Efficient Pro.NiO,@Prs0+, (PPNO) composite cathode synthesized via reactive
magnetron sputtering (RMS) for MS-SOFC applications
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Abstract:

The development of high-efficiency cathode materials is critical for advancing the large-
scale commercialization of metal-supported solid oxide fuel cells (MS-SOFCs). In this
study, Pr-Ni-O oxides were deposited using RMS and subsequently annealed at 1000°C
for 30 min to induce the in-situ formation of a Pr,NiO,@Pr,O,, (PPNO) composite
cathode. The incorporation of Pr,O,, mitigates the decomposition of Pr,NiO, (PNO),
thereby enhancing its long-term stability. Compared to the parent material PNO, the
PPNO composite demonstrated superior electrocatalytic performance. The polarization
resistance (R,) of the PPNO cathode was significantly reduced to 0.07 Q-cm?, much lower
than the 0.84 Q-cm? observed for PNO at 750°C. Furthermore, a single cell with the
configuration ITM/GDC10/NiO-YSZ/8YSZ/GDC10/PPNO (MS/PPNO) exhibited a
remarkable maximum power density (Pmax) of 1010 mW-cm? at 750°C, compared to 326
mW-cm? for the corresponding ITM/GDC10/NiO-YSZ/8YSZ/GDC10/(MS/PNO)
configuration. These findings provide valuable insights into designing improved cathode
layers for MS-SOFC applications.
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1. Introduction:

As the global energy and environmental crises worsen, the demand for efficient and clean

power generation technologies is growing rapidly [1,2]. The solid oxide fuel cell (SOFC) is

regarded as a highly promising energy conversion device capable of directly transforming
the chemical energy of various fuels into electrical energy. It offers numerous ad-



vantages, including exceptional energy conversion efficiency, fuel flex-ibility, and low
pollutant emissions [2-4]. Conventional SOFCs are designed to operate at high
temperatures (800-1000-C), enabling efficient energy conversion and eliminating the
need for precious metal electrodes [5]. However, this high-temperature operating
environment also presents several challenges, including limitations on material se-
lection (requiring relatively expensive ceramic materials), increased fabrication costs,
and reduced cell life. Thus, extensive research efforts have been devoted to reducing the
operating temperature to the inter-mediate range (IT-SOFCs, 600-800°C) while
maintaining the perfor-mance and efficiency of the cells [6,7]. A significant benefit
brought by the lower operating temperature is that metal materials, such as ferritic
stainless steel, can be used as SOFC component materials, including support and
connectors. The fundamental concept of metal-supported SOFCs (MS-SOFCs) is to
support thin ceramic electrode and electrolyte layers on low-cost, durable metal
materials. This approach significantly reduces the reliance on relatively expensive
ceramic materials, thereby minimizing material costs and enhancing the structural
strength of the cell. Nevertheless, operating at lower temperatures slows down the ki-
netics of the cathode oxygen reduction reaction (ORR), presenting a key challenge for
maintaining performance [8,9]. As a result, the polariza-tion resistance of the cell
increases dramatically, leading to a substantial drop in whole-cell performance [10].
Therefore, it is essential to develop cathode materials with high catalytic activity to
enhance the perfor-mance of IT-SOFCs.

Recently, rare earth nickelate compounds (LnzNiQO4, Ln =La, Pr, Nd) with the KzNiF,-

type structure have garnered significantinterest as cathode materials for IT-SOFCs, owing
to their excellent mixed ionic and electronic conductivity (MIEC) properties [11-14]. These
cathodes, with MIEC properties, allow the ORR sites to extend throughout the bulk
material rather than being limited to the Triple-Phase Boundary (TPB), thereby reducing
electrode polarization. Notably, Pr,NiO, exhibits the highest oxygen diffusion among the
related rare earth nickelate com-pounds at intermediate temperatures, which enhances
the ORR process [13,15]. Additionally, investigations have shown that composite cath-
odes containing PrsO; consistently exhibit promising ORR perfor-mance, as PrsO1;
significantly accelerates the oxygen surface exchange kinetics [16,17]. However, to the
best of our knowledge, there are few research reports on composite cathodes made from
PrsO+1 and Pr:NiO,4. Given the potential synergistic effect between these two phases, the
ORR performance of the Pro.NiO, cathode could be enhanced through the formation of
such a composite.
Ceramic powder routes such as screen-printing, tape-casting, and slurry coating are
commonly employed to create the cathode layer for SOFC [18-20]. For example, Pr,NiO4
ink has been screen-printed onto anode-supported SOFCs as the cathode, followed by
sintering at 1200°C in air for 2 h. However, prolonged sintering at such high temperatures
is unfavorable for the fabrication of MS-SOFCs. Physical vapor deposition (PVD) has
gained attention as a promising technique for low-temperature deposition in MS-SOFC
fabrication. Magnetron sputtering (MS), a widely used form of PVD, has been extensively
applied to deposit various coatings. While MS has been primarily utilized for depositing
dense electrolyte or barrier buffer layers [21,22], previous research in our lab has
demonstrated that this technique can also be used to deposit cathode layers by co-
sputtering multiple metal targets [23-25].



