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a b s t r a c t

The zinc-air battery (ZAB)-hydrogen peroxide (H2O2) generation system produces H2O2 through a 2-

electron oxygen reduction reaction (ORR) at the ZAB air cathode while simultaneously providing external

electrical power. This system offers a promising, eco-friendly solution for both energy storage and chem-

ical production. Despite its promise, a comprehensive review of this topic is still scarce. To fill this void,

this review discusses the background and mechanisms of the ZAB-H2O2 generation system and covers

approaches to achieving efficient and stable operation through 2e− ORR catalyst design and optimization,

the regulation of the electrolyte, cathode configuration design, and electrochemical operating conditions.

From the perspective of the cathode, anode, electrolyte, and their integration with energy systems, this

review systematically analyzes the key challenges and optimization strategies. In addition, this review

summarizes the main technical bottlenecks this system faces and proposes potential solutions and devel-

opment suggestions for future research and practical applications.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

H2O2 is a chemical that plays a significant role in environmen-

tal and energy applications. As an environmentally friendly oxi-

dant, H2O2 is widely utilized in various domains, including house-

hold, medical, agricultural, and industrial sectors [1–5]. Moreover,

H2O2 serves as a sustainable energy carrier. With rapidly growing

demand, the total market demand is expected to increase to 5.7

million tons by 2027 [6].

However, the current industrial production of H2O2 is almost

entirely dependent on the anthraquinone process, involving con-

tinuous hydrogenation and oxidation of anthraquinone molecules

[7]. H2O2 is extracted from the organic working solution, leav-

ing the solvent/anthraquinone mixture for recycling. This process

can produce an average of 50,000 tons of H2O2 per year per unit

and constitutes a major portion of global H2O2 production [8]. Un-

fortunately, the limitations of the anthraquinone process in mod-

ern green chemistry applications are significant, with major prob-

lems including high equipment costs, high environmental impact,

low reaction efficiency, and time- and energy-intensive separation

and purification processes. These shortcomings make it difficult to
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meet the requirements of sustainable and low-carbon production

[9–11].

To avoid these shortcomings of the anthraquinone method, the

preparation of H2O2 through the direct reaction of H2 and O2 is

more preferable. As long as an efficient catalyst is designed and

applied, this partial hydrogenation reaction can be fully achieved

under low-temperature conditions [12,13]. However, it should be

noted that in this process, expensive palladium-based catalysts are

usually selected to limit the occurrence of competitive side reac-

tions. More critically, this method requires extremely precise con-

trol of the ratio of H2 and O2 to avoid entering the explosive

range, which inevitably results in a low actual yield of direct syn-

thesis [14–16]. Another potential route for H2O2 synthesis is to

make use of the enzyme-catalyzed processes in nature. Accord-

ing to current reports, some oxidases, such as glucose oxidase,

d-amino acid oxidase, and cholesterol oxidase, can selectively cat-

alyze the corresponding natural substrates to produce H2O2. Nev-

ertheless, due to the relatively weak catalytic activity of these en-

zymes and their low turnover frequency, the rapid development

of this H2O2 biosynthesis technology has been impeded [17,18].

Therefore, there is still a need to develop a more environmentally

friendly, efficient, safe, and convenient alternative process for H2O2

production.

In recent years, photocatalysis and electrocatalysis have shown

great potential in the in-situ synthesis of H2O2. In the typical pho-
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Table 1

Characteristics of various methods for producing H2O2.

Production method H2O2 selectivity Catalyst type Operating conditions Process characteristics Ref.

Anthraquinone process 15 %-100 % Pd/Ni-based 303–353 K, >105 Pa Industrial production [35]

Direct synthesis > 60 % Pd-based 273–313 K Distributed production [36]

Active enzyme-catalyzed ∼310 K Biomedicine [37]

Electrocatalysis 30 %-100 % Noble Metal–based

Carbon–based

Non–Precious

Transition Metal

Room temperature

and atmospheric

pressure

Distributed production

In-situ production

[38]

Photocatalysis >90 % g-C3N4, TiO2,

BiVO4, CdS, MOF

Visible light or

simulated light source

Distributed production

In-situ production

[38]

ZAB-H2O2 generation

system

80 %-100 % Carbon–based

Non–precious

Transition Metal

Room temperature

and atmospheric

pressure

Distributed production

In-situ production

Self-generated

electricity

[89,94,96,101,104,110,114,122]

tocatalytic process of H2O2 synthesis, three consecutive elemen-

tary steps occur on the photocatalyst: First, the semiconductor

photocatalyst absorbs excitation light with energy greater than its

band gap, generating electrons (e−) in its conduction band (CB)

and holes (h+) in its valence band (VB). Second, these photo-

generated electrons (e−) and holes (h+) are separated and dif-

fuse to the surface of the photocatalyst. Finally, they react with

H2O and O2 to generate H2O2 through different redox pathways

[19]. Electrocatalytic method uses an electrochemical reaction to

directly reduce oxygen to H2O2. Compared with the traditional an-

thraquinone method, this method has the advantages of a sim-

ple process, low energy consumption, and strong environmental

benefits [20–23]. Specifically, H2O2 is produced by 2e− ORR on

the cathode, while oxidation reactions such as the oxygen evolu-

tion reaction (OER) occur on the anode [24]. This electrochemical

method uses O2 and H2O as feedstocks, relies on electricity as an

energy input, emits no organic waste, and has a zero-carbon foot-

print [25,26]. Additionally, the on-site production of dilute H2O2

is feasible with portable and distributed devices, thereby avoiding

the hazards associated with the transportation and storage of bulk

H2O2 [2,27,28].

With the rapid development of renewable energy technologies,

electrochemical energy storage technology has gradually become

a key component of the energy system. Zinc-air batteries (ZABs)

are widely regarded as one of the most promising solutions for

the next generation of energy storage systems due to their high

theoretical energy density, low cost, high safety, portability, and

rechargeability [29–31]. Traditionally, the design of ZABs has fo-

cused on electrical energy storage and release. However, if in-situ

electrocatalytic H2O2 production is integrated into these systems,

the dual goals of energy conversion and chemical production can

be achieved [32–34]. Table 1 shows the characteristics of vari-

ous methods for producing H2O2 [35–38]. The in-situ preparation

of H2O2 during the energy storage process can expand the sys-

tem’s function from merely storing electrical energy to simultane-

ously producing high value-added chemicals. This integration not

only improves the economic efficiency of the system but also en-

hances resource utilization, aligning with the principles of modern

green chemistry and circular economy. The combination of these

two technologies in constructing a ZAB-H2O2 generation system

exhibits the following features and advantages (Fig. 1):

(1) High energy utilization efficiency: This combination not only

provides a solution for power storage but also enables the pro-

duction of an important chemical, H2O2, in the same system,

achieving the versatility of energy storage and chemical produc-

tion [39].

(2) High safety, low cost, and complexity: The electrochemical

method can be operated at room temperature and pressure,

avoiding the explosion risk associated with H2 and O2 gas mix-

Fig. 1. Advantages and applications of the zinc-air battery-hydrogen peroxide gen-

eration system.

tures. Preparation of dilute H2O2 on-site reduces safety hazards

during transportation and storage. Compared with the tradi-

tional anthraquinone process, the electrochemical preparation

of H2O2 simplifies production steps and reduces the need for

large-scale equipment and infrastructure, thereby lowering pro-

duction costs [7,40].

(3) Promote distributed production: The portability and adjustabil-

ity of electrochemical methods enable distributed in-situ pro-

duction of H2O2, especially in areas far from centralized chem-

ical plants and in locations where urgent disinfection and envi-

ronmental purification are required [41–44].

