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The two most crucial reactions in energy storage and conversion systems are oxygen reduction reaction (ORR) and oxygen evolu-

tion reaction (OER). However, their sluggish kinetics arise the need for commercially feasible bifunctional electrocatalysts to assist

the reaction by improving its kinetics at the same time ensuring durability and also taking cost into account. The fundamentals of

the oxygen electrodes are discussed followed by various techniques adopted by researchers to tune the electronic structures of car-

bon- and transition metal-based nanostructures towards enhanced activity in ORR/OER. Emphasis is placed on correlating catalyst

structure/composition with electrocatalytic properties, simultaneously highlighting the persistent challenges. Hence, the review

provides an overview on the recent advances in the field of non-precious bifunctional electrocatalysts for oxygen electrode reac-

tions, which will serve as a foundation for their application in various fields including metal—air batteries.

Introduction

Traditional energy resources are becoming scarcer as societies
and economies grow because of widespread consumption of
fossil fuels. This overreliance on fossil fuels has caused severe
environmental degradation resulted in glacier melting, deple-
tion of the ozone layer, rising sea levels, and an increase in
global temperatures. Hence addressing these challenges has
become a critical priority in the modern era. To reduce energy

constraints and environmental deterioration, the development of

sustainable and environmentally benign energy conversion and
storage technologies is essential. Regarding innovative technol-
ogies that lessen the carbon footprint, electrocatalysis has taken
the forefront. Electrochemistry is crucial because it allows inter-
conversion between electrical and chemical energy, providing
surplus electrical energy, particularly from renewable sources to
be stored in the form of chemical energy or utilized to drive

non-spontaneous reactions. Conversely, energy shortages can
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occasionally be compensated by transforming stored chemical
energy into electrical energy through natural electrochemical
processes that take place in galvanic cells helping to balance

energy supply and demand [1-3].

Recently, the improvement of effective and inexpensive energy
tools has drawn a lot of research interest around efficient, low-
cost, and green energy technologies. Water electrolyzers, fuel
cells, organic solar cells, and metal—-air batteries are regarded as
promising, clean, and efficient for sources in the traditional
energy sector due to their minimal environmental impact and
higher energy transition efficacy. Using advanced sustainable
electrochemical conversion technologies and catalytic princi-
ples reduces the dependence on fossil fuel-based energy sources

(4].

Review

Fundamentals of oxygen electrode reactions
The electrocatalytic conversion of oxygen comprises oxygen
reduction reaction (ORR) and oxygen evolution reaction (OER).
ORR takes place at the cathode, whereas OER occurs at the
anode. Both reactions proceed through multistep electron-
transfer pathways, which ultimately govern the reaction
kinetics. Notably, ORR and OER are four-electron reaction pro-
cesses that result in intrinsically slow kinetics and higher over-
potentials [5,6]. Pt/C is the standard catalyst for ORR, while
Ir/Ru oxides have demonstrated exceptional stability and dura-
bility for OER. However, the high cost and limited availability
of these precious noble-metal based catalysts restrict their large-
scale practical applications. Pt-based catalysts have a strong
ORR activity but poor OER performance due to the formation
of surface Pt oxides that develop at high overpotentials and pos-
sess low electrical conductivity. In contrast, for OER, RuO, and
IrO, show superior catalysis but are poor in ORR performance
[1,7]. Therefore, it is essential to concentrate on creating a suit-
able bifunctional OER/ORR catalyst that replaces noble metal
catalysts with inexpensive, abundant, and highly active non-
noble metal catalysts. The most common approach of identi-
fying a good bifunctional catalyst for ORR and OER is to
measure its overpotential based on the same catalyst loading
and at a specific current density. A promising bifunctional cata-
lyst is indicated by a smaller overpotential at a specific rate. Ad-
ditionally, a bifunctional catalyst that is both highly active and
stable enough to cope with the challenging conditions faced
during ORR and OER needs to be developed [6].

In recent years, transition metal (TM)-based and carbon-based
materials appeared as promising candidates for bifunctional
ORR/OER electrocatalysts. Their favourable catalytic proper-
ties, including higher activity, high surface area, selectivity, and

tunable electronic structures, make them suitable for enhancing
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the electrochemical performance in energy storage and conver-
sion applications. Transition metals, such as, Fe, Co, Mn, Ni,
Cu, and Mo, and their compounds are highly desirable due to
their cost-effectiveness, catalytic activity and compositional
diversity. In comparison to noble metals like Pt, and Ir, TMs are
more abundant and less expensive [8]. TM compounds can be
classified into several categories based on their composition and
structure, including metal-organic frameworks (MOFs) [9],
alloys [10], hydroxides [11], dichalcogenides, phosphides, and
nitrides [12,13]. Among these, transition metal alloys benefit
from synergetic effects that can enhance performance via modi-
fications in electronic structure and active sites. Furthermore,
the catalytic activity of TM-based catalysts is quite comparable
to that of noble metal-based catalysts. The performance of tran-
sition metal-based catalysts can be enhanced through doping or
forming heterostructures. Surface chemical activity and charge
transport characteristics can be modulated by doping metals and
non-metals [14,15].

Strategies aimed at optimizing the intrinsic catalytic activity of
non-precious metal electrocatalysts are fundamentally guided
by the Sabatier principle. It states that the interaction between a
catalyst surface and reaction intermediates must be perfectly
balanced, that is, neither too strong nor too weak. A number of
electronic structural factors such as d-band centre, eg orbital
occupancy, adsorption energies, density of states, and spin
ordering have been identified as key descriptors in order to
assess the bonding strength between reactants and active sites.
These descriptors have emerged as valuable tools for under-
standing and predicting catalytic behaviour through quantita-
tive structure-activity relationships. Among the descriptors, ey
occupancy and d-band centre are the most prevalent for
predicting the activities of ORR catalysts; for OER catalysts, eg
occupancy and metal-oxygen covalency are most widely used
[16]. In TM-based catalysts, the position of the d-band centre
relative to the Fermi level influences the adsorption strength of
oxygen-containing intermediates (*OH, *O, and *OOH),
thereby affecting ORR and OER kinetics. Similarly, transition-
metal cations have an e, orbital filling close to unity, which
often correlates with optimal oxygen intermediate adsorption
and enhanced OER activity [17]. In addition, adsorption ener-
gies of key reaction intermediates serve as quantitative indica-
tors of catalytic efficiency and can be used to establish volcano-
type relationships between catalyst composition and activity
[18]. Accordingly, a number of electronic structure engineering
techniques have been set forward to maximize the intrinsic ac-
tivity of a single catalytic site through generation of vacancies,
heteroatom doping, and interface design [19].

Likewise, carbon-based materials have drawn great attention as

electrocatalysts due to their cost-effectiveness, high surface
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area, superior electrical conductivity, economic viability, and
strong synergistic interactions with other catalytic components.
Carbon-based catalysts include carbon nanotubes (CNTs),
graphene, and carbon black [18,20]. Graphene, a 2D single
layer of sp>-bonded carbon atoms, and CNTs, known for their
exceptional conductivity and surface area, have shown promis-
ing bifunctional activity towards both ORR and OER, even as
metal-free catalysts in certain cases [21,22]. A typical approach
for determining the superior bifunctional catalytic performance
for ORR and OER is to measure the overpotential required to
achieve a specific current density using the same catalyst
loading for both ORR and OER. A lower overpotential at a
given current density indicates superior bifunctional activity.
Nanomaterials have distinctive properties that significantly en-
hance OER and ORR kinetics [15].

To date, several excellent review publications have summa-
rized the progress of oxygen electrocatalysts, with emphasis on
specific catalyst classes, important descriptors for catalytic ac-
tivity, as well as synthetic strategies and practical applications
[14,18,20-22]. In contrast, this review begins with a discussion
of fundamental reaction mechanisms of ORR/OER, followed by
discussion of various types of nanostructured catalysts like tran-
sition metal-based catalyst, carbon-based materials, their roles
in improving ORR/OER performance, and developments in the
design and synthesis of heterogeneous bifunctional electrocata-
lysts. Particular emphasis is placed on correlating catalyst com-
position and electronic structure with electrocatalytic perfor-
mance through key activity descriptors of oxygen intermediates.
Finally, the study explores current challenges and future direc-
tions in oxygen electrocatalysis.

Reaction mechanisms of ORR and OER

The ORR operates at the cathode of fuel cells and metal-air
batteries during discharge. The OER takes place while charging
metal—air batteries or during water splitting [23,24]. The prima-
ry element of the oxygen electrode is the catalyst activation
layer, where adsorbed oxygen participates in electrochemical
processes that occur at the gas—liquid—solid three-phase bound-
ary [25]. It involves multistep, slow proton-coupled electron-
transfer processes in both ORR and OER, resulting in high
overpotentials and low energy efficiency, underscoring the need
for effective bifunctional electrocatalysts.

ORR mechanism. ORR represents one of the most vital pro-
cesses studied in modern electrochemistry. It is either a two-
electron process, which is linked to terminal oxygen adsorption
and generates intermediate HyO5, or the complete transformat-
ion of molecular oxygen into water through a direct four-
electron transfer process by bidentate oxygen adsorption [26-

30]. The combination of rapid kinetics, effective electron
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transfer, and strong energy efficiency contributes to its appeal,
with no reactant molecule loss and environmentally friendly
reaction products. Four-electron reduction is ideal in the
progress of distinct green energy strategies, for example, elec-
trochemical energy conversion as well as storage [9]. In addi-
tion to producing corrosive products (H,O,), the indirect four-
electron reaction and OH™ ions damage the catalyst and
diminish the potential of the oxygen reduction electrode, hence
decreasing battery efficiency. Therefore, the indirect four-elec-

tron reaction should be avoided as much as feasible [25].

In the direct four-electron process, the adsorption and activa-
tion of O, molecules on the catalyst’s surface is a crucial stage.
It proceeds through a series of surface or interfacial processes.
Further, the reactions proceed via electron transfer, chemical
bond breaking, molecular restructuring, and the creation of
reaction products, which are ultimately discharged from the
catalyst surface. Its activation is facilitated by stable O, adsorp-
tion behaviour [31,32]. The processes of M—OH, M-0O, and
M-OOH adsorption and desorption are recognised as very sig-
nificant in the reaction process, regardless of acidic or alkaline
environments [33,34]. A detailed mechanistic route in both
acidic and alkaline media is shown in Figure 1a,b and Table 1.

OER mechanism. Often regarded as the main obstacle in
bifunctional oxygen electrodes, the OER has sluggish kinetics
that constrains the capability to convert energy efficiently.
Many studies over the past few years have focused on the de-
velopment and understanding of OER. Numerous studies have
been conducted utilizing density functional theory (DFT) simu-
lations to examine the OER. Under both acidic and alkaline
conditions, the commonly established OER process consists of
four-electron/proton transfer steps [37]. During the OER mech-
anism, M-OH, M-O, and M-OOH species are adsorbed onto
the crucial active site (M) of the electrocatalyst, which leads to
the formation of O, [38,39]. Under acidic conditions, H,O is
dissociated to OH™ and gets adsorbed at the active site [6].
Under basic conditions, hydroxide ions first produce hydroxy
intermediates (M—OH) by adhering to the electrocatalyst sur-
face. After reacting with other OH™ ions, these intermediates
create hydroperoxide species (M—OOH), which are then fol-
lowed by the creation of O—O bonds [40]. A detailed mechanis-
tic route in both acidic and alkaline media for OER is shown in
Figure 1c.d.

