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intermediate temperature range to reduce cost signifi-
cantly [3, 4]. To achieve this goal, improvements in oxy-
gen electrode development must take place. The reason for 
this is the polarization resistance of this electrode, which 
is responsible for a significant part of the resistance of the 
entire cell [5]. Therefore, in recent years, there has been 
an intensification of research on effective materials for 
oxygen electrodes operating at low temperatures. Among 
the analyzed materials, mixed ionic-electronic conductors 
(MIECs) have gained popularity, as the oxygen reduction 
reaction takes place at triple phase boundaries where both 
the presence of electrons and the transport of ions in the 
material are possible [6]. The materials analyzed for use as 
an oxygen electrode in cells include perovskite oxides such 
as La1 − xSrxMnO3−δ (LSM) [7, 8], La1 − xSrxCoO3−δ (LSC) 
[6, 9–13], or La1 − xSrxCo1−yFeyO3−δ (LSCF) [14–17]. Addi-
tionally, materials such as PrOx and Ruddlesden-Popper 
phase Pr2NiO4+δ are currently gaining popularity [18, 19].

The efficiency of the oxygen electrode is also influ-
enced by its manufacturing technique. The most popular 
techniques used to prepare these electrodes include screen-
printing [20], tape-casting [21–24], spin-coating [25–27], 

1 Introduction

Solid oxide cells (SOCs) are one of the promising technolo-
gies that are a potentially important part of energy transfor-
mation [1]. Typically, SOCs can operate in two modes: fuel 
cell - solid oxide fuel cell (SOFC) and electrolyzer - solid 
oxide electrolysis cell (SOEC) [2].

Originally, SOCs operated at temperatures above 
1000 °C, and it immediately became obvious that to 
implement the technology, a significant reduction in the 
system’s operating temperature was needed. The current 
rent objective is to provide efficient cells operating in the 
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Abstract
Gd0.2Ce0.8O 2−δ (GDC) porous backbone infiltration with La0.6Sr0.4CoO3−δ (LSC), PrOx and LSC: PrOx as a composite 
oxygen electrode for intermediate solid oxide cells are conducted within the scope of this work. Samples were charac-
terized using scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), and electrochemical 
impedance spectroscopy (EIS). A uniform distribution of the infiltrated material inside the backbone and at the electrolyte-
backbone interface was achieved. EIS measurements on the prepared symmetrical samples showed electrode polarization 
resistance (Rp) values of 0.029 Ω.cm², 0.23 Ω.cm², and 0.44 Ω.cm² for LSC, LSC: PrOx, and PrOx at 600 °C, respec-
tively. Long-term stability measurements at 600 °C for 100 h showed a slight increase in polarization resistance during 
the measurement period. Fuel cell measurements of commercial cells (Elcogen) with porous oxygen electrode consisting 
of GDC infiltrated with LSC showed an increase in power density compared to the reference cell with a value of 0.53 W.
cm− 2 obtained at 600 °C. It is proven that infiltration via polymeric precursor into porous scaffolds as backbone oxygen 
electrode layer is effective and convenient method to develop high performance and stable solid oxide cells.
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dip-coating [28], and more advanced techniques such as 
pulsed laser deposition (PLD) [29], atomic layer deposi-
tion (ALD) [30, 31], spray pyrolysis [6, 10], or chemical 
vapor deposition (CVD) [32]. Furthermore, the infiltration 
technique is increasingly used, in which a porous backbone 
made of an electrolyte material with high ionic conductivity 
is impregnated with a material with high electronic conduc-
tivity [33–36].

