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Abstract. Phase-pure orthorhombic PrNij sCo 5O3_s (PNCO), a triple-conducting perovskite oxygen electrode mate-
rial considered a promising alternative to conventional oxygen electrodes for reversible solid oxide fuel cells (RSOFCs),
was synthesized using the solution combustion method. The synthesized powder exhibited a bimodal particle-size dis-
tribution with an average agglomerated particle size of ~0.24 pm. Iodometric titration revealed an oxygen non-stoi-
chiometry (3) of 0.09. PNCO exhibited an electrical conductivity of 303 S cm™" at 700°C, arising from the mixed valence
states of Pra™/Pr**, Ni>™/Ni**, and Co?*/Co’*, as confirmed by X-ray photoelectron spectroscopy (XPS). The average
thermal expansion coefficient (TEC) of PNCO was 16.5 x 1075 K~'. A fabricated NiO-8YSZI8YSZIPNCO button cell
exhibited a peak power density of 78 mW cm ™2 at 800 °C in fuel cell mode and produced 0.732 sccm cm™2 of H, in
electrolyzer mode. Notably, the PNCO oxygen electrode exhibited a polarization resistance of 14.06 Q cm?, nearly three
times lower than that of the conventional lanthanum strontium manganite (LSM) oxygen electrode (53 Q cm?) measured
under identical conditions. These results demonstrate that PNCO is a highly active mixed ionic—electronic conductor
(MIEC). Furthermore, reactivity studies between PNCO and 8YSZ conducted at 1150 °C for 2 h, reported here for the first
time, revealed the formation of NiO and tetragonal ZrO, phases.
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1. Introduction Among the various fuel cell technologies, solid oxide fuel

cells (SOFCs) have attracted considerable research and

Climate change, driven by the enhanced greenhouse effect
resulting primarily from the increased combustion of fossil
fuels, has emerged as one of the most significant environmental
challenges facing humanity [1]. Consequently, the contribu-
tion of renewable energy sources has increased substantially to
reduce dependence on fossil fuels and mitigate CO, emissions.
This transition has created an urgent need for efficient energy
conversion and storage technologies [2,3]. Accordingly, both
emerging companies and established energy-sector industries
are investing heavily in fuel cell technologies to address the
intermittency of renewable energy sources and accelerate their
commercial deployment [4].

technological interest because of their high efficiency, fuel
flexibility, and environmental compatibility. SOFCs employ
ceramic materials and typically operate at temperatures
between 600 and 1000 °C. They also offer flexibility in cell
and stack design and can utilize a variety of fuels, including
H,, CO, and hydrocarbons [5]. Hydrogen is widely regarded
as a clean and sustainable energy carrier, with water elec-
trolysis representing one of the most promising technologies
for its production. In addition, SOFCs can operate in reverse
mode as solid oxide electrolysis cells (SOECs), providing
an efficient route for hydrogen production. Consequently,
increasing attention has been devoted to reversible solid
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oxide fuel cells (RSOFCs), which can operate in both fuel
cell and electrolysis modes, thereby enabling electricity
generation and hydrogen production within the same
device. Among the available hydrogen-production tech-
nologies, high-temperature steam electrolysis using
RSOFCs is considered one of the most efficient and
promising approaches. In SOEC mode, steam is supplied to
the hydrogen electrode, where it is electrochemically
reduced to produce hydrogen, while oxygen ions are
transported through the electrolyte to the oxygen electrode,
where oxygen is evolved [6]. The materials employed in
SOECs are generally similar to those used in SOFCs.

In recent years, considerable effort has been directed
toward developing self-sustaining RSOFC systems capable
of achieving high electrolysis rates while producing
hydrogen that can subsequently be used for electricity
generation without an external hydrogen supply [2]. In
conventional mixed ionic—electronic conductors (MIECs),
the oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER) are largely confined to the triple-phase
boundary (TPB), thereby limiting the electrochemically
active region. Furthermore, alkaline-earth-containing oxy-
gen electrode materials, particularly those containing Sr and
Ba, exhibit a strong affinity for CO,, which can lead to
carbonate formation and consequent degradation in elec-
trochemical performance. Examples include Lag¢Srg 4.
Cop2Fe.303_5 and Bay 5519.5C0¢ 8F€0 2025 [7].
Representative oxygen electrode materials investigated for
SOFCs and SOECs include LaggSry4CogoFeqgOz_s [8],
Lag gSrooMnO5_5 [8], PrBagsSrosCo;sFepsOsis  [9],
Lao_ssroisFeO:;_s [10], NdzNiO4+5 [11], and Nd]lgsNiO4+5
[12].

Among the various oxygen electrode materials, PrNig 5.
Cops05_5 (PNCO) has attracted considerable attention
because its electrical conductivity is largely unaffected by
moisture and its chemical stability is maintained in the
presence of H,O and CO, [2,7]. Spin-polarized density
functional theory (DFT) calculations have shown that sub-
stituting 50% of the Co sites with Ni lowers the oxygen
vacancy formation energy [3]. Furthermore, PNCO is a
ferromagnetic semiconductor with a band gap of 1.05 eV
[2]. A button cell incorporating a PNCO oxygen electrode
and a BaCeg 4Zr(4Y.1Ybg.10;5 electrolyte exhibited a peak
power density of 528 mW cm ™2, while achieving an elec-
trolysis current density of 1.31 A cm™2 at an applied voltage
of 1.4 V and 600 °C [2]. Substituting Ni for 50% of the Co
sites in PrCoO,_gs also enhances proton transport by
reducing the proton migration energy. PNCO synthesized
by the Pechini method exhibited a high electrical conduc-
tivity of approximately 300 S cm™' between 400 and 600
°C [7]. In comparison, other Pr-based electrodes, such as
Pr¢Oq; (~1.3 S cm™ ' at 600 °C) [13], and Ba-based elec-
trodes, such as BaggslLag osFeq oNbg 105_5 (~4.91 S cm™!
at 650 °C) [14], exhibit significantly lower conductivities.
However, symmetric cells employing PNCO electrodes
with a proton-conducting BaZry4Cep4Y0.1Ybo 105 5
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(BZCYYDb4411) electrolyte showed performance degrada-
tion due to H,O and CO, poisoning [7]. In contrast, cells
incorporating an oxygen-ion-conducting Cen9Gdy10,_5
(GDC) electrolyte exhibited improved stability without such
poisoning effects [7]. Further investigations using dilatom-
etry and in situ XRD revealed minimal changes in the
PNCO diffraction pattern, indicating that PNCO itself
remains chemically stable in the presence of H,O and CO,
[7]. These observations suggest that the degradation
observed in BZCYYb-based systems originates primarily
from the electrolyte rather than the PNCO electrode.