(4) In line with the principle of green chemistry: Electrochemical

in-situ synthesis of H2O2 uses water and air as raw materi-

als and renewable energy as a power source, reduces depen-

dence on harmful chemicals and environmental pollution, and

achieves zero carbon emissions [10,45].

To sum up, the combination of H2O2 production and energy

storage technology is not just a simple superposition of functions,

but creates an advanced technology platform through overall sys-

tem optimization. The platform is characterized by efficient energy

conversion, energy-efficient production, and multifunctional appli-

cations. As a representative of efficient energy storage technology,

the combination of ZABs and H2O2 generation technology marks

a new technological path in the energy and chemical industries.

This innovation is expected to drive technological progress in this

field, open up new application scenarios, and provide important

support for the future development of green energy and chemi-

cal industries. Fig. 2 shows timeline of the ZAB-H2O2 generation

system development. However, there is currently a lack of com-

prehensive review literature in this field. In order to fill this gap,

this review first introduces the reaction mechanism of the ZAB-
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Fig. 2. The timeline of the ZAB-H2O2 generation system development.

H2O2 generation system and focuses on how to achieve efficient

and stable ZAB-H2O2 generation through catalyst design and opti-

mization, electrolyte regulation, cathode configuration design, and

adjustment of electrochemical operating conditions. At the same

time, the current challenges and optimization strategies are dis-

cussed from the perspectives of the cathode, the anode, the elec-

trolyte, and their integration with energy systems. Finally, we sum-

marize the main problems faced by the ZAB-H2O2 generation sys-

tem and outline the future development prospects.

2. Mechanism and principles of the zinc-air battery-hydrogen

peroxide generation system

2.1. Electrocatalytic mechanism of 2e− ORR to H2O2

2.1.1. Background of the 2e− ORR to H2O2

In the ZAB-H2O2 generation system, the ORR at the cathode can

proceed through two main pathways: the 2e− pathway for H2O2

production and the 4e− pathway for H2O production [24,46–48].

Generating H2O2 via the 2e− pathway has important applications,

especially in environmental and industrial applications [6,10,49].

However, the challenge lies in achieving high selectivity for H2O2

over H2O, as H2O is the more thermodynamically favorable prod-

uct [50–52]. In order to effectively manage and enhance selectivity

for the 2e− pathway, a deep understanding of the underlying elec-

trochemical mechanisms is essential.

2.1.2. Reaction pathway

The ZAB-H2O2 generation system involves the ORR at the cath-

ode. The main electrocatalytic oxygen reduction pathway for H2O2

production is the 2e− pathway, while the pathway for H2O pro-

duction is the 4e− pathway. The specific reaction steps of these

two pathways are as follows [16,46–48,53,54]:

2e− ORR pathway:

(1) Firstly, O2 are adsorbed on the catalyst surface and react

with protons and electrons to form an intermediate ∗ OOH (Eqs. 1

and 2).

O2 + (H+ + e−) → ∗OOH (1)

(2) Then, the ∗OOH further reacts with protons and electrons to

form H2O2.

∗OOH + (H+ + e−) → H2O2 (2)

4e− ORR pathway:

(3) O2 are adsorbed on the catalyst surface and react with pro-

tons and electrons to form a ∗OOH (Eqs. 3-6):

O2 + (H++ e−) → ∗OOH (3)

(4) The OOH∗ further reacts with protons and electrons to form

adsorbed ∗O:

∗OOH + (H+ + e−) → ∗O + H2O (4)

Fig. 3. (a) Schematic illustration of the reactions and the equilibrium potentials

during the O2 electroreduction. Reproduced with permission [55]. Copyright 2019,

ACS Publications. (b) Free energy diagram for the four-electron (blue line) and two-

electron (red line) oxygen reduction. The electrochemical barrier for the ∗OOH to

H2O2 or ∗O are illustrative and indicate the importance of kinetics in determining

catalyst selectivity. Reproduced with permission [56]. Copyright 2018, ACS Publi-

cations. (c) Limiting potentials for individual steps in Eqs. 7 and 8, showing the

strongly bound ∗OH region (solid red line) and weakly bound ∗OOH region (solid

bule line) for the two-electron process. The color gradient indicates the strong ∗OH
and weak ∗OOH binding regions. Reproduced with permission [56]. Copyright 2018,

ACS Publications. (d) Operating mechanism of ZAB-H2O2 generation system.

(5) The adsorbed ∗O continues to react with protons and elec-

trons to form adsorbed OH∗:
∗O + (H+ + e−) → ∗OH (5)

(6) ∗OH ultimately reacts with protons and electrons to form

H2O:

∗OH + (H+ + e−) → H2O (6)

2.1.3. Free energy diagram, kinetics and volcano plots for 2e− ORR to

H2O2

In ORR, there is significant competition between the 4e− path-

way and the 2e− pathway, as shown in Fig. 3a [55]. Since H2O is a

more thermodynamically favorable product, this presents a chal-

lenge for the synthesis of H2O2 via the 2e− ORR pathway. The
∗OOH intermediate is a significant intermediate in the 2e−- and

4e−-ORR pathways, and the binding free energy (�G(∗OOH)) of the
∗OOH intermediate plays a primary role in determining the cat-

alytic activity and selectivity in H2O2 generation [55]. Thus, the fi-

nal product of ORR is largely determined by the electrochemical

catalyst used.

The ideal catalyst should possess a binding energy for the ∗OOH
intermediate that is neither excessively strong nor too weak [56–

60]. According to the free energy diagram (Fig. 3b) and related

scaling relations, it is crucial to prevent the dissociation of the O-

O bond in the ∗OOH intermediate to avoid the 4e− pathway. This

3
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means that catalysts with strong oxygen binding energy, which en-

courage the formation of ∗O, are unsuitable for the 2e− ORR, favor-

ing instead catalysts with weaker oxygen binding energy. The two-

electron volcano plot in Fig. 3c illustrates the dynamics of each re-

action step by plotting the limiting potential against �G(∗OH). In
particular, the red and blue lines represent the limiting potentials

for the steps in Eqs. 7 and 8, respectively. Because there is only one
∗OOH intermediate in the catalytic process, these two lines meet

at the peak of the volcano plot, corresponding to an equilibrium

potential of 0.70 V. This intersection indicates the theoretical pos-

sibility of designing an ideal electrochemical catalyst with activity

at the peak of the volcano plot. On the left side of the plot, a cata-

lyst with strong ∗OOH (or ∗OH) binding energy (solid red line) may

have the ∗OOH→H2O2 step as the limiting step, leading to a pref-

erence for the 4e− ORR over the 2e− pathway. On the other hand,

a catalyst on the right side of the volcano plot with weaker ∗OOH
binding energy (solid blue line) will have the O2 → ∗OOH step as

the limiting step, potentially increasing H2O2 selectivity but lower-

ing overall activity [56].

UL1 = −�G(∗OH) + 1.72 (7)

UL2 = �G(∗OH) − 0.32 (8)

2.2. Operational mechanism of zinc-air battery-hydrogen peroxide

generation system

ZAB is electrochemical system composed of an air electrode, an

electrolyte, and a zinc anode [61–63]. In this system, electrical en-

ergy is released through the dissolution process of zinc at the an-

ode and the ORR at the cathode [64–68].

Metallic Zn at the anode reacts with OH− from the electrolyte

to form ZnO, releasing electrons to the external circuit [69–71].

This reaction can be represented as Eq. 9:

Zn + 2OH− → ZnO + H2O + 2e− (9)

Concurrently, O2 from the air is reduced at the cathode (air

electrode) through the 4e− ORR (Eq. 10). This process consumes

electrons and generates OH− that migrate towards the anode to

participate in the oxidation of Zn.

