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Abstract 

Operation of solid oxide fuel/electrolysis cells (SOFC/SOEC) at high temperatures (T > 850 °C) 

is accompanied by degradation phenomena, which severely affect the operational life time of the 

cell. Degradation processes are expected to occur slower at low temperatures. However, significant 

reduction in electrocatalytic activity of the oxygen electrode, is one of the major challenges in 

decreasing the operating temperature down to 500-650 °C. Recently, Pr6O11 infiltrated 

Ce0.9Gd0.1O2 (CGO) based electrodes have been proposed to realize high electrochemical 

performance at intermediate temperature. In this study, Pr-oxide has been infiltrated into a well 

performing sub-micro La0.6Sr0.4Co0.2Fe0.8O3/Ce0.9Gd0.1O2 (LSCF/CGO) composite electrode as 

well as a poorly performing LaNi0.6Fe0.4O3/Ce0.9Gd0.1O2 (LNF/CGO) electrode. The results are 

compared with Cu-oxide infiltration. Formation of Pr rich oxide surface nanostructures, resulted 
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Electrochemical characterization.—Pt paste (64021015 Pt Paste, Ferro GmbH, Germany) was 

hand painted on both sides of the symmetrical cells as a current collecting layer. Previous studies 

demonstrate that the platinum grains do not have any significant contribution on the 

electrochemical reactions of the oxygen electrode, when used on such high surface area well 

performing electrodes [42,43]. The cells were sandwiched between two gold grids, which were 

loaded by a small weight so as to create proper contact for electrical measurements. Details of the 

EIS test rig and measurement setup can be found elsewhere [44]. EIS measurements were 

conducted using a Solartron 1260 impedance analyzer in the frequency range between 0.06 Hz and 

1 MHz. The measurements were carried out under open circuit condition and an AC amplitude 

signal of 50 mV was applied. The impedances were normalized with the geometrical area of the 

electrodes and they were divided by two in order to account for two electrodes in the symmetrical 

cell configuration. Series resistance (Rs) as well as Rp were determined by measuring the high 

frequency intercept and difference between the low and high frequency intercepts of the real part 

of the impedance. The EIS measurements were analyzed by Elchemea Analytical (DTU Energy) 

[45], and an Equivalent circuit model; LR0(Ra//Qa) (Rb//Qb) (Rc//Qc), was fitted to the measured 

data by Non Linear Least Squares (NLLS) method. R0 signifies Rs which is the total ohmic loss in 

electrolyte, electrodes, current collectors and contact resistances [46]. The element L is attributed 

to the inductance in the wires and impedance analyzer [46]. The series of RQ elements model was 

utilized to represent process steps in the electrode reaction [46]. 

 

Results and discussion 

Phase and microstructural analysis.—The X-ray diffraction (XRD) patterns of calcined precursor 

solutions (600 and 650 °C, 2 hours) are illustrated in Figure 1. At both temperatures, the solutions 
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demonstrate that infiltration with Pr-oxide is an effective way to enhance the oxygen reduction 

activity even of already well performing LSCF/CGO electrodes. In contrast, Cu-oxide infiltration 

did not improve the performance and the Rp values slightly increased in these samples with respect 

to the as prepared LSCF/CGO. Performance degradation after infiltration has previously been 

reported in literature also for Co and Ba infiltrated La0.8Sr0.2MnO3/Ce0.8Gd0.2O2 (LSM/CGO) 

electrodes [21].  From the results it is clear that enhanced surface area per unit cell area as created 

by CuO infiltration is not enough to improve performance of the already well performing electrode. 

The CuO nanostructures increased the Rp, probably due to partly covering the more active LSCF 

surface with CuO, which has inferior electrocatalytic activity for oxygen reduction.  

Our findings are thus in contrast to what was reported by Gao et al. [9], who found improved 

performance of  LSCF/CGO composites by CuO infiltration which they ascribed to 1) enhanced 

oxygen incorporation via changes in oxidation state of Cu (Cu2+/Cu1+) near CuO-LSCF/CGO 

interface, and 2) B-Site doping of LSCF with Cu2+. Regardless of some similarities between our 

study and Ref [9], such as the same choice of composite (chemical composition and mass fraction) 

as well as similar calcination temperature, there are some noteworthy differences between these 

two studies. It seems that the LSCF/CGO composite electrodes in Ref [9] have larger grain sizes 

compared to our sub-micro samples (this might explain the higher Rp observed in Ref [9]). This 

different microstructure may increase the relative weights on how much oxygen incorporates via 

CuO surface decorated CGO and how much on the LSCF surface. Also lower infiltration loading 

in Ref [9] (1 wt%), compared to infiltrated LSCF/CGO electrodes in this study (10 wt%), may 

result in less coverage of active LSCF surface by CuO nano particles. 

