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Abstract: Solid oxide fuel cells (SOFCs) are attracting attention as an eco-friendly power
source because they show high power density. However, SOFC requires a high-temperature
environment of 800 ◦C or higher, and accordingly, the problem of thermal stability of the
material constituting SOFC has been raised. On the other hand, low-temperature solid
oxide fuel cells (LT-SOFCs) research is steadily progressing to improve the electrochemical
performance at low temperatures by improving the oxygen reduction reaction of the
cathode by applying a cathode interlayer of various materials. In this study, LT-SOFCs
were manufactured and electrochemically evaluated using praseodymium oxide (PrOx) as
a cathode interlayer. Scandium Stabilized Zirconia (ScSZ) pellets were used as electrolyte
support for LT-SOFC, and PrOx was deposited by various thicknesses as a cathode interlayer
on ScSZ pellets by a sputtering process. Pt and Ni were deposited under the same process
conditions for the cathode and anode, respectively. To analyze the thin-film characteristics
of the PrOx cathode interlayer, SEM (Scanning Electron Microscopy), X-ray Diffraction
(XRD), and XPS (X-ray Photoelectron Spectroscopy) were analyzed. The electrochemical
characteristics of LT-SOFCs were evaluated by electrochemical impedance spectroscopy
(EIS). Hydrogen was supplied to the anode at the flow rate of 50 sccm, and the performance
of LT-SOFC was evaluated at 500 ◦C by exposing the cathode to the atmosphere.

Keywords: solid oxide fuel cell; cathode interlayer; praseodymium oxide; reactive sputtering;
electrochemical impedance spectroscopy

1. Introduction
Due to recent climate changes, the concepts of eco-friendliness and sustainable devel-

opment have become increasingly prominent. Therefore, research on eco-friendly power
sources that can replace conventional internal combustion engines has intensified. In par-
ticular, Solid Oxide Fuel Cells (SOFCs) are gaining attention as eco-friendly power sources
due to their excellent efficiency [1–8]. Generally, SOFCs require high operating temper-
atures, typically above 800 ◦C, because the ionic conductivity of the electrolyte is very
low at lower temperatures [1,9–11]. However, the high-temperature operating conditions
raise concerns about the thermal stability of SOFCs. Therefore, research is consistently
being conducted to reduce operating temperatures for thermal stability and to prevent
performance degradation during low-temperature operation [12–14].
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Among the various methods to improve the electrochemical performance of low-
temperature SOFCs (LT-SOFCs). Representative examples include previous studies on
composite cathode fabrication that improved electrochemical properties [15,16]. Alterna-
tively, the reaction of the cathode can be enhanced by applying a very thin capping layer to
its surface [17,18]. However, these methods have the drawback of complexity in optimizing
the fabrication process. Meanwhile, one of the relatively simple methods to improve the
electrochemical performance of LT-SOFC cathodes is the use of a cathode interlayer [19–21].
Applying a cathode interlayer optimizes the cathode nanostructure, reducing resistance as
oxygen ions (O2−) move from the cathode to the electrolyte, facilitating electrochemical
reactions more effectively [22]. Additionally, it promotes the oxygen reduction reaction,
enhancing catalytic activity even at relatively low temperatures [23]. According to the
study by Lee et al., the performance of LT-SOFCs was improved by applying Gadolinia
doped ceria (Gd2O3, GDC) as a cathode interlayer to reduce the activation energy of the
ORR reaction at the interface between the cathode and the electrolyte [24]. Not only does it
suppress secondary phases, but it also has many advantages as a cathode interlayer due to
its ease of fabrication using various manufacturing methods such as wet-chemical methods,
CVD, and ALD [25,26]. In a previous study by Sumi. H., an LDC intermediate layer was
applied between the YSZ electrolyte and the LSCF cathode, which significantly improved
electrochemical performance due to its excellent oxygen ion conductivity and high oxygen
storage capacity [27]. Furthermore, prior research has improved performance by reducing
the polarization loss with the application of SDC interlayer [28].

