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Abstract 
Intermediate temperature-solid oxide fuel cells (IT-SOFCs) are under development for operation in 

the temperature range of 600-800°C. This intermediate temperature negatively affects the electrode 

kinetics and thus the cell performance, making it essential for the improvement of the electrode 

materials and architectures. For this reason, high-performance electrolytes and electrodes are 

currently under development, often based on mixed ionic electronic conductors (MIECs). Due to their 

ability to carry simultaneously both electrons and oxygen ions, the application of MIECs as IT-SOFC 

electrodes is expected to extend the electrochemical reaction well inside the electrode thickness. On 

the other hand, one-dimensional materials like nanotubes, nanorods, and nanofibers have gained 

significance due to their high surface area and mechanical properties. Electrospinning is the method 

of choice for nanofiber preparation since, compared to other available methods, is cost-effective, 

simple, and reproducible.  

In this work, the manufacture and characterization of nanofiber-based electrodes are investigated. 

The attention is focused on the preparation and characterization of cathodes for IT-SOFC application, 

but anodes are investigated as well. The electrode manufacturing process employed is the 

electrospinning technique. Several electrospun architectures are analyzed, such as co-electrospun and 

core-shell nanofibers electrodes. Several materials are investigated, the state-of-the-art 

La0.6Sr0.4MnO3 (LSM) and La0.6Sr0.4Co0.2Fe0.8O3–δ (LSCF), followed by Co-free perovskites such as 

La0.6Sr0.4Cu0.1Mn0.9O3-δ (LSCuM_1), La0.6Sr0.4Cu0.2Mn0.8O3–δ (LSCuM_2) and 

La0.6Sr0.4Cu0.2Fe0.8O3–δ (LSCuF). The composite architectures prepared with Ce0.9Gd0.1O1.95 (GDC) 

are manufactured as well. All the nanofibers are morphologically characterized through SEM and 

XRD. The electrochemical characterization is carried out through electrochemical impedance 

spectroscopy (EIS) measurements. The acquired experimental data are fitted through equivalent 

circuit (EC) modeling, which provides an interpretation of the electrochemical phenomena. Finally, 

the obtained results are critically compared with literature values. 
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1. Introduction 
Solid Oxide Fuel Cells (SOFCs) are energy conversion systems that are characterized by high 

efficiency, low greenhouse gas emissions, and fuel flexibility. Thus, during the last decades, these 

devices have been widely investigated [1]. The SOFC directly converts the chemical energy of fuels 

into electrical energy through several electrochemical reactions. Fig. 1 shows the schematic 

representation of a SOFC, which consists in two porous electrodes, where the electrochemical 

reactions take place, separated by a dense electrolyte. The cathode site is generally fed with air or 

pure oxygen, leading to a reduction reaction that decomposes the oxygen molecules allowing the 

formation of oxygen ions (ORR, oxygen reduction reaction): 

Then the oxygen ions migrate through the dense electrolyte to the anode site, which is generally fed 

with hydrogen or light hydrocarbons. These fuels are oxidized leading to the release of reaction 

products, which in the case of hydrogen is only water: 

This reaction is called the hydrogen oxidation reaction (HOR), and the electrode is called the anode. 

The electrons produced during the reduction/oxidation reactions flow in an external electrical circuit, 

allowing the production of electrical energy. Considering hydrogen as an anode fuel, the overall 

reaction which takes place in the SOFC coincides with the combustion of hydrogen:  

The direct transformation of a portion of the overall reaction DG in electrical work, permit avoiding 

any thermodynamic cycle, and all the efficiency limitation related to the Carnot efficiency. For this 

reason, is possible to achieve an energy conversion with high efficiency 

 
Fig. 1: SOFC (a) scheme of working principle [2]; (b) scheme of composite cathode [3]. 

1
2
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One of the most important features of SOFCs is the presence of all solid-state components, both 

electrodes, and electrolyte, which allows the overcoming of the problem related to the liquid 

electrolytes such as corrosion and flooding. The electrolyte is required to be dense since it has to 

avoid any contact between the anode and cathode gasses. Indeed, any leakage of gas would result in 

a combustion reaction which may lead to safety issues. The state-of-the-art material for the SOFC 

electrolyte is the yttria-stabilized zirconia (YSZ, i.e. (ZrO2)1-x(Y2O3)x, x=0.03-0.1). The YSZ follows 

the fluorite crystal structure, which is schematically reported in Fig. 2 (a). The high ion conduction 

properties of YSZ are given by the introduction of some Yttrium atoms, which has a lower valence 

compared to Zircon, inside the ZrO2 fluorite. This substitution increases the number of oxygen 

vacancies which at high operating temperatures leads to a high ionic conductivity [4]. However, in 

order to achieve an ionic conductivity of 0.1 Scm-1 the operative temperature needs to be around 

950°C-1000°C. Due to this electrolyte requirement, the operating temperature of the traditional 

SOFCs (also called High-Temperature SOFCs, HT-SOFCs) is in the temperature range between 

900°C-1100°C. The high temperature required for the correct SOFC operation, unfortunately, leads 

to several problems, such as slow start-up, high components degradation, and sealings failure. To 

overcome this problem, several materials are investigated, finding the Ceria-based electrolyte a good 

candidate for intermediate temperature operations. In particular, gadolinium doped ceria (GDC, i.e. 

Ce1-xGdxO1-δ) is widely employed in the temperature range between 500°C and 800°C, indeed the 

Ce0.9Gd0.1O1.95 fluorite is able to achieve ionic conduction of 0.1 Scm-1 at around 880°C [5]. Thus, 

intermediate temperature solid oxide fuel cells (IT-SOFC) gained great attention for operation 

between 600°C and 800°C. Anyway, decreasing the operating temperature leads to a decrease in the 

cathode and anode electrochemical reaction kinetics, and therefore the overall electrochemical 

performance. For this reason, both electrode materials and electrode architectures are widely 

investigated to improve their electrochemical performances in the intermediate temperature range. 

Advanced materials and nanosized architectures are analyzed to find solutions able to provide high 

catalytic activity, a high level of conductivity, and a satisfactory porosity, to permit gas diffusion. 

Furthermore, intensive studies are carried out to improve the extension of the specific region in which 

the electrochemical reaction takes place, which is called the three-phase-boundary (TPB). The TPB 

is a region in which the gas phase, the electronic conductor, and the ionic conductor meet each other 

and represent the active reaction sites of the electrode. Thus, electrodes that contain both an electronic 

conductor material and an ionic conductor material, which normally has the same composition as the 

electrolyte one, are intensively investigated. This electrode architecture is called composite and 

nowadays is widely employed. Lastly, One-dimensional (1D) nanomaterials, like nanofibers (NFs), 

nanotubes (NTs), nanowires (NWs), and nanorods (NRs) are intensively studied as promising 
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electrode architectures with a high void degree, high internal surface, and potentially high TPB and 

ionic and electronic conductivity. The key electrode is the cathode since the ORR gives the main 

contribution to the SOFC internal energy losses. 

 
Fig. 2: Schematic structure of (a) fluorite; (b) cubic perovskite; and (c) Ruddlesden-Popper. 

 
1.1 State-of-the-art electrode materials for application in SOFCs 
The investigation of innovative geometrical features for enhancing the extension of the TPB inside 

the electrode is an important improvement for the electrochemical performance. On the other hand, 

it is also important the research new materials with high catalytic activity. Metal oxides such as 

perovskite have been intensively investigated in the last decades as promising materials for 

application as cathodes in SOFC. Thus, below, an overview of the state-of-the-art materials for 

cathode application in SOFC is carried out, with a short outline of anodes. 

 

1.1.1 Cathode materials 
During the last decades, the intensive research work carried out to improve the electrocatalytic 

performance of electrodes for application in IT-SOFC, lead to the investigation of several metal 

oxides. Among all, the perovskite oxides have raised much attention due to the interesting features 

related to ionic and electronic conductivity. The perovskite crystal structure is arranged following the 

general formula ABO3, which is reported in Fig. 2. Anyway, thanks to their structure versatility, it is 

possible to perform substitution both in the A and B sites, affecting the oxygen stoichiometry, 

influencing the oxygen ion transport and oxygen surface exchange kinetics, as well as the electronic 

conductivity [6,7].  

The state-of-the-art material for HT-SOFC is the La1-xSrxMnO3, which is an example of A-doped 

perovskite (A-doped LaMnO3). The arrangement of the crystal structure depends on the amount of 

strontium in the perovskite: rhombohedral for 0 < x < 0.5, tetragonal for x = 0.5, and cubic for x > 
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0.7. The substitution of some La3+ ions with some Sr2+ ions enhances both ionic and electronic 

conductivity. Indeed, since the Sr has a lower valence compared to La, an electric hole is formed at 

the B-site in order to maintain the electro-neutrality, leading to the oxidation of an Mn ion: 

Thanks to the Sr doping the electrical conductivity of LaMnO3 increases from 83 Scm-1 at 800°C to 

320 Scm-1 at 800°C for the La0.6Sr0.4MnO3 [8].  

As far as the IT-SOFCs are concerned, the lanthanum strontium cobalt ferrite La1-xSrxCoyFe1-yO3- d is 

considered the state-of-the-art material for cathode applications. It belongs to the ABO3 perovskite 

family, but compared to the La1-xSrxMnO3, it is doped both in the A-site and in the B-site, replacing 

some Fe atoms with Co ones. For this reason, the LSCF achieves a high electronic conductivity and 

a modest ionic conductivity. This material class is called mixed ionic and electronic conductors 

(MIEC). The double conductivity is achieved due to the charge compensation, which occurs by the 

creation of both ionic and electronic defects, caused by the substitution of La+3 with Sr+2.  It is a 

combination of the valence change of the iron ions, as described in (5), and the formation of doubly 

ionized oxygen vacancies, as described in (6): 

Where𝑉!•• represents the oxygen vacancy, following the Krӧger-Vink notation. Furthermore, the Co 

ions have a smaller binding energy for oxygen compared to the Fe ions, which increases the electronic 

conductivity [18]. The amount of copper in the perovskite represents an important parameter since it 

strongly affects the electronic conductivity σe. For example, in the La0.6Sr0.4Co0.8Fe0.2O3-δ the σe is 

1000 S cm-1 at 800°C, whereas for La0.6Sr0.4Co0.2Fe0.8O3-δ the σe is 280 S cm-1 at the same operating 

temperature. The ionic conductivity σi is affected by the Co amount as well: for La0.6Sr0.4Co0.8Fe0.2O3-

δ the σi is 2*10-2 S cm-1 at 800 °C while for La0.6Sr0.4Co0.2Fe0.8O3-δ the σi is 1.2*10-2 S cm-1 in the 

same conditions. Anyway, high concentrations of Co in the LSCF lattice are not recommended as 

well. Indeed, it is reported in the literature that cobalt may lead to segregation, with consequent loss 

of conductivity and formation of Co3O4 [2]. 

In recent years, new materials called the Ruddlesden-Popper (RP) metal oxides are investigated for 

application in IT-SOFC. The RP crystal structure follows the general formula An+1BnO3, as reported 

in Fig. 2 (c), and they are characterized by a large oxygen-ion conductivity, coupled with good 

electronic conductivity. The structure of the RP oxides consists in n layers of perovskite which are 

stacked between an AO rock salt along the crystallographic c-axis. When n is equal to 1, the crystal 

𝐿𝑎𝑀𝑛𝑂# 	
$%&'
/⎯⎯1 𝐿𝑎("$#) 𝑆𝑟$!)𝑀𝑛("$#) 𝑀𝑛$*) (4) 

2𝑆𝑟𝑂 +	2𝐿𝑎#) +	
1
2
𝑂! + 2𝐹𝑒#)

+,(./,12)'!/⎯⎯⎯⎯⎯⎯⎯1	𝐿𝑎!𝑂#) + 2𝑆𝑟!) + 	2𝐹𝑒*) (5) 

2𝑆𝑟𝑂 +	2𝐿𝑎#) +	𝑂!"
+,(./,12)'!/⎯⎯⎯⎯⎯⎯⎯1	𝐿𝑎!𝑂#) + 2𝑆𝑟!) +	𝑉'•• (6) 
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structure follows the formula A2BO4 and so a two-dimensional layered perovskite structure [9]. One 

example of RP metal oxides employed in IT-SOFC application is the La2NiO4, which has an 

electronic conductivity of 280 S cm-1  at 800°C, and an oxygen ion conductivity of 0.007 S cm-1 at 

600 °C, better than that of La0.6Sr0.4Co0.2Fe0.8O3-δ (0.003 S cm-1 at 600°C) [10]. 

 

1.1.2 Anode materials 
As far as the anode is concerned, the state-of-the-art electrode is a composite structure, which is 

generally a cermet, formed by a mixture of electronic and ionic conductors. Generally, the material 

chosen for the ionic conduction is the same employed for the electrolyte, while the electronic 

conductors are chosen between several metal catalysts such as Ni, Co, Fe, Pt, Mn, and Ru [11]. 

Among all the electrocatalysts, Nickel is one of the most used for the hydrogen evolution reaction 

due to its high electrochemical activity and cheaper price compared to Cobalt and the other noble 

metals. Furthermore, Nickel is the state-of-the-art catalyst for the methane steam reforming reaction 

allowing a more flexible choice of feedstock. The hydrogen fed to the anode compartment is often 

produced from natural gas through the SMR reaction, then it can contain small quantities of unreacted 

methane. In this case, the presence of Ni in the anode catalyst is beneficial since it provides in situ 

conversion of this residual methane into hydrogen. The electronic conductivity of Ni is 138*104 S 

cm-1 at 25°C, and 12*104 S cm-1 at 1000 °C. Despite the advantages of Nickel, there are several 

drawbacks as well. Firstly, the melting temperature of Ni is quite low compared to other metals (1453 

°C) reason why the use of this metal at high temperatures may lead to the formation of agglomeration 

and evaporation, and thus to a loss of electrode porosity. Furthermore, the coefficient of thermal 

expansion of Ni is different compared to the electrolyte values, causing a detachment and 

delamination during the change of operating temperatures. These problems related to the use of pure 

Ni as an anode are overcome by the employment of cermet composite electrodes, formed by mixing 

Ni and electrolyte powders. The cermet electrodes, as already discussed previously, allow an 

extension of the TPB improving the electrochemical performance. Thus, the state-of-the-art HT-

SOFC anode is the Ni/YSZ cermet [4,11,12]. However even the cermet electrodes at intermediate 

temperatures lead to several agglomeration and detaching problems, thus the perovskite materials are 

intensively studied not only as cathodes but also for the anode side. Among the perovskites, La-

substituted SrTiO3 and Y-substituted SrTiO3 show satisfactory electrical conductivity in reducing 

atmosphere and good dimensional and chemical stability upon redox cycling. However, the 

electrocatalytic performances of these materials are quite poor, thus the SrTiO3 B-site is often doped 

as well, inserting some Mn or Ga atoms instead the Ti. The La4Sr8Ti11Mn1−xGaxO38−δ  perovskite 

reports electrical conductivity values in the range between 7.9 and 6.8 S cm−1 at 900 °C in reducing 
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conditions [13], whereas the Y0.09Sr0.91TiO3 shows an electrical conductivity of 73.7 S cm−1 at 800 

°C in forming gas (5 vol.% of hydrogen in argon) [14]. 

 
1.2 State-of-the-art SOFC electrodes architectures and manufacturing 
techniques 
In the last decades, the powders-based electrodes turned out to be the state-of-the-art electrode 

architecture for application in IT-SOFC. Nowadays, innovative manufacturing techniques are 

investigated in order to obtain one-dimensional (1D) nanomaterials which are expected to 

significantly improve the electrochemical performance of the electrodes. Among all, the 

electrospinning technique is widely employed for the nanofibers production in IT-SOFC applications. 

In this chapter, an overview of the state-of-the-art and electrospun architectures is reported. 

 

1.2.1 Powder electrodes 
The developments of the powders preparation processes allowed the achievement of nanosized 

powders, with a highly active surface for electrochemical reactions in order to improve the TPB. 

Among all the manufacturing processes, the citrate route is widely used for the preparation of IT-

SOFC electrodes. Indeed, citric acid can easily complex the number of metal ions, we have developed 

a new technique involving the pyrolytic decomposition of metal citrate to prepare superfine metal 

oxides. The entire procedure involves a liquid-phase reaction, complex formation, spontaneous 

combustion, and a final decomposition process [15,16]. 

As reported before, in order to extend the TPB inside the electrode bulk, composite electrodes are 

prepared as a mixture of ionic and electronic conducting particles. A schematic representation of the 

composite electrode architecture is reported in Fig. 1 (b), where the particles are schematized as 

spheres. Since the two materials are randomly mixed to form the electrode, the extension of the TPB 

occurs only if two requirements are satisfied. Firstly, there should be many contacts point between 

the electronic and the ionic conductor particles, which represent the electrochemical reaction active 

sites. Both the electrons and the ions have to reach the reaction active sites; thus, the second 

requirement consists of the presence of both an ionic and electronic conduction path, which is 

achieved by the connection between the particles of the same material. Indeed, the particles inside 

the composite electrode aggregate forming clusters, and the electronic and ionic conduction clusters 

must form continuous paths connecting the current collector, where the electrons are injected into the 

electrode, and the electrolyte, where the ions migrate to the other part of the cell. This is a typical 

percolation problem, and many theoretical and experimental studies have been developed [3,17–19], 

which demonstrate that for each type of particle (ionic or electronic conductors), there is a threshold, 
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called percolation threshold, at which cluster connectivity is triggered. Below the percolation 

threshold, there is no cluster connectivity, and the electrode is non-conductive. On the contrary, above 

the percolation threshold, clusters are formed, which easily span throughout the entire electrode and 

make it conductive. Another problem that may affect the conductivity inside the electrode is related 

to the bottleneck, which is naturally formed in the contact point between the particles of the same 

material and results in a decrease in conductivity. This issue is studied as well, demonstrating that 

reducing the particle diameters increases the electrochemical performance of the composite 

electrodes. Usually, in the composite electrodes represented in Fig. 1-(b), which are obtained by 

powder pressing, particle dimensions are in the range between 0.1 and 1 µm. The problems related to 

the percolations and bottlenecks, motivate the interest in nanofibers. Indeed, the electrospinning 

technique allows the manufacture of nanofibers with a small diameter which results in a highly active 

surface for the evolution of the electrochemical reactions and consequently the extension of the TPB. 

Generally, the electrospinning technique is able to manufacture nanofiber with 100 nm of diameter 

and an active surface of 16.7 m2/g [20]. Furthermore, the nanofibers naturally form a continuous path 

without bottlenecks, guaranteeing the flow through the electrode of both electrons and ions. The 

preparation of nanofiber-based electrodes is investigated in parallel with the mixed ionic and 

electronic materials (MIEC). Indeed, the employment of a material able to conduct both electrons and 

ions may extend the TPB in each point of the nanofiber. Lastly, another interesting solution for 

improving the electrochemical performance of the electrospun nanofibers electrode is the infiltration 

technique. Indeed, the electrochemical performance of MIEC nanofiber-based electrodes is 

demonstrated to benefit largely from infiltrations, i.e. deposition of nanosized particles adhering onto 

the MIEC surface [21]. In Tab. 1 a comparison between the electrochemical performances of La1-

xSrxCoyFe1-yO3- d of powders and nanofiber-based electrodes is reported. 

Composition and morphology d [nm] Rp [Ω cm2] T [°C] Ref. 

La0.8Sr0.2Co0.2Fe0.8O3-δ granular 800 12.5 650 [22] 

La0.6Sr0.4Co0.2Fe0.8O3-δ granular 800-900 4-10 590 [23] 

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

La0.8Sr0.2Co0.2Fe0.8O3-δ nanofibers 100 2.3 650 [25] 

La0.8Sr0.2Co0.2Fe0.8O3-δ nanotubes 200-300 1.6 650 [21] 

La0.6Sr0.4Co0.2Fe0.8O3-δ  nanofibers 250.000 1.0 650 [26] 

Tab. 1: Electrochemical performance of La1-xSrxCoyFe1-yO3- d powders and nanofiber-based electrodes. 
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1.2.2 Typical nanofiber-based electrode structures 
The electrospinning technique allows the preparation of several nanofiber-based electrode 

architectures, some of which are reported in Fig. 3. Fig. 3 (a) shows the morphological features of the 

nanorods structures [27]. As reported in chapter 1.2.1, the nanorods are obtained by disaggregating 

the heat-treated nanofibers tissue and the length of the final nanorods is generally between 0.5µm and 

2µm. In Fig. 3-(b) the SEM image of unbroken nanofibers is reported [28,29]. The unbroken 

nanofibers have the advantage of creating a continuous path for both electrons and ions, allowing 

them to easily flow in the whole electrode thickness improving the charge conductivity. The typical 

diameters for this type of nanofibers are between 100nm and 500nm. Both nanorods and unbroken 

nanofibers can be used as backbones for the manufacture of a composite electrode through the 

infiltration technique.  

Fig. 3-(c) shows an example of LSCF nanofibers that are infiltrated with GDC nanoparticles [24]. In 

order to properly perform the electron infiltration, the percolation problem has to be analyzed. Indeed, 

the amount of particles infiltrated in the electrodes is an important parameter since there is a 

percolation threshold, above which the infiltrations contribute to the charge transfer process through 

the electrode bulk, and this is expected to enhance the electrochemical performance. 

 
Fig. 3: a) LSCF nanorods [27], b) LSCF unbroken nanofibers [28,29]; c) LSCF nanorods infiltrated with 

GDC solution [24]. 

 

1.3 Experimental methods 
In this chapter, the experimental methods used for electrode manufacture and characterization are 

described in detail.  

 

1.3.1 Electrospinning technique 
The electrospinning technique represents one of the main methods for the manufacture of nanofiber 

structures, which find very interesting applications as electrodes in SOFCs. The electrospun 

nanofibers are obtained by applying a potential difference between a precursor solution, which is 

ejected through the solution steel needle, and a metal collector, where the nanofibers tissue is 

1.2 µm 0.2 µm 1 µm

a) b) c)
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collected, as described in Fig. 4. Among all the nanofibers manufacturing processes, electrospinning 

has a low effective cost and allows the reproducibility of the results. Anyway, one of the most 

interesting features of electrospinning is the possibility of controlling the nanofiber diameter, which 

is achieved by varying the solution and process parameters. In the next chapters, the electrospinning 

process will be explained in detail.  

 

 
Fig. 4 Example of electrospinning set-up 

 
1.3.1.1 Electrospun electrode preparation  
The electrospun nanofibers manufacturing process involves three main steps: the preparation of the 

precursor solution, the electrospinning process, and the thermal treatment of the raw nanofiber tissue. 

Tab. 2 schematically summarizes the whole nanofibers manufacturing process. It starts with the 

preparation of a sol-gel solution which has to contain a solvent or a mixture of solvents, precursor 

metal salts, and a carrier polymer. The right choice of solvent is essential for the proper evolution of 

the electrospinning process since the solvent needs to evaporate between the ejection point of the 
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solution and the collection of the nanofibers. Furthermore, it has to be compatible with the dissolution 

of the metal salts and the polymer. The solvents which are more used worldwide are water, ethanol, 

and dimethylformamide (DMF). The metal salts are chosen according to their ability to dissolve in 

the chosen solvent. Generally, the salts involved in the precursor solution are nitrates, oxides, or 

hydroxides. Lastly, the carrier polymer needs to be added in order to give shape to the nanofibers. 

The amount of polymer added to the solution is an important parameter, since it affects the solution 

viscosity, determining the diameter and morphology of the nanofibers. The polymer generally chosen 

for SOFC application is polyvinylpyrrolidone (PVP) and polyethylene oxide (PEO).  

The precursor solution is then loaded in a syringe equipped with a metal needle, ready for the 

electrospinning process. The electrospinning process is ruled by several parameters which have to be 

selected for each precursor solution. Among all, the more important parameters are the applied 

voltage, solution flow rate, distance between the syringe tip and collector, collector rotation speed, 

and relative humidity. These parameters are essential for the proper evolution of the electrospinning 

process and for the final nanofiber morphology. After the electrospinning process, the raw nanofibers 

have to be heat treated in order to achieve the desired crystal structure. The heating program needs to 

be controlled in the temperature range in which the polymer degradation takes place. Indeed, if the 

gas release is too fast it may damage the nanofiber morphology. Thus, it is important to carry out 

several previous analyses on the polymer, identify the degradation temperature range, and set a slower 

heating ramp when it takes place. The nanofibers tissue can be attached to the electrolyte as it is, 

obtaining an electrode made with unbroken and continuous nanofibers, or it can undergo a 

disaggregation process, generally carried out with the sonicator device, obtaining a nanorod-based 

electrode. Once the electrodes are attached to the electrolyte, a final heat treatment is carried out in 

order to improve the adhesion between the two components of the cell. For the characterization of 

single electrodes, a symmetrical button cell configuration is usually adopted, with identical electrodes 

on both sides, as represented in  

Fig. 5. The size of the symmetrical cells depends on the device used for the measurements, but 

generally, the diameter range is between 1 cm to 4 cm. 
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Tab. 2: Procedure for preparation of symmetrical cells with electrospun electrodes [26]. 

