Open Access Article. Published on 22 November 2024. Downloaded on 4/8/2026 3:57:23 AM.

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

(cc)

EES Catalysis

REVIEW ARTICLE

’ '.) Check for updates ‘

Cite this: EES Catal., 2025,
3,170

Received 23rd September 2024,
Accepted 21st October 2024

DOI: 10.1039/d4ey00204k

rsc.li/eescatalysis

Broader context

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

Electrochemical ozone production: from
fundamental mechanisms to
advanced applications

Jia Liu,f Xiaoge Peng,f Xiaosa Wang, Xing Zhong (2 * and Jianguo Wang (= *
Electrochemical ozone production (EOP) as an advanced ozone generation technology with good
safety, simple equipment and high ozone concentration has sparked considerable interest among
researchers. However, the unfavorable thermodynamics and sluggish kinetics have restricted EOP from
widespread application. Developing low-cost and robust catalysts is crucial to solving the efficiency
problem during the EOP process. Besides the catalyst aspect, the development of an advanced
electrolyzer can further promote the large-scale utilization of the EOP process. However, there have
been few systematic reviews that comprehensively elucidated the progress made in advancing the EOP
process to date. In this review, we firstly summarize the recent progress in understanding the EOP
mechanism. The latest advances and effective strategies for designing efficient catalysts are then
introduced. Moreover, the standards to evaluate the activity and stability for different EOP catalysts are
provided. The influence of EOP electrolyzer design and operating conditions on the overall operation, as
well as the progress and prospects in large-scale EOP applications are also demonstrated. This review
aims to comprehensively explore the EOP process, providing both theoretical and experimental insights,
and this will help to facilitate the advancement of efficient EOP large-scale application.

Ozone is an environmentally friendly oxidizing agent with broad applications in water treatment, food processing, and healthcare, playing a crucial role in

enhancing public health and safety. However, due to its rapid decomposition and unsuitability for long-term storage, ozone must be generated on-demand.

Traditional ozone generation methods, primarily based on corona discharge technology, are associated with safety risks, operational complexity, and low ozone

output. In light of the global COVID-19 pandemic, electrochemical ozone production (EOP) has gained significant attention as an advanced and safer

alternative, offering simpler equipment and higher ozone concentrations. Although there have been published review works on the topic of EOP previously, a

systematic review bridging the in-depth understanding of the EOP mechanism with its applications is still lacking. This review aims to fill this gap by exploring
recent advancements in understanding the EOP mechanism, with particular attention to the ‘five-membered cycle’ mechanism proposed by our group.

Furthermore, recent developments in EOP catalyst design and effective methodologies for evaluating and comparing the performance of electrocatalysts have

been summarized. In addition, this review discusses the influence of electrolyzer design as well as the operating conditions on EOP efficiency. Finally, the

remaining challenges and future prospects for large-scale applications have been highlighted. The aim of this review is to provide a comprehensive
understanding of EOP from both theoretical and experimental perspectives, with the goal of facilitating the broader practical application of EOP technology.

1. Introduction

accelerating in response to geopolitical developments, favour-
able economic conditions and the need to meet the “twin

