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A B S T R A C T   

In-house electrospun La0.6Sr0.4Co0.2Fe0.8O3–δ (LSCF) nanofibers have been tested through synchrotron x-ray 
diffraction and electrochemical impedance spectroscopy (EIS) in the 823–1173 K range, namely in the operating 
window of intermediate-temperature solid oxide fuel cells. Identical tests have been carried out on commercial 
LSCF powders, as a control sample. The results demonstrate that the electrospinning manufacturing procedure 
influences the crystalline properties of the perovskite. The rhombohedral structure (R), stable at room temper
ature, is retained by nanofibers throughout the whole temperature range, while a rhombohedral to cubic tran
sition (R→C) is detected in powders at ⁓1023 K as a discontinuity in the rhombohedral angle α, accompanied by 
an abrupt change in oxygen occupation and microstrain. EIS data have a single trend in the nanofibers Arrhenius 
plot, and two different ones in powders, separated by a discontinuity at the structural transition temperature. 
Thus, a striking parallel is demonstrated between the variation with temperature of crystallographic features and 
electrochemical performance. Interestingly, this parallel is found for both nanofiber and granular electrodes. This 
opens up questions and new perspectives in attributing activation energies derived from EIS tests of LSCF ma
terials to electrochemical processes and/or crystal structure variations.   

1. Introduction 

The employment of intermediate temperature-solid oxide fuel cells 
(IT-SOFCs) operating between 873 and 1073 K offers indisputable ad
vantages, such as enhanced cell lifespan, but also drawbacks, mainly 
associated with the lowering of the cell performance. To overcome this 
problem, many efforts of the scientific community focus on identifying 
high-performance electrolytes and electrodes. Among the latter, mixed 
ionic-electronic conductors (MIECs) [1] are favored, due to their two- 
fold role, with perovskite-based oxides being particularly interesting 

materials for IT-SOFC cathodes [2–7]. Among perovskites, the 
La1− xSrxCo1− yFeyO3− δ system is the most promising one thanks to its 
superior catalytic activity toward the oxygen reduction reaction (ORR) 
[8], and La0.6Sr0.4Co0.2Fe0.8O3–δ (LSCF) is one of the most commonly 
employed compositions in IT-SOFCs [8]. 

Perovskites are extremely flexible in accommodating a large number 
of different ions in their structure, which has a high tolerance toward 
distortions and non-stoichiometry [9]. These compounds are charac
terized by general formula ABO3, and in the ideal case by a cubic cell (C, 
Pm3m space group), where the bigger cation A and the smaller B are 
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respectively in 12-fold and octahedral coordination with oxygen ions, 
correspondingly occupying the 1b site at (1/2,1/2,1/2) and the 1a site at 
(0,0,0); oxygen is in 3d at (1/2, 0, 0). However, the majority of perov
skites exhibit a structural distortion deriving from the tilting of BO6 
octahedra, thus assuming one of the 23 theoretically possible configu
rations, as described by Glazer [10] and Aleksandrov [11] in 1970s. 

The crystal structure of perovskites is finely tuned by temperature 
and composition: in La1− xSrxCo1− yFeyO3− δ, where La and Sr share the A- 
site, and Co and Fe occupy the B-site, the transition from the rhombo
hedral (R, R3c space group) to the cubic C crystal system is observed 
when x ≥ ⁓0.6 [12]; conversely, if x = 0.4, La0.6Sr0.4Co0.2Fe0.8O3–δ 
crystallizes in the R form at room temperature, and transforms into C at 
high temperature, following a second-order law [13]. It is noteworthy 
that R is one of the 9 experimentally observed perovskites distortions, 
and one of the two most commonly encountered ones, out of the 23 
predicted [10]. The R → C transition is common to all the compositions 
of the La1− xSrxCo1− yFeyO3− δ system, but the exact temperature at which 
it occurs depends on the oxide stoichiometry. For instance, a study on 
La0.6Sr0.4Co0.8Fe0.2O3–δ [14], located the R → C transition between 673 
and 773 K, while the same transition occurs between 973 and 1073 K in 
La0.6Sr0.4Co0.2Fe0.8O3–δ [13,15], and at 1073 K in La0.6Sr0.4FeO3–δ [16]. 
These significant discrepancies most probably deal with the Fe/Co 
content ratio: the larger bonding energy associated with Fe–O when 
compared to Co–O is the reason behind the higher transition temper
ature in Fe-rich compositions [17]. Notably, identifying the R → C 
transition via x-ray diffraction is quite challenging, due to peaks overlap 
between the two phases. 

A common strategy to enhance electrode performance involves 
doping it with electrolyte materials like Gd- or Sm-doped, via different 
methods, such as infiltration [18,19], core-shell nanocomposites prep
aration [20] or co-electrospinning [21]. This approach has a twofold 
purpose: (1) to increase the electrode’s ionic conductivity while 
extending the three-phase boundary (TPB) into the electrode bulk and 
(2) to reduce the mismatch in thermal expansion coefficients between 
the electrode and electrolyte materials, ensuring good mechanical 
compatibility. 

It is well established that even the material morphology strongly 
affects the electrode performance. Focusing on nanofibers, recent 
studies demonstrate better electrochemical performance in comparison 
to granular materials and nanorods of similar size [22,23]. The cited 
nanofibers were produced by electrospinning after careful optimization 
of the experimental parameters [24]; the method comes in fact as one of 
the techniques of choice when dealing with the preparation of one- 
dimensional materials, such as nanotubes, nanowires, and nanorods 
[25–27], and also for the specific application of the electrospun nano
fibers in SOFCs [28]. 

Electrochemical impedance spectroscopy (EIS) is commonly used to 
determine the polarization resistance Rp of IT-SOFCs electrodes by 
lumping together different sources of loss [29]. Results from this tech
nique are interpreted by using equivalent circuit (EC) modeling, where 
different EC elements are used to describe the physico-chemical pro
cesses occurring both at the electrolyte/electrode interface and in the 
bulk of the electrode. MIEC cathodes, like LSCF, are generally described 
using a combination of the RQ element, representing the electro
chemical process occurring through an interface, the Gerischer (G) 
element, representing the penetration of the electrochemical reaction 
into the electrode body thanks to simultaneous electronic and ionic 
charge transfer [30,31], and the Finite-Length-Warburg (FLW), repre
senting diffusive effects in the electrode and the adjacent boundary 
layer. Interestingly, the EIS spectra obtained from LSCF nanofibers at 
different temperatures show a marked Gerischer-like behavior [31]. 
Instead, for powders, discordant results are reported in the literature, 
often showing a transition occurring at low temperature, usually around 
⁓900 K [32]. The observed differences between powders and nano
fibers allow to probe how morphology affect the electrode 

electrochemical performance. Indeed, the effects of the electrospinning 
synthesis route on the structure and properties of LSCF materials have 
not been explored in previous studies. Only one previous work derived 
crystalline properties from XRD experimental data of electrospun fibers 
with different compositions in the La1− xSrxCo1− yFeyO3− δ system [33]. 
Nevertheless, the variation of these properties with temperature was not 
investigated, nor the possible correlation with the electrical conductiv
ity of the fibers, which was also measured. 