 
Fig. 5: Schematic representation of a symmetrical cell cross-section image. 

 

 

• Dissolution of metal precursors in the solvent;
• Addition of polymer;
• Stirring

1. Preparation of the electrospinning solution

• Regulation of the electrospinning parameters;

2. Electrospinning process

• Cutting of the nanofibers tissue in round shape;
• Thermal treatment of the electrodes with a low heating

ramp in order to decompose the polymer and achieve the
crystallinity

3. Thermal treatment of the raw nanofibers electrodes

• Attachment of the electrodes on both sides of
electrolytes;

• Final thermal treatment of the symmetrical cells.

4. Symmetrical cell assembling
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1.3.2 Electrochemical Impedance Spectroscopy 
Electrochemical Impedance Spectroscopy (EIS) represents a powerful tool for the electrode 

characterization of SOFCs. It is an application of the typical impedance measurement approach 

developed in electrical engineering Fig. 6 (a) and it is especially used for solid-state electrochemical 

cells such as SOFCs and solid oxide electrolysis cells (SOECs). The main charts involved in the 

interpretation of the EIS experimental data are the Nyquist and the Bode plots. The Nyquist plot 

reports the real part of impedance vs the imaginary part of the impedance and is essential to 

understand the overall polarization resistance (Rp) of the investigated cell, and thus their 

electrochemical performance. The Rp coincides with the segment individuated by the interceptions 

at high and low frequencies of the experimental data with the x-axis in the Nyquist plot. As far as the 

Bode plot is concerned, it represents the imaginary part of impedance vs the frequency. It is used to 

determine the maximum frequency of the arcs shown in the Nyquist plot, which is an essential 

parameter since the electrochemical phenomena are recognized by their maximum frequency.  

 
Fig. 6: EIS experimental technique: a) Bode and Nyquist visualization of impedance data; b) picture of 

the experimental test rig (courtesy of DTU Energy, Denmark). 

The EIS characterization is normally carried out on symmetrical cells, which preparation is described 

in 1.2.1. After the symmetrical cell preparation process, the samples are mounted in a setup similar 

to the one shown in Fig. 6 (b). Each cell must be well fixed between the two current collectors, which 

typically are platinum or gold meshes to maximize the electrons flow inside the cell. The set-up is 

normally inserted in a furnace, which is sealed and connected to a gas supplier able to create the 

desired atmosphere. Lastly, the set-up is connected to impedance measurement equipment. Once the 

experimental data are acquired, they need to be interpreted in order to better understand the 

phenomena which take place inside the cell during the working condition. As far as metal oxide 

nanofiber-based SOFC electrodes are concerned, the type of modeling carried out in order to give an 

interpretation of the EIS experimental results is the so-called equivalent circuit (EC) modeling. This 
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modeling process consists in creating an equivalent electrical circuit, using physical elements 

equations, and fitting the experimental data through non-linear least squares (NLLS) algorithms [26].  

 

1.3.2.1 Equivalent circuit (EC) modeling for nanofiber-based electrodes 
The equivalent circuit models, as reported above, consist of electrical elements arranged in the 

specific circuit used to fit the EIS experimental data in order to understand the phenomena which take 

place inside the electrode under working conditions. The main circuit elements used in the EC 

modeling of metal oxide nanofiber-based electrodes for SOFCs are summarized in Tab. 3. Since the 

physical meaning of the equivalent circuit elements is known, it allows the possibility of acquiring 

essential information from the fitting parameters and thus qualitative and quantitative information 

from them. Several electrochemical processes are already described and analyzed in terms of their 

similarity to equivalent circuits [30,31].  

 
* The electrochemical double layer is the basic schematization of the electrochemical phenomena occurring at the TPB. 

Tab. 3: Main impedance circuit elements used in the ECM of metal oxide nanofiber-based electrodes for 
SOFCs. 

Generally, every EC contains an inductance L and a resistor R which are placed in series. The L 

element is used to simulate the inductance of the experimental apparatus, while the R element (also 

called Rs) takes into account all the ohmic resistances, which normally are referred to the electrolyte 

resistance. Then, the other elements which are added to the EC depend strongly on the properties of 

the investigated materials. One of the most used elements in EC modeling is the RQ, which consists 

of a resistance placed in parallel with a constant phase element. This element is used to simulate the 

electrochemical processes which take place at the interface between the electronic and the ionic 

conductor [31,32]. The charge transfer process, which is the oxygen reduction reaction (ORR) at the 

cathode side of the fuel cell, is simulated by the resistor, whereas for the electrode/electrolyte double 

Name Chemical-physical 
phenomenon Equation Parameters 

L Inductance !(#) = &#' L = inductance 

R Resistance !(#) = ( 
	 R = resistance  

CPE Double layer 
charge/discharge 

!(#) = 1
*(&#)! 

 

Q = double layer capacitance*; 
a = fitting parameter 

RQ 

Electrochemical reaction 
through the 

electrochemical double 
layer* 

!(#) = 1
("# + *(&#)! 

 

Q , a (same as above); 
R = resistance associated to charge transfer 

process 

Gerischer 
(G) 

Charge transport coupled 
to distributed 

electrochemical reaction 

!(#) = 1
,-. + &#

 

 

k = oxygen surface exchange coefficient; 
Y = structural parameters and solid phase 

oxygen diffusion coefficient  
Finite-
length-

Warburg 
(FLW) 

Gas phase diffusion !(#) = tanh	(-4&#)
-,#&#

 

B = d2/D where d = thickness of gas 
diffusion layer, and D = gas phase oxygen 

diffusion coefficient; 
Y1 = phenomenological parameter 

 



 

18 
 

layer, the Q element is used. Composite electrodes based on LSM and GDC are generally modeled 

using circuits based on several RQ elements placed in series, such as L-Rs-RQ-RQ or L-Rs-RQ-RQ-

RQ [33–35]. Another element that is widely used in EC models is the Gerisher element, which is used 

to simulate both charge transport and charge transfer reaction in the bulk of the electrode [36]. Mixed 

ionic and electronic conductors are generally well described with EC containing the G element 

[24,27,37,38]. Furthermore, at high temperatures the gas limitation phenomena start to give a 

considerable contribution, which results in an additional arc appearing at low frequencies, which is 

well fitted by the Finite-Length-Warburg (FLW) circuit element. From a quantitative point of view, 

the EC elements allow the precise determination of the polarization resistance Rp of the investigated 

electrode. The Rp coincides with the segment individuated by the interceptions at high and low 

frequencies of the experimental data in the Nyquist plot. As reported in Tab. 3, each element 

contributes to the overall polarization resistance, and with the EC modeling, it is possible to 

understand which are the limiting elements, and thus the limiting processes. There are several 

software which allow this type of modeling, such as Elchemea and Zview [39]. 

 

1.4 Electrodes manufacturing techniques adopted in this work 
In this chapter, the electrode manufacturing process is reported in detail. Several electrospun 

nanofibers are prepared using different perovskites. The investigated electrodes are obtained using 

the electrospinning techniques, as described in chapter 1.3.1. For comparison, powder electrodes are 

obtained as well. 

 

1.4.1 LSCF nanofibers and powders preparation 
The perovskite stoichiometry follows the formula of La0.6Sr0.4Co0.2Fe0.8O3–δ for both nanofibers and 

powders. As far as the nanofibers are concerned, the precursor metal salts used for the solution are 

Sr(NO3)2, La(NO3)3 • 6H2O, Fe(NO3)3 • 9H2O, Co(NO3)2 • 6H2O  (all nitrates pure at 99.9% wt., and 

provided by Sigma-Aldrich). The carrier polymer is polyvinylpyrrolidone (PVP, Mw=1.3*106 g/mol, 

Sigma-Aldrich), which amount in the solution is 10% wt/wt. The solvent used for the dissolution of 

all the precursors is water. The LSCF nanofibers are electrospun (RT Advance, Linari Engineering, 

Pisa, Italy) on a rotating cylinder with the parameters reported in Tab. 4: 

 Voltage [kV/cm] Flow Rate [ml/h] Rotational Speed [rpm] Humidity [%] 
LSCF 4 0.3 100 25 

Tab. 4: Set of parameters used for the preparation of LSCF nanofibers. 
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The thermal treatment is set to 800°C with a ramp of 60°C/h, while between 350°C and 500°C the 

ramp is kept at 12°C/h. 

The La0.6Sr0.4Co0.2Fe0.8O3–δ granular powders are provided by Sigma-Aldrich, with a median particle 

diameter d50 = 0.9 µm ± 0.2 µm. 

 

1.4.2 LSCF/GDC nanofibers and powders preparation 
La0.6Sr0.4Co0.2Fe0.8O3–δ (LSCF) / Ce0.9Gd0.1O1.95 (GDC) co-electrospun nanofibers cathodes are 

obtained by simultaneous electrospinning of the two precursor solutions, and as described in chapter 

1.2.2.1. The electrospinning apparatus is equipped with two spinnerets that are working in parallel, 

each of them fed with one solution. The solutions specification is reported in Tab. 5: 

 Nitrates %wt/wt PVP %wt/wt Solvent %wt/wt 
LSCF 28 10 62 
GDC 8 9 83 

Tab. 5: Specification of LSCF and GDC electrospinning solutions. 

The solvent chosen for the LSCF is water, while for the GDC a mixture of 50%/50% wt/wt 

water/ethanol is used. The electrospinning parameters used for the preparation are reported in Tab. 6: 

 Voltage [kV] Flow Rate [ml/h] Rotational Speed [rpm] Humidity [%] 
LSCF 3.3 0.3 150 25 
GDC 3.3 1 150 25 

Tab. 6: Set of the electrospinning parameters used to prepare the LSCF/GDC nanofibers. 

 

1.4.3 LSM nanofibers and Powders preparation 
The LSM nanofibers are obtained using the electrospinning technique, as described in chapter 1.2.2.1. 

The specification of the solution is reported in Tab. 7: 

 Nitrates %wt/wt PVP %wt/wt Solvent %wt/wt 
LSM 28 10 62 

Tab. 7: Specification of LSM electrospinning solutions. 

The solvent chosen for the LSM solution is a mixture of 60%/40% wt/wt water/ethanol. The 

electrospinning parameters used for the LSM nanofibers preparation are reported in Tab. 8: 

 Voltage [kV] Flow Rate [ml/h] Rotational Speed [rpm] Humidity [%] 
LSM 3.3 0.3 [-] (Flat collector) 25 

Tab. 8: Set of the electrospinning parameters used to prepare the LSM nanofibers. 
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For comparison, LSM powders prepared following the same stoichiometry, are characterized as 

well. The LSM powders are prepared through a self-combustion citrate-based procedure. 

 

1.4.4 LSM, LSCuM_1, LSCuM_2 and LSCuF nanofibers preparation 
Each electrode consisted of an inner ionic conductor nanofiber (core) covered by an electrocatalyst 

nanofiber (shell). The core is Gadolinium doped Ceria (Ce0.9Gd0.1O1.95, GDC) in all cases. For the 

shell, different electrocatalysts were investigated: La0.6Sr0.4MnO3 (LSM), La0.6Sr0.4Cu0.1Mn0.9O3–δ 

(LSCuM_1), La0.6Sr0.4Cu0.2Mn0.8O3–δ (LSCuM_2) and La0.6Sr0.4Cu0.2Fe0.8O3–δ (LSCuF). The 

preparation process follows the steps reported in chapter 1.2.2.1. The two starting solutions are 

prepared following the instruction reported in chapter 1.3.1. The starting solutions contained the 

precursor metal salts, i.e. La(NO3)3·6H2O, Sr(NO3)2, (CH3COO)2Mn·4H2O, Cu(NO3)2·3H2O, 

Gd(NO3)3·6H2O, and Ce(NO3)3·6H2O. For all the solutions, polyvinylpyrrolidone (PVP, Mw=1.3 106 

g/mol), is added as carrier polymer, and N-N-Dimethylformamide (DMF) is selected as solvent. The 

salts are added to each solution to achieve the proper stoichiometry, which is reported in Tab. 9. 

 La:Sr Cu:Fe Cu:Mn Mn 
LSM 6:4 [-] [-] 1 

LSCuM_1 6:4 [-] 1:9 [-] 

LSCuM_2 6:4 [-] 2:8 [-] 

LSCuF 6:4 2:8 [-] [-] 
Tab. 9: Molar ratios of the perovskite elements in the investigated electrocatalyst. 

As far as the GDC stoichiometry is concerned, the molar ratio between Ce and Gd is 9:1. In the core 

solution, the PVP represented the 11.5% wt/wt, whereas, in every electrocatalyst solution, the PVP 

represented the 13% wt/wt. The electrospinning parameters selected for the process are reported in 

Tab. 10. 

 Voltage [kV/cm] Flow Rate [ml/h] Rotational Speed [rpm] Humidity [%] 
Electrocatalyst 2.5 1 150 30-35 

GDC 2.5 1 150 30-35 
Tab. 10: Set of parameters for the core-shell electrospinning process. 

 
After electrospinning, all the raw core-shell nanofibers tissues are cut in a circular shape and then 

heat-treated with a maximum temperature of 800°C, with a heating ramp of 60°C/h. However, 

between 350°C and 500°C, the heating ramp was set at 12°C/h to prevent the nanofibers degradation. 

The heat-treated electrode diameters and the consequent electrode area are reported in Tab. 11. 
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 Area [cm2] Radius [cm] 
LSM 0.79 0.48 

LSCuM_1 0.77 0.46 
LSCuM_2 0.76 0.45 

LSCuF 0.76 0.45 

Tab. 11: Core-shell nanofibers electrode specifications. 
 

The GDC electrolytes are made by pressing the GDC powder (particle size 0.1-0.4 μm, surface area 

5.9 m2/g). Uniaxial pressing is carried out by filling the die body from the bottom achieving a high 

uniformity and obtaining a high-density sintered electrolyte. The electrolytes are prepared using a 

pressing force of 5 tons. Then, the electrolytes are sintered with a maximum temperature of 1300°C. 

After the sintering process, the complete cells are assembled attaching symmetrically the heat-treated 

electrodes using a droplet of GDC electrospinning solution as glue. The complete symmetrical cells 

were heat-treated at 950°C for 2 hours, using a thermal ramp of 60°C/h.  
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2. Experimental studies carried out during the Ph.D. 
In this work, the manufacture and characterization of nanofiber-based electrodes are deeply 

investigated. The better electrochemical performance of nanofibers electrodes compared to powders-

based ones is well described in the literature, generally for all the electrodes material. Thus, the first 

study reported in this work consists of the comparison between structural features and electrochemical 

performance of La0.6Sr0.4Co0.2Fe0.8O3–δ nanofibers and granular powders. The La0.6Sr0.4Co0.2Fe0.8O3–

δ represents the state-of-the-art material for IT-SOFC cathodes and thus the best candidate for this 

work. The structural characterization of La0.6Sr0.4Co0.2Fe0.8O3–δ nanofibers and granular powders was 

performed through high-temperature XRD data acquired at the Elettra synchrotron-based in Trieste 

(Italy), which were compared with EIS data acquired on the same samples. The results highlighted 

an interesting correlation between the variation of crystal structure and electrochemical performance 

(Rp) with temperature, suggesting that the activation energy Ea associated with the Rp accounts for 

both electrochemical phenomena and crystal structure variation. The main results are summarized in 

Section 2.1 of this work. 

Then, the manufacture of an innovative composite electrode using the co-electrospinning technique 

is investigated. The composite electrode consisted in La0.6Sr0.4Co0.2Fe0.8O3–δ and Ce0.9Gd0.1O1.95 

nanofibers which were simultaneously electrospun and randomly disposed on the electrode. The 

morphological and electrochemical characterization was carried out, as well as an aging investigation. 

The polarization resistance of these composite nanofiber-based electrodes turned out to be 5.6 Wcm2. 

The main results are summarized in Section 2.2 of this thesis, whereas the complete study is reported 

in Annex 1 (C. Sanna, W. Zhang, P. Costamagna, P. Holtappels, Synthesis and electrochemical 

characterization of La0.6Sr0.4Co0.2Fe0.8O3–δ / Ce0.9Gd0.1O1.95 co-electrospun nanofiber 

cathodes for intermediate-temperature solid oxide fuel cells, Int. J. Hydrogen Energy. 46 (2021) 

13818–13831. https://doi.org/10.1016/j.ijhydene.2020.11.216“). 

Due to the recent geopolitical problems related to Co extraction and commercialization, Co-free 

materials are intensively studied. Therefore, Co-free nanofibers-based electrodes are investigated, 

starting with the state-of-the-art cathode for HT-SOFC, the La0.6Sr0.4MnO3. Firstly, structural and 

catalytic characterization of La0.6Sr0.4MnO3 nanofibers and powders was carried out to point out any 

differences between the two architectures. The La0.6Sr0.4MnO3 was also investigated for possible 

anode application in direct methane IT-SOFC. Then, composite electrodes based on La0.6Sr0.4MnO3 

and Ce0.9Gd0.1O1.95 nanofibers and powders were structurally and electrochemically characterized to 

analyze the electrochemical performance for both cathode and anode applications. The polarization 

resistance achieved in the methane atmosphere at 815 °C is 0.15 Wcm2, ten times lower compared to 
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the cathode application.  The main results are summarized in Sections 2.3 and 2.4 of this thesis, 

whereas the complete studies are reported in Annex 2 (E. Squizzato, C. Sanna, A. Glisenti, P. 

Costamagna, Structural and Catalytic Characterization of La0.6Sr0.4MnO3 Nanofibers for 

Application in Direct Methane Intermediate Temperature Solid Oxide Fuel Cell Anodes, Energies. 

14 (2021) 3602. https:// doi.org/10.3390/en14123602.) and Annex 3 (C. Sanna, E. Squizzato, P. 

Costamagna, P. Holtappels, A. Glisenti, Electrochemical study of symmetrical intermediate 

temperature - solid oxide fuel cells based on La0.6Sr0.4MnO3 / Ce0.9Gd0.1O1.95 for operation in 

direct methane/air, Electrochim. Acta. 409 (2022) 139939. 

https://doi.org/10.1016/j.electacta.2022.139939). 

Lastly, the attention was focused on improving the electrochemical performance of the 

La0.6Sr0.4MnO3 and Ce0.9Gd0.1O1.95 nanofibers electrode. Thus, La0.6Sr0.4MnO3/Ce0.9Gd0.1O1.95, 

La0.6Sr0.4Cu0.1Mn0.9O3-d/Ce0.9Gd0.1O1.95 and La0.6Sr0.4Cu0.2Mn0.8O3-d/Ce0.9Gd0.1O1.95 core-shell 

nanofibers electrode were structurally and electrochemically investigated as cathodes for IT-SOFC. 

The core-shell represents an innovative manufacturing technique, which makes it possible to prepare 

co-axial nanofibers with an inner ionic conductor nanofiber (core) covered by an electrocatalyst 

nanofiber (shell). The employment of the core-shell structure coupled with the Cu-doping of the LSM 

perovskite is demonstrated to improve the state-of-the-art electrochemical performance. The core-

shell nanofibers cathodes turned out to be the most promising electrode architecture, indeed the 

LSM/GDC core-shell nanofibers achieved a polarization resistance of 0.28 Wcm2 at 850°C.  The main 

results are summarized in Section 2.5 of this work. 
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2.1 La0.6Sr0.4Co0.2Fe0.8O3-d nanofibers and granular electrodes 
This topic is the subject of a paper, currently in preparation, titled “Correlations between morphology, 

crystal structure, microstructure, and electrocatalytic properties in nanofiber and granular 

La0.6Sr0.4Co0.2Fe0.8O3–δ perovskite for intermediate temperature solid oxide fuel cell cathodes” by Marta 

Daga, Caterina Sanna, Giorgio Bais, Maurizio Polentarutti, Sara Massardo, Marilena Carnasciali, 

Peter Holtappels, Paola Costamagna, Marcella Pani, Cristina Artini to be submitted to Applied 

Catalysis B: Environmental. 

La0.6Sr0.4Co0.2Fe0.8O3–δ electrospun nanofibers and commercial granular powders are investigated 

through synchrotron powder x-ray diffraction and electrochemical impedance spectroscopy in the 

temperature range of 550-900°C. The nanofibers manufacturing process is described in chapter 1.4.1. 

This study aims to correlate the structural modifications which may take place with the rising of 

temperature and the electrochemical performance of both LSCF nanofibers and powders. Indeed, the 

better electrochemical performance of nanofibers-based electrodes compared to powders-based ones 

is well described in the literature, but the explanation of this behavior hasn’t been investigated in 

deep. In this chapter, the experimental data acquired at the Elettra synchrotron (Basovizza (TS), Italy) 

are analyzed and correlated with the EIS experimental data acquired at the Technical University of 

Denmark (DTU) for both LSCF nanofibers and powders.  

 

2.1.1 High-temperature synchrotron x-ray diffraction set-up 
The XRD characterization is carried out at the XRD1 beamline of the Elettra synchrotron, which is 

based in Trieste (Italy). The measurements are performed on the heat-treated LSCF nanofibers and 

LSCF powders. Both samples are separately crumbled and ground in an agate mortar, and 

subsequently put in quartz capillaries with an inner diameter of 0.5 mm. Patterns were collected for 

both samples at room temperature (RT), 500°C, 600°C, 700°C, 800°C, and 900°C in the 5-55° 2θ 

range, with the energy of the incident x-ray beam set at 18 keV (corresponding to λ=0.68881 Å). The 

high temperature is obtained through a blower and the capillary is maintained in rotation during 

measurements. The beamline is equipped with a Pilatus 2M detector, having 1475x1679 pixels with 

a size of 0.172 mm; during acquisitions, samples are placed at 85 mm from the detector; the spot size 

is 0.15x0.15 mm. The undesired fluorescence effect caused by the presence of Sr is reduced by setting 

a threshold at 16750 eV so that less energetic photons are discarded by the detector. The 

measurements are carried out also on an external standard, which is the LaB6. This is done to calculate 

the instrumental resolution function to separate the sample and the instrument contribution to peak 
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broadening. The acquired 2D data are converted to 1D using the fit2D software, while a refinement 

with the Rietveld method is performed on the experimental patterns using the Full Prof software. 

 

2.1.2 Electrochemical impedance spectroscopy set-up 
The electrochemical performance of the LSCF nanofibers and powder electrodes is evaluated through 

EIS measurements. Firstly, both the nanofibers and powders symmetrical cells are prepared following 

the step reported in 1.2.1, while the electrolyte chosen for this project is made of GDC. To improve 

the adhesion of the nanofibers on the electrolyte, some electrospinning solution is used as glue, while 

the powders are added to some a-terpinol and deposited on the electrolyte as slurry. The final heat 

treatment is performed until 950°C, a temperature which is held for 2 hours. The final nanofibers 

electrode area is 0.32 cm2 while the powder electrode area is 0.58 cm2. Then, the symmetrical cells 

are placed in the experimental set up which is similar to the one reported in Fig. 6. The EIS 

measurements are performed in an oxygen/argon atmosphere, with pO2 = 0.2 atm and pAr = 0.8 atm.  

 

2.1.3 Results 
2.1.3.1 Morphological characterization 
Fig. 7 shows the SEM images of as-spun on as-spun (a-b) and heat-treated (c-d) LSCF nanofibers, 

acquired through a Zeiss Ultra 55 scanning electron microscope, using the secondary electrons 

detector with an acceleration voltage of 10 kV and 15 kV. Raw LSCF nanofibers appear continuous 

and well-elongated providing a good network. As far as the heat-treated nanofibers, it is possible to 

see that after the thermal treatment, there is no loss of morphology, indeed they appear still intact and 

well entangled.  

 
Fig. 7: SEM images of LSCF nanofibers before (a-b) and after (c-d) thermal treatment. 
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The average diameter of LSCF nanofibers before and after the thermal treatment is investigated as 

well, using the Image J tool called Diameter J. The analysis is carried out on the images reported in 

Fig. 7 (a) and (c) for raw and heat-treated nanofibers respectively, as well as on additional SEM 

images acquired on the same samples with the same magnification. The analysis results are shown in 

Fig. 8, where the relative frequency of specific diameter ranges is reported. The highest frequency for 

the raw LSCF nanofibers occurs at around 0.41 µm, while for the heat-treated it occurs at ⁓0.19 µm, 

suggesting a 50% reduction of the average fiber diameter as a consequence of the degradation of PVP 

during the thermal process [12]. 

 
Fig. 8: Average diameter of nanofibers before (a) and after (b) thermal treatment. The diameter analysis 

is carried out on the SEM images reported in Fig. 7 (a) and (c). 

The SEM characterization is carried out on LSCF commercial powder as well, and the results are 

reported in Fig. 9.  

