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ARTICLE INFO ABSTRACT

Handling Editor: Fanglin F. Chen Lag gSro.oMnO3.5 (LSM)-PrgO11 nanocomposite electrodes are prepared via a one-step spray-pyrolysis deposition
directly onto the electrolyte and evaluated as cathodes for solid oxide fuel cells (SOFCs). The nanoscale inte-
gration of two immiscible phases effectively inhibits grain growth while improving mechanical compatibility
SOFC with the electrolyte. The confinement of the fluorite Pr¢O;; phase at the nanoscale during the self-assembly

Lao 5510 2MnOs.5 process, achieved by adding the perovskite-type LSM phase with a different crystal structure, hinder the ther-
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Nl:nolclomposite mally induced phase transitions of PrgOq; compared to the bulk material. The extended triple-phase-boundary
Cathode (TPB) in these nanoengineered electrodes leads to exceptional electrochemical performance, achieving a po-

larization resistance of 0.21 Q cm? at 650 °C, significantly lower than the 5.8 Q cm? measured for a traditional
screen-printed LSM cathode. An anode-supported cell incorporating these nanocomposite electrodes achieves a
peak power density of 1.22 W cm ™2 at 800 °C in wet Hy, far exceeding the 0.58 W cm™2 observed for the single
cell with a commercial LSM electrode under identical conditions. These findings underscore the significant
benefits of advanced nanostructured electrode designs and innovative fabrication techniques in achieving high
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performance and durability in SOFCs.

1. Introduction

The growing demand for clean and renewable energy sources has
intensified efforts to develop more efficient energy conversion and
storage devices [1]. Among these, Solid Oxide Fuel Cells (SOFCs) have
garnered significant scientific and technological attention due to their
fuel flexibility, high conversion efficiency, and capability to operate in
electrolyzer mode [2,3]. However, the major challenge for SOFCs is
reducing their operating temperature to the intermediate range
(800-600 °C) while maintaining high electrochemical performance [4,
5]. Lowering the operating temperature often compromises cell perfor-
mance, particularly in the air electrode, where the oxygen reduction
reaction (ORR) is hindered by slow kinetics [6,7].

In this context, substantial efforts have focused on developing mixed
ionic-electronic conductors (MIECs) with improved electrochemical
activity at reduced temperatures, such as LaggSrg4CoOss (LSC),
Lag ¢Srg.4Cop.20Fep.803.5 (LSCF), SmgsSrgsCo03.5 (SSC) or BagsSrgs.
Cop.gFep.203.5 (BSCF) [8-10]. However, these cobalt-containing

materials often exhibit a high thermal expansion mismatch with tradi-
tional electrolytes, such as Zrpg4Yo.1601.92 (YSZ) or Cep9Gd.101.095
(CGO) [6,11]. Additionally, their chemical stability during long-term
operation is limited, frequently leading to the formation of Sr-based
secondary phases that degrade cell performance. In contrast, tradi-
tional Lag gSrg oMnOs3.5 (LSM) offers superior stability at high operating
temperatures and excellent compatibility with commonly used electro-
lytes [12]. For this reason, LSM remains the state-of-the-art air electrode
material for SOFCs; however, its low ionic conductivity at intermediate
temperatures limits its effectiveness compared to the high temperature
range [13].

Surface modification via infiltration has emerged as an effective
strategy to enhance the electrochemical properties of SOFC cathodes
[14]. This process involves preparing aqueous solutions of nitrate salts
of the desired elements, followed by infiltration and high temperature
calcination to decompose the precursors and achieve phase crystallinity.
Recently, the infiltration of praseodymium oxide (Pr¢O11) has demon-
strated significant improvements in the electrocatalytic activity for the
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oxygen reduction reaction in MIECs or oxide ion-conductors for SOFC,
such as LaggSrg4CogoFeggOs3s [15], Pry(Cu,Ni)O4 [16,17],
LaNio'éFGO,403_6 [1 8], PrBaMn205+5 [19] or Ceo.ngo.lol'gs [20,21].
This enhancement is attributed to the superior oxygen diffusion and
surface exchange coefficients of PrgO11 at intermediate temperature [22,
23]. For instance, Gu et al. [19] observed a significant reduction in
polarization resistance for PrBaMn;Os. 5 after PrgOq; infiltration, from
1.45 to 0.052 Q cm? at 700 °C. Similarly, Ding et al. [18] reported po-
larization resistance values more than one order of magnitude lower
after surface modification of LaNiggFeq403 (LNF) with PrgOqq,
decreasing from 1.89 to 0.23 Q cm? at 700 °C. However, the infiltrated
particles usually exhibit poor adhesion to the host oxide, leading to
significant stability issues after long-term operation.