In the ongoing global energy transition driven by climate
change, electrification has emerged as a key trend shaping
the future of sustainable energy systems. This trend is steadily
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carbon targets”.! In addition to climate targets, the COVID-19
pandemic sweeping the globe has opened up new opportunities
for electrification.>™ One of the immediate impacts is the
increased emphasis on disinfection and sanitization chemicals.
The surge in demand for these products has fueled the devel-
opment of advanced disinfection technologies. Among the
many disinfection and sanitizing chemicals, ozone has demon-
strated exceptional efficacy, safety, and cost-effectiveness as a
disinfection and sanitization agent.”” Its applications span a
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broad spectrum, including water purification, industrial
exhaust treatment, public health management, food proces-
sing, aquaculture disinfection, and the production of value-
added compounds as shown in Fig. 1a.5'° However, ozone is
an unstable gas with a short half-life at room temperature and
pressure, cannot be stored, and decomposes easily and natu-
rally into oxygen, so it must be produced on-site as needed."*™*
Ozone generators are the most important components of ozone
application systems. The ozone generator market size is
expected to reach USD 2.04 billion by 2029, growing at a
forecast CAGR of 8.55% during 2023-2029. Consequently, the
utilization of O; is poised to witness a pervasive expansion,
paralleled by a surge in demand, driven by persistent appre-
hensions regarding energy sustainability, environmental con-
servation, and public health and safety considerations.
Depending on the principle of operation, ozone generators
mainly include UV irradiation (Fig. 1b), corona discharge
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(Fig. 1c) and electrolytic ozone generators (Fig. 1d)."*™"” UV
ozone generators are simple and easy to operate, but UV
produces ozone at concentrations usually below 1 per cent by
volume, and their application is still limited due to the fact that
the low concentration of ozone gas has a low solubility in water,
which is insufficient for most water treatment applications."®
Most industrial ozone generators produce ozone using corona
discharge, a process that can produce ozone concentrations of
up to 20 percent by volume and high ozone yields. However,
this technology requires operation under high voltage, which is
hazardous and requires a very clean, dry air/oxygen feed gas to
operate reliably, with a high initial investment cost, and gen-
erates excess heat during operation that must be removed for
the system to operate efficiently. This makes the plant complex
and the use of air as a feedstock resulting in the formation of
by-products such as nitrogen oxides.'®*° The use of electrolytic
ozone generators can produce ozone directly in water, without
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Fig. 1 Overview of ozone applications and preparation methods. (a) Applications of ozone across various sectors. (b) Ozone generation via UV
irradiation. (c) Ozone production through ionization discharge processes. (d) Electrochemical oxidation of water for ozone production.

the need for ultraviolet irradiation and the corona discharge
ozone preparation process of ozone gas dissolved into the water
required to contact the equipment, so the overall device design
is compact, with technical and cost advantages. Compared with
the corona discharge method, low voltage electrolysis is a
simple process, the reaction voltage required is lower, and
the electrolysis process does not produce secondary pollution,
so this technology has been widely studied.”"** The ozone
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generation reactions and standard electrode potentials for the
direct electrolysis of water are as follows:
Anode:

2H,0 — O, +4H" +4e~ E°=1.229Vws. SHE (1)

3H,0 —» O; + 6H' + 6e~ E°=1.511Vvs. SHE (2)

0, +H,0 —» O3+ 2H" +2e~ E°=2.075Vvs. SHE (3)

Cathode:

2H"+2e~ — H, E°=0Vvs. SHE (4)

At voltages above 1.511 V vs. SHE, ozone gas is formed via
the six-electron reaction shown in eqn (2), accompanied by
oxygen evolution.”>** When the voltage is increased above
2.075 V vs. SHE, the O, gas is also oxidized to O; as shown in
eqn (3). Given that the oxygen evolution reaction (OER) occurs
at a lower potential than ozone evolution, the productivity and
energy consumption associated with the OER are significantly
higher compared to those of ozone generation. As a result, the
improvement of ozone selectivity is the focus of EOP research,
and the development of high activity anode catalysts has
become a key factor in solving this problem.

A thorough understanding of the reaction mechanism of
catalysts is the key to designing active and stable EOP catalysts
for long-term use. Therefore, in this review, we first focus on
the reaction mechanism of EOP catalysts and summarize the
structural design advantages of catalyst materials with excellent
EOP activity and stability, which we believe will draw more
attention to this research direction and also provide more

© 2025 The Author(s). Published by the Royal Society of Chemistry
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insights into the future design of EOP technologies. In addition,
the key to successfully identifying optimal EOP catalysts lies in
establishing an effective metric to quantitatively assess the
activity and stability of a given catalyst. Therefore, this review
focuses on identifying key performance evaluation parameters
for rational standardized testing of EOP catalysts to guide the
screening of high performing EOP catalysts. Furthermore, this
review systematically summarizes recent developments in EOP
catalysts with good activity and how different factors or compo-
nents in the electrolyzers affect performance in practical EOP
applications. Moreover, the latest developments in EOP applica-
tions are also discussed in detail in this review. We believe that
this review will provide different perspectives and sound gui-
dance for the development of EOP catalysts for practical applica-
tions and the improvement of EOP electrolyzers in the future.

2. Mechanism of electrochemical
ozone production (EOP)

The sluggish kinetics of EOP, coupled with the limited avail-
ability of precious metal electrode materials, and the rapid
decrease in catalytic activity under highly oxidative conditions
are all crucial challenges that must be addressed to realize a
highly efficient and stable EOP process.>*>® Hence, a profound
comprehension of the EOP reaction mechanism and the under-
lying reasons for catalyst deactivation is crucial for the advance-
ment of EOP catalysts with superior performance and cost
efficiency, while also enhancing their long-term stability in
real-world operational settings.

