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Impact of the Oxygen Vacancies of the LSCF
(Lag eSro4Cop Fe s05_5) Perovskite on the Activation
Energy of the Oxygen Reduction/Evolution Reaction

Paola Costamagna, Caterina Sanna, Peter Holtappels, Cristina Artini,* and Marcella Pani

Lag6Sro4CooFeps05_s (LSCF) perovskites, in the form of in-house
electrospun nanofibers and commercial powders, have been tested
through synchrotron x-ray diffraction and electrochemical imped-
ance spectroscopy in the 800-1200 K range. The former analyses
make it possible to evaluate the oxygen vacancies (OV) concentra-
tion, and the latter allows to assess the electrokinetics of the oxygen
reduction/evolution reaction. Equivalent circuit modeling is carried
out to identify the basic electrochemical processes and evaluate the
associated polarization resistance R,. One high-frequency process
and two intermediate-frequency processes are recognized. For all
electrochemical processes, OV concentration and R, behave

1. Introduction

The oxygen reduction reaction (ORR) is the electrochemical
reaction occurring at the air side of electrochemical cells for
energy conversion and storage, such as fuel cells and metal-
air batteries, whereas the reverse reaction, namely the oxygen
evolution reaction (OER), occurs in electrolysis operation mode.
In both cases, the slowness of the kinetics is a limiting factor,
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similarly with temperature in both nanofiber and granular electro-
des. This led to the proposal of a new equation. For each electro-
chemical process, it was shown that the activation energy is the sum
of an intrinsic electrochemical activation energy, plus the formation
energy of OVs. For the LSCF perovskites tested in this work, the
intrinsic electrochemical activation energy was found to be inde-
pendent of the preparation procedure and crystal structure. In con-
trast, the OV formation energy was found to be strongly dependent
on the preparation procedure and crystal structure, with values
ranging between 0.5 and 24.1 kJ mol~". A complete set of data is
provided, which can be useful for future simulation studies.

which strongly affects performance. Among the possible mate-
rials to be used as electrocatalysts for ORR/OER, ABO; perovskite
oxides are now intensively studied, mainly due to their high
electrocatalytic activity, which has been proposed to be largely
related to the presence of oxygen vacancies (OVs) in the crystal
lattice.™

Within the family of ABO; perovskite oxides, the LageSr,4C0q
Feog0s_s (LSCF) perovskite is the state-of-the-art air electrode for
intermediate temperature-solid oxide fuel cells (IT-SOFCs) and solid
oxide electrolysis cells (SOECs).”

It is well known that LSCF crystallizes in two different struc-
tures, according to temperature and composition, namely in the
ideal cubic one (space group: Pm3m) or in the rhombohedral
one, belonging to the R3c space group.># While in the former
the BOg octahedra are regular, in the latter, which is one of
the most commonly occurring structural distortion of perovskite,
they are strongly tilted.®* The perovskite structure is indeed highly
flexible, and as a consequence, oxygen atoms can leave the lattice,
creating OVs, without causing structural collapse. In the framework
of the optimization of electrode materials, the role of OVs is of pri-
mary importance, being they responsible of peculiar physical and
chemical properties, including mixed ionic-electronic conducting
(MIEC) behavior, and electrocatalytic activity toward the ORR/
OER.™ On one hand, Coy influences in fact the ionic conductivity
of LSCF, thus affecting the electrochemical performance of LSCF.
On the other hand, oxygen vacancies take part directly in electro-
chemical reactions. Many different mechanisms have been
proposed, which can basically be simplified as the overlapping
of a surface path and a bulk path.™ These are usually expressed
through the Kréger-Vink notation. For example, referring to the
ORR reaction, the surface path is as follows™
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150,(g) + 2e" + V" (LSCF) — Oy*(LSCF) (1 Nevertheless, most of the aforementioned studies focused on
temperatures higher than those currently considered for IT-SOFCs
Bulk path: and SOECs,®-1912-141 highlighting the need for further investiga-

00" (LSCF) + V,~(electrol.) — Oy*(electrol.) + Vo (LSCF) ()]

According to this, an increase of Coy in LSCF should enhance
the kinetics of the surface path, leading to an increased concen-
tration of oxygen ions in the bulk of LSCF. This, in turn, should
enhance the kinetics of the bulk path, leading to an overall
increase in the electrochemical performance.

Moreover, the ORR/OER is strongly influenced by the OVs
formed at the perovskite surface, and it has been demonstrated that
nanostructuring methods, enhancing the surface area, have the
potential to improve ORR/OER kinetics by promoting OV forma-
tion."” The key role of OVs in the ORR/OER kinetics has been dem-
onstrated also for Ruddlesden-Popper perovskites (A, , 1B,0s3, 1), @
layered derivative of the perovskite family (ABOs), which are emerg-
ing as high-performing electrocatalysts.”

