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Zinc—air batteries have attracted more attention due to their high energy density, high safety, low cost,
and environmental friendliness. Nevertheless, sluggish oxygen reaction kinetics at the air electrode ser-
iously compromises their power density and cycling stability. As one of the main components, the
catalyst significantly impacts the performance of zinc-air batteries. Finding high-performance
bifunctional catalysts for both the oxygen reduction reaction and oxygen evolution reaction is of great
importance for the practical application of zinc—air batteries. In this review, the history, merits and chal-
lenges of zinc—air batteries are introduced, the working principle of zinc—air batteries and the mechan-

Received 23rd January 2024, isms of ORR and OER in air electrodes are analyzed deeply, and the research status of bifunctional

Accepted 17th February 2024 catalysts that promote both ORR and OER kinetics is systematically reviewed. Finally, the pending pro-
blems that need to be solved in future research and the practical application of bifunctional catalysts in

zinc—air batteries are discussed. This review aims to provide a valuable reference for the development of
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Broader context

bifunctional catalysts for zinc—air batteries.

Zinc-air batteries (ZABs) are considered as the potential energy storage devices due to their high energy density, high safety, low cost and environmental
friendliness. Nevertheless, sluggish oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) kinetics in the air electrode seriously restrict their
power density and cycling stability. Recently, bifunctional electrocatalysts have been widely reported to regulate oxygen kinetics. On the one hand, bifunctional
electrocatalysts with ORR catalytic activity could facilitate the electron/proton transfer and increase the ORR kinetics, allowing for more efficient and rapid
conversion of O, into OH ", thus reducing the ORR overpotential. On the other hand, bifunctional electrocatalysts with OER catalytic activity could
simultaneously accelerate the OER kinetics to enable a more efficient and rapid conversion of OH™ into O, and lower the OER overpotential. The synergistic
ORR and OER advantages enable the bifunctional catalysts to improve the overall charge and discharge performance and power delivery of ZABs. Here, the

latest progress in the bifunctional catalysts in regulating oxygen kinetics is summarized so that researchers, engineers and policy-makers can have a

comprehensive overview of the latest advances in ZABs.

1. Introduction

Zinc-air batteries (ZABs) have been regarded as promising
energy storage systems, possessing a long and interesting
development history that spans over centuries (Fig. 1a)."”> The
basic principles behind ZABs were discovered in the early 19th
century. The Italian scientist Alessandro Volta, known for
inventing the voltaic pile (the first true battery), observed the
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corrosion of zinc in the presence of oxygen.> However, it was
not until much later that the potential for using this reaction in
batteries was explored. In 1932, the first patent for the ZAB was
filed by the American engineer George W. Heise.*® He
proposed a design that involved using a slurry of zinc powder
and an electrolyte, which allowed air to react with zinc to
generate electricity. In the 1960s, the development of this
miniature ZAB found applications in early hearing aids and
other small electronic devices.® These early versions were non-
rechargeable and had limited energy density; however, they
demonstrated the potential of the ZAB technology for specia-
lized applications. In the 1980s, researchers started to focus
their efforts on developing rechargeable ZABs.” Rechargeability
was a significant challenge due to ease of dendrite formation
and difficulty in regenerating zinc during the charging process.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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However, advancements in novel materials science and elec-
trode design provide great chances to overcome these hurdles.
In the mid-1990s,® ZABs have been proposed as the potential
power sources for electric vehicles (EVs). Compared to tradi-
tional lead-acid batteries, ZABs had better potential to provide
higher energy densities while having a lower manufacturing
cost. However, limitations in cycle life, rechargeability, and
power output are still the pending challenges for commercia-
lization of ZABs. From the early 2000s onwards, significant
progress has been made in the development of ZABs. Driven by
the breakthroughs in nanotechnology, materials engineering,
and electrochemistry, more researchers put emphasis on
improving the rechargeability, energy density, and overall per-
formance of ZABs. What’s more, several companies have
worked on commercializing ZABs for various applications,
including EVs, grid storage, and portable electronics, which
have shown promise because of their abundant and low-cost
raw materials, high theoretical energy density, and potential for
clean and efficient energy storage. However, challenges still
remain, such as improving the cycle life, overcoming electrode
degradation during cycling, and optimizing the oxygen supply
and electrolyte management within the battery. ZABs have been
developed over centuries, evolving from the early observations
of the zinc-air reaction to modern advances in nanotechnology
and materials science to tackle the fundamental challenges.
Despite the relatively slow pace of commercialization and
widespread adoption in comparison to other battery technolo-
gies, the continual advancements in research are progressively
steering ZAB technology towards practicality and scalability
in applications. Researchers are diligently exploring ZABs
due to their numerous advantages, positioning them as a
compelling energy storage solution for a diverse range of
applications (Fig. 1b). These advantages stem from their unique
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electrochemical reactions that involve abundant and low-cost
materials, including:°™® (1) high energy density - ZABs have the
highest energy densities (1080 to 1360 W h kg ') among the
conventional battery technologies, which means they can store
a significant amount of energy in a relatively lightweight
package. The high energy density makes them ideal for appli-
cations where long-lasting power is essential without adding
much weight, such as in hearing aids, remote sensors, and
other portable electronics; (2) low-cost materials - zinc is an
abundant and widely available metal, making it a cost-effective
material for battery manufacturing. Additionally, oxygen is
readily available in air, eliminating the need for heavy and
expensive cathode materials typically found in other batteries.
These abundant and low-cost materials make ZABs economic-
ally viable and sustainable; (3) safety — ZABs are considered
safer than other battery technologies because they do not
contain hazardous materials like lithium-ion batteries, which
can be prone to thermal runaway and fire. In addition, ZABs do
not pose the same risk of thermal runaway and are less likely to
catch fire, making them safer for use in certain applications; (4)
environmental friendliness - the main materials used in ZABs,
such as zinc and oxygen, are environmentally friendly and
easily recyclable. Compared to other battery chemistries that
use toxic or rare materials, ZABs have a lower environmental
impact and thus contribute to a more sustainable energy
storage solution; (5) long shelf life - ZABs have an extended
shelf life compared to many other battery technologies. ZABs
can maintain their charge for extended periods of inactivity,
rendering them well-suited for applications characterized by
intermittent usage or infrequent replacement expectations; (6)
a wide operation temperature range — ZABs can operate effi-
ciently over a wide temperature range, from sub-zero to mod-
erately high temperatures. This characteristic makes them
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Fig. 1

(a) Simple history of ZABs. (b) The advantages and challenges of ZABs. (c) Working diagram of the ZAB and the chemical reaction corresponding to

the air electrode, as well as the catalytic diagram of the bifunctional catalyst. (d) The ORR (E;,,) and OER (i10) activities of bifunctional catalysts reported in

recent years (the numbers are the references).

suitable for use in various application scenarios; and (7) scal-
ability — ZABs promise to be scaled up for extensive energy
storage applications, for instance, grid-level storage. The abun-
dance of zinc and oxygen and the potential for low manufactur-
ing cost make ZABs economically viable for large-scale energy
storage.

While ZABs offer many merits, they also face several chal-
lenges and limitations that have hindered their widespread
adoption (Fig. 1b),"*™ including: (1) rechargeability - one of
the primary challenges of ZABs is achieving reliable and
practical rechargeability. During discharge, zinc reacts with
oxygen in air to produce electricity and zinc oxide. However,
during the charging process, it is difficult to reverse this
reaction and convert zinc oxide back to metallic zinc without
causing dendrite formation and electrode degradation. Den-
drites are branched structures that can grow on the zinc
electrode surface, reducing battery performance over time
and also leading to safety issues like short-circuiting; (2) cycle
life - the formation of dendrites and the gradual degradation of
the air electrode can lead to reduced cycle life, restricting their
use in long-term applications like EVs; (3) air electrode degra-
dation - the air electrode is critical for the operation of ZABs, as
it facilitates the oxygen reduction reaction (ORR) during dis-
charge. However, this electrode is susceptible to degradation
over time due to exposure to oxygen, moisture, and electro-
chemical processes, which would cause a decline in battery

698 | EES Catal, 2024, 2, 696-726

performance and efficiency; (4) limited power output: ZABs
generally have a lower power output compared to other battery
technologies like lithium-ion batteries. This limitation makes
them less suitable for applications that require high-power
bursts, such as EVs and certain electronic devices; (5) air supply
and management; appropriate air supply and management are
crucial for the efficient operation of ZABs. If air access is
restricted or oxygen flow is not adequately managed within
the battery, it can lower the reaction activity and reduce energy
output; (6) electrolyte management: the electrolyte in ZABs
must be carefully managed to prevent the drying out of the
battery or the leakage of electrolyte, which can negatively
impact battery performance; and (7) limited applications -
ZABs are best suited for specific applications, such as hearing
aids, where small and lightweight batteries with high energy
densities are required. Their rechargeability and power output
limitations have impeded their use in broader applications like
EVs and grid storage. Despite these challenges, ongoing
research and development efforts are dedicated to addressing
these issues and improving the performance and usability of
ZABs. Advances in materials, catalysts, and engineering
approaches are expected to address some of these issues and
make ZABs more viable for multifarious applications, for
example, renewable energy storage, electric vehicles, and so on.

As a crucial part required for the ORR and oxygen evolution
reaction (OER), the air cathode would directly affect the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrochemical performance of ZABs.>**' The efficiency and
kinetics of the ORR and OER reactions highly depend on the
catalyst used at the air electrode. Therefore, finding cost-
effective and durable catalysts that enhance the reaction
kinetics and resist deactivation would lead to increased power
output and faster charge/discharge rates for ZABs. In this
review, research on bifunctional catalysts that promote both
ORR and OER activities during charging and discharging
processes in the past five years will be comprehensively sum-
marized, including structural design, component regulation,
mechanism exploration, etc. At the same time, the functioning
principle of the bidirectional catalysts will be introduced in
detail. Finally, the prospective developments in the design of
bifunctional catalysts and discussion about certain critical
issues that necessitate consideration in the context of bifunc-
tional catalyst development will be provided. This review aims
to provide an effective reference for the application of bifunc-
tional catalysts in ZABs and offers a theoretical basis for the
future development of bifunctional catalysts for the practical
and high-performance ZABs.

2. Mechanism of bifunctional catalysts
for enhanced oxygen kinetics

ZABs rely on the electrochemical reactions between zinc and
oxygen to deliver electrical energy (Fig. 1c). The basic compo-
nents of ZABs include the Zn anode, air cathode, electrolyte and
separator. During the discharge process, the Zn metal anode
undergoes an oxidation reaction, releasing electrons and form-

ing 7Zn%* according to eqn (1) and (2):22-24
Zn +40H™ < Zn(OH),* +2e” (1)
Zn(OH) 2~ < ZnO + H,0 + 20H™ (2)

At the cathode, O, in air is reduced by accepting the
electrons from the anode. The ORR produces hydroxide ions
(OH7) in an alkaline electrolyte:

0, + 2H,0 + 4e~ <> 40H" (3)

The combination of the anode and cathode reactions results
in the overall reaction for the discharge process, which can be
written as eqn (4):

27Zn + 0, < 2Zn0O (4)

In this reaction, zinc reacts with oxygen in air to form zinc
oxide (ZnO). Simultaneously, electrical energy is generated as
electrons flow from the anode to the cathode through an
external circuit.

During the charge process, an external electrical source
supplies the voltage, causing the OER to occur at the cathode
according to the opposite direction of eqn (2). At the anode, the
formed ZnO undergoes a reduction reaction to regenerate Zn
metal according to the opposite direction of eqn (1). So, the
overall reaction for the charge process can be written in the
opposite direction of eqn (3), and the electrical energy from an

© 2024 The Author(s). Published by the Royal Society of Chemistry
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external source is converted into chemical energy as Zn is
redeposited and O, is evolved on the anode and cathode,
respectively.>>°

In ZABs, the ORR and OER are critical electrochemical
processes that involve the conversion of O, in air. These
reactions occur at the air cathode during the discharge and
charge processes, respectively. Undoubtedly, the ORR and OER
catalysts play essential roles in facilitating these reactions,
improving the battery’s overall efficiencies, performances, and
rechargeability. During the discharge process, the ORR is a
critical step. It involves the reduction of O, in air, resulting in
OH™ formation at the air electrode. The standard 4e~ pathway
of the ORR under alkaline conditions can be summarized by

the following steps (* represents the active sites):*’>°

*0, + HO + e~ — *OOH + OH™ (5)
*OOH + e~ — *O + OH~ (6)
*O+H,0O+e — *OH+ OH™ (7)
*OH +e~ — *+ OH™ (8)

Moreover, in view of different numbers of electrons transferred,
there is another ORR pathway of the 2e~ reduction process
according to eqn (9)-(11), which would generate HO, species
and is primarily used to produce hydrogen peroxide.>'~** In ZABs,
the formation of hydrogen peroxide is generally undesirable
because it could contribute to the degradation of the battery
components, leading to a decline in stability, and reduce its
operating potential and current efficiency.**>** Therefore, catalyst
design and operational conditions are typically optimized to reduce
the 2e” reaction in the ORR. These strategies mainly include
selecting an appropriate catalyst, tuning catalyst composition, sur-
face structure and electronic properties, and optimizing the opera-
tional conditions such as temperature, pressure and electrolyte
composition.>**

0, + H,0 + 2~ —» HO, + OH™ 9)

followed by either further reduction reaction:

HO,™ + H,0 + 2e — 30H™ (10)
or disproportionation:
2HO,  — 20H + 0, (11)

Generally, the ORR is inherently slow, especially when O,
directly reacts with water, which would lead to performance
limitations, such as poor power output and efficiency. To overcome
this, ORR catalysts are introduced at the air electrode to expedite
the oxygen reduction process, which can facilitate the electron/
proton transfer and increase the ORR kinetics, allowing for more
efficient and rapid conversion of O, into OH™. As a result, the
presence of ORR catalysts can reduce the overpotential that drives
the ORR reaction. This, in turn, improves the overall discharge
performance and power delivery.