O2 + 2H2O + 4e− → 4OH− (10)

While 2e− ORR to form H2O2 at the cathode can be described

as Eq. 11:

O2 + 2H2O + 2e− → 2OH− + H2O2 (11)

After analyzing the operating mechanism of the ZABs and the

electrocatalytic ORR mechanism for H2O2 production, it is easy to

understand the operational mechanism of the ZAB-H2O2 genera-

tion system (Fig. 3d). The overall reactions are as follows (Eqs. 12-

14):

Anode: Zn + 2OH− → ZnO + H2O + 2e− (12)

Cathode: O2 + 2H2O + 2e− → 2OH− + H2O2 (13)

Overall reaction: Zn + O2 + H2O → ZnO + H2O2 (14)

In ZAB, 2e−-ORR is a key electrochemical process for H2O2 gen-

eration [72]. The activity and selectivity of an ideal 2e− ORR cat-

alyst is crucial, where the activity depends on the kinetic barrier

of O2 activation and the strength of ∗OOH binding on the catalyst

surface, while the selectivity is determined by the kinetic barrier

of ∗OOH proton-dissociation [49]. Thus, the main challenge of this

system is to design and optimize the catalyst to not only enhance

Fig. 4. Criteria for an ideal 2e− ORR catalyst.

activity by decreasing the kinetic barriers to O2 activation and
∗OOH formation, but also to realize high selectivity by precisely

regulating the binding strength of the intermediates. Maintaining

this balance is critical to impede the over-reduction of ∗OOH to

H2O, while ensuring efficient H2O2 generation. In addition, the sta-

bility of the catalyst under operating conditions is significant to

keep long-term performance. Therefore, developing catalysts that

can simultaneously solve these challenges is vital for advancing the

practical application of H2O2 generation in ZABs.

3. Achieving efficient, highly selective, and stable in-situ

hydrogen peroxide generation in zinc-air battery

This section focuses on strategies to improve in-situ H2O2 gen-

eration efficiency while maintaining stable battery discharge per-

formance. Achieving this balance is crucial to the application

prospects and technical optimization of ZABs. The following sec-

tions give guide strategies for the design and optimization of cata-

lysts, electrolytes, and cathodes, as well as for electrochemical op-

erating conditions. Table 2 shows the literature on ZAB-H2O2 gen-

eration system in the past five years.

3.1. Catalyst design and optimization

The ideal 2e− ORR catalyst should have high activity, high se-

lectivity and high stability, and be able to show excellent catalytic

performance under various operating conditions [21,73]. Future re-

search should focus on developing low-cost, efficient and stable

catalysts to meet the needs of large-scale applications. 2e− ORR

catalyst should meet the following criteria: (1) High activity; (2)

low catalyst loading; (3) appropriate electrical conductivity; (4)

ideal mass transfer rate and high initial potential/limited diffusion

current density; (5) high selectivity to ensure a high yield of H2O2

rather than H2O; (6) high stability to ensure long-term durability

in various electrolytes (Fig. 4) [1,74–76]. For 2e- ORR catalysts, the

bonding strength of O2 on the catalyst surface should be sturdy

enough to facilitate the formation of ∗OOH, but the adsorption of
∗OOH should not be too strong or too weak for favor the rapid des-

orption of H2O2 [77]. Thus, the selectivity of ORR can be controlled

by adjusting the electrocatalyst’s ability to bind to O2 and its inter-

action with ∗OOH intermediates [78]. To effectively regulate these

interactions, consider the guidelines below and incorporate rele-

vant case studies to illustrate these principles (Fig. 5).

3.1.1. Selection of catalyst materials

Selecting the appropriate catalyst material is crucial. Different

materials, such as metals, alloys, carbon-based materials, or metal

oxides, have distinct electronic properties and surface activities.

4
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Fig. 5. Design and optimization strategies for 2e− ORR catalyst. Sequentially from top to bottom. Reproduced with permission [83]. Copyright 2019, ACS Publications. Re-

produced with permission [89]. Copyright 2018, ACS Publications. Reproduced with permission [96]. Copyright 2024, ACS Publications. Reproduced with permission [101].

Copyright 2020, Wiley. Reproduced with permission [104]. Copyright 2022, ACS Publications.

These characteristics directly affect their ability to bind with O2

and interact with ∗OOH. Precious metals like Pt and Pd usually

have a strong ∗OOH adsorption ability, which easily promotes O-O

bond cleavage, thus favoring the 4e− ORR [79]. Alloying or adjust-

ing the particle size can mitigate this strong interaction. Alloying

can introduce a second metal element, which adjusts the d-band

center position of the catalyst, thereby weakening the interaction

with the OOH intermediate and making the catalyst more inclined

towards the 2e− ORR pathway [80,81]. For instance, alloyed Pt-Hg

nanoparticles exhibit high selectivity and catalytic activity due to

their unique electronic structure and lower ∗O adsorption energy

[82]. However, the scarcity and high cost of precious metals limit

their large-scale application.

Non-precious metal catalysts, such as single-atom catalysts

(SACs), are prone to 2e− ORR due to their high mass activity

and moderate ∗OOH intermediate adsorption energy. For exam-

ple, Sun et al. designed a series of M-N-C catalysts with M-

Nx structures (M = Mn, Fe, Co, Ni, Cu) and used density func-

tional theory (DFT) calculations to research the relationship be-

tween the binding free energy of HO∗ intermediates (�G(HO∗))
and H2O2 selectivity for different M-N-C catalysts. The results

showed that the HO∗ binding free energy of Co-N-C catalysts

is near the peak of the volcano plot for H2O2 generation. By

analyzing �G(HO∗), the research explained the high selectivity

mechanism of Co-N-C catalysts in H2O2 generation, which lies

in their moderate HO∗ binding energy. This allows for effec-

tive O2 adsorption while preventing O-O bond cleavage. In in-

dustrial applications, Co-N-C catalysts have proven efficient H2O2

production ability under strong alkaline conditions, confirming

their potential for industrial use. At a current density of 50

mA/cm2, the H2O2 production rate of Co-N-C catalysts reached

4.33 mol gcatalyst
−1 h−1. The pH of the electrolyte greatly in-

fluences the catalyst performance, with the highest H2O2 selec-

tivity and production rate gained under strongly alkaline con-

ditions. These results show their efficient production ability at

high current densities [83]. However, using HO∗ binding en-

ergy as a descriptor in the study to replace directly calculating

HOO∗ binding energy, while simplifying the computational pro-

cess, has potential limitations. HO∗ binding energy is mainly re-

lated to 4e− ORR and does not directly reflect the specific re-

action energy changes of the key intermediate HOO∗ in 2e−

ORR. To overcome this issue, a multi-descriptor approach should

be adopted, combining the binding energies of intermediates

such as HO∗, HOO∗, and O∗, to construct a more comprehen-

sive reaction energy diagram. Simultaneously, experimental val-

idation of the computational results should be conducted to

guarantee their accuracy and applicability, and theoretical mod-

els and descriptors should be dynamically adjusted. Using high-

throughput screening and machine learning techniques can quickly

screen and optimize catalysts, guaranteeing they possess high

5
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activity, high selectivity, and high stability in actual environments

[84,85].

3.1.2. Surface functionalization

Surface functionalization involves the introduction of differ-

ent chemical groups on the catalyst surface [86]. These chemical

groups can modulate the surface electron density and change the

interactions between the catalyst and intermediates, thereby af-

fecting the reaction pathway. On carbon-based catalysts (such as

graphene and carbon nanotubes), introducing hydroxyl (OH), car-

bonyl (C=O), and carboxyl (COOH) groups can adjust the elec-

tronic structure by electron-donating or electron-withdrawing ef-

fects, which affects the interaction with the ∗OOH intermediate

[87,88].

