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ARTICLE INFO ABSTRACT

Keywords: Employing potent advanced materials to perform as the cathode of SOFC requires a profound investigation on
Solid oxide fuel cell the material’s electrochemical response within the oxygen reduction reaction. Accordingly, in this research,
EIS electrochemical characteristics of SroFe; sMog 506.5/Gdo.1Ce0.901.5 (SFM/GDC) air electrode was studied using

]SDRT aDC electrochemical impedance spectroscopy (EIS) and distribution of relaxation time (DRT) technique. SFM/GDC
Gill\'/ils/ ch]Zr composite electrode sintered at 1050 °C shows the lowest polarization resistance of 0.23 Q.cm? at 800 °C. Three

DRT peaks determined, and an LRo(QRy)G equivalent circuit is proposed for the EIS response, in which the
Gerischer element was related to the low-frequency part. Two of the peaks indicated by DRT were associated
to the Gerischer response, which reveals simultaneous occurrence of oxygen surface reaction and diffusion sub-
processes during ORR. By temperature rising from 650 °C to 800 °C, Gerischer resistance (Rg) reduces by 91%.
Introduction of Pd nanoparticles into the electrode reduces the Rg by 48% and 10% at 650 °C and 800 °C,
respectively. The results demonstrate that at the intermediate temperature range, the SFM/GDC composite
electrode requires improvement by surface decoration due to its insufficient surface exchange kinetics; how-
ever, significantly improved surface exchange kinetics is observed at higher temperature range without any

surface modification.

1. Introduction

Study of the electrochemical behavior of electrode materials is of
great importance to utilize them in solid oxide cells (SOCs) as one of
the most promising energy conversion systems [1-3]. Introduction of
double perovskite (DP) and the Ruddlesden-Popper (RP) structures
established new classes of electrode materials that exhibited superior
performance compared to simple perovskite materials [4]. Recently,
strontium ferrite-molybdenum with double perovskite structure has
been introduced with notable electrical conductivity in both oxidizing
and reducing atmospheres, makes it suitable to be used as both air and
fuel electrodes [5-9]. It was reported that manipulating the B site cations
ratio in SryFe; sMog 506.5 (SFM) leads to the emergence of electronic
defects and oxygen vacancies in the material’s structure, which are the
prerequisites of mixed ionic and electronic conductor (MIEC) materials.
Also, its electrical conductivity increases by temperature especially
above 630 °C due to the change in the electronic state of Fe and Mo from
Fe®*/Mo®* to Fe®*/Mo®* [7,10,11]. However, it is repeatedly

* Corresponding authors.

reported that SFM electrode material suffers from the presence of insula-
tor SrMoO, phase [9,12].

SFM and SFM-based composite electrodes have been studied to
evaluate their feasibility for use as air electrode of SOFC. For the first
time, Liu et al. [7] reported that the electrode polarization resistance
of SFM air electrode on LSGM electrolyte is 0.66, 0.24 and 0.10 Q.
cm? at 750, 800 and 850 °C, respectively. Afterwards, oxide ion con-
ductors such as Sm- and Gd-doped CeO, (SDC and GDC, respectively)
were utilized to make SFM-based composite cathodes in order to
improve the electrochemical activity of the electrode by the extension
of active sites [13,14]. Dai et al. [13] studied the electrochemical
response of SFM/SDC composite cathode and obtained the lowest
polarization resistance in the presence of 40 %wt SDC (0.83, 0.41
and 0.20 Q.cm? at 700, 750 and 800 °C, respectively). In that work,
the EIS data of NiO-YSZ/YSZ/SFM-SDC cell was fitted in a LRo(QuRy)
(Q:Ryp) equivalent circuit. It was proposed that addition of SDC reduces
the size of high and low-frequency arcs due to the extension of triple
phase boundaries (TPBs) and facilitation of surface diffusion and
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adsorption, respectively [13]. Despite the results of these studies, the
electrochemical behavior of SFM/GDC composite cathode and the lim-
iting steps during ORR still require more investigations.

