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ABSTRACT: Symmetric solid oxide fuel N,
cells (SSOFCs) have gained significant ® SP-PSFQOR © krrsiR) f\)
attention owing to their cost-effective © Nio © FeNiRu  NH, 1,

hydrogen carrier, is a promising clean

energy source with high energy density,

easy transportation and storage. Notably,

NH; contained only nitrogen and hydrogen,

making it carbon-free. In this study, we

synthesize the highly active symmetric

electrode  material  Prg3,Sry4sFeq75Nig 2

Rug 0505-5 (PSFNRu) by replacing partial Fe

in Pros;SrossFeosNip203-s (PSFN) with =i
5 mol% Ru. PSFNRu possesses a sufficient
quantity of oxygen vacancies, with the
capacity to in-situ  exsolved alloy

nanoparticles (ANPs) in a reducing e oS0 oo e
atmosphere. This nanocomposite is found ey @en®)

to promote electrochemical reactions. For example, at 800 °C, the SSOFC employing the PSFNRu electrode achieves a
peak power density (PPD) of 736 mW-cm™ when using hydrogen (H,) as the fuel. Under NH; conditions, the cell delivers a
PPD of 547 mW-cm™, significantly surpassing the 462 mW-cm™ recorded for a comparable cell employing the PSFN
electrode. The enhanced cell performance is mainly ascribed to Ru doping, which boosts the ORR activity and facilitates
the in-situ exsolution of ANPs at the anode, increasing active sites and accelerating NH; decomposition. In addition,
remarkable operational stability of the single cell (172 h under NH; fuel at 700 °C) is also demonstrated. These encouraging
experimental results highlight the superiority of PSFNRu as the bi-functional electrodes for direct ammonia symmetric solid
oxide fuel cells (DA-SSOFCs), and providing a potential and reliable pathway towards accelerating the development of DA-
SSOFCs.

fabrication, superior thermomechanical ( DA-SSOFC

compatibility, and enhanced long-term >

stability. Ammonia (NH;), an excellent ’ 7 —
s
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1 Introduction

Over the previous several years, the depletion of fossil fuels and the
rise in greenhouse gas emissions have intensified the global focus
on sustainable and clean energy alternatives [1-5]. Among these,
fuel cells have been recognized as highly efficient conversion
systems, capable of directly converting chemical fuels into electricity
while reducing environmental impart to a minimum [6-10].
Enhancing the extended durability while ensuring the economic
viability of solid oxide fuel cells (SOFCs) remains a crucial challenge
in their advancement [11-14]. Recent research has demonstrated
that certain oxides possess the capability to function as cathode and
anode materials simultaneously, enabling the development of
symmetric solid oxide fuel cells (SSOFCs). This not only reduces
the fabrication costs, but also improves the operational stability
because of thermomechanical compatibility between the electrolyte
and the electrode. Therefore, SSOFCs have received much attention
in recent years [15-17].

Hydrogen (H,) is widely recognized as a prospective energy
source with broad research perspectives [18]. H, can be produced
through the reforming of natural gas or coal, as well as from water
cracking reactions powered by regenerative energy technologies
(e.g., solar, wind, and tidal) [19-21]. It is also a commonly used fuel
for SOFCs. Unfortunately, the commercialization of hydrogen
energy is severely hindered by its insufficient bulk density and low
liquefaction temperature, which results in high storage and
transportation costs [22, 23]. A viable alternative that offers high
energy density, renewable characteristics, and ease of storage is still
being sought. Considering these considerations, hydrocarbon fuels,
including methanol, ethanol, methane and ethane, have garnered
growing interest in the past several years owing to their superior
energy density and convenient storage. However, the carbon
deposition caused by the high-temperature decomposition of these
fuels has significantly hindered their use in SOFCs [24]. In contrast,
ammonia offers notable benefits, including higher volumetric
energy density, facile storage and transport, and well-established
production technology. These benefits make the commercialization
of direct ammonia solid oxide fuel cells (DA-SOFCs) possible
[25-27].