Although previous studies have primarily focused on
PNCO thin films or proton-conducting electrolytes in
anode-supported, fuel-cell-only configurations [2], often
incorporating additional interlayers [15], no studies have
reported the use of PNCO as the oxygen electrode on an
8YSZ electrolyte in an electrolyte-supported, interlayer-free
configuration for dual-mode RSOFC/SOEC operation.
Electrolyte-supported 8YSZ cells provide excellent
mechanical stability and gas tightness, thereby minimizing
fuel/oxidant crossover, enabling accurate open-circuit
voltage measurements, and improving fuel utilization dur-
ing RSOFC/SOEC operation [16]. Eliminating the inter-
layer also simplifies cell fabrication. Previous studies have
reported that the absence of an interlayer can reduce pro-
cessing complexity, decrease interfacial resistance, and
enhance oxygen reduction reaction kinetics by eliminating
additional interfacial impedance [17,18]. Among the vari-
ous chemical synthesis routes, the solution combustion
method (SCM) is particularly attractive because it is simple,
rapid, and cost-effective [19-21]. In the present study,
PNCO powder was synthesized by SCM using citric acid as
the fuel. The synthesized powder was employed as the
oxygen electrode in a 1 cm? thick-electrolyte-supported
button cell without an interlayer. The electrochemical per-
formance of the cell was evaluated in both fuel cell and
electrolyzer modes, and the chemical compatibility between
PNCO and 8YSZ was also investigated.

2. Experimental

2.1  Synthesis of the PNCO oxygen electrode powder
by the solution combustion method

Nig 5C0p503_5 (PNCO) powder was synthesized by the
solution combustion method (SCM). Praseodymium oxide
(PrgOq1, 99.9%, Mincometsal; 68.72 g) was first dissolved
in nitric acid (HNO,, 70%, Sigma-Aldrich). Subsequently,
nickel nitrate hexahydrate (Ni(NO,),-6H,O, 99%, Loba
Chemie; 58.68 g), cobalt nitrate hexahydrate (Co(NO,),.
6H,0, 98%, Loba Chemie; 58.72 g), and citric acid
monohydrate (CcHgO7-H,0, 99.5%, Iso Chem; 117.81 g)
were added in the stoichiometric proportions required for
PNCO synthesis [21]. Citric acid was selected as the fuel
because of its relatively low heat of combustion, which
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promotes a smoldering combustion process and results in
the formation of soft agglomerates. The resulting solution
was continuously stirred and heated on a hot plate until a
clear, homogeneous solution was obtained. The solution
was then transferred to alumina crucibles and placed in a
muffle furnace preheated to 400 °C for 2 h. During heating,
the viscous gel underwent spontaneous combustion,
releasing large volumes of gases and producing a porous,
foamy PNCO powder with soft agglomerates and a high
surface area. Finally, the powder was calcined at 800 °C for
4 h to remove residual carbonaceous species [19].

2.2 Characterization

The phase purity of the SCM-synthesized PNCO powder
was examined by powder X-ray diffraction (XRD; Bruker
D8 Advance) using Cu Ka radiation (A = 1.5405 1&) with a
Ni filter. Diffraction patterns were collected over a 20 range
of 20-60° at a scan rate of 2° min~'. The crystallite size
was estimated using the Scherrer equation [22].

Rietveld refinement of the synthesized PNCO powder
and the reactivity-tested samples was performed using the
PROFEX software package to determine the phase
composition and identify any secondary phases. The
morphology and elemental distribution of the synthesized
powder were characterized by field-emission scanning
electron microscopy (FESEM; Supra 40 VP, Carl Zeiss)
equipped with an energy-dispersive X-ray spectroscopy
(EDS; Oxford Instruments) detector. The particle-size
distributions of the calcined and sintered powders were
measured using a Mastersizer 2000 particle-size analyzer
(Malvern).

The adiabatic flame temperature during solution com-
bustion synthesis was estimated from the stoichiometric
redox balance between the metal nitrates (oxidizers) and
citric acid (fuel). Assuming complete combustion to gas-
eous products (CO,, H,O, N,, and atmospheric O,), the
flame temperature was calculated from the reaction
enthalpy and the heat capacities of the gaseous products.
This calculation was performed to verify that the selected
fuel-to-oxidizer ratio provided sufficient thermal energy for
the formation of crystalline PNCO. Furthermore, citric acid
was selected to maintain a relatively low combustion tem-
perature, thereby minimizing excessive grain growth and
producing fine, highly reactive, weakly agglomerated
powders with good sinterability for oxygen electrode
applications [20,21].

The oxidation states of the constituent elements were
investigated by X-ray photoelectron spectroscopy (XPS;
SPECS) using PNCO pellets prepared from powder cal-
cined at 800 °C for 4 h. The spectra were analyzed using
CASA XPS software. Oxygen non-stoichiometry (3) was
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determined because oxygen vacancies strongly influence the
structural stability, electrical conductivity, and catalytic
activity of solution combustion-synthesized PNCO.

For iodometric titration, 0.1 g of finely ground PNCO
powder (calcined at 800 °C for 4 h) was accurately weighed
into a 250 mL conical flask and dissolved in 20 mL of
hydrochloric acid (35-38%, 1.18 specific gravity, BP/Ph.
Eur., SD Fine Chem Ltd.) under gentle heating until a clear
solution was obtained. After cooling to room temperature,
approximately 0.5 g of potassium iodide (KI, 99.5%, Iso
Chem) was added, and the solution was stirred until a uniform
brown color developed. The liberated iodine was titrated with
standardized 0.1 M sodium thiosulfate pentahydrate (Na,S,.
03-:5H,0, 99%, SD Fine Chem Ltd.) until the solution
became pale yellow. Subsequently, 5 mL of freshly prepared
starch indicator solution (soluble potato starch, Loba Che-
mie) was added, producing an intense blue color, and the
titration was continued until the blue color disappeared,
which was taken as the endpoint. At least three titrations were
performed for each sample, and the average value was used.
The oxygen non-stoichiometry (3) was calculated from the
sodium thiosulfate consumption according to the standard
redox stoichiometry between I, and 52032' [23,24].

For electrical conductivity measurements, 8 g of PNCO
powder was granulated with four drops of 6 wt.% polyvinyl
alcohol (PVA) binder and pressed into pellets using a
hydraulic press (VK Instruments, Bangalore) under a load
of 75 kN. The green pellets were sintered at 1150 °C for 2 h.
The bulk density and apparent porosity of the sintered
pellets were determined using Archimedes’ principle.
Electrical conductivity was measured using the Van der
Pauw four-probe DC method with a Keithley 6221 current
source (100 mA) and a Keithley nanovoltmeter. Four silver-
wire contacts were attached to the pellet using silver paste.
The samples were dried and heated at 800 °C for 30 min to
improve adhesion of the silver contacts before conductivity
measurements were performed.

The thermal expansion coefficient (TEC) of the PNCO
pellets (12 mm diameter and 4 mm thickness) was measured
from room temperature to 800 °C in air using a home-built
dilatometer at a heating rate of 5 °C min~'. For pellet
preparation, 20 g of PNCO powder was mixed with ten
drops of polyvinyl alcohol (PVA), pressed at 140 kN for 60
s using a hydraulic press (VB Ceramics, Chennai), and
sintered in air at 1150 °C for 2 h.

To evaluate the chemical compatibility between the
PNCO oxygen electrode and the 8YSZ electrolyte, equal
amounts (1 g each) of PNCO and 8YSZ powders were
thoroughly mixed and ground for 20 min. Approximately 60
drops of deionized water were then added, and grinding was
continued for an additional 30 min. The resulting paste was
dried under an infrared lamp, reground for 15 min, and heat-
treated in air at 1150 °C for 2 h in a home-built furnace. The
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reacted powders were subsequently analyzed by XRD to
evaluate phase stability and identify any reaction products.

