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cilitated in situ exsolution of CoFe
alloys over Ba0.5Sr0.5Co0.8Fe0.2O3−d perovskite
toward enhanced oxygen electrocatalysis for
rechargeable Zn-air batteries†

Yasir Arafat, a Muhammad Rizwan Azhar,b Yijun Zhong, a Ryan O'Hayre, c

Moses O. Tadéa and Zongping Shao *a

Cobalt-based perovskites are promising electrocatalysts for the oxygen evolution/reduction reaction (OER/

ORR), while their surfacemodification with nanoparticles may further improve the performance. In the past,

in situ exsolution of a metal (alloy) over a perovskite surface promoted by a H2 atmosphere has been widely

applied in developing nanoparticle modified anode materials for solid oxide fuel cells. However, it is a big

challenge to apply this strategy for synthesizing cobalt-rich perovskite oxides for oxygen electrocatalysis

due to their poor phase stability under a highly reducing atmosphere. Here, we report another strategy

of organic ligand-facilitated in situ exsolution under a N2 atmosphere for developing CoFe nanoalloys

over Ba0.5Sr0.5Co0.8Fe0.2O3−d (BSCF) perovskite as an air electrode for zinc-air batteries (ZABs). The

BSCF–CoFe interface, newly generated oxygen vacancies and Co–N–C porous networks provide

conduction pathways for oxygen ions and electrons, leading to the enhanced electrochemical bi-

functional performance. BSCF/CoFe offers OER activity, while Co–N–C and CoFe contribute to the ORR

activity. Interestingly, the exsolved CoFe alloy also considerably promotes the ORR selectivity, leading to

a 4e− pathway. Consequently, ZABs integrated with the bi-functional electrocatalyst exhibit a favourable

potential gap of 0.835 V at a discharge/charge current density of 5 mA cm−2, and the cell operates

stably without obvious degradation for over 250 h.
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Introduction

In the wave of gradual transition from fossil fuels to more
sustainable energy resources (viz. solar, wind, etc.), energy
storage systems are indispensable to overcome their intermit-
tent nature.1 Over the last few decades, lithium-ion batteries
have been intensively developed as power sources for portable
electronic devices. More recently, alternative energy storage
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devices with higher energy density and better cost effectiveness
have been highly searched for. Interestingly, metal-air batteries
consisting of a metal as an anode and air as an active cathode
material have demonstrated high energy density.2,3 The high
energy density of metal-air batteries may be associated with the
air accessible from the ambient atmosphere because it is not
stored inside the cell.4 In this context, Zn-air batteries (ZABs)
stand out because of their high theoretical energy density
(1350 W h kg−1, about 3 times higher than that of Li-ion
batteries), inherent safety, low cost for abundant zinc
resources, and the environmental benignity.

The operation principle of ZABs involves oxygen redox
reactions at the air electrode and zinc redox reactions at the
counter electrode. It is now well demonstrated that the sluggish
redox reactions at the air electrodemainly limit the capacity and
stability of ZABs. During the discharge/charge process, the
oxygen reduction reaction (ORR) and oxygen evolution reaction
This journal is © The Royal Society of Chemistry 2023
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(OER) happen respectively, which are kinetically sluggish
because of their four electron transfer nature,5 causing high
overpotential and low energy efficiency. The poor air electrode
performance has been one of the main obstacles towards the
practical application of ZABs in energy sectors. Therefore, it is
crucial to design an efficient oxygen electrocatalyst to expedite
the bi-functional (OER/ORR) activities.6

In the past, precious metal-based catalysts have been widely
exploited for speeding up oxygen redox reactions, and IrO2 (or
RuO2) and platinum (Pt), supported on carbon materials, are
currently the benchmarks for OER and ORR catalysts, respec-
tively. Nevertheless, these noble metals are exorbitant, scarce
and inferior in terms of stability, making them impracticable
for commercial purposes for oxygen electrolysis and ZABs. This
calls for the development of an alternative cost-effective,
precious metal-free, bi-functional electrocatalyst as an air elec-
trode for ZABs, which should possess binary active sites for both
the OER and ORR.

Recently, Co-based nonprecious-metal-containing
compounds have attracted signicant attention as air elec-
trodes for Zn-air batteries.7–10 Notably, perovskite oxides have
been recognized as promising oxygen electrocatalysts due to
their low cost, tunable composition and favourable activity.11,12

Nevertheless, most of the available perovskite oxides display
insufficient bi-functional (OER/ORR) activity. Moreover, some
perovskites suffer from low stability and poor electrical
conductivity. Therefore, to realize the application of available
perovskite materials in ZABs, it is imperative to conduct further
ne-tuning of perovskite materials.