Praseodymium oxide (PrOx) is a rare earth oxide containing a mixed state of Pr ions
with various oxidation states, such as Pr3+ and Pr4+ [29,30]. PrOx is characterized by
oxygen vacancies, which enhance its catalytic activity [16,31]. In PrOx, Pr3+ promotes the
formation of oxygen vacancies, thereby enhancing oxygen ion conductivity. Additionally,
Pr4+ increases reversible redox activity, improving catalytic performance [32,33]. According
to previous studies, PrOx was applied to the cathode using the wet-chemical infiltration
method to improve the charge transfer process of the existing cathode, thereby enhancing
the electrochemical performance of SOFCs [34]. Furthermore, according to the study
by Satoshi Okada et al., a symmetric cell was fabricated using PrOx through a thin-film
process, followed by surface modification with BaPrO3 on both electrodes, after which
electrochemical evaluations were conducted [35].

Meanwhile, powder-based fabrication methods, such as tape casting and infiltra-
tion, are widely used as fabrication techniques for manufacturing components of LT-
SOFCs [34,36–40]. However, such powder processes have difficulty achieving uniform
thin-film formation and precise nanoscale control [10,41]. Among these methods, the sput-
tering process is a physical vapor deposition technique that forms thin films by bombarding
a target material with ions under high vacuum conditions [4,24]. Through the sputtering
process, components of LT-SOFCs, including electrodes, can be fabricated at the nanoscale,
and the microstructure can be controlled by adjusting temperature and pressure condi-
tions [42,43]. The sputtering process not only enables mass production but also allows for
the formation of uniform thin films. By optimizing the structure and thickness of the thin
films, it enhances electrochemical performance [24,41].

However, research on the fabrication of PrOx interlayers using thin-film processes
and their application in LT-SOFCs remains limited. In this study, PrOx is fabricated as a
cathode interlayer using a thin-film process for LT-SOFCs. Furthermore, the electrochemical
performance is evaluated based on the thickness of the cathode interlayer to determine the
optimal thickness.
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2. Experiments
The fabrication process of the PrOx cathode interlayer was conducted using RF sput-

tering, as illustrated in Figure 1 (KVS-2000L, Korea Vacuum Tech, Gimpo-si, Republic of
Korea). A silicon wafer was used as the deposition substrate to analyze the physical and
chemical properties of PrOx. For the PrOx deposition process, a 2-inch diameter Pr6O11

target was used (VTM, Incheon, Republic of Korea). Additionally, reactive sputtering was
utilized during the sputtering process to ensure stable deposition of Pr6O11 [35,44]. To
fabricate dense PrOx thin films, the process pressure was uniformly set to 5 mTorr. For
reactive sputtering, Ar and oxygen were supplied at 24 sccm and 6 sccm, respectively. The
substrate rotated at 20 rpm, and PrOx thin films of varying thicknesses were deposited
based on deposition time. To analyze the thickness of the PrOx films, Scanning Electron
Microscopy (SEM, S-5200, Hitachi, Tokyo, Japan) was used. In addition, annealed for 1 h,
and as-deposited PrOx thin films were produced at 500 ◦C to analyze the crystal struc-
ture change caused by the operating temperature of LT-SOFCs. X-ray Diffraction (XRD,
SmartLab, Rigaku, Tokyo, Japan) analysis was performed to analyze the crystallinity of
the thin film. In addition, X-ray Photoelectron Spectroscopy (XPS, AXIS Supra+, Kratos,
Manchester, UK) was performed to analyze the chemical composition of PrOx.
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Figure 1. Schematic diagram of DC/RF magnetron sputtering system.

As shown in Figure 2, LT-SOFCs with a reaction area of 1.5 mm2 were fabricated.
Sc2O3-stabilized zirconia (ScSZ) pellets were used as electrolyte support. ScSZ is known for
its high oxygen ion conductivity and excellent thermal stability [45]. As shown in Table 1,
The PrOx cathode interlayer was deposited on ScSZ pellets with thicknesses of 30 nm,
55 nm, and 150 nm under the same conditions as those used for deposition on Si wafers. Pt
has very high catalytic activity against oxygen reduction reaction (ORR) [1]. Therefore, as
shown in Table 2, the cathode was deposited using a Pt target (VTM, Incheon, Republic
of Korea) at 50 mTorr with a supply of 30 sccm Ar gas at 100 W [46,47]. Similarly, the
anode was deposited using a Ni target (VTM, Incheon, Republic of Korea) at 30 mTorr
with a 30 sccm Ar gas supply at 100 W. Ni has very high catalytic activity in the hydrogen
oxidation reaction and has excellent electron conductivity, enabling efficient movement of
electrons from the anode [48].
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Table 1. Experimental parameters of PrOx thin-film fabrication.