It has been shown that electrode surface decoration is an effective
method to enhance the electrodes’ electrochemical activity [15]. In the
case of SFM and SFM-based electrodes, the effect of different nano-cat-
alyst infiltration were studied by various authors [12,16]. Xu et al.
[17] comprehensively studied the effect of Ni nanoparticles infiltration
into the SFM fuel electrode. Yu et al. [18] investigated the SFM-SDC
fuel electrode and reported that introduction of Ru to the electrode
backbone, improved the electro-catalytic properties of the electrode
and reduced the polarization resistance from 0.67 to 0.22 Q.cm? at
3% H,0 humidified hydrogen. Also, Liu et al. [19] illustrated the
effect of Ru impregnation on the SFM-SDC performance toward steam
electrolysis with the assistance of partial oxidation of methane (POM).
Osinkin et al. [20] used PrgO;; to promote the SFM/SDC (90/10 wt%)
composite cathode performance and observed a 5 to 7 times reduction
of electrode polarization resistance due to the facilitation effect of
PrgO1; on oxygen surface exchange. In another research, Zhang et al.
[21] indicated that the introduction of SDC nanoparticles into the
SFM reduces the electrode polarization resistance due to the increase
in surface exchange coefficient by about 100 times [12]. These find-
ings revealed that SFM-based cathodes suffer from insufficient surface
exchange reaction rate during ORR. On the other hand, precious met-
als such as Pd and Ag, were utilized to enhance the electrocatalytic
activity of electrodes, since they facilitate surface exchange reaction
especially at lower temperature [22,23]. It was reported that impreg-
nation of Pd nanoparticles into Strontium doped Lanthanum Mangan-
ite (LSM), LSM/Yttria-stabilized Zirconia (LSM/YSZ) composite, and
Lanthanum Strontium Cobalt Ferrite (LSCF) cathodes resulted in a
reduction of activation energy of ORR and polarization resistance
[24], due to the formation of Pd, PdO, or PdO, and facilitation of sur-
face reaction and diffusion of oxygen species within the electrode
materials [22]. Accordingly, to understand whether an SOFC cathode
material is limited by the low surface exchange kinetics, Pd incorpora-
tion into the electrode scaffold could also be exploited.

In this report, by aiming electrochemical characterization of the
SFM/GDC composite electrode, first the SFM/GDC electrode is sym-
metrically investigated by the EIS analysis to determine the optimal
sintering temperature of the composite cathode. Afterwards, the effect
of operational temperature on the EIS response is obtained, and by
using the distribution of relaxation times (DRT) analysis, the EIS
curves are fitted to an equivalent circuit. The EIS measurements reveal
a substantial decrease in the polarization resistance, specifically at
lower temperature, after incorporation of Pd nanoparticles into the
electrode backbone. Moreover, the resulting EIS and DRT analysis of
the Pd impregnated symmetric electrodes would provide a means to
directly observe the limitations of bare electrode during ORR; there-
fore, the utilization criteria of the SFM/GDC electrode would be dis-
cerned more profoundly.

2. Materials and methods
2.1. Synthesis

Synthesis of the SryFe; sMog 506.5 powder was carried out via the
sol-gel combustion method as is explained before [25]. Within this
procedure, Sr(NO3),, Fe(NO3)3-9H,0, and (NH4)¢Mo,0,4-4H,0 were
dissolved in 100 ml of deionized water and then citric acid was added
to the solution as the combustion agent. The molar ratio of citric acid
to metallic ions was 1.5:1. The solution was stirred at 70 °C for 2 h to
form a homogenous solution. For the sake of sol preparation, the pH
was fixed at 3 by adding ammonia solution and then the sol was kept
at 90 °C until a sticky gel was obtained. In the next step, it was com-
busted to achieve a solid black foam (ash) by heating in a box oven
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at 300 °C in air. The obtained ash was ground in an agate mortar
and calcined at 1100 °C for 5 h to produce the SFM powder.

