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The defect chemical relationships in various B-site mixed LaCrO3-based ceramics were investigated by

means of high-temperature gravimetry. The nonstoichiometric deviation, d, in (La0.7Sr0.3)(Cr1�yTiy)O3�d

(y ¼ 0.1, 0.2 and 0.3) (LSCT), (La0.75Sr0.25)(Cr0.5Mn0.5)O3�d (LSCM) and (La0.75Sr0.25)(Cr0.5Fe0.5)O3�d (LSCF)

were measured as a function of oxygen partial pressure, PO2
, at temperatures between 973 and 1373 K.

The effects of partial replacement of the donor on Cr-sites were examined in LSCT. In LSCM and LSCF,

effects of the partial substitution of isovalent transition metals on Cr-sites are discussed. Oxygen

nonstoichiometries of various B-site mixed LaCrO3-based ceramics were compared with those of A-site

substituted perovskite-type oxides, (La1�xSrx)MO3�d (where x ¼ 0–0.3, M ¼ Cr, Mn and Fe). The partial

substitution of the different elements on Cr-sites drastically changed the PO2
and temperature dependence

of oxygen vacancy formation in LaCrO3-based ceramics. The defect equilibrium relationships of the localized

electron well explained the oxygen vacancy formation in B-site mixed LaCrO3-based ceramics. Oxygen

vacancy formation in (La0.7Sr0.3)(Cr1�yTiy)O3�d (y ¼ 0.1 and 0.2) and (La0.7Sr0.3)(Cr0.7Ti0.3)O3�d was

explained by redox reaction of Cr and Ti ions, respectively. The defect equilibrium relationships of LSCM

and LSCF were interpreted by redox reaction of Mn ions and Fe ions, respectively. No significant change in

valence state of Cr3+ ions in LSCM and LSCF was confirmed under the experimental conditions.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

Perovskite-type oxides have the general formula of ABO3,
comprise various compounds and show various properties such as
high electronic conductivity, high ionic conductivity, high cataly-
tic activity, superconductivity, ferro-electricity, magnetism, etc.
This allows the perovskite-type oxides to be applied in various
fields [1–4]. In the perovskite-type structure, B-site metals are in
the three-dimensional corner sharing array of the BO6 octahedron
and A-site metals are located in the body center surrounded by 12
oxygen ions. The coordination number of oxygen for the A-site
element is 12 and it is 6 for the B-site element. Therefore, the
strong bonding between B-site ions and oxygen ions essentially
determines the basic character of perovskite-type oxides [1–3].
Taking advantage of this nature, B-site mixed perovskite-type
oxide, A(B1,B2)O3, is expected to show the desired properties found
both in B1 and B2 metal oxides.

In fact, various B-site mixed perovskite-type oxides have been
reported to show superior property compared to the conventional
materials for solid oxide fuel cells (SOFC) applications [4–10]. Tao
and Irvine [11] reported that (La0.75Sr0.25)(Cr0.5Mn0.5)O3 shows
ll rights reserved.
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anode performance comparable to that of Ni-YSZ cermets.
(La1�xSrx)(Co1�yFey)O3�d has been intensively investigated as the
cathode materials for SOFC operated at intermediate temperature
[12,13]. (La0.75Sr0.25)(Cr0.5Fe0.5)O3�d was examined as the anode
material to show good catalyst performance for methane oxida-
tion [14].

However, most of the studies focus only on the properties of
the B-sites perovskite-type oxides that the changes of defect
structures, phase stability and thermodynamic quantities have
rather been neglected. By mixing different elements in the B-site,
the strong connection of BO6 may be broken and this leads to the
changes in the main framework of perovskite-type oxides. This
may cause instability of structures to express negative property
changes. Moreover, the defect structure may be really complex
compared to that of A-site doped perovskite-type oxides.