2.3 Button cell fabrication and testing

Electrolyte tapes of 8 mol% yttria-stabilized zirconia
(8YSZ, Tosoh Corporation) were prepared by mixing 80 g
of 8YSZ powder with optimized amounts of Menhaden fish
oil as the dispersant and ethanol and toluene as co-solvents.
The slurry was initially ball-milled with zirconia balls for
24 h using a roller mill. Subsequently, benzyl butyl phtha-
late and polyvinyl butyral were added as the plasticizer and
binder, respectively, and the slurry was further ball-milled
for an additional 24 h to ensure homogeneity. Finally, a few
drops of polyalkylene glycol were added as a rheological
modifier, and the slurry was milled for approximately 5 h.

The homogeneous slurry was tape-cast onto Mylar sheets
using an in-house-built tape caster to obtain green 8YSZ
tapes with a thickness of approximately 220 pum, followed
by drying at room temperature for several hours. Twenty
tape layers (30 mm diameter) were stacked and uniaxially
pressed at 90 kN using a hydraulic press. The laminated
electrolyte was then sintered in air at 1500 °C for 2 h,
followed by cooling at 3 °C min~', to achieve a density
close to the theoretical value. The resulting electrolyte
pellet had a thickness of approximately 818 pm, as con-
firmed by FESEM.

The fuel electrode paste was prepared by mechanically
mixing NiO powder (99.9%, Inframat) and 8YSZ powder
(Tosoh Zirconia TZ-8Y) in a weight ratio of 62.5:37.5,
together with ethyl cellulose (Loba Chemie) and terpineol
(80%, Loba Chemie). The mixture was ground using a
mortar and pestle to obtain a paste of suitable viscosity for
screen printing. The NiO-8YSZ paste was screen-printed
(Sudharshan Printline) onto one side of the sintered 8YSZ
electrolyte over an active area of 1 cm?® and subsequently
sintered at 1300 °C for 2 h to produce the half-cell.

The oxygen electrode paste was prepared in a similar
manner using 15 g of calcined PNCO powder, ethyl cellu-
lose, and terpineol. The paste was screen-printed onto the
opposite side of the half-cell over an active area of 1 cm?
and sintered in air at 1150 °C for 2 h to obtain an asym-
metric full cell with the configuration NiO-8YSZ (~33
pm) | 8YSZ (~820 pm) | PNCO (~37 pum).

The electrochemical performance of the fabricated button
cells was evaluated using a fuel cell test station (Fuel Cell
Technologies, Inc., USA). A relatively thick electrolyte was
employed because of limitations associated with the button-
cell test setup. The button cell was sealed to an alumina tube
using Aremco ceramic sealant and mounted in a Probostat
button-cell test fixture (supplementary figure S1) for elec-
trochemical characterization. The ceramic sealant was
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cured in air at 800 °C with a heating rate of 3 °C min™~".

During fuel cell testing, pure hydrogen (150 sccm) and
oxygen (100 sccm) were supplied continuously to the fuel
and oxygen electrodes, respectively.

Electrochemical impedance spectroscopy (EIS) mea-
surements were performed using a CHI604D electrochem-
ical workstation under open-circuit voltage (OCV)
conditions with an AC perturbation amplitude of 10 mV
over a frequency range of 1 MHz to 0.1 Hz. The cell was
subsequently operated in electrolyzer mode by applying a
constant current density of 0.5 A cm™2 at 800 °C, using a
gas composition of 50% H,0/50% H, at the fuel electrode
and air at the oxygen electrode. Under these conditions, the
OCYV remained stable at approximately 1.08 V. The amount
of hydrogen generated was calculated using the following
equation:

Ixt
V="' %224Lmol" (1)
nxF

where I is the current (A), T is the electrolysis time (s), N is
the number of electrons required to produce one mole of
hydrogen, and F is Faraday’s constant (96,485 C mol™").
After electrochemical testing, the button cell was sectioned,
mounted in epoxy resin, and polished for cross-sectional
microstructural analysis.

3. Results and discussion

3.1 X-ray diffraction analysis

Figure la—d illustrates the XRD patterns and Rietveld
refinement analysis of the PNCO powder, sintered pellets,
and chemical compatibility samples. The XRD patterns of
the PNCO powder and sintered pellets are shown in
figure 1a, revealing sharp diffraction peaks characteristic of
well-crystallized materials. After sintering at 1150 °C, the
crystallite size increased from approximately 29 to 39 nm,
indicating significant grain growth. The lattice parameters
obtained from the Rietveld refinement (a = 5.40 10%, b=5.39
A, and ¢ = 7.63 A) confirm that the material crystallized as a
single-phase orthorhombic perovskite, in excellent agree-
ment with the standard JCPDS card (No. 25-1069), with no
detectable secondary phases. As summarized in table 1, the
Rietveld refinement yielded a weighted profile R-factor
(Ryp) of 2.05% and a goodness-of-fit (GoF) value of 1.33,
indicating excellent agreement between the calculated and
experimental diffraction patterns. This high degree of
agreement is evident in figure 1b, where the observed pat-
tern (red line) and the calculated pattern (blue line) exhibit
excellent overlap. The low intensity of the difference curve
(yellow line) and the close alignment of the Bragg reflection
positions (green vertical bars) further confirm the phase
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(a) X-ray diffraction (XRD) pattern of the PNCO powder calcined at 800 °C for 4 h and the PNCO pellet sintered at 1150

°C for 4 h; (b) Rietveld refinement of the PNCO powder calcined at 800 °C for 4 h; (¢) XRD pattern of the PNCO + 8YSZ sample after
the reactivity study; and (d) Rietveld refinement of the reactivity mixture sintered at 1150 °C for 2 h.

purity and structural integrity of the synthesized PNCO
powder.

The XRD pattern of the 50 wt.% PNCO-50 wt.% 8YSZ
mixture after the chemical compatibility test at 1150 °C is
shown in figure lc. Although the major diffraction peaks of
both constituents are retained, the analysis indicates partial
phase transformation of cubic YSZ to a primitive tetragonal
phase, as evidenced by the appearance of new reflections at
29.5° and 34.07°. In addition, diffraction peaks at 36.51°
and 42.55° are assigned to NiO, confirming that a chemical

reaction occurred during heat treatment. This increased
structural complexity is reflected in table 2, where the
PNCO-8YSZ mixture exhibits a higher Rwp value (5.80%)
and a GoF of 4.2 compared with those of the pure PNCO
sample. The corresponding multiphase Rietveld refinement
is presented in figure 1d. The refinement demonstrates
successful indexing of the secondary phases, with the cal-
culated model accounting for the primitive tetragonal zir-
conia, NiO, and the remaining PNCO phase. Although the
residual values are higher because of peak overlap among
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Table 1. Rietveld refinement parameters
of the PNCO powder calcined at 800 °C
for 4 h.

Parameters Value
a 5.40 A
b 539 A
c 7.63 A
Ryp 2.05 %
Rexp 1.53 %
$ 1.79 %
GoF 1.33

Table 2. Rietveld refinement parameters of the reactivity-tested
sample and the parent PNCO electrode.

