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nsic spin ordering in
La0.6Sr0.4Co0.8Fe0.2O3−d and
Ba0.6Sr0.4Co0.8Fe0.2O3−d towards electrocatalysis of
oxygen redox reaction in solid oxide cell†

Shoroshi Dey,‡ab Rajasekar Saravanan,‡a Suprita Hati,a Soumyabrata Goswami, *c

Athira Suresh,d Deepshikha Jaiswal-Nagar, d Moupiya Ghosh,e Satadal Paul,f

Abir Bhattacharya,g Madhumita Mukhopadhyay *h

and Jayanta Mukhopadhyay *ab

The redox reaction of oxygen (OER & ORR) forms the rate determining step of important processes like

cellular respiration and water splitting. Being a spin relaxed process governed by quantum spin exchange

interaction, QSEI (the ground triplet state in O2 is associated with singlet oxygen in H2O/OH−), its

kinetics is sluggish and requires inclusion of selective catalyst. Functionality and sustainability of solid

oxide cell involving fuel cell (FC) and electrolyzer cell (EC) are also controlled by ORR (oxygen redox

reaction) and OER (oxygen evolution reaction). We suggest that, presence of inherent spin polarization

within La0.6Sr0.4Co0.8Fe0.2O3−d (LSCF6482) (15.86 emu g−1) and Ba0.6Sr0.4Co0.8Fe0.2O3−d (BSCF6482)

(3.64 emu g−1) accounts for the excellent selective electrocatalysis towards ORR and OER. QSEI forms

the atomic level basis for OER/ORR which is directly proportional to spin ordering (non-zero

magnetization) of the active electrocatalyst. LSCF6482 exhibits (21.5 kJ mol−1@0.8 V for ORR compared

to 61 kJ mol−1@0.8 V for OER) improved ORR kinetics whereas BSCF6482 (18.79 kJ mol−1@0.8 V for

OER compared to 32.19 kJ mol−1 for ORR@−0.8 V) is best suited for OER under the present

stoichiometry. The findings establish the presence of inherent spin polarization of catalyst to be an

effective descriptor for OER and ORR kinetics in solid oxide cell (SOC).
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Introduction

Spin orbit coupling and subsequent spin polarization enables
the mechanistic understanding of spin relaxed reaction (s). The
coupling enables the mixing of singlet and triplet states and
allows the process to occur at much lower activation barrier.1

Important examples being oxygen evolution (OER) and oxygen
reduction (ORR) reaction that are ‘in principle’ forbidden owing
to the spin conservation rule.2 However, cellular reaction and
solar water splitting are signicant examples of spontaneous
natural processes which involve ORR and OER. Besides that, the
present crisis of energy conversion, storage and utilization
based on non-renewables count mainly on the targeted renew-
ables based on hydrogen energy. OER and ORR forms the
primary rate determining step for solar water splitting,
rechargeable metal air batteries, regenerative fuel cell, water
electrolysis etc.3,4a–c,5,6a,b,7 Both OER and ORR involve evolution
or reduction of O2 which preferably retains in triplet state
involving the associated reactants/products (OH−/H2O) to be in
singlet form.8 As a result, the sluggish kinetics during OER/ORR
demands for the presence of catalytic surface with inclusion of
3d transition metal oxides (TMO).9a Rehman et al. have also
© 2024 The Author(s). Published by the Royal Society of Chemistry
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reported the feasibility of transition metal sulphides and sele-
nide monolayers to act as potential catalyst for water splitting
reaction.9b It is also reported that incorporation of specic
magnetic 3d elements results tunable magnetic structures
which could be exploited to achieve magnetically enhanced
OER/ORR. Presence of suitable magnetically ordered catalyst
thereby tend to lower the binding energies for diffusion and
sorption of intermediate species within active electrocatalytic
zone and reducing the activation barrier for charge transfer
process during ORR and vacancy mediated redox phenomena in
OER.10a As already stated, the oxygen species involved during
OER/ORR preferably exists in the triplet ground spin state, while
the other reactants are poised in singlet spin state. This is
further supported by the much higher intrinsic energy of ∼1 eV
for singlet oxygen. Many researchers like Yasin et al. and Musa
et al. have studied the role of metal free catalyst towards the
functionality of water splitting reaction.10b,c However, the utili-
zation of TMO is reported to be more active and efficient
towards the redox reaction of oxygen. Prior arts have already
reported that electro kinetics of OER/ORR is inuenced by the
spin polarization of magnetically active TMO's. Gracia et al.
have theoretically validated that spin polarized electrons (could
be validated through ordered magnetism/ferromagnetism
experimentally) in active catalyst favours the generation of
triplet spin state for oxygen.11 This phenomenon is termed as
the quantum spin-exchange interaction (QSEI) which forms the
atomic level basis for OER and ORR and get inuenced through
polarized spin state within active catalyst site. Even in the
absence of active magnetic eld, the intrinsic spin ordering/
polarization in 3d ferromagnetic catalyst could generate
inherent spin sieving for highly spin polarized electrons. Such
spin ltering effect has been reported to originate from the
exchange splitting of energy levels in the conduction band of
ferromagnets.12 The 3d transition metal, Pt based catalyst are
essential for oxygen redox reactions.13 However, high tempera-
ture operation of solid oxide cell (SOC) in either fuel cell (FC) or
electrolyzer cell (EC) mode restricts the usage of Pt compounds
as electrocatalyst owing to various incompatibilities reported in
prior art.14 SOFC or SOEC are the examples of thermodynamic
open system which engages gaseous reactants as fuel and
oxygen as oxidant along with active electrode and solid oxygen/
proton conducting electrolyte.15,16 High temperature operation
necessitates active participation of electrocatalyst at both fuel
and air electrode which primarily performs the function of
initial dissociation of diffused gasses for effective adsorption on
the triple phase boundary surface distributed at the electrode/
electrolyte interface.17 For commercialization, the perfor-
mance of a cell set up in either fuel cell (FC) or electrolyzer cell
(EC) mode, redox cyclability along with long term endurance
depends on the minimization of nonlinear polarizations like
activation (low current density region) and diffusion over-
potential (higher external load).18 For such development and
commercialization of FC and EC, ORR and OER imposes
signicant hindrances since they suffer from slow reaction
kinetics and higher polarization loses.19 These mentioned
overpotential could be nullied by accelerating the reaction
© 2024 The Author(s). Published by the Royal Society of Chemistry
kinetics of HOR (hydrogen oxidation reaction)/ORR (FC mode)
and HER (hydrogen evolution reaction)/OER (EC mode). The
strong dependence of oxygen redox reaction on catalyst struc-
ture and functionality is reported to be tailored by certain
intrinsic descriptors.20–22 The cataloguing of such descriptors is
based on surface structures and morphology involving distor-
tion, rearrangement, tortuosity, electronic environment as
temperature driven electrocatalysis, which is a surface driven
phenomena.23–27a The modulation of microenvironment and
interfacial interactions are also interesting driving factors
affecting the electrocatalysis.27b,c Furthermore, in depth anal-
yses of surface sensitive techniques are signicant in rendering
complexity of local surface, polarity/segregation, space charges,
degree of unbalanced surface charge required for adsorption
etc.28 The second important descriptor is based on the ther-
moenergetics of the lattice of the catalyst like charge transfer
energetics, Jahn Teller distortion affecting eg/t2g levels
(considering octahedral crystal led), p-band structure, N–V (N
and V represents lone pair charge count and average nominal
valence charge on B-atoms) etc.29 It has been known form prior
arts that, perovskite, double perovskites system with selective
doping at A and B-site are efficient electrocatalyst for oxygen
redox reaction like La0.7Sr0.3Mn1−xNixO3, AxSr1−xCoyB1−yO3−d,
La1−xSrxMnO3 etc.30,31 In such system, the B-site elements
primarily acts as the active catalyst being connected to lattice
oxygen through BO6 octahedra. The A-site elements (dopant and
active element) inuence the spatial orbital overlap among the
eg (d-orbital) of the B-site with 2p orbital of oxygen from
adsorbates.29,31 In a similar manner, N–V descriptor tend to
evaluate the strength and exibility of B–O bond (B-site atom in
catalyst) through spontaneity factor (DG, Gibbs free energy).32