The ORR and OER processes proceed via the continuous for-
mation and transformation of intermediates at the catalytically
active site. The catalytic activity and reaction energetics are
largely determined by the adsorption behaviour of these inter-
mediates. As a result, M—OH, M-O, and M-OOH adsorption

free energies are commonly acknowledged as important indica-
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Figure 1: Schematic reaction mechanisms under (a) acidic and (b) alkaline conditions for ORR [35], and under (c) acidic and (d) alkaline conditions
for OER [36] (Figure 1c and d was adapted from [36] © 2020 Z. Yan et al., published by Royal Society of Chemistry, distributed under the terms of the
Creative Commons Attribution 3.0 Unported License, https://creativecommons.org/licenses/by/3.0/.)

Table 1: Mechanistic pathways and thermodynamic parameters of ORR and OER under acidic and alkaline conditions [32,33].

Reaction
pathway

ORR
(4e route)

ORR
(4e route)

ORR
(2e~ route)

ORR
(2e~ route)

Medium

acidic

basic

acidic

basic

Specific mechanistic route

M+ Oy = M-0o

M-O3 + H* + e~ - M-OOH
M-OOH + H* + e~ = M-0O + H>0
M-O + H* + e~ - M-OH
M-OH + H* + e~ = M + H20
overall reaction:

05 (g) + 4H*(aq) + 4e~ = 2H,0(liq)
M+ O = M-0o

M-O3 + H20 + e~ - M—OOH + OH~
M-OOH + e~ » M-O + OH~

M-O + H,O + e~ = M-OH + OH~
M-OH + e~ - M + OH~

overall reaction:

05 (g) + 2H20 (lig) + 46~ — 40H" (aq

M+ O = M-0o

M-O5 + H* + e~ - M-OOH
M-OOH + H* + e~ - M + Ho0o
overall reaction:

H20 (lig) + 2H* (aq) + 2e~ — 2H50 (liq)

M + 02 - M—02

M-0O5 + Ho0O + e~ = M-OOH + OH~
M-OOH + e~ = M + OHo™

overall reaction:

O3 (9) + H20 (lig) + 2e~ — HO3™ (aqg) + OH~ (aq)

Surface intermediates

M-O - M-OOH -
M-O - M-OH

M-O; - M-OOH -
M-O - M-OH

M-O5 - M-OOH

M-O, — M—OOH

Thermodynamic
parameters (overall
reaction)

E° =1.229 Vvs RHE
AG° =-4.92 eV

E° =1.229 Vvs RHE
AG° =-4.92 eV

H»05 formation (no
AG?® reported)

OH»™ formation (no
AG?® reported)
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Table 1: Mechanistic pathways and thermodynamic parameters of ORR and OER under acidic and alkaline conditions [32,33]. (continued)

OER acidic H-0 (ligq) + M - M-OH + H* + e~
M-OH - M-O + H* + e~

H20 (lig) + M—-O = M—-OOH + H* + e~
M-OOH —» M + O5 (g) + H* + e~
overall reaction:

2H0 (lig) = O + 4H* + 4e~

M+ OH~ - M-OH + e~

M-OH + OH~ —» M-0 + H50 (liq) + e~
M-O + OH™ - M-OOH + e~

OER basic

M-OH- M-O -
M-OH

E° =1.229 Vvs RHE
AG° =+4.92 eV

M-OH - M-O —
M-OH

E° =1.229 V vs RHE
AG° = +4.92 eV

M—OOH + OH~ — M + O (g) + H0 (lig) + e~

overall reaction:
40H~ - 05 (g) + 2H20 (liq) + 4e~

tors for assessing the intrinsic activity of ORR and OER electro-
catalysts. In order to facilitate formation, conversion, and de-
sorption of these intermediates during the reaction, an effective
catalyst should have modest adsorption strengths. This concept
is often demonstrated using activity volcano plots, where cata-
lysts positioned around the volcano apex display adsorption
energetics close to the optimum, thus providing enhanced
electrocatalytic performance with reduced overpotentials
[31,38,39]. Affordable and highly efficient bifunctional electro-
catalysts having stable O, and OH™ adsorption behaviour are
currently needed. This review will elaborate on how carbon-
based and non-precious transition metal-based electrocatalysts
have been the popular candidates for such bifunctional oxygen

electrodes.

Bifunctional oxygen electrocatalysts

In recent decades, a variety of extremely efficient electrocata-
lysts made from non-precious materials have been designed and
utilized for bifunctional ORR/OER reactions. Materials based
on non-precious transition metals and carbons have demon-
strated significant promise in electrochemical applications [41].
The increased surface area and exceptional electrically conduc-
tive nature of carbon-based materials help to increase ORR/
OER activity. However, many carbon-based electrocatalysts
face durability issues in the intense oxidative environment at
high OER potentials, while transition metal-based electrocata-
lysts remain stable under such conditions [42]. Attaining a well-
balanced performance that encompasses both ORR and OER
capabilities is crucial for evaluating the catalytic effectiveness
of a catalyst with bifunctionality towards its application in
energy storage and energy conversion systems as displayed in
Figure 2 [43].

The bifunctionality index (BI), that is, the potential difference
(AE = Ej=19 — E1/2), where Ej=¢ is for OER and the E, for
ORR, is a crucial performance metric (Ej=1¢ indicates the poten-

tial at current density 10 mA-cm™2, and E |, indicates the half-

wave potential). A lower potential for Ej=1( or a more positive
E |, means the catalyst possesses either a higher exchange cur-
rent density; this means that the electrode surface has more
active sites, better intrinsic conductivity, or faster charge-
transfer kinetics, which allow the oxidation or the reduction to
occur faster. Therefore, a smaller AE value signifies superior
oxygen electrode activity and greater reversibility, highlighting
the catalyst’s effectiveness [44]. The BI is derived from the
simple calculation of j(nogr) and j(nprr) from the current den-
sity (j) vs electrode potential (E) curve using voltammetry data
[45]. While voltammetry tests provide a fast and straightfor-
ward experimental approach to determine the BI, it is important
to recognize that discovering materials with outstanding bifunc-
tional performance remains quite challenging. This difficulty
largely stems from differences in the active sites involved in the
OER and ORR, which are often altered by changes to the cata-
lyst surface caused by the applied electrode potentials [46].

Carbon-based materials

Currently, carbon-based materials are most widely used in the
preparation of electrode materials because of their high avail-
ability, high conductivity, strong tolerance towards acid/alka-
line condition, and low cost. Here, various aspects of the use of
carbon-based materials as bifunctional electrocatalysts for ORR
and OER are discussed.

Defective carbon/defect engineering. Carbon materials, like
any other material, are not defect-free crystals. The defects are
critical to the intrinsic properties of the carbon materials
towards electrocatalysis. Hence, regulating such defects can
ensure optimized OER and ORR catalytic activity, which is
called defect engineering [47-49]. Intrinsic carbon defects
include edges, vacancies, and topological defects [50]. These
defects can affect the electrocatalytic activity by modifying the
surface properties and electronic structure of the substrate [51].
Therefore, introducing intrinsic defects by defect engineering

either modulates the p-orbital alignment, narrows the bandgap,
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Figure 2: Overview of bifunctional electrocatalysts for oxygen electrode reactions in energy storage and conversion systems.

or breaks the uniform 7 conjugation of the carbon framework
accelerating the kinetics as well as creating active sites for the
interaction of oxygen intermediates. This section will be
discussing how intrinsic defect engineering can correlate to the
understanding of electrocatalytic activity of a catalyst towards
an electrochemical reaction.

Edges are the most common defects among the intrinsic carbon
defects. Different electrochemical and thermodynamic proper-
ties are related to the edges depending on the states in which the
edge and basal planes interact with each other [52]. A carbon
atom at the edge with sp? hybridization has a catalytic activity
by a factor of two higher than a carbon atom in the bulk [53].
Tao et al. found that carboxylic groups at the defected edges,
together with localised unpaired electrons facilitate intermolec-
ular arrangements. These features work in tandem to effec-
tively capture molecular oxygen, thereby improving the kinetics
of the catalysis [54]. In a hexagonal carbon skeleton, there are
two types of edges, armchair and zigzag edges [54]. Research
revealed that due to the abundance of unpaired m electrons at the

zigzag edge sites, the energy required to promote the formation
of OOH" from oxygen molecules is lower. However, a DFT
calculation reported by Xia and co-workers also suggested that
defects at the armchair edges of graphene showed lower over-
potential than zigzag edge defects [55]. Holes or vacancies are
another type of intrinsic defects in the basal plane of carbon.
Vacancy defects occur when one to few carbon atoms are
missing from the lattice, while hole defects involve missing of a
large number of atoms. However, vacancy or hole defects are
usually accompanied by edge defects. Dai and his group re-
ported the synthesis of a graphitic surface with abundance of
stereoscopic holes, which ensured high surface area and high
pore volume, with abundant interfacial active surface area and
good electron/electrolyte transfer enhancing the overall electro-
catalytic activity of the catalyst towards ORR and OER [56].

Topological defects in carbon, also known as lattice imperfec-
tion, cause non-hexagonal structures like Stone—Wales (SW)
defects in the carbon framework [57,58]. SW defects are preva-

lent topological defects in planar low-dimensional structures.
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Khan et al. developed a synthetic strategy of absorption—calci-
nation, to fabricate SW defects to allow the incorporation of Ni
and Fe into structure. It was found that the defect-rich carbon
support enhanced the bifunctional activity of the catalyst and
also provided control over agglomeration of Ni and Fe atoms
[59].

Heteroatom-doped carbon. Hetero-doping the carbon skeleton
with elements such as N, P, S, O, B, or F introduces a redistrib-
ution of electrons due to the difference in atomic size, bond
length and also, electronegativity between the dopant and the
carbon; this enables the catalyst to provide more active sites.
Conceptually, doping nitrogen into a carbon-based material will
cause the carbon to acquire positive charge by delocalisation,
which will make such centres active sites for ORR [60]. Xia and
co-workers established a volcano plot for the lower limit of
overpotential of various p-block elements doped in graphene
versus the descriptor ® to correlate the binding energy with the
ORR/OER activity of a metal-free heteroatom-doped carbon
catalyst, where @ is the dimensionless product of relative elec-
tron negativity (of the doping element relative to carbon) and
electron affinity. According to the volcano plot, nitrogen was
the most active dopant towards the ORR, whereas for OER,
phosphorus exhibited the lowest overpotential [60]. Also,
N-doped carbon is the most extensively studied heteroatom-
doped carbon-based electrocatalyst because of the similar size
of nitrogen atoms and carbon atoms with much higher electro-
negativity; less studies have been carried out for phosphorus
due to its size and the difficulties in introducing it into the car-
bon matrix [61]. For example, Li and co-workers synthesized a
wrinkled carbon nanosphere doped with nitrogen by a soft-tem-
plate method. This improved the catalytic performance of both
ORR and OER by providing a protective shell against agglom-
eration of M—NXx active sites and preventing alloy corrosion by
accelerated surface layer reconstruction. The wrinkles on the
nanospheres immobilized the active sites, thereby preventing
them from agglomeration [62].

Recently, Yang et al. established a CoFe@(Coq sFeg 5)S
N-doped carbon nanotube heterostructured catalyst, which
achieved an exceptionally high peak power density of
136.0 mW-cm™2, much higher than that of the commercially
available Pt/C+ RuO, (102.2 mW-cm™2). It conveyed a cycling
efficiency of 48.5% after the 800th cycle and operated stably
for more than 10,000 min. The strong interfacial coupling
within the heterostructure and sulfur-induced electronic modu-
lation, which reduced *OH and *OOH absorption, resulted in
the enhanced catalytic performance in both ORR and OER. The
catalyst was used in a rechargeable zinc—air battery (ZAB) as a
bifunctional oxygen electrocatalyst with very high performance
and durability [63]. Another study of heteroatom-doped C,
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which had N and S doped into graphene oxide, showed superi-
or catalytic properties towards both OER and ORR. The N,S-
doped graphene (NSG) was distributed uniformly throughout
the surface, which resulted in increased exposure of active sites
as shown by the TEM and SEM images in Figure 3a—d. The
ORR performance of NSG was compared with that of commer-
cial Pt/C (20%) (Figure 3e), which exhibited onset potential at
0.95 V vs RHE, comparable to the commercial catalyst. Also, a

2 was achieved at 1.62 V, as

current density of 10 mA-cm™
shown in the OER linear sweep voltammograms of Figure 3f.
This can be attributed to the increased spin density and the
facilitated charge transfer due to the mismatch of the outermost

orbitals of C and S [64].

