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Abstract Different sets of perovskite-type oxides of general
formula PI'()_gSI'()QCO]_XFexO3_5 (XZO.O, 02, 05, 0.8 and
1.0) were successfully prepared by low-cost single-step
combustion synthesis at low temperatures based on the
auto-ignition reaction of a nitrate solution in the presence of
citric acid. Thermogravimetric and differential thermal
analysis was carried out on nitrate-citrate precursors to
determine the perovskite-phase formation process. The
results revealed that the nitrate-citrate precursor exhibited
self-propagating combustion behavior. PrggSrg,Coq_«
Fe,O3.5 powders showed an orthorhombic single-phase,
with their unit cell volume increasing as a function of the
Fe content (x). Scanning electron microscopy observations
showed that the prepared powders were nanocrystalline.
The PrgSry,Co; <FexO;.5 powders were characterized as
fuel cell electrodes on CeygSm( 0,5 pellets in symmetri-
cal cells, and the electrochemical properties of the elec-
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trode/electrolyte interfaces were investigated using
electrochemical impedance spectroscopy (EIS) as a func-
tion of the temperature, Fe content (x) and oxygen partial
pressure.

Keywords Combustion synthesis - Nanomaterials -
Praseodymium - Effect of Fe content - Electrochemical
characterization

1 Introduction

Tackling environmental problems is paramount for sustain-
able development. Energy production using sources alter-
native to fossil fuels is one of the main problems. Solid
oxide fuel cells (SOFCs) are emerging as a green alternative
source of energy. Green chemistry is the design of chemical
manufacturing systems to minimize their adverse affects on
the environment. It is thus paramount to consider green
chemistry paradigms for the synthesis process of materials
(cathode, electrolyte, and anode) for SOFC production,
with the aim to reduce energy consumption and generation
of environmentally hazardous-substances.

Despite the recent search for alternative compounds,
perovskite-type oxides are still the electrode materials for
SOFC cathodes, being La;_,Sr,MnO5_s (LSM) the state-of-
the-art compound for high temperature SOFCs and La;_,
SrCoyFe, 055 (LSCF) the best choice for intermediate
temperature SOFCs, due to its lower polarization drops [1].
In particular, LSCF possesses high catalytic activity
towards the oxygen reduction reaction, high oxygen self-
diffusion coefficients, and high electrical conductivity with
mixed electronic-ionic conduction that make them suitable
as cathode materials for SOFCs at intermediate temper-
atures [2, 3].
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Several synthesis methods have been developed for
SOFC cathode materials and clearly the SOFC electrode
performance is correlated with the materials processing [4].
In recent years, combustion synthesis (CS) is becoming one
of the most popular methods for the preparation of a wide
variety of SOFC materials, ranging from cathode [5] to
electrolyte [6] or anode [7].

In a typical scheme, the CS involves the exothermic
combustion reaction between an oxidant and an organic
fuel as a reductant. Only when the oxidant (such as a metal
nitrate) and the fuel (typically citric acid, glycine, urea, etc)
are intimately mixed in solution with a fixed proportion,
they can initiate an exothermic reaction that generates large
amounts of heat [8, 9]. After ignition with an external
energy source, the mixture undergoes a rapid exothermic
reaction that is normally self-sustaining (also known as
“furnaceless synthesis”) by the spontaneous generation of
heat [10-12]. Among the known fuels, we selected citric
acid because of its demonstrated versatility in the field of
combustion synthesis [13].

The CS process is simple, fast and energetically
economic, and therefore is attracting attention for the
preparation of SOFC materials as a low-cost alternative to
solid-state reaction processing [14]. The CS main advan-
tages are:

» relatively cheap starting reactants (such as metal
nitrates),

» casily available organic molecules as an internal fuel
(such as citric acid),

* highly exothermic and self-sustaining reactions (without
the addition of an external heat source),

* high energy reaction efficiency (such as a low auto-
ignition temperature of synthesis reaction),

» high degree of process repeatability,

» capacity of mass production in a short process time,

* low cost capital of the equipment and low industriali-
zation cost,

* energy-saving synthesis.

For all these reasons, the auto-combustion synthesis method
by one-step preparation at moderate temperatures was selected
for the preparation of strontium and iron-doped praseodymium
cobaltite nano-powders, Prj gSry,Co;_Fe O3.s.

The choice of using Pr as the rare earth element in the
perovskite oxide instead of La, studied in a previous paper
[15], is due to its peculiarity to show +3 and +4 valence
states [16], which might induce interesting electrical
properties [17-19].

Kostogloudis and coworkers reported the electrical
conductivity of Pr;_,Sr,MnO; perovskite-type oxides (0.0
<x<0.5), which have potential use as cathode materials in
intermediate-temperature SOFCs because of their p-type
electronic conductivity described by the small polaron

hopping mechanism [20]. H.-R. Rim et al. reported similar
results with calcium and strontium-doped praseodymium
manganite powders prepared as cathode materials for SOFC
applications [21]. It has been also suggested that the
increasing rate of interphase oxygen exchange at either
electrode/gas or electrolyte/gas surfaces of praseodymium-
containing oxides is determined by their specific electro-
catalytic properties, which directly depend on the unusual
valence state of praseodymium ions and the formation of
oxygen vacancies [22, 23].