Parameters Pr30 Pr55 Pr150

Thickness 30 nm 55 nm 150 nm
Pressure 5 mTorr
Gas Flow Ar 24 sccm + O2 6 sccm

Deposition Power 40 W
Temperature Room Temperature

Table 2. Experimental parameters of electrode fabrication.

Parameters Pt (Cathode) Ni (Anode)

Thickness 150 nm 200 nm
Pressure 50 mTorr 30 mTorr
Gas Flow Ar 30 sccm

Deposition Power 100 W
Temperature Room Temperature

To analyze the electrochemical properties of LT-SOFCs with interlayers of varying
thickness, a custom-made SOFC test station, as shown in Figure 3, was utilized. The
anode and cathode were connected using Ag wire and Ag paste (Silver Conductive Ink
Liquid S-020, Alfa Aesar, Haverhill, MA, USA). Ceramic sealant (Ceramabond 571, Aremco,
Valley Cottage, NY, USA) was used for sealing. LT-SOFC tests were conducted at 500 ◦C.
Hydrogen gas (H2) was supplied at a flow rate of 50 sccm at 1.2 bar, while the cathode
was exposed to ambient air. Electrochemical properties were measured using potentiostats
(SP-300, Biologic, Seyssinet-Pariset, France). After performance measurements, electro-
chemical impedance spectroscopy (EIS) was performed by applying an alternating current
perturbation of 10 mV at 0.5 V over a frequency range of 1 Hz to 1 MHz.
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3. Results and Discussion
3.1. Properties of PrOx Thin Films

Figure 4 shows the surface of PrOx thin films deposited with various thicknesses on a
Si wafer. All films were observed to be deposited in a dense form. However, as the thickness
of the PrOx thin film decreased, a trend of decreasing grain size was observed. This trend
of smaller grain sizes in thinner films is consistent with previous studies [43,49,50]. The
decrease in grain size results in a relatively larger number of grain boundaries, which
increases the likelihood of resistance during oxygen ion movement compared to larger
grain sizes [51,52].
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and (c) Pr150.

Figure 5 shows the cross-sections of PrOx thin films with various thicknesses deposited
on a Si wafer, along with the Pt thin films deposited on top of them. In Figure 5a, the
PrOx thickness is approximately 30 nm; in Figure 5b, it is about 55 nm; and in Figure 5c,
it is approximately 150 nm. The Pt layer in all samples showed a uniform thickness
of approximately 150 nm. According to numerous previous studies, an increase in the
thickness of the cathode interlayer tends to elongate the conduction path, leading to a
decrease in oxygen ion conductivity. Consequently, this leads to an increase in ohmic
resistance in LT-SOFCs [1].
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Pr6O11 has a crystal structure based on a fluorite structure. Notably, it exhibits a mixed
state of Pr3+ and Pr4+, which leads to the formation of oxygen vacancies, resulting in a
defective-fluorite structure [44]. As shown in Figure 6, XRD analysis revealed that peaks
were observed at (111), (200), (220), and (311) planes both in the as-deposited state and after
annealing at 500 ◦C for 1 h. The XRD analysis confirmed that the peak positions remained
the same before and after heat treatment, indicating that no phase change occurred in the
material [29]. Meanwhile, in the case of annealing at 500 ◦C, sharper peaks were observed
compared to the as-deposited state. This indicates that crystallinity improved with heat
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treatment at 500 ◦C. At the operating temperature of LT-SOFCs, this suggests reduced
internal defects and micro strains, enhancing lattice stability and increasing pathways of
ion conduction, thereby improving electrochemical performance [53].
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XPS was used to investigate the composition ratio of Pr3+ and Pr4+ in both the as-
deposited sample and the sample annealed at 500 ◦C [54]. As shown in Figure 7, deconvolu-
tion was performed on the Pr 3d spectrum to separate the superimposed peaks associated
with various oxidation states (Pr3+, Pr4+) and bonding states [55]. The results showed the
coexistence of Pr3+ and Pr4+ in both Figure 7a,b. Additionally, the areas of the main peaks
obtained through deconvolution were calculated to determine the chemical composition
ratio of the two oxidation states, as summarized in Table 3. For the case annealed at 500 ◦C,
the Pr4+ ratio was 76.64%, slightly higher than the 73.48% observed in the as-deposited
sample. This shows a similar trend to the findings of L. Grima et al., where heat treatment
in an oxidizing atmosphere at high temperatures resulted in a higher Pr4+ content [56].
Although the XPS analysis of annealed PrOx film showed a slight increase in Pr4+ over
as-deposited, Pr3+ was still present. The relative increase in Pr4+ content means that Pr4+

