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Efficient bifunctional OER/ORR catalysts are crucial for the further development of zinc-air battery. From
a sustainable point of view, it is important that electrocatalysts are efficient, low cost, and composed of
abundant resources instead of scarce metals. Due to their good conductivity, low cost, and strong durabil-
ity, carbon-based materials are considered a promising alternative in the field of commercial zinc-air bat-
tery catalysts. Herein, we briefly introduce the zinc-air battery and then summarize recent progress in the
development of carbon-based bifunctional catalysts by defect engineering, heteroatom doping and metal
doping. Finally, we discuss the main challenges and prospects for the future development of carbon-based
bifunctional oxygen catalysts.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Due to the economic, scientific, and technological development
over the past several decades, human society has made significant
progress in many areas such as the chemical industry, environ-
mental protection, medical treatment, electronics, and energy pro-
duction. However, the consumption of nonrenewable energy has
increased with global economic development. The emergence of
clean solar and wind energy can solve many of the issues caused
by this energy crisis. However, renewable energy output is greatly
affected by season, climate, and location, and cannot be controlled
as needed. Therefore, in order to effectively utilize solar energy
and wind energy, the development of low-cost, sustainable, and
highly efficient energy conversion and storage technologies is of
utmost importance [1-4]. Due to their high energy density, low
cost, wide range of use, safety and reliability, zinc-air battery have
broad commercialization prospects [5,6].

The oxygen evolution reaction (OER) and oxygen reduction re-
action (ORR) are the basis for converting chemical energy into elec-
trical energy. These reaction processes are complex and their ki-
netics is slow. Furthermore, their practical energy efficiency and
cycle stability are far from satisfactory [7,8]. Although Zn and O,
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can react spontaneously, the kinetics of ORR are slow in the pro-
cess of battery discharge, requiring the participation of a catalyst
to accelerate the reaction. Meanwhile, effective OER catalysts are
also essential to realize rechargeable zinc-air battery. Currently, the
best ORR catalyst is Pt, but the activity of Pt for OER is not satis-
factory. RuO, and IrO, are the benchmark OER catalysts, but they
have poor ORR performance. Although a combination of these two
catalysts can achieve bifunctional catalysis, this results in a com-
plex process and high price [9-11]. Therefore, the design of effi-
cient, stable, and low-cost bifunctional catalysts for both ORR and
OER is urgently required.

Recently, carbon-based materials, transition metal-based mate-
rials and their derivatives (oxides/sulfides/hydroxides), and com-
posites have been extensively explored as alternative materials
for bifunctional catalysts. Although transition metal-based catalysts
have good redox electrochemical properties, their poor conductiv-
ity and dispersion limits their application. Carbon-based materials
have various structures such as 0D (e.g., fullerene), 1D (e.g., car-
bon nanotubes (CNTs)), 2D (e.g., graphene) and 3D (porous carbon
nanostructures) morphologies. These morphologies provide more
exposed active sites and result in faster mass transfer. Moreover,
due to their high conductivity, high specific surface area, good
corrosion resistance, and low cost, carbon-based materials have
aroused a significant amount of research interest [12-16]. The free
electrons in sp? carbon structures can ensure rapid charge trans-
fer in redox reactions. In addition, their electronic structure can
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Fig. 1. Basic Zn-air battery configuration and simplified solid-liquid-gas three-phase
interaction.

be easily adjusted by heteroatom doping, defect engineering, or in
combination with other metals to improve catalytic performance.
Although several reviews have summarized carbon-based materi-
als as bifunctional electrocatalysts in zinc-air battery, it is neces-
sary to provide an updated summary of the large amount of recent
research in this area.

Therefore, in this review, we first summarize the working prin-
ciples of zinc-air battery and the related reaction mechanism
of oxygen reactions. Subsequently, emerging carbon-based bifunc-
tional electrocatalysts are presented, paying particular attention to
changes to catalyst size and structure as well as new strategies for
improving catalyst performance. These electrocatalysts are synthe-
sized by defect engineering, heteroatom doping and metal doping.
Finally, we describe the current challenges and future perspectives
of carbon-based bifunctional oxygen catalysts for meeting the per-
formance requirements of zinc-air battery. We expect that this re-
view will provide timely information for future research and iden-
tify directions for the future development of electrocatalysts with
high activity, a long life, and good performance in zinc-air battery.

2. Electrically rechargeable zinc-air battery

Zinc-air battery is a type of metal-air battery. This technology is
relatively mature and was initially developed in the 19t century.
In 1878, Maiche et al. used a porous carbon electrode containing
platinum as a positive electrode to assemble the earliest zinc-air
battery. The electrode performance of this battery was very poor
because a slightly acidic electrolyte was used [17]. In 1932, Heise
and Schumacher used an alkaline electrolyte to prepare a zinc-
air battery, significantly increasing the discharge current. However,
output power was low [18]. Since then, many countries around
the world have developed and promoted zinc-air battery. Today,
they are widely used in communication base stations, electric bi-
cycles, seismic telemetry, energy storage, and electric vehicles [19-
21]. They have the advantages of high energy density, a stable elec-
trolyte and low cost [22,23].

2.1. Battery configuration

Zinc-air battery use metal zinc as the anode, oxygen in the
air or pure oxygen as the cathode, and are encapsulated with
an electrolyte, as shown in Fig. 1. Zinc electrodes are usually
made of zinc powder, a zinc plate, or zinc foam. The most
commonly used electrolytes in zinc-air battery are alkaline so-
lutions such as KOH, NaOH and LiOH. Among these, KOH solu-
tion has been widely used because of its good conductivity, high
mass transfer rate, and high zinc salt solubility [24-29]. Gen-
erally, a small quantity of ZnCl, (e.g, 0.2 mol/L) is added to
6 mol/L KOH electrolyte to ensure the reversibility of the zinc elec-
trochemical reactions [30,31].
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2.2. Operation principles

The working principle of rechargeable zinc-air battery is that
oxygen (the cathode) and metal zinc (the anode) undergo an elec-
trochemical reaction in alkaline solution to recharge the battery.
In other words, this process generates zinc oxide from elemental
zinc and oxygen. In alkaline aqueous solution, the dissolution of
the zinc electrode is divided into two steps. The first is the ox-
idation of zinc to zincate (Zn(OH)42~). The zinc oxide then pre-
cipitates when it is dissolved and saturated during the discharge
process [32]:

Anode: Zn + 40H- — Zn(OH),% + 2e~ (1)
Zn(OH)42 — ZnO + 20H-+ H,0 )
Cathode: O, + 2H,0 + 4e~— 40H- (3)

Overall: 2Zn + O, — 2Zn0O (4)

During the charging process, the reaction of the anode and
cathode electrodes is completely reversible. The reduction reaction
occurs in the zinc electrode. That is, Zn(OH)42~ ions are reduced
to elemental Zn. The air electrode provides an oxidation reaction
to produce oxygen. Finally, ZnO decomposes into Zn and O,.