The evaluation of the OV concentration (Coy) is a crucial point
in the study of LSCF.2'% |t was pointed out that OV formation is
associated with an oxygen equilibrium between the solid oxide
and the gas atmosphere. This can be described by the following
defect equilibria (in Kréger-Vink notation)

10,(g) + Vo~ + 2Bg* 2 Og* + 2By’ (3)

2Bg* 2 By’ + By’ (4

where all the species are in the LSCF crystal structure (except for
molecular oxygen, in the gas phase). Furthermore, B=Co and
Fe. Reaction (3) describes the oxygen exchange between solid
and gas phase via the annihilation of OVs and oxidation of B*"
to B*". Reaction (4) represents the charge disproportionation of
B*' into B*" and B*". Defect chemical modeling was performed
applying an ideal solution model. The model was fitted to thermog-
ravimetry experimental data with temperature from 976 to 1176 K
and pO, from 1E—5 to 1 atm. In this way, the standard enthalpy and
entropy of oxidation (3) and charge disproportionation (4) reactions
were evaluated. It was found that, for Lag4Sro6Cos — ,Fe,0;_; with
0<y<1, AH'5=(-91+15kl(molO)~". For Reaction (4),
AH’, =22 +20kJ (mol O)~" for y=0, and 134 + 66 kJ (mol O)~"
for y =11 Anyway, in the same works it was pointed out that,
in the materials under investigation, the concentration of defects
was well above the applicability limits of the ideal solution
model.® ' Therefore, more in-depth studies were deemed neces-
sary. For example, a subsequent study proposed three versions of
point defect chemistry models. The models were fitted to thermog-
ravimetric experimental data.”"" It was found that only by increasing
the model complexity and the number of fitting parameters was it
possible to obtain excellent reproduction of the experimental data.
Further in this direction, ab initio calculations performed using den-
sity functional theory (DFT)">™¥ provided results which were fitted
to oxygen permeation experimental data in the temperature range
1073 to 1273 K. For Laggg _ ,Sr,Cog2Feps05 _ 5 with 0.125 <x < 0.8,
AH’;, was evaluated, obtaining results in agreement with those
reported above.*'
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tion in the temperature range 800-1100K. Furthermore, the
effect of the LSCF preparation route and structural transition
on Coy was not explored either. Finally, no attempts have been
made to demonstrate a correlation between Co, and ORR/OER
kinetics.

The most common technique for measuring electrochemical
kinetics is electrochemical impedance spectroscopy (EIS).."™™ This
technique, combined with equivalent circuit modeling (ECM),
makes it possible to identify basic electrochemical processes
and to evaluate the associated polarization resistance R,. The
overall polarization resistance of the electrode R, 1ot and its acti-
vation energy E, can also be evaluated. Interestingly, a wide dis-
tribution of E, values has been reported in the literature for LSCF
electrodes."® In contrast, it has been observed that LSCF electro-
des prepared by electrospinning show highly reproducible E,
values."*"® This suggests that the ORR/OER kinetics is influenced
by electrode morphology and preparation route.

The impact of electrode morphology and preparation route
on the structural and electrocatalytic features of LSCF was stud-
ied in a previous work.'” To this purpose, LSCF was studied in
two different forms: in-house electrospun nanofibers and com-
mercial granular powders, with the latter used as control sam-
ple. Based on high-temperature synchrotron X-ray diffraction
(XRD), morphology in fact significantly affects the structural
properties of LSCF. In particular, LSCF nanofibers prepared
through the electrospinning technique assume a rhombohedral
(R) structure throughout the whole temperature range investi-
gated, namely from room temperature up to 1200 K. Instead, the
commercial LSCF powders, tested in the same temperature
range, exhibit the R structure at low temperature and the cubic
(C) structure at high temperature, with the R — C transition
occurring at about 1023 K. Other structural differences were
clearly detected in the cell volume, higher in the nanofibers;
in the thermal expansion coefficient, of lower magnitude in
the nanofibers; in the oxygen vacancy concentration and in
the microstrain, both higher in nanofibers than in powders, with
discontinuities of these last two properties in granular samples
at the temperature of the structural transition. Correspondingly,
a discontinuity was found in the Arrhenius plot of the polariza-
tion resistance R, of the powders, whereas no discontinuity was
found in nanofibers."'?

In the present work, the correlation between Cyy and ORR/
OER kinetics is analyzed in more detail, focusing on the role of
the electrode morphology on the crystal structure, and hence
on the OV amount. With the aim to find a key to understand
the differences between the electrochemical behavior of LSCF
nanofibers and powders, OV concentration obtained from
high-temperature synchrotron XRD experiments and ORR/OER
experimental data obtained from EIS performed at open-circuit
voltage (OCV) are correlated, and a relationship between the for-
mation energy of OVs, E, oy, and the activation energy of the ORR/
OER, E,, is proposed.
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2. Results
2.1. Oxygen Vacancies

More details on the high temperature synchrotron experiments
and the complete set of experimental XRD data is given in a pre-
vious work,"? whereas a summary of the main results can be
found in the final part of the Introduction. Here, OVs in nanofiber
and granular LSCF are evaluated on the basis of XRD data, follow-
ing the procedure described in the Experimental Section of this
paper. Figure 1a reports the percentage of OVs in the crystal lat-
tice as a function of temperature, in the temperature range under
study for IT-SOFCs (800-1200K). Overall, OVs increase with
increasing temperature, and this is in agreement with previous
literature results.” For nanofibers, which retain the R structure
throughout the whole temperature range, the increase of oxygen
vacancies is linear and continuous. Instead, for granular powders,
the results show a discontinuity and an abrupt increase at the
R— C transition. Below the R — C transition temperature,
the OV percentage is superior in nanofibers, whereas above
the R — C transition the situation is reversed.

