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Abstract: A novel processing method that creates and preserves ceramic nanoparticles in solid oxide
electrodes during co-sintering at traditional sintering temperatures is introduced. Specifically, carbon
templated samarium-doped ceria nanoparticles (nSDC) were successfully integrated with commercial
lanthanum strontium cobalt ferrite (LSCF) and commercial SDC powders, producing LSCF-SDC-
nSDC cathodes upon processing. The effect of nSDC concentration on cathode electrocatalytic activity
was investigated at low operational temperatures, 600 ◦C–700 ◦C, with symmetrical cells. Low nSDC
loadings, ≤5 wt% nSDC, significantly decreased cell polarization resistance whereas higher loadings
increased it. The best electrochemical performance was achieved with 5 wt% nSDC, lowering the
polarization resistance by 41% at 600 ◦C. Fuel cell tests demonstrate that adding 5 wt% nSDC
increased the maximum fuel cell power density by 38%. Electrochemical impedance spectra showed
substantial improvements in both fuel cell polarization resistance and ohmic resistance, indicating
that nSDC increased the electrocatalytically active area of the cathode. This work demonstrates a
simple, novel method for effectively increasing electrocatalytic activity of solid oxide electrodes at
low operational temperatures.
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1. Introduction

The main challenge with operating solid oxide fuel cells (SOFC) at low temperatures
(≤700 ◦C) is the slow kinetics of electrode processes, which hampers power output [1–7].
Such operation temperatures, however, would enable the use of low-cost SOFC materials
and reduce cell degradation rates [8–12]. Thus, there is a need to enhance SOFC electrode
catalytic activity to achieve adequate power production at low operational temperatures.
Electrocatalytically active sites require a three-phase boundary (TPB), an interface between
an oxygen ion conductor, pores through which the gas-phase reactant can be supplied, and
a material that serves as both an electronic conductor and a catalyst.

Increasing the TPB concentration would enhance low temperature SOFC performance
and one approach to achieve this is the infiltration method, wherein nanoparticles or
nanoparticle chemical precursors are introduced into a pre-sintered, porous scaffold of the
oxygen ion conducting material [13–18]. The porous scaffold is sintered at high temperature,
1300 ◦C–1550 ◦C, and the infiltrant is subsequently added at ambient temperature. In
the case of infiltrating nanoparticle precursors, a calcination step is required to form
the desired phase. That calcination step typically ranges between 400 ◦C and 850 ◦C
depending on the material. The infiltrated electrode microstructure consists of a three-
dimensional percolated network of nanoparticles covering the surface of the coarse, porous
scaffold. The infiltrant loading required to form a percolated particle network depends
on the porosity, characteristic size, morphology of the scaffold, and particle size of the
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infiltrated phase [19,20]. However, an infiltrant loading between 30 wt% and 40 wt% of
the overall electrode is typically used in practice. To achieve this high loading, numerous
successive infiltration and calcination steps are required, adding complexity and cost to
SOFC manufacturing. In response to this challenge, we introduce a simple method that
creates and preserves nanoparticles within SOFC electrodes during sintering, eliminating
the need for infiltration altogether.

The method herein introduced combines co-sintering and in situ carbon templating
methods. The former is the method traditionally used to fabricate SOFCs, which involves
sintering all of the electrode components together in one heat treatment [21–23], while the
latter is a novel method that our group has developed to prepare ultra-high surface area
SOFC materials [24–29]. As described in our previous works, the in situ carbon templating
method involves two steps: (1) sintering of a hybrid inorganic-organic material containing
precursors of the desired SOFC material under an inert atmosphere at high temperature
(850 ◦C–1350 ◦C) and (2) calcination of the resulting material in air at 500 ◦C–700 ◦C. During
step one, the organic component of the hybrid material is pyrolyzed, which produces an
amorphous carbon template. The template, which remains throughout the entire process,
surrounds the nanoparticles and prevents them from coarsening at traditional sintering
temperatures. During step two, the carbon template is oxidized to a gas phase at low
temperature, leaving behind the desired nanostructured material. The carbon template
concentration, which is proportional to the organic component in the hybrid material, is
the key factor affecting particle size of the nanostructured material; higher carbon template
concentrations result in smaller particles [24–29].