Theoretically, the standard electromotive force of a zinc-air bat-
tery relative to a standard hydrogen electrode is 1.65 V. How-
ever, in actual operation, the actual discharge voltage is lower than
1.65 V due to the internal loss of the battery, resistance polariza-
tion, and concentration loss. The charging voltage must be higher
than 1.65 V to complete the charging process and is decided by
the current density and the performance of the air electrode cat-
alyst. As discussed above, the discharging and charging processes
correspond to the basic electrochemical reactions (ORR and OER)
at the air cathode. The overpotential of the air cathode plays a key
role in the charge and discharge voltage of the battery. In order to
construct a rechargeable zinc-air battery with a high energy den-
sity and good cycle durability, the air (oxygen) electrode needs to
have an efficient and stable bifunctional catalytic activity. This is
because during both the charging and discharging processes, the
overpotential of the electrode increases rapidly with enhancement
of current density. Therefore, the development of an air electrode
with highly efficient bifunctional catalytic performance is neces-
sary to effectively promote the ORR and OER process.

2.3. Reaction mechanism for ORR and OER

OER and ORR are a pair of reversible reactions in electrochemi-
cal energy conversion equipment. They are the key to the future of
zinc-air battery systems. However, slow dynamics and limited re-
versibility are the main obstacles that limit the efficiency of zinc-
air battery [30,33]. The ORR mechanism is very complex, involving
a large number of intermediate products. Currently, it is generally
accepted that the reaction process in alkaline solution proceeds ac-
cording to the direct four-electron pathway (0, + 2H,0 + 4e™—
40H™) or the two-electron pathway (O, + H,0 + 2e~ — HO, +
OH-, HO,~+ H,0 + 2e~— 30H7) [34,35].

When ORR follows the two-electron pathway, a large number
of intermediate products (HO,~ or H,0,) are produced. This re-
duces the efficiency of the reaction and leads to corrosion and de-
activation of the catalyst, affecting the energy conversion rate and
long-term life of the battery. When ORR follows the four-electron
pathway, O, is directly reduced to H,O or OH~, which avoids cor-
rosion of the catalyst and improves the energy conversion rate and
cycle life of the battery [36]. However, in practice, ORR is usually
a mixed transfer reaction that includes both the two-electron and
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Fig. 2. Summary of electrocatalytic activity of recently reported bifunctional cata-
lysts.

four-electron pathways. Therefore, finding a suitable catalyst to en-
hance the four-electron pathway is necessary for development of
efficient zinc-air battery.

The mechanism of OER is different and more complex than that
of ORR. A large number of intermediate products are produced
during a multi-step electron transfer process [37-39]. Therefore, it
is imperative to develop a catalyst that increases the OER reaction
rate and reduces its activation energy.

3. Bifunctional oxygen electrocatalysts

At present, the precious metal-based catalysts Ru/IrO, and Pt/C
demonstrate the best performance for OER and ORR, respectively.
However, these catalysts are usually monofunctional. While a sim-
ple mixture of Ru/IrO, and Pt/C can be used as a bifunctional elec-
trocatalyst, the complex preparation process, expensive material
costs, and poor stability of precious metals significantly limit their
development in zinc-air battery [40-42]. Therefore, the design and
development of cheap and stable non-precious metal catalysts have
become a research hotspot.

Carbon materials are an important catalyst for zinc-air bat-
tery, with the advantages of low cost, good stability, large spe-
cific surface, and high conductivity [43-46]. In addition, their elec-
tronic structures can be easily modified by defect engineering, het-
eroatom doping, or combination with other substances to improve
electrocatalytic performance [47-49]. This paper will review the
recent development of carbon-based materials as efficient and sta-
ble bifunctional electrocatalysts and outline future development di-
rections.

The activities of different reported catalysts are displayed in
detail in Fig. 2. The X-axis represents ORR activity at the half-
wave potential (Ey;). Catalysts with higher E;j, values have better
performance. The Y-axis represents OER activity when the current
density is 10 mA/cm? (Eqy). Lower Ejq values mean better perfor-
mance. As can be seen, transition metal doping can significantly
improve the activity of bifunctional electrocatalysts. The activity
of these catalysts mainly depends on the unsaturated coordination
bond in the active center or changes to the microstructure caused
by the metal atoms. However, since most transition metal-based
catalysts rely on surface reactions, some metal atoms in these cat-
alysts cannot contact the reactants, resulting in low metal atom
utilization. Therefore, reducing the geometric size of catalyst par-
ticles can improve electrocatalytic performance. The preparation of
homogeneous monoatomic catalysts to improve the utilization rate
of each metal atom and increase the proportion of low coordina-
tion metal centers should be the focus of future research.

3.1. Dopant-free carbon materials

The electrocatalytic process takes place on the surface of the
electrocatalyst. Therefore, designing and controlling the surface of
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Fig. 4. (a) Schematic diagram of ORR test. (b) LSV curves of highly oriented py-
rolytic graphite. Reprinted with permisison [53]. Copyright 2014, Wiley-VCH. (c)
Schematic diagram of the synthesis of edge-rich graphene by Ar plasma etching. (d)
TEM images of Ar plasma-treated graphene. Reprinted with permisison [57]. Copy-
right 2014, Wiley-VCH.

electrocatalysts is a key factor in catalyst design. In addition to the
intrinsic characteristics of carbon materials, a large number of early
studies have shown that the surface defects of electrocatalysts such
as impurity defects, vacancy defects, and interstitial defects have a
positive effect on electrocatalytic performance (Fig. 3) [50-52].