The explanation for this is the substitution of larger S atoms
into the sp? framework of carbon, which introduces substantial
localized structural strain, breaking the symmetry of the conju-
gated network. The mismatch between the relatively localized
C 2p orbitals and the more diffuse S 3p orbitals lowers the
charge-transfer resistance and creates fast electron-conduction
pathways. The co-doping of N and S into the graphitic network
breaks the electroneutrality, optimizing the adsorption free ener-
gies of electrochemical intermediates and facilitating rapid
faradaic charge transfer across the catalyst—electrolyte interface
[60,61]. Wang et al. designed a facile silica xerogel strategy
using economic biomass material to synthesise the N-doped car-
bon network (Co-N-C SAC) shown in Figure 3g. The synthesis
process began with the Stober method to form silica-supported
structures, which then underwent freeze-drying. Subsequent py-
rolysis under an inert atmosphere enabled the incorporation of
nitrogen-doped carbon and cobalt into the silica framework.
Finally, acid etching was performed to refine the composite
structure. This strategy generated massive mesopore and micro-
pores, which resulted in an outstanding performance of
Co—-N-C SAC as bifunctional electrocatalyst in alkaline medi-
um in a ZAB [65].

Carbon-based metal composites. OER/ORR typically include
both electrolyte and oxygen mass transfer and electrical conduc-
tion among the active sites and the remaining surface of the
electrode. Hence, continuous and efficient transfer between the
active sites and the surface ensures better performance of the
catalyst. The previous section demonstrated that the creation of
defects and heteroatom doping could enhance the performance
of the catalyst towards ORR/OER; however, the durability of
carbon at high potentials is quite a challenge when it comes to
OER. Composites of carbon materials with transition metal
compounds are one of the approaches to attain better catalyst
activity. Individual components that show good catalytic activi-
ty towards ORR or OER can be combined in composites and

exhibit strong interfacial chemical interaction and electrical
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(e) ORR linear sweep voltammograms of various catalysts along with Pt/C in Oz-saturated 0.1 M KOH solution, respectively; (f) OER linear sweep
voltammograms of different catalysts with the benchmark IrO5 (Figure 3a—f was adapted from [64] (© J. Zhang et al., published by MDPI, Basel,
Switzerland, distributed under the terms of the Creative Commons Attribution 4.0 International License, https://creativecommons.org/licenses/by/4.0)
(9) Scheme for synthesis of Co-N—C SACs (Figure 3g was adapted from [65] (© L. Wang et al., published by MDPI, Basel, Switzerland, distributed
under the terms of the Creative Commons Attribution 4.0 International License, https://creativecommons.org/licenses/by/4.0).

coupling through synergistic effects, thereby resulting into
bifunctional electrocatalyst.

Strasser and co-workers in 2013 demonstrated a fast micro-
wave-assisted solvothermal one-pot method to synthesise car-
bon-supported NiFe-LDH and Fe-N-C materials. They were

synthesised by repetitive annealing and acid leaching. When
these catalysts were mixed, the XRD revealed a two-phase
system. The composite of the two individual catalysts, which
previously were only showing good activity towards either OER
or ORR now exhibited a low overpotential window for ORR/
OER in 0.1 M KOH [66]. Alloying of two or more metals
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causes changes in electron energies, remodelling the surface for
better binding spots acting as active sites for electrocatalytic
processes [67]. Aziz et al. designed an economical bifunctional
electrocatalyst through heat treatment of PAN/PVP precursor
nanofibres containing bimetallic nanoparticles and melamine.
The schematic representation of the synthesis procedure is
shown in Figure 4a. FeNi-CNT@CNF was tested in a ZAB as
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shown in Figure 4b. To compare the catalyst’s behaviour in the
ZAB, 20% Pt/C and RuO; (1:1) was also tested. It was found
that both open-circuit voltage and power density for FeNi-
CNT@CNF was larger, that is, 1.36 V (Figure 4d) and
118 mW-cm™2, respectively, compared to the benchmark cata-
lyst with 50 mW-cm™2 (Figure 4e). Also, the specific capacity at
10 mA-cm~2 was much higher for FeNi-CNT@CNF
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Figure 4: (a) A schematic illustrating the synthesis process of the FeNi-CNT@CNF nanocomposite is presented alongside (b) a visual depiction of the
zinc—air battery (ZAB) structure. (c) A photograph of a light-emitting diode (LED, ~3.0 V) powered by the ZAB demonstrates its operational capability.
(d) The open-circuit voltage of the ZAB using the FeNi-CNT@CNF air cathode is shown, followed by (e) galvanodynamic discharge and power densi-
ty performance. (f) Specific capacity data at a current density of 10 mA-cm~2 is also provided, along with (g, h) charge—discharge cycling behaviour of
the FeNi-CNT@CNF electrode compared with a 20% Pt/C + RuOz-based cathode under identical conditions. (Figure 4 was adapted from [68]
(“Growth of carbon nanotubes over carbon nanofibers catalyzed by bimetallic alloy nanoparticles as a bifunctional electrode for Zn—air batteries” ©
2023 I. Aziz et al., published by Royal Society of Chemistry, distributed under the terms of the Creative Commons Attribution NonCommercial 3.0
Unported License, https://creativecommons.org/licenses/by-nc/3.0/): This content is not subject to CC BY 4.0).
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(Figure 4f), and the charge/discharge voltage gap at 5 mA-cm™2
for 108 h was found to be smaller than that of Pt/C catalyst [68].
Similarly, Yoo and co-workers reported a highly reversible
bifunctional electrocatalyst, namely, NiFe alloy nanoparticles
confined in CNTs on biaxially stretchable carbon cloth. It
showed exceptional mechanical stability and rate performance,
which makes it potential candidate for next-generation flexible
devices [69].

The use of metal-organic frameworks as templates for synthe-
sizing carbon-based electrocatalytic materials has gained signif-
icant momentum lately. This is due to their eco-friendliness,
diverse structures, larger surface area, tunability, and high
porosity, which ultimately support effective transfer of charges
and boost performance [70]. Chen et al. developed a hierar-
chical architecture composite, that is, Co-NC@LDH, as an
excellent bifunctional electrocatalyst. The catalyst contained
NiFe-LDH nanosheets which were OER-active, harboured
among ORR-active Co-doped CNTs on the surface of ZIF-
derived carbon framework sheets. The corresponding potential
difference, AE = 819 mV, is superior to the state of the art. This
can be attributed to the LDH nanosheets and CNTs well distri-
buted on the carbon framework while exposing plentiful active
sites for both reactions [71]. Another work based on MOFs was
done by Li and co-workers, where a honeycomb-like composite
was fabricated by pyrolysis of a single-crystal Fe-MOF precur-
sor. The composite showed promising results in a ZAB, and a
2.4 V LED light was powered for more than 24 h by integrating
two ZABs [72].

Transition metal-based materials

Non-noble TMs, like Mn, Fe, Co, Ni, and Zn, are easily avail-
able elements, which show activity towards OER and ORR.
After modification and optimization, the d orbitals may yield
great electron transport efficiency and an excellent electronic
structure to the catalyst. Researchers have created numerous su-
perior catalyst materials that contain TMs [73,74]. The most
recent developments in TM-based OER/ORR catalysts such as
transition metal oxides (TMOs), mix-metal oxides (MMOs),
sulfides, carbides, nitrides, and selenides are presented in this

section.

The active sites on the catalyst surface for ORR and OER are
particularly different, which is the main challenge in this
research field [75,76]. Thus, finding the right active sites and
controlling the intrinsic activity are essential to obtain high
bifunctional performance. In addition, the electrocatalysts’
structural characteristics ought to be adjusted to increase their
surface area, speed up electron transfer and mass diffusion, and
reveal more active sites that are involved in the catalytic process

[77,78]. In order to improve the apparent electrocatalytic perfor-
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mances, the development of active catalysts with advantageous
structures and high bifunctional intrinsic activity remains a key

research priority.

Transition metal oxides. Based on encouraging experimental
results, TMs and TMOs are viewed as another type of materials
for ORR/OER [79]. To increase the conductivity, metals can be
doped in the TMOs structure to create metal-doped TMOs; al-
ternatively, they can be utilized directly as support for electro-
catalysts in conjunction with a noble metal [76]. Good ORR
performance of TMO-based catalysts is made possible by the
presence of lower oxidation states of the TMOs and elements to
mix with other active materials. However, under alkaline condi-
tions, TMOs have also demonstrated exceptional efficacy
regarding OER [80]. Electrical conductivity, crystal structure
(crystallinity and terminating facets), morphology, surface
chemistry, and metal valence state all influence TMOs’ electro-
catalytic activity towards ORR/OER. TMOs often are semicon-
ductors. Nevertheless, by altering the chemical composition and
adding oxygen vacancies, the conductivity can be significantly
raised (to the “metal” level) [81].

Manganese oxides. In photosynthesis, oxygen evolution takes
place at the oxygen-evolving complex (OEC). Mono-u-oxo
bridges to the fourth Mn ion are discovered to be present in this
complex, which is composed of cuban-like Mn3CaOy clusters
[82]. According to calculations using DFT, every stage of the
OER in these materials appears to be nearly thermoneutral,
which is necessary for reversible catalysis [83,84]. Therefore,
materials based on manganese have the potential to be
intriguing bifunctional electrocatalysts for ORR/OER. Further-
more, their low price and excellent stability under alkaline
conditions for ORR/OER have garnered a lot of interest lately.
Mosa et al. evaluated the effect of the calcination temperature of
Cs-doped manganese oxide (CsMnOx), which was produced
using a simple soft-templated inverse micelle method. They
found that 450 °C was the ideal calcination temperature [85].
Specifically, in the ORR, Cs-MnOx-450 follows the 4e™
transfer pathway with a Tafel slope of 69 mV-dec™!, which is
close to the benchmark Pt/C catalyst. In the OER, Cs-MnOx-
450 had a Tafel slope of 100 mV-dec™! and 40 mA-cm™2 cur-
rent density at 2.71 V vs RHE. This excellent catalytic activity
was achieved by incorporation of Cs in the Mn,O3 structure.
The presence of Cs increased the crystallinity of the material
(via larger interparticle voids in the densely packed Mn;0O3
structure) and stabilized the active Mn3* ions on the surface re-
sponsible for ORR and OER.

Shao et al. enhanced Mn,O3’s catalytic activity by combining

two NiO and Mn,Oj3 through a straightforward chemical proce-

dure, where carbon dots (CDs) were covalently linked with NiO
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and Mny03 (NiO-Mn;,03-CDs). The material exhibited n =
3.85 and jq ~ 6 mA-cm™2 for ORR, which is close to Pt-based
electrocatalysts [86]. NiO-Mn,03-CDs yielded 10 mA-cm™2 in
the OER scenario with 298 mV overpotential and a Tafel slope
of 141.14 mV-dec™!. The oxygen-containing groups of the CDs
are responsible for rapid exposure of the active sites and accel-
erated charge transfer by covalently bridging the Ni and Mn
atoms.