The defect structure of B-site mixed LaCrO3 was investigated
by measuring oxygen nonstoichiometry, d, in LaCr0.9M0.1O3�d

(M ¼ Ni, Co and Fe) by means of high-temperature gravimetry
[15]. They showed that oxygen nonstoichiometry behavior of
B-site mixed LaCrO3 was different by the different B-site species,
and it was also different from those of A-site doped LaCrO3 [16].
Oxygen vacancy concentration increased in B-site mixed LaCrO3

compared to that of A-site doped LaCrO3. It was shown that partial
replacement of different elements on Cr-sites strongly affects the
redox properties of Cr ions and the stability of oxygen vacancy.

www.sciencedirect.com/science/journal/yjssc
www.elsevier.com/locate/jssc
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In this work, nonstoichiometric variation of oxygen content in
(La0.7Sr0.3)(Cr1�yTiy)O3�d (y ¼ 0.1, 0.2 and 0.3) (LSCT), (La0.75Sr0.25)
(Cr0.5Mn0.5)O3�d (LSCM) and (La0.75Sr0.25)(Cr0.5Fe0.5)O3�d (LSCF)
was measured as a function of oxygen partial pressure, PO2

,
at 973–1373 K. The effect of partial replacement of different
elements is investigated by comparing oxygen nonstoichiometries
of B-site mixed and non B-site mixed (La,Sr)CrO3. The defect
models are introduced to interpret the results.
2. Experimental

2.1. Sample preparation

Powders of LSCT, LSCM and LSCF were prepared by a solid-
state reaction method. La2O3 (RARE METALLIC 99.99%), SrCO3

(RARE METALLIC 99.99%), Cr2O3 (HIGH PURITY CHEMICALS
99.98%), TiO2 (HIGH PURITY CHEMICALS 99.99%), Mn2O3 (HIGH
PURITY CHEMICALS 99.9%) and Fe2O3 (HIGH PURITY CHEMICALS
99.9%) were used as starting materials. La2O3 powders were
annealed in air at 1473 K for 10 h to dry and also reduce the
surface area to avoid dehydration during cooling and weighing.
The sample was kept in vacuum desiccators during cooling.

The starting powders of each composition were carefully
weighed in the appropriate ratio and mixed together using a ball
mill. The mixed powders were calcined at 1573 K for 5 h in air. The
powder was pulverized and submitted for X-ray diffraction (XRD)
analysis. Calcination was repeated until the powder showed only a
set of perovskite-type phases.

For high-temperature gravimetry, about 1 g of the pre-calcined
powder was pressed into a cylindrical shape under 300 MPa
hydrostatic pressure and sintered in air at 1673 K for 3 h. Density
of sintered pellets was between 55% and 70%.

2.2. High-temperature gravimetry

Oxygen nonstoichiometry was measured by high-temperature
gravimetry using microbalance (Sartorius M25DP). Details of the
setup are essentially the same as those given before in [15].
Oxygen partial pressure was controlled by the gas-mixing system
for O2–Ar, CO–CO2 and H2–H2O–Ar. Values of PO2

and temperature
were monitored by the oxygen sensor and thermocouple located
just below the sample. During measurements, weight change of
the sample was continuously monitored as a function of time
under the fixed PO2

and temperature. When the weight change
reached the stationary value, the equilibrium between the sample
and the gas phase was considered to be confirmed.

Oxygen nonstoichiometry, d, is calculated using the equation

Dd ¼
Msample

MOwsample
Dw, (1)

where Dw is the weight change from the stoichiometric oxygen
compositions at the equilibrium with PO2

and temperature. MO

and wsample are molar weight of oxygen atoms and weight of
sample, respectively. Msample is the molar weight of the sample at
the stoichiometric oxygen composition.
3. Results and discussion

3.1. Oxygen nonstoichiometry of (La0.7Sr0.3)(Cr1�yTiy)o3�d (y ¼ 0.1,

0.2 and 0.3)

PO2
dependence of d in (La0.7Sr0.3)(Cr0.9Ti0.1)O3�d (LSCT7391),

(La0.7Sr0.3)(Cr0.8Ti0.2)O3�d (LSCT7382) and (La0.7Sr0.3)(Cr0.7Ti0.3)
O3�d (LSCT7373) are shown, respectively, in Fig. 1(a)–(c). The
stoichiometric composition is usually determined at PO2
, at which

qDd=q log PO2
value takes the minimum value [17]. In LSCT, the

sample weight showed plateau in high PO2
region. Hence, this

weight was assigned as the stoichiometric composition (d ¼ 0) at
respective temperatures.

The measured d increased with the decrease in PO2
and

increase in temperature. This behavior is similar to the relation-
ship between oxygen content and PO2

of various Sr acceptor doped
LaCrO3 [18]. That is, the loss of the positive charge by partial
substitution of the acceptor Sr2+ on La3+-sites is compensated by
the formation of Cr4+ under oxidizing atmospheres. Oxygen
vacancy is formed under reducing atmospheres accompanied by
the reduction of Cr4+ to Cr3+ ions [18].

