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Abstract: Bag 551 5Cog gFe 2035 perovskite-type compounds are well-known mixed ionic-electronic
conductors for oxygen electrocatalytic applications, although their performance is strictly dependent
on the selected preparation methodology and processing parameters. The reducers-to-oxidizers ratio
(P) is a very important parameter in the solution combustion synthesis of mixed ionic-electronic
conductors. Selection of & is not trivial and it strongly depends on the type of fuel used,
the chemical composition and the specific application of the material. This work clarifies the
role of @ in the solution combustion synthesis of BagsSrgs5CoggFep205.5 for application as
oxygen electrocatalysts. Bag 55rg5CoggFep205.5 powders were synthesized by solution combustion
synthesis using sucrose-polyethylene glycol fuel mixtures with reducers-to-oxidizers ratio values
between 1 (stoichiometric) and 3 (over-stoichiometric). Chemical-physical properties were studied
by X-ray diffraction, scanning electron microscopy, N, adsorption at —196 °C, H)-temperature
programmed reduction and thermogravimetric analysis. The results evidenced the direct role of ®
on the intensity and redox environment of the combustion process, and its indirect influence
on the Bag55rg5CoggFe)20;5.5 electrode materials properties. Taking into account the general
picture, the highly over-stoichiometric ® was selected as the optimal one and the electrochemical
activity of the corresponding powder was tested by electrochemical impedance spectroscopy on
electrolyte-supported half-cells employing a Cep gSmg O, electrolyte.

Keywords:  solution combustion synthesis; sucrose-polyethylene glycol fuel mixture;
reducers-to-oxidizers ratio; electrode materials; perovskite-type compounds; Bag 551 5Cog gFep 2035,
solid oxide fuel cells; temperature programmed reduction; powder X-ray diffraction;
Rietveld refinement

1. Introduction

Electrocatalytic materials for the oxygen reduction reaction are fundamental components in clean
energy production/accumulation devices [1]. They need to be mixed ionic-electronic conductors able to
transfer charges at the gas-solid interface and to drift oxygen vacancies in the bulk in order to allow the
redox reaction O, + 2e~ = 0%~ [2-5]. Bag5Sro.5C00gFep20s.5 (BSCF) is a well-known perovskite-type
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mixed ionic-electronic conductor with fast oxygen exchange reaction and large bulk conductivity,
able to keep a considerable oxygen deficiency in its cubic structure, without transforming into a
vacancy-ordered structure [3,6,7]. The large affinity of BSCF for oxygen was initially exploited for its
application in oxygen separation membranes, since high oxygen permeation was generated by its
considerable oxygen vacancy concentration [8,9]. Later on, in 2004, BSCF was also proposed as anew and
compelling cathode material for Solid Oxide Fuel Cells (SOFC), in view of its oxygen affinity and mixed
ionic-electronic conductivity [10]. In addition, BSCF-based compositions were intensively studied as
metal-air batteries oxygen electrocatalysts materials for oxygen reduction/evolution reactions [11-13].
With the increasing interest to develop reversible electrochemical systems, BSCF has also been studied
as a constituent of the anode in solid oxide electrolysis cells (SOEC) [14], as well as in cells with proton
conducting electrolytes [15,16] thanks to its proton-conduction potential due to its significant hydration
ability, especially when doped with an alkaline element [17].

BSCF cathode materials commonly suffer of poor structural stability [18-21] and low CO,
tolerance [22]. Therefore, several studies have been dedicated to a fine tailoring of structural,
microstructural and textural features of BSCF-based powders, with the aim to improve their
electrocatalytic performance and stability [23-31]. Doping of BSCF can be another option to enhance both
activity and stability of BSCF cathode materials [32]. Other literature studies have been more focused
on the post-synthesis and processing procedures like impregnation with another perovskite-type
cathode material [19,33], preparation of asymmetric structures [34] or association of dense and porous
layers [35,36]. Scientists generally agree on that the performance of BSCF as ORR electrode material
is strongly related to the cobalt environment and oxidation state, which is further related to the
oxygen vacancies [12,13,23]. For example, in 2013, Deganello et al. [23] found a clear relationship
between the area specific resistance (ASR) of a BSCF cathode material prepared by solution combustion
synthesis and the amount of Co?" in the perovskite-type structure. Similar conclusions were reached by
Liu et al. [37] for other cobalt-containing electrocatalysts, evidencing the importance of an octahedral
Co?* coordination for a better oxygen reduction reaction performance. Stabilization of lower Co
oxidation states in BSCF has been found to also be very important in oxygen evolution reactions [38].
The cited literature studies clearly suggest that a certain control of cobalt environment is possible
through synthesis optimization of BSCF powders. Solution combustion synthesis (SCS) is a powerful
and versatile tool for the synthesis of multicomponent mixed oxides powders with controlled
properties [39,40]. By changing the synthesis parameters, SCS allows optimization and control of
the materials properties and performance, as long as the relationships between these parameters
and the final powder are known [39]. The fuel-related parameters are among the most important
ones, affecting phase purity, microstructure, morphology and defectivity [39,41-43]. A variety of
fuels has been proposed for the solution combustion synthesis of BSCF mixed oxides [13,44,45].
Regarding the effect of fuel amount, it can be studied in terms of (i) the reducers-to-oxidizer ratio,
@, which takes into account the reducing properties of the fuel, or (ii) the fuel-to-metal cations
ratio, F/M, which takes into account the chelating properties of the fuel toward the metal precursors
used as element source [39]. Both these parameters are important for a better comprehension of the
synthesis-structure-properties relationships, having a different role in the process, and thus they should
be considered separately [39]. The effect of ® in the powder properties of mixed oxide and metal
oxide-based powders prepared by SCS has been investigated in the literature for a variety of chemical
compositions [41,46,47]. Disregarding the chemical composition considered, two generally accepted
conclusions about the ® effect on the powder properties are that (i) higher ® values correspond to
a more reducible environment during the synthesis, and (ii) the carbon content in the as-burned
powders increases by increasing ® [42,46]. However, the effect of ® on the materials properties is
still not clear, and different results have also been reported [48-52]. This apparent divergence is likely
due to the different experimental conditions used and to the different chemical composition of the
studied samples [39]. In fact, ® is able to influence several features of the combustion process itself,
like the combustion temperature and duration of the process, and the importance of each feature
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in the structural, microstructural, morphological and textural properties of the obtained materials
depends both on chemical composition, type of fuel and type of technological application [39,47,52].
Furthermore, the effect of experimental conditions may affect differently the products depending on
the fuel used. For example, the contribution of the atmospheric oxygen gas in the combustion process
has been found to affect the phase composition of the as-burned powders as a function of the fuel
type [53]. Finally, the difference in the reducers-to-oxidizers range examined in each literature work
could be discriminating. A short range might be not sufficient for big changes, but a wider range might
overlook some intermediate trends. Usually, the ® range studied is from 0.5 to about 2, but some
literature works examined a much wider range [48,52,54]. The effect of ® has been also studied for
perovskite-type compounds prepared by SCS [49,51,52,55,56], but, to our knowledge, it has been rarely
investigated for perovskite-type cathode materials for application in electrochemical devices [57].

