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ss on the construction of
synergistic electrocatalytic ORR/OER self-
supporting cathodes for zinc–air batteries

Qi Liu,a Lei Wang*b and Honggang Fu *ab

Zn–air batteries (ZABs) have developed rapidly as novel energy storage devices to replace metal-ion

batteries. However, the kinetics of the air-cathode is slow, and thus it is necessary to develop highly

efficient and stable bifunctional catalysts. Generally, self-supporting electrodes can avoid the use of

binder; moreover, the growth of the catalyst in situ on the substrate can improve the performance of

ZABs. In this review, we systematically summarize the application of non-precious metal-based self-

supporting electrodes in ZABs according to the recent research progress. Firstly, the basic structure and

principle of ZABs, including Zn anodes, air-cathodes and electrolytes, are proposed. Subsequently,

a reasonable electrode preparation method is discussed by combining the reaction mechanism of ZABs

during the charging and discharging processes. The reaction mechanism is further discussed by

combining operando techniques and theoretical calculations for a deep understanding of the real active

sites, which lays the foundation for the directional synthesis of highly efficient self-supporting electrodes.

Then, the application progress of self-supporting electrodes in ZABs is discussed, and it is proposed that

the construction of hybrid cells is an effective means to promote battery efficiency. Finally, the

challenges associated with ZABs and their future directions are presented and have a guiding

significance for the rapid development of related fields.
1. Introduction

To realize the proposal of “carbon peak, carbon neutral”, it is
necessary to develop clean and sustainable energy conversion/
storage devices.1,2 Accordingly, rechargeable batteries can
effectively meet the reversible conversion of electrical energy to
chemical energy, such as lithium-ion batteries, fuel cells and
metal–air batteries.3,4 Among them, Zn–air batteries (ZABs)
show relatively higher power density (z1084 W h kg−1), stable
discharge voltage, and produce water as a pollution-free
product, which is consistent with sustainable development
and environmental friendliness.5–7 The oxygen reduction reac-
tion (ORR) and oxygen evolution reaction (OER) are the dis-
charging and charging reactions of the air-cathode,
respectively.8–10 However, these two reactions involve multiple
electron transfer processes with slow reaction kinetics, and thus
it is necessary to develop efficient catalysts to accelerate their
kinetic processes.11–13 To date, although various electrocatalysts
have been reported for the ORR and OER, the development of
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efficient bifunctional electrocatalysts remains a challenging
task.14–16 The ORR and OER are a pair of reversible reactions, but
the active sites are different in multiple processes of both
reactions.17–19 It is critical to control the strength of O adsorp-
tion and the d-band center, and thus the internal charge–
discharge mechanism is crucial for the rapid development of
ZABs.20–22

The complex electrochemical reactions always occur on the
gas–liquid–solid three-phase interface, where the complex
electron transfer process increases the diffusion resistance of
electrons.23,24 The charge–discharge efficiency is oen lower
than 65%.25,26 Currently, powder catalysts are the main catalysts
being explored as bifunctional catalysts.27 However, there are
several drawbacks when ZABs are assembled with powder
catalysts: (i) a binder is required to attach the powder catalyst to
the conductive substrate for the air-cathode, which affects the
conductivity of the electrode.28 Simultaneously, this not only
makes the preparation process tedious but also reduces the
energy density of the battery because of the increase in the
overall weight of the electrode.29,30 (ii) The polymer binder will
undergo severe degradation when the electrode is exposed to
strong alkaline solution at a high oxidation potential for a long
time, leading to an unsatisfactory lifetime of the battery.31,32 (iii)
Moreover, the use of binder will reduce the effective active area
of the catalyst, thus blocking the mass transfer channel and
inhibiting the proton/electron transfer during the bifunctional
This journal is © The Royal Society of Chemistry 2023
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oxygen reaction.33,34 The increase in the electrochemical polar-
ization resistance, ohmic polarization resistance and diffusion
polarization resistance of the electrocatalytic process can
decrease the catalytic efficiency of the catalyst.35–37 In contrast,
in self-supporting electrodes, the catalyst is chemically grown
directly on the conductive substrate, and it is attached rmly,
which effectively increases the contact area and eliminates the
degradation of the catalyst during the long cycling of the
battery.38,39 Signicantly, the construction of self-supporting
electrodes can enhance the stability and lifetime of ZABs,
which can effectively solve the above-mentioned problems of
powder catalysts.40,41

In recent years, signicant research work has been devoted
to self-supporting electrodes due to their special advantages. In
this review, we elucidate the working principle and problems of
ZABs, followed by a detailed discussion on the construction of
self-supporting electrodes, such as wet chemical self-assembly,
electrochemical deposition, and electrospinning. Finally, the
charge–discharge reaction mechanism of ZABs is further clari-
ed by combining in situ technology and theoretical calculation.
This review will be benecial for further research on self-
supporting electrodes for ZABs.
2. Basic structure and principle of
ZABs

ZABs consist of four parts, including a Zn anode, air-cathode,
electrolyte and separator, assembled in the order of Zn anode-
separator–catalyst–foam metal-waterproof breathable
membrane.42 It should be noted that the size of the self-
supporting electrode should be smaller than that of the sepa-
rator to enable the electrode to fully function. Nickel foam is the
typical metal foam employed in self-supporting electrodes,
which has excellent conductivity and low reduction potential,
and also avoids zinc self-corrosion. The area of the waterproof
breathable lm should be larger than that of the partition,
which can effectively prevent the leakage of the electrolyte and
does not affect the entry of O2 molecules, thus improving the
stability of the ZAB.

Zn + 4OH− / Zn(OH)4
2− + 2e− (E = −1.25 V vs. SHE) (1)

Zn(OH)4
2− / ZnO + H2O + 2OH− (2)

O2 + 2H2O + 4e− / 4OH− (E = 0.4 V vs. SHE) (3)

2Zn + O2 / 2ZnO (E = 1.65 V vs. SHE) (4)

Zn akes or Zn wire are generally used as the anode of
ZABs.43,44 During the charging process, metal Zn is electro-
chemically coupled with the air-cathode, where the Zn anode
loses electrons to become zinc ions. The lost electrons are
transported to the air-cathode through the internal circulation
of the battery, thus reducing the diffused oxygen to hydroxide
ions at the gas–solid–liquid three-phase interface. The
hydroxide ions return to the Zn anode through the recycling
system in the battery, and further react with Zn2+ to form
This journal is © The Royal Society of Chemistry 2023
Zn(OH)4
2− (eqn (1)). The concentration of Zn(OH)4

2− increases
with the progress of the reaction. When its concentration rea-
ches a critical value, it will decompose into ZnO (eqn (2)). At the
air-cathode, a reversible oxygen reaction occurs (eqn (3)). The
overall reaction is shown as eqn (4) with the standard reaction
potential of 1.65 V. Actually, even if a catalyst with excellent
catalytic performance is used, the charging potential is about
1.2 V and the discharging potential is about 2.0 V at the current
density of 10 mA cm−2, and thus the efficiency is only around
60%.45,46 In addition to the electron resistance affecting the
overall efficiency during the reaction, the Zn anodes can also
hinder the discharge process during long periods of charging/
discharging processes.47 This problem is more pronounced in
the case of large current discharge and deep discharging.11 The
three main factors that affect the performance of Zn anodes are
Zn dendrites, Zn passivation and HER reaction.48,49 The gener-
ation of these three factors and the current solutions will be
described in detail below.
2.1 Zn anodes

2.1.1 Zn dendrites. The formation of dendrites is mainly
caused by the uneven deposition of Zn and the uneven
Zn(OH)4

2− concentration distribution on the surface of the Zn
anode. Under ideal conditions, Zn(OH)4

2− is evenly distributed
on the entire Zn anode surface. However, in the actual situation,
the Zn(OH)4

2− near the Zn anode surface migrates due to
natural convection caused by factors such as electroosmosis
pressure, which can result in its uneven distribution on the Zn
anode surface. In the next cycle, the Zn(OH)4

2− in the electrolyte
will be preferentially deposited on the convex surface of the Zn
anode due to the higher concentration of Zn(OH)4

2− there.
During the continuous charging and discharging cycles, the
dendrites will continue to grow and extend, eventually falling
off and become dead Zn, which may pierce the diaphragm and
cause the battery to short circuit.50–52

The issue of Zn dendrites can be effectively solved by the
lattice matching strategy. For example, Zheng et al. coated
graphene nanosheets on a Zn anode via an electrochemical
deposition method.53 Due to the high lattice matching between
Zn and the graphene nanosheets, Zn achieved regular stripping/
deposition in the form of epitaxial growth. The results showed
that the reversibility of Zn deposition/dissolution on the elec-
trode was 99.9%, and the cycle life of the electrode was 100
times that of the traditional Zn anode. In addition, other highly
conductive materials with high lattice matching with zinc can
also be investigated. Yi et al. developed a dendrite regulation
strategy based on crystal face matching, that is, Zn(002)/Cu(111)
crystal face matching was used to induce and regulate the
formation and growth of Zn dendrites, thus achieving reversible
galvanizing/Zn stripping at an ultra-high charge–discharge
rate.54 Theoretically, a single large dendrite will signicantly
affect the distribution of the surrounding electric eld, result-
ing in a high electric eld intensity at the dendrite tip and
uneven metal deposition (Fig. 1a–c). When the number of
dendrite formation sites and their distribution are sufficient
and the starting capacity of dendrite formation is the same, the
J. Mater. Chem. A, 2023, 11, 4400–4427 | 4401
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Fig. 1 (a) Potential field distribution around a large dendrite and many
small, homogeneously distributed, and identical dendrites. (b) Sche-
matic of typical dendrite formation modes. Three unfavorable modes:
(I) large and isolated dendrites, (II) irregularly distributed dendrites, (III)
dendrites with different sizes; and one favorable mode: (IV) small,
homogeneously distributed, and identical dendrites. (c) Interface
structures and interfacial energies of (top) Cu(100)/Zn(002), (middle)
Cu(110)/Zn(002), and (bottom) Cu(111)/Zn(002). Reproduced with
permission from ref. 54, Copyright (2022) Wiley. (d) Schematic illus-
tration of Zn plating on bare Zn and Zn–Sn alloy. Reproduced with
permission from ref. 63, Copyright (2022) Elsevier. (e) Schematic of
morphological changes of zinc electrode with Zn foil, ZnO nanorod
and ZnO@TiNxOy nanorod as anode during electrochemical cycling.
Reproduced with permission from ref. 71, Copyright (2018) Elsevier. (f)
Free energy diagram of the electrochemical steps of Zn dissolution on
In- and Bi-doped Zn surfaces. Reproduced with permission from ref.
75, Copyright (2018) Wiley.
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expected dendrite, which does not affect the surrounding elec-
tric eld, can be formed. The atomic arrangement of the
Cu(111) plane is similar to that of the Zn(002) plane and
epitaxial deposition on the Cu(111) surface can form uniform
and small-size Zn dendrites, thus eliminating the abnormal
growth of irregular dendrites and effectively inhibiting the “self-
amplication” growth effect. The assembled symmetrical cell
achieved a highly stable and rapid plating/stripping cycle of up
to 30 000 cycles at 100.0 mA cm−2 with an area capacity of up to
30 A h cm−2. The strategy of epitaxial deposition to induce and
regulate dendrite growth can also be applied to other metal
anodes, such as Mg and Al.55,56

The deposition rate of zinc in the electrolyte can be
controlled by adding organic additives.57–59 In the battery
charging process, the organic solvent in the electrolyte prefer-
entially accumulates in the protrusive part of the polar surface,
4402 | J. Mater. Chem. A, 2023, 11, 4400–4427
thus inhibiting dendrite growth. In the discharging process, the
aggregated organic molecules can prevent the diffusion of dis-
solved organic molecules in the electrolyte and slow the struc-
tural changes of the electrode. Huang et al. studied the
scavenging ability of ethylene-diamine-tetraacetic-acid (EDTA),
polysorbate 20 and tartaric acid for Zn dendrites.57 The three
types of organic reagents had a good inhibitory effect on the
formation of dendrites, among which EDTA showed the most
obvious inhibitory effect. Lin et al. also effectively inhibited the
self-corrosion process of the zinc anode by adding poly-
ethylenimine (PEI) to the alkaline electrolyte of the ZAB, and
consequently the battery had good cycle stability.60

Zn metal alloying can also solve dendrites to a certain extent.
Theoretically, metal ions with a higher reduction potential are
more likely to bind to Zn ions in the electrolyte and have more
rapid and uniform deposition/stripping behavior, thus inhib-
iting dendrite growth.61,62 Peng et al. designed a Zn–Sn alloy
anode, which facilitated the uniform deposition of zinc during
discharge (Fig. 1d).63 Theoretical calculations indicated that the
formation of alloys can regulate the electron density and charge
distribution to promote the reversibility of Zn stripping/
deposition non-dendrite formation. Zeng et al. developed a 3D
multifunctional material (Cu NBs@NCFs) composed of Cu
nanoboxes embedded in N-doped carbon nanobers, which
effectively reduced the nucleation overpotential of Zn. In the
process of Zn deposition, a Cu–Zn solid solution is formed, and
both Cu and Cu–Zn solid solution were zincophiles and had
strong interaction with Zn ions, which could reduce the nuclear
barrier of Zn and regulate the uniform deposition of Zn ions.64

Other metals such as Al, In and Ag can also form alloy structures
with Zn electrodes to alleviate dendrite growth.

2.1.2 Zn passivation. During the operation of ZABs, zinc
oxide is formed and becomes saturated and deposited on the Zn
surface in alkaline electrolyte, resulting in the passivation of the
zinc anode. This not only increases the internal resistance of the
battery, but also prevents the contact between the Zn anode and
the electrolyte, resulting in low capacity utilization of the Zn
anode under the condition of dilute alkaline solution and high
discharging rate. Therefore, considerable efforts are also
devoted to addressing the related issues.65,66

In this case, the addition of surfactants to the electrolyte can
alleviate the Zn passivation problem. The formation of ZnO
depends on the electrolyte to a large extent, and thus adjusting
the composition of the electrolyte can effectively improve the
dense passivation layer. The addition of a surfactant to the
electrolyte can prevent the deposition of ZnO on the surface of
active Zn and reduce the barrier of the passivation layer to the
diffusion of Zn ions generated by the discharge reaction to the
electrolyte.67 Yang et al. reported that the addition of sodium
dodecyl benzene sulfonate (SDBS) to the alkaline electrolyte
could effectively inhibit the passivation of the Zn anode during
the electrochemical dissolution process and improve the
discharge capacity of Zn.68 The additive adsorbed on the surface
of Zn to form a porous passivation lm, which promoted the
diffusion and migration of the discharged products and solu-
tion reactants, thus improving the utilization rate of the Zn
anode. Different types of surfactants will change the size of ZnO
This journal is © The Royal Society of Chemistry 2023
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nanoparticles according to their hydrophobicity. Liu et al.
added dodecyl trimethyl ammonium bromide (DTAB) to the
electrolyte.69 The absorbability and good moisture retention of
DTAB are conducive to forming a uniform and uffy protective
layer on the surface of the Zn anode. Thus, the modication
effectively improved the diffusion rate of Zn ions, preventing the
passivation of the Zn anode.