Yoo et al.33 have established that, positive free energy acceler-
ates the surface adsorption based evolution mechanism
whereas the reverse promotes lattice oxygen route.33 The theo-
retical predictions have further established oxygen p-band
descriptor which limits the highest activity of the catalyst with
closest distance from the Fermi level in the density of state plots
and charge transfer energy descriptor that visualizes transition
and termination of rate limiting steps.34 In this context, the
presence of inherent spin polarization of active catalyst is
signicant as already stated above. Apart from the theoretical
study on spin orbital coupling involving energy quantization,
the signature of spin polarization (i.e. spin ordering) could also
be studied using magnetic study in experimental terms. Good-
enough et al. have stated that in spite of being an effective
descriptor for QSEI, magnetic studies of catalyst are not yet
cultivated.35 The transition metal inclusion are generally
capable of exhibiting aliovalency under perturbation owing to d-
orbital vacancy and represent resultant non-zero spin state.
Magnetic susceptibility is inuenced by such bulk/surface
electronic structure, coupling of charge spin and orbital,
lattice parameter.36 Garcés-Pineda et al. have reported the
experimental correlation among magnetism and OER for
NiZnFe4Ox system.37

In this connection, doped perovskite oxides (SrFeO3) as
La(1−x)SrxCo(1−y)FeyO3−d and Ba(1−x)SrxCo(1−y)FeyO3−d are
RSC Adv., 2024, 14, 30590–30605 | 30591
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Table 1 Influence of perovskite oxides towards electrocatalysis of OER/ORR9a,10a,15,19,25,26,28,32,33,35

S No. Catalyst systems reported in literature Novelty of research

1 SrCo0.9−xNb0.1NixO3−d (SCNN, 0.1 # x # 0.3).
Ref. 9a: Sustain. Energy Fuels, 2020, 4, 1168

To establish the mentioned composition as
a highly active and stable cathode for oxygen
reduction for IT-SOFC

2 A set of known perovskite compounds
established as effective OER/ORR
electrocatalyst. Ref. 10a: Adv. Sci., 2020, 7,
1901614

To highlight the intrinsic descriptors which
could be engaged as current benchmark activity
descriptors for oxygen electrocatalysis as well as
their application

3 Metal-exsoluted perovskite,
La0.52Ca0.28Ni0.06Ti0.94O3 (LCaNT),
La0.52Sr0.28Ni0.06Ti0.94O3 (LSrNT) and
La0.8Ce0.1Ni0.4Ti0.6O3 (LCeNT),
La0.6Sr0.4Ga0.3Fe0.7O3. Ref. 15: Renew. Sustain.
Energy Rev., 2021, 149, 111322

To review the activity and limitations of reported
perovskite, double perovskite family as effective
catalyst for OER/ORR

4 Perovskites and perovskite/carbon composites.
Ref. 19: ACS Catal., 2021, 11, 3094

To highlight the intrinsic mechanism governing
the ORR/OER and associated intermediates

5 (Gd0.5La0.5) BaCo2O5.5+d and related perovskites.
Ref. 25: Nat. Commun., 2019, 10, 3755

The prime novelty is to establish the role of
perovskites towards hydrogen evolution
reaction via unifying ionic electronegativity
descriptor

6 ORR electrocatalyst compositions. Ref. 26: Nat.
Mater., 2018, 17, 827

The authors have tried to establish the role of
surface distortion factor as the descriptor for
analysing the ORR and OER

7 Mixed conducting perovskite oxide electrodes.
Ref. 28: Materials, 2016, 9, 858

The novelty was to highlight the roles of bulk
and surface chemistry in the oxygen exchange
kinetics and related properties of MIEC
perovskite compositions

8 LaNiO3 oxide system. Ref. 32: ACS Catal., 2016,
6, 1153

An ab initio computation technique has been
employed to study the surface structure and
OER mechanism for doped LaNiO3 based
compounds

9 Pr0.5Ba0.5CoO3−d and SrCoO3−d based perovskite
system. Ref. 33: ACS Catal., 2018, 8, 4628

The basic aim of this study is the establish the
role of lattice oxygen participation in OER
mechanism and its manifestation

10 Mixed crystals of La1−xSrxCoO3−l. Ref. 35: J.
Phys. Chem. Solid., 1958, 6, 287

Being perovskite system, the magnetic
properties are studied and interpreted
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excellent system to evaluate for exhibiting inherent spin polar-
ization towards the catalysis of OER/ORR for solid oxide cells.31

The authors have initially established their work on the novel
synthesis route for La0.6Sr0.4Co0.8Fe0.2O3−d (LSCF6482) and
Ba0.6Sr0.4Co0.8Fe0.2O3−d (BSCF6482) and their electrochemical
activity in FC and EC mode.17a,31,38,39 However, literature study
and experimentation on the correlation among inherent spin
polarization of LSCF6482 and BSCF6482 with the functionality
as electrocatalysis in SOC is limited and is not reported till date
as depicted in Table 1. The novelty of the present study is to
establish the inuence of spin ordering of the isovalent doping
(of Ba2+ at Sr2+ site) and/or aliovalent doping (of La3+ at Sr2+ site)
onto specicity in catalysis during OER and ORR operable in
Solid oxide cells. As stated above, the B-site elements like Co
and Fe primarily uptake the catalysis which are present in both
the compositions. However, A-site element acts the primary
charge carrier and controls the charge compensation either
through a charge transfer and/or oxygen vacancy mode. The
principal quantized energy distribution as a function of either
a/b spin state for ABO3 system is independent of B-site element
whereas, signicantly varied DOS plots are observed by varia-
tion of ‘A’ site (La, Sr and Ba) with a constant B-site either Co
30592 | RSC Adv., 2024, 14, 30590–30605
and/Fe. The detailed observation is described in Section 2 of
ESI.† Detailed analysis is reported on the role of intrinsic elec-
tronic descriptors (like spin, orbital–spin coupling etc.) towards
the spin orientation and hetero-orbital overlap among 2p-
orbital of oxygen (gases) with d-orbital of B-site elements.
Experimental
Materials and methods

