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Zinc–air batteries (ZABs) have been considered as a next-generation battery system with high energy

density and abundant resources. However, the sluggish multi-step reaction of the oxygen is the main

obstacle for the practical application of ZABs. Therefore, bifunctional electrocatalysts with high stability

and activity for the oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER) are greatly

required to promote the catalytic reaction. In this review, we first explain the reaction mechanism of the

ZABs, mainly focusing on multiple oxygen intermediates. Then, the latest studies on bifunctional

electrocatalysts for the air cathodes and their progress of the ZABs are discussed with following aspects:

platinum group metal, metal-free, transition metal, and metal compound-derived electrocatalysts.

Finally, we highlight the advanced ZAB systems with the design of the full-temperature range operation,

the all-solid-state, and the newly reported non-alkaline electrolyte, summarizing the remaining

challenges and requirements of the future research directions.
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1. Introduction

The global demand of sustainable and green energy storage
technologies is signicantly increasing to achieve carbon
neutrality because of the increasing consumption of fossil fuels,
which are rapidly deteriorating the global environment.1–3 Over
the decade, many efforts have been conducted to address the
security of energy supply, and the demand for sustainable green
energy systems is increasing all around the world.4 Therefore, the
environmentally friendly energy conversion and storage devices
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Fig. 1 The schematic of bifunctional electrocatalyst design and
advanced systems for rechargeable Zn–air batteries.
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such as fuel cells, electrochemical water-splitting systems, and
metal–air batteries have been widely studied due to their clean
property.5,6 With respect to the metal–air batteries, this system
can be operated without pre-storing oxygen in the cells. It is
noteworthy tomention that oxygen can be taken directly from the
ambient air. Because of this merit, this energy storage device
shows the higher theoretical energy density compared to that of
commercial lithium-ion batteries.7 Among them, the ZABs have
attracted substantial attention in recent decades due to their high
theoretical energy density (1084 W h kg�1, three to fourfold
higher than commercial lithium-ion batteries), non-toxicity, low
cost, and safety. The ZABs were originally developed as primary
batteries; however, many different types of them have been
demonstrated using a bifunctional electrocatalysts for recharg-
ing, exible design, or solar-coupled rechargeable systems.8–17

Despite the high applicability of ZABs in various elds, the large
overpotential at the air cathode during the charge and discharge
cycles seriously hinders the practical application of the ZABs
because of the sluggish kinetics of oxygen in the multi-step
electron transfer process at the air cathode.4,5 This issue
increases the full-cell overpotential of the ZAB system, causing
signicant energy loss.6 In order to address these limitations in
the ZABs, it is urgent to develop low-cost, efficient electrocatalysts
with long-term cycle stability.

To date, Pt-based electrocatalysts have been most extensively
used as ORR electrocatalysts. Similarly, IrO2 and RuO2 electro-
catalysts have been employed for OER.18 However, platinum
group materials (PGMs) do not satisfy the practical property of
the ZABs because of their high cost, scarcity, and non-
multifunctional electrocatalytic activities.19 With respect to the
promising non-precious metal bifunctional electrocatalysts, the
carbon-supported transition metal structure materials and
metal-free carbon have been widely reported.18,19,23 The doping
of heterogeneous non-metallic materials is considered as
a good approach for modifying or optimizing the electronic
structure of metallic materials.1,20 In particular, heteroatom
doping including nitrogen, sulfur, phosphorous, and boron on
the carbon matrix has received huge attention due to its high
efficiency and tunability.10,21,22 Although previous reviews have
well discussed the progress of the electrocatalysts according to
their structures and materials, the recent intriguing topic for
novel electrocatalysts and advanced ZAB systems have not been
specied in detail. Thus, it is worth discussing the state-of-the
art designs and strategies of ZABs in terms of atomic and
electronic engineering and advanced cell designs.

In this review, the chemical mechanism of the ZABs and the
multistep reaction of oxygen are rstly explained in detail.
Then, we introduce the newly reported oxygen electrocatalysts
with excellent oxygen reversibility in recent years in the
following aspects: platinum groupmetals, metal-free, transition
metals, and metal–organic framework-derived electrocatalysts.
The bifunctional catalytic activity of electrocatalysts and their
electrochemical performance when applied to ZABs are
reviewed with surface electronic aspects. Notably, we highlight
advanced ZABs with a unique design, including the full-
temperature range operation, all-solid-state systems, and
newly reported non-alkaline electrolytes. In the end, the future
6160 | Chem. Sci., 2022, 13, 6159–6180
perspectives for existing challenges in electrocatalysts for ZABs
will be discussed (Fig. 1).
2. Chemical mechanisms of ZABs
2.1 Working mechanisms of the ZABs

ZAB consists of four main components such as a zinc anode,
a separator, an electrolyte, and an air cathode (Fig. 2a).24 In
general, alkaline solutions such as KOH or NaOH solutions are
used as aqueous electrolytes for ZABs. ZABs are operated by
electrochemical reactions that occur at the zinc metal anode
and the air cathode in an alkaline electrolyte during the
charging and discharging process.25 In the electrochemical
reaction of ZABs, the reaction of oxygen is dominant because of
the sluggish ORR. During the discharge process, the zinc anode
is rstly oxidized, then zinc is converted to zincate ions,
Zn(OH)4

2� (eqn (1)). Subsequently, this Zn(OH)4
2� precipitates

as ZnO powder (eqn (2)). At this time, the ORR occurs at the air
cathode, and oxygen is reduced to OH� (eqn (3)). During the
subsequent charging process, the OER reaction occurs at the air
electrode. Contrary to the discharge process, zinc is deposited at
the anode and O2 is created at the air cathode, respectively.

Zinc electrode reactions

Zn + 4OH� 4 Zn(OH)4
2� + 2e� (E ¼ �1.25 V vs. SHE) (1)

Zn(OH)4
2� 4 ZnO + 2OH� + H2O (2)

Air electrode reaction

O2 + H2O + 4e� 4 4OH� (E ¼ 0.4 V vs. SHE) (3)

The overall reaction
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Typical device of ZABs and air electrode of the ZAB structure. (a) Reprinted with permission from ref. 24. Copyright 2019, Elsevier. (b)
The schematic of the OER and ORR path on the TM–N4 embedded b-PCmonolayer. (b) Reprinted with permission from ref. 27. Copyright 2020,
Royal Society of Chemistry.
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2Zn + O2 4 2ZnO (E ¼ 1.65 V vs. SHE) (4)

Zinc can be electroplated in aqueous electrolytes; however,
the reaction is easily passivated because of the local supersat-
uration of zincate ions in alkaline electrolyte, preventing the
redistribution of zinc ions.26 Thus, the electrodeposition of zinc
in the same position is hindered, which can cause the anode
shape change or dendrite growth, degrading the battery
performance and causing a short circuit in the cell. According to
eqn (4), ZAB has a standard cell potential of 1.65 V; however, its
practical discharge voltage can only reach about 1.2 V. More
seriously, the charging voltage of the ZABs is usually higher
than 2 V, which eventually reduces the energy efficiency of the
ZABs. This large charge and discharge voltage gap is mainly
caused by the unavoidable overpotentials of the ORR and OER
by their slow kinetics. Therefore, many studies have been con-
ducted on oxygen electrocatalysts to improve both the
properties.27
2.2 Role of oxygen intermediates in the ZABs

The ORR in the ZABs is divided into four steps (Fig. 2b).28 Air
diffuses through the pores of the air electrode, being adsorbed
on the catalyst. Aer that, the O–O bond weakens and breaks.
The adsorption and desorption of various oxygen species
formed during the bond breakage affect the electrocatalyst
performance.

Oxygen reduction reactions

O2 + 2H2O + 4e� + * / OOH* + OH� (5)

OOH* + e� / O* + OH� (6)

O* + H2O + e� / OH* + OH� (7)

OH* + e� / 4OH� + * (8)

At each step, the reaction rate is greatly limited by the elec-
tron transfer rate by the multiple oxygen intermediates. The
© 2022 The Author(s). Published by the Royal Society of Chemistry
adsorption step of O2 is an effective standard for judging the
ORR activity of the electrocatalyst. The multiple oxygen inter-
mediates can be divided into *OO, *OOH, *O, and *OH (* is the
active region). Among them, the formation energy of *OO is
correlated with the length of the O–O bond. The longer the O–O
bond length, the easier the oxygen dissociation reaction,
following the adsorption of oxygen. Therefore, the overall
reaction can be further activated by controlling and optimizing
the adsorption energy of oxygen intermediates at the active
sites.29 In addition, the catalytic activity trend of the oxygen can
be conrmed from a thermodynamic point of view, which is
correlated with the Gibbs free energy at each step.30 The reac-
tion energy (DE) can be obtained through density functional
theory (DFT) calculation, and the reaction free energy (DG) can
be obtained through eqn (9).

DG ¼ DH � TDS � qU + kBT ln 10 � (pH) (9)

In general, the rate-determining step (RDS) in the ORR is the
hydrogenation process of O2 to *OOH, and the ORR-activated
electrocatalysis can lower the barrier to this reaction.31 The
OER mechanism proceeds in the reverse direction of the ORR
reaction (eqn (5)–(8)).

