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A Doping-Induced SrCo0.4Fe0.6O3/CoFe2O4 Nanocomposite
for Efficient Oxygen Evolution in Alkaline Media

Heng Liu, Yuan Wang, Pengfei Tan, Egon C. dos Santos, Stuart M. Holmes, Hao Li,*
Jun Pan,* and Carmine D’Agostino*

Perovskite and spinel oxides are promising alternatives to noble metal-based
electrocatalysts for oxygen evolution reaction (OER). Herein, a novel
perovskite/spinel nanocomposite comprised of SrCo0.4Fe0.6O3 and CoFe2O4

(SCF/CF) is prepared through a simple one-step method that incorporates
iron doping into a SrCoO3-𝜹 matrix, circumventing complex fabrication
processes typical of these materials. At a Fe dopant content of 60%, the
CoFe2O4 spinel phase is directly precipitated from the parent SrCo0.4Fe0.6O3

perovskite phase and the number of active B-site metals (Co/Fe) in the parent
SCF can be maximized. This nanocomposite exhibits a remarkable OER
activity in alkaline media with a small overpotentional of 294 mV at
10 mA cm−2. According to surface states analysis, the parent SCF perovskite
remains in its pristine form under alkaline OER conditions, serving as a stable
substrate, while the second spinel CF is covered by 5/8 monolayer (ML) O*,
exhibiting considerable affinity toward the oxygen species involved in the
OER. Analysis based on advanced OER microkinetic volcano model indicates
that a 5/8 ML O* covered-CF is the origin for the remarkable activity of this
nanocomposite. The results reported here significantly advance knowledge in
OER and can boost application, scale-up and commercialisation of
electrocatalytic technologies toward clean energy devices.

1. Introduction

In recent years, the development of clean and renewable energy
sources has gained significant momentum due to the growing
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concerns about the environmental impacts
of fossil fuels.[1] In this context, hydrogen
(H2) has emerged as the most promising
alternative to conventional fuels, and vari-
ous technologies have been proposed for its
production.[2] The H2 produced from direct
steam methane reforming, steam methane
reforming with carbon capture, and poly-
mer electrolyte membrane electrolysis is
commonly referred by color designations,
such as gray, blue, and green, respectively.[3]

Among these, water splitting presents it-
self as the best approach for the produc-
tion of “green” hydrogen, the most pristine
and sustainable source of hydrogen. Typ-
ically, water splitting consists of two half-
reactions, namely the hydrogen evolution
reaction (HER) occurring on the cathode
and the anodic oxygen evolution reaction
(OER). Compared to the cathodic HER, the
anodic OER, which can be represented in
alkaline media as 4OH−→O2+2H2O+4e−,
involves a kinetically sluggish four-electron
process that acts as a bottleneck for the
overall reaction.[4] Therefore, developing

effective electrocatalysts able to speed up this process is much
sought-after.

To date, the commercial catalysts for OER are still based on no-
ble metal oxides, such as RuO2 and IrO2, which are expensive and
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scarce.[5] These issues pose challenges to the implementation of
the water splitting process on a commercial scale. As such, vari-
ous transition metal oxides (TMOs), especially perovskite-[6] and
spinel-type oxides,[7] have emerged as promising alternatives to
noble metal-based electrocatalysts.[8]