Interestingly, in situ metal exsolution has emerged as
a promising catalyst design strategy for various applications,
including the energy sector.13–15 This ameliorates catalytically
active centres and thus the electrocatalytic activity of perovskite-
related oxides. Exsolution can selectively induce the dispersion
of B-site transition metal atoms over the surface of perovskite or
pyrochlore oxides at a high temperature under a reducing
atmosphere. As a result, the oxide substrate provides conduc-
tion pathways for oxygen ions and electrons, and the exsolved
metallic nanoparticles serve as highly active centers.16,17

Notably, the latest research ndings have prioritized the exso-
lution of alloys over exsolved single metals owing to their
exceptional features.18,19 For instance, in situ exsolved CoFe
nanoalloys decorated on La1−xSrxCo1−yFeyO3−d (LSCF) perov-
skite oxides have demonstrated excellent OER activities owing
to their fast oxygen surface exchange kinetics.20,21 Their high
activity originates from the in situ created metal–oxide interface
developed between CoFe alloy nanoparticles and LSCF perov-
skite (CoFe@LSCF).19,22 Interestingly, the CoFe alloy might
function as a bi-functional (OER/ORR) electrocatalyst in
conjunction with other materials such as carbon.23–26 However,
the co-segregation/exsolution of the CoFe alloy is challenging
because the segregation energy of Fe is higher than that of Co.
To gure out the segregation energy of transition metals, Kim
et al. doped several transition metals into PrBaMn1.7X0.3O5−d (X
= Mn, Co, Ni, and Fe) and established that exsolution occurred
in the following trend: Mn > Co > Ni > Fe. Thus, cobalt metal is
more prone to exsolution, while Fe is the hardest one to be
This journal is © The Royal Society of Chemistry 2023
exsolved owing to its highest segregation energy.27,28 Therefore,
it requires high thermal treatment under a reducing atmo-
sphere. On the other hand, in situ exsolution of perovskites
under highly reducing atmospheres would experience complete
reduction, leading to inadequate electrocatalytic perfor-
mance.16,19 For instance, Song et al. reported CoFe nanoalloys
decorated on La2O3 where CoFe nanoalloys were in situ exsolved
from LaCo0.8Fe0.2O3−d.29 The CoFe/La2O3 catalyst displayed
notable OER performance via transformation of CoFe nano-
alloys into (Co/Fe)O(OH) intermediates in an alkaline medium.
It is notable that LaCo0.8Fe0.2O3−d perovskite was completely
disintegrated into OER active sites (CoFe nanoalloys) and OER
inactive sites (La2O3). As a result, a synergistic effect could not
be developed between the La2O3 support and CoFe nanoalloys.
Thus, it is challenging to control the extent of exsolution via
conventional thermal H2 reduction.

Herein, we devised a novel approach, allowing the in situ
exsolution of CoFe nanoalloys over the surface of Ba0.5Sr0.5-
Co0.8Fe0.2O3−d (BSCF), a benchmark perovskite for the OER
under a reducing atmosphere,30 while protecting the main
perovskite structure. The key point of this strategy is the
application of 2-methyl imidazolate (2-MIM), an organic ligand
as a mild reducing agent. Such an organic ligand could break
the bottleneck of co-exsolution of CoFe alloys, leading to a high
level of metal exsolution in a N2 atmosphere. The as-prepared
electrode showed superior catalytic activity for both the OER
and ORR and displayed a potential gap of DE = Ej=10 − E1/2 =
0.82 V in the whole region of the OER and ORR. By applying it as
an air electrode without an external carbon additive, the cell
showed a low discharge and charge voltage gap (DEDC) of
0.835 V at 5 mA cm−2, and superior cycling stability without
noticeable performance degradation over a period of more than
250 h. As a universal method, it may also be applicable for other
perovskites or different structured oxides to develop
outstanding bi-functional electrocatalysts for metal-air batteries
or other applications, thus showing great application merits.
Experimental
Synthesis of CoFe alloys and Co–N–C decorated BSCF

The organic ligand, 2-methylimidazole (2-MIM) was added into
50 mL methanol solvent and continuously stirred until the
complete dissolution of 2-MIM occurs. Another solution con-
sisting of 1.5 g of surfactant (F-127) and 50mLmethanol solvent
was continuously stirred followed by the addition of BSCF
powder to achieve an even dispersion. Subsequently, the
previously prepared 2-MIM solution was gradually added into
this solution at room temperature, whereas stirring was
continued. Aer 3 h of stirring, the resultant solution was aged
for 24 h to dry at room temperature. Following a similar
synthesis scheme, three different composite materials were
fabricated by changing the loading of BSCF (0.124, 0.186 and
0.248 g), while keeping the concentration of 2-MIM xed at
1.5 g. Eventually, the samples were heat treated in a tube
furnace at 750 °C (N2 atmosphere) at a ramp rate of 2 °C min−1.
The samples were kept at 750 °C for 2 h and then naturally
J. Mater. Chem. A, 2023, 11, 12856–12865 | 12857
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cooled down. These samples were named CoFe–Co–N–C–B1,
CoFe–Co–N–C–B2 and CoFe–Co–N–C–B3.