 
Fig. 9: SEM images of LSCF commercial powders. 

2.1.3.2 Structural and electrochemical characterization 
The two different LSCF morphologies are tested experimentally through synchrotron x-ray 

diffraction spectroscopy and EIS in the temperature range of 500-900°C. All the analyses shed a light 

on remarkable differences in properties between the two morphologies. In particular, the Rietveld 

method applied to the synchrotron results demonstrates that, for the nanofibers, the crystalline basic 

1 µm

a)

1 µm

b)
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cell is rhombohedral in all the investigated ranges of temperatures. Instead, the granular morphology 

has an R→C transition around 750 °C, as described in Fig. 10: 

 
Fig. 10: α rhombohedral angle in powders and nanofibers as a function of temperature. 

The evaluation of the electrocatalytic activity for the ORR is performed through EIS for both LSCF 

nanofibers and powders electrodes, as reported in Fig. 13. The interpretation of the EIS results is 

based on equivalent circuit fitting, through the Rs-RQ1-RQ2-G-FLW circuit. This equivalent circuit, 

used for both the nanofibers and the granular powders, is proposed as a general framework for the 

interpretation of EIS results obtained from LSCF electrodes. Each circuit element has a well-defined 

physical meaning. The RQ1 element is associated to charge transfer from the electrolyte to the 

adjacent nanofiber/granule through their interfacial surface (surface path). G represents charge 

transfer simultaneous with electrochemical reaction inside the nanofibers/granules (bulk path). RQ2 

is associated to charge transfer through two adjacent nanofibers/granules through their interfacial 

surface (surface path). It is demonstrated that the variation of crystal features with temperature impact 

significantly on the charge transfer and electrochemical reaction processes. Therefore, the activation 

energies measured for all the electrochemical processes include a significant contribution originating 

from the variation of the crystal structure and associated properties. This approach makes it possible 

to better understand the EIS results obtained from LSCF granular electrodes at different operating 

temperatures, which often appear less reproducible compared to the nanofibers ones. It is recognized 

that the R→C transition boosts both the charge conduction and the electrochemical reaction inside 

the granules, reducing the G impedance. On the other hand, both the RQ1 and RQ2 surface paths are 

negatively affected by the R→C transition, possibly due to a distortion of the crystal lattice at the 

interfacial surfaces, caused by the transition itself. Therefore, it is recommended to design materials 



 

28 
 

for solid oxide fuel cell electrodes avoiding as much as possible crystal structure transition in the 

operating range.  

 

Fig. 11: Arrhenius plot of Rp-1 and the individual contributions associated with the different EC elements. 
The impedance of the FLW element is excluded. Lines are linear fittings, reported together with the 

associated activation energies. (a) LSCF nanofibers; (b) LSCF granular powders. 

 
2.1.4 Final Remarks 
La0.6Sr0.4Co0.2Fe0.8O3–δ nanofibers and granular powders are structurally and electrochemically 

characterized through synchrotron powder x-ray diffraction and electrochemical impedance 

spectroscopy respectively. The correlation between the structural and electrochemical data explains 

how the R→C transition reduces the Gerisher resistance but affects the RQ surface paths. Thus, the 

nanofiber-based electrodes offer higher guarantees in this respect since the R→C transition 

temperature is above the operating range of IT-SOFCs. In conclusion, a strict correlation between 

morphology, crystal structure, and electrocatalytic properties is demonstrated for the LSCF 

perovskite to be used in IT-SOFC cathodes. These features, unprecedented for the present system, 

are expected to be beneficial in guiding the design of progressively more effective IT-SOFC electrode 

materials. 
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2.2 La0.6Sr0.4Co0.2Fe0.8O3-d/Ce0.9Gd0.1O1.95 co-electrospinning 
A detailed description of this study is reported in the paper “C. Sanna, W. Zhang, P. Costamagna, P. 

Holtappels P., Synthesis and electrochemical characterization of La0.6Sr0.4Co0.2Fe0.8O3–δ/ 

Ce0.9Gd0.1O1.95 co-electrospun nanofiber cathodes for intermediate-temperature solid oxide fuel cells, 

Int. J. Hydrogen Energy. 46 (2021) 13818–13831. https://doi.org/10.1016/j.ijhydene.2020.11.216.” 

which is the Annex 1 of this work. Here, only the main points of this study are reported and discussed. 

The nanofibers manufacturing process is described in chapter 1.4.2. SEM characterization is carried 

out on both raw and heat-treated LSCF and GDC co-electrospun nanofibers, the results for the raw 

ones are reported in Fig. 12 (a-b) and the heat-treated ones are shown in Fig. 12 (c-d). The raw 

nanofibers are well entangled, with no detachments, while the heat-treated nanofibers images show 

thinner non-transparent nanofibers mixed with larger transparent nano- fibers, with ribbon features.  

 
Fig. 12: SEM pictures of LSCF/GDC co-electrospun nanofibers: a) and b) as-electrospun tissue; c) and d) 

after thermal treatment. 
Thus, EDX measurements are performed on the LSCF/GDC thermally treated tissue, to understand 

the composition of the individual nanofibers. Lanthanum is the main metal found in thick nanofibers, 

suggesting that they are made of LSCF. Conversely, cerium is the main metal found in thin 

nanofibers, suggesting that they are made of GDC. An ImageJ analysis is carried out to evaluate the 

average diameter of nanofibers, pointing out highest diameter probability is around 0.41  µm for the 

raw nanofibers, and around 0.20 µm for the thermally treated nanofibers. Finally, an XRD 

measurement is performed on the LSCF/GDC heat-treated tissue, confirming that the desired 

crystallinity is achieved for each material. 

The EIS characterization is performed on LSCF/GDDC10 symmetrical cells, obtained following the 

steps reported in chapter 1.4.1. The tests are carried out in a 20% oxygen and 80% argon atmosphere, 
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in a temperature range between 600°C and 950°C. The experimental data are fitted through an Rs-

RQ-G-FLW equivalent circuit model, demonstrating very low fitting error (0.1% at 800 °C and 0.05% 

at 950 °C). The Nyquist and bode plots obtained at 650°C are shown in Fig. 13. The polarization 

resistance is 5.6 Wcm2, which means that the electrode resistance is 5-6 times higher compared to 

electrospun pure LSCF fibers experimented in previous work. 

 
Fig. 13: Nyquist (left) and Bode (right) plots of the EIS results at operating temperatures from 650°C to 

800°C: • experimental data; –□– fitting through the Rs-RQ-G equivalent circuit model; –– Gerischer 
contribution; and –– RQ contribution. 

The high polarization resistance found for the investigation of LSCF/GDC co-electrospun nanofibers 

electrode may be explained by several percolation issues detected. Indeed, the high values obtained 

for the serial ohmic resistance Rs are explained in terms of a lack of percolation of the LSCF fibers 

throughout the electrode. This is attributed to the fact that the LSCF and GDC nanofibers do not have 

the same dimensions, with LSCF nanofibers being larger than those of GDC. As a consequence, only 

the GDC nanofibers percolate through the electrode, whereas percolation is hindered for the LSCF 

nanofibers, which exhibit larger sizes. This lack of percolation for the LSCF nanofibers results in a 

lack of electronic conduction through the electrode, which forces the electrochemical reaction to take 

place in the outer part of the electrode, at the interface with the current collector. The oxygen ions 

resulting from the electrochemical reaction are then transferred to the electrolyte through the 

percolating high-resistance ionic conduction path. Although, the LSCF/GDC nanofiber cathode 

shows reasonable stability during the electrochemical tests, with a 22% increase in the polarization 

resistance during 120 h of experimentation. A detailed analysis of the parameters of the Rs-RQ-G-

FLW equivalent circuit model suggests that the source of degradation could be associated with a 

reduction in the number of contact points between LSCF and GDC fibers in the electrode over time. 

To conclude, percolation issues affect not only state-of-the-art bimodal granular electrodes but also 

bimodal nanofiber electrodes.  
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2.3 La0.6Sr0.4MnO3 structural and catalytic characterization  
The complete explanation of the experimental work carried out on the LSM nanofibers and powders 

is found in the article: “E. Squizzato, C. Sanna, A. Glisenti, P. Costamagna, Structural and Catalytic 

Characterization of La0.6Sr0.4MnO3 Nanofibers for Application in Direct Methane Intermediate 

Temperature Solid Oxide Fuel Cell Anodes, Energies. 14 (2021) 3602. https:// 

doi.org/10.3390/en14123602.  “, which represents the Annex 2 of this thesis. Here, only the main 

points of this study are reported and discussed. 

The nanofibers manufacturing process is described in chapter 1.4.3. The structural and catalytic 

characterization of La0.6Sr0.4MnO3 (LSM) nanofibers and powder is reported in this chapter. An SEM 

characterization is carried out in order to control the morphology of the two samples. Fig. 14 (a-b) 

shows the LSM nanofibers after the thermal treatment, which is thin with no detachment, ensuring a 

compact network. The nanofibers show a preferential cylindrical shape which is the result of correct 

solvent evaporation during the electrospinning process. Fig. 14 (c-d) report the LSM powders, which 

are composed of particles with different dimensions and shape. 

 
Fig. 14: SEM pictures of LSM nanofibers (a-b) and LSM powders (c-d). 

Proper synthesis and crystallinity are confirmed for both samples by XRD. The X-ray photoelectron 

spectroscopy (XPS) measurements point out several differences between LSM nanofibers. In order 

to determine the BET surface area of the nanofibers, the N2-adsorption-desorption isotherms are 

carried out on LSM nanofibers and powders. The calculated surface area of the LSM nanofibers is 

16.7 m2/g, a value which is greatly higher compared to the 5.8 m2/g pointed out for the LSM powders. 

The XPS measurements are carried out on both samples, pointing out a structural difference between 

LSM nanofibers and powders. The result obtained for the Sr 3d spectrum of LSM is reported in Fig. 

15: 

2 μm 2 μm

2 μm 2 μm

a) b)

c) d)
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Fig. 15: Sr 3d XP spectra of LSM samples. 

In the spectrum referred to the powders, in fact, it is possible to observe a tail around 135-137 eV 

which confirms the more relevant presence of SrO, which is not detected in the LSM nanofibers 

spectrum. This investigation demonstrates that the two different synthesis routes heavily influence 

the surface properties since LSM powders display strontium oxide segregation, which is not detected 

in nanofibers. As far as the La and Mn spectra, no differences are detected between the two samples.  

The catalytic activity towards direct methane oxidation is analyzed for the two samples, to investigate 

the possible employment of LSM as an anode for IT-SOFC. The result of this measurement is reported 

in Fig. 16: 

 
Fig. 16: Catalytic activity in methane oxidation observed for LSM powders (black line) and nanofibers (red 

line). 
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Fig. 16 shows that the onset temperature for methane oxidation is 500°C for the nanofibers and 600 

°C for the powders. Methane conversion at 800°C is 73% with nanofibers and 50% at 900°C with 

powders. Two explanations are proposed for the superior nanofiber performance. The first is the 

absence of strontium oxide segregation on the surface, which exhibits perovskitic active sites till the 

last atomic layers. The second is the higher surface area.  

In conclusion, the catalytic characterization performed through a methane oxidation activity test 

reveals a better catalytic performance of the LSM nanofibers, which is confirmed by the differences 

found with the structural characterizations. 
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2.4 La0.6Sr0.4MnO3/ Ce0.9Gd0.1O1.95 composite electrodes 
The complete explanation of the experimental work carried out on the LSM nanofibers and powders 

is found in the article: “C. Sanna, E. Squizzato, P. Costamagna, P. Holtappels, A. Glisenti, 

Electrochemical study of symmetrical intermediate temperature - solid oxide fuel cells based on 

La0.6Sr0.4MnO3 / Ce0.9Gd0.1O1.95 for operation in direct methane/air, Electrochim. Acta. 409 

(2022) 139939. https://doi.org/10.1016/j.electacta.2022.139939.” which represents the Annex 3 of 

this thesis. Here, only the main points of this study are reported and discussed. 

La0.6Sr0.4MnO3 (LSM), which is considered a state-of-the-art SOFC cathode, in this chapter is 

investigated for both cathode and anode applications in direct methane intermediate temperature - 

solid oxide fuel cells (IT-SOFCs). The nanofibers manufacturing process is described in chapter 1.4.3. 

Two electrode architectures are investigated as both cathode and anode. The first one consists of LSM 

crushed nanofibers mixed with GDC powders, while the second one consists of LSM powders mixed 

with GDC powders. The choice to manufacture both nanofiber and powder-based electrodes is to 

investigate any differences due to the different preparation procedures as found for the catalytic 

characterization. The cell assembly follows the procedure reported in chapter 1.3.1, and the 

electrolytes used in this work are GDC ones. Both the LSM nanofibers and powders are prepared 

following the same procedure reported in chapter 5. The SEM characterization is carried out in order 

to visualize the morphology of the electrodes and the results are reported in Fig. 17: 

 
Fig. 17: SEM images of LSM/GDC nanofiber-based electrode (a-c) and LSM/GDC powder-based electrode 

(b-d). Electrode internal morphology: (a,b) pre-electrochemical test, (c,d) post-electrochemical test. 

The grinding process used to mix the GDC with the LSM nanofibers leads to the loss of the original 

nanofiber structure, which is naturally well-elongated and arranged in a continuous network. Indeed, 

20 !m20 !m

1 !m1 !m

1 !m1 !m

a) b)

c) d)

e) f)
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due to the grinding process, no difference between LSM nanofibers (Fig. 17 (a)) and LSM powders 

(Fig. 17 (b)) is detected. Furthermore, it is possible to see that no difference in particle size between 

the GDC powders and the LSM is displayed, instead, the size distribution appears homogenous. 

Lastly, Fig. 17 (c-d) demonstrates no relevant changes in porosity and morphology despite the high 

temperatures reached during the electrochemical tests. The XRD measurements are carried out both 

after air exposure and methane exposure, to evaluate the stability and crystallinity in both 

atmospheres. The LSM/GDC electrodes show good structural stability in the oxidizing and reduction 

atmosphere. Although, the XRD measurements identify a change in the LSM crystal structure from 

the single perovskite obtained after the preparation process to the RP structure achieved after the 

exposition to the methane atmosphere. However, this transition is reversible after reoxidation. The 

XRD experimental patterns are reported in Fig. 18: 

 
Fig. 18: a) LSM_GDC composite electrode and b) LSM nanofibers stability test results. Peak identification: 
blue square: Ce0.9Gd0.1O2; Grey rhombus: La0.6Sr0.4MnO3; Orange circles: La1.2Sr0.8MnO3.84; Yellow triangle: 

Ce11O20; Green star: MnO. 

The electrochemical characterization is carried out through EIS, performed both in air and in pure 

methane. As far as the air atmosphere is concerned, the equivalent circuit used for the experimental 

data fitting is the Rs-RQ-RQ(-RQ-FLW). The LSM/GDC electrodes show a good electrochemical 

performance in air, consistent with literature data, reporting a polarization resistance of 1.6 Wcm2 at 

815 °C, as reported in the Nyquist plot shown in Fig. 19: 
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Fig. 19: Nyquist (left) and Bode (right) plots of the EIS results obtained with the nanofiber-based LSM/GDC 

electrode at 815°C, in air atmosphere: • experimental data; -□- fitting through the Rs-RQ-RQ-FLW 
equivalent circuit model; -- RQ1 contribution; -- RQ2 contribution and -- FLW contribution. 

Furthermore, the LSM/GDC electrodes show even better electrochemical performance once tested as 

an anode, in the methane atmosphere. In reducing atmosphere, the equivalent circuit used for the data 

fitting involves the Gerisher element. The polarization resistance achieved at 815 °C is 0.15 Wcm2, 

ten times lower compared to the cathode application. These very low values obtained in the methane 

atmosphere may find an explanation by considering the possibility of a reduction of GDC. This can 

lead to the presence of a parallel electron conductive pathway that may not affect the shape and the 

description of the electrochemical impedance phenomena, but it may influence the measured Rp. In 

other cases, a contribution to the decrease of polarization resistance was attributed to the presence of 

C-nanoparticles whose formation was consequent to the use of methane. In this case, XPS allowed 

verifying the absence of relevant deposition of carbon (no significant differences between surface 

composition). 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

37 
 

2.5 Core-shell nanofiber cathodes 
This topic is the subject of a paper, titled “Electrochemical impedance spectroscopy of core-shell 

nanofibers cathodes, with Ce0.9Gd0.1O1.95 (core) and Cu-doped La0.6Sr0.4MnO3 (shell), for application 

in intermediate-temperature solid oxide fuel cells” by Caterina Sanna, Paola Costamagna and Peter 

Holtappels, currently submitted to Electrochimica Acta. 

Several materials are investigated to prepare core-shell nanofibers electrodes for application as IT-

SOFC cathodes. The materials investigated are the La0.6Sr0.4MnO3 (LSM), La0.6Sr0.4Cu0.1Mn0.9O3–δ 

(LSCuM_1), La0.6Sr0.4Cu0.2Mn0.8O3–δ (LSCuM_2) and La0.6Sr0.4Cu0.2Fe0.8O3–δ (LSCuF) perovskites 

coupled with the Ce0.9Gd0.1O1.95 (GDC) fluorite. The nanofibers manufacturing process is described 

in chapter 1.4.4. The core-shell architecture consists in a perovskite solution which is electrospun 

simultaneously with the fluorite one, to provide nanofibers with a GDC core and LSM or Cu-based 

perovskite as a shell. The structural and electrochemical characterization of the core-shell nanofibers 

and their electrodes is performed. The polarization resistance of the LSM/GDC core-shell nanofiber 

electrodes is measured as Rp=4.5 Wcm2 at 650°C. This electrochemical performance is better than 

that of the LSM/GDC powder-based electrodes reported in chapter 6 (Rp=11 Wcm2 at 650°C). A 

further improvement is achieved with LSCuM_1/GDC and LSCuM_2/GDC, which reported a 

polarization resistance of around 0.9 Wcm2 and 0.8 Wcm2 respectively. A post-test SEM 

characterization is carried out as well, to ascertain possible degradation and identify the best core-

shell nanofibers electrode. 

 
 

2.5.1 Structural and morphological characterization 
Fig. 20 shows the SEM images of the core-shell nanofibers after the thermal treatment: LSCuF/GDC 

(a-b), LSM/GDC (c-d), LSCuM_1/GDC (e-f), and LSCuM_2/GDC (g-h). From Fig. 20 (a-c-e-g) it 

is possible to see that the core-shell nanofibers tissue appears intact and well entangled in all the 

samples, providing a good network and a continuous path for both electrons and oxygen ions. Fig. 20 

(b-d-f-h) highlights the morphology of the single core-shell nanofibers, which is similar in all the 

different samples. The GDC nanofibers (core) appear covered by a thin layer of electrocatalyst (shell), 

ensuring a good connection between the two phases and extending the TPB in the whole electrode 

thickness. Indeed, the continuous connection between the electronic conductor perovskite (shell) and 

the ionic conductor fluorite (core) is expected to promote the formation of many reaction sites along 

the whole core-shell nanofiber. 
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Fig. 20 – Core-shell nanofibers after the thermal treatment. a-b) LSCuF/GDC, b-c) LSM, d-e) 

LSCuM_1/GDC, (g-h) LSCuM_2/GDC. 

Fig. 21 shows the morphology of the core-shell nanofibers after the EIS measurements: LSCuF/GDC 

(a-b), LSM/GDC (c-d), LSCuM_1/GDC (e-f), and LSCuM_2/GDC (g-h). Compared to Fig. 20, the 

core-shell nanofibers appear slightly broken but the morphology of the nanofibers is still present in 

all samples. As reported in Fig. 21 (a-b) and (e-f), the LSCuF/GDC and LSCuM_2/GDC show major 

signs of degradation compared to the other perovskites where the copper amount is present in a lower 

amount. 
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Fig. 21 – Core-shell nanofibers after the EIS measurements. a-b) LSCuF/GDC, b-c) LSM, d-e) 

LSCuM_1/GDC, g-h) LSCuM_2/GDC. 

XRD measurements are acquired after the first heat-treatment process to check the achievement of 

the desired crystal phases and any eventual presence of secondary phases. In Fig. 22 the experimental 

patterns are reported within the reference patterns. LSM, LSCuM_1/GDC, and LSCuM_2/GDC core-

shell nanofibers present an experimental pattern that contains all peaks related to the La0.6Sr0.4MnO3 

and the Ce0.9Gd0.1O1.95 which are respectively the reference perovskite and fluorite. It is possible to 

see that the experimental patterns do not contain additional peaks, therefore no secondary phases are 

detected.  
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1 μm 0.5 μm

1 μm 0.5 μm

1 μm 0.5 μm

a) b)

d)c)

e) f)

g) h)



 

40 
 

 
Fig. 22 – XRD experimental patterns of LSM/GDC (—), LSCuM_1/GDC (—), and LSCuM_2/GDC (—

) within the La0.6Sr0.4MnO3 and Ce0.9Gd0.1O1.95 reference peaks. 

In Fig. 23 the XRD experimental patterns after the EIS test are reported. The measurements are carried 

out on LSM, LSCuM_1/GDC, and LSCuM_2/GDC symmetrical cells after the electrochemical 

characterization, to investigate the stability of the electrode under working conditions. As shown in 

Fig. 23 all the experimental patterns contain the pick related to the reference pattern of La0.6Sr0.4MnO3 

and the Ce0.9Gd0.1O1.95, confirming the maintenance of the starting crystal structure. All samples 

contain some additional picks which are consistent with the reference pattern of platinum, which is 

used as a current collector in the symmetrical cell assembly. No other additional picks are shown in 

Fig. 23, confirming the stability under working conditions. 

 
Fig. 23 – XRD experimental patterns of LSM/GDC (—), LSCuM_1/GDC (—), and 

LSCuM_2/GDC (—) after the EIS measurements, within the La0.6Sr0.4MnO3, Ce0.9Gd0.1O1.95, 
and Pt reference peaks. 
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As far as the LSCuF/GDC nanofibers, the XRD measurements are carried out as well. The 

measurements took place before the EIS test to detect eventually secondary phases which might 

compromise the electrochemical characterization.  

 

2.5.2 Electrochemical characterization 
Fig. 24 reports the Nyquist and Bode plots of LSM/GDC, LSCuM_1/GDC, LSCuM_2/GDC, and 

LSCuF/GDC core-shell nanofibers electrodes, at the operating temperature of 700°C. The equivalent 

circuit used to fit the experimental data consisted of several RQs placed in series in the case of 

LSM/GDC, LSCuM_1/GDC, and LSCuM_2/GDC. Conversely, the LSCuF/GDC EIS data are fitted 

with an equivalent circuit containing a Gerischer element. At each investigated temperature it was 

possible to identify two main arcs, one at high frequency and one at middle-low frequencies. The first 

one was well fitted using only one RQ element, which is named RQ1, for all the core-shell electrodes. 

The middle-low frequency arc is fitted with two RQ elements, RQ2 and RQ3, in the case of the 

manganite materials, and with the Gerischer element and the RQ2 in the case of the LSCuF/GDC. 

Despite the presence of both electronic and ionic conductivity inside all the composite electrodes, 

there is no presence of Gerischer behavior in the LSM/GDC, LSCuM_1/GDC, and LSCuM_2/GDC. 

The Gerischer element is normally detected in the case of mixed ionic and electronic conductor 

materials, such as La1-xSrxCoyFe1-yO3-d [27,28,37] and similar materials (such as LSCuF). 
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Fig. 24 - Nyquist (left) and Bode (right) plots of the EIS measurements obtained with the 

LSM/GDC (a), LSCuM_1/GDC (b), LSCuM_2/GDC (c), and LSCuF/GDC (d) core-shell 
nanofibers electrode at 650°C: • experimental data; -*- fitting through the equivalent circuit model; 

-- RQ1 contribution; -- RQ2 contribution; -- RQ3 contribution; -- G contribution. 
 

The no-Gerisher behavior of Mn-based perovskites may be explained starting from the morphological 

properties of composite electrodes. In composite electrodes, the ionic conduction and the electronic 

conduction paths are placed in two different materials, and the oxygen reduction reaction (ORR) can 

take place only where there is a connection point between the two materials. Thus, the charge transfer 

takes place in these active sites and the oxygen ions produced during the reaction follow the ionic 

path along the ionic conductor material. On the other side, in MIEC materials the two paths coexist 

in the same material. Thus, the ORR can take place at any site, and the oxygen ions produced during 

the electrochemical reaction follow the ionic path which is inside the same material. A schematic 

representation of the electrochemical reaction performed in composite electrodes and the MIEC 

electrodes process is reported in Fig. 25. 

a)

c)

d)

b)
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Fig. 25 – The charge transfer process of an electrochemical reaction in the composite electrode 

(a) and MIEC materials (b). The • represents the reaction active site. 