This work experimentally investigates, as a function of temperature, 
structural, microstructural and electrochemical impedance properties of 
LSCF electrodes, both in the form of electrospun nanofibers (in-house 
preparation) and granular powders (commercial), the latter serving as a 
control sample. Unlike previous research aiming to prove the superior 
electrochemical performance of LSCF nanofibers over powders [23,34], 
the present investigation focuses on unravelling possible correlations 
between morphology, crystal structure, and electrocatalytic features, 
with a particular focus on the role of the R → C transition, merging 
together results from synchrotron x-ray diffraction and EIS tests. This 
work is intended to be the first attempt to correlate crystal structure data 
and electrocatalytic results obtained from LSCF perovskites. 

2. Materials and methods 

2.1. LSCF nanofibers and powders 

LSCF nanofibers with formula La0.6Sr0.4Co0.2Fe0.8O3–δ were pro
duced in-house. The synthesis started with the preparation of the metal 
precursors solution, needed to feed the electrospinning equipment. To 
this purpose, metal nitrates [Sr(NO3)2, La(NO3)3 6H2O, Fe(NO3)3 9H2O, 
Co(NO3)2 6H2O, 99.9% wt., Sigma-Aldrich] were dissolved in deionized 
water. Polyvinylpyrrolidone (PVP, Mw = 1.3*106 g/mol, Sigma- 
Aldrich), acting as a carrier polymer, was also added; its amount was 
10% wt. of the whole solution weight. The solution was homogenized by 
ball-milling. The amounts of metal nitrates were chosen to reproduce the 
desired molar ratios, namely 6:4 and 2:8 for La:Sr and Co:Fe, respec
tively. Further details about the preparation of the LSCF starting solution 
are reported in [22,35]. 

Nanofibers were electrospun (RT Advance, Linari Engineering, Pisa, 
Italy) on a rotating cylinder with a solution flow rate of 0.3 mL/h, 
applied voltage of 4 kV/cm, and relative environment humidity (RH) set 
at 25%. The so-obtained tissues underwent a thermal treatment in air up 
to 1073 K to eliminate the carrier polymer. The temperature was slowly 
increased (heating rate: 0.5 K/min) to promote the controlled decom
position of PVP, occurring in the 573–773 K range, and to provide suf
ficient time for the diffusion of the released gasses from the nanofibers 
inside. 

For the sake of comparison, the whole study was also performed on a 
commercial LSCF granular powder (Sigma-Aldrich 704,288, median 
particle diameter d50 = 0.9 μm ± 0.2 μm, surface area 6 m2/g ± 2 m2/ 
g). 

2.2. Scanning electron microscopy analysis 

The nanofiber morphology was evaluated through scanning electron 
microscopy coupled to an energy dispersive system (SEM-EDS) by a 
Zeiss Ultra 55 microscope; images were acquired by secondary electrons 
on the electrospun tissue before and after the thermal treatment. A ⁓10 
nm thick layer of gold was sputtered onto the surface of raw fibers to 
improve their conductivity; on the contrary, sintered nanofibers were 
observed without coating. The acceleration voltage was set at 10 kV and 
15 kV for the former and the latter, respectively: uncoated nanofibers 
need a higher voltage to provide images with a good resolution. The 
average nanofibers diameter, before and after the thermal treatment, 
was evaluated by using Diameter J, which is a plugin of the ImageJ 
software, on the acquired SEM images [36]. 
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2.3. High-temperature synchrotron x-ray diffraction 

The structural characterization was carried out by synchrotron x-ray 
diffraction at room and high temperature both on the LSCF sintered 
nanofibers and powders. Patterns were collected at the XRD1 beamline 
of the Elettra Synchrotron facility located in Trieste (Italy). The heat- 
treated LSCF nanofibers and the commercial LSCF powders were sepa
rately 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), 773 K, 873 K, 973 
K, 1073 K, and 1173 K 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); 
samples were heated by a blower and maintained in rotation during 
measurements. LaB6 was used as an external standard both to refine 
some geometrical parameters (sample to detector distance, detector 
orthogonality) and to calculate the instrumental resolution function, 
needed to separate the sample and the instrument contribution to peak 
broadening. The beamline is equipped with a Pilatus 2 M detector, 
having 1475 × 1679 squared pixels with a size of 0.172 mm; during 
acquisitions, samples were placed at 85 mm from the detector; the spot 
size was 0.15 × 0.15 mm. The undesired fluorescence effect caused by 
the presence of Sr and of the other elements was reduced by setting the 
Pilatus threshold at 16750 eV so that less energetic photons were dis
carded by the detector. Samples were analyzed near the tip of the 
capillary, where the best packing is expected, and the exposure time was 
60 s for LSCF nanofibers and LaB6, and 120 s for the LSCF powder 
sample. The so-acquired 2D data were converted to 1D using the fit2D 
software [37], setting 2500 as the binning parameter. The FullProf 
software [38] was employed to analyze diffraction patterns and perform 
refinements through the Rietveld method; the WinPlotR tool [39] was 
used to represent diffractograms. 

2.4. Electrochemical impedance spectroscopy 

The electrocatalytic properties of the LSCF nanofibers and powders 
as cathodes for IT-SOFCs were evaluated through EIS. Symmetrical 
electrochemical cells were prepared using Ce0.9Gd0.1O1.95 (Gadolinium- 
doped ceria, GDC) circular disks of approximately 325 ± 25 μm thick
ness and 13 ± 2 mm diameter as electrolytes. 

To fabricate the nanofibers-based symmetrical cells, pre-cut circles of 
LSCF nanofiber tissues were applied on both sides of the GDC electrolyte 
disks. To ensure a good adhesion, the side of the LSCF electrode to be 
applied on the GDC disk was slightly humidified with the sol-gel elec
trospinning feeding solution. In that way, the formation of an interface 
between electrode and electrolyte was promoted, and nanofibers 
maintained to a large extent their fibrous structure. Finally, prior to the 
electrochemical tests, the cells were fired in situ, i.e. inside the EIS 
equipment, at the maximum temperature of 1223 K for 3 h. The heat- 
treated electrodes had a diameter of 0.64 cm (electrode area 0.32 
cm2). The morphological characterization of these cells suggests that 
after application on the electrolyte, fibers maintain an in-plane orien
tation with the electrolyte disk itself [22]. 

To manufacture the powder-based electrodes, the LSCF powder was 
dispersed in α-terpinol and symmetrically deposited onto the GDC 
electrolyte. The so obtained cells were then fired within a furnace, 
following the same heating program adopted for the nanofiber-based 
ones. After the heat treatment, electrodes had a diameter of 0.79 cm 
(electrode area 0.49 cm2). Afterwards, cells were mounted in a four- 
sample set-up where each cell was fixed between two gold meshes, 
also acting as current collectors. The set-up was placed into a furnace, 
sealed, and attached to the gas supply system. 

EIS spectra were recorded from 1123 K down to 823 K in steps of 50 
K, while samples were exposed to a continuous oxygen/argon flow, with 
pO2 = 0.2 atm and pAr = 0.8 atm. Spectra were recorded in the frequency 
range from 1 × 10− 2 Hz to 1 × 106 Hz with a 10 mV voltage amplitude 
using a Gamry Reference 600 potentiostat. Kramers-Kronig analysis was 

accomplished to check linearity, stability, and causality. For frequencies 
lower than 105 Hz, the error on the impedance experimental measure
ments was <1%, while for frequencies between 105 and 106 Hz the 
experimental error was <10% [31]. The high-frequency inductance of 
the experimental apparatus, evaluated separately through a blank test as 
4.9 × 10− 8H, was subtracted from the raw experimental data. 