Oxygen evolution reactions

4OH� / O2 + 2H2O + 4e� (10)

According to the Sabatier principle, only an appropriate
adsorption energy helps the overall OER/ORR reaction since
a weak adsorption energy makes it difficult for the reactive
species to bond with the catalysts.32
3. Design of electrocatalysts for ZABs
3.1 Conventional PGM electrocatalysts

The oxygen molecules in air can be diffused into the electrode,
then reduced to OH�, which is the core reaction of the air
cathode.33 The practical application of the ZAB has been
Chem. Sci., 2022, 13, 6159–6180 | 6161
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severely hindered by the sluggish four-electron transfer kinetics
of the ORR.34 To fabricate efficient ZABs, it is essential to
develop bifunctional electrocatalysts with excellent ORR and
OER performance. To date, noble metals such as Pt, Ir, and Ru
have been considered as the most effective electrocatalysts for
ORR.35 These PGMs have signicantly high ORR activity. For
example, platinum-supported carbon (Pt/C) has been regarded
as the most powerful electrocatalyst for ORR, while RuO2 has
been investigated as the electrocatalyst with the highest activity
for OER.36,37 Nevertheless, the less active but more stable IrO2 is
used as the benchmark electrocatalyst for application.38,39

However, the conventional PGM electrocatalysts have the
following intrinsic problems, such as scarcity of resources, low
stability, detachment from support materials, and CO
poisoning. Thus, the practical applications of ZABs have been
greatly hindered, and the utilization for a large-scale energy
storage system is also limited.33–36 To overcome these draw-
backs, intensive efforts have been devoted to improving the
catalytic activity using PGMs as the alloy or bimetallic nano-
particles with transition metals.33,34 The alloys and bimetallic
nanostructures of transition metals and PGMs are good strate-
gies to reduce the amount of precious metals, which can also
improve the catalytic efficiency of the electrocatalysts.40–44 These
methods can enhance the oxygen catalytic kinetics by
increasing the active sites and the surface area of the
Fig. 3 (a) An aberration-corrected HAADF-STEM image (6 � 6 nm2) o
circles. (b) The schematic of the Pt–Fe electronic coupling effect for O2 a
RHE at 1600 rpm. with the addition of 10 vol%methanol. The inset shows
and 50 000 voltammetry cycles. (d) Polarization and power density curve
permission from ref. 45. Copyright 2021, Springer Nature.

6162 | Chem. Sci., 2022, 13, 6159–6180
electrocatalysts, providing stable characteristics against chem-
ical oxidation due to the interaction of the d-orbital. In addition,
the activation barriers of hydroxyl species in the limiting step
can be changed.42,43,45 Moreover, they have resistance toward
acidic environment because of the large formation enthalpy
when forming the ordered phase aer thermal treatment.45

Zhong et al. developed isolated bimetallic Pt and Fe single
atoms anchored on nitrogen-doped carbon electrocatalysts
using simple pyrolysis.33 The Pt–Fe bimetallic single atom
showed a half-wave potential 0.895 V (E1/2), which was superior
to the electrocatalyst using single Fe atoms (0.855 V). The DFT
calculations revealed that the RDS including the breaking of the
O–O bond and the formation of *OOH was improved in bime-
tallic single atom electrocatalysts than those of other electro-
catalysts. In addition, the discharge characteristics of ZABs
using PtFeNC were analyzed at various current densities and
showed the most stable discharge voltage among the catalysts,
including commercial Pt/C. This result was attributed to the
high activity of bimetallic single atom sites, which consisted of
four adjacent N atoms and one oxygen molecule. Gao et al.
synthesized Pt–Fe pair single-site oxygen reduction electro-
catalyst by loading atomic platinum on the a-Fe2O3(012) fac-
ets.46 Aberration-corrected high-angle annular dark-eld
scanning transmission electron microscopy (AC-HAADF-
STEM) was employed to verify the distribution of single-site
f Pt1–Fe/Fe2O3 (012) with single-site platinum marked by red-dashed
ctivation. (c) Chronoamperometric responses obtained at 0.90 V versus
ORR polarization curves of Pt1–Fe/Fe2O3 (012) before and after 20 000
s (cell voltage represents the potential versus zinc). (a–d) Reprintedwith

© 2022 The Author(s). Published by the Royal Society of Chemistry
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platinum dispersed in Fe2O3 (Fig. 3a). Fig. 3b shows the sche-
matic diagram of the Pt–Fe electronic coupling effect. The iron
d-band was matched with the platinum d-band to induce strong
electrical coupling inside the Pt–Fe pair site. Electrical coupling
gave the partially occupied dz2 orbital in platinum near the
Fermi level, which was used as an O2 adsorption and activation
site, showing excellent catalytic activity. Furthermore, the fully
occupied eg orbital of the high-spin Fe3+ turned into a low-spin
state, which was expected to be efficient for O2 adsorption and
dissociation. The long term stability was evaluated using chro-
noamperometric response, and it retains more than 97% of the
initial current density aer 48 h (Fig. 3c). Fig. 3d shows the peak
power density of 182 mW cm�2, which outperformed that of
20% Pt/C.

The optimization of the crystal structure and the surface
morphology by heteroatom doping can also be an important
strategy for activating OER electrocatalysts.39,47–49 Huang et al.
reported the ruthenium-incorporated spinel Co3O4, which was
rich in oxygen vacancies and had excellent oxygen mobility.47

They found lattice expansion where the diffraction peaks of
certain planes were shied to a low-angle orientation for
ruthenium-doped contents. The author compared the ratio of
Co2+/Co3+ for Ru doping through XPS quantitative analysis. It
was conrmed that the Co3+ ions were converted into Co2+ ions
by doping with Ru. The oxygen vacancies occur with the
increase in Co2+ ions, which shows highly electrophilic prop-
erties and activates the adsorption of oxygen species.
3.2 Metal-free electrocatalysts

Carbon materials (such as graphene, carbon nanotube, and
porous carbon) are of great interest due to their inherent
Fig. 4 (a) Schematic for the synthesis of NCF. (b) TEM image of NCF. (c)
and NCF. (a–d) Reprinted with permission from ref. 56. Copyright 2021,

© 2022 The Author(s). Published by the Royal Society of Chemistry
advantages.50–56 Metal-free carbon-based electrocatalysts
showed superior ORR performances in both acidic and alkaline
electrolytes.57–59 In addition, it has emerged as a promising
electrocatalyst owing to its advantages such as earth abun-
dance, low price, environmental friendliness, and ease in
tunability of their catalytic properties and structures.60,61

Heteroatom doping strategies have been widely studied as an
efficient way to improve the catalytic properties of metal-free
carbon-based electrocatalysts.56,57,62–64 Many studies demon-
strated that heteroatom doping can change the sp2 electronic
structures of carbon materials and electrocatalytically active
sites could be formed between elements with a different elec-
tronegativity.51,53,54,61,65 For example, Zhang et al. fabricated
graphite-analogous nitrogen-doped carbon nanoake using
sandwich-like zeolitic imidazolate framework (ZIF)-8/MnO2

materials as the precursor.57 During the annealing process, ZIF-
8 formed an edge-suffused graphite-analogous carbon nano-
ake (GCF) intermediate on the surface of MnO2 as a carbon
source. Subsequently, the edge-N-rich carbon nanoakes (NCF)
were synthesized using dicyandiamide (DCDA) (Fig. 4a). The
irregular mesopores was observed in the basal plane of the NCF
aer nitrogenmodication (Fig. 4b). These mesopores provided
the in-plane pore edges to the basal plane, supplying a signi-
cant number of edge-N sites. The degree of graphitization can
be conrmed by Raman spectroscopy as the peak intensity ratio
(ID/IG) of the D-band (1350 cm�1) and the G-band (1580 cm�1)
(Fig. 4c). It proved the high efficiency of MnO2 as a catalytic
graphitization agent during the heat treatment. Fig. 4d shows
the N 1s X-ray photoelectron spectra (XPS) of all the samples
deconvoluted to 398.5, 400.0, 401.0, and 402.5 eV, correspond-
ing to pyridinic-N, pyrrolic-N, graphitic-N, and oxidized-N,
Raman spectra; and (d) High-resolution N 1s XPS spectra for AC, GCF,
Wiley-VCH.

Chem. Sci., 2022, 13, 6159–6180 | 6163
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respectively. As a result, the total content of the main active
sites, pyridinic-N and graphitic-N, increased from GCF
(1.06 wt%) to NCF (1.64 wt%). It was found that the N content of
NCF increased with the amount of pyridinic-N, which was
preferentially located at the abundant edge-site. Also, the elec-
tronic synergism of pyridinic-N (Np) and graphitic-N (Ng) was
demonstrated by the DFT calculations. The *OH adsorption
overpotential was lower than that of Np and Ng single sites
because of the dipole of Np and Ng. In addition, it was revealed
that the catalytic activity of N-doped nanocarbon akes was
highly improved by the electronic synergism of Np and Ng.

Binary or more kinds of heteroatoms doping methods have
been introduced for better catalytic activity compared to single
heteroatom doping.51,58,65–67 For example, nitrogen single atom
doping with additional sulfur doping enhanced the defective
degree on the carbon plane, increasing the activation sites. The
increase in the defective sites created vacant spots and formed
pyridinic-N sites, which improved the ORR activity. It was
explained that the redistribution of electron spin originated
from a large radii difference between sulfur and carbon.55 More
importantly, tri-doping can further enhance the catalytic
activity by a synergistic effect between different dopants.59

Recently, Wang et al. synthesized N, S, and P tri-heteroatom-
doped graphene (NSP-Gra) using thiourea and disodium phos-
phate as N, S, and P sources, respectively.54 Compared with N, S
co-doped graphene, NSP-Gra exhibited excellent OER perfor-
mance because of several defect sites and synergistic effect
between N–S dopants. Similarly, Long et al. synthesized N, S,
and P tri-doped holey carbon using thiocyanuric acid and
phosphoric acid (PA) as the dopant sources.59 They found an
increased number of pores with highly specic surface area in
the electrocatalyst when the PA content increased. In addition,
the defect density (R) of (ID0 + ID + IG0)/IG was derived, suggesting
that multi-heteroatom doped sample with higher R value than
other samples could induce more defective sites and increase
the catalytic activities.

