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Abstract: The simplified preparation of high-performance cathode layers is crucial for
advancing the widespread commercial utilization of solid oxide fuel cells (SOFCs).
This investigation centers on achieving PraNiOs@PrsO11 (PPNO) through reactive
magnetron sputtering (RMS) under the monitoring of a plasma emission monitoring
system (PEM) in conjunction with annealing treatment. By utilizing the PEM system,
a Setpoint of 70 % was selected to enable a rapid deposition rate of Pr-O oxide.
Subsequently, a Pr-Ni-O oxide with an appropriate Pr/Ni atomic ratio was deposited
by regulating the power applied to the Ni target. The PPNO cathode layer was formed
through the annealing of Pr-Ni-O oxide (at 1000 °C for 30 min). Moreover, the porosity
evolution of the PPNO cathode layer was elucidated. The deposited PPNO cathode
demonstrates a remarkably low polarization resistance (Rp) of 0.08 Q-cm? at 750 °C.
The assembled NiO-YSZ|YSZ|GDC|PPNO single cell achieves a notable power
density of 1155 mW-cm™ at 750 °C. Furthermore, the single cell experiences only 6.9 %
decay after 65 h of stability testing at 700 °C, indicating interesting long-term stability.
This research introduces a fresh perspective on the realizing high-performance IT-
SOFC cathode layers.
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1. Introduction

The SOFCs were hailed as a promising technology for energy conservation and
carbon emission reduction. Current SOFCs operate at high temperatures (800 -1000 °C)
to enhance electrochemical kinetics, eliminating the need for costly precious metal
catalysts [1-3]. Despite the benefits of high-temperature SOFCs (HT-SOFCs),
challenges such as expensive interconnects and sealants, as well as accelerated material
degradation at high temperatures, impede their widespread implementation in energy
systems. Intermediate-temperature SOFC (IT-SOFC), operating between 600 - 800 °C,
address the drawbacks of HT-SOFCs while providing notable economic advantages [4].
However, reducing the operating temperature diminishes the oxygen reduction reaction
(ORR) activity at the cathode, as ORR is a thermally activated process [5]. Therefore,
enhancing cathode electrochemical activity to decrease cathode polarization resistance
is crucial for advancing IT-SOFC technology.

Materials exhibiting mixed ionic and electronic conductivity (MIEC) are highly
regarded for addressing the issue of increased cathode polarization resistance at lower

operating temperatures [6, 7]. In MIEC cathodes, three-phase boundaries (TPBs) can



be expanded across the entire electrolyte surface, as opposed to being confined to the
electrolyte/electrode interface, thereby effectively mitigating cathode polarization
resistance. Recently, KoNiFs-type LnoNiOs+s compounds (Ln = La, Pr, Nd) have
emerged as promising candidates due to their exceptional oxygen reduction catalytic
activity, robust MIEC behavior across a wide range of oxygen partial pressures, and
favorable chemical compatibility with common electrolytes and metal interconnects.
[8, 9]. Consequently, Ln;NiOs+; compounds are being considered as prospective
cathode materials for IT-SOFC [8]. In the realm of IT-SOFCs, while wet deposition is
a well-established technique for depositing thick cathode layers, the use of thicker
cathode layers may not be cost-effective in terms of raw material consumption [10].
The use of RMS enables the deposition of thin and dense layers in IT-SOFCs
components, leading to reduced ohmic losses. This method is highly favored for
fabricating electrolytes [11] or barrier layers [12] in IT-SOFCs. Encouraging outcomes
have been reported in the fabrication of half-cells employing RMS technology [13].
Our previous investigations have illustrated the feasibility of utilizing RMS technology
for depositing cathode layers by co-sputtering various metal targets [14]. However,
electrochemical assessments and single-cell evaluations of the deposited La:NiO4+s
cathode exhibited subpar performance. The power density of the Ni-YSZ|YSZ|GDC]
LasNiOs+;5 single cell reached only 71 mW-cm at 700 °C [14]. This underperformance
is related to the impermeability of the dense LaxNiOa4+5 cathode layer, which impedes
the rapid adsorption and diffusion of oxygen, resulting in inferior reactivity compared
to other MIECs [13, 15]. Therefore, to fully exploit the exceptional electrochemical
properties of a thin cathode layer deposited using RMS technology, enhancing its
porosity is crucial.