In this work, commercial samarium doped ceria (SDC), commercial lanthanum stron-
tium cobalt ferrite (LSCF), and carbon-templated SDC nanoparticles (nSDC-C) were used
to prepare novel LSCF-SDC cathodes comprising SDC nanoparticles (nSDC). These novel
cathodes, which will be referred to as LSCF-SDC-nSDC, were processed using the two
steps of the in situ carbon templating method described above. First, cells with green
cathodes comprising LSCF, SDC, and nSDC-C were co-sintered at 1000 ◦C in argon, an
atmosphere that preserves the carbon template. In the second step, cells were calcined
at 700 ◦C in air to remove the carbon template, producing the desired LSCF-SDC-nSDC
cathodes. Importantly, the low oxidation temperature of the carbon template does not com-
promise nanomorphology. In addition, the nSDC concentration in the electrode composite
can easily be adjusted by changing the amount of nSDC-C added into the green electrode
mixture. The effects of nSDC concentration on the electrochemical behavior of symmet-
rical cells and fuel cells were analyzed. Symmetrical cell data indicated that high nSDC
concentrations (10 wt%–18 wt%) worsened electrochemical performance whereas low
nSDC concentrations (3 wt%–5 wt%) significantly improved it. The largest improvement
was observed for the 5 wt% nSDC with a 41% decrease in symmetrical cell polarization
resistance. Furthermore, the 5 wt% nSDC loading improved both the fuel cell polarization
and ohmic resistance, resulting in a 38% increase in maximum power density. With these
results, we bring forward a novel and simple approach to improving the electrochemical
performance of co-sintered SOFC electrodes at low operational temperatures.

2. Results and Discussion
2.1. Material Characterization

Powder x-ray diffraction (PXRD) patterns of both the sintered and calcined SDC-
Glucose hybrid materials are shown in Figure 1. The peaks of the sintered material are
very broad, which is characteristic of an amorphous phase. The calcined material pattern
matches the SDC reference pattern, indicating that a pure crystalline nSDC phase was
produced. The crystallite size of the nSDC, estimated with the Scherrer Equation, was
~15 nm. This value is consistent with our previous works in which we prepared other
SOFC nanomaterials using the in situ carbon templating method [26–28,30].
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Figure 1. Powder x-ray diffraction patterns of SDC-Glucose hybrid material sintered at 1100 ◦C in
argon for 2 h and subsequently calcined at 700 ◦C in air for 2 h.

Transmission electron microscopy (TEM) results, shown in Figure 2, provide addi-
tional information regarding the crystallinity and morphology of the nSDC particles. The
diffraction pattern shown in Figure 2a confirms that a pure crystalline SDC cubic structure
formed, consistent with our PXRD results. The TEM micrographs, shown in Figure 2b–d,
indicate that the particle size of the nSDC ranged between 10 nm and 25 nm. Assuming
particles of spherical geometry and equal size, 10 nm and 25 nm SDC particles correspond
to specific surface areas of 35 m2·g−1 and 85 m2·g−1, respectively. The particle sizes ob-
served by TEM and the crystallite sizes estimated with PXRD are within the same range,
indicating that the nSDC particles are not polycrystalline.

Figure 2. TEM (a) electron diffraction pattern and (b–d) micrographs of SDC nanoparticles obtained
by sintering the SDC-Glucose hybrid material in argon and subsequently calcining it in air.