ZIF-67 dodecahedron crystals were fabricated by employing
the conventional synthesis strategy as reported earlier using
optimal amounts of precursors such as cobalt salt (cobalt nitrate
hexahydrate) and a 2-MIM organic linker.31 To evaluate the
inuence of exsolved cobalt metallic species on the formation of
ZIF-67 crystals (Co–N–C) and eventually on the electrocatalytic
activity, three samples consisting of different loadings of the
cobalt precursor such as 1.364, 1.424 and 1.488 g (i.e. 110, 115,
and 120% Co respectively) were synthesized. Finally, the samples
were calcined at 750 °C in a N2 atmosphere at a rate of 2 °Cmin−1

and then dwelled at 750 °C for 2 h before they were naturally
cooled down. The ZIF-67 derived sample was named Co–N–C.
Characterization of catalysts

Material characterization studies. Phase analysis of the
oxygen electrocatalysts was conducted by XRD (D8 Discover, Cu
Ka radiation, Bruker AXS) as well as by HRTEM (FS200X G2, FEI
Talos). The N2 sorption isotherms were obtained at 77 K using
a Tristar II plus (ASAP 2020 HD88, Micrometrics). The pore size
distributions were collected using the Barrett–Joyner–Halenda
(BJH) model employing the adsorption isotherms. The oxida-
tion states of the samples were obtained by using XPS (Al Ka
radiation). High-resolution elemental dispersion was captured
by an EDS mapping device installed with the FEI Talos. Ther-
mogravimetric analysis of samples was conducted by employing
a STARe system (Mettler Toledo instrument) in the air.

Evaluation of oxygen electrocatalytic activity. OER as well as
ORR activities of the oxygen electrocatalysts were evaluated
using a three-electrode glass cell, namely a working electrode
(glassy carbon of 5 mm in diameter), counter electrode (Pt spiral
encased in a glass tube) and reference electrode (Ag/AgCl in 4 m
KCl) in a 0.1 M KOH solution. The catalyst ink was prepared by
dispersing 10 mg of catalyst without addition of any conductive
carbon in a solution consisting of ethanol (1 mL) and 5%Naon
117 (0.1 mL) for 1 hour using an ultrasonic bath. Subsequently,
ink (5 mL) was drop-cast on the disc of the RDE. The proles of
linear sweep voltammetry were recorded on a potentiostat
(CHI760E, bipotentiostat, USA) at a scan rate of 5 mV s−1 with
the disc rotating at a speed of 1600 rpm.

The potentials were recorded versus Ag/AgCl and were
transformed into reversible hydrogen electrode potentials
(RHE) using the following equation:

ERHE ¼ E

�
Ag

AgCl

�
þ 0:199þ 0:0591� pH (1)

The peroxide yield and electron transfer number (n) gener-
ated by the catalysts were evaluated by employing a rotating
ring-disk electrode assembly. The working electrode consisted
of a disc (5.61 mm) and a Pt ring (external diameter: 6.25 mm
and internal diameter: 7.92). The values for the electron transfer
number (n) and peroxide yield were computed using the
following equations:
12858 | J. Mater. Chem. A, 2023, 11, 12856–12865
n ¼ 4� Id�
Id þ Ir

N

� (2)

HO2
� ð%Þ ¼ 200�

Ir

N�
Id þ Ir

N

� (3)

Assembling and evaluation of rechargeable Zn-air battery
performance. The assembly of a ZAB is composed of an anode
(zinc plate), electrolyte [6 M KOH + 0.2 M Zn(Ac)2] and an air
cathode (catalyst loaded on carbon paper). The air cathode was
prepared by drop casting the same catalyst ink (50 mL) on the
gas diffusion layer of carbon paper (diameter: 8 mm) to give
a mass loading of 1 mg cm−2. Galvanostatic charging/
discharging and cycling stability of Zn-air batteries were
assessed using a battery testing system (LANHE CT2001A),
while electrochemical evaluations were conducted using the
potentiostat (VSP Biologic).
Results and discussion
Physicochemical characterization studies

A schematic diagram illustrates the synthesis of CoFe nanoalloy-
decorated BSCF based on the organic ligand-assisted in situ
exsolution method. For the synthesis, the BSCF perovskite sample
was rst prepared via a sol–gel method. Then, 2-MIM organic
ligand was introduced as a mild reducing agent. 2-MIM may
induce the etching of surface cobalt of BSCF and coordinate to
form a ZIF-67-like material at room temperature, as demonstrated
by FTIR (Fig. S1†). The surface ZIF-67 modied BSCF was then
ltered from the suspension and calcined at 750 °C in a N2

atmosphere. During the calcination, ZIF-67 was pyrolyzed with the
formation of Co–N–C, while the reducing atmosphere created
during the pyrolysis induced the co-exsolution of partial Co and Fe
from the perovskite lattice with the formation of CoFe nanoalloys,
which together with Co–N–C co-decorated over the BSCF surface.

A schematic illustration of in situ CoFe exsolution over the
surface of BSCF perovskite via organic ligand reduction fol-
lowed by thermal treatment in a N2 atmosphere.

