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Advances and Challenges in Designing Efficient NiFe-Based
Oxygen Electrocatalysts for Rechargeable Zn–Air Batteries

Xiaohong Zou, Mingcong Tang, Qian Lu,* Kouer Zhang, Lizhen Wu, Zongping Shao,*
and Liang An*

Designing cost-effective bifunctional electrocatalysts with high activity claims
essential features for accelerating the practical application process of
rechargeable Zn–air batteries. NiFe-based catalytic materials are viable
candidates for bifunctional electrocatalysts, benefiting from abundant
reserves, low costs, adjustable electron structures, and high catalytic
activities. To accelerate the industrialization process of NiFe-based materials
in rechargeable Zn–air batteries, it is necessary to systematically explore their
design strategies for promoting bifunctional catalytic activities. This review
first introduces the working principle, reaction mechanism, and challenges of
rechargeable Zn–air batteries, which aim to understand the cathodic catalyst
design criteria. Furthermore, the categorization of NiFe-based catalysts is
illustrated in detail to introduce the design strategy. Based on the
understanding, the design strategy of NiFe-based catalysts, including anionic
modification, cation doping, supporting effect, embedding effect, and
multi-component construction, is summarized to boost the performance in
rechargeable Zn–air batteries with high activity and sustained stability. Finally,
some personal insights on developing practical NiFe-based electrocatalysts
are proposed. It is believed that this review can offer valuable insights for
guiding future research on the advancement of NiFe-based catalysts in
rechargeable Zn–air batteries.
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1. Introduction

The pursuit of economically viable and
environmentally sustainable energy
storage and conversion technologies
is a promising direction to relieve the
environmental crisis caused by CO2
emissions.[1–5] Among various energy
systems, Zn–air batteries are consid-
ered promising candidates for next-
generation energy devices, considering
their benefits of low cost, environmen-
tal friendliness, available security, and
high theoretical energy density.[6–8] Un-
fortunately, the practical deployment
of Zn–air batteries is impeded by the
sluggish reaction kinetics and limited
cycling stability of the cathodic oxygen-
electrochemistry electrocatalysts.[9,10]

Currently, the noble metal composites,
such as Pt/C + IrO2/RuO2, have been
commonly utilized as bifunctional oxy-
gen electrocatalysts to address the slow
kinetics of oxygen reduction reaction
(ORR) and oxygen evolution reaction
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(OER) occurring on the air cathode side. However, the substan-
tial expense and restricted stability of noble metal electrocatalysts
significantly restrict their widespread application in rechargeable
Zn–air batteries.[11–13] Consequently, the development of cost-
effective, non-noble metal, and highly efficient bifunctional elec-
trocatalysts has currently become a research highlight in the do-
main of rechargeable Zn–air batteries.
Accordingly, plenty of efforts are devoted to exploiting cost-

effective bifunctional electrocatalysts with high performance
for rechargeable Zn–air batteries, including carbon materials,
metal oxides/alloys, metal-derived composites, as well as special
organic-inorganic compounds.[14–18] Among them, NiFe-based
3d transition metal electrocatalysts have been regarded as a suit-
able direction to design high-activity and long-stability bifunc-
tionally electrocatalysts, benefiting from the tunable Ni and Fe ra-
tio and variousmorphology and electronic structures.[19,20] In par-
ticular, pristine NiFe catalysts usually perform the electrochem-
ical reconstruction phenomena, which form NiFeOOH active
species on the surface of the designed catalyst, thereby possess-
ing remarkable OER activity.[21,22] However, pristine NiFe com-
pounds show low electron conductivity owing to the semiconduc-
tor property of NiFeOOH, inferior OER stability arising from the
segregation of Fe in the alkaline medium, as well as poor ORR
activity.[23,24] To address the requirement for rechargeable Zn–air
batteries, it is crucial to explore the NiFe-based catalytic mate-
rials that exhibit both highly bifunctional activity and extended
durability.
In general, carbon material with high electron conductivity

and affordable ORR activity could be applied to combine with
NiFe-based catalysts to facilitate electron transport and promote
the ORR activity.[25,26] More importantly, carbon materials, such
as graphene, carbon nanotubes, and carbon quantum dots, could
supply a large surface area for supporting NiFe-based nano-
catalysts and regulate the electron structure of NiFe-based cata-
lysts to accelerate the mass/charge transfer for the oxygen redox
chemistry.[27–29] In addition, the novel strategy, including oxygen
vacancy, heteroatom doping, cation defect, core-shell structure,
interfacial engineering, andmorphology construction, can be ap-
plied to modify NiFe-based catalysts to achieve the bifunctional
ORR/OER activity.[30–34] To constructmore advanced bifunctional
NiFe-based electrocatalysts, conducting a systematic analysis of
the design strategy and criteria for the NiFe-based electrocatalysts
is necessary.
This review primarily concentrated on summarizing the de-

sign strategies and recent advancements in bifunctional NiFe-
based electrocatalysts for rechargeable Zn–air batteries, as re-
vealed in Scheme 1. Initially, a concise introduction of the air
cathode for the Zn–air battery is provided, detailing the cell con-
figuration, reactionmechanism, and current challenge. Then, we
provide a brief introduction to the categorization of NiFe-based
catalysts to offer a fundamental understanding and direction for
improving ORR and OER activities. Moreover, the design strat-
egy of NiFe-based catalysts in rechargeable Zn–air batteries, in-
cluding anionic modification, cation doping, supporting effect,
embedding effect, and multi-component construction, is sum-
marized in detail. Finally, we propose some personal insights
on developing practical NiFe-based electrocatalysts. This review
aims to inspire the construction of high-performance NiFe-
based catalytic materials for bridging the gap between labora-

Scheme 1. Summary of the introduction and design strategy of NiFe-
based electrocatalysts in Zn–air batteries.

tory research and industrial applications for rechargeable Zn–air
batteries.

2. Introduction of the Air Cathode

Since the pristine Zn–air battery with aqueous NH4Cl electrolyte
was first reported byMaiche in 1878, an enormous number of re-
searchers have devoted themselves to pursuing high-activity and
long-durability Zn–air batteries.[35] Normally, the typical config-
uration of Zn–air batteries is composed of three main compo-
nents, including the air cathode, zinc anode, and electrolyte. Typ-
ically, the zinc anode is usually a fresh zinc plate or a mixture
of zinc powders and polymer binders, which ensures the inser-
tion/extraction of Zn2+ cation.[36–39] However, owing to the Zn
dendrites corresponding with the parasitic hydrogen evolution
reaction, the Zn anode still faces the challenges of the heavily
decayed utilization rate of zinc and the reduced lifespan of Zn–
air batteries.[40,41] Constructing a surface protective layer on the
zinc anode can avoid direct contact between high-concentration
alkaline electrolyte and metallic zinc anode, thus alleviating the
issue of zinc dendrite.[42,43] The composition of the electrolyte is
a 6 M KOH solution mixed with a 0.2 m zinc salt additive, in
which the OH− could promote the ion exchange between the two
electrodes to ensure a reversible reaction, and zinc ions can re-
duce the energy barrier for solvation of metallic zinc during the
charge process.[44] Moreover, the polymer electrolyte has been de-
signed to relieve water volatilization and side reactions generated
from the high-concentration salt solution, finally achieving stable
cyclic performance.[45] For the air cathode, bifunctional electro-
catalysts act as themain component to affect the energy efficiency
and lifespan of Zn–air batteries.[46] Understanding the configura-
tion of air electrodes, involved reactionmechanisms, and current
challenges is crucial for developing efficient bifunctional oxygen
electrocatalysts.
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Scheme 2. Scheme illustration of a) the configuration and reaction process of rechargeable Zn–air batteries, and b) corresponding typical polarization
curves in zinc anode and air cathode.

2.1. Air Cathode Configuration

Typically, the air cathode is composed of three main compo-
nents: the current collector, the gas diffusion layer, and the cat-
alytic layer. These main components function together to cre-
ate a favorable environment for the catalytic reaction at the
gas/solid/liquid triple-phase interface[47] The current collector
mainly selects material with high electron conductivity, flexibil-
ity, and the inhibition of corrosion, such as Ni foam, Ti mesh,
and stainless steel, to support the fast electron transfer from
catalysts[48] The gas diffusion layer, which is usually composed of
a mixture of hydrophobic PTFE (polytetrafluoroethylene) binder
and porous carbon with the mass ratio of 7: 3, constructs the
channel for oxygen transport and electrolyte penetration on the
catalyst surface[49] More importantly, the catalytic layer contains

the conductive porous carbon, bifunctional ORR/OER electro-
catalyst, and polymer binders, in which the hydrophobic binder,
such asNafion and PTFE, was employed to facilitate oxygen diffu-
sion and avoid the water flooding effect[50] Generally, the current
collector is positioned between the catalytic layer and gas diffu-
sion layer, generating a unique sandwich structure[51] In most
research, the gas diffusion layer can also be used as the cur-
rent collector because conductive carbon paper or carbon cloth
is used as the gas diffusion layer. In this configuration, the cat-
alytic layer is oriented toward the electrolyte to facilitate the ORR
and OER reactions on the gas/solid/liquid triple-phase interface
(Scheme 2a)[7]

Specifically, the bifunctional ORR/OER electrocatalyst within
the catalytic layer is vital for determining the cyclic overpoten-
tial and lifespan of Zn–air batteries. To develop an efficient
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Figure 1. a) Theoretical volcano plots for ORR and OER. Reproduced with permission.[53] Copyright 2011, Royal Society of Chemistry. b) The ORR
route based on the four- and two-electron route. Reproduced with permission.[54] Copyright 2024, Springer Nature. c) The AEM pathway. Reproduced
with permission.[62] Copyright 2024, Royal Society of Chemistry. d) The scaling relationship between the adsorption energies of intermediate oxygen
species. Reproduced with permission.[53] Copyright 2011, Royal Society of Chemistry. e) The LOM pathway. Reproduced with permission.[62] Copyright
2024, Royal Society of Chemistry. f) and The OPM pathway. Reproduced under the terms of 4.0 International License.[65] Copyright 2024, The Authors,
published by Springer Nature.

air cathode for rechargeable Zn–air batteries, attentions must
be given to several crucial aspects: i) The oxygen electrocata-
lyst must exhibit high activity for both ORR and OER to min-
imize the charge/discharge overpotential and improve the en-
ergy efficiency of rechargeable Zn–air batteries; ii) The cat-
alytic layer must have the ability to resist corrosion under high-
concentration alkaline electrolytes and electrochemical oxida-
tion under high voltage, thus ensuring a long cycle life un-
der repeated testing. iii) The air cathode should deliver a large
surface area to offer abundant active sites by constructing an
abundant gas–liquid channel; iv) The three-phase interface in
air electrodes must balance the transport of oxygen and elec-
trolytes on the catalyst surface by adjusting the hydrophobic-
ity of the catalytic layer to block the liquid electrolyte leak-
age. Therefore, developing highly active oxygen electrocatalysts
while reasonably designing the three-phase interface of the cat-
alytic layer is the research direction for developing advanced air
electrodes.

2.2. Reaction Mechanism

For the Zn–air battery in Scheme 2a, oxygen initially diffuses
from the air to the gas/solid/liquid triple-phase interface, where
it reacts with H2O to form OH− on the cathode side dur-
ing discharge. Meanwhile, the zinc metal at the anode side
reacts with OH− in the alkaline electrolyte to produce the
soluble Zn(OH)4

2−, which subsequently decomposes sponta-
neously into ZnO.[52] The charging process involves the oppo-
site reaction to the discharge process, enabling the entire bat-

tery system to operate reversibly. The reaction equation is as
follows:

Aircathodeside : O2

(
g
)
+ 2H2O (l) + 4e− → 4OH− (aq)E0

= 0.40Vvs.SHE (1)

Zincanodeside : Zn + 4OH− → Zn(OH)4
2− + 2e−, Zn(OH)4

2−

→ ZnO +H2O + 2OH− (aq)E0 = −1.26Vvs.SHE. (2)

Although the theoretical equilibrium voltage is 1.65 V for the
Zn–air battery, the actual charging and discharging potentials of-
ten deviate significantly from the equilibrium voltage owing to
the slow ORR/OER kinetics (Scheme 2b), such as discharge volt-
ages typically below 1.3 V and charge voltages typically above 1.9
V. The significant gap in charge-discharge voltage is primarily in-
fluenced by the oxygen electrocatalyst.
We assess the bifunctional catalytic activity of these electrocat-

alysts by defining the potential difference (∆E) between OER and
ORR. Studies indicate that ORR and OER activities of oxygen
electrocatalysts exhibit a volcanic relationship concerning *OH
adsorption energy. To construct bifunctional oxygen electrocata-
lysts with high performance, it is necessary to match the vertices
of the ORR and OER volcano plots, as shown in Figure 1a.[53] We
further illustrate the ORR/OER mechanism for understanding
the design concept of the oxygen electrocatalyst.
Regarding the ORR mechanism, two potential reaction path-

ways have been identified: a four-electron pathway and a peroxide
two-electron pathway, which are based on the bidentate and
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end-on O2 adsorption mode on the catalyst’s surface
(Figure 1b).[54] The two-electron pathway mainly generates
the intermediate product H2O2, as exhibited in the following
equations:

O2

(
g
)
+H2O (l) + 2e− → HO2

− (aq) +OH− (aq)E0

= −0.07Vvs.SHE (3)

In general, the generation of H2O2 during the charging and
discharging processmay restrict energy efficiency and reduce the
cycling life due to irreversible charging-discharging processes.
Therefore, we believe that a fully reversible four-electron path-
way is necessary during the charging and discharging process.
To further understand the ORR mechanism, the density func-

tional theory (DFT) theoretical calculation could be applied,
which theoretically revealed the adsorption free energy for inter-
mediate species. Subsequently, the rate-determining step of ORR
could be calculated through the free energy barrier of the four-
step elementary reaction, which can deeply guide the improve-
ment of catalyst activity.[55] The four-step elementary reaction for
ORR is as follows:

O2

(
g
)
+ ∗ +e− +H2O (l) → OOH ∗ +OH− (4)

OOH ∗ +e− → O ∗ +OH− (5)

O ∗ +H2O (l) + e− → OH ∗ +OH− (6)

OH ∗ +e− →∗ +OH− (7)

In which the OOH*, O*, and OH* are the adsorbed interme-
diates, * represents the active sites in oxygen electrocatalysts.
In addition, DFT calculations can identify the real active site

by regulating the adsorption model of four intermediates.[56,57,58]

The conversion of OH* to O* mainly occurs on the Ni site of Fe-
Ni-N6 catalysts based on the optimized adsorption structure.[59]

Interestingly, Li et al. proposed that a two-electron redox chem-
istry with a two-electron ORR pathway could facilitate energy effi-
ciency in a neutral medium for the rechargeable Zn–air batteries,
owing to the fast reaction kinetics. They found that the OOH*
protonation is preferred on FeN2S2 sites to favor the two-electron
reaction through the DFT calculation.[54] This new type of two-
electron pathway benefits the reaction kinetics in the gas–liquid–
solid three-phase interface, thus reducing theworking overpoten-
tial of neutral Zn–air batteries. Recently, plenty of operando char-
acterization has been performed to probe the ORR mechanism,
such as FTIR (Fourier-transform infrared spectroscopy), Raman,
XAS (X-ray absorption spectra), and so on, to support the result
of DFT calculations.[60] As an example, Liu et al. observed the
superoxide *OOH intermediate emerging on Ni4+ sites on the
ORR process through the operando synchrotron spectroscopies,
which is consistent with the four-electron reaction pathway. The
operando approach plays an essential role in probing and under-
standing dynamic changes in the atomic and electronic struc-
tures of oxygen electrocatalysts.[61]

The OER process mainly involves four concerted proton-
electron transfer (CPET) pathways with the reverse process of
ORR when executing the traditional adsorbate evolution mecha-
nism (AEM) pathway (Figure 1c).[62] TheOH* andOOH* adsorp-

tion energies demonstrate a linear scaling relationship, which
leads to the theoretical OER overpotential of 0.37 V based derived
by the AEM pathway (Figure 1d).[53] To break the linear relation-
ship of theAEMpathway, researchers found that the participation
of oxygen vacancies in the OER process can avoid the formation
of OOH*, thus improving the OER activity (Figure 1e).[62] In gen-
eral, the strong metal-oxygen covalency in high-valence metal ox-
ides facilitates the participation of oxygen vacancies and charge
transfer in catalytic reactions. The high valency metal-oxide bond
induces a downshift in the metal d-band to improve the over-
lap with the oxygen p-band, thus activating lattice oxygen, which
serves as the active site, to be involved in the water oxidation
process through lattice oxygen mechanism (LOM) pathways. Ini-
tially, adsorbed *O species attack the lattice oxygen to produce
*O2

2− intermediate species. Subsequently, O2 is released to cre-
ate the oxygen vacancy, while OH− ions adsorb into the oxygen
vacancy to form *OH species on oxygen sites. Finally, the active
oxygen site is regenerated through a coupled proton and electron
transfer.
Unlike the conventional AEM pathway, the LOM pathway fol-

lows a non-concerted proton-electron transfer route. This arises
from the mismatch between the hydroxide affinity at the cata-
lyst/electrolyte interface and electron transfer kinetics, leading
to a pronounced pH-dependent OER activity. To characterize the
LOM pathway, Hou et al. applied in situ 18O isotope labeling
mass spectrometry to detect the 34O/36O product using Ir/CoNiB
catalysts.[63] In addition, tetramethylammonium cation (TMA+)
can also be applied as a probe to distinguish the stable peroxo-
like (O2

2−), serving as the key intermediate in the LOM pathway,
and unstable superoxo-like (O2−) species, serving as the key inter-
mediate in the AEM pathway. The decrease in OER catalytic ac-
tivity indicates the reaction between TMA+ and O2

2− intermedi-
ate species, indicating that the catalysts follow the LOM pathway.
In addition, there exist typical dynamic reconstruction behaviors
in some transition metal-based catalysts, such as CoFeOOH and
NiFeOOH, which need to further explore the active OER sites at
the atomic level during the dynamic evolution route. As a proof
of concept, the Cu doping can modulate the electronic structure
surrounding the CoFeO, which induces the generation of ligand
holes with intramolecular electron transfer, thus triggering the
lattice oxygen to participate in the subsequent OER process.[64]