Figure 1b shows an Arrhenius plot of the OV concentration,
Cov. Data are fitted through Arrhenius lines, and the obtained
activation energies E,oy are the formation energies of OVs.
Values of E,oy are 2.8k mol™" for nanofibers throughout the
whole temperature range, 24.1 kJ mol~' for powders at temper-
atures below the R — C transition, and 0.5 kJ mol~" for powders at
temperatures above the R — C transition. Therefore, data in
Figure 1b demonstrate that both the preparation procedure
and the crystal structure strongly influence E, oy, which is a sub-
stantial novelty compared to previous works.”'>'¥ In principle,
when considering different LSCF samples with the same chemical
composition, the variation in OV concentration should follow a
thermodynamic relationship with temperature and oxygen par-
tial pressure of the atmosphere. Therefore, in a thermodynamic
view, OV concentration should not be changed by material
morphology. Nevertheless, in nanostructured perovskites, where
the surface effects are dominating, this may be no more true. In a
review work on nanostructuring methods for perovskite electro-
catalysts, the higher Coy close to the surface of the nanostructure
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elements is suggested to promote the ORR.”® This is in agreement
with DFT studies, demonstrating that the overall chemical com-
position has only a small impact, whereas the main factor is the
local cation configuration which affects the charge redistributions
and transition state energies during the oxygen migration asso-
ciated to the formation of OVs.'” Therefore, near the surface of
the nanostructure elements, the local energy profiles are
expected to be different from those in the bulk, and this may
explain the dependence of OV concentration Cyy and activation
energy E,ov on the preparation procedure.

The values obtained for E,oy may be not valid outside the
investigated temperature range. In particular, excessive OV con-
centration occurring at extremely high temperatures may harm
the structural stability, with possible subsequent structural col-
lapse in favor of a more stable atomic arrangement.”

2.2. Oxygen Reduction/Evolution Reaction

Figure 2 reports the Nyquist plots of EIS experimental data of
LSCF nanofiber and powder electrodes, tested at 923 K. A full
set of EIS experimental data for temperatures spanning from
823 up to 1223K is reported in previous works."”'¥ In
Figure 2, fittings performed through the ECM technique are also
shown, as well as the individual contributions of the elements of
the equivalent circuit (EC). More details about the EC can be
found in the Experimental Section. In particular, the electrode
structure and the physical meaning proposed for the EC elements
are schematized in Figure 5.

Comparing Figure 2a,b, the first observation is that the high
frequency intercept of the impedance arcs with the real axis
assumes the same value. This is the resistance associated with
the transfer of the oxygen ions through the electrolyte,
corresponding to the Rs element of the EC. Since the electrolyte
is identical in both cases, Rs is also the same (around 0.53 Q cm?).
Apart from this, the shape of the two impedance arcs is remark-
ably different. In fact, the LSCF nanofibers (Figure 2a) exhibit an
almost pure Gerischer arc, with nearly negligible depression."”
Instead, the granular powders (Figure 2b) display two main arcs
with markedly depressed RQ behavior. According to previous
studies, these differences are due to the different electrode
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Figure 1. Oxygen vacancies (OVs) as a function of temperature in LSCF nanofibers and powders: a) OV% and b) OV concentration Coy. Dotted lines join
adjacent data. Dashed lines are linear fittings, reported together with the corresponding activation energies, E, ov.
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Figure 2. Nyquist plots of EIS experimental data (symbols) and ECM fittings (black lines) of LSCF electrodes at 923 K: a) nanofibers and b) granular pow-
ders. The impedances of the individual EC elements are represented as well: RQ1 (red line), RQ2 (blue line), G (yellow line).

morphologies, and in particular to the long path of the electrical
charges along the nanofibers, and the short path along the
granules of the powders."® Nanofibers have a length of several
micrometers and a cross-sectional diameter of approximately
02 uml™® There, distributed electrochemical reaction
occurs along with charge conduction, and this explains the pre-
vailing Gerischer (G) impedance clearly visible in Figure 2a).
Furthermore, the small number of fiber-fiber contacts gives a
small RQ response (RQ2 circuit element). Since the fibers adjacent
to the electrolyte lay and adhere onto it, their interface gives neg-
ligible RQ response (RQ1 circuit element). Instead, with powders
(Figure 2b), the path along the powder grains is short in length
(granule diameter 0.9 um) and has a large cross-section (again
related to granule diameter 0.9 pm), resulting in a reduced
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Figure 3. Arrhenius plot of R,

G impedance.l" Instead, the numerous grain-grain contacts, act-
ing as electrochemical interfaces, give a prevailing RQ2 response
(the main impedance arc). Depression, clearly visible in this case,
is usually associated with highly distributed interfaces. Finally, the
small powder grain—electrolyte contacts cause a significant high-
frequency RQ1 impedance, clearly visible in this case.

