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Abstract 

Water-based sol-gel electrospinning is employed to manufacture perovskite oxide 

La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) nanofiber cathodes for intermediate-temperature solid oxide fuel 

cells. LSCF fibrous scaffolds are synthesized through electrospinning of a sol-gel solution employing 

water as the only solvent. Morphological characterizations demonstrate that the LSCF fibers have 

highly crystalline structure with uniform elemental distribution. After heat treatment, the average 

fiber diameter is 250nm and the porosity of the nanofiber tissue is 37.5%. The heat treated LSCF 

nanofibers are applied directly onto a Ce0.9Gd0.1O1.95 (CGO) electrolyte disk to form a symmetrical 

cell. Electrochemical characterization is carried out through electrochemical impedance spectroscopy 

(EIS) in the temperature range 550°C-950°C, and  reproducibility of the electrochemical performance 

for a series of cells is demonstrated. At 650°C, the average measured polarization resistance Rp is 1.0 

Ω cm2. Measured performance decay is 1% during the first 33 hours of operation at 750°C, followed 

by an additional 0.7% over the subsequent 70 hours. 

 

 

 

Keywords  

nanofiber; electrospinning; solid oxide fuel cell (SOFC); La1-xSrxCo1-yFeyO3-δ (LSCF); sol-gel 

synthesis. 
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1. Introduction 

 

One-dimensional materials made by electrospinning are being intensively investigated for 

application in the field of energy related systems [1,2,3,4,5]. Their unique structure provides 

low resistance to gas/liquid transport, high surface area, and efficient electron/ion transport 

along their longitudinal direction. Moreover, electrospinning offers absolutely unique 

possibilities of structuring complex networks at nanoscale using a rich variety of materials 

(e.g. polymer, ceramics and composites) [6] and with the ability to control composition, 

morphology and even secondary structure [7]. Such possibilities are particularly crucial in 

designing the electrodes for electrochemical cells, where mass transport properties, catalytic 

reaction sites and electron/ion conduction are important parameters to control for optimal cell 

performance. Moreover, electrospinning is considered the most efficient method of producing 

fibrous materials with advantages of simplicity, low cost, high yield and ease of up-scaling 

[8]. With recent developments in the design of electrospinning equipment and availability of 

industrial-scale electrospinning technologies with production rates of several thousands of 

square meters per day, new opportunities for electrospinning are imminent. 

La1-xSrxCo1-yFeyO3-δ is a mixed ionic electronic conductor (MIEC) and is currently considered 

one of the most promising cathodes for Intermediate Temperature - Solid Oxide Fuel Cells 

(IT-SOFCs) due to the excellent balance of simultaneous electronic and ionic conductivities, 

as well as to the high electrocatalytic activity for the oxygen reduction reactions 

[9,10,11,12,13,14]. Performance improvement through infiltration or realization of 

composites with various types of ionic and electronic conductors has been investigated 

[15,16,17,18,19,20,21,22,23]. La1-xSrxCo1-yFeyO3-δ cathodes manufactured through the 

electrospinning method have recently been proposed and, following the latter approach, they 

have been infiltrated with gadolinia doped ceria (CeO2/Gd2O3) [24,25,26,27,28,29,30,31,32], 

demonstrating improved performance over infiltrated conventional (i.e. non-electrospun) 

electrodes based on the same materials. However, the pristine 3-dimensional structure and the 

resulting electrochemical behaviour of the electrospun cathodes have received little attention 

so far. For example, Zhao et al. [24,26,28] tested pristine La0.8Sr0.2Co0.2Fe0.8O3-δ electrospun 

electrodes reporting an electrochemical performance in the range Rp=1.6-14.1 Ω cm2 at 

650°C. In all the previous studies on electrospun electrodes for IT-SOFCs, the fibers were 

electrospun employing a starting solution obtained by dissolving precursor nitrates into 

dimethylformamide (DMF) and then adding polyvinylpyrrolidone (PVP) as a carrier polymer. 
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The fibers obtained were heat treated, crashed and mixed with terpineol, to form an ink which 

was then applied onto the electrolyte disk. The final step was a firing at high temperature to 

realize the cells.  

In the present work, we have developed a sol-gel solution for electrospinning with water as 

the only solvent. Such water-based electrospinning process offers safer operation and cheaper 

production for industrial applications, as compared to the processes based on toxic and 

expensive organic solvents. The composition investigated is La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF), 

which was demonstrated to be of particular interest in a previous study on the La1-xSrxCo1-

yFeyO3-δ system [11,33]. Moreover, in this work the electrospun nanofiber electrodes have 

been directly applied onto the electrolyte disk without being crashed, to preserve the unique 

3-dimensional fibrous structure. 

The scope of the present work is to characterize pristine LSCF nanofiber cathodes prepared 

by this novel method, with respect to both physical structure and electrochemical 

performance.  