Recently, Ayyaluri et al. used a simple one-step hydrothermal
process without calcination to create manganese cobalt oxide/
manganese oxide (MnCo,04/Mn,03) nanorods (NRs). The
MnCo,04/Mn,03 NRs showed superior electrocatalytic capa-
bilities for ORR and OER. In comparison to the Pt/C and IrO,
catalysts, the MnCo,04/Mn,;03 NR electrocatalyst demon-
strated higher durability and high diffusion-limiting current
density values. It exhibited remarkable durability across a range
of current densities, showing only slight declines in potential.
Additionally, it maintained stable chronopotentiometric perfor-
mance for 30 h under a constant current density of 10 mA-cm™2.
Besides, compared to the Pt/C//IrO;-based ZAB, the MnCo,0,/
Mn,03 NR-based ZAB showed a marginally smaller voltage
plateau and lower electrochemical impedance values. Notably,
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the longevity of the MnCo,04/Mn,03 NR-based ZAB (68
cycles @ about 20.3 h) was superior to that of the Pt/C//IrO,-
based ZAB (28 cycles @ approximately 8.3 h) (Figure 5 shows
the catalytic activity and stability of MnCo,04/Mn,03 NR
compared to other catalysts) [87].

Cobalt oxides. Compared to other metal oxides, cobalt oxides
perform reasonably well in ORR and OER, and their potential
for enhancement through various synthesis techniques has made
them a popular choice for bifunctional catalyst research [88,89].
Even though the precise mechanism of the catalytic active site
is unknown, it has been shown that the higher OER activity is
related higher levels of Co* oxidation states and that the ORR
activity is related to higher levels of Co?* oxidation states [90].
By tuning the ratio of Co?* and Co3* by different synthesis
process, better bifunctional electrocatalysts towards ORR and
OER can be developed.

Using a “carbonization—solvothermal—calcination” technique,
He et al. prepared a CoO@NC catalyst, which showed excel-
lent bifunctional performance. The CoO@NC-driven zinc—air
battery outperforms commercial Pt/C-RuO; catalysts with an
impressive peak power density of 112.4 mW-cm™2 and operates
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Figure 5: (a) Comparative ORR curves of the MnC0204/Mn2>03 NR, Mn2O3, Co304, and Pt/C catalysts at a fixed rotation of 2500 rpm. (b) Onset and
half-wave potentials. (c) CA stability test results of the MnCo,04/Mn>O3 NR electrocatalyst at a fixed voltage (-0.2 V) (inset of (c): at different volt-
ages (-0.2 and -0.4 V) in a 0.1 M KOH electrolyte at a fixed rotation of 2500 rpm). (d) Comparative OER curves of the MnC0204/Mn203 NR, Mn2Os3,
C030y4, IrO2, and RuO» catalysts. (e) Overpotentials of the MnCo204/Mn2O3 NR, Mn2O3, Co30y4, IrO2, and RuO» catalysts at the current densities of
10 mA-cm=2. (f) CP stability test results of the MnCo,04/Mn>0O3 NR electrocatalyst at 10 mA-cm=2 (inset: EIS plot). (Figure 5 was adapted with

permission from [87]. Copyright 2024 American Chemical Society).
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consistently for over 200 h [91]. Ashok et al. reported a single-
step solution combustion method to create porous NiCoO,. In
the ORR, 3.86 electrons were exchanged and a current density
of 3.5 mA-cm™2 was achieved [92]. The catalyst was stable up
to 24 h for OER with a Tafel slope of 95 mV-dec™!. Oxygen
vacancies and higher oxidation states are responsible for
NiCoO;’s higher activity and stability. A dandelion-shaped
NiCo0O; (NiC0,04-DL) catalyst was examined by Liu et al. for
alkaline ORR [93]. A 4e™ ORR mechanism is indicated by the
exchange of 3.91 electrons, with 3.9 mA-cm™2 current density.
The numerous active Co>* sites, high specific surface area, and
three-dimensional porous structure are responsible for the good
catalytic performance.

For an effective and long-lasting rechargeable ZAB application,
Huang and co-workers recently synthesized a layered cobalt
oxide BayCogO4 (BCO) via ball-milling [94]. Ball-milling
effectively enhances the material’s surface area, which contrib-
utes to a notable improvement in its catalytic efficiency for both
ORR and OER under alkaline conditions. Furthermore, the syn-
thesized BCO-based ZAB demonstrated a high specific capacity
of 789 mAh g~!, exceptional cycling stability exceeding 250 h
at a current density of 10 mA-cm™2 with more than 1500
charge—discharge cycles, and a significantly elevated peak
power density of 166 mW-cm™2.

Nickel oxides. Nickel oxide (NiO) is p-type semiconductor,
which has long been studied for OER because of its low resis-
tance. It is unstable in acidic medium and can perform better
under alkaline conditions [95]. For this reason, researchers are
working hard to create and enhance the activity for OER in
alkaline medium. Zhang et al. reported a waxberry-shaped
cobalt-nickel oxide/S, N-codoped carbon hollow nanocompos-
ites (CoNiO,/SNC) as bifunctional catalysts. CoNiO,/SNC re-
quired an overpotential of 381 mV to maintain 10 mA-cm~2
current density for OER. Also, it has a low Tafel slope of
34 mV-dec”!. For ORR, CoNiO,/SNC has a positive onset
potential and a half wave potential of 0.85 and 0.70 V, respec-
tively. Also, CoNiO»/SNC has 6.5 mA-cm™2 diffusion-limited
current density at 1600 rpm for ORR [96]. Faisal and
co-workers reported an excellent bifunctional nickel/nickel
oxide (Ni/NGr) catalyst supported on nitrogen-doped graphene
[97]. For ORR, it has positive onset potential of 0.82 V and
5.0 mA-cm™2 current density at 2000 rpm. While for OER, the
potential for 10 mA-cm™2 current density Ni/NGr is 1.62 V;
also, it has a low Tafel slope of 98 mV-dec™! [97].

Zhang et al. recently developed a copper-doped nickel oxide
catalyst (Cu,-NiOSC) via a coprecipitation technique for appli-
cation in both oxygen reduction and evolution reactions [98].
The Cug ,-NiOSC catalyst displayed a Tafel slope of
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57.8 mV-dec™! during the ORR, along with an electron transfer
number of approximately 3.6. In the context of the OER, this
catalyst achieved a low overpotential of 510 mV at a current
density of 10 mA-cm™2. Notably, it also exhibited the lowest AE
value of 0.93 V, indicating its superior bifunctional catalytic
efficiency.

Regarding their abundant active sites, tunable electronic proper-
ties, and structural versatility, transition metal oxide catalysts
have become very promising and affordable substitutes for
noble-metal catalysts in OER and ORR. Because of the
favourable adsorption energies of oxygen intermediates (*OH,
*0, *OOH) and the formation of high-valence metal active
species during operation, transition metal oxides, especially
those based on Ni, Co, Fe, Mn, and their mixed oxides (e.g.,
spinels and perovskites), exhibit excellent activity for OER. In
ORR, oxides like MnO,, Co304, and perovskite-type materials
exhibit competitive activity in alkaline media through im-
proved electron transfer pathways and better oxygen binding,
despite typically having poorer conductivity than carbides or
nitrides. Catalytic kinetics and durability are greatly enhanced
by techniques including defect engineering (defects like cation
or anion vacancies can shift the metal’s d-band centre relative to
the Fermi level, which tunes the adsorption energy between
catalyst surface and oxygen intermediates), morphology engi-
neering (by controlling the physical shape, size and dimension-
ality, electrochemically active surface area can be maximized),
heterojunction engineering (coupling of two or more distinct
materials can modulate the d-band centre and provides dual-
function active sites), vacancy engineering (creating metal or
oxygen vacancies can change the electronic structure of the
catalyst by redistributing electrons to neighbouring atoms,
which modulates the conductivity), and composite formation
with conductive carbon. Overall, transition metal oxides are
moderately active for ORR and very effective for OER, espe-
cially in alkaline solutions. The development of good bifunc-
tional oxide catalysts depends on ongoing interface engineering

and electronic structure manipulation.

Transition metal non-oxide materials. As discussed above,
researchers have extensively explored the bifunctional catalytic
nature of TMO-based catalysts for OER/ORR. In recent years,
researchers are also focussing on transition metal non-oxide
electrocatalysts such as metal carbides, metal nitrides, metal
sulfides, and metal selenides. They are of relevance to both
OER and ORR because to their distinct shapes and surface
properties.

An important class of interstitial alloys are transition metal

carbides (TMCs), which are formed when carbon atoms

dissolve interstitially into parent metal atom lattices. They have
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unique physicochemical characteristics. They have high melting
points, good thermal and electrical conductivities and extreme
hardness. Because of these benefits, a variety of metal carbides,
including cobalt, tungsten, and iron, have drawn increased
interest as OER/ORR electrocatalysts [99,100]. Doping with
heteroatoms such as N, B, P, and S is a commonly used ap-
proach to boost performance towards the ORR since it exposes
active sites and increases conductivity [101,102]. N and
B-codoped Co3C (Co3zC-NB) was created by Ma et al. as an
oxygen electrode in ZABs. Co3C-NB’s charge and discharge
polarization curves, together with the power density curves,
show that the cathode produces a greater power density than
Pt/C + IrO, (36.8 mW-cm™2 at 100 mA-cm~2), with
452 mW-cm™2 at 169.4 mA-cm™2 [103]. Similarly, Yang et al.
reported Fe/FesC encapsulated in carbon nanotubes, which had
a reduced overpotential of 353 mV in OER and bifunctional ac-
tivity of 0.86 V (vs RHE) for ORR [104].

Transition metal nitrides (TMNs) are also interstitial alloys sim-
ilar to TMCs. The addition of nitrogen to the interstitial loca-
tion modifies the parent metal structure. lonic, covalent, and
metallic bonds can develop between metal and nitrogen. TMCs
have exceptional stress tolerance, hardness, and high brittleness.
Due to strong hybridization between the transition metal d
orbitals and nitrogen 2p orbitals, d-band contraction occurs in
TMNSs. Because of this, TMNs are more conductive than the
corresponding metal oxides [105,106]. These characteristics led
to increased interest in different transition metal nitride-based
electrocatalysts for a range of electrochemical processes and
ZAB applications. In 2019, Chen et al. prepared well-dispersed
spherical Co4N nanocrystals (CosN@NC) using melamine. Its
electrochemical performance displays a half wave potential of
0.87 V. Additionally, at a current density of 10 mA-cm™2,
Coy4N@NC shows an OER overpotential of 398 mV. With this
electrode, the ZAB yields a power density of 98.6 mW-cm™2 at
150 mA-cm™2 [107]. Wang et al. created NizFeN/Co,N-CNF by
annealing at 400 °C in an NHj3 environment. NizFeN/Co,N-
CNF outperforms commercial IrO; and Pt/C in terms of overpo-
tential, achieving 270 mV for OER and 0.81 V for ORR, while
maintaining the face-centred structure. Furthermore, the
Ni3FeN/Co,N-CNF cathode had 200 mW-cm™2 power density
in a ZAB [108]. Yin and co-workers reported NiO/CoN nano-
wires, which had outstanding catalytic performance because of
their many NiO and CoN nanointerfaces with plenty of vacan-
cies, which can increase the catalyst’s stability and catalytic
performance. This battery had 945 Wh-kg™! energy density and
79.6 mW-cm~2 power density while producing 200 mA-cm=2
current density [109].

Table 2 presents a comparison of various parameters related to

the performance of the ORR and OER including its perfor-
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mance in ZABs for non-precious bifunctional electrocatalysts
described in past few years [110-122].

