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Abstract

Thermogravimetric analysis was applied to the study of oxygen nonstoichiometry of perovskite oxides of the compositions Pry gSrp,Cop,MngsOs_s
and Pr;_,Sr,Cog,Fe)30;3_5 (x=0.2, 0.4). The measurements were performed in the temperature range from room temperature to 1200 °C in various
atmospheres: oxygen, air and argon. The recorded weight loss corresponds to the loss of lattice oxygen. The magnitude of oxygen loss increased and
the temperature at which oxygen loss became significant decreased with increasing Sr content. The loss of lattice oxygen became more significant
as the oxygen partial pressure decreased. For the same pO, and level of Sr doping, the Fe-containing composition became more easily oxygen
deficient than the corresponding Mn-containing one, suggesting that Fe is more resistant to oxidation from the trivalent to the tetravalent state than
Mn. Electrical conductivity measurements, performed in air, showed that the temperature ranges at which conductivity decrease was observed,
correspond fairly well with those ranges where weight loss was detected.
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1. Introduction

Ceramic oxides with the perovskite structure and compo-
sition RE;_,Sr,Co;_yB,0O3_5 (RE=rare earth, B=transition
metal) have been widely investigated in recent years, due
to their mixed electronic—ionic conducting behavior at high
temperatures.’> The appearance of electronic and oxide-ion
conductivity in these perovskites is due to the existence, in their
lattice, of B** small polarons and oxygen vacancies, respec-
tively. These defects are formed for charge compensation rea-
sons, when the acceptor dopant Sr** is substituted for RE3*
in the perovskite lattice. The mixed conducting capability of
these oxides makes them attractive candidate materials for sev-
eral applications, such as, solid oxide fuel cell cathodes, oxygen
separation membranes and membrane reactors.! Selected low
Co-containing perovskite oxide compositions are considered
promising.> Moreover, it has been reported® that, among per-
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ovskites with different rare earth cations at the A-site, those
incorporating Pr*, exhibited the highest electrical conductivity
and maintained the lowest overpotential values.

The oxide-ion conductivity of perovskite oxides is directly
dependent on the extent at which oxygen vacancies are formed
in their lattice. Therefore, the measurement of oxygen deficiency
can give valuable information that can assist in the evaluation of
these oxides for potential application.

The purpose of this work was the application of thermogravi-
metric analysis to the study of oxygen nonstoichiometry of per-
ovskite oxides of the compositions Prg gSrg2Cog2MnggO3_3
and Pr1_,SryCog2Fen803_5 (x=0.2,0.4). Weight loss measure-
ments were performed on these oxides in various atmospheres:
oxygen, air and argon. The results obtained from these ther-
mogravimetric measurements were supplemented by electrical
conductivity measurements.

2. Experimental

Ceramic oxide powders of the compositions Pry gSrp 2Cog2-
MnygO3_5 and Pr;_,Sr,CoprFepgOs3_5 (x=0.2, 0.4) were
prepared by the amorphous citrate process.* PrgOj;, and
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Table 1

Phase symmetry, lattice parameters, unit cell volume and pseudo-cubic lattice constant of the perovskite oxides of this study

Oxide Phase symmetry a(A) b (A) cA) Volume (A3) a (A)
Pry §Srp2Co02MnpsO03_5 Orthorhombic 5.4626 5.4620 7.7274 230.59 3.8630
Pro.3Sr92Cop2Fep 3033 Orthorhombic 5.4554 5.4736 7.7439 231.2 3.8666
Pro.6Srg.4Cog2Fep 3033 Orthorhombic 5.4469 5.4539 7.7080 229.0 3.8540

(CH3C0O0),Co0-4H,0O were dissolved in nitric acid, while
Sr(NO3);, (CH3COO),Mn-4H,0 and Fe(NO3)3-9H>,O were
dissolved in distilled water, all in the correct molar proportions.
The solutions were mixed together and an aqueous solution con-
taining 1.5 mol of citric acid per mole of metal was added. The
final solution was evaporated over a burner flame until a powder
was obtained. The powder was calcined in air at 1100 °C for 15 h
and then cooled at a slow rate (1 °C/min), with the aim to obtain
the equilibrium oxygen content. Wet milling with acetone was
then performed, using zirconia balls as the grinding medium.

The specimens for the XRD study were fired at 1300 °C for
15h and then cooled at a slow rate (1 °C/min), with the aim to
obtain the equilibrium oxygen content. The TGA measurements
performed showed that the samples were oxygen stoichiometric
at room temperatures. The crystal structure and the determi-
nation of the lattice parameters of the oxides were performed
at room temperature by X-ray powder diffraction (XRD) on a
SIEMENS diffractometer using Cu Ka radiation. The diffrac-
tometer was operated at 40 kV and 30 mA. The XRD data were
collected by step scanning in the range 10 <26 <80 in incre-
ments of 0.02° 26. The lattice parameters were determined using
aleast squares unit cell refinement computer program (LSUCR).

