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ABSTRACT  

 Symmetrical solid oxide cells (SSOCs) have recently gained significant attention for 

their potential in energy conversion due to their simplified cell configuration, cost-

effectiveness and excellent reversibility. However, previous research efforts have mainly 

focused on improving the electrode performance of perovskite-type electrodes through 

different doping strategies, neglecting the microstructural optimization. This work presents 

novel approaches for the nanostructural tailoring of (La0.8Sr0.2)0.95Fe1-xTixO3-δ (LSFTx, x=0.2 

and 0.4) electrodes using a single-step spray-pyrolysis deposition process. By incorporating 

these electrodes into a Ce0.9Gd0.1O1.95 (CGO) porous backbone or employing a nanocomposite 

architecture with nanoscale particle size, we achieved significant improvements in the 

polarization resistance (Rp) compared to traditional screen-printed electrodes. To further boost 

the fuel oxidation performance, a Ni-doping strategy, couple with meticulous microstructural 

optimization, was implemented. The exsolution of Ni nanoparticles under reducing conditions 

resulted in remarkable Rp values as low as 0.34 and 0.11 Ω cm2 in air and wet H2 at 700 ºC, 

respectively. Moreover, an electrolyte-supported cell with symmetrical electrodes 

demonstrated a stable maximum power density of 617 mW cm-2 at 800 ºC. These findings 

highlight the importance of combining electrode composition optimization with advanced 

morphology control in the design of highly efficient and durable SSOCs. 
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1. Introduction 

 Solid oxide cells (SOCs) have emerged as promising eco-friendly energy conversion 

devices, enabling the reversible production of electricity through electrochemical reactions 

using a variety of fuels.1 To enhance the commercial viability of SOCs, researchers are actively 

exploring novel and efficient materials, as well as optimizing electrode architectures to lower 

operating temperatures and overall costs.2,3 

In recent times, symmetrical solid oxide cells (SSOCs) have gained significant attention 

as a highly promising alternative to traditional Ni-cermet anode supported cells.4,5 In this 

configuration, the same material is employed for both the cathode and anode, substantially 

reducing fabrication time and costs, as only a single step is required to assemble both electrodes 

on the electrolyte. Additionally, SSOCs offer the potential benefit of mitigating sulphur and 

carbon deposits in the fuel electrode through controlled gas flow alternation, thereby extending 

the lifetime of the cell.6 

Several electrode materials have been proposed for SSOCs, such as 

La0.75Sr0.25Cr0.5Mn0.5O3-δ,7 PrBaMn2O5+δ,8 Sr2Fe1.5Mo0.5O6-δ,9 or La0.3Sr0.7Fe0.9Ti0.1O3-δ.10 

While these materials have demonstrated high efficiency working as fuel electrode, their 

performance as oxygen electrode is relatively poor. On this way, lanthanum ferrite-based 

perovskites are one of the most promising candidates due to their remarkable results in both 

oxidizing and reducing conditions, along with their excellent chemical stability through 

appropriate doping strategies.11 

 In this context, multiple substitution strategies have been explored to enhance the 

electrochemical properties and improve the redox stability of the La1-xSrxFeO3-δ perovskite by 

incorporating elements such as Cr3+, Mn3+, Ti4+, Nb5+ or Mo6+.12–16 Among these, titanium-

doped ferrites have demonstrated excellent redox stability and remarkable electrochemical 

performance in both air and fuel atmosphere.17,18 Moreover, to further enhance the 

electrochemical performance, highly active elements have been introduced into the B-site of 

La1-xSrxFeO3-δ, i.e., Ru,19 Pd,20 Pt 21,22 or Ni,19,23, significantly enhancing the efficiency for fuel 

oxidation through nanoparticle exsolution. The in-situ exsolution from the perovskite lattice 

results in a homogeneous distribution of well-anchored nanoparticles, preventing 

agglomeration and thus extending the active sites for electrochemical reactions.24 However, in 

most of the cases, either solid-state reaction or precursor routes have been used to synthesize 
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the aforementioned materials, requiring relatively high temperatures for achieving phase 

formation and good adhesion to the electrolyte when using screen-printing deposition. These 

high-temperature calcinations lead to a large ceramic grain size that negatively affects the 

electrochemical performance of the electrodes, particularly in the oxygen reduction reaction 

(ORR) due to its sluggish kinetics.25 

 
 For this reason, the synergy of both doping and microstructural strategies becomes 

crucial for the development of highly efficient electrode materials.26 The triple phase boundary 

(TPB) sites, where electrochemical reactions occur through interactions between ions, 

electrons and reactants, can be extended by designing different electrode architectures with 

enhanced porosity and active surface area. In this context, several approaches have been 

proposed to improve the electrode efficiency, including infiltration into a porous backbone,27 

nanocomposite materials28 or the incorporation of thin active layers.29 However, these 

preparation methods often involve multiple steps and/or lengthy processes, followed by 

relatively high calcination temperatures for deposition and sintering.  
 

Alternatively, spray-pyrolysis has proven to be a cost effective and versatile method for 

producing thin electrodes with different morphologies over large areas by tailoring the 

deposition conditions, varying from porous to dense layers.30 Hence, this approach offers a 

promising solution to overcome the limitations of conventional methods, as it allows for the 

fabrication of advanced electrode architectures with improved properties, including enhanced 

porosity and active surface area.  

 
In this study, symmetrical electrodes of (La0.8Sr0.2)0.95Fe1-xTixO3-δ-Ce0.9Gd0.1O1.95 

(LSFTx, x=0.2 and 0.4) with advanced architectures are investigated. To enhance the redox 

stability of (La,Sr)FeO3-based electrodes, a Ti-doping strategy was employed. A Ti content 

above x=0.2 is essential to achieve the desired stability in an H2 atmosphere, as corroborated 

by previous studies.31,32 The electrodes were prepared by freeze-dried powder precursors (FD), 

followed by screen-printing deposition or alternatively, by employing spray-pyrolysis 

deposition in a single-step process at reduced temperature. A Ni-doping strategy was also 

implemented to further enhance the electrode performance for fuel oxidation. In order to tailor 

the electrode microstructure and study its influence on the electrochemical properties, different 

strategies were investigated: (i) traditional screen-printed composite powder electrodes, (ii) 

traditional composite powder electrodes with exsolved Ni nanoparticles, (iii) nanocomposite 

layers deposited directly onto the electrolyte, (iv) infiltrated electrodes and (v) infiltrated 
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electrodes with exsolved Ni nanoparticles (Figure 1). A comprehensive structural, 

morphological and electrical characterization have been carried out by X-ray diffraction, 

electron microscopy and impedance spectroscopy. In order to understand the electrode 

mechanisms for the oxygen reduction reaction or hydrogen oxidation reaction, the 

electrochemical properties have been investigated as function of the temperature, oxygen 

partial pressure and applied dc bias. Finally, the most promising symmetrical electrode 

candidates were tested in electrolyte-supported cell configuration in real SOFC conditions. 

