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Abstract: Lanthanide nickelate Ln2NiO4+δ (Ln = La, Pr, or Nd) based mixed ionic and electronic
conducting (MIEC) materials have drawn significant attention as an alternative oxygen electrode
for solid oxide cells (SOCs). These nickelates show very high oxygen diffusion coefficient (D*) and
surface exchange coefficient (k*) values and hence exhibit good electrocatalytic activity. Earlier
reported results show that the partial substitution of Co2+ at B-site in La2Ni1−xCoxO4+δ (LNCO)
leads to an enhancement in the transport and electrochemical properties of the material. Herein, we
perform the substitution at A-site with Sr, i.e., La2−xSrxNi0.8Co0.2O4+δ, in order to further investigate
the structural, physicochemical, and electrochemical properties. The structural characterization of
the synthesized powders reveals a decrease in the lattice parameters as well as lattice volume with
increasing Sr content. Furthermore, a decrease in the oxygen over stoichiometry is also observed
with Sr substitution. The electrochemical measurements are performed with the symmetrical half-
cells using impedance spectroscopy in the 700–900 ◦C temperature range. The total polarization
resistance of the cell is increased with Sr substitution. The electrode reaction mechanism is also
studied by recording the impedance spectra under different oxygen partial pressures. Finally, the
kinetic parameters are investigated by analyzing the impedance spectra under polarization. A
decrease in exchange current density (i0) is observed with increasing Sr content.

Keywords: nickelates; SOECs; SOFCs; oxygen over stoichiometry; chemical stability; electrochemical
performance

1. Introduction

The increase in greenhouse gases due to fossil fuels, as well as the growing demand
for energy, has resulted in a corresponding need for alternative energy sources. Among
many possibilities, the solid oxide fuel cell (SOFC) remains a major alternative due to its
high theoretical efficiency when compared with heat engines [1]. The SOFC can efficiently
generate electricity while using hydrogen produced from the solid oxide electrolysis cells
(SOECs). Furthermore, the SOFC can also accommodate the use of other fuels such as
natural gas, methane, methanol, ethanol, and ammonia [2–5].

However, one of the major challenges is to mitigate the degradation rate and increase
the widespread use of solid oxide cells, especially at high current densities during long-
term operation [6,7]. In addition, the oxygen electrodes contribute more to the polarization
resistance of single cells owing to the slow kinetics of the oxygen reduction reaction
(ORR) [8,9]. Therefore, further modifications in the existing materials, as well as the search
for new materials, are important in order to improve the oxygen transport properties,
electrochemical activity, and durability of the cells. For the electrodes comprising purely
electrical conductors, such as La1−xSrxMnO3 (LSM), the oxygen reduction reaction mainly
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occurs at the triple phase boundary (TPB) [10]. Therefore, mixed ionic and electronic
conductors (MIEC) have gained much attention as oxygen electrodes due to their mixed
conductivity, where the electrode reactions take place at the entire surface area of the MIEC
electrode exposed to the gas phase as well as at the TPB [11,12]. The extension of the
electrochemical reaction zone further results in an increase in the overall electrode activity.

There are mainly two kinds of MIEC materials that can be used as oxygen elec-
trodes for SOCs. This classification is based on the defect mechanism through which
they conduct oxide ions. The first type is related to oxygen-deficient materials such as
La1−xSrxCo1−yFyO3−δ (LSCF), in which the oxide ion conduction occurs through the oxy-
gen vacancies present in their lattice structure [13–15]. The second type of MIEC electrode
is based on oxygen over stoichiometry materials, e.g., lanthanide nickelates Ln2NiO4+δ
(Ln = La, Pr, or Nd), in which the conduction of oxide ion takes place through oxygen
interstitial sites [16–21].