 

2. Experimental 

2.1 Synthesis of LSCF nanofibers  

In this and the following section the synthesis of the LSCF nanofibers and the preparation of 

the electrochemical cells are explained in detail. The preparation process (Electronic Annex, 

EA, Tab. EA1) was based on a sol-gel assisted electrospinning method to synthesize ceramic 

nanofibers [7,34]. To prepare the electrospinning solution, the LSCF precursors were 

La(NO3)3·6H2O, Sr(NO3)2, Co(NO3)2·6H2O and Fe(NO3)3·9H2O at a molar ratio of 

0.6:0.4:0.2:0.8. These were dissolved in de-ionized (DI) H2O, which was used as solvent. 

Polyvinylpyrrolidone (PVP, Mw=1,300,000) was used as carrier polymer, with a weight ratio 

of PVP in solution 0.1 (corresponding to a weight ratio of PVP powder to overall solutes of 

about 25wt%). Higher ratio of PVP over nitrate salts resulted in finer or broken LSCF 

nanofibers after heat treatment; lower ratio of PVP resulted in electrosprayed droplets instead 

of nanofibers. After adding the PVP, the solution was stirred for 24h until a clear and 

homogenous solution was formed. Experiments were carried out with an amount of DI H2O 

solvent present in the solution varied between 55wt% and 62wt%. The optimal composition 
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of the solution was determined to be with 62wt% water (see results section), and the recipe 

for this solution is reported in the EA, Tab. EA2. 

The electrospinning laboratory equipment was RT Advanced by Linari Engineering. The 

precursor solution was loaded into a 10 ml syringe with a 21 gauge stainless steel needle 

attached to the tip of the syringe. The syringe was then mounted on a syringe pump. During 

electrospinning, the precursor was pumped out of the needle at an injection rate of 0.3 ml/h 

with an electrical field of 4.4 kV/cm. A grounded aluminum foil was used to collect the 

electrospun nanofibers. To promote water evaporation during the flight between needle and 

rotating collector, the chamber relative humidity was controlled at 20%; simultaneously, 

temperature was kept at 29 °C. After deposition, the as-spun nanofiber tissue was peeled off 

from the foil and kept in air for 12h to evaporate the solvent. 

Then, the dried LSCF nanofiber tissue was cut in circular shape to obtain the electrodes and 

heat treated in a furnace at 800 °C. The heat treatment profile was carefully designed to 

achieve both LSCF perovskite oxide phase as well as desired nano-morphological features of 

LSCF nanofibers. The details of the heating ramps are reported in EA, Tab. EA3. Most 

important, the heating rate between 350 °C and 500 °C was only 12 °C/h, due to the fact that 

the decomposition of PVP occurs in this temperature range, releasing excessive gases. The 

low heating rate was therefore chosen to provide sufficient time for gas diffusion from inside 

of the nanofiber to the surroundings. After thermal treatment, the LSCF nanofiber tissue was 

brought back to ambient temperature. The final area of the nanofiber tissue was 46% of that 

of the as-spun tissue, with uniform shrinkage in all the directions. In EA, Fig. EA1 reports an 

example of the nanofiber tissue before and after heat treatment. The heat treated LSCF circular 

electrodes had a diameter of 0.64 cm (electrode area 0.322 cm2). 

2.2 Preparation of symmetrical cells 

The Ce0.9Gd0.1O1.95 (CGO) electrolyte was made by tape casting, and the electrolyte disks 

were stamped out from the green tape and sintered with maximum sintering temperature 

1250°C. After sintering, the thickness of the CGO electrolyte disks was approximately 300 

μm and the diameter was 1 cm. To prepare the symmetrical cells, the heat treated LSCF 

nanofiber electrodes were applied on both sides of the CGO electrolyte disks. In order to 

ensure adhesion, the side of the LSCF electrode to be applied on the CGO disk was slightly 

humidified with the sol-gel electrospinning solution that was used to electrospin the LSCF 

nanofibers in this work. In that way, the formation of an interface between electrode and 
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electrolyte was promoted, and the nanofibers to a large extent maintained the fibrous structure. 

Finally, before the electrochemical tests, the symmetrical cells were fired in situ at the 

maximum temperature of 950°C for 3 hours. 