In LSCT, Sr2+ ions on La3+-sites work as the acceptor. On the
other hand, Ti4+ ions on Cr3+-sites work as the donor. For example,
in LSCT7382, with 30 mol% of Sr2+ as the acceptor and 20 mol% of
Ti4+ as the donor, the total amount of acceptor content is 10 mol%.
Total acceptor contents are the same with (La0.9Sr0.1)CrO3�d. As
concentration of oxygen vacancy is determined by electrical
neutrality conditions, it is expected that d values are same in
LSCT7382 and (La0.9Sr0.1)CrO3�d. Comparison of oxygen vacancy in
LSCT7382 and (La0.9Sr0.1)CrO3�d [18] is shown in Fig. 2. In Fig. 2,
it is shown that the d values are different in LSCT7382
and (La0.9Sr0.1)CrO3�d although the total acceptor content is
the same. The d values in LSCT7382 are larger than those in
(La0.9Sr0.1)CrO3�d at respective temperatures. Moreover, d values
in LSCT7391 and (La0.8Sr0.2)CrO3�d, in which both have 20 mol% of
total acceptor contents, were also different. The d values in
LSCT7391 were larger compared to those in (La0.8Sr0.2)CrO3�dU

In LSCT7373, amounts of the acceptor and the donor are the
same. Therefore, no change from stoichiometric composition was
expected, just like the deviation from the stoichiometric composi-
tion in pure LaCrO3 is negligibly small. However, as shown in
Fig. 1(c), composition of LSCT7373 deviated from the stoichio-
metric composition and changed as a function of PO2

and
temperature.

Weight increase was observed above the stoichiometric
composition of LSCT in high PO2

region. Relaxation time of weight
changes in high PO2

region was much longer than that in low-PO2

regions where oxygen vacancy is formed. The obtained data above
the stoichiometric composition are plotted with the open symbols
in Fig. 1. The slow kinetics is regarded to be controlled by the
diffusion rate of cations. First, we considered the formation of the
second phase, SrCrO4, which is the compound of Cr6+ ions.
Miyoshi et al. [19] reported that two kinds of the second phase,
SrCrO4 and unknown phase were observed in La1�xSrxCrO3

(x ¼ 0–0.3) (LSC) depending on conditions. The second phases
tend to form at low temperature in high PO2

regions and with
large Sr contents. As PO2

and temperature conditions at which the
slow kinetic was observed in LSCT corresponded to the conditions
of the second phase formation in LSC, we considered that second
phases are also formed in LSCT.

The LSCT7391, LSCT7382 and LSCT7373 powders were equili-
brated at PO2

¼ 1 bar at 973 K at which the weight increase
was observed by the high-temperature gravimetry. Powders were
kept programmed for 160 h, and subsequently cooled to room
temperature within less than 15 min. The obtained samples were
evaluated by XRD measurements whether the second phases are
formed in LSCT in high PO2

regions. The results prove contrary to
our speculations. XRD patterns of all the annealed samples
showed only the pattern of the perovskite phase. No second
phase was detected in all samples.

Another possibility of the slow cation diffusion is the formation
of cation vacancies in A- and B-sites to show excess oxygen
nonstoichiometry. Generally, oxygen excess nonstoichiometry is
rarely observed in perovskite-type oxides due to the closely
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packed structure. One of the particular perovskite-type oxides
to show the oxygen excess nonstoichiometry is LaMnO3-
based ceramics [20–22]. The cation vacancy in LaMnO3-based
ceramics was experimentally confirmed by the powder neutron
diffraction [22].

It is considered that the cation vacancies are likely formed
rather than forming Cr6+ ions in high PO2

regions in LSCT. This may
be explained by the decrease in activity of Cr ions in LSCT by
partial substitution of Ti ions on Cr-sites compared to that in LSC
where Cr ions are oxidized to form Cr6+ ions in high PO2

regions.
Further efforts are being made to confirm this behavior. These
data points were excluded from the defect structure analysis.