can be more readily reduced to Pr3+, which improves the ability of oxygen to absorb and
release [57]. However, the fact that the composition ratio of Pr3+ and Pr4+ is maintained
even at the operating temperature of 500 ◦C suggests that the structure of the PrOx catalyst
remains stable under the operating conditions of LT-SOFCs.

Table 3. The chemical composition ratio of Pr3+ and Pr4+.

Parameters 500 ◦C 1 h Annealed As-Deposited

Pr3+ 23.36% 26.52%
Pr4+ 76.64% 73.48%
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The purpose of this study is to use PrOx thin film as an interlayer for LT-SOFCs.
Therefore, thermal stability was verified at the operating temperature of LT-SOFCs. Regard-
ing the durability test, the severe agglomeration of porous Pt has difficulty in obtaining
accurate measurements. Therefore, we analyzed the structural stability of the PrOx cathode
interlayer. As shown in Figure 8, after annealing 55 nm PrOx thin films individually at
500 ◦C and 600 ◦C for 120 h and analyzing through SEM surface analysis, the films showed
a stable microstructure without detecting cracks or particle growth. This stabilization will
make the thin film structurally stable even in high-temperature environments during the
operation of LT-SOFCs.
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3.2. Electrochemical Characteristics of LT-SOFCs Based on PrOx Thickness

The electrochemical performance evaluation of LT-SOFCs with cathode interlayers
of various thicknesses was conducted at 500 ◦C. For comparison, a case without a PrOx

cathode interlayer was also included. As shown in Figure 9, the OCV of all LT-SOFCs
conditions was approximately 1.0 V. In the case of pure Pt without a cathode interlayer, the
maximum power density reached 8.68 mW/cm2. The Pr30 sample achieved 13.1 mW/cm2,
while the Pr55 sample showed a 26.5% improvement, reaching 17.9 mW/cm2. However,
the maximum power density of the Pr150 sample was 15.9 mW/cm2, representing a 12.2%
decrease compared to Pr55.

EIS was measured to analyze the electrochemical behavior of LT-SOFCs in greater
detail. Ohmic resistance, which occurs when current flows through electrically conductive
materials, corresponds to the x-intercept in the high-frequency region of the EIS graph
shown in Figure 9a,b. The curve in the graph represents the faradaic resistance of the anode
and cathode [1].
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Figure 10 presents the EIS results at 0.5 V for LT-SOFCs with PrOx cathode interlayers
of various thicknesses. The equivalent circuit was composed of a resistor (R), a constant
phase element (Q), and Warburg impedance (W) to identify resistances [1,58]. R1 represents
the ohmic resistance, which is the electrical resistance of the electrolyte and electrode
material itself. The parallel circuit consisting of R2 and Q2 represents the polarization
resistance occurring at the anode. This corresponds to the hydrogen oxidation reaction
occurring at the anode. The parallel circuit composed of R3 and Q3 represents the faradaic
resistance at the cathode. For Pr30, the ohmic resistance and faradaic resistance were
5.42 Ω·cm2 and 3.05 Ω·cm2, respectively. Comparing the resistances of Pr30 with those of
Pure Pt (Ohmic: 5.07 Ω·cm2, Faradaic: 13.5 Ω·cm2), the ohmic resistance showed a 6.37%
increase, while the faradaic resistance decreased by approximately 3.4 times. This reduction
of faradaic resistance leads to improved ORR performance, indicating an enhancement
in the electrochemical reaction rate at the electrode. As in the preceding by Yuan Li et al.,
Pr6O11 was applied to LSFM electrodes in a filtration method to significantly improve the
electrode performance of LT-SOFCs by increasing the catalytic activity of the electrode and
reducing the faradaic resistance [59]. Compared to previous studies, the PrOx cathode
interlayer would have promoted the ORR kinetics in this study.