The anodic reaction of electrolytic water primarily involves
two processes: the 4-electron OER and the 6-electron EOP.>”
Among these, the adsorbate evolution mechanism (AEM) and
the lattice oxygen mechanism (LOM) stand out as the two most
plausible mechanisms for the 4-electron OER process under
acidic conditions, attracting extensive research attention.?$7°
The mechanism path of the catalytic reaction, whether it
follows a single-site or dual-site approach, is intricately linked
to the electronic structure of the catalyst material itself. Highly
crystalline oxides, characterized by minimal defects, tend to
favor the AEM process. This mechanism can proceed via two
distinct pathways: the acid-base pathway, which involves a
single active metal site and an OOH* intermediate, or the O-
O direct coupling pathway, which engages two adjacent metal
sites with an O* intermediate.**"** In amorphous metal oxides,
characterized by abundant oxygen vacancies and, in some
cases, strong metal-oxygen covalent bonds as seen in chalco-
genides, the lattice oxygen mechanism tends to dominate. This
mechanism involves a hydrophilic nucleophilic attack on a
single reactive oxygen site or the direct coupling of two neigh-
boring reactive lattice oxygen atoms. These reactions create
oxygen vacancies that can be replenished by water molecules or
numerous oxygen atoms. Simultaneously, the resulting unsa-
turated metal sites are more susceptible to dissolution.**??
While the LOM has the potential to overcome the limitations
of the conventional AEM and provide a more comprehensive

© 2025 The Author(s). Published by the Royal Society of Chemistry
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explanation of the underlying factors contributing to the high
activity of solid-phase catalysts, it also tends to introduce
stability issues for the catalyst.***” Hence, comprehending
the various EOP reaction mechanisms is pivotal for elucidating
the fundamental factors underlying the superior performance
of catalysts. This understanding serves as a crucial framework
for designing viable EOP catalysts.

2.1. The adsorbate evolution mechanism (AEM)

In recent years, the EOP reaction mechanism has also been
deeply investigated. The AEM mechanism in the OER process
involves the adsorption and desorption of reactants, i.e., the
OH* — O* — OOH* — 0,* — O, process.***°® AEM in the EOP
process also involves the additional combination of O,* and O*
to form O;* and subsequent desorption to generate O;. This
process requires a higher potential difference to facilitate the
reaction.

Gibson and his team endeavored to delve deeper into the
EOP process from a theoretical computational perspective, as
depicted in Fig. 2a.*' They employed density-functional theory
(DFT) calculations to model a potential ozone formation path-
way on the B-PbO, (110) surface, subsequently verifying a
favorable reaction mechanism. The modeled mechanism com-
prised four steps (Fig. 2a(i)): initially, H,O would decompose
into O,* intermediates, followed by their interaction with sur-
face O* to generate O; (eqn (5)—(8)):

H,0 - OH* + H' + e~ (5)
OH* - O*+H" +e” (6)

20* - O0* > O, (7)
0,* + 0* - 03* — O, (8)

The first two steps occurred nearly simultaneously upon the
application of a fixed potential to the anode surface in an acidic
medium. The focus of this study is on reactions (3) and (4). Step
3 involved the generation of O, (Fig. 2a(ii)), while step 4
entailed the formation of O; from O,* produced in step 3,
through further combination with surface O* (Fig. 2a(iii)).
Theoretical calculations reveal a viable EOP pathway utilizing
the B-PbO, (110) surface as a model catalyst. This pathway
involves the adsorption of H,O onto the catalyst surface, fol-
lowed by its oxidation to form surface-bound OH*. This inter-
mediate is then converted into O*, which subsequently reacts
with surface-bridged O* to generate O,*. The O,* species further
interacts with surface O* to ultimately produce O;. However, the
final step of the mechanism, which involves the O;H* inter-
mediate, has been identified as thermodynamically and kineti-
cally less favorable across various reaction pathways. Therefore,
it proceeded via Eley-Rideal interactions, wherein surface O,*
desorbed and underwent attack by surface-bridged oxygen to
form O;. This study offers a valuable case for comprehending the
EOP process through the theoretical computational path.