2.3 Morphological characterization of fibers and symmetrical cells 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) analyses 

of the cells was carried out before and after the electrochemical tests. The microstructure of 

the LSCF nano-fibers was investigated with SEM on a Zeiss Supra 35 microscope. For the 

SEM investigation, the InLens and the SE2 detector with 5 kV acceleration voltage was used 

without any pre-treatment of the electrode. Furthermore, the thickness of the heat treated 

electrodes was investigated by SEM in a Hitachi TM3000 microscope. Prior to this 

investigation the cells were mounted in epoxy, polished and carbon coated. Image analysis 

was carried out using the software ImageJ, an open source Java image processing tool, 

together with DiameterJ, an open source tool created for ImageJ, allowing to evaluate 

characteristic geometrical features of the nanofiber structures in terms of  porosity and size 

distribution [35]. A TEM specimen of the LSCF nanofibers after thermal treatment at 800 °C 

was prepared by dropping a small drop of ethanol solution containing LSCF nanofiber 

powders on a Cu TEM grid followed by drying at 60 °C in the air. TEM characterizations, 

including elemental mapping, were conducted in combination with EDX on a JEOL 3000F 

equipped with a 300 kV field emission gun and an Oxford Instruments EDX detector with an 

ultra-thin window. XRD measurements were performed with a Bruker D8 X-ray 

Diffractometer (Bruker-Siemens, Germany) using Cu Kα radiation with an acceleration 

voltage of 40 kV and a filament current of 40 mA. 

2.4 Electrochemical tests 

Four of the symmetrical cells described in the previous section were electrochemically 

characterized by means of electrochemical impedance spectroscopy (EIS). For the 

characterization, the cells were mounted in a four sample set-up in which each of the four cells 

was fixed between two gold meshes, which also acted as current collectors. The set-up was 

placed in a furnace, sealed and attached to the gas supply system. The impedance spectra were 

recorded in the temperature range between 550°C and 950°C in steps of 50 °C, while the 

samples were exposed to a continuous flow of oxygen containing atmosphere (atmospheric 

pressure, with pO2=0.20 atm and balance Ar). The spectra were recorded in the frequency 
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range 1·106 Hz to 0.01 Hz with a 10 mV voltage amplitude using a Gamry Reference 600 

potentiostat. The error on the impedance experimental measurements performed through the 

Gamry Reference 600 potentiostat, has been reported to be < 1% [36]. 

The EIS spectra were fitted through the software Elchemea [37]. The fittings were based on 

equivalent circuits formed by L-Rs-Gd-FLW elements in series with each other, with L being 

an inductance, Rs the serial resistance, Gd the depressed Gerischer element and FLW the 

Finite-Length-Warburg element. The mathematical expression for the depressed Gerischer 

element is: 

푍(휔) =
( )

    Eq. 1 

The exponent n is 0.5 for the normal Gerischer element G, while values of n lower than 0.5 

allow to account for a suppressed or distorted Gerischer impedance response Gd.  

The mathematical expression for the FLW element is: 

      푍(휔) = 	( )   Eq. 2 

In the EIS Nyquist plots, the serial resistance Rs corresponds to the high frequency intercept 

with the real axis. The polarization resistance Rp has been evaluated as the difference between 

the low and high frequency intercepts of the Nyquist impedance spectra with the real axis.  

Concerning the uncertainty, the error has been evaluated to be < 2% for all the fitting results 

presented in the paper. 
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3. Results and discussion 

3.1 Characterization of the electrospun fibers 

 

 
 

Figure 1 SEM pictures of LSCF as-spun fibers obtained with three different water contents:  

a,b) 55wt%, c,d) 59wt% and e,f) 62wt%. 

 

 

At first, the role of the amount of water present in the sol-gel electrospinning solution by 

varying the weight percentage of water has been analysed. The SEM images (Fig. 1) show the 

nanofiber tissue obtained for 55wt%, 59wt% and 62wt% water, respectively, after the fibers 

had dried in air (step 2 in Tab. 1). The nanofibers manufactured with the lower amount of 

water (Fig. 1a and b) have a wide range of diameters and present some irregularities. The 

fibers become more uniform with the increase of the water content. For a water weight 

percentage of 62wt% (Fig. 1e and f), we have obtained small diameters, distributed in a narrow 

range around the average value. The results from the image analysis, summarized in Tab. 1 

(plots of fiber diameter frequency distributions in EA, Fig. EA2 and EA3) confirm this 

observation and show that the average fiber diameter decreases by increasing the water content 

of the starting solution, down to a value of 440 nm for the sample obtained from a starting 

solution with 62wt% water content. Further SEM investigations not reported here display that, 

a b 

d c 

e f   
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with 55wt% and 59wt% water content, the obtained nanofibers show irregular conformation, 

which is not observed with the 62wt% water content. Thus, 62wt% water has been used for 

preparation of the nanofiber electrodes tested electrochemically in this work. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 SEM pictures of LSCF fibers before (a,b) and after (c,d) heat treatment. 

 

 

Water content [wt%] Average Diameter [nm] Porosity [%] Std. Dev. 

55 930 (as spun) 46.4 9.1 

59 450 (as spun) 38.5 6.4 

62 440 (as spun) 41.4 4.8 

62 250 (post heat treatment) 37.5 6.3 

 

Table 1 Image analysis results for as-spun and heat- treated LSCF fibers obtained with various 

water contents (plots of fiber diameter frequency distributions in EA, Fig. EA2 and EA3). 