For example, in the work of Choi et al., described the 
infiltration of Lan+1NinO3n+1 material (n = 1,2,3) into the 
porous structure of YSZ (yttria-stabilized zirconia). A 
porous backbone with a thickness of about 50 μm was infil-
trated with the prepared precursor until the loading reached 
45 wt%, then the prepared oxygen electrode was annealed 
at 850 °C. Electrochemical Impedance Spectroscopy (EIS) 
measurements showed polarization resistance values of 
0.120 Ω.cm2 for La2NiO4, 0.112 Ω.cm2 for La3Ni2O7, and 
0.068 Ω.cm2 for La4Ni3O10 at a temperature of 750 °C. The 
full cell measurements, with the La4Ni3O10 as an oxygen 
electrode, reached 0.889 W∙cm− 2 at 750 °C [37]. Shah et 
al. described the infiltration of La0.6Sr0.4Co0.2Fe0.8O3−δ into 
porous GDC (gadolinium-doped ceria). It has been shown 
that the optimal sintering temperature for GDC backbone 
is between 1100 °C and 1200 °C. Loading of 12.5 wt%, of 
material into the porous backbone showed the lowest polar-
ization resistance (Rp) equal to 0.24 Ω.cm2 at a temperature 
of 600 °C [38]. Huang et al. described the infiltration of the 
porous YSZ backbone with LSM (La0.8Sr0.2MnO3−δ) mate-
rial as a potential oxygen electrode. All tested combinations 
showed similar catalytic properties, and the polarization 
resistance values were approximately 0.4 Ω.cm2 at 700 °C 
[39]. Cheng et al. described the process of infiltration of 
the composite YSZ: La0.8Sr0.2FeO3−δ (1:1 ratio) with LSCF 
(La0.6Sr0.4Co0.2Fe0.8O3−δ) material. With only two infiltra-
tion cycles of LSCF, decrease in polarization resistance from 
1.4 Ω.cm2 (for sample without infiltration) to 0.16 Ω.cm2 at 
a temperature of 700 °C, was observed. The prepared cell 
with the proposed oxygen electrode showed a power den-
sity of 0.4 W∙cm− 2 at 700 °C [40]. Samson et al. described 
the infiltration of a porous Ce0.9Gd0.1O2−δ backbone with a 
thickness of approximately 25 μm with LSC as a potential 
oxygen electrode for intermediate-temperature solid oxide 
fuel cells. It was found that for a precursor solution with a 
concentration of approximately 1 M, the optimal number of 
infiltration cycles was 9. It was also shown that the optimal 
annealing temperature was set at 600 °C. The polarization 
resistance of the obtained oxygen electrode at 600 °C was 
0.044 Ω.cm2 [34]. Nicollet et al. proposed infiltration porous 
GDC with Pr6O11 material. It has been shown that the opti-
mal backbone thickness was determined as 14 μm. Infiltra-
tion with the Pr6O11 precursor continued until a loading of 
30 wt% was achieved (3–4 cycles). After the preparation 

process, the samples were annealed at 600 °C. EIS measure-
ments showed a very low value of polarization resistance, 
equal to 0.028 Ω.cm2 at the same temperature. The cell with 
the described oxygen electrode showed a power density of 
0.825 W.cm− 2 at 600 °C compared to about 0.4 W.cm− 2 for 
a commercial cell [18].

In this work investigation on the process of infiltration 
of a porous GDC (gadolinium-doped ceria) backbone with 
materials such as LSC, PrOx, and the LSC: PrOx compos-
ite were described. The infiltration process allows for the 
steady distribution of nanoparticles of the impregnated 
material throughout the structure of the backbone material. 
Electrochemical activity measurements showed very good 
oxygen reduction reaction (ORR) properties of the materi-
als. Among the three materials discussed, LSC turned out 
to be the most promising. The use of the best combination 
as the oxygen electrode in the solid oxide fuel cell showed 
an increase in power density of the infiltrated commercial 
Elcogen cell compared to the plain Elcogen cell as reference 
sample which is denoted as EL throughout the paper.

2 Experimental

In this work, infiltration of porous air electrodes made of 
Ce0.8Gd0.2O2−δ (GDC) backbone with La0.6Sr0.4CoO3−δ 
(LSC), PrOx and LSC: PrOx (1:1 by precursor vol.) were 
performed. Various characterization techniques have been 
done, such as Electrochemical Impedance Spectroscopy 
(EIS), Scanning Electron Microscopy with Energy Disper-
sive X-ray Spectroscopy (SEM-EDS) and X-ray diffraction 
(XRD).