3. Results 

3.1. Morphology of nanofibers and powders 

SEM microphotographs, taken by secondary electrons on as-spun (a- 
b) and annealed (c-d) LSCF nanofibers, are reported in Fig. 1 at different 
magnifications. Raw LSCF nanofibers are continuous and well elon
gated, and these properties persist after thermal treatment. 

The average diameter of LSCF nanofibers before and after the ther
mal treatment was investigated as well, using the software ImageJ. The 
outcome of the analysis appears in Fig. 2, where the relative frequency of 
specific diameter ranges is reported. Image analyses were carried out on 
Fig. 1a for the as-spun and 1c for the heat-treated nanofibers, as well as 
on additional SEM images acquired on the same samples with the same 
magnification. The highest frequency for as-spun LSCF nanofibers oc
curs at around 0.41 μm, while for the heat-treated ones it falls at ⁓0.19 
μm, thus suggesting a 50% reduction of the average fiber diameter as a 
consequence of the elimination of PVP promoted by the thermal process 
[21]. 

SEM microphotographs taken by secondary electrons on LSCF com
mercial powders are reported in Fig. 3 with different magnifications. 

3.2. Structure and microstructure of nanofibers and powders 

The results of the present investigation substantially confirm the 
literature data on the crystal structure adopted by the LSCF perovskite 
phase, reported stable at room temperature in the rhombohedral form; 
this structure is maintained up to high temperature. Diffraction patterns 
collected at different temperatures on (a) nanofibers and (b) powders 
are shown in Fig. 4, with highlighted the Miller indices associated to the 
rhombohedral R3c space group. For nanofibers, some low-intensity 
peaks attributable to tiny amounts of Al2O3 (contaminant from 
alumina crucible used during sintering), are visible. This extra phase is 
stable and non electrochemically active. 

The rhombohedral structure typical of LSCF at room temperature can 
be considered as formally deriving from the ideal cubic perovskite 
through a distortion due to the partial substitution of La3+ by the larger 
Sr2+ cation in the A position; moreover, the partial replacement of a 
trivalent cation by a lower-valence one brings about the occurrence of 
oxygen vacancies and induces mixed ionic and electronic conductivity. 
A representation of the cubic and rhombohedral structures of LSCF is 
shown in Fig. 5; the corresponding crystal data are collected in Table 1. 

As can be seen, both structures are based on the three-dimensional 
interconnection of oxygen octahedra, centered by the Fe/Co atoms 
occupying the B site. Octahedra are linked together by sharing their 
vertices, so that each octahedron is connected to 6 others; the resulting 
3D framework leaves the dodecahedral cavities where the largest A 
atoms can settle. The similarity between the two structures becomes 
much more evident if the cubic and the rhombohedral cells are viewed 
along the [111] and the [001] directions, respectively (see Fig. 6): in this 
layout the octahedra show one of the triangular faces and the connection 
with the 6 neighboring octahedra is clearly visible. While in the cubic 
structure all the octahedra are perfectly regular and isooriented, in the 
rhombohedral deformation one half of the octahedra are rotated by 
nearly 20◦ with respect to the second half. 

To quantify the degree of deformation of the rhombohedral structure 
with respect to the ideal cubic one, a deviation parameter, as defined by 
the following expression [42], can be estimated: 
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Δx =

Σ
[

m
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(x1 − x2)
2
+ (y1 − y2)

2
+ (z1 − z2)

2
√ ]

Σm
(1) 

Here, the differences in the coordinates of all atoms are taken into 
account: x1, y1, z1 are the coordinates of an atom in the first structure, 
and x2, y2, z2 are those of the corresponding atom in the second 

Fig. 1. SEM microphotographs of LSCF nanofibers taken by secondary electrons before (a-b) and after (c-d) thermal treatment.  

Fig. 2. Average diameter of nanofibers as resulting from the image analysis of samples before (a) and after (b) thermal treatment.  

Fig. 3. SEM microphotographs of LSCF powders taken by secondary electrons.  
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structure; m is the multiplicity of the Wyckoff position and the sum is 
referred to all atoms in the asymmetric unit. To be properly compared, 
the two structures must be standardized in the same way, so in the 
specific case both structures are transformed into the corresponding 
primitive rhombohedral cell. The 3 × 3 matrices allowing this reticular 
transformation are reported in Table 2, together with the list of co
ordinates after transformation and the relative deviation parameter: this 
value is very small, indicating that the two structures are strongly 
similar. It is also noteworthy the close similarity in the cell parameters of 
the primitive rhombohedral cells, and the exact value of 60◦ assumed by 
the α angle when the cubic symmetry governs. For this reason, the de
viation from 60◦ of the α angle can be taken as an index of the rhom
bohedral character of the structure, and ultimately the variation with 
temperature of the α angle may be analyzed to identify the R → C 
structural transition. 

All diffraction data were analyzed through the Rietveld method [43]: 
the basic model used for the refinements was the rhombohedral one, in 
agreement with the literature data reported in Table 1. However, since 
the exact temperature of the R → C transition is not known, for both 
samples at higher temperatures, the cubic as well as the rhombohedral 
models were considered. The obtained results confirmed the substantial 
correctness of the rhombohedral structure for the nanofiber sample at all 
temperatures and for the powder sample up to T = 973 K; at the two 
highest temperatures (1073 and 1173 K) the rhombohedral structural 
model could not be forced to converge during refinements, while the 
cubic one proved to be the most adequate to describe the atomic 
arrangement. Besides the structural parameters (lattice parameters, x 
fractional atomic coordinate and occupancy factor of oxygen atoms, the 
isotropic atomic displacement parameters Bat), the scale factor and the 
peak profile parameters (Caglioti U, V and W, η [the Pseudo Voigt 
mixing parameter], Y [the θ dependence of η], and two asymmetry pa
rameters) were refined. The background was optimized by linear 
interpolation of a set of ~50 points taken from the experimental pattern. 

The Rietveld plot of LSCF powders analyzed at room temperature is 
reported in Fig. 7 as a representative example. The final refined struc
tural parameters, namely cell parameters, the x fractional coordinate of 
oxygen, and the atomic displacement parameter Bat, together with the 
values of the RB agreement factor, are collected for both samples in 
Table 3; the refined oxygen occupancies are not reported here, but 
shown in Fig. 10a. 

In Fig. 8 the trend of cell volumes of both nanofibers and powders is 
reported as a function of temperature. A linear increase is observed for 
both morphologies, but fibers are characterized by a cell volume 
significantly higher than powders. 

Room and high temperature structural data allow to calculate the 
coefficient of thermal expansion (CTE). The linear CTE is an intrinsic 
property of materials that provides information regarding the extent of 
expansion upon heating at a given temperature. CTE of a solid material 
can be defined as: 

CTE =
1
a0

aT − a0

T − T0
(2) 

Fig. 4. Stacked diffraction patterns of LSCF (a) nanofibers and (b) powders at room and high temperature.  