Feng et al. designed a Pt/Pd single atom embedded on a B/N
co-doped graphene (Pt/Pd-BNC) surface (Fig. 2b). They con-
ducted a systematic investigation into the impact of applied

EES Catal., 2025, 3,170-204 | 173


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ey00204k

Open Access Article. Published on 22 November 2024. Downloaded on 4/8/2026 3:57:23 AM.

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

(cc)

EES Catalysis

a

View Article Online

Review

(i)

Initial State

. ’
Clean B-PbO,(110)
+2H,0
L] (b)

OO dtances
199A

Total Energy feV

/

Transition State 3 ! &

3.663 eV

Oodstunces1.327A | 1(ii)
1\_Finai state i ! PG

(iii)
0, formation 2H
“2H*

\_/

Epcr=0.410V

00 distance=3.340A

Total Energy leV

Initial State

Reaction Coordinate

Transition State ' HE

OO disance=1.712A

. i Q Q
i 17 ) Q 9
H ! ] Q
o

Final State ! Ioas )

T i 33 I8 e
Adorption Energy (V) Adsorpiion Energy (eV)

Reaction Coordinate

Fig. 2 The AEM mechanism in the EOP process. (a) (i) Simulation of the mechanism of the first three EOP reaction steps on the B-PbO,(110) crystal
surface. (i) Schematic energy diagram of the third step: formation of surface O, from two adsorbed oxygen atoms. (iii) Schematic energy diagram of the
fourth step: conversion from O, and O to Os. (Reprinted with permission from ref. 41. Copyright Elsevier 2016.) (b) (i) Schematic representation of the
proposed reaction pathways for OER/EOP on M-BNC. (ii)—(v) Correlation between the adsorption energies of O, and O3 with different surface electron
distributions on Pt-BNC (i) and (iv) and Pd-BNC (iii) and (v) (Reprinted with permission from ref. 25. Copyright American Institute of Physics 2022.)

potential on the electrocatalytic generation of O,/O; selectivity in
an alkaline medium, employing grand canonical density func-
tional theory (GC-DFT) calculations.”® They utilized the reaction
free energies of two crucial fundamental steps: the direct
desorption of O,* and the subsequent reaction of O,* with OH™
to form O,* + OH*, as key descriptors for O,/O; selectivity
(Fig. 2b(i)). As presented in Fig. 2b(ii-v), this theoretical calcula-
tion method predicted the potential crossings for O,/O; selectivity
in Pt/Pd-BNC catalysts to be 1.33 and 0.89 V vs.SHE, respectively.
This study elucidated the potential influence on the selective
generation of O,/O; during the anodic reaction of electrolytic
water on the surface of a two-dimensional material. It provides
new insights into the reactivity and selectivity of electrode surfaces
under real-world reaction conditions.

2.2. The lattice oxygen mechanism (LOM)

With the advancement of in situ characterization techniques
and the development of theoretical calculation methods,
researchers have observed that certain solid-phase oxides with
weak metal-oxygen covalent bonding exhibit a tendency for the
lattice oxygens of the catalysts to undergo oxidation at EOP test
potentials, leading to subsequent O; generation.>**>** The pro-
cess follows the LOM route, a pathway that frequently transcends
the conventional limitations of the AEM path, thereby providing a
more comprehensive explanation for the high catalytic activity
observed in these solid-phase catalysts.** Therefore, in recent
years, researchers have also explored the LOM mechanism in
the EOP process in depth and used it as a guide to further develop
highly active catalysts.

Jiang and Wang et al. from our group investigated the
mechanism of the facet effect and the role of lattice oxygen
(Opate) in the EOP process using B-PbO,-120 NRs as the electro-
catalyst. This study utilized in situ 'O isotope labelling in
conjunction with differential electrochemical mass spectrometry