Besides the doping strategies, the compound electrocatalysts
combining carbon-based materials with zero-dimensional
quantum dots or covalent organic framework (COF) materials
were reported.60,68,69 Carbon quantum dots are zero-
dimensional materials with a size of less than 10 nanometers.
Defective oxygen-containing moieties were randomly distrib-
uted in the basal plane and edge sites.60 Wang et al. effectively
combined the graphene oxide quantum dots (GOQDs) into
graphene/carbon nanotube (CNT) hybrid structures using
GOQDs-dispersed solution.69 GOQDs with abundant oxygen
containing functional groups and unsaturated bonds provided
nitrogen and sulfur doping sites, which increased the doping
level of electrocatalysts. Furthermore, the sample containing
GOQDs exhibited the largest specic surface area and exceeded
the commercial Pt/C electrocatalyst (4.74 mA cm�2) with
a limiting current density of about 5.88 mA cm�2. Liu et al.
developed van der Waals nanohybrid heterostructures (1D
vdWHs) composed of a CNT core and a thienothiophene–pyr-
ene COF shell with tunable thickness.68 The COFs are multidi-
mensional and multifunctional organic network materials built
by covalent bonds between light materials, which is similar to
6164 | Chem. Sci., 2022, 13, 6159–6180
that of covalent organic polymers (COPs). This unique structure
can act as a support material with many advantages such as
high conductivity, porosity, defectivity, thermal and structural
stability, and high specic surface area. They used CNT nano-
hybrid structures to solve the problem of spontaneous stacking
of 2D-COFs, demonstrating the excellent catalytic effect through
improved electron transport reaction. The DFT calculations
revealed that delocalized electrons in the carbon substrate were
provided in the COF shell, resulting in an N-doping effect. They
manufactured the ZAB using a thickness-optimized COF,
showing excellent potential difference (791 mV), high specic
capacity (696 mA h gZn

�1, J ¼ 40 mA cm�2), and excellent cycle
stability.
3.3 M–N–C electrocatalysts

Metal–nitrogen–carbonmaterials (hereaer referred to as M–N–
C) are regarded as one of the most promising candidates due to
their superior electrocatalytic activity, durability, abundant
reserves, and low cost.71–75 This unique structure is realized by
the coordination between nitrogen and transition metals in the
carbon matrix.75 Nitrogen-doped carbon materials have been
widely studied due to the favorable ORR catalytic activity and
facile synthesis.76 Nitrogen can be easily doped into the carbon
matrix owing to the similarity of the atomic radius of the
nitrogen and carbon atoms when the nitrogen-based precursors
such as dicyandiamide (CH4N4), urea (CH4N2O), and melamine
(C3H6N6) in an inert atmosphere were pyrolyzed.77 Also,
nitrogen has higher electronegativity (3.04) than that of carbon
(2.55), which can facilitate the positively-charged neighboring
carbon atoms by electron transfer from carbon to nitrogen.77

Among the various candidates of transition metals (Fe, Co,
Zn, Cu, Mn, Cr, andMg), among single-atom site (SAS) catalysts,
the iron-based SAS electrocatalysts have proved to be the most
favorable materials because of their excellent ORR electro-
catalytic activity and stability.70,71 Nitrogen doped with the
coordinated iron atoms enables FeN4 active sites and
graphitic N dopants to be formed with sufficient adsorption
energy for oxygen-containing intermediates, thus enhancing
the ORR activity.70,72 Wei et al. reported a Fe single atom site
(SAS) catalyst enhanced by a graphene-encapsulated Fe3C
nanocrystal (Fe3C@C).70 Fe3C@C-Fe-SAS was fabricated with
glucosamine (carbon), melamine (nitrogen), and iron precur-
sors through a one-step C3N4 connement strategy. In addition,
the spatial distance was extended by adding ZnCl2 to prevent
the aggregation of iron precursors (Fig. 5a). The HAADF-STEM
images conrmed a large amount of dispersed Fe SAS species
(red rings) and Fe3C@C nanocrystals (yellow rings) (Fig. 5b).
The high ratio of ID/IG indicated the abundance of defects and
the degree of graphitization of the catalysts. The ID/IG ratio of
Fe3C@C-Fe-SAS-glucose (0.94) and Fe3C@C-Fe-SAS-bulk (1.09)
was smaller than those of Fe3C@C-Fe-SAS (1.31). This result
implied that Fe3C@C nanoparticles had a signicant level of
graphitization (Fig. 5c). With respect to the electrochemical
performance, the lowest Tafel slope (73.13 mV dec�1) indicated
the excellent ORR catalytic activity. When compared with the
RDS on the energy diagram by the DFT calculation, the lower
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Illustration of the synthesis process of Fe3C@C–Fe SAS. (b) AC-HAADF-STEM images of Fe3C@C–Fe SAS. (c) Raman spectra of
Fe3C@C–Fe SAS and Fe3C@C–Fe SAS-glucose. (a–c) Reprinted with permission from ref. 69. Copyright 2021, Elsevier. (d) Fe-K-edge XANES
spectra of A-Fe-NC. (e) Free energy paths of ORR on Fe–N4 sites, Fe–N2+2 sites, and Fe–N5 sites at U¼ 1.23 V and T¼ 298 K. (d and e) Reprinted
with permission from ref. 70. Copyright 2020, Elsevier.

Review Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 4

/2
9/

20
26

 5
:0

3:
43

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the energy barrier, the more advantageous the accelerated *OH
desorption. Notably, the introduction of Fe3C@C nanocrystals
favored the adsorption and *OH desorption of O2 molecules in
Fe SAS, accelerating the reaction kinetics and revealing the
outstanding ORR activity. Fe3C@C–Fe SAS showed promising
ORR activity and stability in neutral electrolytes than commer-
cial Pt/C, a power density of 74.8 mW cm�2, and superior
stability for 100 h. Shang et al. reported an atomically-dispersed
iron (A-Fe-NC) catalyst supported on nitrogen-doped carbon
using the ligand-stabilized pyrolysis synthesis.71 In the
synthesis process, the sequestration of the chelating agent
effectively acted as a mediator for converting iron ions into the
atomic Fe–Nx species. The synthesized Fe–Nx species revealed
that Fe–N bonds, Fe–N4, Fe–N5, Fe–N6, and Fe–N2+2 sites were
formed through X-ray absorption near edge structure (XANES)
(Fig. 5d). Also, it was revealed that Fe exhibited a coordination
number of 5, indicating a change in the free energy of the lowest
electron transport stage at the Fe–N5 site (Fig. 5e). ZAB with A-
Fe-NC as an air cathode showed an open circuit voltage (OCV)
of 1.45 V, which was higher than that of Pt/C (1.42 V).

In addition to the Fe–N4 site, Han et al. effectively imple-
mented the embedded Fe–N–C sites by forming aligned meso-
porous structures using highly ordered cubic silica Korea
Advanced Institute of Science and Technology Number 6 (KIT-6)
plates.72 The mass transport and electron transfer were enabled
by an N-doped ordered mesoporous structure (N-OMC). TEM
analysis showed that the high content (mass loading) of Fe
and N in the porous structure of N-OMC enhanced the ORR
active areas. Zhang et al. created the pores in the carbon matrix
by the heat treatment of macrocyclic cucurbit[6]uril (CB[6]) and
M–N–C precursors.76 They conrmed the N-doped carbon pore
© 2022 The Author(s). Published by the Royal Society of Chemistry
structure with Fe-bond through the HAADF-STEM images. Ma
et al. reported that the intrinsic catalytic activity could be
improved when the Fe–N4 site was doped with S.73 The S doping
in the carbon matrix could decrease the d-band center of iron,
thus enhancing the ORR kinetic current of per Fe–N4 sites
compared with the pristine Fe–N–C catalysts. The single atom
N–C catalyst studies based on the transitionmetals such as (Mn,
Ni, and Co) have also been reported. Han et al. fabricated a Mn–
N–C using a one-step heat-activated synthesis method.79 They
demonstrated that the effectively formed Mn–N4 sites promote
more electron transfer of the *OH electrons to *OH species in
the atomically dispersed MnL+–N4 sites than in the Fe–N4 sites
using the DFT calculations. Wang et al. synthesized the cobalt
nanoparticles (Nps) coated with defective nitrogen-doped gra-
phene (CoDNG800) by pyrolyzing the graphene–supermolecule
complexes and encapsulating them in defective nitrogen-doped
graphene.80 During the high-temperature heat treatment of
defective nitrogen-doped graphene (DNG), the carbon shell
structure was dislocated, and the broken fringes were formed by
the evaporation of zinc species. Graphene embedded with Co
Nps showed a lower work function, decreasing the electron
transfer energy resulting from the formation of the *OOH
species and catalyzing the ORR reaction. As a result, the
CoDNG900-based ZABs exhibited a small charge–discharge
voltage gap and excellent cycle life of 667 h, which is superior to
that of commercial Pt + IrO2.