3.2. Oxygen nonstoichiometry of (La0.75Sr0.25)(Cr0.5Mn0.5)O3�d and

(La0.75Sr0.25)(Cr0.5Fe0.5)O3�d

Fig. 3 shows the PO2
dependence of d in LSCM and LSCF. The d

values drastically change by the different transition metals
substituted on the B-site of LaCrO3 and showed larger values
compared to those in LSC. Deviation from the stoichiometric
composition is larger in LSCF compared to that in LSCM.
Thermogravimetric measurement data of LSCF and LSCM showed
hysteresis in low-PO2

regions at high temperatures.
In LSCM, sample weight showed plateau in high PO2

region.
This weight was assigned as the stoichiometric composition
(d ¼ 0) at respective temperatures, and while in LSCF, no plateau
was observed under the measured conditions. Under experimen-
tal conditions, LSCF is in the oxygen-deficient state. In order to
determine the stoichiometric composition of LSCF, sample
weights were measured at temperatures below the experimental
temperature [23]. It was found that sample weight measured at
PO2
¼ 1 and 10�2 bar below 773 K saturated around 473 K. The

saturated weights at PO2
¼ 1 and 10�2 bar were the same below

473 K. As qDd=q log PO2
value is considered to be close to zero

between PO2
¼ 1 and 10�2 bar, the weight under this conditions

was determined as the stoichiometric composition of d ¼ 0. The
difference in buoyancy among the different gas and temperature
was corrected by measuring the weight change of a dense alumina
disk. After the compensation, accuracy of weight change was
730mg, which is d ¼70.0007. The errors of d values in LSCF were
within the size of the symbols in Fig. 3.

The PO2
dependence of d in LSCM at 1173 K is shown along with

the oxygen nonstoichiometry of (La0.75Sr0.25)CrO3�d (LSC25) [18]
and (La0.75Sr0.25)MnO3�d (LSM25) [21] in Fig. 4(a). Relationships
between d and PO2

in LSCM are similar to those in LSM25. Oxygen
nonstoichiometry behavior of LSCM deviated from that of LSM25
in low-PO2

regions.
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In Fig. 4(b) shows the PO2
dependence of d in LSCF at 1173 K

compared with that of LSC25 and (La0.75Sr0.25)FeO3�d (LSF25) [23].
The nonstoichiometry curve of LSCF is observed between those of
LSC25 and LSF25.

Both LSCM and LSCF showed hysteresis in low-PO2
region

above 1173 K. Quenched samples of different PO2
at 1173 K were

prepared for X-ray analysis. In the XRD pattern of LSCM quenched
at PO2

¼ 10�20 bar and 1173 K showed second phases of (La,Sr)2

MnO4 and MnO (Fig. 5(a)). It has been reported by Mizusaki et al.
[21] that La1�xSrxMnO3�d (LSM) decompose under reducing
atmospheres. Decomposition PO2

of LSM is indicated with cross
symbols on the thermogravimetric data of LSCM in Fig. 3(a).
Under the reducing atmosphere below decomposition PO2

, LSCM
is considered to be in the quasi-stable conditions of LSCM phase
and the second phases. The hysteresis is considered to be due to
the slow equilibriums of the decomposition reaction.

In the XRD pattern of LSCF quenched at PO2
¼ 10�20 bar and

1173 K, the second phase of (La,Sr)2FeO4 is also recognized
(Fig. 5(b)). The equilibrium PO2

of 2FeO ¼ 2Fe+O2 are indicated
in Fig. 3(b) with cross symbols on the thermogravimetric data of
LSCF at respective temperatures. The PO2

regions at which the
hysteresis is recognized are below the equilibrium PO2

of the
reaction between FeO and Fe. Therefore, the hysteresis is
considered to be due to phase separation due to reduction of Fe
ions under the reducing atmosphere.

To further understand the stability of LSCT, LSCM and LSCF,
investigation of XRD as the functions of composition, PO2

and
temperature would provide valuable information. This is the
forthcoming subject of this study.
3.3. Defect structure analysis

3.3.1. Defect chemical equilibrium in (La0.7Sr0.3)(Cr1�yTiy)O3�d

(y ¼ 0.1, 0.2 and 0.3)

Vashook et al. [24,25] investigated the electrical conductivities
of a series of perovskite-type compounds La1�xCaxCr1�yTiyO3�d

with x ¼ 0–1 and y ¼ 0–1 taking them as the functions of compo-
sition, temperature and PO2

. They reported that the compounds of
x4y were p-type and of xpy were n-type semiconductors. The
p-type conduction of the compounds of x4y was considered to be
due to the valence change of Cr ions between Cr4+ and Cr3+ ions.
On the other hand, the n-type conduction of compounds
satisfying xpy was considered to be due to the valence change
of Ti ions between Ti4+ and Ti3+ ions. Here, the defect chemical
equilibriums in La1�xSrxCr1�yTiyO3�d with x ¼ 0.3 and y ¼ 0–0.3
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are discussed to explain the results of the thermogravimetric
measurements and thermodynamic parameters are calculated.