Samples R, Ryp GoF x>
PNCO 1.17 3.46 29 8.74
8YSZ-PNCO 1.37 5.80 42 9.40

the reaction products, the relatively small difference curve
(yellow line) indicates that the multiphase model provides a
satisfactory fit to the experimental diffraction data.

Although these reaction products form during bulk heat
treatment, they are unlikely to form extensively at the
electrode—electrolyte interface under the present fabrication
conditions and are therefore not expected to significantly
degrade the overall electrochemical performance of the cell.
Furthermore, no secondary insulating zirconate phases (e.g.,
Ni- or Co-zirconates) were detected, suggesting the absence
of detrimental interfacial reactions. The formation of the
tetragonal zirconia phase is likely associated with local
redistribution of yttria within YSZ, a well-known phe-
nomenon that is not generally considered detrimental.
Similar interdiffusion has been reported in conventional
LSM-YSZ systems, where performance degradation is
primarily attributed to the formation of insulating zirconate
phases rather than interdiffusion itself [25]. Even after
prolonged operation, LSM-YSZ cells generally maintain
stable electrochemical performance despite limited inter-
diffusion, indicating that such interfacial changes are tol-
erable. Therefore, the phase evolution observed in the
present study is unlikely to adversely affect the electro-
chemical performance or long-term stability of the PNCO/
8YSZ electrode—electrolyte system.

3.2 FESEM analysis

The FESEM images of the calcined and sintered PNCO
powders are shown in figure 2a,b. The calcined powder
consists of particles with both spherical and elongated rod-
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like morphologies, which are likely formed through
agglomeration during the calcination process. After sinter-
ing at 1150 °C, the particles become larger and more
irregular because of grain growth and densification, as
shown in figure 2b. The EDS analysis of the calcined and
sintered PNCO powders is summarized in table 3. The
elemental composition of the PNCO powder calcined at
800 °C for 4 h agrees well with the theoretical composition.

The elemental maps of the calcined PNCO powder (fig-
ure 2¢) show a uniform distribution of the constituent ele-
ments, whereas the sintered powder (figure 2d) exhibits
slight agglomeration. The calcined powder displays a highly
porous, interconnected network composed of fine nanos-
tructured grains. Higher-magnification images reveal pri-
mary particles with sizes ranging from 0.1 to 0.2 pm, which
are favorable for high-surface-area applications such as
catalysis [24,26]. After sintering at 1150 °C for 2 h, a sig-
nificant microstructural evolution is observed. The
increased thermal energy promotes grain growth and den-
sification, resulting in the formation of larger, discrete
agglomerates. The increase in the image scale from 0.2 to 2
pm further illustrates the transition from a nanostructured
powder to a more chemically stable microstructured cera-
mic [24].

The EDS analysis indicates that the measured Co content
is lower in the sintered powder than in the calcined powder
(table 3). This reduction may be attributed to partial
volatilization of Co at the elevated sintering temperature as
a result of its increased vapor pressure [27]. Consequently,
the measured Ni content appears relatively higher because
of the corresponding decrease in the Co content (table 3).

3.3 Particle size analysis

Supplementary figure S2a—d presents the particle-size dis-
tribution curves and corresponding histograms of the cal-
cined and sintered PNCO powders. The particle-size
distribution of the powder calcined at 800 °C for 4 h
exhibits a bimodal distribution with dy; = 0.09 um, dgy5 =
0.24 um, and dgo = 2.30 um (supplementary figure S2a). In
contrast, the powder sintered at 1150 °C for 2 h also exhi-
bits a bimodal distribution but with significantly larger
particle sizes, having dg; = 2.11 pum, dgs = 5.27 pum, and
do.o = 18.83 pum (supplementary figure S2b). Consequently,
the median particle size (dgs) increased from 0.24 to 5.27
pum after sintering, reflecting substantial grain growth dur-
ing heat treatment.

A bimodal particle-size distribution is advantageous for
SOFC applications because the finer particles provide a
high specific surface area and increase the number of active
sites available for the oxygen reduction reaction (ORR). In
contrast, the coarser particles facilitate gas transport by
creating more open and interconnected pore channels,
thereby reducing concentration polarization and improving
gas diffusivity [20]. For example, the power density of an
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Figure 2. Field-emission scanning electron microscopy (FESEM) images of the PNCO powder: (a) 50 kX magnification after
calcination at 800 °C for 4 h and (b) 5 kX magnification after sintering at 1150 °C for 2 h; and X-ray elemental maps of the PNCO
powder (c) after calcination at 800 °C for 4 h and (d) after sintering at 1150 °C for 2 h.

Table 3. EDS analysis of calcined and sintered PNCO powders.
Calcined Sintered
Element Calculated wt%
Observed wt.% Deviation % Observed wt.% Deviation %
Pr 64.3 65.1 0.7 64.2 2.3
Ni 17.8 17.1 0.7 19.1 3.6
Co 17.8 17.9 0.1 16.6 1.1

SOFC employing an LSM oxygen electrode increased from
132 to 228 mW cm™ > when a bimodal particle-size distri-
bution was used [28]. Therefore, combining fine and coarse
particles in a bimodal distribution can improve the overall
electrocatalytic performance of the oxygen electrode
[29,30].

The particle-size histograms were generated from
FESEM images using Image] software. As shown in sup-
plementary figure S2c, most particles in the calcined pow-
der fall within the size range of 0.25-0.30 pm. After
sintering, the particle-size distribution shifts to larger sizes,

with most particles falling within the range of 5.0-5.5 pm
(supplementary figure S2d). This observation is in good
agreement with the median particle size obtained from the
particle-size analysis.

3.4 Adiabatic flame temperature calculations

In solution combustion synthesis, the combustion tempera-
ture strongly influences the crystallite size, which generally
increases with increasing combustion temperature [4,21].
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Figure 3. X-ray photoelectron spectroscopy (XPS) core-level spectra of the PNCO powder calcined at 800 °C: (a) Pr 3D, (b) Ni 2P,

(c) Co 2P, and (d) O 1S.

The maximum temperature attained during the combustion
reaction is referred to as the adiabatic flame temperature
(T,q).- The heat released during the combustion process
corresponds to the enthalpy of the reaction. Assuming
complete combustion, the overall reaction between pra-
seodymium oxide, nitric acid, nickel nitrate, cobalt nitrate,
and citric acid to produce PNCO powder can be expressed
as follows:

Pr(NO3), .6H,0 + 0.5 Ni(NO3), .6H,0
+0.5 Co(NO3),6H,0

+ 1.39 C6H307H20 A—>1r PrNi0‘5C00,503,5
+8.33 CO, + 18.95 H,0 + 2.5 N, (2)

The combustion reaction occurs over a very short dura-
tion, during which exceptionally high temperatures are
attained. The adiabatic flame temperature can be estimated

using the equations reported in the literature [4,20] together
with the thermodynamic data listed in supplementary
table S1. The values of AHy (reactanty» AHr Product)» AH’, and
AnCp were calculated to be —7275.0, —9059.9, —1784.9 kJ
mol~!, and 1138.9 J K7}, respectively. Based on these
values, the calculated adiabatic flame temperature for the
citric acid—nitrate combustion system was 1567 °C (1865
K). Although the self-propagating combustion reaction lasts
only a few seconds, the citric acid—nitrate system produces
phase-pure PNCO powder [20]. While the redox mixture is
ignited in a preheated muffle furnace at approximately 400
°C, the combustion temperature is substantially higher
because of the exothermic redox reaction. During com-
bustion, a significant fraction of the released heat is dissi-
pated to the surroundings through the evolution of gaseous
reaction products [20].
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3.5 X-ray photoelectron spectroscopy (XPS) analysis

The XPS spectra of the PNCO perovskite powder synthe-
sized by the solution combustion method and calcined at
800 °C are shown in figure 3a—d. The spectra were decon-
voluted using Gaussian functions in CASA XPS software to
identify the oxidation states of Pr, Ni, Co, and O.