Perovskite oxide powders BSCF6482 and LSCF6482 were
produced using solution combustion technique which is self-
sustaining by nature as reported in our earlier communica-
tions.17a,31,38,39 The detailed mechanistic approach is described
in the results and discussion (Fig. S8†). The reaction include the
usage of Ba(NO3)2, La(NO3)3, Fe(NO3)2. 9H2O, Sr(NO3)2 and
Co(NO3)2. 6H2O as precursors for metal nitrates and citric acid–
glycine (for BSCF) and L-alanine (for LSCF) as fuel complexing
agents. All the mentioned chemicals were used in pure form
from MERCK. ‘d’ parameter which represents the non-
stoichiometry in the oxygen content was quantitatively esti-
mated. The process involves titration of oxide solution of the
experimental powders [1 M acidic medium] against 0.02 M
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 MH loop for BSCF6482 at: (a) 100 K and (b) 5 K temperature.
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sodium thiosulphate (MERCK) solution. Potassium iodide (KI)
from (MERCK) is used as the reductant and 0.01% starch
solution is utilized as the indicator. The selection of fuels (based
on the thermodynamic parameters) serves the dual function of
complexing agent as well. The aliovalent substitution of La and
isovalent substitution of Ba in SrFeO3 uses L-alanine, glycine
and citric acid as the fuel respectively. Irrespective of the
substitution at the ‘A’ site, Co2+ is doped at the ‘B’ site. The
Ce0.8Gd0.2O2 (GDC) powder required for cell fabrication was
also synthesized by solution combustion technique.40 The
viscous gels of LSCF6482 and BSCF6482 were studied for
thermal analysis through thermogravimetric analysis (TGA) and
differential thermal analyses (DTA) using Thermal Analyzer
(NETZSCH, STA 449 F3, Jupiter) within the temperature regime
of 25–800 °C@5 °C min−1. The synthesized LSCF6482 and
BSCF6482 powders were subjected to high temperature calci-
nation at 700–1000 °C calcined in air in the temperature range
for 4 h to obtain the phase pure powder of the material. The X-
ray diffraction study of the calcined LSCF6482 (at 850 °C) and
BSCF6482 (at 1000 °C) powders were investigated by using
PANalytical, Philips, Holland with CuKa radiation at 40 kV and
30 mA, in the 2q range of 20°–80°. Necessary Rietveld rene-
ment of the XRD along with the quantitative phase analysis for
the samples were carried out using the MAUD soware.
Morphology study of the experimental samples was performed
using Transmission Electron Microscopy (TEM) [Tecnai G2
30ST (FEI)]. Microstructural analysis of the evaluated cells was
studied using Field Emission Scanning Electron Microscopy
(FESEM) (Gemini Supra 35-Zeiss). The population density of
variable oxidation states of B-site elements and oxygen is ana-
lysed through X-ray photoelectron spectroscopy (PHI 5000 Versa
probe II spectrophotometer-physical Electronics Inc., USA).

Magnetic behaviour of the experimental samples was
studied using a SQUID magnetometer MPMS3 (LOT-Quantum
Design inc.). The employed mode during the analyses is
vibrating sample magnetometry (VSM).

Details on asymmetric cell fabrication process is already re-
ported in our earlier communication.31 The asymmetric cells
fabricated are of Gd-doped CeO2 based electrolyte-supported
cell which is fabricated through uniaxial pressing followed by
sintering at 1350 °C. The air electrodes (functional LSCF6482
and BSCF-6482) are then screen printed on to the sintered GDC
pellets as also reported in our earlier communication.31 The
primary novelty undertaken in the present investigation is to
reduce the GDC electrolyte thickness considerably (compared to
the FC reported by Dey et al.31) so as to minimize the associated
polarizations and enhance the self-life and sustainability of the
fuel cell. Potential driven EIS of the asymmetric cells [Pt/GDC/
GDC: BSCF6482/BSCF6482 and Pt/GDC/GDC: LSCF6482/
LSCF6482] were captured using Autolab PGSTAT30
galvanostat-potentiostat. The frequency range employed was
within 10−1–106 Hz.
Fig. 2 MH loop for LSCF6482 at: (a) 100 K and (b) 5 K temperature.
Theoretical study

Theoretical study on the electronic structure of many-body
system is signicant in understanding the intrinsic
© 2024 The Author(s). Published by the Royal Society of Chemistry
mechanism during reaction kinetics. Such theoretical study is
undertaken by numerous techniques among which Density
functional theory (DFT) is widely used by the researchers. This
is the utmost adaptable technique in the arena of computa-
tional chemistry.41 It has been employed to get the information
about the density of states for the ground level (S0) congura-
tions of the experimental systems. In the present context,
generalized-gradient-approximation is coupled with hybrid
exchange–correlation functional PBE1PBE. In addition, the
valence-only split-valence CEP-121G basis set is utilized.42–44 The
mentioned functional was implemented so as to evaluate the
accurate energetics of the selected compounds having lantha-
nides in the present investigation. This is well reported in prior
arts.45a Residual charges on the peripheral ions on the truncated
crystal has been neutralized by putting charges on the lattice
sites. Besides this, the background distribution of charge also
provides an appropriate crystal eld around each ion in the
chosen structure. All the computations reported have been
executed with Gaussian 16, Revision B.01 program package.
Gauss View 5.0 soware was engaged for the visualization of the
respective structure.

Results and discussion
Inherent spin polarization of La0.6Sr0.4Co0.8Fe0.2O3−d

(LSCF6482) and Ba0.6Sr0.4Co0.8Fe0.2O3−d (BSCF6482)

The variation of magnetization (M) of the experimental func-
tional oxides viz. BSCF6482 and LSCF6482 samples have been
recorded with magnetic eld (H) at different temperatures.
Fig. 1a exhibits the variation of magnetization at a temperature
of 100 K whereas, the variation at 5 K has been shown in Fig. 1b
in the case of BSCF6482 sample. Fig. 2a and b show the
RSC Adv., 2024, 14, 30590–30605 | 30593
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Table 2 Influence of temperature on maximum magnetization for
LSCF6482 and BSCF6482

Sample ID
Temperature
(K)

Maximum magnetization
Mmax (emu g−1)

LSCF6482 5 15.86
100 12.89
300 2.75

BSCF6482 5 3.64
100 2.13
300 0.65

Table 3 The value of magnetic susceptibility (c) at room temperature

Sample Mmax (emu g−1) Hmax (Oe)
c

(M/H) (× 10−5) (emu per gOe)

BSCF6482 0.65 70282 0.92
LSCF6482 2.77 70866 3.90

Fig. 3 MH Loop at 300 K for (a) BSCF6482 and (b) LSCF6482 samples.
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variation of magnetization at 100 K and 5 K respectively for
LSCF6482 sample. In every case, the maximum applied
magnetic eld is 70 kOe. The presence of magnetic ordering has
been shown at different temperatures. Maximum magnetiza-
tions at different temperatures are tabulated in Tables 2 and 3
respectively. Similarly, variation of magnetization at 300 K for
BSCF6482 and LSCF6482 is shown in Fig. 3a and b respectively.