Prg0O;; has also been investigated as an active layer, demonstrating
notable performance improvements. For instance, Taguchi et al. [24]
explored the effect of different porous active layers (LFN-CGO,
PryCe;xO25 and PrgO1;) on the electrochemical properties of
LaNig eFeg403., cathodes. Among these, the electrodes with
screen-printed PrgO;; interlayers achieved the lowest polarization
resistance, 0.2 Q cm? at 700 °C. However, the high sintering tempera-
ture (1000 °C) required to ensure sufficient adhesion to the electrolyte
caused reactivity between PrgO11 and the YSZ electrolyte, resulting in
the formation of PryZr,0O; and subsequent performance degradation.
Alternatively, Sharma et al. [22] prepared porous PrgO;1 active layers at
reduced temperatures using electrostatic spray deposition with LSCF as
the cathode, achieving remarkable polarization resistance values of
0.02 © cm? at 600 °C and a maximum power density of 500 mW cm ™2 at
700 °C. Similarly, Kamecki et al. [25] prepared dense PrgOq; interlayers
by spray-pyrolysis to improve the performance of LSCF electrodes,
obtaining polarization resistance values of 0.25 Q cm? at 600 °C
compared to 0.5 Q cm? for the bare electrode. However, detailed
cross-sectional image analyses revealed cracks and delamination in the
PrgO11 active layer, attributed to the significantly high thermal expan-
sion coefficient (TEC) of the praseodymium oxide system (PrOy).
Changes in temperature and oxygen partial pressure can induce poly-
morphic phase transitions among various praseodymium sub-oxides
[26,27], leading to substantial lattice volume changes and significant
variations in the TEC values. At temperatures above 480 °C, the TEC of
PrOy reaches 26.0-10 ° k! [28], which can result in electrode delami-
nation and compromised mechanical integrity.

To improve the mechanical properties of electrodes with high TECs,
composite electrodes have been investigated by physically mixing the
electrode and electrolyte powders, however, this usually results in non-
homogenous materials. An alternative approach is the fabrication of
self-assembled nanocomposites in a single preparation step [29]. This
results in a homogenous mixture of two phases at the nanoscale level,
which has demonstrated remarkable electrochemical performance and
durability [29-32]. One of the main advantages of nanocomposite
electrodes is the suppressed grain growth during long-term operation,
facilitated by the intimate contact between two immiscible phases,
which also extends the available active sites for electrochemical re-
actions. Additionally, nanocomposite electrodes exhibit improved me-
chanical stability, as the nanoscale interaction between the phases helps
limit thermal expansion.

In this work, we present for the first time the successful preparation
of self-assembled LaggSrgoMnO3.5-Pr¢O1; nanocomposite electrodes
using spray-pyrolysis deposition directly onto the electrolyte at reduced
temperatures. The intimate nanoscale interaction between two immis-
cible phases effectively suppresses grain growth, promotes a more ho-
mogeneous distribution of both phases, extends the TPB length for
electrochemical reactions and improves mechanical compatibility with
the electrolyte. Interestingly, the grain size reduction in the PrgO1;
phase during the self-assembly process, assisted by the incorporation of
the perovskite-type LSM phase, suppresses its polymorphic phase tran-
sitions to other praseodymium sub-oxides. These improvements are
beneficial for avoiding severe mass changes and abrupt TEC changes
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during thermal cycling, minimizing potential electrode delamination.
Furthermore, the extension of the TPB in the nanoengineered electrodes
provides more active sites for electrochemical reactions, significantly
enhancing performance. The phase formation, crystal structure, thermal
properties and microstructure of the self-assembled electrodes were
thoroughly investigated and compared with those of conventional
electrodes fabricated from powder mixture and screen-printing. The
electrochemical properties were extensively examined using impedance
spectroscopy and distribution of relaxation times, with particular
attention given to the influence of the preparation conditions and
electrode microstructure on the electrode response. The performance of
the nanocomposite electrodes was evaluated as cathode in anode-
supported cells SOFCs.