During the charge process, the OER is a critical step in the
overall reaction, which involves the OH™ oxidation to produce

EES Catal., 2024, 2,696-726 | 699
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Table 1 Summary of the electrocatalytic activity of recently reported bifunctional catalysts and their corresponding ZAB performances
Capacity (mAh g ')/

Catalyst E1p* (V) o’ (V) PPD° (mW cm ?) current (mA cm™?) ocv? (v) Ref.
Fe-N@WPC 0.85 0.40 70.20 735.6/10 1.53 39
Fe-N,-C 0.86 0.57 181.17 — 1.41 40
Fe-N,@G 0.89 0.37 179.00 — — 41
Fe-N,@SWCNT 0.93 0.37 210.00 772.0 1.47 43
Fe-N,@BC 0.84 0.35 177.00 800.0/10 1.43 47
Fe-N,@NSCF 0.89 0.57 255.84 — 1.38 48
Fe-N,@NPC 0.90 0.33 120.00 585.0/10 1.45 49
Fe-N/FeP,/NPSC 0.90 0.37 216.88 729.2/20 1.49 50
FeS/Fe;C@NSC 0.78 0.27 90.90 750.0/2 1.45 52
FeP/Fe,0; @NPCA 0.83 0.34 130.00 648.0/20 1.42 54
CoNP@NCNTA 0.86 0.28 38.60 770.0/10 1.48 61
CONP@NCNT 0.86 0.34 133.00 777.0/10 1.52 62
Co@hNCT 0.87 0.40 149.00 746.0/10 1.45 63
CoNP@NCNF 0.85 0.28 292.00 322.3 1.59 64
Cos,N@NC 0.79 0.29 74.30 769.4/5 1.46 65
C0/C0;0,@NC 0.92 0.32 123.50 — 1.50 66
Co/CoO@NWC 0.85 0.39 152.80 800.0/10 1.42 67
CoO,@NC 0.88 0.32 157.10 887.0/10 1.49 68
C030,4_,/NG 0.84 0.37 166.00 700.6/10 1.49 69
CoS/CoO@NG 0.84 0.39 137.80 723.9/20 1.45 70
CoNP@CNW 0.82 0.41 304.00 762.0/10 1.46 72
CoNP@PTCOF 0.85 0.45 53.00 796.9/10 — 73
Mn-CoN 0.65 0.39 53.00 — 1.55 74
ODAC-CoO 0.84 0.36 128.50 705.6/20 1.45 75
V-C030, 0.82 0.35 120.30 814.0/5 1.45 76
N-CoS,@YSS 0.81 0.27 81.00 744.0/5 1.41 80
C0S/C0S,@NCNT 0.79 0.31 131.00 — 1.45 81
Pt/CoS,@NrGO 0.85 0.23 114.00 763.0/10 1.41 82
CoO/Co,P 0.86 0.37 122.70 — 1.40 83
Co,P@NC 0.88 0.30 81.30 — 1.44 84
Co/Co,P@NCNT 0.87 0.32 330.00 — 1.45 85
COoSA@NCNF 0.85 0.38 154.50 796.0/10 1.53 86
NCF 0.80 0.37 185.00 775.0/5 1.48 87
ZOMC 0.85 0.33 221.10 753.9/10 1.49 88
CNFM 0.84 0.32 60.30 — 1.46 89
CoSA@CNT/NCP 0.87 0.38 172.00 864.8/5 1.45 91
CoNC-NB 0.88 0.35 246.00 — 1.50 92
CoNC@LDH 0.84 0.24 173.00 800.0/25 — 93
CoNP@CONC 0.84 0.29 188.80 794.1/10 1.46 94
CoSA@NDG 0.87 0.35 251.40 757.4/10 1.53 95
NiSA@NC 0.85 0.28 165.00 — 1.43 97
Ni/Ni-N-C 0.88 0.30 181.00 741.0/10 — 98
Ni/NiO 0.76 0.26 225.00 853.0/20 1.47 100
NiNP@NC 0.87 0.26 117.10 706.0/10 1.49 101
N-NiS; o3HS 0.72 0.25 93.90 821.0/10 1.41 102
CoSe,@NC 0.83 0.34 137.10 751.1/10 1.31 106
CuSA@HNCN, 0.91 0.32 212.00 806.0/10 1.51 108
Ru-RuO,@NPG 0.75 0.17 137.00 — 1.48 109
FeCoAL 0.85 0.43 199.20 798.3/10 1.39 113
FeCoAL@CNF 0.90 0.37 160.00 745.0/10 1.49 114
FeCo,AL@NC 0.85 0.42 423.70 812.5/20 1.45 116
Co/FeCo@NC 0.84 0.30 146.60 775.5/10 1.49 117
FeCoAL@NSC 0.82 0.32 162.70 776.0/15 1.45 120
FeCo/Co,P@QNPCNF 0.79 0.33 154.00 — 1.44 121
FeCoON@NCNT 0.84 0.32 145.00 778.4/10 1.45 122
FeCoAL@SeCNT 0.90 0.34 173.00 745.0/10 1.54 123
FeNiAL@NCNT 0.75 0.29 300.70 772.3/10 1.48 124
FeNiAL@NCF 0.82 0.30 102.00 729.0/10 1.40 125
FeNi;AL@NC 0.86 0.27 139.00 — 1.39 126
FeNiAL@NLCN 0.85 0.34 162.00 831.0/5 1.49 127
CONIiAL@NCNT 0.82 0.33 138.00 782.0/5 1.47 128
PtCoF 0.88 0.27 125.00 808.0/10 13.1 130
FeNiCoP@NC 0.84 0.31 112.00 807.0/10 1.36 133
AlFeCoNiCr 0.71 0.24 125.00 800.0/20 1.55 134
o-MnO,/TiC 0.80 0.33 217.10 769.8/10 1.35 147
Co/ZnCo,0,@NCNT 0.90 0.37 305.00 922.0/20 1.47 149
NiMnCo@AC 0.82 0.34 187.70 794.1/10 1.43 150
PANiMnO-PF 0.84 0.36 211.60 812.9/10 1.37 151
Mn-RuO, 0.86 0.27 181.00 812.0/10 1.55 155
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Table 1 (continued)
Capacity (mA h g™ ')/

Catalyst E1p* (V) o’ (V) PPD’ (mW cm ?) current (mA cm %) ocv? (V) Ref.
RuCoO, 0.80 0.25 185.00 807.0/10 — 158
S-LCO 0.70 0.36 92.00 747.0/5 1.47 159
LDH-POF 0.80 0.25 185.00 807.0/10 — 160
NiS/NiFe,0, 0.81 0.23 148.50 — 1.45 161
Fe-Co@CNF 0.87 0.50 201.70 814.0/10 1.45 162
Fe-Co@NCAG 0.89 0.29 117.00 — 1.47 163
Fe-Co@NSCS 0.86 0.49 76.50 636.3/10 1.34 167
Fe-Co@NCS 0.86 0.36 86.65 819.6/5 1.43 168
Fe-Co@NC 0.89 0.37 150.00 518.0/10 1.39 169
Fe-Co@NC 0.87 0.34 372.00 — 1.47 172
Fe-Mn@NC 0.92 0.40 184.00 734.0/2 1.45 173
Fe-Ni@DNSC 0.88 0.35 160.00 802.5/10 — 174
Fe-Ni@NC 0.90 0.29 260.00 950.0/5 1.54 175
Co-Ni@PNC 0.88 0.39 252.00 874.0/100 1.59 177
Cu-CoFS 0.80 0.26 255.00 — 1.44 178
CuCoNC@Cu 0.84 0.24 140.00 804.0/5 1.40 179
FeCoMoS@NG 0.83 0.33 118.00 789.0/10 1.44 181
Ni-C0oSs@rGN 0.83 0.25 171.50 — 1.37 185
CoP-NC@FeNiP 0.83 0.27 93.00 — 1.44 189
FeNiP@NPC 0.84 0.31 163.00 — 1.51 190
Ni;FeN/VN@NG 0.87 0.35 168.00 651.0/20 1.52 191
MoS,@Fe-N-C 0.84 0.36 78.00 442.0/5 1.47 192
GNCNT 0.86 0.36 253.00 801.0/5 1.48 195
NCNTM 0.85 0.36 220.00 716.0/10 1.50 196
N-CNSP 0.85 0.39 160.00 — 1.48 197
NSC 0.78 0.44 94.80 — 1.39 198
NOS-ASP 0.84 0.31 235.00 750.0/10 1.50 199

“ E,j is the ORR half-wave potential. ? 5, is the overpotential at 10 mA cm ™2 for the OER. ¢ PPD refers to the peak power density. 4 OCV refers to

the open-circuit voltage.

O, and H,O at the air electrode. The standard 4e~ pathway for
the OER is in the opposite direction of the ORR. Similar to the
ORR, the speed of the OER process is also slow, resulting in the
limited battery’s rechargeability and efficiency. So, OER cata-
lysts are also indispensable for the air electrode to accelerate
the oxygen evolution process, which can facilitate the electron/
proton transfer and increase the kinetics of the OER to enable a
more efficient and rapid conversion of OH™ into O, and lower
the overpotential of the OER.*>***

Both ORR and OER catalysts play pivotal roles in the efficient
operation of ZABs. By accelerating the oxygen reduction and evolu-
tion reactions, respectively, these catalysts would enhance the bat-
tery’s discharge performance, rechargeability, and overall energy
conversion efficiency. Therefore, ongoing research and development
efforts focus on optimizing and finding cost-effective bifunctional
catalysts that have both ORR and OER catalytic activities, to further
improve the performance and commercial viability of ZABs (Fig. 1d).
Here, several types of bifunctional catalysts for the air electrode in
ZABs have been analyzed, including single metal components, multi-
ple metal components and metalfree carbonaceous materials, all of
which show enhanced oxygen-involved catalysis and deliver high
performances when applied to construct the air cathode in a practical
ZAB (Table 1).

3. Advanced bifunctional catalyst design

In the past five years, the research on ZABs has been extensively
reported, and the accompanying bifunctional catalysts have

© 2024 The Author(s). Published by the Royal Society of Chemistry

been designed in large quantities, and their catalytic mecha-
nism has also been deeply explored. Based on this, partially
selected catalyst materials are divided into three categories
according to their characteristics. For each category, more
detailed classification and analysis are shown below (Fig. 2):

3.1. Single metal components

Single metal component based bifunctional catalysts play a
crucial role in the ORR and OER due to their improved
performance, cost-effectiveness, stability, enhanced electroca-
talytic activity, environmental friendliness, and flexibility in
catalyst design. As a typical representative, single metal atom
catalysts (SMACs) can exhibit bifunctional catalytic activity
through several mechanisms, leveraging the unique properties
of individual metal sites. Here may be some ways in which
SMACs demonstrate bifunctional catalysis:*">*>>3139 (1) elec-
tronic structure tuning - single metal atoms on a support
material often have distinct electronic structures compared to
bulk metal catalysts, which enable them to participate in
different catalytic reactions simultaneously, including oxida-
tion and reduction reactions; (2) dual active sites - single metal
atoms can possess multiple types of active sites on the same
metal atom, which may have different catalytic functionalities,
allowing the SMACs to catalyze more than one type of chemical
transformation, thus contributing to bifunctional catalytic
activity; (3) cooperative catalysis - SMACs may engage in
cooperative interactions between the metal site and the support
material. The support can provide acidic or basic sites, while

EES Catal., 2024, 2,696-726 | 701
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Fe-containing catalyst
Fe-N@WPC, Fe-N,-C, Fe-N,@G, Fe-
N, @SWCNT, Fe-N/FeP,/NPSC, Fe-
N,@NSCF, Fe-N,@BC, FeS/Fe,C@NSC,
Fe-N,@NPC, FeP/Fe,0,@NPCA, et al.

Co-containing catalyst
C00/Co,P, CONP@NCNT, Co@hNCT,
CoNP@NCNF, Co,N@NC, C0,0,,/NG,
CoS/CoS,@NCNT, CoOSA@CNT/NCP,

Co/COO@NWC, Co/Co,P@NCNT,

CoS/CoOO@NG, CoSA@NDG,

CoSA@NCNF, et al.

Ni-containing catalyst
NiSA@NC, Ni/Ni-N-C, Ni/NiO, Ni/NiO, N-
NiS; o3HS, et al.

Other
Mo@NG, CoSe,@NC, CuSA@HNCN,,
Ru-RuO,@NPG, et al.

GNCNT, NCNTM, N-CNSP, NSC,

View Article Online
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Alloy
FeCoAL, FeCoAL@CNF, FeCo,AL@NC,
FeCo/Co,P@NPCF, FeCON@NCNT,
FeCoAL@SeCNT, FeNIAL@NCNT,
FeCoAL@NSC, FeNiIAL@NCF,
FeNiAL@NLCN, FeNiCoP@NC,
Co/FeCo@NC, FeNi;AL@NC, et al.

Oxide-containing catalyst
NiMnCo@AC, Co/ZnCo,0,@NCNT, a-
MnO,/TiC, PdNiMnO-PF, RuCoO,, S-
LCO, LDH-POF, NiS/NiFe,0,, Mn-RuO,,
et al.

Multiple metal atom sites
Fe-Co@CNF, Fe-Co@NCAG, Fe-
Co@NSCS, Fe-Co@NCS, Fe-Co@NC,
Fe-Mn@NC, Fe-Ni@DNSC, Fe-Ni@NC,
Co-Ni@PNC, et al.

Other
FeCoMoS@NG, CoP-NC@NFP, Cu-
CoFS, CuCoNC@Cu, Ni-CogSg@rGN,
MoS,@Fe-N-C, Ni;FeNVN@NG,
FeNiP/NPCS, etal.

NOS-ASP, et al.

Fig. 2 An overall diagram of selected bifunctional catalysts for advanced ZABs.

the metal atom facilitates redox reactions. The synergy between
these functionalities allows the catalyst to mediate both acid-
base and redox reactions simultaneously; (4) site isolation and
selectivity. The isolation of active sites on single metal atoms
can enhance selectivity by preventing undesired side reactions,
which can precisely control the reaction environment and allow
the SMAC to catalyze multiple reactions with high selectivity,
therefore contributing to its bifunctional activity; (5) tailored
ligands - some SMACs involve the use of ligands attached to the
metal atom. These ligands can be tailored to provide specific
catalytic functionalities, allowing the catalyst to participate in
multiple types of reactions. Ligand design plays a crucial role in
determining the bifunctional catalytic activity of SMACs; (6)
synergistic effects - the presence of a single metal atom on a
support material can lead to synergistic effects between the
metal and the support, which can result in enhanced catalytic
activity, making the catalyst suitable for bifunctional catalysis.
The combination of different catalytic functionalities contri-
butes to the overall bifunctional performance; and (7) redox
chemistry: SMACs often exhibit redox activity, allowing them to
participate in both oxidation and reduction reactions. The
redox properties of the metal site enable the catalysis of diverse
chemical transformations, contributing to the bifunctional
nature of the catalyst. Therefore, the bifunctional catalytic
activity of single metal atom catalysts arises from a combi-
nation of factors, including electronic structure tuning, dual
active sites, cooperative catalysis, site isolation and selectivity,
tailored ligands, synergistic effects, and redox chemistry. These
catalysts offer a versatile platform for designing efficient and
selective catalysts for a wide range of chemical transformations.
The specific mechanisms will depend on the nature of the
metal, the support material, and the target reactions. Here, the
single metal component based bifunctional catalysts are mainly
divided into Fe-containing, Co-containing, Ni-containing, and
other types, all of which show high catalytic activity for the ORR
and OER.