So far, deficient perovskites have been extensively studied as oxygen electrodes [22–24].
Particularly, the current state-of-the-art LSCF oxygen electrode shows good ionic and
electronic conductivity, more than the conventional LSM electrode which shows a pre-
dominant electronic conductivity [6,7]. However, this Sr2+-containing electrode exhibits
Sr-segregation as well as phase change from rhombohedral to cubic, which results in de-
terioration of the electrode performance, especially during long-term operation [22–24].
Therefore, to avoid such issues, lanthanide nickelates Ln2NiO4+δ (Ln = La, Pr, or Nd) based
oxygen over stoichiometric materials with a K2NiF4-type structure are considered as an
alternative oxygen electrode. These nickelates are particularly attractive owing to their high
oxide ion diffusivity (D*), surface exchange kinetics (k*), as well as high electro-catalytic
activity [16–18,25–27]. In principle, the defect chemistry of perovskites could affect the
diffusivity and the transport kinetics of oxygen ions through the perovskite electrode. For
example, the oxygen non-stoichiometry properties of perovskites (represented by their
oxygen vacancies and interstitial sites) can enhance oxide ion transport through vacancy
and interstitialcy mechanisms [28,29]. Such an effective increase in the oxygen ion transport
through the electrode can improve electrochemical properties via the reduction in ion
diffusion resistance [28–30].

Generally, the electrochemical properties of oxygen electrodes can be altered, in many
cases enhanced, through the partial or complete substitution of the A-site or B-site ele-
ment of the perovskite [13–18,31]. In the case of layered perovskites, recently it has been
shown that the partial substitution at the B-site, i.e., Ni-site with cobalt in La2Ni1−xCoxO4+δ
(x = 0, 0.1, 0.2), enhances the physicochemical properties of the materials and hence in-
creases the electrochemical performance of the electrode [31–33]. For simple perovskites
such as LSCF or LSC, the partial substitution of the La3+ with Sr2+ at the A-site leads to an
increase in the electronic/ionic conductivity and hence enhances the overall electrochemical
properties [34,35]. In this work, we have considered the same strategy, i.e., Sr substitution
at the La-site, to further modify the properties of the layered perovskite La2Ni0.8Co0.2O4+δ.
Six compositions are mainly considered, i.e., La2−xSrxNi0.8Co0.2O4+δ (x = 0, LNCO; x = 0.05,
LSNCO5; x = 0.1, LSNCO10, x = 0.2, LSNCO20; x = 0.4, LSNCO40; x = 0.8, LSNCO80).
The steps involve the synthesis of La2−xSrxNi0.8Co0.2O4+δ (LSNCO) materials, followed
by their structural and physicochemical characterizations. Finally, the electrochemical
characterization of these materials is carried out by fabricating symmetrical half-cells.

2. Experimental
2.1. Powder Preparation

All La2−xSrxNi0.8Co0.2O4+δ (LSNCO) phases (0.0 ≤ x ≤ 0.8) were prepared using the
citrate–nitrate route (modified Pechini method) [36]. The precursors are La2O3 (Sigma
Aldrich, Saint Louis, MO, USA, 99.9%), SrCO3 (Sigma Aldrich, 99.9%), Ni(NO3)2·6H2O
(Alfa Aesar, Haverhill, MA, USA, 99%), and Co(NO3)2·6H2O (Alfa Aesar, 99%). La2O3 was
pre-fired at 900 ◦C overnight to remove the water content, due to the high hygroscopic
character. The exact amount of the precursors was gradually dissolved in dilute nitric acid
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one after the other (solution of 10 mL of HNO3 (65%) and 20 mL of water). A 10% molar
excess of citric acid was added to the solution. The solution was then heated on a hot plate
(about 110 ◦C) with continuous stirring with a magnetic stirrer until a viscous gel was
formed. This was followed by auto combustion at about 300 ◦C. The final annealing was
performed at 1300 ◦C for 12 h in the air to obtain well-crystallized phases.

2.2. X-ray Diffraction Analysis

The powders were analyzed using X-ray diffraction (XRD) at room temperature. A
PANanalytical X’pert MPD diffractometer with Cu-Kα incident radiation was used for the
characterization. The lattice parameter and lattice volume were determined by Rietveld
analysis of the X-ray diffractogram using FullProf Software (Grenoble, France).

2.3. Microstructural Analysis

The morphologies of the powders as well as the cells were analyzed using a scanning
electron microscope (Quanta FEG 650, Hillsboro, OR, USA, FEI equipped with an EDX
detector). During the sample preparation for SEM, the powdered samples were distributed
on carbon tape to avoid charging effects during the analyses.