2.2. Symmetrical Cell Electrochemical Analysis

The electrocatalytic activities of LSCF-SDC cathodes containing various amounts of
nSDC were evaluated with symmetrical cells. Figure 3 shows Nyquist plots for symmet-
rical cells with 0 wt%, 3 wt%, 5 wt%, 11 wt%, and 18 wt% nSDC. The high frequency
intercept with the abscissa is at 0 Ω·cm2 and the low frequency intercept with the abscissa
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represents the total cathode polarization resistance. Compared to the baseline cell (0 wt%
nSDC), the addition of 3 wt% nSDC decreased the polarization resistance at 600 ◦C by
28% from 1.27 Ω·cm2 to 0.92 Ω·cm2. Increasing the nSDC concentration to 5 wt% further
decreased the polarization resistance to 0.75 Ω·cm2, which is 41% lower than the baseline
cell. However, higher loadings of nSDC resulted in worse electrocatalytic activity. The
polarization resistance was 2.09 Ω·cm2, 1.6 times higher than baseline, for 11 wt% nSDC
and 4.64 Ω·cm2, 3.7 times higher than baseline, for 18 wt% nSDC.

Figure 3. Nyquist plots for LSCF-SDC-nSDC symmetrical cells as a function of nSDC loading at
(a) 600 ◦C, (b) 650 ◦C, and (c) 700 ◦C.

Similar trends were observed at 650 ◦C and 700 ◦C; however, the percent improvement
in polarization resistance for 3 wt% and 5 wt% nSDC lessened with increasing temperature
(Figure 3b,c). At 650 ◦C, the polarization resistance was reduced, relative to baseline, by 11%
and 30% for the 3 wt% and 5 wt% nSDC cells, respectively. At 700 ◦C, the 3 wt% nSDC cell was
nearly the same as the baseline cell and the 5 wt% nSDC showed a 21% reduction, 0.15 Ω·cm2
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compared to 0.19 Ω·cm2. For higher nSDC loadings, the percent difference in polarization
resistance increased with increasing temperature. For 11 wt% nSDC, the resistance was a factor
of 2.4 and 3.1 higher at 650 ◦C and 700 ◦C, respectively. The 18 wt% nSDC resistance was
4.7 times higher than the baseline at 650 ◦C and 5.1 times higher at 700 ◦C.

Bode plots of the symmetrical cells provide further insights into the impact of nSDC
on the cathode electrochemical processes (Figure 4). Data is only shown for 700 ◦C be-
cause the peak frequencies are essentially the same over the 600 ◦C–700 ◦C range. All
symmetrical cells show one dominant peak between 5 Hz and 125 Hz, which is considered
an intermediate frequency range for SOFC electrodes. The literature attributes cathode
processes in the intermediate range to oxygen adsorption kinetics, which include oxygen
adsorption, oxygen dissociation, and surface charge transport steps [31–33]. Typically,
improving cathode electrocatalytic activity and polarization resistance shifts the Bode plot
peak to a higher frequency, corresponding to a faster relaxation time. However, lower
peak frequencies were observed for the 3 wt% nSDC and 5 wt% nSDC cells even though
their polarization resistances were lower than the baseline. A similar trend was previously
observed for lanthanum strontium ferrite-yttria stabilized zirconia (LSF-YSZ) cathodes
integrated with YSZ nanoparticles [27]. This implies that the shift to slower relaxation
times is due to how the in situ carbon templated nanomaterials interact with the coarse
LSCF and SDC particles in the cathode.

Figure 4. Bode plots for LSCF-SDC-nSDC symmetrical cells as a function of nSDC loading tested at 700 ◦C.