3.1.1. Fe-containing catalysts. Fe, an environmentally
friendly and non-toxic element, is one of the most abundant

702 | EES Catal.,, 2024, 2, 696-726

elements on Earth, making it a cost-effective choice for cata-
lysts. Due to the ability to switch between different oxidation
states during catalysis, Fe-containing catalysts can facilitate the
redox reactions involved in OER and ORR processes, enabling
faster and more efficient oxygen reactions in ZABs.*' Besides,
Fe-containing catalysts can form synergistic interactions with
other elements or compounds, further leading to improved
catalytic activity and efficiency, which makes them attractive
candidates for designing highly efficient bifunctional catalysts
that can simultaneously promote both the OER and ORR. It is
essential to acknowledge that Fe is an extensively researched
and comprehensively understood element within the realm of
catalysis. Extensive research on Fe-containing catalysts has led
to a deep understanding of their structure-property relation-
ship, allowing for more precisely-controlled improvements and
optimizations. Single-atom Fe-N-C anchored in wood-derived
porous carbon (Fe-N@WPC) can serve as a bifunctional catalyst
for ZABs (Fig. 3a).*° The uniformly dispersed single atomic Fe-
N-C in WPC enables Fe-N@WPC to deliver an enhanced ORR/
OER reactivity with a half-wave potential (E;/,) of 0.85 V and a
low overpotential (1719) of 0.40 V at the current density of
10 mA cm 2, resulting in the ZAB constructed based on the
Fe-N@WPC catalyst showing high power density and long-term
cycling stability. This study paves the way for a novel approach
for preparing Fe-N-C based bifunctional catalysts in large
quantities. Fe-N,-C could also be synthesized via a one-pot
approach using glucose, dicyandiamide, FeCl, and FeCl; as the
precursors.’® The prepared catalyst exhibited enhanced ORR/
OER kinetics, and the ZAB (Fig. 3b) with this catalyst can output
a superior peak power density (PPD) of 181.2 mW cm >, a small
voltage gap (AV) of 0.71 V (Fig. 3c), and good stability.

In situ generated Fe clusters could facilitate the deposition of
Fe-N, moieties, leading to the Fe-N, edge site being formed in
graphene (Fe-N,@G)."" Compared to the in-plane site, the Fe-
N, edge site has a low coordination number of edge N, resulting
in the charge redistribution and enhanced electron transfer
from the Fe atom to the neighboring N atom (Fig. 3d-g), thus
boosting oxygen-involved electrocatalysis.*> Moreover, the

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ey00014e

Open Access Article. Published on 19 February 2024. Downloaded on 12/4/2025 9:46:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

a ¢ Cellulose

Lewis acid

Henmicellulose
——

Lewis acid
I treatment

SRR @.%w- %@W@W

Ttreatment

¢

' Pyrolysis and
etching

SS= @27 80°C, FeCl,
‘Oi'/ treatment

Natural wood FeCl,-wood Fe-N@WPC

Fig. 3

View Article Online

EES Catalysis

] . ) —Fe-N-C
— —NC
—PUC+IrO,

. Separator
\Zinc plate

100

o
™
L

o
©
@
S
[
v
<
&
Q

o
2

*Fe-N,@C
*Fe-N,@BC
LSVin 0.1 MKOH| — (-] *PUC

05 07 09 -04 -02 00 02
Potential (V vs. RHE) Log (J(mA cm?))

Potential (V vs. RHE) ===

n

|  Fe-N,@NSCNF

_ |—Fitting

=

<

x

<

I oN oC oFe 0
i 1
024681 0246810 0 1 2 3 4 5

K (A K (A" R(A)

(a) Diagram of the synthesis of Fe~N@WPC. Reproduced with permission from ref. 39. Copyright 2021, American Chemical Society. (b) Diagram

of the coin-type ZAB. (c) Cycling performance of as-prepared catalyst-based air cathodes. Reproduced with permission from ref. 40. Copyright 2022,
Elsevier. (d) and (e) Charge density difference of Fe—N, in-plane and edge sites. (f) and (g) Spin density of Fe—N, in-plane and edge sites. Reproduced with
permission from ref. 41. Copyright 2020, Wiley-VCH. (h) and (i) LSV and Tafel plots of as-prepared catalyst-based working electrodes. Reproduced with
permission from ref. 47. Copyright 2022, Elsevier. (j) Scanning electron microscopy (SEM) and high angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) images of the Fe—N4@NSCNF catalyst. (k) Wavelet transforms of the EXAFS spectra of the Fe K-edge of different
catalysts. () The corresponding fitting curve of the Fourier-transform EXAFS spectra of the Fe—N4@NSCNF catalyst. Reproduced with permission from

ref. 48. Copyright 2022, Wiley-VCH.

electronic structure on the edge site can regulate the adsorp-
tion/desorption of oxygen intermediates and display higher
adsorption free energy for OH* and reduced energy barrier
for the rate-determining step (RDS), resulting in high ORR/OER
activity. The resultant ZAB with the Fe-N,@G catalyst exhibited
a decreased AV of 0.78 V and good cycling stability. This
research provides a valuable reference for the incorporation
of Fe-N, sites into graphene. Similarly, Fe-N,-C moieties
can also be anchored on a single-walled carbon nanotube
(Fe-N,@SWCNT) film, in which the SWCNT possesses rich
Fe-N,-C active sites while maintaining high crystallinity and
good flexibility,** which endow the Fe-N,@SWCNT catalyst
with enhanced electron/mass transport paths, high catalytic
activities, and good flexibility, leading to a high PPD of
210 mW cm 2, along with a high capacity of 772 mA h g,
for the ZAB. Furthermore, Fe-N,@SWCNT could enable an all-
solid-state flexible ZAB to show a stabilized open circuit voltage
(OCV) even at different bending angles. This study combines
high conductivity SWCNTs and highly active Fe-N,~-C, which
offer a valuable reference for the application of CNTs in the
bifunctional catalysts.

Doping of heteroatoms (N, P, S, B, etc.) on the carbon
backbone has been reported to adjust the electronic

© 2024 The Author(s). Published by the Royal Society of Chemistry

configuration of the Fe-N,-C based catalyst, thereby decreasing
the energy barrier of the RDS and increasing the electrocatalytic
activity.***® Zhao et al. anchored Fe-N,~C in a B-doped carbon
matrix (Fe-N,@BC)."”” B doping can adjust the electronic
configuration of Fe-N,-C, which assists in the breaking of
the O—0O bond and thus lowers the RDS energy barrier,
resulting in a small Tafel slope and a high E;, of 0.84 V
(Fig. 3h and i) under alkaline conditions. Even in acidic media,
the E,/, only reaches as high as 0.81 V. N,S-co-doped carbon
nanofibers (CNFs) with high-density loading Fe-N,-C active
sites (Fe-N,@NSCNF) can be synthesized by electrospinning
and pyrolysis.*® The obtained Fe-N,@NSCNF (Fig. 3j) catalyst
with a highly porous structure and high surface area can
accelerate reactant infiltration and realize high loading density
of Fe-N,—C sites. What's more, the NSCNF matrix can also
adjust the electronic structure of Fe-N,—C, enabling high oxy-
gen electrocatalytic activities. Moreover, Fe atoms with +2 and
+3 valencies could be coordinated with neighboring N/O
(Fig. 3k) with a coordination number of about 5 (Fig. 3l),
including 4 neighboring N atoms and 1 adsorbed O atom.
Benefitting from these unique properties, the Fe-N,@NSCNF
composite demonstrated enhanced ORR/OER activities, result-
ing in the ZAB exhibiting a long cycle life of over 1000 h. This
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research provides deeper insight into the effect of heteroatom
doping on enhancing the catalytic performance of the Fe-N,~C
site. In addition to the above catalysts, the Fe-N,~C active site
was also designed in the N, P co-doped carbon,*® Fe, N, P, S co-
doped porous carbon,®® etc., all of which show a similar
function of modulating the electronic structure for enhanced
catalysis at the Fe-N,—C active site.

Fe-based compounds (Fe;C, Fe,03, FesC,, FeS, Fe;C, and so
on) combined with Fe-N,-C moieties show synergistic catalysis,
thus realizing superior bifunctional catalytic activities. Fe/Fe;C
nanocrystals composited with Fe-N,-C moieties served as a
bifunctional catalyst (Fe/Fe;C@Fe-N,-C) for the ZAB.”" The
synergistic catalysis of Fe-N,~C moieties and Fe/Fe;C nano-
particles (NPs) enables a high E;;, of 0.9 V for the ORR and a
small 7,4 of 0.41 V for the OER. The ZAB with the Fe/Fe;C@Fe-
N,~C catalyst thus showed a high PPD of ~147 mW cm™ > and
remarkable stability. In addition, Fe-based compounds can also
be directly designed as catalysts for ZABs. Li et al. fabricated
FeS/Fe;C NPs encapsulated in the N,S-co-doped carbon (FeS/
Fe;C@NSC) as a bifunctional electrocatalyst for the ZAB, which
showed a small AE of 0.72 V, resulting in high PPD and specific
capacity for the ZAB.>”> Fe;C quantum dots can be loaded in
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N-doped carbon mesoporous spheres (Fe;C@NCMS) as the
catalyst for the ZAB (Fig. 4a).>® Based on the Mott-Schottky
effect of the Fe;C-NG heterojunction, the Fe; C@NCMS (Fig. 4b)
catalyst enables rapid electron transfer from Fe;C to NG due to
the difference in work function (Fig. 4c), leading to electronic
distribution and accelerated charge transfer of ORR/OER pro-
cesses (Fig. 4d and e). Besides, the heterojunction interface
could adjust the adsorption strength of intermediates and
lower their energy barriers in the catalytic processes. Therefore,
the Fe;C@NCMS showed promoted kinetics, achieving a ZAB
with an energy density of 706.4 W h kg~" and good cycling
stability. In addition, a honeycomb-like N, P co-doped carbon
aerogel with FeP/Fe,0; (FeP/Fe,O;@NPCA) can be synthesized
as a bifunctional electrocatalyst by directional freeze-casting
and annealing (Fig. 4f).°* The carbon aerogel possesses porous
architecture (Fig. 4g and h) to speed up the gas/electrolyte
diffusion and improve ionic conductivity. Therefore, high ORR/
OER activities (Fig. 4i) can be simultaneously realized via
synergy between FeP/Fe,O; and NPCA. The FeP/Fe,0; @NPCA
based ZAB (Fig. 4j) could exhibit high capacity and superior
cycling stability, as well as good flexibility. These studies
indicate that Fe-based compounds have great application
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Fig. 4 (a) Diagram of the synthesis of FesC@NCMS and the FesC—NG heterojunction. (b) SEM and high-resolution TEM (HRTEM) images of FesC@QNCMS.
(c) Diagram of the FesC—NG heterojunction before and after contact. (d) ORR mechanism FesC—-NG. (e) Charge distribution of the FesC—NG model.
Reproduced with permission from ref. 53. Copyright 2022, Wiley-VCH. (f) Diagram of the preparation of the FeP/Fe,Os@NPCA catalyst. (g) and (h) SEM
images of FeP/Fe,Os@NPCA. (i) Polarization curves of as-prepared catalysts with bifunctional catalytic activity. (j) Diagram of a solid-state ZAB based on

the FeP/Fe,Os@NPCA cathode. Reproduced with permission from ref. 54.
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potential in the field of bifunctional oxygen catalysts for ZABs.
However, it should be noted that the metal compounds, such as
hydroxides, chalcogenides, phosphides and nitrides, would
undergo surface reconstruction that is accompanied by the
transformation of valence states during the electrolytic pro-
cesses. This phenomenon would result in changes in active
sites, improving or reducing catalytic performance. In most
cases, these metal compounds act as ‘“pre-catalysts” rather
than the “real catalysts”.”>>® Therefore, understanding the
reconstruction process and precisely identifying the true active
sites on electrocatalyst surfaces will help to finely tune the
properties and activities of catalysts.

3.1.2. Co-containing catalysts. Similar to the Fe-containing
catalysts, Co can exist in various oxidation states, which
could provide a platform for tuning its catalytic behavior and
promoting oxygen-related reactions.”®®® Co NPs have been
widely reported to be embedded in carbonaceous materials
with porous structures (such as carbon nanotubes,®*®* carbon
nanofibers,*® porous carbon,**®® graphene,®”’° carbon
spheres,”" and so on) as high-performance electrocatalysts for
advanced ZABs. Thanks to their porous framework nanostruc-
tures, these carbonaceous composite catalysts frequently exhi-
bit excellent electron conductivity and ion diffusion pathways,
providing an abundance of active sites and demonstrating
significantly enhanced electrocatalytic performance. Co NPs
can be encapsulated in N-doped carbon nanotube arrays (CoN-
P@NCNTA) with porous structures (Fig. 5a), which could
stimulate the charge transfer during the OER and ORR
processes.®’ The abundant defects and Co sites atomically
dispersed in NCNTAs could facilitate catalytic activities, leading

— £ X -
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to high ORR/OER activity. Besides, bamboo-like N-doped car-
bon nanotubes (NCNTs) (Fig. 5b) and hollow NCNTs were also
reported as the Co NP supports for high ORR/OER activity.5*
Carbon nanofibers with preeminent electrical conductivity and
high surface area could afford plentiful active sites for catalytic
reaction. Furthermore, N-doped porous carbon nanofibers
(NCNFs) can be designed to encapsulate Co NPs as the electro-
catalyst (CONP@NCNF) for ZABs, which can provide the
Co-N-C moiety.”* Importantly, the local electrical configu-
ration of Co in CONP@NCNF could be adjusted in the Co-N-
C moiety, which can optimize its adsorption/desorption
strength and enhance OER/ORR activities. Owing to the syner-
gistic effects of the Co core and N-doped carbon shell, the
CoNP@NCNEF displayed good reversible oxygen electrocatalytic
activities. A similar work was also reported by Xia et al., where
they incorporated CoNPs into N-doped carbon nanowires
(CoNP@CNW) with abundant Co-N-C sites, which possess a
satisfactory bifunctional electrocatalytic activity.”>

Co NPs can be embedded into a pyridine-linked triazine
covalent organic framework (PTCOF) as a bifunctional catalyst
(CoONP@PTCOF) (Fig. 5¢).”® Incorporating Co NPs will lead to
the p-band center of C active sites shifting to a lower position
(Fig. 5d) by accepting electrons from the Co surface, indicating
that the C active sites have moderate *OH binding strength. In
addition, the C atoms of the pyridine moiety have nearly
neutral electronic states for ORR/OER processes (Fig. 5e), and
thus the electrocatalytic activities of CoONP@PTCOF can be
improved. To enhance the catalysis of Co NPs, NH; atmosphere
treatment was used to prepare Co,N NPs embedded in an N-
doped carbon box (CoélN@NC).65 Co,N has increased electronic
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Fig. 5 (a) SEM and TEM images of Co@NCNTA. Reproduced with permission from ref. 61. Copyright 2019, Wiley-VCH. (b) SEM and HRTEM images of