All samples show more or less the same summit frequencies as the LSCF/CGO backbone. 

Considering the performance degradation by Cu-oxide infiltration, the LSCF/CGO backbone is 
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frequencies in the infiltrated electrodes (See Figure 8). Pr-LNF/CGO electrodes have significantly 

lower impedance than the Cu-LNF/CGO ones in the frequency range; 10-1000 Hz. It seems that 

the interface created between Pr6O11 and CGO introduces a facile path for oxygen ion transfer, 

with major impedance contributions in the 1-100 Hz frequency range and low impedance at 

frequencies  >1000 Hz.  Low impedance at frequencies >1000 Hz has previously been suggested 

to be an indicator of better MIEC characteristic and a consequent reduction in charge accumulation 

at electrocatalyst/ionic conductor interfaces [7]. 

Recapitulating: 

1) Cu-oxide infiltration is very effective for improving the poorly performing LNF/CGO 

backbone composites. It may also improve performance of a ”moderately performing” 

LSCF/CGO composite as observed in Ref [9], but when used in a very well performing 

LSCF/CGO composite, as the one used here, it did not improve the performance. 

2) Pr-oxide infiltration is very effective for improving performance, both of the LNF/CGO 

backbone and of the already well performing LSCF/CGO composites. 

 

Variation of Rp with temperature.—The variation of Rp with temperature in all the cells is shown 

in Figure 9. Although, Pr-LSCF/CGO and Pr-LNF/CGO samples show more or less the same Rp 

values at 600 and 650 °C, at lower temperatures such as 500 and 550 °C, the Pr-LNF/CGO samples 

actually demonstrate a lower Rp. Most likely the fastest oxygen incorporation occurs at Pr6O11 

nanoparticulate decorated CGO and since there is more of this in the Pr-LNF/CGO compared to 

Pr-LSCF/CGO, Rp is smaller in the former especially at lower temperatures. One interesting 

observation is the opposite effects of calcination temperature between Pr- and Cu-oxide infiltrated 

electrodes. Increasing the calcination temperature from 600 to 650 °C, slightly increased the Rp in 
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all Pr-oxide infiltrated electrodes. This small increase is likely due to nano-particles coarsening. 

On the other hand, Rp somewhat reduced by the same small increase in calcination temperature in 

all Cu-oxide infiltrated electrodes. That might be attributed to more complete CuO formation via 

increasing in calcination temperature, which overcomes the negative effect of nano particles 

coarsening. 

Rp, Rs and activation energies of Rp (Ea) deduced for all cells are summarized in Table 2. A very 

low Ea value of around 1 ev is deduced for the Pr-LNF/CGO oxygen electrodes. This as well as 

the lower Rp values points to this system as the preferred one among the studied ones for low 

temperature SOFC applications. Table 2 shows that all symmetrical cells have very similar Rs 

values at all temperature and the variation of the oxygen electrode has a negligible effect on this 

parameter, as expected (as the same type of electrolyte sheet was used for all and since the applied 

electrodes are thin and well-functioning, Rs is dominated by the resistance of the electrolyte sheet). 

As mentioned before, Rs is dominated by the internal resistance of oxygen ion conduction in the 

electrolyte with only minor contributions from limited ionic and electronic conduction in the 

oxygen electrode [46]. Since no Rs differences are observed between the samples, it is clear that 

the applied infiltration procedure does not create any significant current constriction effects, and 

that percolation of the electronic conducting phases of LSCF and LNF is sufficient. 

Pr-LNF/CGO-600 and Pr-LSCF/CGO-600 electrodes in this study demonstrate very low Rp at 

450-600 °C, on par with some of the best high-performance cobaltite, Ruddlesden-Popper and 

fluorite infiltrated ceria based oxygen electrodes reported in the literature. A comparison of 

performance of fast oxygen electrodes is presented in Figure 10. 
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Schematic model for oxygen reduction.—A schematic model of the molecular, ionic and 

electronic fluxes is presented in Figures 11 (a) and (b) for Pr-LSCF/CGO and Pr-LNF/CGO 

electrodes, respectively. Gaseous oxygen O2(g) from air diffuses into the porous structure, and 

consequently is adsorbed and reduced on the infiltrated Pr6O11 catalyst particles. Required 

electrons for these surface reactions are provided from Pr6O11 catalyst particles that are connected 

to the LNF and LSCF backbones. No current constriction effect in the form of additional Rs was 