2.2. Cell fabrication

SFM/GDC composite powder was prepared by milling the synthe-
sized SFM and Ce( ¢Gdy 10;.95 (GDC, Fuel Cell Materials Co.) powders
in the ethanol media (with a ratio of 50:50 by weight) for 24 h. The
composite powder was dried in an oven at 80 °C for 4 h, and then
ground in an agate mortar. The electrolytes pellets were prepared by
die pressing of a mixture of 8 mol% Y,Os3-stabilized ZrO, (YSZ, Tosoh,
Japan) and 2 wt% polyvinyl butyral (Kuraray) at 70 MPa, followed by
sintering at 1500 °C for 4 h. The electrolyte pellets’ final diameter and
thickness were 20 and 1 mm, respectively. To assemble a symmetrical
configuration of SFM/GDC|GDC|YSZ|GDC|SFM/GDC, a GDC ink was
prepared, and screen printed on both sides of the YSZ electrolyte to
mitigate undesirable reactions between electrode and electrolyte, fol-
lowed by sintering at 1250 °C for 2 h having a final thickness of
4 ym and an area of 1 cm? To prepare the electrode paste, the SFM/
GDC composite powder was dispersed in an organic vehicle and roll
milled for 24 h to obtain a homogenous mixture. The paste was
painted on both sides of the electrolyte with an area of 0.5 cm? and sin-
tered at 1000-1150 °C for 2 h in air.

A 0.5 M Pd(NO); solution was prepared and infiltrated into the
SFM/GDC electrodes up to 4 times, denoted as nD-infiltrated SFM/
GDC (n = the number of infiltration sequences). For each infiltration
sequence, one droplet was dropped on both sides of the cells, dried at
room temperature, followed by calcination at 800 °C for 1 h.

2.3. Characterization

X-ray diffraction was utilized to characterize the synthesized SFM
using a Philips 1730-PW X-ray diffractometer with CuKa radiation.
Furthermore, symmetrical cell performances were characterized by
EIS at open-circuit voltage (OCV) with a Metrohm Autolab potentiostat
(PGSTAT302 N, Autolab) in the frequency range of 100 kHz to 0.1 Hz
with the AC voltage amplitude of 10 mV in the temperature range of
650 to 800 °C. In order to elaborate the electrode process reactions,
the EIS data were fitted in equivalent circuit models (ECM) using
ZsimpWin software. The EIS curves were also analyzed by distribution
of relaxation times (DRT) using the Tikhonov regularization by DRT-
tools software to validate and understand the reaction mechanisms.

Microstructural inspections were carried out using a field emission
scanning electron microscope (FE-SEM, Tescan) equipped with energy
dispersive spectroscopy (EDS).

3. Result and discussion
3.1. Materials characterization and electrode preparation

SFM powder was achieved after calcination at 1100 °C for 5 h. The
micrograph of the calcined powder is shown in Fig. 1-a, demonstrating
an irregular morphology with the average particle size of ~1 um. Due
to high-temperature calcination, SFM particles were locally connected
by neck formation. X-ray diffraction (XRD) pattern of Fig. 1-b demon-
strated presence of perovskite peaks corresponding to the reference
card no.: 96-153-1826. The obtained pattern is in good agreement
with those reported in prior studies [7,13,26]. This proves the forma-
tion of cubic SryFe; sMog 506.5 (SFM) with no sign of any undesirable
phase such as SrMoOj,.

Fig. 2 demonstrates the obtained EIS spectra of the prepared cells
with a symmetrical configuration of SFM/GDC|GDC|YSZ|GDC|SFM/
GDC at the testing temperature of 800 °C. For better visualization of
the impedance spectra, the inductive tails were removed from the high
frequency (HF) part and the ohmic resistances were eliminated by
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Fig. 1. (a) FESEM micrograph and (b) XRD pattern of SryFe; sMog 5065
calcined at 1100 °C for 5 h.

shifting the Nyquist curves to zero. The lowest electrode polarization
resistance (0.23 Q.cm?) was obtained for the electrode sintered at
1050 °C.

