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A B S T R A C T

Utilizing efficient and eco-friendly electrochemical techniques for the synthesis of valuable chemicals represents
an optimal strategy for enhancing energy utilization. Electrochemical ozone production (EOP), recognized for its
cleanliness and adaptability, emerges as a promising energy conversion technology for the synthesis of high-value
chemicals. However, the selection of anode materials poses a significant challenge to the widespread commercial
deployment of EOP, and a thorough investigation into this area is crucial for improving both the performance and
durability. In this review, we delve into the fundamental principle of ozone generation, explore the advantages
and constraints associated with various EOP systems, and discuss how the utilization of advanced membrane
electrode assembly (MEA) electrolysis cells can sustain an overall efficiency of 20 % or higher. This review offers
objective evaluations of various anode materials and summarizes recent advancements in EOP, highlighting
laboratory-measured current efficiencies that surpass 50 %. Lastly, this review delineates the myriad challenges
encountered within the current EOP research and proposes potential avenues for future development, all in an
effort to furnish indispensable insights for the industrial implementation of EOP.
1. Introduction

Ozone is a high value-added chemical with a redox potential of up to
2.07 V, making it one of the strongest oxidants, surpassed only by fluo-
rine and hydroxyl radicals [1–3]. This potent oxidative capability endows
ozone with a significant role in practical applications. Ozone possesses
the advantages of being environmentally friendly, producing only oxygen
as a by-product, which is harmless to the environment. The use of this
clean disinfectant aligns with the global trend toward carbon neutrality
[4]. The integration of renewable energy generation technologies with
the process of ozone production could further boost ozone's appeal for
environmental applications. The literatures have demonstrated the
effective amalgamation of boron-doped diamond (BDD) electrochemical
flow cells with photovoltaic power generation systems, underscoring the
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practical feasibility and theoretical potential of coupling electrochemical
ozone production (EOP) with renewable energy technologies [5–7].
Leveraging these advantages, ozone has been widely employed across
multiple applications and industries. In sterilization and disinfection,
ozone effectively eradicates bacteria, viruses, and other microorganisms
[8–10]. Its strong oxidative properties efficiently remove organic and
inorganic pollutants without causing adverse side effects [11–13] in the
water treatment process. In air pollution control, ozone demonstrates
strong efficacy in treating pyridine exhaust gases [14] and nitrogen ox-
ides in biodiesel [15]. Furthermore, ozone is applied in the food pro-
cessing industry for sterilization and preservation, extending the shelf life
of food products [16–18]. The exceedingly strong oxidative nature of
ozone resulted in significant instability of its chemical properties, facil-
itating rapid decomposition into oxygen under standard conditions. In
aqueous solution, ozone has a half-life of approximately 16 min [19–21].
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Abbreviation

BDD Boron-doped diamond
EOP Electrochemical ozone production
DBD Dielectric barrier discharge
UV Ultraviolet
SPE Solid polymer electrolyte
DFT Density functional theory
MEA Membrane electrode assembly
OER Oxygen evolution reaction
PEM Proton exchange membrane
AAO Anodic aluminum oxide
CFD Computational fluid dynamics
BPP Bulk porous Pb
CVD Chemical vapor deposition
HPHT High-pressure high-temperature
p-BDD Porous boron-doped diamond
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This instability necessitates its on-site production in most cases [22].
Dielectric barrier discharge (DBD) is a commonly utilized method in

industrial ozone production, mimicking the natural process of ozone
generation through lightning-induced air breakdown [23,24]. Its prin-
ciple revolves around the utilization of an alternating high-voltage
electric field to induce corona discharge in oxygen-containing gas. Dur-
ing the corona discharge, high-energy free electrons dissociate oxygen
molecules, thereby facilitating the formation of ozone molecules [25,26].
The reaction process can be briefly summarized as follows:

O2 þ e�ðHigh� energy electronÞ → 2Oþ e�ðLow� energy electronÞ (1.1)

OþO2 þM → O3 þM (1.2)

where M represents an intermediate product involved in the reaction.
DBD methods for ozone generation have the advantages of high

generation capacity and are suitable for large-scale industrialization [27,
28]. While achieving industrial production within a certain range, the
DBDmethod inevitably processes some drawbacks. Ozone production via
DBD necessitates reactions under high-pressure and high-energy condi-
tions [29,30], demanding significant energy input and resulting in high
energy consumption. Additionally, ozone's rapid decomposition under
high-temperature conditions necessitates the inclusion of efficient cool-
ing systems in the equipment. The inclusion of the required sub-system
within the main processing systems enlarges the equipment, compli-
cates its mobility, and generates noise. Furthermore, the raw gas requires
preprocessing procedures, including compression and drying [31],
rendering the preparation process complex. While ozone production via
this method is substantial, the concentration remains low, thus unable to
fulfill the demand for high-concentration ozone. When air is used as the
raw gas, toxic nitrogen oxides are also produced, posing irreversible
harm to human health [32,33].

Ultraviolet (UV) irradiation simulates the atmospheric ozone gener-
ation process through sunlight-induced UV radiation. The principle in-
volves irradiating dried oxygen molecules with UV light of specific
wavelengths, resulting in the partial decomposition of oxygen molecules
into oxygen atoms. Subsequently, these oxygen atoms combine with the
remaining oxygen molecules to form ozone [34]. The reaction process
can be summarized as follows:

O2 þ hv → 2O (1.3)

OþO2 þM → O3 þM (1.4)

where M represents an intermediate product involved in the reaction.
2

OþO3 → 2O2 (1.5)
Utilizing UV irradiation for ozone generation requires operation
within a specific wavelength range. This method allows for the regulation
of ozone concentration and generation capacity by adjusting the output
power of UV lamps, providing the advantages of easy control and stable
output. Additionally, this method exhibits good reproducibility and
insensitivity to environmental factors such as temperature and humidity
[35]. However, a notable drawback of UV irradiation is its high energy
consumption, resulting in relatively low ozone generation capacity and
concentration, and rendering it unsuitable for large-scale production.
Furthermore, this method is only suitable for small-scale applications due
to the limited power and short lifespans of UV lamps.

Utilizing efficient and environmentally friendly electrochemical
strategies to produce high-value chemicals is an ideal approach for
maximizing resource utilization [36,37]. Electrochemical synthesis of
urea presents an emerging alternative technology to traditional processes
in the fossil energy industry for urea production, effectively reducing
carbon emissions [38,39]. Similarly, EOP shows promise as an environ-
mentally friendly method [40–42]. By adjusting reaction conditions and
catalyst types, it is possible to produce ozone of higher value compared to
oxygen. In the early stages of EOP development, challenges such as the
intricacies of electrolyte formulation and the limitations of ozone gen-
eration capacity significantly impeded its widespread application.
However, the swift progression in the field of solid polymer electrolyte
(SPE) technology [43–46] has enabled EOP to surmount these techno-
logical barriers, thereby positioning itself as a formidable contender in
the realm of ozone generation. Despite these remarkable advancements,
the challenges related to the economic viability and the production yield
remain significant obstacles to the large-scale industrialization of EOP
technology. The exorbitant expense associated with SPE materials,
coupled with the suboptimal efficiency of ozone generation processes,
persist as critical limiting factors impeding the extensive deployment of
EOP technology. To address these issues, ongoing research endeavors are
diligently focused on the refinement of SPE design, the exploration of
more cost-effective materials, and the improvement of the efficacy of
ozone production methodologies. Future developments in the field are
anticipated to encompass the implementation of materials. These mate-
rials are more fiscally prudent, as well as the adoption of innovative
manufacturing techniques aimed at diminishing production costs.
Moreover, the anticipated advancements in the realms of system inte-
gration and automation are poised to significantly enhance the scalability
of EOP systems, thereby increasing production yield and bolstering their
commercial viability.