Recent reports on defective catalysts for oxygen electrodes are
described below, as well as an analysis of how these defects af-
fect electrocatalytic activity. Wang et al. used highly oriented py-
rolytic graphite as an ORR catalyst and attempted to determine
the active sites in the graphite [53]. A schematic diagram of the
ORR test performed at the designated location is shown in Figs. 4a
and b show that compared with the base plane, the edge has a
higher onset potential and a larger current density. This is the
first direct evidence that the edge of graphite is more active than
the basal plane. To verify this hypothesis, they prepared graphite
materials with more exposed edges by ball milling. Electrochem-
ical tests confirmed that a higher number of exposed graphite
edges results in better ORR electrocatalytic performance. At the
same time, Hu et al. also showed that defective carbon materials
can improve electrocatalytic activity [54], providing guidance for
edge/defect engineering to improve catalytic activity.

With these findings, it is reasonable to claim that catalytic ac-
tivity of the base surface of carbon materials is not as good as
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catalytic activity of the edge. This provides a clear direction for
the design of highly efficient carbon-based electrocatalysts to re-
place existing commercial catalysts. In-depth research has been
conducted on the design of defective carbon-based electrocata-
lysts. Dai et al. reported that the use of quantum dots carried by
graphene nanoribbons reduced the size of carbon materials, ex-
posing more edges/defects and demonstrating good electrocatalytic
performance [55]. Yao et al. used a simple denitrification procedure
to remove nitrogen from N-doped graphene, creating various car-
bon defects [56]. Density functional theory (DFT) calculations re-
vealed that the topological defects formed in the resulting bifunc-
tional catalyst were the real active sites.

Carbon materials can be prepared at high temperatures or with
a template method to form more defect structures. However, these
methods cannot control the generation of edge defects. With an
understanding of the positive effect of edge defects on catalytic ac-
tivity, the development of new methods to prepare carbon-based
materials with a large number of exposed edges is very impor-
tant. Tao and co-workers reported the first use of a plasma etching
method for the development of graphene with rich defects as an
efficient electrocatalyst. The sample preparation diagram for this
method is shown in Fig. 4c [57]. This plasma etching method can
control the generation of edge defects and be used to prepare car-
bon materials with more exposed edges. Transmission electron mi-
croscope (TEM) images (Fig. 4d) clearly show that plasma treat-
ment produces nano-sized holes but does not change the macro-
scopic structure of the graphene. This structure has an abundance
of active sites and good conductivity. Electrochemical tests found
that this material has significant electrocatalytic activity and good
stability. Therefore, plasma technology is an effective method for
controlling the formation of defects in carbon-based materials. This
method shows significant promise for the treatment of other elec-
trocatalysts in the future.

The research discussed in this section has successfully demon-
strated the important role of defects in improving the electrochem-
ical performance of carbon-based materials. Although these pre-
pared catalysts cannot yet replace commercial catalysts, the com-
bination of heteroatom doping and edge effects shows great poten-
tial for the further improvement of catalyst performance.

3.2. Heteroatom-doped carbon materials

Many studies have shown that heteroatom doping can increase
the number of catalytic active sites on carbon materials and im-
prove catalytic activity. These improvements are caused by changes
to the internal structure of the carbon and to the electron density
distribution of carbon atoms adjacent to the doped heteroatoms
[58-61].

3.2.1. Mono-element doping

Although carbon materials have a high surface area and good
conductivity, the oxygen reduction process of pure carbon mate-
rials is dominated by the two-electron pathway, resulting in poor
ORR activity. By intentionally introducing N, B, O, S, P or other het-
eroatoms to the carbon structure, the four-electron pathway can be
promoted, significantly improving the ORR activity of the doped
carbon materials. Among these elements, nitrogen-doped carbon
materials have been the most widely studied for use as efficient bi-
functional oxygen catalysts. Zhang’s team used a template method
to prepare a defect-rich N-doped carbon material [62]. High reso-
lution transmission electron microscopy (HRTEM) shows that the
catalyst prepared by this method possesses a large number of pore
structures. This catalyst exhibits good electrochemical activity with
higher current density and a more negative onset potential (Egpget).
By calculating the E;j, and Ejg, the overall performance of the cata-
lyst can be comprehensively judged. Fig. 5a shows that this catalyst
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Fig. 5. (a) ORR/OER bifunctional activities of different catalysts. (b) Schematic dia-
gram of graphene nanoribbon with various defects and N-doping (PR and PN rep-
resent pyrrolic nitrogen and pyridinic nitrogen, respectively; Q and QN represent
quaternary nitrogen in the edge and bulk phase, respectively; C5 and C7 represent
five-carbon and seven-carbon rings; C5+7 denotes a five-carbon ring adjacent to a
seven-carbon ring). (c¢) ORR and OER volcano plots of overpotential vs. adsorption
free energy of OH*. Reprinted with permisison [62]. Copyright 2014, Wiley-VCH. (d)
Overall LSV plots of N-doped carbon nanoparticles catalysts. (e) Schematic diagram
of basic zinc-air battery. (f) Constant current discharge curves (inset: photo of a red
LED (~ 3.0 V) powered by the catalyst). Reprinted with permisison [65]. Copyright
2018, American Chemical Society.

has a small potential difference, demonstrating good potential for
application in zinc-air battery. A zinc-air battery with this catalyst
as the air cathode demonstrates a high open circuit voltage, good
stability, and the ability to power a 2.2 V LED light. Theoretical cal-
culations (Figs. 5b and c) show that the main reasons for improve-
ment of catalyst performance are nitrogen doping, edge effects,
and topological defects. These results have stimulated research on
the reaction mechanism of catalysts and promoted the targeted de-
sign and manufacture of metal free carbon catalysts with defects
for zinc-air battery.