 

Fig. 2 shows the SEM images of the as-spun fibers and after heat treatment. As reported in 

the experimental section, the sol-gel electrospinning solution contains a low amount of 

polymer (25wt% in the as-spun nanofibers), resulting in a scarce reduction in fiber diameters 

after the heat treatment process. The image analysis results in Tab. 1 indicate that, after heat 

treatment, the average fiber diameter is 250 nm and porosity is 37.5%, which is interesting in 

view of IT-SOFC applications, where small size electrode architectures and high electrode 

porosity are beneficial features [38].  

a b 

c d 

 

200 nm 

200 nm 

10 m 

10 m 
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To further evaluate the morphology and the crystalline  structure of the LSCF nanofibers after 

heat treatment, TEM analysis with selected area diffraction (Fig. 3) has been carried out. The 

diffraction patterns in Fig. 3d show that the LSCF nanofibers have highly crystalline structure. 

This is further confirmed by the XRD patterns obtained from crushed calcined nanofibers 

(Fig. EA4 of the EA), which evidence the absence of secondary phases. In addition, elemental 

mapping analyses (Fig. EA5 of the EA) are used to visualize the distribution of each element 

inside the nanofibers, confirming that the mapping images of La, Sr, Co, Fe and O show the 

same distributions along the fibers, resembling the nanofiber structure in the corresponding 

SEM image. There is no phase separation observed.  

All the characterizations demonstrate the uniform elemental distribution and homogenous 

crystalline structure of the LSCF nanofibers synthesized through the sol-gel electrospinning 

method presented in this work. 

 

 
 

Figure 3 (a,b,c) TEM images of LSCF nanofibers after heat treatment; (d) image of selected 

area diffraction of the LSCF nanofibers in (a). 
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3.2 Morphological characterization of symmetrical cells  

Fig. 4 reports two images of the symmetrical cell after firing. Fig. 4a displays a top view of 

the LCSF fibrous electrode, showing that the fibrous structure is maintained during the process 

of cell preparation and subsequent calcination. Furthermore, Fig. 4a clearly shows that the 

fibers are lying on the 2-D electrolyte plane. The cross-section is investigated after breaking 

the symmetrical cell. Fig. 4b shows that the cross-section at the electrode-electrolyte interface 

exhibits a structure different from the top view presented in Fig. 4a. A general observation is 

that in some areas of the cell the fibers are very well-maintained, while in other areas they are 

collapsed into other structures, possibly due to the brittleness of ceramic materials. Further 

investigations are needed to explain the reason for these differences. Nevertheless, Fig. 4b 

shows that there is good adhesion and no delamination between cathode and electrolyte, and 

that no significant residuals of the LSCF precursor sol-gel solution used to ensure adhesion 

between the electrodes and the electrolyte are visible.  

 

          

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 SEM image of LSCF nanofibers on the CGO electrolye after cell calcination (before 

the experimental electrochemical tests): (a) top view; (b) cross section obtained after breaking 

the cell. 

  

a 

b 

10 m 

2 m 
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3.3 Electrochemical characterization: EIS experimental results 

Representative experimental results from the electrochemical characterization are reported in 

Fig. 5, displaying the Nyquist plots of electrochemical impedance spectra recorded from one 

cell at 650°C, 800°C and 950°C. At 650°C the experimental data show a single arc, which at 

high frequency turns into a straight line with 45° slope with respect to the real axis. This is 

usually referred to as Gerischer behaviour [39,40,41]. With increasing temperature (800°C 

and 950°C), this single arc gradually shrinks and gets deformed, with the high frequency 

straight line becoming remarkably narrower in range and reduced in slope, resulting in an 

overall arc depression. Furthermore, the shrinkage of the high frequency arc reveals a low 

frequency arc, whose dimensions and shape apparently do not change significantly with 

temperature, which suggests that this arc is related to the physical process of gas phase 

diffusion [42].  

A direct comparison of the EIS results with previously published experimental data obtained 

from non-infiltrated La0.8Sr0.2Co0.2Fe0.8O3-δ electrospun nanofibers [24,26,28]  is not possible, 

as literature only reports results obtained in the 650°C-750°C temperature range. However, 

the behaviour displayed in Fig. 5 is similar to that reported in the literature by Kournoutis et 

al. [43] for granular non-infiltrated La0.8Sr0.2Co0.2Fe0.8O3-δ  electrodes at temperatures from 

600°C to 850 °C, and by Lee et al. [29] for electrospun La0.6Sr0.4Co0.2Fe0.8O3-δ-CGO electrodes 

at temperatures from 550°C to 800 °C. No fittings through equivalent circuit model are 

proposed for the EIS experimental arcs. Nielsen et al. [44] report EIS experimental spectra in 

the 550-850°C temperature range for granular (La0.6Sr0.4)0.99Co0.2Fe0.8O3-δ-CGO composite 

electrodes. The EIS spectra reported by Nielsen et al. display again a behavior analogous to 

that in Fig. 5, and fitting is conducted with an equivalent circuit model including an inductance 

