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B-site cation sequencing in SrMnO3 using iron
for zinc–air battery electrocatalysis: a structural
evaluation†

Carolin Mercy Enoch,a Sagar Ingavale, b Prabakaran Varathan,cd

Akhila Kumar Sahucd and Anita Swami *a

An unprecedented approach for synthesizing strontium manganese perovskite oxides (ABO3) and their

B-site substituted variants (SrMn1�xFexO3) was employed using the molten salt synthesis route. This

study aims to investigate the intrinsic property changes of perovskite oxide materials and their

electrochemical response, particularly in the bifunctional oxygen reduction reaction (ORR) and oxygen

evolution reaction (OER). Systematic substitution at the B-site induces a phase transition from hexagonal

to trigonal, and then to orthorhombic, which was confirmed through Rietveld refinement of XRD data,

along with SEM, TEM and XPS analyses. The multiple oxidation states of manganese (Mn3+/Mn4+) and

iron (Fe3+/Fe2+) at the B-site play a crucial role in redox reactions. Furthermore, the orthorhombic

brownmillerite phase (Sr2MnFeO5) promotes the ORR even without conductive support, which is

attributed to its intrinsic conductivity stemming from the specific distribution of oxygen vacancies. The

favorable adsorption/desorption energies of oxygen intermediates are a result of regulated electron

filling in the d orbitals. The SrMn0.7Fe0.3O3 variant was evaluated as a bifunctional electrocatalyst,

showing an onset potential of 0.99 V vs. RHE for the ORR, and demonstrated excellent performance in

rechargeable zinc–air batteries (ZABs), with a high peak power density of 114 mW cm�2 and a long cycle

life of over 262 hours, exhibiting a specific capacity of 680 mA h g�1. The unique structural properties of

SrMn0.7Fe0.3O3 make it a promising candidate for ZAB applications.

1. Introduction

Utilizing renewable energy sources to drive the development of
technologies such as fuel cells, regenerative fuel cells (RFC),
and metal–air batteries has garnered considerable interest.1,2

The efficiency of these energy devices, including in conversion
and storage processes, largely depends on the kinetics of the
electrochemical reactions involved.3,4 Among these reactions
the ORR and OER are important,5,6 which are inherently
sluggish and thereby limit overall system efficiency.7–11 While
platinum (Pt/C) and iridium oxide (IrO2) exhibit favorable
activity for the ORR and OER, respectively, their poor stability,

scarcity and high cost severely restrict their practical appli-
cations.12–16 Hence, there is a pressing need to develop highly
active, durable and sustainable alternatives for the ORR
and OER. In recent years, various functional materials such
as transition metal oxides,17–24 spinels,25,26 and MXenes27 have
been explored. Notably, perovskite-type oxides (ABO3) have
emerged as promising candidates due to their specific struc-
ture, wherein the ‘A’ site can host alkaline earth metals and the
‘B’ site can accommodate transition metals. This structural
flexibility makes perovskites suitable for catalyzing sluggish
electrochemical oxygen-based reactions. Materials like LaNiO3

28

and BSCF (Ba0.5Sr0.5Co0.8Fe0.2O3�d)
29,30 have demonstrated ORR

and OER activities approaching those of noble metal catalysts.
The design of effective perovskite oxide catalysts hinges on
strategic principles such as ‘A’ site doping,31 ‘B’ site doping,31–33

and creation of oxygen vacancies.34,35 Substituting ‘A’ and ‘B’ sites
with different redox-active elements can finely tune the structural
and chemical properties of these materials, thereby enhancing
their catalytic activity. ‘B’ site doping, in particular, influences
oxygen diffusion kinetics, as exemplified by BaFe1�xBixO3�d

36–39

and BaFe0.9Sn0.05O3�d
40 in the case of the ORR. Furthermore,

Mn-doped ABO3-type oxides have shown excellent ORR activity
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due to a moderate interaction between the intermediate and the
catalyst surface, governed by the average valence of Mn4+/Mn3+.41

Incorporating Mn or other redox-active elements into ABO3-type
oxides has been studied to improve OER/ORR activity by modify-
ing the electronic structure and reducing the adsorption energies
of the intermediates.35,42,43 Recent studies highlight the enhance-
ment of catalytic activity by doping Mn into LaCoO3 and optimiz-
ing Co3+/Co2+ ratios to promote the OER.44 Similarly, doping Sr
into LMN (LaNi0.5Mn0.5O3) enhances catalytic activity through
particle size reduction and surface Ni trivalency, crucial for the
ORR and OER in alkaline media.45 Doping has been extensively
studied as a potential method to replace classic noble metal
catalysts. Nitrogen-doped carbon was selected as the catalyst
model for the ZAB electrode, showing remarkable stability with
650 cycles of discharging/charging at a high rate of 25 mA cm�2.46

A carbon nanosheet doped with iron and nitrogen was success-
fully documented, as it contains active Fe–Nx sites. Fe,N-CNS
exhibited stable charge/discharge potentials of 1.96/1.04 V after
60 cycles, with minimal voltage drop.47 The hexagonal oxide
Ba4Sr4(Co0.8Fe0.2)4O15 (hexBSCF), featuring unique tetrahedral
and octahedral Co/Fe coordinations, exhibits extraordinary
activity for the OER. When tested in an electrochemical cell,
the hexBSCF catalyst displayed a low overpotential of approxi-
mately 340 mV at a current density of 10 mA cm�2 and a small
Tafel slope of 47 mV dec�1 in 0.1 M KOH solution, demonstrat-
ing the highest OER activity ever reported among metal
oxides.48 The specific La/Fe co-doped structure is the primary
origin of the high bifunctional catalytic activity, as co-doping
enhances the catalytic activity of the nanoparticles for both the
ORR and OER. Density functional theory (DFT) calculations
show that La/Fe co-doping decreases the overpotentials of both
reactions and improves the stability of the nanoparticles against
corrosion. Additionally, the carbon coating on La0.23Fe0.15–
Co3O4/NCNTs helps reduce activity losses caused by electrical
resistance during catalytic processes, further enhancing ORR
and OER activities.49