Chemical coating of the Zn anode is also an effective strategy
to prevent passivation. To improve the reversibility of the elec-
trochemical conversion process between Zn and ZnO, Sun et al.
proposed the coating of the Zn anode with a chemical buffer
layer to evenly disperse ZnO nanorods in GO (CBL@Zn).70 Due
to the synergistic effect of the nuclear ZnO nanorods and GO
adsorption affinity, the electrochemical deposition/dissolution
process of ZnO could be effectively regulated. Zn (OH)4

2− was
effectively conned in the chemical buffer layer, thus effectively
eliminating zinc passivation. Zhang et al. reported the prepa-
ration of a ZnO@TiNxOy core/shell nanorod structure.71 As
shown in Fig. 1e, the TiNxOy coating reduced the dissolution of
Zn in the alkaline electrolyte, effectively delaying the passiv-
ation of ZnO. Finally, the ZnO@TiNxOy nanorod anode dis-
played excellent specic capacity and cyclic lifetime.
Additionally, the passivation phenomenon can be alleviated by
using Zn anode materials with a large specic surface area.
Parker et al. used a Zn sponge as a ZAB anode.72 The porous
structure with large specic surface area could accelerate the
rapid transfer of zinc electrons, reduce the formation of passive
ZnO, and make the utilization rate of zinc anode close to 90%.
Thus, the addition of surfactants, chemical coating and using
Zn anode with a large specic surface area are the most effective
strategies to inhibit Zn passivation.

2.1.3 HER reaction. The hydrogen evolution reaction (HER)
of the Zn anode is not pronounced compared with Zn dendrite
formation and Zn passivation. However, it is also an important
factor leading to the low coulomb efficiency and corrosion of
the Zn anode, which should not be ignored. These three factors
interact with each other, where a large number of active
substances is dissolved in a high content of KOH solution,
resulting in zincate supersaturation and electrode deformation.
This undoubtedly causes the passivation and dendrite forma-
tion of the Zn anode. Simultaneously, HER corrosion of the zinc
anode will also cause the deformation and passivation of the
electrode, and nally promote the formation of zinc dendrites
and the attenuation of the electrode capacity.

The hydrogen evolution reaction (HER) of the Zn anode is
the main factor leading to the self-discharge behavior of the
battery. In alkaline electrolyte, the hydrogen evolution reaction
(HER) occurs as a side reaction when Zn is deposited (eqn (5)).
This reduces the capacity of the battery by consuming active Zn,
while the Zn(OH)2 produced increases the internal resistance of
the battery. In addition, the H2 produced will cause the battery
to expand, seriously affecting its lifetime and performance.73

Zn + 2H2O / Zn(OH)2 + H2 (5)

At present, there are several methods to avoid the HER side
reaction in ZABs. Zn and other metal alloys as electrode
This journal is © The Royal Society of Chemistry 2023
materials can signicantly inhibit the HER of the Zn anode,
resulting in faster and more uniform deposition/stripping
behavior.74 Lysgaard et al. combined differential electro-
chemical mass spectrometry (DEM) and density functional
theory (DFT) calculations to investigate the effects of In, Bi and
Ag metal additives on Zn dissolution and HER reaction. It was
found that co-doping of In and Bi signicantly reduced the
HER, where In could reduce the overpotential dissolution of Zn
and Bi mainly stabilized In on the surface of Zn (Fig. 1f).
Although Ag inhibited the adsorption of OH−, it did not hinder
the HER.75 Chemical coatings of metal oxides and polymers can
also inhibit the occurrence of the HER side reactions. Won-
grujipairoj et al. directly coated Al2O3 on zinc nanoparticles via
the sol–gel method, effectively alleviating the redox of Zn
nanoparticles and inhibiting the occurrence of the HER.76 Jo
et al. coated a Zn anode with polyaniline (PANI) to improve the
corrosion inhibition and capacity retention of the zinc metal.77

Deyab et al. further added nano-zinc phthalocyanine (ZnPc) to
the PANI coating to form a nano-PANI@ZnPc composite. This
material has a higher Zn release rate (97.7%) than PANI alone
(74.8%), resulting in a much higher capacity for ZABs.78

Although methods to solve the problems associated with
zinc anodes have been reported to date, there is still a lack of
methods to solve all these problems simultaneously. Also, there
is no failure mechanism for standardized batteries and a lack of
unied evaluation on the electrochemical performance of ZABs
from the perspective of commercialization. Thus, it is still
necessary to nd solutions to these problems at the zinc anode
level.

2.2 Air-cathodes

2.2.1 ORR and OER. The air-cathode of ZABs is composed
of a catalyst layer, current collector layer and gas diffusion layer
(GDL), which are responsible for OER catalysis during charging
and ORR catalysis during discharging.79 Firstly, the ORR and
OER mechanisms are elaborated in detail. The ORR can be
divided into four-electron and two-electron processes.

Four-electron reaction process:

* + O2 + H2O + e− / *OOH + OH−

*OOH + e− / *O + OH−

*O + H2O + e− / *OH + OH−

*OH + e− / * + OH−

Two-electron reaction process:

* + O2 + H2O + e− / *OOH + OH−

*OOH + H2O + e− / H2O2 + OH− + *

Four-electron catalytic reactions are mainly divided into
three steps, i.e., reaction species adsorption, redox reactions
(including charge transfer, proton transfer, bond cleavage and
J. Mater. Chem. A, 2023, 11, 4400–4427 | 4403
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formation), and desorption process.80 Initially, oxygen is
adsorbed on the surface of the catalyst through the gas diffu-
sion layer to produce oxygen-active substances, and then
reduced to OOH by combining with the transferred electrons
from the anode. Finally, the reduction product OH− is desorbed
from the catalyst surface. Generally, it is believed that the
stronger O2 adsorption capacity of the catalyst will result in
better ORR activity. In fact, the intermediate desorption process
aer O2 adsorption also plays an important role towards ORR
activity. The four-electron ORR reaction occurs between O2 and
OH, which can be used as a standard to evaluate the ORR
activity of catalysts.81

In contrast, the two-electron ORR process produces H2O2,
which is widely used in industrial H2O2 production. As shown in
Fig. 2a and b, the best single-metal catalysts for the ORR and
OER are precious metal-based Pt and IrO2, respectively.80

However, their high cost and unsatisfactory stability hinder the
large-scale production of ZABs.82 Nørskov analyzed the rela-
tionship between the oxygen binding energy and the theoretical
Fig. 2 (a) ORR volcano plot for metals. (b) OER volcano plot for metal
oxides. Reproduced with permission from ref. 80, Copyright (2019)
Wiley. (c) Schematic illustrations of conventional and asymmetric air
cathodes, which possess 2D and 3D multiphase reactive interfaces,
respectively. The asymmetric air cathode exhibits an increased amount
of active sites, accelerated mass transfer, and dynamically stabilized
reactive interface. Reproducedwith permission from ref. 94, Copyright
(2020) Wiley. (d) Oxygen redox reactions undergo multiphase trans-
formation processes between the aqueous electrolyte and the
ambient atmosphere. (e) Asymmetric interface is preconstructed by
introducing immiscible organic–aqueous diphases in the air cathode,
at which the electrocatalysts are in situ formed to realize precise
electrocatalyst loading at the asymmetric interface. Reproduced with
permission from ref. 95, Copyright (2022) Wiley.

4404 | J. Mater. Chem. A, 2023, 11, 4400–4427
activity of the four-electron transfer processes towards the ORR
and OER. It can be found that the oxygen binding energy at the
peak activity of the ORR and OER is not the same, which makes
it impossible for single-metal catalysts to achieve the optimal
activity for the ORR and OER simultaneously.83

The OER is the inverse reaction of the ORR, which also has
a signicant impact on the performance of ZABs. The reaction
process equation of the OER is as follows:

OH− + * / OH + e−

OH + OH− / O + e− + H2O

2O2 / O2 + 2*

There is almost no intersection for OER and ORR catalysts
according to the volcano diagram, which is the fundamental
reason why ORR catalysts with excellent activity are usually not
suitable for the OER. Specically, catalysts with a good ORR
performance have strong O2 binding energy and relatively weak
binding with OH and O.84 However, this is detrimental to the
OER process because it is difficult for the reactants to adsorb on
the electrode surface, while it is difficult for O2 to be released.
Therefore, by adjusting the composition of the catalyst and its
surface electronic structure to balance the electrocatalytic
activity between the ORR and OER, the design and synthesis of
bifunctional catalysts can be realized.85

The development of bifunctional ORR/OER catalysts is the
most important aspect to improve the performance of ZABs at
the air-cathode level.86 At present, the development of powder
catalysts is relatively mature, but the required use of conductive
agent and binder for assembling ZABs will lead to a series of
problems, such increased resistance, easy detachment of the
catalyst and occupation of the active sites.87 Therefore, self-
supporting electrodes with simple preparation process and
excellent catalytic performance have great potential for direct
application in the air-cathode of ZABs. Simultaneously, it is very
important to build efficient and stable non-precious metal
catalysts.88 In Section 3, the strategy for the construction of non-
precious metal-based self-supporting electrodes will be
described in detail.

2.2.2 ORR/OER synergistic matching principle for air-
cathodes. Due to the different requirements for the active sites
in the ORR and OER, it is difficult for catalysts with single active
sites to exhibit bifunctional activity. Generally, the metal–N
bond and metal–O bonds are associated with the ORR and OER
active sites, respectively.89,124 Also, the metal foam conductive
substrate possesses metal active sites, which can synergistically
catalyze the ORR/OER by introducing another metal species.
Meanwhile, self-supporting electrodes have a high active
specic surface area, which can generate sufficient active sites
for accelerating the adsorption and desorption processes of
surface oxygen molecules. It can expand the contact area
between the electrolyte and catalyst and effectively improve the
insertion/extraction reaction kinetics of active species.
However, the organic binder used for powder catalysts will
This journal is © The Royal Society of Chemistry 2023
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submerge some active reaction sites, thus inhibiting ion/
electron diffusion, increasing the resistance, and reducing the
electrochemical reaction rate.90

The ORR/OER bifunctional activity of catalysts is determined
by the specic position of their metal component in the volcano
diagram. It is necessary to select metals with high intrinsic
activity as the starting point for the synthesis of catalysts. The
relationship between the adsorption energy of oxygen-
containing intermediates and the electronic structure of cata-
lysts requires that the adsorption energy of the catalyst inter-
mediates not be too large, which is conducive to the rapid ORR/
OER when organic conductors and binders are used during the
assembly of ZABs. However, the use of conductive agents and
binders can ood the active sites of the catalysts, and thus
reduce their ORR/OER activity and long-term cycle stability.
Alternatively, a sufficiently large active surface area can signif-
icantly improve the electron reaction rate and ORR/OER activity.

Self-supporting electrodes possess a special 3D structure,
which is benecial for the adsorption/desorption of reactants
on the active sites. A conductive self-supporting substrate can
promote the electron transfer. The reaction rate directly affects
the electrochemical reaction performance of the battery. In this
case, the 3D structure and high conductivity of self-supporting
electrodes are conducive to electron transfer and can improve
the intrinsic activity and reaction rate of the ORR/OER.91

Heterogeneous catalytic reactions mainly occur on the surface/
interface of the catalyst, and thus a well-designed and stable
surface/interface can greatly promote the adsorption/activation
of active species on the catalyst surface. Stability has an
important inuence on the catalytic performance for the ORR/
OER. Generally, self-supporting electrodes are constructed via
in situ growth on the conductive substrate and the catalyst is
stably grown on the conductive substrate. Even in highly
oxidized alkaline system, the electrochemical reaction can still
occur stably without causing the shedding of the active
species.92

In conventional air-cathodes, the 2Dmultiphase interface on
the surface of the GDL inevitably leads to an insufficient
number of active centers and poor interfacial contact, resulting
in slow reaction kinetics.93 Thus, to solve this problem, Yu et al.
designed an asymmetric air-cathode of NiFe layered double
hydroxide to increase the active centers, accelerate mass
transfer, and generate a dynamically stable reaction interface
(Fig. 2c). It showed a small charge–discharge voltage gap, high
power density, and stable cycling performance. The 3D reaction
interface can signicantly increase the number of active sites
and accelerate the mass transfer due to its extended and
interconnected interface structure.94 Recently, Liu et al.
proposed an asymmetric interfacial pre-construction strategy to
fabricate air-cathodes for high-performance ZABs (Fig. 2d and
e). An asymmetric hydrophilic/hydrophobic conguration was
achieved by constructing an immiscible organic–water asym-
metric interface in the air-cathode and in situ generating the
electrocatalyst. The asymmetric air-cathode signicantly
improved the utilization rate of the catalyst, and thus improved
the performance of the ZAB.95 The integrated air-cathode can
guarantee the maximum available active sites, fast electron and
This journal is © The Royal Society of Chemistry 2023
mass transport, and good long-term operation stability. Wang
et al. constructed an integrated air-cathode using an in situ-
grown Co3O4 nanosheet catalyst layer and GDL. By adjusting the
pore size and the aperture of the GDL through efficient oxygen
transfer channels and more three-phase interfaces, the bifunc-
tional OER/ORR activity was signicantly improved, opening
a new way for the design of efficient integrated air electrodes for
ZABs.96

2.3 Electrolytes

2.3.1 Non-alkaline electrolyte of liquid ZAB. ZABs can
divided into liquid and solid batteries. KOH is the common
electrolyte for liquid ZABs with alkaline electrolyte, which is
associated with the following problems: (i) Zn will react with
hydroxide ions (OH−) on the electrode surface to form insu-
lating ZnO, which reduces the utilization rate of the Zn anode,
resulting in the actual energy density of the ZAB being much
lower than the theoretical value. (ii) Because the negative
reduction potential of Zn is higher than that of H2, the ther-
modynamic instability of Zn in alkaline solution leads to the
HER on the surface of the Zn anode, thus seriously reducing the
battery performance. (iii) In alkaline ZABs, the four-electron
reaction path of ORR involving H2O mainly occurs in the dis-
charging process of the air-cathode, that is, H2O reacts with O2

to form OH−. The reaction kinetics is slow, and thus a high-
activity and stable bifunctional catalyst is needed to accelerate
the reaction. (iv) ZABs are a semi-open system, where the CO2 in
the air will react with the KOH electrolyte to form K2CO3 (eqn
(6)), making the charging–discharging reaction irreversible, and
thus affecting the lifetime and performance of the battery.97,98

2KOH + CO2 / K2CO3 + H2O (6)

To solve the problem associated with alkaline electrolyte,
Sun et al. proposed the use of a new non-alkaline hydrophobic
zinc triuoromesylate (Zn(OTf)2) electrolyte in ZABs.99 The effi-
cient aprotic two-electron transfer process was realized by
constructing a double-layer Zn-ion enrichment structure on the
surface of the air-cathode. Compared with the traditional
alkaline ZAB, the utilization of the Zn anode in the non-alkaline
ZAB using Zn(OTf)2 electrolyte increased from 8.1% to 83.1%
and the electrochemical stability was signicantly improved
(Fig. 3a). Non-alkaline ZABs exhibit consistent long-term
stability in both air and pure O2 conditions (Fig. 3b). Sun
et al. assembled a battery with good zinc dissolution/deposition
negative electrode reversibility by employing weakly acidic zinc
acetate (Zn(CH3CO2)2) aqueous solution as the electrolyte. The
discharged product zinc glycolate dihydrate (Zn5(OH)8(CH3-
CO2)2$2H2O) had a high degree of reversible formation/
solubility, and the constructed non-alkaline ZAB could run
stably in air for nearly 600 h (Fig. 3c and d).100 Thus, it can be
seen that the exploitation of non-alkaline electrolytes is an
effective strategy to solve the problems faced by ZABs.

