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Solid oxide fuel cells (SOFCs) have attracted a lot of attention for their high
efficiency, fuel flexibility, lower air pollution, etc. Unfortunately, their operating
high temperature is the main shortcoming for commercialization. One of the main
hurdles to achieving intermediate temperature SOFCs is the conductivity of their
cathode materials at lower temperatures. Therefore, in this study, a conductive
Sr, Fe , Co,, O, cathode material with a Ruddlesden—Popper crystal structure
was first successfully synthesized, and then the effect of sintering temperature
was investigated. X-ray diffraction analysis results revealed that the powder was
approximately pure. Moreover, field emission scanning electron microscope
(FESEM) micrographs showed rod-shaped particles with an average particle
size of 670 nm. To evaluate the sintering effect on the electrochemical behavior
of the synthesized powder, a paste of the powder was painted on both sides of a
Gadolinium doped Ceria (CGO) electrolyte and sintered at 1000°C and 1100°C.
The electrochemical impedance analysis on symmetrical half-cells revealed that
the minimum polarization resistance for the sintered cathode at 1000°C and
1100°C was 1.1 Q.cm?and 1.6 Q.cm? at 800C. The FESEM micrograph showed
High-temperature sintering could affect the interface between CGO and SFCO
and decrease transport pathways for oxygen ions conduction at higher sintering
temperatures. Also, the electrical conductivity of the sample was determined by
the four-point probe electrical conductivity method in the temperature range of
200-800°C at room atmosphere. The results show that the maximum electrical
conductivity at 427°C is 76 S.cm™.

1. Introduction

of its high conversion efficiency, low pollutant emis-
sion, and excellent fuel flexibility [1, 2]. However,

Solid oxide fuel cell (SOFC) technology is considered its high operating temperature (~1000°C) leads to
a promising approach to meet energy demand because several issues, including interface reactions between
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the cell components, poor durability, and high cost.
Hence, a huge effort has been made to decrease the
operating temperature to an intermediate temperature
(IT) range of 500-800°C to enable the use of low-cost
materials and improve long-term performance. Tradi-
tional cathode material, (La,Sr)MnQO3, displays a low
catalytic activity for the oxygen reduction reaction
(ORR) below 800°C [3]. Current efforts are focused
on developing new mixed ionic-electronic conductors
(MIECs) for cathode materials with high electro cata-
lytic activity for the ORR and good chemical and ther-
mo-mechanical compatibility with other components
in IT-SOFCs [4-6]. Extensive past works have been
devoted to exploring suitable cathode materials to
accelerate the ORR rate. Among those materials, Co-
based perovskite or double perovskite materials, such
as , , PrBaCo,O_ ;, and GdBaCo,O__,
the most attention because of their high catalytic ac-

have attracted

tivity toward oxygen dissociated adsorption reaction
and their high oxygen ion conductivity, which great-
ly depresses the polarization resistances of the cells.
However, the chemical stability of these materials at
the operating conditions of the SOFCs is less attrac-
tive, leading to performance degradation during long-
term operation [7].

As an alternative cathode material system, Rud-
dlesden—Popper (R—P) oxides with layered struc-
tures, especially the one-layered oxides of Pr,NiO,,
LaNiO,, and La,CuO,, have gained special attention
for their extremely high oxygen ion conductivities in-
side the rock salt layer. Although their catalytic ac-
tivities toward ORR are not ideal, these R—P oxides
provide useful information on the fundamental un-
derstanding of the transporting properties within their

special structures [8, 9]. Recently, Sr,Fe,O, ;, a dou-

278
ble-layered oxide with two SrFeO, perovskite layers
sandwiched by the SrO rock salt layers, came into the
picture for its good oxygen and water storage capacity
and high catalytic activity toward no decomposition.
Unlike the formation of interstitial oxygen at the rock
salt layer in A BO, oxides, oxygen vacancies were

reported to form at the intersection point of the two

perovskite layers, and protons are prone to form at the
rock salt layer in a moisture atmosphere. In our recent
work, we demonstrated SFO was an effective cathode
in proton-conducting SOFCs, and the resulting perfor-
mance was among one of the best so far [7].