L, a serial resistance Rs and a Gerischer element G. The L-Rs-G equivalent circuit model is 

demonstrated to provide satisfactory agreement in the temperature range 550°C-650°C. In 

some cases, the finite length Gerischer element (FLG) is employed instead of the normal 

Gerischer in order to account for the depression of the high frequency arc. In the range of 

temperature 700°C-850°C the equivalent circuit employed is L-Rs-G-FLW, including the 

finite length Warburg (FLW) element. In [44], it is demonstrated that the additional FLW 

element (Eq. 2) provides good fitting of the low frequency arc becoming visible at high 

temperatures.  

In Fig. 5, together with the experimentally recorded EIS, fittings are reported as well. In 

agreement with what Nielsen at al. proposed, the equivalent circuit used for the fittings is L-

ACCEPTED M
ANUSCRIP

T



13 
 

Rs-Gd at 650°C, and L-Rs-Gd-FLW at 800°C and 950°C. In our case, the depressed Gerischer 

Gd circuit element is employed [37]. For the fittings displayed in Fig. 5, at 650°C, where the 

arc is practically an ideal Gerischer, the value of n (obtained from a best-fit [37]) is 0.466. At 

higher temperatures, were distortion and depression occurs, n=0.380 at 800°C and finally 

n=0.229 at 950°C.  

The fact that the Gd circuit element provides fully satisfactory fitting of the high frequency 

arc confirms that, also with the LSCF fibers under investigation, the underlying physical 

phenomenon is that typically represented by the Gerischer element, i.e. electrons and oxygen 

species transport along the paths offered by the LSCF fibers, coupled to distributed 

electrochemical reaction [24,26,28]. On the other hand, the good agreement between the low 

frequency experimental data at 800°C and 950°C, and the fittings made through the FLW 

element, substantiates the hypothesis that, also with the LSCF fibers under consideration, the 

low frequency arc is due to gas diffusion. Indeed, it has been analytically demonstrated that 

gas diffusion in the pores or in a stagnant gas layer at the electrode surface results in a low 

frequency FLW impedance response [42]. It has been evaluated [44] that for the gases 

employed in fuel cells, bulk diffusion prevails at pore diameters greater than  10 m, while 

Knudsen diffusion dominated at pore diameters less than 50-100 nm. Considering the typical 

pore dimensions of granular electrodes, the conclusion [44] is that gas phase diffusion 

limitations occur not inside the electrode pores, but rather in the limiting gas diffusion layer 

adjacent to the electrode surface. This conclusion must hold also for electrospun electrodes, 

which have higher porosity than granular electrodes.  
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Figure 5 Nyquist plots of EIS experimental spectra () and fittings () for cell sample 

2 at 650°C, 800°C and 950°C. The EIS spectrum at 650°C is fitted with the L-Rs-Gd 

equivalent circuit, while the data at 800°C and 950°C are fitted with the L-Rs-Gd-FLW 

equivalent circuit (where L represents an inductance, Rs the serial resistance, Gd the depressed 

Gerischer and FLW the finite-length-Warburg impedance element). The insets at 800°C and 

950°C display the individual contributions of the depressed Gerischer () and Finite 

Length Warburg () fitting elements.  

3.4 Reproducibility in electrochemical performance and activation energies 

The overall electrode polarization resistance Rp is evaluated as the difference between the low 

and high frequency intercepts of the Nyquist impedance spectra with the real axis. Through 

the fitting of the impedance spectra, the individual contribution of the Gd and FLW arcs to 
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the overall polarization resistance can be evaluated again as the difference between the 

respective low and high frequency intercepts, as the following relationship holds:  

Rp = RGd + RFLW     Eq. 3 

The insets in Fig. 5 display the individual Gd and FLW fittings and their intercepts with the 

real axis. In  Fig. 6, 1/RGd and 1/ RFLW are reported, in the form of Arrhenius plots, for four 

samples manufactured with identical procedure, and tested in the temperature range 550°C-

950°C. Fig. 6 demonstrates good repeatability. Some discrepancies are visible, which can be 

ascribed to minor uncertainties affecting the manufacturing and testing procedure. 

 

 

Figure 6 Arrhenius plot of the reciprocal polarization resistance associated to the depressed Gerischer 

EIS arc (1/RGd) and to the Finite Length Warburg EIS arc (1/RFLW) for four identically manufactured 

samples.  