Weight loss measurements were performed on the prepared
oxides (sample weight: 40 mg) by thermogravimetric analysis
(TGA), using Al,O3 standard, in the temperature range from
room temperature to 1200 °C (STA 409, Netzsch). In order to
achieve thermodynamic equilibrium, a relatively slow heating
rate of 3 °C/min was used. The weight gain upon cooling agreed
fairly well with the results obtained during heating. The TGA
measurements were performed in various atmospheres: oxygen,
air and argon.

The samples for the electrical conductivity measurements
were prepared by uniaxial pressing at 250 MPa, and sintered
at 1300 °C for 15h in air. A slow rate of 1 °C min~! was used
during heating and cooling. The sample densities were above
95% of the theoretical values, in all cases. The electrical con-
ductivity was measured in air by the standard four point DC
method upon heating in the temperature range 25-1000 °C.

3. Results
3.1. Crystal structure

The X-ray powder diffraction patterns of the oxides showed
that single phase materials were obtained in all cases. The pat-
terns were indexed on the basis of a distorted perovskite struc-
ture with orthorhombic GdFeOs-type® symmetry (space group
Pbnm). Each unit cell consists of four units, and has the approx-
imate dimensions «/zap X ﬁap X 2ap, where ay, is the lattice

parameter of the ideal cubic unit cell. The calculated lattice
parameters and the volume of the unit cell are shown in Table 1.
The pseudo-cubic lattice constant @', defined as:

v /3
‘= (%) ®

where z =4 for the orthorhombic perovskite oxides of this study,
is also shown in Table 1. As can be seen, @' decreases on
increasing Sr content in Pry_,Sr,Cog 2Fe g O3_g, and also when
substituting Mn for Fe at the B-site of Pry gSr92C00.2B0.g03—_5
oxides. The change in the size of @’ depends on factors such
us the difference in the ionic radius of the dopant cation (Sr2+)
in relation to the host cation (Pr3*), as well as the ionic radii
difference between the transition metals at the B-site. The intro-
duction of Sr** cation on a Pr3* lattice position is electronically
compensated by the oxidation of the transition metal from the
trivalent to the tetravalent state. In Table 2, the ionic radii of the
cations involved in this study are shown, according to Shannon.®
In Pry_,Sr,CogoFegO3_s, the smaller size of Co** and Fe**
cations compared to Co>* and Fe?* cations, respectively, leads
to the decrease of @’ on increasing Sr** substitution.

If we consider a fixed composition at the A-site, as in the
case of Prp gSrg2Co002Bp.803_s (B=Mn, Fe), inspection of the
transition metal ionic radii (Table 2) reveals that while the triva-
lent Mn and Fe ions have equal sizes, the Mn** cation is smaller
than the Fe** cation. Therefore, the substitution of Mn for Fe in
these Sr-doped perovskite oxides, where Mn** and Fe** cations
are expected to be present, causes the decrease of the size of the
unit cell, and @’ decreases.

3.2. Oxygen nonstoichiometry

The results of the weight loss of the oxides with com-
positions Prg gSrg2Cop2Mng gO03_5, ProgSrg2Cop2Feps03_3
and PrgSrp4Cog2FepgO3_5, measured upon heating in air,
are shown in Fig. 1. This weight loss was due to a partial

Table 2
Tonic radii of several cations, and their coordination number (CN) in the per-
ovskite lattice®

Cation Tonic radius (A)
Pr3* (CN=12) 1.30

Sr2* (CN=12) 1.44

Co’* (CN=6) 0.545

Co** (CN=6) 0.53

Mn3* (CN =6) 0.645

Mn** (CN=6) 0.530

Fe’* (CN=6) 0.645

Fe** (CN=6) 0.585
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Fig. 1. TG weight loss vs. temperature for the compositions: (a) ProgSrg2-
Co0.2Mng 3033, (b) Pro.Sr9.2Cog.2Fep s 035 and (c) Pro.6Sr0.4Cop.2Fe s 03—
in air.

loss of lattice oxygen, so that the oxygen stoichiometry (3-8)
decreased with increasing temperature.”® Between the compo-
sitions with the same level of Sr doping (20 mol%), the Fe-
containing oxide showed a greater tendency for oxygen loss
than the Mn-containing oxide. Also, the increase of Sr content
in the ferrite oxides resulted in an increase of the magnitude of
oxygen loss, in agreement with literature.’”-” Moreover, the tem-
perature at which the weight loss became significant decreased
as the oxide showed a greater tendency to be oxygen nonstoi-
chiometric.