As shown in figure 3a, the Pr 3d spectrum consists of two
broad spin—orbit components corresponding to the Pr 3ds/,
and Pr 3d;,, states, indicating the coexistence of Pr’* and
Pr*" at the surface. The Pr 3ds; region (925-937 eV)
contains a dominant peak at 930-935 eV assigned to Pr'*.
This intense feature is characteristic of oxidized Pr in per-
ovskites and results from efficient screening of the 3d core
hole by oxygen 2p valence electrons [7,31-33]. The satellite
peak at 925-930 eV is attributed to the Pr’ " state and arises
from a poorly screened final state following photoemission
[32-34]. The Pr 3d;, component occurs at 950-955 eV,
with a spin—orbit splitting of approximately 20-21 eV rel-
ative to the 3ds/, peak, consistent with previously reported
values for Pr-containing oxides [35]. The satellite feature at
945-950 eV is similarly associated with an unscreened final
state, while the weak feature at 955-960 eV is attributed to
plasmon-loss excitations or coupling between the core hole
and the unpaired 4f electron of prit [31-36].

The coexistence of Pr°™ and Pr*™ is beneficial for elec-
trochemical performance. Pr’* promotes oxygen-vacancy
formation and enhances mixed ionic—electronic conduction
(MIEC), thereby facilitating the oxygen reduction and
oxygen evolution reactions (ORR/OER). In contrast, Pr*+
contributes to electronic conductivity through the Pr**/
Pr’* redox couple and improves the structural stability of
the perovskite during redox cycling [37]

The Ni 2p spectrum (figure 3b) reveals the coexistence of
Ni** and Ni*" species, with binding energies of 872.08 and
873.07 eV, respectively, together with characteristic

35
PrNi; ;C0, 50,5
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Figure 4. Thermal expansion coefficient as a function of
temperature for the sintered PNCO sample.
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satellite features at 879.4 eV [38]. The presence of NiZ*
facilitates oxygen-vacancy formation through charge com-
pensation, thereby extending the electrochemically active
region and enhancing the ORR [39]. Meanwhile, the Ni**/
Ni** redox couple increases hole concentration, improves
p-type electronic conductivity, and further promotes oxy-
gen-vacancy formation [40].

The Co 2p spectrum (figure 3c) also exhibits mixed
oxidation states. The peak at 779.99 eV is assigned to
octahedrally coordinated low-spin Co®" occupying the
perovskite B-site [33,38]. A second component at 784.84
eV is attributed to surface Co®" formed through partial
reduction of Co®" during calcination via oxygen-vacancy
formation [41]. The weak satellite at 787.5 eV corresponds
to a charge-transfer shake-up feature characteristic of low-
spin Co>" [38,41]. In the Co 2p,,, region, peaks corre-
sponding to Co>" and Co>" are observed at 780.80 and
796.06 eV, respectively. The coexistence of Co>" and Co**
facilitates small-polaron hopping between adjacent Co ions,
resulting in high p-type conductivity. In addition, Co**
promotes oxygen-vacancy formation, while Co** enhances
oxygen electrocatalysis by facilitating lattice-oxygen par-
ticipation in the ORR/OER, thereby improving MIEC
[7,42].

The deconvoluted O 1s spectrum (figure 3d) consists of
three components. The peak at 529.20 eV is assigned to
lattice oxygen, confirming the integrity of the perovskite
framework through strong metal-oxygen bonding [43]. The
peak at 531.67 eV corresponds to oxygen vacancies and
chemisorbed oxygen species, indicating the presence of
catalytically active surface sites that facilitate vacancy-
mediated oxygen-ion transport and improve the ORR/OER
[44,45]. The higher-binding-energy peak at 533.63 eV is
attributed to surface carbonates and adsorbed hydroxyl or
water species. Its relatively low intensity suggests limited
surface carbonation and is consistent with the reported CO,
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Figure 5. Electrical conductivity of the PNCO pellet sintered at
1150 °C for 2 h as a function of temperature.
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tolerance of PNCO [46,47]. The relative peak intensities
indicate a substantial concentration of surface oxygen spe-
cies and hydroxyl groups, reflecting an electrochemically
active surface. These observations are consistent with pre-
vious XPS studies of perovskite oxygen electrodes [36,48].
Furthermore, quantitative XPS analysis indicates mixed
valency at the B-site, with Ni**/Ni** and Co>*/ Co?* ratios
of approximately 60/40 and 74/26, respectively. Together
with the measured oxygen non-stoichiometry (6 ~ 0.09),
these mixed-valence cations (Pr“/ Pr*t, NiZ*/Ni**, and
Co®*/ Co*") indicate a highly dynamic redox-defect
structure that is expected to promote oxygen-ion transport,
electronic conductivity, and oxygen-electrode activity.

3.6 lodometric titration

The calculated oxygen non-stoichiometry (8) from iodo-
metric titration is 0.09. This transition from PrNig 5Cog 503
to PrNig 5Cog 50591 is not just a mass loss. This non-stoi-
chiometry is crucial as it introduces oxygen vacancies that
enable MIEC essential for efficient ORR at SOFC cathodes.
The value of 0.09 aligns with the reported value of 0.085 at
600 °C [1]. In an ideal case, Ni and Co exist as Ni** and
Co>" on the B site. But at high temperatures, due to lattice
vibrations during heat treatment, Ni** becomes unsta-
ble and prefers a lower oxidation state, breaking the metal-
oxygen bond. Oxygen leaves the lattice; to maintain charge
neutrality, two electrons (e) also leave. Because Ni*" has a
higher electron affinity, it will capture an electron to form
Ni**. Once Ni has reduced, the Co®" begins to reduce to
Co®" to compensate for the remaining oxygen vacan-
cies. This creates a mixed-valence state of Ni and Co, as
shown in the XPS spectra in figure 3b-c. This defect-driven
chemistry promotes the triple conduction (0*~, e~, H')
vital for high-performance perovskite cathodes.

The oxygen non-stoichiometry (8) determined by iodo-
metric titration was 0.09, corresponding to a composition of
PrNi5Cop50,9;. This oxygen deficiency is significant
because it generates oxygen vacancies that promote mixed
ionic—electronic conduction (MIEC), which is essential for
efficient oxygen reduction reaction (ORR) kinetics in SOFC
oxygen electrodes. The measured & value is in good
agreement with the reported value of 0.085 at 600 °C [1].