Perovskite oxides can be generally represented as ABO3±𝛿
,

where A is a rare-earth or alkaline element while B is usually
a transition metal.[4e,9] Perovskite materials possess the advanta-
geous characteristic of providing tunable physicochemical prop-
erties due to their lattice tolerance, which enables accommoda-
tion of almost all the elements in the periodic table.[10] In this
context, doping an active but non-expensive and widely available
element, such as Fe, presents a feasible approach. For example,
Abreu et al.[11] used a facile glycine-nitrate combustion method to
fabricate a series of Fe-doped La0.6Ca0.4CoO3 and studied the im-
pact of B-site substitution. With the incorporation of Fe, a mixed
oxidation state of Co was found which was responsible for an opti-
mized activity indicated by a drop in the Tafel slope. Active cobalt-
hydroxides[12] were found to generate on the surface, which low-
ered the energy barrier of rate-determination step. By density
functional theory (DFT) calculations, Duan et al.[13] analyzed the
impact of Fe substitution into LaCoO3. The results demonstrated
that the covalency behavior between Co 3d-O 2p orbitals was sig-
nificantly strengthened after Fe doping, which contributed to an
improved OER performance. Kim et al.[14] also found that intro-
ducing Fe into Co-based perovskites could significantly improve
the catalytical performance even when the content of Fe dopant
is only ∼5 wt %. In addition to the doping method, construct-
ing nanocomposites is another feasible strategy to adjust the cat-
alytic performance of perovskite materials.[15] For instance, Rin-
con et al.[16] introduced Fe-Nx/C into perovskites, significantly en-
hancing the oxygen reduction reaction (ORR) and OER activities.
Kim et al.[17] fabricated a perovskite/carbon composite material,
Sm0.5Sr0.5CoO3-𝛿/ N-doped graphene, which exhibited a consid-
erable activity in both ORR and OER.

Spinel oxides, with a chemical formula of AB2O4, have been
studied as another promising alternative for precious metal-
based electrocatalysts. Among numerous spinel oxides, cobalt
oxides are the most competitive one for OER considering their
low-cost and high-performance.[18] Fang et el.[19] reported a novel
2D ultrathin CoFe2O4 nanosheet with abundant oxygen vacancies
by the treating of Prussian blue analogs. This type of Co-based
spinel oxides exhibits an optimal electrochemical performance
with a relatively low overpotential of 275 mV at 10 mA cm−2

and a Tafel slope of only 42.1 mV dec−1 in alkaline media. Bian
et al.[20] designed a CoFe2O4/graphene nanocomposite that can
act as a bi-functional electrocatalyst for ORR and OER. The per-
formance and considerable stability of this nanohybrid were at-
tributed to the strong coupling effect between CoFe2O4 nanopar-
ticles and the graphene substrate. Although numerous publi-
cations have reported on the individual properties and appli-
cations of perovskite and spinel oxides, few have focused on
combining these two active and affordable materials. Further-
more, in previous research efforts, doping and constructing com-
posites for perovskite have been treated as two individual pro-
cesses, potentially requiring two distinct steps to obtain an opti-
mal perovskite-derived electrocatalyst. For instance, Hua et al.[5b]

utilized electrospinning to prepare a doped perovskite oxide,
La0.45Sr0.45Mn0.9Fe0.1O3−𝛿 (LSMFO), which was subsequently

modified with Fe3C and carbon in a separate step. Notwithstand-
ing the fact that several studies have demonstrated the feasi-
bility of integrating these two phases into a single nanohybrid,
the methodologies employed invariably entail complex fabrica-
tion processes. This complexity is counterproductive from a cost-
effectiveness perspective. Therefore, a simplified one-step syn-
thesis strategy for fabricating perovskite-derivative electrocata-
lysts is required. In this context, our previous work proposed a
feasible strategy to generate the second phase in situ from par-
ent perovskite phase without introducing extra steps or metal
precursors.[4e] That strategy maximized the active Co metals in
bulk SrCoO3-𝛿 by precipitating them onto the surface to generate
the second phase, Co3O4, thus allowing them to be fully engaged
in the reaction which can significantly improve the catalytical per-
formance. However, the poor intrinsic activity of the Co3O4 sec-
ond phase limits its potential for further implementation. In this
respect, it is plausible to speculate that a considerable enhance-
ment of the OER performance can be achieved if an active phase
can be introduced.

Moreover, recent studies[21] have demonstrated that the sur-
face states of TMOs under electrocatalytic conditions are gener-
ally distinct from their stoichiometric forms. Underestimating
this effect will certainly mislead the analysis of reaction mecha-
nism. Therefore, it is important to conduct surface state analysis
before analyzing the structure-performance relationships.