Nitrogen-substituted carbon materials include graphite nitro-
gen, pyridine nitrogen, and pyrrole nitrogen. Three forms with
different proportions can be obtained by changing the nitrogen
source, the temperature, and the synthesis method. Nevertheless,
there is no definite conclusion about which form of nitrogen pro-
vides the largest enhancement to catalytic activity [63]. Yang et al.
prepared a highly reactive nitrogen-doped graphene catalyst by
controlling the carbonization temperature [64]. The zinc-air bat-
tery assembled with this catalyst has a high peak power den-
sity and specific capacity. It also demonstrates good cycle stability,
and it was shown that the pyridine nitrogen structure plays the
main catalytic role. Therefore, it can be concluded that the elec-
trochemical performance of a catalyst is based on the effective de-
sign of catalyst structure. In turn, this is based on the introduction
of defects and heteroatoms or adjustment of the geometric struc-
ture to increase the number of active sites and accelerate electron
transfer. Wang et al. used a simple method to synthesize an ex-
cellent carbon material with a 3D structure rich in edge defects
[65]. The unique three-dimensional structure of the catalyst accel-
erates the rapid mass transfer process, which is considered to be
one of the reasons for its excellent activity (Fig. 5d). In addition, N
doping in this carbon material leads to an increase in pyridine-N
and graphite-N content, generating a large number of defects. It is
known that N-doped edge defects redistribute charges and gener-
ate a charge difference, further enhancing electrochemical activity.
Furthermore, a primary zinc-air battery assembled with this cata-
lyst exhibits a high energy density and remarkable cycling stability
(Figs. 5e and f). This bifunctional carbon-based electrocatalyst with
a low cost, simple synthesis method, and metal-free composition
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demonstrates excellent performance and great potential for zinc-
air battery applications.

In order to create more defects and increase the content of pyri-
dine nitrogen, Yi et al. used a KMnO,4 etching method to prepare a
nitrogen-doped carbon catalyst [66]. The optimized material pos-
sesses a large number of defects and high level of pyridine-N con-
tent. It displays a significantly improved electrocatalytic activity
and has the potential to replace commercial catalysts. In a zinc-
air battery test, this nitrogen-doped carbon catalyst used as the air
electrode demonstrated a similar energy density as Pt/C. To further
explore the reaction mechanism, DFT calculations were performed
to find that the active site is the second carbon close to pyridine-N.

Overall, these results conclusively demonstrate that introducing
heteroatoms to create more defects in carbon structures is one of
the most important methods for improving the electrocatalytic ac-
tivity of metal-free carbon materials.

3.2.2. Multi-element doping

Dual-atom doping strategies can provide a synergistic effect
to further improve the dual-function electrocatalytic activity of
metal-free carbon materials. Sun et al. prepared a porous car-
bon nanomaterial codoped with B and N by a simple precipita-
tion method (Fig. 6a) [67]. This material exhibits excellent bifunc-
tional electrocatalytic activity due to the formation of rich de-
fects and heteroatom doping. It can be inferred from Fig. 6b that
the carbon material is rich in topological defects and edge de-
fects. The hierarchical pore distribution is conducive to the dif-
fusion of reactants and exposes more active sites. The differ-
ence in potential (AE) is an important parameter in evaluating
the bifunctional catalytic activity of a catalyst (AE = Eq9 (OER)
- Ey;, (ORR)). Smaller AE values mean better electrocatalytic ac-
tivity. As shown in Fig. 6¢, the prepared B,N-doped catalyst has
a lower AE value compared with other non-noble metal cata-
lysts reported in recent literature (AEB,N_Codoped carbon = 0.712 V;
AEN—doped carbon = 0.90 vV [62]; AES,N»codoped carbon = 0.77 Vv [68];
AEpN-codoped graphenefcarbon = 0.71 V [69]). This B,N-doped catalyst
even had a lower AE value than commercial catalysts. Further-
more, the assembled primary zinc-air battery exhibits high cell ef-
ficiency and good long-term stability (Figs. 6d and e).

Multi-doped carbon materials have also been widely studied
due to their potential synergistic effect. Wu et al. explored the in-
fluence of ternary doped materials as bifunctional catalysts. They
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successfully synthesized a N,F,P-codoped homogeneous carbon cat-
alyst by electrospinning method [70], finding that the obtained
porous 3D network structure accelerated the mass transfer process
and increased the specific surface area. Furthermore, the doping
of heteroatoms induced charge distribution. This catalyst exhibits
good bifunctional catalytic activity. When assembled into batteries
for testing, it shows great potential for primary zinc-air battery and
rechargeable zinc-air battery applications.

Although it has been shown that the doping of heteroatoms
(B, F, P, S and N) into carbon materials can enhance catalytic ac-
tivity, these doped catalysts have poor stability in harsh environ-
ments. Combining heteroatom-doped carbon materials with tran-
sition metals can solve this problem to a certain extent while also
generating new active sites to further improve catalytic activity
[71,72].

3.3. Metallic doping of carbon materials

Transition metals have high ORR and OER catalytic activity
but poor oxidation resistance. However, studies have been re-
ported showing that composites of transition metals and nitrogen-
doped carbon materials as ORR and OER bifunctional catalysts
exhibit strong catalytic performance [73,74]. To date, the nature
of metal/nitrogen/carbon (M/N/C) active sites is still controversial.
Some scholars believe that the active sites are the chemical bonds
formed by nitrogen and transition metals. Others suggest that tran-
sition metals are not active sites, but that they promote the for-
mation of N/C active sites at high temperatures. Although there is
not yet good agreement on the nature of these active sites, related
studies have shown that differences in the reaction conditions (ni-
trogen source, metal type and content, carbon support, carboniza-
tion temperature, and carbonization time) have a significant im-
pact on catalytic activity [75-79].