In the ideal perovskite structure, Ni and Co are expected
to exist predominantly in the +3 oxidation state at the
B-site. During heat treatment, however, elevated tempera-
tures destabilize the higher oxidation states, resulting in
oxygen loss from the lattice and the formation of oxygen
vacancies. To maintain charge neutrality, a fraction of the
Ni** ions is reduced to Ni*™, followed by partial reduction
of Co®>" to Co®". This process gives rise to the mixed-
valence states of Ni and Co observed in the XPS spectra
(figure 3b,c). The coexistence of oxygen vacancies with
mixed-valence Ni**/Ni*" and Co**/ Co’" redox couples
facilitates both ionic and electronic charge transport,
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thereby enhancing the electrochemical activity of the PNCO
oxygen electrode.

3.7 Thermal expansion coefficient (TEC)

The thermal expansion coefficient (TEC) curve of the sin-
tered PNCO pellet, measured by dilatometry in air over the
temperature range of 100-800 °C, is shown in figure 4. The
TEC exhibits an approximately linear variation between
350 and 800 °C, with an average value of 16.5 x 107K,
which is in good agreement with the reported literature
value [7]. A 40% increase in the TEC is observed between
100 and 350 °C. This behavior is likely associated with
spin-state transitions of Co" in the perovskite lattice,
where Co®" undergoes a transition from a low-spin to a
high-spin state between approximately 200 and 400 °C. The
accompanying increase in the ionic radius causes lattice
expansion without a structural phase transition, thereby
contributing to the observed increase in the TEC [30,31].
Similar spin-state transitions affecting the thermal proper-
ties of cobalt-containing perovskites have been reported
previously [49].

Above 350 °C, the TEC becomes nearly constant. At
these temperatures, thermal expansion is dominated by
lattice vibrations, and the progressive excitation of phonon
modes results in an approximately linear expansion with
temperature. Such nonlinear thermal expansion behavior,
characterized by an initial increase followed by a nearly
constant TEC, is commonly observed in complex oxide
ceramics.

The TEC is a critical parameter in the design of solid
oxide fuel cells because thermal expansion mismatch
between the electrode and electrolyte can generate
mechanical stresses during thermal cycling [30,32].
Although the TEC of PNCO becomes stable above 350 °C,
its relatively high value (16.5 x 10~° K™') may increase the
likelihood of thermal stress and interfacial cracking when
paired with electrolytes having significantly lower TEC
values.

3.8 Conductivity measurement

The bulk density of the sintered PNCO pellet, determined
by Archimedes’ principle, was 7.70 g cm®, with an apparent
porosity of 0.2129%. The measured density was in good
agreement with the theoretical density [50]. The tempera-
ture dependence of the electrical conductivity of the PNCO
pellet sintered at 1150 °C for 2 h is presented as an
Arrhenius plot (In ¢ versus 1000/7) in figure 5. The
excellent linear relationship indicates thermally activated
conduction and confirms the semiconducting behavior of
PNCO over the investigated temperature range [7,51].

The electrical conductivity increased from 187 S cm™ " at
500 °C to 303 S cm™ ' at 700 °C, in good agreement with

1



Bull. Mater. Sci. _#H#HHHHEHEHHAHEHHRHERE

1.6 (a) = with humidity PrNiy sC0o, ;0,5
= without humidity
4id ] 800°C
1.2
— 14 —_
S : e
2 0.8 ' G
s l <}
o 0.6 ! £
S ! N
0.4 : FC Mode
I
0.2 |
I
0+ :
1
'0-2 T II T T T T T
01 -005 0 005 01 015 0.2 025 0.3
Current density (A cm?)
18
() ® LagesSrg 3sMnO; 5
15800 °C = PrNi5C0, 505
ete _—
124 o ot e ., b
£ * . o
%) .' * te))
G 9 - * .. 2
g * . )
-Nll " .' >
6 - & “
& °
1 \
3 a"n - *
. L W
L]
0 = T T T T T
10 20 30 40 50 60
Z'(Q cm?)

Page 11 of 16 _####_
0.8
(b) PrNi, sC0, ;0
0.7 ® with humidity H,- 100, 0,- 76
B without humidity
[
0.6 N el
n |
n o
0.5 - . ]
.-.""‘II " "a
0.4- Ny L8 =
| | n
| | .. -. | |
0.3 - LR LB '..
o
0.2 1 n " E
U
|
0.1 4 [ I |
|
0'#1 T T T T T
2.4 2.8 3.2 3.6 4 4.4 4.8
Z' (@ cm?)
14 . 0.15
(d) PrNiy 5C0oy 505
4 800°C
12 L0 &
° £
1] ooo.. .”’ o
%, *oy -0.05 2
0.8 %, " Yo, —> -
5o, * =
¢ * L 7]
0.6 S o, * 0 ¢
S %o, =
044 & o, --0.05 &
* ° E3
* % )
0.2{ *oe, a
- : %, --0.1
01’ “tee
T T T T T T '0.15
0 005 01 015 0.2 025 03 0.35

Current density (A cm)

Figure 6. Electrochemical performance of the PNCO oxygen electrode with an 8YSZ electrolyte: (a) linear sweep voltammetry
(LSV) curves measured with and without moisture, (b) electrochemical impedance spectroscopy (EIS) spectrum of the PNCO oxygen
electrode, (¢) comparison of the EIS spectra of the PNCO and conventional LSM oxygen electrodes, and (d) power density curve of the

PNCO oxygen electrode with an 8YSZ electrolyte.

previously reported values [7]. These conductivity values
are comparable to those of conventional oxygen electrode
materials, such as PrNiOy,s LaggSrg4CoggFeq203_s
(LSCF), and LaoigsroleeOAzNi0,203_5 (LSFN), and are
substantially higher than those of several triple-conducting
electrode materials, including BaZr,Ce( 7Y 1_xC0xO3_s
and BaCog;Fe(,Nbj 05_5, which typically exhibit con-
ductivities in the range of 0.1-10 S cm ™! at 600 °C [7].
The linear Arrhenius behavior is consistent with a ther-
mally activated small-polaron hopping conduction mecha-
nism, which is characteristic of Co-containing perovskite
oxides [52]. The high electrical conductivity is advanta-
geous because it minimizes ohmic losses, particularly under
high-current operating conditions, thereby reducing resis-
tive heating and improving cell efficiency. This property
also facilitates efficient electron transport during both the
oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER), making PNCO comparable to benchmark

oxygen electrode materials such as LSCF. Furthermore, the
relatively low activation energy (11.74 kJ mol™') indicates
facile charge transport through the small-polaron hopping
mechanism, which is expected to promote faster electrode
kinetics and improved reversibility during both fuel cell and
electrolysis operation [26,39,53].