2.3. Morphological Analysis

The symmetrical cell results demonstrate that low loadings of nSDC improve po-
larization resistance while high loadings of nSDC worsen it. To better understand this
trend, scanning electron microscopy (SEM) images of LSCF-SDC-nSDC with 0 wt%, 5 wt%,
and 18 wt% nSDC were collected (Figure 5). The baseline composite is typical of a tradi-
tionally sintered LSCF-SDC electrode, comprising sintered particles with a characteristic
size of ~400 nm with some ~100 nm nodules (Figure 5a,b). The 5 wt% nSDC composites
(Figure 5c,d) also formed a sintered network of ~400 nm particles; however, the morphol-
ogy also shows particles in the 70 nm to 200 nm range that do not appear to be well
sintered to the coarse particles. In addition, these smaller particles have an irregular sur-
face morphology. Although limitations with the SEM instrumentation did not allow us
to image the surface morphology of these particles in greater detail, it is likely that the
specific surface area of these particles are considerably higher than the 100 nm nodules
observed in the baseline composite. Finally, SEM images of the 18 wt% nSDC composites
are shown in Figure 5e,f. Similar to the 5 wt% nSDC composite, sintered coarse particles
and ~100 nm particles with an irregular surface morphology were observed. In addition, a
high concentration of particle features in the 20 nm–50 nm range was observed.
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Figure 5. SEM images of (a,b) LSCF-SDC baseline composite and LSCF-SDC-nSDC composites comprising: (c,d) 5 wt%
nSDC and (e,f) 18 wt% nSDC.

The morphologies observed by SEM help explain the symmetrical cell results. First,
the high concentration of 20 nm–50 nm particles in the 18 wt% nSDC composite appear
to compromise electrode particle connectivity. A TPB site in the cathode can only be
electrocatalytically active if the SDC at that site is part of a percolated network of SDC
particles spanning the electrode and the LSCF at that site is part of a percolated network
of LSCF particles that also span the electrode. The morphology observed in Figure 5e,f
is likely weakly connected or even isolated particle networks, which would result in a
lower density of TPB sites, a lower active area in the cathode, and the higher polarization
resistance observed in symmetrical cells. Furthermore, the cathode polarization resistance
for symmetrical cells with the higher nSDC loadings worsened relative to the baseline
cell with increasing temperature. Here we propose that the decline in electrochemical
activity with increasing temperature was likely caused by coarsening of the 20 nm–50 nm
particles. Coarsening of these nanoparticles would further weaken particle connectivity,
further lower the density of TPB sites and active cathode area, and further increase the
polarization resistance.

Unlike the 18 wt% nSDC morphology, the 5 wt% nSDC composite maintained a well-
connected network of coarse particles with smaller, higher surface area particles decorating
the surface of that coarse, porous scaffold structure. Interestingly, this morphology mimics
the morphology of an infiltrated cell. In this case, the coarse particles form percolated
networks, similar to the co-sintered baseline cell; however, the additional nanoparticles
decorate the surface of the coarse particles further increasing the density of TPB sites and
active area of the cathode. This is similar to how infiltrated electrode structures form
a high density of active TPB sites. There is one difference between our novel electrode
structures and infiltrated electrode structures. Typically, infiltrated electrodes are prepared
by infiltrating the electronically conductive phase into a porous scaffold of an oxygen
ion conducting material, which is electronically insulating. Thus, the infiltrated phase
itself must form a percolated network that spans the electrode to form active TPB sites.
In the case of our electrode structure, the nSDC particles do not necessarily have to form
a percolated network among themselves to become active TPB sites because the coarse
particles consist of both SDC and LSCF phases, providing both oxygen ion and electronic
conductivity. The key takeaway from the symmetrical cell results and SEM images is
that high loadings of nSDC compromise particle connectivity and, in turn, the cathode
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active area, whereas low loadings of nSDC enhance the density of active sites without
compromising particle connectivity.

2.4. Infiltrated Symmetrical Cell

Upon establishing that the best cathode polarization resistance was obtained with the
5 wt% nSDC symmetrical cell, the electrochemical behavior of a symmetrical cell infiltrated
with 5 wt% SDC was assessed for comparison (Figure 6). The figure compares Nyquist
plots of both cells at 600 ◦C, 650 ◦C, and 700 ◦C. The polarization resistance of the infiltrated
cell was lower than the co-sintered LSCF-SDC-nSDC cell. However, the difference in
polarization resistance lessened with increasing temperature, changing from a difference
of 37% at 600 ◦C to 21% at 650 ◦C and 13% at 700 ◦C. The diminishing improvement
with increasing temperature suggests that the promotive effect of the infiltrated cell is not
stable. It is important to note that the infiltrated SDC was thermally processed at 450 ◦C
in air, which is typical for infiltrated cells, and, hence, it is likely that the infiltrated SDC
particles underwent morphological changes at these higher operating temperatures. The
data suggests that long-term degradation studies are needed to better understand the
relative performance of these two types of cells.