EOP involves a typical six-electron reaction [47,48], with the anodic
reaction equations as follows:

2H2O→ O2 þ 4Hþ þ 4e� E0 ¼ þ 1:23 V (1.6)

3H2O→ O3 þ 6Hþ þ 6e� E0 ¼ þ 1:51 V (1.7)

The cathodic reaction equation is as follows:

2Hþ þ 2e� → H2 E0 ¼ 0 V (1.8)

EOP offers several advantages over other conventional methods.
These advantages include equipment simplicity, low investment costs,
mobility, and adaptability to a wider range of applications [49]. EOP
provides convenience in preparation and on-site production, along with
generating ozone of higher purity [50,51], where oxygen is the sole
by-product. This characteristic avoids the formation of toxic substances,
promoting environmental friendliness and offering vast potential for
various applications [22,52,53]. The differences between DBD, UV irra-
diation and EOP in terms of production capacity, scalability, by-products
and cost are summarized in Table 1.

Various factors influence EOP performance, with M. Rodríguez-Pena
et al. [54] specifically investigating the impact of electrolyte on EOP



Table 1
Comparison of different ozone production methodologies.

Relevant
parameters

DBD UV EOP

Production
capacity

Suitable for
industrial-scale
applications with
high production
capacity

Limited actual
production
capacity

Production capacity
can be increased in
large-scale
applications, but is
constrained by anode
material selection

Scalability Good scalability for
industrial
applications

Limited
prospects for
large-scale
production

Highly scalable with
advanced electrode
technology

By-products Hazardous nitrogen
oxides

Nitrogen oxides Oxygen

Cost Costly initial setup Lower cost Higher cost of anode
materials and MEA
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performance. Their findings suggest that the highest ozone generation
capacity is achieved by using a 1.0 M perchloric acid solution, attributed
to the absence of ozone scavengers in perchloric acid, which effectively
enhances the stability of dissolved ozone. In a separate study, M.
Rodríguez-Pena et al. [55] conducted an in-depth investigation into the
influence of pressure. Ozone production demonstrates an increasing
trend with rising pressure, mainly due to the faster increase in the ozone
dissolution rate compared to that of oxygen as pressure rises. However,
current EOP systems exhibit poor stability and significant energy con-
sumption, falling short of industrial production requirements. Addition-
ally, much attention is directed towards the impact of various anode
materials on EOP performance. Due to the extensive potential of EOP
applications, we classified different types of anode materials based on
their substrate according to existing literature. We briefly explained the
operational philosophy of EOP, summarized recent advancements in EOP
anode materials, and outlined future prospects. Expected to offer valu-
able insights for the industrial implementation of EOP.

2. Overview of electrochemical ozone production

2.1. Reaction mechanism

In the electrochemical production of ozone, the electrolyte undergoes
oxidation under the influence of applied electric current, resulting in the
generation of ozone and oxygen at the anode, as depicted in equations
(1.6) and (1.7). The mechanism of the EOP reaction proposed by L. M. Da
Silva et al. [56] is widely accepted among researchers. However, this
mechanism remains speculative due to the incomplete consideration of
practical influences in many reaction processes, such as the effect of
bubble residence time during the reaction and the mechanism by which
electrode materials facilitate the formation of ozone through interaction
with oxygen intermediates, as summarized in Table 2. Recently, Zhang
et al. [57] have conducted further research on the mechanism of EOP,
expanding on prior studies. They discovered that the mechanism can be
illustrated by an electrocatalytic five-membered ring, as depicted in
Table 2
Mechanism of EOP/OER reactions.

Reaction steps Reaction formula

Kinetically controlled
steps

H2O → (OH⋅) ads þ Hþ þ e-

(OH⋅) ads → (O⋅) ads þ Hþ þ e-

Efficiency controlled
steps

(O⋅) ads → [1-θ] (O⋅) ads þθ(O⋅) * ads (0<θ < 1)
[1-θ] (2O⋅) ads→ [1-θ] (O2) ads

[1-θ] (O2) ads → [1-β] [1-θ] (O2) ads þβ[1-θ] (O2) * ads

(0<β < 1)
OER [1-β] [1-θ] (O2) ads → O2↑
EOP θ(O⋅) * ads þβ[1-θ] (O2) * ads → [θþβ[1-θ]] (O3) ads

[θþβ[1-θ]] (O3) ads → O3↑

3

Fig. 1a. The production of ozone overall can be segmented into four re-
action steps:

H2O → OH* þ Hþ þ e� (1.9)

OH* → O* þ Hþ þ e� (1.10)

2O* → O2
* → O2 (1.11)

O2
* þ O* → O3

* → O3 (1.12)

The initial stage of the reaction primarily involves the decomposition of
H2O* and OH* and the formation of O* intermediates. By conducting
density functional theory (DFT) calculations on the reaction energy
barriers for each step, as depicted in Fig. 1b, OH* can undergo depro-
tonation to produce O* and H*, with a reaction energy barrier of 0.3 eV.
Given the relatively low reaction energy barrier, this step can occur
almost spontaneously. In contrast, the energy barriers for the formation
of oxygen and ozone are relatively high, rendering the formation process
more challenging. This is a contributing factor to the limited increase in
ozone production thus far.

Building on an understanding of the prevailing mechanisms of EOP,
an exemplary catalyst for this process must embody amultitude of crucial
attributes. Firstly, the catalyst must promote the adsorption of water
molecules on its surface and facilitate their effective deprotonation,
thereby providing the necessary protons for the subsequent oxidation
reaction. Secondly, the catalyst is required to exhibit a balanced chemi-
sorption affinity for oxygen-related reactive intermediates, which is
pivotal for the stabilization of oxygen molecules on the electrode surface,
thereby enabling their effective aggregation into ozone. Moreover, it is
imperative that the catalyst exhibits a weak chemisorption tendency
towards ozone, thereby preventing excessive adsorption and ensuring
subsequent decomposition on the electrode surface. Furthermore, the
catalysts should also possess excellent electronic and ionic conductivity
to support efficient electrochemical reactions, as well as robust corrosion
resistance and long-term stability to ensure their longevity in highly
oxidative environments. Lastly, the catalyst must demonstrate cost-
effectiveness and scalability, two critical factors that enable its large-
scale industrial deployment. It is only through the synergistic integra-
tion of these attributes that the catalyst can achieve optimal performance
in EOP, thereby facilitating the extensive adoption of this innovative
technology across various industrial sectors.
2.2. Ozone electrolysis cell

Improving the efficacy of the reaction apparatus stands as a pivotal
research domain within the field of EOP. The quality of the reaction
equipment plays a crucial role in the efficiency of ozone production, with
superior apparatuses leading to enhanced production yields. Various
electrochemical devices, ranging from basic single-chamber electrolysis
cells to the H-type and state-of-the-art membrane electrode assembly
(MEA) electrolysis cells, are utilized in EOP to improve ozone purity,
reduce generation capacity, and drive the industrialization of EOP for-
ward. The advantages and disadvantages of different types of electrolytic
cells are summarized in Table 3.