Recently, Sanchez et al. reported Ni and Co-doped MnS,
(NCMS/NrGO) supported on N-doped reduced graphene which
showed catalytic activity towards the ORR with E ¢ 0f 0.94 V
vs RHE with a Tafel slope of 27 mV-dec™!. NCMS/NrGO re-
quired a potential of 1.59 V vs RHE to maintain 10 mA-cm™2
current density for OER. Additionally, it functions as a very
effective air cathode for useful zinc—air batteries with long cata-
lyst durability (1560 cycles, approximately 260 h) and high-
power densities (124 mW-cm"z) [123]. Peng and co-workers
synthesized nitrogen-doped hollow carbon spheres (NHCS)
loaded in Nig g5Se/Coq gsSe with 1:1 mass ratio Nig gsSe/
C00'85SG-NHCS-2 for OER and ORR. Ni0‘85SC/C00.85Se-
NHCS-2 demonstrated outstanding ORR activity, with a cur-
rent density of 4.66 mA-cm™2, an onset potential of 0.90 V, and
a half-wave potential of 0.77 V. Nig g55e/Cog gsSe-NHCS-2
showed a Tafel slope of 118.3 mV-dec™! and an operational
potential of 1.63 V at a current density of 10 mA-cm™2 for OER
activity, which is somewhat lower than that of RuO; (1.59 V)
[124]. A composite of multiwalled carbon nanotubes
(MWCNTs) and MnSe (MnSe@MWCNT) was reported by
Singh et al. as bifunctional oxygen electrode. The
MnSe@MWCNT catalyst composite surpasses state-of-the-art
RuO,, with a small Tafel slope of 54.76 mV-dec™! with a very
low overpotential of 2900 mV at 10 mA-cm™2 along with E e
of 0.94 V for ORR [125].

Because of their numerous active sites, high conductivity, and
tunable electronic structures, transition metal carbides, nitrides,
sulfides, and selenides have become effective non-noble metal
electrocatalysts for the OER and ORR. Although carbides may
experience surface oxidation under extreme OER circum-
stances, metal carbides and nitrides have substantial ORR activ-
ity and good bifunctional potential due to their metallic conduc-
tivity and advantageous d-band properties. During OER, metal
nitrides frequently experience surface reconstruction to produce
active oxyhydroxide species, which improves their stability and
catalytic activity under alkaline conditions. The true active
phases for OER are metal sulfides and selenides, which exhibit
rich redox chemistry and easy surface transformation into metal
(oxy)hydroxides. Selenides typically have better conductivity
and charge transfer than sulfides, which leads to superior OER
and competitive ORR performance. Overall, carbides and
nitrides are particularly promising for ORR due to their conduc-
tivity and electronic structure, while sulfides and selenides
excel in OER through in situ surface reconstruction; rational
design strategies such as heterostructure engineering, defect
creation, and heteroatom doping are key to achieving highly
efficient and durable bifunctional ORR/OER catalysts.
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Table 2: Comparison of bifunctional electrocatalysts for ORR and OER performance.

Electrocatalyst ORR OER
half-wave overpotential at
potential (in 10 mA-cm=2 (in
0.1 MKOH) 1 M KOH)

NiFe-DG 0.86 V 358 mV

CoFe@(Cog 5 Feg5)S@NCNT  0.88V 266 mV

FeCo-1/NSC 0.82V 325 mV

FeNi-CNT@CNF 0.80V 310 mV

NiFe—-N-CNT-KCC 0.87V 173 mV

Co-NC@LDH 0.80V 389 mV

FeS/FezC@NS-C-900 - 270 mV

NiO-Mn2O3-CDs 0.84V 298 mV

832009014 071V -

Ni-Co oxide (NC-2) 0.85V -

L-Co-NiO@CNT/CC - 350 mV

CoO/NBC - -

NiC0204/MC-HT-O» 0.76 V 621 mV

Co/MnO@NC 0.80V 354 mV

N-MnOy-30 0.80V -

Mn-Co304@CNTs 0.84V 356 mV

(Fe,Co)Seo@Fe{/NC 0.88V 266 mV

c-CoSes-CoN/NC 0.85V 320 mV

A-FesC@NO-PC 0.85V 420 mV

Se-doped MOF CoS» 0.88V 290 mV

Fe1.2(CONi)1_8SG MES 081V 246 mV

Ni—Fe—MoN 0.72V 228 mV

Conclusion

The development of OER/ORR non-precious bifunctional elec-
trocatalysts for electrochemical conversion and storage devices
greatly simplifies systems and cuts down the cost regarding
commercialisation. However, for bifunctional electrocatalysts,
the performance indicators for both reactions need to be taken
into account equally, which is challenging. In this contribution,
carbon- and transition metal-based materials as bifunctional
oxygen electrocatalysts have been reviewed. The carbon-based
catalysts have advantages, that is, abundance in nature, struc-
tural diversity, environmental compatibility, and high conduc-
tivity. However, only a very small number of carbon-based ma-
terials without any inclusion of transition metals have been
tested for practical application. Many transition metal/carbon
composites have been reported as electrocatalysts to show better
activity than commercial ones (Pt/Ru/Ir based) in alkaline medi-
um and have also been tested in devices like ZABs regarding
stability/durability in practical settings. The activity of non-
precious electrocatalysts in acidic medium has quite a lot of
room of improvement. The catalysts’ activities towards ORR/
OER in acidic medium can be then compared with one of the

studies done by Ruck et al. who deposited Ir on Pt black nano-

Performance in devices such as ZABs in terms of:

Specific Power density ~ Stability Ref.
Capacity (mW-cm~2)

(mAh-g™) time (h) cycles

- 148 12 - [59]
- 136.0 166 800 [63]
- 162.74 150 - [67]
- 118 108 - [68]
556.54 112.3 90 - [69]
806 107.8 300 1800 [71]
750 90.9 865 1730 [72]
- 287 8.3 50 [86]
789 166 250 1500 [94]
714 - 80 - [110]
756 73.4 960 - [111]
676.1 127.2 - 400 [112]
824.86 36.89 - 100 [113]
- 217.7 459 - [114]
841.71 181.15 13.8 - [115]
- 116 425 1200 [116]
775 260 280 1500 [117]
802 118 250 - [118]
- 136.9 52 300 [119]
620.6 - - 500 [120]
- 124 300 - [121]
- 118 20 - [122]

particles to obtain a bifunctional catalyst for acidic media [126].
Also, durability of the carbon-based catalyst at higher poten-
tials (>1.2V vs RHE) for OER is quite a challenge as they are
susceptible to corrosion. There is a lack of precise control of
structure, composition, and active sites, which includes control-
ling the localization of the dopants in order to increase the ac-
tivity of the electrocatalysts. Another vital parameter that is
mostly ignored is catalyst degradation (including dissolution,
oxidation, reconstruction, and carbon corrosion), which is a crit-
ical bottleneck for the practical deployment of bifunctional
oxygen electrodes, especially under the alternating reducing and
oxidizing conditions of ORR and OER. Additionally, study
regarding bifunctionality will be more meaningful with in situ
characterization and theoretical calculations to have a better
understanding of the mechanistic pathway to determine the real
active sites. Above all, since these catalysts are developed in
laboratories, to check their compatibility with commercial
scenarios, practical devices such as fuel cells and metal air
batteries must be built. Some of the reported studies have
carried out tests in ZAB-like devices, and this will be the ulti-
mate requirement to verify whether a catalyst will be scalable or

not for industrial levels.
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In conclusion, this review intends to give an insight to the
recent advances of non-precious metal bifunctional oxygen
electrocatalysts. There is no doubt that there are advances in
this field, and there are various design strategies to improve the
activity of catalysts to a point where it can compete the state-of-
the-art Pt/C, RuO,, and IrO,; however, further improvements
are needed for commercial applications. We believe, the review
could provide some useful insights for future progress in car-
bon or transition metal-based bifunctional oxygen electrocata-

lysts.

Funding

P.M.G. thankfully acknowledges DST, New Delhi for the Proj-
ect Associate fellowship. P.B. acknowledges generous financial
support from DST, New Delhi (PURSE Project No.: SR/
PURSE/2024/240) and ANRF, New Delhi (project No.: CRG/
2023/008294). S.P.B acknowledges ANRF, New Delhi for
research fellowship. B.K.P and D.J.G. thanks UGC, New Delhi
and CSIR, New Delhi for research fellowships, respectively.

Author Contributions

Shaheen Parveez Bhuyan: conceptualization; formal analysis;
resources; writing — original draft; writing — review & editing.
Bhrigu Kumar Pegu: conceptualization; resources; writing —
original draft; writing — review & editing. Darshan Jyoti Gogoi:
conceptualization; resources; writing — original draft; writing —
review & editing. Pragya Moni Gogoi: conceptualization;
resources; writing — original draft; writing — review & editing.
Pankaj Bharali: conceptualization; funding acquisition;
resources; supervision; writing — original draft; writing — review
& editing.

ORCID® iDs

Pankaj Bharali - https://orcid.org/0000-0003-3471-0468

Data Availability Statement
Data sharing is not applicable as no new data was generated or analyzed
in this study.

References

1. Pegis, M. L.; Wise, C. F.; Martin, D. J.; Mayer, J. M. Chem. Rev. 2018,
118, 2340-2391. doi:10.1021/acs.chemrev.7b00542

2. Wei, J.; Li, H.; Liu, Y.; Xie, W. Langmuir 2026, 42, 3997—-4009.
doi:10.1021/acs.langmuir.5c05473

3. Zhu, M;; Luo, H.; Bao, H.; Pan, Z.; Zhang, S.; Li, Z.; Zhang, D.
ACS Appl. Mater. Interfaces 2026, 18, 1874—1884.
doi:10.1021/acsami.5¢c23387

4. Wei, C.; Rao, R. R.; Peng, J.; Huang, B.; Stephens, I. E. L.; Risch, M.;
Xu, Z. J.; Shao-Horn, Y. Adv. Mater. (Weinheim, Ger.) 2019, 31,
1806296. doi:10.1002/adma.201806296

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

Beilstein J. Nanotechnol. 2026, 17, 1302—-1319.

Yuan, Y.; Zhong, X.; Chen, L.; Wang, R.; Xu, Z.

ACS Appl. Mater. Interfaces 2026, 18, 6756—6768.
doi:10.1021/acsami.5¢c19514

Huang, Z.-F.; Wang, J.; Peng, Y.; Jung, C.-Y.; Fisher, A.; Wang, X.
Adv. Energy Mater. 2017, 7, 1700544. doi:10.1002/aenm.201700544
Wu, X.; Chen, F.; Jin, Y.; Zhang, N.; Johnston, R. L.

ACS Appl. Mater. Interfaces 2015, 7, 17782—-17791.
doi:10.1021/acsami.5b04061

Suntivich, J.; Gasteiger, H. A.; Yabuuchi, N.; Nakanishi, H.;
Goodenough, J. B.; Shao-Horn, Y. Nat. Chem. 2011, 3, 546-550.
doi:10.1038/nchem.1069

Wei, X.; Cao, S.; Xu, H.; Jiang, C.; Wang, Z.; Ouyang, Y.; Lu, X,;
Dai, F.; Sun, D. ACS Mater. Lett. 2022, 4, 1991—-1998.
doi:10.1021/acsmaterialslett.2c00694

Lim, C.; Fairhurst, A. R.; Ransom, B. J.; Haering, D.;

Stamenkovic, V. R. ACS Catal. 2023, 13, 14874—14893.
doi:10.1021/acscatal.3c03321

Majee, R.; Islam, Q. A.; Bhattacharyya, S.