(i) x4y: LSCT7391 and LSCT7382
The defect chemical equilibriums for LSCT7391 and LSCT7382

are considered among Sr0La, V��O , Cr�Cr, Cr�Cr, O�O and Ti�Cr, where Sr0La

indicates the Sr2+ ion in La3+-sites, V��O indicates the introduced
oxygen vacancy, Cr�Cr indicates Cr3+ ions in Cr3+-sites, Cr�Cr

indicates Cr4+ ions in Cr3+-sites, O�O indicates an oxygen ion in
oxygen sites, and Ti�Cr indicates Ti4+ ions in Cr3+-sites. The
Kröger–Vink-type notation is used in this paper to describe the
defect species [26].

The exchange of oxygen between LSCT and a gas phase is
described by the quasi-chemical equation

2Cr�Cr þ V��O þ
1
2O2ðgÞ ¼ 2Cr�Cr þ O�O. (2)

The equilibrium constant, KOX, for this reaction can be
expressed by

KOX ¼
aO�O

a2
Cr�Cr

aV��O
a2

Cr�Cr

P�1=2
O2
¼
½O�O �½Cr�Cr�

2

½V��O �½Cr�Cr�
2

g3g2
4

g1g2
2

P�1=2
O2

(3)
where aV��O
, aCr�Cr

, aO�O
, aCr�Cr

and g1, g2, g3, g4 are activity and activity
coefficients of V��O , Cr�Cr, O�O, Cr�Cr, respectively.

The conditions of charge neutrality is given by

½Sr0La� ¼ 2½V��O � þ ½Cr�Cr� þ ½Ti�Cr� (4)

Further, the number of the B-site cation ion site is maintained as
1, and therefore

½Cr�Cr� þ ½Cr�Cr� þ ½Ti�Cr� ¼ 1. (5)

With Eqs. (4) and (5), and the following definitions:

½Ti�Cr� ¼ y, (6)

½Sr0La� ¼ x, (7)

½V��O � ¼ d, (8)

½O�O � ¼ 3� d, (9)

we obtain

½Cr�Cr� ¼ x� y� 2d, (10)

½Cr�Cr� ¼ 1� xþ 2d. (11)

From Eqs. (3), (8)–(11), we get

DG� ¼ DH� � TDS� ¼ �RT ln KOX

¼ � RT ln
3� d
d

� �
x� y� 2d
1� xþ 2d

� �2

P�1=2
O2

 !

� RT ln
g3g2

4

g1g2
2

 !
(12)

where DG1, DH1 and DS1 are, respectively, the standard free energy
change, standard enthalpy change and standard entropy change of
reaction (2).

The second term in Eq. (12) is defined as the deviation from the
standard free energy change of the ideal solution, DGdev, and is
given as a linear function of oxygen nonstoichiometry

DGdev ¼ RT ln
g3g2

4

g1g2
2

 !
¼ ad, (13)

where a is a constant representing the interaction among lattice
ions and defects [15,16]. From Eqs. (12) and (13), the relation
between d and PO2

is expressed by

PO2
¼

1

KOX

� �2 3� d
d

� �2 x� y� 2d
1� xþ 2d

� �4

exp
ad
RT

� �� �2

. (14)

Fitting parameters of KOX and a are evaluated using the
relationship between d and PO2

at each temperature by least-
squares methods. Theoretical curves calculated by the fitted KOX

and a values using Eq. (14) are plotted with solid lines in Fig. 1.
Theoretical curves showed good agreement with experimental
results of LSCT7391 and LSCT7382. The fitted KOX and the a values
are shown in Fig. 6. The error bars of KOX were mostly within the
size of the symbols. KOX values of LSCT7391 and LSCT7382 were
slightly smaller compared to those of LSC.