As far as the electrochemical performance is concerned, the results achieved with the EIS 

measurements are analyzed and compared to the literature. As reported in Fig. 24, the polarization 

resistance of the LSM/GDC core-shell nanofibers electrode is around 4.5  Wcm2 at 650°C, a value 

that decreases rising temperature, reaching 0.28 Wcm2 at 850°C. The LSM/GDC composite powder-

based electrodes tested during my second year of Ph.D., reported an RP around 11 Wcm2 at 650 °C 

and 1 Wcm2 at 850 °C. Therefore, the LSM/GDC core-shell nanofibers electrodes turned out to be 

very promising at both low and intermediate operating temperatures. 

As far as LSCuM_1/GDC and LSCuM_2/GDC core-shell nanofibers are concerned, the polarization 

resistances achieved with these cathodes appeared interesting. Indeed, as reported in Fig. 24, the Cu-

based perovskite materials show better performance compared to the LSM/GDC core-shell 

nanofibers. Indeed, at 650°C the polarization resistance of the LSCuM_1/GDC and LSCuM_2/GDC 

core-shell nanofibers cathodes are around 1.8 Wcm2 and 1.6 Wcm2 respectively. These numbers 

confirm the expected efficiency of Cu, which improves the electrocatalytic activity of LSM-based 

electrodes. Finally, the RP of LSCuF/GDC, reported in Fig. 24 as well, is around 2.5  Wcm2 at 650 

°C. 
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Fig. 26: - Arrhenius plot of Rp-1 of LSM/GDC, LSCuM_1/GDC, LSCuM_2/GDC, and 

LSCuF/GDC core-shell nanofibers. 

 
Fig. 26 shows the Arrhenius plot of the overall polarization resistances for each Mn-based 

investigated core-shell nanofibers electrode. It is possible to see that all the core-shell nanofibers 

electrodes have better performance compared to the powder-based LSM/GDC composite cathode, 

reported previously in chapter 6. In particular, the LSCuM_1/GDC and LSCuM_2/GDC core-shell 

nanofibers electrodes are the best in terms of electrochemical performances. Furthermore, it is 

possible to see that the addition of Copper to the LSM perovskite has the effect to decrease the 

activation energy of the overall polarization resistance process.  In particular, the LSCuM_2/GDC 

core-shell nanofibers report the lowest value of activation energy (106 kJ/mol). As far as the 

electrochemical performance is concerned, the LSCuM_2/GDC shows the lowest polarization 

resistance, similar to that of LSCuM_1/GDC.  

Another important remark regards degradation. As shown in Fig. 21, the higher the amount of Cu in 

the perovskite, the stronger the degradation during the EIS measurements. Therefore, even if the 

electrochemical performance of the Cu-doped materials is similar, the LSCuM_1/GDC core-shell 

nanofibers grant a lower degradation and higher morphological stability.  
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2.5.3 Final Remarks 
The core-shell nanofibers cathodes turn out to be a promising electrode architecture for IT-SOFC 

applications. Indeed, this innovative electrode structure provides interesting electrochemical 

performances with all the investigated perovskites. Furthermore, the copper-based core-shell 

nanofibers electrodes reported better electrochemical performance compared to LSM-based. Indeed, 

the polarization resistance obtained with the LSCuM_2/GDC at 700°C is 0.8  Wcm2, while the 

LSM/GDC shows an Rp of 1.9  Wcm2 at the same operating temperature. Nevertheless, it is important 

to control the amount of copper inside the perovskite, in order to avoid electrode degradation. 
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3. General Conclusions 
Several nanofibers-based electrodes are morphologically and electrochemically characterized. It is 

possible to draw the following conclusions: 

 

- The electrospinning process represents an innovative and powerful technique to produce 

nanofibers-based electrodes. Indeed, several characterizations such as XRD, XPS, and BET point 

out structural and morphological differences between the electrospun nanofibers and granular 

powders, which are considered state-of-the-art electrode architecture. The electrochemical 

characterization carried out through EIS measurements confirms the better performance of the 

nanofibers-based electrodes compared to the powders-based ones.  

- Among all the investigated electrode architectures, the core-shell nanofibers electrode has been 

demonstrated to be the most promising. Indeed, the continuous connection between the ionic 

conductor and electronic conductor achieved with the co-axial electrospinning process allows the 

extension of the TPB inside the whole electrode volume. Furthermore, it is possible to avoid any 

percolation problem, identified with the co-electrospun nanofiber cathode. 

- Copper-based core-shell nanofibers electrodes reported better electrochemical performance 

compared to LSM-based and LSCF-based electrodes. Indeed, the polarization resistance obtained 

with the LSCuM_2/GDC at 700°C is 0.8  Wcm2, while the LSM/GDC shows an Rp of 1.9  Wcm2 

at the same operating temperature. Thus, the La0.6Sr0.4CuxMn1-xO3–δ perovskite has been 

demonstrated to be a promising cathode material for IT-SOFC application. Nevertheless, it is 

important to control the amount of copper inside the perovskite, in order to avoid electrode 

degradation. 

- Electrochemical impedance spectroscopy is a powerful tool for the characterization of IT-SOFC 

electrodes. In particular, the EIS experimental data and EC modeling confirm the absence of 

Gerischer behavior for the LSM, LSCuM_1, and LSCuM_2, whereas it is detected in LSCF and 

LSCuF. Instead, the manganite-based cathodes EIS experimental data perfectly fit with RQ-based 

EC. This suggests that only MIEC electrodes featuring electronic/ionic conductivity and 

electrochemical reaction inside the same material display a Gerischer element in the EIS 

experimental data. Conversely, in composite electrodes, where electronic and ionic conductions 

occur in two different materials with the electrochemical reaction at the interface, the EIS 

response is dominated by the RQ elements associated with the interfacial charge transfer reaction.  
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List of Abbreviations 
- LSM = La0.6Sr0.4MnO3 

- LSCuM_1 = La0.6Sr0.4Cu0.1Mn0.9O3–δ 

- LSCuM_2 = La0.6Sr0.4Cu0.2Mn0.8O3–δ 

- LSCuF = La0.6Sr0.4Cu0.2Fe0.8O3–δ 

- LSCF = La0.6Sr0.4Co0.2Fe0.8O3–δ 

- GDC = Ce0.9Gd0.1O1.95 

- EIS = Electrochemical Impedance Spectroscopy 

- ORR = Oxygen Reduction Reaction 

- SEM = Scanning Electron Microscope 

- XRD = X-Ray Diffraction 

- XPS = X-ray photoelectron spectroscopy 

- MIEC = Mixed Ionic and Electronic Conductor 

- SOFC = Solid Oxide Fuel Cells 

- EC = Equivalent Circuit 

- TPB = Triple Phase Boundary 

- PVP = Polyvinylpyrrolidone  
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Synthesis and electrochemical characterization of composite cathodes, formed from a

mixture of La0.6Sr0.4Co0.2Fe0.8O3ed (LSCF) and Ce0.9Gd0.1O1.95 (GDC) nanofibers, is reported. The

electrodes are obtainedby simultaneous electrospinning of the twoprecursor solutions, using
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cussed.The resultssuggest that theelectrochemical reaction takesplace inanelectrode region

close to the electrode/current collector interface and that the oxygen ions then flow along the

ionic conductingpathof theGDCfibers.At650 �C, thepolarization resistance isRp¼ 5.6U cm�2,

in line with literature values reported for other IT-SOFC cathodes.
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Introduction

Intermediate temperature-solid oxide fuel cells (IT-SOFCs) are

under development for operation in the temperature range of

600e800 �C. Thisworking temperature, lower than that of high

temperature-solid oxide fuel cells (HT-SOFC), is expected to

mitigate degradation, reduce sealing problems, enable the use

of inexpensive materials and improve response to rapid start-

up. However, lowering the operating temperature also lowers

fuel cell performance. For this reason, high-performance

electrolytes and electrodes are currently under development,

the latter often based on mixed ionic electronic conductors

(MIECs). Among MIECs, perovskite oxides (ABO3) are the most

promising candidates for IT-SOFCs [1] and, among perov-

skites, La1�xSrxCo1�yFeyO3�d (LSCF) is the most investigated

material thanks to its superior catalytic properties due to the

oxygen reduction reaction (ORR) [2,3]. At a temperature of

650 �C, the electron conductivity of La0.6Sr0.4Co0.2Fe0.8O3ed is

sel x 39.5 103 S/m, and the oxygen ion conductivity is

sio x 0.36 S/m [4]. In this work, the La0.6Sr0.4Co0.2Fe0.8O3ed is

the composition adopted for LSCF. In order to improve the

electrode ionic conductivity, and also in order to extend the

three-phase boundary (TPB) inside the electrode bulk, com-

posite electrodes are investigated here, obtained by coupling

LSCF with the oxygen ion conductor used for the electrolyte,

i.e. Ce0.9Gd0.1O1.95 (GDC). Throughout this work, the termi-

nology ‘electrode bulk’ is used as opposed to ‘electrode/elec-

trolyte interface’, the previous referring to the inside of the

electrode thickness, and the latter being defined as the elec-

trolyte surface on which the electrode adheres.

Another novelty of the present study is the electrode

manufacturing technique, i.e. electrospinning. Electrospun

1-D materials like nanotubes, nanowires, nanorods and

nanofibers are currently gaining significance due to their

high surface area and mechanical properties [5e10]. The

working principle of electrospinning is based on the elec-

trostatic force that is created when a voltage difference is

applied between the starting precursor solution, injected

through a syringe, and the nanofiber collector. The process

is sensitive to several solution and equipment parameters,

such as voltage, solution flowrate, the distance between

syringe tip and collector, syringe translation speed, collector

rotation speed, environment temperature and humidity.

Once the process parameters are set, the results are repro-

ducible [11e14]. In our previous work, we developed an

electrospun LSCF nanofiber electrode with 37.5% porosity,

average nanofiber diameter 250 nm, and polarization resis-

tance Rp ¼ 1.0 U cm2 at 650 �C [15]. The electrochemical

impedance spectroscopy (EIS) Nyquist plots were interpreted

as a combination of an RQ element, associated with the

electrode/electrolyte interface, and of a pure Gerischer

element, associated with the electrode bulk, which was

demonstrated to account for the larger part of the polari-

zation resistance [16]. Since the oxygen ion conduction

through the electrode bulk appeared to be the rate-

determining step of the overall phenomenon, the previous

results suggested increasing the electrode ionic conductivity,

which can be achieved by incorporating GDC into the elec-

trode bulk. This is the same strategy applied to cermet and

composite electrodes employed in the (ZrO2)1ex(Y2O3)x (YSZ)

based high-temperature SOFCs (HT-SOFCs). Indeed, in HT-

SOFCs, Ni/YSZ anodes have been demonstrated to provide

superior performance compared to pure Ni [17e20]. The

same result was also obtained at the cathode side, where

LSM/YSZ composites have substituted the previously adop-

ted, pure LSM electrodes [21e24]. The importance of perco-

lation in cermet and composite electrodes has been

demonstrated on both theoretical and experimental bases

[25e30]. The application of the same principle to the IT-

SOFCs under consideration here, based on GDC electro-

lytes, leads to the addition of GDC into the electrode struc-

ture. In this respect, it has already been widely

demonstrated in the literature, through experimental

[31e33] and modeling [34] approaches, that LSCF fibrous

electrodes infiltrated with GDC, demonstrate an increase in

performance by increasing the level of infiltrations. This

takes place even below percolation, i.e., without attaining

continuous conduction paths for the oxygen ions through

the electrode [34], the reason not yet being completely

understood.

In this framework, the present work focuses on composite

LSCF/GDC nanofiber electrodes manufactured through co-

electrospinning, which is performed through electrospinning

apparatus equipped with two spinnerets. Co-electrospinning

allows the simultaneous ejection of two solutions, and the

result is a tissue made of two types of nanofibers, which are

expected to be randomly mixed throughout the tissue. The

tissues are then applied on both sides of a GDC electrolyte

disk, to obtain symmetrical cells, which are then tested in air,

through EIS. The results are then compared to those obtained

from single LSCF electrospun cathodes. The final aim is to

enhance ionic conductivity and improve the performance of

LSCF based cathodes, by employing an advanced

microstructure.

Experimental

LSCF and GDC nanofiber preparation

Electrospinning employs two starting solutions, one for LSCF

and one for GDC, containing the precursors of the metals

involved. Metal nitrates are used as precursors: Sr(NO3)2
(Sigma-Aldrich 99.9%), La(NO3)3,6H2O (Sigma-Aldrich 99.9%),

Fe(NO3)3,9H2O (Sigma-Aldrich 99.9%), Co(NO3)2,6H2O (Sigma-

Aldrich 99.9%), Gd(NO3)3,6H2O (Sigma-Aldrich 99.9%),

Ce(NO3)3,6H2O (Sigma-Aldrich 99.999%). In the starting solu-

tions, a carrier polymer is also present. For both solutions,

polyvinylpyrrolidone (PVP, Mw ¼ 1.3 106 g/mol), supplied by

Sigma-Aldrich, is used. The LSCF solution is obtained by the

dissolution of the metal nitrates and PVP in de-ionized water.

The molar ratios La:Sr and Co:Fe are 6:4 and 2:8 respectively.

All the details about the component amounts are given in the

Supplementary Information (SI),Table SI1 (a). Further details

about the preparation of the LSCF solution are reported in

Refs. [15,16].

The GDC starting solution is prepared by dissolving the

metal nitrates in a solution 50/50% wt/wt water and ethanol.
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The molar ratio Ce:Gd is 9:1. In parallel, PVP is dissolved in

another solution 50/50% wt/wt de-ionized water and ethanol.

The final GDC solution is obtained by mixing 50/50% vol/vol

of the two previous solutions, followed by 24 h of milling,

after which a clear and homogeneous solution is obtained.

All the details about the component amounts are given in

Table SI1 (b), whereas the details about the procedure for the

preparation of the GDC starting solution are given in Table

SI2.

The precursor solutions are fed into the electrospinning

appliance, equipped with 2 spinnerets working in parallel (RT

Advance, Linari Engineering, Pisa, Italy). The flow rate used is

0.3 mL/h for the LSCF solution and 1 mL/h for the GDC solu-

tion. The applied voltage is 3.3 kV/cm for the GDC solution and

4 kV/cm for the LSCF solution. During the electrospinning

process, the relative humidity (RH) is 25%. Following the pro-

cedure described above, the overall volume of LSCF and GDC

fibers in the final tissue is the same, i.e. the volumetric

composition of the final tissue is 50% LSCF and 50% GDC.

The as-spun LSCF/GDC tissue then undergoes thermal

treatment. The details of the heating ramp are reported in

Table SI3. The heating rate between 350 �C and 500 �C is only

12 �C/h, because the decomposition of PVP occurs in this

temperature range, releasing excessive gases. The low heating

rate is therefore chosen to provide sufficient time for gas

diffusion from inside the nanofiber to the surroundings. After

thermal treatment, the LSCF nanofiber tissue is brought back

to ambient temperature. The final area of the nanofiber tissue

is 45% of that of the as-spun tissue, with uniform shrinkage in

all directions. The final electrode diameter is 0.63 cm, and the

final electrode area is 0.31 cm2.

Symmetrical cell preparation

The GDC electrolyte is made by tape casting. The electrolyte is

cut in a round shape through laser cutting, and then sintered

with a maximum temperature of 1250 �C. After sintering, the
diameter of the electrolytes is 1 cm, and the thickness is

around 300 mm. The sintered LSCF/GDC electrodes are

attached symmetrically onto the GDC electrolytes using a

droplet of LSCF electrospinning solution as glue. This step

ensures adhesion between the electrode and electrolyte. The

symmetrical cells are placed into the sample holder of the test

rig. The appliance has a four-sample set up, and each one is

equipped with a gold mesh that acts as current collector. A

thin layer of platinum is deposited onto the nanofiber elec-

trodes to improve the contact between the meshes and the

cell. Lastly, sintering of the symmetrical cells is carried out in

situ, inside the electrochemical test rig, at 950 �C for 2 h.

Morphological and structural characterization

In order to investigate the nanofiber morphology, scanning

electron microscopy (SEM) images are acquired, on the as-

spun tissue and after thermal treatment. A Zeiss Ultra 55

microscope is used to obtain the SEM images, with different

magnifications, depending on the specimen. The detector

employed for the measurements is the SE2, and the acceler-

ation voltage is in a range between 10 kV and 15 kV. A thin

layer of gold, around 10 nm, is deposited by sputtering onto

the specimen surface. The deposition is performed in a vac-

uum chamber, through the injection of argon. The ImageJ

software, equipped with its plugin DiameterJ, is used to eval-

uate the nanofiber diameters from the SEM images. DiameterJ

analyzes the images through a two-step procedure. Firstly, it

performs image segmentation, producing a binary image

(black and white pixels only). The second step is the analysis

of the segmented image, computing the frequency corre-

sponding to each fiber diameter. The porosity of the tissue is

estimated through an analogous approach.

In order to investigate the composition of the individual

nanofibers, SEM imaging is coupled with energy dispersive X-

ray (EDX) measurements, carried out through a Brucker in-

strument. The measurements are performed using the

QUANTX compact system, consisting of an XFlash® 600Mini

Detector, with energy resolution for Mn Ka �12 450 kJ/mol,

and a scanning control unit (SCU). The measurements are

carried out at a working distance of 6.9 mm, with an accel-

erating voltage of 15 kV. X-ray diffraction (XRD) measure-

ments are carried out through a Bruker D8 X-ray

diffractometer (Bruker-Siemens, Germany), using Cu Ka ra-

diation with an acceleration voltage of 40 kV and a filament

current of 40 mA.

Electrochemical test set-up

Electrochemical characterization is carried out through elec-

trochemical impedance spectroscopy (EIS). The cells are fixed

between two gold meshes, which act as current collectors. In

order to improve the interaction between the electrode and

the current collector, a thin layer of platinum (Ferro GmbH,

Germany) is deposited onto the top of the nanofiber elec-

trodes. Four symmetrical cells are tested in parallel, thanks to

the four-sample set-up rig employed for the test. The rig is

placed and sealed inside a furnace, with controlled tempera-

ture. During the test, EIS measurements are carried out at

600�C, 650 �C, 700 �C, 750 �C, 800 �C, 850 �C, 900 �C and 950 �C.
Throughout the test, the rig is fed with a gas flow, with

composition 20% oxygen and 80% argon, at atmospheric

pressure. The overall duration of the test is 120 h. On the first

and the last test day, EIS measurements are performed at all

the temperatures reported above. On the intermediate test

days, the temperature ismaintained at 800 �C, and one EIS test

is carried out per day.

The EIS measurements are carried out through a Gamry

Reference 600 potentiostat, in a frequency range 0.01 ÷ 106 Hz

with 10 mV of amplitude. Ten measurements per decade are

performed. Before starting the test, a blank experiment is

carried out, to measure the inductance of the experimental

apparatus (4.9 10�8 H), which is then subtracted from the raw

impedance experimental data [16,35]. These data are then

divided by 2 (since the raw impedance accounts for two

identical electrodes) and multiplied by the electrode area

(0.31 cm2). In this way, the area-specific electrode impedance

is obtained, expressed inU cm2. In the range 0.01 Hz to ÷ 105 Hz

the experimental error is <1%, but in the range between 105 Hz

to 106 Hz the error increases, reaching values as high as 10% at

106 Hz [36].
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Equivalent circuit-based EIS modeling

The equivalent circuit model used to fit the EIS experimental

data is the same as proposed in a previouswork [16]. It is an Rs-

RQ-G series, composed of a resistor Rs, an RQ element and a

Gerischer element G. The equivalent circuit also includes a

serial inductance L, which is a residual inductance of the

experimental apparatus [16,35]. L is evaluated through the fit,

and thevalues obtainedare in theorder of ~1.0 10e8H, and thus

lower than the inductance of the experimental apparatus (4.9

10e8 H), which was determined in a separate experiment and

subtracted prior to the fitting. In all the plots reported in this

work, the results (both experimental and fits) are represented

after subtraction of the residual inductance. For this reason, in

the remaining part of the paper, the equivalent circuit

employed is referred to simply asRs-RQ-G, without including L.

Rs accounts for the overall ohmic resistance of the sample,

including the electrolyte resistance, and, at each side of the

symmetrical cell, contact and ohmic electrode resistance:

Rs ¼ Relectrolyte þ 2ðRcontact þ RelectrodeÞ (1)

The RQ element is a parallel between a resistor and a

constant phase element (CPE), and is widely used to simulate

electrode/electrolyte interfacial phenomena [37]. The resistor

is associated with the charge transfer process, i.e., the oxygen

reduction reaction (ORR). The CPE is related to the capacity Q

of the electrode/electrolyte double layer. The equation repre-

senting the RQ impedance is:

ZRQðuÞ ¼ 1

R�1
RQ þ QðjuÞa (2)

where a is a CPE parameter, independent of frequency. When

a ¼ 1, the CPE coincides with the capacity Q of the electrode/

electrolyte interface, with units (F). The representation of the

RQ impedance in the Nyquist plot is a semi-circle. On the other

hand, values a < 1 are attributed to the heterogeneity of the

electrode/electrolyte interface, or to continuously distributed

time constants for the charge-transfer reactions [38]. The

representation of the RQ impedance in the Nyquist plot is a

depressed semi-circle. In these conditions, Q has units (F sa�1).

An equivalent capacitance Qequiv, with units (F), can be calcu-

lated according to the formula below:

Qequiv ¼ ðQRÞ
1
=a

R
(3)

The Gerischer element G accounts for coupled charge

transport and charge transfer reaction in the electrode bulk

[39]. The representing equation is:

ZGðuÞ ¼ 1

YGðk þ juÞ0:5
(4)

where k is the oxygen surface exchange coefficient, whereas

YG lumps together all the coefficients related to oxygen mass

transport into the nanofiber electrodes via bulk or surface

diffusion mechanisms, as well as structural parameters [35].

Eq. (4) above refers to the so-called ‘pure’ Gerischer and is

characterized by the 0.5 exponent in the denominator.

In the EIS spectra of IT-SOFC electrodes tested at temper-

atures higher than x 850 �C, an additional low-frequency arc

appears [40]. It has been demonstrated that this is due to gas

diffusion limitations [41], and that this additional arc is well

fitted through a Finite-Length-Warburg (FLW) impedance

[40,42]:

ZFLWðuÞ ¼
tanh

�
ðBjuÞ0:5

�

ðYFLWjuÞ0:5
(5)

where B and YFLW are phenomenological coefficients. In order

to account for this additional process, for temperatures equal

to or higher than 850 �C, the equivalent circuit model includes

an additional FLW element in series, resulting in an Rs-RQ-G-

FLW circuit.

Finally, the polarization resistance Rp is evaluated from the

fittings as the difference between the low and high frequency

intercepts of theNyquist impedance spectrawith the real axis.

Results and discussion

Morphological and structural characterization

SEM images of the as-spun composite nanofiber tissue are re-

ported in Fig. 1(a and b), showing the structural and morpho-

logical characteristics of the LSCF/GDC raw nanofibers. The

nanofibers are well entangled, with no detachments. Fig. 1(c

and d) confirms that the fiber morphology is maintained after

thermal treatment. Overall, Fig. 1 shows thinner non-

transparent nanofibers mixed with larger transparent nano-

fibers, with ribbon features. ImageJ analysis of Fig. 1 is carried

out, and details are reported in Figs. SI1 and SI2. The results are

reported in Fig. 2, displaying the probability, or relative fre-

quency, of fiber diameter falling in a certain diameter range. In

particular, Fig. 2 (a) shows the results obtained for the as-spun

nanofibers, from an averaged analysis of Fig. 1 (a) and of a

companion SEM image, with the same magnification, taken

from another point of the tissue. Fig. 2 (b) shows the results

obtained for the thermally treated nanofibers, averaged anal-

ysis of Fig. 1 (d) and of a companion SEM image, with the same

magnification, taken from another point of the tissue. The

highest probability is around 0.41 mm for the as-spun nano-

fibers, and around 0.20 mmfor the thermally treated nanofibers.

This result, and a comparison between the frequency distribu-

tions reported in Fig. 2 (a) and (b), demonstrate that the thermal

treatment causes a x50% reduction of the diameter size.

A 2D analysis of the porosity is carried out through the

ImageJ software. Details of the procedure are given in Fig. SI3.

The result is that the void degree is ε ¼ 0.34, for both the as-

spun tissue and for the heat-treated tissue. An important

remark is that the estimation of porosity through an analysis

of 2D images underestimates the void degree. Indeed, 2D SEM

images display the nanofibers as if they were laying perfectly

in plane, which is not completely true; however, the real

orientation of the nanofibers cannot be inferred from the

available 2D SEM images. In the literature, it is reported that,

in case of random packings of spheres, there is a correlation

between the pore size reported in 2D and 3D. In particular, the

chords of the 2D and 3D pores are in a 1:1 ratio [43,44].