This study, examines the rapid deposition of a porous PPNO composite under
unstable plasma conditions using PEM [16], with a systematic investigation into pore
formation and morphological evolution of the PPNO composite. Subsequently, a NiO-
YSZ|YSZ|GDC|PPNO single cell was produced on a commercial NiO-YSZ anode
employing RMS technology. The single cell exhibited exceptional electrochemical
performance attributed to the synergistic effect of the PPNO cathode's superior

catalytic activity and optimized porous structure.

2. Experimental procedure

2.1 Magnetron sputtering equipment



Samples were deposited in a sputtering chamber (Alcatel SCM650) with a PEM
system. The sputtering chamber is cylindrical, measuring 300 mm in height and 620
mm in internal diameter. The RMS device utilizes a dual-channel DC Pinnacle® Plus+
generator, allowing pulse frequencies adjustable from 5 to 350 kHz. The substrate
holder, 610 mm in diameter, was positioned 70 mm from the target and rotated at 14
revolutions per minute (RPM) via a motor drive system. The chamber's vacuum level
was monitored by a pressure gauge, which showed a limit of 10 mbar. The PEM
system comprises a fiber optic probe, a conductive fiber, a spectrometer, and a
photomultiplier tube, all managed via a computer interface for real-time monitoring of
the plasma emission spectrum. The fiber optic probe was positioned near the Pr target
to capture the emission signal, specifically focusing on the 422 nm spectral line of Pr.
Custom LabVIEW® software analyzes and adjusts the spectral signal intensity,

enabling precise deposition control.

2.2 Experimental materials and cell realization

The target materials Pr and Ni (99.9%, @ 200 x 6 mm) were sourced from
AMPERE INDUSTRIE, while 8YSZ and NiO-YSZ (® 25 % 0.5 mm) were obtained
from NEYCO. Symmetric PPNO/8YSZ/PPNO cells were created by depositing PPNO
cathode layers on dense 8YSZ pellet. The YSZ|GDC electrolyte layer was deposited
on NiO-YSZ to form a half-cell (NiO-YSZ|YSZ|GDC) [17]. Subsequently, a PPNO
cathode was deposited on the NiO-YSZ|YSZ|GDC via magnetron sputtering to
fabricate a NiO-YSZ|YSZ|GDC|PPNO single cell. Annealing of the symmetric and
single cells occurs in air using a standard furnace (Borel, Switzerland). The
symmetrical and single cells were then shaped into round (® 11mm) and square (11 X
11 mm) button cells, respectively, to accommodate electrochemical measurement

equipment.
2.3 Characterization and cells testing

Structural characterization was performed with a BRUKER D8 XRD using Co
Ko radiation. Surface and cross-sectional morphologies were studied using a JEOL
JSM-7800F scanning electron microscope (SEM) with nanoscale resolution. Cross-
sectional SEM images enabled porosity analysis of PPNO using Image] 2.0.
Electrochemical impedance spectroscopy (EIS) was performed using Garmy 1000E

electrochemical workstation coupled with a high-temperature furnace (OTF-1200X).



Impedance spectra were recorded from 600 °C to 750 °C at 50 °C intervals with a
sinusoidal voltage perturbation of 10 mV. The frequency range during EIS testing was
from 107! to 10° Hz. The current—voltage-power (I-V—P) discharge characteristics of
the cell were measured using a CS1350 electrochemical workstation. Prior to testing,
hydrogen was introduced into the anode at 60 mL/min for 3 h to reduce NiO at 750 °C.
During the test, hydrogen was humidified by passing it through water before entering
the anode, while oxygen was supplied to the cathode at 40 mL/min.