For example, Wang et al. successfully prepared a highly ac-

tive oxidized carbon electrocatalyst (aCB) by annealing at 500°C
in air for 45 min. Through this simple activation process, various

oxygen-containing groups were introduced onto the carbon black

surface, including hydroxyl (-OH), aldehyde (-CHO), and epoxy (C-

O-C) groups, which significantly impact H2O2 production. RRDE

test results indicated that aCB exhibits high catalytic activity in

0.1 mol/L O2-saturated KOH, with a half-wave potential of 0.736

V and an onset potential of 0.821 V, indicating a low overpotential

(<5 mV). DFT calculations revealed the effects of different oxygen

groups on H2O2 production. The results showed that C-O-C and

-CHO groups show the best adsorption energies for the HOO∗ in-

termediate, with adsorption energies near the peak of the volcano

plot, indicating these groups effectively promote H2O2 generation.

Experimental results suggested that aCB catalysts with C-O-C and

-CHO groups exhibited higher selectivity and activity for H2O2 pro-

duction. Based on this design, this system achieved a power den-

sity of 360 W/m2 at a discharge potential of 0.8 V, with an H2O2

production rate of 5.93 mol m−2 h−1 [89].

3.1.3. Doping engineering

Doping is an important method to modify catalytic performance

by introducing heteroatoms into materials, thereby changing their

electronic structure and surface chemical properties. Doping ele-

ments such as nitrogen (N), sulfur (S), and phosphorus (P) can sig-

nificantly change the electronic structure [90]. These changes in-

clude electron density, electronegativity, and the electron-donating

ability, directly affecting the adsorption of ∗OOH intermediates.

(1) N doping: N atoms have high electronegativity, and lone pair

electrons are introduced when they incorporated into carbon-

based materials, forming new active sites (such as pyridinic-N

and pyrrolic-N) [91]. These sites can effectively stabilize ∗OOH
intermediates, optimizing their adsorption energy, making the

reaction more inclined towards the 2e− ORR pathway and thus

facilitating H2O2 production.

(2) S doping: S atom doping introduces a larger atomic radius and

lower electronegativity, which increases the electron density

and π-π conjugation structure of carbon materials, optimiz-

ing the adsorption energy of ∗OOH intermediates [92]. Sulfur

doping often results in higher H2O2 selectivity because its ad-

sorption on ∗OOH intermediates is relatively weak, reducing the

likelihood of O-O bond cleavage.

(3) P doping: P atoms have a larger atomic radius and higher elec-

tronegativity. Doping forms C-P bonds, altering the local elec-

tron density of carbon-based materials [93]. This change can

enhance the stability of ∗OOH intermediates, promoting the 2e−

ORR pathway and enhancing the H2O2 generation.

Wang et al. S-NiP4Mo6 was synthesized by S-doped polymetal-

lic oxides (POMs) under hydrothermal conditions, and the ORR

pathway was adjusted [94]. By introducing S atoms, the electronic

6
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Fig. 6. Synthesis and characterization of the thiophene-S-doped carbon catalysts. (a) Schematic illustration of the preparation of thiophene-S doped carbon material. (b, c)

SEM and TEM images of the thiophene-S-doped carbon. (d) TEM-EDS mapping of the thiophene-S-doped carbon. (e) Simulated different S doping configurations. The carbon

atom marked by a red dashed circle represents the calculated active site. (f) Calculated 2e− ORR volcano plot. The black squares display the activities of the best-performing

Au, Pd, Pt, and PtHg4 alloys. (g) Schematic illustration of the Zn-air battery producing H2O2. (h) Polarization curve and power density plot. (i) Galvanostatic polarization

curve at 20 mA/cm2 with a continuous supply of O2 to the cathode (O2 feed rate=20 sccm). Reproduced with permission [96]. Copyright 2024, ACS Publications.

structure of the catalyst is altered, resulting in a precise transi-

tion from the 4e-reduction pathway to the 2e− reduction path-

way. The key mechanism of this transition lies in the difference in

electronegativity between oxygen and sulfur. For NiP4Mo6, tends

to 4e− ORR due to the excessive adsorption of OOH∗, which pro-

motes O-O cleavage. When an O2− is replaced by S2−, sulfida-

tion can weaken the adsorption of OOH∗ and hinder the cleav-

age of O-O, and S-NiP4Mo6 exhibits 2e− characteristics in the oxy-

gen reduction reaction. At 0.3 V vs. RHE, the H2O2 yield was as

high as 4.48 mol g cat−1 h−1, and the Faraday efficiency was

as high as 83.9 %. In addition, S-NiP4Mo6 also has demonstrates

good photothermal effect. Under photothermal heating, H2O2 pro-

duced by 2e− ORR decomposes and regenerates �OH free radi-

cals, which can degrade phenol, antibiotics, pesticides and other

organic pollutants. The undoped NiP4Mo6 catalyst remains highly

effective in ZAB applications, demonstrating the versatility of POM-

based materials in different applications. This comparison high-

lights the importance of targeted doping strategies in optimiz-

ing catalyst performance for specific reactions and applications

[95].

Xie et al. utilized thiophene-S as a doping source to introduce S

into carbon-based materials through a molecular weaving strategy

(Figs. 6a-d), resulting in S-doped carbon materials with up to 14

wt% S content. The S atoms are mainly located at the edges or de-

fect sites of the carbon framework, forming C-S-C bonds (Fig. 6e).

This edge-doping configuration aids in creating more active sites

on the surface of carbon material. Due to the higher electronega-

tivity of S, it induces a redistribution of electron density in the car-

bon framework, forming regions rich in charge. The carbon atoms

near the edge-doped sulfur atoms exhibit higher catalytic activity,

favoring the stable adsorption of ∗OOH intermediates and promot-

ing the 2e− ORR [96]. This study constructed a volcano plot based

on �GOOH∗ to describe the catalytic activity of different S-doped

carbon materials in the 2e− ORR (Fig. 6f). The results show that

S-doped carbon materials with a thiophene-S configuration have

their �GOOH∗ located near the right side of the volcano plot, close

to the peak, suggesting optimal 2e− ORR activity. When �GOOH∗ is

within a moderate range, the ∗OOH intermediates can effectively

adsorb onto the catalyst surface without becoming too stable, mak-

ing it easier for them to dissociate and produce H2O2. Sulfur dop-

ing optimizes the adsorption energy of ∗OOH intermediates, re-

ducing the likelihood of O-O bond cleavage, thereby significantly

enhancing the selectivity for H2O2. Within the potential range of

0.48–0.78 V (vs. RHE), the H2O2 selectivity of thiophene-S doped

carbon material is significantly higher than that of undoped carbon

materials, increasing with the S doping amount. The thiophen-S-

doped carbon-based battery achieves a peak power density of 82.7

± 0.8 mW/cm2 at a current density of 130.9 mA/cm2 (Figs. 6g and

h). At a potential of 0.66 V (vs. RHE), the H2O2 selectivity of 14

wt% thiophene-S doped carbon material reaches as high as 93 %

(Fig. 6i).

Doping techniques show strong potential in regulating ORR pro-

cess. The electronic structure and interface properties of the cata-

lyst were greatly modified by the introduction of heteroatoms, and

the catalytic activity was enhanced [97]. Future researches could

further study the effects of other doping elements and their com-

binations on ORR. For example, N, P, and B elements may result

in different electronic structural changes. In addition, by combin-

ing two or more doping elements (such as N-S, N-O), the synergis-

tic effect between elements may be achieved, which further opti-

mizes the electronic structure and increases the number of active

sites. Meanwhile, computational methods like DFT are suggested

to be used for understanding the impacts of doping elements on

the electronic structure and ORR reaction pathways, offering the-

oretical guidance for the design of new catalysts. In addition, ma-

chine learning (ML) methods can greatly help to understand the

optimization of doping strategies and the development of new cat-

alysts. By integrating experimental data with computational simu-

lation data, ML models can quickly predict the effects of different

doping elements and their combinations on catalytic performance.