2. Experimental
2.1. Materials preparation

Nanocomposite electrodes of LSM—PrgO11, with LSM:PrgO;; ratios
of 1:0, 1:1, 1:3 and 0:1, were deposited by spray-pyrolysis directly onto
dense electrolyte pellets of Zrgg4Y0.1601.92 (YSZ, Tosoh), which were
compacted into disks with diameters of 10 mm and thickness of 1 mm
and sintered at 1400 °C for 4 h. A 0.025 mol L! single precursor so-
lution, containing all the cations in stoichiometric amounts, was pre-
pared by dissolving the corresponding metal nitrates: La(NO3)3-6H20, Sr
(NO3)2, Mn(NO3)2-6H,0 and Pr(NO3)3-6H,0 in Milli-Q water. Nitrate
precursors were chosen due to their high solubility in water. In this
study, no-toxic solvents were used, making the approach more suitable
for potential industrial applications, in contrast to organic solvents such
as ethanol or ethylene-glycol, which are commonly employed in litera-
ture [22]. Ethylenediaminetetraacetic acid (EDTA) was used as a com-
plexing agent in a 1:4 ligand to metal molar ratio to stabilize the cation
solution and promote the formation of crystalline phases after anneal-
ing. Precursor solutions with higher EDTA concentrations showed
poorer electrode adhesion to the electrolyte due to the significantly
higher organic content, leading to excessive electrode porosity during
the precursor decomposition. All reagents were supplied by Merck with
a minimum purity of 99 %. The resulting precursor solutions were
atomized under 2 bars of air pressure using a spray nozzle (nozzle--
substrate distance of 20 cm) at a flow rate of 20 mL min .. The samples
were deposited for 1 h on quartz and YSZ substrates heated at 250 °C for
structural and electrochemical characterization, respectively. Higher
deposition temperatures promote further solvent evaporation and pre-
cursor decomposition during the spraying process, leading to the for-
mation of dense layers that are unsuitable for electrode applications.
Additional details regarding the experimental setup can be found else-
where [33]. After deposition, samples were calcined in a furnace at
700 °C for 1 h in air, with a heating/cooling rate of 2 °C min " to achieve
crystallization. Different batches of these nanocomposite electrodes,
prepared using spray-pyrolysis, demonstrate a good reproducibility
confirmed by microstructural and electrochemical characterization.

For thermogravimetric and dilatometric characterization, the same
precursor solution used in the spray-pyrolysis process was rapidly frozen
into liquid nitrogen by dropwise addition and subsequently dehydrated
via vacuum sublimation in a CoolSafe freeze-dryer. The resulting ma-
terial was calcined at 800 °C for 1 h to produce polycrystalline powders.

For comparison purposes, commercial LSM and PrgO;1 powders were
mixed with a binder (Decoflux™) in a ball mill to form an ink, which was
then screen-printed onto YSZ pellets and sintered at 1000 °C to ensure
proper adhesion to the electrolyte.

2.2. Structural and microstructural characterization
Phase formation and crystal structure were analyzed using X-ray

powder diffraction (XRD) with an Empyrean PANalytical diffractometer
and CuK; o radiation. Phase identification was performed using X Pert



J. Zamudio-Garcia et al.

HighScore Plus, while structural analysis was conducted using GSAS
software [34].

Electrode morphology was examined using scanning electron mi-
croscopy (FE-SEM, Helios Nanolab 650), equipped with an energy-
dispersive X-ray spectrometer (EDS, X-Max Oxford) for elemental anal-
ysis. Additionally, High-Angle Annular Dark-Field Scanning Trans-
mission Electron Microscopy (HAADF-STEM) was performed using a FEI
Talos F200X instrument. For dilatometry measurements, ceramic bars of
15 mm in length were prepared and sintered at 1000 °C. The dilato-
metric curves were recorded in air atmosphere using a Netzsch DIL 402
instrument at a heating rate of 3 °C min~! over a temperature range of
20-800 °C. Thermogravimetric analysis (TG) and differential scanning
calorimetry (DSC) were simultaneously recorded using a STA 449 F3
Jupiter instrument under air atmosphere, with a heating rate of 3 °C

min~! over the same temperature range.

2.3. Electrochemical characterization

Electrode polarization resistance was determined using Electro-
chemical Impedance Spectroscopy (EIS) in a symmetrical cell configu-
ration. Measurements were conducted with a frequency response
analyzer (Solartron 1260 FRA) over a frequency range of 0.01 Hz-10°
Hz, with an AC perturbation of 50 mV. Data were collected under open
circuit voltage in air, covering a temperature range from 750 to 450 °C
on cooling, with a 30 min dwell time between successive measurements.
Platinum ink and meshes were used to ensure homogenous current
collection. Impedance spectra were also recorded as a function of the
oxygen partial pressure (pO3) to identify the electrochemical processes
involved in oxygen reduction reactions (ORR). The Distribution of
relaxation times (DRT) method was employed to distinguish the
different electrochemical processes contributing to the electrode
response [35]. The EIS data were fitted using equivalent circuit models
with the ZView software [36].

The performance of the nanocomposite electrodes under SOFC

Quartz
LSM-Pr,0,,(1:3)
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operating conditions was evaluated using anode-supported SOFCs with
a Ni-YSZ/YSZ/LSM-Pr¢O1; configuration. Commercial Ni-YSZ/YSZ
anode-supported cells, supplied by Ningbo SOFCMAN, were employed
for single-cell tests (square cells, 15x15 mm?). The LSM—PrgO11
nanocomposite cathodes developed in this work were deposited onto the
commercial half-cells using the spray-pyrolysis method described
earlier. The full cells were sealed to a tubular alumina test chamber
using a ceramic paste (Ceramabond 668, Aremco). Current-voltage and
impedance data were collected with a Zahner Zennium XC over the
temperature range of 800-650 °C, using H (3 vol% water) as the fuel
and air as oxidant. For comparison, a single cell with a screen-printed
commercial LSM cathode (Praxair) was also prepared and tested under
identical conditions. The cathode active area was limited to 0.25 cm? for
both cells.