Fig. 3 (a to d) depicts the cross-section microstructure of the com-
posite electrode sintered at various temperatures corresponding to the
EIS responses presented in Fig. 2. Generally, it is known that fine grain
sizes, large surface area, good grain interconnection, adequate porosity
and good interfacial adhesion between the electrolyte and electrode
layers are crucial to obtain high electrode performance. Although
the latter is obtained when firing temperature is high enough, sinter-
ing at elevated temperature may lead to grain size enlargement or
detrimental interactions, both result in high polarization resistance
[27]. As it can be seen, the necking between particles and the interfa-
cial bonding between electrode and GDC layer are inadequate after
sintering at 1000 °C (Fig. 3-a). According to Fig. 2, the polarization
resistance of this electrode is about 0.8 Q.cm? which is higher than
0.23 Q.cm? corresponding to the electrode sintered at 1050 °C.
Fig. 3-b demonstrates the microstructure of SFM/GDC composite elec-
trode sintered at 1050 °C in which necked particles, interconnected
porosities and good interfacial bonding are obvious with no sign of
micro-crack throughout the electrode and the lowest polarization
resistance was obtained for this sintering temperature. Sintering at
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Fig. 2. EIS spectra of SFM/GDC electrodes sintered at different temperature
and tested at 800 °C (Numbers assigned with star symbols represent
frequencies).

higher temperatures (i.e. 1100 and 1150 °C) yields to the higher polar-
ization resistance of the electrode. The increased HF resistance of the
EIS spectra is probably associated with the unwanted reaction between
electrode and the electrolyte that negatively affects the charge transfer
sub-process [28,29]. Morphological studies of the electrodes sintered
at 1100 and 1150 °C (Fig. 3-c and -d, respectively) shows the increased
particle size and the decreased amount of open pores in comparison
with those sintered at 1000 and 1050 °C (Fig. 3-a and 3-b, respec-
tively). This will cause a slower oxygen gas diffusion through the elec-
trode and a decreased number of active sites for the electrochemical
reactions, which ultimately causes a higher resistance at the low fre-
quency (LF) section of the EIS spectra [17 18]. For the electrode sin-
tered at 1100 °C (Fig. 3-e), however, a dense interphase layer
beneath the GDC barrier layer was found, which is also proved by
EDS map analysis (Fig. 3-f), implying the formation of a thin
(~0.5 pm) and continuous Sr-rich layer along electrode/electrolyte
interface. GDC barrier layer is normally applied on the electrolyte sur-
face to mitigate the reaction between the electrolyte and segregated Sr
from the electrode; nonetheless, high temperature sintering would
encourage the segregation process and the SrO species motion within
the barrier layer [30,31]. The segregated Sr may react with Zr-based
electrolytes at high sintering temperature to form SrZrO; (SZO), which
is an undesired phase in SOCs due to its low ionic conductivity and
high electronic resistivity [32-34].

3.2. Electrochemical behavior of SFM/GDC cathode

Fig. 4-a depicts the EIS spectra of the SFM/GDC electrode sintered
at 1050 °C. The electrode polarization resistance is decreased from
1.63 to 0.23 Q.cm? with increasing the testing temperature from 650
to 800 °C. This reduction is due to the facilitation of some tempera-
ture-dependent ORR sub-processes. The magnitude of polarization
resistances is comparable to the previous studies of the SFM-based
composite cathodes. As a case in point, Dai et. al [13] reported that
the polarization resistance of the SFM-SDC (1:1) composite cathode
decreased from 1.58 to 0.21 Q.cm? when the temperature elevates
from 650 to 800 °C. Moreover, Guo et. al [14] stated the polarization
resistance of 2.70 Q.cm? at 650 °C for the SFM/GDC (70 wt%:30 wt%)
composite electrode utilized in YSZ-supported reversible solid oxide
cell.
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Fig. 3. FESEM images of fractured cross-section of composite electrode sintered at (a) 1000, (b) 1050, (c) 1100, and (d) 1150 °C. (e) backscattered image and (f)
EDS selective map for Sr element for the electrode sintered at 1100 °C.