2.3.2 Alkaline hydrogel electrolyte. Solid electrolytes play
a decisive role in the cycle life of solid-state ZABs. At present,
most attention is paid to alkaline gel polymer electrolytes
(GPEs).101 GPEs contain abundant hydrophilic groups (such as
J. Mater. Chem. A, 2023, 11, 4400–4427 | 4405
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Fig. 3 (a) Galvanostatic discharge profiles of ZABs in KOH (blue) and
Zn(OTf)2 (red) electrolyte at 0.2 mA cm−2 (cutoff voltage: 0.6 V). The
corresponding Zn utilization ratio (ZUR) was indexed for comparison.
Insets are photographs of the pristine Zn anode (middle), the Zn anode
after discharge in KOH (left), and Zn(OTf)2 (right) electrolytes. (b)
Galvanostatic discharge and charge profiles of ZABs in Zn(OTf)2
electrolytes in a capacity fixed mode (fixed capacity: 2 mA h cm−2) at
0.4 mA cm−2 under an air and O2 atmosphere, respectively. Repro-
duced with permission from ref. 99, Copyright (2021) Science. Over-
view of electrically rechargeable ZABs using (c) alkaline KOH and (d)
non-alkaline Zn(OAC)2 electrolytes, respectively. ZHA, zinc hydrox-
yacetate dihydrate (Zn5(OH)8(CH3CO2)2$2H2O). Reproduced with
permission from ref. 100, Copyright (2022) Wiley. (e) Zn2+ solvation
structure and formed H-bond between DMSO and H2O molecules.
The gray circles correspond to the solvation sheath structure of Zn2+.
(f) Eb of W-W, PAM-W, and A-PAM-W. Reproduced with permission
from ref. 106, Copyright (2022) Springer Nature. (g) Schematic
depiction of the mechanism of PAA-Fe3+-CS hydrogel entry into
tough bonding to both the surfaces of air cathode and ZMA under the
action of the Hofmeister effect. Reproduced with permission from ref.
107, Copyright (2022) Wiley.
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–OH, –COOH, –SO3 and –NH2).102 The most commonly used
polymers are polyvinyl alcohol, polyacrylic acid and poly-
acrylamide, but their water retention ability is not ideal, and
the battery performance drops sharply aer several dozen
hours of operation.103,104 Simultaneously, a too high or too low
temperature will cause the loss of complex activity. At present,
GPEs mainly face the following problems: (i) the freezing point
4406 | J. Mater. Chem. A, 2023, 11, 4400–4427
of GPEs is low, and when the temperature is reduced, the ion
conductivity will seriously decrease, leading to an increase in
the battery operating internal resistance, and thus the battery
performance sharply decreases. (ii) Due to the poor water
retention of GPEs, the charging voltage will increase and the
discharge voltage will decrease during long cycling, which will
seriously affect the battery performance. When water
encounters low temperature, it will exothermically solidify,
making the distance between molecules change and the
density become lower. The water molecules form crystals in an
orderly arrangement through hydrogen bonding and inter-
molecular forces.105 Therefore, electrolytes with low tempera-
ture resistance and water retention are essential for solid-state
ZABs.

Based on the above analysis, some strategies need to be used
to improve the low-temperature resistance and water retention
of GPEs. Accordingly, the addition of organic reagents with
a large number of hydrogen bond receptors to the electrolyte is
considered to be one of the effective strategies. These additives
have a high binding energy and can form hydrogen bonds with
free water molecules, thus effectively reducing the freezing
point of water. Simultaneously, the addition of organic reagents
also promotes the rapid stripping and deposition of Zn2+ and
reduces the formation of zinc dendrites. Recently, Wang et al.
proposed a quasi-solid ZAB assembled from a polyacrylamide
organic hydrogel electrolyte (A-PAM-W) with dimethyl sulfoxide
modied in a hydrogen bond network anchored by atomically
dispersed cobalt sites to nitrogen-doped graphene as an air-
cathode. The battery could be stably cycled for 100 h at a high
current of 100 mA cm−2. Even at the ultra-low temperature of
−60 °C, and more than 90% of the capacity was maintained for
more than 300 h at the charging–discharging current density of
0.5 mA cm−2. This GPE has a wide-range temperature adapt-
ability (−60 to 60 °C). In principle, dimethyl sulfoxide has
abundant hydrogen bond receptors and can form stable
hydrogen bonds with free water molecules, thus effectively
reducing the freezing point of water molecules. It can maintain
certain conductivity of GPEs even at −60 °C (Fig. 3e). Simulta-
neously, the binding energy between A-PAM-W and water
molecules is higher than that between PAM-W, which makes A-
PAM-W have higher water retention. GPEs can still work stably
without being destroyed by water evaporation for long-term
cycles, (Fig. 3f).106 In addition to dimethyl sulfoxide, ethylene
glycol, glycerol and other organic reagents can be used as
additives to improve the water retention and reduce the freezing
point of the electrolyte.

The construction of double hydrophilic network hydrogel
electrolytes is another effective strategy. Compared with single
network hydrogels, double network hydrogel electrolytes are
composed of two interlaced cross-linked networks, which have
a more hydrophilic backbone and can enhance the interaction
between water molecules, thus effectively increasing the water
retention of GPEs. Simultaneously, the interspersed skeleton
structure can improve the polarity of terminal groups and
increase the water binding capacity of GPEs, reducing the
freezing point. Tang et al. synthesized polyacrylic acid-Fe3+-
chitosan (PAA-Fe3+-CS) double-mesh hydrogels to enhance the
This journal is © The Royal Society of Chemistry 2023
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chemical/mechanical durability of the electrode/electrolyte
interface.107 When NH4Cl is absorbed by the Hofmeister
effect near the neutral electrolyte, the chitosan molecular
bundle introduced in the PAA-Fe3+-CS/NH4Cl hydrogel skel-
eton will precipitate and fold, effectively enhancing the
adhesion strength of the PAA-Fe3+-CS/NH4Cl hydrogel elec-
trolyte to the surface of the air positive electrode and zinc
anode. This allows for efficient mechanical binding and
effective reduction of the interface charge transfer resistance
(Fig. 3g). The assembled exible solid ZAB had good resistance
to repeated mechanical deformation during the charging and
discharging processes.

Recently, Gu et al. constructed a small molecule-based
supramolecular polymer dual network (SP-DN) by introducing
the non-covalently self-assembled guanosine supramolecular
network in the covalently cross-linked polymer network. It was
successfully applied in ZABs with high elasticity, waterproof
property and wide temperature range. The assembled ZABs
exhibited 1000% device-level elongation and excellent water
resistance, capable of normal and stable operation at −50 °C to
100 °C. This study provides a new idea for the design of
hydrogel electrolytes for high tensile and environmentally
adaptable energy supply devices.108 Solid electrolytes play an
important role in the practical application of solid ZABs.
However, improving the water retention performance of the
polymer is still a challenging topic.

In the mechanism of organic additives controlling the Zn
deposition rate in ZABs, organic reagents preferentially gather
on the surface of the zinc anode, limiting the two-dimensional
diffusion of Zn2+ on the electrode surface, effectively preventing
a large amount of Zn2+ from gathering on a certain position on
the electrode surface, and thus controlling the zinc deposition
rate and inhibiting the formation of large dendrites. In this
case, organic reagents such as tartaric acid and citric acid are
generally used. In the mechanism of surfactant alleviating the
issue of zinc passivation, the adsorption of surfactant molecules
on the zinc anode can prevent the contact between water and
the anode, thus effectively limiting the formation of passivated
ZnO. Generally, surfactants are classed as cationic surfactants,
anionic surfactants and non-ionic surfactants. It is a require-
ment that the organic additives do not react during the charging
and discharging processes of the ZAB, while the reaction
substances are basic groups. Organic additives in the solution
act as insulators and impurities, which can increase the
impedance and impair the performance of the battery. There-
fore, organic reagents only play a role in dendrite inhibition and
passivation with any reaction.
2.4 Separator

As an essential component of ZABs, the separator plays an
important role in their performance. The separator can
prevent the short circuit of the battery and reasonably adjust
the concentration of cations, reduce the uneven deposition of
Zn, selectively permeate ions, and stabilize the battery
performance. Suitable separators for ZABs must have the
following characteristics: (i) Insulation: the separator must be
This journal is © The Royal Society of Chemistry 2023
insulating to isolate the anode and cathode to prevent short
circuit of the battery. (ii) Stability: the electrolyte of ZABs is
a strong alkaline solution, and thus the separator must have
sufficient alkali resistance to ensure the stability of the battery.
(iii) Toughness: the separator must have certain toughness to
avoid short circuit caused by Zn dendrite puncture. (iv)
Selective permeability: it is necessary to ensure the perme-
ability of OH− and inhibit the passage of Zn(OH)4

2− through
a selective separator.109,110

Hydrogel polymer electrolytes are suitable for solid ZABs.
With a certain tensile strain capacity, they provide the exibility
required in solid-state batteries, paving the way for the practical
application of zinc air batteries. The polymers need to contain
abundant hydrophilic groups (−OH, –COOH, –SO3 and –NH2) to
effectively absorb lye and endows solid zinc–air batteries with
long cycle capacity. The polymer maintains the unique charac-
teristics of the diaphragm, namely, ionic permeability and ex-
ibility, avoiding short circuit of the battery. Themost widely used
ZAB separators are polyolen-based microporous membranes. A
series of typical commercial battery separators is produced by
Celgard (Polypore) in the United States, such as Celgard 5550,
Celgard 3501, Celgard 3401, which are suitable for use in ZABs.
At present, much effort has been also devoted to studying the
effect of changing the separator on the performance of ZABs. Lee
et al. used electrospinning to prepare a nanober felt composite
separator with enhanced penetrative-selectivity (ERC separator).
This separator was prepared by impregnating polyvinyl alcohol
(PVA) in electrospun polyetherimide (PEI) nanober felt. The PEI
nanober felt as a exible frame could enhance the stability and
mechanical strength of the separator. The results showed that
the PVA substrate provided ion selectivity aer being expanded
by the electrolyte solution, and signicantly inhibited the
permeability of Zn(OH)4

2− without damaging the permeability of
OH−, thus effectively improving the cycling performance of
ZABs.111 Kim et al. prepared a novel (PVA/PVP) polymer electro-
lyte separator by electrospinning. The polymer phase acted as
a selective ion transport channel, which facilitated the perfor-
mance of electrochemical rechargeable ZABs. This new dia-
phragm was much more stable than the Celgard 3501 separator.
The development direction of separators is to improve the ion
selectivity, increase the permeability of OH− to reduce the
permeability of Zn(OH)4

2−, and improve its toughness to
promote the long-term cyclic stability of ZABs.112

Although the current development of ZABs is rapid, there are
still some problems to be solved. Among them, Zn dendrites, Zn
passivation and the HER on the Zn anode, and the exploration of
bifunctional non-precious metal-based electrocatalysts for air-
cathodes are the most important factors affecting the perfor-
mance of ZABs. In the following section, we focus on the
construction of non-noblemetal-based self-supporting electrodes.
3. Construction strategies of self-
supporting electrodes

In self-supported electrodes, the catalyst is grown directly on
a conductive substrate, such as carbon cloth, carbon paper,
J. Mater. Chem. A, 2023, 11, 4400–4427 | 4407
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foam metal and other materials, which can be directly used as
a working electrode without using additional polymer binder
and conductive agent.
3.1 Wet chemical self-assembly method

The metal nitrogen bond is crucial for the bifunctional ORR/
OER reaction, which has been proven to be the active center
of the ORR.113 In this case, there are many methods to
introduce N in self-supporting electrodes, such as calcination in
NH3 atmosphere, carbonization aer encapsulation with
conductive polymer, and construction of metal–organic skel-
eton structure.114

In a self-supporting electrode, the simplest approach is to
take advantage of the unique coordination between a metal and
organic solution by introducing N-containing ligands to form
MOF (metal organic framework) structures by wet chemistry.
MOFs can evolve into different types of catalysts via different
treatment methods, such as metal nitride, phosphate,
monatomic and monatomic clusters. ZIF-67 is a type of MOF
with the coordination of Co metal, which is conducive to rapid
Fig. 4 (a) Schematic illustration of the construction of a porous 3D nicke
ultrafine cobalt phosphide nanoparticles. (b) SEM images (inset: thicknes
(2020) Wiley. (c) Schematic illustration of the formation process of ZIF-L-
Co3O4/CC. Reproduced with permission from ref. 116, Copyright (2019)
NC. (f) SEM, TEM and atomic-resolution TEM images of CNT@SAC-Co/N
with permission from ref. 117, Copyright (2021) Wiley. (h) HAADF-STE
atomically scaled HAADF-STEM image of FeNC-S-FexC/Fe catalyst. Rep