Fig. 5. Representation of the (a) cubic and (b) rhombohedral structure of LSCF. 
Large and small spheres correspond to La/Sr and O atoms, respectively; the 
octahedral environment of Co/Fe is highlighted. Drawings were produced with 
ATOMS, by Shape Software. 

Table 1 
Structural information of the two crystal structures typical of LSCF.  

Crystal System Space group Pearson’s code prototype Atom Wyckoff position Fractional coordinates Cell parameters [Å] Ref 

a c 

Rhombohedral R3c hR30-LaAlO3 

La/Sr 6a 0, 0, 1/4    
Fe/Co 6b 0, 0, 0 5.5355 13.5484 [40] 
O 18e ~0.46, 0, 1/4    

Cubic Pm3m cP5-CaTiO3 

La/Sr 1b 1/2, 1/2, 1/2    
Fe/Co 1a 0, 0, 0 3.878  [41] 
O 3d 1/2, 0, 0     
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where T0 is room temperature, T is the analysis temperature (1173 K in 
this work), a0 and aT are the cell parameter at room temperature and at 
T, respectively. Cell parameters were obtained from Rietveld re
finements as the cubic root of the refined cell volume for both the R and 
the C structure. The CTE values calculated for nanofibers and powders 
are respectively 13.2*10− 6 and 14.2*10− 6 K− 1. LSCF fibers have thus 
less tendency than powders to expand with increasing temperature. The 
value of CTE is of crucial importance in relation to the other components 
of the cell, such as for instance the electrolyte, since minimizing the CTE 
discrepancy between adjacent layers entails a significant increase of 
mechanical stability, and hence of device durability [44,45]. In this 
respect, it is worth mentioning that the CTE value of GDC, the typical 
ceramic electrolyte used in solid oxide fuel cells, ranges between 
12*10− 6 and 10*10− 6 K− 1, depending on the Gd content [46]; therefore, 
LSCF nanofibers appear as the most proper morphology to be used in 
GDC-based cells. 

The values of the α angle derived after the Rietveld refinements, 
following the transformation matrices listed in Table 2, are reported in 

Fig. 9 as a function of temperature for both nanofibers and powders. The 
plot deserves some comments. First of all, it can be observed that 
powders exhibit a progressive decrease of the angle toward the value 
typical of the cubic structure (60◦), which is reached at temperatures 
close to 1000 K. This result is in very good agreement with literature 
data [47], also reported in the diagram as a term of comparison. 
Nevertheless, the actual element of novelty regards the behavior of the 
nanofiber sample: in this case a progressive gentle decrease of the α 
angle with increasing temperature is observed, but the value of the cubic 
structure is by far not reached, even at the highest temperature 
considered, which leads to conclude that the R → C transition does not 
occur within the entire studied temperature range. Although the reasons 
for the behavior of LSCF nanofibers are not known, it is clear that they 
must be rooted in the electrospinning process. 

Oxygen occupancies, obtained as a result of Rietveld refinement for 
both morphologies, are reported in Fig. 10a as a function of temperature. 
A progressive decrease of the cited parameter with increasing temper
ature can be observed for both nanofibers and powders; nevertheless, 
while fibers exhibit a regular decrease up to the highest temperature, in 
powders a sudden drop of the oxygen occupancy value occurs at ⁓1000 
K, namely in correspondence of the previously discussed R → C transi
tion. Below this temperature nanofibers present oxygen occupancies 
significantly smaller than powders; this evidence can be considered the 
reason why the crystal cell of fibers results larger than the powders one 
(see Fig. 8): the presence of vacancies within the lattice strongly reduces 
the electrostatic attraction between cations and anions, and enhances 
the electrostatic repulsion between cations, thus inducing an enlarge
ment of the cell. Interestingly, the described trend is in nice agreement 

Fig. 6. Comparison between cubic and rhombohedral structures of LSCF, 
viewed along the crystallographic direction that better highlights the similarity 
of the two structural arrangements: a) and b) correspond respectively to the 
projection of the cubic structure along the [111] crystallographic direction and 
along its perpendicular orientation, the [− 101] direction; c) and d) are the 
projections along the [001] and the [110] directions in the rhombohedral 
structure. The octahedra around Co/Fe are highlighted; La/Sr and O atoms are 
represented in blue and red, respectively. Drawings were produced with 
ATOMS, by Shape Software. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Crystal data of cubic and rhombohedral structures [40,41] described according to conventional cells and to the rhombohedral primitive (Rp) cells. Matrices correspond 
to the conventional→Rp cell transformation. Δx is the deviation parameter, defined by Eq. (1).  

Conventional cell Atomic coordinates Rhombohedral primitive cell Transformation matrix Transformed coordinates Δx 

Pm3m 
a = 3.878 Å 

La/Sr 1a (
1
2
,
1
2
,
1
2
) 

Co/Fe 1b (0,0,0) 

O 3d (
1
2
,0,0)

R3c 
a = 5.4843 Å 
α = 60◦

⎛

⎝
1 0 1
1 1 0
0 1 1

⎞

⎠

La/Sr 2a (
1
4
,
1
4
,
1
4
) 

Co/Fe 2b (0, 0, 0) 

O 6e (
1
4
,
3
4
,
1
4
)

0.034 

R3c 
a = 5.5355 Å 
c = 13.5484 Å 

La/Sr 6a (0,0,
1
4
) 

Co/Fe 6b (0, 0, 0) 

O 18e (0.46,0,
1
4
)

R3c 
a = 5.5326 Å 
α = 60.04◦

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

2
3

−
1
3

−
1
3

1
3

1
3

−
2
3

1
3

1
3

1
3

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

La/Sr 2a (
1
4
,
1
4
,
1
4
) 

Co/Fe 2b (0, 0, 0) 

O 6e (0.21,
3
4
,0.29)

Fig. 7. Rietveld plot of powders at room temperature. The dotted (red) and the 
continuous (black) lines are the experimental and the calculated diffractogram, 
respectively; the lower line is the difference curve; vertical bars indicate the 
calculated positions of Bragg peaks of the rhombohedral cell. (For interpreta
tion of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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with the results of TGA measurements performed by Tai et al. [12]. The 
significantly lower oxygen occupancy values of fibers with respect to 
powders up to ⁓1000 K suggest a higher concentration of oxygen va
cancies in the former and allow to presume a higher conductivity. 
Furthermore, since oxygen vacancies are reactants in the electro
chemical reactions [48], lower oxygen occupancy is expected to 
enhance the electrochemical reactions and, more generally, the elec
trochemical performance. 

As a direct consequence of the oxygen occupancy reduction, the 
average atomic volume of both fibers and powders increases with rising 
temperature and presents a sudden increase in powders at the R → C 
transition. This parameter, intended as the cell volume divided by the 
number of atoms populating the cell, was calculated taking into account 
the refined oxygen content, and it is reported in Fig. 10b. 

Table 3 also reports the refined values of the atomic displacement 
parameter B for each involved atom. In agreement with the atomic mass 
of the elements, the B value of oxygen, namely of the lightest atom, is the 
highest one; moreover, as expected, all values increase with increasing 
temperature. It is also noteworthy that the displacement parameter of all 
atoms is higher in powders than in fibers. 