Figure 3 reports the total polarization resistance R,ror and
the polarization resistances associated to the different EC ele-
ments Rpra1 Rora2z @and Ry . The data are shown in Arrhenius
plots of reciprocal polarization as a function of 1000 T~". Data
of the nanofiber electrode are well fitted by an Arrhenius line
and show no change in slope. With regard to powder electrodes,
a comparison was made between the fit of the experimental data
to a single straight line and two separate straight lines. The results
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and the contributions associated with the different elements of the EC: @) Ryror ', b) Rorai ™', ©) Rpraz ' and d) Ry

Symbols are values derived from the EIS experimental data, and dashed lines are linear fittings, reported together with the corresponding activation ener-

gies E..

ChemElectroChem 2025, 12, e202500165 (4 of 10)

© 2025 The Author(s). ChemElectroChem published by Wiley-VCH GmbH

85UB01 7 SUOWIWOD SAIIER.D 3|qedldde ay) Aq peusencb 8. s9jole YO ‘88N JO SaINJ 10} Akeiq i 8uljuO A1/ UO (SUOTHIPUOO-PUe-SWBIALI0D" A3 1M AJelq Ul [Uo//Sdny) SUORIPUOD pue sWe 1 8y} 89S *[GZ0z/ZT/0T] o Akeid)8uluo A8|IM ‘G9T00SZ0Z 982/200T OT/I0p/wod" A8 | Aelq i pul juo'ado.ne-Aus iwsyy//:sdny woiy pepeojumod ‘0z ‘g0z ‘91209612


http://doi.org/10.1002/celc.202500165

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemElectroChem doi.org/10.1002/celc.202500165

showed that, overall, the fitting with two straight lines had a bet-
ter coefficient of determination R This means that there is a
change in slope, that is, a change in behavior, around 1023 K,
and this is consistent with the occurrence of the R — C transition.

In particular, Figure 3a compares the total polarization of
nanofiber and powder electrodes. Data obtained from the two
electrodes are very close to each other. Regarding powder
electrodes, the slope of the Arrhenius fitting line is higher at
low temperatures (R structure) rather than at high temperatures
(C structure). In other words, the activation energy E, is higher at
low than at high temperatures. This is similar to the Arrhenius plot
of the OV concentration, Coy, reported in Figure 1b. This suggests
a correlation between E, and E, ov. From a physical-chemical point
of view, this can be explained supposing that the increase in
Rutor~ ! with temperature originates not only from the activation
of the electrochemical processes, but also from the increase of
vacancy concentration with temperature.

These results are also confirmed by the behavior of the R,
associated to all the individual elements of the EC. The results
regarding the polarization resistance of the RQ1 element are
reported in Figure 3b, only for the powder electrode since, as
already remarked, the RQ1 impedance is zero in nanofiber
LSCF electrodes. Figure 3b shows that, at the R — C transition
Rora1 has a marked discontinuity and a slope change. Also here,
the slope is greater at low than at high temperatures. The fact
that the RQ1 term is clearly affected by the R— C transition
occurring in the LSCF confirms that this high-frequency process
is also related to the features of the electrode and not only those
of the electrolyte (i.e., grain boundaries), as claimed by several
works.?” This supports the hypothesis that RQ1 represents the
impedance of the interface between the electrolyte and the
adjacent granules.”V Another remark is that, when increasing
temperature across the R— C transition, an improvement of
performance may be expected on the basis of the increase
of OVs shown in Figure 1. Instead, Figure 3b shows a decrease
in performance, which may be ascribed to a distortion of the
electrochemical interface due to the change in LSCF crystal
structure.

Figure 3c shows the R,™" associated with the RQ2 element.
The Rorq2 ' is larger in the nanofiber than in the powder elec-
trode, in agreement with the results reported in Figure 2.
Here, the discontinuity in the powder electrode data is less
marked than in RQ1, but still appreciable. Again, the slopes of
the Arrhenius lines confirm the behavior in Figure 3a.

Finally, Figure 3d shows the R,™' of the G element. In this
case, the R, ' of the nanofiber electrode is smaller than for
the powder electrode, in agreement with the results reported
in Figure 2. The slopes of all the Arrhenius lines are higher than
for the RQ1 and RQ2 elements, demonstrating the boosting effect
of temperature on the ORR/OER electrokinetic rate within the
LSCF perovskite. Regarding the powder electrode, the impedance
of the G element vanishes above the R — C transition. This indi-
cates that the boosting effect of temperature is even greater in
the stability range of the cubic crystal structure. Also in this case,
nanofibers do not show any discontinuity nor change in slope
throughout the whole range.