In this work, thin PPNO (approximately 8.1 pym) composite cathodes and PNO
(approximately 8.5 ym) cathodes were deposited via RMS on a sputtering device
equipped with a plasma emission monitoring (PEM) system. MS/PPNO and MS/PNO
single cells were then fabricated. The morphology and structure of the PPNO and PNO
cathodes were analyzed using scanning electron microscopy (SEM) and X-ray diffraction
(XRD), respectively. The electrical and electrochemical properties of the cath-odes were
examined using the four-probe method and electrochemical impedance spectroscopy
(EIS). The performance of the single cells was evaluated through current-voltage-power
(I-V-P) measurements and EIS analysis.

2. Experimental procedure

2.1 Experiment device

PPNO and PNO cathode coatings were deposited by co-sputtering Pr and Ni targets in an
Alcatel SCM650 sputtering chamber, which is equipped with a plasma emission
monitoring (PEM) system. The com-plete RMS system consists of several components,
including the sput-tering chamber, vacuum system, hardware control unit, gas flow
control system, pulsed DC generator, and the PEM system. The sputtering chamber is a
cylindrical vessel with a height of 300 mm, an inner diameter of 620 mm, and a total
volume of approximately 100 L. The vacuum system consists of a main pump and a
secondary turbomolecular pump, which can achieve a vacuum lower than 10 Pa. A two-
channel DC Pinnacle® Plus+ generator from Advanced Energy® serves as the power
supply, which can adjust the pulse frequency from 5 to 350 kHz. The substrate holder with
a diameter of 610 mm was placed at a draw distance of 70 mm from the target surface
(Dt-s = 70 mm), and it can rotate at a rate of 14 Revolution Per Minute (RPM) driven by a
motor. A pressure gauge with a display upper limit of up to 10° mBar was used to
determine the vacuum in the sputtering chamber. A more accurate MKS Baratron
pressure gauge was used to display the operating pressure (= 2.0 Pa) in the chamber
during the deposition in real time. Pr and Ni targets with a diameter of 200 mm purchased
from Ampere Industrie company were placed on a copper pedestal whose bottom was in
contact with circulating cooling water, and a graphite sheet was placed between the
target and the copper pedestal to improve electrical contact. An RMS process equipped
with a PEM system was confirmed to allow greater deposition rates [20,22]. The PEM
system consists of optical fiber probe, conducting optical fiber, spectrometer, and
photomultiplier to obey computer management to monitor plasma emission spectra. The
optical fiber probe was placed on the area close up to the Pr target to capture the spectral
signals of the 422 nm Pr emission line. The spectral signals level intensity of the Pr target
was adjusted by a software developed by Labview® to control the deposition process. The
annealing treatment of the deposited samples was carried out under air in a standard
furnace from Borel company.

2.2 Cell preparation
The PPNO/8YSZ/PPNO and PNO/8YSZ/PNO symmetric cells were prepared by depositing
PPNO and PNO cathodes on both sides of the 8YSZ plate (11 x 0.5 mm) purchased from
Neyco company, respectively. The schematic diagram of the magnetron sputtering
process was shown in Fig. 1b. The detailed deposition parameters of PPNO and PNO
cathodes were shown in Table 1. The deposited PPNO/8YSZ/PPNO and PNO/8YSZ/PNO



symmetric cells were then annealing at 1000°C for 30 min. The preparation process of
MS/PPNO and MS/PNO single cells was shown in Fig. 1a. PPNO and PNO were deposited
on the NiO-YSZ anode layer of the half-cell ITM/GDC10/NiO-YSZ/8YSZ/GDC10 and then
annealed at 1000°C for 30 min to prepare the MS/PPNO and MS/PNO single cells. It
should be pointed out that the half-cell ITM/GDC10/NiO-YSZ/8YSZ/GDC10 including the
ITM substrate, GDC barrier layer, NiO-YSZ anode layer, and YSZ/GDC bielectrolyte layer
has been deposited in an earlier stage and is not the primary focus of this work.

2.3 Characterization

The structure of the samples was determined using a BRUKER D8 X-Ray diffraction (XRD)
equipped with a LynxEye linear detector and Co Ka radiation (A = 1.78897 A). The device
was operated at a voltage of 35 keV and a current of 40 mA. The scans were carried out at
room temperature in a 20 range of 200-90° with a scan rate of 6o.min" and a scan step of
0.02¢.The SEM (JEOL JSM-7800F) equipped with an Energy Dispersive X-ray Spectroscopy
(EDS) detector was used to characterize the morphology and the composition of various
samples. The porosity of the PPNO and PNO coatings were quantified by analyzing the
SEM images using Imagel software. To reduce the error as much as possible, the porosity
of each sample was obtained by taking the average value after analyzing 10 images. The
XPS characterization was carried out by a K-Alpha+ device produced by Thermo Fisher
Scientific, which operates under the high vacuum (2 x 10”7 mbar) with aluminum Ka mono-
chromatized radiation at the 1486.7 eV X-ray photon source. The measurements of all
samples were performed in constant analyzer energy mode with a pass energy of 50 eV.
Charge calibration was per-formed based on the binding energy of the C;s photoelectron
peak at 284.8 eV. The electronic conductivity of PPNO and PNO coatings deposited on
alumina substrate (#23mm) was measured by the four-probe method via a HP 3458 A
multimeter according to previous work in laboratory [26].