The alloy-based M–N–C catalyst materials have been re-
ported by various approaches owing to the synergistic effect
among heteronuclear metal atoms.77,78,81,82 The catalytic effect of
alloy-based N–C can be determined by considering two factors
including spin conguration and electron conduction. Among
Chem. Sci., 2022, 13, 6159–6180 | 6165
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the transition metals, nickel is advantageous for improving the
performance of electrocatalysts because the coupling of Ni 3d
can control the spin magnetic moment to a modest level. When
combined with iron, nickel reduces the localization of Fe 3d
texture.77 Therefore, the FeNi-based alloy is regarded as
a promising material for its excellent conductivity and tunable
electronic structures.74,82 Yu et al. developed the FeNi SAS/NC
catalyst by coating FeNi with polydopamine (PDA) and etching
them to work in an alkaline environment.81 The XANES and DFT
calculations proved that the Fe–Ni–N6 structure coordinated on
a nitrogen-doped carbon support had a unique coordination
structure and simultaneously shared the dual active sites,
thereby improving the ORR activity. Zheng et al. directly grew an
FeNi alloy on a nitrogen-doped CNTs using a self-jet vapor-
phase growth method.82 When the cotton pad (CP) cluster was
added during a carbonization process, a 3D porous framework
was formed. The SEM images indicated that the hierarchical 3D
porous network was composed of entangled rich carbon bers,
indicating that most of the metal nuclei were embedded in the
tips of the CNTs. The TEM images showed a well-resolved lattice
fringe of 0.209 nm FeNi alloy on bamboo-like N-doped CNTs
(NCNTs) with a diameter of 20–30 nm (Fig. 6a). The Tafel slope
for the FeNi@NCNT-CP cluster was smaller than that of other
catalysts for the ORR and OER, including commercial Pt/C
(82 mV dec�1) and IrO2 (136 mV dec�1). The ZAB with
FeNi@NCNT-CP clusters exhibited a small voltage increase of
0.12 V aer 250 cycles (250 h) at a current density of 10 mA
cm�2, showing a stable performance compared to the previ-
ously reported ZAB performance based on FeNi@NCNT-CP
cluster (Fig. 6b). Lai et al. fabricated the exible 3D free-
standing bifunctional electrode by the in situ coupling of NiFe
Fig. 6 (a) SEM image of the FeNi@NCNT-CP clusters. (b) Cycling pe
commercial Pt/C–IrO2 (10 mA cm�2). (a and b) Reprinted with permission
NCNF/CC; the inset in panel F is the digital picture of sesame seed candy.
series. (c–d) Reprinted with permission from ref. 73. Copyright 2021, Else
purple, and yellow represent C, N, Fe, and Ni, respectively. (e) Reprinted

6166 | Chem. Sci., 2022, 13, 6159–6180
nanoparticles and nitrogen-doped carbon nanobers on carbon
cloth (NiFe/NCNF/CC).74 The 3D spatial distribution of the NiFe
Nps with N-doped carbon nanobers provided sufficiently
active areas and signicantly increased the electrochemically
active sites. In terms of the morphology, the NiFe Nps were
grown on the N–C carbon bers with the shape of a sesame
candy (Fig. 6c). The light emitting diodes (LED) connected to
a exible electrode continued glowing even when the two
batteries were bent to 90� (Fig. 6d).

Ma et al. fabricated a bifunctional catalyst with atomically
dispersed NiN4 and FeN4 in nitrogen-doped graphene (Fe/
Ni(1 : 3)-NG) using a hydrothermal method.77 The properties of
Fe 3d orbitals were related to the highly delocalized electrons in
Fe-NG, leading to an undesirable electron conductivity. It was
revealed that the introduction of Ni improved the charge
transfer at the interface by reducing the delocalization of the Fe
3d texture. In addition, the structural model of the Fe/Ni (1 : 3)-
NG catalyst consisted of active sites co-existing with FeN4, NiN4,
and FeNi–N4 sites (Fig. 6e). Hao et al. developed the NPC/
FeCo@NCNT catalyst with a carbon-based (NPC) coating that
improved the electrical conductivity, stabilizing the FeCo alloy
particles by a two-step calcination process.78 The DFT calcula-
tions showed that three layers of NPC, FeCo, and NCNTs
improved the electronic state around the Fermi level compared
to the two layers of FeCo and NCNTs. Also, it was revealed that
electron transfer between the carbon materials and the FeCo
alloy was accelerated by strong electrical coupling. Chen et al.
developed the 0D–1D–2D hierarchical structure material of the
FeCoNi alloy-N-rGO.75 This structure shared the N4 site between
transition metals and effectively suppressed the overlap of 2D
graphene sheets by the 0D–1D–2D hierarchical structure,
rformance of ZAB based on the FeNi@NCNT-CP clusters and the
from ref. 81. Copyright 2020, Wiley-VCH. (c) The SEM images of NiFe/
(d) The LEDs are lightened by rechargeable flexible zinc–air batteries in
vier. (e) The schematic structural model of Fe/Ni(1 : 3)-NG. Gray, blue,
with permission from ref. 76. Copyright 2021, Elsevier.

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc07212a


Review Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 4

/2
9/

20
26

 5
:0

3:
43

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
exposing the more active sites. Furthermore, it was found that
mass transfer between the reactant/catalyst/electrolyte multi-
phase interface was facilitated during the electrocatalytic reac-
tion process. With respect to the electrochemical performance,
the FeCoNi alloy-N-rGO showed a higher power density than
Co–N–rGO, Pt/C–RuO2 (132.4 mW cm�2 at 0.64 V, 99.6 mW
cm�2 at 0.67 V), and a specic capacity of 766 mA h gZn

�1 (Co–
N–rGO: 709 mA h gZn

�1, Pt/C–RuO2: 695 mA h gZn
�1).
3.4 Transition metal compound electrocatalysts

The sluggish and thermodynamically uphill reaction of the OER
is considered as a key reaction for changing the metal–air
batteries.83 Commercially available Ru or Ir oxide electro-
catalysts are highly efficient for the OER process; however, the
use of the PGMs electrocatalysts is seriously limited by the
abovementioned disadvantages.84 Therefore, increasing efforts
have been carried out to develop inexpensive and high-
performance OER electrocatalysts. Transition metal-based
electrocatalysts have been considered as promising alterna-
tives due to their abundance of resources, various oxidation
states, high stability, and catalytic activity.85,86 Recently, various
Fig. 7 (a) SEM images of the P,S-CoxOy/Cu@CuS NWs. (b and c) TEM im
P,S-CoxOy shell layer. High-resolution XPS spectra of (d) Cu 2p and (e) Co
Zn–air batteries with P,S-CoxOy/Cu@CuS NWs or Pt/C + RuO2 as the air
Wiley-VCH. (g) Co 2p HR-XPS spectrum of 0.025CoOx@PNC, 0.05CoO
copy. (i) The free energy diagrams of ORR and OER at the equilibrium pot
ref. 86. Copyright 2021, Elsevier.

© 2022 The Author(s). Published by the Royal Society of Chemistry
transition metal compounds such as oxides, nitrides, suldes,
selenides, borides, and phosphides have been widely
studied.83,85,87–90 Cobalt oxides have attracted much attention as
efficient OER electrocatalysts due to their stability in cycle
performances, excellent catalytic activities, and easy prepara-
tion properties.84,85,87,91–93

For example, Doan et al. developed P, S dual-doped cobalt
oxide nanosheets supported by Cu@CuS nanowires (P, S-CoxOy/
Cu@CuS NWs).85 They fabricated highly conductive materials
using the heterostructures of Cu@CuS nanowires and cobalt
oxide. The morphology of the P, S-CoxOy/Cu@CuS is shown in
Fig. 7a. The TEM images show the dense nanosheets grown on
the surface of the Cu@CuS nanowires with a shell layer (Fig. 7b
anb c). In particular, the selected area electron diffraction
(SAED) pattern at the shell layer in Fig. 7b exhibited specic
diffraction rings. These patterns corresponded to the d(200)
plane of CoO and the d(220), d(222), and d(311) planes of Co3O4,
indicating that the CoO and Co3O4 phases coexisted. The
chemical state of the material surfaces was identied by the
high-resolution XPS spectra, revealing the coexistence of
metallic Cu and CuS by the high-resolution spectrum of Cu 2p
ages of the P,S-CoxOy/Cu@CuS NWs; inset in (b) SAED pattern of the
2p. (f) Galvanostatic discharge–charge cycling curves at 5 mA cm�2 of
cathode (a–f). Reprinted with permission from ref. 84. Copyright 2020,

x@PNC, and 0.1CoOx@PNC. (h) Electrochemical impedance spectros-
ential on various catalysts model. (g–i) Reprinted with permission from

Chem. Sci., 2022, 13, 6159–6180 | 6167
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(Fig. 7d and e). Specically, the formation of the mixed-valence
CoxOy was conrmed by analyzing Co3+ and Co2+ peaks in the
high-resolution spectrum of Co 2p. Aer doping the heteroge-
neous elements, the number of Co2+ species was increased to
downshi the density of the empty d-orbitals. In addition, the
desorption of OH groups was promoted to activate the catalytic
reaction. As a result of the rechargeable performance and
stability test, the ZABs with Pt/C and RuO2 obviously exhibited
an increase in its potential difference. However, the ZABs with
CoxOy/Cu@CuS only showed a small potential difference of
0.09 V aer 25 h (Fig. 7f).

Compared to the metal nanoparticles, metal nanoclusters
with a smaller size can expose more active surfaces. In addition,
the control of electrocatalysts at the sub-nanometer scale is
much easier. Tan et al. fabricated a CoOx nanocluster-conned
electrocatalyst (CoOx@PNC) on ZIF-8 derived N-doped carbon
nanomaterials.87 Fig. 7g shows the high-resolution Co 2p spec-
trum of 0.025CoOx@PNC, 0.05CoOx@PNC, and 0.1CoOx@PNC.
Among these, 0.05CoOx@PNC showed the highest Co–O/Co0

ratio and high Co-based nanoclusters, indicating that Co
nanoclusters with a more exposed surface area tended to be
easily oxidized. 0.05CoOx@PNC showed a minimum semi-
circular diameter with the lowest interfacial charge transfer
resistance (Rct) among all the prepared electrocatalysts during
OER (Fig. 7h). The DFT calculations proved that cobalt oxide
formed the coupling with Co–Nx nanoclusters, which promoted
the orbital overlap of the Co element in cobalt oxide with N and
O atoms, consequently reducing the reaction barrier of the
ORR/OER oxygen catalytic reaction (Fig. 7i).