In our study, we present the rational design of strontium
manganese perovskite oxide (SrMnO3) with ‘B’ site variations
involving Fe, resulting in significantly enhanced electrocatalytic
activity for the ORR and OER. Increasing Fe content in
SrMn1�xFexO3 (where x = 0.2, 0.3, 0.5) transitions the crystal
system from hexagonal to trigonal while preserving the perovs-
kite structure. The trigonal phase of SrMn0.7Fe0.3O3 possesses
an onset potential (Eonset) of 0.99 V vs. RHE and demonstrates
high stability, while Sr2MnFeO5 adopts an orthorhombic
brownmillerite-like structure due to orderly removal of oxide
ions, leading to controlled oxide ion vacancies. The superior
activity and stability of the Fe-doped series stem from the
synergy between Fe4+/Fe3+ and an equal proportion of iron
and manganese in the ‘B’ site, creating crystal defects. The
optimized composition of Sr2MnFeO5 achieved an Eonset and a
half-wave potential (E1/2) of 0.89 V and 0.71 V vs. RHE, respec-
tively, in O2-saturated 0.1 M KOH solution. Moreover, owing to
its intrinsic conductivity, Sr2MnFeO5 exhibits excellent ORR
catalytic performance even without additional conducting addi-
tives. The SrMn0.7Fe0.3O3 variant was also demonstrated to be a

promising candidate for ZAB applications with a long cycle life
and a specific capacity of 262 hours and 680 mA h g�1,
respectively. Thus, the study demonstrates that engineering
perovskite oxides offers a promising pathway for designing
dynamic electrocatalysts for the ORR and OER, leveraging
structural modifications and elemental doping strategies to
enhance catalytic performance.

2. Experimental section
2.1. Materials

Strontium nitrate (Sr(NO3)2), manganese nitrate (Mn(NO3)2),
iron nitrate nonahydrate (Fe(NO3)3�9H2O), Nafion as a binder
(5 wt% solution), and potassium hydroxide (KOH) pellets were
obtained from Sigma-Aldrich. Alkali metal salts like KCl and
NaCl, ethanol and isopropyl alcohol were obtained from SRL
(Sisco Research Laboratories Pvt. Ltd), India. All chemicals were
used without any additional purification. Milli-Q water with a
resistance of 18.2 MO cm was used in both experiments and
electrochemical assessments.

2.2. Synthesis of B-site substituted strontium manganese
perovskite oxide

Oxygen-deficient strontium manganese and iron perovskite
oxide were synthesized using a molten-salt approach, with iron
substituting manganese at the B-site. Strontium nitrate, man-
ganese nitrate, and iron nitrate served as metal precursors
to synthesize strontium manganese iron perovskite oxides
with the formula SrMn1�xFexO3 (where x = 0.2, 0.3, 0.5) and
Sr2MnFeO5. Initially, the metal precursors were mixed in stoi-
chiometric proportions with molten salt (NaCl and KCl) in a
1 : 5 ratio. The mixture was then transferred to a ball mill jar
and milled at 600 rpm for 2 hours. Subsequently, the powder
was collected and heated at 900 1C for 4 hours in an open air
atmosphere. After cooling, the resulting samples were labeled
as SrMn0.8Fe0.2O3, SrMn0.7Fe0.3O3, SrMn0.5Fe0.5O3 and Sr2MnFeO5.

2.3. Materials characterization

The powder X-ray diffraction (XRD) patterns were acquired using a
PANalytical X’pert Pro diffractometer with Cu Ka radiation (l =
1.5406 Å, 40 kV, 40 mA), covering a 2y range of 10–901 at a scan
rate of 21 min�1. Rietveld refinements were conducted using the
FullProf Suite program (FP) and the EXPGUI interface to determine
lattice parameters. Imaging using high-resolution scanning elec-
tron microscopy (HRSEM) was conducted on a Thermo Scientific
Apreo S instrument with an acceleration voltage of 20 kV. Trans-
mission electron microscopy (TEM) images were obtained using a
JEOL JEM-2100 Plus transmission electron microscope operating
at 200 kV with a thermionic LaB6 electron source. TEM specimens
were prepared by dissolving the powder in a mixture of water and
isopropanol (at a volume ratio of 3 : 1). X-ray photoelectron
spectroscopy (XPS) was performed using a Shimadzu ECSA 3400
device. The obtained XPS spectra were analyzed by deconvoluting
and fitting them with a Shirley-type background function for
further analysis.
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2.4. Electrochemical measurements

To maintain optimal conditions for the working electrode, it
was polished with 0.05 mm alumina slurry. To prepare the
catalyst ink, 3 mg of the catalyst and 2 mg of Ketjenblack
carbon (KBC) as a conductive additive were dispersed in 1 mL
of ethanol. To this mixture, 50 mL of 5 wt% Nafion solution was
added, and the mixture was sonicated for 40 minutes in a water
bath.50 Subsequently, the cleaned glassy carbon (GC) electrode
surface (with a geometric area of 0.0707 cm2) was coated with
4 mL of this catalyst ink, resulting in a catalyst loading of
0.28 mg cm�2. Ultimately, the electrode was left to dry over-
night at ambient temperature in an ethanol atmosphere and
used as the working electrode for electrochemical measure-
ments. For comparison, a commercial Pt/C (20 wt%) electrode
was also prepared using a similar method, with an actual Pt
loading of 0.17 mg cm�2. For the intrinsically conductive
electrode, 3 mg of the catalyst was dispersed in 1 mL of ethanol
and 40 mL of 5 wt% Nafion was added, followed by sonication
for 40 minutes in an ice bath. All electrochemical measure-
ments were conducted using a CHI 760E potentiostat (CH
Instruments, Inc., USA) in a three-electrode system in 0.1 M
aqueous KOH solution at room temperature. A graphite rod
served as the counter electrode and Ag/AgCl (saturated KCl) as
the reference electrode. The calibration experiment was con-
ducted using a typical three-electrode system in 0.1 M KOH
electrolyte at room temperature, where pre-cleaned Pt wires
were used as the working and counter electrodes, while an
Ag/AgCl (with saturated KCl) electrode served as the reference
electrode. Initially, the electrolyte solution was fully saturated with
ultra-pure (99.99%) hydrogen gas before performing linear sweep
voltammetry (LSV) at a scan rate of 1 mV s�1. The point at which
the current reaches zero is typically considered the thermodynamic
potential for hydrogen electrode reactions, relative to the reference
electrode (in this case, Ag/AgCl). In 0.1 M KOH electrolyte, the zero-
current point occurs at �0.973 V vs. Ag/AgCl. Therefore, the
potential of Ag/AgCl relative to the RHE was converted to the
reversible hydrogen electrode (RHE) scale using the equation:
E(RHE) = E(Ag/AgCl) + 0.973 V.51 Prior to ORR measurements,
the rotating disc electrode (RDE) surface was cleaned by cycling
between �0.9 V and 0.1 V vs. Ag/AgCl in N2-saturated 0.1 M KOH
solution. Cyclic voltammetry (CV) was performed in both N2- and
O2-saturated electrolytes, while LSV was conducted in an O2-
saturated electrolyte at a sweep rate of 10 mV s�1. The ORR
stability of the catalysts was evaluated by chronoamperometry at
half-wave potential vs. Ag/AgCl in 0.1 M KOH electrolyte solution.
For rotating ring disc electrode (RRDE) measurements, 10 mL of
the prepared ink was drop-coated onto a 4 mm diameter working
electrode (with a geometric area of 0.1256 cm2). The disk electrode
was scanned at 10 mV s�1, while the ring potential was held
constant at 0.5 V vs. Ag/AgCl. The production of peroxide (HO2