The ohmic resistance and faradaic resistance of Pr55 were measured as 6.12 Ω·cm2

and 2.57 Ω·cm2, respectively, while those of Pr150 were measured as 6.74 Ω·cm2 and
2.45 Ω·cm2. It was observed that as the thickness of the PrOx thin film increased, the
ohmic resistance increased slightly, while the faradaic resistance decreased. Considering
the Pr30 case, as the thickness of PrOx increased, the ohmic resistance increased, while the
faradaic resistance decreased. This increase in ohmic resistance is attributed to the longer
ion conduction pathways through the thicker cathode interlayer. The TPB is the point
where electrons, ions, and gases meet, serving as the primary location for electrochemical
reactions [60,61]. Between the Pt cathode and the PrOx interlayer, PrOx serves as an ionic
conductor, providing a pathway for oxygen ions generated at the Pt surface to transfer to
the electrolyte. Additionally, it offers extra reaction sites around the Pt particles, increasing
the region of TPBs. Furthermore, PrOx acts as an MIEC, forming a Double Phase Boundary
(DPB) [16,55]. DPB refers to a two-phase interface where gas and electrode meet. Unlike
TPBs, where the reaction occurs only at a specific point where the three phases meet, an
electrochemical reaction occurs throughout the surface of the material. This can provide
more active sites and significantly improve electrochemical performance. Within PrOx

layer, oxygen vacancies and the redox transitions between Pr3+ and Pr4+ facilitate the
generation and transformation of oxygen intermediates (O2−, O*), enabling easier oxygen
ion transport [4,40]. As the thickness of PrOx increases, the number of oxygen vacancies in
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the PrOx layer increases. Not only can this store and release oxygen, but it can also provide
more pathways for oxygen ions to move. In other words, it can provide more oxygen
storage capacity overall, promoting oxygen ion transport and expanding the active reaction
zone. The decrease in faradaic resistance is attributed to the presence of these additional
active sites. Similar to the findings of the previous study of Park et al., the application of
a GDC interlayer resulted in an increase in ohmic resistance but a significant reduction
in faradaic resistance due to improved ionic conductivity, demonstrating a comparable
trend [62]. This is because the relatively thicker cathode interlayer promotes the ORR
reaction to reduce faradaic resistance, thereby improving electrochemical performance [59].
However, the performance degradation due to ohmic resistance due to an increase in
thickness should also be considered.
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From Pr30 to Pr150, as shown in Table 4, we observe an increase in Q3 values as
the PrOx cathode interlayer is added or increased. PrOx, with its high oxygen defect
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concentration, facilitates oxygen ion storage and transport. The increased Q3 indicates
enhanced charge storage capacity of the cathode surface, suggesting improved ORR due to
the increased active sites of PrOx [63,64]. Previous research by L. Navarrete et al. demon-
strated that Pr infiltration enhances oxygen dissociation and adsorption processes, leading
to improved ORR [65]. Conversely, the R3 value decreases with the PrOx cathode interlayer,
indicating more efficient ORR and improved oxygen ion conductivity due to increased
oxygen vacancies. In EIS analysis, the 100 kHz–100 Hz range corresponds to electrochem-
ical reactions at the cathode. R. K. Sharma et al. observed that the oxygen reduction
reaction process is primarily detected in this range [64]. Additionally, the low-frequency
range (f < 100 Hz) is associated with gas diffusion impedance. Hjelm et al. observed gas
diffusion impedance at 120 Hz in an LSCF + CGO composite cathode, varying with oxygen
partial pressure [66]. These findings collectively demonstrate the significant role of the
PrOx cathode interlayer in enhancing the electrochemical performance of SOFCs [67].