3.3.1. Metal nanoparticles

Fe-N/C was the first M/N/C material to attract the attention
of researchers in the field of zinc-air battery due to its excellent
bifunctional catalytic performance. During the ORR/OER process,
the inner metal centers of Fe-N/C are protected from corrosion
by the alkaline solution and oxidative conditions, which is con-
ducive to good durability [80-82]. Wang et al. successfully synthe-
sized high-density iron nanoparticles encapsulated in N-doped car-
bon nanoshells [83]. This mesoporous catalyst has a relatively large
specific surface area and pore volume, promoting the exposure of
active sites during the electrochemical reaction. A catalyst prepared
at 700 °C has a smaller AE value, indicating that it has better
electrochemical performance. After being assembled into a zinc-
air battery, a maximum peak power density of 220 mW/cm? was
reached at 0.72 V. This battery also demonstrates better charge-
discharge performance and cycle durability compared with bat-
teries based on Pt/C and IrO, catalysts. These results show that
changing the iron precursor and the pyrolysis temperature can
modify the nitrogen doping content and the surface area of the
iron nanoparticles, allowing the design of an oxygen electrocatalyst
with high catalytic activity and stability. In future research, further
precise optimization of the structure and active sites of the catalyst
may improve its performance.

Park et al. prepared a novel Fe-N/C material by carbonizing fila-
mentous materials containing carbon powder and an iron source at
high temperatures for flexible rechargeable zinc-air battery appli-
cations. The battery assembled with this catalyst exhibits a higher
power density [84].

In addition to Fe-N/C, other M-N/C materials such as Co-N/C
have been reported in recent years [85-87]. The electrochemical
performance of these catalysts can be further optimized by fine
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sevier Ltd. (¢) Schematic diagram of Co-N/C catalyst synthesis. (d) Polarization and
power density curves of Co-N/C and Pt/C catalysts. Reprinted with permisison [96].
Copyright 2020, Elsevier Ltd. (e) Schematic illustration of the synthesis of FeCo-N/-C
catalysts. Free energy diagrams of (f) ORR and (g) OER processes on FeN,4, CoN4 and
FeCoN,. Reprinted with permission [89]. Copyright 2020, Royal Society of Chem-
istry.

control of their morphology and microstructure. CNTs have hol-
low interiors and unique interwoven and macroporous properties
which can significantly promote rapid electron transfer and the ab-
sorption of intermediates. Li et al. reported a Co,N-codoped car-
bon nanotube catalyst with excellent electrochemical performance
which was constructed using a solution phase method [88]. Based
on the unique winding structure inside the nanotubes and the syn-
ergistic effect of N and Co, rapid electron transfer is significantly
enhanced. This is one of the major reasons for its excellent cat-
alytic activity. A zinc-air battery assembled with the prepared cat-
alyst exhibited high specific capacity (675.8 mAh/g) and high peak
power density (159.83 mW/cm?2 at 0.63 V). At the same time, it
also showed excellent cycle stability, with only a slight drop in
voltage after 150 h of charge-discharge cycles.

Many studies have reported that metal organic frameworks
(MOFs), which are three-dimensional porous materials with high
specific surface area, high crystallinity, rich functional groups,
and good structural stability, can simultaneously provide a car-
bon source, nitrogen source, and metal source for the synthesis of
carbon-based catalysts. Therefore, MOFs are a hot material in the
field of electrocatalysis [89-93]. Among these materials, research
on zeolite imidazolate frameworks (ZIFs) has been increasingly re-
ported in recent years. For instance, Gadipelli et al. developed a
simple and facile way to synthesize a high-performance Co-N/C bi-
functional electrocatalyst by using ZIFs as a precursor [94]. Zhang
et al. successfully embedded Co particles into nitrogen-doped CNTs
by pyrolysis of dicyandiamide and ZIF-67 [95]. Zhou et al. used
a novel tube template orientation method to grow ZIF-67 in situ
on the surface of polypyrrole nanometers and prepare Co and N
codoped carbon nanotubes as a bifunctional catalyst (Fig. 7a) [90].
It can be clearly observed from Fig. 7b that the crystal lattice of
0.204 nm, which is attributed to the d space of Co (111) plane. This
catalyst has high activity, high stability, and a power density of up
to 149 mW/cm? in a zinc-air battery. After an aging test of 5000
cycles, its half-wave potential only decreases by 7 mV, demonstrat-
ing good cycle stability.

The existence of defects can be used to significantly improve
catalytic activity. Therefore, accurate control of the morphology
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and structure of catalysts is the key to future research. Zhu et al.
prepared Co-N/C nanomaterials by pyrolysis of Co ions encapsu-
lated in ZIFs. These nanomaterials exhibit excellent electrochem-
ical activity (Fig. 7c) [96]. In addition, it can be clearly observed
that there is a high concentration of defects in the edges of the
disordered graphite carbon after pyrolysis, revealing more active
sites. The addition of Co ions produces a hollow structure, which
increases the specific surface area. The performance of a zinc-
air battery was tested with these Co, N-codoped carbon materi-
als catalysts as the cathode. The maximum power density reached
135 mW/cm? (Fig. 7d). Almost no voltage loss was seen when
the battery was discharged at 20 mA/cm? for 7 h, indicating that
the battery has good cycle durability. The unique defects and rich
hollow structure of this catalyst expose a large number of active
sites, increase the surface area, and accelerate mass transfer, signif-
icantly enhancing catalytic activity. This explanation was confirmed
by DFT calculations.

Compared with monometallic M/N/C composite materials, a
synergistic effect can be achieved by using bimetallic materi-
als to effectively improve the catalytic performance for ORR/OER.
Through further modification, the intrinsic electronic and surface
structure of the host material can also be manipulated. For this
purpose, Zhu et al. calcined a MOF-based FeNi compound with
melamine to prepare NiFe@N codoped graphene catalysts with a
layered structure. These catalysts display excellent ORR and OER
activity [97]. A zinc-air battery assembled with these catalysts is
comparable to a commercial catalyst. However, while MOF-type
materials have many advantages, they inevitably agglomerate dur-
ing the pyrolysis process. Therefore, Duan et al. used glucosamine
to encapsulate ZnCo-ZIF, followed by pyrolysis at 700 °C to suc-
cessfully synthesize FeCo-N/C catalysts (Fig. 7e) [89]. In this MOF,
Zn is very volatile at high temperatures, which improves the spa-
tial dispersion of residual metals in the N-C matrix and signifi-
cantly affects the composition and local nanostructure of the cata-
lyst. The prepared catalysts have excellent bifunctional electrocat-
alytic activity. When used as an air cathode for a solid and liquid
zinc-air battery, high peak power density and good cycle stability
were achieved. The performance of this catalyst is better than that
of commercial Pt/C + RuO,. DFT calculations show that FeCoNg is
more active than FeCoNy, indicating that the synergistic effect of
Co and Fe active sites can further improve electrocatalytic perfor-
mance (Figs. 7f and g).