For optimal performance in DA-SOFCs, the anode should
exhibit high catalytic efficiency for both the hydrogen oxidation
reaction (HOR) and the ammonia decomposition reaction (NDR)
[28-30]. Although conventional nickel-based anodes display good
HOR activity, their NDR catalytic activity is significantly reduced
due to severe particle agglomeration at low temperatures [31].
Consequently, the innovation of efficient and durable anodes is
crucial for DA-SOFCs. Perovskite-type oxides are extensively
recognized as excellent cathode materials due to their structural
stability and compositional flexibility. The superior catalytic activity
of a perovskite oxide toward the oxygen reduction reaction (ORR),
HOR and NDR facilitates the integration of SSOFCs technology
with ammonia fuel, thereby promoting the development of DA-
SSOFCs. Among them, SrFeO; s-based perovskites demonstrate
outstanding ORR catalytic capability, which is primarily attributed
to their high concentration of oxygen vacancies and strong oxygen
exchange capability [32, 33]. Furthermore, Zhou and his colleagues
demonstrated that Ru doping in (LaggSr);)Sco,MnggO;_s further
increased the oxygen vacancy concentration in the cathode
material, facilitating oxygen ion diffusion and exhibiting excellent
ORR catalytic activity [34]. Nevertheless, pure perovskites materials
used as anodes exhibit limited catalytic performance in facilitating
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both HOR and NDR. To address this limitation, integrating
transition metal elements into perovskite materials, along with
employing an in-situ exsolution approach to generate nanoparticles
(NPs), have been shown to significantly enhance HOR and NDR
catalytic activity and durability [35]. This enhancement is ascribed
to the embedded structure formed between the in-situ exsolved
nanoparticles (NPs) and the perovskite matrix, which effectively
suppresses the aggregation of the nanoparticles and thereby
improves structural stability [36, 37]. Up to date, several studies
have demonstrated that using bimetallic or alloy catalysts, such as
Ru-Fe, Co-Fe, Fe-Ni and Ni-Ru, significantly improves the HOR
and NDR catalytic efficiency while also enhancing their durability
over extended periods [38—42]. However, for perovskites with a
stoichiometric ratio of A/B = 1 (ABO;), the exsolution of a
significant number of alloy nanoparticles (ANPs) was a slow and
prolonged process. Recently, introducing A-site deficiencies (i.e.,
A/B < 1) to enhance the driving force for B-site element exsolution
emerged as a promising strategy. This approach facilitates the
exsolution of a greater number of ANPs within a shorter timeframe
[36]. For instance, Song et al. developed an A-site-deficient
perovskite-type anode material of Lays5Sr31i05_5 (LST), which
was decorated with Ni-Co ANPs on the anode surface through the
in-situ exsolution method to achieve excellent electrochemical
performance and operational stability. At 800 °C, using NHj as fuel,
the peak power density (PPD) of the single cell reached
361 mW-cm™ [43]. Qin et al. synthesized an advanced A-site-
deficient anode material, (PrysSrys)ooFegoRuy;0;5_5 based on
SrFeO; 5. Upon H, treatment, in-situ exsolved FeRu alloy
nanoparticles were uniformly distributed on the electrode surface,
exhibiting excellent electronic/ionic conductivity and catalytic
activity [36]. Therefore, the formation of ANPs with uniform
dispersion across the anode surface represents an effective strategy
for enhancing both HOR and NDR. This approach is crucial for the
development of high-performance DA-SSOFCs.

In this study, perovskite oxide Pr;,Sry sFe)sNig,05 5 (PSEN)
was selected as the parent material, and Ru ion were doped to
develop a novel nanocomposite symmetric electrode material,
Pry 3,51, 45F€075Nig,Rug:05_5 (PSENRu) for DA-SSOFCs. The Ru
doping effectively increased the oxygen vacancy concentration,
accelerated oxygen ion migration, and enhanced ORR activity.
Under reduction conditions, in-situ exsolved ANPs enlarged the
specific surface area of the electrode, providing additional active
sites for the anodic electrochemical reactions. Consequently,
PSENRu with 5 mol% Ru doping exhibited excellent catalytic
performance for ORR, HOR and NDR. The single cell based on
Smy,CeysO09 (SDC) electrolyte achieved PPDs of 736 and
547 mW-cm™ at 800 °C when fueled with H,, NH;, respectively.
Futhermore, no significant performance degradation over 172 h at
700 °C using NH as fuel. This study offered profound insights into
the rational design of symmetric electrode materials with enhanced
activity and durability, offering a promising strategy for improving
the performance and prolonged stability of DA-SSOFCs, thereby
facilitating their practical deployment.

