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ProsBagsMnO; was studied as the precursor phase of the double
perovskite PrBaMn,0s.5 (PBMO) anode material for solid oxide
fuel cells (SOFC). The general properties were studied in both the
pristine compound and Ru-doped samples PrysBagsMn;_Ru,O;
(PBMRu). Ru substitution at the B-site is expected to enhance the
catalytic properties of the ceramic towards ethanol or methane
fuels. The studied compounds were synthesized by the polymeric
precursor method and characterized by thermogravimetric analyses,
X-rays diffraction (XRD), and electrical transport properties. The
experimental data show PBMO phase formation occurring at
~800°C and single phase compounds at ~1100°C up to ~10 at.% of
Ru substituted. Similar ionic radius of Ru’" and Mn’" results in
little effect on both the crystalline structure and electrical
conductivity as compared to the pristine compound.

Introduction

Despite the great efforts in recent years to develop alternative ceramic anodes, such
oxides do not exhibit performance to match those of the standard Ni cermet (1). Ceramic
anodes have their applications in solid oxide fuel cell (SOFC) limited by their low
chemical stability, low compatibility with other components and/or low durability. Thus,
there are scarce single-phase compounds capable to meet the requirements of an SOFC
electrode (2). Nonetheless, several candidates have been reported such as titanates
(ATiO;, where A = Ca, Sr, Ba, La), La;SriCrOs;, with partial atomic substitutions of Cr
by several metals such as Ru, Ni, Pd, Mn, Fe and Co (1,3-6). In this family La; \Sr,CrOs,
stands out the Lag75Sr)25CrosMng 5035 compound, which showed good performance at
high temperatures for direct oxidation of hydrocarbons (7-9).

Ceramic oxides with perovskite type crystalline structure usually have improved
performance as SOFC anodes when doped with transition metals (10-16). Several studies
have verified that these compounds may exhibit important properties, such as mixed
ionic-electronic conductivity, controlled by doping. In comparison to the simple
perovskite ABOs, the double perovskite structure AA’BB’Og, has also gained interest due
to its extraordinary electrochemical performance, high redox stability and convenient
thermal expansion coefficient. This family of compounds can be understood as repeated
sequences of |[AO||BO,||A’O||B’O,| that provides a great potential to weaken the oxygen
binding force and create a high amount of oxygen vacancies, with high mobility
(1,15,17,18).

In this context, some reports have shown ceramic anodes doped with metals, such as
Ni, Ru, Pt, Mo, or ceramic phases (mostly ceria-based), aiming at improved catalytic
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properties for use with different fuels in SOFCs (1,6,19-21). Impregnation, in which a
suspended metal salt (7) is deposited on the electrode is a common method used for
adding a second phase to the ceramic anode. However, this method can lead to
nanoparticles inhomogeneous distribution and nanoparticles highly susceptible to
coarsening at high temperature (14,18,22,23). An alternative method is the incorporation
of the metal cation in the crystalline structure of the ceramic compound followed by
exsolution of metallic particles promoted by a thermal treatment in reducing conditions
(7,13,14,22-24). Such nanoparticles precipitate with rather uniform dispersion on the
surface of the matrix compound and exhibit a strong interaction with the support
compound that prevents coalescence (7,14,18).

Previous reports indicated that double perovskites at high temperatures and reducing
atmospheres may undergo a phase transition of the crystalline symmetry, inducing the
formation of a layered structure and the creation of orderly oxygen vacancies
(13,14,18,22,25,26). Such transition can favor the exsolution of the dopants (14,18).
Thus, the present study aims at developing ceramic with double perovskite structure to be
used as anode in direct ethanol SOFC. The synthesis and characterization of the ceramic
of ProsBaysMnO3; (PBMO) with partial substitutions of Mn by Ru (PrsBay sMn;_4Ru,O3,
PBMRu) are presented.

Experimental

PrysBag sMn; x\RuyO3; compounds with partial substitution of ruthenium x = 0, 5, 10
and 20 at.% (PBMRux%) were prepared by the polymeric precursor technique. The
synthesis of the ceramic followed the procedure detailed in Figure 1. First, the calculated
amounts of the starting materials (all Sigma-Aldrich, >99%) are carefully weighted. The
amounts of citric acid (CA, Fluka) and the volume of ethylene glycol (EG, Riedel-de-
Hien) follow the ratio of 60:40 (CA: EG) in mass, and the molar ratio of CA to metal
cations was 3:1 (27).

Citric acid + RuCl; + water

Ethylene glycol
o - CH;CO,),Mn+4H,0
70°C| Mixin — (CH;CO,), 2
g BaCO,
Pr(NO,);*61L,0

300°C/1h
600°C/1h Calcination

1050°C/4h
PBl\'IRu

Figure 1. Diagram of the experimental procedure for the synthesis of PrysBagsMn;.
XRLIXO3.

Initially, a mixture with CA, ruthenium chloride and distilled water was heated at
~70°C under constant stirring. After 15 min, ensuring complete dissolution of the salts,
manganese acetate with small amount of distilled water was added to the solution under
constant stirring. The remaining metallic salts were added consecutively: barium
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carbonate (or barium acetate), praseodymium nitrate and EG for polymerization of the
solution. The mixture was evaporated to a viscous resin that was pre-calcined at 300°C
for 1 hour. Then, a pre-calcining step at 600°C for 1 hour and calcination at 1050°C for 4
hours in air were carried out for organics removal and phase formation, respectively.
Cylindrical pellets were pressed (10 mm diameter) and sintered (1500 °C for 12 h). For
some analyzes, calcined powders were heat treated at 1400°C for 2 h. The thermal
treatment for reducing samples was performed in a tube furnace according to the
following procedure: (a) heating at 10°C min™ in N, flow (~50 ml.min™"); (b) 800°C for 8
h in flowing 4% H, / 96% Ar (50 ml.min’l) gas mixture.