ChemElectroChem 2025, 12, €202500165 (5 of 10)

The activation energies of the R,™" of all the EC elements
are summarized in Table 1. For sake of completeness, the pre-
exponential factors are reported in Table 2.

Figure 4 reports the values of the ECM fitting parameters.
Figure 4a shows the values of a, the exponent of the CPE ele-
ments embedded into the RQ elements, according to Equation
(17). The value of « is associated to the broadness of the distri-
bution across the electrochemical interface: a =1 is related to an
ideal capacitor (no distribution), and a < 1 is associated to a dis-
tributed phenomenon. The broader the distribution, the lower
the value of «; usually 0.8 < a < 1.1"® Figure 4a shows the values
of a for the RQ1 element of the EC only for powder electrodes,
because the RQ1 element is ideal for nanofiber electrodes, that is,
its impedance is zero. In addition, Figure 4a shows the values of
o for the RQ2 element of the EC for both nanofiber and powder
electrodes. All the o values in Figure 4a are similar and exhibit a
moderate variation in the temperature range between 873 and
1073 K, with o taking rather small values ranging between 0.5
and 0.7. These values are consistent with highly distributed pro-
cesses at the nanoscale (nm) of the interfaces, which are highly
nonuniform. Toward the ends of the operating temperature
range, the values of a show a noticeable increase which can
be attributed to a shrinkage of the thickness where the electro-
chemical reaction occurs across the electrolyte-electrode and
intraparticle interfaces. The only exception is the value of o of
the RQ1 element in the powder electrode, which has a value
as low as a = 0.32 at 823 K. This can be explained in terms of poor
contact between the electrolyte and the LSCF granules, which is
only visible at low temperatures where it is not compensated by
thermal expansion. A final comment is that the profile of a is
rather regular for the nanofiber electrode, whereas both « profiles
of the powder electrode show a negative spike at temperatures
close to the R — C transition.

Figure 4b shows the equivalent area-specific capacitance
Qequiv. Calculated according to Equation (18). For the powder
electrode, the values of Qequv. Of RQ1 are in the range

Table 1. Activation energies E, (in [k) mol~']) of the R, ™' of the EC elements.

Fibers  Powders T< Tg_ ¢ yansition  POWders T> Tg _. ¢ yansition

Ryor: 1180 133.1 99.2
Ronor - 109.8 85.2
Ropgz: 987 1319 109.0
Ryo 126.0 169.7 -

Table 2. Pre-exponential factors k, of the R, ™" of the EC elements Equation
(12). Values to be multiplied for 10° [Q~'cm2].

Fibers  Powders T< Tz . c tansion POWAers T> Tg . ¢ wansition

Ryor 4248 38.764 0.467
Ropar - 10.639 0.256
Rongz: 14500 48014 2278
R: 16159 378918 -
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Figure 4. Values of the ECM fitting parameters. RQ1 and RQ2 circuit elements: a) exponent a in Equation (17) and b) equivalent capacitance Qequi. in
Equation (18). Gerischer element: c) oxygen surface exchange coefficient k and d) admittance Y, both in Equation (19). Dotted lines join adjacent data.
Dashed lines are linear fittings, reported together with the corresponding activation energies E,.

107°-103Fcm™2 The process underlying RQ1 is a high-
frequency one, with summit frequency f.,.~ 10°Hz, almost
independent of temperature. Again, these data confirm the attri-
bution to a charge transfer process at the electrode/electrolyte
interface.”? Regarding the RQ2 element, the equivalent capaci-
tance is in the range 10 3-10"" F cm 2 for both the nanofiber and
the granular electrode. These capacitances are of the same order
of magnitude as those reported in the literature for intermediate-
frequency processes in LSCF electrodes.””® The summit frequency
confirms the intermediate-frequency nature of the RQ process,
being fr.x~ 10" to 10°Hz at temperatures between 823 and
1223 K. These data are practically identical for both the nanofiber
and powder electrodes, and therefore, it is evident that RQ2 is the
same process in both electrodes. The literature attributes these
intermediate-frequency processes to several possible phenom-
ena, including interfacial charge transfer (not involving the elec-
trolyte).”>2% A final comment is that the profile of Qequy. Of the
RQ2 element is rather regular for the nanofiber electrode,
whereas the powder electrode shows an abrupt increase at
the R — C transition.