For instance, ML algorithms can use data-driven approaches to

identify doping elements and combinations with optimal electronic

structures and reaction activities. In summary, the integration of

machine learning methods into doping research will further im-

prove the development of efficient and cost-effective electrocata-

lysts.
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Fig. 7. (a) Diagram illustrating the role of mesoscale engineering in regulating H2O2 production in zinc-air batteries; Scheme, STEM images (scale bar: 100 nm), enlarged

STEM images (scale bar: 20 nm), and pore size distribution of (b) HMCS-3 nm, HMCS-5 nm, HMCS-8 nm, HMCS-10 nm and HMCS-12 nm. (c) Simulated velocity field

and flow rate at the cross-section of HMCS-3 nm, HMCS-5 nm, HMCS-8 nm, HMCS-10 nm, and HMCS-12 nm. Flow rate comparison of HMCS samples. (d) Schematic of

Zn-air battery with on-site production of H2O2 for wastewater treatment. UV-vis absorption spectra of RhB solution treated by Zn-air battery with HMCS-8 nm as the

cathode. Concentration evolution of RhB over treatment time. (inset) Digital photographs of the RhB solution before and after purification. Reproduced with permission

[104]. Copyright 2022, ACS Publications.

3.1.4. Defect engineering

Defects can significantly impact the electronic structure and re-

action activity of catalysts. In the 2e− ORR process, defects alter

the surface electron density and the distribution of active sites,

effectively regulating the adsorption and reaction pathways of in-

termediates [98,99]. These defects, due to incomplete atomic coor-

dination, possess high chemical reactivity [100]. The high activity

sites at edge defects can effectively stabilize ∗OOH intermediates,

reducing the likelihood of O-O bond cleavage, thus promoting the

2e− ORR.

Huang et al. employed a "one-pot" strategy to embed high-

density, ultrathin Ni-LDH (layered double hydroxide) nanosheets

into in-situ grown carbon nanosheets, forming Ni-LDH/carbon

nanosheets (Ni-LDH/CNSs). DFT calculations were used to explore

the 2e− ORR activity mechanism. Edge defects in the Ni-LDH

nanosheets alter the local electron density, creating high activ-

ity sites that significantly enhance the adsorption and stability of
∗OOH intermediates, thereby promoting the 2e− ORR pathway and

aiding in the production of H2O2. The abundant oxygen defects

in the Ni-LDH/CNSs serve as active sites, contributing to increased

catalytic activity. A volcano plot based on �GOOH∗ was constructed

to showcase the performance of catalysts with different defect con-

figurations in the 2e− ORR. The results indicate that the �GOOH∗ of

Ni-LDH edge defects is located near the peak of the volcano plot,

demonstrating high catalytic activity [101].

The strategic incorporation of defects into catalytic materials of-

fers a promising avenue for fine-tuning their properties to meet

specific reaction requirements. By carefully designing and control-

ling defect types and distributions, researchers can create catalysts

that are not only more active but also more selective for desired

reactions. Moreover, the integration of advanced characterization

techniques, such as in-situ spectroscopy, will provide deeper in-

sights into the dynamic behavior of defects under operational con-

ditions. This understanding will be instrumental in developing ro-

bust catalysts that maintain high performance over extended peri-

ods.

3.1.5. Microstructure regulation

Microstructure affects the ORR pathways through various mech-

anisms, including the mass transfer efficiency of reactants and

products, the accessibility of surface active sites, the transfer of

electrons and protons, adsorption behaviors, the stability of inter-

mediates, and the chemical environment of the catalyst surface

[102,103]. By rationally designing and optimizing the microstruc-

ture, it is possible to effectively regulate ORR pathways, favoring

the 2e− pathway to generate in-situ H2O2 instead of the 4e− path-

way that produces water. This regulation is crucial for developing

efficient electrocatalysts.

Wang et al. found that in the 2e− ORR, oxygen as a reactant

must be rapidly delivered to the catalyst surface for reduction. The

microstructure, including pore size and morphology, directly in-

fluences the diffusion path and rate of oxygen (Figs. 7a and b).

Larger pore sizes provide smoother oxygen channels, reducing dif-

fusion resistance and thereby enhancing reaction efficiency. Addi-

tionally, H2O2, as a product of the 2e− ORR, needs to be promptly

removed from the catalyst surface to prevent its further reduction

to water via the 4e− reaction. Large-pore structures facilitate the

rapid discharge of H2O2, reducing its residence time on the cata-

lyst surface, thus maintaining high selectivity and yield. In prac-

tical applications, such as ZAB or wastewater treatment systems,

medium-to-large pore structures (e.g., 8 nm) can provide higher

power densities and faster reaction rates under high current den-

sities (Fig. 7d), rather than solely relying on initial electrochemi-

cal test results under laboratory conditions. Additionally, the pore
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size and morphology within the microstructure determine the spe-

cific surface area of the catalyst. Smaller pore sizes typically pro-

vide a higher specific surface area, increasing the exposure of ac-

tive sites and thereby enhancing catalytic activity. However, if the

pores are too small, severe mass transfer limitations may occur at

high current densities, reducing overall reaction efficiency (Fig. 7c).

The microstructure can influence the ORR pathways. Appropriate

pore structures help control the adsorption and reaction patterns

of oxygen molecules on the catalyst surface, favoring the 2e− re-

duction to generate H2O2 rather than the 4e− reduction to produce

water. For instance, medium pore sizes (such as 8 nm) can balance

reactant mass transfer and active site exposure, thereby increasing

H2O2 selectivity [104].

Pore structures affect the local environment on the catalyst sur-

face, including pH and local electric field strength, which signif-

icantly impact ORR pathway selection. For example, larger pore

structures may help maintain lower H2O2 concentrations on the

surface, reducing the chances of its further reduction to water.

Catalysts with well-designed pore structures can maintain struc-

tural stability during reactions, minimizing deformation or failure

caused by product accumulation or hindered reactant mass trans-

fer. Larger pores not only provide better mass transfer channels but

also alleviate catalyst surface blockage caused by product accumu-

lation, enhancing catalyst durability [105].

The key to optimizing catalyst ORR performance is to adjust the

porosity and morphology. Smaller pores increase the surface area

and the number of active sites, but reduce the mass transfer rate

at high current conditions. Larger pores are conducive to improv-

ing the oxygen mass transfer rate, but reduce the number of active

sites. Therefore, an integrated macro pore is designed. The layered

pore structure of mesoporous and microporous is a viable way to

be compatible with efficient mass transfer and maintain a high

density of active sites. In addition, advanced manufacturing tech-

niques, such as 3D printing and self-assembly, provide viable solu-

tions for complex pore structures that are related to the local reac-

tion environment (pH and local electric field strength). Maintaining

a controlled pH and local electric field strength can further affect

the adsorption and stability of the intermediates, enabling the re-

action to develop in the desired path [106]. Computational simu-

lations can help better understand how different pore structures

affect catalytic performance. This approach can help determine the

most effective pore design for a particular reaction, thereby devel-

oping efficient and durable catalysts.

In conclusion, the regulation of microstructure is an effective

strategy to optimize catalysts. By adjusting pore morphology, re-

searchers can develop catalysts with high activity, selectivity and

stability.

3.2. Regulation of electrolyte

Electrolytes can regulate the 2e− and 4e− ORR pathways by

adjusting the solvation structure, mass transfer pathways of re-

actants, and the selectivity of electrochemical reactions (Fig. 8a).