There were relatively few reports about Pr;,Sr,Co;.
Fe,O3.5 system and its properties, especially electrode
morphology behavior and electrochemical properties as a
function of Sr- and Fe- contents (y and x, respectively).
Moreover, regarding electrochemistry behavior, there are
poor literature data about PrjgSrg,Co;FeiOs3.5 cathode
ceramics on its oxygen content (d) at high temperature or
the crystal structure and mechanical properties as a function
of Fe content (x). Therefore, in this paper, we will report on
the synthesis of nano-sized PrySry,Co;<Fe O35 (x=0.0,
0.2, 0.5, 0.8 and 1.0) powders by an auto-combustion
technique and will discuss the effects of the Fe content (x)
on the microstructure of the Prj gSrg,Co;_<Fe,O5_5 electro-
des in order to optimize the fabrication process and finally
to improve their electrochemical properties. Pry gSrg,Co;.
Fe,O5_5 oxide nanocrystalline powders were characterized
as electrodes on Ce( gSmg,0,_s pellets in symmetrical cells.
The electrochemical properties of the electrode/electrolyte
interfaces were investigated using electrochemical imped-
ance spectroscopy (EIS) measurements as a function of the
temperature, Fe content (x) and gas atmosphere. This article
will describe some of the representative morphologies seen
by direct SEM observation of PrygSrg,Co; <FeyOs.5
samples.

2 Experimental
2.1 Precursors

Fine powders of PrygSry,Coi.4FesO3.5 perovskite com-
pounds (x=0.0, 0.2, 0.5, 0.8, 1.0) were prepared by CS
based on the reaction of cations activated by an organic
mixture. Praseodymium (III) nitrate hexahydrate (99.99%;
Aldrich), strontium (II) nitrate (99+%; Aldrich), cobalt (II)
nitrate hexahydrate (98+%, Aldrich), and iron (III) nitrate
9-hydrated (98+%; Aldrich), used as sources of metal
cations, were dissolved in pure water. Then, tribasic
carboxylic acid, such as citric acid (CA, 2-hydroxypropane-
1,2,3-tricarboxylic acid, C¢HgO, H,0, Iso-for analysis,
>99.8%, Carlo Erba reagents, CAS: 77-92-9), was used as
a chelating agent of metal cations and, straight afterward, as
a fuel during combustion. In all experiments the molar ratio
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(v) between fuel (citric acid, CA) and total oxidant (NO3—)
was set to 1:1, because the energy released by the
combustion of the redox mixtures reaches the maximum in
heat release rate when the <y ratio is near to unity [8, 24].

2.2 Synthesis and Characterisation of Pr( gSrg ,Co;_<FexO3.s
powders

The aqueous solution containing all metal nitrates and
organic fuel was heated at about 393 K for 3 h under
stirring in a beaker (Pirex) and a colored gel was obtained.
Water vapor gradually evolved with a corresponding
increase in viscosity.

The gel was transferred into a ceramic dish and placed
into a hot-plate preheated to above 470 K. The gel solution
boiled and underwent dehydration followed by a smooth
combustion that produced black foam. This foam then was
ignited, giving highly voluminous and fluffy black powder
combustion products. When ignited at any point, the dried
gel burnt in a self-propagating combustion manner until all
the gel was completely burnt out to form black soft
powders. As-combusted samples were cooled down to
room temperature in air. The resulting as-combusted
powder was further pulverized by hand grinding in an
agate mortar using a pestle, collected and then calcined in
static air at 1273 K for 2 h in a muffle furnace. The samples
were cooled down to room temperature in the furnace.

To perform thermal analysis, the gel was completely
dried in an oven overnight at 373 K. Gas evolutions, in this
case, resulted in gel expansion, by which the final volume
of the gel became more than three times than the original
volume. A soft mass was formed, made of a complex three-
dimensional foam-like structure.

The thermal evolution of the dry citric precursor was
studied using simultaneous thermogravimetric-differential
thermal analysis (TG-DTA), using a Netzsch Analyzer
(Model STA 409), on samples of approximately 60 mg, with
a heating rate of 5 K/min from room temperature to 1475 K
in air flow (100 ml/min), with an «-Al,Oj3 reference.

X-ray diffraction (XRD) analysis was performed to
determine the phase identity, crystal structure, and lattice
constants of the powders, using a Philips X-ray diffractom-
eter (Model PW-1700, Philips) with CuK, radiation at
30 kV and 40 mA. XRD data were collected at 20 angles
between 20 and 80° with a step interval of 0.02° at room
temperature. Rietveld structure analysis was performed on a
powder sample of the PrjgSrg,Co;iFeOs3.5 compound.
The crystallite size was determined using the Scherrer
equation.

Observations of morphology of the as-combusted,
calcined powders and electrode films were performed using
scanning electron microscopy (SEM, Model S-4500,
Hitachi Co, with 4855 Digital Beam Control Interface).

@ Springer

Representative micrographs were selected for presentation.
The particle size was determined by the intercept line
method of SEM observation results.

2.3 Preparation of samples for electrochemical
measurements

Dense electrolyte pellets (diameter <1 cm; thickness
<0.3 cm) were obtained by ball-milling samaria-doped
ceria (Ceg gSmg 0.5, SDC) powders, forming the powders
by uniaxial pressing, and then sintering at 1873 K for 10 h.
The pellet density was estimated to be around 90% of the
theoretical density by geometric factors and weight.

The PrggSry,CoqFe 055 fine powders were deposited
on both symmetrical sides of SDC ceramic pellets
(Pro‘gsro'zcol,XF€XO3,5/SDC/PI'0'8SI'0'2COI_XF6X03_5, with 0.0
<x<1.0) for electrochemical characterization. Prq gSry,Coy_«
Fe, O35 powders were mixed with the same volume of
polyethyleneglycol and ethyl alcohol and then applied to the
electrolyte by painting. The painted pellets were then fired at
1273 K for 1 h in stagnant air. The symmetrical cells thus
fabricated were set up in an alumina tube (inner diameter=
2.5 cm).