On the other hand, Rao et al. reported vanadium ions (V4+

and V5+) doped mesoporous Co3O4 nanorods.92 They used VCo-
glycerate as a vanadium source to induce Co3+ ions in Oh sites
toward an optimized eg occupancy. The catalytic effect of the
spinel oxides depended on the eg occupancy of transition metal
cations at the octahedral sites because there was a strong
overlap between the eg orbitals and the O2p orbitals of the
oxygen-related adsorbents. As an effective electrocatalyst for
ORR and OER, the galvanostatic cycling performance was
measured at a current density of 5 mA cm�2 for various cata-
lysts, and the V-Co3O4 catalyst showed more than 1300 h of
cycling performance, outperforming the benchmark combina-
tion of Pt–IrO2. This result was originated from the vacant d-
orbitals formed by vanadium ions, exhibiting strong electro-
static attraction, which facilitated strong interaction between
the electrocatalyst and the oxygen species.

To improve the electronic conductivity of the electro-
catalysts, Balamurugan et al. reported CuMo-oxynitride@N-
doped graphene nanohybrid materials.88 In the process of
heat treatment in ammonia atmosphere, N atoms partially
replaced O atoms. This process enabled the delocalization of
the electron environment by changing the electron distribution
of the metal. They also reported the transition metal-based
selenide materials.89 The transition metal-based selenides
have been studied as new electrocatalysts for energy storage
systems because of their abundant nanoporous networks,
excellent electrical conductivity, and superior catalytic activi-
ties. They rstly designed the 3D hierarchical molybdenum
6168 | Chem. Sci., 2022, 13, 6159–6180
oxyselenide nanoarchitectures to solve the limited catalytic
active sites and low stability. In this 3D structure, the OH-
bonding energy was enhanced due to the holes generated in
the valence band of Se 3d and O 1s, and the catalytic activity was
increased by the formation of abundant oxygen vacancies. As
a result, the rechargeable quasi solid-state ZAB exhibited a peak
power density of 166.7 mW cm�2, providing a higher record
than that of the benchmark Pt/C–IrO2-based air cathode (141.5
mW cm�2).

Borides are known to show excellent OER performance in
alkaline solutions, and the synthesis of borides is facile
compared to other catalysts. Jose et al. reported cobalt boride/N-
doped carbon nanosheet hybrid structures.90 The interaction
between boron and metal species could transfer electrons from
B to the d band of Co, which was expected to be an advantage in
electrochemical applications. They synthesized monometallic-
boride/N-doped carbon nanostructure using a simple chem-
ical reduction method using sodium borohydride as the boron
source. This unique structure showed high chemical stability
because the outer B-rich layer protected the inner metallic layer
from oxidation. Also, the interaction of the electron transfer
from B to the d band of Co occurred between boron andmetallic
cobalt, which was revealed by the shi of the peak of the boron–
metal bond in the XPS spectrum.

Similarly, electrocatalysts based on transition metal suldes
and phosphides have been getting much attention.83 In general,
transition metal phosphides have several shortcomings such as
low specic surface area and insufficient conductivity. To
address these problems, many studies have been conducted to
induce an interaction between P and other transition metals or
carbon materials.94,95 Guo et al. reported Cu3P/MoP nano-
spheres and conrmed that charge transfer occurred between
the metal–phosphide bonds.95 The fabricated rechargeable
ZABs exhibited a high power density of 156 mW cm�2 and high
stability for 231 h, greatly outperforming the commercial Pt/C
(131 mW cm�2, 157 h). These superior performances were
correlated with the strong interaction between the Cu3P and
MoP species. Wu et al. reported Co/Co2P nanocrystal hetero-
junction structures conned in N-doped carbon.94 They found
that during the growth of NCNTs, the Co nanoparticles at the
edges were easily converted to Co2P. Also, it was observed that
the Co nanoparticles located in the central section of NCNTs
were difficult to be phosphatized. This result revealed that the
formed Co/Co2P heterojunctions directly catalyzed the growth
of highly ordered NCNTs.
3.5 Metal–organic framework (MOF)-derived electrocatalysts

Recently, various nanostructured materials such as MOFs,
COFs, and MXene have been used to achieve cost-effective and
metal-free electrocatalysts and transition metal-based electro-
catalysts.96,97 MOFs are composed of metal nodes and organic
ligands in 3D porous networks that can be extended from
micropores to mesopores. This porous structure can be
synthesized without the addition of surfactants to create metal–
organic compositions with high surface areas. In addition, its
porosity can be controlled by different types of metal ions and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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organic ligands. The porous carbon body and metal oxide can
be manufactured via heat treatment.98

ZIFs are a subfamily ofMOFs composed ofmetals and organic
ligands with a zeolite structure. It has a high surface area and can
produce nitrogen-doped porous carbon upon carbonization.
Moreover, this unique structure can formmetal oxides during the
calcination process.99 It was reported that ZIF-67-derived Co@NC
polyhedron exhibited bifunctional electrocatalytic activity for
OER and ORR in alkaline electrolytes. ZIF-67 exhibited excellent
compatibility with nanostructured materials. Gu et al. synthe-
sized a noble metal-free trifunctional electrocatalyst by aligning
Mo2C nanosheets vertical to the surface of the Co@NC structure
(Fig. 8a).100 This heterostructure architecture greatly reduced the
dependence on the porosity properties and the number of
exposed active sites in Co@NC. The interfacial effect between the
Mo2C nanosheets and the Co@NC polyhedron mediates the
electronic structure to optimize intermediate adsorption,
Fig. 8 (a) Schematic illustration for the synthesis of Mo2C/Co@NC. (b) Di
and b). Reprinted with permission from ref. 99. Copyright 2021, Elsevier.
nanoflakes' synthetic strategy and self-powered zinc–air battery water sp
densities of Fe doped MOF CoV@CoO nanoflakes and Pt/C/IrO2 catalys
Elsevier. (e) Preparation of the CoP-NC@NFP electrocatalyst. Performanc
density curve and discharge curves compared with the state-of-the-art c
Copyright 2021, Elsevier.

© 2022 The Author(s). Published by the Royal Society of Chemistry
signicantly enhancing the intrinsic activity. The discharge
polarization curves showed that the peak power density of Mo2C/
Co@NC (187.9 mW cm�2) was much higher than that of Pt/C
(78.5 mW cm�2) (Fig. 8b). Therefore, they conrmed that the
interfacial bonding effect between Co@NC and Mo2C could
promote the ORR. Muthurasu et al. introduced cobalt vanadate
integrated with cobalt oxide in an iron-doped metal–organic
framework.101 Using the easy approach of a multistep solution
process, the unique nanoakes heterostructures were created,
providing abundant pores, high specic surface area, and
extremely large active sites (Fig. 8c). The unique hexagonal
nanoakes with cobalt hydroxy nanosheets and the coordination
strategy with MOFs enabled the efficient doping of electro-
chemically activated iron. When Fe-doped MOF CoV@CoO
nanoakes were introduced into ZABs, which provided
a maximum power density of 138 mW cm�2 much higher than
that of Pt/C. They also demonstrated a power density of 138 mW
scharge polarization curves and corresponding power density curves (a
(c) Represents the schematic illustration of Fe-doped MOF CoV@CoO
litting applications. (d) Discharge polarization curves and related power
t. (c and d) Reprinted with permission from ref. 100. Copyright 2021,
e of the zinc–air battery with the CoP-NC@NFP air-cathode: (f) power
atalyst Pt–C + RuO2. (e and f) Reprinted with permission from ref. 101.
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cm�2 and good cycling stability (Fig. 8d). Vijayakumar E. et al.
synthesized the CoP-NC@NFP electrocatalyst using a simple and
low-cost precipitation method, followed by the hydrothermal
process and the pyrophosphatization method (Fig. 8e).102 The
bimetallic phosphide (NFP) nanoakes were uniformly anchored
to CoP-NC, forming a core-shell-like coral structure. The CoP-
NC@NFPs multi-active sites effectively helped the formation of
oxy/hydroxides by the proton and hydride active sites. Notably,
the nanoake-structured NiFeP on the surface provided
improved electron transfer pathways by increasing the electrode
and electrolyte contact. As a result, the power density of the ZAB
with the CoP-NC@NFP cathode was superior to that of Pt/C
benchmarked at 93 mW cm�2 at 145 mA cm�2 (Fig. 8f). Chen
et al. synthesized a hierarchical Co–Ni–Fe spinel oxide–carboni-
tride hybrid (CoNiFeOx–NC) electrocatalyst using both Materials
Institute Lavoisier (MIL) of Fe-MIL-101-NH2 and an ion exchange
strategy of Co and Ni.103 Interestingly, the 2D ternary metal MOF
shell layer was encapsulated in 3D octahedral MOF crystals. Also,
the collapse of the MOF structure was prevented in the air
calcination process, providing a highly porous structure and
large surface area. Finally, the XPS and DFT calculations
conrmed that the adsorption energy of oxygen species on the
catalyst surface could be optimized by controlling the electronic
structure through electron transfer between Co, Ni, and Fe. The
optimized electronic structure lowered the OER energy barrier by
controlling the oxygen-binding strength of the Ni–Co coordi-
nated OH site, providing high OER efficiency under alkaline
conditions.
Fig. 9 (a) Schematic illustration of the synthetic process for the Co–SAs/S
Co–N4@Co12 (red line), and Co–N4@Co2layers (blue line) at U ¼ 0 V and 1
regarded as adsorption sites for all the structures. (c) Discharge polariza
Co–SAs/SNPs@NC, Co–SAs@NC, and Pt/C catalysts, respectively. (a–c)

6170 | Chem. Sci., 2022, 13, 6159–6180
In recent years, single-atom catalysts (SACs) have received
much attention due to their high atom utilization efficiency and
catalytic activity. Currently, many carbon-based SACs have been
manufactured based on carbon derived from MOFs and ZIFs.
Wang et al. developed large-scale synthesis method, in which
Co–N4 sites (Co–SAs) and small Co-NPs (Co-SNPs) were
dispersed atomically in an N-doped porous carbon nanocage
(Fig. 9a).104 This approach was a facile strategy by simply
controlling the Co species in the precursor. The DFT calculation
conrmed that the strong interaction between the Co-SNP and
Co–N4 sites properly increased the valence state of the active Co
atoms of Co–SAs/SNPs@NC, modulating the free adsorption
energy of the ORR intermediates. Furthermore, the downhill
energy pathway of the free energy diagrams of the ORR indi-
cated that the interaction between *OH and Co–N4 was quite
strong, limiting the overall ORR reaction (Fig. 9b). The ZAB with
the Co–SAs/SNPs@NC exhibited a high OCV of 1.493 V, and
a higher power density than those of Co–SAs@NC and Pt/C
catalysts (Fig. 9c). The long-term cell performance of Co–SAs/
SNPs@NC + RuO2-based ZAB was also investigated by galva-
nostatic charge/discharge test at a current density of 5 mA cm�2

and was operated stably for 720 h in ambient air.