 

 

The associated activation energies are reported in Tab. 2. For the Gerischer contribution 1/RGd, 

the activation energies are very close to each other (from 107.7 to 121.0 kJ/mol) for the four 

samples tested, confirming that the electrochemical process is the same. In principle, the FLW 

contribution is expected to be practically temperature independent [44]. Tab. 2 shows that the 

activation energies for 1/RFLW are remarkably lower than for the 1/RGd contribution; however, 

it is difficult to draw a conclusion since  activation energies are more scattered (between 11.0 

ACCEPTED M
ANUSCRIP

T



16 
 

to 41.3 kJ/mol), which is in part due to the fact that, as displayed in Fig. 6, the calculation of 

the activation energy is based only upon three measurement points. Another comment is that 

the low frequency arc, even at the highest test temperature of 950°C, is smaller than the high 

frequency arc. Fitting a small arc adjacent to a relatively large arc may result in more scattered 

fitting parameters. Finally, as discussed above, the FLW arc is associated to the diffusion 

process occurring in the boundary layer outside the electrode, where the current collector mesh 

is located. The placement of this mesh may be slightly different from one sample to the other, 

resulting in slight differences in the diffusion impedance.  

In order to make a comparison with previously published results, we refer to data of activation 

energy of the overall 1/Rp, since this is more easily found in the literature than the activation 

energies of the individual contributions. To the best of the authors’ knowledge, no data are 

reported in the literature for pristine electrospun La0.6Sr0.4Co0.2Fe0.8O3-δ electrodes. The only 

available literature data for pristine electrospun La0.8Sr0.2Co0.2Fe0.8O3-δ electrodes [28], report 

a value of 162.5 kJ/mol. For granular non-infiltrated La0.6Sr0.4Co0.2Fe0.8O3-δ electrodes, values 

ranging from 133.2 kJ/mol to 148.6 kJ/mol are reported [45,46,47]. For granular non-

infiltrated La0.8Sr0.2Co0.2Fe0.8O3-δ electrodes, a value of 140.9 kJ/mol is reported by [43], 

which is demonstrated to be in good agreement with several previous literature results. In 

presence of infiltrations or composites with CGO, the range of activation energies reported in 

the literature enlarges further. For a co-electrospun La0.6Sr0.4Co0.2Fe0.8O3-δ-CGO electrode, 

Lee et al. [29] report an activation energy of 124.5 kJ/mol. Furthermore, Zhao et al. [28] report 

115.2 kJ/mol for electrospun La0.8Sr0.2Co0.2Fe0.8O3-δ electrodes infiltrated with CGO. These 

results only agree to a certain extent with previous literature data for granular electrodes with 

similar compositions. For example, for a composite electrode formed by 

(La0.6Sr0.4)0.99Co0.2Fe0.8O3-δ and CGO, an activation energy of 168 kJ/mol is reported by 

Nielsen et al. [44], while values of 115.8-135.1 kJ/mol are reported by Wang et al. [15]. For 

CGO impregnated La0.8Sr0.2Co0.2Fe0.8O3-δ cathode, an activation energy of 159 kJ/mol is 

reported by Chen et al. [48]. 

In this complex scenario, the average 1/Rp activation energy of our La0.6Sr0.4Co0.2Fe0.8O3-δ 

electrodes (106.6 kJ/mol) is in line with the previously reported data. It is interesting to notice 

that all the activation energies reported above fall in the range 105 kJ/mol – 186 kJ/mol. These 

are the activation energies reported by Steele et al. [49] for the oxygen surface exchange 

coefficient and the oxygen self-diffusion in LSCF respectively. Thus, activation energies close 

to 105 kJ/mol suggest that the rate determining step is the oxygen surface exchange, and thus 
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the charge transfer process. On the other hand, for activation energies close to 186 kJ/mol, the 

rate determining step appears to be the solid state oxygen transport through the MIEC. The 

average activation energy of 106.6 kJ/mol for the reciprocal electrode polarization resistance 

1/Rp, determined in this work, is at the lower end of the values reported in the literature, 

suggesting that the rate determining step is the oxygen surface exchange.  

 

 
  Sample 

Activation energy Ea [kJ/mol]  
1 

 
2 

 
3 

 
4 

1/RFLW 32.7 11.0 21.2 41.3 
1/RGd 112.3 120.1 107.7 121.0 

 

Table 2 Activation energy Ea of the reciprocal polarization resistance associated to the 

depressed Gerischer EIS arc (1/RGd) and to the Finite Length Warburg EIS arc (1/RFLW) for 

four identically manufactured samples.  

 

 

Finally, the value of the serial resistance Rs has been compared to the value calculated simply 

on the basis of the geometrical features (area and thickness) of the electrolyte and assuming a 

literature value for the ionic conductivity of the CGO electrolyte [50]. The difference is a 

value practically constant with temperature, and variable between 0.18 and 0.71 Ω cm2 for the 

four samples under consideration. This is ascribed to a non-ideal contact (contact resistance) 

between the various layers which form the cell, in particular between the fibers and the current 

collector placed on top of them. 