EIS measurements in the two-electrode configuration
were used to characterize the cell electrochemical perfor-
mance as a function of temperature, Fe content (x) and gas
atmosphere. EIS measurements were performed using an
in-house-built test station, a Solartron SI 1260 Impedance/
Gain-Phase Analyzer and a 1287 Solartron Electrochemical
Interface, in the frequency range from 0.01 Hz to 13 MHz
(5 points per decade), in the 873 to 1073 K temperature
range with a signal amplitude of 10 mV. Pure air or argon
was supplied to the symmetrical cell at a continuous flow
rate of 30 ml/min during EIS measurements. Gold nets at
both sides of the pellets were used as current collectors.

The area-specific resistance (ASR) of the interface and
the activation energy (E,) of each sample were calculated
from the EIS data in order to shed some light on the
mechanisms of oxygen reduction. ASR values were
calculated from the electrode resistance obtained from the
difference between the lowest frequency and the highest
frequency real-axis intercepts of semicircles in a complex
impedance plots.

3 Results and discussion

3.1 Thermal analysis of the citric precursors

The function of CA during the synthesis is two-fold: at first,
it acts as a multi-complexing agent for the cations in the

nitrate solution; second, it acts as the fuel during the
following combustion reactions. It is not our purpose here
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to study the formation of the gels in aqueous solution
between citric acid and metal nitrates, but only the
evolution of the combustion products.

Figure 1 shows the TG and DTA curves of pure CcHgO-
H,O as a reference and for the Prg gSry,Co; Fe,O5.5 dry
citric precursors with x=0.5 and 1, respectively. The TG
curve of citric acid (Fig. 1(b)) shows about 90 wt% loss
occurring at temperatures between 400 and 650 K, corre-
lated with two DTA endothermic peaks (A- and B -thermal
effects in Fig. 1(a)), representing the CA decomposition.
Finally, a last minor weight loss (—8 wt%) was observed
between 650 and 750 K, associated with a broad and
intense DTA exothermic peak centered at 700 K (C-
thermal effect). The weight loss behavior is comparable to
the trend presented by Mali and Ataie [9]. The C- single
exothermal event occurring at about 700 K is ascribable to
CA- derivatives by the combustion of any residual citric
acid [25-27].

Figure 1(d) and (f) show several weight loss regions for
the dry citric precursors corresponding to about 420, 520,
and between 600 and 750 K, correlated with D, E and F
effects in DTA curves (Fig. 1(c) and (e)), respectively. In
the case of the Prj gSr,Coq sFeqsO5.5 citric precursor (x=
0.5), the TG curve (Fig. 1(d)) can be divided into three
regions: an initial weight loss of 5-10 wt% near 420—

430 K, a further weight loss of 30 wt% between 430 and
620 K, and a final weight loss of 1015 wt% that is nearly
completed at 750 K. Moreover, the TG curve (Fig. 1(f)) of
the other citric precursor sample (x=1, as the citric
precursor without Co ions) can be divided into three
regions: after the first weight loss of 10%, a deep weight
loss of about 50 wt% for the first heating range up to 500 K
and then a final weight loss of 20 wt% between 500 and
750 K that is nearly completed at 800 K.

Each step in the TG curve corresponds to a thermal peak
in the DTA curve. A close examination of the DTA curves
shows that the first exothermic peak (called D in Fig. 1(c)
and (e)) at about 415 K can be related to partial nitrate
decomposition. As confirmed by TG analysis, this exother-
mic reaction at 415 K did not took place for pure CA,
where the nitrates were not added (cf. Fig. 1(a)).

The E- and F- thermal effects for the nitrate-citrate
precursors observed in the 520-750 K range of the DTA
curves (Fig. 1(c) and (e)) can be ascribed to the multi step
thermal decomposition of organic compounds and organic
acid derivatives (such as aconitic acid, itaconic acid,
itaconic anhydride, and acetone-dicarboxylic acid), as also
evidenced by the TG curve of pure CA that showed about
85 wt% loss at temperatures between 450 and 650 K.
Moreover, a moderate weight loss (approximately 10 wt%
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Fig. 1 TG-DTA curves for pure citric acid (a and b), PrygSrg,Cog sFey 5035 (¢ and d) and PrjgSry,FeO5 s (e and f) dry citric precursors,

obtained with a temperature ramp of 5 K/min from 400 up to 1200 K
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of the original weight) of the pure CA sample was observed
between 650 and 750 K, which can correspond to the last
DTA exothermic peak (C- effect in Fig. 1(a)). It can be
concluded that the first nitrate decomposition at relatively
low temperature helps combustion of the citric precursor
and perovskite-type oxide synthesis.

No further weight loss by TG analysis was observed
above approximately 800 K and no endo- or exo-thermal
effects were observed above 750 K. It could be assumed
that the last weak exothermic effect at about 700 K in DTA
curves (F- effect) corresponds also to the synthesis of the
Pro gSrp,Co;_<Fe,O5_5 phases.

In summary, for the citric precursors the first small
exothermic peak in TG-DTA analysis (D- thermal effect at
about 415 K) corresponds to the first nitrate decomposition,
the endothermic event at 530-550 K (E- thermal effect)
corresponds to the first step of decomposition of organic
precursor gels and organic acid derivatives, and the last
broad exothermic effect between 600 and 750 K (F—thermal
effect) corresponds to the ignition of any residual citric acid,
or its derivatives, and formation of perovskite-type oxides.

3.2 Combustion synthesis

When the precursor gel was preheated on a hot plate and
kept at a constant temperature of 470 K, the heat released in
the fast combustion reaction allowed the formation of the
black powders after a few minutes. The combustion was not
finished until all the citric precursors were burned out and
the resulting product was a black substance which showed
voids, pores, and was highly friable, formed by the
escaping gases during the combustion reaction. During the
CS a large amount of gases are liberated from the citric
precursor, and most probably the evolution of gases helped
the formation of fine powders by limiting the inter-particle
contact and maximizing the solid surface. The reaction was
completed before 4 minutes after the start of combustion.
All the samples (0.0<x<1.0) showed a similar decompo-
sition behavior.