4408 | J. Mater. Chem. A, 2023, 11, 4400–4427
charge transfer. Hou et al. synthesized two-dimensional Co-
MOF (Co-MNS) nanosheets containing an N-group on the
treated nickel foam. Aer heat treatment, the limited domain
structure of the CoP nanoparticles anchored on carbon nano-
sheets, denoted as CoPx@CNS, exhibited three functional
catalytic activities of OER, HER and ORR (Fig. 4a and b). The
assembled ZAB could be stably cycled for 130 h under the
charge discharge current density of 5 mA cm−2.115 Co metal salt
solutions can form ZIF with different types of 2-methyl-
imidazole solutions. For instance, ZIF-67 derived from meth-
anol solution usually has a dodecahedral structure, whereas
ZIF-67 derived from aqueous solution and ethanol solution
usually displays a dendritic morphology. Zhong et al. innova-
tively constructed MOF on MOF structures by utilizing the
different growth orientations of Co ZIF in 2-methylimidazole
solution in water and methanol (Fig. 4c and d), resulting in
hybrid 2D and 3D array structures. This layered structural
design ensures that the air-cathode has a higher catalyst
loading and improves the reaction kinetics. The liquid ZAB
assembled with ZIF-D-Co3O4 as an independent cathode
l foam-templated superstructure of carbon nanosheets decorated with
s of CoPx@CNS). Reproduced with permission from ref. 115, Copyright
D-Co3O4/CC. (d) SEM images of ZIF-L/CC, ZIF-L-D/CC, and ZIF-L-D-
Wiley. (e) Schematic showing the synthetic process of CNT@SAC-Co/
CP. (g) Synthesis scheme of the FeNC-S-FexC/Fe catalyst. Reproduced
M image, EDS elemental mappings with a scale bar of 100 nm and
roduced with permission from ref. 120, Copyright (2018) Wiley.

This journal is © The Royal Society of Chemistry 2023
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exhibited a high open circuit voltage of 1.66 V and could be
stably cycled for 384 h at a charge discharge voltage interval of
0.83 V and charge discharge current density of 5 mA cm−2.
However, it is difficult to regulate single-component catalysts
show bifunctional ORR/OER activity.116

Carbon-anchored single transition metal atoms have been
shown to be the most efficient ORR active sites and transition
metal species have excellent OER activity. Recently, Li et al.
prepared a carbon-anchored metal SA and metal nanoparticle
composite, namely “biphasic carbon” building strategy. Co SAs
loaded on carbon nanotubes (single-atom phase) and encap-
sulated in a ZIF-derived carbon polyhedron (nanophase) were
linked by carbon nanotube bridges. Due to the presence of Co in
the ZIF during the synthetic process, a small part of it from the
self-assembly process is adsorbed into the CNT@PPy system,
and then calcined into SAs. The atomic-resolution TEM images
showed the coexistence of SAs and nanoparticles (Fig. 4e and f).
It was found through electrochemical performance tests that
CNT@SAC-Co/NCP has excellent ORR/OER bifunction activity.
The most impressive thing about the ZAB assembled is that its
initial charge discharge efficiency was 71.88%, which remained
at 67.77% even aer 100 cycles, which proves that this catalyst
has excellent stability. Although MOF structures have made
great progress in electrocatalysis, there are still great challenges
to achieve the controlled growth of MOF-based materials on
exible substrates such as carbon cloth (CC) and to apply them
in exible/wearable energy devices.117 Li et al. designed a self-
assembly strategy based on MOFs, which assembled pre-
synthesized colloidal MOF particles on the substrate surface
through electrostatic self-assembly. The biggest advantage of
this technique is that the MOF was prefabricated as required,
and then self-assembled on the substrate surface.118

When bimetals form MOFs with a ligand, if one of the
metals is volatile at high temperatures, the other metal can
form an M-N-C catalyst. Wang et al. used Co and Zn coordi-
nated with 2-methylimidazole to form a ZIF, which was pyro-
lyzed to produce Co–N with ultrahigh catalytic activity for both
the ORR and OER. The solid-state ZAB assembled with Co–N-
CNT as the catalyst and PVA/PEO as GPEs exhibited an open
circuit voltage of 1.365 V, could be stably cycled for more than
15 h and used as a exible device to drive small bulbs to emit
light.119 Qiao et al. vulcanized heterogeneous FexC and Fe
subatomic clusters to form Fe–S bonds, greatly increasing the
availability of Fe atoms, and thereby enhancing the ORR
activity (Fig. 4g and h). The larger atomic radius of S led to the
formation of defects on the carbon carrier and the lower
electronegativity of S altered the electronic structure of the Fe–
N active center. DFT theoretical calculation showed that the
signicant increase in Fe–S–FexC/Fe activity was due to the
synergistic effect of the Fe–Nx active sites with FexC/Fe and S-
containing species. FeNC–S–FexC/Fe showed only a differ-
ence of z0.68 V between the ORR E1/2 and OER E10, which is
a much smaller difference than that observed for Pt/C. The
solid-state ZAB assembled with FeNC–S–FexC/Fe was found to
have a stable cycle of 380 cycles with a charge discharge current
density of 2 mA cm−2.120
This journal is © The Royal Society of Chemistry 2023
The application of the wet chemical growth of metal MOFs
for ZABs is as follows: (i) introducing ametal source and organic
ligand on a substrate to obtain metal–N at high temperature,
which is the active center of the oxygen reaction. (ii) The
construction of functional catalysts is very important. The
carbon sheet generated by the organic ligands at high temper-
ature acts as a barrier, contributing to the formation of small-
size nanoparticles or SA structures, and thus improving the
kinetic rate of the ORR/OER. (iii) MOF-based materials can also
be controlled on exible substrates, and the catalysts can be
directionally synthesized according to the performance
requirements. (iv) The metal components in nickel foam, cobalt
foam, iron foam, etc. are in situ used for coordination with
organic ligands to form unique MOFs structures, which is also
the development direction of ZAB air-cathodes.
3.2 Electrochemical deposition strategy

The electrochemical deposition strategy refers to the process of
depositing thin lms or deposits that meet the requirements on
the surface of conductive substrates by electrochemical tech-
nologies. The synthetic conditions of electrodeposition are
simple, environmentally friendly and low-cost, which can meet
the current requirements for environmental protection and
pollution free. Furthermore, the synthetic products have good
uniformity and plentiful active sites, beneting the electro-
catalytic reaction. Thus, it is an effective method to prepare self-
supporting electrodes for various energy storage and conversion
devices. Below we describe various electrodeposition techniques
for the preparation of self-supporting electrodes for ZABs. The
size and morphology of the products can be adjusted by opti-
mizing various electrodeposition parameters, such as deposition
time, current, potential, additives, pH value and temperature.121

The earliest application of potentiostatic electrodeposition
was for metal oxides because they are located high on the
volcanic map between DG*

O � DG*
OH, attracting interest from

researchers.122 Metal oxides mainly have the intrinsic activity for
the OER, and nitrogen-containing species can be introduced to
enhance the ORR activity through the use of nitrogen-
containing substances via immersion and subsequent calcina-
tion. Fu's group used a three-electrode system with Co(NO3)2
solution as the electrolyte to obtain the Co3O4/CC-600 catalyst
through constant potential electrochemical deposition of
constant −1 V for 600 s and subsequent air oxidation (Fig. 5a).
Then, the NC-Co3O4/CC-600 catalyst was obtained by immer-
sion in dicyandiamide as the nitrogen source and calcination in
a nitrogen atmosphere. The lamellar structure grew vertically on
the surface of the carbon cloth, which were cross-linked, pre-
venting the agglomeration of the structures. This catalyst
possessed the largest contact area with the matrix, which was
conducive to electronic transmission. The subsequent ZAB
assembled with NC-Co3O4/CC-600 as an independent cathode
had a charge discharge voltage interval of only 0.87 V under
a current density of 10 mA cm−2. Three NC-Co3O4/CC-600-based
ZABs in series could drive the 2.7 V LED lamp (Fig. 5b).123

Different metal bonds in single metal catalysts can be used
as active sites of the OER/ORR, respectively. Yu et al. synthesized
J. Mater. Chem. A, 2023, 11, 4400–4427 | 4409
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Fig. 5 (a) Synthetic scheme of NC-Co3O4/CC. (b) Galvanostatic discharge–charge cycling curves at 10mA cm−2 of rechargeable ZABs with NC-
Co3O4/CC-600, Co3O4/CC-600 and mixture of Pt/C + RuO2 as air-cathodes, respectively, and photograph of a red LED indicator powered by
three rechargeable ZABs with NC-Co3O4/CC-600 as the air-cathode in series. Reproduced with permission from ref. 123, Copyright (2018)
Springer Nature. (c) Scheme of the synthesis of Co4N/CNW/CC. (d) Low and high-magnification SEM images of Co4N/CNW/CC. Reproduced
with permission from ref. 133, Copyright (2016) ACS. (e) Three-electrode electrochemical cell comprised of an Ag/AgCl (KClO4) reference
electrode, Ni foamworking electrode, and Pt plate counter electrode immersed in a DMF-watermixed solvent containing BDC-NH2 linker, CTAB
surfactant, and nitrate salts of Fe, Co, and Nimetal precursors. Electrochemical layer-by-layer assembly of (1) FeMOF, (2) CoMOF, and (3) Ni MOF
to prepare a trilayer and trimetallic Fe–Co–Ni MOF. Reproduced with permission from ref. 131, Copyright (2022) ACS. Schematic of cathodic (f)
and anodic (g) deposition of Ir species. Reproduced with permission from ref. 135, Copyright (2020) Springer Nature.
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a Co/Co–N–C catalyst on carbon felt via potentiostatic electro-
deposition. The Co nanosheet structure obtained by electro-
chemical deposition could be used as an in situ template to
build a Co nanoisland rooted in the Co–N–C nanosheet struc-
ture. The special structure exhibited good contact between the
Co nanoisland and Co–N–C nanosheet. The coexistence of Co0+

and Co2+ was conducive to the bifunctional ORR/OER electro-
catalytic performance. Under effective control, different
components of monometallic compounds could also be used as
active sites of the ORR/OER.124 The interesting phenomenon is
that different products can be obtained by using different
conductive substrates and carbon cloth and carbon felt cloth,
respectively, under the same electrolyte conditions, which
shows that the substrate has an essential inuence on the
electrodeposition products. When the substrate changes, due to
the different wettability and roughness of the electrolyte, the
degree of attachment of ions to atoms during deposition and
the degree of combination of O will be different, and different
products will be obtained. Heteroatom-doped single-metal
compounds can also have good performance in ZABs. Marcus
et al. reported a bottom-up and top-downmethod to produce an
NiSx exible porous lm (FHF) through a combination of elec-
trodeposition, electrochemical etching and vulcanization. The
results showed that the NiSx FHF catalyst with independent
structure was a bifunctional, additive-free catalyst with a layer of
NiSx/Ni inside to enhance the electron transfer capability. The
4410 | J. Mater. Chem. A, 2023, 11, 4400–4427
components of the single metal could synergistically promote
the OER/ORR activity through different bond and coordination
states in the single metal.125

Bimetallic catalysts have an intrinsic synergistic effect and
more active sites than their single-metal counterparts. Also,
integrated heterogeneous catalysts can better improve the
electrocatalytic activity.126 Kim et al. reported a simple strategy
mediated by agarose gel to selectively electrodeposit MnO2 and
Co3O4 on 3D porous foam nickel to synthesize MnO2–Co3O4

electrodes. The prepared agarose water gel with metal precursor
ions allowed electrochemical deposition only on the contact
area between the gel and the matrix. This material showed
excellent bifunctional catalytic activity.127 Non-noble metal
layered double hydroxides (LDHs) are promising two-
dimensional layered materials because of their low cost,
abundant reserves and abundant electrochemical active sites.
Due to its unique layered structure, which is conducive to the
diffusion of water molecules and the rapid release of gas
products, LDH-based materials have been studied as efficient
OER catalysts. The electrochemical potential of transition
metals such as Co, Fe, Mn and Ni is similar. Therefore, the LDH
structure of bimetals can be obtained by mixing two metal
solutions and applying a certain potential.128 Wan et al.
successfully prepared porous shell NiCo2O4@FeNi LDH nano-
arrays. Due to the high conductivity of the NiCo2O4 core, the
adjustable electronic structure and the high specic surface
This journal is © The Royal Society of Chemistry 2023
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area with FeNi LDH, their layered core shell structure greatly
promoted themass transfer, exposed a large number of catalytic
sites, and signicantly enhanced the bifunctional activity of the
catalyst.129 Liu et al. used electrodeposition to grow CoFe layered
double hydroxides (LDH) on CC, and then wrapped the poly-
pyrrole coating. Aer pyrolysis, CoFe alloy consisting of uniform
carbon-coated CoFe alloy nanoparticles was obtained
(CoFe@NC/CC). Subsequently, it was conrmed by X-ray
absorption spectroscopy and theoretical calculation that the
active sites of Co species and metal O bond catalyzed the OER,
while the active sites of Fe species and metal N bond catalyzed
the ORR, achieving an excellent bifunctional OER/ORR perfor-
mance. Therefore, the construction of bifunctional catalysts is
more conducive to bifunctional catalytic reactions.130

Metal catalysts can simultaneously have the three functional
electrocatalytic activities of OER/ORR/HER and used for ZAB
and overall water splitting. Various materials with excellent
electrochemical properties can be derived from MOF materials
as precursors, which are generally synthesized via liquid-phase
reactions, while there are few reports on their preparation via
electrochemical deposition. Recently, Farahani et al. prepared
a layer-by-layer self-assembled ternary metal Fe Co Ni MOF
using the reductive electrochemical synthesis method, in which
the metal ions between each layer or adjacent layers are con-
nected by 2-amino-1,4-phenylenedicarboxylic acid through
layer-by-layer assembly (Fig. 5e). The catalyst showed excellent
triple electrocatalytic activity for the HER, OER and ORR.
Through density functional theory of dispersion correction, it
was found that the reason why this layer-by-layer MOF had
excellent HER, OER, ORR multifunctional electrocatalytic
activity is that the adsorption of water molecules on the metal
nodes is an energy reduction process and the adsorption of H2O
molecules leads to an increase in the bond length of the O–H
chemical bonds.131

Polymeric conductive polymers, such as polypyrrole, poly-
thiophene and polydopamine, as heterocyclic conjugated poly-
mer materials, have unique super conductivity, which can
signicantly improve the conductivity of the substrate when
attached to a conductive substrate and have potential to be used
in electrochemical reactions.132 As shown in Fig. 5c and d, Meng
et al. used the potentiostatic positive electrodeposition method
to grow polypyrrole on CC to enhance the conductivity of the
carbon cloth. Due to the special morphology of the polypyrrole
carbon tubes, during the subsequent loading of ZIF-67, the
loading area and loading amount of ZIF-67 effectively increased,
maximizing the exposure of the active oxygen reaction center,
and the excellent conductivity also signicantly improved the
overall activity of the ZAB.133 The conductive polymer not only
improved the conductivity of the catalyst, but also be used as
a special N source doped in the catalyst due to its N–C cross-
linked ring structure compared with the N source introduced
by other methods. Electrochemical deposition can completely
wrap the polymer on the surface of the catalyst, which is
uniform and stable, unifying the local and the whole of the
catalyst, and signicantly improving the stability of metal
species. Not only polypyrrole, polyaniline, and polythiophene
This journal is © The Royal Society of Chemistry 2023
can be introduced as materials or N ligands to improve the
conductivity.