The single-chamber ozone electrolysis cell is straightforward in terms
of system design and thus easy to install. It was the first device created for
ozone generation [58]. Fig. 1c elucidates the defining characteristic of
the single-chamber ozone electrolysis cell, which is its unique structure
that situates both the platinum anode and lead cathode within the same
cell, in direct contact with the electrolyte solution. The single-chamber
configuration minimizes the reliance on diaphragms, thereby reducing
associated costs. However, the absence of a diaphragm leads to a mixed
product gas of oxygen, ozone, and hydrogen, resulting in a low ozone
concentration and the requirement for complex separation processes.



Fig. 1. (a) OER/EOP reaction mechanism (b) energy barriers in the ozone generation process, reproduced from Ref. [57] (c) schematic diagram of single-chamber
ozone electrolysis cell (d) image of H-type ozone electrolysis cell, reproduced from Ref. [59] (e) schematic diagram of MEA ozone electrolysis cell, reproduced
from Ref. [82].

Table 3
Advantages and disadvantages of different ozone electrolysis cells.

Ozone Electrolysis
Cells

Advantages Disadvantages

Single-chamber Simple structure
Small volume
Low cost

Low product purity
Gas separation difficulty
Safety hazard

H-type Effective product
separation
Fewer by-products

Limited production
efficiency
Industrial impracticality

MEA Compact and modular
design
High current efficiency

High cost
System complexity
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Additionally, the simple construction of the single-chamber electrolysis
cells tends to neglect critical hydrodynamic considerations. Static de-
signs, as frequently discussed in academic literature, fail to account for
the accumulation of gas bubbles on the electrode surface—a phenome-
non that impedes mass transfer, decelerates the reaction kinetics, and
reduces electrode efficiency. These inherent limitations render the suit-
ability of the cell for practical applications, given the constraints they
impose on operational efficiency and product purity.

The H-type ozone electrolysis cell, a prevalent apparatus in laboratory
settings for ozone generation [57,59], as shown in Fig. 1d, consists of a
cathode chamber, an anode chamber, and a diaphragm with electrolyte
circulating through these components. In contrast to the single-chamber
ozone electrolysis cells, the H-type ozone electrolysis cell exhibits higher
EOP efficiency and a more consistent ozone generation capacity. The
diaphragm plays a crucial role in reducing side reactions, preventing the
diffusion and mixing of reactants and products, thereby improving the
purity of the ozone produced. However, the H-type ozone electrolysis cell
encounters certain limitations; the introduction of a diaphragm increases
the solution resistance, which in turn leads to increased energy con-
sumption and poses constraints on its scalability. Additionally, the H-type
ozone electrolysis cells face challenges when it comes to sustained in-
dustrial application. Due to design limitations, issues such as the uneven
gas distribution and a reduced reaction efficiency are likely to emerge
when multiple units are connected in series or parallel, which in turn
impacts their scalability and economic viability.
4

Fig. 1e illustrates a schematic diagram of a MEA ozone electrolysis
cell. The key components mainly include bipolar plates, electrodes, cat-
alytic layers and a proton exchange membrane (PEM), each playing a
pivotal role in the cell's functionality. The MEA ozone electrolysis cell, in
comparison to traditional electrochemical ozone generation devices, is
featured by its compact design [44] and superior current efficiency.
Owing to these distinct advantages, the MEA ozone electrolysis cell has
rapidly emerged as a highly promising reaction device in the field of EOP
[60,61]. The research by Wang et al. [62] summarizes the application
spectrum of ozone electrolysis cells, revealing that the overall current
efficiency of MEA ozone electrolysis cells hovers approximately 20 %, a
figure that is about double the efficiency of H-type electrolysis cells.
Nevertheless, the MEA ozone electrolysis cell encounters unresolved is-
sues during practical operations. For instance, the presence of competi-
tion from the oxygen evolution reaction (OER) results in a decrease in
ozone concentration and an inability to attain the current efficiency
projected by theoretical calculations. Resolving these challenges neces-
sitates the discovery of suitable anode materials that can ensure height-
ened ozone selectivity, elevated current efficiency, and long-term
operational stability. The existence of these problems hinders the wide-
spread commercial adoption of MEA ozone electrolysis cells. Table 4
summarizes the actual performance of various ozone electrolysis cells in
recent years.

3. Anode materials for EOP

The critical aspect of EOP lies in selecting anode materials [2,63],
which are essential for the efficiency and stability of the system. The
anodic oxidation reaction involves both EOP and OER. By examining
equations (1.6) and (1.7), it is evident that OER is a four-electron reaction
process, while EOP is a six-electron reaction process. In most cases, the
OER process is more favorable and has a clear advantage over the EOP
process [64,65]. Fig. 2 compares the reaction potentials of OER and EOP,
showing that the anodic reaction in EOP has a higher reaction potential
compared to OER. Therefore, a key requirement for EOP anode materials
is a relatively high overpotential, promoting the production of ozone over
oxygen [50,66,67]. Additionally, as the PEM is in a wet state during the
reaction, the system tends to be acidic. Most metals dissolve and
passivate at low pH levels [68]. Therefore, anode materials must possess



Table 4
Actual performance of different ozone electrolysis cells.

Ozone electrolysis cell Anode materials Electrolyte Current
density

Efficiency Gaseous O3 Dissolved O3 Energy
consumption

Stability test Ref.