Recently, nanosized catalysts have been synthesized via
citrate-nitrate route by hot plate preheated at 430-500 K
and the recorded synthesis temperature of initiation of self-
propagating flameless combustion front was observed
between 670 and 950 K [28, 29]. Our experimental CS
results revealed that the citric precursors exhibited self-
propagating combustion behavior at low temperatures, and
probably the maximum increase in flame temperature was
about 200-300 K from ignition temperature of 470 K. Our
CS observations were in line with those of literature [8, 24,
27], which further confirm our previous findings by using
TG-DTA.

Figure 2(a) and (b) shows the SEM micrographs of the
PI’O'SSI'OV2COO.5F60_5O3_5 (XZOS) and PrO_SSr0_2FeO3_5 (X:

@ Springer

Fig. 2 Representative micrographs of (a) Prg gSrg,Cog sFey sO05.5 and
(b) Pry gSry,FeO5-0 as-burnt powders after combustion synthesis (the
horizontal black scale marker represents 1.00 um and 0.30 pm,
respectively)

1.0), respectively. Same morphology was observed for all
the as-combusted samples, as a function of Fe content (x).

As shown in Fig. 2 the large porous networks were made
of randomly-oriented spherical particles. The median grain
size of the as-combusted powders measured from the SEM
micrographs increased from 40 nm from PrggSrg,FeOs 5
samples to about 150 nm of Pr gSry,Cog sFep s03.5, then
decreasing again with decreasing the Fe content (x), being
40-60 nm for PrgSrg,Co005.5 The agglomerates were
easily destroyed after milling to produce powders.

3.3 Structural analysis

Figure 3(a) shows the XRD patterns of the powder samples
as produced by CS. The appearance of X-ray line
broadening indicates the nano-crystallinity of the synthe-
sized powders. Figure 3(b) shows the XRD patterns at room
temperature for the powders after thermal treatment at
1273 K. The samples heated to high temperature gave



J Electroceram (2010) 24:122—135

127

(a)

Intensity /a.u.

x=1.0

b x=0.8

x=0.5

| T O R

x=0.2

| P A el

x=0.0

20 30 40 50 60 70 80
20

20 30 40 50 60 70 80
20

Fig. 3 X-Ray diffraction patterns of (a) primary powders obtained by CS of citric precursor and (b) calcined powders (1273 K, 2 h)

relatively sharp XRD reflection peaks, indicating the grain
growth of oxide crystallites.

All the powders showed single-phase PrygSry,Coq.
Fe,O5_s perovskite-type oxide patterns, but a systematical
shift in the peak position towards smaller angles as a
function of the Fe content (x) was observed. Since the ionic
radius of Fe*" and Co*" are 0.645A and 0.61A, respec-
tively, the crystal lattice increases with decreasing of the
amount of Co’" used to replace the Fe®" position in
Pry Sty ,Co;_Fe, O s perovskite-type oxides. These exper-
imental findings suggest that PrygSry,CoO5_5 and
Pro ¢Sry,FeOs3_s are completely miscible but, objectively,
we observed two different peaks splitting (at ~41 and ~59°
of 20) in the XRD patterns obtained from x=0 and x=0.2
powder samples with low Fe content (X).

It is well know that the crystal symmetry of perovskite-
type oxide can change as a function of the stoichiometry of
element in metal oxide solid-solution. Also in the present
study, for PrjgSry,Co;.FesOs.5 the perovskite had a
distorted orthorhombic structure (Space-group number=
62) was observed for 0.1<x<1.0 as a function of Fe content
(x). The crystal structure of Pry gSry,Co;Fe,Os_s has been
refined by Rietveld profile fitting method (see Table 1).

It has been reported that at room temperature the LaCo;_
Fe,O; has a rhombohedral symmetry for x<0.45 and
orthorhombic symmetry for x>0.5, whereas the
Laj gSrg,Co;<Fes O35 system are rhombohedral and ortho-
rhombic for x<0.7 and x>0.8, respectively [2]. This
suggested that the Sr substitution in the LaggSrg,Cojx
Fe O35 solid solution can be extended the region of

Table 1 Structural data

for Pry ¢St ,Co;Fe,Oss Structural data

Fe content (x)

(0.0<x<1.0).
0.0 0.2 0.5 0.8 1.0

a /A 5.370 5.381 5.425 5.479 5.502

b /A 5.411 5.419 5.447 5.489 5.528
c/A 7.611 7.625 7.680 7.745 7.786

v /A3 221.17 222.32 226.97 232.93 236.83
N2 /A 5.382 5.392 5.431 5.476 5.506

a, b, /2 relation a<cA\2<b a<cA\2<b a<c\2<b cA2<a<b a<c/2<b
a’ /A 3.810 3.816 3.843 3.876 3.897

o« /% 0.292 0.266 0.158 0.086 0.194
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rhomboherdal phase stability toward higher Fe content (x).
On the contrary, in the Pr;,Sr,Co;Fe,Os5 perovskite
structure with larger Pr replace La the orthorhombic phase
existence range in the first approximation are between x=
0.0 and x=1.0.

Apparently the orthorhombic structural relationship
between lattice parameters of Pr;_,Sr,Co;_Fe, O35 solid
solution is in seemingly agreement with those of Meng et
al. [17] who recently found a single orthorhombic
perovskite-structure (PrCoOs-type) in the Pri_Sr,Cogs.
Fe ;5 solid solution when mole fraction of Sr was
between 0.2 and 0.6, and with those of Qiu et al. [30] who
resolved XRD patterns obtained in the Pr;_,Sr,Co;_Fe, O35
(y=0.2-0.3; 0.0<x<1.0) as an orthoferrite structure
(GdFeOs-type) with space group Pbnm. While, it can be
note that recently Kim and co-workers registered a small
peak split at 59° (20) just for Prg3Sry;Cog-Fep305.5
samples [18].