Single atomic catalysts (SACs) as a new type of catalytic
materials have attracted extensive attention in scientic
research and industrial applications due to their remarkable
activity. In addition, other catalytic properties of single metal
atoms, including stability and selectivity, can be further
improved by adjusting the electronic/geometric structure of
single metal atoms and regulating the interaction between the
metal carriers. Generally, SACs are composed of dispersed
atoms and appropriate support materials, which are used to
anchor, limit and coordinate isolated metal atoms. Therefore,
the properties of single metal sites can achieve a maximum
atom utilization rate of nearly 100%, effectively reducing the use
of metal materials, which is benecial to reduce the production
cost of the catalyst. Also, this is of great signicance for non-
precious metal-based catalysts.134 Zhang et al. developed
a universal method for the preparation of monatomic catalysts
via cyclic voltammetric electrochemical deposition. By applying
two different cyclic potentials, both processes generate metal
SAs, but their valence states are quite different. The authors
analyzed the reasons for this change and found that there were
different electrodeposition processes for cathodic deposition
and anodic deposition under these two potentials (Fig. 5f).
During cathodic deposition, the applied potential is 0.1–0.4 V.
Under the effect of external charges, metal ions are driven to the
cathode and deposited on the carrier. The valence of single
atoms is low. Most of the electrodeposition processes are
cathodic deposition processes (Fig. 5g). During anodic deposi-
tion, the applied potential is 1.1–1.8 V. The metal ions are
pushed to the anode under a large current and combined with
the oxidation process of anions. The metal ions are in the
oxidation state, resulting in high-valence single atoms. Later, it
was also conrmed that different potentials, concentration of
metal solution, and number of cyclic voltammetry segments can
affect whether SAs are formed and the loading amount of metal
SAs, indicating that the electrodeposition process is not static.
Aer applying different potentials, new deposition processes
will occur and different products will be obtained. This is
a process of new crystal nucleus generation and regulation,
which requires ne adjustment. Simultaneously, because
bimetallic SA catalysts have different adaptive voltages, step
potential deposition can be used to grow different monometals
at different voltage points to effectively synthesize bimetallic SA
catalysts.135

The ORR activity of electrodeposited single metal catalysts
can be signicantly improved by subsequently anchoring N
ligands. Bimetallic LDHmaterials supported with catalysts with
excellent ORR performance can be employed to construct
heterogeneous interfaces or bimetallic LDH materials as
precursors, and subsequently wrapped with nitrogen-
containing species and carbonized-derived alloys containing
metal–N bonds, which have excellent bifunctional catalytic
activity. Reducing electrochemical synthesis can be used to
prepare MOF materials with three functional activities. The
conductive polymer synthesized by potentiostatic electrodepo-
sition can be used as an independent material to improve the
J. Mater. Chem. A, 2023, 11, 4400–4427 | 4411

https://doi.org/10.1039/d2ta09626a


Journal of Materials Chemistry A Review

Pu
bl

is
he

d 
on

 3
0 

Ja
nu

ar
y 

20
23

. D
ow

nl
oa

de
d 

on
 6

/2
2/

20
24

 2
:1

0:
13

 P
M

. 
View Article Online
conductivity or as a nitrogen-containing ligand to wrap the
surface of the catalyst. SAC catalysts can be synthesized via
cyclic voltammetric electrochemical deposition.
3.3 Electrospinning

Electrospinning was rst proposed in 1934,136 which is
a manufacturing method that uses electrostatic action to pull
the charged threads of high polymer solution or melt towards
the average diameter of microbers. Also, the ber shape and
structure are controllable.137 This method can be adapted to
prepare a variety of polymer bers, such as polyvinyl alcohol
(PVA), polypropylene (PP), and polyurethane (PU) bers.138

Polymer bers have lower electrical conductivity and superior
exibility compared to metal bers, which have important
applications in energy devices.139 Some polymer bers are
stretchable, such as PU and SBS bers, which can be used to
construct exible electronic devices with stretchable bers.140

The nanobers prepared by electrospinning have the properties
of controllable chemical composition, high porosity, large
specic surface area and volume ratio, and ideal mechanical
strength, and thus they are considered ideal electrode
substrates.141
Fig. 6 (a) Schematic illustration of the process for the synthesis of NiFe@
galvanostatic charge–discharge cycling curves at 5 mA cm−2 (insert: pho
permission from ref. 142, Copyright (2022) Wiley. (c) Schematic prepara
cycling tests of Co/CNWs/CNFs and Pt/C + RuO2-based ZAB at 5 mA cm
(e) Schematic illustration of the preparation procedure of Co-Nx@CNF c
density plot of ZABs using Co-Nx@CNF700 and Pt/C as the cathode cata
from ref. 146, Copyright (2018) Elsevier. (g) Schematic illustration of t
embedded with atomic Fe–N4/C sites (Fe/SNCFs-NH3). (h) Photograph
solid-state ZABs and the stability of the solid-state ZAB at 1 mA cm−2. In
Reproduced with permission from ref. 148, Copyright (2021) Wiley.

4412 | J. Mater. Chem. A, 2023, 11, 4400–4427
3.3.1 Single nanober. Electrospinning nanobers have
important applications in the electrodes of metal–air batteries.
Chen et al. prepared a core–shell hollow Janus nanober struc-
ture via the coaxial electrospinning strategy (Fig. 6a). The NiFe
alloy nanoparticles supported by N-doped carbon nanobelts were
located on the inner wall of the carbon layer and foliate-like Co–
N nanosheets were anchored on the outer wall of the carbon
layer. This material exhibited a good ORR and OER bifunctional
catalytic performance. The solid-state ZAB assembled using the
exible electrode exhibited excellent stability under bending and
folding conditions (Fig. 6b).142 Xia et al. prepared a poly-
acrylonitrile (PAN) nanober lm by electrospinning, and then
prepared a nitrogen-doped carbon nanober supported nano-
particle (Co/CNW/CNF) bifunctional oxygen electrode by subse-
quent heat treatment. N-doping and coordination of dispersed
Co nanoparticles in the carbon matrix formed rich Co–N–C sites
(Fig. 6c). The self-supporting membrane with a layered structure
could be used as the substrate, active component and trans-
mission channel to maximize the exposure of the oxygen reactive
center and enhance the electrochemical catalytic activity. The
test of the ZAB assembled with the Co/CNW/CNF catalyst showed
that its charge discharge capacity is signicantly better than that
C@Co CNFs. (b) Schematic illustration of a flexible solid-state ZAB and
to of the solid battery with different bending angles). Reproduced with
tion of Co/CNWs/CNFs. (d) Discharge/charge polarization curves and
−2. Reproduced with permission from ref. 143, Copyright (2021) Wiley.
atalysts for the ORR. (f) Polarization curves and corresponding power
lyst and charge–discharge cycle curves. Reproduced with permission
he synthesis of S and N co-doped porous carbon fiber membrane
of a wristband with a series of LED lamps lit by two series-connected
set: photographs of the solid-state ZAB at various flat/bent/flat states.

This journal is © The Royal Society of Chemistry 2023
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of Pt/C + RuO2. The long cycle charge discharge test showed that
the Co/CNW/CNF-based ZAB could undergo ultra-long cycling of
1500 h and had good stability and catalytic activity (Fig. 6d).143

Wang et al. synthesized a PAN nanober membrane via coaxial
electrospinning technology, and then obtained the CuCo2O4@C
catalyst composed of mesoporous thin-walled nanotubes and
a large amount of doped nitrogen. Based on the high catalytic
activity of the ultra-small CuCo2O4 nanoparticles, large surface
area of the mesoporous nanotubes and strong coupling with the
N-doped carbon matrix, the prepared electrode displayed good
oxygen reaction activity and stability. However, although the
oxygen electrode prepared by electrospinning exhibited good
catalytic activity, the surface area of the carbon nanobers
prepared by a single type of polymer was limited and its structure
lacked pore, which could affect its overall catalytic activity.144

A porous carbon nanober structure can be formed to
facilitate electron transport when the polymer is mixed and
electrospun. At present, PAN/PVP composite membranes are
the most studied materials. Metal alloy- and oxide-based cata-
lysts can be prepared by adding different metal salts to the
spinning solution. Li et al. prepared a PVP/PAN hybrid
composite ber membrane via electrospinning to obtain
a mesoporous carbon ber-based Fe/Co–N–C structure con-
taining FeCo nanoparticles. The prepared hybrid nanobers
possessed a one-dimensional mesoporous structure, large
surface area and uniform distribution of active centers. The
coexistence of FeCo alloy with Fe/Co–N active center could
simultaneously increase the catalytic activity for the ORR and
OER. When the composite was used as an air-cathode, the
assembled ZAB showed a low voltage gap and good charge–
discharge cycle stability.145 Yoon et al. obtained Co-Nx@CNFs by
electrospinning amixed solution containing Co precursors, PVP
and PAN, and then carbonization, and further activation, which
exhibited good ORR/OER activity (Fig. 6e). This was attributed
to the existence of the graphene nanosheet structure, which
could improve the conductivity of the carbon nanobers, and
the pore structure in the carbon nanobers increased the active
specic surface area, thus facilitating electron and mass
transfer. The Co-Nx@CNF-based ZAB showed a superior power
density compared to Pt/C and can be stably cycled for 70 h at
a charge discharge current density of 5 mA cm−2 (Fig. 6f).146

At present, it is challenging and scientically signicant to
construct SA catalysts using electrospinning technology. Ji et al.
prepared high-performance binder-free air electrodes for
wearable ZABs by anchoring SA in carbon nanobers using an
“impregnation–carbonation–acidizing” strategy. A PAN nano-
ber lm was prepared by electrospinning, and the resulting
PAN nanober lm was directly immersed in a solution con-
taining a certain proportion of 2-methylimidazole and cobalt
nitrate. In the mixed aqueous solution, the blade-like ZIF was
impregnated on the electrospun nanobers and transformed
into N-doped carbon nanosheets under the optimized pyrolysis
conditions. The Co–N coordination unit in ZIF was reduced in
situ to form atomically dispersed Co–N active sites, and some Co
atoms aggregated to form Co clusters. Finally, the carbon
nanober structure of nitrogen-doped carbon sheet array
modied by nano Co was obtained. The electrode material did
This journal is © The Royal Society of Chemistry 2023
not deform even when bent or twisted, proving its ultrahigh
exibility, which can be directly used as exible ZABs. Due to its
low coordination and unsaturated chemical environment, SA
can produce abundant active centers, and thus it has very high
electrocatalytic performance.147 The SA structure is not limited
to the structure of metal–N4. When doped with other atoms
such as S and P, the electronic structure of the metal will be
adjusted to promote the activity of bifunctional groups. Yang
et al. synthesized a exible self-supporting carbon ber
membrane-supported iron SA catalyst with a hierarchical pore
structure by electrospinning. Subsequently, a bimetallic organic
skeleton material containing Zn and Fe (Fe/Zn-ZIF) was
prepared, and then thiourea and PAN were added, and a exible
self-supporting carbon lm electrocatalyst was obtained by
spinning, pre-oxidation, high temperature carbonization and
NH3 activation. Aer activation, the specic surface area of the
material increased by about 9.5 times, which is benecial for
the full exposure of the Fe–N4 sites for enhancing the electro-
catalytic activity (Fig. 6g). Optimizing the pore structure of
carbon bers is very important to improve the gas diffusion,
electrolyte penetration, electron conduction and catalytic reac-
tion kinetics. The N and S doping could regulate the local
coordination environment of the Fe–N4/C active sites, thus
promoting the ORR and OER activities, respectively. In the
subsequent ZAB test, two Fe/SNCF NH3-based solid-state ZABs
in series could drive a series of LED lamps, and also undergo
more than 120 cycles of stable charging and discharging
process in various at/bending/at states.148

The exible self-supporting carbon ber membrane formed
by electrospinning possesses a special layered nanopore inter-
woven ber structure of polymer bers, which promotes gas
transport, electrolyte penetration and electron transfer, maxi-
mizes the exposure of oxygen counter center, and effectively
exposes the active sites of the metal catalysts with a large
specic surface area. Simultaneously, not only one type, but also
mixed polymer bers can be used to synthesize catalysts with
specic functions. It is feasible to synthesize the popular
monatomic catalysts by electrospinning, and heteroatoms can
be introduced to effectively prepare the electronic state of the
monatomic catalyst to improve the catalyst activity.
3.4 Hydrothermal methods

The hydrothermal method is one of the most commonmethods
for the synthesis of materials for energy applications.149

Specically, the catalyst is in situ grown on a conductive
substrate to construct a self-supporting electrode, and thus the
catalyst and the substrate are in direct contact, which can
enhance the stability and lifetime of the electrode.150 Compared
with other synthetic strategies, this method is easy to adjust the
structure and electronic state of the catalyst, thus improving the
electrocatalytic performance. The most effective method is to
construct a heterojunction interface by the interface engi-
neering strategy.151