�)
and the number of electrons transferred (n) were, respectively,
calculated using the following formulae:

%HO2
� ¼ 200� Ir=N

Id þ Ir=N
(1)

n ¼ 4� Id

Id þ Ir=N
(2)

where Id is the disk current, Ir is the ring current and N is the
current collection efficiency of the Pt ring (here N = 0.38).52

The mean number of eg electrons can be measured using the
following equation:53

n ¼ �1

m

X

Mn;Fe

edg � p (3)

where m is the number of transition metal elements at the
B-site, ed

g represents the occupation numbers of Mn and Fe ions
at different valence states in the eg orbital and p represents the
percentage of various valence states calculated by XPS (Fig. 5).
The electrochemically active surface area (ECSA) was deter-
mined by recording CVs in the non-faradaic region (1.1 to
1.30 V vs. RHE) at various scan rates in 0.1 M KOH electrolyte
under N2 saturation. The double-layer capacitance, measured at
1.20 V vs. RHE, is directly proportional to the ECSA. The mass
activity (A mg�1) was calculated from eqn (4) using mass
loading M = 0.02 mg.

Mass activity ¼ Ik

M
(4)

The specific activity (mA cm�2) was calculated from the
values of ECSA using eqn (5):

Specific activity ¼ Ik

S
(5)

The fabrication, assembly, and testing of ZAB involve
detailed steps to ensure optimal performance. A commercial
zinc sheet with a thickness of 0.3 mm was used as the anode,
while the cathode consists of optimized catalysts SrMn0.7Fe0.3O3

and SrMn0.5Fe0.5O3 applied onto a gas-permeable layer (GDL
BC39). The catalyst ink was prepared by mixing adequate amounts
of the catalyst, KBC, isopropyl alcohol (IPA), and Nafion, followed
by one hour of sonication to obtain a homogeneous mixture. The
admixture was then brush-coated onto the GDL surface layer by
layer until a loading of 1 mg cm�2 was achieved. A 6 M aqueous
solution of KOH served as the electrolyte, facilitating ionic con-
duction between the electrodes. During assembly, the zinc anode
and the coated cathode were placed into a cell with an active area
of 1 cm2, ensuring proper separation to prevent short circuits, and
the electrolyte is added before sealing the cell. The cathode side of
the cell configuration was in contact with the air in the atmo-
sphere, and hence this is an air breathing ZAB. The performance
of the ZAB was evaluated using a Biologic VSP/VMP 3B-20
electrochemical workstation. Cell polarization of ZAB provides
critical insights into its overpotential and operational limits as
well as the kinetic barriers associated with the electrochemical
reactions. Galvanostatic discharge curves were recorded at a
constant current density of 25 mA cm�2 to evaluate the ZAB’s
voltage stability.54

Specific capacity mA h g�1
� �

¼ I � t

Mass of the active material
(6)
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here I is the current (in mA), t is the discharge time (in hours), and
the unit of the mass of the active material used is grams. Rate
capability tests were conducted across current densities ranging
from 5 to 40 mA cm�2 to assess performance under different
loads, and charge–discharge cycling was carried out at 5 mA cm�2

at 10-minute intervals to evaluate long-term stability. DE repre-
sents the difference in voltage between the charge and discharge
processes during cycling, which indicates the voltage losses
associated with the ZAB operation.55

DE = Vcharge � Vdischarge (7)

All tests were conducted at room temperature (25 1C) and
ambient pressure to ensure accurate reflection of the battery’s
performance in practical applications.

Turnover frequency (TOF) is used to measure the number
of active sites on the catalyst and was calculated using the
formula:

TOF ¼ j � a

4� n� F
(8)

where j is the current density at a given potential, a is the
surface area of the electrode, n is the number of moles of the
catalyst, and F is the Faraday constant.

3. Results and discussion

The effect of B-site substitution on strontium manganese
perovskite oxide was evaluated through structural and morpho-
logical techniques using XRD, TEM and SEM. A series of
Fe-substituted strontium manganese perovskite oxides were syn-
thesized by precisely controlling the Fe content at the B-site via
molten salt synthesis. The XRD patterns of SrMnO3 and its
variants with iron dopants (SrMn0.8Fe0.2O3, SrMn0.7Fe0.3O3,
SrMn0.5Fe0.5O3 and Sr2MnFeO5), shown in Fig. S1 (ESI†), indi-
cated highly crystalline phases where Mn ions were successfully
replaced by Fe ions at the B-site of the structure. Upon the
addition of Fe, all samples exhibited similar patterns to SrMnO3,
with diffraction peaks gradually shifting to lower angles (as
evidenced by the peak at 32.71), consistent with an increase in
the covalent radius due to substitution of Mn3+ ions (0.58 Å) by
Fe3+ ions (0.76 Å). This confirms that, in all compounds, the
B-site was substituted by Fe according to the ratio of precursor
salts used in synthesis. Detailed hkl plane information for all
samples is tabulated in Table S1 (ESI†). Rietveld analysis using
the FullProf software suite was conducted to understand struc-
tural features and crystal symmetries, with refined parameters
and resultant profiles provided in Table S2 (ESI†). Based on the
refinement shown in Fig. 1, SrMn0.8Fe0.2O3, SrMn0.7Fe0.3O3, and
SrMn0.5Fe0.5O3 exhibit a trigonal phase with the space group R%3c
(space number: 167), whereas Sr2MnFeO5 displays an orthor-
hombic phase. Table S2 (ESI†) offers the refined structural
information including lattice parameters, space groups, space
group numbers, and R factors (reliability factors) such as Chi2