2.1 Sample preparation

Polymeric precursors for infiltration were prepared with 
the Pechini method [41]. Nitrate salts in the form of 
La(NO3)3∙6H2O (purity 99.9%, Alfa Aesar), Sr(NO3)2 
(purity 99%, Sigma Aldrich), Co(NO3)3∙6H2O (purity 99%, 
Sigma Aldrich), or Pr(NO3)3∙6H2O (99.9% of purity, Alfa 
Aesar) were dissolved in the appropriate stoichiometry in 
distilled water with a total molar concentration of 0.2 M (or 
nitrates as 0.04 M of ethylene glycol). Ethylene glycol was 
then added to perform the polymerization process with heat-
ing at 80 °C on a hotplate with continuous stirring. Heating 
was continued until all the water had evaporated from the 
solution. The completion of this process was determined by 
the decrease in the mass of the solution by the mass of water 
measured at the initial stage.

0.8 g of commercially available GDC powder (GDC-
20 K, Daiichi Kigenso Kagaku Kogyo, Japan) was placed 
in a mould with a diameter of 16 mm and pressed at 98 MPa 

1 3

779 Page 2 of 12

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Developing high-performance oxygen electrodes for intermediate solid oxide cells (SOC) prepared by…

for 1 min. Sintering was carried out at 1400 °C for 10 h to 
obtain a dense structure. After sintering, the pellets shrank 
to an average diameter of 13 mm with a thickness of around 
0.6 mm.

The next step was preparation a porous backbone with 
a porosity of approximately 50%. Prepared slurry, for wet-
powder spraying, consisting of toluene, ethanol, (with ratio 
toluene to ethanol 1:4) binder (Heraeus) and GDC powder 
(3 wt%), sprayed using an airbrush (Paasche VLS) onto 
GDC pellets on a hot plate heated to 250 °C. The slurry was 
kept in an ultrasonic bath for homogenization before spray-
ing. As a result of contact with the hot surface, the solvents 
evaporated instantaneously, leaving the scaffold structure. 
Porous backbone was prepared on both sides of the dense 
GDC pellets. After spraying, sintering was carried out, at a 
temperature of 1150 °C for 2 h in order to obtain adequate 
mechanical properties and a good connection between the 
dense electrolyte surface and the backbone. Prepared pellets 
with a porous backbone were used for infiltration. Wet-pow-
der spraying and post-sintering infiltration are graphically 
shown in Fig. 1.

The infiltration process was carried out by immersing 
pellets with a porous backbone into the prepared precursor 
solution (1 ml) and then removing the air remaining from the 
pores using a vacuum chamber (0.08 Pa) for 10 min. Excess 
solution was then gently removed with a paper towel. The 
utilization of the immersion technique permitted the simul-
taneous and uniform application of the precursor solution to 
both sides of the sample. The samples prepared in this way 
were then pre-annealed on a hotplate at a temperature of 
400 °C. The pre-annealing process took place in 3 stages: 
90 °C–15 min, 180 °C–15 min and 400 °C–15 min. The 
optimum loading volume of the porous material with the 
impregnated material was determined using electrochemi-
cal impedance spectroscopy (EIS). It was found that the 
lowest values of the polarization resistance were obtained 
for the samples that were infiltrated for 6 cycles. After com-
pleting the procedure, the samples were annealed in a muffle 

furnace (Carbolyte RHF 16/8 box furnace) at 600 °C for 
2 h. The samples prepared in this way were used for further 
research.

2.2 Characterization

Electrochemical impedance spectroscopy (EIS) measure-
ments were conducted on the prepared symmetrical cells, 
to evaluate the ohmic and polarization resistance (Rohm 
and Rp). An LSC paste (Fiaxell) current collector layer was 
applied to both side of the pellets and annealed at 600 °C 
for two hours. The samples were placed in a compression 
cell where the electrical contact was a gold mesh connected 
to platinum wires on both sides of the sample. These wires 
were led outside the furnace where they were connected to 
the Novocontrol Alpha-A potentiostat, which was used to 
perform the measurements. For EIS measurements, an exci-
tation amplitude of 25 mV and in frequency range of 3 MHz 
to 50 mHz were used. Measurements were performed in the 
temperature range from 600 °C to 300 °C, every 50 °C in 
the range of 600 °C–400 °C, and every 25 °C in the range 
of 400 °C–300 °C. An atmosphere of synthetic air was used 
with a controlled flow of 50 ml min− 1.

SEM-EDS analysis of fractures, with appropriate materi-
als was performed using a field emission scanning electron 
microscope (FEI Quanta FEG250) equipped with a second-
ary ET detector. The accelerating voltage was maintained 
at 10 keV.