Herein, targeting a potential second phase, an active Fe dopant
is introduced into the B-site of SrCoO3-𝜎 (SrCo1-xFexO3-𝜎 , x = 0,
0.2, 0.4, 0.6, 0.8, and 1) to enable spontaneous precipitation of
Co and Fe. When the iron content is 60%, an active CoFe2O4
spinel phase is obtained, which achieves the doping-induced fab-
rication of SrCo0.4Fe0.6O3 /CoFe2O4 (SCF/CF) nanocomposite.
Both Co and Fe in parent bulk phase are maximized to be en-
gaged into the reaction with the form of CoFe2O4, which con-
tributes to a superior OER activity in alkaline media. This strat-
egy not only facilitates effective integration between perovskite
and spinel phases, but also achieves a simultaneous unification
of doping and composite fabrication methodology in a single
step. The synergetic effect between SCF and CF phases is elu-
cidated through theoretical calculations. Surface state analysis
by Pourbaix diagram calculations elucidate that the parent SCF
phase will remain in its initial stoichiometric form while the
generated CF will be covered by ˜5/8 monolayer (ML) O* on
the (110) surface. The inert adsorption behavior toward oxygen-
related species observed in SCF (001) surface enables a stable
substrate for the second phase, while the considerable affinity to
O-related species on CF(110) makes it the origin of the overall
activity.

2. Results and Discussion

2.1. Physico-Chemical Characterization

Scanning electron microscope (SEM) images of SrCo1−xFexO3
with different Fe concentrations are displayed in Figure 1a. A
morphology consisting of 2D nanoplates and nanoparticles can
be observed. The crystal phase and elemental composition of
SrCo0.4Fe0.6O3 (when x = 0.6) are quantified by XRD and XPS,
respectively. In Figure 1b, for a Fe doping content of 0.6, two dis-
tinct phases can be identified in the XRD patterns, which are the
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Figure 1. a) Magnified FE-SEM images of all samples with different Fe concentration, x, of 0, 0.2, 0.4, 0.6, 0.8, and 1.0. b) XRD patterns of SCF/CF.
c) X-ray photoelectron spectra of SCF/CF. d) TEM images of a) SCF/CF and e) Corresponding HRTEM patterns.

SrCo0.4Fe0.6O3 (SCF, PDF # 46-0335) perovskite phase and the
CoFe2O4 (CF, PDF # 22-1086) spinel phase. This evidence proves
the successful synthesis of the SCF/CF nanocomposite. The crys-
tal phase results for other samples with varying Fe content are
presented in Figure S1 (Supporting Information), indicating that
these samples can maintain a single perovskite phase. The XPS
results in Figure 1c demonstrate that the elemental composition
(Co, Fe, Sr, and O) of SCF/CF is consistent with the XRD results.
To further confirm the presence of the SCF/CF phase, transmis-
sion electron microscopy (TEM) and high-resolution transmis-
sion electron microscopy (HRTEM) analyses were performed.
The morphology observed in Figure 1d is consistent with the
SEM results as shown in Figure 1a. More importantly, Figure 1e
reveals two distinct lattice fringes. A spacing of 0.272 nm can be
attributed to the (1 1 0) lattice planes of SrCo0.4Fe0.6O3, while the
spacing of 0.253 nm corresponds to the (3 1 1) lattice planes of
CoFe2O4. Detailed information on the derivation of this spacing
data is provided in Figure S2, Supporting Information. These re-
sults provide strong evidence for the successful fabrication of the
SCF/CF nanocomposite using the one-step method used in this
work.