ACS Appl. Mater. Interfaces 2019, 11, 35853—-35862.
doi:10.1021/acsami.9b09299

Anantharaj, S.; Ede, S. R.; Sakthikumar, K.; Karthick, K.; Mishra, S.;
Kundu, S. ACS Catal. 2016, 6, 8069-8097.
doi:10.1021/acscatal.6b02479

Zheng, L.; Chen, G.; Huang, J.; Chen, W.; Han, T.; Li, T;

Ostrikov, K. K. J. Colloid Interface Sci. 2024, 653, 117-128.
doi:10.1016/j.jcis.2023.09.046

Wang, Y.; Wu, Q.; Zhang, B.; Tian, L.; Li, K.; Zhang, X. Catalysts
2020, 70, 1164. doi:10.3390/catal10101164

Zeng, R.; Yang, Y.; Feng, X.; Li, H.; Gibbs, L. M.; DiSalvo, F. J.;
Abrufia, H. D. Sci. Adv. 2022, 8, eabj1584.
doi:10.1126/sciadv.abj1584

Liu, J.; Xiao, J.; Luo, B.; Tian, E.; Waterhouse, G. I. N. Chem. Eng. J.
2022, 427, 132038. doi:10.1016/j.cej.2021.132038

Wei, L.; Ang, E. H.; Yang, Y.; Qin, Y.; Zhang, Y.; Ye, M.; Liu, Q;

Li, C. C. J. Power Sources 2020, 477, 228696.
doi:10.1016/j.jpowsour.2020.228696

Wang, Y.-J.; Fang, B.; Zhang, D.; Li, A.; Wilkinson, D. P.;

Ignaszak, A.; Zhang, L.; Zhang, J. Electrochem. Energy Rev. 2018, 1,
1-34. doi:10.1007/s41918-018-0002-3

Naik, K. M.; Sampath, S. Electrochim. Acta 2018, 292, 268-275.
doi:10.1016/j.electacta.2018.08.138

Fu, G.; Tang, Y.; Lee, J.-M. ChemElectroChem 2018, 5, 1424—1434.
doi:10.1002/celc.201800373

Hu, C.; Dai, L. Angew. Chem., Int. Ed. 2016, 55, 11736—11758.
doi:10.1002/anie.201509982

Wang, J.; Kong, H.; Zhang, J.; Hao, Y.; Shao, Z.; Ciucci, F.

Prog. Mater. Sci. 2021, 116, 100717.
doi:10.1016/j.pmatsci.2020.100717

Mladenovi¢, D.; Aykut, Y.; Yurtcan, A. B.; Soylu, G. S. P.;

Santos, D. M. F.; Miljani¢, S, Sljukié, B. Processes 2024, 12, 453.
doi:10.3390/pr12030453

Jiao, Y.; Xu, K.; Xiao, H.; Mei, C.; Li, J. Nanomaterials 2023, 13, 2397.
doi:10.3390/nano013172397

Ran, Y.; Xu, C.; Ji, D.; Zhao, H.; Li, L.; Lei, Y. Nano Res. Energy
2024, 3, €9120092. doi:10.26599/nre.2023.9120092

Markovi¢, N. M.; Schmidt, T. J.; Stamenkovi¢, V.; Ross, P. N.

Fuel Cells 2001, 1, 105-116.
doi:10.1002/1615-6854(200107)1:2<105::aid-fuce105>3.0.co;2-9

1316


https://orcid.org/0000-0003-3471-0468
https://doi.org/10.1021%2Facs.chemrev.7b00542
https://doi.org/10.1021%2Facs.langmuir.5c05473
https://doi.org/10.1021%2Facsami.5c23387
https://doi.org/10.1002%2Fadma.201806296
https://doi.org/10.1021%2Facsami.5c19514
https://doi.org/10.1002%2Faenm.201700544
https://doi.org/10.1021%2Facsami.5b04061
https://doi.org/10.1038%2Fnchem.1069
https://doi.org/10.1021%2Facsmaterialslett.2c00694
https://doi.org/10.1021%2Facscatal.3c03321
https://doi.org/10.1021%2Facsami.9b09299
https://doi.org/10.1021%2Facscatal.6b02479
https://doi.org/10.1016%2Fj.jcis.2023.09.046
https://doi.org/10.3390%2Fcatal10101164
https://doi.org/10.1126%2Fsciadv.abj1584
https://doi.org/10.1016%2Fj.cej.2021.132038
https://doi.org/10.1016%2Fj.jpowsour.2020.228696
https://doi.org/10.1007%2Fs41918-018-0002-3
https://doi.org/10.1016%2Fj.electacta.2018.08.138
https://doi.org/10.1002%2Fcelc.201800373
https://doi.org/10.1002%2Fanie.201509982
https://doi.org/10.1016%2Fj.pmatsci.2020.100717
https://doi.org/10.3390%2Fpr12030453
https://doi.org/10.3390%2Fnano13172397
https://doi.org/10.26599%2Fnre.2023.9120092
https://doi.org/10.1002%2F1615-6854%28200107%291%3A2%3C105%3A%3Aaid-fuce105%3E3.0.co%3B2-9

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

Narskov, J. K.; Rossmeisl, J.; Logadottir, A.; Lindgvist, L.;

Kitchin, J. R.; Bligaard, T.; Jonsson, H. J. Phys. Chem. B 2004, 108,
17886—17892. doi:10.1021/jp047349j

Wang, K.; Liu, W.; Song, M.; Lu, Z.-H. Rare Met. 2026, 45, €70097.
doi:10.1002/rar2.70097

Ma, R.; Lin, G.; Zhou, Y.; Liu, Q.; Zhang, T.; Shan, G.; Yang, M.;
Wang, J. npj Comput. Mater. 2019, 5, 78.
doi:10.1038/s41524-019-0210-3

Li, S.; Shi, L.; Guo, Y.; Wang, J.; Liu, D.; Zhao, S. Chem. Sci. 2024,
15, 11188-11228. doi:10.1039/d4sc02853h

Zhao, X.; Hao, Z.; Zhang, X.; Li, L.; Gao, Y.; Liu, L. Chem. Eng. J.
2024, 497, 155005. doi:10.1016/j.cej.2024.155005
Aghamohammadi, P.; Hiiner, B.; Altinci, O. C.; Akgul, E. T.;
Teymur, B.; Simsek, U. B.; Demir, M. Int. J. Hydrogen Energy 2024,
87, 179—-198. doi:10.1016/j.ijhydene.2024.08.412

Liu, M.; Wang, X.; Cao, S.; Lu, X.; Li, W.; Li, N.; Bu, X.-H.

Adv. Mater. (Weinheim, Ger.) 2024, 36, 2309231.
doi:10.1002/adma.202309231

Wang, Z.; Jin, X.; Zhu, C.; Liu, Y.; Tan, H.; Ku, R.; Zhang, Y.; Zhou, L.;
Liu, Z.; Hwang, S.-J.; Fan, H. J. Adv. Mater. (Weinheim, Ger.) 2021,
33, 2104718. doi:10.1002/adma.202104718

Ge, X.; Sumboja, A.; Wuu, D.; An, T.; Li, B.; Goh, F. W. T_;

Hor, T. S. A.; Zong, Y.; Liu, Z. ACS Catal. 2015, 5, 4643—-4667.
doi:10.1021/acscatal.5b00524

Yan, Z.; Liu, H.; Hao, Z.; Yu, M.; Chen, X.; Chen, J. Chem. Sci. 2020,
11, 10614-10625. doi:10.1039/d0sc01532f

Wang, T.; Zhang, Y.; Huang, B.; Cai, B.; Rao, R. R.; Giordano, L.;
Sun, S.-G.; Shao-Horn, Y. Nat. Catal. 2021, 4, 753-762.
doi:10.1038/s41929-021-00668-0

He, B.; Bai, F.; Jain, P.; Li, T. Small 2025, 21, 2411479.
doi:10.1002/smll.202411479

Ivanistsev, V.; Cepitis, R.; Rossmeisl, J.; Kongi, N. Chem. Soc. Rev.
2025, 54, 10956—10976. doi:10.1039/d5¢cs00597¢

Liu, H.; Xiong, R.; Ma, S.; Wang, R.; Liu, Z.; Yao, T.; Song, B.
Energy Adv. 2025, 4, 55-83. doi:10.1039/d4ya00551a
Nsanzimana, J. M. V.; Peng, Y.; Xu, Y. Y.; Thia, L.; Wang, C.;

Xia, B. Y.; Wang, X. Adv. Energy Mater. 2018, 8, 1701475.
doi:10.1002/aenm.201701475

Wu, G.; Santandreu, A.; Kellogg, W.; Gupta, S.; Ogoke, O.; Zhang, H.;
Wang, H.-L.; Dai, L. Nano Energy 2016, 29, 83-110.
doi:10.1016/j.nanoen.2015.12.032

Zeng, K.; Zheng, X.; Li, C.; Yan, J.; Tian, J.-H.; Jin, C.; Strasser, P.;
Yang, R. Adv. Funct. Mater. 2020, 30, 2000503.
doi:10.1002/adfm.202000503

Wang, T.; Kou, Z.; Mu, S.; Liu, J.; He, D.; Amiinu, I. S.; Meng, W.;
Zhou, K.; Luo, Z.; Chaemchuen, S.; Verpoort, F. Adv. Funct. Mater.
2018, 28, 1705048. doi:10.1002/adfm.201705048

Razzaq, S.; Exner, K. S. ChemElectroChem 2022, 9, e202101603.
doi:10.1002/celc.202101603

Hou, S.; Kluge, R. M.; Haid, R. W.; Gubanova, E. L.; Watzele, S. A;;
Bandarenka, A. S.; Garlyyev, B. ChemElectroChem 2021, 8,
3433-3456. doi:10.1002/celc.202100584

Wang, H.-F.; Tang, C.; Wang, B.; Li, B.-Q.; Cui, X.; Zhang, Q.
Energy Storage Mater. 2018, 15, 124—130.
doi:10.1016/j.ensm.2018.03.022

Bera, R. K.; Park, H.; Ryoo, R. J. Mater. Chem. A 2019, 7,
9988-9996. doi:10.1039/c9ta01482a

Jia, Y.; Chen, J.; Yao, X. Mater. Chem. Front. 2018, 2, 1250—-1268.
doi:10.1039/c8gm00070k

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Beilstein J. Nanotechnol. 2026, 17, 1302—-1319.

Hu, C.; Xiao, Y.; Zou, Y.; Dai, L. Electrochem. Energy Rev. 2018, 1,
84-112. doi:10.1007/s41918-018-0003-2

Xie, C.; Yan, D.; Chen, W.; Zou, Y.; Chen, R.; Zang, S.; Wang, Y.;
Yao, X.; Wang, S. Mater. Today 2019, 31, 47—-68.
doi:10.1016/j.mattod.2019.05.021

Banks, C. E.; Davies, T. J.; Wildgoose, G. G.; Compton, R. G.

Chem. Commun. 2005, 829—-841. doi:10.1039/b413177k

Su, C.; Acik, M.; Takai, K.; Lu, J.; Hao, S.-j.; Zheng, Y.; Wu, P.;

Bao, Q.; Enoki, T.; Chabal, Y. J.; Ping Loh, K. Nat. Commun. 2012, 3,
1298. doi:10.1038/ncomms2315

Tao, L.; Qiao, M.; Jin, R.; Li, Y.; Xiao, Z.; Wang, Y.; Zhang, N.; Xie, C.;
He, Q.; Jiang, D.; Yu, G.; Li, Y.; Wang, S. Angew. Chem., Int. Ed.
2019, 58, 1019-1024. doi:10.1002/anie.201810207

Li, M.; Zhang, L.; Xu, Q.; Niu, J.; Xia, Z. J. Catal. 2014, 314, 66-72.
doi:10.1016/j.jcat.2014.03.011

Hu, C.; Dai, L. Adv. Mater. (Weinheim, Ger.) 2017, 29, 1604942.
doi:10.1002/adma.201604942

Zhu, J.; Mu, S. Adv. Funct. Mater. 2020, 30, 2001097.
doi:10.1002/adfm.202001097

Fan, L.; Xu, J.; Hong, Y. RSC Adv. 2022, 12, 6772-6782.
doi:10.1039/d1ra08884

Khan, K.; Yan, X.; Yu, Q.; Bae, S.-H.; White, J. J.; Liu, J.; Liu, T;
Sun, C.; Kim, J.; Cheng, H.-M.; Wang, Y.; Liu, B.; Amine, K.; Pan, X.;
Luo, Z. Nano Energy 2021, 90, 106488.
doi:10.1016/j.nanoen.2021.106488

Zhao, Z.; Li, M.; Zhang, L.; Dai, L.; Xia, Z.