2 Experimental

2.1 Powder preparation

The  Prys,SrosFeqsNipOs s (PSEN)  and  Pry3,Sry s5Fe;75Nig,
Ruy;05 5 (PSFNRu) materials were prepared using the sol-gel
method. Taking the synthesis of PSFNRu perovskite as an example,
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the following brief description was provided. PrN;O,6H,0,
N,O4Sr, Ni(NO;),-6H,0, FeN;04-6H,0, and RuCl; metal nitrates
(all analytical purity, Aladdin Chemical Reagent Co., Ltd.) were
chosen as the cation sources. Based on the desired nominal
composition of PSFNRu perovskite, the metal nitrates were
dissolved in water following stoichiometric ratios. Then, an
appropriate amount of ethylenediaminetetraacetic acid (EDTA),
citric acid (CA) complexing agents and ammonium hydroxide were
added to the solution in a molar ratio of EDTA:CA:total metal ions
of 1:2:1, aiming to achieve uniform mixing of the metal cations at
the atomic level. After the removal of water by evaporation, a
transparent gel was obtained, which was pre-decomposed under air
at 250 °C. The synthesized precursors were subsequently calcined in
air at 1100 °C for 5 h. The synthesized PSFN and PSFNRu powders
were subjected to a 10 vol.% H,-Ar gas at 800 °C for 10 h, leading to
reduced PSEN (r-PSEN) and PSENRu (r-PSFNRu) samples,
respectively.

2.2 Fabrication of cells

The Smy,Ce\ 30, (SDC) electrolyte pellets were prepared via dry
pressing, followed by sintering in air at 1400 °C for 5 h. The
sintered dense electrolyte pellets were polished with sandpaper to
achieve a thickness of 300 um. Subsequently, they were
ultrasonically cleaned for 10 min to remove any surface impurities.
The ground PSFN and PSFNRu powders were mixed thoroughly
with isopropanol, ethylene glycol, and glycerol to form cathode
(anode) slurries through ball milling. Electrodes with an effective
area of 0.47 cm? were spray-coated on both sides of the electrolyte
and then sintered in air at 1100 °C for 2 h. Silver paste was applied
for current collection during the fuel cell testing process, and silver
wires were used for electron conduction.

2.3 Characterization

The crystal structure of the prepared electrode powders was
characterized using X-ray diffraction (XRD, Bruker AXS D8
Advance) equipped with Cu-Ka« radiation, with a scanning range of
10° < 20 < 90° at increments of 0.02°. The valence state changes
were analyzed by X-ray photoelectron spectroscopy (XPS,
Thermofisher nexsa). Temperature-programmed tests were
performed with a chemisorption analyzer (Builder, PCA-1200)
equipped with a thermal conductivity detector (TCD). Catalytic
activity tests for NDR were evaluated using various powders in a
quartz tube reactor, with the effluent gases assessed through a gas
chromatograph ~ (GC-9860).  Electrochemical ~ impedance
spectroscopy (EIS) of half cells under an air atmosphere was
obtained using a Princeton impedance spectroscopy analyzer
(PARSTAT MC 1000). EIS measurements in 10 vol.% H,-Ar
atmosphere were performed using a Solartron 1260 frequency
response analyzer and a Solartron 1287 potentiostat. EIS under
open circuit voltage conditions was obtained using an
electrochemical workstation (DH-7002A). The distribution of
relaxation times (DRT) technique was employed to analyze the EIS
data. This approach enables the assessment of impedance variations
over a range of frequencies using a specialized application designed
by Ciucci et al [44]. The I-V-P data for the single cells were
collected using a Keithley 2460 source meter. During the single-cell
experiments, hydrogen or ammonia was delivered to the anode side
at a fixed flow rate of 60 mL-min~, while the cathode was
continuously in contact with ambient air. The conductivity of
PSENRu and PSFN in air and 10 vol% H,-Ar atmosphere was
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measured by the four-probe DC method using the Keithley 2460
source meter. Dense rods for conductivity measurements were
obtained by sintering PSFNRu and PSEN samples at 1200 °C. The
surface morphology of the cells was employing scanning electron
microscope (SEM, Zeiss 55VP) and a high-resolution transmission
electron microscope (HR-TEM, G2T20). The composition of the
samples was analyzed by energy-dispersive X-ray spectroscopy
(EDX, G2 F30 STWIN).