CoNP@NCNT. Reproduced with permission from ref. 62. Copyright 2020, Wiley-VCH. (c) Structures of the periodic units of PTCOF and CoNP-PTCOF
with electron charge quantity (q) transferred from the Co surface to the carbon repeating unit. (d) p-Band structures of PTCOF and CoNP-PTCOF.
(e) Electron charge distribution on the C sites of the CoNP-PTCOF structure. Reproduced with permission from ref. 73. Copyright 2021, Wiley-VCH.
(f) SEM and HRTEM images of Co/Cos0,4@NC. Reproduced with permission from ref. 66. Copyright 2020, Elsevier. (g) SEM images of NWC and Co/
CoO@NWC. Reproduced with permission from ref. 67. Copyright 2021, Wiley-VCH.
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conductivity and reduced adsorption free energy at the RDS in
the OER/ORR process, endowing the ZAB based on the
Co,N@NC catalyst with high stability and a low AV of 0.85 V.
It is further shown that Mn doping could boost the intrinsic
ORR/OER activity of CoN via modulating the adsorption ener-
gies of intermediates.”* These studies illustrate the critical role
of Co-based NPs in the field of bifunctional oxygen catalysts.
The Co NP and Co-based oxide composite can form a highly
active hetero-interface that boosts the ORR/OER activities.”® For
example, the Co/Coz;0, heterojunction in N-doped carbon
(Co/Co30,@NC) (Fig. 5f) can be fabricated as a bifunctional
oxygen electrocatalyst, which has a three-phase combination of
Co, Co0304, and porous carbon with an optimal charge/mass
transfer. In this structure, the Co/Co3;0, hetero-interfaces are
the particular active sites boosting the ORR/OER kinetics,*®
hence displaying high catalytic activity that is comparable to
those of noble metal electrocatalysts. A similar design was also
reported by Cui et al.,*” where they constructed Co/CoO NPs
incorporated in N-doped wood-derived carbon (Co/CoO@NWC)
(Fig. 5g). The different hydrophilicities of NWC and Co/CoO
endow the catalyst with abundant triple-phase (solid/liquid/
gas) boundaries for the battery reaction, which provide
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dominating active sites for oxygen reactions. Therefore, the
Co/CoOO@NWC catalyst displayed high catalytic activity and
stability, resulting in the ZAB with a high PPD of
152.8 mW cm %,

Single metal components of cobalt oxide could be used as
catalysts for ZABs. Considering that incorporating O vacancies
on the CoO surface could reduce the energy barrier at the RDS
for the ORR/OER, O-defective amorphous-crystalline CoO
(ODAC-C00O) was designed by vacuum-calcination of the
Co(OH), precursor (Fig. 6a) as a bifunctional electrocatalyst.”
Due to the optimized crystallinity and moderate O vacancy
level, the ODAC-CoO catalyst (Fig. 6b) exhibited increased
bifunctional activity and stability and enabled the ZAB to
deliver highly efficient and stable performance. Compared with
CoO, with a larger size (C0,¢05), downsizing the CoO,
particle will induce charge accumulation, resulting in the
electron orbital overlap with carbon.®® Moreover, CoO, cou-
pling with Co-N would facilitate the electron cloud migration
from CoO, to Co-N (Fig. 6¢), shifting the d-band center of Co
farther away from the Fermi level (Ef) (Fig. 6d) and moving
the p-orbitals of O and N atoms near the E¢ at the same time
(Fig. 6e), which would optimize the desorption of oxygen

—1.44 eV|

=mCo-d mmCo-d| ==mO-p C-Co,,0,
mOp| ENp[ mENp Co,N,-Co,0
10

DOS (states eV")

M-Co,P@M-N-C

2021, Wiley-VCH. (c) Model structures and the charge density redistributions of CoN4—Co0,605, CoN4—Co0100s, and C-Co400s. (d) DOS of CoNg—
C0,605, CoN4—C0100s, C-Co0100s model, and d-band centers. (e) Diagram of influence of coupling Co—N on the Co,7Os surface electronic structure.
Reproduced with permission from ref. 68. Copyright 2021, Elsevier. (f) SEM and HRTEM images of CoS/CoO@NGN. (g) Schematic and contour plots of
differential charge density of the CoS(100)/CoO(111) heterostructure model. The yellow and cyan regions represent the charge accumulation and charge
depletion, respectively. (h) DOS plots of CoS(100), CoO(111) and CoS(100)/CoO(111). Reproduced with permission from ref. 70. Copyright 2020, Springer.
(i) Diagram of the synthesis of M—Co,P@M—-N-C catalysts. (j) Diagram of the ORR process catalyzed by the NC shell (Co,P@NC) and the M=N-C shell
(M=Co,P@M-N-C). Reproduced with permission from ref. 84. Copyright 2021, Wiley-VCH.
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intermediates and accelerate the ORR/OER catalytic process.
Sub-nanometer CoO, confined into N-doped carbon
(CoO,@NC) was prepared to combine the merits of reduced
size and the Co-N moiety. CoO,@NC displayed reduced
barriers at the ORR/OER, which can balance the adsorp-
tion/desorption of O, and OH ™, optimize the reaction path
and accelerate ORR/OER reaction kinetics. Consequently, the
CoO,@NC catalyst demonstrated a narrow AV of 0.67 V and
impressive ZAB performances. To increase the ORR/OER
activity of Co30,4, the Co03;0,_, with N-doped graphene
(Co30,4_,@NG) electrocatalyst having Co-N-C and adjustable
O vacancy content was prepared by Qin et al.®® The synergis-
tic effects of Co-N-C and its adjacent O vacancy can adjust
the charge density of the O-vacant Co site, thereby regulating
the adsorption energies of ORR/OER intermediates, resulting
in a low AE of 0.66 V and enabling the ZAB with an energy
density of 853.3 W h kg™" as well as good stability. Rao et al.
prepared vanadium (V** and V°*)-doped mesoporous Co;0,
nanorods (V-Co3;0,4) as bifunctional oxygen catalysts for
ZABs.”® By incorporation of V element, the e, occupancy of
Co030, can be optimized to balance the binding strength for
oxygen intermediates in the RDS toward the ORR/OER, thus
achieving a high catalytic activity. These studies indicate that
Co-based oxides have important developmental potential in
the field of bidirectional oxygen catalysts.

Cobalt sulfide could be used to enhance the ORR/OER
activities of cobalt oxide. Tian et al. designed a heterostructure
of CoS/CoO NPs on N-doped graphene (CoS/CoO@NG) (Fig. 6f)
as the catalyst.”® At the interface of CoO and CoS, the charge
redistribution would occur with the electron accumulated at
the CoO side (Fig. 6g). CoS/CoO has increased density of
states (DOS) near the E; compared with CoS and CoO
(Fig. 6h), suggesting that the CoS/CoO heterostructure pos-
sesses increased conductivity to enhance the electrocatalytic
activity by promoting electron transfer between the absorbed
intermediates and catalyst surface.”” After being composited
with NG, the accumulation of electrons at the metal-support
interface can decrease the contact resistance and realize the
efficient electron transfer of CoS/CoO@NG, thus expediting the
catalytic kinetics.”®”® Lu et al. fabricated the CoS/CoS, NPs in
NCNTs (CoS/CoS,@NCNT) as the bifunctional catalyst.®® The
synergistic effects of multivalent cobalt sulfides and NCNTs
could enhance the electron conduction and facilitate O, activa-
tion, therefore improving the ORR activity. Moreover, the
strong Co-N bond between CoS, NPs and NCNTs could build
up unique hetero-interfaces, which can facilitate the interfacial
electron transfer during the ORR/OER processes. Logeshwaran
et al. anchored Pt NPs on CoS, supported by N-doped reduced
graphene oxide (rGO) to form the Pt/CoS,@NrGO
nanohybrid.®" CoS, on NrGO offers enhanced electron transfer
and synergistic effects to enhance catalytic activity for the OER/
ORR. Consequently, the Pt@CoS,-NrGO based ZAB delivered
high PPD and high round-trip efficiency. Actually, there are
many studies about the application of cobalt sulfides as ORR/
OER catalysts for ZABs, such as CooSs, CoS, and their
composites,”%°82 p-doped Co,Ss embedded in carbon spheres

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(P-Co,Ss@CS),”" N-doped CoS,
CoS,@YSS),*” and so on.

Cobalt phosphide can serve as an effective catalyst for the
ORR and OER, as demonstrated in heterostructures like CoO/
Co,P NPs, which can enhance oxygen-related electrocatalysis
through synergistic effects between CoO and Co,P.** The
unique morphology also provides the CoO/Co,P catalyst with
abundant catalyst/electrolyte interfaces for electrocatalytic
active sites. Therefore, the CoO/Co,P catalyst displays small
AV, demonstrating competitive bifunctionality towards the
ORR/OER. Lv et al. proposed a strategy of “killing two birds
with one stone” to simultaneously promote the core and shell
activities of core-shell Co,P@NC catalysts for the ORR/OER via
doping with different metals (for example, Fe, Ni, Mo, Al, and
Mn) (Fig. 6i).%* In these composites, the transition metal doped
organic-inorganic cobalt phosphonates were used as the pyr-
olysis precursors in a H, atmosphere, which would introduce
the metal into the Co,P core and meanwhile build the metal-
nitrogen—-carbon (M-N-C) shell along with M-N, active sites to
form the M-Co,P@M-N-C composite. It is uncovered that
introduction of Fe can facilitate the activity of the Co,P core
for the OER by adjusting the electronic configuration, where
the Fe-N, sites of the Fe-N-C shell in Fe-Co,P@Fe-N-C are the
main active sites (Fig. 6j) that enable effective OER/ORR elec-
trocatalysis. Diphasic metal/metal phosphide NPs can be
encapsulated in NCNTs (M/M,P@NCNT).** Among them, the
unique heterojunction structure of Co/Co,P was reported to
induce the construction of ordered NCNTs (Co/Co,P@NCNT)
with rich N active sites, thus exhibiting high ORR/OER activity.

Similar to Fe-N,-C, Co-N,-C plays a vital role in Co-based
electrocatalysts. Atomic-level dispersion of Co could provide
plentiful catalytic sites with high catalytic activity, and the Co-
N, configuration shows improved electrocatalytic activity and
stability as compared to the Co NP-based composites. Han et al.
constructed NCNFs with interconnected CNTs as supports for
Co single atom (CoSA) sites (COSA@NCNF), which combine the
advantages of the atomically dispersed Co, controllable N
doping, and hierarchical porous structure.®® Electrochemical
tests showed that COSA@NCNFs delivered a higher E;,, larger
electron transfer number in the ORR process (Fig. 7a), and
much lower overpotential in the OER process (Fig. 7b) than Co
NP-based NCNFs (CONP@NCNFs), thus displaying a better ZAB
performance. Similar designs of CoSA were widely reported in
various carbonaceous materials, for example, freestanding N-
doped carbon films (NCFs),*” zeolitic imidazolate framework-
67 (ZIF-67) derived ordered microporous carbon (ZOMC),*®
Co-N, in the porous carbon nanofiber membranes (CNFM),*°
Co grown on the NC with a 3D honeycomb structure (3D Co/N-
C),”° single-atom Co active sites supported on CNTs,’" and 3D
hierarchical Co-N-C nanobrushes.”*

To further enhance the oxygen electrocatalyst performance,
atomic-level dispersed Co-N-C and NiFe layered double hydro-
xide (LDH) composites (CONC@LDH) were designed.®® Co-N-C
and LDH were chosen as ORR and OER active sites. The
resultant CONC@LDH exhibited high bifunctional electrocata-
Iytic activity with a small AE of 0.63 V (Fig. 7c) and endowed the

yolk-shell spheres (N-
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red catalysts. Reproduced with permission from ref. 86. Copyright 2022,
Ir/C electrocatalysts. The inset shows the corresponding Tafel plots for the

ORR and OER. (d) Charge and discharge polarization curves and calculated discharge power densities of ZABs with the as-prepared catalysts.
Reproduced with permission from ref. 93. Copyright 2021, Wiley-VCH. (e) Diagram of the synthesis of the CoONP@CoNC catalyst. (f) SEM and aberration-
corrected (AC) HAADF-STEM (AC-HAADF-STEM) images of the CoNP@CoNC catalyst. (g) and (h) OER and ORR processes of *Co—-NC, *CoNP@CoNC
and CoNP@*CoNC. (i) and (j) Deformation charge densities of Co—NC and CoNP@CoNC, where the yellow areas and blue areas represent electron
accumulation and electron loss, respectively. Reproduced with permission from ref. 94. Copyright 2022, Elsevier. (k) TEM and AC-HAADF-STEM images

of CoSA@NG. ()-(n) Models, calculated differential charge density and DOS

of the planar Co-Ny site and the curved Co—-Ny site. Yellow and cyan areas

represent charge density aggregation and depletion, respectively. Reproduced with permission from ref. 95. Copyright 2022, Springer.

ZAB with high PPD (Fig. 7d). Co-N; and Co NPs can be
designed in N-doped carbon (CoONP@CONC) as a bifunctional
oxygen electrocatalyst by polymerization of dopamine hydro-
chloride and Co(OH), followed by a pyrolysis process (Fig. 7¢).”*
For the OER, Co is the dominating active site in CONP@CONC
(Fig. 7f) because of the lower overpotential than that of Co-N,
sites (Fig. 7g). While for the ORR, the small overpotential
enables the Co-N, sites to dominate the ORR activity and
meanwhile the Co could be beneficial for improving the ORR
activity of the Co-N, site (Fig. 7h). Besides, the Co NPs can
optimize the energy barrier of RDS for Co-N,, and the
decreased charge accumulation of Co in the Co-N, site for
CoNP@CONC exhibits efficient electronic regulation of Co
toward Co-N, sites, which could enhance the oxygen catalytic
properties (Fig. 7i and j). Due to the existence of Co NPs, more
occupied electrons appear near the Ef for the Co d-orbital of
Co-N;, sites, which could be removed easily during the electro-
catalysis and help to reduce the overpotential of ORR processes.
The metallic Co also leads to less occupied d-orbitals for Co of
Co-N, sites in CoNP@CoONC, which contributes to decreased
overpotential of OER processes. Owing to the advantages of the

708 | EES Catal., 2024, 2, 696-726

coordinated Co-N, sites and regulated electronic structure of
Co-Nj sites by metallic Co, the prepared CONP@CONC exhib-
ited a high E;,, of 0.84 V and a low 74, of 0.29 V, leading to the
assembled ZAB with good performance. Indeed, the curvature
of the atomic Co-N,-C system would affect its catalytic perfor-
mance. Wang et al. found that curved Co-N, exhibits more
localized charge densities along with a larger charge gradient
than planar Co-N,, which could help to activate O, (Fig. 7k and
1).°>°¢ The d-band center downshifted for the curved Co-N,
(Fig. 7m), indicating more effective adsorption of oxygenated
intermediates than that observed for planar Co-N,, thus opti-
mizing the ORR/OER activity.

3.1.3. Ni-containing catalysts. Ni single metal component-
based catalysts of ZABs were relatively less reported than Fe-
based and Co-based single metal components, but they are still
an important research direction. Similarly, Ni single metal
component catalysts include Ni NPs, Ni-N-C coordination
and some Ni-based oxides or sulfides, etc. Ni single atoms
can be incorporated into the N-doped carbon (NiSA@NC)
(Fig. 8a) as an electrocatalyst for the ZAB.®” Uniformly dispersed
and atomic-level Ni-N, sites enable NiSA@NC to display a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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larger E;,, higher ji (Fig. 8b) and higher mass activity (Fig. 8c)
than Pt/C, demonstrating superior ORR activity, resulting in the
ZAB with a small AV of 0.48 V, high energy density and long
cycling stability. Zheng et al. synthesized transition metal (TM)
and N co-doped carbon composited with TM (TM/TM-N-C,
TM = Fe, Co, Ni) (Fig. 8d and e).’® In these composites, synergistic
effects of Ni and Ni-N,-C, efficient transport of O, and reac-
tants, and Ni*'-N for preventing carbon from being oxidized
result in high catalytic activity and good stability for the ORR/
OER. Compared with N-doped graphene without TM (N,-G),
the adsorption of O, and *OOH intermediates on TM-N,-G was
relatively more robust (Fig. 8f), suggesting more sufficient
activation of these intermediates. Besides, Ni/Ni-N-C has a
shorter M-O bond and a longer O-O bond, implying optimized
interaction between adsorbates and catalysts (Fig. 8g)°° and
thus lower activation barrier. Owing to high ORR/OER activity
and good durability, the Ni/Ni-N-C catalyst enables the ZAB to
deliver superb electrochemical performances.