This work aims at clarifying the role of the reducers-to-oxidizers ratio in the solution combustion
synthesis of Bag55ry5CoggFep203.5 electrocatalysts, through a systematic study of the @ effect in
the structural, redox and microstructural properties of the investigated materials in relation to
their use as cathode materials for clean energy production-related electrochemical applications.
Bag 5519 5Cog gFep 2035 powders with stoichiometric and over-stoichiometric ¢ values were prepared
by solution combustion synthesis by using a sucrose-PEG fuel mixture. The fuel-to-metal cations ratio
was kept constant and the ® ratio was regulated at 1, 1.7, 2.2 and 3.1 by the addition of suitable amounts
of ammonium nitrate. The effect of the ® on the physical-chemical properties of prepared materials
was evaluated by using complementary characterization techniques. The choice of a sucrose-PEG fuel
mixture is supported by the results obtained in a previous work by Deganello et al. [23]. In that work,
fuel mixtures with high reducing power and high interaction with metal cations, like sucrose-PEG
ones, were found to stabilize Co?* at the B-site of the BSCF prepared by SCS and to increase its
oxygen defectivity [23].

2. Results

2.1. The Combustion Process and the As-Burned Powders

On the basis of visual observation, the combustion process for all the BSCF samples was fast,
intense and with an evident flame (Figure 1a). A definite peak in the temperature/time profile within
the time frame of seconds is closely related to a self-sustaining combustion reaction.

The three most meaningful features to observe in any temperature/time profile are: (i) the ignition
of the combustion reaction, indicative of the beginning of the process; (ii) the maximum of the
temperature/time peak, showing the highest temperature reached by the combustion reaction;
and (iii) the peak width, often used in the literature to give an indication on the duration of the
entire process [58] (Figure 1a). High maximum temperature of the combustion peak and small duration
correspond to an intense combustion reaction. Figure 1b reports temperature/time profiles registered
during the combustion processes. The duration of the combustion process of BSCF31 (sample with
the highest ®) was longer than for the others. It appears immediately evident that BSCF10, BSCF17
and BSCF22 show a single combustion peak, with a maximum temperature in the 700-800 °C range,
whereas BSCF31 exhibits a slightly lower maximum temperature and an enlarged peak with two
nearby maxima (Figure 1b). Therefore, a ® value of 3.1 still falls inside the combustion regime, although
it makes the combustion process slower and more mild. Ignition temperature occurs below 150 °C
for all the investigated samples and is essentially related to the type of fuel mixture. Regarding the
maximum temperature, a volcano-type trend as a function of ® was observed (Figure 1c). According
to Figure 1c, the highest temperature of the combustion process corresponds to a ® of about 2.
A volcano trend of the maximum temperature with @ is not surprising, since similar trends have
been found in the literature, although in this work the volcano curve is centered at higher ® values
than in the literature. For example, S.S. Ail et al. [46] investigated single and mixed oxides with
different composition in a different reducers-to-oxidizers ratio range. They found that the maximum
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temperature of the combustion process, in the synthesis of alumina-supported cobalt oxides for Fischer
Tropsch applications, occurred for a stoichiometric @ value. In fact, it is known that the adiabatic
temperature of a combustion process is at its maximum at the stoichiometric ® value and decreases
at lower and higher ® values [39,40]. A shift in the volcano maximum may be due to differences in
chemical composition of the fuel mixture, combustion set-up, reducers-to-oxidizers range considered,
and other experimental conditions. Indeed, in practical experiments, where the combustion process is
not fully adiabatic (due to a certain heat dispersion), the maximum temperature of the process might
be slightly shifted toward higher ® values [39,40]. The shift in the ® ratio is more pronounced for
a slower combustion process, where the adiabatic character is less prominent and the oxygen from
the environment plays a fundamental role [53]. Moreover, it is also necessary to take into account the
simultaneous variation of two important fuel amount-related parameters, i.e., reducers-to-oxidizers
ratio and fuel-to-metal cations ratio. In this work, all the parameters were maintained strictly constant,
and only the ® was varied through the addition of decreasing amounts of ammonium nitrate from
BSCF10 to BSCF31 (see Materials and Methods). None of the as-burned powders did contain the
perovskite phase (Figure 1d).
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Figure 1. (a) Sequential pictures of a typical combustion process of a BSCF prepared by SCS from a
sucrose-PEG 20,000 mixture leading toward the as-burned powder, showing the three most meaningful
features of a temperature/time profile; (b) comparison between temperature/time profiles registered
for BSCF10 (black), BSCF17 (red), BSCF22 (blue) and BSCF31 (green); (c) volcano-type trend of the
maximum temperature in the temperature/time profiles as a function of ®; (d) XRD patterns of as-burned
BSCF10 (black), BSCF17 (red), BSCF22 (blue) and BSCF31 (green). Colored rectangles evidence the
main peak of the three Ba/Sr-containing intermediate phases.

The XRD patterns of the as-burned powders evidenced the presence of mixed Ba-Sr carbonates
(with aragonite and &-type structure), a Co-Fe spinel phase and traces of metallic cobalt, in agreement
with a previous paper [23]. Peaks ascribable to Ba/Sr nitrates were also detected in BSCF10 and BSCF17
(Figure 1d), probably due to the locally incomplete combustion occurring for a combustion mixture with
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high amount of additional oxidant (see Materials and Methods). The delta-type () and aragonite-type
(ar) mixed Ba/Sr carbonates increased from BSCF10 to BSCF31, at the expense of the Ba/Sr nitrate
phases (Figure 1d). The highest amount of 4 phase with respect to aragonite phase was detected in
the BSCF as-burned powder with the least intense combustion process (low maximum temperature
and high duration of the process) (see Figure 1b). This is in agreement with what was reported in
a previous paper by Deganello et al., where the amount of 4 Ba/Sr carbonate phase, a metastable
phase, depended very much on the overall intensity (maximum temperature and duration) of the
combustion process [23]. The lack of perovskite phase in the XRD pattern of the as-burned powders
is not surprising. In general, perovskite formation occurs at relatively high temperatures, between
700 °C and 1000 °C, although this depends strongly on the chemical composition and on the synthesis
procedure. Higher alkaline earth content in the perovskite chemical composition usually shifts the
perovskite phase formation to temperatures over 900 °C, due to the high thermal stability of alkaline
earth carbonates. In particular, BSCF prepared by solution combustion synthesis are not formed directly
in the as-burned powders, unless the temperature of the combustion process reaches 900-1000 °C for a
reasonable time. In fact, the perovskite phase formed in the as-burned powders is often accompanied
by secondary phases and reactants residuals. For example, Yusoff et al. [59] found the BSCF perovskite
formation after a thermal treatment at 900 °C/5 h. Nuernberg et al. evidenced for a series of BSCF a
perovskite formation temperature range between 880 °C and 920 °C, although they also mentioned
some secondary phases beside the perovskite main phase [45]. Other literature works confirmed the
high temperature formation of BSCF perovskite phases [23,24,60].