Fig. 1–3 represents the variation of magnetization with the
applied magnetic eld at room temperature (300 K) and 5 K for
both the sample BSCF6482 and LSCF6482. Nearly linear
magnetization shows the eld proportionality with
Fig. 4 Plot of magnetic susceptibility with temperature of: (a)
BSCF6482 and (b) LSCF6482 samples at field cooled and zero field
cooled conditions.

30594 | RSC Adv., 2024, 14, 30590–30605
a susceptibility value of 0.92 × 10−5 emu per gOe for BSCF6482
and 3.90 × 10−5 emu per gOe for LSCF6482.

The nature of the plot suggests that the sample is not para-
magnetic at room temperature; rather, it should be antiferro-
magnetic, having the Néel temperature above room
temperature. With the lowering of temperature, the magneti-
zation value increases, and at 5 K, a prominent non-linear MH
loop is obtained with much higher value of maximum magne-
tization for both samples where the traceback curve measured
during eld down does not overlap with the virgin curve. In
order to further exemplify the study, Fig. 4 is reported wherein
the variation of magnetic susceptibility (c) is shown with
temperature for the samples and Table 3 tabulates the value of
magnetic susceptibility at room temperature. Different values of
the magnetizations with respect to different temperatures have
also been recorded aer the cooling of the samples from 350 K
under two different conditions. The conditions are (i) in pres-
ence of an applied magnetic eld i.e., the eld-cooled condition
(FC) and (ii) in absence of the applied eld i.e., zero eld-cooled
condition (ZFC). To observe this intermediate behavior,
a continuous variation of c with temperature is recorded (Fig. 4)
for both the samples with a constant applied eld of 1 kOe.
Here, a continuous increment of magnetic susceptibility c(M/H)
can be observed by lowering temperature up to a certain range.
It is however, observed that, the magnetic susceptibility starts to
decrease following a maximum in that variation. The observed
maxima are not so sharp as a phase transition peak, and as the
sample is already in an ordered state at room temperature, this
maximum must not indicate any magnetic phase transition. In
that case, this can indicate the presence of super-
paramagnetism in the sample. To conrm this, we have recor-
ded the variation of magnetic susceptibility c(M/H) with the
temperature at the constant eld of 1 kOe during the rise of
temperature aer cooling the sample from 350 K. The cooling of
the sample is performed in the absence of any magnetic eld at
rst, i.e., zero eld cooling (ZFC), followed by cooling in the
presence of eld (1 kOe) (FC). The FC and ZFC magnetization
are shown in Fig. 4 for LSCF6482 and BSCF6482 respectively.

It can be observed from Fig. 4, that both the curve overlaps
down to a constant value followed by a bifurcation. The FC curve
shows a sharp rise at that temperature where the maximum of
the ZFC curve is observed. This temperature at which the
maximum of ZFC curve is noted is termed as blocking
temperature (TB), the temperature at which the fork (bifurca-
tion) is observed is termed as irreversible temperature (TIrr).
Here blocking means arresting of spin uctuation below that
specic temperature. The phenomena of super magnetism are
reported to generate if the particle size of the matrix is smaller
than the critical particle size of the sample. The resultant
magnetic moments can only be exhibited to contribute in ZFC is
they are unblocked. The blocked moments however, fail to
contribute during ZFC. In contrast, both blocked and
unblocked moments are capable of signicant contribution
during FC measurement producing external measurable
moments. Due to distribution of particle size, blocking
temperature is assigned to be the temperature at which
maximum of blocking occurs in that sample, and the highest
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Relative population of ions with variable oxidation states calculated from XPS analyses of: (a) LSCF6482 and (b) BSCF6482.
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temperature where blocking starts to occur is recognized as
irreversible temperature (TIrr). It is further noted that the
blocking temperature (∼49 K) of BSCF6482 is much lower than
that of LSCF6482 (∼145 K). Upon comparing the trend, it can be
observed that maximum magnetization is nearly the same at
room temperature; however, non-linearity in MH loop is more
prominent in LSCF6482 than BSCF6482. In addition, at 5 K,
maximum magnetization is much higher (∼4.36 times) in
LSCF6482 (15.86 emu g−1) than BSCF6482 (3.64 emu g−1). So,
both the sample shows ordered magnetism throughout the
temperature range where the magnetic ordering in LSCF6482 is
much improved than BSCF6482. It is therefore, stated that both
LSCF6482 and BSCF6482 possess polarized spin state which
offer affirmative QSEI during OER and ORR phenomena.
Interdependence among spin polarization and electron spin
exchange function

In this section, LSCF6482 and BSCF6482 are evaluated for elec-
trocatalytic property upon applied as air electrode in solid oxide
cell. The kinetics of oxygen redox reaction is undertaken through
separate charge compensation mechanism in LSCF6482 and
Fig. 6 Population density of ions with variable oxidation states along with
LSCF6482 and (b) BSCF6482.

© 2024 The Author(s). Published by the Royal Society of Chemistry
BSCF6482. It has been already reported by the authors31 that, the
B-site is active for the participation of surface adsorbed OER/
ORR. However, the number density of B-site ions with variable
oxidation states are inuenced by the doping at A-site which
controls the principal energy quantization. The details on XPS
analyses have been reported in prior arts by the authors. The
mode of electrocatalysis is variable for LSCF6482 and BSCF6482
based on the population density of Co3+/4+ as shown in Fig. 5.
LSCF6482 favors compensation of charge through aliovalency of
metal ions whereas BSCF6482 promotes oxygen vacancy creation
and propagation for oxygen exchange reaction, wherein the
presence of Co�

Co and Fe�
Fe eases the path for the transformation

of O2− to O2 during OER. The charge transfer process through
aliovalency in LSCF6482 is highly accelerated owing to the pres-
ence of higher population density of Co3+ ion which undergoes
easy spin state equilibrium shown in Fig. S1.† It could be seen
that, the easy spin cross over of Co3+ at even thermal energy
results in magnetism owing to the non-zero spin state of 1