Porous Ni/NiO nanosheets can be synthesized as bifunc-
tional electrocatalysts for ZABs.'® The introduction of oxygen
deficiencies leads to a narrowing of the band gap in NiO to
0.65 eV (Fig. 8h), which is instrumental in enhancing the
conductivity (Fig. 8i) of the Ni/NiO system, thereby facilitating
expedited charge transfer during the catalytic process. The
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charge density difference of the interface between Ni(111) and
NiO(111) with terminal Ni (Fig. 8j) shows that the electrons
would accumulate at the interface and then transfer from NiO
to Ni, thus improving the electronic conductivity of Ni/NiO and
exhibiting outstanding bifunctional electrocatalytic activities.
Yan et al. developed a 3D CNT/rGO heterostructure film (CGHF)
with a large surface area, controllable dopants, hierarchical
pores, and a highly conductive CNT@rGO heterostructure.**
The encapsulation of the Ni NP core in the N-doped carbon
shell (NINP@NC) leads to synergistic effects with adjusted
electronic structure and optimized free energy for electroche-
mical reactions, which results in low free energy for H adsorp-
tion and low energy barrier for OER and ORR pathways. Zhang
et al. engineered N-doped NiS; o3 hollow spheres (N-NiS; o;HS)
(Fig. 8Kk) as a bifunctional catalyst.’®> After N doping, NiS; o3
displays metallic nature (Fig. 81 and m), enabling efficient
charge transfer in the catalytic process. The calculated
energy for the d-band center of NiS; ,; downshifts after N-
doping (Fig. 8n). This leads to more electrons occupying the
anti-bonding orbital and facilitating the adsorption/desorption
of oxygen-containing intermediates in N-NiS; 3, which can
decrease the overpotential of the RDS, thus enhancing OER/
ORR reaction kinetics.''* Finally, the N-NiS; o;HS-based ZAB
showed a high OCV of 1.41 V and a capacity of 821 mA h g~ ". This
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(a) SEM and HAADF-STEM images of NiSA@NC. (b) ORR E;,, and ji of different catalysts. (c) Mass activity of different catalysts. Reproduced with

permission from ref. 97. Copyright 2022, Elsevier. (d) and (e) Optimized structures of TM=N4—G and metal-modified TM-N4-G. (f) and (g) Adsorption
energies (E,qs) of ORR intermediates and key bond parameters of Fe—N4—G, Co—N4—G, and Ni-N4—G (Do_o: distance between the absorbed oxygen
atom and oxygen atom; Dy_o: distance between the metal and the nearest oxygen atom; asterisk denotes a catalytic site). Reproduced with permission
from ref. 77. Copyright 2020, Elsevier. (h) and (i) DOS and partial charge density of NiO with and without O-deficiencies. (j) Calculated charge density
difference of the interface between Ni(111) and Ni-terminated NiO(111), where yellow and blue represent electron accumulation. Reproduced with
permission from ref. 100. Copyright 2020, Springer. (k) SEM image of N-NiS; osHS. (1) and (m) PDOS of NiS; o3 and N-doped NiS; o3. (n) DOS plots of
NiS1 03 and N-doped NiS; g3. Reproduced with permission from ref. 102. Copyright 2020, Elsevier.
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study would guide the N doping for designing advanced bifunc-
tional catalysts based on metal sulfides. Similar N-CoSe, active
sites can be identified in the CoSe, NPs and porous N-doped
carbon catalyst (CoSe,@NC).'%°

3.1.4. Other catalysts. Apart from Fe, Co, and Ni described
above, there are many other reported single metal component-
based catalysts with good catalytic activity for the ORR and/or
OER of ZABs, such as Mo, Cu, Ru, Ce, Mn, and so on. Mo single
atoms anchored to porous N-doped graphene (Mo@NG) can
serve as the catalyst for the ZAB (Fig. 9a).'°” The proliferation of
edge sites in graphene facilitates an increased doping of N and
Mo single atoms, leading to enhanced catalytic activity and a
reduced overpotential for both the OER and ORR, as compared
to graphene doped solely with Mo or N atoms (Fig. 9¢). Atomic
Cu coordinated hollow nano-spheroids of N-deficient carbon
nitride (CuSA@HNCN,) can be designed as efficient oxygen
bifunctional catalysts for the ZAB (Fig. 9d)."*® The porous nano-
spheroids enable a high density of single atoms and pore
volume, plentiful Cu-N,, and efficient electron transfer. Impor-
tantly, the OER/ORR activity can be promoted by introducing
single-atom Cu (Fig. 9¢ and f), and CuSA@HNCN, shows the
closest d-band center to that of Pt (Fig. 9g), implying their high
OER/ORR catalytic activities, thus leading to high power and
energy densities along with good cycling stability for the
assembled ZAB. Wang et al. prepared Ru-RuO, Mott-Schottky
(M-S) heterojunction NPs on the N, P co-doped graphene
(Ru-RuO,@NPG)."* In this design, the Ru-RuO, M-S hetero-
structure with the Ru(100)/Ru0,(101) interface (Fig. 9h) shows
metallic character with a zero-band gap (Fig. 9i), indicating
strong electronic interaction between Ru and RuO,. Moreover,
the d-band center of the Ru-RuO, M-S heterostructure is

bifunctional ORR/OER reactions
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up-shifted (Fig. 9j), which enhances the interaction between
the adsorbates and hetero-interface and significantly
promotes oxygen catalytic activity'*° and leads to *OOH for-
mation on the Ru-RuO, heterostructure with reduced energy
barrier (Fig. 9Kk).

Overall, a series of single metal component bifunctional
catalysts are used to construct high performance ZABs. It
should be noted that most of the reported catalysts are based
on Fe, Co and Ni. These catalysts are constructed primarily as
single atom M-N (M = Fe, Co, Ni) active sites supported on a
carbonaceous framework. Due to the high activity and large
specific surface area of single atoms, M-N catalysts tend to
exhibit good bifunctional catalytic activity to promote the ORR/
OER. During the ORR, these single atom catalysts exhibit a
similar redox couple between M(u) and M(m) states. The formed
surface oxides and hydroxides for Fe-N/Ni-N catalysts and
surface Co-oxo species for the Co-N catalyst during the ORR
contribute to the catalytic activity by adsorbing oxygen and
facilitating the ORR. During the OER, Fe-N catalysts can form
active Fe(wv) oxide species and Co-N catalysts typically transi-
tion between Co(m) and Co(wv) oxidation states to form Co(iv)
oxo species, which play a crucial role in the oxidation of water
to produce oxygen. While Ni is less commonly used for the OER
due to the tendency to form less active Ni(i) species, certain Ni-
based catalysts may involve the oxidation state of Ni(m) in the
OER mechanism. Surface modifications are often employed to
enhance OER activity. According to the literature, the intrinsic
ORR activity follows the order of Fe > Co > Ni, while the OER
activity follows the trend Ni > Co > Fe. These differences are
strongly dependent on their d-orbital configurations, coordina-
tion environments, and redox properties.** 112
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(a) Diagram of Mo@NG. (b) Atomic configuration of the *OOH intermediate on Mo@NG. (c) Free energy diagrams of the ORR and OER processes.

Reproduced with permission from ref. 1. Copyright 2020, Elsevier. (d) SEM image of CuSA@HNCN,. (e) and (f) Free energy diagrams of the OER and ORR
for the CuSA@HNCN, catalyst. (g) PDOS of Cu in CuSA@HNCN,. The blue and black dashed lines represent the d-band center of Cu and the
Et. Reproduced with permission from ref. 108. Copyright 2020, Elsevier. (h) Diagram of the atomic structure of the Ru—RuO, hetero-interface. (i) DOS of
the Ru—-RuO, heterojunction. (j) DOS and d-band of RuO, and Ru—RuO,. (k) Free energy diagrams of Ru, RuO, and Ru—RuO, for the OER. Reproduced

with permission from ref. 109. Copyright 2022, Elsevier.

710 | EES Catal, 2024, 2, 696-726

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ey00014e

Open Access Article. Published on 19 February 2024. Downloaded on 12/4/2025 9:46:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

3.2. Multiple metal components

3.2.1. Alloys. Given improved catalytic activity, cost-effec-
tiveness, increased stability and tunable properties, alloys are
extensively studied as bifunctional air electrode catalysts in
ZABs. Overall, alloys both have advantages and disadvantages
as air electrode catalysts for ZABs. Typically, alloys enhance
catalytic activity by modulating the electronic configuration
and augmenting the surface area of the catalyst. Compared to
single precious metals, alloys can be more cost-effective as air
electrode catalysts. Alloys can also increase the stability of the
air cathode catalysts by improving the resistance to corrosion
and oxidation. Furthermore, alloys can be customized to exhi-
bit specific properties that align with the needs of the air
electrode catalysts. However, alloys usually have limited dur-
ability under harsh operating conditions, leading to perfor-
mance degradation and shortening the battery’s lifespan.
Synthesis of alloys as air electrode catalysts can also be complex
and challenging. Some alloys may contain toxic or environmen-
tally hazardous elements, which could risk human health and
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Fig. 10
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the environment. For example, some Ni alloys may release Ni
ions during battery operation that are potentially toxic to health
and the environment. The choice of alloy depends on several
factors, such as performance requirements, operating condi-
tions, cost, and environmental impact. The smartly engineered
alloys have great potential to improve the performance and
cost-effectiveness of air electrodes in ZABs.

The FeCo alloy (FeCoAL) (Fig. 10a) can be prepared as a
bifunctional catalyst for the ZAB."'*> Co(111) catalyzes the ORR
by a dissociative mechanism, but it is prevented by *OH
desorption owing to the positive Gibbs free energy (AG)
(Fig. 10b). In contrast, Fe(111) prefers to induce the ORR by
the *OOH mechanism, and the *OH can be desorbed on
Fe(111) easily. When Fe and Co are alloyed, the synergetic
merits as the ORR catalyst can be realized simultaneously in
the CoFe alloy, and it tends to catalyze the ORR via a dissocia-
tive mechanism, which has enhanced kinetics compared to the
*OOH mechanism. The increased ORR activity of the FeCo alloy
catalyst is mainly attributed to the Fe atom inducing electron

(a) STEM and HRTEM images of the FeCoAL catalyst. (b) Electron localization function patterns of Co(111), Fe(111), and FeCoAL(111), and the

corresponding AG of adsorption for O,/OH™ on them. Reproduced with permission from ref. 113. Copyright 2022, American Chemical Society. (c) Digital
photo of bamboo and SEM image of polymer fibers. Reproduced with permission from ref. 114. Copyright 2020, Wiley-VCH. (d) TEM images of
CoFe@NCNT/CFC. Reproduced with permission from ref. 115. Copyright 2020, Royal Society of Chemistry. (e) Diagram of the synthesis of FeCo,@NCS.
(f) TEM image of FeCo,@NC. Reproduced with permission from ref. 116. Copyright 2020, American Chemical Society. (g) Free energy diagrams of the
OER on Co@NC and FeCo@NC. (h) Charge density difference of the FeCo(110) layer and NC(111) layer (the yellow and blue isosurfaces show the electron
gain and loss, respectively). Reproduced with permission from ref. 117 (https://mailto:117). Copyright 2021, Springer. (i) SEM image of ZnCoFe-ZIF.
() DOS of Cos 47N/FezCo,@NC. Reproduced with permission from ref. 122. Copyright 2022, Wiley-VCH.
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redistribution, thus leading to a lower overpotential than that
of the single component Co(111) or Fe(111) catalyst. Consider-
ing the advantages of the alloy, plentiful studies have
been performed based on the FeCo alloy and different
carbon materials, which show good ORR and OER properties.
These studies provide important references for the appli-
cation of FeCo alloy based bifunctional catalysts in ZABs. Pei
et al. created a bamboo-structured electrocatalyst of the
FeCo alloy embedded in the carbon nanofiber (FeCoAL@CNF)
(Fig. 10c)."** When combined with a highly conductive
hydrogel electrolyte, the assembled ZAB could demonstrate
high capacity and energy density retention at low
working temperature. The FeCo alloy was incorporated into
the NCNTs (FeCoAL@NCNT) as the catalyst."*® The optimized
FeCoAL@NCNT (Fig. 10d) catalyst shows high bifunctional
electrocatalytic activities with an E;,, of 0.87 V and an #,, of
0.276 V. Tang et al. designed FeCo, alloy NPs with the size of
15 + 5 nm embedded in N-doped carbon (FeCo,AL@NC)
(Fig. 10e and f), which has high-density active sites, as an
electrocatalyst for the ZAB."'® The graphitic carbon shells could
protect metallic cores from being corroded and oxidized, and
the overall carbon network anchors this FeCo,@NC composite
unit with well-controlled uniform dispersion.

Heterostructured Co/FeCo NPs can be incorporated into
N-doped carbon (Co/FeCo@NC) as the catalyst for the ZAB.""”
Co@NC and FeCo@NC catalysts both display uphill pathways
(Fig. 10g). While the RDS of Co@NC (*OOH formation) has a
high overpotential of 2.06 V, FeCo@NC shows a low OER
overpotential of 1.77 V, which can be attributed to the fact
the introduction of the Fe atom could modulate the binding
strength of OER intermediates.’*®''® Furthermore, in this
design, electrons are transferred from FeCo to the NC layer,
resulting in the creation of an electron-rich state on the NC
layer (Fig. 10h). This induces additional surface catalysis on the
carbon matrix, consequently enhancing the high oxygen elec-
trocatalytic activity of Co/FeCo@NC. FeCo alloy NPs were also
designed in N, S co-doped carbon (FeCoAL@NSC) as a catalyst
for the ORR/OER."® FeCo can be fixed to NSC through metal-
heteroatom-carbon bonds, which results in good bifunctional
catalytic performances, leading to a high-performance ZAB with
a high PPD and specific capacity. Shi et al. anchored the FeCo
alloy and Co,P NPs on N, P co-doped (FeCo/Co,P@NPCNF) as a
ZAB catalyst."*" The synergistic effects of Co,P and FeCo alloys
endow the FeCo/Co,P@NPCNF catalyst with high ORR and
OER activities. Electrochemical test results show that the
bifunctional activity parameter of AE is down to 0.77 V. The
improved ORR activity, namely a more positive onset and a low
E,;, and Tafel slope, is mainly enabled by the FeCo NPs. For the
OER, the synergistic effects of Co,P and FeCo play a major role
in significantly enhancing activity with low overpotential.