2.4. Thermo-Gravimetric Analysis (TGA)

TGA analyses of the as-prepared powders were carried out by using a TA-Q5500
thermogravimetric analyzer. In the first step, the powdered samples were cycled three
times from 50 to 1000 ◦C. The first cycle was completed in the air to equilibrate the system.
The second cycle was also carried out in the air to determine the reversibility of oxygen
uptake/release in the sample. A heating rate of 2 ◦C/min was used for the first two cycles.
The third cycle was carried out under Ar-4% H2 (with a slow heating rate of 0.5 ◦C/min)
to determine the value of the oxygen over stoichiometry (δ-value) at room temperature.
The variation of the oxygen over stoichiometry as a function of temperature (in the air)
could be obtained from the second cycle. In another step, the powders were cycled four
times at 2 ◦C/min from 50 to 1000 ◦C. The first two cycles were under air, and the final two
were under an oxygen atmosphere. This step aims to determine the change in oxygen over
stoichiometry under an oxygen atmosphere.

2.5. Cell Preparation and Fabrication

First, the screen-printing pastes of LSNCO were prepared by mixing the powders
in a solution of α-terpineol and ethyl cellulose. The paste was mixed with a planetary
vacuum mixer (THINKY Mixer ARV-310) followed by roll milling for 30 min to ensure a
homogenous mixture.

The symmetrical half-cells were then prepared by using dense 8YSZ electrolyte
support from Kerafol® (diameter ~20 mm, thickness ~300 µm). At first, a thin layer
(~4–5 µm) of GDC was screen printed (M2-H, EKRA screen printing Technologies) on
both sides of 8YSZ substrates as a barrier layer (sintered at 1350 ◦C for 1 h under air).
After drying, the nickelate layer (diameter ~10 mm, thickness ~15–20 µm) was screen
printed on each side. The symmetrical half-cell structure can be represented as elec-
trode//GDC//8YSZ//GDC//electrode. After the fabrication, the sintering temperature
was optimized using an LNCO electrode containing symmetrical half-cells. Three different
sintering temperatures i.e., 1100, 1150, and 1200 ◦C for 1 h were considered. Among them,
1150 ◦C for 1 h was selected as an optimized sintering condition based on the polarization
resistance (Supplementary Materials, Figure S1).

2.6. Electrochemical Characterization

The electrochemical measurements were performed with symmetrical half-cells in
the 700–900 ◦C temperature range, using the electrochemical impedance spectroscopy
(EIS) technique. All impedance diagrams were recorded under potentiostatic control
with a 50 mV ac amplitude, from 1.1 MHz down to 0.11 Hz, using an IVIUM VERTEX
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potentiostat/galvanostat (Ivium Technologies BV, Eindhoven, The Netherlands) with an
integrated frequency response analyzer module. Two types of measurements were carried
out; the first one was carried out at open-circuit voltage (OCV) conditions in air and
under different oxygen partial pressures using a two-electrode four wire setup. These
measurements were performed in order to determine the electrode polarization resistance
(Rp), the oxygen electrode reaction mechanism, as well as the rate-limiting step among the
involved processes. The second measurement was carried out under polarization (+0.2 V
to −0.2 V) using a three-electrode setup. A Pt point electrode was attached at the edge of
the 8YSZ electrolyte, acting as the reference electrode, while the top and bottom parts of
the cell act as the working and counter electrodes, respectively. These measurements were
performed in order to determine the kinetic parameters such as exchange current density
(i0) and exchange coefficient (α). All impedance diagrams were fitted using an equivalent
circuit model by means of the RelaxIS® (RHD-Instruments, Darmstadt, Germany) software,
V 3.0. 18. 15.