Ba0:5Sr0:5Co0:8Fe0:2O3�d þ 2C4H6N2 �!Co2þ
Ba0:5Sr0:5Co0:8�yFe0:2O3�d þ C8H10N4Coþ V

��

o þH2O (4)
This journal is © The Royal Society of Chemistry 2023
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Ba0:5Sr0:5Co0:8�yFe0:2O3�d/

Ba0:5Sr0:5
�
Co0:8�yFe0:2

�
1�z

O3�d þ CoFeþ V
��

o (5)

To conrm the effectiveness of our strategy for the synthesis
of CoFe nanoalloy modied BSCF, three precursors with
different BSCF to 2-MIM ratios, i.e., CoFe–Co–N–C–Bx (x = 1, 2,
3), and reference ZIF-67 catalysts were investigated by ex situ
XRD with the patterns as shown in Fig. 1a and S2.† The main
diffraction peaks of the three CoFe–Co–N–C–Bx samples
matched well with that of phase-pure BSCF (Fig. S3†). It
suggests that the main perovskite of BSCF was successfully
maintained aer the calcination in a nitrogen atmosphere for
the precursors. From a careful observation of the XRD patterns,
it was found that there were four crystalline phases inside the
samples: (i) the main BSCF-related perovskite phase; (ii)
graphitic carbon as shown by the characteristic peaks at 2q= 26
and 43°, corresponding to the (002) and (100) planes of sp2

carbon and sp3 carbon; (iii) metallic Co species, as evident by
the intense diffraction peaks at 2q = 44.1, 52.0 and 75.7°, cor-
responding well to (111), (200), and (220) reections, and (iv)
FeCo alloys, by observing characteristic peaks as manifested by
2q = 44.8, 65.3 and 82.7°, matching the (110), (200) and (211)
crystal facets. It is well known that cobalt species can promote
the graphitization of carbon during pyrolysis. Thus the forma-
tion of graphitic carbon was likely catalysed by the exsolved
metallic species at high temperature.32

To observe the phase transformation during the calcination,
the thermal decomposition behaviour of the precursor was
Fig. 1 XRD patterns of CoFe–Co–N–C–B2 and ZIF-67 derived Co–
N–C samples after thermal treatment and (b) thermogravimetric
analysis of CoFe–Co–N–C–B2. (c) HAADF-STEM images of carbon-
ized CoFe–Co–N–C–B2 and its corresponding elemental mapping
images.

This journal is © The Royal Society of Chemistry 2023
analyzed by TGA in a nitrogen atmosphere (Fig. 1b and S4†).
From Fig. 1b in combination with XRD and XPS (will be dis-
cussed later), the decomposition process can be well separated
into three main stages: (i) evaporation of adsorbed water (<100 °
C); (ii) decomposition of the metal organic framework (Co–N–
C), which happened at 300–450 °C, and (iii) the loss of lattice
oxygen as a result of in situ exsolution of the CoFe alloy aer the
reduction of oxides of Co and Fe at high temperature (700–900 °
C). It could be gured out that the 2-MIM organic ligand facil-
itated the reduction of the perovskite accompanied the gener-
ation of oxygen vacancies. Subsequently, cobalt species co-
ordinated with 2-MIM with the generation of B-site cation
defects and oxygen vacancies. In turn, the segregation energy of
Fe exsolution signicantly reduced, leading to the exsolution of
CoFe alloy nanoparticles followed by the thermal treatment.
Furthermore, N-doped carbon also contributed to exposing the
maximum BSCF perovskite active sites as demonstrated by the
high surface area (Table S1 and Fig. S5†).

To get more structural and compositional information,
atomic-scale high angle annular dark-eld (HAADF) and energy-
dispersive X-ray spectroscopy (EDS) chemical mapping experi-
ments were conducted, which conspicuously display the selec-
tive metal exsolution and phase segregation of BSCF. Fig. 1c
demonstrates the uniform distribution of Ba, Sr and O inside
the sample. As a whole, Co and Fe were evenly distributed;
however, some metallic Co/Fe islands on the sample surface
Fig. 2 Morphological analysis of CoFe–Co–N–C–B2, (a) scanning
electron microscopy (SEM) and (b) and (c) HRTEM images and (d)
corresponding fast Fourier transform (FFT) patterns. (e) and (f) HRTEM
images representing CoFe alloy. (g) EDS chemical mapping. (h)
selected area electron diffraction (SAED) and (i) HRTEM image and the
corresponding FFT patterns representing graphitic carbon. (j) and (k)
HRTEM images representing BSCF and (l) corresponding FFT patterns.
(m) HAADF-STEM images of carbonized CoFe–Co–N–C–B2 and its
corresponding elemental mapping images.

J. Mater. Chem. A, 2023, 11, 12856–12865 | 12859
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were also observed, indicating the metal exsolution and CoFe
alloy segregation. In combination with the HAADF (Fig. S6† and
2m) and XRD results, it can be inferred that Co/Fe co-exsolution
was indeed eventuated, leading to the formation of a CoFe alloy
phase. In turn, the CoFe alloy nanoparticles were immobilized
by the porous carbon network. Aer the pyrolysis, Co–N–C and
CoFe–N–C networks were generated, together with BSCF. The
intimate connection between BSCF and other metallic species
and N-doped graphitic carbon will expedite the electronic
movement, which benets the oxygen electrocatalysis.