A Garmy 1000E electrochemical workstation was used for EIS measurement of
PPNO/8YSZ/PPNO and PNO/8YSZ/PNO symmetrical cells. Two sides of the symmetrical
cell were connected to the platinum wire electrode soldering by commercial silver paste
with an area of 0.2 cm?. Then the symmetrical cells were placed in a furnace (OTF-1200x).
The EIS measurement was performed between 600 and 750°C at an interval of 50°C
within a frequency range of 0.1-10° Hz under the applied voltage perturbation of 10 mV at
an oxygen partial pressure of 0.2 atm. The collected EIS data were analyzed by ZView
software. A CS1350 electrochemical workstation was used to collect the current-voltage
discharge curve (I-V) of the MS/PPNO and MS/PNO single cells. The shape of the single
cells is a square with a side length of 1.1 cm. The cathode and ITM of a single cell were
connected to the electrochemical workstation through platinum wires. The cell was
sealed by high tem-perature sealant to introduce H, and air into the anode and cathode
sides, respectively, without gas leakage. Commercial silver pastes with area of 0.2 cm?
was coated on the cathode as the current collector layer. The sealed cell was placed in a
furnace (OTF-1200x). Initially, the mixed gas 5%H,-N, was introduced to the anode side at
a flow rate of 30 mL/min until 600°C. Then, the hydrogen concentration was gradually
increased to 100 % H, at 750°C, and the gas flow rate was increased to 60 mL/min. The
anode layer was reduced at 750°C for 3 h in a pure H, atmosphere. At the same time, air
was introduced to the cathode side at a flow rate of 40 mL/min. After the open circuit
voltage (OCV) stabilized, the electrochemical measurement procedure was initiated from
7500°C to 600°C at an interval of 50°C.



3. results and discussion

Pr-Ni-O oxides with different Pr/Ni atomic ratios were deposited on the GDC10 layer
according to the parameters listed in Table 1. Subse-quently, PPNO (Pr/Ni = 2.42) and
PNO (Pr/Ni = 1.70) were synthesized by annealing these Pr-Ni-O oxides at 1000-C for 30
min. As shown in Fig. 2a, the deposited Pr-Ni-O oxides were amorphous or nanocrystal-
line, while Pr.NiO4@PrsO+1 and NiO were crystallized after annealing treatment at 1000 oC
for 30 min. After crystallization, the Pr-Ni-O oxide with a low Pr:Ni atomic ratio mainly
contains Pr;NiO4 and a trace amount of NiO. While the Pr-Ni-O oxide with a high Pr:Ni
atomic ratio grew Pr;NiO, and PrsO:; through crystallization to form composite
PraNiO4,@PrsO41 (PPNO). Further, The XRD patterns of PPNO and PNO were refined by
FullProf software. For PNO cathode, a single Pr.NiO, phase refinement was performed
while ignoring traces of NiO. For the PPNO cathode, a refinement containing two phases
of ProNiO4 and PrsO+; was carried out (Figs. 2b-d). The refinement results showed that the
content of PrsO+; phase in PPNO accounted for 37.09 wt%. Compared with PNO, the unit
cell volume of Pr;NiO4in PPNO was 373.865 A? less than that in PNO of 370.293 A%, This
may be due to the presence of PrsO+1 suppressing the coarsening of Pro.NiO, grains, and
this result was consistent with the report of Zhao et al. [27]. To test the stability, PPNO and
PNO were subjected to a long-term annealing treatment at the SOFC operating
temperature (750°C) for 50 h in air (Fig. 2a). After long-term annealing treatment,
PrsNisOgqssand PrsO+; appeared in the PNO, which may be derived from the decomposition
of Pr2NiO,4 [28]. While no decomposed secondary phase PrsNi;Oq55 was observed in the
PPNO, it exhibited an interesting stability, probably due to the presence of PrsO+; which
suppressed the decomposition of PraNiO,.