(ii) x ¼ y: LSCT7373
In LSCT7373, the defect chemical equilibriums are considered

among Sr0La, V��O , Ti�Cr, Ti�Cr, O�O and Cr�Cr, where Ti�Cr indicates Ti3+

ions in Cr3+-sites. The exchange of oxygen between LSCT7373 and
a gas phase is described by the following quasi-chemical
equation:

2Ti�Cr þ V��O þ
1
2O2ðgÞ ¼ 2Ti�Cr þ O�O. (15)
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The equilibrium constant, KOX, in Eq. (15) is given by

KOX ¼
aO�O

a2
Ti�Cr

aV��O
a2

Ti�Cr

P�1=2
O2
¼
½O�O �½Ti�Cr�

2

½V��O �½Ti�Cr�
2

g3g2
6

g1g2
5

P�1=2
O2

(16)

where aTi�Cr
, aTi�Cr

and g5, g6, are activity and activity coefficients of

Ti�Cr and Ti�Cr, respectively.

The conditions of charge neutrality is given again by

½Sr0La� ¼ 2½V��O � þ ½Ti�Cr�. (17)

Further, B-site balance is

½Cr�Cr� þ ½Ti�Cr� þ ½Ti�Cr� ¼ 1. (18)

We obtain

½Ti dCr � ¼ x� 2d, (19)

½Ti�Cr� ¼ y� xþ 2d. (20)

From Eqs. (7)–(9), (16), (18)–(20), the relationship between d
and PO2

is given by

PO2
¼

1

KOX

� �2 3� d
d

� �2 x� 2d
y� xþ 2d

� �4

exp
ad
RT

� �� �2

. (21)

Substituting x ¼ 0.3 and y ¼ 0.3 in Eq. (21), KOX and a values are
evaluated using Eq. (21) for LSCT7373 at each temperature by the
least-squares method. Theoretical curves calculated using the
fitted KOX and a are plotted with the solid lines in Fig. 1(c). The
theoretical curves show good agreement with the experimental
results under different temperatures. The KOX and a values are
shown in Fig. 6.

In LSCT7373, the redox reaction of the Cr ions may also need to
be considered other than that of the Ti ions. As is typically seen on
the Ellingham diagram, the equilibrium PO2

of Ti4+/Ti3+ is much
higher than that for Cr3+/Cr metal. Therefore, the Ti4+ ions in
LSCT7373 are considered to be reduced before the reduction of
the Cr3+ ions. As the experimental PO2

conditions in this study
were above the equilibrium PO2

of Cr3+/Cr metal at respective
temperatures, it is unlikely to consider the contribution of
Cr3+/Cr2+ couple under the experimental conditions. Moreover,
so far the authors recognize, high-temperature equilibrium in the
chromium related oxides, no report confirmed the Cr2+ states.
Therefore, it is considered that the valence state of Cr ions is above
the trivalent state under the experimental conditions. It is shown
Fig. 1(c) that the theoretical curve deviates from the experimental
results at the lower temperature near the stoichiometric compo-
sition. The contribution of Cr4+/Cr3+ couple may need to be
considered to fully explain the defect structure of LSCT7373.
Further efforts to understand this behavior are being pursued.

The KOX values of LSCT7373 are larger compared to those of
LSCT7391 and LSCT7382. This indicates that oxygen vacancy is
easily formed in LSCT7391 and LSCT7382 compared to that in
LSCT7373. For comparison, KOX values of SrTiO3 [27] and TiO2 [28]
are also plotted in Fig. 6. KOX values of SrTiO3 and TiO2 are
calculated for the defect chemical relationships of

1
2O2 þ V��O þ 2e0 ¼ O�O. (22)

The KOX values of LSCT7373, SrTiO3 and TiO2 are calculated from
the defect chemical equilibriums considering the changes in the
valence state of Ti ions. However, the nature of electronic defects
is different in these oxides as the electrons are localized on Ti ions
in LSCT7373, while electrons are delocalized in SrTiO3 and TiO2.
The KOX values of LSCT7373 showed values comparable to that of
SrTiO3 and TiO2, but gradients of KOX against the reciprocal
temperature were different between the localized LSCT7373 and
delocalized SrTiO3 and TiO2. This indicates that the entropy of the
oxygen vacancy formation in LSCT7373, SrTiO3 and TiO2 is almost
the same for the localized and delocalized charge carriers, while
the enthalpy is different between the localized and delocalized
charge carriers.