2 and 1
respectively. Similar fact is restored in BSCF, however, due to
lesser population density of Co3+ ion, charge compensation route
is overshadowed and governed by oxygen vacancy propagation
route. This is also responsible for the higher magnetic ordering
their binding energy (BE1 and BE2) calculated from XPS analyses of: (a)

RSC Adv., 2024, 14, 30590–30605 | 30595
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observed in the matrix of LSCF6482 as shown in Fig. 1–4. Similar
population of Co3+ and Co4+ in LSCF 6482 with almost compa-
rable consecutive binding energy (Fig. 6) accelerates ORR
through aliovalent charge transfer and restricts the usage of
lattice oxygen. Fig. 6 exhibits the distribution of population
density for variable oxidation states of B-site ions viz Co and Fe
respectively. As already stated, the B-site ions primarily act as the
active sites for dissociative adsorption of oxidant followed by
catalyzing the redox reaction of oxygen. Doping of isovalent (Ba2+)
and/aliovalent (La3+) ion is found to inuence the variability in
population density of Co (+2 to +4) and Fe (+2 to +4), which alters
the specicity in electro kinetics towards OER/ORR. In addition,
the quantitative binding energies are plotted as a function of
oxidation state. Irrespective of type of ions, the consecutive
binding energies are found to follow the similar trend.

In both compositions, the stoichiometry of Co is higher (80%)
which shows spin crossover phenomena with lower activation
barrier. The B-site lattice involves the formation of CoO6 octa-
hedra connected through outer hexahedron frame (comprising A-
site elements like La/Sr/Ba). The bond length of Co–O is depen-
dent on the oxidation state of Co (+3/+4) and results in distorted
Fig. 7 Impedance response of single cells fabricated using BSCF6482 in
0.8 V (+) and (b) cathodic potential of 0.8 V (−). The activation energy
cathodic (b1) potential. Nyquist plots for the single cells with BSCF6482
a function of applied potentials (0.4 V–1.0 V) for (c) anodic (OER) and (d

30596 | RSC Adv., 2024, 14, 30590–30605
octahedra upon increasing Co–O bond length comparison of La/
Sr–O dimension. First principle DFT study on LSCF6482 and
BSCF6482 exhibits the dependence of orbital overlap (hybrid-
ization or electron spin exchange function) bonding of Co–O and
its state of bonding as well. In case of shorter bond length as
stated above, hybridization among 2p–3d is stronger. The specic
role of A-site and B-site dopants in the complex perovskite matrix
towards orbital overlap and electronic structure has been
undertaken using rst principle DFT and is discussed in details
in Section 2 of the ESI† (Fig. S2, S3 and Table S1†).45b Based on the
literature, Heisenberg's theory correlates orbital overlap integral,
A (hybridization) with magnetic parameters (c)46 by eqn (1):

cf zA/2kB (1)

where,

A ¼
ð ð

f
0
a ð1Þf0

b ð2Þ$Vab$fa ð2Þfb ð1Þds2s1 and Vab

¼ e2
�

1

r12
� 1

rb1
� 1

ra2

�

the temperature range of 700–800 °C under: (a) anodic potential of
plot for associated polarizations (Ro, Rp and RCT) for anodic (a1) and
as the active electrocatalyst at an operating temperature of 800 °C as
) cathodic (ORR) bias.

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05191b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

/1
8/

20
26

 7
:1

2:
41

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
In eqn (1), z is the coordination number, A is the integral for
exchange coefficient, kB is Boltzmann constant, r is the distance
among electrons, a2 is the distance of one electron (2) from
cation b to the nucleus of cation (a). The orbital overlap among
2p of oxygen and 3d of the active transition metal of the elec-
trocatalyst is the prime factor for electron exchange interaction
on which the activation and propagation of OER/ORR is
dependent. Since, exchange interaction is proportional to A in
the eqn (1), it signies its linear correlation with the magneti-
zation as well. Since, both LSCF6482 and BSCF6482 possess
magnetic ordering throughout the temperature range, these are
excellent electrocatalyst for OER/ORR as stated. However,
magnetization of LSCF6482 is much higher as shown in Table 3
with improved ordering, the charge transfer process through
aliovalency is predominated and results in better activity in ORR
compared to BCSCF6482 which shows much reduced non-
linear polarization for OER. The mentioned electrocatalysts
Fig. 8 Impedance response of single cells fabricated using LSCF6482 in
0.8 V (+) and (b) cathodic potential of 0.8 V (−). The activation energy
cathodic (b1) potential. Nyquist plots for the single cells with LSCF6482
a function of applied potentials (0.4 V–1.0 V) for (c) anodic (OER) and (d

© 2024 The Author(s). Published by the Royal Society of Chemistry
LSCF6482 and BSCF6482 thereby exhibits specicity towards
ORR and OER which bears strong correlation with magnetic
properties as depicted form crystal and electronic structure. The
inuence of intrinsic factor viz spin polarization on extrinsic
catalysis (OER/ORR) is described in the subsequent section.
Spin polarized OER and ORR in terms of electrochemical
impedance spectroscopy

The redox electrocatalysis of LSCF6482 and BSCF6482 is studied
by the authors in terms of electrochemical impedance spec-
troscopy. The respective Nyquist plots are studied for the
fabricated asymmetric cells (congurations as mentioned in the
Experimental section) in the operating temperature range from
700–800 °C. The cell responses are undertaken within ±0.4 to
±1.0 V at the respective amplitudes of 150 mV and 300 mV
respectively. However, the EIS are only reported for the captured
the temperature range of 700–800 °C under: (a) anodic potential of
plot for associated polarizations (Ro, Rp and RCT) for anodic (a1) and
as the active electrocatalyst at an operating temperature of 800 °C as
) cathodic (ORR) bias.

RSC Adv., 2024, 14, 30590–30605 | 30597
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amplitudes at 300 mV. The involved electrochemical processes
could be well resonated with specic applied frequency domain.
The slower process involving surface sorption of active species
at air electrode are observed at lower frequency domain (0.1 Hz–
10 Hz) which ascertains the diffusion polarization and is oper-
ative at even 700 °C. The interfacial mass transfer involving ion
transfer process through bulk matrix are operative at mid
frequency domain (20 Hz to 5.6 × 104 Hz).47 The cells fabricated
either with LSCF6482 and/or BSCF6482 exhibits a steady DC
current at either cathodic and anodic potentials of$−0.8V and
$ +0.8 V. It could be observed from Fig. 7c, d and 8c, d that,
irrespective of electrocatalysis mode of either OER and ORR,
optimized EIS is obtained at an operating potential of ±0.8
V@800 °C. It has been reported by Dey et al.31 that surface
resistance of single cell is minimum at the operating potential
of 0.8 V in both OER and ORRmode. Similar fact is also noted to
be operative in the single cells reported in the present investi-
gation studied at 700 °C and 750 °C (Fig. S4 and S5†). For
LSCF6482 and BSCF6482 systems, both magnetism and elec-
trocatalysis in terms of OER and ORR are engrained in electron
exchange interaction. In order to further correlate the specicity
of electrocatalysis with magnetic ordering, activation barrier
required for non-linear polarization viz. Ro (total overpotential
being captured at high operative frequency@104 Hz), Rp

(interfacial polarization) and RCT (charge transfer process) are
evaluated. The EIS obtained for the single cells at an operating
temperature range of 700–800 °C for anodic and cathodic
potential (@±0.8 V) is shown in Fig. 7a, b and 8a, b respectively.
The respective Arrhenius plots for the single cells are given in
Fig. 7a1, b1 and 8a1, b1 and are tabulated in Table 4.