3 Results and discussion

XRD analysis was conducted on the PSFN and PSFNRu samples
before and after exposure to a 10 vol.% H,-Ar reducing atmosphere
(Figs. S1(a)-S1(c) in the Electronic Supplementary Material
(ESM)). As shown in Fig. Sl(a) in the ESM, both PSFN and
PSENRu powders primarily exhibited an orthorhombic crystal
structure with a Pnma space group, accompanied by a minor
formation of NiO (space group: Fm3m). It was observed that after
doping with 5 mol% Ru into PSEN, no additional Ru-containing
compounds were detected, indicating successful incorporation of
Ru into the lattice. The enlarged view revealed that the main peak
of the PSFNRu sample shifted toward lower angle relative to the
PSEN sample. This shift was ascribed to the larger ionic radius of
Ru ions relative to Fe ions, (Ru*: 0.082 nm, Fe*: 0.059 nm, Fe*:
0.065 nm, Fe*: 0.078 nm) which affected the crystal lattice
structure [16, 45]. In Fig. S1(c) in the ESM, it was observed that
after treatment at 800 °C in a 10 vol.% H,-Ar gas mixture, the
original structure of PSFNRu transformed into a Ruddlesden-
Popper (RP) perovskite structure, with an I4/mmm space group,
denoted as RP-PS(FNRu) [36], and was accompanied by the in-situ
exsolution of a metallic alloy phase, FeNiRu. To further investigate
the phase composition of the PSFN and PSFNRu samples before
and after reduction, the detailed analysis of the XRD patterns were
conducted (Figs. 1(a) and 1(b), and Figs. S1(d) and S1(e) in the
ESM). The fitting result for PSFN, with relatively low reliability
factors (R, = 4.93 %, R, = 3.87 %, x* = 1.12), confirmed that the
characteristic diffraction peaks of this material corresponded to
NiO and a single perovskite phase, denoted as SP-PSF(N). From
the fitting result of PSFNRu, it could be observed that Ru doping
does not introduce additional impurity phases. The diffraction
peaks originate from NiO and a single perovskite phase, denoted as
SP-PSE(N)Ru. Compared to PSFN, the phase composition remains
essentially unchanged, which was in consistent with the previous
analysis. Upon reduction, r-PSFNRu exhibited the presence of two
distinct phases, quantified as 89.1 wt.% of RP-PS(FNRu) and
10.9 wt.% of FeNiRu. In comparison to r-PSFN (9.5 wt.%), a greater
amount of ANPs was present in r-PSFNRu.

To better investigate the in-situ exsolution of ANPs, SEM testing
was employed. SEM characterization revealed the presence of NiO
particles on the surfaces of both PSFN and PSFNRu samples (Figs.
S2(a) and S2(b) in the ESM). The reduced samples, as depicted in
Figs. S2(c) and S2(d) in the ESM, exhibited a higher density of
particles on its surface, which was attributed to the in-situ
exsolution of ANPs from the substrate induced by the reducing gas,
consistent with the XRD results. Furthermore, a notably higher
quantity of ANPs was observed on the r-PSFNRu surface compared
to r-PSEN. Statistical analysis based on Figs. S3(a) and S3(b) in the
ESM indicated that the average particle size of the ANPs in
r-PSFNRu (~ 25 nm) was smaller than that in r-PSFN (~ 45 nm),
suggesting that Ru doping effectively inhibited nanoparticle growth.

To further investigated the composition and elemental
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Figure1 XRD Rietveld refinement data of (a) PSFNRu and (b) r-PSFNRu. (c) HR-TEM, (d) TEM, (e) STEM images, and (f) EDX mapping of r-PSFNRu.

distribution of the ANPs in the r-PSFNRu sample, TEM was
conducted. Additionally, HR-TEM analysis confirmed the presence
of two different phases in r-PSFNRu, as previously inferred from
the XRD results. As illustrated in Fig. 1(c), two lattice spacings
associated with RP-PS(FNRu) had been identified, along with a
lattice spacing corresponding to the FeNiRu phase. The measured
lattice spacings were approximately 0.285, 0.212 and 0.207 nm,
which correspond to the (103), (105) and (101) diffraction planes of
the respective crystalline structures. As shown in Fig. 1(d), some
ANPs formed an embedded structure with the perovskite substrate
during the in-situ exsolution process, exhibiting excellent anti-
aggregation capability. The scanning transmission electron
microscopy (STEM) image in Fig. 1(e) further shown a distribution
of ANPs on the surface of the r-PSFNRu sample. The elemental
mapping obtained from EDX in Fig. 1(f) confirmed that these
ANPs are FeNiRu alloy.

To demonstrate the feasibility of PSFNRu as a symmetrical
electrode, XPS was carried out to analyze the valence state changes
of surface elements in PSFN and PSFNRu before and after
reduction. As observed in Fig. 2(a), the reduced samples exhibited
the coexistence of Fe*, Fe™, Fe* and Fe’ oxidation states. The
characteristic binding energies corresponding to these states were
located at 723.1/709.76, 724.69/711.33, 726.89/713.92 and 720.08/
706.70 eV, respectively. This indicated that after reduction, Fe ions
were successfully exsolved from the perovskite lattice [25, 46].
Similarly, the Ni 2p spectra (Fig. 2(c)) revealed Ni** (854.7 eV) and
Ni** (856.2 €V), with an additional Ni° peak (852.47 eV) appearing
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after reduction [47, 48]. In Fig. 2(e), the Ru 3p spectra clearly
showed that the valence states of Ru ions in the PSENRu sample
were primarily Ru™ and Ru®, with peaks at 464.2 and 466 eV,
respectively. After reduction, a distinct Ru® (461.56 eV) signal was
detected in the Ru 3p spectra [49]. Additionally, the Ru® peak at
279.41 eV was clearly observed in the Ru 3d spectra, as shown in
Fig. $4 in the ESM. These results confirmed the successful in-situ
exsolution of FeNi or FeNiRu ANPs from r-PSFN and r-PSFNRu.
Moreover, the higher content of Fe’ in r-PSFNRu compared to r-
PSEN demonstrated that Ru doping facilitated the exsolution of
FeNiRu ANPs, leading to the formation of a greater number of
ANPs.