2.2. Structure, Microstructure and Texture after Further Thermal Treatments

The thermal treatment of the as-burned powders at 950 °C for 5 h in air led to the formation
of the typical BSCF perovskite-type cubic structure refined in Pm-3m space group (ICDD database,
PDF n°00-055-0563), as shown for BSCF31 by the graphical Rietveld refinement results in Figure 2a,b.
The main refined parameters are reported in Figure 2b together with the reliability factors (R factors).

However, XRD patterns displayed in Figure 2c reveal that only BSCF31 is single-phase, whereas
the other three samples contain a secondary phase with rhombohedral structure. The presence of
hexagonal, trigonal and/or rhombohedral secondary phases in BSCF compounds has been frequently
reported in the literature in relation to the limited stability of lower oxidation states at the B-site of the
BSCF perovskite under oxidative conditions [61,62]. The secondary phase in the BSCF powders calcined
at 950 °C decreases gradually from BSCF10 to BSCF31, until it disappears (Figure 2c), in agreement
with the trends reported in the literature for perovskite-type compounds with different composition
prepared by SCS [56]. Figure 2d, obtained from the quantitative Rietveld analysis of the XRD patterns,
shows that the trend of the secondary phase amount with @ is linear, suggesting for the first time
a direct influence of ® in the secondary phase formation of BSCE. The secondary phase observed
in our XRD pattern was identified as a rhombohedral phase with a P 63 m c space group, similar
to a barium strontium cobaltite of the type Bay ¢15Sr399C04015 (ICSD n° 290,489), but with a much
larger unit cell volume (820 A3 vs 806 A), possibly due to a different (smaller) Sr/Ba ratio in the
structure. The graphical Rietveld fit of BSCF10 is reported in Figure 2e,f as a representative sample.
According to Figure S1, secondary phase formation clearly affects the BSCF cubic cell parameter,
especially for percentages higher than 10 wt. %, where a decrease in the cell parameter of about
0.002 A was registered. This slight, but significant, volume contraction is presumably due to a change
of composition in the main BSCF phase, which becomes richer in Fe (and probably also in Sr) with the
increasing of the Ba and Co rich-trhombohedral phase percentage, in agreement with what reported in
the literature for another related type of secondary phase (hexagonal) [62]. The phase composition
of the corresponding as-burned powders reflected the phase composition differences observed after
thermal treatment at 950 °C described in Figure 2. In fact, the perovskite phase increases and the
secondary phase decreases in the calcined powders (cfr. Figures 1d and 2c). This result is in agreement
with the active role of aragonite and 6 phases in the formation of a pure perovskite phase after final
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calcination, as discussed in a previous paper [23]. Similar results were obtained by Nuernberg et al. [45]
for BSCF prepared by microwave assisted SCS: calcined powders with pure perovskite phases were
obtained when as-burned powders contained higher amount of aragonite and  Ba-Sr carbonate phases.
TGA under air of BSCF17, BSCF22 and BSCF31 as-burned powders, presented in Figure 52, confirmed
the XRD results. In fact, the black dashed line in the figure evidence progressive increase of the BSCF
perovskite formation temperature from BSCF17 to BSCF31.
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Figure 2. (a) Rietveld refinement of the XRD pattern of BSCF31 after calcination at 950 °C for 5 h:
XRD experimental data (green full circles), fitted data (black line) and residual (grey line); (b) inset
showing the 21-34° 20 region, reliability factors and other structural parameters obtained from
Rietveld analysis; (c) insets of the XRD patterns of BSCF10 (black), BSCF17 (red), BSCF22 (blue) and
BSCF31 (green) thermally treated at 950 °C/5 h. Rectangles evidence the main peak of the perovskite
(light orange) and secondary phase (dark grey); (d) linear trend of the secondary phase amount (wt. %)
with the reducers-to-oxidizers ratio; error bars are also indicated in the graph for each secondary
phase percentage; (e) Rietveld refinement for BSCF10 treated at 950 °C: XRD data (black dots), model
(black line) and residual (grey line); in the inset (f), the P 63 m c secondary phase is evidenced by
asterisks and its refined cell parameters are a = b = 11.7063 + 0.0008 A, ¢ = 6.9092 + 0.0007 A and
=P =90°y=120°V =820.0 £ 0.1A5.
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After thermal treatment of the powders at 1100 °C for two hours in air, under the same conditions
used for the deposition of the cathode powder onto the SDC electrolyte, BSCF17, BSCF22 and BSCF31
become single phase, whereas BSCF10 still contains traces of secondary phase (Figure 3a).
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Figure 3. (a) Inset of the XRD pattern of BSCF10 after thermal treatment at 1100 °C for 2 h; (b) inset
of the perovskite phase’s main peak in the 31-32.5° 20 angular range of the XRD patterns of BSCF10
(black), BSCF17 (red), BSCF22 (blue) and BSCF31 (green) thermally treated at 1100 °C for 2 h; (c) Rietveld
refinement of the XRD pattern of BSCF31 treated at 1100 °C for 2 h: XRD data (green dots), model
(black line) and residual (grey line); (d) inset of the fitting in the region of the perovskite phase’s
main peak.

However, the main perovskite peak in Figure 3b appears wider in BSCF10, BSCF17 and BSCF22
and its shape changes from BSCF10 to BSCF31, indicating that symmetry is lower than in the cubic,
and some distortion occurs in the structure of the three samples containing secondary phases before the
thermal treatment at 1100 °C for 2 h. This distortion could be ascribed to the influence of the secondary
phase on the crystallization of the main phase during the thermal treatment. Therefore, any attempt to
fit BSCF10, BSCF17 and BSCF22 with a Pm-3m cubic phase failed, and only the XRD pattern of BSCF31
was refined as a cubic structure. The Rietveld graphical fit obtained from the refinement of the BSCF31
single-phase pattern after thermal treatment at 1100 °C for 2 h is reported in Figure 3c¢,d.