It is worth mentioning that metal-coordinated porphyrin
molecules have been widely studied as cathode catalysts for zinc-
air battery in recent years. These materials have many advantages,
such as a stable coordination environment. Porphyrin ligands have
redox activity, which promotes the multi-electron process. Fur-
thermore, metal-coordinated porphyrins have a diverse range of
structures [98-100]. However, their applications are limited due to
their low electron transfer efficiency. Thus, for their application in
zinc-air battery, the combination of these molecular catalysts with
MOFs and other materials has been explored [101]. Loh and co-
workers prepared a porphyrin-based MOF with Fe3* as the node,
significantly accelerating the electron transfer process [102]. Simi-
larly, Liang et al. prepared MOF-supported Co porphyrins as a cat-
alyst for oxygen electrocatalysis. When assembled into a zinc-air
battery, it showed the same performance as a platinum-based ma-
terial [103].

3.3.2. Single-atom catalysts

In order to reduce catalyst costs, reducing the size of metal
nanoparticles to increase atom efficiency is an effective method
that can also significantly enhance catalytic performance [104]. The
atom is the smallest particle that maintains the chemical proper-
ties of an element. Single-atom catalysts (SACs) have attracted a
growing amount of interest. This is due to their unique unsatu-
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Fig. 8. (a) HAADF STEM image of CoN4/NG catalyst. (b) Overpotential curves for
different catalysts. (c-f) Performance of Zn-air battery with CoN4/NG catalyst as the
air electrode. Reprinted with permission [124]. Copyright 2018, Elsevier Ltd. (g) Co
K-edge XANES spectra of CoNi/NC catalysts. Free energy diagrams of (h) ORR and
(i) OER processes on NC, Ni-N and Co-Ni-N. Reprinted with permission [128]. Copy-
right 2020, Wiley-VCH.

rated coordination structure, the quantum size effect, and strong
atom-supported interactions which can induce stable monatomic
active sites in electrocatalysts [105-110]. However, due to the easy
generation of nanoclusters or nanoparticles (NPs) through agglom-
eration, the design of SACs with dense dispersion is still a sig-
nificant challenge. Therefore, the rational design of novel SACs
with high activity, good selectivity, and good stability has attracted
widespread attention. Researchers have focused on studying the
structure-activity relationship of these catalysts at the atomic and
molecular scales.

Reported SACs synthesis methods include mass-selected soft-
landing, atomic layer deposition, coprecipitation, impregnation,
MOF template, strong electrostatic, and photoreduction. Among
these, the MOF template method has a significant advantage in
the preparation of SACs due to its accurate control of the num-
ber of metal atoms and the structure of anchored complexes [111-
119]. Since MOF-5 was used to synthesize porous carbon in 2008,
many examples of manufactured MOF-derived nanomaterials have
been reported [120-122]. For example, during the growth of ZIF-8,
a monoatomic catalyst with excellent electrocatalytic performance,
denoted Fe-Nx-C, was successfully synthesized by Han et al. [123].
A zinc-air battery assembled with this material demonstrated a
long cycle life.

Yang et al. successfully applied SACs to foldable solid zinc-air
battery using a surfactant-assisted method [124]. They prepared
CoNyg/N codoped graphitic catalysts by doping Co ions into the g-
C3Ny4 interlayer, finding that the atom-dispersed Co-Ny is a highly
efficient catalytic active site. High-angle annular dark field scan-
ning transmission electron microscopy (HAADF STEM) (Fig. 8a) was
used to show that Co is evenly distributed on the graphite sheet.
The overpotential curves diagrams of CoN4/N codoped graphitic
carbon and Co-NPs/N codoped graphitic carbon (Fig. 8b) show that
the catalyst composed of single Co atoms has better catalytic activ-
ity (AE = 0.74 V) than the catalyst composed of Co nanoparticles.
In addition to traditional three-electrode electrochemical research,
it has been reported that the application of CoN4/N codoped
graphitic carbon as an air cathode catalyst also shows good per-
formance in rechargeable liquid zinc-air battery and foldable solid
zinc-air battery. The energy density of these batteries is high and
they have a long service life (Figs. 8c-f). These results are very
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promising for the application of single-atom catalysts in wearable
flexible batteries, providing new ideas for the application of single-
atom catalysts.

During the synthesis of SACs, heteroatoms (S, P and B) can
be introduced into the carbon matrix and partial nitrogen atoms
in the active sites of M-Nx can be replaced. The introduction of
these heteroatoms breaks the electronic structure of the conven-
tional active sites and can effectively enhance the electrocatalytic
performance of SACs [125]. For example, S and N doping causes
uneven charge distribution in the carbon skeleton, leading to posi-
tively charged carbon atoms. This is beneficial for the adsorption of
oxygen. P doping helps shrink the adsorption of *OH intermediates
and changes the electronic structure of the metal center, endowing
the catalyst with bifunctional activity and improving ORR/OER ac-
tivity [126]. Chen et al. prepared an electrocatalyst codoped with
single iron atoms, nitrogen, sulfur, and phosphorus [127]. Long-
distance phosphorus and sulfur interactions and close coordination
of the nitrogen and metal framework were used to achieve elec-
tronic modulation of the active center. The synthesized catalyst has
excellent performance, and its hollow form accelerates the slow ki-
netics. In addition, it also has great potential in Hy-air and zinc-air
fuel cells.