The complex lattice oxygen pathway makes the exploration of re-
action mechanisms extremely difficult, thus requiring more ad-
vanced technologies for investigation.
Although following the LOM pathway is advantageous for im-

proving the OER activity, the involvement of lattice oxygen can
easily cause lattice collapse, compromising electrochemical sta-
bility. The formation of *OOH is the key factor that limits the cat-
alytic efficiency of catalysts operating via the AEMpathway. Thus,
preventing *OOH formation during the OER process can disrupt
the scaling relationship inherent in the OER process. To simulta-
neously improve OER activity and stability, researchers have pro-
posed the oxide pathwaymechanism (OPM) pathway to avoid the
generation of *OOH species and the participation of lattice oxy-
gen (Figure 1f).[65] The *O species formed on two asymmetric
metal center sites, coupled with each other to form *OO without
forming *OOH species. Therefore, the OPM pathway generally
occurs on catalysts with multiple metal components. Similarly,
our group also proposed that catalysts, with Mn-O-Ru dual-sites,
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following the OPM pathway with breaking the O═O bond, can
reduce the energy barrier during the ORR process.[11]

Elucidating the fundamental mechanisms governing OER
pathways (e.g., AEM, LOM, OPM, etc.) is critical for rationally
designing NiFe-based electrocatalysts with enhanced activity and
operational stability. Despite intensified efforts to develop high-
performance NiFe catalysts, persistent uncertainties regarding
their dynamic structural evolution under operando conditions
hinder progress.[66–68] A paradigm shift toward atomistic-level
understanding of catalytic mechanisms (e.g., active-site coordi-
nation, charge-transfer kinetics) and transient phase transforma-
tions is imperative to bridge empirical optimization with the-
oretical guidance.[69] Central to this challenge is the dynamic
reconstruction of NiFe catalysts during OER. Recent studies
demonstrate that irreversible structural transformations, such
as the formation of Ni/Fe oxyhydroxides (e.g., Ni1-xFexOOH),
govern the catalytic performance. In situ/operando characteriza-
tion techniques, including XAS,[70,71] Raman spectroscopy,[72–74]

X-ray photoelectron spectroscopy (XPS),[75] and FTIR,[76,77] cou-
pled with computational simulations, enable real-time moni-
toring of electronic state transitions, lattice oxygen participa-
tion, and intermediate adsorption/desorption behaviors during
oxygen evolution processes, thereby providing atomic-level in-
sights into structure, activity, and stability relationships. For in-
stance, Wei et al. revealed that Co-doped NiFe layered double hy-
droxides (LDHs) undergo reconstruction into Ni(Co)1-xFexOOH
species during OER, where Co doping lowers Ni oxidation po-
tentials and accelerates active phase formation.[78] Similarly, Yu
et al. demonstrated that dealloyed Ni-Fe-B-Si-P amorphous cat-
alysts exhibit optimized surface environments through phos-
phate/silicate/borate oxo-anions, shortening the Ni0→Ni4+ oxi-
dation pathway and reducing OER energy barriers.[79] The si-
multaneous activation of metal and lattice oxygen sites to estab-
lish a synergistic multi-mechanism catalysis is anticipated to en-
hance OER by providing abundant active sites and balancing cat-
alytic activity and stability. However, significant challenges per-
sist in achieving this goal. Based on this consideration, Mu et al.
demonstrate that anodic activation initiates the redox processes
of both metal and lattice oxygen sites, involving the formation
and replenishment of oxygen vacancies. Consequently, Fe and S
are co-introduced through chemical etching, which induces nu-
merous structural defects and facilitates the complete transfor-
mation to R-NiFeOOH@SO4 active sites during electrochemical
activation.[80] Despite these advancements, the specific effect of
incorporated Fe heteroatoms remains ambiguous, largely due to
a lack of direct understanding of the dynamic interactions be-
tween Ni and Fe species under OER conditions. Therefore, real-
time monitoring of OER-related behavior in NiFe LDHs, focus-
ing on the evolution of the local coordination environment, is
crucial for gaining deeper insights into the catalytic mechanism.
Yao et al. employed in-situ electrocatalysis-fit ED-XAFS (energy-
dispersive X-ray absorption fine structure), machine learning,
and theoretical calculations to conduct a time-resolved study of
the deprotonation of NiFe LDH under OER conditions, elucidat-
ing the enhancing role of Fe in this process.[70] Through the inte-
gration of XAFS fitting and O 1s XPS results, it was found that Fe
substitution significantly shifts the Ni d-band center energy from
−2.214 eV to −2.511 eV. This downshift results in weaker metal-
oxygen binding, particularly for *O, thereby improving OER ac-

tivity. A comprehensive understanding of the reaction mecha-
nism is vital for designing highly active and stable oxygen cat-
alysts, while the rational design of such catalysts necessitates a
profound comprehension of catalyst design strategies.

2.3. Challenges of the Air Cathode

Although the equilibrium voltage is 1.65 V at the Zn–air battery
system, the actual discharging and charging voltages are usu-
ally much lower and higher than the equilibrium voltage, respec-
tively, finally causing the limited round-trip efficiency of around
55–65%.[81] The complex reaction environment at the gas-liquid-
solid interface and the sluggish kinetics at the catalytic layer in
the air cathode side have become the biggest impediment to the
battery efficiency and power density.[82] Therefore, rationally de-
signing the air cathode with bifunctional electrocatalytic activity
can effectively minimize the potential gap between the discharge
and charge voltage. More importantly, the highly efficient bifunc-
tional electrocatalyst requires some ideal properties, such as a
large surface area, high catalytic activity, sufficient pore structure
for mass transfer, robust architecture for mechanical and chem-
ical stability for sustaining durability in strongly alkaline condi-
tions, high electron conductivity, and the uniform distribution of
catalytic sites. However, most electrocatalysts are far from accept-
able, there still exist many challenges to the air cathode to enable
practical Zn–air batteries: i) Efficient bifunctional catalytic activ-
ity. In the air cathode, two completely reversible electrochemical
reactions make it difficult for a single active site to simultane-
ously promote efficient ORR and OER activity. The scaling rela-
tionship between different oxygen intermediates (*O, *OH, and
*OOH) also heavily impeded the simultaneous realization of bi-
functional catalytic activity[83]; ii) The durability under high oxida-
tion voltage. Under high oxidation voltage, most catalysts will en-
counter issues such as the electrochemical decomposition of car-
bon materials or the oxidative dissolution of metal compounds,
resulting in significant structural changes in the catalyst and se-
rious damage to catalytic activity, which is more pronounced un-
der high current densities[84]; iii) The mass transport and charge
transfer at solid–liquid–gas three-phase interface. Themain reac-
tants, O2, H2O, and OH

−, involved in the catalytic layer include
the oxygen and liquid electrolyte. Therefore, robust three-phase
interfaces need to be designed through hydrophobic treatment to
construct efficient gas and liquid transport channels for reactants
from different phases.[85] However, during repeated charging-
discharging processes, the catalyst is easily infiltrated by the elec-
trolyte, causing gas channels to be blocked, which can lead to a
sharp decline in discharge performance. In addition, carbon diox-
ide in the air may diffuse into the gas diffusion layer to react with
OH− to generate the side product carbonate in the gas channel,
whichmay cause the blockage of gas transport channels, thus de-
caying the cycling life of Zn–air batteries[86]; iv) Catalyst cost. The
cost of catalysts comes from two aspects: material cost and syn-
thesis cost. Noble metal catalysts exhibit superior catalytic activ-
ity, such as Pt/Pd and RuO2/IrO2 for ORR and OER, respectively.
However, the high price and poor durability impede the large-
scale application process of noble-metal materials in the Zn–air
battery system.[87] At present, the catalytic activity of some oxy-
gen catalysts using low-cost elements has surpassed that of noble
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metal catalysts, but the complex preparation process makes the
catalyst cost very high, such as graphene and MXene.[88] Devel-
oping a simple strategy for synthesizing highly active non-noble
metal catalysts still exists as a challenge.
The three-phase interface is essential for determining the

cyclic lifespan of Zn–air batteries, prompting the design strate-
gies for enormous advanced air cathode structures to enhance
their durability. Additionally, oxygen electrocatalysts greatly influ-
ence the performance and cycling stability of rechargeable Zn–
air batteries. Consequently, the advancement of highly active and
stable bifunctional oxygen electrocatalysts is essential for advanc-
ing the practical deployment of rechargeable Zn–air batteries. In
this context, NiFe-based materials have surfaced as particularly
promising candidates. We will elaborate on the structural classi-
fication of NiFe-based electrocatalysts in the next section.

3. Categorization of NiFe-Based Electrocatalysts

According to the volcano plots, Ni-based catalysts exhibited mod-
erate binding energy similar to noble metals, thus expressing a
low theoretical OER overpotential. At the early stage, Corrigan
et al. revealed that the low concentration Fe atom with the con-
tent of 0.01% added into Ni-based oxides could significantly en-
hance the OER activity.[89] Since then, the variety of NiFe-based
OER electrocatalysts has been rapidly developed. However, most
NiFe-based electrocatalysts lack ORR activity owing to their in-
trinsic property, including poor oxygen adsorption energy and
surface reconstruction.[90] To apply NiFe-based electrocatalysts
into the Zn–air battery system, many strategies are designed
for boosting the ORR performance of NiFe-based electrocata-
lysts, such as doping the metal element (such as Mn and Co)
with ORR properties,[91] alloying NiFe-based catalysts,[92] creat-
ing pore structure with unique morphology (such as nanowire,
nanoparticles, and core–shell structures),[93] surface modifica-
tion with organicmolecules or inorganic species,[94] constructing
structural defects,[27] and introducing supports (such as carbon,
TiO2, or TiN).

[95,96] These strategies leverage the unique structure
and electronic properties of NiFe-based materials to overcome
their ORR limitations. Although decreasing the overpotential gap
between theORR andOER is essential for designing bifunctional
electrocatalysts, other factors, such as long-term degradation un-
der harsh conditions, large-scale synthesis, cost-effectiveness, in-
dustrial current operation, and suitable electrolyte-catalyst inter-
actions, should also be considered in the catalyst design criteria
to pursue the commercial application. As shown in Figure 2, dif-
ferent NiFe-based catalysts exhibit different characteristics and
advantages resulting from the different catalyst structures. For
instance, the NiFe-layered double hydroxides (LDH) exploit their
tunable interlayer anions to balance ion diffusion and active-site
exposure, enabling bifunctional OER activity. NiFe oxides utilize
rigid 3D frameworks andmixed-valentmetal sites for robust OER
stability. NiFe compounds combine metallic conductivity and an-
ion regulation to achieve operation under high current density.
NiFe-MOFs achieve ultrahigh porosity and adjustable topology
structure, or serve as the precursor for metal/carbon derivatives,
enhancing gas-involving reactions like ORR. NiFe alloys exhibit
ultra-high electrical conductivity, phase structure-dependent ac-
tivity, and corrosion resistance, enabling them to achieve bifunc-
tional activity at high currents. In this section, we will continue

elaborating on categorizing NiFe-based catalysts to understand
the design strategy.

1) NiFe-LDHs: LDHs are composed of positively charged metal
hydroxide layers interspersed with charge-balancing an-
ions, following the general formula of [M2+

1-xM
3+

x(OH)2]
x+-

[An−
x/n]

x−·mH2O, where M
2+ and M3+ denote divalent and

trivalent cation, respectively, X represents the molar ratio of
the M2+/(M2+ + M3+) ranging from 0.2 to 0.33, and An−

refers to either organic or inorganic anion, have been exten-
sively studied to enhance the OER performance.[97] Various
NiFe-LDH can be synthesized by intercalating different inor-
ganic anions, such as CO3

2−, SO4
2−, Cl−, and NO3

−, within
the NiFe-LDH layers, as shown in Figure 2a.[98 ] It has been
reported that the LDH could achieve a theoretically specific
surface area of approximately 1000 m2 g−1 due to the de-
lamination and exfoliation process, which produces positively
charged nanosheets within a unilamellar thickness of less
than 1 nm and an aspect ratio exceeding 100.[99] In partic-
ular, the NiFe-LDH with its unique structure has made the
rapid diffusion of the products and reactants, as well as a fast
proton-coupled electron transfer kinetics during the oxygen
evolution process. Wei et al. created a new electrochemical
synthesis route to prepare Fe-containing LDH hierarchical
nanoarrays (MFe LDH, where M = Ni, Co, Mn), with NiFe
LDH demonstrating the most thermodynamically favorable
reaction pathway and superior electrochemical performance
in OER.[100] Sun et al. investigated the OER route on the NiFe
LDH through the first-principle DFT+U calculations, reveal-
ing that the Fe in NiFe LDH enhances electron transport and
exhibits higher activity than Ni(OH)2.

[101] Nonetheless, the
catalytic efficiency of NiFe-LDH is heavily restricted by the
aggregate, insulating characteristics, and limited durability.
Therefore, advanced strategies, such as exploring new prepa-
ration methods, inserting the organic or inorganic anion in
the LDH layer, combining the NiFe-LDHwith carbon conduc-
tive (Graphene, carbon dots, or carbon nanotubes), and so on,
could be applied to boost the activity and activity of the pris-
tine NiFe-LDH, benefiting from the promoted electron con-
ductivity and enlarged surface area.[27,29,102] Although origi-
nal NiFe-LDH catalysts exhibit poor ORR activity, the lamellar
NiFe-LDH can anchor other metal ions with ORR activity to
obtain sufficient bifunctional catalytic activity. Moreover, ap-
plying support with ORR activities to load NiFe-LDH catalysts
can create reasonably expected ORR activity and enhance the
bubble desorption on the NiFe-LDH surface.

2) NiFe Oxides: Compared to NiFe-LDH, NiFe-based oxide ex-
hibits a stable crystal structure to achieve superior long-term
durability in an alkaline medium. In NiFe oxides, Ni is usu-
ally considered the main active site, while doped Fe can ad-
just the electronic structure of Ni element corresponding
with enhanced Ni-O covalency.[103] Therefore, the Fe con-
tent is usually low in NiFe oxides. Fe-doped NiO is an im-
portant class of ORR/OER catalysts. The NiO crystal struc-
ture is like NaCl, which belongs to the rock-salt structure.
Ni atoms and O atoms are located on the lattice points of
the face-centered cube, forming a regular octahedral arrange-
ment (Figure 2b).[104] In addition to simple oxides, NiFe-
based spinel oxides exhibit superior performance, due to
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Figure 2. The structure corresponding to the characteristics and advantages resulting from the catalyst structure of a) NiFe-LDH with CO3
2−, SO4

2−,
Cl−, and NO3

− in interlamination. Reproduced with permission.[98] Copyright 2023, Wiley-VCH. b) Fe-doped NiO. Reproduced with permission.[104]

Copyright 2021, Elsevier. c) NiFe-based spinel oxide. Reproduced with permission.[105] Copyright 2024, Elsevier. d) NiFe-based perovskite oxide. Re-
produced under the terms of 4.0 International License.[108] Copyright 2018, The Authors, Published by Springer Nature. e) Ni3FeN. Reproduced with
permission.[112] Copyright 2018, Wiley-VCH. f) Fe-doped NiP. Reproduced with permission.[113] Copyright 2022, American Chemical Society. g) Fe-doped
Ni3S2. Reproduced with permission.[114] Copyright 2021, Springer Nature. h) Ni0.75Fe0.25Se2. Reproduced with permission.[115] Copyright 2021, Elsevier.
i) Ni3FeOOH. Reproduced with permission.[118] Copyright 2025, Elsevier. j) NiFe-MOF. Reproduced with permission.[120] Copyright 2021, Wiley-VCH.
k) Crystalline/amorphous-NiFe-MOF. Reproduced with permission.[121] Copyright 2022, Royal Society of Chemistry. l) Face-centered cubic (fcc) and
hexagonal close-packed (hcp) structures for NiFe alloys. Reproduced with permission.[122] Copyright 2019, Wiley-VCH.

their unique electronic and chemical features. As for NiFe2O4
spinel oxides, the divalent cation Ni2+ occupies the tetrahe-
dral sites, while the trivalent cation Fe3+ is located in the oc-
tahedral sites, as illustrated in Figure 2c.[105] In particular, the
NiFe2O4 spinel oxides feature multivalent redox couples, es-
pecially the Ni2+/Ni3+ and Fe3+/Fe4+, which provide essen-
tial surface redox-active metal centers for the activation and
adsorption and oxygen electrochemistry-based reaction inter-
mediates, finally boosting the oxygen redox chemistry. For in-
stance, Fortunelli et al. extensively investigated the OER reac-
tion mechanism for the NiFe2O4 through the DFT method,
revealing that the spinel structure favors a partially dissoci-
ated water coverage (*OH + *H, *H2O) on metal sites as the
resting state, with Fe serving as the assistant sites and the Ni

as the active site.[106] However, the p-type semiconductor prop-
erties of pristine NiFe2O4 greatly limited the electron transfer
of the catalyst, resulting in low conductivity, insufficient uti-
lization of active sites, as well as inferior OER performance.
To mitigate these issues, the NiFe2O4 spinel oxides are usu-
ally combined with carbonaceous materials to promote elec-
tronic conductivity or inserted with ORR activity elements
such as Co or Mn to boost bifunctional activities. NiFe-based
perovskite oxide is another important oxygen catalyst.[103,107]

The typical perovskite oxide structure comprises rare earth or
alkaline earth metal cations with 12-fold coordination in the
A-site and transition metal cations (such as Ni and Fe) with
6-fold coordination in the B-site (Figure 2d).[108] As a result,
doping the various transition metal ions into the B-site can
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effectively modulate the ORR and OER activity for NiFe-based
perovskite oxides.