SEM images of BSCF powders calcined at 950 °C/4 h at increasing ® ratio are reported in
Figure 4. Grains are fused to each other, although single grains can be still recognized in all the
samples. Powder microstructure and morphology varies with . The average grain size of the
primary particles increases with ® and the particle size distribution looks more homogeneous in
BSCF10 and BSCF17 than in BSCF22 and BSCF31, where grains with small diameter (1-2 pm)
coexist with larger ones (8-10 um). Samples BSCF10 and BSCF17 show a high degree of grains
agglomeration (further increased for BSCF17), which is significantly reduced in BSCF22 and even more
in BSCF31. As a consequence, BSCF10 and BSCF17 present macropores in the range 1-10 um. In the
calcined powders prepared using a stoichiometric ® ratio, some porosity was present and grain size
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was relatively small (Figure 4). This is in agreement with the relatively low maximum temperature
combined with the short duration of the combustion process (Figure 1b,c). At the highest ®, a wider
grain size distribution was obtained because of the larger combustion duration (Figures 4 and 1b).
In other perovskite-type compositions, agglomeration and grain size has been reported to increase with
@ [52,63]. In this work, the agglomeration degree changes with @ as the intensity of the combustion
process (see also Figure 1b,c).

s m = BSCF17 |

Figure 4. SEM images of the powders after thermal treatment at 950 °C/5 h: BSCF10 (top, left), BSCF17
(top, right), BSCF22 (bottom, left) and BSCF31 (bottom, right). For each image, the primary particles
are evidenced by circles and ovals, whereas agglomerates are indicated by dotted lines with the specific
color of each sample.

The specific surface area of the powders calcined at 950 °C for 5 h was lower than 5 m?/g for all
the samples and cumulative pore volume at P/Py = 0.99 was about 0.02 cm®/g. This is in agreement
with previous studies on these perovskite-type compounds [11,23,45,59].

2.3. Redox Properties

H,-TPR measurements were performed in the range 50-1050 °C to gain indications on the oxygen
ions mobility and amount of oxygen released for each studied sample. H,-TPR are reactions of the
sample at increasing temperatures in diluted hydrogen flow (reducing atmosphere) after an oxidative
pretreatment that serves to remove any chemisorbed water, carbonate species or residual precursors
which could interfere with the TCD signal. The pre-treated sample is then cooled down under inert
atmosphere in order to remove any residual chemisorbed oxygen that by reacting with hydrogen could
generate fictitious peaks. Hy-TPR profiles indicate whether there is any oxygen bound to the sample
and how strongly it is bound. The integration of the TPR peaks tells us how much hydrogen it took to
reduce that oxygen, while the temperature of the peak indicates how much effort it took for hydrogen
to tear it from the sample, and therefore how strongly it is bound. Therefore, it is possible to trace the
oxidation states of the elements that have reducible species, i.e., iron and cobalt, whose oxidation state
will gradually decrease from the initial value toward the metallic state. Figure 5a—d report the Hp-TPR
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curves as a function of temperature and the graphical fitting of the main peak in order to discriminate
the various reduction contributions.
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Figure 5. (a-d) H,-TPR profiles of the BSCF powders calcined at 950 °C for 5 h: (a) BSCF31 (green),
(b) BSCF17 (red), (c) BSCF22 (blue) and (d) BSCF10 (black). (e—g) Volcano-type and other trends of
H,-TPR parameters with ®.

As expected, the profile’s shapes are very similar for all the samples (Figure 5a-d) and resemble
the Hy-TPR profiles reported in the literature for other iron and cobalt containing perovskite-type
compounds [23,64]. In detail, there is a peak in the range 400-600 °C (peak B), with a shoulder
in the range 200-400 °C (peak A), and further hydrogen consumption in the range 700-1000 °C,
which does not arrive at completeness. According to the literature, peaks A and B are mainly related
to the reduction of cobalt species, whereas the smaller peaks at temperatures higher than 700 °C
are related to the iron reduction [23,64,65]. Peak A is ascribable to the reduction of cobalt ions in
high oxidation state, like Co** and Fe** (200-300 °C) and to the reduction of Co®" in a surrounding
which is different from the perovskite oxygens octahedra of the cubic structure (300-450 °C) [23].
The hydrogen consumption related to the peak A is between 1.1 and 1.78 mmol Hy/g, whereas the
overall consumption (peaks A + B) varies from 5.33 to 5.85 mmol/g (see also Figure 5e-g). Therefore,
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the reduction of some Co®* to Co?* species already occurred at low temperature (peak A), followed
by the stepwise process Co** to Co** to Co’, which continues under peak B. Indeed, postulating
that, upon reduction of some Co** species (part of the peak A), all the cobalt species involved in
peak B are Co®", the theoretical hydrogen consumption required for the reduction of Co®* to Co**
to Co? corresponds to 5.48 mmol/g, and the overall consumption (peaks A + B) must be considered
in order to account for the formation of Co’. The maximum temperatures of the peaks A and B are
the lowest for BSC31 and BSCF22 and the highest for BSCF17 (Figure 5a—d). The low temperature of
a reduction peak is usually associated with easily reducible species and/or to the presence of small
grains. In particular, BSCF31 that exhibits the lowest reduction temperature for the peak B is the
only sample with a single-phase, i.e., where Co3* and Co?* ions have the same chemical environment
and thus are more easily reduced through a homogeneous process. The high grain agglomeration
detected for BSCF17 and the presence of secondary phases account for the highest temperature of
the maximum of peaks A and B for this sample (Figures 4 and 2d). Regarding iron reduction, Fe?*
and Fe?* reduction to Fe’ starts above 700 °C and is completed only at temperatures above 1000 °C.
The XRD pattern of BSCF22 after TPR experiments is reported in Figure S3 as a representative pattern
and demonstrates that the perovskite ABOj structure has been totally destroyed by interaction with Hy
up to 1000 °C. In particular, cobalt is completely reduced to Co”, whereas iron remains in the 3+ or 2+
state (no metallic iron is present in the patterns), which is in agreement with the TPR results (Figure 5b).