3. Results and Discussion
3.1. X-ray Diffraction Analyses

The XRD analyses of as-prepared powders indicate that all these materials exist in
single phases. Figure 1 represents the FullProf refinement of the as-synthesized powders
of LSNCO5, LSNCO10, and LSNCO20, as an example. A good match between exper-
imental and refined diffraction patterns is observed. This could be validated from the
corresponding chi-square values, which describe the quality of the Rietveld refinement.
The diffraction patterns show complete crystallization of the powders as a single-phase
in the K2NiF4-type structure across the entire composition range (0.0 ≤ x ≤ 0.8). The
peaks of La2−xSxN0.8Co0.2O4+δ with x ≤ 0.05 were indexed with an orthorhombic cell
structure described by the Fmmm space group, while the composition of 0.05 < x ≤ 0.8 were
indexed with a tetragonal cell described by the F4/mmm space group. A phase transition
from orthorhombic to tetragonal is observed with increasing Sr content for x > 0.05. It
is suspected that the amount of Sr in x ≤ 0.05 was not sufficient to cause a pronounced
structural transition.
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Furthermore, the lattice parameters were also determined from the FullProf profile
matching and are shown in Figure 2a. A decrease in lattice parameters a and b is observed
with increasing Sr content. For example, the lattice parameter a is decreased from 5.461
for x = 0.1 to 5.395 for x = 0.8. The lattice parameter c is initially increased from x = 0 to
x = 0.4, followed by a steep decrease up to x = 0.8. However, a continuous decrease in the
cell volume is observed with increasing Sr content, as depicted in Figure 2b.
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Usually, the substitution at the A-site with another cation of different valence leads
to a charge imbalance. Therefore, to maintain charge neutrality, the extra charge can be
compensated in two ways; either by the creation of oxygen vacancies or by increasing
the charge of a multivariate B-site cation [37]. However, for K2NiF4-type nickelates, the
charge balance often occurs by increasing the oxidation number of nickel from Ni2+ to
Ni3+ [38,39]. A similar result is expected for La2−xSrxNi0.8Co0.2O4+δ. Since the size of
Ni3+ (0.60 Å) is smaller than that of Ni2+ (0.69 Å), therefore, increasing Ni3+ content with
increasing Sr substitution leads to a decrease in the overall cell volume. In addition, the
increase in Ni3+ content leads to a decrease in the Ni–O bond length, which further results
in a decline in the lattice parameter a and b [38,40]. The initial increase in lattice parameter
c could be attributed to the difference in the ionic radius of La3+ and Sr2+. Sr2+ has a larger
ionic radius (1.27 Å) in comparison with La3+ (1.16 Å), resulting in the increase in lattice
parameter c with an increase in Sr2+ content. This is in agreement with other reports in
the literature [38–42]. However, for higher contents of Sr, (x > 0.4), a decrease in lattice
parameter c was observed which also contributed to a general decrease in cell volume.
This steep decline in lattice parameter c can be attributed to structural instability of the
perovskite as a result of the Jahn–Teller distortion [38,39].

3.2. Thermogravimetric Analyses

The oxygen over stoichiometry (δ-value) of all LSNCO compounds was determined
by performing TGA experiments under reducing conditions (Ar−4% H2 atmosphere, with
a slow heating rate of 0.5 ◦C·min−1) after the samples were equilibrated in air. The weight
loss (in %) as a function of temperature for LNCO, LSNCO5, and LSNCO10 powders
are shown in Figure 3a, as an example. All the powders followed the same temperature
variation pattern and show mainly two-weight losses, similar to previously reported
results for other K2NiF4-type nickelates [16,31,43]. The first weight loss occurs at around
400 ◦C, which corresponds to the loss of oxygen over stoichiometry. The second weight
loss between 600 and 700 ◦C represents the complete reduction in the powders to their
appropriate ratio. For instance, in the case of LSNCO10, the first transition involves a
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reduction from La1.9Sr0.1Ni0.8Co0.2O4+δ to La1.9Sr0.1Ni0.8Co0.2O4. The second weight loss
involves a reduction from La1.9Sr0.1Ni0.8Co0.2O4 to 0.95La2O3 + 0.10SrO + 0.8Ni + 0.2Co,
as confirmed by the XRD (Supplementary Materials, Figure S2).
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Figure 3. (a) Weight loss curve under Ar-4% H2 atmosphere and (b) thermal variation of the
oxygen over stoichiometry (δ-value) as well as the M2+(Ni2+/Co2+) and M3+(Ni3+/Co3+) content of
La2−xSrxNi0.8Co0.2O4+δ compounds.

The delta (δ) values of all LSNCO compositions are listed in Table 1. A continuous
decrease in the δ value from 0.19 (LNCO) to 0.025 (LSNCO80) is observed with increasing
Sr substitution, as shown in Figure 3b. The obtained δ-value for LNCO is in agreement
with the earlier reported results [31,33]. The amount of M3+ (Ni3+/Co3+) is also increased,
an especially large increase is observed for x ≥ 0.2 (Figure 3b). Therefore, the decrease
in the δ value with increasing Sr implies a decrease in the interstitial oxygen sites. The
decreasing oxygen content of LSNCO indicates that the oxygen ion transport properties of
the material are decreasing with increasing Sr substitution, and it is also in good agreement
with the previously reported results for the Sr-substituted La2NiO4+δ materials [44].