observed in the electrodes. In the Pr-LNF/CGO electrodes, infiltrate loading is approximately 30 

wt% of the pristine backbone, thus the Pr rich infiltrate structure carries locally a part of the flow 

of the electrons [1,8,40]. However, LNF has an electronic conductivity of ~ 600 S/cm at 600 °C 

that is 600 times higher than that of Pr6O11 and CPO (~ 1 S/cm at 600 °C) [8,25,56]. LSCF is also 

a much better electronic conductor (~ 300 S/cm at 600 °C) than Pr6O11 and CPO [57,58]. Therefore, 

the LSCF will be the main network for electronic conduction up to very close to the 

electrochemically active zone. It is fair to assume that all of the oxygen ions are passing through 

the CGO in Pr-LNF/CGO samples, owing to very low ionic conductivity of LNF. In Pr-LSCF-

CGO, on the other hand, some fraction of the incorporated oxygen ions could be diffusing via 

LSCF grains. LSCF has relatively high ionic conductivity (~ 0.007 S/cm at 600 °C) which is not 

far inferior to that of the CGO (~ 0.02 S/cm at 600 °C) [58-60]. A schematic of the effects of both 

Pr-oxide and Cu-oxide infiltration on the active regions for oxygen reduction is presented in Figure 

11 (c). The area specific resistance of the electrode will be inversely proportional to the width of 

the active zones as indicated in the Figure 11 (c). For LNF/CGO the active zone is a narrow zone 

around the TPB. Decorating the electrode structure with CuO will introduce new zones for oxygen 

incorporation as illustrated, as will decoration with Pr6O11, but this over a much larger part of the 

surface.  Also illustrated are the effects of CuO and Pr6O11 infiltration in LSCF/CGO. In the as 
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The significantly smaller Rp of these infiltrated electrodes with respect to state of the art 

LSCF/CGO as well as their modest degradation rate shows the promising nature of Pr6O11 

infiltrated LNF/CGO and LSCF/CGO composite electrodes for intermediate-temperature 

SOFC/SOEC application. That this type of architecture can be brought to work well has already 

been shown by the demonstration of a stable single cell potential of 0.82 V (600 °C, 0.5 A/cm2) 

over more than 800 hours, in tests of full anode supported SOFCs with Pr6O11 infiltrated CGO 

oxygen electrodes [8].  It seems that the reduction of specific surface area for oxygen reduction 

via nano particle coarsening does not significantly affect the overall electrochemical performance 

of Pr6O11 infiltrated CGO based electrodes when used at low temperatures such as 600 and 650 

°C. This reduced sensitivity to nano particles coarsening might be attributed to improved electronic 

conductivity at the surface of CGO via Pr doping [1,25,26,47], or establishing a percolated 

electronically conductive network via high infiltration loading (in case of Pr-LNF/CGO) [8,40] 

(Coarsening reduces the surface area but the particles are more likely to stay a part of the 

electronically percolating network).   Moreover, the Pr-LNF/CGO electrodes are Co-free and do 

not contain any alkaline-earth elements such as Sr. Thus, their electrochemical performance will 

not be affected by detrimental phenomena associated with alkaline-earth elements, such as Sr 

segregation or  formation of Sr-chromites after Cr exposure [1,8,61]. Contrary to what was 

observed in Pr-LNF/CGO, Cu-LNF/CGO showed a severe performance degradation after 100 

hours, and these electrodes were strongly sensitive to nano particles coarsening (and further loss 

of active area by particles detaching from the percolating network upon coarsening). An activation 

phenomenon was observed in both Pr-LSCF/CGO and Cu-LSCF/CGO electrodes in the first 100-

150 hours, which was followed by a performance degradation at 650 °C. This activation was 

stronger in Cu-LSCF/CGO than in Pr-LSCF/CGO, and interestingly Cu-LSCF/CGO demonstrated 
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indeed be prepared without use of Sr and Co as also previously shown by Nicollet et al. [8]. Both 

Pr6O11 infiltrated electrodes, demonstrated fairly stable Rp over 220 hours further emphasizing the 

promising nature of these electrodes for intermediate-temperature SOFC application. In summary; 

1) Even well performing LSCF/CGO composite electrodes can be improved via Pr6O11 

surface decoration. 

2) By Pr6O11 surface decoration good electrochemical performance can be realized with 

composite backbones made of a pre-dominant electronic conductor and an electrolyte as 

found here with the LNF/CGO composites.  

3)  By the documented route one can expand the temperature of operation of yttria-stabilized 

zirconia based cell down to 600-550, where with the modified electrode, one is not limited 

by the oxygen electrode [59,60,62]. 