The reduction parameters obtained from the analysis of the H,-TPR profiles have a nonlinear
trend with ®, with a maximum or a minimum value at a ® of about 2, as described in Figure 5e-g.
Specifically, peaks A and B reported in Figure 5a—d correspond together to a hydrogen consumption
in the range 5.35-5.85 mmol Hj/g, and its variation with ® is reported in Figure 5e. The hydrogen
consumption for peaks A + B is low for stoichiometric ®, increases up to BSCF22, and then decreases
for BSCF31, drawing a volcano-type curve centered at about 2. Only BSCF31 and BSCF10 have a mean
oxidation state for cobalt ions close to 3+, since the theoretical amount of hydrogen necessary to reduce
all the Co®* is 5.48 mmol Hy/g. On the other hand, BSCF17 and BSCF22 contain a certain amount of
Co** that increases the amount of consumed hydrogen (Figure 5e). Therefore, the lower hydrogen
amount consumed for BSCF10 and BSCF31 is related with a lower amount of cobalt in high oxidation
state with respect to BSCF17 and BSCF22. When examined separately, the hydrogen consumption of
peak A and peak B (Figure 5f,g, respectively) have opposite trends with ®. The amount of Co ions
which are reduced in peak B of BSCF31 is the highest one, since once Co** is reduced to Co®* in peak A,
most of the Co®* and Co?* cations are reduced to metallic Co under peak B. This indicates that all Co®*
and Co?" cations have the same chemical environment, according to the single-phase nature of BSCF31
(Figure 5g). This is also in agreement with the lowest reduction temperature of peak B discussed above.

Considering that the amount of vacancies affects both adsorption of oxygen molecules and
oxygen ions drifting along the electrode [4], TGA experiments were performed to evaluate the oxygen
vacancies content in the investigated BSCF samples. The weight loss percentages of BSCF powders as
a function of the temperature after oxidative pre-treatment according to steps 4 and 5 (see Section 4.2.3)
are displayed in Figure 6. All BSCF samples exhibit an oxygen desorption behavior above 600 °C,
indicating a diversified presence of 3-oxygen species typically observed for perovskite-type oxides
(Figure 6). According to the literature, suprafacial or so called “u-species” are generally released
between ~200-600 °C, depending on sample composition and surface oxygen vacancy content, while
B-species desorb above 600 °C and are due to “interfacial or bulk” oxygen species associated with the
reducible ions present in the perovskite-type oxide [66-68]. None of the samples are able to retain
suprafacial oxygen species during the O, saturation step of the TGA (step 4), because no “«-species”
are released. This in in agreement with the very low specific surface area (lower than 5 m?/g) of the
BSCF samples calcined at 950 °C for 4 h. The slight weight increase between 300 and 600 °C is ascribed
to the oxidation of the Co®* to Co** by the residual oxygen still present in the instrument chamber after
steps 4-5 carried out in the range 150-25 °C. Major differences (1 wt.%) are observed in the content of
“interfacial or bulk” oxygen species (Figure 6).
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Figure 6. TGA curves measured under nitrogen after steps 4 and 5 (see experimental part, Section 2.2)
for BSCF10 (black), BSCF17 (red), BSCF22 (blue) and BSCF31 (green).

In particular, BSCF31 releases less oxygen than the other three samples, and the total weight loss
at 800 °C calculated from TGA experiments was 1% lower for BSCF31 than for the other three samples
prepared using lower ® ratios (Figure 6). Overall, it seems that the BSCF samples containing the
secondary phase (BSCF10, BSCF17 and BSCF22)—where part of the cobalt is in less stable surroundings
(see TPR experiments) and is thus more reducible—releases more (3 oxygen above 600 °C (Figure 6).
Conversely, the single-phase compound, BSCF31, loses less oxygen than the other three samples.
Among the samples with secondary phase, another important factor that may affect the amount of
3 oxygen released above 600 °C is the mean grain size: BSCF22 with very small grains shows the
highest weight loss, followed by BSCF10, with moderate grain agglomeration and, finally, by BSCF17,
the powder with the highest grain agglomeration (Figure 4).

2.4. Electrocatalytic Activity

To assess the electrochemical activity of prepared powders to be used as oxygen electrode,
preliminary measurements were carried out on SDC/BSCF half cells at open circuit voltage. Activity
and performance of the electrodes are strictly related to the starting powder, whose morphology plays
a relevant role for an easy electrode deposition. The presence of agglomerates in BSCF 10, 17 and 22
actually prevented obtaining slurries that were suitable for adhering to the electrolyte surface, resulting
in the detachment of the electrode layer during the sintering step. On the other hand, the absence of
agglomerates in BSCF31 resulted in a smooth deposition of the powder, allowing the electrochemical
testing of this sample. Figure 7 reports the Arrhenius plot of inverse polarization resistance (Rp) of
BSCEF31 cathode, sintered at 1100 °C for 2 h on the SDC electrolyte.
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Figure 7. Arrhenius plot of inverse polarization resistance (Rp) for the BSCF31/SDC system under
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air, measured in a three-electrode configuration (with a RE). The inset shows the Nyquist plot of
impedance at 600 °C.

The trend shows a good linearity in the explored temperature range 500-700 °C and a value of
120.5 kJ/mol (1.25 eV) for the apparent activation energy of the O, + 2e™ = 02~ redox reaction was
extracted. The electrochemical results obtained for BSCE31 are in reasonable agreement with other
studies [23,69,70]. The activation energy value is lower than in the literature, where a value between
127 and 131 kJ/mol was calculated [71]. Any difference could be due to the different synthesis adopted
or experimental conditions used. For example, Hieu et al. [72] found a very low activation energy for
BSCF prepared by electrospinning and calcined at 950 °C. On the other hand, the activation energy
value obtained in this work is higher than those found in previous investigation on very similar BSCF
electrodes [23], possibly due to non-optimized microstructures and/or interfacing with the supporting
electrolyte. The electrode area specific resistance is 0.33 ohm cm? at 600 °C. Although this value appears
larger than that obtained for the same system in similar conditions [73], it is worth noting that the
system performance can be fully improved through an optimization of the electrode architecture, being
that beyond the scope of this study. A detailed analysis of the electrochemical behavior of BSCF31
is found in other publications of the authors [19,74]. In one of these works, BSCF31 was studied
in comparison with a Lanthanum Strontium Cobalt Ferrite (LSCF), with and without infiltration of
lanthanum strontium manganite [19]. In the other work, a detailed dynamic relaxation study was
applied and compared with the conventional electrochemical analysis [74].