As cathode, the porous morphology facilitates the transport of oxidizing gases. The
results of observing the morphology of PNO and PPNO were shown in Fig. 3. Initially, the
as deposited PNO and PPNO were dense (Fig. 3a, d, g, and j). After annealing treatment
at 10000C for 30 min, porous morphology was formed in PNO and PPNO (Fig. 3b, e, h, and
k). However, the morphology of PNO and PPNO were significantly different. For PPNO
cathode, the porous morphology appears to be formed by small particles embedded in
the large particle skeleton (Fig. 3e and k). The EDS results show that the Ni content in the
large particle skeleton of PPNO was higher than that in the small particle area, which can
be inferred to be the enriched areas of Pr.NiO, and PrgO11, respectively (Figs. 3n and 4a).
The large particles in PNO were inter-connected and formed small pores (Fig. 3b and h).
The EDS results show that the distribution of Pr and Ni was uniform (Figs. 3m and 4b).
Combined with the XRD results, it can be confirmed that PNO was mainly composed of
ProNiO, large particles (Figs. 3m). Different mor-phologies gave PPNO and PNO different
pore structures. In addition to the small-diameter pores in the PrsO;-rich region, there
were also large-diameter pores formed by the Pr,NiO4 skeleton in PPNO. How-ever, there
were only small-diameter pores in PNO, which causes the porosity of PNO (31.3 £ 0.4 %)
to be much lower than that of PPNO (43.9 + 0.5 %) (Table 2). After long-term annealing
treatment, the morphology of PPNO and PNO remains basically unchanged, and their
porosity decreases only slightly, which indicates the stability of the pore structure of
PPNO and PNO (Fig. 3c, f, i, and l).

Fig. 5 demonstrates the morphology evolution of the PPNO with annealing treatment.
Initially, the as deposited PPNO looks dense (Fig. 5a and b). After annealing treatment at
9500C for 30 min, a distinct porous (macro pores) morphology was formed as shown in



Fig. 5 (e) and (f). The formation of the porous morphology of the PPNO may have go
through three stages. In the first stage, the atomic-scale defects of the as deposited
coating were eliminated to form micro (nano) pores as the annealing proceeds (until
900°C). At this stage, only PrsO+¢-rich phase with small particles was crystallized in the
coating with increasing temperature. Then micro(nano) pores were aggregated into macro
pores at 950°C in the second stage (Fig. 5g and h). Meanwhile, Pr.NiO,-rich phase with
large particles was crystallized in the region with relatively low Pr:Ni atomic ratio. In the
third stage, macro pores are aggregated into large pores at 1000°C (Fig. 51 and j). At the
same time, the Pr.NiO4 phase continues to crystallize in the relatively low Pr:Ni atomic
ratio region. The PrsO,s-rich phase prevents the further agglomeration of Pr:NiOs-rich
phase with large particles. This is similar to filling the porous PrsO+,-enriched with small
particles between the Pr.NiO4-rich particles inside the PPNO, effectively increasing the
porosity of the PPNO. Different from PPNO, the Pr:Ni atomic ratio of PNO is uniform, and
the crystallized Pr2NiO4-rich phase continues to agglomerate without being blocked (Figs.
3a, b, g, h and 4b). which leads to lower porosity of PNO.

For the SOFC, the surface oxygen species of the cathode material is an important
factor affecting the oxygen reduction reaction (ORR) ac-tivity. Here, the XPS of O1s of PPNO
and PNO annealed at 1000°C for 30 min were collected to confirm their surface oxygen
species (Fig. 6). Four distinct peaks were observed from the XPS spectra of the O, orbital.
The peak at low binding energy of about 528.2 eV was consid-ered to belong to Olattice,
while the peaks at high binding energy (529.7, 531.2, and 532.5 eV) belong to Osurface,
represents O%, O, and O2, respectively [29,30]. A larger Osurface/Olattice ratio means
stronger oxy-gen adsorption ability on material surface, which helps to promote ORR
activity [31,32]. The percentage of peak areas assigned to Olattice and Osurface in PPNO
and PNO were shown in Table 3. Obviously, PPNO has larger Osurface/Olattice ratio (7.15)
than that of PNO (4.76), indicating that PPNO was expected to have better ORR activity.

It is well known that Pr.NiO, has abundant interstitial and vacancy oxygen, which
promotes oxygen ion conduction [33]. The electronic conductivity also determines
whether it is suitable for MS-SOFC cathode working at intermedium temperatures. Here,
the electronic conductivity of PPNO and PNO deposited on alumina plate was measured
by the four-probe method. As shown Fig. 7, both PPNO and PNO exhibit semi-conducting
conduction behavior in the temperature range from 300 to 900°C. In the whole
temperature range, the conductivity of PNO was higher than that of PPNO, which
indicates that the introduction of PrsO¢, reduces the electronic conductivity. This was
attributed to the fact that PrsO44, as a poor electron conductor, suppresses the electron
conduction pathway in PPNO [34]. The maximum conductivity of the deposited PPNO
was about 87 S/cm at 700°C, while that of PNO was about 109 S/cm at 650°C. The
conductivity of some reported cathode materials was compared and listed in Table 4. The
conductivity of the PNO cathode coating deposited in this work was close to that in the
literature. There were few reports on the electrical conductivity of PPNO composites.
Compared with Pr,CuO,@PrsO, the deposited PPNO materials have obvious
advantages in electrical conductivity. In addi-tion, the activation energy calculated by the
Arrhenius formula in Eq.(1) shows that PPNO and PNO have similar values. This may

indicate that the introduction of PrsO+, did not change the carrier transport mechanism.

o(T) *?.cxp( f—.}) Eq1

where T, and k, A, and Ea refer to the absolute temperature, Boltzmann’s constant, a pre-
exponential factor, and activation energy, respectively.