3. Results and discussion
3.1. Structural and microstructural characterization

XRD patterns of the nanocomposite electrodes with different LSM:
Prg01; ratios, deposited onto quartz wafers and YSZ electrolytes using
spray-pyrolysis, are shown in Fig. 1a and Fig. S1, respectively. The
Prg01; single-phase electrode crystallizes in a cubic fluorite structure (s.
g. Fm3m), while the LSM layer adopts a rhombohedral perovskite-type
structure (s.g. R3c). The self-assembled nanocomposites consist of a
mixture of these two crystalline phases, which are clearly identified as
fluorite and perovskite phases, with no evidence of secondary phases or
additional reflections (Fig. 1a).

The XRD patterns of the LSM-PrgO1; nanocomposites were analyzed
using the Rietveld method (Fig. 1b, Fig. S2). The unit cell volume of the
LSM film at 700 °C was 350.22(2) f\3, which is consistent with literature
values [37,38]. However, the LSM phase in the nanocomposite electrode
showed a slight decrease in cell volume with the addition of PrgOs1,
from 347.64(2) A3 for LSM-PrO11 (1:1) to 345.95 (2) A® for LSM-PrgO11

Fig. 1. (a) XRD patterns of LSM-Pr¢O1; electrodes deposited onto quartz wafer using spray-pyrolysis. (b) Representative Rietveld refinement of the LSM-PrgO1; (1:3)
nanocomposite. (c) HAADF-STEM image of the LSM-PrgO; (1:1) nanocomposite calcined at 700 °C and (d) the corresponding EDS mapping revealing homogenous
phase distribution. (¢) HRTEM image of the nanocomposite electrode, highlighting the atomic ordering for (f) PrgO11, (g) LSM, and (h) the corresponding line scan

showing the interatomic distances.
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(1:3). This variation suggests minor cation incorporation of praseo-
dymium into LSM during the synthesis process. Since the ionic radii of
Pr3t (1.32 A) is smaller than that of La" (1.36 A) in twelve-fold coor-
dination, this incorporation accounts for the observed decrease in LSM
cell volume. Such minor cation interdiffusion is not expected to nega-
tively impact the electrochemical properties. In fact, it may enhance the
ORR kinetics due to the high electrocatalytic activity of mixed Pr3*/pr**
ions, as previously demonstrated in various perovskite-type cathode
materials [39-41].

The phase fraction, calculated by the Rietveld method, closely
matches the nominal value (Table S1), confirming the composition of
the nanocomposite electrodes. The Ry, disagreement factor ranged from
1.8 to 7.3 %, indicating good fitting accuracy regardless of electrode
composition. The crystallite size, calculated using the Scherrer’s equa-
tion, is significantly smaller for the nanocomposite electrodes compared
to single-phase materials, with values as low as 16.1 and 14.8 nm for the
LSM and PrgO;; components, respectively. This behavior is attributed to
the nanoscale contact between the two immiscible phases, which limits
grain growth by restricting cation diffusion [29,42]. Similar findings
were observed for the LSM-PrgO1; nanocomposite electrodes deposited
onto YSZ electrolytes. In the Rietveld analysis, an additional YSZ phase
(s.g. Fm3m) was included to account for the substrate. The unit cell
volumes for the samples were similar to those on quartz, as shown in
Table S1, with representative Rietveld plots presented in Fig. S3.

Phase formation in the self-assembled nanocomposite electrodes was
further investigated using transmission electron microscopy. HAADF-
STEM and EDS analysis revealed well-defined phase boundaries with
strong interphase contact induced by the self-assembly preparation
process and confirmed the homogenous distribution of LSM and PrgO1;
nanoparticles (Fig. 1c and d). The coexistence of two phases at the
nanoscale not only limits the grain growth but also leads to a significant
extension of the TPB compared to conventional composite materials,
which are typically obtained by physically mixing micrometric powders.
HRTEM imaging reveals that the nanocomposite consists of plate-shaped
particles of approximately 10 nm in diameter (Fig. 1e), consistent with
XRD observations, with no visible formation of amorphous domains. The
crystal structure and interatomic distances correspond to those expected
for cubic fluorite and rhombohedral perovskite-type structures
(Fig. 1f-h).

International Journal of Hydrogen Energy 126 (2025) 552-561

Cross-sectional SEM images reveal significant microstructural dif-
ferences between the electrodes prepared by traditional screen-printing
and spray-pyrolysis (Fig. 2). The composite electrodes prepared by
screen-printing were obtained by physically mixing electrode and elec-
trolyte powders, requiring high annealing temperatures (1000 °C) to
ensure adequate adhesion to the electrolyte. These high calcination
temperatures promote grain growth and reduce electrode porosity,
which decreases the triple phase boundary (TPB) for electrochemical
reactions, ultimately lowering the overall electrode performance. The
Pre01; electrode, has a thickness of approximately 15 pm, high porosity
and good adhesion to the electrolyte (Fig. 2a and b). Higher magnifi-
cation images show that the screen-printed electrode is composed of
micrometer-sized particles larger than 1 pm in diameter. Similar find-
ings are observed for the LSM electrode, also deposited by screen-
printing, with particles around 300 nm (Fig. 2¢ and d).