For the unreduced samples, as demonstrated in Figs. 2(b) and
2(d), the binding energies corresponding to their oxidation states
exhibited no significant deviation from those observed in the
reduced samples. However, a noticeable decrease in the valence
state of B-site elements was observed upon Ru doping. This
phenomenon was likely due to the partial substitution of Fe ions by
high-valence Ru, which necessitated a spontaneous reduction in the
oxidation state of B-site elements to maintain charge neutrality.
This adjustment mitigated excessive lattice distortion that might
arise from an elevated concentration of oxygen vacancies, thereby
stabilizing the perovskite structure. The O 1s spectra of PSFN and
PSFNRu were presented in Fig. 2(f). The O 1s XPS results revealed
that the binding energies for lattice oxygen (O*), high oxidation
state oxygen (O,7/O"), adsorbed oxygen (OH/O,), and H,0O in
PSFNRu and PSEN were 528.35, 529.05, 531.20, and 532.80 eV,

8) 442w | Sci@pen


https://www.sciopen.com/article/10.26599/NR.2025.94907402
https://www.sciopen.com/article/10.26599/NR.2025.94907402
https://www.sciopen.com/article/10.26599/NR.2025.94907402
https://www.sciopen.com/article/10.26599/NR.2025.94907402
https://www.sciopen.com/article/10.26599/NR.2025.94907402
https://www.sciopen.com/article/10.26599/NR.2025.94907402
https://www.sciopen.com/article/10.26599/NR.2025.94907402
https://www.sciopen.com/article/10.26599/NR.2025.94907402

Nano Research | Vol. 18, No. 6

Liang et al.

(a) Fe 2p (b)

r-PSFNRu
Fe'':8.52% Fe*:27.712%  sat PSFNRu sat

?@ Fe’": 47.86% Fe': 15.9% = Fe*': 16.70% Fe’": 38.10%

& S | Fe4520%

z >

2 z

Q =

= QL

E E
r-PSFN PSFN Sat
Fe':10.8% Fe'":36.79% Fe*': 17.35% Fe'': 47.92%
Fe?": 40.52% Fe’: 11.89% Fe*: 34.73%

740 730 720 710 700 740 730 720 710 700

Binding energy (eV)

~
(¢
~

Ni2p NN
)
\
\
|
I
|
|
:
.
|
|
|

Intensity (a.u.)

-PSFN
b am L TR i
w,/‘g “‘r« ‘;;“J““‘\V‘,“”““\, ““‘.,“‘ b il

880 875 870 865 860 855 850 845
Binding energy (eV)

D | v

Binding energy (eV)

PSFNRu

Ni**: 77.79%
Ni**:22.21%

Intensity (a.u.)

oo
PSFN
Ni*": 69.91%
Ni**: 30.09%

880 875 870 865 860 855 850
Binding energy (eV)

(e) Ru3p 0

PSFNRu

Intensity (a.u.)

r-PSFNRu

490 485 480 475 470 465 460 455
Binding energy (eV)

~
N

Ols

PSFNRu OH
0%7:16.12% 0,°7/0: 36.48%
OH7/0,: 39.90% H,0: 7.50%

H,0

Intensity (a.u.)

PSFN
0°7:24.81% 0,°7/0:31.65%
OH/0,: 36.16% H,0: 7.38%,

538 536 534 532 530 528 526
Binding energy (eV)

Figure2 Fe 2p XPS fitting of (a) r-PSNFRu and r-PSEN, and (b) PSFNRu and PSEN. Ni 2p XPS of (c) PSEN, PSFNRu, r-PSEN and r-PSFNRu. Ni 2p XPS fitting of (d)
PSFNRu and PSEN. Ru 3p XPS of (¢) PSFNRu and r-PSFNRu. O 1s XPS fitting of (f) PSENRu and PSEN.

respectively [50]. From the fitting results, it could be observed that,
compared to PSEN, PSENRu exhibited a noticeable reduction in
O” content, while the signal intensity of O,”/O" increased. Both
phenomena suggested a higher concentration of oxygen vacancies
in PSENRu. This could be due to Ru doping, which induced the
reduction of Fe and Ni ions from higher to lower valence states,
thereby lowering their average valence state and facilitating the
formation of bulk oxygen vacancies, the additional oxygen
vacancies could promote oxygen ion conduction and facilitated
oxygen surface exchange [51, 52]. According to the literature, the
content of O,/O" is directly related to the oxygen activation
capability of the catalyst [53]. This further confirmed the rationality
of PSFNRu as a symmetrical electrode.