The electrochemical performances of PPNO and PNO cathodes were evaluated by
analyzing the EIS of PPNO/8YSZ/PPNO and PNO/8YSZ/PNO symmetric cells,
respectively. Fig. 8a and b correspond to the Nyquist plots of PPNO/8YSZ/PPNO and
PNO/8YSZ/PNO symmetrical cells in the temperature range of 600-750°C with a step of
500C, respectively. The LR1(CPE1//R2euaaCPE2//R3) equivalent circuit model was
considered for fitting the Nyquist plot of PPNO/8YSZ/PPNO and PNO/8YSZ/PNO
symmetrical cells. After fitting the impedance diagram by the ZView software, the
resistances attributed to different contribu-tions were used to calculate the polarization
resistance (Rp), which re-flects the electrochemical performance of the cathode
material. On the basis of the fitted data and using relations Eq. (2), the mean capacitance
of each contribution from semicircle have been calculated.
C =R x CPE' EQq.2

The Schouler-type representation was adopted for plotting the capaci-tive (C)
effect of each contribution v.s. reciprocal temperature [37,38]. Such plotting was
considered to provide a reference for interpreting a given impedance diagram. Typical
Arrhenius plots were shown in Fig. 9a. For the Nyquist plots of the PPNO cathode at 600°C
and 650¢C (Figs. 8a and 9a), the lower capacitance (1029 F) from R2 was attributed to the
response of the electrolyte [39]. Therefore, R2 and R1 were combined as the electrolyte
resistance, and Rp was equal to R3 as shown in Fig. 8a. From 700°C to 750°C, the
capacitance corresponding to the first semicircle increases (10°-10° F), which was
attributed to the electrode response [40,41]. In this case, Rp = R2 + R3, and R1 was a
response from the electrolyte. Whereas for the PNO electrode, the ca-pacitances
response from R2 and R3 were 10“*F and 102 F, respec-tively, which was attributed to the
response of the electrode (Figs. 8b and 9b) [39,41]. Likewise, R1 was attributed to the
response of the electrolyte for PNO. In this case, for PNO electrode, Rp was equal to R2
plus R3 at temperature from 600 to 750°C. Finally, the Rp of PPNO and PNO cathodes
were listed in Table 5.

The Rp and activation energy (Ea) of the PPNO cathode was much lower than that
of the PNO at the temperature range o from 600 to 750°C, which shows the obvious
advantage of PPNO cathode. Compared with the PNO cathode, the PPNO cathode with
higher porosity and higher Osurface/Olattice ratio may be the reason for its lower Rp [42].
Additionally, the accelerated oxygen surface exchange kinetics of by Pr6011 was also an
important reason for the low resistance of PPNO cathode [43,44]. Table 5 also lists some
reports on PNO and PrsO, modified cathodes. The Rp of the deposited PNO cathode was
higher than that reported in the literature. Only at a higher temperature of 750°C, its Rp of
0.84 Q-cm?was close to that reported by J. FONDARD et al. of 0.8 Q-cm?[26]. This may be
related to the morphology of the deposited PNO cathode. While the deposited PPNO
exhibited favorable competitiveness with low Rp of 0.07 Q-cm? at 750°C. This may be
attributed to the introduction of Pr¢O+1, which seems to have an important contribution in
promoting the cathode ORR activity.

PPNO and PNO cathodes with similar thickness were deposited on the ITM/NiO-
YSZ/8YSZ/GDC10 half-cell to assembled MS/PPNO and MS/PNO single cells,
respectively. The single cell performance and microstructure were shown in Fig. 10 and
Table 6. The maximum power density (Pmax) of MS/PNO increases from 133 mW-cm™ at
600 oC to 326 mW-cm? at 750°C with increasing temperature, while the Pmax of



MS/PPNO increases from 390 mW-cm at 600°C to 1010 mW-cm=at 750°C. The reason
why the power output performance of MS/PPNO was much higher than that of MS/PNO
should be attributed to the excellent electrochemical properties of PPNO composite
cathode. It is worth mentioning that the developed MS/PPNO single cell shows competi-
tiveness in Pmax compared with the reported MS-SOFCs (Table 7). However, the OCV of
the developed MS/PPNO and MS/PNO cells were relatively lower than the literature
reported in Table 7. And the OCVs of the developed MS/PPNO at the temperature range of
600-7500C were all within the most feasible fuel cell reversible voltage range of 0.8-1.5V
[49]. The reason for the lower OCV may be caused by the internal de-fects in the single
cell. It can be seen from Fig. 10b and d that some microcracks exist in the electrolyte
layers. In addition, the OCV of MS/PPNO was much lower than that of MS/PNO, which was
due to the serious microcracks in both the 8YSZ and GDC10 electrolyte layers in MS/PNO,
while only a few minor microcracks exist in the 8YSZ layer in MS/PPNO. Serious
microcracks may be inherited from the pit defects on the surface of manually polished
NiO-YSZ anode layer, while minor microcracks generated during annealing treatment.