Table 4. R3 and Q3 values of LT-SOFCs.

Parameters Pure Pt Pr30 Pr55 Pr150

R3 (Ω·cm2) 16.4 2.42 1.43 1.39
Q3 (F·sα−1) 2.02 × 10−6 2.83 × 10−6 1.01 × 10−5 1.53 × 10−5

Meanwhile, in LT-SOFCs with a PrOx cathode interlayer, Warburg impedance was
commonly observed in the low-frequency region [68]. Warburg impedance appears as a
straight line with a slope of 45 degrees in the low-frequency region and represents the
resistance arising from the diffusion of oxygen ions generated by the ORR reaction within
the PrOx layer [1,58,69]. Since oxygen ions neither move nor diffuse within the cathode
in the case of Pure Pt, Warburg impedance was not observed. However, when a PrOx

cathode interlayer was applied, its excellent oxygen exchange capability rapidly facilitated
the ORR reaction. Warburg impedance was observed because the diffusion path of oxygen
molecules within the cathode has a finite length. Notably, PrOx has an oxygen-excess
structure, which contributes to high oxygen ion conductivity but simultaneously forms an
oxygen concentration gradient within the electrode, affecting the Warburg impedance [16].
In fact, according to a previous study, Warburg impedance was observed in the oxygen gas
diffusion process due to the oxygen-excess structure of Pr2NiO4+δ [67,70].

3.3. Evaluation of LT-SOFC with PrOx Cathode Interlayer Based on Thermal Dependence

In this study, Pt cathode was used as the reference cell due to its excellent catalytic ac-
tivity and outstanding electronic conductivity. Meanwhile, Lanthanum strontium cobaltite
(La0.6Sr0.4CoO3−x, LSC) is a Mixed Ionic-Electronic Conductor (MIEC) that simultaneously
transfers electrons and oxygen and is widely used as a cathode material for SOFCs [71,72].
In this research, LSC was added as another cathode material to compare the thermal de-
pendence of Low-Temperature Solid Oxide Fuel Cells (LT-SOFCs). LT-SOFCs with LSC
cathodes of the same thickness (150 nm) were fabricated. The anode and electrolyte are
identical to those in the Pure Pt case and cases with PrOx cathode interlayer applied.
LSC was produced through sputtering under process conditions of 15 mTorr pressure,
30 sccm Ar flow rate, and 40 W power. The operating environment remains the same as
before, but a temperature condition of 600 ◦C was added to investigate the electrochemical
characteristics according to temperature.

As shown in Figure 11, The measurement results showed that at 500 ◦C, LSC exhibited
a maximum power density of 5.41 mW/cm2, which is 37.6% lower than that of Pure Pt
(8.68 mW/cm2). Additionally, at 600 ◦C, Pure Pt showed 33.8 mW/cm2, while LSC showed
24.8 mW/cm2. Additionally, the electrochemical performance of Pr55, which exhibited
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the highest maximum power density at 500 ◦C, was measured at 600 ◦C under the same
conditions as the 500 ◦C test. The maximum power density of Pr55 at 600 ◦C was measured
as 62.36 mW/cm2, representing a significant improvement of 3.48 times compared to 500 ◦C.
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As shown in the EIS spectra (Figure 12), the ohmic resistance of LSC at 500 ◦C was
confirmed to be 21.0 Ω·cm2. This exhibited a much higher ohmic resistance compared to
Pure Pt (5.07 Ω·cm2). This is because the electronic conductivity of LSC at 500 ◦C is much
lower than that of metallic Pt, resulting in higher electrical resistance. A.A. Solovyev et al.
reported that the electrical conductivity of pure LSC cathode significantly decreases at
an operating temperature of 500 ◦C [73]. On the other hand, the faradaic resistance was
10.9 Ω·cm2, which is 19.3% lower than Pt’s 13.5 Ω·cm2. LSC, being an MIEC, forms DPB,
providing more active sites and thus improving electrochemical reactions. Similarly, at
600 ◦C, the ohmic resistance and faradaic resistance of Pt cathode and LSC cathode showed
the same trend. The ohmic resistance of LSC was 11.1 Ω·cm2, about 8 times larger than
Pure Pt’s 1.38 Ω·cm2. Additionally, the faradaic resistance for LSC and Pt cathode was
4.03 Ω·cm2 and 4.97 Ω·cm2, respectively. As with 500 ◦C, this indicates that while LSC
has a higher ohmic resistance than Pt due to lower electronic conductivity, its faradaic
resistance decreases as an MIEC by expanding reaction sites.