Nanofiber electrodes may exhibit a somehow different

behavior. Nevertheless, considering the approach mentioned
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above, originally developed for random packings of spheres

[43,44], and applying it to nanofibers, then the 3D void degree

is 45% for the raw nanofibers and 50% for the heat-treated

nanofibers. Details of the calculation procedure for the void

degree estimation are reported in Table SI4. The fact that the

3D void degree is 5% different before and after heat treatment,

agrees well with the result reported above, that the shrinkage

of the single fibers during heat treatment is 50%, exactly 5%

higher than the shrinkage of the overall tissue (45%).

XRD characterization of the LSCF/GDC heat-treated tissue

is also performed, and the results are reported in Fig. 3. The

experimental pattern contains all the peacks of the LSCF and

GDC references, which confirm that crystallinity is achieved

for both LSCF and GDC.

EDX measurements are performed on the LSCF/GDC ther-

mally treated tissue, in order to understand the composition

of the individual nanofibers (Fig. SI4). The measurements are

carried out pointing at one individual nanofiber at a time, and

acquiring its composition. Lanthanum is the main metal

found in thick nanofibers, suggesting that they are made of

LSCF. Conversely, cerium is the main metal found in thin

nanofibers, suggesting that they are made of GDC. The reason

why the LSCF nanofibers have a larger diameter compared to

the GDC nanofibers, is assumed to be due to the differences in

the starting solutions used for electrospinning. In particular,

PVP is 10wt% of the entire LSCF starting solution, whereas PVP

is only 7wt% in the GDC starting solution. This causes a higher

viscosity for the previous solution, which results in a larger

nanofiber diameter in the electrospinning process [45e47].

Electrochemical characterization

Rs Analysis
In the Nyquist representation of the inductance-free EIS

experimental arcs, the high-frequency intercept with the real

axis is Rs. Fig. 4 reports a plot of the Rs obtained from sym-

metrical cells with co-electrospun LSCF/GDC fiber electrodes,

displaying a value of Rs ¼ 6.8 U cm2 at 650 �C. For comparison,

Fig. 1 e SEM pictures of LSCF/GDC co-electrospun nanofibers: a) and b) as-electrospun tissue; c) and d) after thermal

treatment.

Fig. 2 e ImageJ analysis of LSCF/GDC nanofibers (a) before and (b) after thermal treatment.
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the values of Rs obtained from previously tested symmetrical

cells with LSCF fiber electrodes [15,16,35] are also reported,

showing values up to tenfold lower in the temperature range

investigated. It is underlined here that, as shown in Fig. 4, the

symmetrical cells with LSCF nanofiber cathodes [15,16] and

with LSCF nanorod cathodes [35,48] display practically iden-

tical Rs, even though obtained from symmetrical cells manu-

factured in different laboratories and with different

geometrical arrangement of the nanofibers within the elec-

trode. Thus, the reproducibility of Rs is very high, when pure

LSCF fibers are considered.

Regarding Fig. 4, another remark is about the non-linear

behavior of the Rs of symmetrical cells with pure LSCF fiber

electrodes, as a function of 1000/T. Indeed, Rs embeds the

electrolyte resistance. Since the electrolyte is GDC in all cases,

the ionic conductivity follows the equation below [49]:

sT ¼ C , exp

�
� Ea

RgasT

�
(6)

In [49], the following values are proposed for the pre-

exponential term C and the activation energy Ea respec-

tively: C¼ 1.81 105 S K/cm, and Ea¼ 70.4 kJ/mol. On the basis of

this equation, the plot of R ¼ s�1 vs. 1000/T, displays a slight

deviation from linearity. Moreover, as already remarked, Rs, in

addition to the electrolyte contribution, also includes the

electrode contributions. For symmetrical cells, these are two

identical contributions, including the contact resistance be-

tween the various layers Rcontact, and the ohmic resistance of

the electrode Relectrode. Usually, Relectrode is negligible, due to the

high conductivity of the electrodematerials. Regarding Rcontact,

usually this is constant with temperature. If the contact

resistance is non-negligible compared to the electrolyte

resistance, then it causes the overall Rs to deviate significantly

from linearity. In Fig. 4, this is clearly the situation occurring

with the LSCF nanorod and nanofiber cathodes. The fitting

equation below is clearly derived from Eq. (6):

Rs ¼ A
x
expðBxÞ þ 2Rcontact (7)

where x ¼ 1000/T. The fittings are reported in Fig. 4, and the

contact resistance is Rcontact ¼ 0.12 U cm2 for the LSCF nanorod

cathodes, and 0.19 U cm2 for the LSCF nanofiber cathodes.

Thus, in both cases these contact resistances become signifi-

cant, compared to the electrolyte resistance contribution, for

1000/T < 1 K�1, i.e., temperatures above 1000 K. This is the

region where the non-linearity appears in the Figure.

Fig. 4 also displays the residual resistance Rr calculated by

subtracting the Rs of the cells with LSCF nanofiber cathodes

[15,16] from that of the cells with LSCF/GDC co-electrospun

nanofiber cathodes investigated in this work. Here, it is

assumed that this residual resistance Rr is an electrode

resistance Relectrode, associated with the ionic resistance of the

GDC fibers in the electrode. Thus, Rr is fitted through the

equation below, derived from Eq. (6):

Rr ¼ 2Relectrode ¼ 2a
T
C

, exp

�
Ea

RgasT

�
l
S

t

ð1 � εÞ (8)

where l is the electrode thickness,S is the electrodearea, a is the

volumetric ratio of GDC fibers versus overall fibers, t the fibers

tortuosity, ε theelectrodevoiddegreeandfinally themultiplying

coefficient 2 accounts for the presence of 2 identical electrodes

in the symmetrical cell. The electrode thickness, estimated

through SEM images, is l ¼ 40 mm, and the electrode area is S ¼
0.31cm2.Overall, the samevolume isoccupiedbyGDCandLSCF

nanofibers in the electrode (Table SI5), so that a ¼ 0.5. The pa-

rameters t and ε are lumped together as follows:

J ¼ t

ð1 � εÞ (9)

Fig. 3 e XRD of the LSCF/GDC co-electrospun tissue, after

thermal treatment (blue). LSCF (red) and GDC (black)

reference patterns are reported as well. Crystallographic

plane indexes are provided. (For interpretation of the

references to color in this Figure legend, the reader is

referred to the Web version of this article.)

Fig. 4 e Symbols incolor: serial resistanceRs, fromequivalent

circuitmodeling of EIS experimental data. Black asterisks: Rr,

obtained as the Rs of LSCF/GDC nanofiber cathodes (blue

squares)minustheRsofLSCFnanofiber cathodes (redcircles).

Continuous lines: least squares fittings. (For interpretation of

the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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where J is treated as the only fitting parameter. Fig. 4 shows

that the least squares fitting of the residual resistance Rr

through equation Eq. (8) is very satisfactory (goodness of fit:

reduced chi-squared c2
n ¼ 0.027, coefficient of determination

Rd
2 ¼ 0.997). The fitting makes it possible to evaluate J. The

value obtained is J ¼ 8.53, which is consistent with ε ¼ 0.34

and t ¼ 5.6, or ε ¼ 0.5 and t ¼ 4.3.

The results obtained are consistent with a picture of the

overall phenomenon as represented in Fig. 5: the electrons,

after being injected into the LSCF fibers of the electrode

through the current collector, undergo charge transfer reac-

tion in a very thin electrode layer (electrochemically active

thickness, EAT) adjacent to the current collector. Then, the

oxygen ions formed flow along the GDC fibers towards the

GDC electrolyte. In the nanofiber electrode, the fibers lay

almost in plane with the electrolyte, with a limited number of

contact points between each other. Thus, the oxygen ions

must travel a long way in plane along a fiber, before a contact

point with a nearby fiber is found. At this point, a short

transfer is performed in the cross-plane direction, followed by

another in-plane path. This is consistent with the unusually

high values of tortuosity t reported above (4.3 ÷ 5.6).

Overall, this picture is different from typical electrode

behavior. Usually, as discussed in Refs. [15,35] and also in

other previous papers [40] in the literature, the situation is

different, with the electrons moving though the electrode

thickness along the highly electron-conducting LSCF phase,

and then being transferred to the poorly ion-conducting GDC

phase at just a short distance from the electrolyte. In the latter

picture, thus, the EAT where the charge transfer reaction

takes place is adjacent to the electrolyte. The reason for the

relocation of the EAT from being adjacent to the electrolyte

(LSCF nanofiber electrode), to being adjacent to the current

collector (LSCF/GDC co-electrospun nanofiber electrode), can

only be explained by some difficulties encountered in the

latter case by the electrons in penetrating the electrode

structure. The main explanation proposed here is a lack of

percolation among LSCF nanofibers. Indeed, as discussed in

the previous sections, the LSCF nanofibers are thicker than

those of GDC. Even if no literature data are reported about

percolation in bimodal fibrous structures, previous studies

[26] demonstrate that, in electrodes composed of bimodal

spherical particles, percolation among the larger spheres is

hindered. The same situation may occur with fibers, with the

larger LSCF fibers being farther away from each other, and

thus not percolating, in the three-dimensional bimodal fiber

network. These considerations may justify the poor percola-

tion of the LSCF nanofibers. Another alternative or over-

lapping phenomenon may be a non-uniform distribution of

the fibers, with a larger concentration of the LSCF fibers close

to the current collector, and a larger concentration of the GDC

fibers close to the electrolyte. The SEM images shown in Sec-

tion 4.1, together with the image analysis carried out though

the DiameterJ software, support the previous explanation

(lack of percolation), demonstrating that LSCF fibers have a

diameter which is almost double that of GDC fibers.

Conversely, the SEM pictures do not give any indication about

a possible non-uniform distribution of GDC and LSCF fibers in

the electrode.

EIS results
Fig. 6 reports the Nyquist and Bode plots of the EIS experi-

mental results obtained for temperatures between 600 �C and

800 �C, together with fittings performed through the Rs-RQ-G

equivalent circuit model. For temperatures equal to or

higher than 850 �C, the EIS experimental results are reported

in Fig. 7, and the corresponding equivalent circuit model in-

cludes an additional FLW element in series, resulting in an Rs-

RQ-G-FLW circuit. Fig. 6 shows that, at 600�Ce700 �C, the

Nyquist plot shows a typical Gerischer shape, and in parallel

the Bode plot shows that the RQ process gives only a minor

contribution. By increasing the temperature to 800 �C, the

relative importance of the RQ process increases, and the RQ

and G elements tend to give comparable contributions in the

same frequency domain. As a consequence, the arc in the

Nyquist plot shrinks and reshapes, losing the typical Gerischer

shape, and taking a form often referred to as ‘depressed’ or

‘fractal’ Gerischer. In previous works, it was demonstrated

that this shape is a hybrid between RQ and Gerischer [16,35].

The bode plots in Figs. 6 and 7 also demonstrate that, by

increasing temperature, the maximum impedance of the RQ

and G elements shift towards higher frequencies, which

means that the associated time constants decrease. Finally, in

the range of 850 �Ce950 �C (Fig. 7), the shrinkage of the main

impedance in the Nyquist plot, reveals an additional low-

frequency arc, whose size is practically independent of tem-

perature. This is associated with an additional peak becoming

visible in the Bode plots. Coherently with previous works

[16,35], this is interpreted here in terms of gas diffusion

resistance [50]. Overall, Figs. 6 and 7 confirm that the proposed

equivalent circuit models Rs-RQ-G and Rs-RQ-G-FLW provide

very accurate fitting. Here, the fitting error varies between

0.1% (at 800 �C) and 0.05% (at 950 �C). The behavior in Figs. 6

and 7 is qualitatively analogous to that reported in Refs.

[16,35]; nevertheless, the polarization obtained is larger. For

example, at 650 �C the polarization resistance is Rp¼ 5.6U cm2,

whereas Rp ¼ 1 U cm2 with single LSCF nanofiber electrodes

[15].

Fig. 8 presents an Arrhenius plot of the 1/Rp of the LSCF/

GDC nanofiber electrode, compared to that of single LSCF

nanofibers investigated in previouswork [15,16]. In both cases,

the breakdown of the overall 1/Rp into the contributions

related to the RQ and G elements is reported. As already

Fig. 5 e Schematic representation of the LSCF/GDC co-

electrospun nanofiber electrode. The electrochemical

active thickness (EAT), is the portion of the electrode where

the charge transfer reaction takes place.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 1 3 8 1 8e1 3 8 3 113824

https://doi.org/10.1016/j.ijhydene.2020.11.216
https://doi.org/10.1016/j.ijhydene.2020.11.216


displayed in the Bode plots reported in Fig. 6, the main

contribution to the overall polarization resistance is given by

the G element, with the RQ contribution being less impacting.

This occurs with both the LSCF/GDC nanofiber electrode and

the single LSCF nanofibers. Fig. 9 shows that the 1/Rp

contribution associated with the RQ element is lower in the

LSCF/GDC nanofiber electrode, rather than in the single LSCF

nanofiber electrode. This suggests that the interface repre-

sented by the RQ element is less electrochemically active in

the previous electrode. This is probably because the interface

Fig. 6 e Nyquist (left) and Bode (right) plots of the EIS results at operating temperatures from 600 �C to 800 �C: experimental

data (black circles); fitting through the Rs-RQ-G equivalent circuit model (blue squares); Gerischer contribution (green lines);

and RQ contribution (magenta lines). (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)
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represented by the RQ element is between the LSCF/GDC

electrode and the current collector. As mentioned before, the

current collector is a gold mesh coupled with a thin layer of

platinum particles deposited onto the surface of the nanofiber

electrodes. Therefore, due to the small number of contact

points between the electrode and current collector, and due to

thematerials employed, the electrochemical activity and thus

the 1/Rp are lower. Furthermore, Fig. 8 shows that the 1/Rp,G

associated with the G element, is also lower in the LSCF/GDC

nanofiber electrode, rather than in the single LSCF nanofiber

electrode. The G element represents the charge transfer with

simultaneous electrochemical reaction in the electrode bulk

and, in this work, it signifies the intrinsic electrochemical

activity of the synthesized LSCF/GDC. In the LSCF/GDC elec-

trode, considering that half of the fiber volume is GDC and

does not contribute to the electrochemical reaction, a value of

1/Rp,G half of that obtained from the LSCF nanofiber electrode

may be expected. Instead, Fig. 8 shows that a lower perfor-

mance is obtained from the LSCF/GDC electrode, about one

quarter of that of the LSCF electrode. The reason could be due

to a number of reasons, including the non-linearity of the

process and a smaller thickness of the EATwith the LSCF/GDC

electrode.

Fig. 9 reports the values obtained for the fitting parameters

of the equivalent circuitmodel used to fit the EIS experimental

data obtained from the LSCF/GDC nanofiber electrode. The

results are discussed with reference to those obtained from

pure LSCF nanofiber electrodes, reported and discussed in

previous papers [16,35]. Fig. 9 a) reports the values obtained for

the CPE exponent a. The values are quite constant in the range

0.67 ÷ 0.68, for temperatures of 600 ÷ 850 �C. a drops to

0.58 ÷ 0.59 in the temperature range 900e950 �C. Considering
that, usually, a is in the range 0.8 ÷ 1, the values reported

appear rather low. The value of a is associated with the

broadness of the distribution of the charge transfer phenom-

enon across the interface thickness, in the sense that a ¼ 1 is

related to an ideal capacitor (no distribution), and a < 1 is

associated with a distributed phenomenon (the broader the

distribution, the lower the value of a). Therefore, the low value

of a identified in the present case is consistent with a highly

Fig. 7 e Nyquist (left) and Bode (right) plots of the EIS results at operating temperatures from 850 �C to 950 �C: experimental

data (black circles); fitting through the Rs-RQ-G-FLW equivalent circuit model (blue squares); Gerischer contribution (green

lines); and RQ contribution (magenta lines). (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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distributed process at the nanoscale (nm) of the fiber/current

collector interface, which, from the geometrical point of view,

is non-uniform. The values identified here are consistent with

those obtained in previous studies on pure LSCF electrospun

cathodes [16,35]. Fig. 9 b) shows the values of the area-specific

capacitance Q (F cm�2 sa�1) and area-specific equivalent

capacitance Qequiv (F cm�2), evaluated through Eq. (3). For the

capacitances, the values identified here are in the range of

pseudo-capacitances, and are consistent, although slightly

lower, than those obtained in previous studies on single LSCF

electrospun cathodes [16,35]. This is in agreement with the

previous discussion about 1/Rp,RQ, that the interface repre-

sented by the RQ element is less active with the co-

electrospun LSCF/GDC nanofiber electrode rather than with

the pure LSCF nanofiber electrode. Finally, Fig. 9 c) reports the

Arrhenius plots of the parameters YG and kG of the Gerischer

circuit element. Interestingly, the values of the oxygen surface

exchange coefficient kG are similar to those obtained for the

pure LSCF electrode. The activation energies are 146 kJ/mol

and 120 kJ/mol for the LSCF/GDC and for the pure LSCF elec-

trode respectively, corresponding to a variation of about 22%

for LSCF/GDC compared to the pure LSCF electrode. These

results are consistent with a picture where the mechanism of

the oxygen surface exchange is somehow similar in the LSCF/

GDC and in the pure LSCF electrode. This suggests that, in the

LSCF/GDC electrode, the electrochemical reaction occurs at

the contact between LSCF and GDC fibers, or along the LSCF

fibers with a subsequent transfer of the oxygen ions to the

GDC fibers. In contrast, the YG parameter, related to oxygen

mass transport along the fibers via bulk or surface diffusion

mechanisms, as well as structural parameters, displays very

different values for the LSCF/GDC and for the pure LSCF

electrode. The activation energies are 34 kJ/mol and 66 kJ/mol

for the LSCF/GDC and for the pure LSCF electrode respectively,

corresponding to a variation of about 48% for LSCF/GDC

compared to the pure LSCF electrode. Interestingly, it is re-

ported in the literature that the activation energy of oxygen

Fig. 9 e Fitting parameters of the equivalent circuit model

used to fit the EIS experimental data obtained from the

LSCF/GDC nanofiber electrode: a) a, b) Q and Qequiv; and c) YG

and kG, with Arrhenius line fittings.

Fig. 8 e Arrhenius plot of 1/Rp. Solid symbols - represent

the LSCF/GDC nanofiber electrode, open symbols ,

represent the pure LSCF nanofiber electrode [15,16]. Blue: 1/

Rp; green: Gerischer contribution 1/Rp,G; and magenta: RQ

contribution 1/Rp,RQ. Arrhenius line fittings are also shown.

(For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this

article.)
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vacancy transport is 70 kJ/mol for GDC [49], and 186 kJ/mol [51]

for LSCF. These data compare well with the results reported

above for the activation energies of YG, and are consistent

with a picture of the LSCF/GDC electrode where the oxygen

ions flow on the GDC fibers, whereas in the pure LSCF fiber

electrode, oxygen ion conduction occurs along the LSCF fibers.

Aging
Fig. 10 shows the Arrhenius plot of 1/Rp of the LSCF/GDC

nanofiber electrode, at the beginning of the experiment

(t ¼ 0 h) and at the end of test (t ¼ 120 h). As far as the RQ

element is concerned, no significant performance decay is

observed, confirming analogous results to those previously

obtained from single LSCF nanofiber electrodes [16]. Even

though the nature of the interface represented by the RQ

element is different, nevertheless slow degradation is found

in both cases. Instead, Fig. 10 shows that the 1/Rp,G of the G

element degrades over time. This degradation of perfor-

mance of the G element was already observed with single

LSCF nanofiber electrodes [16], but with one remarkable dif-

ference. The decay, in the latter case, was mainly associated

with a decrease of activation energy, whereas here, with a

LSCF/GDC nanofiber electrode, it is mainly associated with a

downward shift of the Arrhenius plot of 1/Rp,G, with a slight

Fig. 11 e Fitting parameters of the equivalent circuit model used to fit the EIS experimental data obtained from the LSCF/GDC

nanofiber electrode. Results at the beginning and at the end of the electrochemical test: a) a, b) Q and Qequiv); and c) YG and kG,
with Arrhenius line fittings.

Fig. 10 e Arrhenius plot of 1/Rp of the LSCF/GDC nanofiber

electrode at the beginning and at the end of the

electrochemical test. Solid symbols represent the

beginning of the experimentation, open symbols represent

end of test results. Arrhenius line fittings are also shown.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 1 3 8 1 8e1 3 8 3 113828

https://doi.org/10.1016/j.ijhydene.2020.11.216
https://doi.org/10.1016/j.ijhydene.2020.11.216


increase of the activation energy from 106.8 kJ/mol to

114.1 kJ/mol.

For a more detailed investigation, the fitting parameters

of the equivalent circuit model are reported in Fig. 11.

Fig. 11a and b) demonstrate that all the RQ parameters a, Q

and Qequiv do not vary remarkably over time, which is in

agreement with 1/Rp,RQ being substantially unchanged dur-

ing the 120 h of investigation. Fig. 11 c) shows that the

parameter YG does not vary during time, suggesting that the

features of the oxygen mass transport along the fibers via

bulk or surface diffusion mechanisms, as well as structural

parameters, do not vary appreciably during the testing time.

The same result was found previously with pure LSCF elec-

trodes [16]. Regarding the oxygen surface exchange coeffi-

cient kG, Fig. 11 c) shows a downward shift associated with a

slight increase in activation energy. This is consistent with

the behavior of 1/Rp,G reported in Fig. 10, and suggests that,

over time, the main phenomenon is a decrease in the

number of active reaction sites, which may be the result of a

reduction of the number of contact points between LSCF and

GDC fibers in the electrode. Instead, in the electrode formed

by pure LSCF fibers, the main phenomenon observed was a

change in slope of the Arrhenius plot of 1/Rp,G, indicating a

deterioration the electrochemical kinetics along the fibers

over time [16].

Conclusions

In this work, a composite LSCF/GDC electrospun nanofiber

cathode is investigated experimentally through EIS. The EIS

experimental data are fitted through an Rs-RQ-G-FLW

equivalent circuit model, demonstrating very low fitting

error (0.1% at 800 �C and 0.05% at 950 �C). The high values

obtained for the serial ohmic resistance Rs are explained in

terms of a lack of percolation through the LSCF fibers

throughout the electrode. This is attributed to the fact that

the LSCF and GDC nanofibers do not have the same di-

mensions, with LSCF nanofibers being larger than those of

GDC. As a consequence, only the GDC nanofibers percolate

through the electrode, whereas percolation is hindered for

the LSCF nanofibers, which exhibit larger size. This lack of

percolation for the LSCF nanofibers results in a lack of elec-

tronic conduction through the electrode, which forces the

electrochemical reaction to take place in the outer part of the

electrode, at the interface with the current collector. The

oxygen ions resulting from the electrochemical reaction are

then transferred to the electrolyte through the percolating

high-resistance ionic conduction path. This picture of the

electrode functioning explains the high value obtained for Rs,

and also the high value obtained for Rp. At 650 �C, Rp-

¼ 5.6 U cm2, which means that 5e6 times higher electrode

resistances are obtained for composite LSCF/GDC fibers,

compared to electrospun pure LSCF fibers experimented in a

previous work. The LSCF/GDC nanofiber cathode shows

reasonable stability during the electrochemical tests, with a

22% increase of the polarization resistance during 120 h of

experimentation. A detailed analysis of the parameters of the

Rs-RQ-G-FLW equivalent circuit model suggests that the

source of degradation could be associated with a reduction in

the number of contact points between LSCF and GDC fibers in

the electrode over time.

To conclude, percolation issues affect not only state-of-

the-art bimodal granular electrodes, but also bimodal nano-

fiber electrodes. Percolation is expected to be very different

with fibers laying in plane or randomly distributed in 3-D (for

example, nanorods).
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Abstract: In the present work, structural and catalytic characterization was performed on La0.6Sr0.4MnO3

(LSM) nanofibers. The LSM nanofibers were obtained using the electrospinning technique. For com-
parison, LSM powders with identical composition were characterized as well. The LSM powders
were prepared through a self-combustion citrate-based procedure. SEM, EDX, XRD, and BET investi-
gations were carried out on both LSM nanofibers and powders, pointing out the different structural
features. The LSM nanofibers showed a higher surface area than the LSM powders and a lower
presence of strontium oxide on the surface. Results of the H2-Temperature Programmed Reduction
(TPR) tests showed evidence of a higher reactivity of the nanofibers compared to the powders. The
catalytic characterization was performed utilizing a methane oxidation activity test, revealing a better
catalytic performance of the LSM nanofibers: at 800 ◦C. The methane conversion achieved with the
LSM nanofibers was 73%, which compared well with the 50% obtained with powders at 900 ◦C.