Long-term operational stability is crucial for the commercial application of MS-
SOFC. The long-term durability of the MS/PPNO (represented in terms of cell voltage) at
700°C with a constant current load of 0.4 A/cm? as a function of operation time is used to
evaluate the long-term performance of the single cell. After operation for 80 h, the voltage
degradation rate of MS/PPNO only 4.1 % (decreased from 0.74 V t0 0.71 V), which shows
the outstanding long-term performance of MS/PPNO cell (Fig. 11a). Moreover, after long-
term testing, each layer of the MS/PPNO single cell maintained structural stability,
indicating that the single cell prepared by the all-physical deposition method has
structural stability (Fig. 11b).

4. conclusion

Porous PPNO composites was facilely synthesized by RMS as the cathode material for
MS-SOFCs. The Rp of the symmetric cell and the performance of the single cell show that
the PPNO cathode exhibits higher electrocatalytic activity than the PNO cathode. The
advantages of the PPNO cathode stem from its more favorable porous morphology and
the enhanced ORR activity, facilitated by the incorporation of Pr¢O¢,. The presence of
PrsO+1 phase helps inhibit the decomposition of Pr,NiO4, which improving its stability. In
PPNO, the initially crystallized PrsO:s prevents the later crystallized ProNiO, from
agglomerating, which is crucial for improving the porosity. The assembled MS/PPNO
single cell demonstrates an output power of 1010 at mW-cm? at 750°C, making it
extremely competitive in the MS-SOFC field. These results highlight the potential of PPNO
composites as SOFC cathodes and demonstrate the feasibility of fabricating MS-SOFC
cathode layers via RMS. This work may offer new insights into the design of cathode layers
for MS-SOFC applications.
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Figure caption:

Fig. 1. The schematic diagram: (a) the preparation process of MS-SOFC single cells; (b)
the working principle of reactive magnetron sputtering.

Fig. 2. (a) XRD patterns of the PNO and PPNO cathodes as annealing treatment, (b) and
(c) refined XRD patterns of the PNO and PPNO cathodes after annealing at 1000°C for 30
min, respectively, (d) structural parameters of the PNO and PPNO obtained after Rietveld
refinement.

Fig. 3. SEM images of the PNO and PPNO cathodes deposited on GDC10 layer: (a), (b),
and (c) refer to the surface of as deposited PNO coating, annealing at 1000°C for 30 min,
and 7500C for 50 h after annealing at 1000-C for 30 min, respectively; (d), (e), and (f) refer
to the surface of as deposited PPNO coating, annealing at 1000°C for 30 min, and 750°C
for 50 h after annealing at 1000<C for 30 min, respectively; (g), (h), and (i) refer to the cross-
section of as deposited PNO coating, annealing at 1000°C for 30 min, and 750°C for 50 h
after annealing at 1000°C for 30 min, respectively; (j), (k), and () refer to the surface of as
deposited PPNO coating, annealing at 1000°C for 30 min, and 7500C for 50 h after
annealing at 1000-C for 30 min, respectively; (m) and (n) refer to the mapping result of
PNO and PPNO cathodes after annealing at 1000°C for 30 min.

Fig. 4. SEM-EDS results of the PPNO and PNO coatings after annealing at 1000°C for 30
min
Fig. 5. SEM images of the PPNO coatings after various annealing treatments:(a), (c), (e),

(g), and (i) refer to the surface; (b), (d), (f), (h), and (j) refer to the cross-section.

Fig. 6. XPS patterns of the coatings after annealing at 1000C for 30 min: (a) PPNO, (b)
PNO

Fig. 7. Conductivity (a) and Arrhenius curves (b) of PNO and PPNO coatings deposited
on alumina plate measured by four-probe method.

Fig. 8. The EIS results of PPNO/8YSZ/PPNO and PNO/8YSZ/PNO symmetric cells at
different temperature under the oxygen partial pressure of 0.2 atm, respectively.

Fig. 9. (a) refer to the capacitance calculated according to the fitting result of EIS; (b)
refer to Arrhenius plots of polarization resistances (Rp)

Fig. 10. I-V-P curves of the single cells at various temperatures: (a) MS/PPNO, (c) MS/PNO;
microstructure of the single cells after annealing at 1000°C: (b) MS/PPNO, (d) MS/PNO.

Fig. 11. (a) The long-term performance of the MS/PPNO single cell under a constant
current density of 0.4 A-cm for 80 h; (b) the microstructure of MS/PPNO single cells after
long-term test.