To obtain information on the microstructure of LSCF, the sample- 
dependent broadening (β) of the XRD peaks was firstly separated by 
the instrument-dependent contribution, and then analyzed according to 
the Williamson-Hall (W–H) approach [49,50]. Following this method, 
the quantity βcosθ

λ can be obtained from the equation below (further de
tails about the relevant equations are reported in ref. [51]): 

βcosθ
λ

=
0.9
D

+2εd* (3)  

where d* is the interplanar distance in the reciprocal space for each 
considered family of crystallographic planes, D represents the average 
domain size and ε is the upper limit of microstrain. The plot of βcosθ

λ vs. d* 

results in a straight line in the case of isotropic broadening, namely 
when the microstrain is independent of the crystal lattice direction. 
Slope and intercept give therefore an evaluation of the upper micro
strain limit (ε) and average domain size (D), respectively. In Fig. 11 the 
W–H diagram of both nanofibers (a) and powders (b) is reported for 
each temperature: the linear trend obtained for every family of crys
tallographic planes points at a uniform anisotropic stress. It can be 
observed that regression lines fitting the refined βcosθ

λ values intercept the 
y axis at 0, meaning that no significant peak broadening can be attrib
uted to the diffraction domain size. 

The analysis of Fig. 11 reveals that for both morphologies the slope of 
regression lines, which is directly correlated to the microstrain arising 
within the structure, decreases with increasing temperature, as expected 

Table 3 
Refined structural parameters of LSCF nanofibers (N) and LSCF powders (P) at different temperatures.  

Morphology T [K] Cell parameters [Å] xO Bat [Å2] RB
1 

a c La/Sr Fe/Co O 

N 
303 

5.5236(6) 13.426(3) 0.454(2) 0.09(5) 0.25(5) 0.5(2) 2.43 
P 5.4984(2) 13.3745(8) 0.4574(7) 0.53(2) 0.39(2) 0.49(7) 1.23 
N 773 5.5536(5) 13.512(3) 0.453(1) 0.65(5) 0.80(4) 1.0(2) 2.24 
P 5.521(2) 13.516(8) 0.4649(9) 1.24(2) 0.83(2) 1.46(7) 0.938 
N 

873 
5.5612(5) 13.535(3) 0.456(2) 0.78(5) 0.93(4) 1.2(2) 2.32 

P 5.527(2) 13.550(8) 0.468(8) 1.41(2) 0.94(2) 1.74(9) 1.04 
N 

973 
5.5682(6) 13.559(3) 0.456(2) 0.93(5) 1.04(4) 1.4(2) 2.24 

P 5.540(3) 13.551(9) 0.470(1) 1.59(2) 1.05(2) 1.94(9) 2.04 
N 

1073 
5.5747(6) 13.584(3) 0.456(2) 1.13(4) 1.17(4) 1.5(1) 2.03 

P 3.92107(5) – – 1.80(2) 1.19(2) 2.08(6) 1.99 
N 1173 5.5813(5) 13.608(3) 0.455(1) 1.37(3) 1.32(3) 1.5(1) 1.73 
P 3.92685(5) – – 2.01(2) 1.33(2) 2.24(6) 2.07  

1 Values are calculated as RB =

∑

k

⃒
⃒Ik,obs − Ik,calc

⃒
⃒

∑

k

⃒
⃒Ik,obs.

⃒
⃒

.  

Fig. 8. Refined cell volumes of LSCF nanofibers and powders. Dashed lines are 
regression lines interpolating experimental data. Error bars are hidden by data 
markers. Values at 1073 and 1173 K were obtained multiplying by 6 the cubic 
cell volume, to make data comparable to the ones of rhombohedral samples. 

Fig. 9. Trend of the α angle in powders and nanofibers as a function of tem
perature. Data of powders at 1073 and 1173 K are fixed at 60◦ and therefore 
devoid of error bars. Data taken from the literature [47] are reported too for the 
sake of comparison. 
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from the effect of stress release due to the cell enlargement. Neverthe
less, while in nanofibers a regular decrease is observed, in powders 
regression lines give rise to a strong slope reduction occurring at ⁓1073 
K, namely at the temperature marking the R → C transition. In this 
respect, the R → C transition can be deemed as a way to release the 
internal tension of the structure through the sudden decrease in 
microstrain taking place at the transition temperature. This issue is 
observable in Fig. 12, where the ε ‰ microstrain is reported as a function 
of temperature for both morphologies. Fig. 12 also highlights the higher 
values of microstrain in nanofibers than in powders. Bearing in mind 
that microstrain is a local deviation of d-spacings from the mean value 
caused by local defects, this evidence can be correlated with the higher 
number of vacancies occurring in nanofibers, as testified by the trend of 
oxygen occupancy vs. temperature appearing in Fig. 10a. 

3.3. ORR electrocatalytic activity of nanofibers and granular powders 

The electrochemical properties of LSCF nanofibers and granular 
powders when used as cathodes in IT-SOFCs have been investigated in 
several works [23,32,34]. EIS has often been used to experimentally 
evaluate the overall electrode polarization resistance Rp and to obtain 
information about the processes occurring within the electrodes. 
Equivalent circuit modeling (ECM) is a useful instrument in this respect, 
since it enables to build a model where each process is associated to an 

Fig. 10. (a) Percentage oxygen occupancy and (b) average atomic volume as a function of temperature for LSCF fibers and powders. Error bars are hidden by data 
markers; lines connecting experimental data are a guide for the eye. 

Fig. 11. Williamson-Hall plots at different temperatures for LSCF nanofibers (left) and LSCF powders (right).  

Fig. 12. Plot of the upper limit of isotropic strain ε [‰] vs. temperature in 
powder and nanofiber samples. Two different scales are used for the y-axis to 
ensure an easier comparison between the two morphologies. Data at 303 K 
appear superimposed due to the different scales. 

M. Daga et al.                                                                                                                                                                                                                                   



Solid State Ionics 413 (2024) 116620

9

equivalent circuit element. The ECM methodology has been developed 
to study a variety of processes occurring in electrochemical systems 
[29]. It is based on the idea of schematizing the electrochemical cell as 
an electrical circuit. In MIEC materials, such as LSCF, simultaneously 
presenting ionic and electronic conductivities, the electrochemical re
action is expected to develop at the electrode/electrolyte interface, and 
also in the interior of the electrode, i.e. in the electrode bulk. In terms of 
ECM, it has been demonstrated that the overall electrode can be 
modeled as one (or more) RQ elements in series with a Gerischer (G) 
element [31]. The analytical equation of the inductance (Z) of the RQ 
element is: 

Z(ω) = 1
R− 1 + Q(jω)α (4)  

where ω is the radial frequency, R is the resistance associated with the 
charge transfer process, Q is the capacitance of the electrochemical 
double layer established at the interface through which the electro
chemical reaction takes place, and α is a phenomenological parameter. 
The equivalent or apparent capacitance is defined as follows: 

Qequiv =
(QR)

1
/

α

R
(5) 

The analytical equation of the inductance of the G element is: 

Z(ω) = 1
Y√(k + jω)

(6)  

where k is related to oxygen surface exchange coefficient and Y embeds 
structural parameters and solid-phase oxygen diffusion coefficients. The 
Gerischer impedance element was originally proposed for a mercury 
electrode in a liquid electrolyte, where it was demonstrated to provide a 
suitable representation of the phenomenon of distributed electro
chemical reaction coupled to simultaneous mass diffusion [52]. Never
theless, it is currently widely applied to MIECs, where it accounts for 
distributed electrochemical reaction coupled to simultaneous charge 
transfer [21,22,53]. In previous works, it was shown that the Gerischer 
element can be applied to nanofiber LSCF electrodes [22,31]. 