Figure 3(a) shown the results of H, temperature-programmed
reduction (H,-TPR) for PSFN and PSFNRu samples. It could be

94907402 (5 of 11)

observed that PSFN exhibited five H, consumption peaks at
approximately 361 (T, 440 (T5), 555 (T5), 681 (T,) and 861 °C
(T5), respectively, corresponding to the reduction of Fe™/* to Fe*,
Ni* to Ni*, Ni** to Ni’, Fe* to Fe’, and the reduction of low-valent
Fe and Ni ions to FeNi alloy [43, 54]. On the other hand, PSFNRu
displayed six H, consumption peaks at approximately 251 (T,), 287
(Tp, 410 (T,), 553 (T3), 673 (T,) and 880 °C (Ts). Peak T,
corresponded to the reduction of Ru ions from a higher valence
state to a lower valence state [55, 56]. Peaks T, to T, exhibited
similar ionic valence state changes as observed in PSFN, while T;
corresponded to the reduction of low-valent Fe, Ni and Ru cations
to FeNiRu metallic alloy. From the test results, the temperatures of
T, and T, for PSFNRu were significantly lower than that of PSFN,
indicating that Ru doping promoted the reduction of Fe and Ni
metal cations from a higher valence state to a lower valence state.
However, T; shifted to a higher temperature by approximately
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https://www.sciopen.com/article/10.26599/NR.2025.94907402
https://www.sciopen.com/article/10.26599/NR.2025.94907402
https://www.sciopen.com/article/10.26599/NR.2025.94907402
https://www.sciopen.com/article/10.26599/NR.2025.94907402
https://www.sciopen.com/article/10.26599/NR.2025.94907402
https://www.sciopen.com/article/10.26599/NR.2025.94907402
https://www.sciopen.com/article/10.26599/NR.2025.94907402
https://www.sciopen.com/article/10.26599/NR.2025.94907402

Liang et al.

Nano Research | Vol. 18, No. 6

~
o
-’

Intensity (a.u.)

PSFN

T,555°C T,681°C
A

400 600 800

Temperature (°C)

200 1000

~
(]
~—

PSFNRu i
290 °C
\

PSFN

Intensity (a.u.)

349
1

200 300 400 500 600 700 800 900

Temperature (°C)

100

2.0
(b) H,-Ar @ PSFNRu
N @ PSFN
1.6 9o
= Qo
1
g °
»n 1.2
= o
B Qo
=
E=l Q
g 0.84
ksl )
=]
3 °
0.4 4 °
° )
Qo
° e ©
) o °
00l 838 00000009
400 500 600 700 800
Temperature (°C)
180
(d) Air ) @ PSFNRu
09 o 9 @ PSFN
150 - o Qo
Qo ° °
= )
1 o Y
g 120 A %,
2] ° °
2 0990, )
E 90 4 ° o ° ° Y o
S ) o
8 °
60 °
%,
°s
30— T T T T T T
300 400 500 600 700 800 900

Temperature (°C)

Figure3 The curves of PSFN and PSFNRu for (a) H,-TPR and (c) O,-TPD. The electrical conductivity of PSFN and PSFNRu in (b) H,-Ar and (d) air.

20 °C, indicating an enhanced interaction between the in-situ
exsolved ANPs and the perovskite matrix. The electrical
conductivities of PSFN and PSFNRu were evaluated under 10 vol.%
H,-Ar atmosphere. As demonstrated in Fig. 3(b), the electrical
conductivity of PSFNRu (0.056-1.593 S-cm™) was superior to that
of PSEN (0.005-0.235 S-cm™) under 10 vol.% H,-Ar atmosphere,
indicating that PSFNRu as an anode material had better electronic
transfer and exchange capabilities than PSEN. The O,-TPD curves,
as illustrated in Fig. 3(c), reveal a reduction in the initial desorption
temperature, decreasing from 349 °C in PSEN to 290 °C in
PSFNRu. The decrease in desorption temperature indicated that the
PSENRu sample possesses enhanced surface oxygen exchange and
oxygen ion migration capabilities [57], further demonstrating its
potential as an excellent cathode material. From Fig. 3(d), the
electrical conductivity of PSFNRu under air atmosphere was lower
than that of PSFN. This might be due to Ru doping promoted the
reduction of Fe* to Fe*, leading to the formation of oxygen
vacancies, which reduced the charge carrier concentration, thereby,
resulting in decreased electrical conductivity [58]. Despite
exhibiting lower electrical conductivity in air compared to PSFN,
PSFNRu still achieved a peak conductivity of 100 S-cm™, without
negatively affecting the ORR process.