 

Figure 1. Schematic representation of the different microstructural strategies studied in this work by 
(a) freeze-drying precursor method (FD) to obtain powder electrodes and (b) spray-pyrolysis deposition 
to prepared advanced electrode architectures directly onto the electrolyte: (i) traditional composite 
powder and (ii) composite powder with exsolved Ni nanoparticles, (iii) nanocomposite layer, (iv) 
infiltrated electrode and (v) infiltrated electrode with exsolved Ni nanoparticles. 

 
2. Experimental 

2.1. Materials preparation 

Zr0.84Y0.16O1.92 (YSZ, Tosoh) and La0.9Sr0.1Ga0.8Mg0.2O3-δ (LSGM, Kceracell) pellets 

were prepared by compacting 0.30 g of commercial powders into disks of 10 mm and 1 mm of 

diameter and thickness, respectively. The pellets were subsequently sintered at 1400 ºC for 4 h 

in air to obtain fully dense electrolytes. In order to create a porous backbone layer, the pellets 

were symmetrically screen-printed using a slurry composed of Ce0.9Gd0.1O1.95 (CGO, Rhodia) 

powders mixed with Decoflux (Zschimmer and Schwarz), followed by sintering at 1200 ºC for 

1 h. 

 The electrode powder materials, (La0.8Sr0.2)0.95Fe0.8Ti0.2O3-δ (LSFT0.2-FD), 

(La0.8Sr0.2)0.95Fe0.6Ti0.4O3-δ (LSFT0.4-FD), and a composite consisting of 50 wt.% 
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(La0.8Sr0.2)0.95Fe0.8Ti0.2O3-δ-Ce0.9Gd0.1O1.95 (50LSFT0.2-FD), were prepared using the freeze-

drying (FD) precursor method (Figure 1a, Table S1). Precursor cation solutions were obtained 

by dissolving stoichiometric amounts La(NO3)3·6H2O, Sr(NO3)2, Fe(NO3)3·9H2O and 

Ti[OCH(CH3)2]4 in Milli-Q water to achieve a cation concentration of 0.5 mol L-1. 

Ethylenediamine-tetraacetic acid (EDTA) was used as complexing agent in a 1:4 ligand:metal 

molar ratio. In the case of the composite electrode, Ce(NO3)3·6H2O and Gd(NO3)3·6H2O were 

also added to obtain a single precursor solution containing all elements in stoichiometric 

amounts (50LSFT0.2-FD). It is important to note that the electrodes were prepared with A-site 

deficiency to minimize the possible segregation of Sr-based compounds. The precursor 

solutions were frozen in liquid nitrogen and then dehydrated by vacuum sublimation in a 

Coolsafe freeze-dryer. The dried precursors were initially calcined at 300 ºC to pyrolyze the 

organic matter and then further calcined at 800 ºC for 1 h to achieve crystallization. Composite 

powders, obtained by (a) physically mixing LSFT0.2 and CGO in a 50 wt.% ratio (50LSFT0.2-

PM) and (b) using the co-sintered powders (50LSFT0.2-FD), were screen-printed onto the 

electrolyte and sintered at 1100 ºC for 1 h to achieve an adequate adhesion.  

 Nanostructured electrodes with the same composition were also prepared by spray-

pyrolysis deposition by using different approaches. Detailed information about the spray-

pyrolysis system can be found elsewhere.33 Initially, the LSFT0.2-CGO (50LSFT0.2) 

nanocomposite layer was directly deposited onto the electrolyte at 325 ºC by preparing a similar 

precursor solution containing the corresponding cations of both phases with a concentration 

0.02 M, followed by calcination at 800 ºC in air (Figure 1b (iii)). It is worth mentioning that 

325 ºC was identified as the optimal deposition temperature for obtaining homogeneous and 

porous layers with improved adhesion to the electrolyte.33 In an alternative approach, LSFT0.2 

and LSFT0.4 electrodes were infiltrated onto the porous CGO backbones at 325 ºC for 1 h using 

the spray-pyrolysis deposition, designated as LSFT0.2-Inf and LSFT0.4-Inf, respectively, 

(Figure 1b (iv)).  

Additionally, a Ni-containing phase, (La0.8Sr0.2)0.95(Fe0.8Ti0.2)0.9Ni0.1O3-δ (LSFTN), was 

prepared to promote the Ni-exsolution in reducing conditions and improve the hydrogen 

oxidation reaction (HOR) kinetics. LSFTN composition was synthesized as powder the through 

the freeze-drying method (LSFTN-FD) (Figure 1a (ii)) and as an infiltrated layer within a 

porous CGO backbone using spray-pyrolysis (LSFTN-Inf) (Figure 1b (v)), following the same 

conditions as previously described.  
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2.2. Structural, microstructural and electrical characterization  
 

The structure was characterized using X-ray powder diffraction (XRD) with an 

Empyrean PANalytical diffractometer equipped with CuKα1,2 radiation in the 2θ range of 20-

80º with a step size of 0.013º and a time per step of 1.58 s with a PIXcel detector.  The 

diffraction patterns were analyzed and fitted with the HighScore Plus and GSAS suite 

software.34,35  

The morphology of the different electrode architectures was studied by scanning 

electron microscopy (SEM) in a FEI-SEM (Helios Nanolab 650). The composition and grain 

size of the nanocomposite electrodes were characterized using High-Angle Annular Dark-Field 

Scanning Transmission Electron Microscopy (HAADF-STEM) and HR-TEM in a Talos 

F200X, FEI.  

X-ray photoelectron spectroscopy (XPS) measurements were carried out on a Physical 

Electronics spectrometer (PHI 5700) with Mg Kα source (300 W, 15 kV and 1253.6 eV). High-

resolution spectra were recorded with a concentric hemispherical analyzer operating in constant 

pass energy mode at 29.35 eV, using a 720 µm diameter analysis area at the optimum 

equipment take-off angle of 45°. The data were analyzed and deconvoluted with the Multipak-

V9.3 software package. 