To gain further insight into the crystal evolution of the CoFe–
Co–N–C–B2 catalyst on an atomic scale, high-resolution TEM
observation was conducted with the results shown in Fig. 2 and
S6.† Fig. 2b and c depict the lattice spacings of 0.201 and
0.203 nm, which are consistent with the diffraction planes (111)
and (110) of the Co metallic species and CoFe alloy, as
conrmed by XRD. Moreover, the corresponding fast Fourier
transformed (FFT) images are also in good agreement with the
lattice spacing. Another lattice fringe of 0.203 nm, representing
the dark core in Fig. 2e, could again be attributed to the (1 1 0)
facet of the CoFe alloy, as conrmed by EDS mapping (Fig. 2e–
g). Fig. 2h displays selected area electron diffraction (SAED) and
represents the diffraction of the (110), (111) (200), (211), and
(220) planes of metallic Co, CoFe alloy, BSCF and graphitic
carbon. The high-resolution TEM image also reveals the dark
cores in Fig. 2i and S7,† corresponding to the CoFe alloy and
metallic Co nanoparticles, which were encapsulated by carbon
shells. The interplanar spacing of the outer shell was found to
be 0.34 nm, attributed to the (002) plane of graphitic carbon. It
is noticeable that Co nanoparticles were entirely encapsulated
by graphitic carbon layers, providing total adhesion and pro-
tecting them against dissolution.33,34 In addition, the lattice
fringes with interplanar spacings of 0.24 and 0.28 nm were also
observed, ascribed to the BSCF perovskite, matching well with
the corresponding FFT patterns (Fig. 2j–l).35 According to Fig. 2j
and S6,† such BSCF particles were also encapsulated by the
carbon layers.

It is recognized that the activity of a catalyst is closely related
to its electronic structure. The elemental composition and
electronic structure of the samples were scrutinized by X-ray
Fig. 3 (a) XPS survey spectrum of the CoFe–Co–N–C–B2 composite
and the high resolution deconvoluted XPS spectrum of (b) Co 2p of
BSCF, (e) CoFe–Co–N–C–B2, (d) Fe 2p of CoFe–Co–N–C–B2, (c) O
1s of BSCF and (f) CoFe–Co–N–C–B2.

12860 | J. Mater. Chem. A, 2023, 11, 12856–12865
photoelectron spectroscopy (XPS). The XPS survey scan of the
CoFe–Co–N–C–B2 sample showed the concomitance of Ba, Co,
Fe, Sr, C and N elements, which composed the whole catalytic
system. The high-resolution XPS spectrum of Co 2p demon-
strates two major doublets namely Co 2p3/2 and Co 2p1/2, as
shown in Fig. 3b and e. Clearly, Co 2p deconvoluted into two
peaks namely Co2+ and Co3+ in BSCF, while CoFe–Co–N–C–B2
deconvoluted into three peaks Co0, Co2+ and Co3+.

In a similar fashion, the XPS high resolution spectrum of Fe
2p may be deconvoluted into Fe0 (707.5 and 719.11 eV), Fe2+

(710.9 and 720.1 eV), and Fe3+ (713.3 and 724.0 eV) spectra. The
concomitance of Co0 and Fe0 further suggests the formation of
CoFe alloys.36,37

The oxidation states of O 1s of pristine BSCF (Fig. 3c) and
CoFe–Co–N–C–B (Fig. 3f) were also investigated by XPS. Two
types of oxygen species were observed: oxygen species adsorbed
on the surfaces of BSCF perovskite oxide and the lattice oxygen
species in the perovskite crystals. The higher binding energy of
CoFe–Co–N–C–B2 in contrast to pristine BSCF indicates the
increased amount of oxygen vacancies, which are benecial for
oxygen electrocatalysis.

It is well known that the catalytic activity of carbon materials
could be well tuned via heteroatom doping such as N, B or S.38

The different electronic structure and coordination environ-
ment of the dopant may signicantly affect the catalytic activity
of the surrounding carbon atoms. It was found that for the N 1s
peak, it may be deconvoluted into four prominent peaks at
397.9, 398.9, 400.1, 401.1 and 403.2 eV, which are attributed to
pyridinic N, Co–N bond, pyrrolic N, graphitic N and oxidized N
species, respectively (Fig. S8a†). Higher proportions of pyrrolic
and pyridinic N species are considered benecial to promote
OER and ORR electrocatalysis because of their strong interac-
tion with oxygen reaction intermediates.39 Moreover, pyrrolic
and pyridinic N moieties are capable of suppressing the energy
barrier for oxygen adsorption and enhancing the ORR catal-
ysis.40,41 In addition, pyridinic and graphitic N were reported to
improve the limiting current density and to reduce the onset
potential for the ORR.42 It was believed that the N heteroatom
doped into the carbon lattice induces charge delocalization in
the p conjugation due to electronegativity differences causing
an uneven charge distribution in the neighbouring carbon
atoms.43 As a result, the density of free charge carriers increases
to boost the adsorption and reduction of oxygen, thereby facil-
itating ORR activity. Meanwhile, the peak at 285.7 eV, repre-
senting C–N, was observed for both Co–C–N and CoFe–Co–N–C–
B2 catalysts in the C 1s spectrum (Fig. S8b and c†).
Electrocatalytic performance