The electrochemical activity of PSFN and PSFNRu towards ORR
and HOR was evaluated through EIS analysis. Half-cells with a
PSFN/PSFNRu|SDC|PSFN/PSFNRu structure were prepared for
impedance testing. Figures 4(a) and 4(c) showed the Nyquist plots
of PSFN and PSFNRu in 10 vol.% H,-Ar and air, respectively, at the
temperatures range of 650 to 800 °C. To investigate the HOR
activity of PSFN and PSFNRu, impedance testing was conducted in
a 10 vol.% H,-Ar atmosphere. As illustrated in Fig. 4(a), PSENRu-
based half-cell obtained lower area-specific resistance (ASR) values
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than of PSFN-based half-cell at testing temperatures. For example,
the ASR value of PSFNRu-based half-cell at 800 °C was
0.027 Q-cm’, 40% lower than that of PSFN-based half-cell
(0.045 Q-cm?). The reason for the excellent HOR catalytic capability
of PSFNRu-based half-cell was further investigated using the DRT
method. The DRT fitting results were depicted in Fig. 4(b). These
peaks could be divided into three distinct segments based on the
frequency range: low frequency (LF, < 10 Hz), intermediate
frequency (IF, 10-10° Hz), and high frequency (HF, > 10° Hz) [59].
The P, and P, peaks were associated with gas adsorption/
dissociation and surface exchange processes during electrode
reaction procedures, while the P; peak had a relationship with the
charge transfer processes [16, 60]. It is evident that, in comparison
to the PSFN half-cell, the P, and P, peak areas of the PSFNRu half-
cell were reduced. This might be due to the Ru doping facilitating
the in-situ exsolution of more ANPs, creating additional active sites
for the anode, thereby enhancing the adsorption, activation, and
dissociation of H,.

In air, PSFNRu exhibited low ASR values of 0.090, 0.046, 0.026,
and 0.016 Q-cm? at 650, 700, 750, and 800 °C, respectively, lower
than that of PSFN (0.104, 0.052, 0.030, and 0.020 Q-cm?). Lower
ASR values indicated better ORR activity. To further analyze the
electrochemical reaction processes, the DRT technique was
employed to investigate the ORR kinetics. The spectra obtained
from testing PSFN and PSFNRu at 700 °C in an air atmosphere
revealed four characteristic peaks (Fig. 4(d)). The four characteristic
peaks corresponded to gas diffusion (F)), ion transfer or surface
exchange within the cathode body (F,, F), and ion transfer from
the cathode to the electrolyte and charge transfer (F,) [61, 62].
Compared to PSEN, the doping of Ru caused remarkable reduction

(B 7% 2 | Sci@pen
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in the areas of the F;, F, and F; peaks, indicating that PSFNRu
exhibited improved performance in gas diffusion, oxygen surface
exchange ability, and oxygen ion conduction.