3. Result and discussion

3.1 Deposition for Pr-Ni-O coatings

The rapid deposition of Pr-Ni-O oxides is essential for preparing PPNO composite
cathodes. The deposition process of the Pr-Ni-O coatings, using Pr and Ni targets, was
monitored via the optical emission intensity of the Pr target at 422 nm near the target
area. The collected information was transmitted to a computer to regulate the oxygen
flow rate, maintaining the emission intensity between approximately 25% (fully
oxidized target) and 100% (in pure argon), as depicted Fig. 1. Initially in a pure argon
atmosphere, the deposition mode transitioned from metallic to oxide as the Oz flow rate
increased to 7 sccm. Conversely, reducing the O, flow to 3.2 sccm switched the
deposition back to the metallic mode. The deposition region with an Oz flow rate of 3.2
to 7 sccm was identified as an unstable deposition region for Pr-Ni-O coating. The Ni
target voltage was monitored in real time against the O> flow rate at a constant power
of 111 W. The resulting hysteresis loop of the Ni target voltage exhibited a similar trend
to the relationship between the optical emission intensity of the Pr target and the O:
flow rate. Notably, the unstable deposition regions for both targets largely coincided,

as shown by the hysteresis loops in Fig.1.
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Fig.1 The evolution of the emission optical intensity of the Pr (422nm) target and the voltage of
Ni target with the introduction of oxygen flow

To determine the optimal emission optical intensity (Setpoint) for Pr target in
depositing Pr-Ni-O coatings, both deposition rate and coating structure were examined
across various Setpoints. Tab.1 outlines key deposition parameters. The optical
emission Setpoints for Pr target were adjusted to 50 %, 60 %, and 70 % with the Ni
target power held constant at 111 W. Fig.2a, demonstrates a linear increase in
deposition rate with higher Setpoints on the Pr target. Furthermore, Fig.2 b indicates
that the Pr:Ni atomic ratio rises with increased Setpoints, attributed to the enhanced
power applied to the Pr target, as detailed in Tab.1. XRD patterns in Fig.3, reveal that
coatings deposited at 50 % and 60 % Setpoints on the Pr target primarily consist of
nanocrystalline or poorly crystalline PrOx. In contrast, the coating at a 70 % Setpoint
predominantly features cubic Pr¢O11, along with minor amounts of NiO and metallic
Pr. Despite the presence of some metallic Pr at 70%, this Setpoint offers significant
advantages in deposition rate and Pr-Ni-O coating crystallinity compared to 50 % and

60 %.



Table 1 The RMS deposition parameters of Pr-Ni-O coatings

Parameters Pr target Ni target
Ar flow rate (sccm) 200
O, flow rate (sccm) 3.8-7.0
Total pressure (Pa) 1.97-2.02
Ds.; (mm) 70
Frequency (kHz) 50
Totr (ps) 4
Voltage (V) 203-235 390-479
Current (A) 2.5 0.23-0.35
Power (W) 510-630 111-160
Setpoint (%) 50-70 —
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Fig.2 (a) Deposition rate and (b) atomic ratio of Pr/Ni as a function of optical emission Setpoint
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Fig.3 XRD patterns of Pr-Ni-O coatings deposited on glass slides with different optical emission
Setpoints on Pr target
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Pr-Ni-O coatings were deposited with varying Pr/Ni atomic ratios by adjusting the
Ni target power, maintaining an optical emission setpoint of 70 % on Pr target. Energy-

dispersive spectroscopy (EDS) determined the Pr/Ni atomic ratio, revealing a linear



decrease in this ratio with increased Ni target power, while the deposition rate increased
linearly (Fig.4). The phase composition of the Pr-Ni-O coatings was analyzed by XRD
post-annealing at 1000 °C for 30 min. As illustrated in Fig. 4 coatings with high Pr/Ni

ratios (6.1 and 3.4) mainly consisted of ProNiOs and PreO11 phases. Conversely,
coatings with a Pr/Ni ratio of 1.4 largely comprised PrsO11 and minor nickel oxides
(NiO and Ni203). At a Pr/Ni ratio of 2.0, both Pr¢O11 and PrsNizO9gs were present,
indicating partial decomposition of PraNiOs. A Pr/Ni ratio of 1.6 predominantly
featured ProNiOs, with traces of NiO, likely due to Pr deficiency.