Figure 4c,d shows the fitting values of the parameters kand Y
of the Gerischer element, appearing in Equation (19). The data are
presented in an Arrhenius plot. Fitting is performed and activa-
tion energies E, are calculated. The data for the powder electrode
present some scatter due to the intrinsic difficulties of fitting a
small arc (G) adjacent to other large arcs (RQ1 and RQ2), as

ChemElectroChem 2025, 12, e202500165 (6 of 10)

depicted in Figure 2b. In particular, the k and Y values at
973 K are not in line with the others, possibly due to the impend-
ing crystal structure transition. Therefore, the values at 973 K are
excluded from the Arrhenius line fittings. Nevertheless, Figure 4c,
d makes it possible to draw some considerations. The coefficient
k, representing in lumped form the kinetics of the ORR/OER reac-
tion occurring inside the LSCF material, has very similar values for
nanofiber and granular electrodes. This confirms that the process
is the same. Instead, the activation energies E, are different, much
higher for the powder electrodes, in agreement with the higher
rate of OV formation with temperature demonstrated in Figure 1.
Finally, Figure 4d shows the fitting values of the parameter Y,
embedding in a lumped way structural parameters and the solid
phase oxygen diffusion coefficient. Here, it is interesting to notice
that the values of Y are higher for the powder rather than for the
nanofiber electrode. As already remarked, the granules of the
powders offer a larger cross-section and shorter paths for the oxy-
gen transport, compared to nanofibers. This reduces the imped-
ance and thus explains the higher Y values for the powder
electrode. On the other hand, the activation energies E, of Y
are practically the same for both electrodes. Instead, a larger
E. should be expected for the powder electrode, since Y embeds
also the solid phase oxygen diffusion coefficient, which should
gain advantage from the superior increase of OV concentra-
tion by increasing temperature. In this case, the scattering of
the powder electrode data, together with their small number,
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makes the value calculated for E, unreliable, and therefore,
no conclusion can be drawn.

3. Discussion

Figure 3 shows the Arrhenius plot of Rytor ', Rprar™ s Rpraz s
and R, . For powder electrodes, the slope of the Arrhenius lines
is always higher at temperatures below, rather than above, the
R — C transition. For nanofiber electrodes, the slope of the
Arrhenius lines is always constant for the entire temperature
range, and similar to that of powder electrodes above the
R — C transition. The correlation with the results reported for
OVs in Figure 1b is evident. This suggests analyzing the E,, acti-
vation energies of the R,™" of the EC elements, after subtracting
the corresponding E, oy, activation energies of OV formation. The
results are reported in Table 3. For powder electrodes, for the EC
element RQ1, the values obtained below and above the R — C
transition are practically identical. An analogous result is found
also for the EC element RQ2.

This suggests that, for the RQ1 and RQ2 EC elements, the
overall activation energy E, is the sum of an intrinsic activation
energy E,inuinsic PlUs the formation energy of OVs, E, oy

Ea = Ea,intrinsic + Ea,OV (5)

To put this in a theoretical context, it must be considered that
all experimental electrochemical data were obtained around the
OCV and that the linear behavior of the experimental electrode
was successfully verified, as reported in the Experimental Section
of this paper. Therefore, the linear approximation of the Butler-
Volmer equation can be applied®>?®

P nF

p = ﬁio (6)

where n [-] is the number of electrons exchanged in the elec-
trochemical reaction, F is the Faradays’ constant [Cmol™"], R is
the gas constant [Jmol 'K '], T is temperature [K], and i, is
the exchange current density [A m~2]. The exchange current den-
sity is the main electrokinetic parameter, which in turn, can be
expressed as

V) Eain rinsic
ip = CCrk, exp (— ?) (7)

where C, and C, are reactants and products concentrations
[molm~3], v, and v, are reactants and products reaction orders

Table 3. Activation energies E,jnyinsic (in [kJ mol™"]) of the R, ' of the EC
elements, obtained by subtracting from E, (Table 1) the corresponding
E,ov (Figure 1b).

Fibers  Powders T<Tg . c wansiion  POwders T> Tz . ¢ yansition

Ryor: 1152 109.0 98.7
Ronar - 85.7 847
Ropgz' 959 107.8 1085
R 1232 145.6 -
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[-], ko is the pre-exponential factor [Am~?(molm=)"""], and
E. ininsic 1S the intrinsic activation energy of the electrochemical
process/EC element. In our case, considering that OVs appear
in Reaction (1) and (2), and considering a reaction order of 1
for OVs (and 0 for the other reactants and products)

. Ea intrinsic
io = Covk, €XP (— #) (8

Considering that Cgy varies exponentially with temperature,
as demonstrated in Figure 1b

E,
Cov = koov €XP <* R';)-V) 9)

By substituting Equation (9) into Equation (8), the equation
below is obtained

Ea,intrinsic + Ea,OV)

RT (10)

iy = ko’exp(—

Where ko,: ko k0,0V'
Finally, by substituting Equation (10) into Equation (6)

gt ko 1 (_ M)

11
P R T RT ()

Mathematically, the (1T) temperature-dependence is practi-
cally negligible compared to that of the exponential term.
Although some studies also consider the (3) term,?” usually only

the exponential term is retained!”*

" E,intrinsic + E " E
—1 a,intrinsic a,0v a
R,' =k, exp <_7RT ) =k, exp (— —RT) (12)

where ko is again a pre-exponential factor [Q ' cm 2.