In contrast, nanocomposites electrodes prepared by spray-pyrolysis
from aqueous precursor solutions were directly deposited onto the
electrolyte, requiring significantly lower calcination temperatures (700
°C). The PrgO;; electrode prepared in a single-step by spray-pyrolysis
shows a vertical laminar morphology with strong adhesion to the elec-
trolyte (Fig. S4). The nanocomposite electrode features a significantly
smaller particle size of approximately 40 nm and a thickness of 15 pm,
while maintaining good adhesion and sufficient porosity (Fig. 2e and f).
The deposition of self-assembled nanocomposite electrodes at a reduced
temperature directly on the electrolyte not only prevents excessive grain
growth but also increases the density of active sites for electrochemical
reactions. These results clearly evidence the significant influence of the
preparation method on electrode morphology, which in turn greatly
affects electrode performance.

Thermogravimetric-differential scanning calorimetry curves (TG-
DSC) provide further insights into the structure and phase trans-
formations in the LSM-PrgO;; electrodes (Fig. 3a and b). The physically
mixed PrgO;1-containing samples show exothermic peaks upon cooling
at ~ 430 and 695 °C, accompanied by mass changes due to oxygen
release as Prtt is thermally reduced to prét [26,27]. These trans-
formations are reversible upon heating and cooling (Fig. S5). As previ-
ously indicated, praseodymium oxides (PrOy) consist of sub-oxides with
a fluorite structure, adjusting their oxygen content with the annealing
temperature. The PrgOq; phase is stable in air below 400 °C, while

Fig. 2. Cross-sectional SEM images at different magnifications of (a,b) PrgO;; and (c,d) LSM deposited by screen-printing and calcined at 1000 °C. (e,f) LSM-PrgO1;
(1:3) nanocomposite electrode deposited by spray-pyrolysis at 250 °C and calcined at a reduced temperature of 700 °C.
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Fig. 3. (a) TG and (b) DSC curves in air for the LSM-Prs0O,; composite electrodes obtained from mixed powders, recorded in the temperature range of 30-800 °C
during cooling. (¢) Dilatometric curves for LSM-PrsO;; electrodes prepared from mixed powders. The inset shows a table with the thermal expansion coefficients
(TEC) for different temperature ranges: LT (<400 °C), IT (400-700 °C) and HT (>700 °C).

PrgO;6 predominates between 430 and 700 °C [43]. The average
oxidation states for PrgO11 and PrgOi¢ are close to 3.667 and 3.556,
respectively [43]. Above 700 °C, the oxygen content readjusts, forming
Pr;0,5 with a significant mass change [43,44].

The thermal expansion behavior of LSM-PrgO1; electrodes further
confirms these phase transformations (Fig. 3c). Three regions with
different slopes are observed. At low temperatures, all samples exhibited
similar TEC values, ranging from 11.6 to 12.6:10°° K''. However, at
higher temperatures, the TEC increases significantly, in line with the
higher mass loss observed in the TG curves, reaching 25-107% K! for
PrgO;; at intermediate temperatures. The average TEC values of
~21.8-107%K™! for PreO1 is consistent with that reported by Chen et al.

[28], and comparable to Co-based cathodes, such as Lag Srg 4C00s3.5
(23.0-10°° K1 [45]), SmgsSros5C0o035 (25.5:107% K! [46]) or
PrBaCoy0s.5 (24.0-107% X! [47]). As expected, the incorporation of
LSM progressively reduces the average TEC values from 19.2 to
16.5:107% K, for LSM-Pr¢O1; (1:3) and (1:1), respectively. This
reduction in TEC values enhances mechanical stability during thermal
cycling, addressing a major constraint of PrgO1-based functional layers
despite their fast ORR kinetics [22].

Interestingly, the self-assembled nanocomposite electrodes,
composed of nanosized particles, show no thermal transformation in the
DSC and no abrupt slope changes in the dilatometry curves (Fig. S6).
This suggests stabilization of the high temperature PrOy phase at room
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Fig. 4. (a) Impedance spectra at 650 °C in air of LSM-PrgO;; (L-P) nanocomposite electrodes prepared by spray-pyrolysis, with the corresponding (b) DRT analysis.
(c) Bar graphic showing the HF and LF electrode resistance contributions. (d) Arrhenius plots of the overall electrode polarization resistance in air.
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temperature in nanocrystalline samples, similar to the stabilization of
the cubic phase in LSCF nanostructured electrodes [48]. The nanoscale
confinement of the fluorite PrgO;11 phase, achieved by incorporating
LSM phase with a different crystal structure, hinders thermal-driven
atomic level reorganization, making phase transition more difficult
compared to bulk materials. This suppression of phase transitions is
beneficial for improving mechanical properties and preventing elec-
trode delamination during thermal cycling.