(w2) and residual parameters. To gain deeper insights into the
crystalline structure and occupancies of the synthesized materi-
als, unit cell parameters obtained from the refined results were

analyzed. The structures are illustrated in Fig. 2(a)–(e). It is
evident that the sequential substitution of Fe at the manganese
site occurs in accordance with the percentage. In SrMn0.8Fe0.2O3

(x = 0.2), the original trigonal phase with a hexagonal setting (a =
5.5289 Å, b = 5.5289 Å, c = 13.4367 Å) of the perovskite oxide is
maintained. Similarly, at x = 0.3 (SrMn0.7Fe0.3O3, a = 5.5607 Å, b =
5.5607 Å, c = 13.4142 Å) and x = 0.5 (SrMn0.5Fe0.5O3, a = 5.5075 Å,
b = 5.5075 Å, c = 13.4167 Å), the trigonal phase persists. However,
when Mn and Fe contents are in equal proportions, a transition
to an orthorhombic brownmillerite phase, Sr2MnFeO5 (a =
5.5591 Å, b = 15.7079 Å, c = 5.4918 Å, JCPDS card no. 50-0297),
is observed. The distinctive feature of this structure is the
alternating sequence of octahedral (MnFe)O6 and tetrahedral
(MnFe)O4 layers with ordered oxygen vacancies, as depicted in
Fig. 2(e). This arrangement of Mn and Fe ions in the B-site of
stoichiometric SrMnO3 results in the formation of nonstoichio-
metric Sr2MnFeO5, characterized by ordered oxygen vacancies
that enhance oxygen ion mobility and exchange kinetics.

The morphological aspects of SrMnO3 and Fe-substituted
SrMnO3 were studied using SEM, as shown in Fig. 3 and Fig. S2
(ESI†). Pristine SrMnO3 (Fig. S2(a) and (b), ESI†) presents uni-
form hexagonal rods with an average diameter of 8 mm and
lengths ranging from 10 to 15 mm. Significant changes in mor-
phology were observed when Mn was substituted by Fe and
when the Fe content increased in the composite. SrMn0.8Fe0.2O3

(Fig. 3(a) and (b)) showed only aggregated tiny particles of various

Fig. 1 Rietveld refinement powder XRD patterns of SrMn0.8Fe0.2O3,
SrMn0.7Fe0.3O3, SrMn0.5Fe0.5O3 and Sr2MnFeO5. The pink stars portray
the observed profile, the black line depicts the calculated profile, the
green upward markers indicate the Bragg diffraction positions, and the
blue line at the bottom shows the disparity between the observed profile
and the calculated profile.
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magnitudes and shapes. In the case of SrMn0.7Fe0.3O3 (Fig. 3(c)
and (d)), nanorods more than 20 mm long were embedded in the
particle aggregates, which further increased in size with increas-
ing Fe content, as seen in SrMn0.5Fe0.5O3 (Fig. 3(e) and (f)).
Additionally, the Sr2MnFeO5 sample (Fig. 3(g) and (h)) exhibited

a distinct morphology where particles and rod-shaped structures
seemed to merge completely, forming comparatively flat struc-
tures. Fig. S3 (ESI†) displays energy dispersive X-ray (EDX) spectra
substantiating the presence of Sr, Fe and Mn in all the samples.
TEM and HRTEM images, and selected area electron diffraction

Fig. 2 Structural representation of (a) SrMnO3, (b) SrMn0.8Fe0.2O3, (c) SrMn0.7Fe0.3O3, (d) SrMn0.5Fe0.5O3 and (e) Sr2MnFeO5. Orange balls represent
strontium; red balls represent iron; purple balls represent manganese and cyan green balls represent oxygen.

Fig. 3 SEM images of (a) and (b) SrMn0.8Fe0.2O3, (c) and (d) SrMn0.7Fe0.3O3, (e) and (f) SrMn0.5Fe0.5O3 and (g), (h) Sr2MnFeO5 recorded at different
magnifications.
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(SAED) patterns of SrMn0.7Fe0.3O3 and Sr2MnFeO5 are shown in
Fig. 4(a)–(f). The presence of specific lattice planes in the images,
along with the indexed planes from the SAED pattern, confirms
their corresponding composition. To examine the electronic
structure and chemical state of the constituent elements, XPS
analysis was performed for the optimized sample SrMn0.7Fe0.3O3.
Fig. 5(a) shows the deconvoluted Sr 3d core level spectrum
displaying the spin–orbit coupled 3d3/2 and 3d5/2 peaks at
135.1 eV and 133.3 eV, respectively, with an energy separation of
1.8 eV. The Mn 2p doublet, Mn 2p1/2 and Mn 2p3/2, in Fig. 5(b) can
be split into two peaks each, fitted at 641.7 eV, 643.13 eV, 653.3 eV,
and 654.7 eV, which are assigned to Mn3+ (2p3/2), Mn4+ (2p3/2),
Mn3+ (2p1/2), and Mn4+ (2p1/2), respectively. The ratio of the Mn3+

to Mn4+ redox peaks observed in the XPS spectrum influences
both the ORR and the OER. This ratio determines the amount and
rate of adsorption and desorption of OH� species on the catalyst
surface, which in turn regulates the rate of oxygen-related reac-
tions. The Fe 2p doublet, Fe 2p3/2 and Fe 2p1/2, shown in Fig. 5(c),
can be deconvoluted into four peaks, fitted at 711.0 eV, 713.09 eV,
723.9 eV, and 725.8 eV, assigned to Fe2+ (2p3/2), Fe3+ (2p3/2), Fe2+