Table 1. Oxygen over stoichiometry (δ-value) calculated from TGA for La2−xSrxNi0.8Co0.2O4+δ compounds.

Phase Composition δ-Value

La2Ni0.8Co0.2O4+δ (LNCO) 0.19

La1.95Sr0.05Ni0.8Co0.2O4+δ (LSNCO5) 0.18

La1.9Sr0.1Ni0.8Co0.2O4+δ (LSNCO10) 0.16

La1.8Sr0.2Ni0.8Co0.2O4+δ (LSNCO20) 0.10

La1.6Sr0.4Ni0.8Co0.2O4+δ (LSNCO40) 0.03

La1.2Sr0.8Ni0.8Co0.2O4+δ (LSNCO80) 0.02

Figure 4a,b illustrate the thermal variation of the oxygen content for LSNCO com-
pounds under air and under oxygen atmospheres, respectively. All the compositions exhibit
a reversible oxygen exchange and maintain oxygen over stoichiometry across the entire
temperature range in both air and oxygen atmospheres. In an oxygen atmosphere, the
uptake of oxygen is observed and leads to an increase in oxygen over stoichiometry. For
instance, the oxygen over stoichiometry value of LSNCO5 and LSNCO10 increased from
0.18 and 0.16 in an air atmosphere to 0.23 and 0.20 in the oxygen atmosphere, respectively.
For LSNCO40, almost no change in the oxygen content is observed during heating and
cooling under both atmospheres.
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3.3. Reactivity Test

The chemical reactivity tests between LSNCO and GDC were separately performed at
the sintering temperature of the cell, with the aim to investigate the thermal stability and
compatibility. In this respect, the powders of all LSNCO compositions were considered and
mixed with GDC in the ratio of 50:50 and sintered at 1150 ◦C for 1 h. The resulting powders
were analyzed by XRD and the corresponding diffractograms are depicted in Figure 5.
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The LNCO material is not compatible with the GDC, as various phases including
LNCO, La2Ce2O7, (La,Gd)CeO2, and La3(Ni,CO)2O7 were detected. These phases are in
good agreement with the earlier reported results [31]. The earlier reported results show
that the reactivity between LNCO and GDC takes place mainly at the sintering temperature
due to the interdiffusion of cations, while at the operating temperature, i.e., (800 ◦C/24 h),
no reactivity is observed. However, interestingly, with increasing Sr content the reactivity
with GDC is decreased, and for LSNCO80, no reactivity is observed.

3.4. Powder Morphology

The as-synthesized powders of all LSNCO compounds were investigated using SEM,
with special attention to the particle/grain size. Usually, smaller particle sizes are desirable
for electrode preparation due to the increased surface area, which provides more electro-
chemical reaction sites leading to a decrease in the polarization resistance [42,45]. The
SEM images of as-synthesized powders of LSNCO5, LSNCO10, LSNCO20, and LSNCO40
are shown in Figure 6a,c,e,g, as an example. The particle sizes are in the order of sev-
eral micrometers and big agglomerates are formed, mainly due to the high calcination
temperature of the powders. Such pronounced particle agglomeration can reduce the
electrode porosity as well as the electrode surface reaction area [42,45]. Hence, to reduce the
particle clusters, the phase pure powders were further milled for an additional four hours
at 250 rpm with zirconium balls and isopropanol. The SEM images of milled powders of
LSNCO5, LSNCO10, and LSNCO20 are shown in Figure 6b,d,f,h, and confirm a particle
size of ≈1–2 µm for all compositions. These results are in agreement with the previously
reported results for LNCO [31].
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3.5. Electrochemical Characterizations of Symmetrical Half-Cells