174 | EES Catal, 2025, 3,170-204

(DEMS) experiments and density functional theory (DFT)
calculations.”® As indicated in Fig. 3a(i), the DEMS test results
indicate that the EOP process followed the LOM pathway, i.e. the
generation of O; by coupling of three lattice oxygens of the
catalyst. The results of the DFT study showed that the f-PbO,
(101) surface was more active than the B-PbO, (110) surface in
terms of Oy, migration and O; formation (Fig. 3a(ii-v)). It was
found that Oy, on this surface exhibited extremely high migration
and desorption reactivity during the EOP process. The B-PbO,
(101) surface exhibits a negative oxygen vacancy formation energy,
which could be attributed to the weak covalent interaction
between the Pb-6s/6p orbitals and the O-2p orbitals. The for-
mation of surface oxygen vacancies further triggered H,O adsorp-
tion and splitting reactions, which refilled the oxygen vacancies
and ensured the relative stability of the crystal structure. These
research advances provide valuable insights into the LOM mecha-
nism of metal oxide based electrocatalysts. In addition, the origin
of the excellent EOP activity of Bi;,PbO,, was also investigated by
Shi et al. using in situ DEMS combined with DFT.*® As shown in
Fig. 3b, the EOP process also followed the LOM pathway, as
evidenced by in situ '®0 isotopic labelling combined with the
DEMS test results, ie. three lattice oxygen atoms in Bi;;PbO,,
were coupled together to form *®0; (Fig. 3b(i)). Herein, the
similarity of the electronic structures of both Pb and Bi provides
a favourable pathway for modulating the local electronic environ-
ment of Pb, altering the electronic structure and modulating the
metal-oxygen (M-O) binding energy of the oxygen intermediate.
Theoretical calculations further showed that the restricted [Pb-O,]
fragment was confined to the Bi-O bonding environment of
Bi;»,PbO,, and the low oxygen vacancy formation energy gener-
ated by the weak Pb-O interactions significantly enhanced the
square-shaped lead oxide catalyst (PbO,-CTAB-120) with excellent
EOP performance.”” *®0 isotope labeling combined with in situ

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The LOM mechanism in the EOP process. (a) (i) Differential electrochemical mass spectrometry measurements of 805, ®205 and >*O5 signals
from the reaction products of B-PbQ,-120 NRs (with °0) in a H,'0 aqueous electrolyte. (i) and (iv) Free energy diagrams at 298 K for lattice oxygen
migration and coupling to O,/O3 on the (101) and (110) surfaces of B-PbO,, calculated using density functional theory. (i) and (v) Proposed reaction
network for electrocatalytic O,/Os production originating from lattice oxygen on the (101) and (110) surfaces of B-PbO,. (Reprinted with permission from
ref. 45. Copyright Royal Society of Chemistry 2021.) (b) (i) Constituent content of “®0s, 5°05, %205 and *Oj5 through in situ DEMS measurements from
reaction products for Bi;oPbO,o. (ii) Formation energies of 10,, 20, and 30, in Bi;2PbO,(. (iii) EOP reaction network of Bi;,PbO,q by the LOM pathway.
(Reprinted with permission from ref. 46. Copyright Royal Society of Chemistry 2022.) (c) (i) Constituent content of “805, 5°05, %205 and >*Os through
in situ DEMS measurements from the reaction products for PbOx-CTAB-120. (ii) and (iii) DFT-calculated potential energy diagram for the EOP process on
Pbz0,4 (110) via the AEM (ii) and LOM (iii) under various applied potentials (electro-neutral, 1.23 V vs. SHE and 1.51 V vs.SHE). (Reprinted with permission
from ref. 47. Elsevier & ScienceDirect 2024.)

DEMS testing revealed that this electrocatalyst followed the LOM
pathway during the EOP process (Fig. 3c(i)). The comparison
of the two reaction pathways on the Pb;O, (110) surface by

material.

theoretical calculations leads to the qualitative conclusion that

the LOM reaction path is thermodynamically more favourable

ment of exposed lattice oxygen during the reaction leads to the
formation of oxygen vacancies, effectively stabilizing the OOH*

2.3.

© 2025 The Author(s). Published by the Royal Society of Chemistry

and O,* reaction intermediates, thereby promoting the mainte-
nance of superior EOP reaction activity and stability of the

The “five-membered cycle” mechanism

Through extensive investigation of the EOP mechanism, our
group has revealed a significant finding: the presence of a
stable ““five-membered cycle”” configuration, forged by O;* and
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Fig. 4 Schematic diagram of the “five-membered cycle” mechanism
during the EOP process presented by our group.

the active site, actively promotes the generation of O;, which
enables the catalyst to exhibit excellent EOP activity (Fig. 4).