Figs. 2 and 3 show the weight loss of PrygSrg2Cog2-
Mng gO3_g and PrygSrg2Cog2FegO03_s, respectively, in dif-
ferent atmospheres: oxygen, air and argon. As can be seen, the
oxygen partial pressure greatly influenced both the magnitude
of the oxygen loss and the onset temperature at which this loss
became significant. For both oxides, the decrease of pO, resulted
in greater weight loss and reduction of its onset temperature.
In oxygen atmosphere, PrygSrp2Cop2MnggO3_s showed no
oxygen loss in the whole examined temperature range, whereas
Pro §Srp.2Cop2FepgO3_g started to lose oxygen above 900 °C.
In argon atmosphere and for both oxides, oxygen loss com-
menced at about 400 °C and was approximately the same above
that temperature.

100

99.5

TG (%)

8 |
200 400 600 800 1000 1200

Temperature (°C)

Fig. 2. TG weight loss vs. temperature for the composition PrggSrp2Cop2-
MnggO3_s in: (a) oxygen, (b) air and (c) argon atmosphere.
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Fig. 3. TG weight loss vs. temperature for the composition PrggSrg2Coq2-
Feo.gO3_s in: (a) oxygen, (b) air and (c) argon atmosphere.

Lag 6Srg4Cop2Fep gO3_s is essentially oxygen stoichiomet-
ric (86=0) at room temperature, in air, as shown by iodo-
metric titration,” and the same behavior is expected for
Pro ¢St9.4Cop2Fepg0O3_5. This composition showed the great-
est tendency to lose oxygen among the oxides of this study.
Therefore, it can be inferred that the other two oxides examined,
should also be oxygen stoichiometric at room temperature in air.
This reference point, combined with the weight loss measure-
ments taken in air upon heating, made possible to determine the
oxygen stoichiometry as a function of temperature. The results
of these calculations are shown in Fig. 4. Oxygen deficiency
was more significant for the Fe-containing compositions and
increased with increasing Sr content. Prq gSrg2Cop2MnggO3_s
was oxygen stoichiometric up to about 1000 °C, while the onset
temperature at which the ferrite oxides started to become oxygen
deficient was about 750 and 600 °C for Pry gSrg»CogrFeggO3_5
and Prg 6Sr9.4Cog2Feq303_s, respectively.

3.3. Electrical conductivity

The logarithm of electrical conductivity versus reciprocal
temperature in air is shown in Fig. 5. The electronic conductivity
of the oxides of this study can be described by the small polaron
hopping conductivity model.'®!! The conductivity of the Mn-
containing oxide increased up to 1000 °C. The Fe-containing
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Fig. 4. Oxygen stoichiometry as a function of temperature for the compo-
sitions: (a) PrggSrg2Cop2MnggO3—_5, (b) ProgSrg2Cop.2Fepg03—5 and (c)
Pl‘oﬁ SI'O‘4C00‘2F60A803,5 in air.
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Fig. 5. Logarithm of electrical conductivity vs. reciprocal temperature for the
compositions: (a) PrggSrp2Cop2MnggO3_s, (b) ProgSrg2Cop2FepsO3_s and
(C) PrO,GSr0A4C00A2Fe0,gO3,3 in air.

Table 3
Activation energies for the electrical conductivity of the oxides of this study,
through the small polaron hopping mechanism

Oxide Temperature range (°C) E, (kJ/mol)
Pl‘o‘gsroA2C00A2Mno‘gO3,5 25-1000 17.2
Pr.gSrp2CogrFepgO3_35 25-750 152
Pl‘o‘6SI‘0A4C00A2FCO.303,5 25-550 9.8

oxides exhibited a maximum, above which, the conductivity
decreased. This maximum was located at about 750 and 550 °C,
for the ferrite compositions with 20 and 40 mol% Sr, respec-
tively. The temperatures of the conductivity maxima coincide
fairly well with the temperatures where the oxygen loss became
significant in the TGA measurements. Therefore, the decrease of
conductivity at high temperatures for Pr;_,Sr,Cog2FepgO3_s
can be attributed to the decrease of its oxygen content.

The temperature dependence of electrical conductivity
through the small polaron hopping mechanism is expressed by

_A Ea 2
= TP <_kT> )

The slope of the logoT versus 1/T line gives the activation
energy, E,. The values of E, are given in Table 3, as calcu-
lated for the temperature ranges indicated, where the oxides
showed semiconducting behavior and below the point where
they start to loose oxygen. As can be seen, the activation energy
decreases on increasing Sr content in Pr;_,SryCog2FensO03_s,
and increases when substituting Mn for Fe at the B-site of
Pr gSrp2Cop2BogO3_5 oxides. This is the opposite behav-
ior than that of the electrical conductivity (Fig. 5), as
expected.