The valence states of SCF/CF nanocomposite are identified by
XPS analysis with all the binding energy values calibrated against
the C 1s peak located at 284.8 eV (Figure 1c). Detailed deconvo-
lution results are given in Figure 2a−c for Co 2p, Fe 2p, and O
1s in SCF/CF, respectively. In Figure 2a, the peaks with a bind-
ing energy of 779.7 and 794.6 eV represent the existence of Co3+,

while peaks at 780.8 eV and 795.5 stand for Co4+. This result is
consistent with previous report[22] about SrCo0.2Fe0.8O3-𝛿 . In such
non-stoichiometric perovskite with inherent oxygen vacancies,
the B-site metals, like Co/Fe in SCF, are likely to exhibit multiple
valence states to maintain valence equilibrium within the com-
pound. It is important to note that although the catalysts initially
form oxygen vacancies during preparation, they may experience
surface reconstruction when exposed to highly oxidized poten-
tials during OER. This can lead to the oxygen re-filling into the
vacancies, which was proven by our recent theoretical work[23]

via surface Pourbaix computations. This phenomenon reinforces
the validity of employing stoichiometric forms as the basis for
structural modelling in subsequent theoretical computations. As
for the peaks at 781.9 and 796.7 eV, they can be attributed to
Co2+.[24] The presence of divalent cobalt is a strong indicator of
the existence of the second spinel CoFe2O4 phase, within which
the cobalt cations are predominantly in a +2-valence state. This
observation aligns with the known valency characteristics in the
structure of CoFe2O4. Meanwhile, this can further verify the suc-
cessful preparation of SCF/CF nanocomposite. As for Fe cations
in Figure 2b, Fe3+ can be represented by the peaks at 710.2 and
723.4 eV, while Fe4+ is depicted by peaks with a binding en-
ergy of 712.5 and 725.1 eV. This results also align with previous
research.[22] In the O 1s core level spectra (Figure 2c), four distinct
peaks can be identified which aligns with previous studies.[25]

Specifically, the peak with a binding energy of 528.1 eV is due to
lattice oxygen represented by O2

−. The peak located at 529.63 eV
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Figure 2. XPS high-resolution spectra of: a) Co 2p; b) Fe 2p; c) O 1s.

can be ascribed to O2
2−/O−, the superoxidative oxygen species.

These species have been proven to be very beneficial for OER.[26]

The SCF/CF nanocomposite possesses considerable content of
O2

2−/O− indicating an excellent performance, which is further
investigated in the theoretical study section. As for the peak at
531.2 eV, this is the signal of surface adsorbed molecular oxygen
or hydroxyl groups. In addition, the O signal from molecular H2O
shows a binding energy of 532.3 eV.

2.2. Catalytic Activity Studies

The electrocatalytic activities were evaluated through linear
sweep voltammetry (LSV) in a three-electrode system with 1 m
KOH as reaction medium. As can be seen in Figure 3a,b
and Figure S3 (Supporting Information), SCF/CF exhibits
the best OER activity with the lowest overpotential under

10 mA cm−2 among all the samples investigated, including the
pure SrCo0.4Fe0.6O3 and CoFe2O4, which is only 294 mV, much
lower than that of commercial RuO2 (340 mV). For a wider com-
parison, a summary of the OER performances of the different
perovskite oxides reported in the literature can be found in Table
S1 (Supporting Information). It is clear from the comparison
that the SCF/CF nanocomposite synthesised in this work ranges
among the best performing materials of the perovskite families
previously reported, with the advantage of having a very simple
and low-cost preparation method. The Tafel plots in Figure 3c
provide information on the reaction kinetics for the OER. By
analysing these plots, one can extrapolate important information
on the performance of the electrocatalysts (the lower the slope,
the better the kinetics). It can be observed that SCF/CF exhibits
the lowest Tafel slope of 64.8 mV dec−1, hence the highest OER
activity.