Commercial half-cells (ASC-400B, Elcogen), compris-
ing a NiO-YSZ (fuel electrode), YSZ/GDC (electrolyte), 
without an oxygen electrode, were used for the full cell mea-
surements. Infiltrated samples were labeled as EL-9 C-LSC 
and EL-12 C-LSC respectively depending on their infil-
tration cycle as 9 or 12 times. The porous backbone was 
prepared in the same procedure as for symmetrical measure-
ments. The infiltration process was conducted by applying 
the precursor to the surface of the porous GDC and subject-
ing it to pre-annealing at 400 °C on a hot plate. Once the 

Fig. 1 Graphical representation of a) GDC backbone spraying on to GDC pellets and b) infiltration of porous GDC backbones with solutions
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3 Results and discussion

3.1 Sample preparation

Following the infiltration process, the prepared samples 
were subjected to SEM-EDX analysis to confirm the uni-
form distribution of the infiltrated material within the back-
bone structure. The SEM images in Fig. 2 show the fractures 
of the samples after infiltration for LSC, LSC: PrOx, and 
PrOx. The backbone structure is well formed, despite the 
presence of heterogeneities, segregation and flake structure, 
and the pore size is relatively small. Nevertheless, the pres-
ence of nanoparticles derived from the respective materials 
was discerned in all three infiltrated precursors (LSC, PrOx 
and LSC: PrOx) (red circles). Concurrently, the loading 
level is relatively low.

An EDX analysis was conducted to ascertain the dis-
tribution of materials within the porous backbone. Spot 
EDX analysis was performed on the fractures of samples 
immersed in LSC, LSC: PrOx and PrOx alone. Figure 3 
shows the distribution of measurement spots. Figure 4 shows 
EDX spectra with elements identified at point 4, closest to 
the electrolyte. The elements expected to be introduced into 
the backbone by the immersion technique were identified. 

optimal loading of the GDC backbone had been achieved, 
the samples were annealed at 600 °C for two hours. The 
reference sample was a commercial full cell (Elcogen) with 
an LSC oxygen electrode.

The fuel cell characterization was performed using an 
Open Flanges V5 test setup (Fiaxell Sàrl Technologies). The 
prepared cell was electrically connected on the fuel side by 
a nickel foam and on the air side by a gold mesh. The cell 
was placed in a Kittec furnace equipped with a PID tem-
perature controller. The wires were connected to a Solartron 
1260/1287 frequency analyzer for impedance and current-
voltage characterization. The cell was heated to 600 °C and 
held isothermally. The fuel electrode was reduced in dry 
hydrogen gas (100 ml min− 1), which was supplied as fuel, 
while synthetic air was delivered to the oxygen electrode as 
the oxidant (200 ml min− 1). To characterize the cell, imped-
ance spectra were measured at open-circuit voltage (OCV) 
conditions in the frequency range of 100 kHz–0.1 Hz. For 
evaluating the cell performance, current-voltage character-
istics were performed.

Fig. 2 SEM images of LSC, LSC: PrOx and PrOx infiltrated backbones
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3.2 Electrochemical impedance spectroscopy

A series of measurements were conducted using electro-
chemical impedance spectroscopy on symmetrical samples 
with an electrode layer on either side of the electrolyte. The 
objective was to determine the electrochemical performance 
of the proposed oxygen electrode.

Figure 5a and b show the area specific resistance (ASR) 
dependence as a function of temperature for three types 
of samples, including ohmic resistance and electrode 
polarization.

The analysis demonstrated that the lowest ohmic resis-
tance values were observed in samples infiltrated with an 
LSC: PrOx composite, followed by samples infiltrated with 
LSC. Conversely, the highest ohmic resistance values were 
observed in samples that had been infiltrated with PrOx 
alone. The activation energy values (Ea) were also deter-
mined for the aforementioned data set. Furthermore, the 
lowest activation energy at higher temperatures was identi-
fied for samples infiltrated in PrOx. Similar Ea values were 
obtained at lower temperatures for all three tested types of 
specimens.