Keywords: electrospinning; nanofibers; fuel anode; H2-Temperature Programmed Reduction (TPR);
Intermediate Temperature-Solid Oxide Fuel Cell (IT-SOFC)

1. Introduction

Fuel cells are electrochemical devices that directly convert the chemical energy of the
fuel into electrical energy, avoiding the Carnot cycle and allowing high efficiencies to be
achieved [1,2]. For this reason—and due to the constant increase in energy demand and
consequently in greenhouse gas emissions—fuel cells have drawn great attention over
the last few decades. Among all fuel cell configurations, intermediate temperature solid
oxide fuel cells (IT-SOFCs) have solid-state components. These offer wide fuel flexibility,
since they can operate with both hydrogen and light hydrocarbons [3,4]. The latter is an
interesting feature, since natural gas and methane are cheap and abundant fuels, whereas
pure hydrogen is mostly produced through the hydrocarbon reforming process [5–7]. In
the SOFC anode, methane can either be electro-oxidized directly or undergo an internal
reforming process in which methane is converted into hydrogen. Both options have been
investigated in recent years [8,9]. The internal methane reforming process is generally
carried out employing nickel-based electrodes. The main challenges of this process are
controlling temperature gradients across the SOFC stacks and avoiding coke deposition
over the nickel catalyst, with consequent catalyst deactivation. The previous issue is due to
the strong endothermicity of the methane steam reforming reaction, resulting in uneven
temperature distribution over the cell, with the possible formation of cold spots [6]. The
latter issue is behind the need to operate the cell with a steam-to-carbon (S/C) ratio larger
than three, which makes it difficult to achieve complete methane conversion [9]. Due to
these problems, IT-SOFCs running internal steam methane reforming processes require
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high costs and complex balance-of-plant (BoP) components. The direct electro-oxidation of
methane represents an interesting alternative. The direct utilization of methane provides
high open-circuit voltage, with high efficiency and simple BoP [8,10,11]. Nevertheless, the
direct electrochemical oxidation of methane cannot be carried out employing standard
nickel-based electrodes. Indeed, at an operating temperature above 800 ◦C, severe coke
deposition takes place. At temperatures below 800 ◦C, the nickel-based anode provides
low power densities [12]. Nevertheless, it is possible to use innovative anode materials.
Interesting improvements have been made employing anode materials containing Cu,
which does not catalyze the formation of graphite [9,10]. Another option is perovskite
materials, which have been widely investigated in SOFC applications as both anode and
cathode. The ideal perovskite, represented with the ABO3 general formula, is a versatile
metal oxide. It can be doped in both the A and B sites, affecting the oxygen stoichiometry
and improving the oxygen ion—as well as the electron conductivity [13–18]. One state-
of-the-art perovskite for SOFC cathode application is the Sr-doped LaMnO3. Lanthanum
substitution with strontium in the A-site results in an increase of electronic conductivity
from 83 S cm−1 for LaMnO3 to 320 S cm−1 for La0.6Sr0.4MnO3 (LSM), at the same operating
temperature of 800 ◦C [19]. The same type of material (La0.8Sr0.2Mn0.98O3) has also been
studied for oxidative coupling of methane in solid oxide membrane reactors [20]. Conduc-
tive perovskites—such as (La,Sr)(Cr,Mn)O3/(Ce,Gd)2−δ—have been tested in fuel cells
with a direct methane configuration, reporting a polarization resistance of 0.496 Ωcm2 at
850 ◦C [21].

In addition to new materials, innovative electrode architectures have been investigated
as well. One-dimensional (1D) nanomaterials, like nanofibers and nanorods, have been
widely studied as promising electrode structures [22–28]. Nanofiber electrodes feature
a high void degree and active surface. The nanofiber manufacture process is carried
out by applying a high voltage between a metal precursor solution, injected through a
syringe equipped with a metal needle, and a metal collector. In order to achieve proper
nanofiber formation, several equipment and solution parameters must be optimized. In
particular, the solution flow rate, the applied voltage, the collector rotation speed, and the
environment-relative humidity may affect the final nanofiber structure. On the other hand,
once the process parameters are optimized, the results are reproducible [29–32]. Overall,
nanofiber-based electrodes are expected to show better electrochemical performance than
common powder ones. The two different architectures were investigated through the
electrochemical impedance spectroscopy test (EIS), and the nanofiber-based electrode
reported lower polarization resistance [33]. Nevertheless, the structural and microstructural
origin of this behavior has, to date, received little attention.

In this work, our aim was to understand how the structure and morphology of the
material affects its capability in activating and oxidating methane. The specific surface
area is not the only aspect that can deeply differ from powder to fibers; the surface compo-
sition can be severely modified by the synthesis procedure, and can play a relevant role.
Methane oxidation was selected as a model reaction because it is not easily promoted by
perovskites or Ni-free catalysts. Moreover, this is a reaction of high technological impact;
its application in direct methane IT-SOFCs is just one example. LSM electrospun nanofibers
and powders were synthesized, and particular attention was paid to the optimization
of the fiber procedure. The obtained materials were investigated using X-Ray Diffrac-
tion (XRD), Scanning Electron Microscopy (SEM), Energy Dispersive X-Ray Spectroscopy
(EDX), and N2-Physisorption. Particular care was devoted to the study of the surface using
X-Ray Photoelectron Spectroscopy (XPS). The H2-Temperature Programmed Reduction
(TPR) and methane oxidation activity tests were carried out to investigate stability and
catalytic activity.
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2. Experimental
2.1. La0.6Sr0.4MnO3 Nanofibers Preparation

Sr(NO3)2 (Sigma-Aldrich, St. Louis, Missouri, USA, ACS 99+%), La(NO3)3·6H2O
(AlfaAesar, Haverhill, Massachusetts, USA, 99.9%), (CH3COO)2Mn·4H2O (Sigma-Aldrich,
99.99%) were used as metal precursors for the starting solution for electrospinning. Each
precursor was carefully weighted to achieve a molar ratio 0.6:0.4 for La:Sr, and 1:1 for
(La + Sr):Mn. Before mixing, the metal precursors were dissolved in a solution of 60%/40%
water/ethanol. Polyvinylpyrrolidone (PVP, Mw = 1.3 × 106 g/mol) was then added to
the solution, achieving a weight ratio of 1:1.3 between the polymer and the metal salts.
The PVP represented the 10% wt/wt of the whole solution. Dissolution was obtained
using a magnetic stirrer for one night. The solution was then fed to the electrospinning
device, equipped with a temperature and relative humidity (RH) regulator and a flat
collector (Doxa Microfluidics, Malaga, Spain). The flow rate was 1 mL/h, the applied
voltage was 1.7 kV/cm, RH was 40%, and the temperature was 25 ◦C. Next, the raw
electrospun nanofiber tissue underwent heat treatment. The nanofibers were heated from
room temperature to 800 ◦C at a constant heating rate of 0.5 ◦C/m. The cooling occurred
without thermal control.

2.2. La0.6Sr0.4MnO3 Powders Preparation

La0.6Sr0.4MnO3 powders were synthesized by the citrate route [34]. Stoichiomet-
ric quantities of lanthanum nitrate (La(NO3)3·6H2O, Sigma-Aldrich 99.99%, powder),
strontium nitrate (Sr(NO3)2, Sigma-Aldrich 99%, powder) and manganese acetate
(CH3COO)2Mn·4H2O (Sigma-Aldrich, 99.99%) were dissolved in deionized water and
nitric acid (HNO3). Citric acid (C6H8O7, Sigma-Aldrich ≥ 99.0%) was added as a complex-
ing agent (with a molar ratio of 1.9:1 with respect to the total amount of cations) under
stirring and then the solution was led to neutral pH by dropwise addition of ammonium
hydroxide. At pH 7, the stirring was stopped and the solution was heated overnight to
eliminate water and to allow the formation of a gel. The gel was burnt by heating at 400 ◦C.
The formed powders were calcined at 800 ◦C for 6 h using a heating and cooling ramp of
6 ◦C/min.

2.3. Morphological and Structural Characterization

The morphological characterization of both the LSM nanofibers and LSM powders
was carried out by acquiring images through the scanning electron microscope (SEM).
The SEM and energy dispersive X-ray (EDX) spectroscopy measurements were carried
out with a Zeiss SUPRA 40VP using a voltage of 20 kV. A dense bulk state of the samples
was set on a sample-holder by an electroconductive adhesive tape and introduced in the
measurement chamber. ImageJ software (NIH, Rockville, MD, USA) was used to identify
the average diameter of both LSM powder particles and LSM nanofibers, starting from the
SEM images. For the LSM powder particles, only the average diameter measurement was
carried out. On the contrary, for the LSM nanofibers, a tool within ImageJ called DiameterJ
was used to estimate the frequency distribution of the diameter of the nanofibers. This was
accomplished through a two-step process. At first, the software performed the SEM image
segmentation, producing a set of black/white pictures (Figures S1 and S2 in Supplementary
Materials). Then, based on the black/white images, the software computed the frequency
related to each nanofiber diameter. DiameterJ was specifically used for the estimation
of nanofibers’ diameter distribution, and could not be used to evaluate powder particle
size distribution.

X-ray photoelectron spectroscopy (XPS) measurements were carried out employing
a Perkin Elmer Φ 5600 ci Multi Technique System. The calibration of the spectrometer
was calculated by assuming that the binding energy (BE) of the Au 4f7/2 line was 84.0 eV
with respect to the Fermi level. Both extended spectra (survey-187.85 eV pass energy,
0.5 eV/step, 0.05 s/step) and detailed spectra (La 3d, Mn 2p, Sr 3d, O 1s and C 1s −23.5 eV
pass energy, 0.1 eV/step, 0.1 s/step) were collected with a standard Al Kα source. The
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atomic percentage was evaluated using PHI sensitivity factors [35] after Shirley-type
background subtraction [36]. The charging effects on the peak positions were deleted by
evaluating the BE differences with the C 1s peak set at 285.0 eV [37]. The samples were set
in the chamber on a sample holder, on which was stuck an electroconductive adhesive tape.
Bregg–Brentano geometry X-ray diffraction (XRD) analyses were performed, employing
the Bruker D8 Advance diffractometer with a Cu Kα radiation (40 kV, 40 mA, λ = 0.154 nm).
Temperature Programmed Reduction (H2-TPR) measurements were performed with the
Autochem II 2920 Micromeritics equipped with a thermal conductivity detector (TCD).
H2-TPR measurements were carried out in a quartz reactor using 50 mg of the sample,
heating from room temperature to 900 ◦C at 8 ◦C/min with a constant flow of 5% vol.
H2/Ar (50 mL/min).

2.4. Catalytic Characterization

The methane oxidation catalytic activity tests were carried out at atmospheric pres-
sure in a quartz reactor (6 mm ID) equipped with a packed bed of the LSM powders or
nanofibers under study. Temperature was increased until 800 ◦C with a ramp of 2 ◦C min−1.
Temperature was monitored by a thermocouple right upstream of the bed. A gas mixture of
methane and air (with a stoichiometric ratio of 1:2 between methane and oxygen) was used.
Flows were dosed by a Vögtlin Red-y system. The total flow of 100 mL min−1 was kept
constant, balancing it with He. After the reactor, water was eliminated by a cold trap. The
composition of the gas mixture (before and after reaction) was measured by GC (Agilent
7890A), with a TCD detector and 13X (60/80 mesh, 1.8 m) and Porapak Q (1.8 m) columns.

3. Results and Discussion
3.1. Morphological Characterization

SEM images of LSM nanofibers and LSM powders are reported in Figure 1. Figure 1a,b
shows the LSM powder particles after the sintering process. The images clearly show the
presence of particles of different dimensions and shapes. Besides well-defined polyhedral
crystals of more than one micron, small particles were evident. The average particle
diameter, evaluated through the ImageJ software (NIH, Rockville, MD, USA), was 0.7 µm.

Figure 1. SEM images: (a,b) LSM powders; (c,d) LSM nanofibers.

Figure 1c,d shows the LSM nanofibers after the thermal treatment. There were thin
nanofibers with no detachment, which ensured a compact network. It was possible to obtain
these features after optimization of the many solution and process parameters. Indeed, as
seen in Figure 1, the nanofibers showed a preferential cylindrical shape, which is the result
of correct solvent evaporation during the electrospinning process. The proper evaporation
of the solution was achieved by controlling three main parameters: the type of solvent,
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the humidity in the electrospinning chamber, and the distance between the needle tip and
the metal collector. Furthermore, the nanofibers appeared thin, but intact. This result
was achieved by adding a suitable amount of polymer to the precursor solution and by
optimizing the solution flow rate during the electrospinning process; essentially, the lower
the amount of polymer—and the higher the flow rate—the thinner the produced fibers.
Additionally, insufficient polymer quantities were shown to affect the nanofibers’ ejection,
provoking detachments. On the other hand, overly high flow rates require a high voltage,
which would break the drop on the top of the needle, hindering the correct elongation.

The DiameterJ analysis was carried out on the SEM images of the LSM nanofibers
in Figure 1c,d. Figure 2 shows, for each diameter range, the corresponding frequency,
as evaluated by the software. The highest frequency was found for the diameter range
0.08–0.1 µm. Figures S1 and S2 in Supplementary Materials report the details of the
DiameterJ analysis.

Figure 2. DiameterJ analysis of SEM images of LSM nanofibers after thermal treatment (Figure 1c,d).

XRD measurement was carried out on the heat-treated LSM nanofibers and citrate
route powders to verify the achievement of the desired crystal phase. In Figure 3, the
experimental patterns were reported together with the reference pattern. The experimental
patterns contained all the peaks related to the reference, without any additional peaks. It
confirmed that the thermal treatment permitted us to achieve crystallinity.

3.2. Chemical Characterization

Extended spectra (survey) were collected in the range of 0–1250 eV as reported in
Figure 4. In the XPS survey spectra, no signals of elements other than the expected ones
were detected. The atomic composition of the surface of the fibers, obtained from the
XPS data, revealed a good correspondence with the nominal one (determined from the
weighted amounts), as reported in Table 1.

The main difference between fibers and powders concerns the Sr/La atomic ratio.
Following the nominal composition, Sr/La atomic should be 0.7. A value of 1.7 was ob-
served in powders, whereas a value of 0.4 was detected in fibers. This suggests a marked
strontium surface segregation in powders, which was not detected in fibers. Strontium
segregation—with consequent formation of strontium oxide—is an undesired phenomenon
that is already well-known in the literature for Sr-containing perovskites. The B-site transi-
tion metal of perovskites plays a critical role in catalytic activity, and therefore it is necessary
to preserve the structure and the composition on the surface [38–40]. Furthermore, SrO
is traceable to lower electronic conductivity. For all these reasons, avoiding Sr-enriched
layers on LSM surface yields a substantial difference between the two syntheses and is an
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important preliminary goal reached by electrospinning. Surface segregation properties
of ionic solids are strongly related to their point defects. Assuming that, the presence or
lack of Sr segregation on the two samples can be seen as evidence of a different presence
of point defects in the two morphologies [41,42]. Further work will be spent to confirm
this hypothesis.

Figure 3. XRD results. The LSM reference pattern is shown in blue. Other experimental LSM
patterns are as follows: powders after thermal treatment in black; electrospun nanofibers after
thermal treatment in red; nanofibers after H2-TPR performed up to 550 ◦C in grey and 900 ◦C in
pink; powders after reduction in H2 up to 900 ◦C in orange; and nanofibers after CH4 oxidation up to
800 ◦C in green. Blue triangles refer to LSM peaks, while red circles denote MnO phase. All patterns
are normalized with respect to their maximum values.

Table 1. XPS and EDX quantitative results of the atomic composition of LSM fibers and nanofibers.
For better comprehension, nominal values are reported as well.

Theoretical % XPS Experimental % EDX Experimental %

Element Nominal % Fibers Powders Fibers Powders

O 60 58 74 62 58
La 12 15 4 12 12
Sr 8 6 7 7 7

Mn 20 21 15 19 22
Mn/(La + Sr) 1 1 1.4 1 1.2

Sr/La 0.7 0.4 1.7 0.6 0.6

Figure 4. Cont.
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Figure 4. XP spectra of LSM samples prepared, respectively, by citrate gel method (black line) and
electrospinning (red line) (the spectra are normalized with respect to their maximum value): (a) La
3d; (b) Mn 2p; (c) Sr 3d; (d) O 1s.

La 3d peak positions (834.6 and 851.0 eV for La 3d5/2 and La 3d3/2, respectively) were
consistent with those expected for this element in a perovskite powder. [43,44] The La
3d level was characterized by a double peak for each spin-orbit component, attributed
either to energy loss phenomena (induced by intense O 2p→ La 4f charge transfer events)
or strong final state mixing of electronic configurations [45]. The presence of the double
signals was characteristic of La (III), as reported in Figure 4a. The Mn 2p3/2 spectral lines
were centered in 642.4 eV, a typical position of Mn in oxides and manganites [46]. The
Mn 2p3/2 peak asymmetry was due to the presence of a shake-up phenomenon for the
Mn-emitted photoelectrons. This was observed, with a similar intensity, for both samples.
The interpretation of the Mn 2p spectrum was complicated because of the multiple splitting
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of the Mn 2p spectra of Mn4+, Mn3+, and Mn2+ ions. The exact oxidation state of Mn ions
was difficult to evaluate but, according to the references [47], the observed binding energy
of Mn 2p3/2, suggested that the oxidation state of Mn ions was (III) and (IV) for both LSM
nanofibers and powders. Overall, the higher binding energy for LSM nanofibers compared
to powders (See also Table S1 in Supplementary Materials) suggested a higher presence of
Mn (IV). The higher presence of the redox couple Mn4+/3+ in the nanofiber perovskite, as
reported in Figure 4b, confirmed the Sr doping effectiveness and was in agreement with the
absence of surface segregation. The stable insertion of Sr inside the perovskite cell presented
a promising indication for an improvement of the material electronic conductivity. Sr 3d
spectrum of LSM was fitted by the two components 3d5/2 and 3d3/2. Their BE was in
accordance with the typical values of Sr-O in perovskite (131.8–134.3 eV) [46]. A small but
significant difference was observed in the spectral region Sr3d is observed. In the spectrum
which referred to the powders, it was possible to observe a tail around 135–137 eV which
confirmed the more relevant presence of SrO Figure 4c. The fitting results underlined that
Sr from perovskite was more evident in the fibers and the contribution due to the SrO in
the powders (Table S1 in Supplementary Materials). The O 1s spectra showed the presence
of two contributions centered around 530 and 531.6 eV; the contribution at lower BE was
attributed to the lattice oxygen, whereas the one at higher BE was attributed to surface
oxygen species. This contribution was more evident in the fibers’ surface, as shown in
Figure 4d. The presence of hydroxyl groups on the surface of the two samples was due to
the exposition of the two samples in moist air. Nevertheless, the presence of these chemical
species on the surface was not relevant to this study, since they were easily removed by
heating the material during the catalytic analysis.

An EDX analysis was carried out to better understand the chemical composition in
the inner region of the nanofibers. Table 1 shows the comparison between the nominal
and the experimentally detected percentages of the two samples. No marked differences
were present between fibers and powders with the nominal values, confirming that the two
syntheses were successfully realized, and the Sr segregation was limited to a few surface
monolayers. It is possible to assert, thus, that the two samples differed in morphology and
in the chemical composition of their surfaces.

3.3. Temperature Programmed Reduction (H2-TPR) and N2-Adsorption-Desorption

The TPR profiles obtained for the fibers and the powders, as compared in Figure 5,
showed two peaks, one at 430 ◦C and the other at 700 ◦C. Both were related to manganese
cation reduction, since manganese is the only species that can be reduced in the analyzed
temperature range. The lower temperature peak corresponded to the reduction of Mn4+,
while the second was due to the reduction from Mn3+ to Mn2+. This hypothesis, suggested
in the literature [48], was also confirmed by the XRD measurements performed after H2-
TPR. In the XRD patterns obtained after TPR, MnO was observed, but the main part of the
sample maintained the perovskite structure. In Figure 3, the XRD pattern obtained for the
fibers’ sample reduced up to 550 ◦C (hypothetically, when the first reduction was finished,
but the second one had still to start) underlined the absence of the MnO phase. This result
confirmed that the peak at the higher temperature was due to the reduction to Mn2+.

The experimental hydrogen consumption of a mole of fibers is about 9 × 10−5 mol,
which is lower than the theoretical one (16.7 × 10−5 mol/mol). This was calculated
assuming that all the Sr inserted in the sample promoted the manganese to Mn4+, and all
manganese was reduced to Mn2+. This assumption was disproved, however, as the XRD
after TPR showed LSM phase presence. Indeed, a simple calculation showed that about
50% of the Mn in the sample was reduced to Mn2+. In addition, in order to understand
whether the different morphology modified the stability, the same reducing treatment (5%
H2 in Ar at 900◦) was performed on the powders. Significant differences were noted in
the TPR profiles. The peak referring to Mn4+/3+ reduction started at 305 ◦C for powders,
or 35 ◦C higher than for nanofibers. Furthermore, the Mn3+/2+ peak was much higher for
nanofibers than for powders. These two results indicated that nanofibers featured a higher
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reactivity. The post-reduction XRD was also significantly different. From Figure 3, it is
possible to note how the powder diffractogram showed the same reflexes after reduction
of MnO observed in the fibers, but with a lower intensity. The different behaviors observed
between powders and fibers suggested lower reducibility of the powders. This could be
explained by considering two aspects: first, the high presence of SrO on the powder’s
surface, which behaved like a coating for the perovskitic structure, protecting it from
reduction; and second, the higher surface area observed for the fibers.

Figure 5. TPR profile of LSM nanofibers and powders. The patterns are normalized with respect to
their maximum values.

Figure 6 shows the N2-adsorption-desorption isotherms carried out on LSM nanofibers
and powders. The BET plots of the two samples were both tracible to type IV isotherms,
since they showed a hysteresis cycle between the adsorption and desorption processes.
Therefore, at the same partial pressure, during the desorption, more nitrogen was des-
orbed than gas adsorbed in the adsorption process. The hysteresis served as a signal of
a mesoporous material, but the small region between adsorption and desorption curves
indicated that there was little dispersion of the average width of the pores [49]. The BET
isotherms made it possible to determine the BET surface area. The surface area calculated
for the LSM nanofibers was 16.7 m2/g. A good correspondence with other studies in the
literature could be observed in this material [50]. This value more than doubled the surface
area calculated for the LSM powders (5.8 m2/g). The latter was in line with the typical
values for LSM perovskite powders synthesized by the citrate route and treated at the
same calcination temperature (800 ◦C). The high BET surface area obtained for the LSM
nanofibers, together with the absence of Sr-segregation, could explain the low hydrogen
stability found at high temperatures in the TPR measurements.

3.4. Methane Oxidation Catalytic Activity Test

The catalytic results obtained with LSM nanofibers and powders are reported in
Figure 7. A GC analysis of the reaction products, carried out after water condensation,
showed that the molar ratio between the produced CO2 and the consumed CH4 was 1:1.
No other reaction products were detected by the instrument. Therefore, since there was
a full correspondence between methane consumption and CO2 production, the complete
oxidation of methane was confirmed. For the nanofibers, the onset temperature for methane
oxidation was about 500 ◦C; for powders, it was 100 ◦C higher. The temperature of 50%
methane conversion was lower for nanofibers (700 ◦C) than powders (900 ◦C). For the
nanofibers, the maximum conversion was about 75% at 800 ◦C. Considering that the typical
temperature range for SOFCs application was between 600 ◦C and 800 ◦C, it could be
argued that this catalytic activity of nanofibers could be exploited in relationship with their
application in these devices. Taking into account the catalytic results and the previous
material characterizations, the higher activity of nanofibers could have two different



Energies 2021, 14, 3602 10 of 13

explanations. The first is the higher surface area of nanofibers (compared to powders) and,
consequently, the higher number of active sites for the reaction. In addition, the higher
performance of nanofibers could be explained by the previous XPS results. Indeed, SrO in
the LSM powders surface was inactive to methane oxidation and covered the underneath
of the perovskite structure. On the contrary, electrospinning synthesis made it possible to
maintain the active perovskite phase up until the last atomic layers. Figure 3 compares the
XRD patterns obtained for the nanofiber samples as-synthesized and after the reaction. No
differences were detectable considering either the position of the peaks or their FWHM.
Thus, no modification regarding the phase structure or crystallinity was attributable to the
performed catalytic test.

Figure 6. N2-adsorption and desorption isotherms for LSM powders (black) and nanofibers (red).

Figure 7. Catalytic activity in methane oxidation measured for LSM powders (black) and
nanofibers (red).