Heterogeneous interface construction can regulate the
activity of catalysts. The original coordination bonds and the
electronic structure of metal species can be tuned by
J. Mater. Chem. A, 2023, 11, 4400–4427 | 4413
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introducing other compounds. Song et al. synthesized hybrid
nanostructured arrays (HNA) with branched and aligned
structures constructed by cobalt selenide (CoSe2) nanotube
arrays vertically oriented on CC with CoNi layered double
hydroxide (CoSe2@CoNi LDH HNA) using a hydrothermal-
selenization-hybridization strategy (Fig. 7a). As shown in
Fig. 7b, the CoNi LDH and CoSe2 formed a heterogeneous
interface, and elemental mapping further proved the uniform
distribution of several elements. Aer constructing the hetero-
geneous interface, the electrons on the catalyst surface shied,
as evidenced by XPS. The strong interaction at the interface
could effectively adjust the electronic structure of the hybrid,
thus improving the reaction kinetics (Fig. 7c).152 Yin et al. re-
ported the preparation of a porous NiO/CoN nanowire array via
hydrothermal synthesis, which exhibited improved electro-
catalytic performance and stability for the OER and ORR. X-ray
photoelectron spectroscopy (XPS), electron spin resonance
(EPR) and high-resolution transmission electron microscopy
(HRTEM) showed that the decrease in the Co coordination
number at the heterojunction and the increase in oxygen
vacancies at the NiO/CoN interface were the main reasons for
the excellent bi-functional electrocatalytic performance.153 Liu
et al. constructed two-dimensional Mo–NiCo2O4/Co5.47N nano-
sheet arrays via hydrothermal reaction. The high-valent metals
were successfully doped in the heterojunction nanosheet array
grown directly on the conductive substrate, and subsequently
electrode structures with balanced electronic structures, highly
exposed active sites and no binder were synthesized. XPS
characterization showed that the electron transfer of Co and Ni
occurred aer Mo atom doping, which could optimize the
electronic structure of the active center in NiCo2O4/Co5.47N/NF
(Fig. 7d–f). This porous nanosheet array had highly exposed
active sites, which could greatly accelerate the electron/mass
transfer, promote the electrolyte penetration and improve the
electrocatalytic activity.154
Fig. 7 (a) Schematic illustration of the synthetic process of B-CoSe2@C
lighting the interface between CoSe2 and CoNi LDH and elemental ma
patterns for B-CoSe2, CoNi LDH, and B-CoSe2@CoNi LDH HNA. Rep
Schematic illustration of the synthetic process of Mo-NiCo2O4/Co5.47N/N
XPS spectra of Mo–NiCo2O4/Co5.47N/NF, Mo–NiCo2O4/NF, and NiCo2

Wiley.

4414 | J. Mater. Chem. A, 2023, 11, 4400–4427
Given that the electrocatalytic process occurs on the surface
of the catalyst, the heterogeneous interface constructed by the
interface engineering strategy during the hydrothermal reaction
can effectively adjust the electronic structure and enhance the
activity for the ORR/OER. Simultaneously, the ORR/OER activity
of the catalyst can also be adjusted by improving the electronic
coordinationmicroenvironment of the catalyst surface interface
through heteroatom doping and manufacturing defects.
3.5 Modication strategies for improving self-supporting
electrochemical performance

The modication of conductive substrates generally refers to
carbon material substrates, such as carbon cloth, carbon paper
and carbon felt cloth. Generally, the method for the treatment
of carbon material substrates is the use of acetone or ethanol to
remove impurities on the surface of carbon cloth. However,
although the overall activity of the carbon substrate improves to
a certain extent, its hydrophobicity makes it difficult to grow the
catalyst and the poor wettability of the electrolyte affects the
electrochemical activity of the self-supporting electrode.
Subsequent experiments showed that the overall activity of the
self-supporting electrode was signicantly improved aer the
carbon material substrate was modied. At present, there are
three main methods to modify carbon substrates: rstly, acid
treatment, and then calcination in the air.155 The purpose of
acid treatment is to remove the oxides and impurities on the
surface of the carbon substrate. Uniform nanopores and super
hydrophilic surface structures are generated on the surface of
the carbon substrate due to the etching effect by the acid
solution, which is conducive to the attachment of the catalyst
and the contact of the electrolyte, and signicantly improves the
hydrophilicity of the carbon substrate. Air calcination can
introduce oxygen-enriched functional group active species to
improve the rate of oxygen reaction. Additionally, the carbon
oNi LDH HNA. (b) HRTEM image of B-CoSe2@CoNi LDH HNA high-
pping images of B-CoSe2@CoNi LDH HNA. (c) XRD spectra and XPS
roduced with permission from ref. 152, Copyright (2022) Wiley. (d)
F. (e) HRTEM images and SAED pattern of Mo–NiCo2O4/Co5.47N/NF. (f)
O4/NF. Reproduced with permission from ref. 154, Copyright (2020)

This journal is © The Royal Society of Chemistry 2023
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substrate can also be treated by the oxidation of KMnO4 and
H2O2, thus effectively introducing a large number of oxygen-
containing groups. Subsequently, high temperature reduction
under an N2 atmosphere can introduce defects to manufacture
active sites, thus improving the adsorption performance of
carbon groups on the catalyst.156 Besides, carbon substrates are
treated by plasma to make their surface defective, which is
conducive for the growth of the catalyst and improves the
electron transfer rate and electrocatalytic performance.157 In
contrast, foam metal substrates (such as copper, iron, and
nickel foam) cannot be modied due to the inherent charac-
teristics of the metal substrate.

The electrocatalytic process mainly occurs on the surface of
the electrocatalyst. Therefore, the surface design and control of
electrocatalysts are very important.158 The electrocatalytic
performance of self-supported electrodes can be improved by
adjusting the structure of the catalyst. In this case, heteroatom
doping and construction of defects are the most common
strategies for modifying self-supporting electrodes. Heteroatom
doping can not only be used as the coordination site of metal
atoms to achieve high stability, but also adjust the electron
structure of metals by properly selecting heteroatoms with
different atomic radii and electronegativity, thus reducing the
activation barrier of the reaction and accelerating the electro-
chemical reaction rate.159 N atom doping is the most effective
site for increasing ORR activity. A large number of N functional
groups can provide abundant coordination sites for the
bonding of metal atoms.160 S- and P-atom doping can signi-
cantly improve the OER activity of the catalyst, and the doping
of heteroatoms can effectively improve the bi-functional ORR/
OER activity of self-supporting electrodes.161 The defect struc-
tures can effectively adjust the electronic structure of the cata-
lyst surface and make the electrons shi. The defects contain
different types of anchor points and oxygen-rich vacancies,
which can effectively improve the intrinsic activity of the cata-
lyst and accelerate the electrochemical reaction rate.162

Accordingly, self-supporting electrodes can be modied by
structural defects and heteroatomic doping.
4. Study the charging–discharging
mechanisms of air-cathodes

At present, ZABs are developing rapidly, and thus it is still
a research hotspot to explore ideal bifunctional electrocatalysts.
In this case, it is necessary to explore the structure–activity
relationship of materials for the construction of high-
performance electrocatalysts.163 At present, many catalysts
have been conrmed to undergo a phase change process during
the charge and discharge process of ZABs and that the consid-
ered catalyst is not necessarily the active center of the reac-
tion.164 Previously, due to the limited characterization, it was
thought that the bulk catalyst was the active species of the
reaction. However, with the rapid development of in situ char-
acterization methods, the dynamic change process during the
charge discharge process of ZABs can be visually observed.165

Various operando characterizations are the most effective means
This journal is © The Royal Society of Chemistry 2023
to reveal the black box process, such as operando X-ray diffrac-
tion (XRD), operando Raman, and operando X-ray absorption
ne spectroscopy (XAFS).166 The following section presents
a detailed description of the relevant research progress.

4.1 Operando XRD

Operando XRD can be used to determine the crystal phase
change of catalysts under different potentials in ZABs, which is
applicable to the obvious crystal phase change trend of transi-
tion metal-based catalysts.167 Generally, it used to study the
phase transition in the OER process and Zn–air hybrid battery.
Shang et al. used copper oxide as an air-cathode material,
creatively solving the problem that the traditional ZABmust rely
on oxygen for operation, and developed a new ZAB that could
freely switch to air and anaerobic conditions. When it operated
in the ZAB mode, it displayed a voltage of 1.28 V, while the
voltages of 1.13 V and 0.79 V when it operated in the Zn–Cu
mode. In addition, the air-cathode also showed an ultra-fast
self-charging performance when the battery was switched
from an anaerobic environment to aerobic environment. Oper-
ando XRD spectroscopy was used to prove the reversible
conversion process among Cu, Cu2O and CuO in the charging–
discharging process (Fig. 8a).168 Zhang et al. also proved the
reversible conversion process of CuO and CuO2 in different
charging–discharging processes of a ZAB hybrid battery by
operando XRD, which proved the presence of transition metal
ion pairs (Fig. 8b).169 Li et al. synthesized a porous carbon
nanober-supported CoS2/Cu2S heterostructure composite
(CoS2/Cu2S-NF) as a high-efficient air-cathode for ZABs. The
stability of the catalyst were investigated by operando XRD. As
shown in Fig. 8c, the characteristic peaks of CoS2/Cu2S–NF
slightly changed in the electrochemical charging–discharging
processes. The individual peaks increased and decreased
regularly, and nally returned to the original state.170 The
results showed that the change in O2 adsorption and desorption
on the catalyst surface was completely reversible. In addition, it
also conrmed the stability of the electrode material under
a wide working potential, which is an important condition to
ensure the stability of the battery. Operando XRD can effectively
explore the evolution process of catalysts with obvious crystal
phase changes during the charge and discharge of ZABs and
effectively clarify the real active sites and mechanisms of the
charging–discharging processes. It also shows that the catalyst
is unchanged in this process and that the bulk catalyst is the
active center of the reaction, and thus the catalyst has excellent
stability.

4.2 Operando Raman

Operando Raman spectroscopy is also a very useful technique in
exploring the origin of the activity of metallic species. By
monitoring the change in metal valence and coordination bond
during the reaction, the active center of the catalyst can be
claried.171

Operando Raman spectroscopy can effectively elucidate the
catalytic mechanism of the ORR/OER. Liu et al. reported a novel
cobalt-ion-exchange and pyrolysis strategy with the well-
J. Mater. Chem. A, 2023, 11, 4400–4427 | 4415
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Fig. 8 (a) Contour map of in situ XRD of the CuO electrode during the charging and discharging process. Reproduced with permission from ref.
168, Copyright (2022) Elsevier. (b) In situ XRD patterns of CuxO@NiFe-LDH electrode during charging and discharging processes. Reproduced
with permission from ref. 169, Copyright (2022) ACS. (c) In situ XRD intensity map of ZAB with CoS2/Cu2S-NF electrodes during discharging and
charging. Reproduced with permission from ref. 170, Copyright (2022) Elsevier. (d) Schematic diagram of in situ Raman spectroscopy equipment
and in situ Raman spectra collected on Co@N-HPC-800 in 0.1 M KOH solution. Reproduced with permission from ref. 172, Copyright (2022)
Elsevier. (e) In situ Raman spectra collected on FePckCNTskNiCo/CP for (a) ORR process and OER process in O2-saturated 0.1 M KOH solution.
Reproduced with permission from ref. 173, Copyright (2022) Wiley. (f) In situ XANEs of the Fe K-edge and Co K-edge for CoFe/N-GCT at different
potentials. Reproduced with permission from ref. 178, Copyright (2018) Wiley. (g) Operando X-ray absorption spectroscopic analysis of (Co,
Fe)3N catalysts. Reproduced with permission from ref. 179, Copyright (2020) Springer Nature.
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designed bio-MOF-1 as a self-template to prepare ultra-small
cobalt nanoparticles embedded in N-doped hierarchical
porous carbon (Co@N-HPC-800) with excellent electrical
conductivity, high surface area and abundant Co–N4 active
sites. This catalyst showed excellent bifunctional ORR/OER
catalytic activity under alkaline conditions, which was charac-
terized by in situ Raman spectroscopy. They observed the
continuous conversion of Co2+/Co3+ redox electric pairs in the
ORR (0.6 V to 1.0 V) and OER processes (1.0 V to 1.9 V), which is
the source of the catalytic active centers for the ORR/OER
(Fig. 8d).172 Ding et al. also used in situ Raman spectroscopy to
study the ORR/OER mechanism of the FePckCNTskNiCo/CP
catalyst. As shown in Fig. 8e, the Fe–O2 vibration at 416 cm−1

indicated that O2 was adsorbed on the Fe active center, which
disappeared aer the ORR was potential applied. When the
applied potential was 0.97 V, the three characteristic peaks at
4416 | J. Mater. Chem. A, 2023, 11, 4400–4427
591, 685 and 751 cm−1 related to the Fe active center became
weaker. As the applied potential shied negatively from 0.97 to
0.67 V, the three peaks continued to decay gradually. It was
certied that O-containing intermediates (such as *OOH, *O
and *OH) can be formed on the Fe active center, thus weak-
ening the in-plane Fe–N4 and Fe–N/C vibrations. A further
negative shi in the applied potential resulted in a relative
enhancement in the signal, which may be due to the desorption
of the *OH products. These results indicate that the ORR
process may occur on the Fe active center via the O2 / *OOH
/ *O / *OH / OH− pathway. When the applied potential
was 1.07–1.37 V, the OER could not occur and no peak was
detected. However, as the applied potential increased to 1.47 V
or more, two new peaks appeared at 476 and 554 cm−1, which
were attributed to the metal (Ni, Co)–O vibration in (Ni, Co)–
OOH. The results showed that the real active site for the OER
This journal is © The Royal Society of Chemistry 2023
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was the corresponding hydroxide.173 Wu et al. constructed an
NiFe LDH (d-NiFe-LDH) with defects. Operando Raman spec-
troscopy conrmed that cation defects were gradually formed
with an increase in the applied potential (VM / VMOH /

VMOOH), indicating the structural change sequence of crys-
talline Ni(OH)x/disordered Ni(OH)x / NiOOH, which
revealed the real electrocatalytic active sites.174

Operando Raman spectroscopy can be employed to reason-
ably judge the catalytic sites of the reaction, which plays a role
in the process through the appearance and disappearance of
peaks and the weakening and strengthening of the peaks in the
ORR/OER potential process and completely reveal the ORR/OER
reaction mechanism.
4.3 Operando XAFS