These lattice parameters discrepancies result from the
fact that the Pr;_,Sr,Co;.«Fe O35 solid solution phase does
not take into account correlations existing between structure
and oxygen content (8). Comparing experimental data
obtained from literature and discrepancies results we
suggest that further studies are necessary to understand
the structure behavior of Pry_ Sr,Co;_Fe, O35 solid solu-
tion as a function of Sr- and Fe- content and mole fraction
of oxygen content (§). In fact, at present, a huge gap of
knowledge is recorded on the crystal-structure behavior of
the Pr;_,SryCo;_Fe,Os_5 system in terms of oxygen content
(8). Our observation is consistent with the findings by
Kostogloudis et al., who suggested that the not-linear lattice
expansion and Thermal Expansion Coefficient (TEC)
behaviors observed at high temperatures in the Pri,
SryCo03_5 oxides (0.0<x<0.5) may be attributed to a loss
of lattice oxygen and the formation of oxygen vacancies
[31].

Table 1 shows the relationship between the pseudocubic
unit cell parameter (¢”), defined as the cube root of the unit
cell volume into ABO; unit (A = Pr, Sr; B = Co, Fe) and the
type of orthorhombic structure, as a function of the Fe
content (x), indicating the fields of the symmetry existence
of Prg gSrg-,Co;_Fe O35 solid solutions. For the calcined
powders, the lattice constants (a, b, c¢) and the cell volume
(V) progressively increased, as well as the pseudocubic
lattice parameter (a’), with increasing the Fe content (x). In
particular, the pseudocubic lattice parameter increased
almost linearly from ~3.81 to ~3.90 A (Aa’=+2.3%) with
increasing the Fe content (x) from PrggSry,CoO;.5 to
Pr ¢Sry,FeO5_5, respectively, in agreement with the
Vegard's law. Moreover, the pseudo-cubic lattice constant
behavior upon modification of Fe content (x) is in good
agreement with experimental results by Tai et al. [2, 3] for
the LSCF system, where lanthanum replaced praseodymi-
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um, and with structural results by Piao et al. [32].
Contrariwise, some authors suggested that the Vegard's
law deviation in lattice constant of Pr;_,Sr,BOs.5 (B = Fe or
Co) as a function of Sr content (y) is ascribed to the
formation of oxygen vacancies [31].

The « orthorhombic distortion, as reported by Piao et al.
[32], is an anisotropy parameter that indicates the distortion
relative to the ideal perovskite structure. The values of «,
calculated from each compound, are shown in Table 1. As
can be found, the & value of x=0.0 was the highest because
of the deviation values of cell parameters (a, b). The
increase of Fe content (x) results in the decrease of «,
which reaches smallest value at x=0.8. The « value
increases again when x=1.0 because of the deviation of
the lattice parameters.

3.4 Morphological analysis

From XRD patterns, the crystallite sizes were calculated
using the Scherrer’s equation for the as-combusted and
calcined powders. For the as-combusted powders, the
crystallite size did not change much with the Fe content
(x). The crystallite size significantly increased, as expected,
with the heating temperature from CS to 1273 K. Scherrer’s
results shows that the crystallite size for the as-combusted
powders was in the 10-16 nm range, and increased up in
the 75-90 nm range after heating. The increase in the
crystallite size depended on the Fe content (x): for the pure
cobaltite (x=0.0) the crystallite size increased slightly from
16 to 90 nm, while the crystallite size for the samples with
x=1.0 was 75 nm. One can observe also that the crystallite
size of the as-combusted powders was significantly smaller
than their grain size observed by SEM. Figure 4 shows the
representative SEM micrographs of the x=0.0 and x=1.0
nano-size powders heated to 1273 K. After thermal
treatment, the particle size of the PrggSry,Co;Fe Os.s
oxides, calculated by the intercept method, grew up above
~150 nm, but the particle size of powders decreased as the
Fe content (x) increased. The particle size parameters of
Pr Srp,C003_5 samples (250 nm) are larger than that of
the x>0.2 samples (190—150 nm), as reported in Table 2.

3.5 Electrochemical characterization

As an example for all the electrode compositions, Fig. 5
shows the Nyquist plots measured using a two-probe
configuration for Pry gSry,Coq sFeq 5055 symmetrical elec-
trodes on a doped-ceria electrolyte on the range of
temperature studied. The inserts in Fig. 5 show the
magnification of the high-frequency region. Figure 5(e)
shows the EIS plot measured at 873 K. The electrical circuit
used for fitting the EIS data is shown in insert of Fig. 5(f).
Symbols Ryr, Rpmr and Ryg describe resistance at high,
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Fig. 4 Representative micrographs of (a) PrggSrg,Co00;.5 and (b)
Pr.gSrg ,FeO;_5 powders annealed at 1273 K for 2 h in air (black scale

marker bars are 500 nm)

medium and low frequency, respectively; W accounts for a
Warburg element, and CPE is the symbol for the constant
phase element.

The EIS plOtS of the PI'()ASSI'().2CO()_5FC()_5O3_5 samples
clearly showed at least two semicircles. Each resistance can
be assigned to the resistance associated with a specific
electrochemical process and can be calculated by nonlinear
least square fitting to experimental data. At 873 K, a
semicircle at high frequency that did not intercept the origin
was observed. This semicircle tended to collapse to a single
point with increasing temperature. Reasonably, these
features can be correlated to phenomena occurring at the
electrolyte (called Process I, in Fig. 5(f)), being the
intercept with the real axis at high frequency ascribable to
the electrolyte resistance [33] and, which agree with those
reported in previous works [34], the semicircle observed at
low temperatures due to grain-boundary resistance [35].