4. Progress and design for advanced
ZABs
4.1 Wide operating temperature system

The performance of the ZABs with open air cathodes are easily
affected by the temperature because the electrocatalytic
NPs@NC catalyst, (b) ORR free energy diagrams for Co–N4 (black line),
.23 V along 4-electrons pathway; the Co atoms in Co–N4 moieties are
tion curves and corresponding power density curves of the ZABs with
Reprinted with permission from ref. 103. Copyright 2021, Wiley-VCH.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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reaction rate is very sensitive to the temperature changes, as
described in the Arrhenius equation.105 The ORR and OER are
particularly affected at lower temperatures because of the
reaction mechanism by multiple oxygen intermediates and the
aqueous electrolyte properties of the ZABs.106

For wide temperature adaptability in exible ZABs, Pei et al.
fabricated an integrated brous carbon electrode with a large
number of active sites.107 Using the stereoscopically modied
planar electrolyte–electrocatalyst interface, they greatly
improved the interfacial property among the solid catalyst,
oxygen gas, and liquid electrolyte. They also used the interac-
tion between water and terminal groups within the hydrogel
backbones. With these two strategies, the full-temperature
adaptive polyelectrolyte was demonstrated. The nanowire
arrays were formed by the electrodeposition of polypyrrole (Ppy)
on carbon cloth. Then, the nanowire arrays were impregnated,
pyrolyzed, and phosphorized in Fe3+ and Co2+ salts to immo-
bilize the active metal species on Ppy. The three-dimensional
electrode efficiently enhanced the ORR by an almost direct
4e� reduction pathway with a half-wave potential of 0.85 V (E1/2)
(Fig. 10a). Next, the carboxylate group was impregnated in
alkaline PAA (A-PAA) hydrogel in 30 wt% KOH solution for the
exible polyelectrolyte. The SEM image showed that the
lyophilized A-PPA hydrogel had an abundance of inter-
connected pores that encapsulate the electrolyte, allowing the
free dri of dissolved ions (Fig. 10b). Finally, ZAB with the
stereoscopic FeCo–P/N–C–F electrode was assembled using an
A-PAA-based polymer electrolyte to evaluate the performance
according to the temperature change (Fig. 10c). At the current
density of 2 mA cm�2, the cycling efficiencies were 65.9% at
25 �C, 69.9% at 80 �C, and 60.4% at �30 �C, implying that their
Fig. 10 (a) Comparison of ORR-OER bifunctional activity of the self-
hydrogel, scale bar: 10 mm. (c) Comparison of peak power density fluctu
Cycling tests of the two types of ZABs at 2mA cm�2 and at different tempe
Royal Society of Chemistry.

© 2022 The Author(s). Published by the Royal Society of Chemistry
ZAB was less sensitive to extreme temperature changes with
a stable charge/discharge performance (Fig. 10d).

In a similar study, Pei et al. proposed the highly active 1D
bamboo-shaped brous catalysts (BFCs) for the low-
temperature tolerant, exible ZABs (Fig. 11a).108 For the
synthesis of BFCs, polyacrylonitrile (PAN) solution and poly-
vinylpyrrolidone (PVP) solution were used as the external and
internal uids, respectively. The two solutions were separated
into two layers by strong electrostatic tension because of the
distinct difference in viscosity and surface tension. Also, the
relatively low viscous PVP solution was shrunk into separate
knots inside the ber by Rayleigh–Taylor instability. The sample
with only iron and cobalt salts were added to the PAN solution
(BFC-FC), and the sample where the PVP solution was addi-
tionally added at a ow rate 0.2 mL h�1 was named as BFC-FC-
0.2. In the N2 sorption isotherms of the BFC-FC and BFC-FC-0.2.
It was conrmed that the specic surface area (711 m2 g�1) of
the BFC-FC-0.2 sample was increased by approximately 2.24
times because of the introduction of PVP. In addition, the XRD
pattern for the BFC-FC-0.2, the cubic phase FeCo alloy nano-
particles were observed, and the oxidized Co2+ (780.5 eV) was
observed in the XPS spectrum of Co 2p, proving the oxidized
surface of the FeCo alloy (Fig. 11b). The bifunctional property of
the samples injected with PVP solution at various ow rates was
tested in 0.1 M KOH solution. The BFC-FC-0.2 showed the
excellent ORR onset potential of 1.03 V (Eonset) and a half-wave
potential of 0.90 V (E1/2). In addition, BFC-FC-0.2 delivered the
OER current density of 10 mA cm�2 at only 1.60 V (Ej¼10),
demonstrating the prominent ORR/OER catalytic activity with
the lowest potential difference (DE ¼ 0.70 V) among all the
samples, including the Pt/C catalyst (DE ¼ 0.98 V). Finally, the
BFC-loaded cathode, A-PAA hydrogel electrolyte containing
support electrodes. (b) SEM image showing the freeze-dried A-PAA
ations of ZAB-Stereo and ZAB-Planar upon temperature changes. (d)
ratures. (a–d) Reprintedwith permission from ref. 106. Copyright 2021,

Chem. Sci., 2022, 13, 6159–6180 | 6171

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc07212a


Fig. 11 (a) SEM images of electrospun polymer fibers. (b) XRD patterns of different BFCs and the inset shows the molecular structure of FeCo
alloy particles. (c) Temperature-dependent discharge capacity plots of ZAB-BFC-FC-0.2 recorded under the current density of 5 mA cm�2. (d)
Polarization curves and corresponding power density plot of the battery at �20 �C after various times of bending (bent to 90�). (a–d) Reprinted
with permission from ref. 108. Copyright 2020, Wiley-VCH. (e) Schematic diagram of the inherent advantages of ZABs for low-temperature
energy storage. (f) EIS spectra of ZABs at 20 and �10 �C. (e and f) Reprinted with permission from ref. 107. Copyright 2021, Wiley-VCH.

Chemical Science Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 4

/2
9/

20
26

 5
:0

3:
43

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
30 wt% KOH, and zinc foil anode were stacked, and exible ZAB
was fabricated to measure the performance deterioration
according to the temperature and mechanical deformation.
ZAB-BFC-FC-0.2 achieved a capacity of 691 mA h g�1 and an
energy density of 798 W h kg�1 at �20 �C, maintaining 92.7%
and 87.2% of the initial performance, respectively, compared to
the room temperature (Fig. 11c). Moreover, this system was
stably operated in various deformations (folding and twisting)
as well as mechanical bending more than 600 times at low
temperatures, highlighting the rstly proposed exible ZAB at
low temperatures (Fig. 11d).

To identify themain bottleneck of low-temperature ZABs and
to rationally improve the low-temperature performance, Zhao
et al. systematically investigated the low-temperature responses
of the anode, cathode, and electrolyte using the conventional
cell congurations with Pt/C + Ir/C as the cathodic electro-
catalysts and 6.0 MKOH + 0.2 M Zn(OAc)2 as aqueous electrolyte
(Fig. 11e).109 The ionic conductivity decreased from 0.50 to
0.28 S cm�1 and the internal resistance increased by 3 U from
the impedance of the blocking electrode at 20 and �10 �C,
implying that themain limiting factor for low-temperature ZABs
was the electrolyte's ionic conductivity (Fig. 11f). This limitation
could be solved using CsOH-based electrolytes, regulating the
solvation structure. In molecular dynamics (MD) simulation of
CsOH-based electrolytes, it was observed that the ionic
conductivity of the electrolyte at low temperature improved as
the atomic number of the alkali metal increased. This result was
explained by hydrogen bonding reinforced with the absence of
cations in the anion solvation structure and the enhanced
coulombic force between alkali metal cations and OH�. Finally,
6172 | Chem. Sci., 2022, 13, 6159–6180
the performances of the ZAB using 6.0 M KOH-based and CsOH-
based electrolyte were evaluated at �10 �C. Interestingly, the
ZAB with CsOH-based electrolyte showed better discharge
power density (99.3 mW cm�2), discharge voltage (25 mV higher
than KOH-based), and lifetime characteristics (500 cycles) at
a current density of 5 mA cm�2.
4.2 All-solid-state zinc–air pouch cells

In addition to the low-temperature concept, there has been an
increasing demand on the safe and high-energy sustainable
rechargeable ZABs to replace conventional lithium-based
battery. All-solid-state zinc–air batteries have been proved to
achieve both high energy density and power density with the
high safety and multiple redox reactions of the air cathode.
Despite the signicant effort on the all-solid-state ZABs, the
previous concept still has a limitation when scaling-up, only
showing a laboratory scale stage.110–114

Shinde et al. rstly reported a commercially available 1-Ah-
scale all-solid-state zinc–air pouch cells (ZPCs), which was
designed in a symmetrical structure with (101)-facet copper
phosphosulde (CPS(101)) cathode and anti-freezing chitosan-
biocellulosics (CBC) electrolyte with a patterned zinc anode
(Fig. 12a).115 This exible ZPCs represented the high energy
density (460 W h kgcell