Figure 3. a) LSV curves of different samples; b) LSV curves of commercial RuO2 and SCF/CF; c) Tafel slope of all samples; d) EIS curves; and e)
double-layer capacitances (Cdl) of all samples with different Fe concentration; and (f) chronoamperometry curves of SCF/CF (110 h).
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The charge transfer ability is another crucial factor that deter-
mines the catalytic performance. To investigate this aspect, elec-
trochemical impedance spectroscopy (EIS) was employed to char-
acterize the charge transfer abilities of all the catalysts studied in
this work. A smaller semicircle in the EIS plot indicates a bet-
ter charge transfer ability. In Figure 3d, it is evident that SCF/CF
exhibits the highest charge transfer ability, further indicating its
superior OER performance. Meanwhile, the impedance can also
be derived from this figure. Clearly, the intersection points of
each plot with the x-axis on the left side are different. This can
further clarify the unique performance of SCF/CF when com-
pared with other samples. Moreover, cyclic voltammetry (CV)
was employed to determine the electrochemical active surface
area (ECSA), which is also a critical parameter to evaluate when
investigating the OER activity of a catalyst. The corresponding
CV data for different Fe concentration is shown in Figure S4
(Supporting Information). More precisely, ECSA is directly pro-
portional to the amount of the double layer capacitance Cdl. Inter-
estingly, in Figure 3f, the Cdl of SCF/CF (0.852 μF cm−2), is much
lower than that of SC (4.46 mF cm−2), which indicates that this
nanocomposite performs well than other samples with different
Fe contents. Nevertheless, based on its superior OER activity, we
can rationally speculate that the ECSA is not the key factor dom-
inating the intrinsic performance. Finally, the catalytic stability
of SCF/CF in alkaline media is evaluated by chronoamperome-

try and the result is given in Figure 3f. SCF/CF exhibits a con-
siderable durability for 110 h at an applied potential of 1.56 V
versus RHE without obvious degradation. The morphology after
this long-time durability test is examined by FE-SEM, as shown
in Figure S5 (Supporting Information). Clearly, SCF/CF can re-
tain its structure which can also clarify the considerable stability.

2.3. Theoretical Analysis

To provide more insights into the performances of the SCF/CF
nanocomposite, density functional theory (DFT) calculations and
microkinetic modeling were performed to analyse the origin of
the superior OER activity of the material. To address the com-
putational complexity and lattice mismatch between SCF and
CF, we developed a simplified hypothesis for the nanocompos-
ite structure by constructing two individual surface models. This
approach facilitates a comprehensive understanding of the in-
terplay between different phases within a composite structure.
To note, the SrCo0.375Fe0.625O3 (Figure S6, Supporting Informa-
tion) ordered phase was used to approximate the structure of
SrCo0.4Fe0.6O3. According to our recent study,[21a] the real states
of TMOs surfaces (i.e., the surface coverage and vacancy infor-
mation) may significantly differ from their stoichiometric pris-
tine forms under electrochemical working conditions. These