Single-chamber Pt1/BND Saturated
K2SO4

50 mA/cm2 12.5 % 6.4 ppm 0.24 ppm / 100 h [105]

H-type Bi12PbO20-3 Saturated
K2SO4

50 mA/cm2 15.1 % 10.8 ppm 8.9 ppm / 100 h [77]

H-type PbO2/Ta2O5 Saturated
K2SO4

25 mA/cm2 16.4 % 1.7 ppm 2.7 ppm / / [59]

H-type 7.7-PtZn/Zn-N-C Saturated
K2SO4

27 mA/cm2 4.2 % 1.6 ppm 3.19 ppm / 20 h [88]

H-type PtNi@B13C2-2 Saturated
K2SO4

50 mA/cm2 14.8 % 6.0 ppm 3.8 ppm / 120 h [90]

H-type Pt-SAs/BNC-3 Saturated
K2SO4

50 mA/cm2 21.0 % 14.7 ppm / / 100 h [89]

H-type 2D ND-1100 Saturated
K2SO4

50 mA/cm2 10.0 % 3.6 ppm 7.2 ppm / 40 h [102]

MEA PbO2 Nanorod Nafion 117 500 mA/cm2 14.9 % 222.7 mg/h / 132.0 Wh/gO3 50 h [78]
MEA Star-like PbO2 Nafion 212 70 mA/cm2 7.5 % / 1.0 ppm 111.6 Wh/gO3 / [70]
MEA Commercial PbO2 Nafion 212 70 mA/cm2 4.9 % / 0.77 ppm 169.7 Wh/gO3 / [70]
MEA PbO2 Nafion 117 1.5 A /cm2 18.0 % / / / / [73]
MEA PbO2 Nafion 117 1.75 A/cm2 22.6 % / / / 720 h [75]
MEA PbO2 Microsphere Nafion 117 2.2 A/cm2 21.7 % 781.2 mg/h / / / [76]
MEA F-PbO2 Nafion 117 2.2 A/cm2 14.4 % / / / / [81]
MEA Cubic-

Pb3O4@SiO2

/ 100 mA/cm2 16.8 % 4.6 ppm 16.9 ppm / 100 h [82]

MEA Pt Nafion 117 1.59 A/cm2 23.0 % / / / 50 h [1]
MEA SnO2 Nafion 117 19.2 mA/cm2 17.0 % / 0.43 ppm 59.0 Wh/gO3 / [31]
MEA Ni-Sb-SnO2 Nafion 117 16.9 mA/cm2 15.2 % / 19.4 ppm 47.4 Wh/gO3 / [51]
MEA BDD Nafion N324 / 46.0 % / 4.6 ppm 143.1 Wh/gO3 / [46]
MEA CVD Nafion 424 / 36.6 % / 1.6 ppm / 20 h [101]
MEA HPHT Nafion 424 / 23.7 % / 1.2 ppm / 20 h [101]
MEA p-BDD Nafion 117 200 mA/cm2 / 4.8 ppm 600 Wh/gO3 40 h [103]

Fig. 2. Schematic diagram of the comparison of OER and EOP reac-
tion potentials.
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high chemical stability to withstand corrosion and degradation in acidic
environments, thereby enhancing lifespan. This ensures the long-term
maintenance of efficient and stable EOP performance, leading to effi-
cient, stable, and sustainable ozone production. Due to the requirement
for high oxygen evolution potential and exceptional chemical stability,
the selection range of anode materials suitable for EOP is relatively
narrow. Presently, research on anode materials with practical applica-
tions primarily centers on lead-based catalysts, platinum and its alloys,
doped tin dioxide (SnO2), and BDD electrodes.

3.1. Lead-based catalysts

Lead-based catalysts, one of the earliest anode materials used in EOP,
remain popular among many research groups. It offers advantages
including high oxygen evolution potential, good chemical stability, and
low cost [41,69]. These advantages distinguish it among numerous EOP
anode materials, positioning it as one of the most mature materials in the
5

EOP field. However, commercially available lead-based materials often
lack crystal type distinction, and key properties such as ozone selectivity,
oxygen evolution potential, and corrosion resistance require further
improvement. The physical and chemical properties of lead-based cata-
lysts heavily rely on their structure, morphology, and phase composition
[70–72]. Studies have demonstrated that lead-based catalysts of various
shapes and sizes exhibit diverse practical performances in the EOP pro-
cess [61,73,74]. Therefore, controlling the nanoscale catalytic structure
of lead-based catalysts is an effective approach to enhancing electro-
catalytic activity and ozone production efficiency. Researchers have
successfully synthesized various leaded nanostructures as anode mate-
rials for EOP, achieving satisfactory performance. Fig. 3 illustrates
different nanostructured lead-based materials utilized in recent EOP
applications.

Wang et al. [71] prepared EOP anode catalysts exhibiting a variety of
morphologies by precisely controlling the particle sizes of lead dioxide
(PbO2). Following an extensive 200-hour stability testing evaluation, the
PbO2 catalyst, characterized by its rougher surface morphology,
demonstrated enhanced EOP stability. The authors suggested that the
increased stability of oxygen radicals on the rougher surface of PbO2
could be attributed to a more robust interaction with the surface
morphology. However, this hypothesis remains speculative, as it is
founded solely on two preceding studies, and the current article lacks any
experimental characterization or computational analysis to substantiate
such a view. The precise underpinning mechanism of this phenomenon
has yet to be empirically validated. Chen et al. [75] successfully prepared
nanostructured lead dioxide catalysts in nanowire form by electrodepo-
sition using anodic aluminum oxide (AAO) membranes as templates. The
catalyst, possessing an average pore size matching that of the AAO
membrane, exhibited no notable performance degradation over 30 days
of continuous operation in a PEM ozone electrolysis cell, ensuring sus-
tained high EOP performance. Post the 30-day stability test, the authors
conducted a basic characterization of the catalyst's morphological
changes, neglecting to delve into the changes in the catalyst's current
efficiency and ozone production subsequent to the durability test.



Fig. 3. Summary of different nanostructured lead-based materials, reproduced from Refs. [60,70–72,74–78,82].
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Therefore, a comprehensive evaluation of the catalyst's performance
degradation over extended periods is imperative for ascertaining its
suitability and potential for large-scale industrial utilization. Yu et al.
[76] synthesized highly active and uniform spherical lead dioxide cata-
lysts using a one-pot method. This method provides control over the
crystal type and particle size of lead dioxide, maintaining a current ef-
ficiency of 21 % at high current densities, in contrast to lead dioxide
prepared using traditional electrochemical methods. Chemical synthesis
enables the preparation of homogeneous lead dioxide catalysts with
higher surface area and catalytic activity compared to traditional elec-
trochemical methods. Wang et al. [70] synthesized 3D star-shaped lead
dioxide with high EOP catalytic activity using a template-free hydro-
thermal method. This unique nanostructure exposes catalytic active sites,
leading to a significant reduction in EOP energy consumption. From the
point of view of EOP performance, the catalytic activity of 3D star cat-
alysts is very limited.