The electrochemical properties were tested by impedance spectroscopy in a Solartron 1260 

FRA, employing a frequency range of 0.01-106 Hz and an AC amplitude of 100 mV. To obtain 

a current collector layer, Pt-ink (METALOR® 6082) was painted on both electrodes and then 

calcined at 750 ºC for 15 min. The impedance spectra were also collected as a function of the 

oxygen partial pressure (pO2) from 0.21 to 10-2 atm using an electrochemical cell equipped 

with YSZ oxygen sensor and pump.33 The system was flushed with a gas mixture of O2 and N2 

at 700 ºC for 1 h, and the cells were equilibrated at each oxygen partial pressure for at least 30 

min before acquiring the impedance spectra. The impedance spectra were analyzed by 

distribution of relaxation times (DRT) using DRTtools software.36 In addition, the electrode 

performance was studied under a dc bias by using a three-probe configuration. A 0.20 cm2 

counter and working electrode were symmetrically deposited onto a 18 mm diameter YSZ 

pellet, with an external Pt ring surrounding the working electrode, which served as a reference 

electrode.33 The applied dc bias ranged from 0 to ±0.4 V at different temperatures between 

700-500 ºC to study the influence of the applied current on the electrode performance. 
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The overall conductivity of the samples was determined by Van der Pauw four-probe 

method under air and 5% H2-Ar atmosphere on cooling at different temperatures from 750 to 

400 ºC.37 To obtain dense pellets, the powders obtained by the freeze-drying method were 

pressed into pellets with diameter of 13 mm and thickness of 1 mm. The pellets were 

subsequently sintered at 1400 ºC for 1 h in the case of LSFT0.2-FD and LSFT0.4-FD samples, 

and at 1300 ºC for 1 h for 50LSFT0.2-FD sample, reaching relative densities above 95%. 

For the fuel cell tests with an electrolyte-supported configuration, dense 300 μm thin 

pellets of La0.9Sr0.1Ga0.8Mg0.2O3-δ (LSGM, Kceracell) were prepared by compacting the 

commercial powders into disks with a 13 mm diameter and then sintered at 1400 ºC for 1 h in 

air. The electrodes were symmetrically deposited on the LSGM electrolyte using either the 

spray-pyrolysis or screen-printing method, covering a circular area of 0.20 cm2 through a 

shadow mask as described earlier. To seal the single cell to the electrochemical setup, a glass-

ceramic material (Ceramabond 668, Aremco) was employed. Both current-voltage 

characteristics and impedance spectra were collected at different temperatures ranging from 

800 to 650 ºC. The measurements were conducted using a Zahner XC electrochemical 

workstation with static air as the oxidant and humidified H2 (3% H2O) as the fuel. 

 
3. Results and discussion  

3.1. Microstructure of the different electrode architectures 

Figure 2 compares the cross-sectional SEM images of the different electrode 

architectures investigated in this work. The traditional composite electrode, labelled as 

50LSFT0.2-PM, prepared by mixing LSFT0.2 and CGO powders, followed by screen-printing 

and sintered at 1100 ºC for 2 h, exhibits high porosity with an average particle size around  

250 nm of diameter and an electrode thickness of 10 µm (Figure 2a,b). In this case, the high 

annealing temperature required to ensure adequate adhesion to the electrolyte resulted in a 

relatively large grain growth, which is expected to have adverse effects on the electrochemical 

properties of this electrode. The sintering temperature of the electrodes has a significant impact 

on their microstructure and, consequently, their performance. Numerous studies have 

consistently reported that a gradual increase in grain size and a reduction in electrode porosity 

negatively affect the electrochemical properties of the electrodes.38–40 

The nanocomposite electrode (50LSFT0.2), which was directly deposited onto the 

electrolyte, exhibits a considerably reduced particle size (∼30 nm) after annealing at 800 ºC, 

in contrast to the corresponding electrode prepared by screen-printing deposition (Figure 2c,d). 
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This notable decrease in the particle size can be attributed to the co-sintering of both LSFT0.2 

and CGO that ensures a nanoscale contact between the two phases.37 In the case of the powder 

electrodes prepared through freeze-drying (FD) and screen-printing deposition, the reduced 

particle size is attributed to the co-sintering of both LSFT0.2 and CGO phases. This phenomenon 

is a result of cation diffusion limitations at the grain-boundary region due to the presence of 

two immiscible phases.41,42 Regarding the electrodes prepared by spray-pyrolysis, both the co-

sintering and reduced fabrication temperature play significant roles. The direct deposition of 

these electrodes onto the electrolyte using spray-pyrolysis ensures excellent adhesion at a 

reduced temperature of 800 ºC, in contrast to the higher sintering temperature required for 

traditionally screen-printed electrodes (1100 ºC).   

 

Figure 2. Cross-sectional SEM images at different magnification of the different electrode 
architectures: (a,b) screen-printed 50LSFT0.2-PM; (c,d) 50LSFT0.2 nanocomposite layer and (e,f) 

LSFT0.2-Inf deposited by spray-pyrolysis. The images are not given at the same magnification due to 
the different particle size among the electrodes. 
 

The electrodes infiltrated into a CGO backbone by spray-pyrolysis (LSFT0.2-Inf) show 

a double-layer architecture (Figure 2e,f). The inner porous backbone with a thickness of 10 µm 

is fully coated with a layer of LSFT0.2 nanoparticles (∼50 nm in diameter), which significantly 

extends the TPB sites for the electrocatalytic reactions. Additionally, a superficial porous layer 

of LSFT0.2 nanoparticles is visible on top of the CGO backbone, which can be attributed to the 

non-infiltrated excess material during the spray-pyrolysis deposition. This layer, which is 

approximately 1 µm thick, primarily acts as a current collector due to its higher electronic 

conductivity and lower porosity when compared to the inner layer.  
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To improve the performance of the fuel electrode, a Ni-containing phase, 

(La0.8Sr0.2)0.95(Fe0.8Ti0.2)0.9Ni0.1O3-δ (LSFTN), was also considered to promote the Ni-

exsolution under reducing conditions. The LSFTN-FD sample, prepared by freeze-drying, was 

reduced at 750 ºC for 12 h in 5% H2-Ar atmosphere to study the Ni exsolution process (Figure 

3). SEM image of the LSFTN-FD after reduction reveals a homogeneous distribution of 

exsolved Ni nanoparticles of ∼15 nm diameter on the electrode surface (Figure 3a). The 

HAADF-STEM-EDS images further confirm the presence of Ni nanoparticles (Figure 3b-f). 