Due to the lack of specific cases of electrolyte regulation in ZAB-

H2O2 generation, we will use a similar system—the sodium-air

battery-hydrogen peroxide generation system—as an example to

analyze practical cases of electrolyte regulation. Yang et al. pro-

posed a strategy to control 2e−/4e− transfer by designing the sol-

vation structure of electrolytes. The main reason electrolytes can

regulate 2e− and 4e− reaction pathways lies in changes to their

solvation structure and solvation energy. In low-concentration elec-

trolytes, Na+ ions are primarily solvated by water molecules, form-

ing a "salt-in-water" structure. In this scenario, Na+ ions form

strong solvation shells with water molecules, making it difficult

for Na+ to desolvate, i.e., to be released from the surrounding wa-

ter molecules. This high solvation energy hinders Na+ ions from

Fig. 8. (a) The regulation strategies of electrolytes for 2e− ORR. (b) Free energy dia-

gram of the 4e− to 2e− reaction in SAB. The star “∗” denotes the free site or the ad-

sorption species. (c) Variation in the number of oxygen atoms from water (nO(H2O))

and FSI− anions (nO(FSI)) at the first solvation sheath of Na+ and the fraction of free

water not bound to any species. (d) The structures of Na(H2O)5−x(FSI)x with x rang-

ing from 0 to 5. The value represents the solvation energies of Na and the color

indicates the electrostatic potentials. (e) The interaction energies between Na+ and

ligands in various situations. (f) Reaction mechanism diagram of SABs with different

concentration electrolytes. Reproduced with permission [107]. Copyright 2022, Wi-

ley. (g) Future research strategies on electrolytes for ZAB-H2O2 generation system.

approaching the cathode surface for reactions, thus promoting the

4e− reaction. Here, free water molecules can more easily reach the

cathode surface, participate in ORR, generate OH−, and eventually

form NaOH. In high-concentration electrolytes, Na+ ions primarily

coordinate with FSI− anions, forming a "water-in-salt" structure. In

this structure, the number of water molecules is significantly re-

duced, and Na+ ions are mostly surrounded by FSI− anions. The

solvation energy is significantly lowered, making it easier for Na+

ions to be released from their solvation shells and approach the

cathode surface for reactions, thus promoting the 2e− reaction. In

this case, due to the reduction in free water molecules, it is more

difficult for water molecules to reach the cathode surface, thereby

inhibiting the 4e− reaction (Fig. 8b) [107].

Additionally, through DFT calculations and molecular dynamics

(MD) simulations, researchers have revealed how changes in sol-

vation structure at different electrolyte concentrations affect the

ORR pathways in sodium-air batteries. In low-concentration elec-

trolytes, Na+ ions are primarily solvated by water molecules, form-

ing strong solvation shells with a solvation energy of -5.65 eV (Figs.

8c and d). This highly solvated structure makes it difficult for Na+

ions to desolvate, hindering their contact with the cathode sur-

face and favoring the 4e− reaction, producing NaOH. As the elec-

trolyte concentration increases, the solvation environment around

Na+ changes significantly. At moderate concentrations, the solva-

tion structure of Na+ becomes uneven, with a solvation energy of

-6.32 eV. In this scenario, Na+ ions are still mainly solvated by wa-

ter molecules and a few FSI− anions, but the reduction in free wa-
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Fig. 9. The influence of oxygen transport efficiency, charge transfer resistance, and electrode thickness and current density on the 2e− ORR of H2O2. Reproduced with

permission [110]. Copyright 2022, ACS Publications. Reproduced with permission [112]. Copyright 2024, Elsevier. Reproduced with permission [113]. Copyright 2009, ACS

Publications.

ter molecules starts to make the 2e− reaction possible. In high-

concentration electrolytes (e.g., 27 m and 35 m), Na+ ions primar-

ily coordinate with FSI− anions, forming a "water-in-salt" structure,

with a significantly lowered solvation energy, reaching as low as

+3.25 eV. This lower solvation energy makes it easier for Na+ ions

to desolvate, allowing them to rapidly reach the cathode surface

and react with oxygen, promoting the 2e− reaction and produc-

ing Na2O2. By adjusting the electrolyte concentration to control the

solvation environment and mass transfer behavior of Na+ ions, the

ORR pathways can be dynamically regulated (Figs. 8e and f).

Future research should further explore the relationship between

electrolyte concentration and solvation environment to optimize

the efficiency of 2e− ORR. Additionally, the potential of different

types of electrolytes (such as organic electrolytes and ionic liquids)

in regulating 2e− ORR should be studies, examining their effects

on ion solvation structures and reaction pathways. By introducing

advanced characterization techniques, such as in-situ Raman spec-

troscopy, electrochemical in-situ microscopy, and synchrotron X-ray

analysis, real-time monitoring of solvation structure changes and

reaction pathways in electrolytes can be used. Research on func-

tionalized electrolytes should be conducted to further enhance the

regulatory capability and stability of electrolytes. Ultimately, all the

strategies will contribute to the development of a highly efficient

and stable electrolyte for the ZAB-H2O2 generation system (Fig.

8g).

3.3. Cathode configuration design

The importance of cathode design and battery configuration in

2e− ORR performance is multifaceted, involving improvment in

oxygen transport efficiency, optimization of charge transfer resis-

tance, and appropriate control of electrode thickness and current

density (Fig. 9) [108]. These optimizations can boost in-situ H2O2

production efficiency and current efficiency, reduce energy con-

sumption, and provide theoretical foundations and design guidance

for practical applications.

Oxygen transport rate is one of the critical factors in 2e− ORR

performance. Traditional electrolytes exhibit low oxygen transport

rates, limiting reaction rates and H2O2 production efficiency [109].

Designing porous cathodes, such as Integrated Natural Air Cathodes

(INAC), can significantly enhance oxygen transport rates, thereby

improving reaction rates and H2O2 production efficiency [110]. The

design of a three-phase interface (liquid-gas-solid) enables efficient

diffusion of oxygen to the catalyst surface, increasing oxygen uti-

lization. Compared to traditional designs immersed in liquid, fac-

ing the air (FTA) battery configurations can significantly improve

oxygen transport efficiency [111].

Low charge transfer resistance can enhance electrochemical re-

action efficiency. In cathode design, selecting appropriate materials

and configurations can reduce charge transfer resistance. For in-

stance, CB-PTFE cathodes, which combine carbon black and poly-

tetrafluoroethylene, form a porous structure that provides ample

reaction sites and reduces charge transfer resistance [112].

Electrode thickness impacts oxygen transport and reaction ef-

ficiency. Excessive electrode thickness can limit oxygen transport,

reducing reaction efficiency, while overly thin electrodes may offer

insufficient reaction sites. A well-designed electrode thickness can

ensure sufficient reaction sites while maximizing oxygen transport

rates [113].

3.4. Electrochemical operating conditions

Electrochemical operating conditions, such as potential and pH,

significantly influence the interactions between the catalyst surface

and ∗OOH intermediates. These conditions can optimize the reac-

tion environment, enhancing catalyst performance and improving

the selectivity and activity of the 2e− ORR (Fig. 10).

3.4.1. Influence of pH

The influence of pH on 2e− ORR performance primarily involves

changes in the chemical state of the catalyst surface, double layer

state, the impact of electrolyte acidity or alkalinity on catalyst ac-

tivity and selectivity, alterations in reaction pathways, and the per-

formance of specific catalysts under different pH conditions [106].