At 873 K and low frequencies the presence of a line
inclined at 45° followed by a semicircle was observed.
With increasing temperature, the linear spur tended to
transform into another semicircle. The sum of these
processes can be correlated to the phenomena occurring at
the electrode and electrode/electrolyte interface (called
Process 11, Fig. 5(f)). The 45° degree straight line behavior
is characteristic of semi-infinite diffusion and was success-
fully fitted with a Warburg element [36]. EIS plots with
similar shape were attributed to Gerischer impedance due to
a co-limited reaction regime where both kinetics and
transport determine the electrode characteristics [1]. How-
ever, in the present case modeling with Gerischer imped-
ance did not satisfactorily fit the measured data [37].
Therefore, the linear spur was attributed to diffusion, which
became favored with increasing temperature, transforming
to finite diffusion semicircle. The final loop at the lowest
frequencies can probably be attributed to charge transfer at
the electrode/electrolyte interface. Therefore, the intercept
with the real axis at the lowest frequencies can give the
resistance for the oxygen electrode reaction. No polariza-
tion was observed at low frequencies, showing that the
perovskite-type oxides possessed significant electronic
conductivity.

Table 2 Some selected proper-
ties of Pry gSry,Co;_Fe, O35
powders and electrode films.

Fe content (x)

Powder /nm Electrode

Film tickness /pm Powder grain size /nm

0.0 250
0.2 190
0.5 150
0.8 170
1.0 160

65 250
80 190
80 150
80 170
80 160
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Fig. 5 EIS complex impedance plane plots recorded at (a) 1073, (b)
1023, (¢) 973, (d) 923 and (c) 873 K in air for the PrqgSry,Cog 5.
Fey503.5 sample (x = 0.5). The high frequency part is enlarged in the
insets. Tangential lines are a guide to the eyes. Fitting of the EIS plot
measured at 873 K, with the equivalent circuit showing the two

The EIS data were used to derive the area specific
resistance (ASR) of the interface for nano-sized
Prg Sry,Coq_Fe,O5_5 electrodes and the Activation Energy
(E,) of the process to understand the effects of Fe
composition (x) on the electrochemical properties [38].

Figure 6 show the temperature-dependence of the
interface conductivity and ASR, respectively, for
Pr( gSrg,Co; _«Fe, O35 solid solutions as a function of Fe
content (x). With increasing the temperature, conductivity
increased logarithmically, showing an Arrhenius-type tem-
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impedance elements associated with each semicircle (called Process I
and II in f). With: Ryr = resistance at high-frequency, Ry =
resistance at medium-frequency, Ry p = resistance at low-frequency,
CPE = constant phase element, and W = Warburg element

perature dependence. The solid lines in the Fig. 6 represent
least square fits for the measured data.

The ASR was the smallest for the PrygSry,Coq,.
Feo 30;.5 sample (2.36 Q cm? at 973 K). The ASR of
Prg gSrg,FeO5_5 (x=1.0) electrode was larger than that of
the PI'()_gSI'OQCOOASFerOg, (XZOS) and ProigsI'O.zCOO.g_
Fep105.5 (x=0.2) electrodes but there was a different
behavior on the Prg gSry,Co005_5 electrode (x=0.0). These
ASR performances make this material a promising
potential candidate for SOFC applications as a future
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Fig. 6 (a) Arrhenius plots of electrode process, and (b) area specific
resistance versus the reciprocal of temperature (solid lines guide the
eye) for PrygSry,Co;_<Fe O35 nanocrystalline powders in symmetri-
cal cells

composite cathode which can match well with SDC
electrolyte.

The Activation Energy (E,) for all the samples was
calculated to be in the 1.33-1.52 eV range. More
specifically the Ea (£0.02 eV) of the x=0.0, 0.2, 0.5, 0.8
and 1.0 samples in the Pry gSry,Co;_Fe, O35 systems were
1.33, 1.52, 1.50, 1.50 and 1.36, respectively. The variation
of E, with composition differs from that of the ASR: the
lowest E, was observed for the PrggSry,C003.5 (x=0.0)
sample, which showed the largest ASR.

The activation energy values obtained in this work for
Prg gSrg ,Co,_Fe, O5_5 solid solutions are of the same order
of magnitude as the E, reported for LSCF electrode
(1.60 eV) by Bae and Steele [39] and for Sr-Ce-Fe-Co-O
system (1.44 eV) by Colomer et al. [40] on ceria electro-
lytes, suggesting that this electrode is compatible with

cathode technology and is a potential candidate for the
fabrication of SOFC, as recently reported by Meng and co-
workers [17].

Moreover, we tried to evaluate separately the E, for the
ASR associated with Process I and with Process II. For the
Pry gSrp,Cog 5Feq 5035 samples, the activation energy
related to Process I (i.e., associated with the electrolyte)
was 0.83+0.02 eV, which is in agreement with E, values
reported in the literature for the conductivity of SDC [41].
Quite similar results are obtained with other electrodes [34],
which confirm our experimental results.

For Process II (i.e., associated with the electrode) E, was
1.48+0.02 eV, which was the same value measured for the
E, of ASR derived from total resistance. Apparently, this
means that the rate determining process for the
Pr gSrg,Co; «Fe, O35 electrodes is their surface reaction
with gas. Therefore, the presence of a single slope indicates
that the same reaction mechanism controls the overall
electrode behavior in the temperature range studied.