The electrochemical properties of the symmetrical half-cells were investigated by
impedance spectroscopy. For that, the symmetrical half-cell was mounted into the mea-
surement setup with a flow of compressed air and the cell was heated at 900 ◦C. The
impedance diagrams were investigated at idc = 0 conditions in the temperature range of
700–900 ◦C under air. Distribution of relaxation time (DRT) analyses of impedance data
were first performed in order to investigate the number of time constants. Figure S3 in
the Supplementary Materials, represents the DRT plots of the LSNCO5, LSNCO10, and
LSNCO20 symmetrical half-cells at 800 ◦C. Four peaks are observed for LSNCO5 and
LSNCO10, however, for higher Sr content, mainly three peaks are observed. Therefore,
the impedance spectra were fitted by an equivalent circuit model, either with four or three
R//CPE (constant phase element) in series along with a series resistance Rs, depending on
the composition.

The impedance diagrams with fitting are shown in Figure 7 for LSNCO5, LSNCO10,
and LSNCO20 symmetrical half-cells. The total polarization resistances (Rp) were obtained
by adding the resistances associated with each time constant in an equivalent circuit. The
variations of total Rp for LSNCO5, LSNCO10, and LSNCO20 electrodes as a function of
T (Arrhenius plot) under OCV conditions, are shown in Figure 8. For all symmetrical
half-cells, as expected, Rp decreases with an increase in temperature due to the thermally
activated kinetics.
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Moreover, an increase in Rp is observed with increasing Sr content. For instance, at
800 ◦C, the Rp values of LSNCO5, LSNC10, and LSNCO20 are found to be 0.33, 0.44, and
1.13 Ω·cm2, respectively. This shows that the value of the Rp for LSNCO20 symmetri-
cal half-cells is more than thrice the value of LSNCO5 at the same temperature. These
values are even higher than that of the LNCO symmetrical half-cell, which shows a Rp
value of 0.09 Ω·cm2 at 800 ◦C [31]. With the increase in Rp, the result indicates that the
electrochemical activity of the material is decreased with Sr substitution.
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3.5.1. Mechanism of Oxygen Reduction Reaction and the Determination of
Rate-Limiting Step

To investigate the effect of Sr substitution on the electrode reaction mechanism, the
impedance measurements were performed under different oxygen partial pressures be-
tween 700 and 900 ◦C at OCV conditions. The variations of impedance spectra for the
LSNCO5 symmetrical half-cell under different oxygen partial pressures from 0.06 atm to
0.98 atm, at 800 ◦C, are shown in Figure 9a, and corresponding DRT plots are shown in
Figure 9b. In the DRT plots, four major peaks (P1, P2, P3, and P4) are mainly detected. The
process P1 is independent of pO2. This indicates a gas diffusion process. However, the
other processes are varying with pO2.
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In order to calculate the polarization resistances of different processes, the impedance
spectra were fitted with four R//CPE elements connected to a series resistance Rs for the
LSNCO5 and LSNCO10 symmetrical half-cells. The impedance spectra of the LSNCO20
symmetrical half-cell were fitted with three R//CPE elements connected to a series resis-
tance Rs.

In general, the polarization resistance of each electrode process is highly dependent
on the oxygen partial pressure, as ascribed by Equation (1).

Rp ∝ (pO2)
−m (1)

The exponent, m, gives information about the step involved in the oxygen evolution
reaction [31,46,47].

For instance, when the value of the slope, m = 1, this indicates that molecular oxygen
is involved in the process. It can be diffusion of O2 (g) on the surface and in the pores of
the electrode and/or the adsorption of O2,ads at the active reaction sites according to the
following relation:

O2 (g)↔ O2, ads (2)

When the value of the slope, m = 0.5, this entails that atomic oxygen is involved in the
reduction process. It can be interpreted as the dissociation of adsorbed molecular oxygen
(O2,ads) into atomic species (Oads) at the electroactive sites of the MIEC oxide.

O2, ads ↔ 2Oads (3)

When the value of m = 0.25, this reveals that surface exchange reaction or charge
transfer processes are involved, normally occurring at a two-phase gas–electrode interface.

2Oads + 4e− ↔ 2O2−
ads (4)
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O2−
ads + V••o ↔ O×o (5)

When the value of the slope, m = 0, this corresponds to the ionic transfer of O2− ions
through the electrode–electrolyte interface as well as the diffusion of O2− ions in the bulk
of the electrode [31,48,49].