3. Discussion

The results showed that reducers-to-oxidizers ratio (®) has an evident effect on the combustion
process, phase purity, structure, microstructure, morphology and reduction properties of the BSCF
powders prepared by SCS. The effect of ® is multiple and concerns, directly or indirectly, several
powder features, as summarized in Figure 8. In particular, ® has a direct effect on both the intensity
of the combustion process and its redox environment. These two factors further influence structural,
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microstructural and redox properties of BSCF powders, which in turn have an effect on the adhesion of
the powder onto the electrolyte and on the electrochemical properties (Figure 8).

¥ ¢

Maximum combustion Redox environment
temperature and duration during combustion

B-site cations oxidation
states and relative stability

ae
i P Time (s)
5 e v
2 "o . . 1
' A WP Perovskite formation temperature Adhesion to the electrolyte
% i e . 10— T
2 ~ - 02— —
e T T TR T ] | e s
Temperature (°C) Cubic perovskite : i z ! ~ ey
_ & a0 phase 1'2 % éo‘% ‘o:mlo'rjz/ ‘O-Hi _10'Hg
1000 _—"\ s <10 T o
| —_— S 08 0044
,; i“/ s 47 48 49 50
£ w5 S - 08 2 Zipem)
n ‘%‘ [ 04
E c 8 0.2
= 90 ] Rhombohedral g 99
S c iy b 02
E- = secondary phase o4 Ea=1.25eV
= bt J L / - v "
s . k_ 100 105 110 115 120 125 130 135
i r T T T T T v 1000/T[K]
8ol 0 0 0 o 21 24 27 30 33 36 3
o
T(C) v 20(°) |

Intensity (a.u.)

31.2 316 320 32.4

26()
Figure 8. A summary of the multiple roles of the reducers-to-oxidizers ratio, ®, on the BSCF properties
as electrode material. The cause—effect relationships are indicated by arrows of progressively smaller
thickness in order to evidence primary, secondary, tertiary and further connections between ® and
BSCF properties.

The influence of temperature and redox environment during combustion on the BSCF material
properties can be opposite and variable with ®, leading to both linear and nonlinear trends of the
material properties with ®. The connections between the powder properties and their mutual effects
are indicated in Figure 8 by the arrows. The variation of BSCF powder properties with ® was linear for
the structural properties (Figure 2d), suggesting a direct control of this parameter in the temperature of
perovskite formation, whereas nonlinear trends, with a maximum or a minimum value at a ® value of
about 2, were observed for all the other properties (Figure 1c, Figure 5).

The cobalt oxidation state in BSCF and the combustion intensity affect the amount of secondary
phase segregation, which increases linearly with & (Figure 8). This linear trend is the result of
the contrasting trend with ® of three different parameters that affect secondary phase formation.
In BSCF10, the amount of cobalt species with high mean oxidation state is low (despite the low reducing
environment), because the temperature of the combustion process is also relatively low (with respect to
BSCF17 and BSCF22) and the low duration of the combustion temperature hinders the stabilization of a
pure cubic structure, leaving un-burned nitrates after combustion (Figure 1d). In BSCF17 and BSCF22,
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the mean oxidation state of cobalt ions is higher than in the other samples (Figure 5e), but higher
duration of the process gradually favors the formation of the cubic phase through the 6-type Ba/Sr
mixed carbonate intermediates (Figure 1d). The combination of high reducing environment in the
combustion process and long process duration, like in BSCF31, stabilizes the cubic phase with a lower
mean oxidation state and hinders the secondary phase formation. In fact, secondary phase formation
in BSCF powders is usually favored by the presence of oxygen and high mean oxidation state of cobalt
ions, as indicated in the literature by the oxygen adsorption usually observed in the BSCF phase after
thermal treatment at below 840 °C [20,75]. Of course, secondary phase formation also depends on the
BSCF cubic phase stability [61,76]. A poor interaction among the combustion mixture components or a
decrease in the combustion process intensity may also affect the secondary phase formation [39].

Looking at the BSCF redox properties, despite the increasing reductive combustion environment
from ® =1 (stoichiometric environment) to ® = 1.7 (slightly reducing environment), the formation
of cobalt ions with higher oxidation state, such as Co*t, is favored, due to the increase of maximum
temperature in the combustion process (Figure 1b,c). For higher ® values, from BSCF17 to BSCF22
and BSCF31, the increasing reducing environment of the fuel mixture gradually de-stabilizes Co**
and produces a pure perovskite phase with relatively high content of species with a lower oxidation
state (Co3*and Co?*). In a previous paper, Deganello et al. [23] found that the cobalt oxidation state in
BSCEF prepared by SCS was directly affected by the type of fuel (in particular by its reducing power)
and by the fuel-to-metal cations ratio. In that paper, Co?*, present in the BSCF together with Co®*,
was highly stabilized when sucrose-PEG 20,000 fuel mixtures were used, because these fuel mixtures
showed high interaction with the metal cations and favored a reducing environment around the B-site
cations of the BSCF perovskite. In this work, it is further clarified that the amount and stability of
reducible species depend on the combustion process intensity and combustion redox environment,
both controlled directly by the reducers-to-oxidizers ratio.

The scarce electrode—electrolyte adhesion observed by BSCF10, BSCF17 and BSCF22 is probably
connected with the unfavorable powder microstructure of these BSCF samples. In fact, both the
deposition procedure and the microstructure play an important role in the electrode adhesion [77].
For example, relatively small crystallites size and mixed grain size distribution are very important for
the densification behavior [78]. In this sense, BSCF31, without large-sized agglomerates and a wide
grain size distribution (Figure 4), appears to be suitable for a better adhesion to the SDC electrolyte.
The effect of microstructure has also been discussed in the literature for BSCF powders prepared by
electrospinning [77]. Looking at Figure 3b, another reasonable hypothesis is that the secondary phase,
detected in the starting BSCF powders calcined at 950 °C, introduced some distortion to the cubic
symmetry of BSCF upon the thermal treatment at 1100 °C, that might negatively affect the cohesion
between electrode and electrolyte.

Overall, it is possible to confirm that, as in the case of BSCF31, non-aggregated particles with
a wide grain size distribution, associated with the absence of secondary phases resulted in optimal
condition for the assembling in electrolyte-supported half-cell. From these considerations, it is evident
that oxygen ion conduction in BSCE, which should be favored by high concentration and stability
of cobalt species with lower mean oxidation state, is not the unique requirement for a successful
application of a BSCF powder as oxygen electrocatalysts.