It is widely recognized that achieving high catalytic activity for
NDR is a crucial requirement for the anode in DA-SSOFCs.
Consequently, the NDR catalytic performance of PSEN and
PSENRu was tested, as illustrated in Fig. 5(a), to assess their
efficiency. A noticeable enhancement in NDR catalytic activity was
observed for PSFNRu in comparison to PSEN, with the disparity in
catalytic efficiency becoming increasingly evident, especially at
temperatures below 700 °C. This was caused by the enhanced
quantity and diminished particle size of the externally dispersed
ANPs, which provided the perovskite with a greater number of
active sites, thereby significantly improving the reaction kinetics.
For example, the NH; conversion rate of PSFNRu at 600 °C was
74.5%, significantly higher than that of PSFN (52.58%). To evaluate
the excellent performance of PSFNRu as the electrode of DA-
SSOFCs in actual work condition, symmetrical single cells with
PSENRu as the electrode and SDC electrolyte were prepared and
tested using H, and NHj; as fuels. Prior to testing, considering
economic factors and the potential impact of electrode calcination
temperature on cell performance, a single cell with PSEN as the
symmetric electrode was selected to evaluate the performance
differences arising from various calcination temperatures.
Calcination temperatures of 1100, 1000, and 900 °C were chosen,
and the test results were presented in Fig. S5 in the ESM. When
calcined at 1100 °C, the cell achieved a PPD of 458 mW-cm™ at
800 °C using NH; as the fuel, which was significantly higher than
the PPDs of 385 and 254 mW-cm™ obtained for electrodes calcined
at 1000 and 900 °C, respectively. Therefore, 1100 °C was selected as
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the calcination temperature for subsequent tests. To investigate the
potential interfacial reactions between the PSFNRu electrode and
the SDC electrolyte, a 1:1 mass ratio mixture of PSENRu and SDC
powders were prepared and calcined at 1100 °C in air for 2 h. As
shown in Fig. S6 in the ESM, there was no other phases generation,
indicating that no adverse reaction occurred between the PSFNRu
electrode and SDC electrolyte. Figures 5(b) and Fig. S7 in the ESM
presented the typical I-V-P curves and EIS spectra of the single cell
employing PSFNRu as a symmetrical electrode. When using NH;
as fuel, the cell achieved PPDs of 547, 386, 264 and 166 mW-cm™ at
800-650 °C, respectively, with corresponding polarization
resistances (R,) of 0.025, 0.039, 0.068 and 0.123 Q-
demonstrating excellent electrochemical performance. As depicted
in Fig. 5(c), and Figs. S8(a) and S8(d) in the ESM, the PSFNRu-
based single cell exhibited superior electrochemical performance
when fueled with H,. At 800, 750, 700 and 600 °C, the PPDs were
711, 555, 419 and 305 mW-cm?, respectively. The disparity in
performance was likely ascribed to the increase Ohmic resistance
(Rgpm) and R, This was because the NDR was an endothermic
process [63], leading to a localized temperature drop in the core
reaction zone, thereby increasing R, The increased R, was
speculated to result from the fact that NH; did not directly
participate in SOFC power generation, and the additional
decomposition step contributed to an increase in R,,

Furthermore, as evidenced by the test results, the PSENRu-based
symmetrical electrode single cell exhibited superior electrochemical
performance was relative to the PSEN cell under both H, and NH;
fuel conditions at 800-650 °C (Fig 5(b) and Figs. S8(a)-S8(c) in the
ESN). From Fig. 5(d) and Figs. S8(d)-S8(f) in the ESM, it was
observed that the performance enhancement could be attributed to
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the promoted H, electro-oxidation, NDR and ORR facilitated by
PSFNRu, which resulted in a reduction in R, and R, [64]. As
illustrated in Fig. 5(e) and Table S1 in the ESM, compared to
advanced DA-SOFCs reported in the literature [25, 32, 43, 65-68],
the PSFNRu symmetrical electrode achieved superior
electrochemical performance through a simple elemental doping
strategy and the in-situ exsolution of ANPs from the anode,
demonstrating strong competitiveness. The power output of this
cell exhibited a significant advantage over many previously reported
electrolyte-supported advanced DA-SOFCs and even surpassed
some anode-supported DA-SOFCs.

Traditional = nickel-based  anodes  experienced  severe
agglomeration in NHj; fuel, which significantly affects the prolonged
operational stability of DA-SOFCs. Thus, the prolonged durability
of the DA-SSOFC employed PSFNRu as a symmetrical electrode
was investigated. As described in Fig. 5(f), under a current density
of 100 mA-cm™ at 700 °C, the PSFNRu symmetric single cell
demonstrated stable operation for 172 h in NHj fuel, with a voltage
degradation rate of 0.00048 V-h™. As visualized in Figs. S9(a) and
S9(b) in the ESM, the microstructure of the PSFNRu single cell was
examined using SEM after stability testing. No separation was
observed between the electrode and electrolyte, and no significant
particle aggregation was detected on the anode. This further
confirmed the high durability of PSFNRu as an electrode in DA-
SSOFCs.
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4 Conclusions

On the whole, we demonstrated that PSENRu exhibited excellent
electrocatalytic activity and stability as a DA-SSOFC symmetric
electrode. The doping of Ru in the parent perovskite led to the in-
situ exsolution of ANPs under a reducing atmosphere, which
increased the active sites on the electrode. This was the reason for
PSENRu’s superior NDR and HOR performance. Analysis from
O 1s XPS and DRT indicated that the surface of PSENRu had more
oxygen vacancies and a stronger oxygen surface exchange
capability. Consequently, the DA-SSOFC with the PSFNRu |SDC|
PSFNRu structure exhibited outstanding PPD (547 mW-.cm™ at
800 °C) and good operational stability (voltage degradation rate of
0.00048 V-h™). This work reported an efficient and durable
perovskite-based nanocomposite symmetric electrode material,
advancing the technological utilization of DA-SSOFCs.

Electronic Supplementary Material: Supplementary material
(XRD patterns, SEM images, particle size distributions, XPS, I-V-P
curves and EIS spectra, and PPD data comparison table) is available
in the online version of this article at https://doi.org/10.26599/
NR.2025.94907402.
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