�1 and 1389 W h L�1), rate capability (5–
200 mA cm�2), long cycle life (6000 cycles at 25 mA cm�2), and
wide operating temperature range (�20 to 80 �C). They also
found that their excellent electrochemical performance and
mechanical robustness were attributed to the four design
strategies (Fig. 12f–h). First, the 3D patterned zinc anode
provided stability for zinc plating and stripping while
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) A photograph of an all-solid-state zinc–air pouch cell. (b) A cross-sectional schematic of the symmetric bridging configuration
[CPS(101)kCBCskpatterned zinckCBCskCPS(101)]. (c) XRD patterns of randomly oriented CPxS1�x series (x ¼ 0.1 to 0.9) (left) and XRD pattern of
the bulk CuP0.5S0.5 along the preferred (101) orientation (right). (d) High-resolution TEM images of CPS(101) (scale: 30 nm) and experimental
SAED pattern with (101) orientation (below, scale: 2 nm�1). (e) Polarization ORR profiles for the fabricated copper-based cathodes in comparison
with commercial Pt/C. CF, carbon fibre paper; CP, copper phosphide; CS, copper sulfide. (f) A comparison between the specific energies and
powers of the fabricated ZPCs and the commercial capacitors and batteries previously reported. (g) Rate capabilities of CPS(101) and Pt/C + RuO2

cathodes with a discharge voltage range of 0.7–1.5 V for various current densities from 5 to 200mA cm�2. (h) Galvanostatic cycling performance
of CPS(101)kCBCskpatterned zinckCBCskCPS(101) for 25 mA cm�2 (realistic condition: E/C ¼ #1, E/A ¼ #2; time constraint ¼ 8 min per cycle;
DOD ¼ 20%). The percentile values represent the voltaic efficiencies of the cells. (a–h) Reprinted with permission from ref. 114. Copyright 2021,
Springer Nature.
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facilitating the transport of ions and their reactions. Second, the
dimensional stability and high ionic conductivity (86.7
mS cm�1 at 25 �C) of CBC conductors provided good robustness
in contact with zinc metal. Third, a symmetrical conguration
without the metallic current collectors and corrosive liquid
electrolytes not only improved the specic and volumetric cell-
level-energy densities but also improved the performance of
ZPCs by constructing robust solid electrolyte interphase (SEI)
between the patterned zinc anode and the CBC conductors
(Fig. 12b). Lastly, the nanober framework of CPS(101) accom-
modated the volume change while preventing the mechanical
fatigue of the cathode by constructing a continuous ion/electron
three-dimensional transport path with excellent interfacial
properties with the CBCs electrolyte. Copper phosphosulde
(CPxS1�x(101), x ¼ 0.1, 0.3, 0.5, 0.7, 0.9) nanobers, a multi-
functional electrochemical catalyst, were fabricated using a two-
step reaction of co-precipitation and autoclaving. The TEM
images and XRD patterns were used to analyze the shape and
nanostructure of 3D CPS sponges of various compositions. In
the XRD pattern, the (101) orientation, which gave the best
© 2022 The Author(s). Published by the Royal Society of Chemistry
performance when the composition ratio was x ¼ 0.5, was the
most preferred. The lattice spacing of 0.466 nm was observed in
the TEM image, showing an orthorhombic phase of the CPS
with the well-dened (101) plane (Fig. 12c and d). With respect
to the electrochemical performance, the ORR performance of
CPS(101) showed an outstanding half-wave potential (E1/2 ¼
0.90 V) than that of Pt/C (20 wt%) and other CPS-based catalysts
(Fig. 12e). In addition, in durability evaluation, there was almost
no loss of half-wave potential (DE1/2 ¼ 11 mV) even at 30 000
cycles, which was superior to the durability protocols set by the
US Department of Energy (loss of half-wave potential of <30
mV). The OER activity test of CPS(101) with RuO2 as the refer-
ence also showed the good durability of the lowest overpotential
of 260 mV at 10 mA cm�2 and improved kinetics (the initial
current of the OER decreases only 4% aer 500 cycles).
4.3 Non-alkaline electrolyte for the ZABs

Although the enhancement of the oxygen reversibility of
cathode through bi-functional electrocatalyst is important, the
Chem. Sci., 2022, 13, 6159–6180 | 6173
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electrolyte is also very important in terms of the cycling life
characteristics of ZABs. In general, alkaline electrolytes have
been widely used to fabricate ZABs with higher energy densities.
In particular, KOH solvents have high ionic conductivity and
low conductivity, providing excellent electrochemical proper-
ties.118 However, the discharge process of the ZABs in the strong
alkaline electrolytes causes an insoluble product (Zn(OH)4

2�),
which leads to ZnO precipitation.116,117

Zn + 4OH� / Zn(OH)4
2� + 2e� (11)

Zn(OH)4
2� / ZnO + 2OH� + H2O (12)

On the other hand, there is another problem that the alka-
line electrolyte at the anode is easily combined with CO2 in the
air, forming the carbonates and reducing the porosity of the air
electrode and the ion conductivity of electrolytes.118,119

C + 6OH� / CO3
2� (13)

Thus, to achieve the high energy density and excellent cycle
characteristics, the research on novel electrolytes has pro-
gressed. Recently, many studies on the electrolyte of the ZAB
have focused on the neutral or near neutral electrolytes to
remove the critical obstacles of the alkaline electrolytes.
Although signicant efforts have improved the stability of the
Zn anode, the intrinsically irreversible and sluggish 4e�/oxygen
(O2) chemistry could not be changed.120 Sun et al. reported
Fig. 13 (a) Galvanostatic discharge profiles of Zn–air cells in KOH (blue
obtained after discharge and recharge in Zn(OTf)2 and ZnSO4 electrolytes
and ZnSO4 electrolytes during a discharge process under neat O2 atmosp
outer Helmholtz layer (OHL) at the surface of the air cathode in Zn(OTf)2 a
the Zn–air cell in a capacity fixedmode (fixed capacity: 2.0mA h cm�2) at
Zn–air cells at current densities of 0.1 mA cm�2. (a–f) Reprinted with p
Advancement of Science. (g) Cycling performance of the ZnkO2 batteri
Reprinted with permission from ref. 117. Copyright 2021, Springer Natur

6174 | Chem. Sci., 2022, 13, 6159–6180
a novel zinc-O2/zinc peroxide (ZnO2) chemical reaction to ach-
ieve a highly reversible redox reaction by replacing the alkaline
electrolyte with non-alkaline water-based electrolyte in
conventional ZAB conguration.121 The non-alkaline zinc
triuoro-methanesulfonate electrolyte (1 M mol kg�1 of
Zn(OTf)2) showed a high zinc utilization ratio (ZUR) of 83.1%
with high reversibility, while allowing stable operation in
ambient air by eliminating the side reactions. On the other
hand, the conventional alkaline electrolyte (6 mol kg�1 of KOH)
exhibited a low ZUR of 8.1% because of the zinc anode corro-
sion (Fig. 13a). Interestingly, the high ZUR of Zn(OTf)2 was
associated with the water-poor and zinc ion-rich inner Helm-
holtz layer (IHL) of the air cathode formed by the OTf� anions.
Then, the ZnO2 formation mechanism was identied by
analyzing the number of electrons participating in the reaction
and the XRD pattern. Notably, the pressure of oxygen was twice
as high as that of using Zn(OTf)2 electrolyte in the Zn–O2 battery
using the ZnSO4 electrolyte. This result meant that 1.97e�

electrons per O2 molecule moved (e�/O2) in the Zn(OTf)2 elec-
trolyte and 3.79e� electrons per O2 molecule in ZnSO4 electro-
lyte (3.79e�/O2) (Fig. 13c). Meanwhile, the discharge products
were analyzed using the XRD pattern and the SEM image of the
air electrode obtained aer discharge and recharge. The XRD
patterns corresponding to ZnO2 in the Zn(OTf)2 electrolyte and
zinc sulfate hydroxide [Zn4(OH)6SO4$0.5H2O (ZHS)] in the
ZnSO4 electrolyte were detected, respectively. Upon recharging,
the ZHS pattern was still present, but the ZnO2 pattern
) and Zn(OTf)2 (red). (b) XRD patterns and SEM images of air cathodes
. (c) Pressure change in the gas reservoir of Zn–O2 cells using Zn(OTf)2
here. (d) Schematic illustration of the reaction processes in the IHL and
nd ZnSO4 electrolytes, respectively. (e) Galvanostatic voltage profiles of
a current density of 0.4mA cm�2. (f) Long-term cycling performance of
ermission from ref. 116. Copyright 2021, American Association for the
es in 4 M Zn(OTf)2 (h) and 4 M Zn(OTf)2 + 0.5 M Me3EtOTf. (g and h)
e.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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disappeared completely, conrming the high electrochemical
reversibility of ZnO2 (Fig. 13b). The overall reaction of the ZAB
chemistry of Zn(OTf)2 was expressed as the reversible formation
and decomposition of ZnO2 (eqn (14)).

Zn + O2 4 ZnO2 (14)

The cell reaction of the ZnSO4 electrolyte shows the forma-
tion and decomposition of reversible ZHS (eqn (15)).