The electrocatalytic performance of the samples was rst eval-
uated using three-electrode cells. Fig. 4a and S9† illustrate the
current density vs. iR-corrected polarization curves of CoFe–Co–
N–C-Bx (x = 1, 2, 3) and Co–N–C, with BSCF and IrO2 as refer-
ence catalysts. The potential at which the anodic peak reaches
the value of 10 mA cm−2 was used as an OER activity descriptor.
It is obvious that CoFe–Co–N–C–B2 exhibited the highest OER
activity, even superior to that of BSCF. Interestingly, CoFe–Co–
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) iR-corrected LSV curves of the OER in O2-saturated 0.10 M
KOH solution at 1600 rpm; and (b) corresponding Tafel slopes. (c) iR-
corrected LSV curves of the OER for different loadings of Co in X%Co-
ZIF (X = 100, 110, 115 and 120%) in O2-saturated 0.10 M KOH solution
at 1600 rpm.

Fig. 5 (a) The LSV scans of the ORR in O2-saturated 0.10 M KOH
solution at 1600 rpm. (b) electron transfer number and percentage of
HO2

−. (c) the LSV scans of the ORR at different loadings of Co in X%
Co-ZIF (X = 100, 110, 115 and 120%) in O2-saturated 0.10 M KOH
solution at 1600 rpm. (d) overall polarization curves of optimal CoFe–
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N–C–B2 also exhibited a lower onset potential (∼1.405 V at 0.05
mA cm−2) for the OER. This may be attributed to the pre-
oxidation of Co2+ to Co3+ (CoOOH). It is noticeable that Co–N–
C also demonstrated reasonable OER activity, which implies
that exsolved Co metallic species and CoFe embedded in N-
doped carbon also contributed to augment the OER activity of
CoFe–Co–N–C–B2 coupled with BSCF. The corresponding Tafel
slopes, computed from the OER curves, represent the reaction
kinetics (Fig. 4b and S10†). The variation in Tafel slopes implies
that each catalyst possibly follows a different OER mechanistic
pathway. The lower value of the Tafel slope of CoFe–Co–N–C–B2
symbolizes the superior OER kinetics because it is capable of
delivering sufficient current with a modest increase in over-
potential.44 Consequently, it is anticipated that the activation
barrier for the OER will be sufficiently dropped.
This journal is © The Royal Society of Chemistry 2023
To investigate the inuence of exsolved cobalt metallic
species on OER catalysis, 2MIM was incorporated with different
loadings of cobalt and compared with ZIF-67 derived Co–N–C
(100% Co). Initially, when the loading of Co was increased, it
delivered a current density of j = 10 mA cm−2 at high over-
potential and subsequently OER performance increased at high
loading (Fig. 4c). So, the exsolved cobalt metal displayed
a strong inuence on the OER activity. The abrupt decline in the
OER activity of CoFe–Co–N–C–B1 and CoFe–Co–N–C–B3 could
be associated with the lower/higher exsolution of Co metal,
respectively (Fig. S9†). It implies that BSCF also provided an
opportunity to tailor the Co loading in the 2-MIM organic linker.
Consequently, it can be inferred that Co–N–C metal and the
encapsulation of CoFe alloys into the N-doped porous network,
coupled with BSCF, have achieved desirable outcomes in terms
of enhancing the OER catalysis.

The ORR performance was also studied using the same
technique, and evaluated based on the onset potential, half-
wave potential and limiting current density. It was interesting
to notice that the onset potential and half-wave potentials of
CoFe–Co–N–C–B2 and Co–N–C are exactly comparable (Fig. 5a).
Furthermore, the limiting current density of CoFe–Co–N–C–B2
in contrast with that of Co–N–C and commercial Pt/C increased
by 16% and 5%, respectively. The increment in the limiting
current density of CoFe–Co–N–C–B2, as compared to that of Co–
N–C, may be attributed to the additional benet provided by the
CoFe alloy embedded in the N-doped carbon network, coupled
with Co–N–C moieties. Moreover, the presence of N also caused
a favourable impact because it induced positive charges on the
adjoining carbon atoms as a result of the higher electronega-
tivity of N, which in turn reduced the adsorption barrier for
oxygen molecules.45,46 Similar to the OER, the inuence of
exsolved Co metal was also evaluated for ORR performance
Co–N–C, (ZIF-67-derived) Co–N–C and commercial Pt/C and IrO2 in
0.1 M KOH.
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(Fig. 5c). It followed a comparable trend as that of the OER and
justies the sudden drop in the ORR activity of CoFe–Co–N–C–
B1 and CoFe–Co–N–C–B3 with the same reason (Fig. S11†).
Thus, it may be inferred that the exsolved Co metal loading had
substantially contributed to the ORR.