3.2. Electrochemical characterization

Fig. 4a shows the impedance spectra of the different electrodes
deposited by spray-pyrolysis, measured at 650 °C in air. The LSM-PrgO1;
nanocomposite electrodes exhibit significantly lower electrode polari-
zation resistance compared to blank LSM. Fig. 4b presents the DRT
spectra at 650 °C for LSM:PrgO11; nanocomposite electrodes, all fabri-
cated by spray-pyrolysis. Interestingly, both electrode contributions
decrease as the PrgOq; content increases. The addition of the PrgOq;
phase, known for its high ionic-conductivity, extends the TPB beyond
the electrode/electrolyte interphase by providing a higher concentration
of active sites for ORR and creating more efficient oxide-ion transport
pathways to the electrode surface. This enhanced electrocatalytic ac-
tivity on the electrode surface correlates with the smaller contribution of
low-frequency (LF) process, centered around 100 Hz [38,49]. Addi-
tionally, improved oxide ion transport at the electrode/electrolyte
interface leads to reduced contribution of the high frequency (HF)
process, centered at 10* Hz [50,51]. Overall, the incorporation of PrgO1
in the nanocomposite electrode significantly influences both high- and
low-frequency electrode responses. PrgO;1;, with high oxide-ion con-
ductivity, provides faster ionic transport pathways at the interface,
overcoming the ionic transport limitations of LSM, which predominantly
exhibits electronic conductivity at intermediate temperatures. Addi-
tionally, the homogeneous nanoscale interaction between PrgO;; and
LSM minimizes grain growth and increases the available active sites for
electrochemical reactions, thereby enhancing the surface kinetics for
ORR, which is identified as the low-frequency process.

Fig. 4c presents a bar graph illustrating the resistance contributions
for each electrode composition at 650 °C. The LF process is the dominant
contribution to the total polarization resistance, shifting progressively to
higher frequencies as the temperature decreases (Fig. S7) [52], indi-
cating slower electrode kinetics [4]. Based on DRT data, the electrode
response is effectively modeled using an equivalent circuit with two RQ
elements in series (inset Fig. 4a), where each R represents a resistance in
parallel with a constant phase element, Q.

Fig. 4d compares the temperature dependence of the overall polar-
ization resistance (Rp) in air. Commercial LSM deposited by screen-
printing exhibits poor electrochemical performance at intermediate
temperatures, with an R, of 5.80 Q em? at 650 °C. Spray-pyrolysis
deposition significantly improves LSM performance, reducing R, to
1.06 Q cm? at 650 °C. Nanocomposite electrodes prepared by spray-
pyrolysis show even greater enhancements, achieving an R;, of 0.21 Q
em? at 650 °C for LSM-PrgO1; (1:3). Although PreO1; electrode prepared
by spray-pyrolysis shows slightly lower R, values (0.17 Q cm? at
650 °C), the use of pure PrgO; in SOFCs is limited by its low electronic
conductivity (0.5 S cm ! at 700 °C [21]) and its relatively high thermal
expansion coefficient (see Fig. 3c). Additionally, Pr¢O;; undergoes
polymorphic phase transitions on heating, as previously discussed,
leading to significant lattice volume changes that compromise the me-
chanical stability.

The LSM-PrgO;1; (1:3) nanocomposite electrode exhibits a lower
activation energy (1.22 eV), which is considerably lower than that of
traditional LSM (1.65 eV), PrgO17 (1.35 €eV), or other composite mate-
rials reported in literature, such as LSM-YSZ (1.53 eV), LSM-SDC (1.32
eV) or LSM-Bi; 76Dy0.16Y0.0803-5 (1.38 eV) [37]. The polarization resis-
tance values achieved in this work are lower than those reported for
LSM-based composite electrodes in recent literature, such as LSM-SDC
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(3 @ cm? at 650 °C [53]) LSM-Bi; 76Dy0.16Y0.0803.5 (0.519 Q cm? at
650 °C [37]), LSM-YSZ decorated with PrOy nanoparticles (0.6 Q cm? at
650 °C [54]) and LSM-YSZ nanofibers (0.65 Q cm? at 650 °C [55]).

To gain a deeper understanding of the electrode processes involved
in ORR, the impedance spectra at 650 °C were measured at varying
oxygen partial pressures (pO3) (Fig. 5a). The relationship between the
resistance of each electrode contribution and pO; is expressed as Ryp 1r
~ (p0O2) ™, where the exponent m provides insights into the species
participating in each ORR sub-reaction (Table S2).