Operando XAFS can be used to explore the chemical state and
coordination structure during the electrocatalytic reaction
based on the change in metal bonds under different electro-
chemical potentials. It can reveal the dynamic evolution and the
real active sites in the electrocatalytic processes. It can be
concluded that the coexistence of different coordination forms
of metal species is the key to bifunctional activity for mono-
metallic catalysts.175,176

The synergistic effect between polymetallic species has
a certain catalytic advantage, and thus it is important to reveal
the related bifunctional electrocatalytic mechanism. Peng et al.
investigated the dynamic structure change in catalysts during
the OER by operando Raman and XAFS. The results showed that
the co-doping of Fe and Ni accelerated the self-repair of the
surface structure of Fe and Ni–CoS2 catalysts, which was
conducive to the oxidation of Co and Fe to form hydroxyl oxide
and prevent the oxidation of Ni to formNi(OH)2, thus improving
the activity and stability of the catalyst.177 Liu et al. constructed
a graphene-entangled carbon nanotube-wrapped CoFe alloy
composite (CoFe/N-GCT) based on Prussian blue precursor and
studied the corresponding ORR/OER electrocatalytic mecha-
nism by operando XAFS. The FT-EXAFS spectra showed that the
Fe–Fe bond length rst increased, and then decreased with an
increase in potential, indicating that the ORR process at low
potential mainly occurred on the surface of the iron species.
The corresponding length of the Co–Co bond decreases rst,
and then increases with an increase in potential, indicating that
the OER process mainly occurs on the surface of the cobalt
species at high potential. In addition, the changes in the length
of the Fe–Fe and Co–Co bonds were observed during the
formation of *OOH and *O, further revealing that the ORR and
OER active sites mainly existed on the surface of the Fe and Co
species, respectively. Therefore, the synergistic effect of Fe and
Co endowed CoFe/N-GCT with good bifunctional electro-
catalytic activity (Fig. 8f).178

Deng et al. also innovatively proposed the concept of
“dynamic catalyst” to describe the electrochemical behavior of
metal-based materials in ZABs. Taking (Co, Fe)3N bimetallic
nitrides as an example, a relatively obvious activation stage of
the catalyst was found at the initial reaction stage of the ZAB
(Fig. 8g). Operando XAFS certied that the cobalt species was the
This journal is © The Royal Society of Chemistry 2023
active center and becomes tetravalent and bivalent during the
charging and discharging processes, respectively, while iron
was relatively inert and always remained trivalent. During the
electrochemical reaction, the recombination of the initial
components between cobalt and iron improved the electro-
catalytic activity. In the reaction process of ZABs, the metal
species in catalyst will change dynamically, and the electro-
chemically active sites will evolve periodically during the
charging and discharging potentials. A thorough under-
standing of the mechanism and nature of electrocatalysts has
important guiding signicance for the construction of high-
performance catalysts for ZABs.179 Operando characterizations
can be used to clarify the crystal phase change, functional group
evolution and coordination bond length change in the catalyst
during the charge–discharge process of ZABs. Consequently,
the microscopic change process affecting the catalytic activity
can be explored in detail, which is crucial to understanding the
source of the catalytic activity of the catalyst. These effective in
situmethods are very important for the in-depth understanding
of the electrocatalytic reaction mechanisms.
4.4 Theoretical calculations

Density functional theory (DFT) calculation plays an important
role in understanding the catalytic active center and reaction
mechanism. The change in electron density in the active center
of the catalyst during the reaction can explain the reason for the
excellent activity of the catalyst. Simultaneously, the structure of
the catalyst can be explored according to the coordination
theory, and the source of the active component explained.
Theoretical calculation can strongly support the experimental
data to reveal the electrocatalytic reaction mechanism.180

4.4.1 Construction of theoretical calculation model.
Theoretical calculation models need to be constructed in
combination with the specic conditions of the experiment. At
present, it is mainly divided into three types: the rst is the
catalyst with a crystal phase, the second is the catalyst with
a phase change in the OER process, that is, the bulk catalyst is
not the active site in the catalytic reaction process, and the third
is the SA catalyst. Here, we introduce the model construction
methods in combination with these different situations.

The rst is a catalyst with a crystalline phase. Tian et al.
successfully xed multiphase CoS/CoO nanocrystals on N-
doped graphene (CoS/CoO@NGNs) in space and synthesized
a bifunctional electrocatalyst. The ZAB assembled with this
catalyst as the air-cathode showed a power density of 137.8 mW
cm−2 and specic capacity of 723.9 mA h g−1. Then, theoretical
calculations were performed to explain the interaction of
bimetallic heterostructures by building a CoS/CoO@NGN
model. Firstly, the typical diffraction peaks related to CoS and
CoO were observed by XRD. Specically, the diffraction peaks at
30.5°, 35.1°, 47.2° and 54.3° can be assigned to the (100), (002),
(101) and (110) planes of CoS, respectively (JCPDS No. 75-0605).
The peaks at 36.5°, 42.5°, 61.8° and 73.6° can be indexed to the
(111), (200), (220) and (311) planes of CoO, respectively (JCPDS
No. 71-1178) (Fig. 9a). In the high-resolution TEM (HRTEM)
image, the identied lattice distances of 0.292 and 0.246 nm
J. Mater. Chem. A, 2023, 11, 4400–4427 | 4417
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match well with the (100) plane of CoS and (111) plane of CoO,
respectively (Fig. 9b). Then, the bimetal heterostructure was
obtained by reasonably constructing a theoretical model based
on the exposed crystal planes (Fig. 9c).181

The second is a catalyst with phase change during the OER
process. Many catalysts have a certain phase conversion process
in the OER process, that is, new metal phases will be generated.
At this time, it is necessary to consider whether the new
substance is the catalytic active species of the reaction. Lv et al.
found that Co9S8 was reconstructed by successively trans-
forming into CoOH and CoOOH in the Co9S8@Fe3O4 hetero-
junction during the OER process by operando XAFS. The
resulting CoOOH was considered as the active species, while the
existence of Fe3O4 could inhibit the aggregation of CoOOH. The
theoretical calculation model was constructed based on the
experimental results, clarifying that the real catalytic active site
was CoOOH (Fig. 9d and e).182

The third is transition metal-based monatomic catalysts.
Given that the loading of monatomic catalysts is less than 7%,
XRD cannot characterize their crystal phase separately, and
thus it is necessary to use X-ray absorption spectrum to t the
coordination number of monatomic catalysts, and reasonably
build a theoretical calculation model in combination with the
specic coordination environment.183 Tong et al. controlled the
synthesis of Fe–N4 and Fe–N3C atomic dispersion structure by
adjusting the pyrolysis temperature of the Fe/ZIF-8 precursor
from 850 °C to 950 °C. Simultaneously, in situ C in ZIF-8 and
high-temperature cracking can be used to obtain a Fe/Zn-NC-
950 catalyst for the synthesis of Zn–N4. The Fe/Zn-NC-950
catalyst with Fe–N3C conguration showed better ORR activity
and excellent durability. Given that XRD and TEM cannot
characterize the specic structure of Fe, XAFS showed that the
conguration of Fe is Fe–N3C, and subsequently a theoretical
calculation model was built based on this structure (Fig. 9f and
Fig. 9 (a) XRD pattern of CoS/CoO@NGNs. (b) HRTEM images of CoS/C
model and contour plots of differential charge density of the CoS (100)
accumulation and charge depletion, respectively. The iso-surface level
Copyright (2022) Springer Nature. (d) Operando Co K-edge XAFS spec
spectrum of CoOOH@Fe3O4 is shown as a reference and the corre
CoOOH@Fe3O4model. Color codes for elements: Co, blue; O, red; H, pin
(2022) ACS. (f) FT-EXAFS spectra of Fe/Zn-NC-850, Fe/Zn-NC-950, Fe-N
Zn-NC-950 (inset: structural model of Fe-N3C). (g) Bond order of Fe-N3

4418 | J. Mater. Chem. A, 2023, 11, 4400–4427
g). It was found through DFT that the valence state of iron in
asymmetric Fe–N3C is higher than that in symmetric Fe–N4

because the electronegativity difference between the coordi-
nated C atom and N atom results in the stronger electron
delocalization of Fe–N3C. In addition, the residual Zn atom
from ZIF-8 will transfer its d-orbital electron to Fe, and thus the
synergistic effect between Fe–N3C and Zn–N4 will enhance the
adsorption capacity of the oxygen-containing intermediates,
which is conducive to the stretching and splitting of O–O on the
Fe active center and reduce the formation energy of the rate-
controlling step of OOH*.184

4.4.2 Theoretical calculations of various energies. Both the
OER and ORR processes can be used to describe the active
center by calculating the Gibbs free energy and state density. In
this section, we mainly discuss four-electron processes. By
calculating the Gibbs free energy, it can see whether the reac-
tion occurs spontaneously at each step, what the Gibbs free
energy is at each step, and thus infer the rate-determining step
of the ORR/OER. The density of states can provide the effect of
electron density on the reaction speed, which is very important
for the regulation of the bifunctional reaction.

Liu et al. used theoretical calculations to demonstrate that
heteroatom-doping could improve the electrocatalytic perfor-
mance. Fig. 10a shows the free energies of various oxygen-
containing intermediates of the ORR and OER at CoO@PWC
and P-CoO@PWC-2. The adsorption free energy of the ORR
signicantly increased aer P-doping because the P atom
provided electrons to CoO, thus weakening the adsorption of
OH*. The density of states results implied that the density of
electron states near the Fermi level increased signicantly aer
doping P, indicating the higher carrier density and more
favorable charge transfer during the electrocatalytic reaction
(Fig. 10b). The fundamental reason for the improvement in the
electrocatalytic performance of the heteroatom-doped catalyst
oO@NGNs. (c) Schematic of the CoS (100)/CoO (111) heterostructure
/CoO (111) model. The yellow and cyan regions represent the charge
was set to be 0.008 eÅ−1. Reproduced with permission from ref. 181,
tra of Co9S8@Fe3O4 at different applied potentials. Co K-edge XAFS
sponding FT curves of the Co K-edge extended XAFS spectra. (e)
k; and Fe, yellow. Reproducedwith permission from ref. 174, Copyright
C, Fe foil, FeO, Fe2O3 and FT-EXAFS fitting curves of Fe K-edge for Fe/
C. Reproduced with permission from ref. 184, Copyright (2022) Wiley.

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 (a) Free energy diagrams for the ORR and OER at different electrode potentials on CoO@PWC and P-CoO@PWC-2 through an oxygen
associative mechanism. The reaction pathways for the ORR listed in this panel are Step 1: O2 (g) + * + H2O(l) + e− 4OOH* +OH−, Step 2: OOH*
+ e−4O*+OH−, Step 3: O*+H2O (l) + e−4OH*+OH−, and Step 4: OH*+ e−4*+OH−; theOER occurs in reverse from Step 4 to Step 1. (b)
Density of states of CoO@PWC and P–CoO@PWC-2. Reproduced with permission from ref. 185, Copyright (2021) Wiley. (c) Free-energy
diagrams of Co-Nx [x = 4, 3, 2 (cis and trans), 1] and the theoretical ideal diagram for the ORR and OER. Reproduced with permission from ref.
186, Copyright (2022) Elsevier. (d) Proposed ORR mechanism on the Co4NC-2 model. (e) Projected density of states (PDOS) plots of Co4NC-1
and Co4NC-2 reaction process. (f) Calculated free–energy profiles for the ORR and OER pathways on the Co4NC-2 model with different
electrode potentials. Reproduced with permission from ref. 188, Copyright (2022) Wiley.
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was proven by Gibbs free energy and density of state
calculations.185

Moreover, theoretical calculations can also be used to illus-
trate the electrocatalytic reaction mechanism of SAs. Xu et al.
investigated the ORR mechanism of Co–N4 single atom by
theoretical calculation. The results showed that the Gibbs free
energy of each step for the Co–N4 model during the ORR and
OER was lower than that of Co–N1, Co–N2 and Co–N3, indicating
that the structure of Co–N4 had better ORR/OER activity
(Fig. 10c).186 It is more important to elucidate the catalytic
mechanism of bimetallic SAs based on the synergistic effect on
electrocatalytic activity. Fu's group prepared bimetallic SA
catalysts containing Cu–N4 and Zn–N4, which showed high
activity in ORR catalysis. The density of state calculation showed
that the Cu metal center had an obvious negative shi in the D-
band center of Cu–N4/Zn–N4, and the overlap area is larger
compared with Cu–N4, further implying that the bimetallic SA
has a stronger adsorption force on O2. The Gibbs free energy
calculations further showed that the synergistic and electron
transfer effects of bimetallic SAs can effectively reduce the
reaction energy barrier and increase the reaction rate of the
OOH* rate-determining step compared to single-metal SAs.187

Shu et al. synthesized bifunctional oxygen reaction electro-
catalysts (CoCNTs/PNAs) via a simple self-assembly pyrolysis
method. The effect of strong interaction between cobalt sites
and nitrogen-doped carbon substrates on improving the ORR/
OER catalytic activity was also studied through density func-
tional theory calculations. Theoretical calculation further
demonstrated that the electronic interaction between the Co
sites and N-doped carbon substrate can activate oxygen mole-
cules, signicantly regulate the electronic d-band structure, and
This journal is © The Royal Society of Chemistry 2023
reduce the critical step reaction energy barrier, thus achieving
efficient electrocatalytic ORR/OER (Fig. 10d–f).188