Equation (12) provides theoretical support to Equation (5)
above. The idea that the overall activation energy E, is the sum
of an intrinsic activation energy (E, ninsid, PIUs the formation energy
of OVs (E,ov), is similar to what has been proposed for ceria-based
oxygen ion conductors, typically employed as electrolytes in
IT-SOFCs and SOECs.”5?% There, the activation energy to ionic con-
duction is formed of two additive terms, namely the migration
enthalpy (H,,) and the association enthalpy (H.), being the former
the energy needed by free vacancies to move through the lattice,
and the latter the energy necessary to release vacancies from defect
clusters. H,, is~65kJmol~", and it is considered independent of
dopant identity, which, conversely, strongly affects H,, usually in
the order of tens of k) mol . At temperatures above ~750K and
in a limited compositional region, almost all the defect clusters
would be dissociated and the activation energy to ionic conduction
would be roughly equal to the migration enthalpy H..,.

Focusing again on RQ1, Table 3 shows that for powder
electrodes E, inuinsic = 85 kJ mol™", independent of crystal structure.
With nanofiber electrodes, no RQ1 impedance arc is found.
Regarding RQ2, Table 3 shows that for powder electrodes
Eintrinsic ~ 108 kJmol™", again independent of crystal structure.
With nanofiber electrodes, the RQ2 impedance arc is found, and
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Eqintinsic = 96 kJ mol ™", which is reasonable close to the value found
for powders. Therefore, it can be proposed that the RQ2 process
in LSCF electrodes has an intrinsic activation energy Egjninsic Of
the order of 102 kJmol™", fairly independent of the preparation
method and morphology, and independent on the crystal structure.
In principle, the Gerischer element would require a more
sophisticated approach, with Equation (6) applied to the electro-
chemical reaction occurring inside the LSCF material, which
should then be coupled to the equations for species transport
inside LSCF.B These are differential equations requiring numeri-
cal solution. Nevertheless, Equation (12) is commonly applied suc-
cessfully to fit the R, values obtained from EIS experimental
data, as also shown in Figure 3d, and the application of Equation
(5) to the Gerischer element can be proposed, albeit in an approx-
imate way. The values of E, ;,winsic are given in Table 3 only for fiber
and powder electrodes below the R— C transition, because
above the transition the G element vanishes. The values of
Eaininsic in Table 3 are much closer than the corresponding values
of E, in Table 1. The average value is Ejnyinsic ~ 134 kJ mol™".

4. Conclusions

The role of oxygen vacancies (OVs) in the ORR/OER reaction
occurring in LageSro4Cog,Feps0s s (LSCF) perovskites has been
investigated. Two different LSCF morphologies were tested
experimentally: in-house electrospun nanofibers and commercial
granular powders. The OV content was evaluated through
high-temperature synchrotron XRD. Electrochemistry was tested
by means of EIS performed on electrodes prepared in-house with
LSCF nanofibers or powders. EIS data were fitted through
equivalent circuit modeling. The same equivalent circuit
(Rs—RQ1—RQ2—G) was used for both nanofiber and powder
electrodes. The attention was focused on the polarization resis-
tance R, of the individual circuit elements. A clear agreement was
found between the variation with temperature of R,~' and OVs,
suggesting that the activation energy of R, ™, E,, is the sum of an
intrinsic electrochemical activation energy E, inuinsic: PlUs the for-
mation energy of OVs, E, ov. This holds for all the individual circuit
elements. Furthermore, the available data support the assump-
tion that E,inyinsic & 85, 102, and 134kJmol™' for the R,™" of
the RQ1, RQ2, and G circuit elements respectively, regardless
of LSCF preparation route, morphology, and crystal structure.
Instead, these strongly influence the formation energy of OVs.
According to the results obtained from high-temperature
synchrotron XRD, E,ov~ 3 kJmol™" for nanofibers, 24 k) mol™’
for powders below the R— C transition, and 0.5 kJmol™" for
powders above the R — C transition.

In conclusion, the results reported in this work lead to the
following key findings: 1) The activation energy E, of the overall
polarization resistance of LSCF electrodes includes a significant
contribution not related to the electrochemical processes them-
selves, but instead related to the formation of OVs (E,ov). 2) Eaov
is strongly dependent upon the LSCF preparation route, morphol-
ogy, and crystal structure. 3) The overall polarization resistances
of LSCF electrodes prepared by different synthesis routes or with
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different morphology or crystal structure exhibit different values
of activation energy E,. 4) Only LSCF synthesis routes character-
ized by high reproducibility of the preparation process and the
resulting electrode morphology are expected to show highly
reproducible E, values. Indeed, electrospinning meets these
requirements, and the reproducibility of E, is confirmed by results
reported in the literature by several research groups.