2ZnþO2 þ 2

3
ZnSO4 þ 7

3
H2O4

2

3
Zn4ðOHÞ6SO4$0:5H2O (15)

To understand the origin of the different mechanisms
observed in the two electrolytes, multiscale simulations was
employed, revealing that the difference originated from the
hydrophobicity by the strongly hydrophobic CF3 group of OTf�

(Fig. 13d). The dissimilarity of hydrophobicity led to a contrast
electrochemical double-layer structure on the air cathode
surface. It has been demonstrated with the interfacial accu-
mulation density behavior, where the hydrophobic OTf� anion
population formed an H2O-poor and Zn2+-rich IHL environ-
ment. Finally, a zinc–air cell fabricated with a zinc foil anode,
Vucan-72R catalyst and Zn(OTf)2 electrolyte, maintained 10 h
per cycle charge and discharge time and worked stably for
1600 h at a current density of 0.1 mA cm�2 (Fig. 13e). Further-
more, no signicant polarization change was observed for 50
cycles even at a current density that is 4 times faster (Fig. 13f).
Table 1 Summary of the electrocatalytic performances of recently repo

Catalyst
Current
collector

E1/2,
ORR (V vs.
RHE)

Ej ¼
10, OER (V vs.
RHE)

P
d
D

PtFeNC Nickel foam 0.895 — —
SA-PtCoF Nickel foam 0.88 1.538 0
Pt@CoS2-NrGO Nickel foam 0.85 1.465 0
Pd–Cu/C — 0.84 — —
Ru@Co3O4 Carbon cloth 0.77 1.61 0
NSP-Gra Carbon paper 0.82 1.76 0
BP-CN-c — 0.84 1.58 0
Co-NC-800 Nickel foam 0.93 — —
NPF-CNS Carbon paper 0.81 1.57 0
Fe3C@C–Fe SAS Carbon cloth 0.91 — —
FeCoNi–N-rGO Carbon cloth 0.836 1.67 0
Fe/Ni(1 : 3)-NG Carbon paper 0.842 1.71 0
CoDNG900 Carbon paper 0.864 1.614 0
FeNi@NCNT-CP Cotton pad 0.85 1.58 0
Cu@CuS NWs Copper foam 0.916 1.626 0
CuMo2ON@NG Nickel foam 0.875 1.565 0
Ni0.5Mo0.5OSe CFC 0.88 1.379 0
V-Co3O4 Carbon cloth 0.821 1.581 0
Ru-Co3O4-1.0 Carbon cloth 0.77 1.61 0
Ag/
Ag2O@MCOF(Co)

— 0.78 1.66 0

Fe/Co-
CNT@MXene-8

Nickel foam 0.86 1.59 0

FeNiCO@NC-P Carbon paper 0.84 1.54 0
CoP-NC@NFP — 0.831 1.55 0
Co–SAs/SNPs@NC Carbon paper 0.898 — —

© 2022 The Author(s). Published by the Royal Society of Chemistry
Inspired by the previous research results, Cao et al. added
a trimethylethyl ammonium triuoromethanesulfonate (Me3-
EtNOTf) salt to an aqueous Zn(OTf)2 electrolyte, which signi-
cantly inhibited the dendrite growth by the stable two-electron
reaction.122 This unique reaction mainly caused by the in situ
formed ZnF2-rich SEI enhanced the conductivity of Zn2+, while
suppressing the hydrogen evolution reaction. The TEM image
revealed that a ZnF2-rich interphase prevented the water
reduction, while allowing Zn2+ transport. Furthermore, the
inorganic ZnF2 was detected at �684.7 eV from the XPS spectra
of the zinc electrode recovered from the Me3EtNOTf-containing
electrolyte. To investigate the effects of composite interphase
consisting of ZnF2 formed via alkylammonium salt on
enhancing the zinc plating/stripping reversibility, the electro-
chemical stability window was measured using the non-active
titanium (Ti) electrode. In 0.5 M Me3EtNOTf salt + 4 M
Zn(OTf)2 electrolyte, both the onset potential for water reduc-
tion and the zinc plating potential were decreased by 201 and
97 mV, respectively, than in 4 M Zn(OTf)2 electrolyte. In addi-
tion, the hydrogen evolution current of 63 mA cm�2 generated at
0.4 V was removed. Finally, ZnkO2 cell with 4 M Zn(OTf)2 elec-
trolyte and Me3EtNOTf-containing electrolyte were fabricated,
and the cycling test was conducted at 50 mA g�1 under
a constant-capacity mode of 1000 mA h g�1 (the areal capacity of
the cathode was 0.7 mA h cm�2). Interestingly, the overpotential
of ZnkO2 cell (Fig. 13g) increased 1.5 times aer 30 cycles in the
4 M Zn(OTf)2 electrolyte (increasing from 0.8 to 1.2 V, and it
increased signicantly in the 32nd cycle). However, the
rted multifunctional electrocatalysts in ZABs

otential
ifference
E (V)

OCV
(V)

Power
density
(mW cm�2)

Cycle stablity @ j (mA
cm�2) Ref.

1.492 148 24 h @ 10 (PtFeNC–IrO2) 33
.658 1.31 125 240 h @ 10 34
.615 1.41 114 55 h @ 10 36

1.43 219 40 h @ 10 41
.84 — 101.2 65 h @ 10 47
.94 — 225 15 h @ 5 54
.74 1.47 168.3 300 h @ 10 61

1.44 109.5 33 h @ 5 62
.76 1.49 144 125 h @ 5 66

1.38 74.8 110 h @ 10 70
.834 1.43 152.5 200 h @ 5 75
.868 1.50 164.1 120 h @ 5 77
.75 1.45 205 667 h @ 10 80
.73 1.551 200 250 h @ 10 82
.71 1.38 130 30 h @ 10 85
.69 1.49 176.3 330 h @ 10 88
.499 1.51 166.7 300 h @ 10 89
.76 1.45 120.3 1368 h @ 5 92
.84 — 101.2 65 h @ 10 93
.88 1.37 170.8 70 h @ 10 96

.73 1.52 138 375 h @ 10 97

.7 1.36 112 130 h @ 10 98

.719 1.44 93 200 h @ 2 102
1.482 223.5 720 h @ 5 104
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Fig. 14 The requirement for the development of zinc–air batteries with respect to the mechanism, air cathode, and progress.
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overpotential of the ZnkO2 cell increased only 1.43 times in the
Me3EtNOTf-containing electrolyte (increasing from 0.7 to 1.0 V)
even aer 300 cycles (Fig. 13h).
5. Conclusion and outlook

In this review, we have shown the recent progress on bifunc-
tional electrocatalysts for air cathodes, which is summarized in
Table 1. This paper also reviewed the novel electrolyte system of
ZABs with respect to the materials and the electrolyte aspects.
The price competitiveness of the ZABs can be achieved by
employing the PGM-free metal catalysts. However, the metal–air
battery is a primary battery; thus, nding a suitable bifunctional
electrocatalysts for the air cathode is important to effectively
recharge the system. The requirements of the electrocatalysts
and ZAB system are summarized in Fig. 14.

In global urban environments, batteries with low cost as well
as improved volumetric and gravimetric energy densities are
required for applications in energy storage systems, mobile
devices, and exible devices. ZABs have excellent prospects
because of their advantages, such as high energy density, low
cost, and safety. However, for industrial applications, there are
several challenges that should be overcome. It is necessary to
develop air cathodes and electrocatalysts that can be used under
various conditions such as aqueous/non-aqueous, voltage, and
temperature. Thus, researchers should have an in-depth
understanding of the reactions of complex oxygen intermedi-
ates and bi-functional mechanisms. In addition, there are many
6176 | Chem. Sci., 2022, 13, 6159–6180
factors to consider, such as test environments, current density,
and temperature, to apply ZABs from lab-scale results to prac-
tical applications.

Recently, the bifunctional performance of OER and ORR has
become an essential element for the metal–air batteries. In
general, the reversibility of oxygen is easily reduced because of
the multi-step reactions between oxygen intermediates (*OO,
*OOH, *O, and *OH). Therefore, it is necessary to improve the
reversibility of oxygen with bifunctional electrocatalysts.
Regarding this issue, we intensively discussed the reaction
mechanism of the ZAB and its side reaction in alkaline elec-
trolytes, as well as the effect of multiple oxygen intermediates.
The PGM-based electrocatalysts are recognized as the best
catalysts due to their excellent catalytic activity but they are
limited by their low global storages and expensive cost. Metal-
free electrocatalysts also have the problem of easy oxidation
and structural decay. On the other hand, transition metals are
inexpensive and have excellent catalytic activity for OER; thus,
transition metals can be good alternatives for multi-functional
electrocatalysts.

The performance of the rechargeable ZABs is not only
dependent on the electrocatalysts but also strongly inuenced
by the interaction of the electrocatalysts with other components
of the ZABs, for example separators, zinc metal anodes, and
electrolytes. Commonly-used alkaline electrolytes can cause the
formation of insoluble zinc oxide precipitates because of the
formation of zincate ions and degradation of membranes. In
addition, the alkaline solution can easily decompose the
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc07212a


Review Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 4

/2
9/

20
26

 5
:0

3:
43

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
polymer binder of the air cathode, causing the loss of the active
material and generating large interfacial impedance, which
eventually increases the cell overpotential. Therefore, it is
necessary to nd alternative electrolytes to address the funda-
mental problem of using alkaline electrolytes. For instance, the
use of a solidied liquid electrolyte is a good strategy to improve
the electrolyte–electrode interface properties.

The cell structure optimization should be studied by
considering the weight and volume of the ZABs to achieve high
energy density. In addition, the oxygen circulation path in the
air cathode of the ZABs should be considered because oxygen,
the active material of the air cathode, is obtained from ambient
air. Thus, a smart design providing a smooth oxygen transport
path in a long cycle, high stability in various environments, and
even applications in exible devices is needed for the
commercialization of ZABs.

On the other hand, to reach the commercialization level of
rechargeable ZABs, there are still many challenges, such as the
development of high-performance bifunctional catalysts and
the improvement of the durability and oxidation resistance of
the carbon support. Intrinsically, the carbon material in the air
cathode possesses corrosion issues as the cycle continues,
which should be addressed for its high cycle stability and
catalytic property. The new electrolyte system has potential to
address side reactants in the concentrated alkaline electrolyte,
improving the battery efficiency and the cycle stability. Also, the
stable bifunctional electrocatalysts and electrolytes for wide
temperature operation in both aqueous and non-aqueous
environment should be taken into account for the commer-
cialization of ZABs. Finally, we believe that the ZAB technology
with its low cost and high energy density has great potential as
a next-generation energy storage device and an in-depth
understanding toward the current challenges of ZABs can
provide further insights into the development of better ZABs.
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