DRT analysis of the impedance spectra as a function of the pO; re-
veals two electrode contributions (Fig. 5b), as discussed previously. The
high frequency (HF) response is almost independent of pOy (m ~ 0),
indicating that atomic or molecular oxygen is not involved in this sub-
reaction (Fig. 5¢). This suggests that the HF process corresponds to the
transport of oxide ions from the TPB to the electrolyte (0%pp — 03,
electrolyte) [56,57]. In contrast, the low frequency (LF) process dominates
the total polarization resistance and exhibits a strong dependence on
pO», with a reaction order of m ~ 0.5. This indicates that the LF process
is related to oxygen dissociation at the electrode surface (O, 3¢ = 20aq)
[58,59]. Interestingly, as pOs increases, the LF process shifts to higher
frequencies, reflecting a lower relaxation time and faster electrode ki-
netics. Fig. 5d illustrates the electrochemical results, and Table S2
summarizes the different rate-determining steps for the ORR.

The efficiency of the nanocomposite electrodes was evaluated in fuel
cell mode using an anode-supported cell: Ni-YSZ/YSZ/LSM-PrgO11 (1:3).
For comparison, a cell with the screen-printed LSM cathode was tested
under identical conditions. Fig. 6a and b compares the current-voltage
and power density curves for the cells with LSM and LSM-PrgO1; (1:3)
electrodes prepared by screen-printing and spray-pyrolysis, respec-
tively. The open circuit voltage (OCV) at 700 °C was 1.115 V for the
LSM-Pr¢O1; (1:3) and 1.113 V for LSM cell, respectively, which is
consistent with the theoretical Nernst value for wet hydrogen (3 vol%
H30) as fuel and air as the oxidant, confirming proper cell sealing.

The peak power densities achieved by the cell with self-assembled
LSM-PrgO;1; (1:3) nanocomposite electrode were 1.22 and 0.74 W
cm™ at 800 and 700 °C, respectively, significantly outperforming the
cell with screen-printed LSM electrode, which delivered 0.58 and 0.33
W cm2 at 800 and 700 °C, respectively (Fig. S8). Since the anode and
the electrolyte are identical, these differences in power density are
attributed to the enhanced performance of the nanocomposite cathode.
This performance also exceeds that of recently reported LSM-based
electrodes, such as LSM-YSZ nanocomposite (0.83 W cm 2 at 800 °C
[60]), LSM-YSZ nanofibers (1.15 W cm~2 at 800 °C [55]), LSM-YSZ
decorated with PrOy nanoparticles (0.42 W cm~2 at 650 °C [54]),
LSM-Bi; 5Y.503 (0.66 W cm ™2 at 700 °C [61]) and PrgOy; (0.50 W cm ™2
at 700 °C [22]) (Table 1).

Fig. 6¢ shows the impedance spectra for the cells at 750 °C under
OCV. Both cells exhibit comparable ohmic resistance (~0.15 Q cm? at
750 °C), consistent with the expected value for a 10 pm thick YSZ
electrolyte. However, the total polarization resistance for the cell with
LSM-Prg01; (1:3) cathode is significantly lower (0.43 Q cm?) compared
to the cell with LSM cathode (1.10 Q cm?). Fig. 6e shows the DRT spectra
at 750 °C of single cells with traditional LSM deposited by screen-
printing and LSM:PrgO1; (1:3) nanocomposite electrode prepared by
spray-pyrolysis. The high frequency electrode contribution (Ryg),
attributed to oxide-ion transport at the electrode-electrolyte interphase,
is notably higher in the cell with the screen-printed LSM cathode. This
slower ionic transport kinetics can be attributed to the inherent low
ionic conductivity of LSM, which limits the TPB to the interphase. In
contrast, the incorporation of PrgOp; at the nanoscale level facilitates
coherent oxide-ion conduction pathways to the electrolyte, unlike
single-phase LSM, which predominantly exhibits electronic conductiv-
ity. Additionally, surface kinetics at the cathode surface (Rf%") benefit
from the increased TPB length in the nanocomposite. In contrast, the
resistance associated with the hydrogen oxidation reaction in the fuel
electrode (R{f), centered at 1 Hz, remains similar, confirming that the
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as a function of pO, at 650 °C (d) Illustration showing the different rate-limiting steps for the ORR.
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Fig. 6. Current-voltage and power density curves of anode-supported cells with (a) screen-printed LSM cathode and (b) LSM-PrgO;; (1:3) nanocomposite electrode
prepared by spray-pyrolysis. (c) Impedance spectra at 750 °C at OCV for both cells. (d) Impedance spectra for the LSM-PrsO;; (1:3) nanocomposite cell at different
temperatures. (e) DRT curves for both cells at 750 °C. (f) Variation of the ohmic (R,) and electrode polarization (R;,) resistances with the temperature for both cells.
(g) Durability test for 100 h at 750 °C at a current density of 1 A cm 2. (h) Cross-sectional SEM images of the LSM-PrgO;; (1:3) cell after electrochemical testing.

enhanced performance is due to the nanocomposite cathode.