EIS experimental data were fitted by the EC model equations using a 
mathematical routine that adjusts model parameters to achieve error 
minimization. The complex non-linear least squares (NLLS) fitting 
method [54], implementing the Levenberg-Marquardt (LM) algorithm is 
often adopted [55]. The software Elchemea [56] was used to implement 
the EC model adopted in the present work, and to fit it to the EIS 
experimental data. All impedance values reported in the paper are area 
specific, expressed in [Ω cm2], obtained by multiplying the experi
mentally measured value by the electrode area. The result is then 
divided by 2, since, in case of symmetrical cells, two identical electrodes 
are measured altogether. 

Finally, with reference to the Nyquist representation of the EIS 
impedance data, the overall polarization resistance Rp of the electrode 
was evaluated as the difference between the low- and high-frequency 
intercepts with the real axis. Analogously, each single EC element 
used to fit EIS impedance data has an associated Rp, which in turn is the 

difference between its intercepts with the real axis. 
In this work, the electrochemical properties of LSCF nanofiber- and 

powder-based cathodes were investigated using the EIS experimental 
technique coupled with ECM. The EC model proposed and utilized in 
this work is a simple series of five circuit elements: 

Rs − RQ1 − RQ2 − G − FLW (7)  

where the circuit elements are listed in descending order of frequency. 
The physical meaning of the different circuit elements is proposed 

below, and further justification is given a posteriori based on the EIS 
results. The physical meaning is explained with reference to Fig. 13, that 
contains schematizations of the electrode and the electrode/electrolyte 
interface. Fig. 13 is inspired by SEM pictures of the electrode/electrolyte 
interface reported in the literature for the LSCF nanofiber electrodes 
[22,34] and for the LSCF granular powder ones [32]. The physical 
meaning proposed for the different circuit elements is as follows:  

• Rs is associated with the oxygen ion transfer through the GDC 
electrolyte;  

• RQ1 is associated with the charge transfer from the electrolyte into 
the adjacent electrode layer. In more detail, this charge transfer oc
curs at the interface (surface path) between the electrolyte and the 
adjacent nanofibers or granules; 

• G is associated with the simultaneous charge transfer and electro
chemical reaction inside the electrode nanofibers or granules. This is 
a bulk path, namely a phenomenon occurring in the interior of fibers 
or granules, i.e. in the bulk of the LSCF material;  

• RQ2 is associated with the charge transfer from one nanofiber to 
another, or from one granule to another, inside the electrode. This is 
a surface path since it occurs at the interface between one and 
another nanofiber/granule;  

• The FLW element (not visualized in Fig. 13) is related to gas phase 
diffusion limitations. It has been demonstrated that the main limi
tations occur in the limiting gas diffusion layer adjacent to the 
electrode surface rather than in the electrode pores [30]. 

Fig. 14 reports the EIS experimental results obtained from LSCF 
nanofiber cathodes, together with EC fittings. These are typical EIS 
spectra obtained from LSCF cathodes [30,34,53]. More details are re
ported in previous works [22,31], whereas here the attention is 
restricted to the aspects exhibiting parallelism with the crystal structure 
properties discussed in the previous sections. EIS data for frequencies 
above 5*105 Hz are not reported, since the impedance was very small 
and affected by a scattering attributed to the experimental error. No 
specific processes appear in the high-frequency range (frequency f > 104 

Hz). This is in agreement with previous results obtained with LSCF 
nanofiber cathodes [22,31,34]. Thus, in Fig. 14, the Nyquist plot of the 
EIS experimental data at 823 K consists of a single arc, which in the left- 
hand region shows a straight line with a 45◦ slope with the real axis, 
which is the typical fingerprint of the Gerischer behavior [53]. Fig. 14 
also shows that, with increasing temperature, this single arc progres
sively shrinks and distorts. By increasing temperature above 1023 K, the 
high-frequency straight line tends to bend, so that, at 1223 K, the arc is a 

Fig. 13. Illustration of the physical meaning of the proposed Rs-RQ1-RQ2-G EC for (a) LSCF nanofiber and (b) LSCF granular powder electrodes.  
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hybrid between Gerischer and RQ, resulting in a depressed semicircle, 
identified in the past as ‘depressed Gerischer’ [31]. In addition, by 
increasing temperature above 1023 K, the shrinkage of the high- 
frequency arc reveals a second, low-frequency arc. The size and shape 
of this low-frequency arc do not change significantly with temperature, 
which suggests that this arc is related to the physical process of gas phase 
diffusion [30]. Correspondingly, in Bode plots experimental data display 
at low temperature (823 K) a single process with a well-defined sharp 
maximum, clearly identifying one single time constant. By increasing 
temperature, the maximum decreases, and simultaneously it shifts to
ward higher frequencies, indicating that the process is thermally acti
vated. A further remark about the high-frequency maximum is that, at 
high temperatures (from 1073 to 1223 K), this maximum is no longer 
sharp, but rather broad, and at the same time a curvature appears in the 
high-frequency part of the spectrum, which suggests that at least two 
processes overlap in the same frequency range. Still referring to Bode 
plots, at temperatures of 1023–1073 K and above, a second maximum 
becomes gradually visible in the low-frequency region, corresponding to 
the diffusive low-frequency arc already recognized in the Nyquist plots. 

In Fig. 14, the fittings through the EC model are reported as well. The 
first remark is that the impedance of the RQ1 element obtained from the 
fittings was so small that it did not make sense to keep this component in 
the EC. The reason is that the RQ1 element is commonly used to fit a 
possible additional high-frequency arc, which is not present. This means 
that the physical phenomena associated with the RQ1 element are ideal, 
i.e. they generate a negligible impedance and energy loss. Therefore, it 

was possible to fit all the experimental EIS data with a simplified circuit, 
excluding the RQ1 element: 

Rs − RQ2 − G − FLW (8) 

In Fig. 14, Bode plots display the individual contributions of the G 
and RQ2 components, and it is well visible that, at low temperature, the 
G element accounts almost completely for the impedance of the sample, 
the RQ2 contribution being practically negligible. By increasing tem
perature, the relative importance of the G contribution tends to decrease 
and, at 1223 K, the G and RQ2 contributions are comparable, with the 
maxima separated by one order of magnitude in frequency. Due to this, 
as already remarked, the G and RQ2 contributions merge, with one 
single maximum, rather broad in shape. 