4. Materials and Methods

4.1. Powders Preparation

All the BSCF powders investigated in this work were prepared by solution combustion
synthesis, starting from a sucrose-polyethylene glycol (Eridania, Italia S.P.A, Bologna, Italy -PEG,
MW 20,000 purum, Fluka Chemie, Buchs, Switzerland and PEG MW 1000 Alfa Aesar GmbH
& Co KG, Kalsruhe, Germany) fuel mixture, as described in detail in a previous paper [23].
The PEG-to-sucrose and the sucrose-to-metal cations ratio were fixed at 1 and 2, respectively, whereas
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different reducers-to-oxidizers (P) ratio were explored in this work. The ® was changed by adding an
increasing amount of NH4NOj to the same fuel and metal cations amount, as described in Figure 9.

Sample name Fuel mixture ¢ | g NHNO;

BSCF10 1.0 116

CH,OH

o CHQ%H
BSCF17 OH " 1.7 63
OH O CH,0OH
OH OH

BSCF22 2.2 46
){0\4\ _H
H (0]
n

1: 1 molar ratio

29

']
—_—

BSCF31

Figure 9. Sample names, type of fuel mixture, corresponding ® values and mass (grams) of ammonium
nitrate used as additional oxidant to regulate the ® ratio for the synthesis of 3 g of perovskite powder.
Other synthesis conditions were maintained constant (Msucrose = 18.774 g, mpgG 20000 = 2416 g,

mpaNo3) = 1.792 g; mgynoz)2 = 1451 g, mcomo3)2.6H20 = 3.192 g, mEeno3)3.9H20= 1.108 ).

NH4NO;j is a well-known oxidant, which, according to propellant chemistry concepts, has an
oxidizing power of —2. For details on the definition of @ please refer to the of the review by
Deganello et al. [39]. NH4NOj3 (299.5%, BioXtra-Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany)
was added to the reaction mixture as oxidant additive for the regulation of ® (Figure 9). In brief,
Ba(NOs3); (99.1%, Sigma-Aldrich WWR International, Fontenay-sous-Bois, France) was first dissolved
in water at 50 °C in a 1 L stainless steel beaker under magnetic stirring. Then Sr(NO3); (299.99%
Sigma—Aldrich), Co(NO3);-6Hy0 (99.99% Sigma-Aldrich & Co Saint Louis, MO 63103, USA) and
Fe(NO3)3-9H,0 (99.99% Sigma-Aldrich & Co Saint Louis, MO 63103, USA) were intimately mixed
within the barium nitrate solution, together with the fuel and the ® regulator and stirred at 80 °C
on a hot plate. When a peach-colored foam appeared on the surface of the sol, half of the sol was
transferred in another 1 L stainless steel beaker for safety reasons. The self-sustaining combustion was
subsequently initiated in each beaker by setting the hot-plate temperature at 350 °C (T in the stainless
steel beaker was 210 °C). After combustion, a black powder was formed. The as-burned powders were
then fired in stagnant air at 950 °C for 5 h. For characterization purposes, a portion of the calcined
powders was further treated at 1100 °C for 2 h under the same conditions used for cathode powder
deposition onto the electrolyte.

4.2. Powder Characterization

4.2.1. Temperature/Time Profiles

To register temperature/time profiles, after the formation of the gel, the combustion vial was
equipped with a type K thermocouple (diameter = 1.5 mm; temperature range covered = RT-1100 °C)
connected to a computer through a data logger USB TC08 with 20 bit/s resolution (P.C.B. Technologies,



Catalysts 2020, 10, 1465 16 of 23

60044 Fabriano, Ancona, Italy) with a dedicated software (PICO technology Ltd., Picolog version 5.20.3,
DI0O25-41, Copyright © 2020-2009). The thermocouple was set in the center of each 1 L combustion
vial and the temperature was registered from the time the hotplate was on until the end of the
combustion process.

4.2.2. X-ray Powder Diffraction

X-ray diffraction (XRD) measurements were collected with a Bruker-Siemens D5000 X-ray powder
diffractometer (Bruker AXS, GmbH, Karlsruhe, Germany) equipped with a Kristalloflex 760 X-ray
generator and a curved graphite monochromator on the diffracted beam. All the powders were
carefully grinded by mortar and pestle before the XRD experiment. The observed range 10-135° 26
was scanned with a step size of 0.03° 26 and an integration time of 20 s per step. Rietveld refinement
of the diffraction patterns was carried out by using EXPGUI Software (revision 1.80, readexp.tcl,
v 1.46, 13 September 2005) from the GSAS package [79] and the reliability factors (“R values”) were
generally acceptable. Chebyshev polynomials (15 variables) and Pearson type VII (Pseudo-Voigt with
the Finger—Cox—Jephcoat asymmetry correction) functions were chosen for the background and for
the peak profile fitting, respectively. In the structure refinement cell parameters, atomic coordinates,
temperature displacements, scale factors, full width at half maximum (FWHM) and microstrain
parameters were considered as variables. Phase identification was performed by using International
Centre for Diffraction Data (ICDD) database (PDF-4+ 2020, Version 4.2001, DDV:4.20.0.1, ©2019
ICDD, Newtown Square, PA 19073-3273, USA). As a starting model for Rietveld Refinement of the
Bag 5510 5Cog gFep203.5 perovskite phase a cubic Pm-3m structure from ICDD database was chosen
(PDF n°00-055-0563). For the secondary phase, a Ba, Sr and Co-containing P 63 m c structure was used
as a starting model (Bag 1513.99C04015, ICSD n°® 290489).

4.2.3. Thermogravimetric Analysis

Thermogravimetric analyses (TGA) were performed with a TGA/DSC1 STAR system Mettler
Toledo (Mettler Toledo, Bristol, United Kingdom). The sample (15 mg) was pretreated in N, (30 mL/min)
heating from 25 to 500 °C (ramp rate 10 °C/min) (step 1), holding time at 500 °C for 15 min (step 2),
then, it was cooled down under nitrogen atmosphere to 150 °C (step 3). Steps 1 and 2 were performed
in order to remove any adsorbed water, oxygen or carbonate species. In step 3, the sample was filled
with pure O, (30 mL/min) at 150 °C during 1 h (step 4) and cooled to 25 °C still under O, (step 5),
in order to fill the oxygen vacancies. Finally, the sample was heated under N, (30 mL/min) from room
temperature up to 800 °C (ramp rate 5 °C/min) (step 6). During this last step, the removal of any
chemisorbed oxygen species occurred and the weight loss between ~200-600 °C was taken into account
in order to evaluate, if present, the surface oxygen vacancies content of the sample. The weight loss
above 600 °C corresponds to the amount of bulk oxygen released.