Figure 6. Nyquist plots comparing co-sintered LSCF-SDC-nSDC and LSCF-SDC infiltrated with SDC
symmetrical cells at 600 ◦C, 650 ◦C, and 700 ◦C.

2.5. Fuel Cell Electrochemical Analysis

In addition to symmetrical cell studies, the electrochemical behavior of a fuel cell
with a co-sintered 5 wt% nSDC cathode was compared to a baseline fuel cell (Figure 7).
As shown in Figure 7a, the maximum power density of the 5 wt% nSDC cell was 38%
higher than the baseline with a value of 148 mW·cm2 compared to 108 mW·cm2. Nyquist
plots shown in Figure 7b indicate that the total polarization resistance of the 5 wt% nSDC
fuel cell was 31% lower than the baseline, 0.80 Ω·cm2 compared to 1.16 Ω·cm2. The
improvement in polarization resistance with the addition of nSDC is consistent with the
symmetrical cell results; however, the polarization resistance values for both fuel cells are
several times higher than the symmetrical cell polarization resistance. This suggests fuel
cell polarization resistance under current load has a different rate-determining process
compared to symmetrical cells, which were measured at open circuit voltage. Indeed,
the fuel cell Nyquist plots in Figure 7b show a dominant arc in the low frequency range
that was not observed with symmetrical cells. Bode plots, in Figure 7c, show that the
rate-limiting fuel cell process has a characteristic frequency of 0.8 Hz for both fuel cells,
which is considerably lower than the characteristic frequencies observed for symmetrical
cells and is typically assigned to gas-phase mass transport limitations [34–38]. Thus, the
primary rate-determining fuel cell process can be attributed to gas-phase mass transport.
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Figure 7. (a) Fuel cell i-V-P performance, (b) Nyquist plots, and (c) Bode plots for an LSCF-SDC baseline cathode versus an
LSCF-SDC-nSDC cathode comprising 5 wt% nSDC at 700 ◦C.

Although gas-phase mass transport dominated the fuel cell impedance spectra, there
was a significant improvement in the ohmic, serial resistance of the 5 wt% nSDC fuel
cell compared to the baseline. Ohmic resistance values correspond to the high frequency
intercept with the abscissa in the Nyquist plots. The ohmic resistance of the 5 wt% nSDC
cell was 23% lower, 1.06 Ω·cm2 compared to 1.38 Ω·cm2 for the baseline fuel cell. The anode
and electrolyte were identical for both fuel cells, thus, the improvement in both polarization
and ohmic resistance can be attributed to differences in the cathode. Exclusive improvement
in polarization resistance would indicate an improvement in the electrocatalytic activity
of the cathode and exclusive improvement in the ohmic resistance would indicate an
improvement in electronic or oxygen ion conductivity within the cathode. The fact that
both the polarization and ohmic resistances improved to a similar degree suggests that the
total electrocatalytically active area of the cathode increased with the addition of 5 wt%
nSDC. In other words, the addition of SDC nanoparticles improved both electrocatalytic
activity and charge transport by increasing the active area of the cathode.