Interestingly, the exsolution process did not induce significant morphological changes of the 

electrodes, nor did it result in the segregation of secondary phases. Similar results were found 

for the LSFTN-Inf sample prepared by spray-pyrolysis (Figure S1, Supplementary 

Information). It is worth that in this work, the electrodes were prepared with slight A-site 

deficiency and a low Ni-doping content (10 mol% in B-site) to facilitate the exsolution of Ni 

nanoparticles in H2 atmosphere without inducing any phase transitions or additional secondary 

phases.43,44  In contrast, ferrite-based electrodes with higher Ni-dopant contents and without Ti-

doping, such as PrNi0.4Fe0.6O3-δ and Pr0.6Sr0.4Fe0.7Ni0.2Mo0.1O3-δ,45,46 have shown phase 

decomposition in a reducing atmosphere, leading to substantial morphological changes in the 

electrodes. The lattice d-spacing observed in the HRTEM image of the Ni-exsolved 

nanoparticle is similar to that expected for Ni metal (Figure 3g). In general, the Ni exsolution 

mechanism in 5% H2-Ar is attributed to nickel oxide migration to the surface, followed by 

reduction to Ni-metal, which subsequently grows through particle nucleation.43   
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Figure 3. (a) SEM image of LSFTN-FD electrode after reduction at 750 ºC for 12 h in 5% H2-Ar. (b) 
HAADF-STEM image and (c-f) EDS mapping confirming the presence of Ni nanoparticles on the 
electrode surface. (g) HRTEM image showing the interatomic distances of the LSFT perovskite lattice 
and the Ni metal nanoparticle.  
 
3.2. Structural characterization 

 
XRD characterization of the (La0.8Sr0.2)0.95Fe1-xTixO3-δ (x=0.2, 0.4; LSFTx) electrodes 

with different architectures and synthetic strategies was performed to gain insights into their 

crystal structure. XRD patterns of LSFT0.2-FD powders, as a representative example, after 

calcination at different temperatures in air and H2 are shown in Figure S2. Regardless of the 

Ti-content, the XRD analysis revealed the formation of an orthorhombic phase (s.g. Pbnm), 

demonstrating exceptional redox stability at elevated annealing temperatures (Figure S3).  

The cell volume, obtained by the Rietveld method, decreases with increasing Ti-content 

from 241.436 (2) to 240.768 (2) Å3 for LSFT0.2-FD and LSFT0.4-FD, respectively (Table S2, 

Figure S3). This reduction in cell volume can be attributed to the lower ionic radii of Ti4+ (0.605 

Å) compared to Fe3+ (0.645 Å) when both ions are present in an octahedral environment. These 

findings are consistent with previous reports on the La0.6Sr0.4Fe1-xTixO3−δ (x= 0.1 and 0.3) 

series.47 
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After a calcination at 1400 ºC for 1 h, the cell volume increases, 242.102 (3) and 

241.915 (2) Å3 for LSFT0.2-FD and LSFT0.4-FD, respectively. This increase in cell volume can 

be attributed to changes in the oxidation states of iron when the temperature is increased, 

leading to changes in the lattice oxygen stoichiometry (Table S2).47 Afterwards, the powders 

were reduced at 750 ºC for 12 h in 5% H2-Ar atmosphere. The cell volumes of LSFT0.2-FD and 

LSFT0.4-FD slightly increase up to 242.247 (3) and 242.771 (2) Å3, respectively, due to the 

partial reduction of iron and titanium cations in the lattice. The more pronounced increase in 

the cell volume of LSFT0.4 can be ascribed to its higher titanium content, which undergoes a 

reduction from Ti4+ (0.605 Å) to Ti3+ (0.670 Å) under reducing conditions. Interestingly, Ni-

doped LSFT (LSFTN-FD) exhibits a cell volume very similar to the pristine sample in both air 

(240.408 (2) Å3) and hydrogen atmosphere (241.274 (3) Å3), suggesting that the Ni2+ 

incorporation (0.645 Å) into the B-site of the perovskite and the subsequent exsolution process 

do not induce significant structural change in the pristine sample (Figure S2 and Table S2). 

 
Figure 4a displays the XRD patterns of the 50LSFT0.2-FD nanocomposite prepared 

using the freeze-drying method via co-sintering. Interestingly, the crystallite size (d) obtained 

by the Scherrer’s equation at 800 ºC was as low as 19.2 and 11.5 nm for LSFT0.2 and CGO 

phases, respectively, which are notably lower than that observed for the LSFT0.2 single phase 

at the same temperature (37.4 nm) (Table S2). These findings confirm the effective suppression 

of grain growth due to the intimate nanoscale mixture of two immiscible phases, which limits 

the cation diffusion at the grain boundaries.41,42 Upon increasing the temperature to 1000 ºC, 

the crystallize size slightly increases to 41.2 for LSFT0.2 and 35.4 nm for CGO phases, without 

the presence of any secondary phases.  

The 50LSFT0.2-FD nanocomposite displays cell volumes of 240.762(2) for LSFT0.2 and 

162.067(2) Å3 for the CGO phase (Table S2), which are quite similar to those observed in the 

individual materials. HAADF-STEM-EDS images of the 50LSFT0.2-FD electrode calcined at 

1100 ºC confirmed the formation of both LSFT0.2 and CGO phases without the presence of 

secondary phases (Figure S4), as observed by XRD. However, the particle size is relatively 

large, ∼ 100 nm, due to the high sintering temperature employed. The slight changes in the cell 

volume may be attributed to minor cation exchange between LSFT0.2 and CGO phases during 

the co-sintering process. For instance, a minor incorporation of La3+ (1.16 Å) into the CGO 

lattice with higher ionic radii, Ce4+ (0.97 Å), could explain the observed increase of the lattice 

cell volume for the CGO component.48 However, despite these slight changes, the phase 



12 
 

fraction obtained by the Rietveld refinement remains consistent with the nominal one. 

Moreover, this limited cation exchange between both phases is not expected to have a 

detrimental impact on the electrode performance. For example, Ce-doped (La,Sr)FeO3 has 

shown improved properties for HOR.49 In the case of the nanocomposite material deposited 

directly onto YSZ electrolyte (50LSFT0.2), similar lattice parameters and crystallite size are 

obtained (Figure 4b and Table S2). HAADF-STEM-EDS and HR-TEM images of the 

nanocomposite 50LSFT0.2 electrode are displayed in Figure 4d-f. The EDS mapping reveals 

that the nanocomposite layer consists of nanoparticles of 30 nm diameter, confirming the 

intimate mixture of the LSFT0.2 and CGO phases, which ensures a great extension of the TPB 

length for electrochemical reactions. The crystal structure of both phases is further confirmed 

by the dhkl interplanar distances, consistent with the XRD data (Figure 4f). It is worth 

mentioning that the crystallize size obtained from the Scherrer´s equation is comparable to that 

observed by SEM and TEM. For instance, in the case of 50LSFT0.2 calcined at 800 ºC, an 

average crystalline size of 18.6 nm is obtained, while the average particle size is ∼30 nm. 