3) NiFe Compounds: Usually, NiFe oxides/hydroxides exhibit
poor conductivity, while doping anions can enhance the in-
trinsic conductivity of NiFe compounds. In addition, the ad-
sorption state and electronic structure of the reaction inter-
mediates for NiFe compounds can also be regulated by the
anions, owing to anionic heteroatoms that can interact with
cations and act as electron donors.[109] Particularly, NiFe com-
pound catalysts with different anionic atoms (N, P, S, Se,
B, etc.), all demonstrated superior catalytic activity and sta-
bility, benefiting from that the heteroatom dopants can opti-
mize the local coordination environment of NiFe sites with
reduced binding energies.[110,111] So far, NiFe compounds
with different anions, such as Ni3FeN (Figure 2e),[112] Fe-
doped NiP (Figure 2f),[113] Fe-doped Ni3S2 (Figure 2g),[114]

and Ni0.75Fe0.25Se2 (Figure 2h),
[115] have been prepared to ad-

just the ORR and OER activities. As reported by Gao et al.,
the electron-deficient boron could enhance the formation of
high-oxidation-state Ni by inducing a cathodic shift in the
Ni2+(OH)2 →Ni3+𝛿OOH transition potential and reducing en-
ergy barriers for the reaction. This modification ultimately re-
sulted in outstanding catalytic activity and exceptional long-
term durability for OER in an alkaline medium.[116] More im-
portantly, it is essential to design catalysts with superior abun-
dant active sites and high conductivity, which could heavily
reduce the effect of the large charge resistance between cat-
alysts and electrolytes. Xiong et al. reported a NiFeP catalyst
withmetallic bonds, highmacroscopic conductivity, and large
surface active sites for OER. The thin layer NiFeOOH on con-
ductive NiFeP catalysts obtained through surface reconstruc-
tion serves as the true active site, while the bulk NiFeP enables
the fast electron transfer.[117] Generally, for NiFe compounds,
the NiFeOOH formed by surface reconstruction provides the
main active sites for OER, as shown in Figure 2i, while the
anion could effectively regulate the electronic structure and
induce proper distorted structures in NiFeOOH to boost cat-
alytic activities.[118]

4) NiFe-MOFs: Metal–organic framework (MOF) with metal
ions and organic ligands has aroused great attention for the
oxygen redox chemistry system, benefiting from the large sur-
face area corresponding with abundant active sites, unique
pore structure for fast mass transfer, tunable compositions
and structures, as well as the crystalline topologies and
changeable porosities.[119] Currently, theNiFe-basedMOF cat-
alysts have been successfully applied to OER and ORR pro-
cesses, owing to their stable skeleton structure and high elec-
trochemical activity in alkaline media. The Ni and Fe atoms
coordinate with oxygen sites in organic ligands to generate a
cage-type structure (Figure 2j). To better understand the re-
action mechanism of the bimetallic NiFe-MOF, Zhao et al.
systematically illustrate the crucial structural parameters for
OER performance via the in-depth characterizations com-
bined with theoretical calculation, in which the OER activ-
ity has been affected by the hierarchy properties, while the
charge transfer efficiency can be influenced through accessi-
ble sites.[120] Notably, the surface area of accessible MOF has
been promoted from 89 to 437 m2 g−1 due to the substitu-
tive Fe cations on Ni sites, finally facilitating the desorption

of water. In addition, Wang et al. induced the carboxylated
carbon quantum dots into the two-dimensional NiFe-MOF to
efficiently boost the Zn–air flow battery, mainly owing to the
offset valence state of metal ions. Different organic ligands
could be applied to prepare different types of NiFe-MOF cat-
alysts. Han et al. developed the crystalline/amorphous NiFe-
based MOF catalysts, which contained the amorphous NiFe-
BDC and crystalline FeNi-MIL (Figure 2k).[121 ] After assem-
bling the design catalysts into a typical three-electrode system,
the OER performance claimed super-high activity with a low
OER overpotential of only 236 mV at 10 mA cm−2. Although
the NiFe-based MOF catalyst could promote the Zn–air bat-
tery performance, the wastage of raw materials in the con-
struction of MOF material, limited morphologies/sizes, and
poor electronic conductivity all remained as challenges for ef-
ficiently utilizing the MOF structures. Therefore, the MOF
has been widely used as the sacrificial template or precursor
to fabricate metal derivatives to enhance electrical conductiv-
ity, catalytic activity, and durability via pyrolysis strategies.

5) NiFe Alloys: According to the different arrangements of Fe
and Ni atoms, the NiFe alloys can be distinguished into dif-
ferent structures, including face-centered cubic (fcc), face-
centered tetragonal (fct), hexagonal close-packed (hcp), as well
as body-centered cubic (bcc) types. For the different Ni and
Fe stacking modes in NiFe alloys, the electronic properties
would be affected to regulate the intrinsic activity. Wang et al.
report that hcp-NiFe catalysts achieve superior OER activity
than conventional fcc-NiFe catalysts (Figure 2l).[122] There-
fore, NiFe alloys with stable crystal structure and high elec-
tron conductivity can be applied as a suitable matrix to con-
struct bifunctional ORR/OER catalysts through variousmodi-
fication strategies.[123,124] Moreover,many techniques are used
to create NiFe alloys combined with other components and
tailor their compositions. As an example, Wang et al. synthe-
sized the NiFe alloy with the N-doped carbon (hcp-NiFe@NC)
to boost the catalytic performance. Benefiting from its con-
trolled crystal structure and composition, the hcp-NiFe@NC
exhibited exceptional OER performance characterized by a
low overpotential.[122] Additionally, the NC coating on the
NiFe surface contributed to prolonged stability by preventing
Fe segregation. In addition, Xu et al. demonstrated that con-
structing the core@shell nanostructure for NiFe alloy can fa-
cilitate the bifunctional electrocatalytic activity of the designed
catalysts because the NiFe alloy provides abundant valence
states and regulates the electronic structure of Fe3NiN.

[125]

Particularly, there exist some disadvantages for NiFe alloys,
and they need further improvement to design bifunctional
catalysts, such as insufficient stability in the high concentra-
tion of alkaline medium and high charge voltage, and un-
stable catalytic sites owing to nanoparticles aggregating un-
der the electrochemical process. Therefore, more efficient ap-
proaches and advanced techniques need to be developed to
optimize the OER and ORR activities of NiFe alloys with long
durability and high activity.

4. Evaluation of NiFe-Based Electrocatalysts

The assessment of NiFe-based electrocatalysts for Zn–air batter-
ies requires a comprehensive technique that integrates material
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characterization, electrochemical performance assessment, ac-
tual catalytic site exploration, and system-level validation. The
exploration processes for evaluating their structure–activity rela-
tionship can be conducted below.

i. Synthesis Methods and Catalyst Properties: The formation
and structure of electrocatalysts will influence the activity
and lifespan performance, while the synthesis method is
also decided based on the laboratory conditions. In the pro-
cess of exploiting the NiFe-based catalysts, many synthetic
methods can be screened for designing the NiFe-based cat-
alysts with tuned crystal particle size, microstructures, and
special physical/electrochemical proprieties, such as copre-
cipitation of metal precursors methods, electrodeposition
techniques, microwave combustion method, hydrothermal
method, and metal corrosion on the metal matrix.[126,127] For
instance, Huang et al. have successfully constructed well-
designed NiFe-based catalysts through a simple hydrother-
mal treatment by adding extra Fe3+ resource,[128] demon-
strating excellent scalability potential. The confirmation of
morphology and structural properties for the NiFe-based cat-
alysts is conducted after preparing the NiFe-based catalyst
to explore the physical characteristics. The scanning elec-
tron microscope (SEM), transmission electron microscopy
(TEM), and nitrogen adsorption-desorption isotherm can be
used to evaluate particle aggregation, surface reconstruction,
and specific surface area.[128] Moreover, the X-ray diffraction
(XRD), XPS, XAS, Raman, and FTIR have been employed to
detect the phase transformations, analyze surface composi-
tion changes, resolve dynamic coordination changes, as well
as identify the surface functional group.[129,130]

ii. Bifunctional Activity and Stability Assessment: ORR and
OER activities are conducted in a three-electrode system us-
ing a rotating disk electrode (RDE) to obtain linear sweep
voltammetry (LSV) polarization curves. To evaluate the ORR
and OER activities with the uniform criteria and construct
the comprehensive electrochemical system, the higher ORR
half-potential (E1/2) (vs RHE) indicates excellent ORR activity,
while the lower OER potential value at the current density of
10mA cm−2 (EOER@10) signifies the higher OER activity. More
importantly, the bifunctional activity of the NiFe-based cata-
lyst can be evaluated through the ΔE value (ΔE = EOER@10
− E1/2), in which a smaller ΔE (below 0.6 V for the current
best catalyst) reflects higher bifunctional OER/ORR activity.
Calculating the Tafel slopes from LSV curves can evaluate
reaction kinetics, while the lower slopes (e.g., below 60 mV
dec−1 forOER andORR) suggest favorable charge-transfer ki-
netics, especially under high current conditions. In addition,
the rotating ring-disk electrode (RRDE) measurements can
determine the electron transfer number (n, ideally ≈4 for a
4e− ORR andOER pathway) andH2O2 selectivity (below 5%),
coupling well with the catalytic efficiency.[.[131] For the accel-
erated degradation tests, the continuous cyclic voltammetry
cycling tests can be performed within the OER/ORR poten-
tial window to detect the activity retention, while the long-
term chronopotentiometry and chronoamperometry can be
exhibited at constant current densities (10–100 mA cm−2)
and potential (potential corresponding to limited current
density) to assess the stability and Faradaic efficiency for OER

and ORR, respectively.[132,133] As an example, inspired by
the structural advantages of NiFe-LDH/Fe1-N-C heterostruc-
ture hollow nanorods, Xu et al. evaluated their bifunctional
ORR/OER performance. The NiFe-LDH/Fe1-N-C catalyst ex-
hibits a remarkable bifunctional activity with the highest
E1/2 of 0.90 V (Figure 3a) and an excellent OER activity of
1.55 V at 10 mA cm−2 (Figure 3b), corresponding with the
low ΔE of around 0.65 V (Figure 3c), and also demonstrate
better stability than noble metal catalysts at constant poten-
tial (Figure 3d).[134]

iii. Active Catalytic Site Recognition: NiFe catalysts are prone to
structural reconstruction phenomena during the OER pro-
cess, which can affect their subsequent stability and ORR
performance. To comprehensively investigate the structural
evolution of NiFe-based electrocatalysts in alkaline media,
a multi-modal approach combining electrochemical experi-
ments, in situ/operando characterization, and computational
modeling is essential.[135,136] To explore the dynamic evolu-
tion of NiFe-LDH/Ni4Mo, Hou et al. employed the in-situ
Raman (Figure 3e) and operando FT-IR (Figure 3f) tech-
niques, in which NiFe-LDH/Ni4Mo undergoes a phase tran-
sition from Ni(OH)2 to 𝛾-NiOOH during OER, with reduced
onset potentials (1.40 V vs. RHE), indicating enhanced trans-
formation kinetics due to Ni4Mo incorporation. The inten-
sified and upshifted 𝜈OH bands in FTIR spectra further
demonstrate stronger *OH adsorption on NiFe-LDH/Ni4Mo,
attributed to optimized lattice oxygen interactions facilitated
by the Ni4Mo interface.[137] As a powerful characterization,
operando XAFS tests can track dynamic changes in Ni/Fe
oxidation states and local coordination during OER/ORR.
For instance, Chen et al. took the operando XAFS measure-
ments reveal that Ni in Ni-SAs@GNM evolves from a mixed
0/+2 oxidation state to Ni3+ (resembling NiOOH) during ac-
tivation in Fe-containing KOH, driven by OH− adsorption
and Fe incorporation. Concurrently, the coordination geom-
etry transitions from square-planar to centrosymmetric oc-
tahedral, evidenced by diminishing 1s→3d/4pz transitions
and intensified 1s→4px,y peaks in Ni K-edge XANES spec-
tra (Figure 3g-h).[138] Besides, the in-situ XPS can be adopted
to analyze surface composition and adsorbed species (e.g.,
OH−, OOH−) after controlled potential holds, while in-situ
XRD can be conducted to monitor bulk structural changes
(e.g., amorphous-to-crystalline transitions) under operando
conditions.[139] Moreover, NiFe composite catalysts consist of
multiple components, and understanding the roles of indi-
vidual components within the composite catalyst is crucial
for the rational design of such catalysts. Theoretical calcu-
lations can be employed to investigate the energy barriers
of elementary reaction steps involving intermediate species
(*O, *OOH, *OH) at specific sites within composite cata-
lysts, thereby enabling the exploration of optimal reactive
sites.[140,141] As seen in Figure 3i, DFT calculations reveal that
the adsorption of BDC ligands on Ni sites in Ni3Fe-LDH opti-
mizes intermediate (OH*/O*/OOH*) binding via electronic
modulation, reducing the OER overpotential from 0.79 V to
0.76 V by shifting the rate-determining step (Figure 3j,k).
This mechanistic insight inspires the design of bifunctional
electrocatalysts by integrating Ni3Fe-based MOFs (with in-
herent BDC ligands) and ORR-active components.[30] In

Adv. Energy Mater. 2025, 15, 2501496 2501496 (10 of 38) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. a) ORR activity, b) OER activity, c) bifunctional ORR/OER activity, and d) chronoamperometry test of NiFe-LDH/Fe1-N-C. Reproduced
with permission.[134] Copyright 2023, Wiley-VCH. e) In situ Raman spectra and f) Operando FTIR spectra for NiFe-LDH/Ni4Mo. Reproduced with
permission.[137] Copyright 2025, Wiley-VCH. g,h) Operando XAFS measurements of Ni and Fe K-edge under OER conditions. Reproduced under the
terms of 4.0 International License.[138] Copyright 2025, The Authors, Published by Springer Nature. i–k) DFT Theoretical calculation results for NiFe-
LDH/BDC. Reproduced with permission.[30] Copyright 2023, Wiley-VCH. l) The polarization curve, m) galvanostatic discharge curve, and n) galvanos-
tatic charge/discharge performance of Zn–air batteries assembled with CoFe-NiFe@NCNT catalysts. Reproduced with permission.[130] Copyright 2025,
Wiley-VCH.

addition to obtaining the reaction energy barrier, theoretical
calculations can also help understand the electronic interac-
tions between different active sites in composite catalysts.
For instance, Cho et al. took the DFT calculations to reveal
that Ir doping at Ni octahedral sites in NiFe2O4 (Ir-NFO) en-
hances oxygen adsorption energy via charge redistribution
and d-band center upshifting, stabilizing the Ni-O-Fe motif
as the active center.[142]

iv. The Zn–Air Battery Performance: Recently, the Zn–air
battery performance in the laboratory was tested with home-
made devices, which were conducted in practical configu-
rations (e.g., coin cells, pouch cells) under ambient air. For

Zn–air batteries, the cycle life can be investigated through the
electrochemical working station with the constant current
density, in which the durability (usually around 100 – 500
h at >10 mA cm−2), the discharge capacity (usually around
700–800 mAh g−1 at >10 mA cm−2), power density (usually
around 100–250 mW cm−2), and the energy efficiency (usu-
ally around 55–65% at >10 mA cm−2), are all the essential
parameters. As shown in Figure 3l, the CoFe-NiFe@NCNT
catalyst exhibits exceptional bifunctional oxygen electrocat-
alytic activity, evidenced by a low potential gap (ΔE = 0.68
V) and a peak power density of 192 mW cm−2 in Zn–air
batteries. Demonstrating robust stability, the Zn–air battery

Adv. Energy Mater. 2025, 15, 2501496 2501496 (11 of 38) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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maintains consistent discharge voltages (1.13–1.36 V) across
current densities up to 50 mA cm−2 and achieves a high spe-
cific capacity of 808 mAh gZn

−1 at 10 mA cm−2 (Figure 3m),
with minimal capacity decay over 1000 cycles with
54.3–56.6% round-trip efficiency (Figure 3n).[130]

Through comprehensive characterization of the catalyst’s
structure and performance, the structure-activity relationship can
be elucidated, thereby establishing design principles for NiFe-
based catalysts. Subsequent evaluation of their practical charge-
discharge performance in actual battery devices, particularly un-
der industrial-grade current, is essential. A techno-economic
analysis should then be conducted, incorporating material costs,
equipment operating expenses, and the economic value of sys-
tem operation, to assess the industrial applicability potential of
this material design strategy.

5. Catalyst Design

Among low-cost OER catalysts, NiFe-based electrocatalysts have
been proposed owing to their dual-active sites, long stability, tun-
able compositions, facile fabrication, and being environmentally
friendly. In particular, the incorporation of Ni and Fe has been
claimed to contribute greatly to the enhancement of theOER elec-
trocatalytic properties, including the abundant defects and enor-
mous active sites, fast electron transfer derived from the inter-
atomic bonding, and suitable intermediate adsorption and des-
orption energy on Ni+ and Fe3+ sites.[143,144] To design suitable
NiFe-based electrocatalysts for Zn–air batteries, the existing seri-
ous fundamental factors need to be involved: i) While NiFe-based
catalysts demonstrate enhanced OER activity through regulated
Ni-O covalent interactions, their ORR performance is limited by
unfavorable oxygen adsorption energetics. Therefore, combining
the NiFe catalyst with ORR active phase to create dual active sites
and introducing the edge defects or oxygen vacancies to boost
the ORR active site are effective strategies to construct the bifunc-
tional NiFe-based electrocatalysts. ii) The Fe3+ in the crystal lattice
of NiFe catalysts will dissolve in alkaline electrolytes during OER
cycles, thus degrading the stability of the catalyst. For boosting
the structural stability and alleviating the Fe leaching, encapsu-
lating the NiFe catalysts in N-doped carbon shells or conductive
polymers is a suitable strategy to suppress Fe leaching. In addi-
tion, the stable intercalants (anions or cations) can be inserted
into the NiFe structure to anchor Fe and prevent layer collapse.
iii) The insulated NiFe complex usually exhibited poor electrical
conductivity with limited electron transfer kinetics. Therefore,
the conductive substrates can be integrated with NiFe-based cata-
lysts to regulate the electronic structure and electron conductivity.
iv) There exists surface reconstruction for NiFe catalysts during
the cycling process, which may generate irreversible phase tran-
sitions to block the active sites. Tuning lattice strain or construct-
ing the crystalline-amorphous interfaces in NiFe-based materials
can stabilize surface structures and impede the reconstruction
effects. v) Complex synthesis procedure hinders mass produc-
tion and large-scale application. As a result, the establishment
of scalable manufacturing protocols enabling high-throughput
synthesis of cost-efficient catalysts constitutes a critical pathway
toward bridging the laboratory-to-industry gap in energy conver-
sion technologies.