(a)Porous 1M

m Depositing am Depositing

NiO-YSZ

NlO-YSZ i
Anode 3519
an|g
s@le
= O =
Porous N PPNO, PNO oo 2OV3

nnealin e | . —
9 Depositing vs2~
T—— m R ——
Cathode
Lo Substrate holder

eew ee

Fig 1
(o) 2P0 (50.0468)
3-NIO (01-1239)
1 E 1 4-PraNixO9sas (50-0468)
| 1l .
- I I PPNO, 1000 *C for 30 min 3
z 750*Cfor 50 h ‘é’
= PPNO, 1000 *C for 30 min
g wh 3 s v A g
g PNO, 1000 °C for 30 min| =
£ | el 750 °C for 50 h
A PNO, 1000 *C for 30 min
W S PPNO, as deposited
PNO, as deposited
20 30 40 50 60 70 80 90
2 Theta (deg.)
PNO PPNO
Pr;NiO; | PrNiOg | PrOyy
Percentage (W.%) | 100 | 6291 [ 3709 | 3
a(A) 5.481 5.453 5.479 g
b(A) 5481 | 5453 | 5479 | £
c(A) 12.445 12453 | 5479
Vol. (A%) 373.865 | 370.293 | 164.477
Space group Fmmm | Fmmm | Fm-3m

Fig 2

(b)

Prz2NiO4

©  Experimental data
Calculated data
e Differences

| Bragg peak position

R_ = 3.05%
R = 2.00%

20 30 40 50 60 70 80
2 Theta (deg.)
. ©  Experimental data
(c) e PnN lo‘ Calculated data
PreO11 ~— — Differences

: I Bragg peak position
Bragg peak position
R =3.61%

R = 1.99%

] | o " " U} LI AR ) . maa N
D ' o
A e l'.f -t A'A
T v T T T T v T
20 30 40 S0 60 70 80 2%
2 Theta (deg.)




© AR NG

Ff'y:NiOL"iQ1 phase
v Pl s
. ‘&\‘ ! PrNiOs-rich phase

L3
o2 PreOsi-rich phase
’ .
-, .
Pnou-ﬁch phm

-

" il &

-
by Ry
"Pfu°'1-ﬂch phase ‘ a
| - >
Y, . - b PrsOn-rich phase

ProNiOkrich '*f"”j L, o

AN o » PraNIOs-Ach phase
Foa

Fig 3.



4 6 8 10
Emergy [keV]

1.70
177
1.72
1.79

12

Point  Atomic ratio of Pr:Ni

Laxt

2.
3

LR

4 6 8 10
Enengy [keV]

E abe)s puodesg

abeys payL

Fig5

12




O1s

Intensity (a.u.)

(@)

Intensity (a.u.)

L] A Ll A T - Ll bl L - Ll b Ll L] v L) b Ll - Ll b T - L) v L]
5355 5340 6325 5310 5295 5280 5265 5355 530 5325 5310 6205 5280 5265
Binding energy (eV) Binding energy (eV)
Fig6
. PNO 709 Sicm =, PNO
1104 . peNO i (a) (b) . PPNO
- " 1.7 4 ey
- LI D

100 < . o
= ” " = . nad ¥ e .,
g 90 - 87 Sfem - s e Essot0ev
2] - o ° AR FC . "-s ] \"-.' ...'"*...
§ & . . o 108+ . Telm

Ea=012eV &-.

70 - g E

§ . E‘.‘.' ._.
e
80 - .’ 102+
o4 ° 9.9-
P P Y Y g o o8 10 12 14 18 18
Temperature (*C) 10007 (k)

Fig7




Fig 8

(a)

0.7
0.6+
05

Foa

2

KO3
0.2
0.1
0.0

LT T
.
—

°/

5.1

53 54 55 5683257
Z' 2 mzj

5.2 5.8

0.25
0.20+

“F:o.is‘

-1

N 0.10

& 650 °C
— FR

o

0.00
3.70

375 380 385 390 395

Z' 1 em?)

0.25

0.20
Eo.w
N0.10

0.054

o T700°C
Fit

Rp = R24R3

v

R2 R3

3 -1

1
275 280 285 290 295 3.00|
2' 0 em?

0.18
0.14-
012

“E 0.10

So0.08

N 0.06-
0.04
002

.00 v v T v T v T
1.92 1.94 1.96 1.96 2.00 2.02 2.04 2.06 2.08

> TS8°C
— PR

Rp = Ra+Rs

2
2

.........‘-..
B

-1

Z'©2 em?,

5.56.06.57.07.580859.0095

Z' 2 .cm?)

3.0/
2.5
'§z.o~
G 1.51
N o
0.5

a

650 °C
Fit

0

‘
.ﬁ'

aﬁ
43 £

35 40 45 50 55 60 6.5

Z' 2 -cm?)

25 30 35 40 45 50
Z' (2 .cm?)