These results suggest that a higher Pr/Ni atomic ratio is necessary to achieve a
composite PPNO coating comprising both ProNiO4 and PrsO11. Comparison of XRD
patterns for coatings with Pr/Ni ratios of 3.4 and 6.1 indicates that the relative content
of Pr2NiOg4 and PrsO11 can be adjusted by modifying the Pr/Ni ratio. Consequently, an
optical emission setpoint of 70 % on the Pr target is optimal for depositing high-quality

PPNO cathodes.
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Fig. 4 (a) Deposition rate and Pr/Ni atomic ratio of the Pr-Ni-O coating deposited with different
powers on the Ni target; (b) XRD of Pr-Ni-O coatings with different atomic ratios post-annealing
at 1000 °C for 30 min

3.2 The realization of PPNO cathode

PPNO cathodes were achieved by depositing Pr-Ni-O coatings with a high Pr/Ni
atomic ratio, specifically at a 70 % setpoint on the Pr target. Deposition parameters
were detailed in Tab. 2. The structural and morphological evolution of PPNO cathode
coatings under various annealing treatments were investigated using XRD and Rietveld
refinement. The XRD pattern in Fig. 5 illustrates structural changes in the PPNO
coating as annealing temperature rises. PrsO11 was present in the as-deposited coating,
with NiO and PrOx emerging as the annealing temperature reaches 950 °C. PraNiO4

phase traces appear after annealing at 950 °C (4.94 wt.%) (Fig.Sb and Tab.3). A



composite material with ProNiO4 (67.49 wt.%) and PrsO11 (32.51 wt.%) phases forms
after annealing at 1000 °C.

In Fig. 5a, the peak positions of ProNiO4 and PrsO11 were shifted to higher angles
compared to the ICSD database (PDF#01-086-0870 and 00-042-1121), likely due to
internal stress from the coating, a known effect of magnetron sputtering deposition [18,
19]. The lattice contraction observed in ProNiO4 and PrO1; after annealing at 1000 °C
supports this. Specifically, Pr,NiOs shows contraction in the a (5.4543 A) and ¢
(12.4429 A) axes compared to PDF#01-086-0870 (a= 5.4567 A, b= 53929 A, c=
12.4464 A), while PrsO11's lattice parameter decreases to 5.4614 A from 5.4678 A
(PDF#00-042-1121) (Fig.5b and Tab.3). Increased annealing temperature correlates
with lattice contraction, possibly due to phase transformation during crystallization.
Additionally, higher temperatures promote grain growth, resulting in larger crystallite
sizes for ProNiO4 compared to PrsO11 (Tab.3), which explains the larger particle size

of ProNiO4 observed in morphology analysis (Figs.6-8).

Tab. 2 The deposition parameters for depositing PPNO cathode

Deposition parameters PPNO
Ar flow rate (sccm) 200
O, flow rate (sccm) 4.8-5.3
Total pressure (Pa) 1.9-2.1
Drawing distance(mm) 70
Frequency (kHz) 50
Toff (us) 4
Pr target Setpoint (%) 70
Current (A) 2.5
Ni target Power (W) 126
Deposition thickness (mm) 5.9
(a) 1-Pr,NiO, (PDF#01-086-0870) 2-Pr,0,, (PDF¥00-042-1121) 3-Pro, (b) ;O(l»“:n,::m s iy
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Fig.5 XRD patterns of the PPNO cathode coating deposited on alumina pellet after various
annealing treatments in air