The cells polarization resistance is found to exhibit Arrhe-
nius dependence which conrms their activation derived out of
the temperature dependent impedance values. The thermoe-
nergetics associated with the inherent system resistance is
calculated in terms of activation energy (Ea) form the linear
tted slope following eqn (2):

logR = logA − Ea/RgasT (2)

where, R, A, Rgas and T corresponds to associated polarization
losses, frequency factor, gas constant and operating fuel cell
temperature.

Considering 0.8 V to be the optimum applied potential, the
associated interfacial polarization of single cell for BSCF6482 is
found to be least for OER kinetics (18.79 kJ mol−1@0.8 V for
OER compared to 32.19 kJ mol−1 for ORR) and that for
LSCF6482 for ORR kinetics (21.5 kJ mol−1@0.8 V for ORR
compared to 61 kJ mol−1 for OER) respectively. Similar chro-
nology is observed for the single operation at other applied
potentials of ±0.4 V, ±0.6 V and ±0.1 V (Fig. S6 and S7†). The
surface adsorption phenomena are accelerated at higher oper-
ating temperature of 800 °C as indicated by the tabulated
magnitude of Rs (diffusion/surface polarization phenomena).
The reported single cell conguration is evaluated electronically
through a single equivalent circuit composed of series resistor
(representing polarization arc) with Ro connected in parallel
with a constant phase element (CPE) to simulate the
30598 | RSC Adv., 2024, 14, 30590–30605
semicircular axis correlation (Z0 and -Z0 0) (Fig. S6g† and S7g).
The kinetics of both ORR and OER is controlled by surface
sorption of actively diffused species from oxidant and is well
correlated with the electron exchange interaction among oxygen
species and triple phase boundary (TPB) sites at the interface.
Thermoenergetics of fuel cell involves both the involvement of
interfacial and bulk exchange interactions. As per the reported
content on hybridization among LSCF/BSCF system with active
oxidant, 2p orbital of oxygen species (not from electrocatalyst)
contributes towards the 2p–3d orbital hybridization during
electron exchange interaction in interface. In contrast, during
the electron transportation in the bulk crystal matrix, 2p orbital
of lattice oxygen in electrocatalyst contributes signicantly. The
lower Rp for ORR in case of LSCF6482 suggest scavenging of V��

o

through the formation of Co’Co . In a similar manner, strong
hybridization involving lattice oxygen promotes the formation
of Co�

Co and Fe�
Fe which is responible for oxidation of O2− to O2

in BSCF6482. This lowers the Rp towards OER for BSCF6482
irrespective of operative temperature. It is an established fact
that, strongly coupled intrinsic parameters like orbital, spin,
charge and lattice acts as descriptors for ORR and/OER
processes. In a similar manner, magnetic property like
ordering share similar origin from electron exchange interac-
tion and is capable to reveal the mechanistic understanding of
electrocatalysis process like OER and ORR. Li et al.46 also
proposed the utilization of Curie/Néel temperature as an active
oxygen redox process descriptor in the active catalysts with
ferro/ferri/antiferromagnetic ground states. Hence, the present
functional electrodes (BSCF6482/LSCF6482) which are in func-
tion for several years as electrocatalyst could be automatically
possess excellent performance as magnetic electrocatalyst as
well. In this connection, the future research would share an
insight on acceleration and sustenance of OER activity of
BSCF6482 and ORR performance of LSCF6482 in presence of
tailored magnetic eld.

Apart from the dependence on spin polarization of active air
electrode catalyst, the electrochemical redox reaction (OER/
ORR) is an interfacial phenomenon and is propagated
through dissociation, diffusion and consequent adsorption on
the active surface termed as triple phase boundary (3D volume
element). LSCF6482 and BSCF6482 are established to have
oriented spin which accelerates the FC performance with much
reduced polarizations. Furthermore, LSCF6482 is more suited
for catalyzing ORR and BSCF6482 for OER. Activation and
sustenance of OER/ORR also necessitates descriptors which are
either molecular surface based viz. distortion, unsaturated
metal centers, coordination limit etc or bulk parameters like
polarity, space charges, reorganization of atoms, ion paring or
segregation etc. As stated earlier, the electrocatalytic process
during the operation of FC and/EC are dependent on electron
exchange coefficient which is proportional to the extent of
hybridization/orbital overlap of the participating electronic
cloud having matching i.e. energy and symmetry matrices.46

Section 4.3, intend to evaluate the intrinsic descriptors of
SrFeO3 and their variability upon doping at A and B site
respectively.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Magnitude of non-linear polarization during EIS of single cells fabricated with LSCF6482/BSCF6482 in OER andORRmode of operation

Sample and FC mode
Temperature
(°C)

Activation energy for
Ro (EaRo

) in kJ mol−1
Activation energy
for Rp (EaRp

) in kJ mol−1
Activation energy for
RCT (EaRCT

) in kJ mol−1 Rs in U cm2

Operating voltage 1.0 V
BSCF@OER (+) 700 2.13 9.64 4.14 0.73

750 0.11
800 0.06

BSCF@ORR (−) 700 15.655 41.312 21.17 0.62
750 0.22
800 0.12

Operating voltage 1.0 V
LSCF@OER (+) 700 30.68 51.29 36.41 0.28

750 0.2
800 0.02

LSCF@ORR (−) 700 3.52 30.84 2.08 0.2
750 0
800 0

Operating voltage 0.8 V
BSCF@OER (+) 700 5.19 18.79 0.197 0.5

750 0.15
800 0.12

BSCF@ORR (−) 700 3.97 32.14 9.85 0.22
750 0.07
800 0

Operating voltage 0.8 V
LSCF@OER (+) 700 5.38 61.14 12.88 0.18

750 0.09
800 0

LSCF@ORR (−) 700 3.00 21.52 6.53 0.12
750 0.04
800 0

Operating voltage 0.6 V
BSCF@OER (+) 700 21.62 42.73 26.27 0.19

750 0.24
800 0

BSCF@ORR (−) 700 22.36 45.15 28.18 0.25
750 0.13
800 0

Operating voltage 0.6 V
LSCF@OER (+) 700 10.89 36.08 14.97 0.20

750 0.16
800 0.05

LSCF@ORR (−) 700 5.04 28.60 1.61 0.18
750 0.11
800 0

Operating voltage 0.4 V
BSCF@OER (+) 700 13.47 34.84 18.62 0.24

750 0.17
800 0

BSCF@ORR (−) 700 17.87 38.49 23.19 0.29
750 0.14
800 0

Operating voltage 0.4 V
LSCF@OER (+) 700 11.06 27.43 14.89 0.25

750 0.16
800 0.08

LSCF@ORR (−) 700 8.97 24.28 12.30 0.15
750 0.10
800 0

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 30590–30605 | 30599
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LSCF6482 and BSCF6482 have been established to be effec-
tive catalyst for oxygen redox reaction having specicity towards
ORR (LSCF6482) and OER (BSCF6482). In this concluding
section(s), the inuence of A-site doping towards the functional
aspect of such compounds are described in details.
Fig. 9 Thermogravimetric (TG) and differential thermogravimetric
analyses of LSCF6482 and BSCF6482.
Kinetic, mechanistic and thermodynamic analyses on the
inuence of A-site doping of SrFeO3