Figs. 15 and 16 report the EIS results obtained from LSCF granular 
powder electrodes in the 823–973 K and 1023–1223 K temperature 
ranges, respectively. These are typical EIS spectra obtained from LSCF 
cathodes [32,57]. In the high-frequency region a process is visible in the 
range between 104 Hz and 106 Hz, with summit frequency fmax ~ 105 Hz, 
which was not detected in the nanofiber LSCF electrode. The EIS data of 
the LSCF granular powders, on the contrary, display this clear additional 
arc in the Nyquist plot, which is well fitted by the RQ1 element of the EC. 
The literature regarding LSCF powder electrodes shows that in some 
cases this high-frequency arc is missing [32], whereas in other cases it is 
present [57], addressing it to the a charge transfer process through the 
electrode/electrolyte interface [58]. The values of equivalent (or 
apparent) capacitance of RQ1 are in the range 7 × 10− 4 to 8 × 10− 6 F 

Fig. 14. EIS results obtained from LSCF nanofiber cathodes. Symbols: experi
mental data; blue line: fittings through the Rs-RQ2-G(-FLW) equivalent circuit. 
Left: Nyquist plots. Right: Bode plots, also displaying the individual contribu
tions of the RQ2 (magenta line) and G (green line) circuit elements. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 15. EIS results obtained from LSCF granular powder cathodes between 
823 K and 973 K. Symbols: experimental data; blue line: fittings through the Rs- 
RQ1-RQ2-G equivalent circuit. Left: Nyquist plots. Right: Bode plots, also dis
playing the individual contributions of the RQ1 (red line), RQ2 (magenta line), 
and G (green line) circuit elements. (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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cm− 2, which confirms the attribution to a charge exchange process at the 
electrode/electrolyte interface [59]. For the EIS spectra of the granular 
LSCF cathode, EC fitting of the main arc was again performed using the 
coupled RQ2-G elements. In both granular and nanofiber cathodes, the 
summit frequency of G element is the same (fmax ~ 100.5 Hz at 823 K). 
The same holds also for the summit frequency of the RQ2 element (fmax 
~ 101 Hz at 823 K). The equivalent capacitance of the RQ2 element is in 
the range 1.5 × 10− 3 to 1.8 × 10− 3 F cm− 2 for the granular electrode and 
in the range 2.1 × 10− 3 F cm− 2 to 1.4 × 10− 2 F cm− 2 for the nanofiber 
electrode. These capacitances are of the same order of magnitude as 
those reported in the literature for intermediate-frequency processes in 
LSCF electrodes [57]. The literature attributes these intermediate- 
frequency processes to interfacial charge transfer [59]. 

At low temperature (823 K), the impedance of the main EIS middle- 
frequency arc is approximately the same in both the nanofiber and the 
granular electrodes, but the relative importance of the contributions 
associated with the two circuit elements is reversed. Indeed, in the 
granular electrode, the impedance of the RQ2 element prevails over that 
of the G element. This may confirm the previously presented idea that 

the RQ2 impedance is again related to the microstructure of the elec
trode, and in particular to the charge transfer from one particle to 
another. In granular electrodes, this may be hindered by the difficult 
contact and the small number of contact points among different 
granules. 

The results reported above for nanofiber and granular LSCF cathodes 
are now compared and discussed in more detail with reference to the 
schemes in Fig. 13. For nanofiber cathodes (Fig. 13 a), the previous 
observations are consistent with a picture where the fiber/electrolyte 
and fiber/fiber interfaces are very good, so that RQ1 is not measured and 
RQ2 is very small. The lack of RQ1 confirms the previous speculations 
about a very good contact between nanofibers and electrolyte [22], and 
can be explained considering that fibers lay in-plane over the electrolyte, 
forming a stable, well-extended, and well-adhering electrode/electro
lyte contact. Since the fibers are deposited in-plane, but the net charge 
transfer is cross-plane, it results that charges have to travel a long path 
along each fiber (possibly, several μm in length, with a cross-section 
diameter of around 0.2 μm) before being transferred onto the fiber 
above (or below) in the 3-D structure (Fig. 13a). This explains why, at 
low temperature, the G element and the associated impedance (bulk 
path), are by far the prevailing contributions. By increasing tempera
ture, both the electrochemical reaction and the charge transfer phe
nomena within the fiber are enhanced exponentially. The Gerischer 
contribution is expected to benefit from both phenomena, whereas the 
RQ2 is expected to be associated only with the electrochemical reaction 
rate. This may explain the reason why the G impedance tends to reduce 
more quickly than the RQ2 contribution, so that at 1223 K the two 
contributions become of the same order. 

Whereas fibers lay in-plane over the electrolyte, forming a stable and 
extended electrode/electrolyte contact, in granular electrodes the for
mation of such a stable interface is problematic, due both to the small 
number of contact points between the electrode granules and the elec
trolyte surface, and to the facile modification of the extension of the 
contact area during the experiment. With reference to the scheme in 
Fig. 13b, these observations are consistent with a picture of the granular 
electrode where, due to the difficult granule/granule and granule/ 
electrolyte contact, the RQ1 and RQ2 contributions prevail over the G 
contribution. The G contribution is rather small, being related to the 
length of the path along each granule, smaller than in fibers (it is the 
diameter of one granule, i.e. ~ 0.9 μm), and to the larger section area 
(related again to the granule diameter ~ 0.9 μm). By increasing tem
perature, impedances associated with all the EC elements decrease, and 
the G contribution disappears abruptly at ~ 1023 K. This will be further 
discussed in the following. 

4. Discussion 

The substantial differences in the electrocatalytic behavior of nano
fibers and powders can be harmonically discussed in the light of the 
structural, microstructural and electrochemical results described in the 
previous sections. In order to gain a comprehensive view of the whole 
scenario, the Arrhenius plots deriving from electrochemical data need to 
be analyzed. Rp

− 1 values deriving from electrochemical data (excluding 
the low-frequency diffusive arc fitted through the FLW element) for both 
LSCF nanofibers and granular powders were used to build the Arrhenius 
plots reported in Fig. 17, which also shows the individual contributions 
associated with the different EC elements; linear fittings are reported, 
together with their activation energies. 

A comparison with results reported in the literature highlights that 
LSCF nanofibers data are very reproducible. In particular, the activation 
energy of 118 kJ/mol reported here for the overall Rp,TOT

− 1 (Fig. 17a) is 
similar to the literature values (for example, 107 kJ/mol in [34]). On the 
contrary, the literature about LSCF granular electrodes shows a larger 
variability, with EIS diagrams and activation energies spanning over a 
wide range. Indeed, the activation energy of the Rp,TOT

− 1 (Fig. 17b) for the 
LSCF granular electrode between 823 K and 973 K is 133 kJ/mol, while 

Fig. 16. EIS results obtained from LSCF granular powder cathodes between 
1023 K and 1223 K. Symbols: experimental data; blue line: fittings through the 
Rs-RQ1-RQ2-FLW equivalent circuit. Left: Nyquist plots. Right: Bode plots, also 
displaying the individual contributions of the RQ1 (red line), RQ2 (magenta 
line), and FLW (yellow line) circuit elements. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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literature values vary in the 133–157 kJ/mol range [32,60,61]. This 
evidence can be explained taking into account that EIS results of gran
ular electrodes are dominated by RQ1 and RQ2, which in this work are 
considered to be associated with the granule/electrolyte contact and the 
granule/granule contact respectively. It appears reasonable to assume 
that the different electrode preparation procedures deeply affect the 
properties of these interfaces, and therefore the final EIS results. On the 
contrary, the EIS diagrams of LSCF nanofibers are dominated by the G 
response, which is associated with the bulk of fibers, characterized by 
high stability and good reproducibility [32,34,60,61]. Therefore, it can 
be concluded that the equivalent circuit Rs – RQ1 – RQ2 – G – FLW and 
the related interpretative framework (Fig. 13), applied to the experi
mental analysis performed in this work, make it possible to propose an 
explanation for a well known paradox affecting nanofiber and granular 
LSCF electrodes for IT-SOFC application. 