Tab. 3 The lattice parameters and crystallite size of the PPNO coatings as function of the

annealing temperature

Annealing Lattice parameters (A) Crystallite size Percentage (wt.%)
temperature (nm)
Q) PrNiOs PreOu PrNiOs  PrOn PnNiOs  PreOn
a b c a b c
As deposited - - - - - - - 7.8 - -
200 - - - 5.5006  5.5006 5.5006 - 10.3 - -
550 - - - 5.4687  5.4687 5.4687 - 12.7 - -
750 - - - 5.4657  5.4657 5.4657 - 32.6 - -
950 5.3798 55189 12.4453 54635 54635 5.4635 62.3 40.6 4.94 95.06
1000 5.4543 54004 124429 54614 54614 54614 87.9 44.9 67.49 32.51

The porous morphology of the cathode coating is essential for facilitating oxygen
diffusion. Fig. 6 illustrates the morphological changes in the PPNO coating during the
annealing treatment process. Initially, the PPNO coating appears dense (Figs.6 a and
d) prior to annealing. However, evident macro-pores were observed after annealing at
950°C for 30 min (Figs. 6 i and j). The progression of annealing stages demonstrates
the development of the porous structure in the PPNO cathode coating. Throughout the
annealing process, the coating transitions from an amorphous to a crystalline state, with
atomic migration within the coating due to the gain of energy [19-21]. During annealing
at temperatures up to 750°C, micro (nano) pores were generated as a result of atomic
migration (Pr and Ni), along with the crystallization of the coating. Subsequently, the
micro (nano) pores aggregated into macro pores post-annealing at 950 °C (Figs.6 i and
j)- These sequential stages were marked by a volumetric expansion of the coating,
likely attributed to the development of micro (nano) pores (Tab.4). Ultimately, the
macro pores fused into larger pores following annealing at 1000 °C. Concurrently,
small particles of Pr¢Oi1-enriched form typical large particles of PraNiOgs-enriched
(Figs. 6 k and 1). This stage was characterized by a volume reduction, induced by high-
temperature sintering (Tab.4). Correspondingly, the porosity of the coating decreased

from 44.8 + 0.3 Vol. % at 950 °C to 42.9 + 0.2 Vol.% at 1000 °C.

XRD and EDS analyses confirmed the presence of PrsO11 and Pr2NiOg-enriched
regions in the PPNO cathode coating. Initially, Pr and Ni atoms in the deposited PPNO
were uniformly distributed (Figs.7¢ and 8a). However, after annealing treatment,
atomic migration led to distinct phase transformations, with Pr and Ni concentrating in
separate regions (Figs. 7-8). EDS data showed a higher Pr/Ni atomic ratio in smaller

particles than in larger ones (Figs. 7b and 8c), suggesting Ni enrichment in larger



particles and Pr in smaller ones. These observations align with XRD results, indicating

that Ni-rich regions correspond to PraNiO4, while Pr-rich regions correspond to PrsOn1.

Tab. 4 The porosity and thickness of the PPNO coatings as function of the annealing temperature

Samples Temperature (°C) Cross-section porosity Thickness (um)
As deposited 5.9+0.2
200 - 6.0+0.1
550 - 6.5+0.2
PPNO 750 - 6.6+0.2
950 44.8+0.3 7.5+£0.2
1000 429+0.2 69+0.1
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Fig.6 SEM images of the PPNO coatings after various annealing treatments: (a), (c), (e), (g), (1),
and (k) refer to the surface; (b), (d), (f), (h), (j), and (1) refer to the cross-section
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Fig.7 The cross-section SEM-EDS results of the polished PPNO cathode coatings: (a), (b) and (d)
annealing at 1000°C for 30 min; (c) as deposited

Points Atomic ratio of PriNi
1 1.93
2m
334
2.00
281

6 s
Energy [keV]

Fig.8 The surface SEM-EDS results of the PPNO cathode coatings: (a) as deposited, (b) and (c)
annealing at 1000°C for 30 min