4. Conclusions

La0.6Sr0.4MnO3 (LSM), the SOFC cathode state-of-the-art material, was prepared in
the form of nanofibers and powders. Proper synthesis and crystallinity were confirmed for
both samples by XRD. The X-ray photoelectron spectroscopy (XPS) measurements showed
that the two different synthesis routes heavily influenced the surface properties, since LSM
powders displayed strontium oxide segregation, which was not detected in nanofibers. The
catalytic activity toward direct methane oxidation was investigated for the two samples,
showing that the onset temperature for methane oxidation was 500 ◦C with nanofibers,
and 600 ◦C with powders. Methane conversion at 800 ◦C was 73% with nanofibers and 50%
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at 900 ◦C with powders. Two explanations were proposed for the superior performance of
nanofibers; first, the absence of strontium oxide segregation on the surface, which exhibited
perovskitic active sites up until the last atomic layers; and second, the higher surface area
(as revealed by BET analysis). Since the typical working temperature range for IT-SOFCs is
600–800 ◦C, the structural and catalytic characterizations performed in this work support
the possibility of using LSM nanofibers on the anode side. This is particularly relevant,
since it paves the way for the development of symmetric IT-SOFCs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/en14123602/s1, Figure S1: Example of ImageJ segmentation process. In the left top corner,
the original SEM picture is reported. The other images are the black/white segmented images.
Figure S2: Example of ImageJ diameter location process. The red lines represent the central axes of
the nanofibers in one of the segmented images. Figure S3: Fitting curves for the different element
lines studied in this work. From top to bottom: O1s, La3d, Sr3d, Mn2p. On the left there are the
powders spectra, while on the right those for fibers. Table S1: Fitting parameters of the different
studied orbitals.
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a b s t r a c t 

La 0.6 Sr 0.4 MnO 3 (LSM), which is considered a state-of-the-art solid oxide fuel cell (SOFC) cathode, is in- 

vestigated for application as an anode in direct methane intermediate temperature - solid oxide fuel 

cells (IT-SOFCs). Ce 0.9 Gd 0.1 O 1.95 (CGO) is used as the electrolyte. The characterized electrode is a com- 

posite LSM/CGO, prepared in two different configurations: LSM crushed electrospun nanofibers / GDC 

powders, and LSM powders / GDC powders. The electrodes are tested in both air and direct methane 

conditions. At 815 °C, the polarization resistance R p = 1.6 �cm 

2 in air, and R p = 0.15 �cm 

2 in methane. 

Since perovskite-type manganites may show poor stability in reducing atmosphere, electrode stability is 

investigated. It is found that LSM shows a reversible modification of the crystal structure, assuming a 

Ruddlesden-Popper (RP) structure when exposed to methane. The RP structure is expected to be more 

stable compared to the LSM single perovskite. Furthermore, the composite electrode is expected to ben- 

efit from the presence of CGO, which is stable in reducing conditions. 

© 2022 Elsevier Ltd. All rights reserved. 

1. Introduction 

The possibility of feeding the anode side of a fuel cell directly 

with methane is attracting wide interest. This would be the first 

step towards a direct utilization of the natural gas capillary dis- 

tributed by the gas grid, without the intermediate steam methane 

reforming (SMR) reactor, which is present in all the fuel cell sys- 

tems currently under study [1] . The overall system would bene- 

fit in terms of reduction in complexity and cost. Furthermore, the 

SMR reactor is particularly prone to faults related to carbon depo- 

sition, due to the capability of the traditional Ni catalyst to catalyze 

also the methane cracking reaction, which produces coke which is 

then deposited on the catalyst, hindering its activity. It has been 

demonstrated that these SMR faults are particularly dangerous for 

the integrity of the downstream fuel cell and the whole system [2] . 

Direct utilization of methane is possible only in high- 

temperature fuel cells (molten carbonate fuel cells, MCFCs, and 

solid oxide fuel cells, SOFCs) and has been widely investigated for 

∗ Corresponding author. 

E-mail address: paola.costamagna@unige.it (P. Costamagna). 

SOFCs. In SOFCs, internal methane utilization can proceed through 

two different pathways. The first relies on the direct electrochem- 

ical oxidation of methane by the oxygen ions coming from the 

electrolyte. The second pathway is based on the internal steam re- 

forming process, which produces hydrogen and carbon monoxide, 

which are then oxidized electrochemically. The two pathways can 

take place simultaneously [3] . 

Ni, which is the typical electrocatalyst used at the SOFC an- 

ode for the electrochemical hydrogen oxidation reaction (HOR), is 

also the traditional catalyst for the SMR reaction, which seems an 

ideal conjuncture to implement internal SMR. Nevertheless, from 

an engineering point of view, this is not a practically viable option 

with traditional high-temperature SOFCs, because, at their typi- 

cal temperatures of about 10 0 0 °C, the internal SMR reaction is 

very fast. Since the SMR reaction is strongly endothermal, this 

causes a dramatic temperature decrease at the cell inlet, associ- 

ated with severe mechanical tensile stresses in the solid struc- 

ture, which easily cause fractures and ultimately break down of the 

cell. On the other hand, it has been demonstrated on theoretical 

ground, through SOFC simulation models, that the milder tempera- 

ture of Intermediate Temperature-Solid Oxide Fuel Cells (IT-SOFCs), 

https://doi.org/10.1016/j.electacta.2022.139939 
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i.e. 600–850 °C, provides ideal conditions for the internal SMR re- 

action to develop uniformly, with no steep temperature gradients 

associated [4] . Nevertheless, an unresolved issue remains, i.e. the 

tendency of methane to undergo cracking on the Ni catalysts. This 

implies that carbon deposition can occur also inside the SOFC an- 

ode, and this is widely confirmed by the experimental practice. To 

avoid this problem, a quantity of steam largely superior to the stoi- 

chiometric value is added to methane. Steam-to-carbon (S/C) is the 

parameter used to describe the level of added steam, and values 

as high as S/C = 3 are used in the experimental practice to ensure 

coke-free operation. Unluckily, steam dilution lowers the operating 

voltage of the fuel cell, and thus the electrical power produced. 

This is further exasperated by the product water generated by the 

electrochemical reaction occurring in the cell. 

To overcome the coke deposition problems, intensive research 

is being devoted to innovative coke-free catalytic materials. In this 

respect, research follows two distinct pathways for IT-SOFCs and 

industrial reactors. For industrial SMR reactors, incorporation of 

CeO 2 into Ni-based catalysts is known to offer a kinetic resistance 

to carbon deposition for many hydrocarbon oxidation reactions be- 

cause of its facilitated redox activity [5] . It has been demonstrated 

that intimate contact between Ni and CeO 2 is essential in reducing 

the extent of carbon deposition during the reforming reaction [5] . 

The beneficial role of ceria in inhibiting coke deposition has been 

demonstrated also with methane dry reforming [6] . For IT-SOFCs, 

perovskitic-type structures decorated with exsolved Ni particles 

are reported in the recent literature as stable, coke-free, and high- 

electrochemical performance anode materials for internal SMR in 

low S/C operating conditions. La 1.5 Sr 1.5 Mn 1.5 Ni 0.5 O 7 ±δ Ruddlesden- 

Popper (RP) structures have been investigate [7–9] . Ru substituted 

La 0.6 Sr 0.2 Cr 0.85 Ni 0.15 O 3 perovskites have been investigated as well 

[3] . In both cases, the exsoluted particles of Ni and Ru respec- 

tively, are demonstrated to play a key role in triggering the SMR 

process. 

In this work, La 0.6 Sr 0.4 MnO 3 (LSM), a well-known electronic 

conducting perovskite that is the state-of-the-art SOFC cathode, is 

investigated for application at the anode side, as a direct methane 

electrode. Ce 0.9 Gd 0.1 O 1.95 (GDC) is used as the electrolyte. The elec- 

trode is a classical composite LSM/GDC, tested in both air and di- 

rect methane conditions. Since different manufacturing processes 

are supposed to affect the material crystal structure, the LSM/GDC 

electrodes are manufactured using both the citrate route method 

to prepare the LSM powders, and the electrospinning technique to 

prepare the LSM nanofibers. Electrospinning is an innovative man- 

ufacturing method that makes it possible to produce 1-D materi- 

als like nanotubes, nanowires, nanorods, and nanofibers. These 1- 

D structures own interesting features such as high surface area, 

which results in better electrochemical performance compared to 

conventional powders electrodes [10–16] . In particular, the elec- 

trospinning procedure is expected to produce nanofibers with a 

higher amount of LSM perovskite structure on the surface, com- 

pared to the powders prepared with the citrate route method [15] . 

The stability of the electrode in anode conditions is investigated 

as well, since perovskite-type manganites may show poor stability 

in reducing atmosphere [17] . Nevertheless, LSM with RP structure 

tested in reducing conditions has demonstrated superior stability 

than its parent perovskites [17] . 

The results pave the way for the development of symmetri- 

cal LSM/GDC IT-SOFCs, with important advantages such as the re- 

duction of manufacturing costs and thermomechanical issues [17–

19] . Furthermore, the electrospinning technique is cost-effective, 

simple, and reproducible. Recently, interesting improvements in 

nanofiber mass production through electrospinning have been re- 

ported [20–23] . The intensive study carried out on needleless and 

centrifugal electrospinning methods allowed an increase in the 

nanofibers production: indeed, the typical 0.1–1 g/h production 

rate is extended to 13.5 g/h in the case of PAN solutions [20] and 

even 450 g/h in pharmaceutical industries [23] . 

2. Materials and methods 

2.1. La 0.6 Sr 0.4 MnO 3 nanofibers preparation 

The sol-gel solution used for the electrospinning process is 

based on Sr(NO 3 ) 2 (Sigma-Aldrich, ACS 99 + %), La(NO 3 ) 3 · 6H 2 O 

(AlfaAesar, 99.9%), and (CH 3 COO) 2 Mn · 4H 2 O (Sigma-Aldrich, 

99.99%) as metal precursors. The metal salts are weighted to 

reach the following molar ratios: 0.6:0.4 for La:Sr, and 1:1 for 

(La + Sr):Mn. Then, they are dissolved in a mixture of 60%/40% 

water/ethanol using a magnetic stirrer. Then, polyvinylpyrrolidone 

(PVP, Mw = 1.3 106 g/mol) is added to the solution maintaining 

a weight ratio between polymer and precursors salts of 1:1.3. Fur- 

thermore, the amount of PVP is added up to 10% wt/wt of solution. 

After one night of mixing, complete dissolution is achieved. 

The solution obtained is then fed to the electrospinning equip- 

ment (Doxa Microfluidics). The device is equipped with a 10 cm 

diameter cylinder metal collector and a relative humidity (RH) reg- 

ulator. The solution is fed at a flow rate of 1 ml/h, using an applied 

voltage gradient of 2.2 kV/cm, and a rotational speed of 200 rpm. 

The chamber atmosphere is maintained at an RH of 40%. 

Lastly, the raw electrospun nanofibers are heat-treated. They 

are brought to 800 °C, with a ramp of 0.5 °C/min. After reach- 

ing 800 °C, cooling to room temperature takes place without ther- 

mal control. During heat treatment, polymer burns, and the de- 

sired crystal structure is obtained. The effect of heat-treatment on 

the nanofibers was analyzed in previous works [ 14 , 24 , 25 ]. 

2.2. La 0.6 Sr 0.4 MnO 3 powders preparation 

LSM powders are synthesized through the citrate 

route [26] . Stoichiometric quantities of lanthanum nitrate 

(La(NO 3 ) 3 ·6H 2 O, Sigma-Aldrich 99.99%, powder), strontium ni- 

trate (Sr(NO 3 ) 2 , Sigma-Aldrich 99%, powder) and manganese 

acetate (CH 3 COO) 2 Mn ·4H 2 O (Sigma-Aldrich, 99.99%) are dissolved 

in deionized water and nitric acid (HNO 3 ). The complexing agent 

is citric acid (C 6 H 8 O 7 , Sigma-Aldrich ≥ 99.0%). It is added under 

stirring, with a molar ratio of 1.9:1 to the total amount of cations. 

After that, the solution is led to neutral pH by dropwise addition 

of ammonium hydroxide. At pH 7, stirring is stopped, and the 

solution is heated overnight to eliminate water and allow the 

formation of a gel. The gel is burned, heating at 400 °C. The 
formed powders are calcined at 800 °C for 6 h using a heating 
and cooling ramp of 6 °C/min. 

2.3. Chemical and physical characterization 

X-ray spectroscopy (XPS) measurements are carried out with a 

Perkin Elmer � 5600ci Multi Technique System. The spectrometer 

is calibrated by assuming the binding energy (BE) of the Au 4f 7/2 
line to be 84.0 eV with respect to the Fermi level. Both extended 

spectra (survey-187.85 eV pass energy, 0.8 eV/step, 0.05 s/step) and 

detailed spectra (La 3d, Mn 2p, Sr 3d, O 1 s and C 1 s - 23.5 eV 

pass energy, 0.1 eV/step, 0.1 s/step) are collected with a standard 

Al K α source. The atomic percentage is evaluated using the PHI 

sensitivity factors after Shirley-type background subtraction. The 

peak positions are corrected for the charging effects by considering 

the C 1 s peak at 285.0 eV and evaluating the BE differences [27] . 

X-ray diffraction (XRD) analyses are performed with a Bruker D8 

Advance diffractometer with Bragg-Brentano geometry using a Cu 

K α radiation (40 kV, 40 mA, λ = 0.154 nm). Field emission scan- 

ning electron microscopy and energy-dispersive X-ray spectroscopy 
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(EDX) measurements are carried out on a Zeiss SUPRA 40VP at ac- 

celeration voltages of 20 kV. X-ray diffraction (XRD) analyses are 

performed employing the Bruker D8 Advance diffractometer with 

Bragg-Brentano geometry using a Cu K α radiation (40 kV, 40 mA, 

λ = 0.154 nm). 

ImageJ software [ 28 , 29 ] is used to identify the average diameter 

of the LSM nanofibers, starting from the SEM images. In particular, 

DiameterJ, a tool of ImageJ, is used to estimate the frequency dis- 

tribution of the diameter of the nanofibers. 

2.4. Electrochemical impedance spectroscopy 

The electrochemical measurements are performed using sym- 

metrical cells (L SM-GDC (50:50)/GDC/L SM-GDC (50:50)) made of 

dense gadolinium doped ceria ceramics (theoretical density > 96%) 

as electrolyte. Both LSM powders and nanofibers are ground with 

commercial GDC powders (Fuelcellmaterials) until a uniform color 

is obtained. After that, the electrode inks are realized adding the 

α-terpineol solvent to the powders which act as a vehicle liq- 

uid, but it also confers the proper viscosity. The electrolyte is pre- 

pared by pressing GDC powders in round shape, 20 mm of di- 

ameter and 1 mm of thickness, and then calcined at 1500 °C for 
5 h (3 °C/min heating ramp). The electrodes are prepared by de- 

positing the ink onto the GDC electrolyte through the tape cast- 

ing process, and then they are heat-treated at 1050 °C for 2 h 
(3 °C/min heating ramp). After thermal treatment, three symmet- 

rical cells are prepared. The first is assembled with the nanofiber- 

based electrodes with 30 μm of thickness, while the second one 

is assembled with the powder-based electrodes with 70 μm of 

thickness. Furthermore, another powder-based symmetrical cell is 

prepared with an electrode thickness of 40 μm. Electrochemical 

Impedance Spectroscopy (EIS) measurements are carried out using 

an Autolab Frequency Response Analyser. The frequencies scanned 

are from 0.003 Hz to 1 MHz and set to amplitude 0.02 V. The tests 

are carried out at 865 °C, 815 °C, 765 °C, 715 °C, and 665 °C. The 
raw experimental data are corrected by subtracting the inductance 

contribution of the device wires, which is one of the major sources 

of error is given by the stray components of the device [30] . 

2.5. Equivalent circuit-based modeling 

The EIS experimental data obtained in air and methane atmo- 

sphere are fitted through different equivalent circuit models. The 

equivalent circuits adopted in this work consist of serial resistance 

Rs, placed in series with RQ elements. In some cases, also the 

Gerischer and the FLW elements are used. These ECs were pre- 

viously proposed in [ 30 , 31 ] where Rs in series with RQ elements 

were used to fit EIS data obtained with composite LSM/GDC or 

LSM/YSZ electrodes. 

The Rs element represents all the ohmic contributions: the 

electrolyte and electrodes ohmic resistances, and the contact re- 

sistances between the electrodes and the current collectors: 

R S = R el ectrol yte + 2 ( R contact + R electrode ) (1) 

The RQ element consists of a resistor and a constant phase 

element (CPE) placed in parallel. It is generally used to simu- 

late electrochemical phenomena which take place at the elec- 

trode/electrolyte interface [32] . Indeed, the resistor simulates the 

charge transfer process, i.e. the oxygen reduction reaction (ORR), 

whereas the capacity Q of the CPE is associated with the elec- 

trode/electrolyte double layer. The RQ impedance equation is: 

Z RQ ( ω ) = 

1 

R −1 
RQ 

+ Q ( jω) 
α (2) 

Where α is a CPE parameter, which is independent of fre- 

quency. When α = 1, the electrode/electrolyte interface is simu- 

lated as a CPE which is become an ideal capacitor, with capacity 

Q and units (F) and the Nyquist plot of the RQ impedance is a 

semi-circle. Otherwise, when α is lower than 1, the deviations from 

the ideality are considered in the RQ impedance. For example, the 

heterogeneity which takes place at the electrode/electrolyte inter- 

face, or to continuously distributed time constants for the charge- 

transfer reactions is reflected in the α value [33] . In this condi- 

tion, the RQ impedance representation in the Nyquist plot is a de- 

pressed semi-circle. The Q unit becomes (F s α−1 ), so an equivalent 

capacitance Q equiv is calculated with units (F), and the formula is 

below: 

Q equi v = 

( QR ) 
1 
/ α

R 
(3) 

The Gerischer element is used to simulate both charge transport 

and charge transfer reaction in the bulk of the electrode [34] . The 

representing equation is: 

Z G ( ω ) = 

1 

Y G (k + jω) 
0 . 5 

(4) 

The k parameter is the oxygen surface exchange coefficient, 

whereas Y G incorporates the parameters related to oxygen mass 

transport, as well as structural parameters [35] . 

When the EIS tests are carried out at high temperatures, gen- 

erally an additional arc appears at low frequencies due to the gas 

diffusion limitations [ 36 , 37 ]. This additional arc is well fit with the 

Finite-Length-Warburg (FLW): 

Z F LW 

( ω ) = 

tanh ( 
(
B jω) 0 . 5 

)

( Y F LW 

jω) 
0 . 5 

(5) 

B and Y FLW 

are phenomenological coefficients. 

The EC used to fit the experimental data obtained in air, 

changes with temperature: between 665 and 765 °C the Rs-RQ-RQ- 
RQ is used, whereas at a higher temperature the EC is modified to 

Rs-RQ-RQ-FLW. 

The EIS experimental data obtained in methane are analyzed 

with two ECs, which are represented in Fig. 1 . The first model 

(Mod1) is Rs-G. Since the electrolyte used in this work is a pel- 

let made with GDC, which tends to become an electronic conduc- 

tor when exposed to a reducing atmosphere i.e. methane, a sec- 

ond equivalent is proposed. The second model (Mod2) consists of 

an Rs-G circuit with the Rs resistance (which is identified as R 2 in 

Fig. 1 b) placed in parallel to the G element, simulating the effect 

of possible electrolyte short-circuiting. 

3. Results 

3.1. SEM 

Fig. 2 shows the SEM image of the LSM nanofibers (a) and the 

LSM powders (b) before the mixing procedure with the GDC pow- 

ders. Both the LSM nanofibers and powders are reported after the 

thermal treatment. The LSM nanofibers appear intact and well en- 

tangled, providing a good network. The Diameter-J analysis carried 

out on the Fig. 2 (a) calculates the frequency of the nanofiber’s 

diameter, identifying the highest frequency in the range between 

80 and 100 nm. In Fig. 2 (b) it is possible to see the LSM pow- 

ders microstructure. The LSM powders show particles with differ- 

ent dimensions and shapes: some particles are well-defined poly- 

hedral with diameter sizes in the micron range, but at the same 

time it is also possible to identify nanosized particles. Furthermore, 

in the previous work [15] , the BET surface area analysis was car- 

ried out on both the LSM nanofibers and the LSM powders. The 

BET pointed out an active surface area of 16.7 m 

2 /g for the LSM 

nanofibers, a value which is around two times the typical values 

for LSM powders prepared by the citrate route. 
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Fig. 1. Schematic representation of the two models used to fit the experimental data obtained in methane. (a) Rs-G model (Mod1); (b) RQ-G with a parallel Rs model 

(Mod2). 

Fig. 2. (a) SEM image of LSM nanofibers after heat treatment. (b) LSM powders after thermal treatment. 

Fig. 3. SEM images of LSM/GDC nanofiber-based electrode (a–c) and LSM/GDC powder-based electrode (b–d). Electrode internal morphology: (a,b) pre-electrochemical test, 

(c,d) post-electrochemical test. 

As reported previously, both the LSM powders and the LSM 

nanofibers are crushed with the GDC powder to prepare the pre- 

cursor electrode ink. Fig. 3 shows the SEM images of the LSM/GDC 

nanofiber (a-c) and powder (b-d) based electrodes. The characteri- 

zation is carried out before (a-b) and after (c-d) the EIS tests. It is 

possible to see that in every image of Fig. 3 the electrode appears 

homogeneous, with a good void degree and no agglomeration. Af- 

ter the crushing procedure, the microstructures of the LSM/GDC 

nanofibers electrode and the LSM/GDC powders electrode, reported 

in Fig. 3 , do not show as many differences as in Fig. 2 . Indeed, 

the grinding process used to mix the GDC with the LSM leads to 

the loss of the original nanofiber structure, which is naturally well 

elongated and arranged in a continuous network. Furthermore, as 

shown in Fig. 3 there is no difference in particle size between the 

GDC powder and the LSM one, instead, the size distribution ap- 

pears homogenous. Lastly, Fig. 3 (c, d) demonstrates no relevant 

changes in porosity and morphology despite the high temperatures 

reached during the electrochemical tests. 
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Fig. 4. (a) LSM_GDC composite electrode and (b) LSM nanofibers stability test results. Peak identification: Blue square: Ce 0.9 Gd 0.1 O 2 ; grey rhombus: La 0.6 Sr 0.4 MnO 3 ; Orange 

circles: La 1.2 Sr 0.8 MnO 3.84 ; Yellow triangle: Ce 11 O 20 ; Green star: MnO. 

3.2. XRD and stability tests 

As reported above, perovskites are versatile materials widely 

employed in SOFC operation at intermediate temperatures. How- 

ever, one perovskite drawback is the material stability during the 

test operation, in particular in reducing atmosphere. For this rea- 

son, the stability of the LSM/GDC electrodes is investigated in the 

methane atmosphere. Firstly, the LSM/GDC powder-based electrode 

undergoes an XRD analysis before being employed in the electro- 

chemical test. The experimental pattern shows only signals related 

to the GDC and LSM crystal structures as reported in Fig. 4 (a). 

Then, the LSM/GDC electrode is placed in a powder rector, where 

a constant flow of pure methane is fluxed, and the temperature is 

raised to 900 °C and then cooled down. The XRD measurement is 

carried out on electrode after the thermal treatment in methane 

and the result is reported in Fig. 4 (a) as well. In this case, some 

additional peaks are individuated: the LSM stoichiometry is mod- 

ified, and the experimental pattern shows that the LSM achieves 

the Ruddlesden-Popper configuration (RP, A n + 1 B n O 3n + 1 ). The RP 
structures are more stable in reducing atmospheres and are widely 

used as electrode materials for SOFC [38–40] . Furthermore, in lit- 

erature, many works report the possibility to use La x Sr 2-x MnO 4 

based materials for anodes fueled directly by methane [ 8 , 41 ]. How- 

ever, from Fig. 4 (a) it is possible to see that during the thermal 

treatment in methane, the formation of MnO takes place as well, 

which is expected taking into account the H 2 -TPR analysis per- 

formed in our previous work [15] . In particular, the performed 

H 2 -Temperature Programmed Reduction (TPR) analysis highlighted 

the reduction of the Mn 3 + in the perovskite structure to Mn 2 + at 
an operating temperature around 700 °C. Finally, the experimental 

pattern reported in Fig. 4 (a) shows another additional phase which 

is given by the reduction of GDC in an oxygen-deficient phase 

(Ce 11 O 20 ). However, these new phases, which are obtained by ex- 

posing the electrodes material to a reductive atmosphere, are not 

irreversible. Indeed, the same sample analyzed after the methane 

thermal treatment undergoes an oxidative thermal treatment up 
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to 900 °C in air, and the XRD carried out after the re-oxidation 

demonstrate the absence of the additional phases ( Fig. 4 (a)). Fur- 

thermore, the experimental pattern shows that the LSM modifies 

its crystal structure from the RP configuration to the former single 

perovskite. In Fig. 4 (b) it is possible to observe the results achieved 

performing the same analysis on LSM nanofibers, which follows 

the same behavior of the powder-based one. In this case, the ana- 

lyzed nanofibers are not ground with GDC, to ensure that the re- 

versible transition is intrinsic of the LSM and not due to the inter- 

action with GDC. 