Due to the toxicity of lead, the design of the catalyst structure should
adeptly balance the imperative of achieving superior EOP activity with
the critical objective of minimizing lead content, thereby significantly
alleviating the potential for environmental contamination and adverse
health impacts. Shi et al. [77] addressed the high toxicity and poor
durability of commercial lead dioxide by developing pyramid-shaped
Bi12PbO20 with low lead content and reduced toxicity using a hydro-
thermal method that incorporates Pb into a Bi2O3 framework. The
introduction of the Bi2O3 framework also enhances the durability of the
catalyst. The authors attributed the performance enhancement to the
weak interaction between Pb and O in the pyramid-shaped Bi12PbO20,
which reduces the formation energy of oxygen vacancies, promotes lat-
tice oxygen desorption and coupling, and facilitates ozone formation.
Jiang et al. [78] prepared nanorod-shaped lead dioxide with different
performances by controlling the hydrothermal synthesis temperature,
revealing the influence of crystal facets and lattice oxygen on EOP
6

performance and providing theoretical support for enhancing EOP per-
formance. Due to its unique band structure, tantalum oxide has a higher
oxygen evolution overpotential. Yan et al. [59] utilized this property to
prepare three-dimensional β-PbO2/Ta2O5 nanorods by loading lead di-
oxide onto Ta2O5, where the synergistic effect between lead dioxide and
Ta2O5 promoted intermediate adsorption, reduced the reaction barrier,
and thus enhanced EOP performance. Through the control of lead diox-
ide nanostructures, lead dioxide anode systems suitable for EOP with
better performance, longer durability, and lower toxicity have been
developed. Shi et al. [74] fabricated tubular carriers embedded with
Pb₂O₃ particles using a wet chemical synthesis method. During EOP, the
structure undergoes a dissolution-based restructuring, which creates
additional active sites and optimizes the reaction microenvironment. The
authors substantiated this hypothesis with comparative assay illustra-
tions, which were meticulously conducted both before and after a
short-term EOP reaction. However, the EOP performance of the samples
post the 40-hour short-term durability test was not assessed, thus leaving
the true durability of the samples unconfirmed.

Researchers have explored various strategies beyond controlling the
nanostructure of lead dioxide to enhance catalyst performance. Element
doping, a common approach in traditional catalyst preparation [79,80],
has been investigated for its effectiveness in improving EOP activity
when doping F elements into lead dioxide electrodes [42]. Yu et al. [81]
demonstrated the preparation of lead dioxide electrodes doped with
various F contents through the addition of NaF solution during electro-
deposition, achieving a peak EOP current efficiency of 14.36 %. Through
a combination of experimental data and DFT calculations, the authors
attribute the performance enhancement to F doping, which suppresses
α-PbO2 formation and boosts oxygen adsorption capacity, as depicted in
Fig. 4a and b. Liu et al. [82] developed superhydrophobic cubic
Pb3O4@SiO2 by encapsulating homemade superhydrophilic cubic Pb3O4
particles with a layer of SiO2. The incorporation of SiO2 not only



Fig. 4. (a) XRD spectra of e-PbO2, e�0.5F-PbO2, and e�1.5F-PbO2 (b) integration results related to O2 adsorption capacity, reproduced from Ref. [81] (c) schematic
dispersion of bubbles on the surface of cubic-Pb3O4@SiO2 electrode and cubic- Pb3O4 electrode, reproduced from Ref. [82] (d) Pourbaix diagram of lead oxide phases
under different electric field and pH conditions (e) oxygen vacancy rates (VO%) on the surfaces of Pb3O4 and β-PbO2 during the EOP process, reproduced from
Ref. [83] (f) photograph of transparent EOP electrolysis cell (g) CFD simulation results of bubble trajectories in a parallel flow field, reproduced from Ref. [85] (h)
time-course gaseous ozone productivity under varied electrolytic modes as shown in the inset, reproduced from Ref. [86].
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enhances the diffusion and oxygen adsorption of active molecules on the
electrode, creating a conductive microenvironment for oxygen affinity as
shown in Fig. 4c, but also provides system protection, enabling stable
EOP operation for 400 hours.

Since the durability of lead-based catalysts under high current density
is suboptimal and the current understanding of its mechanism is limited,
further research in this aspect is essential. Liu et al. [83] investigated the
impact of phase shuttle on Pb3O4 during EOP using both in situ and ex situ
characterization techniques. Pb3O4 underwent phase shuttle through a
lattice oxygen oxidation mechanism, leading to in situ reconstruction into
β-PbO2, as shown in Fig. 4d. The appearance of adsorbed oxygen at
approximately 531.0 eV is closely associated with the presence of surface
oxygen vacancies (VO) [84]. In prolonged EOP experiments, the authors
tracked the orbital changes of Pb3O4 and β-PbO2 using O 1s X-ray
photoelectron spectroscopy to monitor the trend of VO variation in both
experimental processes, as illustrated in Fig. 4e. The VO content on the
surface of β-PbO2 increased by approximately 50 %. During the recon-
struction process, there was a slight increase in the VO content of Pb3O4.
The results indicate that the reconstructed β-PbO2 from Pb3O4 during
EOP has a more stable surface structure, showing higher EOP activity and
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stability compared to commercial β-PbO2. The ozone production rate
remained stable at 350 mgh�1 g�1 after 900 hours of operation. To better
understand the factors influencing EOP efficiency at high current density,
Liu et al. [85] introduced custom square catalysts into a visualization
electrolysis cell, as shown in Fig. 4f. They compared the efficiency of
reactants and gaseous products in traditional point-like flow fields and
parallel flow fields based on anode gas flow rate and Faradaic efficiency.
The study concluded that parallel flow fields promotemore efficient mass
transfer of reactants and gaseous products during EOP. Furthermore,
using computational fluid dynamics (CFD) simulation technology, it was
demonstrated that bubbles generated on the anode side in the parallel
flow field are rapidly transferred as small particles without causing
blockages in the channel, as depicted in Fig. 4g. This promotes gas
diffusion and facilitates an efficient mass transfer process.

Another method to enhance ozone production involves the suppres-
sion of the competing OER reaction. Using an alloying-dealloying tech-
nique, Zhang et al. [86] fabricated a bulk porous Pb (BPP) matrix. They
then processed to deposit β-PbO2 onto this matrix in an in situ approach,
culminating in the fabrication of β-PbO2@BPP electrodes. In Fig. 4h, the
utilization of this porous electrode enabled the rapid production of



X. Wang et al. Energy Reviews 4 (2025) 100129
gaseous ozone upon activation during the semi-immersion operation
phase. Upon reaching equilibrium, the rate of production surpassed that
of the fully submerged electrode-based EOP by a factor of more than
three. The substantial performance improvement is primarily attributed
to the capillary pressure, which enhances the oxygen dissolution in the
non-submerged electrode area, thereby significantly inhibiting the
desorption of adsorbed oxygen. Consequently, the OER process is effec-
tively suppressed, achieving a Faraday efficiency of approximately 21 %
in the production of ozone.

3.2. Platinum and its alloys

Similar to lead-based catalysts, platinum is one of the earliest inves-
tigated anode materials for EOP. Platinum exhibits exceptional stability,
maintaining prolonged electrochemical activity during ozone production
and preserving structural integrity and corrosion resistance in reactions
[87]. Additionally, platinum delivers superior EOP performance whether
employed as the primary catalyst materials or as a coating on various
substrates [66,88–90] owing to its high oxygen evolution potential.
However, platinum is costly and entails expenses in large-scale applica-
tions as a precious metal. Studies have shown that in traditional polymer
electrolyte membrane systems employing platinum electrodes, long-term
operation can lead to membrane degradation and pore formation due to
interactions with platinum particles, resulting in a significant reduction
in ozone generation efficiency [1]. To enhance current efficiency and
reduce costs, researchers are exploring alloy design for composite ma-
terials or nanostructure optimization to minimize platinum usage.