While SACs have shown good application prospects in recent
years and has shown many remarkable achievements in the field
of zinc-air battery, their further application still faces huge chal-
lenges. There are two main reasons for this. One, the relationship
between the linear ratio of reaction intermediates and the adsorp-
tion energy is difficult to determine because it depends on the
single-atom active sites of SACs. This leads to a fundamental limi-
tation of catalytic efficiency [128-130]. On the other hand, in order
to avoid the aggregation of single metal atoms to form nanoparti-
cles, the amount of metal supported on the catalyst has to be rel-
atively low, resulting in a lower overall activity [131-134].

The introduction of dual atom catalysts (DACs) as a further ex-
tension of the SACs family of materials can further enhance cat-
alytic activity [135,136]. The synergistic effect of the two metal
atoms in DACs significantly improves the activity of these cata-
lysts. The design of DACs provides new ideas for accurately con-
trolling active sites at the atomic level and the rational design of
bifunctional catalysts with multiple active sites and excellent per-
formance. Inspired by this idea, Han et al. prepared heteroatom-
doped dual-metal single-atom catalysts by pyrolysis of dopamine-
coated metal-organic frameworks [137]. Due to the formation of a
porous structure and the synergistic effect of the diatomic struc-
ture in the conductive carbon framework, the Co-Ni dispersed in
the N-doped carbon materials has excellent bifunctional catalytic
activity (AE = 0.81 V), and a zinc-air battery assembled with this
catalyst has a charge-discharge efficiency and cycle life superior to
similar materials and even to Pt/C and IrO, catalysts. Co K-edge X-
ray absorption near edge structure (XANES) curves (Fig. 8g) show
that the near edge absorption energy of SACs is high, which indi-
cates that Co single atoms in SACs have a more positive charge. The
structural advantage of bimetallic monoatomic catalysts is high-
lighted by DFT analysis (Figs. 8h and i). To optimize the electrocat-
alytic performance of DACs, Li et al. prepared a two-sided electro-
catalyst with atomically dispersed Co/Ni dual sites by introducing
ZIF-67 [138]. Through reasonable design and synthesis of the com-
position and structure of the catalyst, the resulting catalyst exhibits
good oxygen reaction performance. Through DFT calculations, it
was determined that the synergistic effect of the Co/Ni-N-C atomic
bond and microstructure can improve both ORR and OER perfor-
mance, laying a new foundation for the development of efficient
dual-atom catalysts.

At present, DACs research is still in an early stage, but compared
with SACs, DACs show significantly enhanced catalytic activity un-
der the synergistic effect of a high loading of two different metal
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Table 1
Summary of electrocatalytic activities of recently reported bifunctional catalysts in 0.1 mol/L KOH.
Catalyst Active material Eip (V) Eio (V) AE (V) Ref.
DG 2D graphene with defects 0.76 1.57 0.81 [54]
N-DG N-doped graphene mesh with defects 0.77 1.67 0.90 [62]
N-G N-doped graphene nanoribbons with 3D architecture 0.84 1.56 0.72 [64]
N-C N-doped carbon nanoparticles with edge defects 0.79 1.71 0.92 [65]
B, N-C B,N-doped carbon with rich defects 0.84 1.57 0.73 [67]
N, S-G N,S-codoped graphitic sheets 0.87 1.64 0.77 [68]
N, P-G N,P-doped carbon 0.86 1.57 0.71 [69]
N, F, P-C N,E,P ternary doped macroporouscarbon tubes 0.82 1.67 0.85 [70]
N, P-C N,P-codoped defective carbon nanosheets 0.823 1.617 0.79 [78]
Fe, N-C Fe,N-codoped carbon materials 0.81 1.76 0.95 [80]
Fe, N, P-C Fe,N,P-doped defective carbon nanosheets 0.903 1.56 0.66 [81]
Fe@N-C Fe NPs embedded in N-doped carbon nanoshell 0.83 1.71 0.88 [83]
Co@N-CNTs Co NPs embedded in nitrogen doped hollow carbon tubes 0.87 1.64 0.76 [90]
Co-N-G Co,N-codoped graphene with 3D porous structure 0.87 1.72 0.85 [92]
Co-N-C Nitrogen doped and cobalt embedded nanoporous carbons 0.85 1.7 0.85 [94]
Co@N-C Co NPs and nitrogen doped in ananocomposite 0.828 1.661 0.83 [95]
Fe@NCx Carbon encapsulated Fe nanocrystrals 0.84 1.65 0.81 [97]
NiFe@NCy Carbon encapsulated NiFe; alloy nanocrystrals 0.86 1.52 0.66 [97]
Co-N4/NG CoN,4 moieties dispersed on nitrogen-doped graphitic nanosheet 0.87 1.58 0.71 [124]
CoNi-N-CNTs Co-Ni sites embedded in N-doped hollow carbon nanotubes 0.76 1.57 0.81 [137]
CoNi-N/C Co/Ni and N-codoped porous carbon 0.84 1.59 0.75 [138]
Table 2
Summary of the performance of carbon-based catalysts as air electrodes in zinc-air battery.
Catalyst Battery performance Ref.
Electrolyte/catalyst mass (mg/cm?) A (charge—discharge) Power density (mW/cm?)/specific capacity
E, V@j (mA/cm?) (mAh/g)/durability, cycle
numbers (h)@j, (mA/cm?)
N-G 6 mol/L KOH/0.8 - 3/-/(100 s) [62]
N-G(3D) 6 mol/L KOH/0.5 1.09@20 65/873/(30 h)@20 [64]
N-C 6 mol/L KOH 0.92@10 131.4/-/575@10 [65]
N-CNT 6 mol/L KOH/0.15 - 122/714/-@10 [66]
B, N-C 6 mol/L KOH + 0.2 mol/L Zn(OAc), 0.74@5 143/-/(24 h)@5 [67]
Co,N-G 6 mol/L KOH/2 0.76@20 108/709/300@ 20 [75]
Fe, N-C 6 mol/L KOH + 0.2 mol/L Zn(OAc),/1.57 0.7@2 -/501.3/(10 h)@2 [80]
Fe, N, P-C 6 mol/L KOH + 0.2 mol/L Zn(OAc),/0.5 - 120/585/450(50 h)@5 [81]
Fe-N-C 6 mol/L KOH/2 - 55/638/100@10 [82]
Fe@N-C 6 mol/L KOH + 0.2 mol/L Zn(OAc), 0.7@10 220/-/100@10 [83]
Co/Co-N-C 6 mol/L KOH + 0.2 mol/L Zn(OAc), 0.82@10 132/-/1000@10 [85]
Co@NCNT 6 mol/L KOH + 0.2 mol/L Zn(Ac), - 159.83/675.8/300(150 h)@5 [88]
Fe,Co@N-C 6 mol/L KOH + 0.2 mol/L Zn(OAc),/3 0.9@10 150/518/(60 h)@1 [89]
Co@N-CNTs 6 mol/L KOH + 0.2 mol/L Zn(OAc), 0.82@5 149/746/(500 h)@5 [90]
Co-N-C 6 mol/L KOH + 0.2 mol/L Zn(OAc), /5 - 102.3/-/(12 h)@20 [91]
Co-N-G(3D) 6 mol/L KOH + 0.2 mol/L Zn(OAc),/3 0.96@20 119/-/250@5 [92]
Co@N-C 6 mol/L KOH + 0.2 mol/L Zn(OAc),/1 - 138.82/-/(16 h)@10 [95]
NiFe@NCx 6 mol/L KOH + 0.2 mol/L Zn(OAc), 0.78@50 85/583.7/200@10 [97]
Fe-Nx-C 6 mol/L KOH + 0.2 mol/L Zn(OAc), 0.891@10 96/641/500(250 h)@10 [123]
Co-N4/NG 6 mol/L KOH + 0.2 mol/L ZnO/1 0.84@10 115/730/(100 h)@10 [124]
Fe/NPS-C 6 mol/L KOH + 0.2 mol/L Zn(OAc),/1 0.96@5 195/-/(5.5 h)@5 [127]
CoNi-N-CNTs 6.0 mol/L KOH + 0.2 mol/L Zn(Ac), 0.89@10 101.4/750.9/95@5 [137]