The ORR mechanism was further studied based on the
rotating ring-disk electrode (RRDE) as shown in Fig. 5b. It was
found that the number of transferred electrons for CoFe–Co–N–
C–B2 is about 3.83. This points out that the reaction pathway for
CoFe–Co–N–C–B2 was dominated by a quasi-four electron
transfer pathway. The four-electron pathway is preferable
because it catalyses the ORR through 4e−, leading to the
complete reduction of O2. However, in the case of Co–N–C, the
number of transferred electrons started to drop with the growth
in potential until it reached 3.5 electrons. The selectivity of the
CoFe–Co–N–C–B2 catalyst towards the ORR was further
appraised by detecting the peroxide (HO2

−) intermediate yield.
It is interesting to notice that the CoFe–Co–N–C–B2 catalyst
experienced very low peroxide yield (10%) and remained
constant throughout the potential range. On the other hand, the
Co–N–C catalyst, which is recognized as an outstanding ORR
catalyst, produced a large peroxide yield. As the potential
increased so did the peroxide yield, which reached a value as
high as 23% for the Co–N–C catalyst. Therefore, the FeCo–N–C–
B2 catalyst is more effective at overcoming the energy barrier for
O–O bond breaking than Co–N–C, enhancing the ORR catal-
ysis.47,48 In turn, the amount of H2O2 generation was sufficiently
reduced as witnessed in the case of FeCo–N–C containing BSCF.
Meanwhile, the pristine perovskite BSCF proceeded through
varying the electron transfer number and peroxide yield, indi-
cating different pathways followed by pristine BSCF, making
them infeasible for ORR catalysis (Fig. S12†). These ndings are
consistent with the results of the RDE. Therefore, it is likely that
the exsolved Co and CoFe species from the BSCF lattice and
Fig. 6 (a) Bi-functional activity parameter DE, obtained by using
overall polarization curves of the OER at a current density of 10 mA
cm−2 and ORR at half-wave potential, (b) rechargeable zinc-air battery
test: galvanostatic charge/discharge test based on pristine BSCF/
carbon and IrO2–Pt/C catalysts tested for cycling stability at 5 mA
cm−2 and (c) galvanostatic charge/discharge test of the CoFe–Co–N–
C–B2 catalyst tested for cycling stability at 5 mA cm−2.

12862 | J. Mater. Chem. A, 2023, 11, 12856–12865
those embedded in N-doped carbon conspicuously contributed
to the enhanced ORR activity. Consequently, CoFe–Co–N–C–B2
turned out to be an excellent bi-functional (OER as well as ORR)
catalyst.

To conrm the superior bi-functionality of CoFe–Co–N–C–
B2, it was comparatively studied with Co–N–C and IrO2–Pt/C
using bi-functional activity metrics, i.e., the potential gap
(DE), obtained by the variance (DE = Ej=10 − E1/2) of Ej=10, the
potential at a current density of j = 10 mA cm−2 and E1/2, the
half-wave potential in the whole region of the OER and ORR
respectively. It can be observed that the CoFe–Co–N–C–B2
catalyst exhibited the lowest potential gap of 0.82 V (Fig. 5d).
The lowest potential gap obtained by the CoFe–Co–N–C–B2
catalyst also manifests its superior bi-functional (OER/ORR)
oxygen electrocatalysis. In contrast, the bi-functional activity
of the IrO2–Pt/C catalyst was not up to the mark (Fig. 6a). When
the comparative analysis of the bi-functional activities of all the
prepared catalysts and the reference catalysts was conducted,
CoFe–Co–N–C–B2 was found to be the optimal catalyst, exhib-
iting the lowest potential gap; therefore it may be employed for
the reversible oxygen reactions.
Zn-air battery performance

As the optimal catalyst CoFe–Co–N–C–B2 conforms to the
prerequisites (high electronic conductivity, high surface area,
excellent bi-functional (OER/ORR) oxygen catalysis, and porous
network) of an efficient oxygen electrocatalyst, which qualies it
to serve as an air electrode for ZABs. Therefore, as a proof of
concept, we deployed CoFe–Co–N–C–B2, BSCF and IrO2–Pt/C as
air electrodes for rechargeable ZABs to investigate their
rechargeability and cycling stability. It can be observed that the
CoFe–Co–N–C–B2 integrated ZAB delivered a relatively smaller
discharge and charge voltage gap (DEDC) of 0.835 V, indicating
the superior recharge ability of the optimal catalyst (Fig. 6c).
The CoFe–Co–N–C–B2 assembled battery displayed a long-term
stability over a period of more than 250 h without an obvious
increase in the potential gap. On the other hand, the potential
gap in the IrO2–Pt/C assembled ZAB lied rapidly, which could
be caused by the escalated polarization (Fig. 6b). Although the
discharge/charge voltage gap was about 0.85 V initially, it
increased to a higher value of DEDC = 1.8 V within 100 h, which
makes them infeasible for commercialization. Likewise, pris-
tine BSCF exhibited excellent OER activity, whereas inferior
ORR activity. Eventually, the performance of the pristine BSCF
integrated ZAB gradually deteriorated and led to a relatively
higher voltage gap of DEDC = 0.96 V, which may be associated
with the leaching and metal exsolution.49 In contrast, Co and
CoFe exsolved metals from the BSFC lattice, integrated into an
N-doped porous carbon network (CoFe–Co–N–C–B2) have
demonstrated signicant potential in attaining the excellent bi-
functional activity and superior cycling stability. Consequently,
this may be employed as an efficient and cost-effective air
electrode for zinc-air batteries.