Yuan et al. [88] selected suitable non-precious metals to modulate Pt
Fig. 5. (a) Schematic illustration of the synthesis route for X-PtZn/Zn-N-C electroca
PtZn/XC-72 at a current density of 50 mA cm�2, reproduced from Ref. [88] (c) Fa
densities (d) stability of Pt-SAs/BNC-3 at a constant potential of 3V, reproduced fro
adsorption on PtNi(111), B13C2, and PtNi@ B13C2 (f) surface adsorption energy of o
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and developed PtZn nanoparticles embedded within atomically dispersed
Zn-N-C porous carbon matrices, exhibiting size-dependent effects. The
synthesis procedure is illustrated in Fig. 5a. Through synergistic effects,
atomically dispersed Zn-N-C significantly enhances the electrocatalytic
activity of PtZn nanoparticles. Optimization of size-control resulted in a
gaseous ozone production rate of 1647 ppb for the catalyst, as depicted in
Fig. 5b, notably improving the performance of EOP. However, the per-
formance of the catalyst fluctuated during the 20-hour stability test,
which suggests that its activity may diminish over extended periods of
operation, thereby necessitating further enhancements to its long-term
stability. Gu et al. [89] developed a Pt-SAs/BNC catalyst by embedding
atomic platinum into BNC nanotubes, establishing a local environment
rich in oxygen intermediates. The Pt-SAs/BNC-3 catalyst exhibited a
Faradaic efficiency exceeding 20 %, as shown in Fig. 5c, while main-
taining excellent stability during a 100-hour operating period (Fig. 5d),
presenting a novel approach for producing highly active, environmen-
tally friendly EOP catalysts. Alloying for component diversification is a
crucial strategy in optimizing Pt-based electrocatalysts. Li et al. [90]
designed and synthesized PtNi alloys encapsulated in B13C2. DFT calcu-
lations revealed that the distance between B atoms on B13C2 is similar to
the bond length of ozone, promoting pentagonal ring structure forma-
tion. The adsorption model is depicted in Fig. 5e. The synergistic inter-
action between PtNi and B13C2 promotes pentagonal ring structure
formation. Adsorption energy analysis showed that ozone molecules can
stably adsorb on the B13C2 (012) surface, and the addition of PtNi
effectively weakened the adsorption of ozone on B13C2, as illustrated in
Fig. 5f, promoting ozone desorption.
talysts (b) gaseous ozone production rates of 7.7-PtZn/Zn-N-C, Pt/Zn-N-C, and
radaic efficiency of Pt-SAs/BNC-3 and commercial β-PbO2 at different current
m Ref. [89] (e) structural optimization and charge density difference of ozone
zone on PtNi(111), B13C2, and PtNi@ B13C2, reproduced from Ref. [90].
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3.3. Doped SnO2

Doped SnO2 is a non-toxic semiconductor material with a high oxygen
evolution potential, offering distinct advantages over toxic lead-based
catalysts and costly platinum. Studies indicate that adsorbed *OH spe-
cies on the electrode surface could act as vital activation intermediates in
the EOP process, and doped SnO2 electrodes generate a large quantity of
adsorbed *OH, thereby significantly improving ozone generation effi-
ciency during electrolysis [59]. Recent research has focused on incor-
porating different elemental dopants into SnO2 to address the inherent
instability SnO2, resulting in enhanced ozone production efficiency at
elevated current densities. Cheng et al. [91] initially conducted elec-
trolysis experiments using Sb-doped SnO2 electrodes in HClO4 solution,
achieving an EOP current efficiency of 15 %. Subsequently, Wang et al.
[92] found that the performance of SnO2 is also influenced by trace
secondary doping, investigating the impact of adding Ni to Sb-doped
SnO2 on ozone production. They determined that at a Ni: Sb: Sn ratio
Fig. 6. (a) Steady-state polarization curves of SnO-n (n ¼ 1, 2, 3, 4) and β-PbO2 (b
reproduced from Ref. [94] (c) Raman spectra of Imp-Ni-Sb-SnO2, ED-Ni-Sb-SnO2, and
(e) adsorption of ozone on the surfaces of Sb-SnO2 and Ni-Sb-SnO2, reproduced from
EOP method, reproduced from Ref. [98] (g) schematic diagrams illustrating the pre
Ref. [99] (h) comparison of current efficiency between Cu1.45Ni-ATO and recently r
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of 1:8:500, the highest current efficiency reached 36.3 %. This suggests
that even a small amount of Ni doping can significantly influence the
activity for ozone synthesis on Sb-SnO2 electrodes. Christensen et al. [93]
further optimized the ratios of Sn:Sb:Ni and cell potential. Through
analyzing the change in minimum current efficiency based on Ni content,
they identified a Ni: Sb: Sn ratio of 3:8:500 that can achieve 50 % current
efficiency at room temperature with 2.7 V.

Besides doping element ratios, controlling the catalyst structure can
enhance performance. Wang et al. [94] synthesized SnO with different
exposed surfaces by adjusting the crystal face microenvironments. As
shown in Fig. 6a, among the tested electrocatalysts, SnO-1 exhibits the
highest overpotential of 2.77 V at a current density of 10 mA cm�2,
indicating superior ozone generation potential. Fig. 6b illustrates the
percentage of (110) and (002) crystalline surfaces for different samples,
revealing that SnO-1 possesses a higher percentage of (110) crystalline
surfaces, leading to the best EOP performance and Faraday efficiency of
22.0 %. This enhancement is attributed to the robust adsorption of
) calculated peak heights from XRD spectra for (110) and (002) crystal planes,
ED-Sb-SnO2 (d) adsorption of oxygen on the surfaces of Sb-SnO2 and Ni-Sb-SnO2

Ref. [95] (f) influence of Gd and Ni doping ratios on the faraday efficiency of the
paration methods of Ce-Ni-Sb-SnO2 and Ru-Ir-Ce-Ni-Sb-SnO2, reproduced from
eported EOP electrodes, reproduced from Ref. [100].
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intermediate species such as O* and O2* on the (110) surface, promoting
ozone formation. Ding et al. [95] enhanced EOP selectivity by adjusting
the surface Ni active sites and oxygen vacancy defect content of
Ni-Sb-SnO2 electrocatalysts. As shown in Fig. 6c, Raman spectra of
various samples indicate a gradual decrease in peak intensity and an
increase in half-peak width for the A1g and Eg modes of SnO2, indicating
an increase in lattice defects and oxygen vacancies, which leads to a
reduction in lattice space symmetry. Previous studies have demonstrated
that an increase in peroxide vacancies is favorable for ozone generation
[96]. The authors also investigated the influence of different electronic
states of Ni and Sn on oxygen/ozone adsorption behavior. Fig. 6d dem-
onstrates that effective oxygen chemical adsorption only occurred on
Ni-modified surfaces. In the Ni-Sb-SnO2 model, after ozone adsorption,
the corresponding projected density of states displayed strong hybrid
electronic states near the Fermi level as demonstrated in Fig. 6e. Electron
transfer from Ni sites to ozone molecules into the π* orbitals led to
conjugation, ultimately forming stable pentagonal ring adsorption con-
figurations. Essentially, the Ni sites on the Ni-Sb-SnO2 surface serve as
potential trapping sites for oxygen/ozone molecules.