In terms of polarization resistance, the LSC-infiltrated 
sample obtain the lowest polarization resistance at a temper-
ature of 600 °C, followed by the GDC-LSC: PrOx-infiltrated 

Table 1 presents the atomic concentration of indentified 
cations obtained at each of the analysed points. Moreover, 
no segregation of strontium or other elements was identi-
fied, and the atomic distribution was found to be consistent 
with the expected pattern. Furthermore, a markedly higher 
loading of LSC in comparison to PrOx was discerned. This 
result was unexpected, given that the total cation concentra-
tion was identical in both precursors. The LSC was respon-
sible for approximately 14% of the total signal, while PrOx 
accounted for approximately 4.5%. In the case of the com-
posite-infiltrated sample, the signal ratio of LSC to PrOx 
was, on average, 3:1 at points 2, 3, and 4. However, at point 
1, the ratio was higher, amounting to 5.4:1.

The EDX analysis performed was mainly for qualita-
tive analysis, i.e. to demonstrate the presence of specific 
elements in the porous GDC backbone and for rough com-
parison of values. This was due to the high quantitative 
inaccuracy of EDX for atomic concentrations below 5%. 
An effective and uniform distribution of the impregnated 
materials in the porous GDC backbone was demonstrated 
by SEM-EDX analysis.

Fig. 4 EDX analysis of a) LSC, b) LSC: PrOx and c) PrOx infiltrated backbones at spot 4

 

Fig. 3 Location spots of EDX responses from infiltrated symmetrical cells in the backbone
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sample, and the GDC-infiltrated PrOx-infiltrated sample 
had the highest values. The polarization resistance for the 
oxygen electrode in the form of porous GDC immersed 
in LSC was 0.029 Ω.cm2, 0.68 Ω.cm2 and 7.89 Ω.cm2 at 
temperatures of 600 °C, 500 °C and 400 °C respectively. In 
the case of the LSC: PrOx sample, it was 0.23 Ω.cm2, 0.93 
Ω.cm2 and 9.75 Ω.cm2, respectively, and for the samples 
with GDC backbone infiltrated in PrOx alone, it was 0.42 
Ω.cm2, 2.95 Ω.cm2 and 17.38 Ω.cm2, respectively, at the 
same temperatures. Significant differences in activation 
energy at higher temperatures was noticeable. The sample 
infiltrated with the LSC: PrOx composite has a significantly 
lower Ea value than the others. This outcome is likely attrib-
utable to the combination of the properties of the two mate-
rials. It is also noteworthy that the Ea value of 1.523 eV for 
LSC in the temperature range between 600 °C and 450 °C is 
considerably higher than the data presented in the literature, 
for example, the value of 1.099 eV reported in the study 
conducted by Samson A. et al. [42]. At lower temperatures 
it was noticeable that the Ea for LSC and LSC: PrOx are 
almost identical. This was most likely due to the high electi-
cal conductivity of LSC compared to PrOx, which domi-
nates over praseodymium oxide at lower temperatures in 
the composite. The significantly higher value of polarization 
resistance for PrOx was the result of the low electrical con-
ductivity of the material at low temperatures [43]. Figure 6 
shows the Nyquist plots obtain for the samples tested at 
different temperatures. The ohmic resistance part has been 
subtracted to compare the electrode performance only. At 
600 °C, high frequencies are related to charge transfer and 
transport of oxide ions through the composite to the elec-
trolyte interface in TPB (triple-phase boundary), medium 
frequencies are related to diffusion of adsorbed oxygen and 
finally low frequencies were related to the oxygen reduction 
reaction (conversion). Two different impedance semicircles 
were observed at 400 °C and 500 °C. The semicirle in higher 
frequencies was related to the grain boundary polarization 
and the semicircle in lower frequencies was related to the 
oxygen electrode polarization mentioned above. The polar-
ization value of the oxygen electrode (hereafter referred to 
as Rp) was the diameter of the semi-circle on the real imped-
ance axis, multiplied by the area of the active electrode sur-
face and divided by two to obtain the ASR of one side of 
the electrode, due to the symmetrical nature of the samples 
tested.