Figure 4. Calculated 2D surface Pourbaix diagrams as the function of potential (vs SHE) and pH (T = 298.15 K) for: a) SCF (001); b) CF (110). Plot of
the electrostatic potential along the z-direction: c) SCF (001); d) CF (110) surfaces. The Fermi energy (Ef), electrostatic potential of the vacuum region
(Vvac) and work function (Φ) are indicated. e) The derived microkinetic volcano activity model for OER. Insets are the atomic models for SCF (001), CF
(110), and CF (110) covered by 5/8 ML O*. Note that the GO−GHO value for pristine CF (110) is ≈3.07 eV, which is far from the volcano peak and is
not shown in this figure. The data for RuO2 was based on the identified surface state with the result from previous work.[23] Gray, green, blue, and red
spheres denote Sr, Fe, Co, and O, respectively.
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differences will lead to a distinct reaction mechanism, thereby
it is indispensable to conduct a computational surface state prob-
ing. The 2D surface Pourbaix diagrams are shown in Figure 4a,b
for SCF (001) and CF (110), respectively. Under alkaline OER con-
ditions, SCF (001) remains in its pristine form while CF (110) is
covered by ˜5/8 ML O*. The detailed 1D surface Pourbaix di-
agrams are given in (Figures S7,S8, Supporting Information).
From this coverage case, the layout of this nanocomposite can be
derived and is displayed in the inset. Since the parent SCF sur-
face exhibits an inert adsorption capacity for O* and HO*, it re-
mains a stable substrate for the second CF phase. Conversely, the
CF surface exhibits a favorable adsorption behavior toward HO*
and O* species, rendering it an active phase for the OER reaction.
This structural layout model can be further supported by the re-
sults of work function calculations,[27] as shown in Figure 4c,d.
The work function value (Ф) for CF is significantly lower than
that of SCF, indicating that electrons on the CF (110) surface are
more easily activated to interact with adsorbates. Combining with
the observed superior OER performance of SCF/CF, it can be in-
ferred that the CF (110) spinel phase tends to be present near
the surface of this nanocomposite, which is responsible for the
adsorption of intermediates. The work function of pure SrFeO3
(x = 1) and SrCoO3 (x = 0) are also shown in Figure S9 (Sup-
porting Information) for comparison. We further analyze the ac-
tivity of SCF (001), pristine CF (110), and CF (110) covered by
5/8 ML O* based on a state-of-the-art OER microkinetic volcano
model.[28] Various possible potential-dependent kinetics and ther-
modynamics involving in the OER process[28,29] are considered in
this model, making it more accurate than a conventional thermo-
dynamic model. In Figure 4e, the best performance is observed
for the 5/8 ML O*-covered CF(110), approaching the theoretical
optimum activity of the volcano model. This conclusion suggests
that the second CF spinel oxide is the active phase accounting for
the superior activity of this SCF/CF nanocomposite.

3. Conclusion

In summary, a remarkably active nanocomposite comprised of
SrCo0.4Fe0.6O3/CoFe2O4 perovskite/spinel phases was synthe-
sized for the first time via a simple doping-induced method. By
introducing Fe into SrCoO3-𝜎 matrix, the second CoFe2O4 spinel
phase can be directly precipitated from the parent SrCo0.4Fe0.6O3
perovskite phase (when the content of Fe dopant is 60%) with-
out additional metal precursors. This nanocomposite shows a re-
markable alkaline OER activity and stability with a small over-
potential of 294 mV to reach 10 mA cm−2 current density and
a Tafel slope of only 64.8 mV dec−1. The origin of this high
activity is then revealed by DFT calculations and microkinetic
modeling. Firstly, by surface state probing, the parent SCF is
shown to be inert for oxygen-containing species (i.e., O* and
HO*), suggesting that it can act as a stable substrate accommo-
dating second phase. Regarding the CF, this tends to be cov-
ered by ˜5/8 ML O*, showing a favorable affinity for oxygen-
containing species involved during OER. The work function anal-
ysis indicates that the surface electrons of CF are more easily ac-
tivated to interact with the adsorbates, thereby making the sec-
ond CF phase the active site for OER. Activity analysis based on
the state-of-art OER microkinetic models further proves this re-
sult in which the 5/8 ML O*-covered CF exhibits an activity ap-

proaching the theoretical optimum of the model. Herein, a syn-
ergetic effect between these two phases is identified, in which
the parent SCF phase as the substrate is responsible for the sta-
bility while the in situ generated CF phase accounts for its con-
siderable OER activity. This work introduces a feasible approach
to conduct theoretical investigations on complex nanocompos-
ites, particularly those affected by lattice mismatch challenges.
When facing these structural predicaments, the synergistic ef-
fects can still be effectively examined by two separate models us-
ing surface state analysis, work function computation and mi-
crokinetic investigation. Furthermore, this study demonstrates
the successful integration of perovskite and spinel oxides to cre-
ate a highly active and stable nanocomposite that can serve as a vi-
able substitute for noble metal-based materials in energy-related
applications.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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