 

  

3.5 Electrochemical characterization: Stability test 

The results of a stability test are reported in Fig. 7, displaying the variation of 1/Rp during 114 

h of continuous operation at 750°C. The initial value of 1/Rp is assumed to be the 100% 

performance. Decay is faster at the beginning of the test, where 1% decay is detected in the 

first 33 hours of operation. Further decay is slower, i.e. 0.5% in the subsequent 38 h and finally 

an additional 0.24% over the subsequent 43 h, indicating a tendency towards performance 

stabilization in the time frame investigated. 
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Figure 7 Decay of 1/Rp during time for one sample electrospun electrode. Operating 

conditions: T=750°C, pO2=0.2 atm. 

 

3.6 Critical assessment of the polarization resistance Rp 

Tab. 3 presents a comparison between the Rp of the nanofibers presented in this work, and 

literature data obtained from non-infiltrated La1-xSrxCo1-yFeyO3-δ electrodes, granular or 

fibrous, with various size and internal La1-xSrxCo1-yFeyO3-δ compositions, tested at 650°C and 

oxygen partial pressure of 0.2 atm. The value of 1.0 Ω cm2 reported for the present work is an 

average of the 4 different samples tested.  

Fibrous La1-xSrxCo1-yFeyO3-δ electrodes are expected to provide improvement in 

electrochemical performance, if compared to granular ones, mainly due to their high surface 

area, which enhances the process of gas-solid oxygen surface exchange. Furthermore, the 

fibers offer longer continuous paths for ion and electron conduction through the electrode, 

with a reduced number of bottleneck contacts between one and another. However, it is 

interesting to notice (Tab. 3) that, in the literature, in some cases, performance significantly 

inferior has been observed for electrospun electrodes compared to granular electrodes. This 

has been explained in terms of poor geometrical features of the electrode/electrolyte interface. 

Indeed, the void degree of the fibrous structures is typically higher than with granular 

electrodes, which also means that the fiber/electrolyte effective contact, which is the three 

phase boundary (TPB) where the electrochemical reaction occurs, is smaller. Zhao et al. [28] 

have demonstrated that, by reducing the diameter of their La0.8Sr0.2Co0.2Fe0.8O3-δ fibers from 
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200-300 nm to 100 nm, it is possible to reduce the value of Rp at 650°C from a value of 14.1 

 cm2 to 2.3  cm2, as reported in Tab. 3. In that case, the electrospun fibers were calcinated 

and crashed before being applied onto the electrolyte disk. In the present work 

La0.6Sr0.4Co0.2Fe0.8O3-δ electrospun electrodes are applied onto the electrolyte disk with a 

different procedure. During the electrospinning process, the nanofiber tissue is formed by 

laying a single fiber over a flat support surface for multiple times, forming a fiber bundle 

where the fibers are oriented mainly in-plane. The fibers are calcinated and then applied 

directly, without crashing, onto the electrolyte disk. For our nanofiber electrodes prepared 

with this approach, with an average diameter of 250 nm for the fibers, an Rp of 1.0 Ω cm2 is 

obtained at 650°C. This Rp compares favourably to literature values (Tab. 3), being smaller 

than that of electrodes formed by 200-300 nm granules, and also smaller than that of the other 

nanotubes and nanorods based electrodes, where the electrode is applied on the electrolyte by 

procedures which involve crashing of the fibers. We assume that the low Rp obtained in the 

present work to a large extent follows from a longer TPB obtained at the electrode/electrolyte 

interface, when the fibers are attached directly to the electrolyte without crashing. We believe 

that another factor responsible for the low Rp obtained in the present work is the 

La0.6Sr0.4Co0.2Fe0.8O3-δ composition, which in previous literature studies has been 

demonstrated to be the best performing in the La1-xSrxCo1-yFeyO3-δ system [11].   

 

 

 

 

 

 

 

 

 

 

 

Composition and morphology  d [nm] 
Rp  

[Ω cm2] 

T  

[°C] 
Reference 

La0.8Sr0.2Co0.2Fe0.8O3-δ granular 800 12.5 650 [43] 
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La0.6Sr0.4Co0.2Fe0.8O3-δ granular 800-900 4  - 10 590 [46] 

La0.8Sr0.2Co0.5Fe0.5O3-δ granular 200-300 1.7 650 [48] 

La0.6Sr0.4Co0.2Fe0.8O3-δ granular 100 0.42 650 [51] 

La0.8Sr0.2Co0.2Fe0.8O3-δ nanorods 200-300 14.1 650 [24] 

La0.8Sr0.2Co0.2Fe0.8O3-δ nanofibers  100 2.3 650 [28] 

La0.8Sr0.2Co0.2Fe0.8O3-δ nanotubes 200-300 1.6 650 [26] 

La0.6Sr0.4Co0.2Fe0.8O3-δ nanofibers 250 1.0 650 present 

work 
           

Table 3 Literature data for the electrode polarization resistance Rp of La1-xSrxCo1-yFeyO3-δ 

cathodes (fibrous or granular). 