3.9 Enhanced ORR mechanism in PNCO

Rare-earth nickelates, such as PrNiO;_s, intrinsically exhibit
small-polaron hopping, strong carrier localisation arising from
Jahn-Teller distortion limits mobility and increases the acti-
vation barrier [54]. In contrast, partial substitution of Co
incorporation enhances metal-oxygen covalency and intro-
duces additional Co**/ Co®" redox couples, thereby reducing
the activation energy for hopping and increasing polaron
density, thereby improving electronic conductivity [55].
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Consequently, the Co*™/ Co®" redox couple is more energet-
ically accessible and exhibits greater reversibility than the
Ni**/Ni*" pair. Pr** contributes to lattice flexibility and sta-
bilizes oxygen vacancies, while Co enhances B-site redox
activity and M-O covalency, lowering the activation barriers
for both charge transfer and oxygen exchange. The predomi-
nance of Co>" provides a highly oxidising surface that pro-
motes oxygen adsorption and activation, while the coexistence
of reduced species (Ni”, C02+) ensures continuous electron
supply for ORR. Consequently, PNCO exhibits mixed ionic-
electronic conduction, with contributions from 0> and .
Further, under humid conditions, proton transport occurs in
parallel via a Grotthuss-type hopping mechanism involving
hydroxyl defects (OH,) on the oxygen sublattice [56].

Classical oxygen reduction reaction (ORR) in PNCO:
1. Oxygen adsorption

01(g) — Oz(ads)

2. Electron transfer (via polaron hopping)
O, (ads) + e~ — 0,7 (ads)

0, (ads) + e~ — 03 (ads)

3. Dissociation
03 (ads) — 20, (ads)

4. Final reduction to lattice oxygen
0, +e — O

o

5. Vacancy incorporation (overall reaction)

1
EOZ(g) +V, +2 — O,

Proton assisted ORR in in PNCO

Under moist conditions, parallel proton conduction in
PNCO is governed by a defect-mediated hydration mecha-
nism [57,58]:

H,O(g) +V, + 0% — 20H,

where hydroxyl defects (OH,) act as mobile proton car-
riers via a Grotthuss-type hopping mechanism. These pro-
tonic defects actively participate in the ORR through a
proton-assisted pathway, which proceeds as follows.
1. Oxygen adsorption

02(g) — O2(ads)

2. Proton—electron transfer (formation of hydroperoxide
intermediate)

0,(ads) + OH, + e~ — OOH,
3. Further reduction and protonation

OOH, + OH, + ¢~ — 20, + H,0(g)

4. Reduction to lattice oxygen
0, +e — O

5. Oxygen incorporation and vacancy annihilation (over-
all)
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%OZ(g) +V, +2 — O}

Therefore, in PNCO, electrons required for oxygen
reduction are supplied via small-polaron hopping through
mixed-valence Ni*™/Ni®* and Co**/Co’" redox couples in
the classical ORR pathway, whereas under humid condi-
tions, a parallel proton-assisted pathway (Grotthuss-type
hopping mechanism) involving hydroperoxide intermedi-
ates (OOH) lowers the activation barrier for oxygen
reduction. The coupling of electronic conduction, oxygen
vacancy transport, and proton mobility significantly
enhances surface oxygen exchange kinetics.

3.10 Electrochemical characterisation of the asymmetric
cell

The electrochemical performance of the fabricated asym-
metric cell operating in fuel cell mode with pure hydrogen
as the fuel at 800 °C is shown in figure 6a—d. The OCV
(1.08 V) suggests a dense electrolyte membrane and good
sealing, consistent with the theoretical Nernst voltage of
1.13 V. The V-I graph (figure 6a) shows the cell’s
reversibility, as evidenced by the symmetry of the curve.
The peak current density under dry conditions in the elec-
trolysis mode at 800 °C is 105.11, 81.873, and 53.93 mA
cm” 2 at 1.5, 1.4, and 1.3 V, respectively, as observed from
figure 6a. In the presence of humidity, the current density
slightly decreases to 93.71, 66.52, and 41.33 mA cm 2.
This may be ascribed to water vapor competing with
hydrogen for active sites at the fuel electrode. This may lead
to site blocking in the perovskite electrode due to increased
water partial pressure, which enhances the concentration
overpotential, especially in screen-printed layers. This may
explain the decrease in current density with humidity, as
well documented in the literature [59,60]. Humidity may
occasionally accelerate electrode deterioration, leading to
reduced electrode activity and, in turn, a decrease in current
density [4]. However, according to the literature [2], using a
PNCO mesh instead of a screen-printed PNCO oxygen
electrode yields current densities of 1720 and 1180 mA
cm ™2 at electrolysis voltages of 1.4 and 1.3 V, respectively,
in the presence of humidity. The open 3D mesh architecture
provides superior porosity and interconnected channels that
facilitate rapid H,O dissociation, H, transport, and water
vapor removal from active sites. This eliminates the buildup
of concentration overpotential observed in screen-printed
layers [2,61].

Also, the Tafel analysis (slope of the I-V curve) of
figure 6a shows that the total cell resistance (area-specific
resistance (ASR)) is 0.349 Q cm?, which is the sum of both
the electrolyte resistance and the electrode—electrolyte
interfacial polarization resistance. The PNCO-based single
cell displays an ohmic resistance of 2.7 Q cm? at 800 °C,
which slightly decreases to 2.5 Q cm? in the presence of
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Table 4. Comparison of the SOFC button-cell performance in the present study with that of button cells employing different oxygen
electrode materials, electrolytes, and operating conditions reported in the literature.

Operating
temperature Power density Electrolyte Electrode

Electrolyte Oxygen electrode (&©) (mW cm™?) Thickness (um) area ( cm?) Reference
BaCep9Y0.103_5 NdoNiOy, s 600 60 27 - [11]

8YSZ SmBay 5Sry5Co; sFeq 505 5 825 32 1090 1 [30]

8YSZ Pt 400 70.6 0.01 - [66]

8YSZ LSM-YSZ 200 78 - - [67]

SDCC - 650 63.3 1000 0.78 [68]

YSZ LSM 800 1.2 1000 - [69]

YSZ Lag.s505Vo.005 Sr9.4C005_5 800 89 20 0.5 [70]

8YSZ PrNij sCo( 5055 800 78 818 1 [Present Study]

: 8YSzZ
R et

Figure 7. Cross-sectional field-emission scanning electron microscopy (FESEM) images of the tested
SOFC after 24 h of operation: (a) PNCO oxygen electrode, (b) complete cell with 8YSZ as the electrolyte,

and (¢) NiO-8YSZ fuel electrode.

humidity, as shown in figure 6b. The ASR value was
directly obtained from the high-frequency intercept of the
impedance curve. The ASR in the absence of humidity is
4.73 Q cm?, and there is a slight decrease to 4.24 Q cm? in
the presence of humidity. The polarization resistance, which
indicates the resistance to the charge-transfer reaction at the
electrode interface, is obtained from the Nyquist plot by
calculating the difference between the real part of the
impedance at higher and lower frequencies and is found to
be 2.13 Q cm? at 800 °C. This value is slightly reduced to
1.71 Q cm? at 800 °C in the presence of humidity (fig-
ure 6b). When humidity is introduced into a triple-

conducting oxide material, water molecules dissociate and
incorporate into the material’s lattice. This creates protonic
charge carriers in addition to oxygen ions and electrons,
leading to a slight enhancement in conductivity. This may
explain the decrease in ohmic resistance in the presence of
humidity [62].