Adv. Mater. (Weinheim, Ger.) 2015, 27, 6834—6840.
doi:10.1002/adma.201503211

Zong, L.; Wu, W.; Liu, S.; Yin, H.; Chen, Y.; Liu, C.; Fan, K.; Zhao, X.;
Chen, X.; Wang, F.; Yang, Y.; Wang, L.; Feng, S.

Energy Storage Mater. 2020, 27, 514-521.
doi:10.1016/j.ensm.2019.12.013

Zhao, Q.; Bao, L.; Wang, H.; Dou, D.; Cong, Y.; Li, C. lonics 2024, 30,
4797-4810. doi:10.1007/s11581-024-05478-5

Yang, J.; Shi, J.; Wu, Y.; Liu, H.; Liu, Z.; You, Q.; Li, X.; Cong, L.;

Liu, D.; Liu, F.; Jiang, Y.; Lin, N.; Zhang, W.; Lin, H. J. Mater. Chem. A
2024, 12, 11907-11919. doi:10.1039/d4ta00555d

Zhang, J.; Wang, J.; Wu, Z.; Wang, S.; Wu, Y.; Liu, X. Catalysts 2018,
8, 475. doi:10.3390/catal8100475

Wang, L.; Xu, Z.; Peng, T.; Liu, M.; Zhang, L.; Zhang, J.
Nanomaterials 2022, 12, 381. doi:10.3390/nano12030381

Dresp, S.; Luo, F.; Schmack, R.; Kihl, S.; Gliech, M.; Strasser, P.
Energy Environ. Sci. 2016, 9, 2020-2024. doi:10.1039/c6ee01046f
Chang, S.; Zhang, H.; Zhang, Z. J. Energy Chem. 2021, 56, 64—71.
doi:10.1016/j.jechem.2020.07.047

Aziz, |.; Chen, X.; Hu, X.; Zhang, W.; Awan, R. J.; Rauf, A ;

Arshad, S. N. RSC Adv. 2023, 13, 11591-11599.
doi:10.1039/d3ra00352¢c

Poudel, M. B.; Vijayapradeep, S.; Sekar, K.; Kim, J. S.; Yoo, D. J.

J. Mater. Chem. A 2024, 12, 10185-10195. doi:10.1039/d3ta07609a
Adegoke, K. A.; Maxakato, N. W. Mater. Today Energy 2021, 21,
100816. doi:10.1016/j.mtener.2021.100816

Chen, D.; Chen, X.; Cui, Z.; Li, G.; Han, B.; Zhang, Q.; Sui, J.;

Dong, H.; Yu, J.; Yu, L.; Dong, L. Chem. Eng. J. 2020, 399, 125718.
doi:10.1016/j.cej.2020.125718

Li, Y.-W.; Zhang, W.-J.; Li, J.; Ma, H.-Y.; Du, H.-M.; Li, D.-C.;

Wang, S.-N.; Zhao, J.-S.; Dou, J.-M.; Xu, L.

ACS Appl. Mater. Interfaces 2020, 12, 44710-44719.
doi:10.1021/acsami.Oc11945

1317


https://doi.org/10.1021%2Fjp047349j
https://doi.org/10.1002%2Frar2.70097
https://doi.org/10.1038%2Fs41524-019-0210-3
https://doi.org/10.1039%2Fd4sc02853h
https://doi.org/10.1016%2Fj.cej.2024.155005
https://doi.org/10.1016%2Fj.ijhydene.2024.08.412
https://doi.org/10.1002%2Fadma.202309231
https://doi.org/10.1002%2Fadma.202104718
https://doi.org/10.1021%2Facscatal.5b00524
https://doi.org/10.1039%2Fd0sc01532f
https://doi.org/10.1038%2Fs41929-021-00668-0
https://doi.org/10.1002%2Fsmll.202411479
https://doi.org/10.1039%2Fd5cs00597c
https://doi.org/10.1039%2Fd4ya00551a
https://doi.org/10.1002%2Faenm.201701475
https://doi.org/10.1016%2Fj.nanoen.2015.12.032
https://doi.org/10.1002%2Fadfm.202000503
https://doi.org/10.1002%2Fadfm.201705048
https://doi.org/10.1002%2Fcelc.202101603
https://doi.org/10.1002%2Fcelc.202100584
https://doi.org/10.1016%2Fj.ensm.2018.03.022
https://doi.org/10.1039%2Fc9ta01482a
https://doi.org/10.1039%2Fc8qm00070k
https://doi.org/10.1007%2Fs41918-018-0003-2
https://doi.org/10.1016%2Fj.mattod.2019.05.021
https://doi.org/10.1039%2Fb413177k
https://doi.org/10.1038%2Fncomms2315
https://doi.org/10.1002%2Fanie.201810207
https://doi.org/10.1016%2Fj.jcat.2014.03.011
https://doi.org/10.1002%2Fadma.201604942
https://doi.org/10.1002%2Fadfm.202001097
https://doi.org/10.1039%2Fd1ra08884j
https://doi.org/10.1016%2Fj.nanoen.2021.106488
https://doi.org/10.1002%2Fadma.201503211
https://doi.org/10.1016%2Fj.ensm.2019.12.013
https://doi.org/10.1007%2Fs11581-024-05478-5
https://doi.org/10.1039%2Fd4ta00555d
https://doi.org/10.3390%2Fcatal8100475
https://doi.org/10.3390%2Fnano12030381
https://doi.org/10.1039%2Fc6ee01046f
https://doi.org/10.1016%2Fj.jechem.2020.07.047
https://doi.org/10.1039%2Fd3ra00352c
https://doi.org/10.1039%2Fd3ta07609a
https://doi.org/10.1016%2Fj.mtener.2021.100816
https://doi.org/10.1016%2Fj.cej.2020.125718
https://doi.org/10.1021%2Facsami.0c11945

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Suen, N.-T.; Hung, S.-F.; Quan, Q.; Zhang, N.; Xu, Y.-J.; Chen, H. M.
Chem. Soc. Rev. 2017, 46, 337-365. doi:10.1039/c6cs00328a

Xue, Y.; Sun, S.; Wang, Q.; Dong, Z.; Liu, Z. J. Mater. Chem. A 2018,
6, 10595-10626. doi:10.1039/c7ta10569j

Kuang, M.; Zheng, G. Small 2016, 12, 5656-5675.
doi:10.1002/smll.201600977

Khattak, K. N.; Shao, Y.; Zhou, J. React. Chem. Eng. 2026, 11,
11-41. doi:10.1039/d5re00328h

Wu, S.; Liang, Z.; Wang, T.; Liu, X.; Huang, S. Inorg. Chem. Front.
2025, 12, 848-875. doi:10.1039/d4qi02179¢g

Li, R.-d.; Niu, W.-J.; Zhao, W.-W.; Yu, B.-X.; Cai, C.-Y.; Xu, L.-Y.;
Wang, F.-M. Small 2025, 21, 2408227. doi:10.1002/smll.202408227
Hou, A.; Ouyang, R. ACS Appl. Energy Mater. 2025, 8, 3481-3490.
doi:10.1021/acsaem.4c03003

Yuan, C.; Wu, H. B.; Xie, Y.; Lou, X. W. Angew. Chem., Int. Ed. 2014,
53, 1488-1504. doi:10.1002/anie.201303971

Wang, Y.; Li, J.; Wei, Z. J. Mater. Chem. A 2018, 6, 8194-8209.
doi:10.1039/c8ta01321g

Ferreira, K. N.; lverson, T. M.; Maghlaoui, K.; Barber, J.; lwata, S.
Science 2004, 303, 1831-1838. doi:10.1126/science.1093087
Rossmeisl, J.; Dimitrievski, K.; Siegbahn, P.; Narskov, J. K.

J. Phys. Chem. C 2007, 111, 18821-18823. doi:10.1021/jp077210j
Gorlin, Y.; Jaramillo, T. F. J. Am. Chem. Soc. 2010, 132,
13612-13614. doi:10.1021/ja104587v

Mosa, I. M.; Biswas, S.; EI-Sawy, A. M.; Botu, V.; Guild, C.; Song, W.;
Ramprasad, R.; Rusling, J. F.; Suib, S. L. J. Mater. Chem. A 2016, 4,
620—631. doi:10.1039/c5ta07878d

Shao, C.; Liao, F.; Zhu, W.; Zhang, Y.; Ma, M.; Yang, J.; Yin, K;
Shao, M.; Jiang, B. Appl. Surf. Sci. 2022, 596, 153642.
doi:10.1016/j.apsusc.2022.153642

Ayyaluri, R. R.; Vamsi Krishna, B. N.; Ankinapalli, O. R.; Lee, Y. J;
Natarajan, L.; Yu, J. S. ACS Sustainable Chem. Eng. 2024, 12,
10765-10775. doi:10.1021/acssuschemeng.4c01477

Wu, G.; Zelenay, P. Acc. Chem. Res. 2013, 46, 1878—1889.
doi:10.1021/ar400011z

Lyu, C.; Yang, J.; Guo, H.; Cheng, J.; Geng, D.; Liu, Y.

Coord. Chem. Rev. 2026, 551, 217393.
doi:10.1016/j.ccr.2025.217393

Xiao, J.; Kuang, Q.; Yang, S.; Xiao, F.; Wang, S.; Guo, L. Sci. Rep.
2013, 3, 2300. doi:10.1038/srep02300

He, X.; Yin, F.; Li, G. Int. J. Hydrogen Energy 2015, 40, 9713-9722.
doi:10.1016/j.ijhydene.2015.06.027

Ashok, A.; Kumar, A.; Ponraj, J.; Mansour, S. A.; Tarlochan, F.

Int. J. Hydrogen Energy 2019, 44, 16603—16614.
doi:10.1016/j.ijhydene.2019.04.165

Liu, Y.; Shu, C.; Fang, Y.; Chen, Y.; Liu, Y. J. Power Sources 2017,
361, 160—169. doi:10.1016/j.jpowsour.2017.06.062

Huang, D.; Liu, T.; Xu, A.; Zhou, J.; Wang, Y.; Hu, X.

Electrochim. Acta 2024, 494, 144450.
doi:10.1016/j.electacta.2024.144450

Farah Hanis Nik Zaiman, N.; Shaari, N.

J. Ind. Eng. Chem. (Amsterdam, Neth.) 2023, 119, 1-76.
doi:10.1016/j.jiec.2022.11.048

Zhang, Q.; Han, W.; Xu, Z.; Li, Y.; Chen, L.; Bai, Z.; Yang, L.;

Wang, X. RSC Adv. 2020, 10, 27788-27793. doi:10.1039/d0ra03222k
Faisal, S. N.; Haque, E.; Noorbehesht, N.; Liu, H.; Islam, M. M.;
Shabnam, L.; Roy, A. K.; Pourazadi, E.; Islam, M. S.; Harris, A. T.;
Minett, A. |. Sustainable Energy Fuels 2018, 2, 2081-2089.
doi:10.1039/c8se00068a

Beilstein J. Nanotechnol. 2026, 17, 1302—-1319.