Based on the above consideration, it is expected to obtain the
bifunctional catalytic activity for NiFe-based catalysts, thus en-
hancing the activity and durability of Zn–air batteries. To improve
the bifunctional activity and stability of NiFe-based catalysts in
alkaline media, various concepts have been proposed, such as
introducing anions or cations, compositing second phases, and
introducing ORR and OER active components into the catalytic
layer. Therefore, we can divide the design strategies of NiFe-based
catalysts based on these proposed concepts as follows: anionic
modification, cation doping, supporting effect, embedding effect,
and multi-component construction. The detailed design concept
and advantages will be discussed in the sections below.

5.1. Anionic Modification

As reported, NiFe-based compounds have received enormous at-
tention, benefiting from the high OER performance. Generally,
the electrochemical reconstruction phenomena in NiFe-based
compounds are primarily responsible for the high OER activity
by the generation of high-valence metal oxy-hydroxide (MOOH)
active species. Consequently, it is essential to develop electro-
oxidation metal species within these compounds to improve the
OER performance.[145] One of the main strategies to facilitate
the reconstruction by electro-oxidization is the anionic modifi-
cation strategy, which could obtain high-valence metal sites for
OER. For the anionic modification strategy for the NiFe-based
electrocatalysts, the chalcogenides (Sulfur, Selenium, Tellurium)-
based anions are a vital part, benefiting from the excellent
electronic conductivity, tunable electronic structures, and supe-
rior OER/ORR performance with long stability.[146,147,148] Chalco-
genides (S/Se/Te) function as electron-donating species, mod-
ulating the electronic states of transition metal cations (e.g.,
Ni/Fe) through orbital hybridization and charge redistribution.
Their distinct electronic configurations and polarizability criti-
cally govern the coordination geometry and catalytic reactivity
of active metal centers by regulating the covalent-ionic equi-
librium in metal-chalcogen bonding. Crucially, the polarizing
capacity of chalcogenides tailors the d-band electronic struc-
ture of catalytic sites, which directly influences intermediate
adsorption energetics (e.g., *OOH, *OH) by balancing charge
transfer dynamics and lattice stabilization effects.[149,150] For ex-
ample, S-doped NiFe compounds have triggered great inter-
est in improving the electrochemical activity. Based on this,
the benefit of co-doping the S and N atom on the graphene
integrated with NiFe compounds has been analyzed system-
atically via Wang’s groups.[151] The theoretical calculation re-
sults have revealed that the S decoration significantly enhances
the generation of OOH* intermediates and substantially re-
duces the Gibbs free energy across the four fundamental OER
steps. To augment the oxygen-based catalytic activity of NiFe
(oxy)hydroxide, Pan et al. developed a sulfate ion (SO4

2−) mod-
ulation strategy for modifying the pristine NiFe catalysts, bene-
fiting from the electro-oxidation reconstruction of the pre-catalyst
as well as the stable OER intermediate (OOH*) (Figure 4a,b).[152]

This approach derived the NF-S0.15 catalyst, which exhibited
exceptional OER activity, characterized by a low overpotential
of 234 mV at 50 mA cm−2, sustained lifespan exceeding 100
h, and rapid OER kinetics with a Tafel slope of 27.7 mV

Adv. Energy Mater. 2025, 15, 2501496 2501496 (12 of 38) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 4. a) The preparation illustration for NF-S0.15. b) XPS characterization of NF-S0.15 and NF for S 2p high resolution. c) OER activity curves of
NF-S0.15 with its comparison sample. Theoretical investigations of d) energy of SO4

2− adsorbed on Fe and Ni sites, e) Gibbs free energy diagrams
of the OER intermediates, f) DOS spectra, and g) charge density variations in NiFeOOH-SO4 when OOH* is adsorbed on the Fe site. Reproduced
with permission.[152] Copyright 2023, Wiley-VCH. Theoretical predictions explore Se effect: h) calculated models for NiOOH, (Fe, Ni)OOH, and Se-(Fe,
Ni)OOH, i) free energies calculations for electrocatalytic intermediate steps with the PDS energies, j) Se-related configuration with metal octahedral,
and k) charge density differences among the three models. Reproduced with permission.[154] Copyright 2023, American Chemical Society. Free-energy
diagram for OER on (0 1 –1 2) surfaces of l) NiOOH, m) NiFeOOH, and n) N-NiFeOOH, respectively. o) d-band center of the Fe and Ni with formation
energy of adsorbed OH (OOH). Reproduced with permission.[155] Copyright 2020, Elsevier.

dec−1 (Figure 4c). Theoretical calculation depicted in Figure 4d-g
suggests that SO4

2− interacts with the adsorbed OOH* on the
Fe active site, thereby stabilizing intermediates (OOH*), altering
the rate-determining step, and optimizing Gibbs free energies of
the OER intermediate. Both experimental and theoretical studies
affirm the dual role of SO4

2− in enhancing OER performances.
The ORR activity constitutes the bottleneck of NiFe-based elec-

trocatalysts. To overcome the existing bottleneck, Zhang’s group
introduced a 3D integrated and anion-regulated structure for
NiFe hydroxysulfide nanosheets, which enhances both the ORR
and OER activity in alkaline electrolyte. This improvement is at-
tributed to the monolith’s abundant active site and distinctive
porous structure.[153] When employed directly as the air elec-
trode, the Ni1.9FeS1.09(OH)4.6 monolith enabled an aqueous Zn–
air battery to achieve a high peak power density of 248 mW cm−2.
Notably, these catalysts can also be encased into the solid-state

Zn–air battery with gel polymer electrolyte, maintaining stable
discharge-charge voltages even under varying bending angles.
This study highlights that the innovative design and effective syn-
thesis of anion-regulated self-supporting hydroxysulfide mono-
liths significantly enhance Zn–air battery performance. Despite
these advancements, the reconstruction mechanism of 3d-metal
selenides and the role of anions inZn–air batteries remain largely
unexplored. In response, Chen et al. conducted a comprehen-
sive study into the anionic effects on the dynamic reconstruction
of 3d-metal selenides. As illustrated in Figure 4h-k, the poten-
tial impact of selenium on the pristine NiFe composite was an-
alyzed using DFT calculations. Particularly, this model focuses
on the Se Pourbaix diagram corresponding with strong alkaline
conditions in the Zn−air battery system, where form O-sharing
bonded selenides motifs through the high-valent cationic state
by selenides contribution, thereby facilitating charge redistribu-

Adv. Energy Mater. 2025, 15, 2501496 2501496 (13 of 38) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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tion of the active sites. The Fe/Ni−(O)−Se unique configuration
promotes electron localization at activemetal sites and lowers the
energy barriers for both the ORR andOER potential-determining
steps. Finally, the Zn–air battery encased with (Fe, Ni)Se2 mate-
rials demonstrated stable operation exceeding 350 h, retaining a
voltage gap of 0.83 V and an energy efficiency of 57.7%.[154]

Besides the chalcogenides regulation, introducing heteroatom
N element into NiFe-based compounds could also provide more
accessible active centers, in which the DFT calculation has re-
vealed that the dopant of N element could reduce the d-bond cen-
ter of activemetals while facilitating the adsorption ability of OER
reaction intermediates (OH* and OOH*) on NiFeOOH surface,
finally lowering the overpotential of the OER (Figure 4l–o).[155]

As an example, Qiao et al. successfully synthesized the N-doped
NiFe double layer hydroxide (N-NiFe LDH) in situ on the three-
dimensional nickel foam to improve OER activity. The mech-
anism investigations revealed that unique structures, such as
the 3D conductive structure, N–NiFe LDH nanolayer with ultra-
thickness (≈0.8 nm), as well as abundant N-doping content
(≈17.8%), significantly contributed to effective OER activity and
Zn–air batteries performance. Consequently, the catalyst deliv-
ered remarkable OER activity, characterized by an ultralow over-
potential of 230 mV at 10 mA cm−2 corresponding with stable
durability exceeding 60 h, and high Zn–air battery performance
under alkaline electrolyte.[95] In addition, Goodenough et al. re-
ported that the mesoporous nickel-iron nitride (Ni3FeN) serves
as an effective bifunctional electrocatalyst. This is attributed to
its metallic state, ordered face-centered cubic (fcc) structure, high
electrical conductivity, and unique hierarchically porous architec-
ture with ample interparticle void space and high surface area.
These properties confer Ni3FeN with outstanding ORR and OER
electrocatalytic activities, evidenced by a more positive half-wave
potential of 0.78 V and a significantly higher current density of
12.7 mA cm−2 at a potential of 1.60 V. Furthermore, the catalyst
achieved a lower discharge–charge potential gap and prolonged
lifespan exceeding 100 h in Zn–air batteries.[156]

NiFe materials incorporating targeted anion modification
strategies have emerged as a cornerstone for designing bifunc-
tional electrocatalysts in Zn–air batteries due to their tailorable
interlayer electronic configurations and adaptive structural ar-
chitectures. Doping anions into NiFe-based compounds could
promote the performance of rechargeable Zn–air batteries with
OER/ORR activity and durability, mainly focusing on facilitat-
ing the oxygen reaction charge transfer and improving the elec-
tronic conductivity. However, NiFe-based compounds with an-
ions typically undergo electrochemical reconstruction during the
OER process, making the actual catalytic active sites inconsis-
tent with the original catalyst surface. The leaching of anions
during electrochemical reconstruction is an uncontrollable pro-
cess that affects the precise construction of valuable active sites
in NiFe-based compounds. Specific anions can enhance the dura-
bility of NiFe-based materials by stabilizing metal sites through
coordination interactions; however, their strong surface binding
affinity may concurrently reduce the accessibility of active sites.
Conversely, anions acting as proton acceptors/donors can accel-
erate the kinetics of surface proton-coupled electron transfer pro-
cesses, yet typically exhibit compromised structural stability due
to surface reconstruction. To date, the atomisticmechanisms gov-
erning anion-regulated modulation of Ni/Fe redox couples re-

main unresolved. Therefore, the rational utilization of electro-
chemical reconstruction phenomena to optimize the activity per-
formance of NiFe-based catalysts with long durability through an-
ionic modification is also a major focus at present.

5.2. Cation Doping

Cation doping has emerged as a strategic approach to enhance
the catalytic performance of NiFe-based materials in oxygen-
redox electrochemical processes.[157] This methodology involves
substituting or introducing cations, such as Co, Cr, Zn, Mo, or
other transition metal cations into the NiFe host lattice, which
systematicallymodulates three critical aspects: i) Electronic struc-
ture modulation. Cation dopants fine-tune the d-band center of
Ni/Fe through ligand and strain effects, optimizing the adsorp-
tion energy for key intermediates (e.g., *OOH, *O).[158] As an ex-
ample, ternary NiFeM (M: La, Mo) catalysts are engineered with
distinct M-NiFe coordination units to achieve targeted electronic
structure modulation. The incorporation of La dopants induces
ligand-field redistribution and compressive lattice strain, which
collectively upshift the d-band center of Ni/Fe and strengthen
hybridization between metal d-orbitals and oxygen 2p-orbitals.
This synergistic electronic restructuring optimizes adsorption
energies for oxygen intermediates and reduces the energy bar-
rier of the rate-determining step, as evidenced by operando
XAS and microkinetic modeling, thereby significantly enhanc-
ing OER activity.[132] ii) Crystal field symmetry and strain effects.
Dopants induce lattice strain (compressive or tensile), distort-
ing metal-oxygen bonds and generating undercoordinated ac-
tive sites, especially generated the defect site.[159] For example,
the substitution of Cr into the NiFexCr2-xO4 lattice induces lat-
tice strain and coordination distortion, destabilizing the crystal
field symmetry and promoting preferential Cr leaching during
CV (cyclic voltammetry) conditioning. This strain-driven process
generates cation vacancies and oxygen defects (Ovac), which facil-
itate the transformation of the anhydrous spinel into a hydrous
NiFe oxyhydroxide (MOOH) shell, while compressive strain sta-
bilizes the core–shell interface against structural collapse. The
interaction between strain-modulated redox activity and crys-
tal field distortion optimizes the d-band center of Ni, enabling
higher valence states (Ni3+/4+) and enhanced intermediate ad-
sorption, thus achieving tunable surface reconstruction for su-
perior OER performance.[160] iii) Charge transfer optimization.
Dopants with higher electronegativity withdraw electrons from
Ni/Fe, enhancing oxidative stability and interfacial charge trans-
fer kinetics.[161] For instance, Zn doping in NiFe-LDH introduces
an electron transfer effect from Zn to Ni, which elevates the
electron density of Ni sites and suppresses their over-oxidation
to unstable high-valence states (Ni4+), thereby preserving the
highly active 𝛽-NiOOH phase. This electronic modulation re-
duces the electrochemical reconstruction potential (1.52 V for
NiFeZn-LDH vs 1.57 V for NiFe-LDH) and stabilizes the lat-
tice against Ni dissolution, as confirmed by operando Raman
spectroscopy and EIS. Coupled with S coordination, the syner-
gistic (Ni, Fe)-S-Zn structure further enhances OER kinetics by
optimizing *OOH adsorption while maintaining structural in-
tegrity, achieving a dual enhancement of activity and stability.[162]

These synergistic effects, electronic tailoring, strain engineer-
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Figure 5. a) The difference between the NiFe2O4 and Cr-NiFe2O4 through charge density properties. The extracted 2D data plot for b) the NiFe2O4
and c) Cr-NiFe2O4. d) DOS and e) PDOS for NiFe2O4 and Cr-NiFe2O4. f) Free energy diagram and g) overpotential calculation value of NiFe2O4 and
Cr-NiFe2O4. Reproduced with permission.[164] Copyright 2024, Elsevier. h) OER and i) ORR activity curves of NiFeS doping with different metal dopants.
j) OER potential value at the current density of 10 mA cm−2 as a function of Ni3+ concentration. k) ORR value obtained from the Half-wave potential as
a function of pCOHP. Reproduced with permission.[165] Copyright 2024, Wiley-VCH.

ing, and charge redistribution, position cation doping as a
versatile strategy to break activity-stability trade-offs in NiFe-
based electrocatalysts.
Particularly, the unique cations can adjust the electronic struc-

ture of Ni or Fe sites to optimize the adsorbed energy of reaction
products or intermediates. For instance, Li et al. doped the Fe ele-
ment into the FeNi3 intermetallic nanoparticle via a facile plasma
engineering, in which the excess Fe-ions caused high lattice dis-
tortion corresponding with abundant oxygen-active sites, finally
achieving ultrahigh performance for the Zn–air batteries.[163] In
addition, Hu et al. doped Cr elements into the ferrite NiFe2O4 to
apply as oxygen electrocatalysts (Figure 5a). After assembling as
the air cathode for Zn–air battery, the designed catalysts achieve
a high specific capacity of 740 mAh g−1 and a high-power den-
sity of 61.1 mA cm−2.[164] In addition, the Cr3+ was effectively
incorporated into octahedral sites, altering the electronic state
surrounding the active site of NiFe2O4. The Cr dopant acts as
the electron donor, modulating the electronic state of Ni2+ sites
(Figure 5b,c) and reducing the bandgap of NiFe2O4, thereby im-
proving its conductivity (Figure 5d). Furthermore, the electronic
state of Cr-doped NiFe2O4 is positioned approaching to the Fermi
level compared with pristine NiFe2O4 (Figure 5e), which en-
hances the adsorption/desorption behaviors of oxygen interme-
diates (Figure 5f). This adjustment in electronic structure due
to Cr doping results in a decrease in the OER overpotential of
the Cr-doped NiFe2O4 catalyst from 0.72 V to 0.55 V (Figure 5g).
However, the selection criteria of metal dopants and the reaction

mechanism of NiFe-based catalysts are still unclear. To deeply un-
derstand the relationship between metal dopants in NiFe-based
compounds and catalytic activities, Ting’s group investigated sev-
eral transition metals (Ti, V, Cr, Mn, Co, and Cu) with varying t2g
and eg occupancy for incorporation into NiFeS lattice. They ex-
plored the effects on electronic conductivity, electronic state of
the active sites, and thermodynamic barrier through theoretical
calculations and experiments, correlating these properties with
ORR/OER activity (Figure 5h,i).[165] Consequently, the introduc-
tion of metal dopants into NiFe sulfide enhanced the OER/ORR
bifunctionality, with increased Ni3+ content boosting the OER
activity (Figure 5j). The projected crystal orbital Hamilton pop-
ulation (pCOHP) method was utilized for assessing the Ni–O
bond strength. As depicted in Figure 5k, the ORR activity exhibits
a volcanic trend relative to pCOHP, indicating that an optimal
Ni–O bond strength is valuable for ORR activity. Additionally,
the conductivity of NiFeS was improved by doping Mn, Co, and
Cu elements. The d-band center (ɛd) of the Ni active site was el-
evated through the addition of Ti, V, Mn, Co, and Cu dopants,
with the V dopant achieving optimal binding energy for inter-
mediate species and adsorption energy for *O species. The op-
timal NiFeVS encased into Zn–air battery can present a high
specific capacity of 698 mAh g−1, a substantial power density of
190 mW cm−2, and long-term durability over 2400 cycles (400 h).
Single-metal doping on the NiFe system is typically limited,

making it challenging to simultaneously enhance ORR/OER
activity, given the opposing nature of these processes. To
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Figure 6. a,b) The in-situ XRD results of HEA nanoparticles. Reproduced with permission.[169] Copyright 2023, Royal Society of Chemistry. c) The
schematic illustration of FCC alloy and spinel oxides with low crystallinity. d) The LSV curves for ORR/OER of the quinary high-entropy AlNiCoRuMoCr-
FeTi catalyst. e) Voltage variations at current densities and f) long-term cyclic performance of the Zn–air battery with AlNiCoRuMoCrFeTi air cathode.
Reproduced with permission.[173] Copyright 2022, Wiley-VCH.