Fig. 6d shows the impedance spectra for the cell with the LSM-PrgO1;
(1:3) electrode at different temperatures. As the temperature decreases,

electrode polarization resistance increases due to the slower electrode
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kinetics, which significantly affects the cell performance at intermediate
temperatures (Fig. 6f). However, the ohmic resistance increases slightly
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Table 1
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Electrochemical properties of several LSM-based electrodes for SOFCs. Polarization resistance values (Rp) in air are given at 700 °C in symmetrical configuration, and
otherwise, temperature is specified. Power density values for Ni-YSZ/YSZ supported cells are included at 700 °C and 800 °C.

Anode YSZ Electrolyte thickness (pm) Electrode Sintering temperature (°C) R, (Q cm?) Power density (W em?) Ref.
Ni-YSZ 10 LSM 1000 1.54700°¢ 0.58800 °C This work
0.33700 °C
Ni-YSZ 10 LSM-PrgO1; (1:3) 700 0.087%0 °¢ 1.22800°¢ This work
(nanocomposite) 0.747%0 °¢
Ni-YSZ 20 LSM 950 4,007 °C 0.34800°C [62]
Ni-YSZ 10 PreO11 700 0.03600 °C 0.507% "¢ [22]
Ni-YSZ 10 LSM + YSZ (composite) 1200 - 0.47800°¢ [63]
0.25700 °C
Ni-YSZ 10 LSM + YSZ (nanocomposite) 850 - 0.83800°C [60]
0'21700 °C
Ni-YSZ 3 LSM + YSZ (nanofibers) 1200 0.18700 °¢ 1.15800°¢ [55]
Ni-YSZ 13 LSM + CGO (composite) 1150 - 0.20%%0 °¢ [64]
Ni-YSZ 13 LSM + SDC (infiltration) 1150 - 1.32800°¢ [65]
0.72700 °C
Ni-YSZ 10 LSM + YSB (composite) 1050 0.107%0°¢ 0.667% '€ [61]
Ni-YSZ 15 LSM + ESB (composite) 850 0.22700°¢C 0.74700°¢C [66]
Ni-YSZ - LSM + YSB (composite) 800 0.4700°¢C 0.787%0°C [671

as the temperature decreases. DRT analysis reveals that reduced elec-
trocatalytic activity at both the cathode (Rf%") and anode (R{}) surface at
lower temperatures is the main contribution to the overall polarization
resistance. In contrast, the high frequency contributions (Ryg), related to
interfacial processes, are minimally affected by temperature changes
(Fig. S9).

The durability of the LSM-PrgO;; (1:3) cell was evaluated under
continuous operation at a constant current density of 1 A cm™2 at 750 °C.
Over a period of 100 h, the cell voltage remained stable, demonstrating
the excellent long-term stability of the nanocomposite cathode (Fig. 6g).
Cross-sectional SEM images of the Ni-YSZ/YSZ/LSM-PrgO1; (1:3)
(Fig. 6h) and Ni-YSZ/YSZ/LSM cells (Fig. S10) after the electrochemical
tests show a strong adhesion between the cell layers, with no visible
cracks or delamination. These results highlight the robustness and reli-
ability of the nanocomposite electrode under extended operating con-
ditions, surpassing the limitations of the corresponding bulk materials,
which exhibit higher TEC coefficients and thermal phase
transformations.

4. Conclusions

LSM—Prg0,; self-assembled nanocomposite electrode layers were
prepared via single-step spray-pyrolysis directly onto the electrolyte and
tested as cathodes for SOFCs. The nanoengineered electrodes, with
immiscible phases in nanoscale contact, effectively suppressed grain
growth and enhanced mechanical compatibility with the electrolyte.
The addition of LSM significantly reduced the thermal expansion co-
efficients, addressing key challenges associated with PrgOq1-based
functional layers. Additionally, the nanocrystalline nature of the self-
assembled electrodes stabilized the high temperature PrgO;; poly-
morph at room temperature, preventing phase transitions below 800 °C
and mitigating abrupt changes in TEC values.

The seamless integration of ionic and electronic conducting phases
extended the active TPB, promoting efficient surface electrochemical
reactions and facilitating rapid oxide-ion transport across the interface.
The nanocomposite electrodes exhibited a polarization resistance of
0.21 Q ecm? at 650 °G, significantly lower than the 5.8 Q cm? observed
for a screen-printed LSM electrode. An anode-supported Ni-YSZ/YSZ/
LSM-PreO11 (1:3) cell achieved a remarkable peak power density of 1.22
W cm ™2 at 800 °C, considerably higher than the 0.58 W cm™2 achieved
by a single cell with a screen-printed LSM electrode at the same tem-
perature. This approach not only enhances the mechanical compatibility
of electrodes with high TECs but also optimizes the TPB through the
synergistic combination of ionic and electronic conducting pathways at
the nanoscale. These findings underscore the significant advantages of
nanostructured electrode designs for enhancing both performance and
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durability in SOFCs.
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