atoms. However, current DACs research mainly focuses on ORR and
CO,RR. This overview provides a guide for scholars to investigate
DACs in future research.

In order to provide readers with a more detailed description
of the latest progress in this field, we have summarized the elec-
trocatalytic activities of representative materials reported in recent
years, shown in Table 1. A summary of carbon-based catalysts as
air electrodes in zinc-air battery is reported in Table 2. As can be
seen, single-atom catalysts show the most potential as bifunctional
oxygen electrocatalysts for the practical application of zinc-air bat-
tery.

4. Summary and outlook

Zinc-air battery have broad application prospects in renewable
electricity storage and transformation, but their efficiency is seri-
ously affected by poor ORR and OER activity. Therefore, the de-
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velopment of bifunctional oxygen catalysts with excellent elec-
trocatalytic activity is required for their further development. At
present, precious metal materials are the most effective catalysts
for ORR/OER, but their high cost, poor bifunctional activity, and
low stability greatly limit their development. Therefore, this re-
view focuses on the recent research advances of carbon-based bi-
functional oxygen catalysts including metal-free carbon materials
and carbon-based transition metal materials as air cathodes for
zinc-air battery. In general, single-atom catalysts are by far the
most promising non-noble metal catalysts for zinc-air battery. By
optimizing the size, morphology, and structure of these catalysts,
we expect that their performance in zinc-air battery will soar to
unprecedented heights. This review offers guidance for the de-
sign and synthesis of electrocatalysts. The future development of
these carbon-based materials should focus on three main direc-
tions, shown in Fig. 9 and described below:
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Fig. 9. Future development directions of carbon-based catalysts for zinc-air battery.

(1) Controlled synthesis of carbon-based materials. Currently, it has
been shown that the existence of defects in electrocatalysts im-
proves their performance, but it is very difficult to create de-
sirable and effective defects in these carbon materials. The rea-
sonable design and development of carbon-based porous mate-
rials (with precise control of the carbon micro/nanostructure) is
a promising method for achieving good control of defects. Fur-
thermore, the exploration of the synergistic effect of multiple
components to combine the characteristics of different compo-
nents and create active sites with a specific structure should be
further explored. For metal/nitrogen/carbon catalysts, it is par-
ticularly important to control the structure evolution on the mi-
cro/nanoscale because most of these catalysts are prepared by
high-temperature pyrolysis.

Advanced characterization of carbon-based materials. Due to
the restrictions of micro/nanoscale analysis, it is difficult to di-
rectly and accurately determine the mechanism of these cat-
alysts, so the nature of their active sites is still controversial.
From this point of view, future research should explore new ex-
perimental methods and use advanced in situ characterization
techniques to identify the real active species and reveal the re-
action process. This will be helpful for designing highly efficient
electrocatalysts in practical applications.

Improving the density of active centers in SACs. SACs can sig-
nificantly improve catalyst activity, but due to the inevitable
agglomeration of metal atoms during the synthesis process as
well as the limitations of low metal loading, the preparation
of highly dispersed SACs with high metal loading is still a key
challenge. Although the development of DACs has led to an im-
provement in the density of active sites and catalytic perfor-
mance due to the synergistic effect of different metal atoms,
these dual atom sites are easier to aggregate or alloy. Further-
more, it is difficult to accurately determine the metal propor-
tion in DACs, which limits the full utilization of the synergistic
effect between different metal atoms. In addition, it is also dif-
ficult to accurately identify the active sites of DACs. Therefore,
designing strong metal-support interactions and more effective
synthesis strategies to avoid agglomeration will be necessary
for further development of SACs and DACs.

—~
w
~

In conclusion, these carbon-based materials require a signifi-
cant amount of development before they will be able to replace
precious metal catalysts in zinc-air battery. However, there is no
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doubt that single-atom catalysts will continue to be rapidly devel-
oped. It is expected that more efficient atomic electrocatalysts will
be developed for zinc-air battery applications in the future.
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