With this perspective, the Ruddlesden-Popper (R—P)
series of oxides, having a general formula (AO)
(ABO3)n with n = 1, 2, and 3, have attracted atten-
tion as cathode materials for SOFC due to their mixed
conducting properties [7, 10-12]. The R—P structure
contains n repeating perovskite layers alternating with
a rock-salt layer, and n = corresponds to the per-
ovskite structure. Compared to the perovskite oxides,
R—P phases usually exhibit improved structural stabil-
ity without suffering from unwanted phase transitions
[12, 13]. Co substitution in Sr_ (Fe,Co)nO, ., increas-
es the electrical conductivity and catalytic activity for
the ORR in IT-SOFCs [14, 15]. However, the thermal
expansion coefficient (TEC) increases with Co substi-
tution because of the low-spin to the high-spin transi-
tion of Co*" ions [15].

The structure of the n = 2 phase of the R—P oxide
Sr,(Fe,Co),0, ; consists of two Sr(Fe,Co)O, per-
ovskite layers alternating with a single SrO rock-salt
layer along the ¢ axis. This crystal structure is known
to accommodate a considerable amount of oxygen
non-stoichiometry 0 < 8< 1 without changing the
crystal symmetry [16, 17]. Several compositions of
this R—P phase with different substitutions in the A
and B-site have been explored for oxygen separation
membranes and SOFC cathode materials.

Therefore in this study, cobalt was partially doped
into Sr,Fe O

2778

Afterward, the prepared slurry of as-synthesized

using a polymerized complex method.

powders was applied on both sides of the Gadolini-
um doped Ceria (CGO) electrolyte. Then, the cath-
odes were sintered at two different temperatures
to study the effect of sintering temperature. The
electrochemical properties of the sample revealed
that at 1000C, the sintered cathode has better
electrochemical properties.
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2. Experimental

2.1. Materials and methods

Sr,Fe, (O, ;: SFCO was synthesized by using the po-
lymerized complex method. Iron nitrate nonahydrate
Fe(NO,), 9H,0O, strontium carbonate SrCO,, and ni-
trate cobalt (Co(NO,),.6H,0) were added to an aque-
ous solution of 333 mol citric acid (180 mL), and the
resulting solution was stirred for 2 h at 80C to solve
the metal oxide complex. Ethylene glycol (333mmol)
was added to the solution and stirred at 130C for 4 h to
produce a gelatinous solution. The gel was pyrolyzed
in a mantle heater at 350C for 3 h, and finally, the ob-
tained brown powder was calcined at 1000°C for 5 h
(Sr,Fe, O, ) in an electronic furnace under a flow of
air. It is worth mentioning that this temperature is the
optimum one, and the expected crystal structure did
not form at lower temperatures.

To measure the polarization resistance of the cath-
ode, symmetrical half-cells were made with CGO
electrolyte. To make a cathodic slurry, 1.6 gr of Ink
Vehicle Terpineol Based (VEH) was added to 1 gr of
powder and placed in a ball mill for 24 hours. Then,
the cathodic slurry was painted on both sides of the
electrolyte (density: 99.5% and 250um in thickness)
and sintered at two temperatures [18]. The silver paste
was applied on both sides of the sintered cathode by
painting on both sides of a symmetrical half-cell, then
sintered at 800 © C for 1 hour. The silver mesh was
used as the current collector on both sides of the sym-
metrical half-cell.

To prepare the sample for the four-probe electrical con-
ductivity test, the powder was uniaxially pressed (200
MPa) in a rectangular cube shape with approximate
dimensions of 20*20*2 mm and sintered at 1250C for
5 hours. To determine the electrical conductivity ca-
thodic of the sample, the two outer surfaces of the part
are coated as external electrodes for the entry of elec-
tric current by silver paste. Also, internal electrodes
with a specific formula was developed for measuring
potential drop by silver paste on the sample.