leverage the advantages of multiple elements, transition metal
high-entropy alloys (HEAs) and their corresponding high-
entropy oxides (HEOs), composed of five or more metal ele-
ments, have garnered significant interest for effective ORR/OER
activity.[166] The multi-compositional nature of the HEAs results
in diverse atomic arrangements on their surfaces, modulates
the d-band center site of various transition metals, and intro-
duces the lattice distortion effect due to different metallic radii,
thereby optimizing the binding energy of reaction intermedi-
ates and accelerating the intrinsic activity kinetics.[167] However,
synthesizing nanostructured HEAs is challenging due to the
varying properties of each metal element, such as ionic radius,
which can impede the formation of the single-phase HEAs. For-
tunately, HEAs with multiple metal components can be success-
fully synthesized using the confinement effect of carbon, achiev-
ing high activity and long stability due to the altered local elec-
tronic structures, well-dispersed metal nanoparticles, increased
active sites, and improved interfacial mass/charge transfer.[168]

For instance, Zhang et al. synthesized the HEAs (FeCoNiMnCu-
1000) nanoparticles encapsulated in the N-doped graphitized hol-
low carbon tubes via a solid-state thermal reaction strategy, which
demonstrated an ORR half-wave potential of 0.78 V vs RHE and
maintained stability for over 200 h for Zn–air batteries.[169] As
exhibited in Figure 6a,b, in situ XRD characterization was con-
ducted to gain insights into the phase transformation process
of HEAs during calcination. At high temperatures, stable HEA
combined with amorphous carbon can generate a unique hol-
low configuration, with HEA nanoparticles enveloped by an ex-
ternal carbon layer to prevent aggregation, and ordered graphite-
structured carbon at the interface is formed by the neighboring
traditional metal catalysis. Despite the excellent catalytic activity

achieved, the carbon and HEA cluster exhibited relatively weak
interfacial binding strength due to the oxidized carbon corrosion,
leading to HEA nanoparticles agglomeration and loss of activ-
ity during repeated cycling.[170] Based on this consideration, Qiu
et al. fabricate HEAs without noble metals combined with nat-
urally oxidized and multi-component HEOs as bifunctional ma-
terials for Zn–air batteries via the top-down dealloying method.
Consequently, the battery with np-AlFeCoNiCr exhibited a high
open-circuit potential of 1.55 V, a high specific capacity of approx-
imately 800 mAh g−1, and a long-term lifespan of over 60 h.[171]

DFT calculation reveals that the favorable bifunctional activity is
generated from Cr incorporation, which modifies the electronic
state of NiFe-based spinel oxides. The inclusion of Ru as a no-
ble metal in the HEA served as an active component for both
OER and ORR, while the construction of HEAs effectively re-
duced the utilization of noble Ru.[172] Subsequently, Qiu et al. uti-
lized the chemical dealloying method to fabricate optimal eight-
component HEOs (Al-Ni-Co-Ru-Mo-Cr-Fe-Ti) and advance the
generation of low-crystallinity oxides (Figure 6c). Notably, the Al-
NiCoRuMoCrFeTi HEO catalyst exhibited a low ORR (half-wave
potential) and OER (at the current density of 10 mA cm−2) over-
potential gap of 0.61 V (Figure 6d), and enabled a Zn–air bat-
tery with a high power density of 123.5 mW cm−2 (Figure 6e)
and long durability over 300 h at 10 mA cm−2 (Figure 6f).[173]

These high-performance bifunctional electrocatalysts with dual
metal (Cr and Fe) synergistic functions on adjusting the elec-
tronic model of active Ni/Ru/Co sites have enhanced the ORR
and OER kinetics. The multi-metal component significantly re-
duced Ru utilization, thereby lowering catalyst costs.
As one of the widely reported strategies in altering the elec-

tronic structures of the electrocatalysts, the cation doping strat-
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egy is essential for oxygen-related chemistry, benefiting from the
wide cation selectivity and the regulation of electronic states.
Cation doping has emerged as a pivotal strategy to tailor the elec-
tronic, structural, and catalytic properties of NiFe-based electro-
catalysts for Zn–air batteries. By introducing cations into theNiFe
matrix, researchers aim to optimize bifunctional activity, enhance
stability, and address intrinsic limitations of NiFe catalysts. How-
ever, for Zn–air batteries with NiFe-based compounds, the single
cation-doped strategies seem to need further exploration, owing
to the poor ORR activity, failed long lifespan, and unclear reaction
mechanism. The concentrations of the cation dopants face uni-
fied reference standards between different doping types, while
doping a single cation faces the unbalanced ORR and OER activ-
ities. For the HEAs and HEOs materials, the methods to achieve
uniform dopant distribution and the contribution to catalytic ac-
tivity of each metal site both need further exploration. In the fu-
ture, developing in situ doping techniques where dopants mi-
grate to active sites during the electrochemical process can make
a more uniform distribution of the metal cation on the NiFe-
basedmatrix, as well as constructmore exposed active sites on the
surface of the catalyst. Combining the theoretical calculation and
the operando characterization technique to screen the dopants
with optimal adsorption energetics and track the evolution of va-
lence states of dopants during catalysis.

5.3. Supporting Effect

The intrinsic low electrical conductivity and limited active sites of
NiFe oxide/hydroxide significantly hinder their effectiveness as
bifunctional electrocatalysts in Zn–air battery. A promising ap-
proach to overcome these limitations involves integrating NiFe
oxide/hydroxide with materials that possess high electrical con-
ductivity and large surface areas, thereby advancing both the ac-
tivity and stability of the catalysts in oxygen-related reactions.[174]

Carbonmaterials, characterized by their high electron conductiv-
ity of >103 S cm−1 and extensive surface area of >200 m2 g−1,
have been identified as effective supports for developing ORR
and OER catalysts in rechargeable Zn–air batteries.[175] More im-
portantly, the incorporation of carbon materials as supports for
NiFe oxide/hydroxide can effectively mitigate the agglomeration
of NiFe nanoparticles, thereby improving the stability and adding
the number of exposed active sites.[176] Ni and Fe ions process
empty d-orbits and d-orbit electrons, which could achieve rapid
electron transfer between adsorbed oxygen intermediate species
and Ni/Fe sites. More importantly, supports with electron donat-
ing or electron accepting properties can adjust d-orbital electrons
of Ni/Fe sites, thus optimizing the adsorption energy for oxygen
intermediate species. Based on this theory, N-doped carbonmate-
rials with different types of N species, such as pyridine-N, pyrrole-
N, graphite-N, could donate or accept electrons when anchoring
NiFe compound nanoparticles, thereby accelerating the ORR and
OER kinetics.[177–179] Generally, the ORR activity primarily de-
pends on the adsorption and dissociation steps of O2, whereas the
OER activity is restricted by the generation of OOH* and O* in-
termediates, in the NiFe compounds. Consequently, a single type
of active site in NiFe compounds struggles to effectively catalyze
both OER and ORR processes.[180–182] In particular, constructing
asymmetric dual-sites liking NiFe-N-C structures is highly effec-

tive in introducing the bifunctional ORR and OER activity.[183,184]

Combining NiFe compound nanoparticles with N-doped carbon
supports to build NiFe-N-C structures claim several advantages:
i) N-doped CNTs could enhance electrical conductivity of NiFe
compounds; ii) The size of NiFe compounds is limited by the car-
bon support, arousing in plenty of active sites exposures; iii) The
N atom could effectively alter the electronic states of Ni or Fe ac-
tive sites in carbon supports to optimize ORR/OER activity; iv)
N-doped carbon is a good ORR material that can compensate
for the poor ORR of NiFe compounds.[185–188] For instance,
the emerging materials metal-organic framework with diverse
metals and special network structure.[189,190] and N-containing
organic polymers could directly form NiFe-N-C structure.[175]

through high-temperature sintering, which have been employed
for Zn–air batteries served as bifunctional electrocatalysts, en-
hancing both the ORR and OER activities of NiFe compounds
and boosting the catalytic durability. Additionally, N-doped car-
bon nanotubes, N-doped graphene, and self-supporting N-doped
carbon skeleton served as effective supports for NiFe compounds,
facilitating the creation of advanced bifunctional catalysts for
rechargeable Zn–air batteries with reduced charge/discharge po-
tential gaps and extended lifespans. Dong et al. synthesized hi-
erarchical composite (Co-NC@LDH) with dual-active site by de-
positing the NiFe-LDH nanosheets with OER activity on ZIF (ze-
olitic imidazolate framework) with ORR activity, generated with
carbon-based framework. The synergistic interaction between
the Co–N–C and the NiFe-LDH structures allows Co, N-doped
CNTs to protect active metal sites and accelerate the mass trans-
fer of reactants. In addition, the carbon framework can provide
high electrical conductivity, which can accelerate electron trans-
fer kinetics from the NiFe-LDH during catalysis. As a result, the
Co-NC@LDH exhibits a lower overpotential of 819 mV around
the ORR (half-wave potential) and OER potential (10 mA cm−2)
in alkaline solution, along with outstanding durability exceeding
300 h in Zn–air battery.[191] More interestingly, Zhang’s group
achieved a significant advancement in ampere-hour-scale zinc-
air batteries, achieving a record-breaking ΔE = 0.57 V with the
NiFeCe LDH catalysts, where the NiFeCe LDH anchoring with
uniform Fe-N-C sites are integrated into a composite.[192] Specif-
ically, practical zinc-air batteries with ampere-hour scale con-
structed with NiFeCe LDH/Fe-N-C catalysts delivered a capacity
of 6.4 Ah and sustained cycling under 1.0 A and 1.0 Ah current
condition. This exploration presents the groundbreaking bifunc-
tional ORR and OER electrocatalyst for aqueous zinc-air batter-
ies, promising for next-generation applications.
One-dimensional carbon nanotubes (CNT) are usually

adopted as supports for transition metal compounds benefiting
from the fast electron transport path, short mass diffusion
pathway, and unique structure stability, and even allow the
anchored nanoparticle with high dispersity.[193] Du et al. en-
hanced the OER activity and stability of Fe-Ni bimetal hydroxide
nano-sheets by supporting them on the multiwalled carbon
nanotubes (Fe3NiOxHy/MWCNTs). Additionally, the incorpo-
ration of heteroatom B into the Fe3NiOxHy/MWCNTs catalyst
(B-Fe3NiOxHy/MWCNTs) further improved OER activity by
modulating local electron density and surface charge states.
Thereafter, this design resulted in an amorphous crystalline
structure and nano-sheet morphology, reducing the OER over-
potential, facilitating reaction kinetics, and enlarging durability.
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Figure 7. a) TEM image of NiFe/N-CNT; b) Free energy diagram of NiFe/N-CNT catalysts and its comparison; c) The cyclic performance of Zn–air
batteries using NiFe/N-CNT catalysts. Reproduced with permission.[198] Copyright 2020, Elsevier. d) Diagram of electron and mass transport in FC-
Ni3N/NCNTs. e) OER polarization curves of FC-Ni3N/NCNTs catalysts and its comparison. f) Galvanostatic charge-discharge test of FC-Ni3N/NCNTs
at different current densities. Reproduced with permission.[199] Copyright 2021, Elsevier. g) The morphology characterization for S-LDH/NG; h)
Schematic of the DOS calculation results for S-LDH/NG; i) Overall OER/ORR polarization curves of S-LDH/NG and its comparison. Reproduced with
permission.[206] Copyright 2023, Wiley-VCH. j) HRTEM images of Ni3Fe oxide/PANI catalysts. k) The interaction between PANI supports and Ni3Fe
oxide. l) The cycling performance for Zn–air batteries utilizing the Ni3Fe oxide/PANI catalysts at 10 mA cm−2. Reproduced under the terms of 4.0
International License.[209] Copyright 2025, The Authors, Published by Springer Nature.

The assembled Zn–air battery achieved a peak power density of
343.7 mW cm−2 and demonstrated long-term stability exceeding
200 h.[194] The N element, with higher electronegativity than C,
is also widely doped into CNT supports to adjust the chemisorp-
tion energy of oxygen by rearranging the electron distribution
of adjacent C atoms.[195–197] For instance, Mai et al. developed
NiFe nanoparticles supported on N-doped CNT (NiFe/N-CNT)
as bifunctional electrocatalysts for flexible Zn–air battery, with
the NiFe nanoparticle uniformly anchored on CNT without sig-
nificant agglomeration (Figure 7a). The NiFe/N-CNT exhibited
valuable bifunctional catalytic performance both for ORR and
OER, with the minimized ∆E (0.77 V) among all samples in
an alkaline solution under a three-electrode system. More im-

portantly, the theoretical calculation, in-situ Raman, and oxygen
adsorption studies confirmed that NiFe/N-CNT enhances the
OH− and oxygen absorption process, thereby boosting the ORR
and OER activity (Figure 7b). Finally, the Zn–air battery with
NiFe/N-CNT catalyst achieved a high peak power density of
≈105.4 mW cm−2, a high open-circuit voltage of 1.41 V, and long
cycling stability (Figure 7c).[198] Beyond regulating the adsorption
of intermediate oxygen species, carbon nanotubes also enhance
electron and species transport in NiFe compounds during OER
processes, promoting the charge-discharge rate (Figure 7d).
Based on this concept, our group designed a high-performance
OER catalyst by loading NiFe nitride onto N-doped CNTs
(FC-Ni3N/NCNTs), which exhibited an ultra-low overpotential of
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260mV at 10 mA cm−2 (Figure 7e). The interlaced CNTs network
facilitates rapid O2 desorption and electron transfer for NiFe
nitride across the air cathode, delivering an ultra-low charge
potential of 2.02 V and high round-trip efficiency of 58.6%
at 50 mA cm−2 (Figure 7f).[199] The Zn–air battery with FC-
Ni3N/NCNTs provided a long cycling life of 700 cycles and a low
charge voltage of 1.96 V at 20 mA cm−2. Therefore, introducing
conductive supports into NiFe compounds is thus an efficient
strategy for achieving high performance in Zn–air batteries at
high current densities. In addition tomodifying carbon supports,
functionally modified NiFe compounds can optimize the cat-
alytic activity of supported catalysts. Defects, particularly oxygen
vacancies in NiFe compound catalysts, can modify the catalyst
structure to facilitate the charge exchange between electrolyte
and catalyst interface. For example, Arjona et al. constructed the
oxygen vacancies in the NiFe LDH/N-doped CNTs, promoting
ORR andOER activity with aΔE of 720mV and notable recharge-
able performance of the Zn–air batteries.[200] The experiment and
density of states analyses indicated that the oxygen vacancies and
the N-doped carbonaceous substrate enhanced catalyst activity
owing to the low charge transfer resistances. Furthermore, Hu
et al. grew NiFe-LDH nanosheets in-situ on Co-N-C triangular
plates integrated with interwoven carbon nanotubes (Co@NC-
CNTs@NiFe-LDH) using a structural engineering strategy to
increase sufficient exposure of the active sites, promote the
electron conductivity, and facilitate the transport of OH− corre-
sponded with its intermediates. Moreover, the DFT calculations
revealed that the Co@NC-CNTs@NiFe-LDH evaluated the ORR
and OER activities due to the synergetic interaction function be-
tween the NiFe LDH and Co@NC-CNTs. Interestingly, aqueous
Zn–air batteries utilizing Co@NC-CNTs@NiFe-LDH as the air
electrodes performed a specific capacity of 786 mAh gZn

−1, a
peak power density of 194 mW cm−2, and durability of 760 h at
10 mA cm−2.[201] This work opens the new eyes for achieving
high-performance Zn–air batteries by designing bifunctional
electrocatalysts with unique structures.
Except for the carbon nanotubes, various carbon materials

with different dimensionalities can also serve as support for
NiFe compound catalysts. Carbon quantumdots (CQDs) are cost-
effective candidates for decorating NiFe-based catalysts, as they
can function as structure regulators and active sites. For in-
stance, 2D NiFe-MOF NSs, enhanced by electron-withdrawing
carboxylated CQDs, demonstrated excellent OER activity and
long-term durability, making them a suitable air cathode for Zn–
air batteries.[202] Additionally, graphene quantum dots (GQDs)
have been shown to improve ORR activities due to their in-
creased active surface area and modified electron structures.
Pan et al. reported that anchoring GQDs can adjust the sur-
face electronic states of NiFe LDH, meaningfully enhancing
the OER activity with an ultralow overpotential of 189 mV at
10 mA cm−2 and achieving superior performance in Zn–air
batteries with a round-trip efficiency exceeding 65%. The XPS
combined with theoretical calculations indicated that the im-
proved OER performance resulted from the strong interaction
function between GQDs and NiFe LDH, which led to charge
accumulation at active Ni sites and regulated charge distri-
bution around these sites.[203] As reported, graphene, with its
perfect graphitized structure, offers high electrical conductiv-
ity, addressing the conductivity limitations of NiFe-based cata-

lysts. Moreover, combining NiFe nanoparticles with graphene
nanosheets, which have a large surface area, can reduce the NiFe
nanoparticles’ aggregation.[190,204,205] Therefore, Park et al. devel-
oped atomic-level sulfur-incorporated NiFe–LDHs on N-doped
graphene (S-LDH/NG) as bifunctional catalysts for Zn–air bat-
teries. As shown in Figure 7g, S-LDH/NG catalysts exhibited a
flower-like nanosheet morphology, with S-NiFe-LDHs uniformly
anchored on the graphene surface. More importantly, theoreti-
cal calculations and experiments demonstrated that S anion sub-
stitution caused an upward shift in both the spin-up and spin-
down Fe d-band centers, enhancing electrochemical activity by
facilitating the adsorption of oxygen intermediates (Figure 7h).
Consequently, the S–LDH/NG catalyst exhibited a small poten-
tial gap of 0.782 V between ORR and OER (Figure 7i), while
the Zn–air battery with S–LDH/NG catalysts accomplished a
high power density of 165 mW cm−2, a large specific capacity of
665 mAh gZn