3.3.2. Defect chemical equilibrium in (La0.75Sr0.25)(Cr0.5Mn0.5)O3�d

The valence change of the Cr and Mn ions is considerable to
interpret the change of d as the functions of PO2

and temperature
in LSCM. X-ray absorption spectroscopy experimental results of
LSCM reported by Plint et al. [29] showed that compensation of Sr
and oxygen vacancy formation is associated only by Mn ions. The
Cr ions stayed as the trivalent states unchanged in different Sr
contents. Therefore, in this study, only valence change of Mn ion is
considered and valence state of Cr ion is assumed to be stable as
the trivalent state. Therefore, the defect chemical equilibriums in
LSCM are considered among Sr0La, V��O , O�O, Mn�Mn, Mn�Mn, Mn0Mn and
Cr�Cr, where Mn�Mn indicates Mn3+ in Mn3+-sites, Mn�Mn indicates
Mn4+ in Mn3+-sites and Mn0Mn indicates Mn2+ in Mn3+-sites.

The exchange of oxygen between LSCM and gas phase is
expressed by the two defect chemical relationships:

1
2O2 þ V��O þ 2Mn�Mn ¼ O�O þ 2Mn�Mn, (23)

1
2O2 þ V��O þ 2Mn0Mn ¼ O�O þ 2Mn�Mn. (24)

From the experimental facts, it is considered that the effective
carrier band of eg level is close between Mn2+, Mn3+ and Mn4+.
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Therefore, the disproportionation freely occurs between Mn ions.
Mizusaki et al. [21] proposed the defect model of LSM considering
the electronic configuration term, which is calculated by con-
centrations of the related defects. From Eqs. (23) and (24), the
relation between d and PO2

is obtained as

1

2
log PO2

þ log
d

3� d

� �
¼ � log KOX þ logðECÞ, (25)

logðECÞ ¼
½Mn�Mn�

½Mn�Mn� þ ½Mn0Mn�

� �
log
½Mn�Mn�

2

½Mn�Mn�
2

 !

þ
½Mn0Mn�

½Mn�Mn� þ ½Mn�Mn�

� �
log
½Mn�Mn�

2

½Mn0Mn�
2

 !
(26)

where log(EC) denotes the configuration energy of the electronic
defects. Considering the site restriction of the Mn ions in the
B-sites, we have

½Mn�Mn� þ ½Mn0Mn� þ ½Mn�Mn� ¼ 0:5. (27)

The defect distribution calculation procedure discussed in
Ref. [21] leads the concentrations of Mn ions of different valence
state as follows:

½Mn0Mn� ¼
6� 18xþ 36d
2ð17� xþ 2dÞ

, (28)

½Mn�Mn� ¼
�ðxþ 2dÞ2 � xþ 2dþ 6

2ð17� xþ 2dÞ
, (29)

½Mn�Mn� ¼
ðxþ 2dÞ2 þ 18ðx� 2dÞ þ 5

2ð17� xþ 2dÞ
, (30)

Using Eqs. (7)–(9), (26), (28)–(30), the theoretical relationship
between d and PO2

was obtained from Eq. (25). The deviation from
the ideal solution is implemented in the fitting parameter KOX as a
linear function of d with parameter a. The fit results are shown by
the solid lines in Fig. 3(a). The fitted curves showed good
agreement with the experimental results of LSCM between high
PO2

and intermediate PO2
ranges. Calculated KOX and a values are

shown in Fig. 7. The theoretical curves deviate from experimental
results in the low PO2

regions as the thermogravimetric measure-
ment data in low PO2

regions reflect not only the composition
changes of LSCM but also formation of the second phases.

In LSCM, we have also examined the defect chemical
equilibriums of the redox couple of Cr4+/Cr3+. However, the
oxygen nonstoichiometry behavior could not be explained by
considering defect models of localized electron among Cr4+ and
Cr3+ ions. When considering the electronic structure of Cr3+ and
Mn4+ ions, the Mn eg-levels are partially filled as opposed to a
filled Cr t2g-level. It is considered that the small polaron hopping
takes place primarily on the partially filled Mn eg-levels. There-
fore, Mn ions disproportionate among Mn3+, Mn4+ and Mn2+,
while Cr ions stay as Cr3+ states.