A. Zare et al.

0.50 ’;‘
g
g
0.00 0.‘25 0.’50 0.‘75 l.;)O 1.‘25 l.‘SO 175
Z/Q.cm?
0.6 P 650 °C
0.3 P, P,
0.0 T ; T T T
0.2 700 °C|
—
NVJ
E o0 ; ; ; . ;
e 750 °C
E 0.1+
S
0.0 T T T T T
0.10 T
Py, P
0.05 3
0.00 T T T T T
10! 10° 10' 10? 10° 10* 10°
f (Hz)
L R Rh G
G
CPE

Fig. 4. (a) EIS plots, (b) DRT curves corresponding to the EIS spectra of SFM/
GDC electrode sintered at 1050 °C and tested at 650 to 800 °C, and (c) the
equivalent circuit.

Analysis of the distribution of relaxation times (DRT) and simula-
tion of EIS data by complex non-linear least square (CNLS) fitting were
utilized to get insights into the potential physiochemical reactions that
took place in this temperature range (Fig. 4-b and -c). Three DRT peaks
(Py, Py, and P3) were identified from EIS data at the testing tempera-
ture of 650 °C, indicating that at least three sub-processes contribute
to the oxygen reduction reactions. P;, P», and P5 took place at approx-
imately 1, 100, and 2000 Hz, respectively. Since DRT analysis showed
three main peaks, the data seems to be adopted in an equivalent circuit
with three RQ elements in series. However, impedance spectra in
Fig. 4-a did not lead to a satisfactory fit by an equivalent circuit con-
taining three RQs. Then, using a Gerischer element G, an equivalent
circuit of LR(RyQ)G, presented in Fig. 4-c, was exploited to fit the
impedance spectrum, similar to those suggested by other groups
[35-39]. For example, Nielsen and co-workers simulated the EIS of
LSCF-GDC cathode with a Gerischer element in series with a Finite-
Length-Warburg (FLW), demonstrating the co-occurrence of diffusion
and oxygen surface exchange reaction in ORR [37]. Adler et al. [40]
explained for Lag ¢(Ca,Sr)g 4Feq sCog 203.5 mixed conductor that a Ger-
ischer element could describe the competition among dissociative
adsorption of oxygen and bulk diffusion of oxygen ions. An Rs(R;Q)
G equivalent circuit was proposed for the composite electrodes con-
taining an MIEC and GDC [41-43]. Hjalmarsson and Mogensen [41]
applied this model for Lagg9C0¢ 4Nig03.5-GDC composite cathode.
Also, Khandale et al. [42,43] utilized this model to determine the
EIS response of GDC impregnated Nd; gCeo>CuO4.5 and Nd; gSrg -
NiO4.5-GDC composite cathodes. In the high frequency region of the
DRT plot of Fig. 4-b, the characteristic frequency of P3 is 2000 Hz,
so, that peak could be attributed to the charge transfer process at
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the electrode/electrolyte interface [44]. P; and P, peaks were found
to be described by a Gerischer element very well, as mentioned by
Ref. [39]. Therefore, a ZARC element (RQ - a resistant parallel to a
constant phase element) associated with charge transfer was proposed
for HF part of the spectra. Also, a Gerischer element related to diffu-
sion and surface exchange sub-processes was considered as the LF sec-
tion of the EIS response. The values obtained from the equivalent
circuit model at different temperature are listed in Table 1. R and
Ry are associated with the resistance of the Gerischer element and
the charge transfer resistance, respectively. Rz and Ry decreased
respectively by ~91 % and 75 % with temperature rising from 650
to 800 °C. For all temperature, R; was higher than Ry, but the differ-
ence between R; and Ry was reduced by increasing the temperature.
Besides, the height of P; and P, in the DRT plot (Fig. 4-b), i.e., Ger-
ischer element peaks are decreased by increasing the temperature
and they merged into one peak (P;2) at 800 °C. This is likely due to
thermal activation of the oxygen diffusion and surface exchange pro-
cesses at high temperature.