−1, and long-term stability of ≈120 h.[206] The
graphene with N species and a large surface area can also con-
fine the growth of NiFe compound nanoparticles, creating abun-
dant catalytic sites. For instance, Xue et al. deposited Ni0.5Fe0.5
nanoparticles on N-doped graphene, achieving uniform Ni, Fe,
N, and C elements dispersion, with an average particle size of
9.5 nm.[207] To date, constructing carbon defects and vacancies
on the N-doped graphene with surface-exposed C basal plane
edges is an effective way to promote ORR activities, create ad-
sorption sites, and regulate the electron properties of the car-
bon skeleton. Luo et al. decorated dual isolated metallic atoms
(Ni/Fe) on DG support through O/N linkers to achieve feasible
ORR activity with a half-wave potential of 0.86 V and OER ac-
tivity with a low overpotential of 358 mV at 10 mA cm−2. Estab-
lishing pyridinic sites by reconstructing nanocarbon support into
five-member rings of C atoms and bridging the isolated metallic
Ni/Fe with N atoms can result in electron density rearrangement,
ultimately enhancing both the ORR and OER activity.[208] Besides
carbon supports, other conductive polymers, such as polyaniline
and polypyrrole, with rich N content, can also act as supports
to regulate the catalytic activity of NiFe compounds. Focused on
this, our group deposited Ni3Fe oxide, with an average size of
3.5± 1.5 nm, on polyaniline supports (Figure 7j). The electronic
interaction between Ni3Fe oxides and polyaniline supports im-
proved Ni-O covalency through the formation of interfacial Ni-N
bonds (Figure 7k). The polyaniline support also facilitated charge
and mass transfer rates on the Ni3Fe oxide surface. This rational
design enabled the Zn–air battery to achieve a long cycling life
of 400 h at 10 mA cm−2 (Figure 7l) and a low charge voltage of
1.95 V.[209] Therefore, the strategic design of supports is crucial
for optimizing the catalytic performance of NiFe compounds.
Although the carbon-based matrix has been widely explored

to support the NiFe-based catalysts with excellent electron con-
ductivity, there still exist many limitations that hinder the large-
scale application of carbon material in rechargeable Zn–air bat-
teries, such as carbon corrosion under oxidation potential, weak
metal-carbon support interaction, limited tolerance to mechani-
cal stress, and undesirable side reactions. Therefore, excepting
the carbon materials-based matrix, some multiple metal com-
pounds, such as transitionmetal oxides, transitionmetal nitrides
or carbides, pyrochlore, and perovskite oxides, could adopted
as support materials for NiFe compounds to improve catalytic
performance, because of the modified electronic structure and
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promoted charge transfer pathway.[210–212] As an example, Bhat-
tacharyya et al. decorated the NiFe-LDH on the perovskite oxides
(Ba0.6Sr0.4Co0.79Fe0.21O2.67) through the polyethyleneimine link-
age, which provides leeway for electron mobility and renders
modulation of surface charges on the integrated BSCF/NiFe-25
catalysts.[212] BSCF/NiFe-25 air cathode enables the rechargeable
Zn–air battery to deliver a high energy density of 776.3 mWh
gZn

−1, as well asmaintain long-term durability over 100 h with re-
duced discharge and charge voltage gap of 1.16 V at 10 mA cm−2.
Additionally, the spinel oxides featuring with the unique AB2O4
formula (A and B always utilization of the transition metals) ex-
hibit the advantages of tailored electrons between the A and B
ions for mass transport, facile adjustment of electrochemically
active area for the abundant active sites, high corrosion resis-
tance, rich valence states, and excellent chemical stability.[213] No-
tably, combining the spinel oxides, such as NiCo2O4, CuCo2O4,
and NiFe2O4, with the OER-active NiFe-based complexes with
heterostructure or other special structures is a wisemethod based
on the moderate adsorption capability for the reaction interme-
diate species during the ORR and OER processes, to enhance
the catalysis function for NiFe-based complexes.[214–217] Research
has shown that unique heterostructures and the presence of oxy-
gen vacancies or defects can synergistically enhance catalytic pro-
cesses, significantly boosting catalytic performance. Cai et al.
constructed an integrated heterostructure of biphasic nanoal-
loys (CoFe-NiFe/NC) with three obvious parts (carbon layer,
NiFe, and CoFe) via ion adsorption/exchange and carboniza-
tion strategies, which delivered more exposed active sites, facile
ion diffusion/electrolyte penetration, and rapid charge transfer
(Figure 8a,b).[218] The CoFe alloys and NiFe alloys integrated on
an N-doped carbon matrix delivered improved catalytic kinetics,
in which the CoFe hydroxides uniformly decorating the NiFe
nanoparticles, benefiting from the oriented and interconnected
nanoflake heterostructure, sufficient multi-metal catalytic cen-
ters, and shortened transport channels on the reaction interfaces.
Accordingly, the DFT results revealed that the CoFe-NiFe/NC
mainly dominated the 4e− catalytic path during the oxygen-based
electrochemical reaction process, thus maximizing the intrin-
sic functional activities (Figure 8c). Finally, the CoFe-NiFe/NC
cathode, for instance, enabled a high-performance Zn–air bat-
tery with a power density of 155 mW cm−2, excellent cycling
stability over 400 h at 10 mA cm−2, and a stable round-trip ef-
ficiency of ≈56% at 20 mA cm−2 (Figure 8d–f). More impor-
tantly, the hollow structure of the spinel oxides is particularly
beneficial for the electrocatalysts, as it provides an extended spe-
cific surface area that creates numerous active sites for electro-
chemical reactions and offers abundant channels for efficient
mass diffusion. Building on this concept, Lee et al. developed
Fe2NiO4/FeNiS2 nanosheets using a three-step process consist-
ing of hydrothermal synthesis, oxidation, and sulfidation to ad-
vance the ORR/OER activity and Zn–air battery performance.
The heterointerface between the Fe2NiO4 and FeNiS2 was found
to tailor the electronic structure, while the hollow structure re-
duced the charge and mass transfer resistance (Figure 8g-j).[219]

In particular, the simulation results indicated that Ni1 dominated
as the primary active site in Fe2NiO4/FeNiS2 for facilitating the
OER and ORR in alkaline systems. Finally, Zn–air battery assem-
bled with the Fe2NiO4/FeNiS2 nanosheets demonstrated a high-
power density of 144.22 mW cm−2 and achieved superior cycling

performance over 1500 cycles (40 min per cycle) at 2.0 mA cm−2.
Furthermore, introducing other sulfides or selenides into NiFe
catalysts can furthermodulate their electronic structure, optimiz-
ing ORR/OER activities. Park et al. facilitated the intrinsic activity
of NiFe-based compounds by decorating ReS2 onto NiFe-layered
double hydroxide (NiFe-LDH) nanosheets, leveraging the strong
coupling effect and vertical alignment at the hetero-interface.[220]

The ReS2/NiFe-LDH hetero-nanosheets were shown to possess
multiple active sites, primarily at the edges and surfaces of NiFe-
LDH for OER and ORR, respectively. Oxygen vacancies on elec-
trocatalysts can boost the ORR/OER kinetics by reducing resis-
tance, increasing electron transfer rate, and enhancing electro-
chemically active sites. Thereafter, Jiang et al. designed DBD-
NiFe/NiSe2@NCNTwith a hetero-interface rich in oxygen vacan-
cies utilizing atmospheric pressure dielectric barrier discharge
plasma, achieving superior bifunctional catalytic activity with a
low OER overpotential of 292 mV at 10 mA cm−2, high ORR ac-
tivity with half-wave potential of 0.811 V, and exceptional stability
for Zn–air battery with over 1000 cycles at 10 mA cm−2.[221]

Generally, constructing heterostructures on electrocatalysts is
a favorable direction to promote their intrinsic activity, because
the catalytic reaction usually takes place on the interface. More
importantly, the heterostructure with different active phases pro-
duced strong electronic interaction that could regulate the elec-
tron structure, finally affecting the mass and charge transfer
behaviors, and adjusting the chemical adsorption energy for
oxygen-based electrochemical intermediates.[222] Thereby, to ac-
celerate the electron transfer rate, increase the electronic con-
ductivity, as well as alleviate the self-aggregation of the NiFe-
based compound, a composite structure that combines NiFe-
based compoundswith the highORR activity-based second phase
to form a heterostructure can be adopted.[223–228] Crucially, it is
highly desirable to understand the reaction mechanism and pre-
cisely control electron regulation on the interfacial structure.
Leveraging the benefits of controllable dual-interface engineer-
ing for the strategic design of advanced functional catalysts, our
group developed a composite catalyst by depositing the Ni3FeN
nanoparticles onto the surface of MnO, resulting in two well-
designed interfaces (Figure 8k,l). As illustrated in Figure 8m, the
heterostructure catalyst with 15% Ni3FeN loading was identified
as the optimal configuration for ORR and OER catalysis. This
approach, involving the decoration of Ni3FeN on MnO with a
precisely engineered interface, effectively mitigates agglomera-
tion and modulates the electronic structure of MnO on the CNT
surface (Figure 8n).[229] Consequently, this catalyst achieved out-
standing rate performance up to 40 mA cm−2 and demonstrated
stable cycling performance over 200 h at 40 mA cm−2 in Zn–
air batteries. These innovative strategies, which integrate NiFe-
based complexes with multi-metal composites, have led to the
achievement of cost-effective bifunctional composite electrocat-
alysts with high activity and stability. However, further investi-
gation is required to fully understand the underlying reaction
mechanisms and explore additional catalytic types in the future.
In addition, the semiconductor matrix, such as TiO2, acting as
the substrate for the NiFe-based catalysts, can open the path-
way of the NiFe catalysts to the photo-assisted Zn–air systems.
Rudra et al. demonstrate that transitional metal doping (Ni, Fe)
and heteroatom co-doping on TiO2 significantly enhance its bi-
functional catalytic and photonic properties for Zn–air batteries,
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Figure 8. a) The synthesis illustration of a biphasic alloy-based monolithic catalyst with multifunctional catalysis. b) TEM images of CoFe-NiFe/NC. c)
The free energy diagram of CoFe-NiFe/NC to evaluate the OER and ORR activities. The Zn–air battery performance using CoFe-NiFe/NC: d) polarization
curve, galvanostatic cyclic performance at e) 10 mA cm−2 and f) 20 mA cm−2. Reproduced with permission.[218] Copyright 2024, Wiley-VCH. g) The
preparation illustration of Fe2NiO4/FeNiS2 MTs catalysts. h) SEM and i) TEM images for Fe2NiO4/FeNiS2 MTs catalysts. j) The calculated free energy
at different sites on Fe2NiO4/FeNiS2 towards OER and ORR. Reproduced with permission.[219] Copyright 2024, Elsevier. k) TEM and l) HRTEM images
for Ni3FeN/MnO-CNT catalysts. m) The ORR and OER activity at 0.7 and 1.55 V vs RHE for Ni3FeN/MnO-CNT with different mass loads of Ni3FeN. n)
Schematic illustration of Ni3FeN/MnO-CNT. Reproduced with permission.[229] Copyright 2022, Wiley-VCH.

addressing critical limitations of conventional carbon-based sup-
ports. While carbon supports suffer from oxidative corrosion at
high potentials (>1.5 V vs RHE) and weak metal-support interac-
tions, TiO2 provides robust chemical stability and strong metal-
support bonding.[230]

In addition to regulating NiFe compounds at the micro-scale,
enhancing the mass transfer behavior of oxygen and electrolytes
at the macro-scale is also essential to optimizing the charge-
discharge cyclic performance in Zn–air batteries. The regula-
tion of mass transfer behavior involves the construction of air
electrodes.[231–233] Our group previously used chemical vapor de-
position to grow a uniform Co-NCNT array on the surface of car-

bon cloth fibers. We found that this ordered structure can re-
duce the transport path of oxygen and electrolytes, greatly en-
hancing the charge-discharge cyclic durability for Zn–air bat-
teries even at high current density.[234] Generally, preparing air
cathode with NiFe-based catalysts uniformly loaded on the three-
dimensional self-supporting current collector for Zn–air batter-
ies includes many advantages: i) Decorating NiFe nanoparticles
on the current collector with unique three-dimension networks
could provide the large specific surface area to express abundant
transport channel for allowing fast charge and mass transfer; ii)
The flexible air cathode avoid utilizing polymer binders, which
reduces the intrinsic resistance value for charge transfer and
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Figure 9. a) Schematic illustration of the preparation, LSV curves for b) ORR and c) OER activity, d) the Zn–air battery performance with N2-NiFe-
PBA/NCF/CC-60 catalysts and its comparison. Reproduced under the terms of 4.0 International License.[239] Copyright 2022, The Authors, published
by Wiley-VCH. e) Scheme of the process of NiFe NF/NCFs; f,g) SEM and corresponding schematic preparation illustrations of NiFe NF/NCFs; h) The
flexible Zn–air battery behavior using flexible NiFe NF/NCFs electrode. Reproduced under the terms of 4.0 International License.[240] Copyright 2022,
The Authors, published by Wiley-VCH.

facilities more active sites exposure.[235,236,237] For instance,
Zhang et al. reported NiFe-LDH/carbon nanofibers as air elec-
trode catalysts in Zn–air batteries, in which the designed flexible
air cathode delivered exceptional OER kinetics in alkaline con-
ditions, especially as a result of the large surface area, abundant
active sites exposure, and short electron transfer pathway.[238] The
surface of carbon fiber is generally smooth, and NiFe-based cata-
lyst is prone to further aggregation on its surface, which can se-
riously damage the number of catalytic active sites. Pre-treating
flexible carbon substrates, such as acid etching, electrodeposi-
tion, plasma treatment, etc., to introduce defect sites is crucial
for the uniform growth of NiFe-based catalysts. For instance,
Jiang et al. pre-electrodeposited pyrrole onto carbon cloth fibers,
then carbonized the coated pyrrole to form rich N sites on car-
bon cloth. The obtained flexible NCF/CC electrode can be ap-
plied as a self-supporting substrate to support NiFe-PBA catalysts
(Figure 9a). To optimize oxygen catalytic activity, N2 plasma tech-
nology was applied to create CN vacancy (VCN) in NiFe-PBA for
regulating the electron structure and modifying the local coor-
dination environment of NiFe active sites.[239] Consequently, the
fabricated air cathode (N2-NiFe-PBA/NCF/CC-60) demonstrated
remarkable ORR activity with a positive potential of 0.89 V at 5

mA cm−2 (Figure 9b), exceptional OER activity with a low over-
potential of 270 mV at 50 mA cm−2 (Figure 9c), and impres-
sive stability over 2000 cycles in Zn–air battery (Figure 9d). No-
tably, the flexible Zn–air battery equipped with this air cathode
exhibited a low overpotential gap of 0.52 V at 1 mA cm−2. Con-
ventional flexible substrates, such as carbon cloth and carbon
paper, are not directly suitable for loading NiFe-based catalysts,
complicating the preparation process of air electrodes. Utiliza-
tion of flexible carbon substrates with rich heteroatoms can com-
pensate for this deficiency. Cao et al. applied carbonated com-
mercial melamine foam as support to load NiFe-based metal-
organic framework nanoflakes (NiFe NF/NCFs) to prepare a flex-
ible air cathode (Figure 9e-g). The synthesized NiFe NF anchored
on the NCFs surface with 3D porous structure, finally achieved
high ORR/OER activities and long lifespan in Zn–air battery.[240]

Besides, a flexible Zn–air battery has been successfully assem-
bled and integrated into a watchband to drive a smartwatch
with a temperature sensor, as shown in Figure 9h. This work
opens an insight into the pursuit of unique energy storage de-
vices for flexible electronics. The development of self-supporting
supports provides favorable assistance for building the three-
phase interface for NiFe-based catalysts, which provides the
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possibility for thewidespread application using rechargeable Zn–
air batteries.
The integration of NiFe-based electrocatalysts with advanced

support materials has emerged as a critical strategy to enhance
their performance in Zn–air batteries. Combining NiFe com-
pound nanoparticles on the N-doped carbon supports could
achieve high ORR and OER activity with long stability, in which
the N-doped carbon or the interfacial metal-N bond acts as ORR
active sites while NiFe compounds mainly devote OER active
sites, finally promoting the Zn–air battery performance. How-
ever, NiFe compounds tend to overgrow to form large particles
on N-doped carbon supports through the conventional synthesis
strategies, causing the reduction of the number of active Ni/Fe-
NC sites. In addition, carbonmaterials are prone to electrochem-
ical decomposition to form carbonates at high oxidation volt-
ages, leading to the destruction of active sites. Therefore, develop-
ing functionalized non-carbon-based supports to uniformly load
NiFe compounds for constructing highly efficient ORR/OER cat-
alysts is worth focusing on in the future. In addition, the flexible
support combined with the NiFe-based catalysts exhibits better
ORR/OER activity under high current density and delivers a de-
sirable choice to develop the flexible Zn–air batteries, owing to
the enhanced electronic transfer and mechanical stability. How-
ever, the amount and distribution of NiFe-based nanoparticles
on the flexible matrix need further exploration through simple
and environmentally friendly strategies. More importantly, the
interface contacts need to be enhanced through covalent bond-
ing strategies to prevent delamination.