98. Zhang, J.; Zhuge, X.; Liu, T.; Luo, K.; Lyu, J.; Ren, Y; Li, Y.; Xing, L.
Mater. Today Commun. 2024, 38, 108335.
doi:10.1016/j.mtcomm.2024.108335

99. Zhong, Y.; Xia, X.; Shi, F.; Zhan, J.; Tu, J.; Fan, H. J. Adv. Sci. 2016,
3, 1500286. doi:10.1002/advs.201500286

100.Kumar, D. B.; Nie, W.; Jiang, Z.; Lee, J.; Maiyalagan, T.

J. Alloys Compd. 2023, 960, 170828.
doi:10.1016/j.jallcom.2023.170828

101.Ram, S.; Lee, A. S.; Lee, S.-C.; Bhattacharjee, S. Chem. Mater. 2025,
37, 3608-3621. doi:10.1021/acs.chemmater.4c03213

102.Wang, L.; Dong, H.; Guo, Z.; Zhang, L.; Hou, T.; Li, Y.

J. Phys. Chem. C 2016, 120, 17427—-17434.
doi:10.1021/acs.jpcc.6b04639

103.Ma, X; Li, K; Zhang, X.; Wei, B.; Yang, H; Liu, L.; Zhang, M ;
Zhang, X.; Chen, Y. J. Mater. Chem. A 2019, 7, 14904—14915.
doi:10.1039/c9ta03762d

104.Yang, F.; Lei, Y.; Xie, H.; Zhang, D.; Huang, R.; Liu, X.; Wang, H.
New J. Chem. 2020, 44, 10729-10738. doi:10.1039/d0nj01164a

105.Kindlund, H.; Sangiovanni, D. G.; Petrov, |.; Greene, J. E.; Hultman, L.
Thin Solid Films 2019, 688, 137479. doi:10.1016/j.tsf.2019.137479

106.Tareen, A. K.; Priyanga, G. S.; Khan, K.; Pervaiz, E.; Thomas, T.;
Yang, M. ChemSusChem 2019, 12, 3941-3954.
doi:10.1002/cssc.201900553

107.Chen, L.; Zhang, Y.; Liu, X.; Long, L.; Wang, S.; Xu, X.; Liu, M.;
Yang, W.; Jia, J. Carbon 2019, 151, 10-17.
doi:10.1016/j.carbon.2019.05.063

108.Wang, Q.; Shang, L.; Shi, R.; Zhang, X.; Waterhouse, G. I. N.;

Wu, L.-Z.; Tung, C.-H.; Zhang, T. Nano Energy 2017, 40, 382—389.
doi:10.1016/j.nanoen.2017.08.040

109.Yin, J.; Li, Y,; Lv, F.; Fan, Q.; Zhao, Y.-Q.; Zhang, Q.; Wang, W.;
Cheng, F.; Xi, P.; Guo, S. ACS Nano 2017, 11, 2275-2283.
doi:10.1021/acsnano.7b00417

110.Gultom, N. S.; Silitonga, M. Z.; Hu, K.-X.; Zhou, Y.-C.; Kuo, D.-H.

J. Alloys Compd. 2023, 955, 170232.
doi:10.1016/j.jallcom.2023.170232

111.Park, Y. S.; Lee, J.; Lee, H.; Park, J. B.; Yun, J.; Lee, C. U.; Moon, S.;
Lee, S.; Kim, S.; Kim, J. H.; Kim, D.; Han, J.; Kim, D.-W.; Moon, J.
ACS Appl. Mater. Interfaces 2025, 17, 18228—18242.
doi:10.1021/acsami.4c20630

112.Sun, Q.; Chen, Z.; Dong, K.; Lv, T.; Li, X.; Zhai, D.; Tang, W.; Chen, T.
J. Colloid Interface Sci. 2025, 692, 137537.
doi:10.1016/j.jcis.2025.137537

113.Diaz, C.; Moreno-Zuria, A.; Sfeir, A.; Royer, S.; Sierra, L.; Lopez, B.;
Mohamedi, M.; Palacio, R. J. Energy Storage 2025, 126, 117099.
doi:10.1016/j.est.2025.117099

114.Wang, L.; Huang, J.; Hu, X.; Huang, Z.; Gao, M.; Yao, D.;

Taylor Isimjan, T.; Yang, X. J. Colloid Interface Sci. 2024, 660,
989-996. doi:10.1016/j.jcis.2024.01.143

115.Zhang, D.; Yue, D.; He, C.; Ma, Z.; Wu, Q.; Huang, Y.; Liu, K.;
Wang, H.; Cai, Y.; Li, Q. J. Alloys Compd. 2023, 968, 171924.
doi:10.1016/j.jallcom.2023.171924

116.Zhang, X.; Liu, Q.; Liu, S.; Wang, E. Electrochim. Acta 2023, 437,
141477. doi:10.1016/j.electacta.2022.141477

117.Zheng, H.; Wang, S; Liu, S.; Wu, J.; Guan, J.; Li, Q.; Wang, Y.;

Tao, Y.; Hu, S.; Bai, Y.; Wang, J.; Xiong, X.; Xiong, Y.; Lei, Y.
Adv. Funct. Mater. 2023, 33, 2300815. doi:10.1002/adfm.202300815

118.Xu, X.; Wang, X.; Huo, S.; Liu, X.; Ma, X.; Liu, M.; Zou, J.

Adv. Mater. (Weinheim, Ger.) 2024, 36, 2306844.
doi:10.1002/adma.202306844

1318


https://doi.org/10.1039%2Fc6cs00328a
https://doi.org/10.1039%2Fc7ta10569j
https://doi.org/10.1002%2Fsmll.201600977
https://doi.org/10.1039%2Fd5re00328h
https://doi.org/10.1039%2Fd4qi02179g
https://doi.org/10.1002%2Fsmll.202408227
https://doi.org/10.1021%2Facsaem.4c03003
https://doi.org/10.1002%2Fanie.201303971
https://doi.org/10.1039%2Fc8ta01321g
https://doi.org/10.1126%2Fscience.1093087
https://doi.org/10.1021%2Fjp077210j
https://doi.org/10.1021%2Fja104587v
https://doi.org/10.1039%2Fc5ta07878d
https://doi.org/10.1016%2Fj.apsusc.2022.153642
https://doi.org/10.1021%2Facssuschemeng.4c01477
https://doi.org/10.1021%2Far400011z
https://doi.org/10.1016%2Fj.ccr.2025.217393
https://doi.org/10.1038%2Fsrep02300
https://doi.org/10.1016%2Fj.ijhydene.2015.06.027
https://doi.org/10.1016%2Fj.ijhydene.2019.04.165
https://doi.org/10.1016%2Fj.jpowsour.2017.06.062
https://doi.org/10.1016%2Fj.electacta.2024.144450
https://doi.org/10.1016%2Fj.jiec.2022.11.048
https://doi.org/10.1039%2Fd0ra03222k
https://doi.org/10.1039%2Fc8se00068a
https://doi.org/10.1016%2Fj.mtcomm.2024.108335
https://doi.org/10.1002%2Fadvs.201500286
https://doi.org/10.1016%2Fj.jallcom.2023.170828
https://doi.org/10.1021%2Facs.chemmater.4c03213
https://doi.org/10.1021%2Facs.jpcc.6b04639
https://doi.org/10.1039%2Fc9ta03762d
https://doi.org/10.1039%2Fd0nj01164a
https://doi.org/10.1016%2Fj.tsf.2019.137479
https://doi.org/10.1002%2Fcssc.201900553
https://doi.org/10.1016%2Fj.carbon.2019.05.063
https://doi.org/10.1016%2Fj.nanoen.2017.08.040
https://doi.org/10.1021%2Facsnano.7b00417
https://doi.org/10.1016%2Fj.jallcom.2023.170232
https://doi.org/10.1021%2Facsami.4c20630
https://doi.org/10.1016%2Fj.jcis.2025.137537
https://doi.org/10.1016%2Fj.est.2025.117099
https://doi.org/10.1016%2Fj.jcis.2024.01.143
https://doi.org/10.1016%2Fj.jallcom.2023.171924
https://doi.org/10.1016%2Fj.electacta.2022.141477
https://doi.org/10.1002%2Fadfm.202300815
https://doi.org/10.1002%2Fadma.202306844

119.Lai, J.; Gan, L.; Zhang, K.; Fang, J.; Lai, Y.; Li, J.
J. Electroanal. Chem. 2020, 873, 114369.
doi:10.1016/j.jelechem.2020.114369
120.Muthurasu, A.; Sampath, P.; Ko, T. H.; Lohani, P. C.; Pathak, I.;
Acharya, D.; Chhetri, K.; Kim, D. H.; Kim, H. Y. Appl. Catal., B 2023,
330, 122523. doi:10.1016/j.apcatb.2023.122523
121.Wu, H,; Li, Z.; Wang, Z.; Ma, Y.; Huang, S.; Ding, F.; Li, F.; Zhai, Q;
Ren, Y.; Zheng, X.; Yang, Y.; Tang, S.; Deng, Y.; Meng, X.
Appl. Catal., B 2023, 325, 122356. doi:10.1016/j.apcatb.2022.122356
122.Zhu, C.; Yin, Z.; Lai, W.; Sun, Y.; Liu, L.; Zhang, X.; Chen, Y.;
Chou, S.-L. Adv. Energy Mater. 2018, 8, 1802327.
doi:10.1002/aenm.201802327
123.8Sanchez, J. S.; Xia, Z.; Mirehbar, K.; Sasidharan, S.; Aravindh, S. A;;
Liscio, A.; Sun, J.; Christian, M.; Palma, J.; Palermo, V.; Marcilla, R.
J. Mater. Chem. A 2024, 12, 11945-11959. doi:10.1039/d3ta07765a
124.Peng, L.-J.; Huang, J.-P.; Pan, Q.-R.; Liang, Y.; Yin, N.; Xu, H.-C;
Li, N. RSC Adv. 2021, 11, 19406—19416. doi:10.1039/d1ra02861h
125.Singh, H.; Marley-Hines, M.; Chakravarty, S.; Nath, M.
J. Mater. Chem. A 2022, 10, 6772-6784. doi:10.1039/d1ta09864k
126.Ruck, S.; Hutzler, A.; Lahn, L.; Kasian, O.; Thiele, S.; Pham, C. v.;
Freiberg, A. T. S. ACS Catal. 2025, 15, 3487—-3498.
doi:10.1021/acscatal.4c07208

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement

(https://www.beilstein-journals.org/bjnano/terms), which is

identical to the Creative Commons Attribution 4.0
International License

(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.17.90

Beilstein J. Nanotechnol. 2026, 17, 1302—-1319.

1319


https://doi.org/10.1016%2Fj.jelechem.2020.114369
https://doi.org/10.1016%2Fj.apcatb.2023.122523
https://doi.org/10.1016%2Fj.apcatb.2022.122356
https://doi.org/10.1002%2Faenm.201802327
https://doi.org/10.1039%2Fd3ta07765a
https://doi.org/10.1039%2Fd1ra02861h
https://doi.org/10.1039%2Fd1ta09864k
https://doi.org/10.1021%2Facscatal.4c07208
https://www.beilstein-journals.org/bjnano/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjnano.17.90

	Abstract
	Introduction
	Review
	Fundamentals of oxygen electrode reactions
	Reaction mechanisms of ORR and OER
	Bifunctional oxygen electrocatalysts
	Carbon-based materials
	Transition metal-based materials

	Conclusion
	Funding
	Author Contributions
	ORCID iDs
	Data Availability Statement
	References