(1) Different pH levels can alter the chemical environment on the

catalyst surface, thereby affecting the rate of ORR. For instance,

when using a Co-N-C catalyst, the pH of the electrolyte signifi-

cantly influences both the selectivity for H2O2 and the catalytic
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Fig. 10. Electrochemical operating conditions: The influence of pH and operating

potential on the 2e− ORR of H2O2. Reproduced with permission [83]. Copyright

2019, ACS Publications. Reproduced with permission [115]. Copyright 2016, Elsevier.

activity of the ORR. Under alkaline conditions (pH 13), the onset

potential for the oxygen reduction reaction is 0.95 VRHE, with

a higher selectivity for H2O2. Under acidic conditions (pH 0.3),

the onset potential is 0.83 VRHE, and the selectivity for H2O2 in-

creases as the potential shifts negatively. This is primarily due

to the low activity of the H2O2 reduction reaction under acidic

conditions, along with the favorable kinetics of the 2e− ORR

pathway for H2O2 generation. Under neutral conditions (pH 7),

the onset potential further decreases to 0.71 VRHE, and the se-

lectivity for H2O2 is relatively low. This may be attributed to

the less favorable electrochemical environment for the 2e− ORR

pathway under neutral conditions. Experimental data indicate

that oxygen reduction currents are lower, and H2O2 selectivity

significantly decreases at neutral pH [83].

(2) The acidity or alkalinity of the electrolyte strongly influences

the activity and selectivity of different ORR catalysts. For in-

stance, noble metal catalysts (such as Ag(pc), Ag–Hg(pc), and

Pt–Hg(pc)) more easily generate water through 4e− ORR in al-

kaline solutions, while in acidic solutions, they tend to pro-

duce H2O2 via 2e− ORR. In alkaline solutions, carbon-based cat-

alysts with weakly adsorbed intermediates can maintain the O-

O bond, thereby showing high selectivity for H2O2 [44].

(3) ORR pathways vary under different pH conditions. In acidic

conditions, O2 molecules first adsorb onto the catalyst surface

and react with H+ ions and electrons to form ∗OOH interme-

diates, which further react to produce H2O2. In alkaline con-

ditions, ORR primarily proceeds through the ∗OOH intermedi-

ate mechanism, especially for carbon-based catalysts. DFT cal-

culations indicate significant differences in electron density and
∗OOH adsorption energy on the catalyst surface at different pH

values, with acidic media favoring increased H2O2 selectivity.

Volcano plot analysis further demonstrates that optimal pH val-

ues can fine-tune the catalyst’s �GOOH∗ , enhancing its 2e− ORR

activity. The performance of the OCNTs@NF-600T catalyst un-

der different pH conditions shows that H2O2 selectivity is sig-

nificantly higher in neutral media, reaching 92 %, and remains

high in acidic media at 82 % [114].

3.4.2. Influence of potential

Appropriate potential can control the formation and reduction

rates of ∗OOH intermediates, thereby affecting their interaction

with the catalyst [115,116]. Adjusting the potential can modify the

electron density on the catalyst surface, optimize ∗OOH adsorption

energy, and promote selective H2O2 production. In the low poten-

Fig. 11. Challenges for zinc-air battery-hydrogen peroxide production system.

tial range, SACs with metal centers exhibit high H2O2 selectivity in

acidic electrolytes, indicating that under these conditions, the en-

ergy barriers for ∗OOH intermediate formation and desorption are

lower, favoring the 2e− ORR pathway.

In summary, by considering catalyst material selection, sur-

face functionalization, doping, defects, microstructure, and electro-

chemical operating conditions, it is possible to precisely control the

binding energy of ∗OOH to achieve selective regulation of the ORR

pathway. These strategies provide comprehensive guidance for the

development and optimization of efficient electrocatalysts. Such re-

search lays a solid foundation for the innovation and advancement

of next-generation ZAB-H2O2 generation systems, driving progress

in electrochemical energy conversion technologies.

4. Challenges and optimization strategies for zinc-air

battery-hydrogen peroxide production systems

ZAB, using specific electrocatalysts, can effectively produce

H2O2 while storing energy, showcasing dual functionality in mod-

ern energy technology and chemical production. This integrated

approach not only enhances energy utilization efficiency but also

provides an environmentally friendly and cost-effective solution for

on-site chemical production, such as in-situ chemical synthesis and

wastewater treatment. However, several significant issues need to

be addressed in the combined zinc-air battery and H2O2 produc-

tion system (Fig. 11):

(1) Enhancement of selectivity and activity in H2O2 production:

The activity and selectivity in the production of high-value

H2O2 products are key focuses of this system. Attention needs

to be given to regulating the 2e− ORR process, particularly in

aspects such as cathode materials.

(2) Energy efficiency and battery stability: In this system, the pro-

duction of H2O2 via the 2e− ORR pathway typically results in

lower energy conversion efficiency, and the inherent instabil-

ity of H2O2 can affect the long-term operational stability of the

battery. Addressing these factors is crucial for ensuring ade-

quate energy conversion and the lifespan of ZAB-H2O2 gener-

ation system.

Here, we comprehensively and meticulously analyze the key

factors affecting the efficiency of ZAB-H2O2 generation system

from the perspectives of the cathode, anode, electrolyte, and en-

ergy system. We also provide solutions and considerations for im-

proving the performance and efficiency of ZAB-H2O2 generation

system (Fig. 12).
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Fig. 12. Optimization strategies for zinc-air battery-hydrogen peroxide generation system.

4.1. Anode challenges and optimization strategies

In ZAB-H2O2 production systems, in-situ generated H2O2 acts

as a strong oxidizing agent and poses a significant threat to the

zinc anode, especially at high concentrations, where the anode is

depleted by chemical and electrochemical corrosion [117].

H2O2 produced in-situ may come into direct contact with zinc

and undergo oxidation. This reaction not only consumes the anode

material, but also produces chemical by-products (such as zinc ox-

ide or zinc salts) that can interfere with the internal structure of

the anode and thus reduce electrochemical performance. To solve

this problem, zinc anode protection technologies should be devel-

oped and applied, such as by doping the zinc anode to change

its electronic structure, thereby reducing corrosion. In addition, a

corrosion-resistant coating can be applied to the zinc anode to

physically isolate its contact with the electrolyte. In addition, the

electrochemical environment (pH or chemical stability of the elec-

trolyte) changes during battery discharge. These changes may fur-

ther affect the electrochemical behavior and efficiency of the an-

ode. To mitigate these effects, consider using an anti-corrosion film

to isolate the zinc electrode from the generated H2O2 and reduce

the corrosion rate of the zinc electrode.

4.2. Cathode challenges and optimization strategies

In the ZAB-H2O2 generation system, several challenges need

to be addressed to improve the in-situ H2O2 generation at the

cathode: (1) Common catalysts, such as carbon-based materials

or metal oxides, have poor catalytic performance in ORR and are

prone to deactivation. Therefore, it is necessary to develop cat-

alysts with high activity and stability, such as carbon materials

doped with heteroatoms such as nitrogen, phosphorus and sul-

fur, or precious metal alloy catalysts. In addition, nanotechnol-

ogy can be used to increase the surface area and active site of

the catalyst. Catalysts often produce both H2O and H2O2 during

oxygen reduction, resulting in low selectivity, which affects H2O2

yield and purity. Design catalysts with higher selectivity and opti-

mize reaction conditions (e.g., potential, pH) to improve selectivity

for H2O2. Furthermore, tweaking the electronic structure and sur-

face chemistry of the catalyst can improve the in-situ H2O2 yield.

(2) The electrolyte affects the wetting performance of the cath-

ode, and both excessive and insufficient electrolyte will lead to

degraded performance. Select the appropriate electrolyte and op-

timize its composition and concentration to improve wetting per-

formance and conductivity. In addition, additives such as surfac-

tants can be used to improve electrolyte performance. (3) Design

electrode materials with high specific surface area and good mass

transfer performance to improve catalytic performance and reac-

tion rate, including electrodes with porous structures or three-

dimensional network structures. Optimize operating parameters

such as temperature, current density, and gas flow rate to im-

prove reaction efficiency and stability. These optimization strate-

gies can be adapted to specific experimental conditions to find

the most appropriate method to improve the performance and

H2O2 production efficiency of the cathode in ZAB. These opti-

mization strategies can be adjusted based on specific experimen-

tal conditions to find the most suitable approach for enhancing

the performance of the cathode in ZAB and the efficiency of H2O2

production.