Regarding electrochemistry behavior of PrjgSrg,Coj
Fe, O35 electrode, there are poor literature data about its
ASR. Moreover, there is poor literature documentation on
the mechanical properties of Prg gSry,Co; <Fe O5.s cathode
ceramics. In all case, we can be noted that Fe content (x)
makes an important contribution to the electrochemical
reaction. As examples, we noted that the substitution of Fe
on the Co-site makes the overpotentials increase slightly in
the composition range of 0.0 and 0.8 and drastically
increase at x=1.0 content [30], as was also confirmed by
Zhu et al. which reported a lower cathode overpotential
curve at x=0.1 in the Pry;Sry3Co0,_,Cu,O3_s cathode on the
SDC disk [19]. If the cathode overpotential is closely
related to a kinetics of oxygen exchange, diffusion in the
cathode materials as well to as to the oxygen vacancy, we
can be concluded that electrochemical performances are
very closely related to a structure behaviors at high
temperature and electrode morphology nature. At the same
time, the TEC match between PrggSry,Co;_Fe 055
electrode and electrolyte is very important point and in
the first approximation depend on Fe content (x), oxygen
vacancies and crystalline structure. Moreover, it is well
known that in the LaggSry,Co;<Fe O35 system the
rhombohedra phase always exhibits a higher TEC than the
orthorhombic symmetry and, simultaneously, that the
oxygen deficiency structure is also enhanced at high
temperature [2].

It can be note that the best electrochemical performances
in the PrjgSrg,Co;<FeOs.5 correspond to orthorhombic-
type structure electrodes with low o« value (x=0.8) and the
ASR was highest for the high-distorted PrggSry,CoO;3
phase (x=0.0). Thus, the lattice expansion of Prj gSry,Co;.«
Fe,O5_5 phase system when x<0.2, and attributed to a loss
of lattice oxygen of high-distortion orthorhombic-type
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structure, probably increases more rapidly than x=0.8
sample as a function of temperature (T<1073 K). The
relationships between chemical composition and electrode
film micrograph for PrygSrg,CoqFeiO3.5 system are sub-
jects of the next paragraphs, whereas the relationships
between crystal structure at high-temperature and TEC as a
function of oxygen content (§) are subjects for future
investigations.

The oxygen reduction reaction seems to control the
Prg §Srp,Co;_Fe,O5_5 electrode performance. The kinetic
parameters of this reaction are influenced by several factors,
although the reaction of molecular oxygen with the
Ceo.sSm,0,_s electrolyte surface, at first instance, can be
neglected because the surface exchange coefficient values
at SDC/gas interface are very low at these temperatures [1].

To better understand the nature of the phenomena
driving the rate determining step, it was decided to
investigate the influence of the gas atmosphere and typical
results are reported for Pry gSry,Coq sFeg 5055 samples (x=
0.5). Figure 7 shows the complex impedance plane plots for
the Pry gSrg,Cog.sFey.505.5 samples measured at 1073 K in
air and in argon inert atmosphere, respectively. The
resistance at low frequencies dramatically increased in
argon. On the other hand, the intercept with the real axis
at high frequencies slightly decreased in argon as compared
to air. Once again these data confirmed that the rate
determining process for PrggSrg,Co; Fe,O55 electrodes
is the surface reaction with gas and the oxygen surface
exchange process primarily dominates the oxygen reduction
reactions between 873 and 1073 K. Moreover, we also
noticed that the Process I located at the high frequency side
remains almost unchanged with the change of the oxygen
partial pressure. On the basis of these results, we conclud-
ed, as reported before, that the highest frequency process
was attributed to interfacial electrochemical kinetics process
at the SDC/PrggSry,Coq.Fe O35 interface. The results

J -1
2] 10
3.210"
S 204
N
10 A
0
10 20 30 40
Q

Fig. 7 EIS complex impedance plane plots of Prg gSrg ,Cog sFey 5035
electrodes measured in air or argon at 1073 K
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Fig. 8 A representative micrograph of Prj gSry,CoggFep 055 elec-
trode layers (the scale marker bar is 50.0 pm)

reported in Fig. 7 show that the rate determining step of
oxygen reduction is probably controlled by a surface
exchange reaction that involves dissociative-adsorption
reaction and diffusion of oxygen on the PrggSry,Coq
Fe O35 electrode surface, and migration of oxygen ions
from the electrode to the SDC electrolyte.

Moreover, the apparent E, of the oxygen reduction
reaction at Pr( gSry,Co;_Fe,O5.5 electrodes (Fig. 6) varied
as a function of Fe content (x), indicating that the overall
energy strongly depended on the nature and composition of
the metal ions. However, also the particle size of the
powders was affected by the same parameter. Therefore, it
is necessary to understand whether the electrochemical
properties are really affected by the chemical composition,
the crystal structure or microstructural correlated with the
Fe content (x). Thus, a detailed microstructural analysis on
the electrodes was necessary to develop a better under-
standing of the correlation between electrochemical prop-
erties and Fe content (x).

Figure 8 shows the SEM micrographs of the typical
cross-section of Pr-based cathodes prepared by heating the
films at 1273 K. The cross-section photographs were
obtained by observing mechanically fractured sample. As
reported in Table 2, the film thickness was measured to be
80+5 pm for all the films (1.0<x<0.2), except for the pure
cobaltite sample (x=0.0) that was measured to be 65+
5 wm. The films obtained in this way were highly porous.

Figure 9 shows typical SEM micrographs of the surface
of the Prj¢Sry,Co;Fe,O5.5 electrode films as a function
of Fe content (x). It is possible to observe that the particle
size distribution in the films was relatively narrow. As
reported in Table 2, the average grain size of electrode films
varied from 250 to 150 nm from PrygSry,Co0O5.5 to
Prg gSr ,FeO5_s, respectively. Moreover, from high magni-
fication SEM micrographs of electrode films, it can also be
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C))

Fig. 9 Representative high magnification SEM images of of (a)
Pr.gSrg,C005_5 and (b) Pry gSrg,FeO;_5 electrode layers (black scale
markers are 500 nm)

seen that the grain size is found to decrease with the film
thickness. Further, particle size decreased with an increas-
ing in Fe content (x) value, and partial agglomeration of
these particles were observed at low Fe content (x). The
well-developed crystalline particles with regular shape and
high surface particle were observed for x>0.8 electrode.
Another relevant fact related with cathode performance
is the presence of surface cracks at low Fe content (x).
Figure 10 shows the SEM micrographs of electrolyte films

with different Fe content (x). The propagation of surface
cracks has been observed in PrjgSry,Co0O5_5 electrode,
while big cracks have not been observed for the electrode
films with x>0.2 deposited by screen-printing. Consequent-
ly in order to explain the experimental results, it must be
emphasized that the samples surface morphology shows a
clear relation with the Fe content (x).