3.3 The characterization of electrochemical performance of PPNO cathode

The EIS results from symmetric cells (PPNO/8YSZ/PPNO) assessed the PPNO
cathode's performance. ZView 2 software was employed to fit the impedance spectrum
with an appropriate equivalent circuit model. As depicted in Fig. 9a, Nyquist plots of
the symmetric cell (PPNO/8YSZ/PPNO) were recorded at temperatures from 600 to
750 °C in 50 °C increments. LR(CPE1//R2)(CPE2//R3)(CPE3//R4) equivalent circuit
model was selected to fit the impedance data. From the fitted model, resistances
corresponding to various electrochemical processes were extracted to determine the
cathode's R, a crucial indicator of its electrochemical performance. The mean
capacitance and frequency relaxation for each semicircle contribution were calculated
using the fitted data and applying Eqgs. (1) and (2).

C = R(-M/MW) x cpE/T (1)

1

fo=—"1 )

1
21(CeqpRn)™

where R represents the electrical resistance, n is the decentering angle of the
Constant Phase Element (CPE) function, and C denotes the capacitance associated with
the phenomenon.

The capacitance effect (C) and frequency relaxation (f) were plotted against
inverse temperature using a Schouler-type representation [22], serving as a reference
for interpreting impedance diagrams. The Arrhenius plots (Figs. 9b and c¢) reveal that
the lower capacitance (10712 F) and higher frequency (>10° Hz) of R» at 600 and 650 °C
for the symmetric cell are linked to the electrolyte response [23]. Consequently, R» was
excluded from R, and combined with R; as the electrolyte resistance, thus R, = R3 +R4
(Fig. 9a). The first semicircle indicates an increase in capacitance (10 F) from 700 °C
to 750 °C, corresponding to the electrode response [24]. Here, R; relates to the
electrolyte response, and R, =R>+R3+R4. The R, of PPNO cathode was presented in
Tab. 4, with a low R, at 750°C (0.08 Q-cm?), demonstrating strong competitiveness in
the IT-SOFC cathode domain (Tab.5). This performance is attributed to the important
contribution of Pr¢O1:1 in enhancing cathode ORR activity [25, 26].
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Fig.9 (a) Nyquist plots of PPNO electrode from 600 °C to 750 °C in air; Arrhenius plots of the
relaxation frequencies (b) and the capacitances (c)

To elucidate the ORR process on the PPNO cathode and pinpoint the rate-
controlling step, the polarization resistance (R;) of PPNO across various frequency
ranges and oxygen partial pressures (Pp,) was measured by EIS test (Fig.10). Fig. 10a
shows that R, decreases as oxygen partial pressure increases, indicating enhanced ORR
kinetics at the cathode. Concurrently, the ohmic resistance diminishes with the
elevation of oxygen partial pressure. This phenomenon may be attributed to the
heightened electronic conductivity of PPNO under increased oxygen partial pressure,
consequently leading to a reduction in ohmic resistance [27, 28]. The relationship

between R; and Py, was described by Eq. (3) [29].

R; & Ro(Po,) " 3)

Where R; represents the values of Ry, Rur, Rmr, and Rir under different oxygen
partial pressures. Ro is a constant. The n values correspond to the reaction order of the
ORR process.

The reaction order (n value) derived from fitting the experimental data using Eq.
(3) was compared that from kinetic calculations to elucidate the PPNO cathode ORR
process (Tab.6) [30]. As depicted in Fig. 10b, the n value for Rur was 0.20,
approximating 0.25, which indicates that the HF process corresponds to oxygen species
reduction [31]. The n values for Rmr and Rir were 0.53 and 0.82, respectively, nearing
0.5 and 1. This implies that both the MF and LF processes involve surface oxygen
molecular dissociation, followed by diffusion of dissociated oxygen atoms to the TPB.
The n value for R, was closest to that of Rwmr, suggesting that the MF region's
impedance most significantly affects overall cathode polarization resistance.