5.4. Embedding Effect

The biggest challenge faced by NiFe-based catalysts is the poor
stability caused by Fe segregation during the OER process,
followed by poor ORR activity. Therefore, it is necessary to
encapsulate NiFe compounds with catalysts that have better
ORR activity to construct bifunctional oxygen catalysts.[241] More
importantly, embedding NiFe-based compounds with the second
phase exhibited many advantages: i) The second phase on the
outer surface of NiFe compounds can inhibit the aggregation
and growth of NiFe compound nanoparticles during synthesis
and reaction processes. ii) The shell of NiFe compounds can
avoid direct contact with alkaline electrolytes, thereby suppress-
ing the segregation of Fe ions. iii) The outer catalysts, such as
N-doped carbon, could regulate the electron structure of NiFe
compounds via the formation of interfacial bonds to adjust the
adsorption free energy for oxygen-related reaction intermediates.
iv) The outer catalyst with ORR activity, such as heteroatom-
doped carbon, can compensate for the deficiency of single OER
activity in NiFe compounds to construct suitable bifunctional
catalysts. v) The outer surface catalyst skeleton can accelerate
the electron and charge transfer rate on NiFe-based catalysts
because of the special large specific surface area. Therefore,
designing suitable supports with unique three-dimensional
porous structures for embedding NiFe-based catalysts is rea-
sonable for constructing bifunctional oxygen catalysts. Based
on this, our group previously embedded CoSx into N-doped
three-dimensional porous carbon, which achieved extremely
excellent bifunctional ORR and OER catalytic activity with ∆E

= 0.74 V and demonstrated sustainable stability in recharge-
able Zn–air batteries.[47] Embedding NiFe-based catalysts into
heteroatom-doped carbon skeletons is currently the most widely
reported strategy. NiFe compound catalysts endowed a small
difference for the free energy between reaction intermediates,
such as HOO* and HO*, remarkably promoting the OER
activity. However, the high free energy difference between re-
action intermediates, such as HOO* and O2, caused poor ORR
activity.[242,243] Fortunately, metal-nitrogen-carbon materials, es-
pecially the Co–N–C, have claimed high ORR activity, benefiting
from that the electron-rich N could regulate the electron states
of adjacent carbon atoms to enhance the chemical chemisorp-
tion ability of oxygen and to be beneficial for the break of
O═O double bonds.[244,245,246] Therefore, efficiently compositing
NiFe-based compounds with ORR-active components of the
Co–N–C to pursue bifunctional catalysts to lower the
charge/discharge overpotential gap in Zn–air batteries.[247] As
reported, the high-temperature pyrolysis could be applied to cre-
ate the metal–N–C structure, in which the organic compositions
containing N elements would be carbonized and synchronously
doped N atoms into the carbon matrix to construct C–N species
(such as graphitic C–N and pyrrolic C–N species) as ORR active
sites.[248] Particularly, constructing asymmetric Co/NiFe Janus
structure inside N-doped carbon provides a possible approach
to designing composite catalysts with excellent bifunctional
electrocatalytic activity.
Besides acting as the carbon support to boost the NiFe-based

catalyst performance, the 1D CNT could also be applied to en-
capsulate NiFe-based nanoparticles to prevent themetal nanopar-
ticles from aggregating and enhance the conductivity. For in-
stance, Zhang et al. embedded the FeCoNi nanoalloy into meso-
porous CNTs (FeCoNi-CNTs) to form the multi-metallic electro-
catalyst (Figure 10a). In the carbonmatrix,multiplemetalmodes,
including metallic species (Fe, Co, and Ni), M-N, M-O, and
FeCoNi alloy, coexist and are uniformly dispersed (Figure 10b,c).
Consequently, the FeCoNi-CNTs achieved a high power density
of approximately 210.5 mW cm−2 and an excellent specific ca-
pacity of 815.5 mAh gZn

−1 in Zn–air batteries.[249] Generally,
N-doped carbon with various N types (pyridinic-N, pyrrolic-N,
and graphitic-N) claims different ORR/OER activities. Thereafter,
Ma et al. encapsulated unique FeNi3 alloys into N-doped nan-
otubes using in-situ catalytic assembly technique with ligand
assistance, resulting in a distinct hollow tubular structure with
bamboo-like joints (Figure 10d).[250] The chelated metal complex
effectively prevented NiFe-based nanoparticle aggregation, and
NiFe alloys were used for in-situ catalysis to form the nanotube
structure. The DFT results illustrated that the pyridinic-N in N-
doped carbon, combined with NiFe-based nanoparticles, adjusts
the electronic state of carbon atoms for optimizing the desorp-
tion of OOH* intermediate, leading to high OER (overpotentials
of 0.291 V at 10 mA cm−2) and ORR (half-wave potentials of
0.782 V) activities, as well as long-term stability of 280 h for Zn–
air batteries. Component adjustment and structural engineering
claims as an effective strategy to enhance the activity and durabil-
ity of NiFe-based catalytic materials. Waterhouse et al. employed
a two-step pyrolysis method to create the ternary FeCoNi alloy
nanoparticles embedded in a hierarchical nitrogen-rich carbon
matrix (FeCoNi@HNC), as seen in Figure 10e. Interestingly, the
FeCoNi alloy nanoparticles are homogeneously distributed and
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Figure 10. a) The schematic diagram, b) TEM/HRTEM images, and c) corresponding EDS mapping of the FeCoNi-CNTs. Reproduced with
permission.[249] Copyright 2022, Elsevier. d) HRTEM images of FeNi3@NC. Reproduced with permission.[250] Copyright 2023, Elsevier. e) The schematic
diagram, f,g) TEM images, and h) ORR/OER activities, as well as i) difference charge density and j) DOS for Fe2Co2Ni2@C74N8. Reproduced with
permission.[251] Copyright 2021, Royal Society of Chemistry. k) Fabrication illustration ofNiFe–N-CNT-KCC; l) Open circuit voltage,m) discharge polariza-
tion curve, n) cycling performance, and o) performance comparison of Zn–air battery usingNiFe–N-CNT-KCC catalysts. Reproducedwith permission.[141]

Copyright 2024, Royal Society of Chemistry.
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embedded in the hierarchical conductive networkwith a high sur-
face area (Figure 10f,g). Through rational design, FeCoNi@HNC
demonstrated superior ORR (half-wave potentials of 0.805 V)
and OER (overpotentials of 0.391 V at 10 mA cm−2) activities,
achieving a peak power density of 109 mW cm−2 and a long
lifespan over 200 cycles in Zn–air batteries (Figure 10h). More
importantly, DFT calculations illustrated that the unique struc-
ture facilitates electron transfer from the alloy core to N-rich car-
bon shells (Figure 10i,j), optimizing the adsorption/desorption of
ORR/OER intermediates.[251] Moreover, heteroatom-doped car-
bon enhances reaction kinetics and boosts the Zn–air battery
performance through the chemisorption of O-containing inter-
mediates and O2 molecules on electron-deficient carbon atoms.
In this case, Yoo et al. confined the NiFe-alloy nanoparticles
within a pyridinic N-enriched sp2 carbon skeleton to pursue
the bifunctional ORR and OER activities (Figure 10k), where
graphitic-N accelerated the charge transfer rate and pyridinic-
N optimized O2 adsorption ability. Finally, the Zn–air battery
assembled with the NiFe–N-CNT-KCC delivered stable voltage,
high power density, and long cyclic stability (Figure 10l-o).[141]

In addition, constructing a unique core-shell structure between
the NiFe-based nanoparticle and CNTs, such as converting the
polydopamine (PDA) into N-doped carbon layer on NiFe-based
nanoparticles or embedding NiFe alloy NPs in 3D NCNTs mi-
crospheres by pyrolyzing the nickel-iron-alkoxide andmelamine,
can protect the catalyst framework from accumulating during the
carbonization procedure and enhance the reaction kinetics and
durability.[188,197]

Benefiting from the advantages of the self-assembly of organic
ligands, tunable pore structures, metal ion/cluster, abundant ac-
tive sites exposure, varied d-band, and intrinsic synergistic ef-
fect, bimetallic NiFe-based MOF materials are widely selected
as self-sacrificing templates accompanying preparation strate-
gies of high-temperature annealing, phosphating, and sulfida-
tion to obtain the functional carbon matrix encased NiFe com-
pound nanoparticles.[252,253,254] Interestingly, NiFe-based MOF-
derived carbon materials claim many advantages to combine the
merits of all the pristine substances for designing unique NiFe-
based MOF nanostructures with special morphologies (hollow
structures and 1D/2D/3D structures) that can increase the ex-
posure of active sites.[255,256] Recent research has revealed that
the MOF (metal-organic framework)-derived hybrid catalyst con-
taining metal nanoparticles and N-doped carbon frameworks ex-
hibits high conductivity and sufficient porosity, which are all
desirable properties for electron and mass transfer. Therefore,
it is a promising strategy to embed NiFe-based compounds
into MOF-derived carbon materials to construct bifunctional
electrocatalysts.[257,258] As an example, Zheng et al. embedded the
Ni3Fe alloy into nitrogen-doped carbon (Ni3Fe NCNTs-800), with
the method of pyrolysis Ni-MOF and ferrocene hybridized while
assisted by melamine, as shown in Figure 11a, in which com-
bining the MOF precursor with melamine could effectively alle-
viate metal particle aggregation. As a result, the Ni3Fe NCNTs-
800 exhibited outstanding ORR and OER activities, achieving a
potential gap of approximately 0.72 V, along with an ultra-high
peak power density of 211 mW cm−2 and a long lifespan exceed-
ing 1350 cycles in Zn–air batteries. Moreover, the theoretical cal-
culation in Figure 11b has indicated that the strong synergistic
coupling between bimetal Ni3Fe alloys and N-doped carbon is

crucial in reducing the reaction barrier for ORR/OER.[259] Car-
bon quantum dots (CQDs) within 10 nm sizes have been se-
lected as electron acceptors and substantially improve the elec-
tron transfer efficiency to boost oxygen redox kinetics. Thus, com-
bining CQDs with NiFe-based MOF catalysts paves a practica-
ble avenue for promoting the Zn–air battery performance. Zou
et al. employed a bifunctional Ni-Fe-S/NCQDs catalyst by inte-
grating open-nanocage M1M2-sulfides with small-sized NCQDs,
as shown in Figure 11c. This process involved forming the hol-
low structure with multiple holes through the ammonia selec-
tive etching of NiFe-PBA at room temperature. The resulting Ni-
Fe-S/3NCQDs demonstrated excellent bifunctional catalytic per-
formance, with a half-wave potential of 0.85 V (E1/2, ORR) and
an overpotential of 0.295 V at 10 mA cm−2 (OER), as shown
in Figure 11d. The presence of S atoms, which have a strong
affinity for O-species, imparts low adsorption energies for oxy-
gen intermediates to the Ni–Fe–S species, thereby enhancing
charge activation and ORR/OER activity (Figure 11e). Addition-
ally, the unique hollow nanostructure facilitates easy penetration
of electrolytes and improves access to NiOOH/FeOOH reaction
sites.[260]

The effective catalytic performance of NiFe-based nanopar-
ticles can be influenced by the number of active sites, which
are determined by the electronic states and morphology of the
catalysts. The distinctive pore structures and morphologies of
NiFe-based nanoparticles, characterized by abundant porosity
and large surface areas, particularly in core-shell configurations,
can increase edge sites and enhance mass and charge transfer
during ORR/OER processes.[261,262,263] Constructing a core-shell
structure with a carbon shell and NiFe-based nanoparticle core
can alter the electronic interactions between carbon and metal
particles, while also impeding the active metal nanoparticles
from electrolyte corrosion and preventing metal leaching in
the process of oxidation.[132,264] Zhang et al. developed the
carbon-coated FeNi alloy nanospheres with core-shell structure
(FeNi@C) using a one-step process involving physical vapor
evaporation and DC arc plasma technology, followed by nitrogen
treatment, as illustrated in Figure 11f. In detail, the FeNi core is
embedded within multiple graphene layers (Figure 11g), exhibit-
ing clear bending and breaking phenomena, with a very thin
carbon shell (<3 nm). The synergistic interaction between the N-
doped carbon shell and bimetallic FeNi core is responsible for the
bifunctional ORR (nearly 4e− reaction process) and OER (overpo-
tential is 326 mV at 10 mA cm−2) activities, successfully enabling
all-solid-state Zn–air batteries operation (Figure 11h).[265] The
well-defined core-shell nanostructures preserve the intrinsic
activity of the NiFe-based nanoparticles while maximizing
the exposure of active sites, thereby enhancing ORR/OER
bifunctional catalytic performance. Xue et al. synthesized a
novel core-shell NiFe@N-graphite electrocatalyst via a one-step
sintering process, as shown in Figure 11i, the highly uniform
FeNi nanoparticles embedded into thin N-GR nanosheets with a
unique core-shell nanostructure. The Zn–air battery assembled
with NiFe@N-graphite demonstrated excellent cycling stability
over 40 h and successfully powered an LED (Figure 11j,k).[207]

In addition, Chen et al. encapsulated the FexNi alloy within a
graphitic shell, partially exposing the FeOy thin-layered surface
through the electronicmodulation strategy to design bifunctional
oxygen electrocatalysts with a sophisticated triphasic interfacial
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Figure 11. a) The preparation schematic diagram and b) the oxygen intermediates (OOH*, O*, and OH*) mechanism illustration adsorbed on the
Ni3Fe@NC site for the Ni3Fe-NCNTs-800. Reproduced with permission.[259] Copyright 2023, Royal Society of Chemistry. c) The synthesis route, d)
ORR and OER polarization curves, and e) ORR and OER reaction mechanisms for Ni-Fe-S/3NCQDs. Reproduced with permission.[260] Copyright 2023,
Elsevier. f) The synthesis process illustration, g) HRTEM images, and h) the mechanism illustration for FeNi@C(N15) catalysts. Reproduced with
permission.[265] Copyright 2023, Elsevier. i) TEM images of Fe0.5Ni0.5@N-GR catalysts, j) Zn–air battery cyclic performance, and k) two Zn–air batteries
using Fe0.5Ni0.5@N-GR catalysts for powdering the LED. Reproduced with permission.[207] Copyright 2018, Wiley-VCH.

structure, optimizing site density, electronic conductivity, and in-
terfacial electronic interaction.[266] XANES analysis revealed that
the tunable FexNi-FeOy-NC tri-phase interfacial configuration,
facilitated by Ni incorporation, adjusted the oxidation state of Fe,
and the electronic state of the in-situ generated iron oxide. Con-
sequently, the FexNi-FeOy-NC exhibited a low OER overpotential
of 308mV at 10mA cm−2 and ultra-high ORR half-wave potential
of 0.890 V in alkaline electrolyte, with long durability in Zn–air
battery and negligible activity decay after 500 cycles, indicating
rapid charge transfer and a highly synergistic effect at the hetero-
interface. Transition-metal-oxides can also serve as shell material
for encasing the NiFe-based nanoparticles to form the core-shell
structure, enhancing the ORR performance of NiFe oxides.[267]

For instance, Jiang et al. decorated the porous amorphous
MnOx layer with the ultrafine NiFeO nanoparticles (NPs), which
reduces the adsorption and affinity energy of oxygen species on
MnOx shell, thereby significantly improving the reaction kinetics
of the ORR.[268] As a result, the NiFeO@MnOx demonstrated
a low ORR/OER potential gap of 0.792 V between the ORR
potential at −3 mA cm−2 and OER potential at 5 mA cm−2. In the
future, incorporating more metal oxides with high ORR activity
as shells for NiFe-based nanoparticles could further protect
against corrosion and Fe3+ ion leaching during the OER process,
while tuning the electronic structure at the interface.
Based on the above discussion, the pristine NiFe-based com-

pound exhibited high OER activity, however, it is not a wise
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choice for direct application in Zn–air batteries, owing to the
limited OER stability and poor ORR activity caused by low
electron conductivity, sacrificed active sites, as well as high ad-
sorption/desorption energy for intermediate species. In this part,
many reports have proven that embedding the second phase with
the NiFe-based compound with unique structures could enhance
the ORR activity and boost the Zn–air battery performance by
regulating the electronic structure environment and accelerating
the charge and mass transfer rate based on the external conduc-
tive skeleton. Embedding strategy represents a paradigm shift in
NiFe-based catalyst design, offering a holistic solution to recon-
cile activity, stability, and scalability. Of course, seamlessly cou-
pling nanoscale confinement with macroscale electrode architec-
tures, pioneering low-temperature embedding methods for in-
dustrial adoption, and merging materials science with computa-
tional modeling to predict optimal matrix-catalyst combinations
are all challenges for the embedding strategy for NiFe-based ma-
terials. Therefore, reasonably selecting shell materials with high
conductivity and oxidation resistance for NiFe-based compounds
is still urgent for designing Zn–air batteries with superior per-
formance even under high current density. By addressing these
challenges, embeddedNiFe catalysts could evolve intomultifunc-
tional nanoreactors that not only drive OER/ORR but also reg-
ulate electrolyte chemistry, propelling Zn–air batteries toward
commercial viability.