By using a tri-metal ZIF (Fig. 10i) as a precursor, Fe;Co, and
Cos 4,N (CoFeN) can be embedded in the NCNT-modified
3D cruciform carbon matrix (FeCON@NCNT) as an electrocata-
lyst for the ZAB."* In this design, Cos_4,N/Fe;Co,@NC has a
middle d-band center with the value between Fe/Fe;C@NC and
Co@NC (Fig. 10j), which shows an appropriate adsorption
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strength conducive to the ORR/OER. The robust interfacial
conjugation of Cos4,N/Fe;Co, along with the hierarchical
structure can generate more active sites and create a large surface
area, leading to FeCON@NCNT exhibiting high bifunctional cat-
alytic activities and stability. Moreover, Se-doped CNTs were also
reported as the supports for the FeCo alloy (FeCoAL@SeCNT),
promising enhanced conductivity and increased active sites. This
configuration exhibits commendable ORR and OER performance,
along with superior durability."*

FeNi alloy NPs can be incorporated in NCNTs
(FeENiAL@NCNT), and the embedded FeNi can enhance the
adsorption capabilities of OH™ and oxygen, which is beneficial
for the OER/ORR.*** In this composite, the bond formed
between the FeNi alloy and NCNTs can promote the ORR/
OER process. As an electrocatalyst, FeNIAL@NCNT exhibited
an E;;, of 0.75 V and a low 7, of 0.29 V. Lai et al. embedded the
FeNi alloy in NCNFs and carbon cloth (FeNiAL@NCNF/CC)
(Fig. 11a)."™ The elongated and interlaced NCNF constructs a
3D conductive network, enabling 3D spatial distribution of
FeNi NPs, which could increase the electrochemical active area
and promise sufficient active sites, resulting in superior bifunc-
tional catalytic performance. The FeNi alloy can be loaded on
bamboo stick-derived carbon fibers with N doping
(FeNiAL@NCEF) as a bifunctional oxygen electrocatalyst for the
ZAB (Fig. 11b)."* The NCF possesses high surface area with
abundant active sites, which can promote mass transport
during the electrochemical reactions. Besides, doping N
could alter the charge distribution of neighboring C atoms
and proliferating Lewis base sites to enhance oxygen redox
catalysis. The synergistic effects between FeNi NPs and NC
also help to promote catalytic performance. Similar works
were also reported by encapsulating the FeNi; alloy in NC
(FeNi;AL@NC)"*® and dispersing the FeNi alloy in N-doped
layered carbon nanosheets (FeNiAL@NLCN) as ORR/OER cata-
lysts for ZABs."*’

In addition to FeNi alloys, CoNi alloys can also be intro-
duced in NCNT arrays (CONiAL@NCNT) as catalysts for ZABs,
which have the optimized adsorption energy and abundant Co-
N,, Ni-N, active sites.’*® The interconnected 3D network could
inhibit the aggregation and delamination of internal CoNi NPs,
accelerate electron transfer, and enable efficient reactant trans-
port and electrolyte penetration, leading to enhanced bifunc-
tional catalytic activity. Based on the CONiAL@NCNT catalyst,
the ZAB in both the liquid-state and all-solid-state exhibited low
charge/discharge AV and good cycling stability. Sheng et al.
synthesized the CoNi alloy on N-doped hollow carbon spheres
(NCS)/tubular carbon (TC) composites (CONIAL@NCS/TC) as
the catalyst for the ZAB."?® The prepared catalyst exhibit good
bifunctional catalytic activity, which is mainly owing to the
synergistic effects of plentiful Co-Ni/N coordinations, large
surface area with abundant exposed active sites, and efficient
gas diffusion and mass transport induced by the porous
nanostructures. These studies manifest that FeNi alloys have
excellent catalytic properties for the ORR and OER.

Combining electrodeposition and F-plasma etching treat-
ment, the PtCo alloy can be synthesized (Fig. 11c and d)."*° In

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(@) SEM images of FeNIAL@NCNF/CC. Reproduced with permission from ref. 119. Copyright 2021, Elsevier. (b) SEM and TEM images of

FeNiAL@NCF. Reproduced with permission from ref. 125. Copyright 2020, Royal Society of Chemistry. (c) Diagram of the synthesis for SA-PtCoF. (d)
STEM image of SA-PtCoF. Reproduced with permission from ref. 130. Copyright 2020, Royal Society of Chemistry. (e) Diagram of the synthesis of
FeNiCoP@NC. Reproduced with permission from ref. 133. (f) and (g) ORR and OER polarization curves of different catalysts. Reproduced with permission

from ref. 134. Copyright 2020, Elsevier.

this design, F atoms could induce lattice distortion in PtCoF,
thereby enhancing the utilization efficiency of Pt. Additionally,
the PtCoF catalyst optimizes the charge and spin densities of
atoms, resulting in improved electron transfer and significantly
enhanced catalytic activity."*>***> Due to the synergistic effects,
the bifunctional PtCoF catalyst exhibits a better activity and
durability, resulting in the ZAB with high electrochemical
performances. This research offers a good reference for apply-
ing alloy-stabilized atomic catalysts as electrocatalysts for the
ZAB. Ren et al. designed a dual-MOF pyrolysis strategy (Fig. 11e)
utilizing the Fe,Ni-MIL-88@ZnCo-ZIF precursor to fabricate Fe—
Ni-Co metal/metal phosphide NPs embedded in the CNT-
grafted and N-doped carbon matrix (FeNiCoP@NC).'*® The
hybrid material features the embedded FeNiCoP NPs, N-
doping, and porous structure along with high surface area,
thus showing an E;, of 0.84 V for the ORR and an 74, 0of 0.31 V
for the OER. To achieve the possible bifunctional catalytic
activities without noble metal elements, Fang et al. prepared
the AlFeCoNiCr combined catalyst for the ZAB."™* Incorpora-
tion of Cr could modify the electronic structure of the surface
oxides, which is conducive to the increased ORR/OER activities
(Fig. 11f and g). Consequently, the AlFeCoNiCr catalyst based
all-solid-state ZAB achieved a small AV of 0.76 V and superior
cycling durability. This study offers a good reference for devel-
oping multifunctional catalysts via increasing the complexity of
alloys/oxides.

3.2.2. Oxide-containing catalysts. Transition metal oxides
(for example spinel, perovskite, and other structures) are widely
reported as corrosion-resistant ORR/OER catalysts."**>*® How-
ever, their applications are largely confined by the low electro-
nic conductivity. Typically, MnO, has been studied as a

© 2024 The Author(s). Published by the Royal Society of Chemistry

bifunctional catalyst owing to its multiple valence, miscella-
neous crystal structures, cost and environmental
friendliness."**** The Mn®*/Mn*" redox couple could promote
both the ORR and OER by the 4e™ reduction pathway as an
oxygen acceptor-donor and by oxidation of Mn*" to Mn*",
respectively.'**'*> Owing to its high electronic conductivity
(~10* S em ") and stability, TiC was used as a substrate for
o-MnO, to design a bifunctional catalyst,"*® which exhibited
good ORR activity similar to Pt/C and a higher OER activity than
IrO,, resulting in the ZAB based on the o-MnO,/TiC air elec-
trode with high PPD, high discharge/charge efficiency and long
cycling stability."*” Based on poly(methyl methacrylate) sphere
templates, atomically substituted 3D ordered microporous
(3DOM) spinels (Fig. 12a) of Mn and Co (MnCo,O, and
CoMn,0,) can be synthesized as electrocatalysts.'*® The atom-
ically substituted CoMn,0,/3DOM spinel shows a unique tetra-
gonal structure (Fig. 12b) different from the cubic structure of
MnCo,0,, carrying higher content of Mn** in octahedral sites,
thus promising high ORR electrocatalytic activity. A similar
design can be found in the Co/ZnCo,0, NPs sandwiched in NC
interwoven with CNTs (Co/ZnCo,0,@NCNT)."*

Jiao et al. synthesized NiMnCo-activated carbon (NiMn-
Co@AC) catalysts (Fig. 12¢) from used NiMnCo cathodes.™®
The NiMnCo NPs show core-shell structures with the Ni core
and the NiMnCoO, shell. After coupling NiMnCo0,(110) with
Ni(111) (Fig. 12d), apparent electron transfer from Ni to NiMn-
Co0, occurred, generating an electron-rich region in the NiMn-
Co0O, layer. The Ni core could induce the redistribution of
electronic structure in NiMnCoO,, leading to enhanced elec-
tron mobility (Fig. 12e), thus improving the electrocatalytic
performance. Importantly, O, prefers to bind with Mn and Co
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atoms on the surface of Ni@NiMnCoO,, and the AG values of
both O, and OH™ become lower, enabling the bifunctional
catalysis of Ni@NiMnCoO,. In this catalyst, the Mn site is the
leading active site for Ni@NiMnCoO,, because it has reduced
overpotentials for the ORR and OER compared to those of Co
sites (Fig. 12f and g). As a result, the designed ZAB with the
NiMnCo@AC cathode exhibited a high discharge capacity, low
AV, superior cycling stability, and good flexibility to power the
LED at a bending state. Zhang et al. electrodeposited PANiMn
as a precursor to form an oxygenated PANiMnO porous film
(PANiMnO-PF)."*! Similar to NiMnCo, the enhanced interaction
between Pd and NiMnO-PF could boost ORR activity because of
the promoted charge transfer at the Pd/NiMnO interfaces.
Besides, the formed oxygenated phase around Pd active sites
could act as a secondary adsorption site for reducing the
reaction energy barrier (Fig. 12h)."*>'*? In addition, NiMnO
has high OER activity, enabling PANiMnO-PF to be used as a
bifunctional ORR/OER electrocatalyst for the ZAB'>* and result-
ing in the high-performance ZAB with the PANiMnO-PF catalyst
showing a PPD of 211.6 mW cm > (Fig. 12i) and long cycling
stability for 2000 h.

A bifunctional Mn-doped RuO, (Mn-RuO,) (Fig. 13a) catalyst
was constructed by Zhang’s group, which demonstrates the
atomic dispersion of Mn in the RuO, lattice.'* In this catalyst,
Ru sites on Mn-RuO, enable high OER activity similar to RuO,,

714 | EES Catal, 2024, 2, 696-726

and Mn sites show high ORR activity better than the MnO,
catalyst (Fig. 13b and c). Interestingly, Mn and Ru sites on the
surface of Mn-RuO, are simultaneously in lower oxidation
states as compared to MnO, and RuO, (Fig. 13d), and Mn-O
bonds in Mn-RuO, can be elongated. The local tensile strain on
the Mn sites results in decreased electronic hybridization
between Mn 3d and O 2p, leading to a sharper Mn 3d peak
shifting toward E; (Fig. 13€),"® corresponding to an optimized
binding energy of *OH,"” thus showing enhanced ORR activity.
In addition, the local chemical environment of Mn-RuO, can
tune the electronic configuration of Mn sites and regulate the
binding energy, resulting in optimum ORR activity. The resul-
tant Mn-RuO, catalyst exhibited enhanced bifunctional activ-
ities (Fig. 13f and g), enabling the ZAB to deliver high PPD, low
AV, and superior durability. This work offers profound insights
into adjustment of atomic and electronic configurations to
enhance the oxygen activity of Ru-based bifunctional catalysts.
RuCoO, bimetallic oxides constructed by this group also
show good trifunctional ORR/OER catalytic activities with a
narrow AE of 0.65 V bestowing the ZAB with a large PPD of
160 mW cm ™ >.'*® S-doping can narrow the band gap of bime-
tallic LaCoOj; (Fig. 13h and i), and introducing oxygen defects
in S-doped LaCoOj; (S-LCO) (Fig. 13j) would lead to more
electron-occupied states at the Ey, thus speeding up charge
transfer, which is beneficial for electrocatalysis.’®® The S-LCO

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with oxygen defects has low energy barrier for the RDS (*OOH
formation) (Fig. 13k), and S-doping could be the main reason
for enhancing the catalysis of adjacent Co sites. Therefore, the
designed LCO with 5.84% S-doped showed enhanced bifunc-
tional electrocatalytic activities, leading to high PPD and long-
term cycle life when used as the ZAB catalyst.

Zhao et al. synthesized a composite electrocatalyst consist-
ing of Co coordinated framework porphyrin-coated CNTs and
NiFe LDH (LDH-POF), which affords efficient ORR/OER active
sites at the microscale and mesoscale to promote ion
transport.'® The LDH-POF catalyst showed a lower AE of
0.68 V and lower ORR Tafel slope than the Pt/C + Ir/C catalyst,
as well as similar OER Tafel slopes to Pt/C + Ir/C, resulting in
the constructed ZAB with a high PPD of 185.0 mW cm ™2 and
long cycling life of 2400 cycles at 5.0 mA cm > Shao et al.
fabricated spinel oxide of the NiS/NiFe,O, composite by using
energetic Ar plasma-induced phase reconfiguration inside the
defective S-doped NiFe,0,."®" In this design, the plasma
destroys the long-range order of NiFe,O, leading to the for-
mation of the short-range NiS domain along with intrinsic
defects. On the basis of four proton-coupled reaction steps
(Fig. 131), the RDS for NiS/NiFe,0, (*OOH formation) requires a
low AG, and therefore, the phase reconfiguration arising from
the Ni-S coordination can facilitate the OER (Fig. 13m), leading
to the NiS/NiFe,O, catalyst exhibiting a low OER overpotential
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and high ORR E;),. As a bifunctional catalyst for the ZAB, the
NiS/NiFe,0, catalyst can realize a PPD of 148.5 mW cm ™2 This
research offers an effective strategy to synthesize a superior
catalyst by in situ phase reconfiguration.

3.2.3. Bimetallic single atom catalysts. Bimetallic atom
sites can enhance the catalytic performance for advanced ZABs
due to some key advantages: (1) improved ORR kinetics - by
incorporating bimetallic atom sites, the ORR kinetics can be
significantly improved. Different metal sites can synergistically
enhance the catalytic activity, leading to a faster ORR and
overall improved battery performance; (2) enhanced durability
and stability - catalyst degradation and loss of activity are
common challenges in ZABs. However, by utilizing bimetallic
atom sites, the catalyst can have a more robust structure, better
corrosion resistance, and improved stability, resulting in an
extended battery lifetime; (3) higher energy efficiency — Bime-
tallic atom sites can facilitate a more efficient conversion of
oxygen into electrical energy. Improved catalytic activity leads
to higher reaction rates and reduced overpotential, allowing for
a more efficient electrochemical process, which translates into
higher energy conversion efficiency and better battery perfor-
mances; (4) improved charge/discharge characteristics: the
utilization of bimetallic atom sites can help mitigate issues
related to the charge and discharge characteristics of the ZAB.
For instance, the presence of bimetallic atom sites can reduce
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(a) SEM and STEM images of Mn—RuO,. (b) OER and ORR activities with AG«op and AGso — AGxon as the descriptors. (c) AG diagrams of the

most active sites for the ORR and OER. (d) Oxidation states of surface Mn and Ru for MnO,, RuO,, and Mn—-RuO, based on Bader charge analysis.
(e) PDOS of different catalysts. Reproduced with permission from ref. 155. Copyright 2022, American Chemical Society. (f) and (g) ORR and OER LSV
curves and corresponding Tafel plots for different catalysts. Reproduced with permission from ref. 158. Copyright 2021, American Chemical Society. (h)-
(j) DOS of S-LCO with an O defect and their control samples. (k) AG changes of S-LCO with an O defect and their control samples during the OER.