(2p1/2), and Fe3+ (2p1/2), respectively. The peak positions depend
on the oxidation state and local coordination of the Fe atoms in
the sample. The O 1s XP spectrum of the SrMn0.7Fe0.3O3 perovs-
kite is shown in Fig. 5(d), depicting oxygen with three different
electronic environments, with peaks positioned at 529.8 eV,
531.5 eV, and 532.3 eV. The peak with the least binding energy
implies the lattice oxygen (OL), the middle peak at 531.5 eV
corresponds to Fe/Mn/O, and the highest binding energy peak

is due to the presence of surface-adsorbed oxygen (Oad). A higher
amount of surface-adsorbed oxygen facilitates the electroreduc-
tion of oxygen. Additionally, the intrinsically conducting perovs-
kite oxide Sr2MnFeO5 was analyzed by XPS. Fig. 5(e) shows the
deconvoluted Sr 3d core level spectrum depicting the spin–orbit
doublet Sr 3d3/2 and Sr 3d5/2, located at 133 eV and 131 eV,
respectively. Three deconvoluted peaks in the Mn 2p spectrum at
645.5 eV, 643.0 eV, and 640.5 eV correspond to Mn4+, Mn3+ and
Mn2+, respectively. The Fe 2p doublet, Fe 2p3/2 and Fe 2p1/2, can be
deconvoluted into four peaks, fitted at 725.2 eV, 722.5 eV,
712.5 eV, and 709.0 eV, assigned to Fe3+ (2p1/2), Fe2+ (2p1/2), Fe3+

(2p3/2), and Fe2+ (2p3/2), respectively, as shown in Fig. 5(g).
Table S3 (ESI†) presents the percentage of various oxidation states
of Fe and Mn in both samples. The O 1s XP spectrum for the
Sr2MnFeO5 perovskite is shown in Fig. 5(h). Two types of oxygen
are seen in the O 1s spectrum at 531.5 eV and 530.1 eV, which can
be assigned to Oad and OL, respectively.

The electrocatalytic activities of the as-prepared SrMn1�xFexO3

perovskites towards the ORR and OER were investigated in 0.1 M
KOH solution. The electrocatalytic performance of the electrodes
was evaluated by CV, as presented in Fig. 6(a) and Fig. S4(a)–(d)
(ESI†). N2 saturated electrolyte displays no noticeable reduction
peaks in the voltammogram, which is expected to be due to the
absence of oxygen. In an O2 saturated system, reduction current
was observed for all the samples, SrMn0.7Fe0.3O3, SrMn0.8Fe0.2O3,
SrMn0.5Fe0.5O3 and SrMnO3, which signifies the reduction
of dissolved oxygen molecules in the electrolyte. Fig. 6(b) and
Fig. S5 (ESI†) exemplify the comparison of LSVs. SrMn0.7Fe0.3O3

Fig. 4 (a) TEM image, (b) HRTEM image displaying the lattice planes corresponding to (122), (221) and (200) and (c) SAED pattern of SrMn0.7Fe0.3O3;
(d) TEM image, (e) HRTEM images showing the lattice plane (200) and (f) SAED pattern of Sr2MnFeO5.
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exhibits an excellent ORR performance with an Eonset of 0.99 V
and an E1/2 of 0.84 V vs. RHE comparable to those of the
commercial Pt/C (Eonset = 0.1 V and E1/2 = 0.83 V) and most
reported related materials in previous works (Table S9, ESI†). The list
of Eonset, E1/2 potential (V vs. RHE) and current density (mA cm�2)
values for all the samples is given in Table S4 (ESI†), which
reveals that SrMn0.7Fe0.3O3 exhibits better ORR activity than all
the other catalysts, suggesting the optimized percentage of iron
in the crystal. It was confirmed that all the samples are finely
doped with iron according to the composition and show an
improvement in the ORR catalytic activity compared with the
undoped catalyst, which can be clearly seen in Fig. 7(a) and
Fig. S5(a) (ESI†). In order to determine whether the ORR with
all the catalysts occurs by four-electron (4e�) reduction of
oxygen to produce H2O, LSV measurements were performed
at different rotating speeds from 400 to 2500 rpm (Fig. S5,
ESI†). With the increase of the rotational speed, the current
density increased due to the fast diffusion rate. Furthermore,
the Koutecky–Levich (K–L) equation was applied to calculate

the electron-transfer number (n) in the case of all the catalysts
(Fig. 7(b)). The ‘n’ was calculated to be 3.9 for all the catalysts,
suggesting the 4e� oxygen reduction pathway. In addition, the
corresponding RRDE measurements were also employed for
the catalysts (as shown in Fig. 6(c) and Fig. S6(a)–(d), ESI†) to
confirm the reaction pathways towards oxygen reduction. The
HO2

�% yield and ‘n’ calculated from the disk and ring currents
for all the catalysts in the potential range of 0–0.8 V were found
to be similar to those of commercial Pt/C. The Tafel plots
in Fig. 7(c) describe the kinetics of the reaction. The slope
values for SrMn0.8Fe0.2O3, SrMn0.7Fe0.3O3, SrMn0.5Fe0.5O3 and
Sr2MnFeO5 were 103 mV dec�1, 105 mV dec�1, 175 mV dec�1

and 88 mV dec�1, respectively. These values, although higher
than that of Pt/C, lie between 60 mV dec�1 and 120 mV dec�1

exhibiting faster kinetics. Based on the above results, it is
evident that, among all the prepared samples, the SrMn0.7-
Fe0.3O3 catalyst exhibits good ORR activity with a 4e� dominated
reaction pathway. Furthermore, the Nyquist plots in Fig. 7(d)
show the charge transfer resistance (Rct) of all the catalysts:

Fig. 5 Deconvoluted XP spectra of Sr 3d, Mn 2p, Fe 2p and O 1s in (a)–(d) SrMn0.7Fe0.3O3 and (e)–(h) Sr2MnFeO5, respectively.