4.4.3 Adsorption energy and differential charge density.
The adsorption energy of oxygen is an important criterion to
conclude the oxygen reaction activity. It is of great signicance
to determine the relationship between adsorption energy and
catalytic activity for the preliminary selection of catalysts. The
differential charge density is used to judge the adsorption
capacity of oxygen by the charge difference generated at the
active site of the catalyst. The four reaction processes of the ORR
include oxygen adsorption process and subsequent desorption
process. When the adsorption energy is too small, the O2

adsorption rate is too slow, which is not conducive to the ORR.
Conversely, it is not favorable for the subsequent desorption
process, and thus the adsorption energy of O2 should be
moderate. Fu's group calculated the O adsorption energy of the
ORR of CoFe alloy nanoparticles coated with N-doped carbon
layer (CoFe@NC) and uncoated with carbon layer. It was found
that CoFe@NC had a lower O2 adsorption energy value, indi-
cating that the presence of N-doped carbon weakens the
adsorption ability of CoFe alloy nanoparticles to O2, facilitating
to the subsequent desorption processes (Fig. 11a–c).130 By
calculating the charge density difference of Cu–N4/Zn–N4, Cu–
N4 and Zn–N4 for adsorbing O2 active sites, Tong et al. found
that the electron density of metal centers in Cu–N4/Zn–N4 was
higher, indicating the electron transfer from Zn to Cu, and thus
bimetallic coupling could enhance the ORR activity (Fig. 11d–
f).187 Huang et al. synthesized M-ACSA@NC catalysts (M = Fe,
Co, Ni) by modifying SAs with metal nanoclusters for the ORR.
DFT calculations showed that the Fe clusters induced electron
redistribution around the Fe–N active site and electrons were
transferred from the metal center to adjacent carbon,
J. Mater. Chem. A, 2023, 11, 4400–4427 | 4419
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Fig. 11 Adsorption energies (Eads) on the (200) surfaces of CoFe and the optimized geometries of (a) CoFe@NC, (b) CoFe@Co and (c) CoFe@Fe
systems. Reproducedwith permission from ref. 130, Copyright (2020) RSC. Calculated charge density differences for (d) Zn–N4, (e) Cu–N4 and (f)
Cu–N4/Zn–N4 (blue and red areas represent charge density increase and decrease, respectively, where larger values represent increased
electron density). Reproduced with permission from ref. 187, Copyright (2021) Wiley. Differential charge density of (g) Fe-NPSA@NC and Fe-
ACSA@NC (colors yellow and blue represent the increase and decrease in charge density, respectively). (h) ORR elemental steps in alkalinemedia
and OH* adsorption energy as a function of Bader charge, ORR half-wave potential as a function of average Fe. Reproduced with permission
from ref. 189, Copyright (2022) Wiley.
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increasing the positive charge center of metal and weakening
the adsorption of OH* (Fig. 11g).189 In addition, there was
a linear relationship between the adsorption energy of OH* and
Bader charge. In contrast, Fe Fe-ACSA@NC had the highest
Bader charge (0.79) and the weakest OH* adsorption energy
(−2.79 eV), which is favorable for the desorption of OH*. In
addition, the Fe–N bond length is linearly correlated with the
ORR half-wave potential (Fig. 11h). The above-mentioned work
shows that theoretical calculation combined with experiment
can better elucidate the electrocatalytic reaction mechanism.

5. Zn–air hybrid battery

At present, the low power density caused by the discharge
voltage of ZABs makes it difficult for them to achieve 65% effi-
ciency.190 Moreover, they cannot work in oxygen-free conditions,
such as water, sealed and vacuum conditions, greatly hindering
the practical application of ZABs.191 Zn–air hybrid batteries are
a new type of battery derived from ZABs, which perfectly
combine the advantages of ZABs and Zn-ion batteries.
Compared with ZABs, Zn–air hybrid batteries have the following
advantages (Fig. 12a): (i) Faraday redox reaction (transition
metal redox reaction M–O–OH 4 M–O, M = Co, Ni, Mn, etc.)
4420 | J. Mater. Chem. A, 2023, 11, 4400–4427
can provide high working voltage and high energy density. (ii)
The hybrid battery contains the redox process of metal ion
pairs, which will increase the integral area of the discharge
curve and reduce the integral area of the charging curve, and
thus the efficiency of the ZAB will break through the bottleneck
of 65%. (iii) Under oxygen-free conditions, the hybrid battery
can work independently as a Zn-ion battery without damage to
the battery. The utility model overcomes the problem that ZABs
cannot work under the harsh high altitude conditions.192,193 To
construct hybrid ZABs, it is necessary to consider the variation
in the charging and discharging potential range by metal-based
catalysts with Faraday redox electron pairs. Generally, metal-
based catalysts, such as Co, Cu, Mn, and Ni, can undergo
redox reactions in this potential range. The Faraday redox
reaction should be driven by the adaptive potential of electron
pair conversion, and the ORR/OER occurs while the reaction is
proceeding.

Recently, Zhang et al. constructed a Zn/Cu/Ni/air hybrid
battery system based on multi-pair coupling by using the Cu+/
Cu2+ electric pair generated by the foam copper collector. The
hybrid battery exhibited a charging–discharging mode different
from the traditional ZAB. Different from the two processes of
This journal is © The Royal Society of Chemistry 2023
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Fig. 12 (a) Comparison of electrochemical mechanisms between hybrid battery and conventional ZAB. (b) Galvanostatic charging–discharging
plots of Zn–Cu/Ni/air hybrid battery and conventional ZAB at 10 mA cm−2 (40 min per cycle). (c) CV curves of different air-cathode-assembled
batteries in air ambient. The initial two cycles of galvanostatic charging–discharging voltage profiles for (d) Zn–Cu/Ni/air hybrid battery and
conventional ZAB. Reproduced with permission from ref. 169, Copyright (2022) ACS. (e) Schematic illustration of Zn–Co3O4-x/Zn–air hybrid
battery, CV curves of the hybrid battery with Zn plate as anode and Co3O4−x as cathode in air and N2 atmosphere and galvanostatic discharge–
charge–discharge profile of the cycling measurement (at 5 mA cm−2, segment (I) 5 min discharge; segment (II) charge to 1.95 V; segment (III)
5 min charge; segment (IV) discharging to 1.25 V; segment (V) 5 min discharge), elaborating the transformation of the battery from a ZAB to a Zn–
Co3O4−x/Zn–air hybrid battery. Reproduced with permission from ref. 194, Copyright (2018) ACS. (f) Schematic illustration. (g) CV curves of
ZnAMB in ambient air and N2 atmosphere. (h) Voltage profile of the initial charge–discharge of the cycling test (at 5 mA cm−2, 15 min discharge
followed by 15 min charge in each cycle), elaborating the transformation of the cell from a ZAB to ZnAMB. Reproduced with permission from ref.
195, Copyright (2017) ACS.
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the ORR and OER of traditional ZABs, the operation process of
the Zn Cu/Ni/air hybrid battery is as follows. Process I is the rst
discharge of hybrid battery on the 1.27 V voltage platform,
mainly originating from the ORR process of the Co–N–C cata-
lyst. Process II is the conversion process from Cu–O–Cu to Cu–O
and from Ni–O to Ni–O–O–H, providing a charging voltage
platform of 1.8–1.9 V. The 1.95 V charging platform of Process
III benets from the CuxO@NiFe-LDH OER process. Process IV
is a reversible process of II, providing a discharge voltage plat-
form of about 1.7 V for the conversion of Cu–O to Cu–O–Cu and
Ni–O–O–H to Ni–O. The reversible transformation of Cu species
and Ni species synergistically reduces the integral area of the
charge curve and increases the integral area of the discharge
curve, thus endowing the hybrid battery with ultra-high energy
efficiency (Fig. 12b–d). Operando XRD and XPS were used to
monitor the structural changes in the hybrid air cathode during
charging and discharging. The results showed that the peak
intensity ratio of Cu2O and CuO was signicantly higher than
that in the initial state aer the rst discharging process,
indicating that Cu–O was accompanied by the transformation
of Cu–O–Cu. Aer the rst charging process, the peak intensity
ratio of Cu2O and CuO decreased signicantly, implying the
transformation from Cu–O–Cu to Cu–O. In addition, XPS
showed that the peak area of Cu+/Ni2+ increased and the peak
This journal is © The Royal Society of Chemistry 2023
area of Cu2+/Ni3+ decreased aer the rst discharge, which
further conrmed that Cu2+/Ni3+ was transformed into Cu+/Ni2+

during the discharge process. Aer the charging process, the
peak area of Cu2+/Ni3+ increased and the peak area of Cu+/Ni2+

decreased, which proves that a transformation from Cu+/Ni2+ to
Cu2+/Ni3+ occurred during the charging process. The highest
charge discharge efficiency of this hybrid battery could reach
79.6%, breaking through the 65% efficiency of traditional
ZABs.169

Ma et al. synthesized a cobalt oxide rich in oxygen vacancies
by plasma etching and constructed a new type of zinc–cobalt
oxide and zinc–air hybrid battery. (Zinc–Co3O4−x) Co3O4 was the
cathode material of zinc-ion battery. The Faraday redox reaction
of Co–O 4 Co–O–OH occurred during the charging and dis-
charging processes of battery. The OER and ORR electrocatalytic
performance could be effectively improved by introducing
oxygen vacancy on the surface, thus improving its electro-
chemical performance as a cathode material for ZABs. CV
showed that the redox peak at the 1.95/2.05 V potential corre-
sponded to the change in the Faraday redox: Co–O 4 Co–O–
OH. The new hybrid zinc-based power battery exhibited a power
density of 3200 W kg−1 and an energy density of 1060 W h kg−1,
respectively, and it also exhibited good stability aer 440 h and
1500 cycles (Fig. 12e). More importantly, the solid-state hybrid
J. Mater. Chem. A, 2023, 11, 4400–4427 | 4421
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battery had good safety, excellent water resistance and washable
properties aer the gel electrolyte was used to assemble the
complete battery. It could still maintain nearly 90% electro-
chemical performance aer 20 h in water or 1 h aer washing,
which could solve the problem that traditional ZABs cannot
work normally under harsh conditions.194

Zn–NiCo2O4 hybrid batteries were constructed by Li et al.
The binary transition metal oxide was grown on carbon-coated
nickel foam (NiCo2O4/NIF@C). The CV curves measured in an
O2 atmosphere showed that the peak ORR/OER reaction of
conventional ZABs is in the potential range of less than 1.3 V for
the ORR and greater than 1.9 V for the OER, while the appear-
ance of electron pairs at 1.7 V/1.86 V is attributed to changes in
the redox reaction between metal–O and metal–O–OH (Fig. 12f
and g). The assembled battery assembly displayed that the
charge–discharge curve process was ORR-metal redox reaction-
OER-metal redox reaction, and the reaction had cyclic revers-
ibility. Compared with the traditional ZAB, the Zn–NiCo2O4

hybrid battery exhibited a higher discharge voltage and
a smaller charging–discharging potential difference
(Fig. 12h).195 Lee et al. also synthesized an NiO/Ni(OH)2 heter-
ojunction for the assembly of hybrid batteries, which showed
the electrochemical performance of Ni–Zn batteries and ZABs.
The rapid kinetics of the reactive nickel Faraday redox reaction
resulted in a high specic capacity and high discharge voltage
platform. The hybrid battery had a high power and energy
density, and dynamic charging and discharging from high
current to low current proved the practical feasibility of the
hybrid battery in electric and hybrid electric vehicles. Under
a high current density, the Faraday redox reaction and oxygen
reaction simultaneously discharged, which synergistically
increased the battery power density.196 At a low current density,
the ORR maintained the voltage and increased the energy
density of the battery. Hence, the hybrid battery could be
charged 10-times faster than it could be discharged without loss
in its capacity.

The above-mentioned results show that the redox reaction of
the metal species in the electrode occurring in the range of
charging and discharging voltage is a necessary condition for
the construction of novel Zn–air hybrid batteries. The combi-
nation of ZABs and metal-ion batteries can solve the bottleneck
of traditional ZABs. In the future, related research on transition
metal-based hybrid batteries should be vigorously carried out.

6. Outlook

At present, the self-supporting electrodes of ZABs have devel-
oped rapidly, but there are still some challenges that limit their
development. The mechanism of metal-support interaction of
self-supporting electrodes and catalytic mechanism of catalysts
are not well understood. Thus, it is necessary to summarize
a reasonable system to explain the reasons for the excellent
performance of self-supporting electrodes and provide refer-
ence for the subsequent synthesis of high-performance self-
supporting electrodes from the perspective of morphology,
structure and intermediates in the catalytic process. The main
substrates used for self-supporting electrodes are carbon base
4422 | J. Mater. Chem. A, 2023, 11, 4400–4427
and foam metal base. In alkaline electrolyte, carbon-based
materials corrode, while metal materials signicantly reduce
the energy density of the battery due to their weight. Therefore,
developing new lightweight corrosion-resistant conductive
substrate materials is a challenge. The test current density
range of zinc–air batteries with self-supporting electrodes is
generally below 20 mA cm−2, but in practical application, the
standard of current density is generally > 50 mA cm−2, and thus
it is necessary to explore self-supporting electrodes with high
current density.

Self-supporting electrodes have been used as the air-
cathodes of ZABs, and their related development is very fast.
It is necessary to explore the ORR/OER mechanism with
advanced operando techniques and theoretical calculation for
the directional synthesis of air-cathodes. In future research, the
following problems should be solved for ZABs (Fig. 13).

(i) The rational design and synthesis of highly efficient and
stable self-supporting electrodes are very important for the
development of ZABs. The self-supporting electrode structure
can guarantee the high stability of ZABs. The bifunctional
oxygen reaction activity can be enhanced by adjusting the
electronic state of the metal centers through heteroatom-
doping, bimetal coordination and interface engineering. The
growth of zinc dendrites can also be effectively controlled by
adjusting the electrode structures and the composition of the
electrolyte.

(ii) The in-depth study of the electrocatalytic reaction
mechanism is of guiding signicance for the directional
synthesis of catalysts. Operando characterization can used to
reveal the “black box” of the ZAB charging–discharging process
and fully understand the electrocatalytic mechanism. It plays
a key role in constructing theoretical models based on in situ
characterization results and revealing the mechanism of the
ORR/OER through DFT calculation.
This journal is © The Royal Society of Chemistry 2023
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(iii) Solid-state ZABs have the characteristics of portability,
good exibility, etc., which have great practical application
value. The biggest problem of solid-state batteries is the water
retention of solid electrolyte and the difficulty of working under
extreme conditions. Therefore, much more effective solid elec-
trolytes need to be developed and simultaneously functional-
ized to improve their water retention and stability.

Based on the practical application demand of ZABs, it is of
practical signicance to reasonably develop various novel
batteries combined with other metal-ion batteries. Zinc–air
hybrid batteries combine the ORR/OER and Faraday redox
reaction of metal ions, which have the advantages of high dis-
charging voltage, high power density and high efficiency.
Importantly, they can overcome the problem that ZABs cannot
be applied in harsh environments. Therefore, much more
efforts are needed to develop novel hybrid batteries. We believe
that the problems existing in ZABs will be gradually solved,
which are expected to replace lithium-ion batteries in the
future. It is hoped that this review will accelerate the develop-
ment of ZABs.
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