According to Khandale et.al. [43], a single Gerischer impedance
(Zs) response can be expressed by:

1 Rg
N Yo\/KA + iw N \/1 + i(l)R6CG

()

G

where Y, and K, are the admittance and rate constant, respectively.
Capacitance values corresponding to Gerischer, C;, demonstrate
the dominant path for the diffusion of O®. Gerischer capacitance
lower than 103 F.cm ™2 is more readily related to the occurrence of
oxygen diffusion along the surface path. Nevertheless, diffusion occurs
mainly through the bulk when this value increases to a magnitude of 1
F.cm™2 [41-43]. The C; value estimated from Eq. (1) and its magni-
tudes were approximately 10~ ! F.cm™2 at all testing temperature.
Therefore, it can be concluded that the oxygen ions in SFM/GDC com-
posite electrode were mainly intended to transport through the bulk.

3.3. Effects of electrode surface nano-decoration

Fig. 5 shows the impact of Pd infiltration on the SFM/GDC air elec-
trode polarization resistance at all testing temperatures. The electrode
with 3D-Pd solution infiltration has the lowest polarization resistance
among all testing temperatures. Thanks to the palladium’s high reac-
tivity with oxygen [45], Pd impregnation is assumed to be an effective
solution for facilitating the oxygen surface exchange process in ORR.

Through EIS assessments of the infiltrated electrodes at 650-800 °
C, the effect of Pd nanoparticles on ORR was investigated by calculat-
ing the activation energy (E,), i.e., plotting In(R,,) vs. 1/T. Fig. 6 illus-
trates the Arrhenius plots for the total polarization resistance of the
electrode with different Pd loadings. While infiltration of one droplet
Pd into the SFM/GDC electrode reduced the E, by ~10%, slight
changes in E, was observed with higher Pd loadings. The lowest acti-
vation energy of 0.98 eV was calculated for the sample with infiltra-
tion of 3 droplets. Microstructure of this electrode shows that Pd
nanoparticles are well distributed along the interior region of compos-
ite electrode (Fig. 7). EDS spectra collected from different points
(shown in Fig. 7-a and Table 2) confirmed the presence of Pd nanopar-
ticles on the composite electrode.

Fig. 8 compares the impedance responses of the SFM/GDC-based
electrode with various infiltration sequences at two temperature of
650 °C (Fig. 8-a) and 800 °C (Fig. 8-b). The EIS spectra in Fig. 8 were
fitted by a similar EC to that of composite electrode (Fig. 4-c). Analyz-
ing the fitting results at 650 °C shows that adding Pd to the composite
electrode, significantly changes R; compared to Ry. Infiltrating 3 dro-
plets of Pd solution into the composite electrode reduces R and Ry; at
650 °C by ~48% and ~27%, respectively. However, by incorporating
the same amount of Pd at 800 °C, R; and Ry decreases 10% and
38%, respectively. This implies that the influence of Pd incorporation
on the Gerischer resistance was more drastic at lower temperature.
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Table 1
Impedance parameters resulted from fitting equivalent circuit at different
temperatures.

T (°C) Ry (Q.cm?) Rg (Q.cm?) Y, (S.sec®®) Ka (sec™ )
650 0.52 1.15 0.47 3.40
700 0.33 0.45 0.55 16.50
750 0.16 0.26 0.74 25.50
800 0.13 0.10 1.03 92.78
175 R B 650 °C

1.50

1.25

1.00

25
R, (Q.cm”)

0.75 ~

0.50 -+

0.25 -+

Fig. 5. Polarization resistance of the SFM/GDC electrodes vs. different Pd
infiltration sequence (D = 0-4) at 650 to 800 °C under OCV.
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Fig. 6. Arrhenius plots for SFM/GDC electrodes with different Pd infiltration
sequence under OCV.

Meanwhile, impregnating Pd does not change the Cg value and it was
still around 10! F.cm ™2 at all the examined temperatures. The diffu-
sion route of the oxygen ions through the electrode, therefore, are not
likely to change by Pd infiltration, and bulk diffusion has remained the
dominant diffusion path. Revealed by these observations, the
nanosurface decoration on this electrode could only be valuable at
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Fig. 7. FESEM image of interior zone of composite electrode infiltrated 3
times by Pd solution at (a) 50.0 kx and (b) 100.0 kx. EDS spectra were
collected from points 1 to 4.

intermediate temperature, while this electrode shows reasonable elec-
trocatalytic activity at high working temperature.