Fig. 6 (a) Cyclic voltammograms of SrMn0.7Fe0.3O3 obtained in 0.1 M KOH solution saturated with N2 and O2 at a scan rate of 20 mV s�1. (b) Linear
sweep voltammograms recorded at 10 mV s�1 with various rotation rates. (c) RRDE measurement displaying the number of electrons transferred and
peroxide yields.
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SrMnO3 (226 O cm�2), SrMn0.8Fe0.2O3 (233 O cm�2),
SrMn0.7Fe0.3O3 (136 O cm�2), SrMn0.5Fe0.5O3 (338 O cm�2)
and Sr2MnFeO5 (293 O cm�2). Among them, SrMn0.7Fe0.3O3

exhibits the lowest Rct, thus indicating a high rate of electron
transfer from the catalyst to the reactant in an oxygen environ-
ment, suggesting superior charge kinetics, which may further
facilitate the ORR and OER kinetics. An equivalent circuit
(Fig. S7, ESI†) has been modeled using the Randles circuit
from the Nyquist plot. The Randles circuit provides informa-
tion about both the faradaic region (solution resistance (Rs) and
charge transfer resistance (Rct)) and the non-faradaic region (Q).
Here, we represent a model with three elements: a resistor, a
constant phase element (Q), and a Warburg diffusion element
(W). The resistor comprises Rs and Rct, while the Q describes the
transportation of ions or electrons within the system. Rs and Rct

are connected in parallel to Q. The Warburg diffusion element is
connected in series with the Rct, thus providing insights into the
diffusion of electroactive species between the surface of the elec-
trode and electrolyte. Furthermore, the stability of all the doped
catalysts was tested by chronoamperometry (Fig. 7(e)) in O2-
saturated 0.1 M KOH solution at a constant potential of 0.6 V (vs.
RHE). SrMn0.7Fe0.3O3 and SrMn0.5Fe0.5O3 displayed excellent stabi-
lity with 95.8% and 90.6% retention of the initial current densities
after 10 hours, and Sr2MnFeO5 displayed good stability with an
85% retention and less degradation. SrMn0.8Fe0.2O3 shows the least
stability with a 54% retention of current density. Fig. S8 (ESI†)
shows the stability of the Pt/C catalyst, which was tested by
chronoamperometry in an O2-saturated 0.1 M KOH solution at a
constant potential of 0.6 V vs. RHE. The Pt/C catalyst retained 10%
of its initial current density after 10 hours.

Besides, carbon-free perovskite oxides studied in previous
literature, such as La0.8Sr0.2MnO3,56 La0.5Sr0.5CoO3,57 and
Ba0.5Sr0.5Co0.8Fe0.2O3,58 were found to be very poor catalysts
for the direct electroreduction of oxygen.59 Consequently, they
are usually used with a carbon additive. Carbon acts as a con-
ductive agent and aids in the direct electroreduction of oxygen.
In this report, we have studied intrinsically conducting perovs-
kite oxides, focusing on the conductivity of materials that arises
from their unique structural features, rather than from con-
tributions by other materials or carbon, in relation to their ORR
activity. Due to the conductive nature of the prepared perovskite
oxides, obvious reduction peaks were observed in all the samples,
indicating the reduction of oxygen molecules in the electrolyte.
Fig. S11(a)–(h) (ESI†) presents the CV and LSV curves of all
the catalysts with different rotations under similar conditions.
Sr2MnFeO5 exhibits excellent ORR performance with an Eonset of
0.98 V and an E1/2 of 0.82 V, comparable to those of commercial
Pt/C, as shown in Table S5 (ESI†). Sr2MnFeO5 exhibits better ORR
activity than the other two compositions, suggesting the optimized
percentage of iron in the crystal and the deficiency of oxygen in the
crystal system. With the optimal proportion of Fe, the ORR activity
shows an enhancement, as shown clearly in Fig. 8(a). The K–L
equation was used to determine the ‘n’ of the catalysts, which
shows a linear relationship and first-order kinetics (Fig. 8(b)). The
measured ‘n’ value of Sr2MnFeO5 at various potentials suggests
that it adheres to a 4e� oxygen reduction path. The Rct values are
found to be 318 O cm�2 for SrMn0.8Fe0.2O3, 138 O cm�2 for
SrMn0.7Fe0.3O3, 175 O cm�2 for SrMn0.5Fe0.5O3 and 132 O cm�2

for Sr2MnFeO5. SrMn0.7Fe0.3O5 and Sr2MnFeO5 show the least Rct

among the catalysts as shown in Fig. 8(c).

Fig. 7 (a) Comparative linear sweep voltammograms of all the catalysts including commercial Pt/C; (b) Koutecky–Levich plots; (c) Tafel plots; (d) Nyquist
plots in O2 medium; (e) chronoamperometric stability curves in 0.1 M KOH and (f) comparative OER linear sweep voltammograms in 0.1 M KOH under O2

saturation at 1600 rpm for all the prepared compounds.
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To further check the bifunctionality of the catalysts, oxygen
evolution measurements were carried out under the same
environment with the RDE rotated at 1600 rpm, as shown in
Fig. 7(f). The OER curve of SrMn0.7Fe0.3O3 showed an onset
potential of 1.5 V vs. RHE, with a current density of 30 mA cm�2.
The overpotential at 10 mA cm�2 was found to be 430 mV
(compared to the theoretical value of 1.23 V). In contrast, the
SrMn0.5Fe0.5O3 sample exhibited an onset potential of 1.6 V, with
an overpotential of 560 mV at 10 mA cm�2. The remaining
catalysts, SrMn0.8Fe0.2O3 and Sr2MnFeO5, displayed the highest
overpotentials, indicating very poor OER activity. SrMn0.7Fe0.3O3

and SrMn0.5Fe0.5O3 demonstrated superior OER electrocatalytic
activity, with the highest current densities. Furthermore, the
stability of the doped catalysts was evaluated by chronoampero-
metry after the OER in an O2-saturated 0.1 M KOH solution at a
constant potential of 0.6 V vs. RHE (Fig. S9, ESI†). SrMn0.7Fe0.3O3

and SrMn0.5Fe0.5O3 exhibited excellent stability, retaining 99%
and 97% of their initial current densities after 10 hours, respec-
tively. The ECSA-normalized current density ( jECSA) is a crucial
parameter indicating the intrinsic activity of a catalyst. It can be
estimated from the electric double-layer capacitance (Cdl, Fig. S14,
ESI†), obtained from a non-faradaic CV curve (Fig. S13, ESI†).
As shown by the ECSA-normalized current curves (Fig. S10, ESI†),
SrMn0.7Fe0.3O3 exhibited the lowest overpotential at 0.5 mA cm�2

ECSA, indicating that it is the most active catalyst, followed by
SrMnFeO5, SrMn0.8Fe0.2O3, and SrMn0.5Fe0.5O3. TOF is used to
measure the number of active sites on the catalyst and was
calculated using the formula given in eqn (8). The TOF values
obtained are as follows: 0.82 s�1 for SrMn0.8Fe0.2O3, 11.12 s�1 for
SrMn0.7Fe0.3O3, 6.59 s�1 for SrMn0.5Fe0.5O3, and 3.14 s�1 for
Sr2MnFeO5. This enhanced performance is attributed to the
partial substitution of Mn by Fe at the B site, where the presence
of redox-active Mn3+/Mn4+ and Fe3+/Fe2+ ions in the structure
promotes superior electrocatalytic activity in SrMn0.7Fe0.3O3.
In the OER studies performed on all catalysts without carbon,
none of the catalysts reached a current density of 10 mA cm�2, as
shown in Fig. S11(i) (ESI†). To further assess the robustness of the
material, the SrMn0.7Fe0.3O3 catalyst was cycled for 30 000 cycles.
Post-cycling stability characterization was performed using XRD
and SEM, with the results presented in Fig. S12(a)–(d) (ESI†).