3.3 Long-term stability

Figure 7a illustrates the EIS spectra recalculated to the 
active area of the oxygen electrode. Figure 7b depicts the 
change in ohmic resistance calculated throughout the exper-
iment, while Fig. 7c illustrates the change in polarization 
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3.4 Fuel cell testing

Analysis of the oxygen electrode in the form of symmetrical 
measurements using electrochemical impedance spectros-
copy gives a general overview of the material’s properties. 
For a more comprehensive characterization, measure-
ments were performed on full cells. The described com-
bination of a porous GDC backbone infiltrated with LSC 
was used as the oxygen electrode. Porous GDC backbone 
on commercially available half cells was prepared in the 
same procedure as symmetrical cells and infiltrated with 
the LSC precursor. In this case it was necessary to change 
the method from immersing to dropping due to the nature 
of the samples. It was found that this method gave similar 
results after 12 infiltration cycles. The reference was a com-
mercial cell with an oxygen electrode in the form of LSC. 
Figure 8a and b, show the I-V curves and Fig. 8c and d EIS 
graphs obtained for cells with the proposed solution for 9 
and 12 infiltrations and the reference sample in both dry 
and humidified H2 (50% H2:50%H2O) at a temperature of 
600 °C. The 12 C infiltrated sample show a power density of 
0.53 W.cm− 2 at 600 °C, an increase of 8% over the reference 
sample. Fuel mode measurements also showed an increase 
in current density at the same potential for the 12 C LSC 

resistance. The initial decline was followed by a period of 
stabilisation, which commenced after 30 h. The initial Rohm 
value was determined to be 10.58 Ω.cm², and after 50 h of 
the experiment, a decrease of approximately 0.19 Ω.cm² 
was observed. Between 50 and 100 h, a slight increase in 
ohmic resistance was noted, amounting to 0.005 Ω.cm². The 
reduction in Rohm observed during the experiment may be 
attributed to minor microstructural alterations at the LSC-
GDC interphase, including alterations in porosity, grain 
size of the LSC nanoparticles, and the number and length 
of TPBs. The electrode polarization resistance exhibited an 
increase from an initial value of 0.0375 Ω.cm² to 0.0464 
Ω.cm², representing a 24% change in ΔASR after 100 h 
in LSC. This phenomenon is a common occurrence in lit-
erature, with a threefold increase in polarization resistance 
achieved when screen-printed and deposited films are used 
in comparison to the conventional methods described in lit-
erature [47, 48]. The observed increase in Rp with the pas-
sage of time is attributed to grain coarsening, which was a 
consequence of a reduction in the electronically active areas 
and length of TPB.

Fig. 6 Nyquist plots of infiltrated symmetrical cells at a) 400 °C, b) 500 °C and c) 600 °C

 

Fig. 5 ASR vs. temperature plots of infiltrated symmetrical cells as a) Rohm and b) Rp with calculated activation energy
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4 Discussion and literature comparison

4.1 Symmetrical cells

To facilitate a more comprehensive interpretation of the 
results, a comparative analysis was conducted to identify 
any potential discrepancies between the findings and the 
existing literature. In the present study, the oxygen electrode 
formed of a porous backbone of GDC immersed in LSC 
exhibited the most promising electrochemical performance. 
The polarization resistance was observed to be 0.029 Ω.cm² 
and 7.89 Ω.cm² at 600 °C and 400 °C, respectively. The 
LSC: PrOx composite infiltration exhibits an intermediate 
performance compared to single phase compositions, with 
Rp values of 0.23 Ω.cm² and 9.75 Ω.cm² at 600 °C and 
400 °C, respectively. The highest Rp values were observed 
for samples immersed in PrOx alone, with polarization 
resistance at 600 °C and 400 °C being 0.42 Ω.cm² and 17.38 
Ω.cm², respectively.

In a similar study, A. Samson et al. examined the infiltra-
tion of the same composition (LSC64) into a screen-printed 
porous GDC backbone on a sintered GDC electrolyte at 
1050 °C. They observed a polarization resistance of 0.044 
Ω.cm² and 6.04 Ω.cm² at 600 °C and 400 °C respectively. 
Despite the use of a very thin electrolyte (180 μm), an 