Ni and Sb co-doped SnO2 has also been used to modify titanium-based
electrodes. AliBenvidi et al. [97] prepared different titanium-based
electrodes for the EOP process using spin-coating and thermal decom-
position methods and incorporated multi-walled carbon nanotubes in
mixed metal oxide composites. The study showed that maintaining the
molar ratio of Sn/Sb/Ni at 500:8:1 and increasing multi-walled carbon
nanotubes improved ozone generation efficiency. All modified titanium
electrodes modified with SnO2 materials generated ozone concentrations
exceeding 5 mg L�1. Despite the high current efficiency of Ni and Sb
co-doped SnO2 electrocatalysts, their catalytic activity and selectivity
remain inadequate for commercial use. To further enhance ozone gen-
eration efficiency, James L. Lansing et al. [98] identified active dopants
other than Ni. Adding Gd to Ni-Sb-SnO2 increased ozone selectivity
threefold compared to Ni doping alone, achieving a Faradaic efficiency of
64 % as shown in Fig. 6f. The inclusion of Gd not only inhibited oxygen
evolution but also enhanced the rate of ozone production. Xue et al. [99]
introduced the lanthanide metal Ce into Ni-Sb-SnO2 oxides to construct
Ce-Ni-Sb-SnO2 quaternary metal oxides, as shown in Fig. 6g.
Multi-component oxides can modulate the three-dimensional orbital
electronic structure by interacting with metal elements, optimizing the
adsorption free energy of oxygen intermediates to enhance EOP perfor-
mance, achieving a remarkable Faradaic efficiency of 43.9 %. Jin et al.
[100] further doped Cu atoms into Ni and Sb co-doped SnO2, surpassing a
current efficiency exceeding 70 % compared to recently published cat-
alysts in Fig. 6h. The inclusion of Cu atoms had a positive impact on both
EOP performance and durability. DFT calculations also indicated that the
improved electronic structure post Cu doping contributed to the
enhanced electrochemical performance. The weak bond between oxygen
and active sites allowed the effective desorption of O* and O2*, pro-
moting the formation of ozone and enhancing the selectivity of Cu, Ni,
and Sb co-doped SnO2 for EOP.

The selection of dopants for SnO2 is crucial. The high oxygen pre-
cipitation potential of SnO2, coupled with its abundant surface oxygen
vacancy structure, forms the foundation for achieving higher efficiency.
Despite these advantages, SnO2's EOP selectivity remains inadequate,
necessitating improvements in both electrical conductivity and chemical
stability. In the process of elemental doping, a priority is to incorporate
elements that enhance electrical conductivity, with Ni being the most
frequently utilized. In addition, the incorporation of elements that bolster
EOP selectivity is essential, typically involving the addition of transition
metal ions to stimulate active intermediates and oxygen vacancies, with
Sb being the most prevalent. Looking ahead to the subsequent develop-
ment, the optimization of SnO2-based doped catalysts can be pursued
through a multifaceted approach. Firstly, in addition to Ni and Sb, the
exploration of doping with additional transition metals or rare earth el-
ements, such as Fe, Co and Ce, could be instrumental in modulating the
electronic structure of SnO2, thereby promoting the generation of active
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sites on the catalyst surface and improving both EOP selectivity and
catalytic activity. Moreover, considering the adsorption and activation
processes of reactants during the electrochemical reactions, future in-
vestigations might explore strategies for enhancing the catalyst's affinity
and selectivity towards ozone generation, achieved through the optimi-
zation of surface structures and the manipulation of crystal defects.

3.4. BDD

Due to its stable sp3 structure, high electrochemical stability, and
wide potential window, BDD electrodes are excellent and ideal anode
materials for EOP [46]. Boron, a third main group element with three
electrons in its outer shell, possesses a deficit electron structure. Boron
doping provides extra charge carriers to diamond electrodes, thereby
enhancing the conductivity of semiconductor diamond [41]. Due to the
high cost of standalone diamond film, BDD electrodes are typically
deposited on suitable substrates using chemical vapor deposition (CVD)
on materials Si, Ti, Ta, Mo, and glassy carbon [41]. Wood et al. [101]
explored the electrode fabrication using diamond particles synthesized
through the high-pressure high-temperature (HPHT) method, compacted
under high pressure and temperature as shown in Fig. 7a. Since HPHT
growth often results in diamond containing 100 ppm of singly substituted
nitrogen, AlB2 was utilized as a boron source to mitigate boron-nitrogen
charge compensation. Experimental results revealed a roughly 30 %
decrease in ozone production rate with HPHT BDD electrodes compared
to those grown via CVD as demonstrated in Fig. 7b, while showcasing
feasibility and potential in the EOP process. Despite the inherent in-
tricacies associated with the HTHP process and the comparatively
diminished efficiency of the EOP, it remains evident that these charac-
teristics significantly contrast with those of BDD prepared via conven-
tional CVD methods, thereby necessitating further advancements in the
technology to bridge these disparities.

To improve the ozone generation efficiency of BDD electrodes, Ari-
hara et al. [46] optimized the design of standalone perforated BDD
electrodes by adjusting pore number, pore size, and electrode thickness.
They discovered that increasing the number of pores per unit area was
the most effective method to improve current efficiency. The best
perforation setup included a thickness of 0.5–0.6 mm and a maximum
pore diameter of 1 mm per unit area. Following electrode optimization, a
current efficiency of 47 % was achieved with a thickness of 0.54 mm and
312 perforations. Generally, enhancing the adsorption capacity for oxy-
gen and electrochemically active surface area of BDD electrodes is crucial
for achieving high ozone generation performance due to the typically
weak adsorption of oxygen-containing substances and limited chemical
sites on the BDD surface. The surface properties of diamond anodes in the
EOP process remain incompletely understood. Yang et al. [102] con-
ducted an in-depth study on hybrid 2D diamond nanosheets with vari-
able sp3/sp2 ratios. As shown in Fig. 7c, the sp3/sp2 carbon content in
hybrid 2D ND was determined using X-ray photoelectron spectroscopy,
and the adsorption energy of oxygen/ozone on the 2D ND surface at
different sp3/sp2 ratios was calculated through DFT calculations. Ratios
of 5:4, 6:3, and 7:2 corresponded to the reaction regions where selective
ozone generation occurred, as shown in Fig. 7d. At the cell voltage of 3.5
V vs. RHE, 2D ND-1100 exhibited the highest concentration of dissolved
ozone, surpassing hybrid 2D ND electrocatalysts, as illustrated in Fig. 7e.