 

Figure 4. XRD patterns after a calcination in air at different temperatures between 800-1000 ºC and 
750 ºC in 5% H2-Ar for 12 h of (a) 50LSFT0.2-FD powders; (b) 50LSFT0.2 layer; and (c) LSFT0.2-Inf 
and LSFT0.4-Inf electrodes deposited into CGO backbone and YSZ electrolyte. (d) HAADF-STEM 
image and (e) EDS mapping of 50LSFT0.2 after calcination at 800 °C in air. (f) HRTEM image showing 
the interatomic distances of the LSFT0.2 and CGO phases.  
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The infiltrated samples, LSFT0.2-Inf and LSFT0.4-Inf, also exhibit a perovskite-type 

structure at 800 ºC, similar to that observed for the powder electrodes prepared by freeze-drying 

(Figure 4c). The cell volumes of LSFT0.2-Inf and LSFT0.4-Inf at 800 ºC, 241.510 (2) and 

240.751 (1) Å3, respectively, closely match those observed in the corresponding powders. 

Importantly, additional diffraction peaks associated with secondary phases are not detected 

after the stability test in reducing conditions at 750 ºC in 5% H2-Ar atmosphere for 12 for all 

compositions, confirming the excellent redox stability of the materials. 

3.3. Electrochemical characterization 

The total conductivity of the samples was determined by the Van der Pauw method in 

air and 5% H2-Ar, as well as a function of the oxygen partial pressure (pO2). Figures 5a,b show 

the SEM images of LSFT0.2-FD and 50LSFT0.2-FD pellets sintered at 1300 and 1400 ºC for 1 

h, which represent the optimal temperatures for achieving relative densities above 95%.  

Remarkably, the 50LSFT0.2-FD sample obtained from the thermal co-synthesis 

composite method shows improved densification at lower temperatures, resulting in a smaller 

grain size (0.5 µm), with an excellent homogeneous distribution of both LSFT0.2 and CGO 

phases (Figure 5b). It is worth noting that clean grain boundaries are observed without the 

presence of reaction products or impurities, even at temperatures as high as 1300 ºC, 

confirming the great stability of these electrodes. In the case of the LSFT0.4-FD, the average 

grain size is lower (∼0.6 µm) compared to that observed for LSFT0.2-FD (∼1.9 µm), and the 

EDS mapping reveals a homogenous cation distribution for both samples (Figure S5-6).  

The electrical conductivity of the dense pellets, measured in air and 5% H2 as a function 

of the temperature, is shown in Figure 5d. In air atmosphere, the conductivity decreases with 

increasing Ti-doping, reaching values of 0.47 and 0.003 S cm-1 at 700 ºC for LSFT0.2-FD and 

LSFT0.4-FD, respectively. This decrease in conductivity with increasing Ti-content is possibly 

attributed to the stable oxidation state of Ti4+ in atmospheric air, which hinders the movement 

of the electronic charge carriers.50 The 50LSFT0.2-FD composite electrode exhibits relatively 

low conductivity values at 700 ºC (0.006 S cm-1) in air, mainly due to the lower electrical 

conductivity of CGO.51  
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Figure 5. SEM images of (a) LSFT0.2-FD and (b) 50LSFT0.2-FD composite dense pellets. The EDS 
mapping in (a,b) shows the phase distribution. (c) Variation of the conductivity of the 50LSFT0.2-FD 
sample after several oxidation/reduction cycles in air, 5% H2-Ar and H2 at 700 ºC. (d) Total conductivity 
in air and 5% H2-Ar of the different electrode compositions as a function of the temperature. (e) Total 
conductivity as a function of the oxygen partial pressure (pO2) of LSFT0.2-FD and 50LSFT0.2-FD at 700 
ºC.  
 

In 5% H2-Ar, the conductivity of LSFT0.2-FD decreases to 0.08 S cm-1 at 700 ºC, 

primarily as a result of the reduction of iron with the consequent decrease of charge carriers. A 

decrease in conductivity under reducing conditions have been widely observed for ferrite-based 

electrodes, such as La0.3Sr0.7Fe0.9Ti0.1O3−δ, La0.7Sr0.3Ti0.1Fe0.6Ni0.3O3-δ and  

La0.4Sr0.6Fe0.6Ti0.4O3-δ [10,49,56]. 10,50,52  This can be attributed to the reduction of Fe4+ (the 

electronic hole charge carriers) to lower oxidation states, thereby reducing the conductivity. 

XPS results revealed that Fe2+ is the dominant oxidation state of iron after reduction in 5% H2-

Ar (Figure S7). 

 In contrast, the conductivity of LSFT0.4-FD increases up to 3.45 S cm-1 at 700 ºC due 

to the partial reduction of Ti4+ to Ti3+,53 which enhances the availability of charge carriers and 

leads to a significant increase in electronic conductivity. The conductivity of 50LSFT0.2-FD 
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composite increases to 0.15 S cm-1 at 700 ºC, primarily due to the partial reduction of Ce4+ to 

Ce3+, thus improving the n-type electronic conductivity.  

The activation energy (Ea) of the conductivity in air is quite similar for all samples, 

ranging from 0.89 to 1.09 eV, which is indicative of predominant ionic conduction. In 5% H2-

Ar atmosphere, the activation energy decreases significantly (0.12-0.37 eV) due to the 

predominant electronic conduction. In the case of the composite electrode (50LSFT0.2-FD), the 

activation energy in reducing conditions (0.37 eV) is notably higher compared to that observed 

for the single composition (LSFT0.2-FD) with a value of 0.12 eV. This difference in activation 

energy can be attributed to the presence of CGO, which has dominant oxide-ion conductivity 

within the composite material, thereby affecting its electronic conduction properties.  

To investigate the redox stability of 50LSFT0.2-FD, the electrical conductivity was 

measured in consecutive oxidation/reduction cycles at 700 ºC, and the results showed good 

cyclability without any significant drops in conductivity (Figure 5c). Remarkably, the 

reduction/oxidation processes took less than 1 h, despite the high relative density of the samples 

(96 %). An interesting observation was that the conductivity values under reducing condition 

raised from 0.15 to 0.35 S cm-1 when the gas was shifted from 5% H2-Ar to 100% H2, 

respectively. This enhancement can be attributed to the higher charge carrier concentration at 

lower pO2 values. 