1.2+

1.01

0.8+
£0.6-
kN

0.4+

0.2+

0.0-

4 T e
LU

43

16 18 20 22 24 26 28
Z' (0 ~om®)




3
a b
( )10'1 A A PPNORI A A (b) . PNO e
. . PO i et T D etk
10"y - PNO-R3 24
10‘1 - . .»‘.".-
..... “Ea=1330V
E 10'! P 14 "-‘_,.
8 10 \o PNORZ  ® .| e
c 1 S o o
.g 1001 v g ]
__________ J
-4 1041 Response from elctrose &' ; Sie
8 107y L B AR s
EIPHORE . /meamcsestom sieosamee 1o | s et Ea=0.87 eV
10‘] ® PNO-R2 D v i ol e s ®..-
A PPNO-R3 v e | | ... g
10"y v pPNOR2 °
1
T T T T T T T T T -3 T T T T T T T T T
096 098 100 102 104 106 108 110 112 114 1 096 098 1.00 1.02 104 106 108 110 1.12 1.14 1.16

Fig9

10007 (K1)

Pep— Rt

190 ‘CHH 'C

100 C60)

L1 10 1. "

Current density lA-an'a)

Fig10

v 0 v
.2 LE) os s

Gurreat daraity (A-ces 3}

0.9
0.8 4

0.74V

0.7+
0.6
0.5 4
0.4 4
0.3 4
0.2 4
0.1

Voltage (V)

The degradation rate: 4.1 %

0.71V

PP

Low porosity layer

High porosity layer

10007 (K1)

(
» 1

8YSZ/GDC10: 6.7/4,1 pm|

GDC10 butfer layer

¥

GOT10 Totier |aylH
» -

Microcracks -

0.0

Fig11




Table of content :

Table 1
The deposition parameters (o deposit PPNO and PNO cathode.
Deposition parameters PPNO PNO
Ar flow rate (sccm) 200
0O flow rate (sccm) 4952 4953
Total pressure (Pa) 1.91-1.99
Drawing distance(mm) 70
Frequency (kHz) 50
Toar (ps) 4
Spectral signals (36) 70
Pr targ Current (A) 25
Ni target Power (W) 133 142
Deposition time (min) 140 170
Table 2
The cross-section porosity and thickness of the PPNO and PNO.
Cathodes Cross-section porosity (Vol3e)
1000 “C 1000 “C-30 min-750 “C-50 h
FPNO 43.9=05 4126=04
FNO 31.3=04 31.2=04
Table 3
The percentages of oxygen species of PPNO and PNO cathodes after annealing at
1000 °C for 30 min.
Oxygen species FPNO PNO
Ogctice (36) 87.73 82.65
Onmica (%) 12.27 17.35
O uctice’ Orarsce 7.5 4.76
Table 4

The electronic conductivity of some cathode materials reported in the literature.
Maximum conductivity (S/cm) Temperature (*C) Refs.

ProNiO, 119 600 [35]
ProNiO, 106 450 [36]
Pry sLa, NiO, 110 600 [28
La;NiO. 50 600 [28
PrzCuO, 95 700 [27]

Pr2CuQ4@Pre0y,y 39 700 271




Table 5
The polarization resistances (R;) of PPNO and PNO cathodes.

R,(Q-cmz) of symmetry cells Temperature (°C)

600 650 700 750
PNO/SYSZ/PNO 115 545 2.36 0.84
PPNO/SYSZ/PPNO 0.43 - 0.16 0.07
PNO/GDC/PNO 0.18 [14]
PNO/GDC/PNO 0.83 [45]
PNO/YSZ/YDC/PNO 0.32 [46]
PNO/GDC/PNO 0.36 [47]
PNO/LSGM/PNO 1.19 [47]
PNO/YSZ/PNO 0.8 [26]
PNO/YSZ/PNO 0.18 [42]
PPCO/GDC/PPCO 0.07 [27]
PPCO: Pr2CuO‘@Pr¢,OI 1-
Table 6
The OCV of the MS/PPNO and MS/PNO single cells at various temperatures.
Cells OCV (V)
750°C 700 °C 650 °C 600°C
MS/PPNO 0.941 0.939 0.960 0.968
MS/PNO 0.817 0.830 0.838 0.840
Table 7
Performance of some reported MS-SOFC.
Cell configuration ocv (V) Plex (mMW/cm?) Refs.
Ni-Fe alloy/Ni-GDC/GDC/LSM-BSCF 0.86, Hy 810at750°C [50]
STS430/Ni-YSZ/BYSZ/GDC/BSCF 1.082, 3%H,0-H, 310at700°C 51
55430/Ni-SDC/ScSZ/GDC/SSC-GDC 0.98, 3%H,0-H, 140 at 600°C 521
ITM/GDC20/NiO-YSZ/8YSZ/GDC20/LNO 0.9, 5%H,0-H, 76 at 700 °C [2s]
ITM/NiO-YSZ/YSZ/LSCF 1.058, 5%H:0-Hz 360 at700°C 53]
Fe22Cr/Ni-YSZ/ScYSZ/LSC 1.06, 29H:0-Ha 780 2t 700°C [54]

Fe22Cr/Ni-GDC10/8YSZ/GDC10/LSCF 4.2 %H20-H2 850at750°C [55]