From figure 6c¢, it can be seen that, when using 8YSZ as
the electrolyte and comparing the results with the conven-
tional Lag 6551y 35MnO5_5 (LSM) electrode and PNCO, the
polarization resistance is lower for the cell with PNCO as
the oxygen electrode than for the LSM electrode, i.e., 14.06
Q cm? for PNCO and 53 Q cm? for LSM. Hence, a



_###H Page 14 of 16

reduction of almost threefold in the area-specific resistance
is observed. The ohmic resistance, which mainly depends
on the electrolyte thickness, is 3.25 Q cm?. The superior
performance of PNCO arises because LSM is primarily a
p-type semiconductor with negligible oxide-ion conductiv-
ity, which restricts the ORR near the electrolyte interface. In
contrast, PNCO enables triple conduction, extending the
active reaction zone across the entire cathode thickness
[63]. The Ni/Co mixed valence also contributes to this
enhanced ORR in PNCO [15,64,65].

From figure 6d, it can be seen that the maximum power
obtained at 800 °C for a cell with an 818 pum thick 8YSZ
electrolyte and PNCO as the oxygen electrode with an
active area of 1 cm? is 76 mW cm™ 2, which is compara-
tively better than that of a protonic ceramic electrochemical
cell with Nd,NiO,4 as the oxygen electrode, i.e., 60 mW
cm~? [11]. A button cell with a thick 8YSZ electrolyte and
SmBag 551y 5Co; sFep s05,5 as the oxygen electrode has
reported a power density of 32 mW cm 2 at 825 °C [30].

The observed peak power density (~78 mW cm ™~ at 800
°C) is relatively low compared to optimized SOFCs. How-
ever, this is primarily due to the thick YSZ electrolyte (~ 820
pm), which introduces substantial ohmic resistance, as con-
firmed by the high-frequency intercept in the impedance
spectra. The ohmic resistance scales directly with electrolyte
thickness (R = L/GA), and the present electrolyte is signifi-
cantly thicker than those used in practical cells (typically
20-100 pm). Importantly, the impedance analysis shows that
the polarization resistance of the PNCO electrode is com-
paratively low. Furthermore, when benchmarked against a
conventional LSM-YSZ cell fabricated under identical con-
ditions, the PNCO electrode exhibits improved electro-
chemical performance (lower polarization resistance),
confirming its superior catalytic activity. The main aim of
this work is to evaluate the intrinsic oxygen electrode prop-
erties of PNCO. For simplicity and reproducibility, and
because the test setup has some limitations for testing thinner
cells, a thick electrolyte-supported configuration was
employed. Optimization of the cell architecture using thin
electrolytes is anticipated to substantially improve the overall
performance and will be considered in future work.

As calculated from equation (1), the volume of hydrogen
generated from the button cell with a PNCO oxygen elec-
trode, an 8YSZ electrolyte, and a NiO-8YSZ fuel electrode
with an active area of 1 cm? at 800 °C is 0.732 sccm cm 2.
Table 4 presents the SOFC performance of button cells with
different oxygen electrode materials, electrolytes, and
operating conditions reported in the literature. The results
obtained with the present cell are better than those reported
in the literature for cells of similar thickness.

3.11 Microstructure analysis

The cross-sectional microstructures of the button cell after
electrochemical testing are shown in figure 7a—c. The
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measured thicknesses of the PNCO oxygen electrode,
8YSZ electrolyte, and NiO-8YSZ fuel electrode are
approximately 37.4, 818, and 32.6 pm, respectively. Fol-
lowing 12 h of cell operation, the oxygen electrode and
the complete cell exhibit microstructural evolution asso-
ciated with high-temperature exposure, including grain
growth and partial sintering. These changes may improve
the initial electrode connectivity but can gradually reduce
the density of electrochemically active sites during pro-
longed operation [71].

At the operating temperature (750-800 °C), the NiO-
8YSZ fuel electrode undergoes partial reduction of NiO to
metallic Ni, accompanied by particle coarsening and neck
formation, resulting in a denser microstructure. Such
microstructural evolution can alter the triple-phase bound-
ary (TPB) length and influence gas transport within the fuel
electrode. Similarly, the PNCO oxygen electrode exhibits a
denser morphology with reduced pore volume (figure 7b),
consistent with thermally induced sintering during cell
operation [72].

The 8YSZ electrolyte remains dense and structurally
intact after testing, while the electrode/electrolyte inter-
faces appear well bonded, with only limited interfacial
diffusion expected during operation [73]. Figure 7c reveals
localized microcracks and interfacial voids, which are
likely associated with thermal stresses arising from the
thermal expansion mismatch between the PNCO oxygen
electrode and the 8YSZ electrolyte during repeated heating
and cooling cycles [73,74]. Localized delamination of the
PNCO layer is also observed in some regions of the tested
cell. However, some of the observed delamination may
have been introduced during specimen sectioning and
polishing for microstructural analysis. The relatively
higher thermal expansion coefficient (TEC) of PNCO
compared with 8YSZ is expected to contribute to inter-
facial stress development [7]. This mismatch could
potentially be mitigated through the use of a suitably
matched functional interlayer, and investigations in this
direction are currently underway.

Complementary EDS analysis (supplementary table S2)
confirms that the principal constituent elements remain
confined to their respective layers after 12 h of cell opera-
tion, indicating that the overall cell architecture is well
preserved. Furthermore, the absence of detectable impurity
elements, such as Si or Cr, suggests that neither the fabri-
cation process nor the test environment introduced signifi-
cant contamination during electrochemical testing.

4. Conclusions

In this study, PrNigsCog505_s5 (PNCO) powder was syn-
thesized using the solution combustion method (SCM). The
PNCO powder calcined at 800 °C exhibited a phase-pure
orthorhombic perovskite structure with an average
agglomerated particle size of 0.2 pum. PNCO pellets sintered
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at 1150 °C exhibited a total electrical conductivity of 303 S
ecm ™! at 750 °C, demonstrating their suitability as oxygen
electrode materials. Electrolyte-supported button cells were
fabricated using NiO-8YSZ as the fuel electrode, 8YSZ as
the electrolyte, and PNCO as the oxygen electrode, with
both electrodes deposited by screen printing. The electro-
chemical performance of the electrolyte-supported button
cells was evaluated by electrochemical impedance spec-
troscopy and current-voltage measurements. The cell
exhibited a peak power density of 78 mW cm ™2 at 800 °C.

The oxygen reduction reaction (ORR) in PNCO is pro-
posed to proceed through a synergistic triple-conduction
mechanism, in which electrons are transported via adiabatic
small-polaron hopping between mixed-valence Ni and Co
sites. Under humid conditions, this process is further
enhanced by a parallel proton-assisted pathway involving a
Grotthuss-type hopping mechanism, which lowers the
activation barrier and extends the electrochemically active
region. In electrolyzer mode, the button cell produced 0.732
sccm cm ™2 of H, at 800 °C. Reactivity studies of PNCO
with the 8YSZ electrolyte indicated slight destabilization of
the electrolyte phase. These results suggest that PNCO may
not be an ideal oxygen electrode material for use with
oxygen-ion-conducting electrolytes such as 8YSZ in fuel
cell mode but may be better suited for electrolyzer opera-
tion. The relatively low power density, despite the high
electrical conductivity of the PNCO electrode, is attributed
to poor electrode adhesion. These findings highlight the
need to develop suitable interlayers that improve electrode
adhesion and accommodate the thermal expansion mis-
match between PNCO and 8YSZ.
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