Reproduced with permission from ref. 159. Copyright 2020, American
configurations. (m) AG diagrams of the OER on different catalysts. Reprodu

© 2024 The Author(s). Published by the Royal Society of Chemistry

Chemical Society. () OER reactions on Vo-NiFe,O4 and NiS/NiFe,O4
ced with permission from ref. 161. Copyright 2022, Wiley-VCH.
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the polarization effect, resulting in better charge acceptance
and lower charging time, which lead to improved battery
efficiency and usability; and (5) tunable properties: different
metal combinations and configurations of bimetallic atom sites
can provide tunability in terms of catalytic activity, selectivity,
and reaction mechanisms, which allows for the optimization of
ZAB performance based on specific requirements, such as
power density, energy density, or operating conditions. There-
fore, incorporating bimetallic atom sites in the ZAB could offer
significant advantages, including durability, stability, energy
efficiency, and tunability. These benefits enable the develop-
ment of more efficient and reliable ZAB systems for various
applications including EVs, portable electronics, and grid
energy storage.

Fe and Co dual species can be atomically dispersed with Fe-
N3 and Co-Nj coordination (FeCoNg) in CNFs (Fe-Co@CNF) as
the catalyst for ZABs (Fig. 14a and b).'®® In this configuration,
an increased charge transfer from CNFs to FeCoNg species
augments their ORR/OER activity (Fig. 14c). Within this frame-
work, the Fe site predominantly contributes to the ORR,
whereas the Co site demonstrates optimal OER activity, as
evidenced by the AG curves (Fig. 14d). Therefore, Fe-Co@CNF
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with highly active FeN;-CoNj sites showed an Ej, of 0.87 V for
the ORR to OH™ and an 74, of 0.5 V for the OER, leading to the
ZAB delivering a PPD of 201.7 mW cm 2 and good cycling
stability. Chen et al. synthesized Fe and Co bimetallic sites
atomically dispersed into N-doped carbon aerogels (Fe-Co@
NCAG)."®® In this catalyst, the FeN; and CoNj; coordinations are
on mutually orthogonal planes (Fig. 14e) with Fe-Co bonding
linkage and a tilted N-Co bond. The synergistic effects of
bimetal sites could decrease the free energy of RDS in the
ORR/OER, resulting in promoted catalytic activity with a narrow
AE of 0.64 V (Fig. 14f)."**'°® When applied as the oxygen
catalyst for the air cathode, the Fe-Co@NCAG based ZAB
performed well with both liquid and solid electrolytes. Like-
wise, Fe and Co atoms were incorporated into N, S co-doped
hollow carbon spheres (Fe-Co@NSCS) to pursue boosted cata-
lytic activity.'®”

ZIFs are often used as precursors to prepare bimetallic atom
site catalysts for building high-performance ZABs. For example,
atomically dispersed Fe and Co sites in N-doped carbon nano-
spheres (Fe-Co@NCS) can be designed through annealing
treatments and acid washing of ZIF-8 on carboxylic polystyrene
nanospheres.'®® Due to abundant atomic-level active sites and

ieed!
e R B

640707071

o

AEN T.SImV dec’
—+—Fe-Co@NCAG
——RuO,

Fe-Co site

(@) SEM and STEM images of Fe—Co@CNF. (b) Proposed structure of the Fe—Co—Ng site in Fe—Co@CNF. (c) Charge density difference between

dopants and the graphitic carbon layer. (d) AG diagrams of the ORR and OER on Fe—N,4, Co—N,4, and Fe—Co—Ng sites. Reproduced with permission from
ref. 162. Copyright 2020, Elsevier. (e) Diagram of the structure of the Fe—Co dual metal sites in Fe—Co@NCAG. (f) Combined polarization curves of
oxygen electrocatalysis of Fe—~Co@NCAG and Pt/C-RuO,. Reproduced with permission from ref. 163. Copyright 2020, Royal Society of Chemistry.
(9) SEM image of ZnCo-ZIF@Fe/glucosamine and Fe—Co@NC. (h) Diagram of the synthesis of Fe—~Co@NC. Reproduced with permission from ref. 169.
Copyright 2020, Royal Society of Chemistry. (i) Diagram of the synthesis of the Fe—Co@NC catalyst. (j) SEM and STEM images of Fe—Co@NC (red circles
indicate diatoms and yellow circles indicate single atoms). Reproduced with permission.t’? Copyright 2022, American Chemical Society.
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the synergetic effect of bimetallic sites, Fe-Co@NCS can show
good oxygen electrocatalysis with a high ORR onset potential
and E,,,. For the OER, Fe-Co@NCS attained an 7, of 0.36 V.
Benefiting from the bifunctional activity, the ZAB with the Fe-
COo@NCS based air cathode exhibited a stable OCV of 1.43 V
along with good cycling stability. By carbonizing ZIF-8/67
encapsulated with Fe** and glucosamine, Fe-Co@NC bifunc-
tional electrocatalysts can be synthesized (Fig. 14g and h)."*® A
small AE of 0.71 V can be achieved for this Fe-Co@NC catalyst,
suggesting its good bifunctional catalytic activities,'”®"”" which
are mainly arising from the synergetic effects of Fe and Co sites
decreasing the AG of adsorbed intermediates. Applied as an air
electrode, the Fe-Co@NC driven all-solid-state ZAB could exhi-
bit superior PPD and cycling stability. Similarly, a catalyst based
on Fe and Co coordinated with N and incorporated into a
carbon matrix (Fe-Co@NC) derived from ZIF-8 (Fig. 14i and j)
was reported by He et al.'’> By optimizing the Fe/Co ratio and
pyrolysis temperature, the Fe-Co@NC bifunctional electrocata-
lyst with FeCo-Ng sites shows better catalytic activity than
single-metal site based Fe@NC and Co@NC catalysts, resulting
in the ZAB with a high PPD of 372 mW ¢cm™? and good cycling
stability. This work has laid a good foundation for the design of
multiple M-N-C catalysts.

Apart from Fe, Co bimetallic atom sites, Fe, Mn-based
bimetallic atom sites were widely reported to construct high-
activity electrocatalysts. Cui et al. designed an Fe and Mn
bimetallic atom site catalyst loaded on N-doped carbon
nanosheets (Fe-Mn@NC) by a pyrolysis strategy (Fig. 15a
and b)."”® In this catalyst, the Fe and Mn coexist in the form
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Reaction coordinates
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of FeMnNgp structure, and the adjacent connection of these two
atomic sites enables a unique adsorption configuration for
*OOH, leading to a lower *OOH dissociation energy barrier
(0.1 eV). Therefore, Fe-Mn@NC could accelerate the ORR
process and display a narrow AE of 0.71 V. In addition, Fe
and Ni bimetallic atom sites on defect-rich porous carbon with
N, S co-doped (Fe-Ni@DNSC) can be synthesized as a bifunc-
tional electrocatalyst."”* The S dopant and C vacancies could
optimize the d-band center of Fe and Ni and weaken the
binding strength between OH™ and the Fe site, promoting
the desorption of *OH and thereby enhancing the ORR/OER
performance. Due to the synergetic effects of Fe and Ni bime-
tallic atom sites, the ZAB with the Fe-Ni@DNSC catalyst
delivered a PPD of 160 mW cm > and high discharge capacity.
A similar work on Fe, Ni bimetallic atom sites on the carbon
with N doping (Fe-Ni@NC) was also reported by Luo et al.,'”®
where the Fe,Ni bimetallic atom sites show a low AG (Fig. 15¢
and d), therefore promising a good oxygen electrocatalysis.

To achieve the high activity for the ORR, Sun et al. demon-
strated bimetallic atom sites of Fe-Ng and Cu-Ng (FeCuNg)
composite catalysts (Fe-Cu@NHC) to boost oxygen dissociation
for the ZAB (Fig. 15e and f)."”® The optimal formation energy of
*OO0 adsorbed on the FeCuNg structure (Ef = —1.552 eV) is
neither too weak for oxygen absorption nor too strong for ORR
product desorption. Once the O, is absorbed on the FeCu site,
the O-O bond will be elongated, which is beneficial for its
following dissociation. Density functional theory (DFT) results
show a low reaction energy (2.205 eV) of FeCuNg at the RDS
(O, adsorption) (Fig. 15g), illustrating its good catalytic activity.
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Fig. 15 (a) Diagram of the synthesis of Fe—Mn@NC. (b) STEM images of Fe—Mn@NC. Reproduced with permission from ref. 173. Copyright 2022, Wiley-
VCH. (c) Structures of different catalysts. (d) AG diagrams of the ORR on different catalysts. Reproduced with permission from ref. 175. Copyright 2021,
Elsevier. (e) SEM and STEM images of the Fe—Cu@NHC catalyst. (f) Proposed architecture of Fe—Cu dual sites. The gray, blue, green, and orange spheres
represent the C, N, Fe, and Cu atoms, respectively. (g) AG diagram for the ORR on different models. Reproduced with permission from ref. 176. Copyright
2021, Wiley-VCH. (h) and (i) The top views of charge density differences and Bader charge transfers of middle metallic element on the surfaces of
different catalysts. Reproduced with permission from ref. 177. Copyright 2021, Springer.
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As expected, the Fe-Cu@NHC catalyst delivered a higher E,, of
0.92 V than the catalysts with the sole-metal site. The Co, Ni
bimetallic atom site catalyst can be synthesized by using a
P-doped metal organic framework (MOF) as a support.’”” The
obtained Co-Ni@PNC catalyst with Co-PNC and Ni-PNC has a
more robust electronic localization than Co-NC and Ni-NC,
resulting in a bigger charge accumulation (Fig. 15h). At the
same time, the charge numbers of Co and Ni reduce after P
doping according to the Bader charge density differences
(Fig. 15i). In addition, the antibonding states of the M-N3P;
configuration and adsorbed species are less occupied, thereby
optimizing the binding strength of oxygen-containing inter-
mediates so as to guarantee superior OER/ORR activities.
Therefore, the Co-Ni@PNC based ZAB exhibited a PPD of
252 mW cm 2 and a high OCV of 1.59 V.

3.2.4. Other catalysts. Actually, there are many multiple
metal component-based bifunctional catalysts in addition to the
above-mentioned catalysts. To improve the structural stability of
catalysts, the CoF,-CoS, nanoporous film with Cu doping (Cu-
CoFS) (Fig. 16a) was designed.'”® The Cu-dopant could promote
the CoF,-CoS, phase reconstruction and regulate the lattice strain
at their interface to tune the electronic structure of Co>" for ORR/

OER catalysis. By changing the compressive strain to tensile
strain, the RDS in the four-electron reaction process switches
— *OH + OH™ to *OH + e~

from *O + H,O + e~ — *+ OH™

View Article Online
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(Fig. 16b), and an appropriate adsorption strength for intermedi-
ates can be realized because the d-band center (¢4) shifts to a
higher energy level with lattice strain increasing (Fig. 16¢), which
can improve the ORR/OER performance. Due to the optimized
cooperation between strain, electronic configuration, and catalytic
activity, the ZAB with the Cu-CoFS catalyst shows a PPD of
255 mW cm > and superior stability during bending tests,
demonstrating its great application prospect for wearable devices.
In order to construct multifunctional catalysts for both the OER
and ORR with high efficiency, CuCoNC nanowires on Cu foam
(CuCoNC@Cu) with hierarchical structures were fabricated."”
Abundant catalytically-active species, including Co, Cu NPs, metal
oxides, and M-N-C composites incorporated in N-doped carbon,
enable the CuCoNC@Cu catalyst to present a low #,, of 0.24 V for
the OER and a high E;/, of 0.84 V for the ORR.

Lu et al. developed FeCo dual-metallic sulfides on rGO
(FeCogSs@rG0)."** For the OER, FeCosSs@rGO presents an
appropriate adsorption energy for reactants leading to the
RDS (*OOH formation) on FeCogSg and shows a lower AG than
CooSg and FeCoS, (O, generation) and improved OER activity
(Fig. 16d). For the ORR (Fig. 16e), FeCogSg shows a lower energy
barrier to dissociate the O-O bond than Co¢Sg and FeCoS,.
Thus, enhanced OER/ORR catalytic activities can be realized by
optimizing Fe/Co composition, leading to a low AE of 0.77 V
and low AV. This work indicates that the appropriate Fe
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(a) HAADF-STEM image and the corresponding geometric phase analysis for the lattice strain distribution at the CoF,-CoS; interface. (b) ORR/

OER AG diagrams under different strains. (c) PDOS of the d-band of Co atoms in the CoS,(100) facet under different strains. Reproduced with permission
from ref. 178. Copyright 2021, Royal Society of Chemistry. (d) and (e) OER and ORR pathways on the surface of FeCogSg, and the corresponding

calculated free energy profiles on the active centers of different catalysts.