In the present context, single fuel like L-alanine and mixed fuel
viz. glycine and citric acid (used at a pH of ∼6 using liquor
ammonia) to be used for the combustion synthesis of LSCF and
BSCF respectively. The total amount of fuel to nitrate ratio is
maintained at 1 : 1. Fig. S8a and b† shows the schematic for the
synthesis of doped SrFeO3 by La

3+ and Ba2+ at A-site and Co at B-
site and the mechanistic approach for the same.

The primary requisite of solution combustion synthesis is
the miscibility of reactant salts in a polar solvent like water
which tend to solvate the ionized species followed by the
formation of a preferable metal–aqua octahedral complex
(aquation). The requisite for the formation of an initial
symmetric metal–aqua complex is to accelerate the succeeding
rate determining step known as anation. As stated in the
Experimental section, continuous heating of the metal ion
solution at 100–150 °C tend to make it more concentrated and
allows easy ligand exchange reaction with the chelating neutral
ligands, (or fuel) which is visible during the reaction in the form
of gel. Irrespective of the denticity and experimental conditions,
L-alanine, glycine and citric acid are all chelating ligands which
tend to form stable ve/six membered ring (at basic pH due to
available O-sites) circumscribing the central metal ion as shown
in the Fig. S8a† and hence easily replace monodentate aqua
ligand in the rst step. La3+ being heavier ion is found to result
in higher stability constant with L-alanine as a ligand at a pH
∼7.5. It could be observed from Fig. S8b† that, at a still higher
pH ∼8, citric acid results in more stable bi nuclear complex
which however, requires a preference of selective metal ion to
which La3+ fails to t. In the present context, BSCF6482 has
been optimized using complexation with mixed fuel of glycine
and citric acid at a pH of ∼6. The pH criterion of citric acid
(availability of all binding sites) is however fullled by both
ammonia (pH setter in solution) and glycine (co-ligand/co fuel).
The relative order of stability constants for metal–ligand (fuel)
complex is shown in Fig. S8a.† Relative stability of such formed
gel (complex) is signicant for obtaining targeted doped
perovskite with 100% phase purity prior to calcination. The
nal stage during the self-sustaining auto combustion route is
initiated by external heat treatment (∼300 °C) wherein, the
formed chelate complex decomposes and triggers the self-
assisted decomposition of the gel. The added fuel plays the
dual role of acting as a ligand and also supplies energy towards
the breakdown of the gel. As a consequence, the nal in situ
decomposition of the gel comprises of reorganization or
realignment of the metal ions in a stable cubic conguration.
This tends to increase the spontaneity of reaction through
crystal eld stabilization energy thereby propagating and
terminating the reaction in an irreversible manner [−DGreaction
30600 | RSC Adv., 2024, 14, 30590–30605
= DGproduct (cubic perovskite) – DGreactant (octahedral metal–ligand

complex)]. The larger metal atoms like La3+, Ba2+ and Sr2+ prefer to
occupy the 12-fold cuboctahedral coordination i.e. corners of
the cube. However, the net strain developed at the A-site is
variable due to the charge difference of the dopants. Relatively
smaller ions viz. Co3+/4+ and Fe3+ preferably enter in 6-fold
coordination surrounded by an octahedron of anions (O2− here,
BO6 octahedra) and nally forms AA0BB0O3−d (A0 and B0 are
doped metal ions). The initial aquation, anation followed by
complexation (gelation) and decomposition is observed to
result in a multistage decomposition of the resulted doped
perovskites as shown in the thermal analyses in Fig. 9.

Decomposition of both LSCF and BSCF shows an initial
weight loss between 100–178 °C, which is attributed to the
evaporation of the trapped water and are also reected by the
endothermic peaks at 119 °C and 139 °C in the DTA isotherm.
The complex gel undergoes double decomposition to yield
phase pure doped perovskite powder. However, the nature of
decomposition is found to be dependent on the associated
ligand/fuel. The decomposition of metal fuel composite is
marked at 230 °C for BSCF6482 and at 269 °C for LSCF6482
(exothermic peaks) in the DTA with a mass loss in the regime of
170–250 °C. Double fuel in BSCF synthesis which is capable of
forming comparatively stable six membered ring shows rela-
tively sluggish weight loss pattern till the second stage. Loss of
residual oxidizers (nitrates) and the fuels in the precursors
marked the nal stage in thermal analyses and is fast and
sudden in BSCF6482 at 383 °C compared to at 415 °C for
LSCF6482. The nal mass loss continued from 350–600 °C aer
which the beginning of the crystallization as well as structural
transformation initiates to form almost 100% phase pure
product.
Inuence of A-site substitution on the structural aspect of
LSCF6482 and BSCF6482

Phase purity of calcined LSCF6482 and BSCF6482 at 850 °C and
1000 °C for 4 h is shown in the X-ray diffraction analyses in
Fig. 10a and 11a respectively. The diffraction peaks are indexed
using ICDD-JCPDS database which establishes the pure crys-
talline rhombohedral phase for LSCF and cubic for BSCF
sample (JCPDS NO.34-394 and 82-1961) and is also established
from the parameters of Rietveld renement as shown in Tables
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Rietveld refinement parameters for BSCF6482a

Sample a b C a b g

BaFeO3 primitive 4.031 4.031 4.031 90 90 90
SrCoO3 primitive created 4.031 4.031 4.031 90 90 90
BaFeO3 rened 4.030 4.030 4.031 89.99 90 90
SrCoO3 4.024 4.009 4.018 89.7 90.1 89.7

a Volume fraction BaFeO3 : SrCoO3 = 0.293 : 0.707.

