygen release.
Actually, the compound with the nominal composition
Lag sCag sCrg s_0.005Tlp.5+0.00sO3 showed linear log
(o) = klog (pO,)~"* dependence (Fig. 6) in contrast to
Lag sCag 5sCrg sTig 5O5. Evidently, in compounds where
x equals y exactly, the following reduction reaction
takes place:
Laj* Cal"Cr{* Tii*O;

T a3 a2t At
= LajT Cay CrlfyT1

1 Ti 05, +20, ©)

The temperature dependencies of the electrical con-
ductivity measured in air during cooling with a rate of
6 °C/min showed semi-conducting types for all single-
phase samples of the system La;_,Ca,Cr;_,Ti,O;3_5
(Fig. 8). The eclectrical conductivity increases
systematically with increasing Cr content. The
dependencies of the electrical conductivity from
the Ca-content for single-phase ceramic samples in
the system La,_,Ca,Cr,_,Ti,Os;_5; at 1000°C in
air have maxima at x = 0.5 for La,_,Ca, CrO;_;s, x =
0.6 for La;_,Ca,Crg3Tig-,03_5, x =0.75 for La;_,Ca,
CrpsTipsOs_s, and x=0.95 for La;_.Ca,Crg,»
TiggO5_s (Fig. 9). These dependencies correlate with
the dependencies of the product of the molar concentra-
tion of Cr’* and Cr*' cations, assuming that the
oxygen indexes of the investigated chromites—titanates
amount to 3.0 and the oxidation state of Ti cations is
4+. Consequently, the conductivity values of the
La,_,Ca,Cr,_,Ti,O3_5 compounds with x>y correlate
with the exchange intensity of electrons between
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Fig. 8. Temperature dependencies of the electrical conductivity of
ceramic samples in the system La,_,Ca Cr,_,Ti,O5_; in air.
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Fig. 9. Ca-content dependencies of the electrical conductivity of
single-phase ceramics in the system La,_,Ca,Cr,_,Ti,O3_s with y=0,
0.2, 0.5, 0.8, 1.0 in air at 1000 °C.

chromium cations having different oxidation states
(Cr’" —e~=Cr*") [36] at oxidizing conditions. Increas-
ing Cr content in La,_,Ca,Cr,_,Ti,O3_s with the same
Ca content is accompanied with a corresponding
increase in the electrical conductivity. The observed
discrepancy for La;_,Ca,Cr(sTijps0;5_s in the Ca
concentration range x =0.7—1.0 is explained with
different macrostructures of the ceramic samples in the
separate series. With the exception of La;_,Ca,TiO3_;,
the maxima of conductivity correspond exactly with the
molar ratio of [Cr® T]/[Cr*T]=1.

4. Conclusions

Single-phase compounds of the series Laj_,
Ca,Cr;_,Ti, O3 with the nominal compositions y =0,

x=0-0.5 y=02, x=02-08; y=0.5 x=0.5-1;
y=08,x=0.6—1and y =1, x = 0.8—1 were prepared
in air at maximum temperatures of 1350 °C. Composi-
tions with Ca concentrations outside these ranges
were found to be heterogeneous. An extended
solid solution Lag_y_,,Ca vy, )Crwx/CrHl_x/_ 111,03
(0<x'<0.6-0.7, x<y=0) with the orthorhombic
perovskite-like GdFeOs-type structure (space
group Pbnm) is formed in the quasi-ternary system
CaCr'VO;-CaTiO5-LaCr'O; at these conditions.
Lattice parameters and average interatomic distances
of the samples within the solid solution region decrease
linearly with increasing Ca content.

Oxygen stoichiometry and electrical conductivity were
investigated as functions of composition, temperature
and oxygen partial pressure. At 900°C and oxygen
partial pressure 107'°~10°Pa, the La,_,Ca,Cr,_,Ti,O;
compounds with x>y are p-type and with x<y n-type
semiconductors. The observed conductivity types of the
compounds with x>y and x<y can be explained with
increasing concentration of Cr** cations and decreasing
concentration of Ti* " cations at elevated oxygen partial
pressures, respectively. The decrease of the Ti’™'-
concentration in compounds with x <y is accompanied
with the simultaneous increase of cationic vacancies.

The conductivity of the series La,_,Ca,Cr;_,Ti, O3 in
air correlates with the product of the concentrations of
Cr*" and Cr*", if the oxidation numbers of La, Ca, Ti
and O are assumed to be 3+, 2+, 4+ and 2—,
respectively. Lanthanum-—calcium chromite (LagsCag s
CrOs3) shows the highest conductivity in air at 900 °C.
Lanthanum-—calcium titanates with minimal La content
show the highest conductivity in reducing conditions.
Changing conductivity types correlate with structural
peculiarities and charge compensation mechanisms,
which follow from the results of structural analysis.
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