Reproduced with permission from ref. 180. Copyright 2020, American

Chemical Society. (f)-(i) LSV curves and Tafel plots of different materials for the OER and HER. Reproduced with permission from ref. 181. Copyright
2020, Elsevier. (j) The models of pristine and stable adsorption configurations of OER/ORR intermediates of Ni—CogSs. (k) and (I) AG diagram of CogSg and
Ni—CogSg at different operation potentials for the ORR and OER. Reproduced with permission from ref. 185. Copyright 2021, Elsevier.
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contents could reduce the activation energy for OH™ oxidation
to O, and retain the activation energy of O, reduction to
OH . Ramakrishnan et al reported an N-doped graphene
(NG) encapsulated FeCoMoS (FeCoMoS@NG) core-shell
composite,'®" which features a large surface area, abundant
porous networks, and synergistic interaction between the
FeCoMoS core and NG shell."®**"®* Thus superior OER and
ORR activities (Fig. 16f-i) can be achieved. Ni-doped Co,Sg
can be composited with reduced-graphene-nanoribbons (Ni-
C04Ss@rGN) to improve the ORR/OER activities."®> Ni doping
in CoySg could regulate the adsorption for oxygen species and
enhance the activities by decreasing AG at the RDS (Fig. 16j-1),
thus improving the ORR/OER activities of Ni-Co¢Sg/tTGN. As a
bifunctional catalyst for the ZAB, higher PPD, superior rate and
cycling performances can be realized. This work provides novel
insights for development of low-cost and high-efficiency bifunc-
tional oxygen catalysts. Moreover, MoC and Mo,C are also
composited with Co NPs as highly efficient bifunctional
catalysts. 5187

Hou et al. found that Ru competitive coordination can
induce local lattice strain of ZnIn,S, (Ru,;ZIS) and therefore
Ru, 1 ZIS can be used as a catalyst for ZABs.'®® Introducing Ru
could cause local lattice strain for developing highly efficient
catalysts (Fig. 17a). In addition, 3D flower-like R, ;ZIS could

a e % Zn—In —Ni
W 5 b’ P i
X0 )4 | Ty
X { = AMSANA
FV VYN H-H-8-5- HHH4, 3
L ;Van dero g <
¥ Waals 9Y b 4 3|
% force 30 % a
H0-H-0- YV 0606
©Zn @In os @®Ni @Ru 6 0
ZIs N, ,ZIS R,.ZIS h E;\ergy (eV)
0,00 Mos, MoS,@DPA ,@Fe-N-
Thiourea Surface / N 3
e ) ——
é—polymenzahon Adsorption
L el RS

AT Tyt e

View Article Online

EES Catalysis

facilitate charge transfer via regulating the d-band center of
active sites away from the Er The anti-bonding orbital filled
with electrons could modulate the electronic configuration of
Ry 1ZIS and therefore reduce the barrier for *OH conversion
into *OOH (Fig. 17b). Consequently, R, ;ZIS shows optimal
adsorption/desorption interaction for oxygen-containing inter-
mediates, which could reduce the AG of RDS and thus enhance
the ORR/OER Kkinetics. Vijayakumar E. et al. proposed MOF-
derived CoP-NC homogenously anchored on FeNiP nanoflakes
(CoP-NC@FeNiP) as a catalyst.'®® The synergistic effects of
Fe-Ni-P arising from the Fe-Ni-P interaction within FeNiP,
the N-C-Co-P interaction within CoP-NC, and the CoP-NC-
FeNiP interaction collectively confer high electrocatalytic activ-
ity upon the CoP-NC@FNP catalyst. This, in turn, results in the
ZAB utilizing the CoP-NC@FeNiP catalyst displaying excep-
tional peak power density (PPD) and long-term stability. Simi-
larly, Ren et al. fabricated porous carbon with N, P co-doping
and coupled it with FeNiP NPs (FeNiP@NPC). Due to the
optimal ratio of Fe/Ni in FeNiP and the NPC substrate, the
FeNiP@NPC catalyst exhibited enhanced activity for the OER
and ORR."°

The Ni;FeN/VN heterostructure can be encapsulated in NG
(Ni;FeN/VN@NG) as a bifunctional electrocatalyst."”* In the
NizFeN/VN heterostructure, the V site donates electrons to the
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(a) Models of ZIS, Ng1ZIS, and Rg 1ZIS. (b) PDOS of different sample models and the corresponding d-band centers. Reproduced with permission

from ref. 188. Copyright 2022, Wiley-VCH. (c) Differential charge density diagram of NizsFeN/VN; (d) total electronic DOS of NisFeN/VN, NizFeN and VN.
Reproduced with permission from ref. 191. Copyright 2022, Elsevier. (e) Diagram of the synthesis of MoS,@Fe—N-C. (f) SEM and HRTEM images of

MoS,@Fe—-N-C, and the structural model of 2H-MoS,. (g) Electron density difference plots of MoS,@Fe—-N-C with adsorbed O, and OH™

, respectively.

(h) Schematic of O, intercalation at the MoS,/Fe—N-C interface, and the production of OH™ during the ORR and OER processes. Reproduced with
permission from ref. 192. Copyright 2021, National Academy of Science. (i) Tafel plots of GNCNTSs, Pt/C and IrO, for the ORR and OER. Reproduced with
permission from ref. 195. Copyright 2020, Wiley-VCH. (j) Diagram of the D/G-HASP catalyst. (k) Diagram of the 4e™ process of the ORR on D/G-HASP.
Reproduced with permission from ref. 199. Copyright 2021, Royal Society of Chemistry.
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Fe and Ni sites, enabling the total electron transfer from VN to
Ni;FeN and therefore enhancing the electron conduction
between VN and Ni;FeN (Fig. 17¢) and ameliorating the adsorp-
tion/desorption strength for the intermediates. In addition, the
benefits of electronic coupling of Ni;FeN and VN enable the
higher electron density at the E¢ (Fig. 17d). The improved
conductivity between NizFeN and VN can thus be achieved,
which can not only promote electron transfer and enable more
electrons to involve in oxygen catalytic reaction, but also gen-
erate more active sites at the heterointerface. Benefiting from
these merits, Ni;FeN/VN@NG exhibited a low AE of 0.69 V, and
the ZAB based on the Ni;FeENVN@NG catalyst shows good cycle
stability and a high PPD of up to 168 mW cm 2. Lin et al.
reported a strategy (Fig. 17e) for fabricating crumpled nano-
spheres (Fig. 17f) composed of the MoS, core blanketed by
Fe-N-C coordination (MoS,@Fe-N-C) as the bifunctional elec-
trocatalyst for ZABs."> In this composite, the MoS, layer loses
electrons (cyan in Fig. 17g), while *O, and *OH intermediates
gain electrons (yellow in Fig. 17g), which help the electron
transfer to adsorbed O, and OH™ on Fe-N-C, thus facilitating
the *OOH formation (Fig. 17h). Moreover, the synergy between
the MoS, and Fe-N-C boundary constructed by the interfacial
charge transfer from Fe-N-C to MoS, and single Fe sites could
reduce the reaction energy barriers, which could lead to high
catalytic activity of MoS,@Fe-N-C. Consequently, the
MoS,@Fe-N-C based ZAB exhibited superior cycling stability
at high current density.

3.3. Metal-free carbonaceous materials

By virtue of their low-cost, superior electrocatalytic activity,
good stability and environmental friendliness, metal-free car-
bonaceous catalysts are considered as promising alternatives to
replace noble metal-based air electrodes for ZABs.'** Compared
to noble metal-based catalysts, such as Pt and Pd commonly
employed in air electrodes, metal-free carbonaceous catalysts
offer significantly more cost-effective alternatives. At the same
time, carbonaceous materials possess high catalytic activity for
the ORR/OER, which is essential for high-performance ZABs.
What’s more, carbon-based catalysts have also demonstrated
robust stability under extreme operating conditions, including
high temperatures and acidic environments. More importantly,
using metal-free carbonaceous catalysts could reduce the envir-
onmental impact of ZABs by eliminating the use of toxic and
scarce noble metals. Up to now, researchers have explored
different kinds of carbonaceous materials, including carbon
nanotubes, graphene, activated carbon, and so on, as potential
bifunctional catalysts for the air cathodes of ZABs."'**'** Addi-
tionally, various strategies for improving the electrocatalytic
activity and stability of carbonaceous catalysts have been inves-
tigated, such as doping with heteroatoms, surface functionali-
zation, and hybridization with other materials.

2D graphene and N-doped carbon nanotubes (GNCNTS) can
be fabricated via in situ growing ZIF-67 on GO followed by
annealing treatment.'®® The obtained GNCNTSs with hierarchi-
cal nanostructure could exhibit a low Tafel slope for the ORR
and OER (Fig. 17i), retaining 97% of the initial current and
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almost no loss in E;,, after the 60000 s test, which is mainly
attributed to the high surface area and abundant active M-N-C
species with fast electron transfer, high kinetic activity, and
outstanding stability, and could be used as a bifunctional
electrocatalyst for oxygen reactions. As a result, the assembled
ZAB based on the GNCNT air cathode exhibited a high PPD of
253 mW cm > along with good stability of 3000 h and 9000
cycles. Similarly, ZIF-67 can also in situ grow on the glucose-
derived continuous porous carbon to synthesize the 3D
interconnected architecture of the NCNT matrix (NCNTM)."®
Abundant active M-N-C sites and hierarchical nanocarbon
architecture endow the NCNTM with good activity and stability
for oxygen reactions, resulting in a PPD of 220 mW c¢m > along
with a cycling stability of over 1600 h in the liquid-electrolyte
ZAB, as well as a PPD of 176 mW cm™ 2 in a solid-state ZAB.
These works present a low-cost, straightforward, and feasible
approach to synthesize high-performance oxygen -electro-
catalysts for ZABs. Additionally, carbon nanospheres with
N-enriched edge (N-CNSP) and porous architecture can be
fabricated by an activated carbon matrix-assisted strategy.'®’
High surface area and rich pores with defects exposed at the
edge sites result in plentiful edge N active sites, which could
increase the ORR/OER catalytic activities, leading to the
assembled ZAB with the N-CNSP electrocatalyst delivering an
OCV of 1.48 V, a large PPD of 160 mW c¢m ™, and a long cycling
stability of over 1000 cycles.

In addition to single heteroatom doping, multi-atom co-
doped carbon materials also exhibit excellent ORR and OER
properties, which have also been extensively studied for
preparing air electrode catalysts for ZABs. Compared with
single-atom doped carbon, multi-atom co-doped carbonaceous
materials have the following advantages: (1) multi-atom co-
doping can lead to synergistic effects, resulting in better
catalytic activity compared to single-atom doped carbon mate-
rials. The co-doping of multiple atoms can create more active
sites on the catalyst surface, which can enhance the electro-
catalytic performance; (2) multi-atom co-doping can promote
the stability of the catalyst by increasing the resistance to
oxidation, corrosion, and agglomeration, leading to a longer
lifespan and better performance of the catalyst; (3) multi-atom
co-doping can also lead to improved selectivity, reducing side
reactions and improving the efficiency of the catalyst; and (4)
the electronic properties of multi-atom co-doped carbon mate-
rials can be tuned by adjusting the type and concentration of
the dopant atoms, which can improve the charge transfer
efficiency and promote the ORR in ZABs. Therefore, multi-
atom co-doped carbon materials have superior catalytic perfor-
mance, stability, selectivity, and tunable electronic properties
compared to single-atom doped carbon materials, making
them promising candidates for developing high-performance
catalysts for ZABs.

Based on these merits, metal-free 3D porous N and S co-
doped carbon (NSC) was prepared as an ORR/OER catalyst for
ZABs."® Co-doping with N and S could lower ORR/OER over-
potentials of carbon, enabling the graphitic N, S co-doped
graphene and pyridinic N, S co-doped graphene to show lower

© 2024 The Author(s). Published by the Royal Society of Chemistry
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energy barriers and overpotentials in the RDS of ORR/OER
processes than the sole N or S doped graphene. Consequently,
the synergistic interplay of N and S endows the NSC catalyst
with superior bifunctional catalytic activity, which leads to the
assembled ZAB demonstrating high PPD along with robust
cycling stability. Yasin et al. reported a porous asphaltene
nanomaterial with N, O, and S co-doping (NOS-ASP), which
possesses the synergy of defective/graphitic edges via a
fast fractionation approach (Fig. 17j)."*° The calculation of
reaction through 4e™ pathways (Fig. 17k) shows that the AG
is downhill for N and S-site asphaltene and defective graphene,
and the overpotentials required for the ORR and OER at N, O,
and S sites in NOS-ASP are lower than those for asphaltene
with the sole N, S, or O doping and also lower than those of
defective or pristine graphene, indicating that the defective/
graphitic synergy and heteroatom doping are beneficial
for promoting the reaction kinetics of NOS-ASP. Thus, the
NOS-ASP bifunctional electrocatalyst based ZAB revealed a
PPD of 235 mW cm 2 and good cycling durability.

However, it should be noted that the reported bifunctional
catalysts of metal-free carbonaceous materials may be a subject
of debate and even this topic is highlighted in this review,
because the catalytic activity observed in these materials may
originate from trace metal impurities, for example M-N-C sites
mentioned in the above catalyst. Research has shown that
impurities are always present in 1D and 2D materials (includ-
ing carbon nanotubes, graphene, and their composites), and
these impurities have a variety of effects on electrocatalysis. In
many cases, these impurities catalyze electrochemical reac-
tions, while in other cases, they may inhibit reactions. It is
worth noting that the type of electrocatalytically active impurity
varies among materials. In the case of metal-free carbonaceous
materials, metal impurities may be the main cause. Therefore,
we should take a fresh look at metal-free carbonaceous cata-
lysts, where trace impurities at single atomic sites may play a
crucial catalytic role, which need to be further identified
through high-end analytical techniques.>®°

4. Conclusions and perspectives

ZABs have been under development for more than 100 years, but
there are still many problems in their large-scale applications.
Therefore, a large number of bifunctional electrocatalysts for both
the ORR and OER are widely studied to seek to accelerate the
practical applications of ZABs. In this review, we analyzed the
advantages and problems of ZABs, systematically summarized the
research status of bifunctional catalysts in recent 5 years, and
explained the mechanism of various types of bifunctional catalysts
in detail. The future development of bifunctional catalysts for
ZABs is a critical area of research and innovation. Improving the
efficiency, stability, and cost-effectiveness of these catalysts is
essential to unlock the full potential of ZABs for various applica-
tions, such as EVs, grid storage, and portable electronics. For the
future development of bifunctional catalysts for advanced ZABs,
the following views are put forward here.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(1) Tailoring catalyst composition and structure

Researchers concentrate their efforts on tailoring the composi-
tion and structure of bifunctional catalysts to optimize their
activity and stability. These efforts include engineering cata-
lysts with specific crystal structures, surface functionalities,
and active sites to promote the desired electrochemical reac-
tions in a more efficient way. The use of computational model-
ing and machine learning techniques would aid in predicting
and designing new catalyst materials with target properties.

(2) Non-precious metal catalysts

Efforts to design non-precious metal catalysts for oxygen reac-
tions continue to gain momentum. M-N-C composites and
other carbon-based materials, doped with transition metals,
have been explored for their excellent catalytic activity and cost-
effectiveness recently. Developing more efficient and abundant
non-precious metal catalysts can significantly reduce the over-
all cost of ZABs and promote their commercial viability.

(3) Composite catalysts

The use of composite catalysts, combining both precious
and non-precious metal components, aims to capitalize on
the synergistic effects of different materials. These composite
catalysts seek to enhance catalytic activity, improve stability,
and address scalability concerns. The development of compo-
site catalysts allows for a balance between performance and
cost, offering an attractive alternative for ZABs.

(4) stability and durability

One of the significant challenges of ZABs is maintaining the
long-term stability and durability of the catalysts. Catalyst
degradation during cycling is a critical factor that significantly
impacts the overall performance of ZABs, leading to dimin-
ished efficiency and a reduction in battery lifespan. Future
research should focus on developing catalysts with enhanced
stability, resistance to poisoning, and the ability to prevent
surface reconstruction to ensure long-lasting and reliable
performance.

(5) Scalability and manufacturing

As the demand for energy storage solutions continues to grow,
the scalability and cost-effectiveness of catalyst manufacturing
have become crucial factors. Future developments will focus on
optimizing catalyst synthesis processes, such as scalable and
cost-efficient methods for catalyst production, to enable large-
scale commercialization of ZABs.

(6) Integration with other technologies

Anticipated advancements in the development of bifunctional
catalysts are expected to involve their integration with other
burgeoning technologies. Notably, progress in the realms of
advanced materials science, electrolyte chemistry, and innova-
tive battery design will be crucial in augmenting the overall
performance of ZABs and in tackling specific challenges inher-
ent to these systems.
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(7) Cross-disciplinary collaborations

Developing efficient and stable bifunctional electrocatalysts
will require cross-disciplinary collaborations between material
scientists, electrochemists, chemical engineers, and computa-
tional researchers. By leveraging diverse expertise, innovative
solutions can be discovered more efficiently and effectively.

In all, the future development of bifunctional catalysts for
ZABs is a dynamic and exciting field. Continued research and
technological advancements in catalyst materials and design
hold the promise for significantly improving the performance,
cost, and scalability of ZABs, making them a competitive and
environmentally friendly energy storage solution for various
applications.
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