4.2.4. Temperature Programmed Reductions

Reduction properties of the oxides were studied by temperature programmed reduction (TPR)
measurements in Hp/Ar (5%, 30 mL/min) in the range between room temperature and 1050 °C (heating
rate 10 °C/min). Experiments were carried out with a Micromeritics Autochem 2910 instrument
equipped with a thermal conductivity detector (TCD) (Micromeritics Instrument Corp., Norcross,
GA, USA) for the evaluation of hydrogen consumption with proper calibration curves. The accuracy of
hydrogen consumption evaluated through TPR measurements is +10% and the temperature of peaks
is quoted with an uncertainty of +15 °C. For each sample, about 0.1 g of powder previously calcined
at 950 °C for 5 h was pre-treated in Op/He (5%, 50 mL/min) at 500 °C for 1 h and then cooled down
under He atmosphere.
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4.2.5. Ny Adsorption Measurements

Specific surface area (by BET method) and cumulative pore volume at the saturation pressure
(P/Py = 0.99) were evaluated performing nitrogen adsorption/desorption measurements at =196 °C,
using a Sorptomatic 1900 equipment (Thermoquest Italia S.p.a., Milano, Italy). All the samples were
pre-treated under vacuum at 250 °C for 2 h prior to the measurements.

4.2.6. Scanning Electron Microscopy

A SEM EVO40 microscope operating at an emission voltage of 20 keV was employed for the
examination of the electrocatalytic powders microstructures.

4.3. Half-Cell Preparation

Electrolyte-supported half-cells were prepared, starting from Cep gSmg 20,.5 powder (SDC20-HP,
Fuel Cell Materials), due to its high conductivity at intermediate temperature [80]. An amount of 6.5 g of
powder was weighted for each electrolyte support and cold pressed at 60 MPa. After sintering at 1500 °C
for 5 h in air, the obtained SDC disks had a diameter of 25 mm and a thickness of 1.2 mm. The electrodes
were prepared as in the following: the BSCF powder was mixed with alpha-terpineol (natural,
>96%, FCC, FG, Ref: (-)-a-Terpineol, CAS 10482-56-1, Lot 09328PE, Item W304522, Sigma-Aldrich,
Merck KGaA, Darmstadt, Germany) and manually grinded in a mortar, to form a paste suitable to
be slurry-coated on the SDC surfaces, in order to form two symmetrical electrodes, acting as the
working and the counter electrode (WE and CE, respectively). A circular electrode (1 mm wide) of the
same BSCF mixture was deposited around the WE, at a distance equal to three-times the electrolyte
thickness, to be used as reference electrode (RE) in the three-electrode configuration measurements,
as shown in Scheme 1.

dz2 3telectrolyte
RE WE s |

] SN 1
SDC

1:electrolyte

cg R

Scheme 1. Pictorial description of the three-electrode set up used for the electrochemical
impedance measurements.

After sintering at 1100 °C for 2 h, the observed WE and CE thickness was 20 um, while their
apparent geometric area was 0.28 cm?. Before the deposition of the BSCF mixture, the surfaces of
the electrolytes were scraped (SiC grinding paper, Grit 150) to improve the electrode adhesion. It is
worth noting that the aforementioned deposition procedure was applied to all the four BSCF powders,
although only with the BSCF31 specimen this procedure was effective in obtaining electrodes with a
good adhesion to the electrolyte pellet. Therefore, the electrochemical investigation was carried out
exclusively on the BSCF31-based half-cells.

4.4. Electrochemical Characterization

The electrochemical behavior of prepared half-cells was investigated through electrochemical
impedance spectroscopy (EIS), placing the cell inside a home-designed test station, connected to
a potentiostat coupled to a frequency response analyzer (Autolab PGSTAT302N, S.N. AUT83512,
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ECO CHEMIE BV, Utrecht, Netherlands). Impedance measurements were performed over the frequency
range 10°~10~! Hz between 500 and 700 °C, at open circuit conditions. A Pt mesh was placed on both
the WE and the CE as a current collector.

Inductance of the wires and cell rig was estimated during the EIS measurements and correction
of the data have been performed according to Raikova et al. [81]. Equivalent circuit analysis (ZView
software, Version 3.5f, Scribner Associates, Inc., Southern Pines, NC 28387, USA) was applied to obtain
the physical parameters related to system electrochemical behavior.

5. Conclusions

This work evidenced that the choice of reducers-to-oxidizers ratios, @, has important repercussions
on the phase composition, structure, oxygen defectivity, microstructural-morphological features
and reduction properties of the obtained Bag 55rg5Cop gsFe203.5 electrode materials. An important
consequence is that the use of a stoichiometric reducers-to-oxidizers ratio may be not always the best
choice, depending on the chemical composition and application of the investigated materials. The &
effect was not always linear in the over stoichiometric ® range, reflecting its multiple role in the powder
properties. The observed nonlinear trends of the reduction properties with the reducers-to-oxidizers
ratio are in agreement with contrasting effects of (i) the reducing effect of higher & ratios, which affects
cobalt reduction and stability of the cobalt species with lower mean oxidation state, (ii) the intensity of
the combustion process, which regulates the amount and stability of cobalt species with higher mean
oxidation state, and (iii) the duration of the combustion process, which influences the stability of the final
cubic phase through the formation of Ba/Sr mixed carbonates intermediates in the as-burned powders.

This work further confirmed that high oxygen ion conduction is not the unique factor affecting
the electrochemical performance of this perovskite-type electrocatalysts. Phase purity of the starting
BSCF powder and convenient microstructure and morphology also play a fundamental role in
electrode—electrolyte adhesion. In fact, the highest ® values are effective (i) in the suppression of
secondary phase formation and promotion of the cubic symmetry, and (ii) in the establishment of
favorable particle size distribution, despite the increasing in the average grain size.

Finally, our results highlighted that the selection of the best reducers-to-oxidizers ratio is a
complex procedure and depends on several factors. All these factors need to be considered in the
selection of ® and their effect into the final materials performance further depends on the selected
materials composition and application. Overall, the BSCF powder with the highest over stoichiometric
@ value gave the best results for application as electrode material, thanks to an optimal combination of
its structural, redox, microstructural/morphological features, allowing an efficient deposition of the
cathode powder onto the ceria-based electrolyte. These findings can be conveniently used for a better
control of materials properties and performance of oxygen electrocatalysts.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/12/1465/s1,
Figure S1: trend on the cubic BSCF cell parameter with the amount of secondary phase in the calcined powders;
Figure S2: TGA under airflow of BSCF17, BSCF22 and BSCF31 as-burned powders; Figure S3: XRD patterns of
BSCF22 powders after H2-TPR.
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