 
The conductivity was determined as a function of the oxygen partial pressure (pO2) to 

elucidate the nature of the charge carriers (Figure 5e). For LSFT0.2-FD, a predominant n-type 

conductivity was observed at very low pO2, showing a (pO2)-1/4 dependence. The conductivity 

then reaches a minimum value at pO2 ~10-17 atm, indicating an n-p-type electronic transition 

regime. Above this pO2, the conductivity increases with a (pO2)1/4 dependence, attributed to a 

p-type contribution with hole-conduction, as predicted in the defect chemistry model of 

La0.9Sr0.1FeO3-δ and La0.75Sr0.25FeO3-δ in previous studies.54,55 In the case of 50LSFT0.2-FD, a 

(pO2)-1/6 dependence is observed at low pO2, which is likely due to the significant n-type 

contribution from the CGO phase, which experiences a drastic reduction of Ce4+ to Ce3+ at low 

pO2, leading to the formation of a large concentration of extrinsic vacancies, similar to what is 

observed in Ce0.8Sm0.2O1.9.56 

 
In general, the conductivity values obtained in air in this work are lower compared to 

some related compositions reported in the literature, such as La0.5Sr0.5Fe0.9Ti0.1O3-δ (90 S cm-1 
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at 600 ºC) 57 and La0.7Sr0.3Fe0.6Ti0.1Ni0.3O3-δ (318 S cm-1 at 700 ºC).52 These differences in 

conductivity can be attributed to several factors, including variations in crystal structures 

(ranging from orthorhombic to cubic) and the smaller titanium content in the B-site of the 

perovskite. Additionally, the La/Sr ratio in the A-site has shown to play a significant role in 

determining the conducting properties, with compositions having higher Sr-contents typically 

exhibiting higher electrical conductivity.50 Despite the lower concentration of Fe4+ ions 

(electronic charge carriers) and the smaller amount of oxygen vacancies in compositions with 

higher lanthanum content, these materials exhibit improved redox stability for potential 

application in symmetrical fuel cells.50 On the other hand, it is noteworthy that the conductivity 

values in reducing conditions are comparable to those reported previously for similar 

compositions like La0.4Sr0.6Fe0.6Ti0.4O3-δ (0.5 S cm-1)50 and La0.3Sr0.7Fe0.9Ti0.1O3-δ  

(0.25 S cm-1)10 at 600 ºC.  

 

XPS analysis was performed to study the chemical composition and cation oxidation 

state of the elements in the powder materials of LSFT0.2-FD (Figure S7) and LSFT0.4-FD 

(Figure S8) after annealing under oxidizing and reducing conditions. In the case of  

LSFT0.2-FD, the deconvolution of the Fe 2p3/2
 core level shows three different contributions 

(Fe2+, Fe3+ and Fe4+) with corresponding binding energies of 710.1, 711.9 and 716.8 eV, 

respectively. Similar results have been observed previously for related compositions such as 

LaFeO3 and La0.6Sr0.4Fe0.95Pd0.05O3-δ.20,58 In addition to the main peaks, a shake-up satellite 

peak from the Fe 2p3/2
 region is also observed. Upon reduction, the area of the Fe2+ band 

increases, confirming a partial reduction of iron, as expected. These findings are in accordance 

with the decrease in conductivity values in LSFT0.2-FD, attributed to the partial reduction of 

Fe3+/4+ to a lower oxidation state. 

The same trend was observed for LSFT0.4-FD (Figure S8), indicating a consistent 

behavior across both materials. Notably, no significant changes were detected for the other 

elements after reduction, highlighting the high redox stability of the materials (Figure S7-8). 

Furthermore, it is worth mentioning that the presence of Ti3+ in the Ti2p core level could not 

be identified, suggesting that the Ti3+ concentration is below the XPS detection limits (Figure 

S7-8), in line with previous reports.59  

Impedance spectra for the different compositions and electrode architectures were 

measured in a symmetrical cell configuration at open circuit voltage under both oxidizing and 

reducing conditions (Figure 6). To facilitate a better comparison of each electrode contribution, 
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the ohmic resistance attributed to the electrolyte was subtracted. The screen-printed composite 

electrodes, 50LSFT0.2-PM and 50LSFT0.4-PM, exhibit Rp values of 1.19 and 8.84 Ω cm2, 

respectively, at 700 ºC in air. As expected, the electrode with higher Ti-content, LSFT0.4-FD, 

exhibits poorer electrochemical activity, which can be attributed to its low electrical 

conductivity in air. Similar findings have also been observed in the SrFe1-xTixO3-δ (0 < x ≤ 0.5) 

series.60  

 

 

Figure 6. (a) Representative impedance spectra of the different electrode architectures at 700 ºC in air 
and (b) the corresponding total polarization resistance as a function of the temperature in air. (c) 
Impedance spectra of the different electrode architectures at 700 ºC in H2 and (d) the corresponding 
temperature dependence of the total polarization resistance. 
 

The electrochemical properties of LSFT0.2 are significantly improved by 

microstructural engineering across the entire temperature range studied, resulting in Rp values 

as low as 0.30 and 0.23 Ω cm2 for 50LSFT0.2 and LSFT0.2-Inf at 700 ºC, respectively. 

Particularly, LSFT0.4–Inf exhibits Rp values of 0.67 Ω cm2 at 700 ºC, clearly outperforming the 

values obtained for the screen-printed electrodes (8.84 Ω cm2 at 700 ºC), though they still 

remain relatively high for considering them as air electrodes (Figure 6a,b). Comparatively, 

these Rp values are better to those observed  in air for other Sr-rich related electrodes, such as 
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SrFe0.9Ti0.1O3-δ (2.34 Ω cm2 at 700 ºC),60 and La0.3Sr0.7Fe0.7Ti0.3O3-δ (0.11 Ω cm2 at 800 ºC), 18  

as well as compositions with active exsolved metals, like Sm0.70Sr0.20Fe0.80Ti0.15Ru0.05O3-δ (0.13 

Ω cm2 at 800 ºC)61 and La0.7Sr0.3Ti0.1Fe0.6Ni0.3O3-δ (0.18 Ω cm2 at 700 ºC) (Table S3).52  

In wet H2 atmosphere, 50LSFT0.2 and LSFT0.2-Inf rendered Rp values of 0.58 and 0.41 

Ω cm2, respectively, at 700 ºC, while a lower value of 0.20 Ω cm2 was obtained for LSFT0.4-

Inf (Figure 6c,d). The improved electrochemical performance of LSFT0.4-Inf can be attributed 

to its higher electrical conductivity in a reducing atmosphere compared to the electrodes with 

lower Ti-content. The slight difference in the electrochemical performance between the 

infiltrated and nanocomposite microstructures, despite the considerably higher extension of the 

TPB achieved using the latter strategy, may be attributed to the lower porosity in the 

nanocomposite architecture to the absence of a porous electrolyte backbone. Nevertheless, the 

fact that similar values were achieved in both atmospheres, compared to the screen-printed 

sample, supports the implementation of nanocomposite electrodes as the most practical 

architecture choice. This is primarily because nanocomposite electrodes can be deposited in a 

single deposition step without the need for a previous backbone deposition, thus simplifying 

the manufacturing process. 