Another aspect worth emphasizing is the striking parallel between 
the variation with temperature of crystallographic features and elec
trochemical performance. Interestingly, this parallel takes place with 
both nanofiber and granular electrodes, despite their markedly different 
behavior. As previously described, in fact, the crystallographic features 
of nanofibers gradually vary in the investigated temperature range, 
whereas granular powders display an abrupt transition around 1023 K, 
namely where the R → C transition occurs. This behavior is particularly 
evident for the trends of oxygen occupancy (Fig. 10a), average atomic 
volume (Fig. 10b), and microstrain ε (Fig. 12). Accordingly, the Arrhe
nius plots of nanofibers (Fig. 17a) are linear over the whole temperature 
range, with no slope change, while granular electrodes undergo a clear 
transition around 1023 K (Fig. 17b). A further remark regards the acti
vation energies: by comparing Fig. 17a and Fig. 17b, it can be observed 
that at temperatures below 973 K all the activation energies, in partic
ular those of the G and the RQ2 elements, are about 35 kJ/mol larger for 
granules than for nanofibers. Going back to Fig. 10 and Fig. 12, these 
show that in the range 773-973 K the variation with temperature of the 
crystallographic features follows a different trend for LSCF granules and 
for nanofibers, despite the LSCF having a rhombohedral structure in 
both cases. Then, Fig. 17 shows that, at temperatures above 1023 K, in 
granular electrodes, all the activation energies of the electrochemical 
processes drop dramatically, and this is again in agreement with the 
discontinuities observed in all the structure-related properties (Figs. 10 
and 12). These considerations confirm that there is always a close cor
relation between the variation with temperature of structural features 
and electrochemical phenomena. In other words, these observations 

suggest that the activation energies of all electrochemical processes, 
including the electrokinetics of the ORR, are not intrinsically and 
exclusively related to the electrochemical processes themselves, but they 
incorporate a contribution, possibly of major entity, originating from the 
variation of crystal structure with temperature. 

A point deserving further discussion is the discontinuity occurring in 
the Arrhenius plot of granular electrodes at the same temperature where 
the R → C transition takes place, with the aforementioned abrupt 
decrease in oxygen occupancy (Fig. 17, Fig. 10). The latter effect is ex
pected to boost both the oxygen ion conductivity and the electro
chemical reaction in the bulk of the material, which explains why the G 
element vanishes. On the other hand, data reported in Fig. 17b show that 
the RQ1 surface path is strongly negatively affected by the R → C 
transition, showing an abrupt marked drop of Rp,RQ1

− 1 . This is possibly due 
to the occurrence of a distortion of the crystal lattice at the interface 
between the electrolyte and the contacting granules, caused by the R → 
C transition. A similar effect occurs also with RQ2, although less pro
nounced. Therefore, the temperature of the R → C transition represents a 
threshold temperature for LSCF powder electrodes, where the Rp of all 
the electrochemical processes vary abruptly in strict association with the 
structural changes occurring. These structural changes are suspected to 
be associated to lattice distortion at the electrochemically active in
terfaces, which may trigger degradation. A general conclusion regarding 
nanofiber LSCF electrodes is that the absence of the R → C transition in 
the typical operating temperature range of IT-SOFCs can be proposed as 
one of the reasons for the interesting stability of electrochemical per
formance demonstrated in previous works [22]. 

5. Conclusions 

Two different LSCF morphologies, namely nanofibers prepared in- 
house by electrospinning and commercial granular powders used as a 
control sample, were tested experimentally through synchrotron x-ray 
diffraction and electrochemical impedance spectroscopy in the 
823–1173 K temperature range. The whole study sheds a light on the 
remarkable differences existing in the structural, microstructural and 
electrochemical properties of both morphologies, demonstrating that 
the electrospinning manufacturing process has a significant impact on 
the features of the perovskite obtained. The crystallographic analysis 
reveals the occurrence of the rhombohedral (R) to cubic (C) transition at 
~ 1023 K in powders, while the R structure is stable over the whole 
temperature range in nanofibers. In correspondence of the structural 

Fig. 17. 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. 
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transition, an abrupt discontinuity is also observed in the oxygen oc
cupancy factor and in microstrain. A higher number of oxygen vacancies 
is found in nanofibers. 

The interpretation of the electrochemical impedance spectroscopy 
results is based on equivalent circuit fitting, through the Rs − RQ1 −

RQ2 − G − FLW circuit. This equivalent circuit is demonstrated to pro
vide a general framework for the interpretation of results obtained from 
both nanofiber and granular LSCF electrodes. Each circuit element is 
associated to a well-defined physical process. This approach sheds a 
light on notorious and puzzling behavior of LSCF electrodes, i.e. excel
lent reproducibility of nanofiber electrodes and scarce reproducibility of 
granular ones. Indeed, the analysis performed suggests that impedance 
results of nanofiber electrodes are dominated by a Gerischer contribu
tion originating from the bulk of the fibers themselves. Conversely, for 
granular electrodes the impedance of the granule/electrolyte and 
granule/granule contacts, whose properties are strongly affected by 
extrinsic factors related to processing parameters, are prevailing. 

While impedance data reveal a single activation energy in nano
fibers, it is demonstrated that the temperature of the R → C transition 
represents a threshold temperature for LSCF powder electrodes, where 
the Rp and the activation energy of all the electrochemical processes 
vary abruptly in strict association with the structural changes. As 
structural transitions may be associated to lattice distortion at the 
electrochemically active interfaces with consequent degradation, it is 
recommended to design materials for solid oxide fuel cell electrodes 
avoiding as much as possible any crystal structure transition in the 
operating range. Nanofiber electrodes offer higher guarantees in this 
respect since the R → C transition temperature is above the operating 
range of IT-SOFCs. The absence of the R → C transition in the typical 
operating temperature range of IT-SOFCs can therefore be proposed as 
one of the reasons for the interesting stability of electrochemical per
formance demonstrated in previous works. 

The results presented emphasize a striking parallelism between the 
variation with temperature of crystallographic features and electro
chemical performance for both nanofiber and granular electrodes, thus 
suggesting that the activation energies of all electrochemical processes, 
including the electrokinetics of the ORR, incorporate a contribution 
originating from the variation with temperature of crystal structure and 
associated properties, in particular oxygen occupancy. 

In conclusion, this investigation provides new insights into the in
fluence of the electrospinning synthesis route on the crystalline prop
erties of LSCF materials and highlights the impact of these structural 
characteristics on the electrocatalytic activity in SOFCs. Specifically, the 
persistence of the rhombohedral structure in electrospun nanofibers up 
to higher temperatures suggests potential advantages in terms of sta
bility and electrochemical performance over granular powders, which 
experience a structural transition that affects their electrochemical 
properties. This research opens new pathways for the design and 
development of high-performance materials for IT-SOFC applications, 
emphasizing the critical role of synthesis methods in determining the 
functional properties of electrode materials. 
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