3.3. Electrochemical impedance spectroscopy in air 

As discussed above, LSM is considered the state-of-the-art ma- 

terial for SOFC cathodes, and composite LSM/GDC electrodes have 

been widely investigated in the last decades. Therefore, this sec- 

tion aims at comparing the EIS results obtained in the air from the 

LSM/GDC nanofibers-based and powder-based electrodes with the 

available literature, to have a firm starting point for the subsequent 

discussions. The electrochemical characterization is carried out on 

the 30 μm thick nanofiber-based electrode and the 70 μm thick 

powder-based electrode 

Fig. 5 shows the Nyquist and Bode plots of the EIS experi- 

mental data obtained in air between 665 and 865 °C with the 

nanofiber-based LSM/GDC electrode. The contributions of the fit- 

ting elements used in the equivalent circuit model are reported 

as well. Between 665 and 765 °C, the equivalent circuit used to 
fit the data is the Rs-RQ-RQ-RQ. At each temperature, the exper- 

imental data display two main arcs in the Nyquist plot: the first 

one is a little semicircle placed at high frequencies, while the sec- 

ond one is the main curve which covers the middle and low range 

of frequencies. The small high-frequency arc is well fitted with 

two RQ elements, and it is identified as RQ1. When the temper- 

ature rises, the shape of the main arc changes. Indeed, the two RQ 

elements modify their relative contributions to the overall polar- 

ization resistance, until 815 °C where only one RQ fits the main 

curve. Thus, between 815 and 865 °C, the equivalent circuit used 
to fit the experimental data becomes Rs-RQ-RQ-FLW. The FLW el- 

ement is used to simulate the small arc which appears at low fre- 

quencies, due to the shrinkage of the main impedance arcs in the 

Nyquist plot. This additional contribution, fitted with the FLW ele- 

ment coherently with the previous works [ 25 , 35 , 42 ], is associated 

with the gas diffusion resistance [43] . Despite the electrode con- 

taining both LSM and GDC, which are respectively pure electronic 

and ionic conductors, the Nyquist plot is not associated with the 

Gerischer behavior, which is normally related to mixed electronic- 

ionic conductors. Indeed, the Nyquist shape is the sum of several 

semicircles in series. However, this behavior is quite common for 

composite electrodes investigated as cathodes, and several exam- 

ples are reported in the literature. Murray et al. performed EIS tests 

on a symmetrical cell made with an LSM/YSZ composite electrode. 

Despite the YSZ being considered the state-of-the-art material for 

HT-SOFC, the experimental data reported in the Nyquist plot do 

not show the common Gerischer shape, otherwise, the spectra rep- 

resent the sum of several semicircle arcs, which are fitted with 

an Rs-RQ-RQ equivalent circuit [44] . Other composite electrodes 

made with LSM and YSZ have been tested, achieving the same be- 

havior [45–47] . Furthermore, Costamagna et al. characterized sym- 

metrical cells made with YSZ nanofibers infiltrated with LSM so- 

lution. The change in the electrode microstructure results in lower 

polarization resistance [48] , but also in this case the experimen- 

tal point in the Nyquist plot shows a sum of several semicircle 

arcs as seen in the previous cases [12] . The behavior reported for 

the LSM/YSZ composite electrode is also found for substituting the 

ionic conductor material. Indeed, Luo et al. performed an EIS test 

on LSM/GDC symmetrical cells and no Gerischer behavior is re- 

ported in the Nyquist plot, but the experimental data show the 

already discussed sum of several arcs [49] . Other LSM/GDC com- 

posite electrodes have been tested obtaining the same behavior 

[ 50 , 51 ]. On the contrary, several mixed ionic and electronic con- 

ductors, which have generally high electronic conductivity but low 

ionic conductivity, report a Gerischer behavior in the Nyquist plot 

after EIS characterization. One of the most studied MIEC materials 

is the LSCF perovskite, which is considered the state-of-the-art ma- 

terial for IT-SOFC. Costamagna et al. carried out the investigation 

on LSCF nanofiber electrodes, achieving the typical Gerischer shape 

in the Nyquist plot [35] . Furthermore, some LSCF/GDC compos- 

ite electrodes have been investigated as well, reporting the same 

Gerischer behavior [ 25 , 52 ]. Sunde et al. performed some simula- 

tions on several composite electrodes. They found out that when 

the electrode and the electrolyte material are randomly mixed to 

form a composite electrode, it is possible that one phase is not 

connected to its bulk phase, causing a lack of percolation of one 

phase [ 53 , 54 ]. The problem detected by Sunde et al. and Costa- 

magna et al. may be the reason why the Nyquist plots shown in 

Fig. 5 do not show the Gerischer behavior. If one phase does not 

percolate in the electrode thickness, it is possible that the elec- 

tronic and ionic pathways are not properly connected limiting the 

conduction of ionic or electrons, and so the reaction. On the con- 

trary, a mixed conductor has both the pathways in the same ma- 

terial and the reaction can take place wherever in the electrode 

thickness. According to the literature [55] , when LSM/YSZ com- 

posite electrodes are tested in an air atmosphere it is possible to 

identify five main processes, and each of them is associated with 

an RQ arc. Fig. 5 shows the presence of three well-defined pro- 

cesses at 665 °C, while at high temperature only two of them are 

reported at 815 °C. In the range of temperature between these two 

limits the EC contributions appear shifted and overlapped, which 

implies a difficult interpretation of the processes related to them. 

For this reason, it is not possible to assign an accurate process that 

takes place in the cell to the EC element used to fit the data. The 

only contribution which is present at each investigated tempera- 

ture is the little semicircle at high frequencies. This contribution is 

also detected in the LSM/YSZ composite electrode characterized by 

Murray et al., who attributed this high-frequency contribution to 

the grain boundary resistance made by the YSZ particles inside the 

electrode [44] . Lastly, at 800 °C a small additional arc in Fig. 5 ap- 

pears at low frequencies. Costamagna et al. investigated this pro- 

cess as well, identifying this additional arc at low frequencies and 

high temperatures and associating this contribution to the gas dif- 

fusion resistance [ 25 , 35 , 42 ]. 

Fig. 6 shows the Nyquist plots of the EIS experimental data 

obtained between 665 and 865 °C in air with the 70 μm thick 

powder-based LSM/GDC electrode. The shape is slightly differ- 

ent from that reported in Fig. 5 . Indeed, the RQ1 contribution 

is only identified at 665 °C and over 765 °C the unique con- 
tribution to the overall polarization resistance is given by only 

one RQ element. Thus, at 665 °C the experimental data are fit- 

ted with the Rs-RQ-RQ-RQ equivalent circuit, at 715 °C the EC be- 
comes Rs-RQ-RQ and between 765 and 865 °C, the EC becomes 

Rs-RQ. However, the correlation between the fitting elements and 

the electrochemical phenomena is in accordance with the discus- 

sion reported above for the LSM/GDC nanofiber electrodes. Fur- 

thermore, there is a good correlation between the electrochemi- 

cal performances obtained with the nanofiber-based electrode and 

the powder one. The polarization resistance obtained with the 

nanofiber-based LSM/GDC electrode at 815 °C is 1.6 �cm 

2 , a value 

quite similar to the 1.08 �cm 

2 obtained with the powder-based 

LSM/GDC electrode at the same operating temperature. Further- 

more, the obtained results are consistent with the literature data 

found for composite electrodes based on L SM. Indeed, L SM/YSZ 

composite electrode shows a polarization resistance of 1.5 �cm 

2 
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Fig. 5. Nyquist (left) and Bode (right) plots of the EIS results obtained with the nanofiber-based LSM/GDC electrode at operating temperatures from 665 to 865 °C, in 
air atmosphere: · experimental data; - �- fitting through the Rs-RQ-RQ equivalent circuit model; – RQ1 contribution; – RQ2 contribution; – RQ3 contribution and – FLW 

contribution. 

at 800 °C, while LSM/GDC electrodes reports 0.5 �cm 

2 at 750 °C 
[ 12 , 56 ]. 

In Fig. 7 the reverse of the polarization resistance ( R p 
−1 ) of 

the LSM/GDC nanofiber-based electrode and 70 μm thick powder- 

based electrode are reported in an Arrhenius plot. The activation 

energies are respectively 115 kJ/mol and 153 kJ/mol. In particular, 

the value found for the nanofiber-based cathode is consistent with 

the activation energy reported in the literature for pure LSM elec- 

trode, which is 121 kJ/mol [ 11 , 57 , 58 ]. This may suggest that in the 

investigated LSM/GDC composite electrodes when used as cath- 

odes in air atmosphere, only the LSM is electrochemically active, 

rather than the GDC. 

In Fig. 8 the 1/Rp vs 10 0 0/T of the RQ1 polarization resistance 

and the overall polarization resistance of the LSM/GDC nanofiber 
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Fig. 6. Nyquist plot of EIS results obtained with the 70 μm thick powder-based 

LSM/GDC electrode at operating temperatures from 665 to 865 °C, in air atmo- 

sphere. Inset: Nyquist at 715 °C, · experimental data; - �- fitting through the Rs- 

RQ-RQ equivalent circuit model; – RQ2 contribution; – RQ3 contribution. 

electrode are reported. In particular, polarization resistance of the 

RQ1 shows an Arrhenius behavior as compared to the temperature; 

furthermore, the activation energy is 90 kJ/mol, which is very sim- 

ilar to the 96 kJ/mol found by Murray et al. in [44] . 

3.4. Electrochemical impedance spectroscopy in methane 

In this section, the EIS experimental data obtained in a 97% of 

methane and 3% of water atmosphere with the LSM/GDC 30 μm 

thick nanofibers-based and the 70 μm thick LSM/GDC powder- 

based electrodes are discussed. Figs. 9 and 10 show the Nyquist 

plots of the EIS experimental data obtained between 715 and 

865 °C with the nanofiber-based LSM/GDC electrode. Furthermore, 

the Rs-G fitting result at 715 °C is reported as well. The shape 

of the raw experimental data is different compared to the data 

reported in Fig. 5 . Indeed, the data acquired in the reducing at- 

mosphere report a typical Gerischer behavior, instead of a sum 

of semicircles as reported for the data obtained in air. In both 

Figs. 9 and 10 serial and polarization resistance decrease, while 

the shape remains similar. At 715 °C it is possible to see that 
the Gerischer arc individuated at low frequencies, doesn’t close 

its trajectory, but it remains open. At 765 °C the overall polar- 
ization resistance decreases its magnitude and from this temper- 

ature, the curve follows its trajectory to form a closed shape. From 

a quantitative point of view, the polarization resistances obtained 

with both the electrode configurations are extremely lower com- 

pared to the values achieved using the air atmosphere. As seen 

before, the nanofiber-based LSM/GDC electrode at 815 °C in the 
air is 1.4 �cm 

2 , while it is 1.08 �cm 

2 with the powder-based 

LSM/GDC electrode. At the same operative temperature, the po- 

larization resistance obtained in methane with both the powder 

and nanofiber-based electrode is 0.15 �cm 

2 , so ten times lower 

compared to the air results. At 865 °C the result is even better 
since with both the electrode architectures the polarization resis- 

tance is 0.04 �cm 

2 , which is a value around twenty times lower 

compared to the air results of the same electrode. The same be- 

havior is reported by Sandoval et al., where the La 0.5 Sr 1.5 MnO 4 

symmetrical cell has been tested both in air and wet hydrogen, 

obtaining respectively a polarization resistance of 1.2 �cm 

2 and 

Fig. 7. 1/Rp vs 10 0 0/T of - �- LSM/GDC nanofiber-based and - ·- LSM/GDC powder-based electrode, tested in air. 
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Fig. 8. Arrhenius plot of the ECs elements used to fit the LSM/GDC nanofiber-based electrode. Rp evaluated in air atmosphere. - �- overall R P ; - ·- R P,RQ1 . 

Fig. 9. Nyquist plots of the EIS results obtained with the 30 μm thick nanofiber- 

based LSM/GDC electrode in methane atmosphere at operating temperatures from 

715 to 865 °C. Inset: Nyquist at 715 °C, - ·- experimental data; - �- fitting through 

the Rs-G equivalent circuit model. 

0.57 �cm 

2 [17] . Furthermore, the polarization resistances reported 

in Figs. 9 and 10 are better also compared to literature values con- 

cerning the CH 4 as feedstock. Wang et al. investigated a composite 

anode made with GDC and Nickel, which is considered as the state 

of the art metal for anode application, achieving a polarization re- 

sistances of 3.05 �cm 

2 at 800 °C in a 97% of methane and 3% of 

water [59] . Analyzing the spectra from a qualitative point of view, 

the shapes of EIS experimental data reported in the Nyquist plot in 

Figs. 9 and 10 , remind the typical Gerisher element. This behavior 

Fig. 10. Nyquist plots of the EIS results obtained with the 70 μm thick powder- 

based LSM/GDC electrode in methane atmosphere at operating temperatures from 

715 to 865 °C. Inset: Nyquist at 715 °C, - ·- experimental data; - �- fitting through 

the Rs-G equivalent circuit model. 

is quite common for GDC-based electrodes, as confirmed by several 

examples reported in the literature. Cho et al. performed an EIS 

test on SrTiO 3- δ-GDC in a hydrogen atmosphere and the Nyquist 

shape reflects a Gerischer behavior [60] . Nenning et al. tested a 

Ni/GDC composite anode in a hydrogen atmosphere achieving the 

Gerischer arc as well [61] . The possible explanation may be found 

in the conductive properties of the GDC. Indeed, when the GDC 

is exposed to the air atmosphere, its fluorite structure allows the 

conduction of oxygen ions at operating temperatures even lower 

9 
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Fig. 11. Arrhenius plot of polarization resistance of - �- LSM/GDC nanofiber-based electrode, tested in methane; - ·- LSM/GDC powder-based electrode, tested in methane; 

••� •• LSM/GDC nanofiber R // calculated through Mod2. 

compared to ones generally used for the YSZ. Otherwise, when the 

GDC is exposed to a reducing atmosphere, poor electronic conduc- 

tion is activated and it becomes an MIEC [62] . Furthermore, as re- 

ported in Fig. 4 the LSM modified its structure arrangement from 

the ABO 3 single perovskite structure, achieved after the prepara- 

tion process, the Ruddlesden-Popper double perovskite after the 

exposition to methane atmosphere. The RP crystal structure pro- 

vides a higher open framework compared to the single perovskite 

and due to this feature, it allows the accommodation of hyper sto- 

ichiometric oxide ions, which may permit poor ionic conduction. 

Thus, the LSM when exposed to a reducing atmosphere behaves 

like mixed ionic and electronic conductors as well [ 9 , 63 , 64 ]. The 

explanation just reported may explain the Nyquist shape reported 

in Figs. 5 , 6 , 9 , 10 . The LSM/GDC electrodes tested as cathodes 

may behave as, respectively pure electronic and pure ionic con- 

ductors, which are not able to extend the electrochemical reac- 

tion in the whole electrode thickness; on the contrary when the 

LSM/GDC electrodes are tested as anodes in methane atmosphere, 

both the materials achieve MIEC properties allowing the reaction 

process in the whole electrode volume. The different behaviors just 

described are reflected also in the widely lower polarization resis- 

tances achieved in anode configuration compared to cathode one. 

In Fig. 11 th e reverse of the polarization resistances of the 

LSM/GDC 30 μm thick nanofiber and 70 μm thick powder-based 

electrode are reported in an Arrhenius plot, within the activation 

energies which are respectively 297 kJ/mol and 222 kJ/mol. It is 

possible to see that the major differences between the two archi- 

tectures are detected at 715 °C, while at higher temperatures the 

results are almost overlapped which underlines the good repeata- 

bility of the results. Furthermore, compared to the results acquired 

in the air atmosphere, the activation energies are quite higher, 

while the polarization resistances are widely lower. 

In Fig. 10 the reverse of the polarization resistance ( R p // 
−1 ) re- 

lated to the R // (which is referred to the R 2 of Fig. 1 b) given by the 

Mod2 used to fit the nanofiber LSM/GDC electrode is reported as 

Table 1. 

Resistance values of the elements that appear in Mod2 and the calculated total 

polarization resistance. All values are normalized to the surface area. The ex- 

perimental data derives from the nanofiber composite electrode measurements. 

Element 715 °C 765 °C 815 °C 865 °C 
R 1 ( Ω cm 

2 ) 2.4 2.2 3.8 7.0 

R G ( Ω cm 

2 ) 3.6 1.1 6.0 482.0 

R // ( Ω cm 

2 ) 20.9 9.7 1.1 0.5 

R p ( Ω cm 

2 ) 4.7 2.5 1.0 0.6 

well. As reported above, the GDC acts as a mixed ionic and elec- 

tronic conductor once exposed to a reducing atmosphere, so both 

the electrode and electrolyte start to conduct electrons. 

In Table 1 the resistances of the different EC elements as well as 

the total polarization resistance are reported for each investigated 

temperature. 

In Fig. 1 as well as Fig. 10 and Table 1 it is possible to iden- 

tify the two parallel pathways for electrons and ions which are 

available in the investigated cells and which are schematized by 

the EC Mod2. The first pathway is the electrochemical process, 

which is represented by the RQ-G elements, while the second one 

is the short-circuited electrolyte, described by R // . As matter of 

fact, when an electric circuit is provided by different components 

placed in parallel, the electrical current is more favorable to flow in 

the pathway which offers a lower resistance. In the Mod2 EC, the 

relative currents through the electrochemical and short-circuited 

pathway are related to the value of R 1 and R // . At lower temper- 

atures, the resistance of R 1 is widely lower compared to R //, and 

the electrochemical pathway results to be the more favorable. Fur- 

thermore, at these temperatures the GDC electronic conductivity 

has higher activation energy compared to the GDC ionic conduc- 

tivity, thus the reduction of GDC is not sufficiently performed to 

generate a short-circuit. On the contrary, at the higher tempera- 

tures, the GDC reduction is at an advanced stage, and the value of 
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Fig. 12. Nyquist plots obtained at 715 °C and 815 °C in methane atmosphere em- 

ploying LSM/GDC powder-based electrodes prepared with different thicknesses. - ·- 
70 μm thick LSM/GDC powder electrode (already reported in Fig. 10 ); - ·- 30 μm 

thick LSM/GDC powder electrode. 

R 1 is widely higher compared to R // , so the short-circuited path- 

way becomes more favorable. For this reason, since the electrical 

current is not directed exclusively to the electrochemical activity 

of the electrode, the electrochemical performance cannot be con- 

sidered intrinsic of the material. Furthermore, the measured acti- 

vation energy is 250 kJ/mol for the electronic conductivity, which 

is in agreement with the literature value of 248 kJ/mol [65] . 

The very low polarization resistances measured from the 

impedance test are affected by the parallel pathway, so they do not 

reflect the pure electrochemical activity. However, assuming that 

the electronic pathway has no complex contribution to the imagi- 

nary part, it is expected that the Nyquist shape, e.g. the Gerischer 

element, is not affected by the short-circuit so reflects the elec- 

trode processes involved in the EC pathway. However, the results 

indicate the importance to employ a pure ionic conductor as an 

electrolyte, for example, a multilayer electrolyte based on zirconia 

coated with GDC on both sides. 

3.5. Effect of the electrode thickness 

Fig. 12 shows the Nyquist plots acquired between 715 and 

815 °C with the 70 μm thick powder-based LSM/GDC electrode 

(already reported in Fig. 10 ) and the 40 μm thick powder-based 

LSM/GDC electrode. The experimental data are acquired in the 

methane atmosphere. In both cases, the shape reported in the 

Nyquist plots recalls the typical Gerischer behavior, as seen in 

Figs. 9 and 10 , but it is possible to underline some differences 

between the two architectures. Indeed, the Gerischer arc obtained 

with the 70 μm thick powder electrode has a shape that is more 

stable with the temperature, as already reported in Fig. 10 . From 

715 to 865 °C the polarization resistance decreases but the shape 
does not shrink and remains well defined. On the other hand, the 

30 μm thick powder electrode reflects the Gerischer behavior as 

well, but looking more deeply in the experimental data, the shape 

obtained is more similar to a Finite-Length-Gerischer (FLG) ele- 

ment. The FLG feature is individuated in electrodes which show 

mixed ionic and electronic properties, and so they allow the elec- 

trochemical reaction process in the whole volume of the electrode, 

but the electrode thickness results too thin. Therefore, the thick- 

ness of the electrode is smaller than that required by the electro- 

chemical process and this limitation is reflected in the impedance 

spectra, which appear as a hybrid between the Gerischer and the 

Finite-Length-Warburg element [ 36 , 66 ]. For this reason, in the 30 

μm thick powder-based electrode some thickness limitations take 

place, reflecting this hybrid shape. 

3.6. Carbon deposition 

Electrodes employed at the anode side in a methane atmo- 

sphere suffer carbon coke deposition. This is an undesired and 

quick phenomenon. According to the literature, carbon coking can 

be detected after less than 10 operating hour [ 67 , 68 ]. To evaluate 

this phenomenon, the electrodes are characterized through XPS. 

This characterization is performed after the EIS test in methane as 

well as in air, for comparison. To have significant results, tests in 

methane are run for 24 h. 

The first, qualitative, result is that the cells tested in methane 

and those tested in air do not show any color difference: the gold 

paste used as the current collector does not show any black spots, 

which are clear symptoms of carbon formation. XPS measurements 

have been carried out onto the LSM/GDC electrode after using it 

as a cathode, and as an anode directly fueled with methane (The 

electrode in cathode configuration is not expected to show any car- 

bon coke formation and represents a good term of comparison). 

The second XPS measurement is carried out onto the LSM/GDC 

electrode which is constantly fueled by methane until the room 

temperature (i.e. even after the conclusion of the electrochemical 

tests). In Fig. 13 the C1s XPS spectra of the two analyzed LSM/GDC 

electrodes are represented. The two peaks are very similar and no 

significant differences are observed. A quantitative analysis is car- 

ried out as well, focusing on the carbon quantities over the elec- 

trode. The quantities of carbon detected in each sample are very 

similar: the electrode analyzed after the air application shows 44% 

of C1s while the electrode employed in methane atmosphere re- 

ports 50% of C1s. These percentages are referred to the total sur- 

face composition. Other elements detected are gold, used as a cur- 

rent collector, and oxygen chemisorbed on the surface. During the 

air configuration, after the electrochemical test, the sample is let 

to decrease in air (from 865 °C to room one), and no carbon is ex- 

pected. The similarity between the two XPS spectra suggests that 

no relevant amount of carbon coke is produced during the electro- 

chemical activity in the methane atmosphere by LSM/GDC com- 

posite electrode. A further suggestion regarding the good stabil- 

ity of the LSM/GDC anode toward carbon deposition, is given by 

the comparison with the XPS atomic composition obtained, under 

the same operating conditions, on a different GDC-based compos- 

ite materials: indeed, it was observed, in some cases that, after an 

electrochemical test in methane, about 65–70% at. C was present. 

4. Conclusions 

In this work, symmetrical cells made with nanofiber-based 

LSM/GDC electrodes and powder-based LSM/GDC electrodes are 

investigated. The LSM/GDC nanofiber-based electrode does not 

show significant structural and electrochemical differences with 

the LSM/GDC powder-based electrode, due to the grinding pro- 

cess used assembly the symmetrical cells. This phenomenon sug- 

gests that the improvement of the electrochemical performances is 

mostly related to the differences of the surface between nanofiber 

and powder morphology. The LSM/GDC electrodes show good 
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Fig. 13. C1s XPS pattern of LSM/GDC electrode after EIS tests. Black: spectrum recorded in air. Red: spectrum recorded after exposure to methane. 

structural stability in the oxidizing and reduction atmosphere. The 

XRD measurements identify a change of the LSM crystal struc- 

ture from the single perovskite obtained after the preparation 

process to the RP structure achieved after the exposition to the 

methane atmosphere. However, this transition is reversible after a 

re-oxidation. The LSM/GDC electrodes show a good electrochem- 

ical performance in air, consistent with literature data, reporting 

a polarization resistance of 1.6 �cm 

2 at 815 °C. Furthermore, the 

LSM/GDC electrodes show an even better electrochemical perfor- 

mance once tested as an anode, in the methane atmosphere. The 

polarization resistance achieved at 815 °C is 0.15 �cm 

2 , ten times 

lower compared to the cathode application. These very low val- 

ues obtained in the methane atmosphere may find an explana- 

tion by considering the possibility of a reduction of GDC. This can 

lead to the presence of a parallel electron conductive pathway that 

may not affect the shape and the description of the electrochemi- 

cal impedance phenomena, but it may influence the measured R p . 

Further investigation will be performed to better understand bet- 

ter this eventuality. In other cases, in fact, a contribution to the 

decrease of polarization resistance was attributed to the presence 

of C-nanoparticles whose formation was consequent to the use of 

methane. In this case XPS allowed to verify the absence of rele- 

vant deposition of carbon (no significant differences between sur- 

face composition, particularly C at.%, are observed after the use of 

the electrode in the air or methane). 

Beside resistance against C-deposition, a significant advantage 

of the LSM/GDC electrodes is the possibility to use them both un- 

der oxidizing and reducing atmosphere. This could pave the way 

to the use of these electrodes in reversible and symmetric Solid 

Oxide Cells. 
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