In the absence of Fe, for x=0.0 sample, the surface of
the Prg gSrg,C005_s electrode (Fig. 10(a)) is seen to have a
larger well-known crack size morphology, distributed
between 5 and ~20 pum, and the electrode surface presents
a rough shape. The result obtained from PrggSry,Co00O;.5
electrode surface is consistent with the findings by
Grunbaum et al. who noted that the origin of these cracks
may be related with differences in shrinkage during the heat
treatment performed of green powder on the electrolyte
surface [36]. A more compact structure is observed as the
Fe content (x) from x=0.2 to x=1.0. More specifically, we
can denote that the x=0.8 (Fig. 10(d)) and x=1.0
(Fig. 10(e)) electrode films are crack-free, while films of
x=0.2 (Fig. 10(b)) and x=0.5 (Fig. 10(c)) present some
very small surface cracks (<5 pum).

Another relevant experimental result related to surface of
the Prg gSry,Coq,Feq g05_5 electrode. It can be seen that x=
0.8 electrode surface has a relatively rich pinhole structure,
in comparison with other samples, and the pore size mainly
distributed in the range of 2-5 um. This uniform surface
layer, with rough shape and same well size-distributed
pinhole, is supposed to form better interfacial contact
between electrolyte and electrode, as a confirmed the
electrochemical measurements (cf. Fig. 6(b)) where the x
=0.8 samples is found to be the best ASR values in the
Prg gSrg,Co; <FeyO3.5 system. In addiction, for x=0.8
similar o trend were shown where the smallest values was
found for Prg gSry,Cog,Fes05.5 sample (Table 1).

In addition, it can be noted that thermal compatibility with
electrodes was exhibited at x>0.8 in Pr( gSry,Co;_Fe,Os.5
samples [30, 31]. On the other hand, if the crack may
represent an area at which there are local stress and then
probably reduced the effective contact area between the two
layers, we can be concluded that, keeping the manufactur-
ing method unaltered for all electrode, the contact resis-
tance of charge transfer processes occurring at the current
collector/Prg gSrg ,C005_5 or PrygSry,Co0;. s/electrolyte
interfaces will increase. The explanations are in line with
previous experimental measurements by EIS (cf. Fig. 6(a))
but a further optimization of the deposition temperature
conditions of cathode is necessary to overcome this
problem.

We can conclude that the electrode performance of
Pro Srp,Co; <FexO5.5 is not only influenced by the Fe
contents (x), and as consequence the crystalline structure,
but also strongly depends on nano/microstructural features
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Fig. 10 Low magnification
SEM images of representative
Pry §Srg,Co;_<Fe,Os_5 electrode
layers: (a) x = 0.0, (b) x = 0.2,
(¢) x=10.5, (d) x = 0.8 and

(e) x = 1.0 (white scale marker
bars are 100 pm)

of the material, notably the fired electrode morphological
properties: both factors are to be considered together.

However, the possibility of starting the electrode fabrica-
tion from sub-micrometer powders could allow lowering the
sintering temperature. Furthermore, Pr(gSrg,Co;Fe O35
powders are a promising candidate for producing a
composite cathode active material of SOFC. The test of
these cathodes in an anode-supported fuel cell is planned in
order to evaluate their performance under actual operating
conditions.

4 Conclusions

In the present study, the crystal structure, morphological
and electrochemical properties of PrggSrg,Co;(Fe O3
was investigated as a function of Fe content (x).
Pry ¢Srg,Co; .<FeiO3.5 powders were prepared by the
citrate-nitrate combustion synthesis than can produce final
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products without using any intermediate processes. Redox
auto-combustion reaction between metal nitrate and citric
acid yielded ultrafine PrgSrg,Co;Fe,O;.5 powders with
average particle sizes on submicron level. This work has
shown that CS process can be used with successful results
to prepare Pry gSry,Co;_Fe, O3 s nano-powders suitable for
SOFC cathode manufacturing.

All the compounds crystallize in a pure single phase
perovskite-type and, moreover, the orthorhombic distortion
symmetry o took place as a function of Fe content (x),
which reaches smallest values at x=0.8.

The changes in microstructure of electrode film on SDC
pellets were analyzed. The Fe content (x) has a crucial
influence on the prepared powder characteristics and a
significant influence on the electrochemical performance
because the Fe content (x) has effects not only on the
morphology of the cathode film during fabrications, but
also on crystal structure and than on the surface exchange
kinetics of electrocatalyst reactions.
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The EIS data, measured as a function of the temperature, Fe
content (x) and gas atmosphere clearly indicated that the
resistance of symmetrical cells made with PrygSry,Co;«
Fe,Os5 electrodes originates mainly from low-frequency
phenomena. The rate determining step was identified as the
oxygen dissociative-adsorption and diffusion at Prj gSrg,Co;«
Fe, O35 electrode surfaces and oxygen migration/diffusion
between the SDC/PrgSry,Co;Fe,O5.5 interfaces. In terms
of electrochemical performance, the best composition was
orthorhombic-type Prj gSrg,Cog,Fes05.5 (x=0.8) phase,
which allowed obtaining an ASR value of 236 Q cm?
measured at 973 K.
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