O2−
electrode ↔ O2−

electrolyte (6)

The variation of polarization resistances of the individual process, i.e., R1, R2, R3, and
R4 as a function of pO2 at 800 ◦C are shown in Figure 10, for LSNCO5, LSNCO10, and
LSNCO20. After performing the linear fit of individual resistances, four slope (m) values
are observed for LSNCO5 and LSNCO10, however, three slope (m) values are obtained for
LSNCO20. For example, the values of m for the LSNCO5 symmetrical half-cell are 0.09,
0.29, 0.49, and 1.08 for R1, R2, R3, and R4, respectively (Figure 10a). Similar m values are
also observed for LSNCO10 (Figure 10b). For LSNCO20, three slopes values, i.e., 0.06, 0.25,
and 0.48 are observed for R1, R2, and R3, respectively. Therefore, the value of m for R1
corresponds to the ionic transfer of O2− ions across the electrode–electrolyte interface. R2
represents the charge transfer process, R3 corresponds to the adsorption/desorption of
the atomic species into the molecular O2,ads at the electroactive site of the electrode. Lastly,
R4 illustrates the gas diffusion process, however, this process is not observed with higher
Sr content, i.e., the LSNCO20 symmetrical half-cell due to the large contribution of other
processes, which are obscuring the contribution of the low-frequency process within the
impedance spectra.

It is worth mentioning that similar electrode processes are observed at 900 ◦C. For
instance, the slope values for LSNCO5 are shown in the Supplementary Materials, Figure
S4a. At a lower temperature, i.e., at 700 ◦C (Figure S4b), the processes corresponding to R1,
R2, and R3 are maintained similar to 800 ◦C or 900 ◦C, however, the molecular gas diffusion
process is not observed. Rather, another ionic transfer of the O2− process corresponding
to R4 (m ~ 0.09) appeared at a lower temperature, which can be related to the diffusion of
oxide ions through the bulk of the electrode. A similar result was observed by Kol’chugin
et al. on doping LNCO with Sr (La1.7Sr0.3NiO4+δ). They opined that the pronounced
decrease in oxygen interstitial content resulted in the impeding of the cooperative oxygen-
transfer mechanism, thereby leading to two different oxide ion migration channels; the first
channel corresponding to a residual O− migration through the interstitial while the second
channel is the migration through oxygen vacancy of the perovskite layer [50]. Furthermore,
Munnings et al. [32] and Boehm et al. [19] proposed an oxygen ionic diffusion mechanism
involving both O2− and O− in LNO layered perovskites.
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(c) LSNCO20 at 800 ◦C.

The rate-limiting step among all the electrode processes corresponds to the process
that has the highest polarization resistance. Across the 700–900 ◦C temperature range, for
LSNCO5, the adsorption/desorption of atomic species (R3) represents the rate-limiting
step at low pO2. However, at a higher pO2, the rate-limiting step is dominated by the
charge transfer process at 900 ◦C and 800 ◦C, while at 700 ◦C, the rate-limiting step is the
diffusion of oxide ions in the bulk of the electrode (corresponding to resistance R4). The
other electrodes, i.e., LSNCO10 and LSNCO20, follow a similar trend in the 700–900 ◦C
temperature range, as shown in the Supplementary Materials, Figure S4.

3.5.2. Impedance Data Analysis under Polarization

The electrochemical properties of the symmetrical cells were further investigated
under polarization from −0.2 V to +0.2 V in order to determine the exchange current
density (i0). Using the Butler–Volmer equation (Equation (7)), the value of the exchange
current density (i0) can be obtained for the electrodes:

i = i0 {e
(1−α)nFη

RT − e
−αnFη

RT } (7)

where i is the current density, η is the overpotential, n is the number of electrons transferred
in the charge transfer reaction, and α is a measure of the symmetry between the oxida-
tive and reductive processes. Evaluating the Butler–Volmer equation through high field
approximation (|η| > 0.1 V) yields the Tafel equation below (Equation (8)).

ln|i| = ln|i0| −
αFη

RT
(8)