As shown in Fig. 7f, Liu et al. [103] employed oxygen plasma etching
technology to fabricate porous BDD (p-BDD) electrodes, introducing
oxygen functional groups on the BDD surface to enhance its hydrophi-
licity and increase the electrode's specific surface area. Compared to bare
BDD, the ozone generation capacity of p-BDD increased by 1.39 times,
with a unit consumption of only 39.65 %. Furthermore, p-BDD exhibited
excellent stability during long-term water electrolysis, showing a mere
4.2 % decrease in current density over 40 h, as shown in Fig. 7g. Nishiki
et al. [104] used tap water, a more accessible and cost-effective alter-
native to pure water, to evaluate the universality of BDD electrodes.
Although the current efficiency decreased by 1/2~1/3 compared to



Fig. 7. (a) Schematic representation of the fabrication steps for HPHT BDD electrodes (b) relationship between current efficiency and applied current (n ¼ 3),
reproduced from Ref. [101] (c) relative content of sp3-C and sp2-C in 2D ND-X (d) adsorption energy of oxygen and ozone on the surface of 2D ND under different
sp3/sp2 ratios (e) dissolved ozone concentration of 2D ND-X, 2D ND, Bulk ND, and ND@G-1100 at different voltages, reproduced from Ref. [102] (f) experimental
setup, quantification method of dissolved ozone concentration in water, preparation process of microporous BDD, and SEM image of microporous BDD (g) long-term
stability test of ozone generation on p-BDD, reproduced from Ref. [103].
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using pure water, the electrode exhibited good stability. Ozone produc-
tion remained unaffected when the chloride ion concentration was below
50 mg L�1, and the ozone-dissolved water produced by the device passed
the sterilization test. Lu et al. [105] introduced an innovative approach
using atomically dispersed Pt with boron and nitrogen co-doped two--
dimensional BDD films to achieve efficient electrochemical production of
ozone and hydrogen peroxide. This synergistic design enhances the ac-
tivity and stability of the catalyst, showing a robust potential for practical
applications. However, the synthesis of single-atom Pt remains a complex
and costly process, necessitating further research to improve the cata-
lyst's structural stability and industrial viability.

At present, the mainly EOP catalyst that has been commercialized on
a small scale is BDD, with BDD electrodes prepared via CVD being inte-
grated into a select few small-scale water purification systems [106,107].
These compact water treatment systems demonstrate remarkable efficacy
by utilizing BDD electrodes to generate ozone, a substance that is adept at
effectively removing organic pollutants and microorganisms from water.
The on-demand production of ozone in these systems eliminates the need
for large-scale industrial setups, allowing for strategic application in
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specific steps of the water treatment process. However, to broaden the
scope of its applications, additional optimization regarding the robust-
ness and treatment efficacy of these systems is imperative.

4. Conclusion and perspective

Ozone, renowned for its eco-friendliness and efficiency, faces storage
challenges and is prone to decomposition at room temperature, rendering
on-site generation a more viable option. In this context, the paper pre-
sents a comprehensive review of EOP. The paper concisely explains the
EOP mechanism and evaluates various types of ozone electrolysis cells,
particularly highlighting the developmental benefits of MEA ozone
electrolysis cells for ozone production. From the perspective of device
optimization, it is expected that the enhancement of the structural
integrity of MEAs is anticipated to enhance the efficiency and output of
the EOP process, a result achieved by not only expanding the electrode
surface area but also by refining the dynamics of mass transfer. Mean-
while, the pursuit of a more efficient integration of the system can
improve operational efficiency, thereby reducing both maintenance and
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operating expenditures. Finally, the study comprehensively investigates
how the choice of anode materials influences electrocatalytic activity and
ozone production efficiency, thereby enhancing EOP performance.

Given the growing demand for sustainable and cost-effective ozone
production, the optimization of anode materials plays a critical role in
improving the overall efficiency and feasibility of EOP systems. Lead-
based catalysts, despite their rapid development and relatively mature
technology, cannot escape scrutiny due to their inherent toxicity and
instability. Future research endeavors will focus on reducing lead content
and enhancing stability. Platinum, recognized as an exemplary catalyst in
EOP, is in high demand, but its cost implications hinder its widespread
commercialization. Innovative strategies to reduce platinum usage or
find suitable substitutes are essential to improve both the economic and
environmental sustainability of EOP systems. Anodes, such as those
composed of doped SnO2, have demonstrated current efficiencies
exceeding 50 % under mild experimental conditions. However, their
short lifespans act as a barrier to further advancement, making the
enhancement of such anodes’ durability a crucial research priority. BDD,
the EOP catalyst that has been commercialized on a small scale, boasts
commendable electrolysis efficiency and stability to match the needs of
small-scale water purification facilities. However, managing costs is a
pivotal concern for the development of BDD to facilitate its expansion
into large-scale production. This review systematically elucidates the
applications of anode materials, including lead-based catalysts, platinum
and its alloys, doped SnO2, and BDD, along with improvement strategies
in EOP, with the aspiration to act as a compass for future advancement of
anode materials. In summary, the future trajectory of EOP largely de-
pends on overcoming the existing material and cost-related barriers,
thereby unlocking its potential for broader industrial and environmental
applications.

The development of anode materials for EOP is significantly hindered
by the competing OER. The comparatively lower reaction potential of the
OER substantially constrains ozone production, thereby posing a critical
barrier to the commercialization of EOP technologies. Moreover, the
elusive goal of achieving a complete breakthrough in the selectivity of
ozone production continues to impact the overall efficiency and viability
of the system. In particular, understanding the intricate interplay be-
tween anode materials and reaction conditions could hold the key to
improving selectivity. Despite the superior performance of precious
metal-doped oxides in EOP, their high cost remains a limiting factor for
manufacturing and widespread implementation. The introduction of
numerous novel materials has broadened the range of EOP anode ma-
terials beyond the conventional categories in the literature. For instance,
the transition metal oxide niobium pentoxide (Nb₂O₅), renowned for its
elevated electrochemical activity, exhibits promising potential in EOP
applications [108]. This particular material offers a cost-effective and
eco-friendly option, thereby expanding the array of experimental ap-
proaches accessible to researchers. Furthermore, leveraging theoretical
calculations to explore the reaction mechanisms of EOP materials is a
feasible strategy for guiding the development of new, more efficient
materials. The employment of advanced modeling techniques could
accelerate the identification of innovative materials with superior per-
formance characteristics, consequently diminishing the reliance on
trial-and-error methodologies in experimental research. Building on
these research advancements, the large-scale commercialization of EOP
technology is anticipated to exceed expectations. This technology is
poised to not only enhance ozone production but also play a pivotal role
in addressing global environmental and energy challenges. Conse-
quently, ongoing exploration and innovation in EOP anode materials
offer a promising and impactful direction for future research endeavors.
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