Overall, this work proves the concept that nanoparticles can be integrated into SOFC
electrodes and enhance cell performance by co-sintering. We have previously shown
that in situ carbon templating is applicable to a large number of SOFC materials [24–26].
Hence, this work provides a procedure that could be used to integrate nanoparticles into
a variety of co-sintered SOFC electrodes. Regarding low temperature SOFC operation,
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researchers have developed electrolyte materials, such as Dy2O3–WO3 co-stabilized Bi2O3
(DWSB) [8,39,40] and lanthanum strontium gallium magnesium oxide (LSGM) [41,42],
with better low-temperature oxygen ion conductivity than the state-of-the-art YSZ or SDC.
Moreover, a growing number of researchers are considering proton-conducting electrolytes
such as doped BaZrO3 and doped BaCeO3 for low temperature SOFC operations owing
to the low resistance associated with proton conduction in comparison to oxygen ion
conduction [43–45]. Given the large range of materials we have successfully processed by
the in situ carbon templating method, it is likely that this method can be applied to these
alternative materials and their co-sintered electrodes. Improving the performance of such
electrodes would be a major step towards realizing low-temperature SOFCs.

3. Materials and Methods
3.1. Material Preparation

The SDC-Glucose inorganic-organic hybrid material was prepared using our previ-
ously reported procedures [24–29]. Ce(NO3)3·6H2O (99.5%, Alfa Aesar, Haverhill, MA,
USA), Sm(NO3)3·6H2O (99.9%, Alfa Aesar, Haverhill, MA, USA), and glucose (100.0%,
USBiological, Salem, MA, USA) were dissolved in deionized water in a 4:1:475:22.5
Ce:Sm:H2O:Glucose molar ratio with magnetic stirring. The solution was then heated at
120 ◦C until a viscous material formed. Then, the viscous material was heated to 1100 ◦C
under an argon atmosphere (G01 AR300, Arc3, Dunn, NC, USA) flowing at a rate of
750 mL·min−1. The temperature was increased from ambient temperature to 850 ◦C at
5 ◦C·min−1 and from 850 ◦C to 1100 ◦C at 2 ◦C·min−1, held at 1100 ◦C for 2 h, and then
decreased to 850 ◦C and ambient temperature at the same respective ramp rates. This
process produced carbon-templated SDC nanoparticles (nSDC-C). Subsequent calcination
of the nSDC-C at 700 ◦C in air produced SDC nanoparticles (nSDC).

3.2. Material Characterization

Powder x-ray diffraction (PXRD) was conducted on a nSDC-C sample before and after
calcination in air at 700 ◦C for 2 h. The PXRD patterns were collected with a Bruker D2
Phaser X-ray diffractometer (Bruker AXS LLC, Madison, WI, USA) with CuKα radiation,
a 20–75◦ 2θ range, a 0.03◦ increment, and a 0.3 s time steps. High-resolution transmis-
sion electron microscopy (HR-TEM), electron diffraction, and diffraction contrast were
performed on an nSDC sample with a JEM-2100 (JEOL Ltd., Peabody, MA, USA) at 200 kV.

3.3. Symmetrical and Fuel Cell Fabrication

Cathode inks were prepared by physically mixing nSDC-C, commercial SDC (SDC20-
TC, Nexceris, Lewis Center, OH, USA), commercial LSCF (LSCF-HP, Nexceris, Lewis
Center, OH, USA), and an ink vehicle (VEH, Nexceris, Lewis Center, OH, USA). Five
cathode inks were prepared, each with a different concentration of nSDC: 0 wt% (baseline),
3 wt%, 5 wt%, 11 wt%, and 18 wt%. For symmetrical cells, SDC electrolytes were prepared
by sintering pressed powder at 1400 ◦C in air for 5 h. The diameter and thickness of
the resulting pellets were 13.5 mm and 0.6 mm, respectively. A film of cathode ink was
then applied symmetrically to each side of the electrolyte. The symmetrical cells were
sintered in argon at 1000 ◦C (2 ◦C·min−1) for 2 h and subsequently calcined in air at 700 ◦C
(2 ◦C·min−1) for 2 h to remove the carbon templates from the cathodes. The baseline
cell was sintered directly in air at 1000 ◦C. For comparison, a different baseline cell was
infiltrated with 5 wt% SDC using the traditional infiltration technique. The electrodes were
filled with a solution of Ce(NO3)3·6H2O, Sm(NO3)3·6H2O, and citric acid (CA, ≥99.5%,
USBiological, Salem, MA, USA) in a Ce:Sm:CA molar ratio of 0.8:0.2:1 and heated in air at
450 ◦C (2 ◦C·min−1) for 2 h to produce the SDC phase. In all cases, the electrodes’ thickness
and effective area were ~20 µm and 0.32 cm2, respectively.