For better elucidation of the limiting sub-processes involved in the
Gerischer response by means of Pd impregnation, DRT plots of the
SFM/GDC and 3D-Pd infiltrated SFM/GDC electrode at 650 °C are pre-
sented in Fig. 9. This figure suggests that the presence of Pd in the
SFM/GDC backbone led to shift the DRT peaks toward medium fre-
quencies in comparison to the DRT response of bare electrode. Addi-
tionally, incorporation of Pd nanoparticles affected P; more than the
other peaks. Therefore, since impregnation of 3D-Pd solution to the
composite electrode resulted in lower Rg, most of its’ reduction must
be allocated to impregnation effect on the process associated with P,
peak. Hence, P; should be related to oxygen surface reaction because
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Table 2

Relative intensity analysis of EDS spectra for points 1 to 4 indicated in Fig. 7-a.
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Elements Point 1 (%) Point 2 (%) Point 3 (%) Point 4 (%)
o) 18.34 15.60 22.40 14.17
Fe 9.04 10.00 7.20 9.32
Sr 13.81 14.69 12.80 12.60
Mo 8.68 9.20 9.81 9.70
Pd 6.86 6.91 7.04 7.40
Ce 36.45 36.83 34.65 39.23
Gd 6.82 6.78 6.10 7.59
Total 100 100 100 100
O SFM/GDC
A 1D
o 2D
h o
5 q
S
N
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
O SFM/GDC
A 1D
« © 2D
g o 3D
o] 4 4D
9 = Fitted line
T
0.25 0.30
Fig. 8. Nyquist plots for the SFM/GDC electrodes with different Pd infiltration under OCV at (a) 650 °C and (b) 800 °C.
0.7 infiltration. However, the effect of Pd on charge transfer at the elec-
P, ;F)M/GDC trode/electrolyte interface has not been investigated yet.
0.6
4. Conclusion
0.5
= In this study, electrochemical behavior of SFM/GDC electrode and
s 04} the effects of Pd infiltration onto the composite cathode were investi-
5 gated by means of EIS and DRT. To reach this goal, SroFe; sM0g 5065
E 03 (SFM) was synthesized and mixed with Gdg 1Cep 90195 (GDC) to make
= a composite cathode. The electrode sintered at 1050 °C showed the
02| lowest polarization resistance of 0.23 Q.cm? at 800 °C. DRT analysis
’ indicates three different peaks with distinctive characteristic frequen-
cies at 650 °C, which led to consistent LRo(RyQ)G equivalent circuit
0.1 - fit. This equivalent circuit suggests that the charge transfer process cor-
responds to the high-frequency part of the EIS spectra and a Gerischer
0.0 ! impedance response at low frequencies is related to the co-participa-
10" 10° 10" 10? 10° 10 10°

f (Hz)

Fig. 9. DRT curves for 3D-Pd infiltrated and bare SFM/GDC electrode at 650 °
C.

of the dominant effect of Pd on this process. As a result, P, must be
accompanied with diffusion, and based on the C; consistency after sur-
face decoration, diffusion path must not have altered by Pd addition. It
is also worth mentioning that P; has shown a minor reduction by Pd

tion of oxygen diffusion and surface exchange, corresponding to two
lower frequency peaks in DRT plot. Increasing the testing temperature
from 650 to 800 °C reduces the polarization resistance by lowering Ry
and R; by ~75% and ~91%, respectively. This reduction shows the
substantial effect of temperature elevation on the processes associated
with Gerischer impedance response. Infiltration of Pd onto the
SFM/GDC cathode reduced polarization resistance of the electrode
especially at lower testing temperature. Besides, the lowest values of
activation energy and polarization resistance of the impregnated elec-
trode occurrs by 3 times Pd infiltration. Pd incorporation reduces Rg
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by ~48% and ~10% at 650 and 800 °C, respectively. Hence, the signif-
icant effects of Pd incorporation on SFM/GDC composite electrode
demonstrate that this electrode requires enhancement through surface
modification at intermediate temperature range, while surface decora-
tion does not significantly alter the electrocatalytic activity of the
SFM/GDC composite electrode toward ORR at high temperatures.
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