Using density functional theory (DFT) calculations and UV
laser enhanced photoemission electron microscopy experi-
ments, Deng and co-researchers have established that
This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Possible mechanisms for the OER as well as ORR for CoFe
nanoalloys exsolved over the surface of BSCF and Co–N–C.

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
1 

N
ov

em
be

r 
20

22
. D

ow
nl

oa
de

d 
on

 6
/3

0/
20

24
 1

0:
26

:4
0 

PM
. 

View Article Online
metal@N-doped carbon possessed the most negative adsorp-
tion free energy (metal@N-doped carbon < metal@ carbon <
carbon).50 Thus, oxygen is likely to adsorb readily on Co and/or
Fe @N-doped carbon, as an outcome of elevated charge transfer
from carbon to oxygen, promoting covalent as well as electro-
static bonding between them. As a result, O2 is adsorbed, acti-
vated and reduced on these sites. Also, a great deal of evidence
has established that Co–N–C is capable of suppressing the
binding energies of *OH and *OOH species adsorbed on the
surface and improving the ORR electrocatalytic
performance.51,52

On the other hand, the CoFe alloy modulated the encapsu-
lated carbon surface by ne-tuning the electronic conguration
of adjacent carbon atoms. Actually, when the CoFe alloy was
encapsulated by the N-doped carbon, CoFe experienced a de-
ciency of electrons as an outcome of the transfer of electrons
and induced an increase in electron density on the carbon
surface, increasing the Fermi level. Moreover, the presence of N
heteroatoms in the carbon lattice further reduces its local work
function and promotes the electrocatalytic activity on the
carbon surface.53,54 Thus, in the course of electrocatalytic
reduction, the carbon surface was activated and supplemented
by the excess electrons, delivered from the FeCo alloy.

The graphitic shell supplemented with a plethora of elec-
trons is also conducive for the 4e− pathway.55,56 The 4e− pathway
is considered more favourable for ORR catalysis because it leads
to the complete reduction of O2 to OH− with minimum/no
generation of peroxide (HO2

−) intermediates. Thus, the CoFe
alloy promoted the ORR selectivity towards the 4e− path-way
and promoted the electronic conductivity. Interestingly, the
positively charged CoFe alloy was also conducive for promoting
the OER activity by absorbing OH− or H2O through electrostatic
forces, triggering the electron transfer between CoFe and O2

2−

and O2− reaction intermediates.57 Eventually, N-doped carbon
and B-site metal sites (Co/Fe) developed a symbiotic effect and
led to the ORR activity, which is in agreement with several
research ndings.58–61 Therefore, this reaction emerged as
a pseudo 4e− pathway on the RRDE. On the other hand, BSCF/
CoFe and oxygen vacancies together presented the OER activity.
The particular steps describing the OER as well as the ORR
mechanisms are displayed in Fig. 7 and S13.† Thus, the heter-
ostructures consisting of different materials coupled at the
interface brought about unique functionalities stemming from
This journal is © The Royal Society of Chemistry 2023
the tuning of the local electronic structure leading to superior
oxygen reaction kinetics.
Conclusions

In summary, we have devised a novel strategy for the in situ
exsolution of CoFe alloys over the surface of BSCF perovskite
using a 2-MIM organic ligand as a gentle reducing agent. Cobalt
species over the perovskite surface co-ordinated with 2-MIM
produce metal organic framework, ZIF-67. Upon heat treatment
in a N2 atmosphere, CoFe nanoalloys were in situ exsolved from
the BSCF lattice surface and ZIF-67 was transformed into Co–N–
C. Consequently, the BSCF–CoFe interface, newly generated
oxygen vacancies and Co–N–C porous networks provided
conduction pathways for oxygen ions and electrons, leading to
enhanced electrochemical bi-functional (OER/ORR) perfor-
mance. BSCF/CoFe presented the OER activity, while Co–N–C
and CoFe contributed to the ORR activity. The exsolved Co
metal induced a higher degree of graphitization to carbon,
which in turn provided high electronic conductivity even
without the addition of conductive carbon. Moreover, Ba2+ and
Sr2+ ions also contributed to enhance the OH− ion adsorption
capacity, leading to enhanced OER activity. CoFe alloy deco-
rated BSCF suppressed the peroxide yield by 15% in comparison
with the Co–N–C catalyst, thereby contributing to promote the
ORR selectivity. Consequently, the obtained catalyst presented
impressive bi-functional activity, producing a potential gap of
0.835 V and tangible high cycling stability over a period of more
than 250 h for zinc-air batteries.
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