 

As already mentioned in the introduction, many techniques have been reported in the literature 

aiming at improving the electrode performance, some of which are recalled here to provide a 

critical assessment of the results presented in this work, and also to provide a hint about the 

potential for further improvement. For example, Tab. 3 reports that Lou et al. [51] have 

obtained an Rp = 0.42 Ω cm2 with 100 nm granular La0.6Sr0.4Co0.2Fe0.8O3-δ electrode, which 

demonstrates that improvement can be obtained through further miniaturization of the internal 

electrode morphology. An additional confirmation is provided by the studies conducted by 

Ivers-Tiffée and co-workers [52,53,54,55], who have analyzed thin-film La0.6Sr0.4CoO3-δ 

cathodes obtained through metal organic deposition (MOD), with average grain and pore size 

in the sub-100nm regime (17 to 90 nm), obtaining an Rp as low as 9 10-3 Ω cm2 at 600°C. The 

EIS spectra reported in [52], different from the spectra reported in the present work, display five 

distinct processes, suggesting a somehow different physical mechanism.  

In addition to size reduction, other techniques of electrode improvement have been proposed, 

including infiltration [15,16,17,18,19,20,21,22,23]. Lou et al. [51] have reported that infiltration of 

100 nm granular La0.6Sr0.4Co0.2Fe0.8O3-δ electrode with Sm0.5Sr0.5CoO3-δ decreases the Rp, at 

650°C, from 0.42 Ω cm2 to 0.12 Ω cm2. Infiltration has been demonstrated also with electrospun 

fiber electrodes [24,25,26,27,28,29,30,31,32]. In particular, Zhao et al. [26] have demonstrated that 

infiltration of 200-300 nm La0.8Sr0.2Co0.2Fe0.8O3-δ nanotubes with Ce0.8Gd0.2O1.9, decreases the Rp at 

650°C from 1.6 Ω cm2 to 0.07 Ω cm2.  
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Thus altogether these results from literature show a comparable or even better electrode performance, 

compared to the present work, for electrodes where the nanostructure has been further optimized. 

This points in the direction that the performance of the already promising nanofiber electrodes 

presented in this work, may be further improved by careful optimization of their nanostructure, for 

instance through infiltration. 

 

4. Conclusions 

We have investigated La0.6Sr0.4Co0.2Fe0.8O3-δ fibrous cathodes for IT-SOFC applications, 

fabricated through water based sol-gel electrospinning. Water-based electrospinning offers 

safer operation and cheaper production costs, compared to processes based on toxic and 

expensive organic solvents. The electrospun La0.6Sr0.4Co0.2Fe0.8O3-δ nanofibers have been heat 

treated and then applied directly, without crashing, onto a CGO electrolyte disk. The as-spun 

nanofibers and electrodes have been characterised morphologically, and the electrochemical 

performance of the nanofiber electrodes has been evaluated through EIS. The EIS 

experimental results obtained at 650°C display a single arc. This arc is well fitted through the 

Gerischer element, which provides a representation of the physical process of charge transport 

in the electrode, coupled to a distributed electrochemical reaction. In the temperature range 

800-950°C, the Gerischer arc shrinks allowing the progressive appearance of an additional arc 

in the low frequencies domain, which is well fitted through a finite length Warburg (FLW) 

element, representing the physical process of gas phase diffusion.  

The average polarization resistance calculated from the EIS experimental results is Rp=1.0 

cm2 at 650°C, lower than that of previous literature La1-xSrxCo1-yFeyO3 electrodes formed 

by (a) granules of comparable size, (b) electrospun nano-rods of the same size, and (c) finer 

nanofibers. We assume that the low Rp in the present work follows from a longer TPB obtained 

at the electrode/electrolyte interface, when the fibers are attached directly to the electrolyte 

without crashing, and also from the La0.6Sr0.4Co0.2Fe0.8O3-δ composition, which in previous 

literature studies has been demonstrated to be the best performing in the La1-xSrxCo1-yFeyO3-δ 

system [11]. The low Rp suggests that the electrodes manufactured with the novel procedure 

presented in this paper will display interesting performance when infiltrated. The high degree 

of porosity of the fibrous nano-structure is expected to accommodate a high concentration of 

infiltrations, further extending the TPB and thus the electrochemical reaction inside the 
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electrode thickness. This advantage is expected to combine positively with the good charge 

transfer properties of the electrode/electrolyte interface discussed in the present work.      

In the future, more work is needed to clarify the exact extension of the TPB when the nanofiber 

electrodes are prepared by the method described herein, just as the mechanical strength of the 

electrodes requires further attention. Another topic of further investigation is the possibility 

of upscaling the manufacturing process. Indeed, the method of making an LSCF tissue and 

then applying it directly onto the electrolyte is demonstrated here for a button cell; scaling up 

to larger sizes needs specific investigations. 
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