2.2. Characterization

X-ray diffraction (XRD) patterns were recorded using
a PAN analytical (X'Pert PROMPD) using Cu-K  ra-
diation over the angular range of 20—80°. Field emis-
sion electron microscopy (FESEM, TeScan — Mira
IIT) was used to evaluate the morphology of the syn-
thesized powders and to determine their particle size.
To obtain the polarization resistance of the cathode,
the electrochemical impedance spectroscopy (EIS) of
symmetrical half-cells with CGO electrolyte was per-
formed by Auto-lab 320 in the temperature range of
700-800 ° C and the frequency range of 0.1 Hz to 10
MHz. The electrical conductivity was determined by
a digital four resistance ohmmeter (DUCTER DLRO-
10) in the temperature range of 200-800 ° C in the air.

3. Results and Discussion

Figure 1 shows the X-ray diffraction pattern of pow-
der . The results show that the as-synthesize powder
is a pure with the RP structure and crystallite size of
399A’ As can be seen, the addition of Co resulted in
a shift of the peaks, which confirms the doping of the
Co in the SFO structure.
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Fig. 1. X-Ray Diffraction patterns of a) SFO produced from
the standard card and b) pure SFCO powder prepared by the
polymerized complex method calcined at 1000°C.
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The FESEM micrographs of calcined SFCO powder
at 1000C for 5 hours are shown in Figure 2. As can
be seen, the particles are mostly sub-micron with an
average particle size of 0.67 um. Also, the shape of

the powder is a rod.

Fig.2. FESEM image of Sr.Fe, , Co O, calcined at 1000°C.

After applying the cathode layer to both sides of the
CGO celectrolyte, the resistance of the symmetric cells
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was evaluated by alternating current impedance anal-
ysis to evaluate the electrochemical performance of
the synthesized powder.

Figure 3 shows the Nyquist plots of samples sintered
at different temperatures. The point of contact with the
horizontal axis at high frequencies indicates the ohmic
resistance, which includes the ionic resistance of the
electrolyte, the electron resistance of the electrodes,
and the resistors related to the junction. The intersec-
tion with the horizontal axis at low frequencies shows
the total resistance. The difference between the total
resistance and the ohmic resistance in symmetrical
cells shows the polarization resistance created be-
tween the cathode surface and the electrolyte.

As expected, the polarization resistance between the
cathode surface and the electrolyte decreases as the
sintering temperature increased. Figure 3(a) shows
the Impedance plot for SFCO sintered at 1000C. The
minimum polarization resistance for this compound
was 1.1 at 800°C. As the temperature decreases, the
polarization resistance increases and is 1.7 and 4.2 at
750C and 700C, respectively.

SFCO

Z'(Q.em?)

(b)

Fig.3. AC impedance spectra in the 700-800°C temperatures range and frequency from 10" to 10° Hz for SFCO cathodes sintered
at a) 1000°C and b) 1100°C.

Figure 3(b) shows the SFCO cathode impedance curve
sintered at 1100 ° C. The polarization resistances in
this sample at temperatures of 700 °C, 750 °C, and
800 °C were measured as 5.6, 2.3, and 1.6, respective-

ly. Dao MingHuan and Zhiguanwag [19] researched
SFCO, and their impedance resistance was reported at
500C, 1.7. Karinjilottu et al. [20] reported lower polar-
1zation resistance for SLFCO, SNFCO, and SCLFCO
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of 700, 750, and 800°C, respectively (see Table 1), be-
cause when Co was doped, the electrical conductivity
and thermal expansion coefficient (TEC) increased.

Table 1: Impedance resistance reported by Karinjilottu et al.
[20].

Name 700C 750C 800C
SLFCO 0.5 0.3 0.2

SCLFCO 0.6 0.1 0.05
SNFCO 0.56 0.33 0.21
SCNFCO 0.52 0.31 0.11

Figure 4 has shown an Arrhenius diagram of the polar-
ization resistance of a sintered cathode at 1000C and
1100C in the 700-800C temperature range. Sintered
SFCO at 1100C had the highest polarization resis-
tance of all temperatures in the mentioned range. Sin-
tering temperature has a strong effect on polarization
resistance. As the sintering temperature was increased,
the interface between CGO and SFCO, which provide
fast transport pathways for oxygen ions conduction,
could be severely destroyed. The excellent oxygen ion
transport and improved catalytic activity toward the
O, reduction reaction of SFCO should account for this

enhancement.
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Fig.4. Arrhenius diagram of the polarization resistance of sin-
tered cathodes at 1000C and 1100C in the 700-800C tempera-
ture range.