4. Discussion
The oxygen nonstoichiometry and electrical properties of

Pri_,Sr,Cop2B0pgO3_s (B=Mn, Fe) depend on the com-
position, temperature and oxygen partial pressure. It is

of interest, therefore, to consider the defect chemistry of
Pri_,Sr,Cog2B0.803_g5 before we examine how the above fac-
tors influence its properties.

The composition Pri_,Sr,BO3_5 (B=Mn, Fe, Co) will be
considered for simplicity. The substitution of Sr** for Pr3* in
PrBO; is electronically compensated by the oxidation of B3*
cations to B*:

SrO X /X .
PrBO;— Pr{_ Sr'\B{_ B}0; 3)

— XX

and/or the formation of oxygen vacancies (Vp*®):

Pr;  Sr'B] B0

1-x"x

1)
<~ PrT_XSr;Bi(_x+283x_25'03_5[5Vo"] + 502 “)

where according to Kroger-Vink notation, Pr* and B> are Pr3*
and B3* cations, respectively, on regular sites, Sr’ is a Sr**
cation on a Pr’* lattice position and B® is a B*" cation on
a B3* position in the perovskite lattice. When the tempera-
ture increases, or the pO, decreases, the equilibrium of Eq.
(4) shifts to the right. As a result, oxygen vacancies (Vo*®)
are formed, at the expense of two B** cations to B3* for each
Vo*®. Therefore, when temperature increases, the loss of lat-
tice oxygen takes place, as recorded by the TGA measurements.
The decrease of the concentration of the electronic charge car-
riers (B** small polarons), resulting from the oxygen loss,
caused the electrical conductivity decrease, observed at high
temperatures. Also, when the oxygen partial pressure decreases,
the oxygen loss is enhanced and occurs from lower tempera-
tures.

For the oxides of this study, two different transition met-
als are located at the B-site (Co-Mn or Co-Fe). These met-
als exist in the lattice in the trivalent and tetravalent states,
and the relative concentration of each valence state is differ-
ent for each metal. For a fixed Sr?* content, and constant
temperature and pO», the concentration of each valence state
depends on the relative reduction/oxidation stability of the tran-
sition metal involved. According to the TGA measurements of
this study, between the compositions Prq gSrg2Cop2MnggO3_s
and ProgSrg2Cog2Feng03_s, the Fe-containing one showed
a greater oxygen loss. This observation is consistent with
the results reported by Zhang et al.,!” based on oxygen
desorption measurements. The fact that ionic compensation
became more prevalent in PrygSrp2Cop2FepgO3—_s than in
Pro gSr92Co92MnpgO3_5, suggests that Fe is more resistant
to oxidation from the trivalent to the tetravalent state than
Mn.

When the concentration of the A-site acceptor dopant (Sr
is increased, the relative importance of the compensation mech-
anism described by Eq. (4) increases over that described by Eq.
(3).1314 As a result, the magnitude of the oxygen loss increases
and the temperature at which this loss becomes significant
decreases with increasing Sr content. Thus, the concentration of
Sr?* in the perovskite oxide controls the thermal stability of the
lattice oxygen, in agreement with oxygen adsorption/desorption
results reported in the literature.!?

2+)
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5. Conclusions

The oxides PrggSrg2Cop2MnggOs3_g and Pri_,Sr,Coq -
FepgO3_5 (x=0.2, 0.4) of this study have an orthorhombic
GdFeOs-type structure (space group Pbnm). The weight loss
of the above compositions, recorded by TGA, corresponds
to the loss of lattice oxygen. The results obtained from the
Fe-containing compositions, in air, revealed that the magni-
tude of the oxygen loss increased and the onset tempera-
ture at which oxygen loss became significant decreased with
increasing Sr content. The atmosphere influenced the mea-
sured weight loss. The thermogravimetric measurements on
Prg gSrp2Cop2BogO3_5 (B=Mn, Fe) showed that the loss of
lattice oxygen became more significant as the oxygen partial
pressure decreased. For the same pO; and the same level of Sr
doping (x=0.2), the Fe-containing composition became more
easily oxygen deficient than the corresponding Mn-containing
one, suggesting that Fe is more resistant to oxidation from the
trivalent to the tetravalent state than Mn. However, in argon
atmosphere the oxygen loss recorded was approximately the
same for the two compositions, Prg gSrg2Cop2MnggO3_g and
Pry.gSrg»CogFepgO3_s. The results obtained from these ther-
mogravimetric measurements were supplemented by electrical
conductivity measurements. It was shown that the temperature
ranges at which conductivity decrease was observed, correspond
fairly well with those ranges where weight loss was detected.
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