For fuel cells, ~250 µm thick yttria stabilized zirconia (YSZ) substrates (YSZ8-2.0,
Nexceris, Lewis Center, OH, USA) coated with ~20 µm SDC barrier layers were used
as electrolytes. The SDC barrier layers were screen-printed onto the YSZ substrates and
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sintered at 1400 ◦C (2 ◦C·min−1) for 5 h in air. The anode ink (66 wt% NiO–34 wt% YSZ,
77–73 wt% solids loading, Nexceris, Lewis Center, OH, USA) was applied onto one side of
the electrolyte and sintered at 1300 ◦C for 2 h in air. The cathode inks were subsequently
applied onto the opposite side of the electrolyte and sintered in argon at 1000 ◦C for 2 h
followed by calcination in air at 700 ◦C for 2 h to remove the carbon template. The baseline
cell was sintered directly in air at 1000 ◦C. The final thicknesses and cross sectional areas
were ~100 µm and 0.71 cm2 for the anodes and ~50 µm and 0.32 cm2 for the cathodes.

3.4. Symmetrical and Fuel Cell Characterization

Electrochemical performance was investigated with electrochemical impedance spec-
troscopy (EIS) and current-voltage (I-V) measurements using a Gamry Interface 5000E
potentiostat (Gamry Instruments, Warminster, PA) with four probes. Silver ink and sil-
ver wires were applied onto the electrodes for current collection. The test conditions for
symmetrical and fuel cells are summarized in Table 1. EIS experiments were conducted
in potentiostatic mode with a dc voltage of 0 V (symmetrical cells) and 0.7 V (fuel cells),
20 mV ac perturbation, and 105–10−1 Hz frequency range. The symmetrical cells were
tested in air at 600 ◦C, 650 ◦C, and 700 ◦C and the impedance values were divided by two
to account for the two electrodes. Fuel cell experiments were conducted at 700 ◦C with
humidified hydrogen (3% H2O) flowing to the anode at a rate of 100 mL·min−1 and the
cathode was exposed to air. Cathode composite morphology was examined with scanning
electron microscopy (SEM) using a ZEISS GeminiSEM 300 (Carl Zeiss Microscopy LLC,
White Plains, NY, USA).

Table 1. Summary of test conditions for symmetrical cells and fuel cells.

Symmetrical Cells Fuel Cells

Temperature 600 ◦C, 650 ◦C, and 700 ◦C 700 ◦C

Electrode Atmosphere Both electrodes: Air
Anode: 97% H2/3% H2O

Cathode: Air

Electrochemical Impedance
Spectroscopy (EIS)

DC Voltage 0 V 0.7 V

AC Perturbation 20 mV

Frequency 105–10−1 Hz

4. Conclusions

LSCF-SDC cathodes comprising SDC nanoparticles were realized by a simple co-
sintering process. Symmetrical cell data indicated that high concentrations of SDC nanopar-
ticles (>10 wt%) worsened polarization resistance while low concentrations of SDC nanopar-
ticles (≤5 wt%) improved it. The best symmetrical cell performance was achieved with
a nSDC loading of 5 wt%. Regarding fuel cell performance, the 5 wt% nSDC cathode
loading increased the maximum power density by 38% due to a significant reduction in
both the polarization and ohmic resistance. The results bring to light a novel procedure for
creating and preserving nanoparticles during SOFC electrode co-sintering, which improves
electrode activity.
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