The XRD results show that fewer peaks were retained, and the
remaining peaks shifted to lower angles. The SEM images reveal
that while the morphology was generally retained, an increase in
particle size was observed. The corresponding EDS analysis con-
firms the elemental composition, but the peak intensities are
weak due to the dominance of the carbon substrate. Overall, the
post-stability changes observed in the XRD, SEM, and EDS results
could be attributed to lattice expansion or phase transitions
induced by the electrochemical conditions, including interactions
with the electrolyte, the applied potential, or the effect of the
carbon paper substrate on the catalyst layer.

Furthermore, the intrinsic electrocatalytic performance of
all the catalysts can be correlated with the crystal structural
arrangement, bond length, electronic properties and the var-
ious activity metrics like ECSA, mass activity and specific
activity. SrMnO3 crystallised as 4-hexagonal perovskite oxide
(Fig. 2(a)). The structure is modified by doping with transition-
metal ions (Fe) at the B site of SrMnO3; however, the Fe ion as a
dopant causes the structural changes from hexagonal to trigo-
nal Fig. 2(b)–(d). When an excess proportion of the dopant Fe is
substituted at the Mn site, oxygen vacancies are generated and
the structure changes to orthorhombic. The simple perovskite
oxide SrMnO3 possesses a hexagonal system and the substi-
tuted B site variants (SrMn1�xFexO3, where x = 0.2, 0.3, 0.5)
SrMn0.8Fe0.2O3, SrMn0.7Fe0.3O3, and SrMn0.5Fe0.5O3 possess a
trigonal crystal system. Fig. S15(a) and (b) (ESI†) depicts the
distribution of atoms in isotropic distribution. When Fe and
Mn are in equal proportion at the B site (Fe = 1 and Mn = 1),
the resulting oxygen-deficient perovskite oxide Sr2MnFeO5

possesses an orthorhombic structure. The phase transition
from hexagonal to trigonal in SrMnO3 occurs when an element
with a different ionic radius is substituted at the B site, causing
non-stoichiometric changes. Hence, the metal ions move
towards face-sharing octahedra, forming a trigonal structure
as the percentage of iron increases. Furthermore, the structure
changes to orthorhombic, and the composition changes to a
brownmillerite phase, i.e., Sr2MnFeO5. Brownmillerite is an
oxygen-deficient structure forming zigzag chains of alternating
layers of [Mn/FeO6] octahedra and [Mn/FeO4] tetrahedra,
as shown in Fig. 2(e) and Fig. S15(c) (ESI†), which could offer

Fig. 8 (a) Comparative linear sweep voltammograms of all the catalysts without carbon (b) and their corresponding KL plots. (c) Impedance
measurement of all the catalysts in O2 saturated 0.1 M KOH.
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a pathway for the transport of oxygen ions with higher mobility.
The oxygen-deficient tetrahedra exhibit an anisotropic distribu-
tion, suggesting that brownmillerite has lower kinetic activity.
This kinetic barrier is due to the zigzag motion of ion transport,
which results in a slower reaction rate and, consequently,
a decrease in current density. In contrast, for catalysts with
an isotropic distribution, the kinetic barrier is lower because
ion transport is faster, and the presence of carbon enhances the
catalyst’s activity, leading to an increase in current density.
According to Sabatier’s principle, the binding affinity of the
catalyst to the intermediates should not be too strong or too
weak. The eg orbital electron filling is one of the descriptors
predicting the binding affinity of the catalyst. The average
number of eg electrons for SrMn0.7Fe0.3O3 was found to be
1.12, and for Sr2MnFeO5, it was unity (see S19, ESI†). Another
important criterion for the assessment of catalytic activity is the
Mn–O and Fe–O bond lengths and Mn–O–Fe angle. The bond
lengths and bond angles were calculated after refinement, and
bond valence sum (BVS) analysis was performed for all the
catalysts, as listed in Tables S6 and S7 (ESI†). SrMn0.7Fe0.3O3

shows a longer bond length compared to the other catalysts,
which enables feasible interactions between the surfaces and
adsorbed intermediates, thus enhancing diffusion kinetics.
A longer bond length results in a weaker binding strength,
facilitating the easier release of intermediates and enabling the
catalytic reactions to proceed more efficiently. Since the inter-
mediates are not strongly bound to the surface, they can readily
participate in further reactions. A longer bond between the

catalyst surface and the adsorbed intermediate requires less
energy for desorption, speeding up the reaction step. Opti-
mized adsorption energy, achieved by a moderate bond length,
enables an optimal interaction between the catalyst and the
reactant molecules, promoting efficient catalysis. An important
step in assessing the intrinsic activity metrics of a catalyst is
determining the available catalytic active sites for the reaction.
The ECSA, mass activity, and specific activity of all the catalysts
are listed in Table S8 (ESI†). SrMn0.7Fe0.3O3 displays the highest
ECSA, mass activity, and specific activity, as shown in Fig. S17
and S18 (ESI†). Moreover, the bifunctionality index is another
crucial descriptor for evaluating catalytic performance as
shown in Fig. S16 (ESI†). This index is calculated using the
relation: DE = Ej�10 � E1/2, where Ej�10 is the OER potential at a
current density of 10 mA cm�2 and E1/2 is the half-wave
potential obtained from the ORR polarization curve, which is
0.82 V for SrMn0.7Fe0.3O3. A smaller DE value indicates a better
bifunctional performance of the catalyst. Finally, all the intrin-
sic descriptors applied in the bifunctional mechanism, illus-
trating the four-electron pathway for both the ORR and OER,
with carbon driving the reaction externally, are shown in Fig. S17
(ESI†). These results correlate with the XRD, BVS calculation, and
eg calculations. Additionally, the ORR mechanism for the intrinsi-
cally conducting brownmillerite Sr2MnFeO5 without carbon is
further explored in Fig. S18 (ESI†).