Consequently, the dissociation of molecular oxygen to atomic oxygen is inferred as the



rate-determining step in the cathode reaction, aligning with findings for PrsO11-based

cathodes [25, 32].
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Fig.10 (a) Nyquist plot of PPNO electrode under different oxygen partial at 700 °C; (b)
dependence of resistances on oxygen partial pressure of PPNO electrode at 750 °C
Tab. 5 Electrochemical properties of ProNiO4 and Pr¢O1; cathode for SOFCs: R, values were
obtained by symmetrical cell PPNOJGDC|PPNO testing.
Anode Electrolyte Cathode Ry(Q-cm?) Power density (mW/cm?) OCV (V) Refs.
Ni-YSZ YSZ/GDC PPNO 0.087°0°¢ 115570 0.957°°°C " This
0.17700°C 779700 °C 0.97700°C work
0'35650 °C 583650 °C 0.98650 °C
0'49600 °C 369600 °C 1'00600 °C
Ni-GDC GDC PNO 0.1870°¢ 327700°¢ 0.687°°¢  [30]
- YSZ PNO 0.807°°°C - - [33]
Ni-YSZ YSZ LSM-PrsO;;  0.087%°°C 1220800°¢ 1.11739°¢  [31]
Ni-YSZ YSZ PrsO1 0.03600°C 5007%0°¢ 1.08790°C  [34]
Ni-YSZ YSZ/GDC PPCO 0.077°0°¢ 9707%"¢ 1.12 [25]
Ni-YSZ GDC LSCF-PrsO11 - 118800°¢ 1.06°°°¢  [26]
- GDC LSM-PrgO11 0.109°° - - [35]
SFM- PrsO11 YSZ SFM- P01 0.10%°°C 455800°C 1.04%0°¢  [36]
- GDC  PSNO-PrsO;;  0.1147°°€ - - [37]

PNO: PrNiO4; LPNO: Laj 6Pro4NiOs; PPCO: ProCuOs@PrsO11; LSM: LagSro2MnOs.5; LSCEF:
Lag.6Sr0.4Co0.2Fe0.803.5; SFM: SraFe1.sM0o.5O06.5; PSNO: Pr1.2Sr08NiO4+5



Tab. 6 The relationship between n value and ORR step [31]

Steps Elemental reactions Reaction order
1 02,9as = O2,ds n=1
2 02,445 = 20445 n=0.5
3 Ouas + €' = 04 n=0.375
4 Ouas +€' +V - 0F n=0.25
5 Ogas + €' = 04 n=0.125
6 oelectrode — 00 electrolyte 0

To further assess the feasibility of the PPNO cathode, the I-V-P characteristics of
NiO-YSZ|YSZ|GDC|PPNO single cell was determined (Fig.11 and Tab.5). This cell
achieved a notable peak power density of 1155 mW-cm? at 750 °C (Fig. 11b).
However, its OCV ranged from only 1.00 to .95 V between 600 and 750 °C (Tab.5),
lower than literature values, primarily due to cracks in the YSZ|GDC electrolyte layer
(Fig.11a). he single cell's long-term performance was evaluated by monitoring voltage
at 700 °C under a constant current load of 0.4 A-cm™. The voltage degradation rate was
merely 6.9 %, decreasing from 0.87 V to 0.81 V after 65 h, demonstrating the cell's
excellent durability (Fig. 11¢).
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Fig.11 (a) NiO-YSZ|YSZ|GDC|PPNO single cell cross-section; (b) and (c) I-V-P characteristics
and long-term stability test of the single cell, respectively



4. Conclusion

This work showcases the effective creation of porous, thin PPNO cathodes using
the RMS technique. The remarkably low cathode R, and superior single cell
performance underscore the high electrocatalytic activity of the PPNO cathode,
attributed to Pr¢On's enhancement of the ORR process. The NiO-
YSZ|YSZ|GDC|PPNO single cell delivers an output power of 1155 mW-cm? at 750 °C,
highlighting its competitiveness in IT-SOFC applications. These results emphasize the
potential of PPNO composites as SOFC cathodes and validate the use of RMS
technology for developing porous, thin cathode layers for IT-SOFCs, potentially
inspiring new cathode layer design strategies.
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