4.3. Electrolyte challenges and optimization strategies

Common challenges with electrolytes for H2O2 production in

ZAB-H2O2 generation system include: (1) The electrolyte may de-

compose or react with the electrode material during the reaction,

thus shortening the service life of the battery. Choose chemically

stable electrolyte materials, such as stable organic or aqueous elec-

trolytes, and add stabilizers or buffers (e.g., phosphate buffered

solutions) to maintain electrolyte stability [118]. (2) Changes in

electrolyte pH can affect catalyst activity and reaction selectivity,

which in turn affects H2O2 production. A buffer solution is used

to maintain a stable pH in the electrolyte and prevent pH fluctua-

tions from affecting the reaction. Choose the right electrolyte com-

ponents that can maintain a stable pH during the reaction. (3) Un-

wanted by-products may form in the electrolyte, affecting the pu-

rity and yield of H2O2. Optimize the composition and concentra-

tion of the electrolyte to reduce side reactions. The electrolyte is

purified and refined to remove impurities that may cause side re-

actions.

In addition, electrolytes with high oxygen solubility, such as

potassium hydroxide solutions, are selected to increase the oxygen

solubility during the reaction process and improve the efficiency of

in-situ H2O2 production. Gas stirring or high-efficiency oxygen dif-

fusion devices are used to improve the rate of oxygen dissolution

and mass transfer in the electrolyte. Operating parameters such as

temperature current density and gas flow rate are optimized to
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Fig. 13. Outlooks of zinc-air battery-hydrogen peroxide power generation system.

improve the electrolyte performance and reaction efficiency. Com-

bining computational modeling and experimental data, the most

suitable operating conditions and electrolyte formulation are de-

termined [119].

4.4. Integration of energy systems and combining multiple solutions

The ZAB-H2O2 generation system can be integrated with other

systems to achieve expanded applications. For example, combin-

ing this system with wastewater purification or with photothermal

or photocatalytic processes can enhance the in-situ production of

H2O2 and promote pollutant degradation. Herein we present two

examples for illustration:

Application of the Fenton reaction: The in-situ generated H2O2

can react with Fe2
+

in wastewater to produce hydroxyl radicals

(•OH) with strong oxidative capabilities. These radicals can greatly

degrade organic pollutants in wastewater, decomposing complex

organic molecules into simpler, harmless products such as water

and carbon dioxide. This method greatly improves the efficiency

of pollutant removal in wastewater treatment. The application of-

fers several advantages: (1) By integrating the ZAB-H2O2 genera-

tion system into wastewater treatment, in-situ H2O2 can be gener-

ated directly at the required location and immediately participate

in the treatment process, avoiding the losses associated with stor-

age and transportation of H2O2, while also decreasing the risk of

secondary pollution; (2) Compared to the traditional purchase and

use of in-situ H2O2, on-site generation reduces procurement costs

and lowers energy consumption in the wastewater treatment pro-

cess.

Integration with photocatalysis technology: Photocatalytic tech-

nology degrades pollutants, avoiding secondary pollution that may

occur with traditional chemical treatments, enhancing treatment

effectiveness and environmental friendliness [120]. ZAB can gener-

ate in-situ H2O2 assisted by photo-electrocatalytic reactions, which

further decompose to produce highly oxidative radicals (such as

superoxide radicals and hydroxyl radicals). These radicals can ef-

fectively degrade complex organic pollutants in wastewater [121].

The in-situ H2O2 generated by photo-enhanced ZAB can be im-

mediately applied to pollutant degradation without relying on ex-

ternal chemicals. This just-in-time approach effectively avoids the

risks associated with the storage and transportation of H2O2 and

reduces the secondary pollution problems caused by the use of

chemicals. This environmental remediation technology, character-

ized by its efficiency, cost-effectiveness, and environmental friend-

liness, represents a sustainable approach to pollution control [122].

This integrated system is used not only for power generation but

also for water treatment and pollutant degradation, achieving mul-

tifunctional resource utilization.

5. Challenges and prospects

This review clarified the working principle of the ZAB-H2O2

generation system, exploring how to achieve efficient and stable

H2O2 production through the design and optimization of catalysts,

electrolytes, battery configurations, and so on. However, the devel-

opment of ZAB-H2O2 generation system is still in its infancy. Previ-

ous studies in this area are limited, and several challenges remain

in practical applications and research:

(1) Efficient, stable, and selective catalysts are crucial for the ZAB-

H2O2 generation system.

(2) The integration of the zinc-air battery and H2O2 generation sys-

tem requires optimization in battery design to ensure the ef-

fective combination of electrodes, separators, and electrolytes,

avoiding side reactions and energy loss.

(3) Long-term cycling of the ZAB-H2O2 generation system can lead

to catalyst deactivation and electrolyte degradation, resulting in

performance decay.

(4) Translating high-efficiency systems from the laboratory to re-

liable systems in practical applications involves considerations

of material costs, manufacturing processes, and system integra-

tion.

Based on the above discussion, this paper offers the following

outlooks and prospects for the development of ZAB-H2O2 genera-

tion system (Fig. 13):

(1) The ZAB-H2O2 generation system introduces new functionali-

ties to battery technology. Although this might sacrifice some

energy efficiency, it provides additional chemical value and en-

vironmental benefits for specific applications. Future research

should focus on material innovations and battery design opti-

mizations to balance battery performance and chemical product

generation.

(2) Further in-depth studies on the fundamental electrochemical

mechanisms of ZAB-H2O2 generation system, including ORR

and H2O2 generation reaction, are essential. Advanced ana-

lytical and computational methods, such as DFT calculations,

atomic-scale modeling, and in-situ characterization techniques,

should be employed to reveal detailed mechanisms during

the reactions, guiding electrode material design. Fundamen-

tal mechanism research will provide theoretical foundations

for developing new high-efficiency electrocatalysts, significantly

improving system energy conversion efficiency and product se-

lectivity, thus promoting their applications in renewable energy

conversion and storage.

(3) Develop highly active and selective catalysts that can simulta-

neously facilitate ORR in ZAB-H2O2 generation system. Nano-

materials, porous materials, atomically dispersed metal cata-
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lysts, and novel carbon-based materials will play critical roles

in this field.

(4) Optimize battery design by enhancing electrode structures, sep-

arator materials, and overall battery configurations. Adopting

three-dimensional electrode structures, porous separators, and

integrated designs can increase the specific surface area of elec-

trodes and expose active sites, reducing internal resistance and

leakage current. Optimizing battery design can improve the en-

ergy density and power density of ZAB-H2O2 generation sys-

tem, extend battery lifespan, and promote their widespread

application in high-energy-density storage devices and high-

power output devices.

(5) Achieve system integration of ZAB-H2O2 generation systems by

developing large-scale fabrication processes, reducing material

and manufacturing costs, and performing system optimization

designs to ensure high efficiency and stability in practical ap-

plications. System integration and commercialization will drive

this technology’s broad application in power storage, emer-

gency power supplies, mobile power supplies, and distributed

energy systems.

The research on ZAB-H2O2 generation system not only expands

the application field of battery technology but also provides new

ideas and directions for the development of future energy and

environmental technologies. Through interdisciplinary collaborative

innovation, theoretical research is closely integrated with practical

applications, continuously advancing the development and matu-

ration of ZAB technology. Ultimately, through large-scale applica-

tions, this technology can replace traditional energy sources, pro-

moting the shift towards a green, low-carbon, and sustainable so-

ciety.
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