The Tafel plot is then obtained by plotting the log |i| as a function of η, while the value
of the i0 is evaluated from the intercept of the plot [51,52]. The impedance spectra under
polarizations were recorded from 700 to 900 ◦C with a three-electrode setup. For LSNCO5
and LSNCO10, the impedance spectra were fitted with four R//CPE along with the Rs
while for LSNCO20, the spectra were fitted using three R//CPE along with the Rs. Variation
of individual resistance for LSCNCO10 and LSNCO20 as a function of polarization are
shown in Figure S5, as an example. The charge transfer resistance (R2) was considered to
determine the cell overpotentials (η), hence the value of η for the charge transfer process
was obtained by multiplying R2 (charge transfer resistance) with the measured current (i).
The Tafel plot was traced for LSNCO5, LSNCO10, and LSNCO20 symmetrical half-cells at
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800 ◦C, by plotting log (i) vs. η (Figure 11). It is clear that the cell overpotential is increased
with increasing Sr content.
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Figure 12 illustrates the variation of the exchange current density (i0) as a function of
temperature and Sr substitution. From the graph, it is observed that the exchange current
density decreases with decreasing temperature. The observed trend is expected due to a
decrease in the electrode’s kinetic activity at lower operating temperatures. Furthermore,
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indicates that the electrode’s reaction kinetics are decreased with Sr substitution.
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The decrease in overall electrode performance with Sr substitution in the LSNCO
is contrary to the simple perovskites-based materials such as LSC or LSCF. In simple
perovskites, the Sr substitution leads to an increase in the oxygen vacancies and a general
improvement in the electrochemical processes [34,35]. However, in layered perovskites, Sr
substitution in the perovskite structure decreases the interstitial sites (as seen in the TGA
results), leading to a decline in the electrochemical properties. The concentration of oxygen
vacancies and interstitials in the perovskite influence the kinetics of the oxygen transport
through the electrode. High oxygen interstitials and vacancies offer the possibilities of fast
oxygen transport due to high diffusion coefficients, and thus, a reduction in the polarization
resistance of the electrode.

4. Conclusions

The present study focuses on the influence of Sr substitution on the electrochemical
properties of La2−xSrxNi0.8Co0.2O4+δ (LSNCO; 0.0 ≤ x ≤ 0.8) as oxygen electrodes in solid
oxide cells. All LSNCO compositions were successfully synthesized through the modified
citrate–nitrate route. The XRD pattern showed complete crystallization of the powders
as single-phase in the K2NiF4-type orthorhombic/tetragonal structure. The increase in
Sr substitution led to a decrease in lattice parameters a, b, and c, which further led to a
reduction in the lattice volume. The TGA analysis of the LSNCO powders revealed that the
materials maintained reversible oxygen over stoichiometry across the considered composi-
tion (0 ≤ x ≤ 0.4), from room temperature to 1000 ◦C in both air and oxygen atmospheres.
However, the increase in the Sr-content leads to a decrease in oxygen over stoichiometry.

The electrochemical analysis of the symmetrical half-cells containing LSNCO elec-
trodes indicates that the polarization resistance (Rp) is increased with increasing Sr sub-
stitution. This trend is contrary to simple perovskites-based materials. In addition, the
exchange current density (i0) is also decreased with increasing Sr content in the electrodes,
which further indicates a decrease in electrode reaction kinetics. Despite lowering the
reactivity between LSNCO and GDC, the performance of the cell is decreased, indicating
that electrode reaction kinetics and activity are the most important parameters for the
selection of suitable oxygen electrode materials. Although the initial performance of these
LSNCO electrodes is lower than the LNCO electrode, it may be possible that these elec-
trodes show a lower degradation rate during long-term operation, due to lower reactivity
with GDC. Therefore, current research is being conducted to investigate the performance
and long-term degradation of single cells containing LSNCO oxygen electrodes under real
SOFCs and SOECs conditions.
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rical half-cells as a function of sintering temperature (1100, 1150 and 1200 ◦C) under OCV conditions
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sphere; Figure S3: DRT plots of (a) LSNCO5, (b) LSNCO10, and (c) LSNCO20 symmetrical half-cells
at 800 ◦C under OCV conditions in air; Figure S4: Variation of polarization resistances of LSNCO5,
LSNCO10 and LSNCO20 symmetrical half-cell as a function of pO2 at 900 and 700 ◦C; Figure S5:
Variation of separate individual resistances as a function of applied voltage for (a) LSNCO10, and
(b) LSNCO20 symmetrical half-cells at 800 ◦C in air.
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