4) Good electrode performance can be achieved in Sr- and Co-free formulations. 
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Tables 

Table 1. Designations for different symmetrical cell samples 

Designation Precursor aqueous 

solution for 

infiltration 

Type of Backbone Maximum calcination 

temperature (°C)  

Pr-LSCF/CGO-600 Pr nitrate  LSCF/CGO 600 

Pr-LSCF/CGO-650 Pr nitrate LSCF/CGO 650 

Pr-LNF/CGO-600 Pr nitrate LNF/CGO 600 

Pr-LNF/CGO-650 Pr nitrate LNF/CGO 650 

Cu-LSCF/CGO-600 Cu nitrate LSCF/CGO 600 

Cu-LSCF/CGO-650 Cu nitrate LSCF/CGO 650 

Cu-LNF/CGO-600 Cu nitrate LNF/CGO 600 

Cu-LNF/CGO-650 Cu nitrate LNF/CGO 650 
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Figure Captions 

Figure 1. Room temperature XRD patterns of the powders formed after calcination of the aqueous nitrate solutions  

(a) Cu nitrate at 650 °C, (b) Cu nitrate at 600 °C, (c) Pr nitrate at 650 °C and (d) Pr nitrate at 600 °C for 2 hours in air.  

Figure 2. Room temperature XRD patterns of (a) Cu-LNF/CGO-600, (b) Cu-LNF/CGO-650, (c) Cu-LSCF/CGO-600, 

(d) Cu-LSCF/CGO-650, (e) Pr-LNF/CGO-600, (f) Pr-LNF/CGO-650, (g) Pr-LSCF/CGO-600 and (h) Pr-LSCF/CGO-

650 full symmetrical cells.  

Figure 3. Room temperature XRD pattern for CGO powder mixed with Pr nitrate precursor (a) target composition 

30/70wt% Pr6O11/CGO, (b) (111) reflection in target composition 30/70wt% Pr6O11/CGO, (c) target composition 

10/90wt% Pr6O11/CGO, (d) (111) reflection in target composition 10/90wt% Pr6O11/CGO, heat treated at 600 °C for 

2 hours in air as well as (e) CGO powder and (f) (111) reflection in CGO powder. 

Figure 4. SEM images of fractured surfaces from (a) LSCF/CGO, (b) LNF/CGO, (c) Pr-LSCF/CGO-600, (d) Pr-

LNF/CGO-600, (e) Cu-LSCF/CGO-600 and (f) Cu-LNF/CGO-600. 

Figure 5. SEM image of a fractured surface in a Pr-LNF/CGO-600 electrode. Some of the formed nano particles are 

marked by orange arrows. 

Figure 6. EDS elemental mapping images for (a) Pr-LSCF/CGO-600, (b) Pr-LNF/CGO-600, (c) Cu-LSCF/CGO-600, 

(d) Cu-LNF/CGO-600.  

Figure 7. Nyquist plots for (a) LSCF/CGO measured at 650 °C, (b) LSCF/CGO measured at 600 °C, (c) Cu-

LSCF/CGO-650 measured at 650 °C, (d) Cu-LSCF/CGO-650 and Cu-LSCF/CGO-600 measured at 600 °C, (e) Pr-

LSCF/CGO-650 measured at 650 °C and (f) Pr-LSCF/CGO-650 and Pr-LSCF/CGO-600 measured at 600 °C. 

Figure 8. Nyquist plots for (a) LNF/CGO measured at 650 °C, (b) LNF/CGO measured at 600 °C, (c) Cu-LNF/CGO-

650 measured at 650 °C, (d) Cu-LNF/CGO-650 and Cu-LNF/CGO-600 measured at 600 °C, (e) Pr-LNF/CGO-650 

measured at 650 °C and (f) Pr-LNF/CGO-650 and Pr-LNF/CGO-600 measured at 600 °C. 

Figure 9. The variation of Rp with temperature in all symmetrical cells. 
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Figure 10. Comparison between Pr-LNF/CGO electrodes with some of the best high-performance oxygen electrodes 

reported in the literature. (Guidelines for reading the legend: A-B (A infiltrated B), A/B (A and B micron sized 

composite)).  

Figure 11. A schematic model for molecular, ionic and electronic fluxes in (a) Pr-inf-LSCF/CGO and (b) Pr-inf-

LNF/CGO electrodes. (c) Schematics for the effect of Pr- and Cu-oxide infiltration on the active regions for oxygen 

reduction.  

Figure 12. Variation of Rp with time at 650 °C under air in all infiltrated electrodes as well as LSCF/CGO. 
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Figure 1 
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Figure 2 

 

 

 

 

 






