The ohmic resistance of Pr55 at 600 Ω·cm2 was measured as 1.524 Ω·cm2, and the
Faradaic resistance as 0.771 Ω·cm2. This improvement is due to the enhanced electronic
conductivity of the Pt electrode and the PrOx layer as the temperature increased, leading
to a significant reduction in ohmic resistance [74]. Furthermore, the catalytic activity
was greatly improved with the increase in temperature, which significantly promoted the
ORR [16,35]. As a result, the Faradaic resistance was reduced.

For further analysis of the PrOx Cathode Interlayer, exchange current densities were
calculated from j-V-P curves and plotted as a Tafel plot [1,74]. The exchange current density
is a parameter that expresses the rate of oxidation and reduction reactions occurring
on the electrode surface as a current density when the electrode is in equilibrium [75].
As shown in Figure 13, Pure Pt exhibited an exchange current density of 2.23 mA/cm2,
while Pr30 showed 4.74 mA/cm2, Pr55 displayed 5.98 mA/cm2, and Pr150 demonstrated
6.10 mA/cm2. Lastly, LSC exhibited an exchange current density of 1.98 mA/cm2. LSC
cathode showed the lowest j0 among the results mentioned above. This is attributed to the
relatively low electrical conductivity and catalytic activity at 500 ◦C. On the other hand, all
cases with applied PrOx cathode interlayers displayed superior exchange current densities
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compared to Pure Pt. This improvement can be attributed to the PrOx layer enhancing the
interface characteristics between the cathode and electrolyte, as well as improving reaction
rates due to increased active sites. Furthermore, the mixed ionic conducting properties of
PrOx facilitated the expansion of active reaction sites on the electrode, resulting in enhanced
overall performance [76].
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Based on the j-V-P curves measured at 500 ◦C and 600 ◦C for Pt cathode, LSC cathode,
and Pr55, calculated the exchange current density and, referring to relevant references,
plotted an Arrhenius plot [77,78] in Figure 14. Additionally, we calculated the activation
energy using the slope of the plot’s straight line. The activation energy of the Pt cathode
is 1.03 eV, the LSC cathode is 1.22 eV, and Pr55’s activation energy is 0.82 eV. LSC, which
showed the highest activation energy, despite being an MIEC capable of transferring both
electrons and oxygen ions, resulted in a large activation energy due to its lower electrical
conductivity compared to Pt at 500 ◦C. On the other hand, Pr55, which showed the lowest
activation energy, can improve the catalytic properties of Pt and enhance oxygen ion
conductivity as an MIEC by PrOx [67,76].
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4. Conclusions
Throughout this study, it was demonstrated that stable PrOx thin films can be de-

posited via reactive sputtering. SEM analysis confirmed the microstructure of thin films.
Considering the operating temperature of 500 ◦C for LT-SOFCs, the thin-film properties
of PrOx were analyzed using XRD, revealing improved crystallinity compared to the as-
deposited state. XPS analysis showed a higher oxidation state (Pr4+) at 500 ◦C. This higher
oxidization state provides a higher oxygen storage capacity and can easily cause redox
reactions through high reduction potential. Additionally, electrochemical performance
evaluation was conducted on LT-SOFCs fabricated with ScSZ electrolytes based on this
process condition. It was observed that the application of the PrOx interlayer and the
increase in interlayer thickness led to an increase in ohmic resistance. However, the increase
of reaction sites for ORR increased, resulting in a significant reduction of faradaic resistance.
In conclusion, the application of the PrOx cathode interlayer effectively enhanced the
performance of LT-SOFCs.
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