Fig. 9(a) illustrates the polarization and power density curves
of ZABs comprising SrMn0.7Fe0.3O3 and SrMn0.5Fe0.5O3 cathode
catalysts wherein both catalysts demonstrate a voltage of 1.4 V

Fig. 9 Assessment of the ZAB performance with SrMn0.7Fe0.3O3 and SrMn0.5Fe0.5O3 catalysts under full-cell configuration: (a) polarization (I–V) curve
trends and associated power densities. (b) Charge–discharge profiles showing specific capacities of 680 and 638 mA h g�1 for SrMn0.7Fe0.3O3 and
SrMn0.5Fe0.5O3, respectively. (c) Rate capability test at different current rates, ranging from low current (5 mA) to high current (40 mA), for SrMn0.7Fe0.3O3

and SrMn0.5Fe0.5O3. (d) The galvanostatic charge–discharge graphical profiles of ZABs incorporating SrMn0.7Fe0.3O3 and SrMn0.5Fe0.5O3 catalysts
at 5 mA cm�2.
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in an open circuit scenario. With an increase in current density,
the ZAB comprising the SrMn0.7Fe0.3O3 catalyst shows superior
performance when compared to other catalysts. The SrMn0.7-
Fe0.3O3 catalyst exhibits a peak power density of 114 mW cm�2

at a 200 mA cm�2 current density, while the SrMn0.5Fe0.5O3 catalyst
reaches a peak power density of 102 mW cm�2 at a current density
of 172 mA cm�2. Fig. 9(b) shows the galvanostatic discharge results
of the SrMn0.7Fe0.3O3 and SrMn0.5Fe0.5O3 catalysts. The SrMn0.7-
Fe0.3O3 catalyst exhibits a specific capacity of 680 mA h g�1,
whereas the SrMn0.5Fe0.5O3 catalyst shows a specific capacity of
638 mA h g�1. The relatively high specific capacities of these
catalysts reflect their substantial energy storage capabilities. The
rate capability of the SrMn0.7Fe0.3O3 and SrMn0.5Fe0.5O3 catalysts
is evaluated at varying current densities ranging from 5 to
40 mA cm�2, as illustrated in Fig. 9(c). The electrodes displayed
small variations in constant current discharge measurements.
As the rate of discharge current increased, the discharge potential
plateau shifted downward due to low ORR kinetics. However, the
voltage plateau remained consistent during step-down from high
to low current and step-up from low to high current, indicating
greater mass transfer efficacy and better electrocatalytic activity.
When the current density dropped to 5 mA cm�2, the discharge
recovered completely, confirming good reversibility.

Fig. 9(d) illustrates the long-term performance and efficiency
of ZABs with SrMn0.7Fe0.3O3 and SrMn0.5Fe0.5O3 catalysts as
air cathode catalysts, evaluated through galvanostatic charge–
discharge cycling conducted at room temperature and at a
current density of 5 mA cm�2. Initially, both batteries showed
a discharge voltage of 1.18 V and a charge voltage of 2.04 V,
resulting in a voltage gap (DE) of 0.86 V and an initial round-
trip efficiency of 58%. As the number of cycles increased, both
the voltage gap including round-trip efficacy deteriorated. After
170 hours of continuous cycling (510 cycles), the SrMn0.7Fe0.3O3-
based battery shows a rise in voltage gap to 1.07 V and a decrease
in round-trip efficiency to 50.4%. In contrast, the SrMn0.5Fe0.5O3-
based battery experienced a more substantial increase in voltage
gap to 1.56 V and a significant drop in round-trip efficiency to
32%. After 262 hours of continuous cycling (786 cycles), the
SrMn0.7Fe0.3O3-based battery showed a further increase in voltage
gap to 1.51 V and a decrease in round-trip efficiency to 34%. These
results indicate that SrMn0.7Fe0.3O3 maintains better initial perfor-
mance and greater stability over long-term cycling compared to
SrMn0.5Fe0.5O3. The superior performance of SrMn0.7Fe0.3O3 sug-
gests that it is a more reliable and efficient choice for applications
requiring extended battery life and stability.

This research effectively assessed the performance of ZABs
using SrMn0.7Fe0.3O3 and SrMn0.5Fe0.5O3 as air cathode cata-
lysts. ZABs with SrMn0.7Fe0.3O3 as the cathode catalyst exhibits
higher specific capacity, peak power density, and stability,
offering promise for advanced energy storage solutions.

4. Conclusions

In conclusion, we synthesized a series of SrMn1�xFexO3 (x = 0.2,
0.3, 0.5) and Sr2MnFeO5 perovskite oxides by the molten salt

synthesis method, substituting iron at the manganese site. The
synthesized catalysts were thoroughly characterized, and their
structural properties were assessed, revealing phase and
composition transitions with increasing doping percentages.
Compared to simple perovskite oxides, the iron-substituted
variants exhibited significantly enhanced catalytic activity.
The best performing catalyst, SrMn0.7Fe0.3O3, exhibited an onset
potential of 0.99 V and 1.6 V vs. RHE for the ORR and OER,
respectively, comparable to those of precious metal catalysts. This
confirms that changes in the crystal structure enhance the con-
ductivity of perovskite oxides, contributing to their superior
performance. Furthermore, among all perovskite oxides examined
without carbon support, a brownmillerite, Sr2MnFeO5, achieved
an onset potential of 0.97 V vs. RHE, demonstrating the highest
catalytic activity via a four-electron transfer route that mitigates
mass transport issues. Additionally, a ZAB unit with catalysts
SrMn0.7Fe0.3O3 and SrMn0.5Fe0.5O3 was developed, resulting in a
high overall efficiency for SrMn0.7Fe0.3O3. This device provides
a power density of 114 mW cm�2, a high specific capacity of
680 mA h g�1, and a steady operation for more than 786 cycles
over 262 hours. This study opens new avenues for developing
efficient electrocatalysts based on perovskite oxides by leveraging
structural modifications to enhance electronic properties and
catalytic performance.
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