5.5. Multi-Component Construction

Harnessing the synergistic influence between multiple active
sites for enhancing desorption/adsorption of the oxygen-based
electrocatalytic intermediate species during the ORR and OER
process is crucial for boosting the ORR activity and enlarg-
ing the durability of the OER for NiFe-based catalysts. Further-
more, the multi-component construction with reinforced elec-
tronic effects of the multicomponent NiFe compounds could
helpfully promote the electronic state alongwith a specific coordi-
nation environment at active sites, finally optimizing the affini-
ties of the intermediates on the catalyst surface.[28,269] Optimiz-
ing the intrinsic activity and reaction kinetics of NiFe-based elec-
trocatalysts is crucial, and this can be achieved by integrating
multiple active moieties. For instance, Mousavi et al. adopted
a distinctive layer-by-layer (LbL) assembled Fe/Co/Ni MOF us-
ing the 2-amino-1,4-benzenedicarboxylic acid linkers bridging
(Figure 12a,b). The architecture-tailored multi-thin-film elec-
trodes exhibited high crystallinity, chemical stability, hierarchi-
cal porosity, rapid mass and charge transfer, and simply acces-
sible active sites. The synergistic interaction among the three
metals (Fe, Co, Ni) enhances electronic occupancy and tunes the
electronic structure/state, constructing abundant electrochemi-
cally active sites (Figure 12c). Consequently, the designed cata-
lysts claimed super-high electrocatalytic performance, with a low
OER overpotential of 254 mV at 10 mA cm−2 and a high ORR
half-wave potential of 0.75 V vs. RHE. The Fe−Co−NiMOF-based
Zn−air battery exhibited remarkable cycling stability over 700 cy-
cles, surpassing commercial noble metal benchmarks.[270] The
concept of constructing active materials on two opposing faces
or sides, first proposed by P.G. de Gennes in 1991 as the “Janus”
structure.[271] This unique structure is advantageous for design-

ing ORR/OER functional catalysts with distinct ORR and OER
active sites, as it allows for the incorporation of coupled com-
ponents that provide bifunctional properties and a tunable elec-
tronic structure through interfacial atoms. Ma et al. applied this
concept by placingNi and Fe single atoms onGHS (graphene hol-
low nanospheres), both in their inner and outer walls, to create
bifunctional catalysts with abundant active sites through a step-
by-step self-assembly method (Figure 12d). This design balances
the competition between both the ORR and OER rate-limiting
steps by separating Fe-N4 and Ni-N4 active sites (Figure 12e).
Zn–air batteries using Ni-N4/GHSs/Fe-N4 catalysts exhibited a
superior specific capacity of 777.6 mAh gZn

−1 and a long lifes-
pan exceeding 200 hours.[272] These works focus on adjusting
the local electronic structure for Ni and Fe active sites, intending
to optimize the adsorption energy of oxygen intermediates. Di-
rectly coupling NiFe compounds with ORR active components is
also a common strategy for constructing bifunctional electrocat-
alysts. Metal/N-doped carbon claims the best-performing ORR
catalyst besides Pt/C. Therefore, Huang et al. combined OER-
functional NiFe-based catalysts with ORR-functional Fe–N–C cat-
alysts for pursuing a remarkable record-low ΔE of 0.56 V, sig-
nificantly outperforming the benchmarked Pt/C-Ir/C compos-
ite catalysts (Figure 12f-g). In addition, the overpotential exhib-
ited by this dual-functional component direct composite strat-
egy is significantly lower than all reported dual-functional elec-
trocatalysts so far (Figure 12h), which confirms the progres-
siveness of this strategy. More interestingly, the ampere-hour-
scale Zn–air batteries assembled with the bifunctional catalyst
could operate even under a high current of 1 A. This work
breaks the ORR/OER activity record through a facile prepara-
tion method and expands the possibility of developing practical
Zn–air batteries.[273] In addition to heteroatom-doped carbonma-
terials, Pt group-based noble metal catalysts also exhibit good
ORR activity and are usually combined with NiFe-based com-
pounds. For instance, Ni3FeN-supported Fe3Pt catalysts.

[274] and
Pd nanoparticles-FeNi3Cx composite catalysts.[275] deliver extraor-
dinarily excellent cycling performance and low charge/discharge
polarization potential gap in Zn–air batteries.
Apart from considering the electronic structure of NiFe-

based catalysts, the integrated air cathode with the mixed
gas/liquid/solid triple-phase interface needs the ability of feasi-
ble liquid electrolyte penetration, fast oxygen diffusion, and high
electronic conductivity. Based on this consideration, Xu et al. con-
structed the air cathode with hydrophilic and hydrophobic lay-
ers to accelerate oxygen bubbles and hydroxide ions diffusion in
electrolytes (OH−) and enhance the active sites, thus achieving
overall performance effectively in Zn–air batteries. The designed
RuSA-NiFe LDHdecorated air cathode canmodify the three-phase
interface during charge/discharge processes through the addi-
tional hydrophilic layer on top while compared with the con-
ventional air cathode equipped with a single hydrophobic layer
(Figure 13a). Moreover, the RuSA-NiFe LDH-based air cathode
has also shown the potential in large-scale preparation through
the roll-to-roll technology (Figure 13b), which enables an effective
chameleon-like strategy to enhance Zn–air battery performance
through the design of bifunctional catalyst and the construction
of air cathodes. As a result, the Zn–air batteries with the en-
gineered cathode exhibited an impressive charge/discharge ca-
pacity (100 mAh cm−2 per cycle) and an ultra-long cycle life of
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Figure 12. a) The schematic diagram, b) SEM images, c) the possible reaction mechanism scheme for the designed trilayer Fe−Co−Ni MOF. Repro-
duced with permission.[270] Copyright 2022, American Chemical Society. d) The schematic diagram of the preparation and e) DFT-optimized adsorption
configurations of reaction adsorbates for the Ni-N4/GHSs/Fe-N4 catalyst. Reproduced with permission.[272] Copyright 2020, Wiley-VCH. f) The ORR
and OER polarization curves corresponded with g) the Tafel slope plots for the prepared Bi-cat. h) Comparison diagram for bifunctional electrocatalytic
activity among the designed catalyst with other reported catalysts. Reproduced with permission.[273] Copyright 2024, Wiley-VCH.

2400 h, surpassingmost reported Zn–air batteries.[276] To address
the limitations of traditional air cathode structures and improve
the triple-phase interface for NiFe-based catalysts, Liu et al. intro-
duced an innovative “air-breathing” strategy. This approach sig-
nificantly enhances the triple-interface and promotesmass trans-
fer by modifying the NiFe LDH-based self-supported air cathode
with aerophilic perfluorochemical compounds (PFC) and am-
phiphilic ionomers. As illustrated in Figure 13c, this special air
cathode increased oxygen solubility in the liquid electrolyte and
enhanced the area of triple-phase boundaries to facilitate oxygen
evolution.[277] In addition, the functional modifier on the self-
support electrode accelerates the mass and charge transfer pro-
cesses, including water, gas, ion transport, and electron transfer,
because of the existence of ─SO3

− (hydrophilic) and −CF2 (hy-
drophobic) groups. Therefore, the designed Zn–air battery exhib-
ited long durability of over 1000 h and a low discharge/charge
potential gap of around 0.64 V, providing a new pathway for ra-
tionally designing the functional air cathode with NiFe-based cat-
alysts for Zn–air batteries.

Despite introducing ionomers that could construct efficient
three-phase interfaces for NiFe-based catalysts, the electron
transfer between multi-component catalysts is hindered by
ionomers.[278–280] Incorporating multicomponent catalysts into a
self-supported air cathode can promote the utilization of catalytic
features, improve electrolyte accessibility, and facilitate the des-
orption of oxygen bubbles.[281,282] Furthermore, designing NiFe-
based catalysts with high activity and well-engineered interfaces
is crucial for accelerating ORR/OER kinetics across gas, solid,
and liquid phases in the Zn–air system. It has been reported that
transition metals with empty “d” orbitals are expected to exhibit
strong binding forces, promoting the growth of NiFe-based com-
pounds, such as the Cu nanowire constructed more active sites
for uniformly distributing the NiFe-LDH catalysts through elec-
trochemical deposition technology while the surface NiFe-LDH
impeded the further corrosion of Cu nanowires (Figure 13d),
finally achieving a stable cycling performance in Zn–air battery
(Figure 13e). The optimized three-dimensional structure de-
rives an increased number of active sites, thus promoting the
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Figure 13. a) Schematic representation of oxygen bubble desorption from the engineered air cathode. b) Large-scale production of Zn–air batteries
utilizing an engineered air cathode. Reproduced under the terms of 4.0 International License.[276] Copyright 2024, The Authors, published by Springer
Nature. c) Modeled distribution of oxygen reactants along the conventional cathode surface, accompanied by digital photos for oxygen bubbles and a
schematic showing the impact of PFSA−PFC nano-emulsion modifications on the triple-phase boundaries. Reproduced with permission.[277] Copyright
2022, American Chemical Society. d) High-resolution TEM images, e) discharge/charge profiles, and f) optimization mechanism of Cu@CuNWs@LDH
electrocatalysts. Reproduced with permission.[283] Copyright 2022, Elsevier. g) Schematic of the fabrication processes, h) XPS spectra, and i) differing
wetting properties of the two sides of the asymmetric air cathode. j) Overall LSV curves for ORR and OER of the asymmetric cathode, along with
comparative data. k) Reaction mechanism of the prepared catalysts at the gas–liquid–solid interface. Reproduced with permission.[284] Copyright 2024,
Elsevier.

penetration of electrolytes into the catalytic layer (Figure 13f).[283]

More interestingly, if the electrolyte forms the Wenzel-Cassie
coexistent state on the air cathode surface, the solid catalyst
surface can achieve partial wetting by both the electrolyte and at-
mospheric oxygen, thereby establishing a triple-phase interface.
The ORR and OER processes necessitate distinct hydrophilic
and hydrophobic characteristics in the catalyst. Typically, OER
requires the catalyst to be hydrophilic to facilitate the accessi-
bility of electrolytes, while ORR requires the catalyst to exhibit
appropriate hydrophobicity to facilitate the diffusion of oxygen.
NiFe-based compounds typically exhibit good hydrophilicity and

OER activity, while heteroatom-doped carbon materials exhibit
good hydrophobicity and ORR activity. Therefore, combining
hydrophilic NiFe-based catalysts with hydrophobic heteroatom-
doped carbon materials to construct different functional zones
in the air cathode is beneficial for mass transfer behavior during
charge-discharge processes. Based on this consideration, An et al.
designed a special asymmetric air cathode with carbon nanotube
arrays encapsulating Co nanoparticles (CNAs) on the aerophilic
side for promoting the ORR kinetics and NiFe-LDH/CNAs on
the aerophobic side to boost the OER kinetics (Figure 13g,h).
The two sides of the asymmetric air cathode have different
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wetting abilities (Figure 13i). Thereafter, the ORR and OER
activity of the special asymmetric air cathode claims significantly
enhanced (Figure 13j), because the adsorption and desorption
of O2 and OH

– on the asy-electrode surface have been effectively
balanced, and the transport rate of gas, electrolyte reactants, and
products have been promoted, as displayed in Figure 13k. Conse-
quently, the aqueous Zn–air battery encased with the asymmetric
air cathode has acquired an ultra-high power density of 236.26
mW cm−2, a high open circuit voltage, and a long-term cycling
stability of over 1920 cycles at 10 mA cm−2.[284] Therefore, com-
bining theNiFe-based compoundswith a special structure design
could promote the durability of the aerophilic/hydrophilic inter-
face due to the independent separation of charge and discharge
reactions. Accurately optimizing and coupling hydrophobic and
hydrophilic layers in the catalytic layer are crucial for improving
charge and discharge performance.
Based on the above discussion, introducing multiple compo-

nents into oxygen electrocatalysts can fully utilize the advantages
of each component, thus achieving a “synergistic effect”. How-
ever, there is still no unified design criterion for accurately ad-
justing the interfacial interaction between NiFe-based catalysts
and other phases to regulate ORR and OER activity. Introduc-
ing independent functional zones in the air electrode to promote
discharge and charge reactions, respectively, is highly attractive
for designing high-performance rechargeable zinc air batteries. A
key challenge that needs to be resolved is how to accuratelymatch
the roles between different functional zones to improve charging
and discharging performance simultaneously. After coupling the
best ORR catalyst with NiFe-based catalysts into the air cathode,
there is hope that the energy efficiency of rechargeable Zn–air
batteries will be improved by over 70%.

6. Summary and Outlook

NiFe-based electrocatalysts show excellent OER activities owing
to a suitable 3d orbital electronic structure. Different NiFe elec-
trocatalysts, such as NiFe LDH, NiFe oxides, NiFe composites,
NiFe MOFs, and NiFe alloys, have been synthesized and opti-
mized to boost the catalytic activity and stability. However, most
NiFe-based electrocatalysts exhibited unsatisfactory ORR activity
due to poor oxygen adsorption capacity. Plenty of strategies have
been developed to successfully apply NiFe-based electrocatalysts
into rechargeable Zn–air batteries to boost the bifunctional ac-
tivity and durability. Doping heteroatom species into NiFe-based
electrocatalysts is useful to enhance the catalytic activity via pro-
moting the electro-oxidation reconstruction. Moreover, the anion
ions like N, S, P, and B can regulate the d-bond center of the
metal center to regulate the adsorption ability of the reaction in-
termediates. Heteroatom-doped carbonmaterials, with high elec-
tron conductivity and valid surface area, are also selected as ef-
fective support for enhancing the ORR and OER activity of NiFe-
based catalysts. In particular, the NiFe compound/N-doped car-
bon composite shows excellent bifunctional ORR and OER ac-
tivities owing to the electron interaction function between NiFe
compounds and N-doped carbon to facilitate charge and electron
transfer rate. In addition, regulating the electronic structure and
intrinsic conductivity of the NiFe-based catalysts with other active
metal elements can also enhance the ORR/OER kinetics. Signif-
icant progress has been made in the energy density, energy ef-

ficiency, and cycle life of Zn–air batteries based on NiFe-based
electrocatalysts. The rapid advancement of NiFe-based electrocat-
alysts for Zn–air batteries has unveiled both unprecedented op-
portunities and critical gaps. There still exist some challenges in
Scheme 3 to applying NiFe-based electrocatalysts in rechargeable
Zn–air batteries:

i. Large-Scale Synthesis: Although the prices of Ni and Fe are
relatively cost-effective, the complex synthesis steps make
the cost of the NiFe-based catalyst does not meet practical
requirements in rechargeable Zn–air batteries. To prepare
NiFe-based catalysts, the preparation strategy, such as co-
precipitationmethod, hydrothermal/solvothermal synthesis,
electrodeposition, sol–gel method, spray pyrolysis, chemi-
cal vapor deposition,microwave-assisted synthesis, template-
assisted synthesis, and mechanical alloying, are all required
cumbersome procedure, additional solvent, precursor, and
the special instruments, finally causing high cost and envi-
ronmental pollution. To pursue the commercial application
requirement of the Zn–air battery, the clean, simple, and
low-cost preparation procedure for NiFe-based electrocata-
lysts needs further exploration.

ii. Energy Efficiency Bottleneck: The state-of-the-art NiFe-based
bifunctional electrocatalytic materials exhibit the ORR/OER
overpotential of around 0.7 V in the alkalinemedia while lim-
iting the round-trip efficiencies below 70% in the recharge-
able Zn–air battery. The unsatisfactory energy efficiency is
hardly broken owing to the high ORR/OER overpotential
gap, which is still a critical issue for commercial applications.
Based on this consideration, combining the redox mediator
for OER andORR is a promising direction to break the bottle-
neck of the Zn–air batteries, considering that the soluble ad-
ditive can change the ORR and OER route with a reduced en-
ergy barrier. In addition, constructing a suitable three-phase
interface for NiFe-based electrocatalysts in Zn–air batteries
can also reduce the charge-discharge voltage gap and achieve
high round-trip efficiency.

iii. Dynamic Reaction Mechanism: Currently, OER and ORR
mechanisms for theNiFe-based electrocatalysts have been ex-
plored through advanced in situ characterization. In general,
the in-situ characterization for exploring the reaction mecha-
nism is commonly conducted in the low-concentration KOH
electrolyte. The in-situ characterization result could demon-
strate the reaction mechanism of the catalyst by detecting
reaction intermediates. However, the in situ characteriza-
tion does not consider the oxygen redox chemistry of electro-
catalysts under high-concentration salt electrolyte with zinc
salt addictive during the dynamic discharge/charge process,
which results in unclear dynamic reaction kinetics of NiFe-
based electrocatalysts in practical Zn–air batteries. Therefore,
the dynamic reaction mechanism of NiFe-based electrocata-
lysts needs to be explored during the charge/discharge pro-
cess and further to guide the design direction.

iv. Iron Segregation: During the charging process, iron ions in
NiFe-based catalysts react with OH− to form FeOOH, leading
to the formation of a phase interface between FeOOH and
the substrate NiFe-based material. The dynamic dissolution
and re-deposition process accelerates the separation of iron
ions and the formation of the FeOOH phase, thus leading to
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Scheme 3. Summary, challenge, and outlook of NiFe-based electrocatalysts in rechargeable Zn–air batteries.

the degradation of catalytic activity. Although surface mod-
ification strategies can alleviate iron segregation behavior,
avoiding contact between iron ions and alkaline electrolytes
during the electrochemical reconstruction process is diffi-
cult, especially in high-concentration alkaline electrolytes.
Therefore, more effective strategies need to be developed to
address the degradation of catalytic activity caused by iron
segregation.

v. Industrial-Level Exploration: In the laboratory stage, Zn–air
batteries are usually fabricated with metallic zinc plates and
homemade configurations to evaluate their performance.
Due to the use of the metallic zinc anode, the current depth
of discharge (DOD) is usually less than 10%, leading to rela-
tively low energy density based on the mass of the whole bat-
tery. In addition, the actual charge/discharge current (Cur-
rent density <20 mA cm−2) is also relatively low owing to
the low active area of the cathode (Active area <4 cm2) cur-
rently used in the laboratory, which still has a significant
gap compared to practical applications (Industrial current 1
A, cycling stability >1000 cycles, DOD >50%). More impor-
tantly, the electrolyte flooding in the cathode and zinc den-

drites in the anode can easily lead to poor cycle life of the
battery at high current densities and high DOD. Therefore,
to bridge the gap between laboratory and industry,morework
is needed to explore practical industrial-grade Zn–air bat-
teries. NiFe-based catalysts represent a promising class of
bifunctional catalysts. Future studies should prioritize test-
ing under industrial-level conditions—including high cur-
rent densities, deep discharge depths, and energy density as-
sessments at the full-cell level—alongside techno-economic
analyses to accelerate their commercialization.

Overall, NiFe-based electrocatalysts have achieved great
success in Zn–air batteries with long lifespan and low
charge/discharge overpotential. However, there is still a large gap
in achieving the practical application of NiFe-based electrocata-
lysts in rechargeable Zn–air batteries. To meet the commercial
application requirement, the design and optimization of NiFe-
based electrocatalysts need to be further explored, mainly focus-
ing on the cost, activity, stability, energy efficiency, industrial re-
quirement, and reaction mechanism. Transition from lab-scale
“performance-first” strategies to green chemistry principles is
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the essential direction to match well with the economically and
environmentally friendly features. Adopting bio-derived ligands
and recycling spent catalysts are both future exploration trends.
Combining with the hot topic, the machine learning techniques
can be adopted to predict optimal NiFe compositions, morpholo-
gies, and defect configurations, including experimental parame-
ters (e.g., Ni/Fe ratios, anion types) linked to performance met-
rics (overpotential, cycle life). We believe that this review can pro-
vide some in-depth insights into the practical application of NiFe-
based electrocatalysts in rechargeable Zn–air batteries.
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