 
A substantial improvement in the electrochemical performance was achieved with a Ni-

doped electrode, (La0.8Sr0.2)0.95(Fe0.8Ti0.2)0.9Ni0.1O3-δ, deposited by spray-pyrolysis on a CGO 

backbone (LSFTN-Inf) in H2 atmosphere, reaching a polarization resistance as low as 0.11 Ω 

cm2 at 700 ºC in H2 (Figure 6c,d). This value represents one of the lowest Rp values for ferrite-

based materials to date. Notably, these Rp values are lower than those reported for related 

materials such as La0.3Sr0.7Ti0.3Fe0.7O3-δ (0.75 Ω cm2 at 700 ºC)62 and La0.3Sr0.7Fe0.9Ti0.1O3-δ 

(0.58 Ω cm2 at 700 ºC),10 or other compositions with exsolved metals particles, such as 

La0.7Sr0.3Ti0.1Fe0.6Ni0.3O3-δ (0.40 Ω cm2 at 700 ºC) (Table S3).52 In comparison, the values 

obtained for LSFTN-Inf clearly outperformed those obtained for the analogous composition 

prepared by screen-printing (0.70 Ω cm2 at 700 ºC). The improved Rp for this electrode is 

clearly attributed to its optimized electrode architecture combined with the exsolution of Ni 

nanoparticles under reducing conditions. Interestingly, LSFTN-Inf considerably improves the 

electrochemical activity for fuel oxidation, while a similar performance was observed in air 

atmosphere. These results demonstrate the crucial role of tailoring the electrode microstructure 

to enhance the electrochemical performance by increasing the TPB length. 
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The electrochemical processes involved in the ORR of 50LSFT0.2 and LSFT0.2-Inf were 

identified by analyzing the impedance spectra as a function of the pO2 (Figure 7a and b). The 

relationship between the resistance of each particular electrode response and pO2 is expressed 

as follows: Ri ∼ pO2
-m, where the value of m provides information about the nature of the 

species involved in the ORR sub-reactions. The different electrode processes present in the 

spectra were analysed using the distribution of relaxation times (DRT) technique (Figure 

7c,d).63 

 

 

Figure 7. Impedance spectra as a function of the oxygen partial pressure (pO2) for (a) LSFT0.2-Inf, and 
(b) 50LSFT0.2 and (c,d) the corresponding DRT spectra. (e,f) pO2-dependence of the electrodes 
resistance contributions. 

For both 50LSFT0.2 and LSFT0.2-Inf electrodes, two distinct electrode processes are 

discernible. The electrode response at high frequency (HF) remains nearly independent of the 

pO2 and can be assigned to the oxygen ion transport at the electrode/electrolyte interface 
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(Ox
o, electrode  Ox

o, electrolyte)64 (Figure 7c,d). On the other hand, the resistance at low frequency 

(LF) with a reaction order of m=1/4 can be attributed to charge transfer at the electrode surface  

(Oad + 2e- + V¨o  Ox
o)65 (Figure 7e,f). In addition, the LF electrode response shifts to a 

higher frequency as the pO2 increases, implying a lower relaxation time and faster 

electrode kinetics. Within the studied pO2 range, the LF contribution is the rate-limiting 

step for ORR. Interestingly, both electrodes exhibit the same contributions, revealing that 

the different electrode architectures do not significantly alter the limiting steps for ORR.  

 

The electrode polarization was also investigated as a function of the dc-current bias in 

a three-probe electrode configuration under cathodic and anodic polarization (Figure 8a,b). 

When a cathodic polarization is applied, the Rp of LSFT0.2-Inf significantly decreases from 2.6 

Ω cm2 at open circuit voltage (OCV) to 1.56 Ω cm2 at −0.4 V at 600 °C (Figure 8a). This 

improvement is commonly attributed to the formation of additional oxygen vacancies due to a 

decrease of pO2 under cathodic current, resulting in enhanced oxide ion conduction.66 In 

general, a further reduction in Rp is observed when the dc bias is reversed to anodic mode, 

reaching 0.42 Ω cm2 at +0.4 V at 600 °C (Figure 8b).  

 

Figure 8. Impedance spectra at 600 °C of LSFT0.2-Inf at different dc bias under: (a) cathodic and (b) 
anodic polarization in a three-probe configuration in air. (c) Overall electrode polarization resistance as 
a function of the dc bias at different temperatures. (d) Variation of the HF and LF electrode contributions 
as a function of the dc bias at 600 °C. 

(a) 600 ºCAir
Cathodic polarization

(b) 600 ºCAir
Anodic polarization

AnodicCathodic(c) AnodicCathodic(d)
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This improved performance under anodic polarization has been previously associated 

with an increase of the pO2 in the oxygen electrode, which improves the electron-hole 

conductivity.67 However, the impact of dc bias on the electrochemical response diminishes at 

higher temperatures (Figure 8c). At intermediate temperatures, where the oxygen reduction 

kinetics and oxide-ion transport are slower, the application of a dc bias significantly increases 

the concentration of oxygen vacancies at the active sites, leading to a considerable 

improvement in the electrode performance. However, at higher temperatures, the intrinsic ionic 

conductivity of the electrodes becomes more dominant, reducing the influence of dc 

polarization on the formation of oxygen vacancies.66 

To gain further insights into the influence of the dc bias on each electrode response, the 

impedance spectra were deconvoluted by DRT technique (Figure 8d and Figure S9). The HF 

contribution, previously attributed to oxide-ion transport at the interface, remains unaffected 

by the applied dc current due to the excellent mixed ionic-electronic conductivity of the 

nanoengineered electrode and the rapid charge transfer process at the electrode/electrolyte 

interface. Interestingly, the LF contribution, associated with electrochemical processes at the 

electrode surface, suffers a significant decrease at intermediate temperatures under a dc bias, 

following a similar trend to that observed with changes in pO2. These findings strongly indicate 

that the application of a dc bias plays a key role in modulating the concentration of oxygen 

vacancy, thereby improving the electrochemical properties of the electrodes.  