infiltrated sample compared to the reference. The increase 
was analyzed using the potential of 0.7 V, which yielded a 
value of 0.62 A.cm⁻² to 0.7 A·cm⁻² for the reference sample 
and 12 C LSC, respectively. Furthermore, a lower slope 
was observed in the electrolysis mode, confirming the trend 
above. This observation indicates an increase in the elec-
trochemical activity of the cell. It has been shown that due 
to the identical fuel electrode and electrolyte, the obtained 
increase in power density was related to the increased elec-
trochemical efficiency of the oxygen electrode. At the same 
time, a reduction in the polarization resistance of the cell 
was observed for both dry and wet hydrogen. In the case 
of dry hydrogen, Rp was 1.8 Ω.cm2 compared to 2.3 Ω.cm2 
for the reference sample, a reduction of approximately 22% 
compared to the reference sample. A similar relationship 
occurs in the case of wet hydrogen where the Rp for the 
12 C LSC impregnated sample was 0.47 Ω.cm2 compared to 
0.55 Ω.cm2 for the reference sample, a reduction of approxi-
mately 15%.

Fig. 7 Long-term ASR values of a) Rohm and c) Rp of LSC at 600 °C
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Nicollet C et al. conducted an infiltration process of 
Pr6O11 into screen-printed 10 μm LaNi0.6Fe0.4O3−δ (LNF) 
or GDC backbone (7–14 μm) onto a commercially available 
100 μm 3% YSZ dense electrolyte. Notably, the polariza-
tion resistance was found to be 0.028 Ω.cm² at 600 °C. The 
molar concentration of Pr nitrate was 2 M, which is tenfold 
higher than that used in our work [18]. In a recent study, 
Caizán-Juanarena et al. investigated the potential of Pr6O11-
infiltrated LSM-GDC backbone prepared by spray pyrolysis 
as an efficient oxygen electrode for solid oxide fuel cells. 
Electrochemical impedance spectroscopy measurements 
revealed a polarization resistance of 0.3 Ω.cm² and 44.5 
Ω.cm² Rohm at 650 °C [47]. In our work, 22.84 Ω.cm2 of 
Rohm was obtained for samples infiltrated with PrOx itself 
at 600 °C.

The values obtained for the sample immersed in PrOx: 
LSC composite exhibit a higher polarization resistance 
than those reported by Xiaofeng T. et al. for Pr-doped GDC 
(CGPO) and LSC, which is not a composite mixture, but a 
comparison in terms of Pr involvement may be reasonable. 
The composite mixture was infiltrated twice with CGPO 
and nine times with LSC into the GDC backbone, resulting 
in an Rp of 0.104 Ω.cm² at 700 °C [48].

infiltration loading of 9 times that used in this study, and a 
polymeric precursor concentration of 1 M, which is 5 times 
higher than that used in this study [34]. In the latter work, 
the same group achieved a value of 0.062 Ω.cm² with the six 
cycles of infiltration of the LSC [42]. Ovtar S. et al. achieved 
a Rp value of 0.031 Ω.cm² at a temperature of 700 °C. The 
electrode was produced through a process of infiltration, 
whereby a YSZ backbone was subjected to six layers of 
GDC and subsequently nine layers of LSC [44]. In the work 
of Zhao Fei et al., the infiltration of LSC into samaria-doped 
ceria (SDC, Sm0.2Ce0.8O2−δ) backbone onto SDC electrolyte 
has been conducted, resulting in an Rp of 0.281 Ω.cm2 after 
subjecting the material to various thermal cycling regimes 
[45]. In a study conducted by Chrzan A. et al., symmetrical 
cells infiltrated with La0.6Sr0.4Co0.2Fe0.8O3−δ were prepared. 
The objective was to investigate the effects of sintering 
temperature, thickness of the backbone and electrolyte, and 
the number of infiltration cycles on the polarization resis-
tance. Additionally, the molarity of the infiltration solution 
was varied. At 600 °C, the polarization resistance achieved 
was 0.16 Ω.cm2. The inferior performance observed in this 
study may be attributed to the use of coarser GDC particles, 
which result in diminished electrocatalytic activity due to 
the shortened TPB and reduced active area [46].

Fig. 8 Power, I-V curve and EIS data of infiltrated commercial fuel cells in dry (a, c), and 50% humidified fuel conditions (b, d)
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Measurements of full cells showed a high power density 
of 0.53 W.cm− 2 at a temperature of 600 °C, an increase of 
8% compared to the reference sample. Improvement was 
also demonstrated in all cell operating modes, both fuel 
and electrolyser. EIS measurements performed on the cells 
showed a reduction in polarization resistance for the LSC-
infiltrated samples compared to the reference.
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