The thermal decomposition of the precursor polymer resin was studied by
simultaneous thermogravimetry and differential thermal analysis (TG-DTA), Labsys-
Setaram, up to 1400°C with a heating rate of 10 °C min™', under synthetic air flow. Phase
characterization was carried out by powder X-rays diffraction (XRD), in the 20° to 90°
20 range, with a step of 0.05° and counting time of 2 s, using Cu Ka radiation on a
Rigaku MiniFlex diffractometer. Powder morphology was analyzed by scanning electron
microscopy (SEM) in a JEOL JSM-6010LA. The electric transport was studied by 4-
probe method using a Lakeshore 370 ac resistance bridge. Bar samples were cut from
sintered pellets and electrical contacts painted with silver ink cured at 600°C for 1 h.
Measurements were performed between room temperature and 850°C, with 3 °C min™
heating/cooling rate, under static air or flowing 4% H, / 96% Ar.

Results and Discussion

The thermal behavior of the PBMO resins was investigated by TG/DTA analysis, as
shown in Figure 2.
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Figure 2. TG/DTA curve of the precursor resin of PrysBaysMnOs.

The total mass loss up to 1400°C (~25%) occurred in three main steps: (i) loss at

~70°C, probably related to water evaporation; (ii) the most intense loss (~15%) in two
steps between ~250-600°C, in which most of organic matter and volatiles are oxidized;
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and (iii) between 600-1080°C due to the elimination of remaining organic matter and
barium carbonate decomposition.

The prepared resins were thermally treated at different temperatures between 600°C
and 1150°C to monitor phase formation. Phase formation was evaluated by XRD
analysis. The Figure 3 show the evolution of XRD data of the PBMO heated at different
temperatures between 600°C and 1150°C.
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Figure 3. XRD of pre-calcined powders of PBMO (600°C or 800°C) after thermal
treatment at 1000°C, 1050°C, 1100°C and 1150°C for 4 hours.
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Figure 4. XRD of PrjsBaysMn; \Ru,O3; compounds calcined at 1050°C.

Second phase peaks were observed in 20 range between 25° and 30°, possibly related
to the presence of barium carbonate. Based on the preliminary results for the parent
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compound, precursor resins of PBMRu were calcined at 1050 °C for 4 hours. Figure 4
shows the X-ray diffractograms of PBMRux% series (x = 0, 0.05, 0.10, and 0.20).

In Figure 4, the diffraction peaks of PBMO are observed for all compounds,
suggesting the partial substitution of Mn by Ru. However, for PBMRu20 additional peaks
were detected indicating a limit for Ru substitution in the PBMO structure.

The calculated lattice parameters of PBMRux are listed in Table I (28). The ionic
radius of Ru’" (0.680 A) is close to that of Mn®" (0.645 A), indicating that substitution of
Mn occurs with small lattice distortion (28,29).

TABLE 1. Calculated lattice parameters of the PBMRux compounds.

Compound PBMO (28) PBMO PBMRu5 PBMRul0 PBMRu20

a(A) 3.893 3.896 3.945 3.848 3.870

The PBMO compound was thermally treated in reducing atmosphere for
transformation of the crystalline structure into a layered double perovskite (13,18). Figure
5 shows the XRD of the layered double perovskite PBMO (14,18).
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Figure 5. XRD of the phase samples PBMO and reduced layered PBMO.

Upon reducing thermal treatment, the hexagonal structure of PBMO is suppressed and
the layered double perovskite exhibits cubic symmetry (13).

Figure 6 shows the temperature dependence of the electrical conductivity of PBMO
under air and 4% H; / 96% Ar flow. PBMO is a mixed conductor (ionic and electronic),
the electronic conduction results from the formation of Mn*" (electronic exchange) and
the ionic conduction due to the mobility of the oxygen vacancies created in the crystal
lattice to ensure the electrical neutrality during the reduction process (13). Temperature
dependence of the electrical conductivity follows Arrhenius behavior in both air and
reducing conditions. When heating samples in reducing conditions an abrupt decrease of
the electrical conductivity takes place at ~800°C, related to the reduction of the structure.
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During cooling in reducing atmosphere (red) the samples follows a thermally activated
behavior with higher activation energy (E,) than in air, E,;eq = 0.392 €V e E, 4y = 0.101

eV.
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Figure 6. Temperature dependence of the electrical conductivity for PBMO under air and
hydrogen.

Figure 7 shows the temperature dependence of the electrical conductivity of
PBMRul10 and PBMRu20 compounds previously reduced and layered PBMO measured
in flowing 4% H, / 96% Ar.
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Figure 7. Temperature dependence of the electrical conductivity of PrysBagsMn; xRu,O3
(x =10.10 and 0.20) previously reduced and Pry sBag sMnOj3 in hydrogen.
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It is observed that with the doping of Ru, compounds are obtained with slightly lower
electrical conductivity values when compared to the PBMO value. Despite the doping of
different fractions of Ru, due to the reducing atmosphere, the compounds presented light
decrease in the electrical conductivity values.

Conclusion

Pry.sBagsMnO; (PBMO) compounds were synthesized with partial substitution of Mn
by Ru. Thermal treatment at 1050°C results in single phase for the parent compound,
whereas Ru-substituted samples exhibit a limit for singe phase at x ~ 0.10 at.%. Doping
with Ru at B site did not alter significantly both the lattice parameters PBMO and
electrical conductivity.
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