To better understand the electrical properties, the
four-probe method was used to determine the electri-

cal conductivity of the cathode composition. In this
method, the resistance of the samples was calculated
by measuring the potential decreasing with a specific
current, then the equation below was used to deter-
mine the electrical conductivity of the samples.

1 L
O =—=—-
r RA

p: Specific resistance

o: Electrical conductivity

A: Cross-section

L: The distance between the two electrodes
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Fig. 5. Electrical conductivity of the SFCO sample measured
at various temperatures.

Figure 5 shows the electrical conductivity changes of
SFCO powders that were cold-pressed into a rectan-
gular with 20 mm in height, 20 mm in length, and 20
mm in width after sintering at 1250°C for 5 h in air.
The maximum amount of conductivity of an SFCO
sample at 427C is 76 S . The electrical conductivity of
the compound first increases and then decreases with
increasing temperature due to the law of semiconduc-
tors. As the temperature increases, the conductivity
increases because the concentration of free electrons
increases, but at a certain temperature, the conductiv-
ity decreases due to the reduced mobility of the free
electrons.
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Figure 6 shows Ln(cT) per 1000/K for our cathodic
sample. At low temperatures, the curve is linear which
indicates that the conductivity via small-Polaron Hop-
ping. Therefore, in this part, the activation energy of
the polarization process is calculated by the relation-
ship below [21, 22].

E
Ln(oT )=—>=+LnA
RT

o: Conductivity

T: Temperature

Ea: activation energy

A: Chemical constant

R: Universal Gas Constant

The activation energy for the sample in the linear part
in the 300-400 temperature range is 1 eV. The activa-
tion energy for two crystal structures similar to the
compounds used in this study, i.e., SCNFCO and SF-
CMO, are 1.56ev and 1.1ev, respectively [20, 23].
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Fig. 6. Arrhenius diagram of the SFCO cathodic composition
sintered at 1250 ° C for 5 hours.

Figure 7(a) shows the cross-sectional area of a sym-
metrical half-cell SFCO cathode sintered at 1000° C
after electrochemical impedance analysis of the part

where silver was not applied. The cathode had good
adhesion to the electrolyte, and no separation occurred
between them. Also, due to the microstructure, uni-
form porosity was created in the cathode after the cal-
cination operation. The cathodic layer applied to the
electrolyte in the symmetrical half-cell has a uniform
thickness. Figure 7(b) shows the separation that oc-
curred between the cathode and electrolyte in a sym-
metrical half-cell SFCO cathode sintered at 1100°C.
Therefore, as the SEM images show, high-tempera-
ture sintering significantly decreases the interface
area between the cathode layer and electrolyte, which
can provide the ionic transport pathway. This work
clearly shows how sintering temperature affects ionic
conduction. We found that interfacial ionic conduction
plays a central role in the CGO-SFCO fuel cell device
performance.

)

Fig.7. FESEM images of a fractured symmetric cell after test-
ing SFCO cathodes sintered a) at 1000°C and b) at 1100°C.



Iranian Journal of Hydrogen & Fuel Cell 1(2021) 51-58 57

4. Conclusions

In this study, an SFCO compound with a R-P2 crystal
structure was successfully synthesized by a polymer-
ized complex method. The XRD and FESEM results
revealed that the powder was approximately pure and
sub-micron in size. The electrical properties revealed
that the maximum electrical conductivity of SFCO
was 76 S. at 427°C. The reason for this behavior is the
opposite interaction of the concentration and mobility
of free electrons. Moreover, EIS results revealed that
the sintering temperature has a significant impact on
SFCO cathode polarization resistance, and as a result,
conductivity. The minimum polarization resistance of
SFCO sintered at 1000 ° C was obtained at 800 °C
with a value of 1.1, which is about 50% less than the
sample sintered at 1100° C. This behavior might be
due to the high-temperature sintering destroying the
interface between CGO and SFCO, which provides
fast transport pathways for oxygen ions conduction.
The excellent oxygen ion transport and the improved
catalytic activity toward the O, reduction reaction of
SFCO should account for this enhancement.
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