3.3.3. Defect chemical equilibrium in (La0.75Sr0.25)(Cr0.5Fe0.5)O3�d

In LSCF, the defect chemical equilibriums were considered
among Sr0La, V��O , O�O, Fe�Fe, Fe�Fe, Fe0Fe and Cr�Cr, where Fe�Fe indicates
Fe3+ in Fe3+-sites, Fe�Fe indicates Fe4+ ions in Fe3+-sites and Fe0Fe

indicates Fe2+ ion in Fe3+-sites. The valence state of the Cr ion is
considered to be stable as the trivalent state.

The reaction between oxygen gas and defects in LSCF can be
expressed through

1
2O2 þ V��O þ 2Fe�Fe ¼ O�O þ 2Fe�Fe, (31)

KOX ¼
½OX

O�½Fe�Fe�
2

P1=2
O2
½V��O �½Fe�Fe�

2
(32)
where KOX is the equilibrium constant of Eq. (31). The dispro-
portionation of Fe�Fe is given by

2Fe�Fe ¼ Fe0Fe þ Fe�Fe, (33)

Ki ¼
½Fe�Fe�½Fe0Fe�

½Fe�Fe�
2

(34)

where Ki is the equilibrium constant of Eq. (33). The condition of
charge neutrality is given by the relation

½Sr0La� þ ½Fe0Fe� ¼ 2½V��O � þ ½Fe�Fe�. (35)

The site restriction in LSCF is determined by the given B-site
composition as follows:

½Fe�Fe� þ ½Fe0Fe� þ ½Fe�Fe� ¼ 0:5, (36)

½Cr�Cr� ¼ 0:5. (37)

From Eqs. (7)–(9), (32), (34)–(37), relationship between d and
PO2

for a general formula of (La1�xSrx)(Cr1�yFey)O3�d is given by

ð2d� xþ 0:5Þd1=2

ð2d� xÞð3� dÞ1=2
P1=4

O2
¼

Ki

KOX

ð3� dÞ1=2
ðxþ 0:5� 2dÞ

ð2d� xÞd1=2P1=4
O2

� K�1=2
OX (38)

The interaction among the lattice ion and defects is included in
KOX as a linear function of d of parameter a. The theoretical curves
calculated for LSCF (x ¼ 0.5, y ¼ 0.5) by the fitted KOX, Ki and a

values using Eq. (38) are plotted with solid lines in Fig. 3(b). The
theoretical curves showed good agreement with the experimental
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results of LSCF. The fitted KOX, Ki and a are shown in Fig. 7. The
theoretical curves deviated from the experimental results in low-
PO2

regions. This is interpreted by decomposition of LSCF into
(La,Sr)2FeO4 and iron oxides already expressed in Section 3.2.

The same defect model of the localized electron is applied in
LSCF, LSC and LSF. The equilibrium constants of oxygen vacancy
formation in LSCF, LSC and LSF are given as a function of d in Fig. 8.
The best fitted KOX of LSCF is between that of LSC25 and LSF25,
which is consistent with oxygen nonstoichiometry results. Slope
of KOX against d indicates the interaction among lattice ions and
defects. Similar values are observed for LSCF and LSC25.
4. Conclusions

The oxygen vacancy formation in various B-site mixed LaCrO3-
based ceramics of different compositions was investigated as a
function of PO2

at different temperatures by means of high-
temperature gravimetry methods. The oxygen nonstoichiometry
of B-site mixed (La,Sr)CrO3 strongly depended on the nature of
B-site dopants.

The defect models which describe the oxygen vacancy
formation in various B-site mixed LaCrO3-based ceramics were
developed and the thermodynamic quantities were compared
with various perovskite-type oxides. The charge compensation of
the acceptor and donor in LSCT was explained by redox reaction
between Cr4+ and Cr3+ in LSCT7391 and LSCT7382, and between
Ti4+ and Ti3+ in LSCT7373. In LSCF and LSCM, the valence state
of Cr3+ does not change significantly under experimental PO2

and
temperature ranges. In contrast to this, valence state of Mn and Fe
ions changed to disproportionate into 4+, 3+ and 2+ oxidation
states to compensate for the loss of positive charge of Sr2+ in La3+-
sites in LSCM and LSCF, respectively.

In LSCT, the weight gradually increased in high PO2
region. This

is considered to be due to the formation of the cation vacancy. On
the other hands, in LSCM and LSCF, the weight gradually
decreased under the reducing atmosphere at high temperatures.
This was interpreted by formation of second phases.
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[26] F.A. Kröger, The Chemistry of Imperfect Crystals, North-Holland, Amsterdam,

1974.
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