5. Experimental Section
High-Temperature Synchrotron XRD

The structural characterization of the LSCF nanofibers and powders
was carried out in air by high temperature synchrotron XRD. Data
were collected at 772K, and then up to 1220K in steps of about
20 K. Patterns were collected at the XRD1 beamline of the Elettra
Synchrotron facility located in Trieste (Italy). Complete description
of the experimental procedure was provided in a previous work."
The analysis of the diffraction patterns and the refinements through
the Rietveld method were performed by the FullProf software.®" The
mathematical analysis made it possible to evaluate the percentage
oxygen occupancy in the crystal lattice (Op). From that, the percent-
age of oxygen vacancies (Vo) was evaluated as

Vo =100 — O, (13)

Finally, the spatial concentration of oxygen vacancies Coy in the LSCF
structure was calculated as

Coy = Yoo 109 (14)
VN

c'YA

kmol}

m3

where V;, is the percentage of oxygen vacancies, no, is the total num-
ber of oxygen atoms in the unit cell, V is the cell volume in m? and N,
is the Avogadro’s number.™

Electrochemical Impedance Spectroscopy

Electrodes were prepared with both LSCF nanofibers and powders
and applied onto Ce;9Gdy 10, 95 (gadolinium-doped ceria, GDC) elec-
trolyte circular disks of ~325 4+ 25um thickness and 13 +2mm
diameter. ORR/OER characterization was performed using the EIS
technique at OCV. During the tests, samples were exposed to a con-
tinuous oxygen/argon flow, with po, = 0.2 atm and p,, = 0.8 atm. The
spectra were recorded in the frequency range .01 to 1.E6 Hz, with a
10.0mV voltage amplitude, performing six measurements per
decade, using a Gamry Reference 600 potentiostat. For frequencies
lower than 1.E5 Hz, the error on the impedance experimental meas-
urements was <1%. For frequencies between 1.E5 and 1.E6 Hz, the
experimental error was still <1%, but close to the border of the oper-
ating region with error <10%.%2 EIS experimental data were col-
lected at 823 K, and then up to 1223 K in steps of 50K. To check
linearity, stability, and causality, Kramers—Kronig analysis was per-
formed by fitting a generalized model (series of connected Voigt ele-
ments) to the spectral data through linear equations.®*¥ This check
provided confirmation that the electrode was working in the linear
region. Complete description of the experimental procedure was pro-
vided in previous works.''93% The EIS experimental data were fitted
through the ECM technique. The equivalent circuit (EC) was a series of
four elements
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Figure 5. Schematization of the physical significance of the Rs-RQ1-RQ2-G equivalent circuit (EC) for LSCF a) nanofiber and b) powder electrodes.

Rs —RQ1 -RQ2 -G (15)

with the circuit elements listed in descending order of frequency."'"

The inductance L of the experimental equipment was evaluated
separately and subtracted from the experimental data before
fitting.

The physical meaning proposed for the EC elements is schematized
in Figure 5 and explained below, together with the mathematical
equation of the area-specific impedance Z [Qm?] as a function of
the radial frequency o [rad s~'1.2%

Rs is the serial resistance associated with the transfer of the oxygen
ions through the electrolyte:

Z(w) = Rel (16)

Rel [Q cm?] being the area-specific resistance of the electrolyte.

RQ1 is associated with the charge transfer between the electrolyte
and the electrode, at the interface between the electrolyte and
the adjacent nanofibers or granules:

1

R agar v

Z(w)

R [Q cm?] being here the area-specific resistance of the electrolyte-
electrode interface, Q [Fcm™2s*""] being the area-specific capaci-
tance of the double layer established at the electrolyte-electrode
interface, and o [-] a fitting parameter. From this, the equivalent
area-specific capacitance Qequy. [F cm~?] is defined as follows

R)*
Qequiv = % (1 8)

RQ2 is associated with the charge transfer from one nanofiber to
another, or from one granule to another, inside the electrode.
Impedance equation as above Equation (18).

G is the Gerischer element, representing the simultaneous charge
transfer and electrochemical reaction occurring in the interior of
the LSCF nanofibers or granules:

Z(o) = —" (19)

vk +jo

k [s7'] being the oxygen surface exchange coefficient, and Y
[Q" cm—25%%] a lumped parameter embedding structural parameters
and the solid phase oxygen diffusion coefficient."”!

At high operating temperatures, one additional element was
added to the ECM, namely the finite length Warburg, to fit
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diffusive limitation effects causing an additional low-frequency
impedance arc."'¥ This is not in the focus of this work and there-
fore no results are presented. Fittings were performed through
Elchemea Analytical.**

Given R, as the area-specific polarization resistance [ cm?], an R, was
associated to each EC element. Referring to the Nyquist plots, where
each EC element is represented by an arc (Figure 2), R, was calculated
from the fittings as the difference between the low and high fre-
quency intercepts of the impedance arcs with the real axis.*¥ For
the RQ1 and RQ2 elements, R, rq1 and Ry rq, coincide with the R resis-
tance appearing in Equation (17). R,7or was the overall electrode
polarization resistance

Rotor = Rorat + Roraz + Rpg (20)

In Equation (20), the R, of Rs, representing the electrolyte, was not
included, as well as the R, of the high-temperature and low-fre-
quency finite length Warburg element.
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