Table 5 Rietveld refinement parameters for LSCF6482a

Sample a b c a b G

LaCoO3 5.3375 5.3375 5.3375 61.37 61.37 61.37
LSCF sample 5.430(6) 5.427(4) 5.416(5) 60.19 (6) 60.21 (8) 60.22 (7)
SrFeO3 5.414(10) 5.423(11) 5.448(15) 60.36 (13) 60.21 (27) 60.06 (21)

a Volume fraction LaCoO3 : SrFeO3 = 0.491 : 0.509.
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5 and 6. The Rietveld renement study is undertaken using
MAUD as shown in Fig. 10b and 11b. A diffraction pattern is rst
simulated from a series of structural, microstructural (crystal-
lite size and r.m.s (root mean square) macrostrain) constraints,
characteristic features of the sample like preferred orientations,
residual stress, sample thickness, absorption etc. as well as the
background coefficients and prole parameters.

This is followed by the application of iterative least-squares
procedure using which the simulated pattern is compared
with the experimentally observed X-ray powder diffraction
prole. The technique involves minimization of the residual
parameters. The rened unit cell parameters of the samples are
listed in the Tables 5 and 6 along with the volume fraction of
phases. It could be observed that there are no considerable
Fig. 10 (a) X-ray diffractogram of LSCF6482 along with the (a1) inset
LSCF6482.

© 2024 The Author(s). Published by the Royal Society of Chemistry
changes in the output crystalline cell parameters for each
sample.

The calculated crystallite size for the 100% peaks for
LSCF6482 (32.9° in Fig. 10a1) and BSCF6482(31.6° in Fig. 11a1)
are 56 nm and 100 nm respectively using Scherer's equation.
Further analyses on the unit cell parameters are reported in
details through transmission electron micrography (Fig. 12).
Mechanistic analyses for effectivity as oxygen reduction/
evolution reaction kinetics by LSCF6482 and BSCF6482 is
undertaken presently. Magnetic properties which are depen-
dent on the electron exchange coefficient and are experimen-
tally validated using activation barrier for non-linear
polarizations during FC and EC operation. TEM analyses
showed the primary nano particulates of size ∼30 nm and
∼50 nm for LSCF6482 and BSCF6482 to be embedded within
the so agglomerates of size in the range of 100–150 nm
(Fig. 12b and c). Interplanar spacing (d) of 0.277 nm and
0.283 nm for the crystalline plane (104) and (110) calculated
from high resolution TEM (Fig. 12b1 and c1) for LSCF6482 and
BSCF6482 are in good agreement with the crystallographic
ndings. The corresponding SAED patterns (Fig. 12b3 and c3)
also conrm the presence of (104) and (024) planes for
LSCF6482; (110) and (221) planes for BSCF6482. The inter-
penetrating angles, calculated from the fast Fourier
of peak with 100% peak intensity. (b) Rietveld refinement for XRD of

RSC Adv., 2024, 14, 30590–30605 | 30601
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Fig. 11 (a) X-ray diffractogram of BSCF6482 along with the (a1) inset of peak with 100% peak intensity. (b) Rietveld refinement for XRD of
BSCF6482.

Fig. 12 (a) Unit cells (of pristine and doped perovskite oxides)
generated from single point energy calculation using Gaussian, TEM
micrographs [(b) (LSCF6482), (c) (BSCF6482)], high resolution -TEM
images (b1 and c1), fast Fourier transform (FFT) pattern (b2 and c2) and
SAED pattern (b3 and c3).
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transformation (FFT) pattern of the two adjacent lattice planes
of LSCF6482 and BSCF6482 are found to be 29.81° and 19.43°
(Fig. 12b2 and c2). In this present investigation, single stoi-
chiometric composition of LSCF and BSCF are reported to study
the correlation among inherent spin polarization of the active
electrocatalyst with selective OER and ORR performance.
However, the upcoming communication would illustrate stoi-
chiometric as well as non-stoichiometric composition to tailor
such selectivity towards SOC performance and long-term
sustainability. Hence, understanding of fundamental of
quantum spin exchange interaction could enable appropriate
30602 | RSC Adv., 2024, 14, 30590–30605
selection of active catalyst for oxygen redox reaction in
numerous applications. In addition, the spin polarization being
established as an effective descriptor for ORR/OER, detailed
analyses would be undertaken to correlate the same with model
electrode systems reconstructed using FIB-SEM. The numerical
simulation comprising linear and non-linear impedance study
in terms of reconstructed air electrode would further establish
the coherency of multiple atomic level descriptors.
Conclusions

In this article, we tried to understand the mechanistic overview
on redox reaction of oxygen for the functionality in Solid oxide
cell (SOC). The prime bottleneck experienced by the researchers
is the sluggish reaction rate during oxygen reduction reaction
(ORR) and oxygen evolution reaction (OER) which necessities
the usage of efficient catalysts. ORR and OER involve spin
exchange interaction which enable mixing of triple state of O2

with singlet state of other reactants (H2O, OH
− etc.) thereby

making it spin allowed process. The present research estab-
lishes that, inherent spin ordering within air electrode catalyst
during FC and EC mode could act as an intrinsic descriptor (s)
for controlling ORR and OER. Magnetic property shares similar
origin from electron exchange interaction and is studied for the
catalyst (for La0.6Sr0.4Co0.8Fe0.2O3−d and Ba0.6Sr0.4Co0.8Fe0.2-
O3−d) utilized in the present experiment. Magnetization for
La0.6Sr0.4Co0.8Fe0.2O3−d (LSCF6482) (15.86 emu g−1) is found to
be ∼4.36 times higher compared to Ba0.6Sr0.4Co0.8Fe0.2O3−d

(BSCF6482) (3.64 emu g−1). Both the compositions show
ordered magnetism throughout the operating temperature
range wherein magnetic ordering in LSCF6482 is much
© 2024 The Author(s). Published by the Royal Society of Chemistry
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improved than BSCF6482. Electrocatalysis at air electrode/
electrolyte interface needs to be tailored with minimum polar-
ization losses so as to increase the self-life of R-SOC (reversible
SOC). In the present context, LSCF6482 with aliovalent substi-
tution at A-site has been evaluated as an effective ORR catalyst
with minimum energy barrier for interfacial polarization
(21.5 kJ mol−1@0.8 V compared to 61 kJ mol−1 for ORR). In
contrast, isovalent substitution at A-site in BSCF6482 shows
improved OER kinetics (18.79 kJ mol−1@0.8 V for OER
compared to 32.19 kJ mol−1 for ORR) throughout the operating
temperature range of 700–800 °C. Heisenberg's theory claries
the involvement of 2p orbital of active oxygen species from
oxidant during interfacial sorption process for hybridization
with 3d orbital of electrocatalyst. However, during subsequent
dissociation and diffusion process, 2p orbital of oxygen from B-
site of electrocatalyst governs the orbital overlap with 3d
counterpart. Active catalysts with ferromagnetic ground states
like LSCF6482 and BSCF6482 acts as effective electrocatalyst for
oxygen redox reaction. The observations of this article strongly
correlate spin ordering with OER/ORR mechanism along with
selective functionality of LSCF6482 towards ORR and BSCF6482
for OER.
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