3.4. Fuel cell tests 

The efficiency of 50LSFT0.2-P, LSFT0.2-Inf and LSFTN-Inf electrodes under real 

operation conditions was tested in symmetrical cells employing a 300 µm thick LSGM 

electrolyte (Figure 9). In all symmetrical cells, the open circuit voltage (OCV) is close to the 

theoretical Nernst potential, 1.1 V, confirming a good gas sealing of the cell. 

The single cell with the traditional screen-printed 50LSFT0.2-PM composite rendered 

maximum power densities (MPD) of 309 and 141 mW cm-2 at 800 and 700 ºC, respectively, in 

wet H2 (Figure 9a). These values were considerably improved by the LSFT0.2-Inf infiltrated 

electrode, deposited by spray-pyrolysis, reaching maximum power densities of 496 and 235 

mW cm-2 at 800, and 700 ºC, respectively (Figure S10).  
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Figure 9. I-V-P curves of different LSGM-supported cell with (a) 50LSFT0.2-PM  
and (b) LSFTN-Inf symmetrical electrodes using wet H2 as fuel and static air as oxidant. (c) Impedance 
spectra and (d) the corresponding DRT analysis of the different cell configurations. (e) Stability test of 
the LSFTN-Inf cell under continuous operation at 800 ºC for 120 h.  
 

Furthermore, the power output was further enhanced for the analogous Ni-containing 

electrode (LSFTN-Inf), achieving maximum power densities of 617 and 369 mW cm-2 at 800 

and 700 ºC, respectively (Figure 9b). The incorporation of Ni resulted in superior performance 

under reducing conditions, due to the formation of highly active exsolved Ni nanoparticles, 

which provides enhanced HOR kinetics.24 It is worth highlighting  that the power density values 

of the cell with LSFTN-Inf electrode are higher than those reported in the literature for related 

compositions, such as 432 mW cm-2 at 800 ºC for La0.3Sr0.7Fe0.7Ti0.3O3-δ onto a 250 µm thick 

LSGM electrolyte 15 or 471 mW cm-2 at 800 ºC for La0.6Sr0.4Fe0.95Ru0.05O3-δ onto a 300 µm 

thick LSGM electrolyte 21 (Table S3). Additionally, the cell performance obtained in this work 

is also comparable or higher than that observed for other nanoengineered symmetrical 

electrodes, such as Pr0.6Sr0.4FeO3-δ-PrOx (741 mW cm-2 at 800 ºC)68 or LaSr3Fe2CoO10-δ (351 

mW cm-2 at 800 ºC)69 (Table S3). 
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The similar and close to expected ohmic resistance observed for the different cells, ∼0.3 

Ω cm2 at 800 ºC for a 300 µm thick LSGM-supported electrolyte (Figure 9c), clearly highlights 

that the improved performance can be primarily attributed to two key factors: the higher TPB 

density of the nanostructured electrodes and the exsolution of Ni nanoparticles. Additionally, 

it is noteworthy that the ohmic resistance of the cells is higher than the polarization resistance. 

For instance, in the case of LSFTN-Inf, the ohmic resistance is 0.35 Ω cm2, while the 

polarization resistance is 0.14 Ω cm2 at 800 ºC. These findings suggest that the overall 

efficiency of the cell is mainly limited by the thickness of the electrolyte. Consequently, higher 

power output can be achieved by reducing the thickness of the electrolyte. 

The DRT spectra reveal that the electrode response comprises four different 

contributions assigned to the cathode (RCat) and anode (RAn) (Figure 9d). Interestingly, all these 

processes are reduced for the cell with nanostructured electrodes when compared to the cell 

with the screen-printed electrode. The low-frequency processes, RCat
LF and RAn

LF, attributed to 

electrochemical processes occurring at the cathode and anode surface, respectively, are the 

main contributions to the overall polarization resistance.63 These electrode contributions are 

strongly influenced by the electrode architecture and are significantly decreased through 

nanoengineering design. These findings are in accordance with the results obtained in the 

electrode polarization studies in the previous section.  

In the case of the LSFT0.2-Inf and LSFTN-Inf, very similar electrode contributions were 

observed for the processes at the electrode/electrolyte interface (RCat
HF and RAn

HF) and the 

charge transfer at the cathode surface (RCat
LF). However, the RAn

LF contribution, attributed to 

hydrogen oxidation processes at the TPB in the fuel electrode,70 is considerably decreased for 

LSFTN-Inf, confirming that the formation of Ni exsolved nanoparticles improves the 

efficiency for fuel oxidation on the electrode surface. 

Additionally, the LSFTN-Inf cell was tested under 5% H2-Ar to get further information 

about the fuel electrode contribution (Figure S11). As expected, the RAn
LF electrode response 

increased significantly due to the use of diluted hydrogen, confirming the nature of this process. 

Moreover, LSFTN-Inf displayed excellent stability during continuous operation for over 120 

h at 800 ºC (Figure 9e). The analysis of the cross-section of the cell after the electrochemical 

test further confirmed the stability of the nanostructured electrodes (Figure S12). 

 



24 
 

Conclusions 

 Novel electrode compositions, combined with advanced architectural designs, were 

tested within (La0.8Sr0.2)0.95Fe1-xTixO3-δ-Ce0.9Gd0.1O1.95 series (x=0.2 and 0.4) to evaluate their 

potential application in symmetrical solid oxide cells. The nanostructured electrodes, prepared 

by spray-pyrolysis, exhibited exceptional phase and redox stability. The nanocomposite 

architecture, featuring nanoscale contact between perovskite and fluorite phases, effectively 

inhibited the grain growth at high annealing temperatures by suppression cation diffusion at 

the grain boundary. Moreover, a Ni-doping strategy was found to be highly effective in 

enhancing the catalytic activity for fuel oxidation, resulting in the formation of highly dispersed 

exsolved Ni nanoparticles under an H2 atmosphere. Fuel cell tests conducted on LSGM-

supported cells with LSFTN-Inf symmetrical electrodes demonstrated a maximum power 

density of 611 mW cm-2 at 800 ºC in wet H2, and they also exhibited excellent stability over 

time. Distribution of relaxation times (DRT) analysis confirmed the significant influence of 

microstructural tailoring on the superficial electrode processes, mainly due to the extension of 

the TPB length, thus enhancing electrochemical reactions. These results highlight the critical 

importance of combining alternative doping strategies and nanostructural optimization to 

effectively improve the electrode performance in SSOCs. 
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