Yuan et al. designed and synthesized PtZn alloy nano-
particles (PtZn/Zn-N-C) embedded in an atomically dispersed
porous carbon matrix (Zn-N-C) with precisely controlled size
distribution.*®* The strong coupling interactions between
the PtZn bimetallic nanoparticles and the Zn-N-C matrix
create favorable sites for hydrolysis dissociation and oxygen
desorption. Specifically, the high O, chemisorption and O-O
coupling capacity at the PtZn-Zn-N-C interface facilitate
the formation of O; intermediates, thereby stabilizing the
five-membered cyclic structure. This reflects the advantageous
metal-support interactions (MSIs) between the PtZn nano-
particles and the Zn-N-C support (Fig. 5a).

Zhang et al. developed a multifunctional site-deficient meso-
porous carbon material co-doped with pyrrolidone N and B
(D-BNC)."* As depicted in Fig. 5b, the high EOP activity
observed in D-BNC can be attributed to the synergistic effects
among pyrrolidone-N, B, adjacent C elements, and structural
defects. Pyrrolidone-N facilitates the decomposition of H,O and
OH into O intermediates, while B and nearby C atoms act as
active sites for the O* and O,* intermediates, respectively. This
results in the formation of a unique ’five-membered cycle’
structure involving O;, the central B atom, and neighboring C
atoms, which reduces the potential barriers for O; formation
and thus enhances the EOP process.

Gu et al. designed and synthesized a Pt-SAs/BNC catalyst,
where Pt single atoms are embedded in B/N co-doped carbon
nanotubes."® To further elucidate the EOP mechanism of this
catalyst, DFT calculations were employed to comprehensively
investigate the possible reaction intermediates involved in
the EOP process. The formation of gaseous O; was found to
involve eight fundamental steps, including six electron transfer
steps, one O,-O coupling step, and one O; desorption step.
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The synergistic interaction between Pt single atoms (Pt-SA) and B
sites significantly enhanced the kinetics of O; generation. As
illustrated in Fig. 5c, the B site on the Pt-SA/BNC surface is
responsible for trapping and stabilizing the O,* intermediate,
while the adjacent Pt-SA site acts as the active site for H,O
activation and O* formation. The exposed B site effectively slows
the migration rate of O,* on the surface, ensuring its further
coupling with O* to generate Os, thereby forming a specialized
five-membered cycle’ configuration. Additionally, Yu et al
demonstrated that mesoporous three-dimensional Pt/TiN nanor-
ods (Pt/TiN NRs) exhibit excellent EOP performance.*® Theoretical
calculations revealed that the metal-support interaction (MSI)
between Pt and TiN alters the electronic structure of Pt nano-
particles, playing a crucial role in the adsorption of active inter-
mediates during the EOP process. This interaction promotes
the formation of the ’five-membered cycle’ O;* configuration,
contributing to the superior EOP performance (Fig. 5d).

Furthermore, a boron carbide-encapsulated platinum-nickel
alloy material (PtNi@B,5C,), which exhibits excellent EOP per-
formance, has been prepared by Li et al.’® The synergistic effect
between the encapsulated PtNi alloy nanoparticles and the B;3C,
composites, as well as the enhanced electron penetration
through the tuning of the electronic structure by the B,;C, layer,
play an important role in promoting the electrocatalytic activity
in the EOP process. Theoretical calculations indicate that the
formation of the ‘“‘five-membered cycle” structure with adsorbed
0; is favored by the appropriate distance between B atoms on the
B,3C, (012) surface (Fig. 5e). Furthermore, the presence of PtNi
creates favourable electronic interactions between the B;C,
surface and the adsorbed Os;, which reduces the O 2p orbitals
near the Fermi level, and therefore weakens the adsorption of
O3, thus exhibiting excellent EOP performance.

Moreover, Yang et al. designed and prepared 2D nanodia-
monds (2D NDs) with different sp*/sp>-C ratios and tested their
EOP performance.”® The results showed that the 2D NDs with
sp’/sp® interfacial heterojunctions had excellent EOP perfor-
mance. Theoretical calculations further showed that a high
sp®/sp® ratio effectively prevents the dissociation of O,*/O;*
intermediates, in which case the “five-membered cycle” confor-
mation O;* has a lower adsorption energy than the O,* con-
formation, suggesting that the material is highly selective for O,
(Fig. 5f).

Ding et al. observed a remarkable difference in the surface
reactivity of Sb-doped SnO, and Ni-Sb co-doped SnO, towards the
reaction intermediate O,*.>? In detail, O,* showed limited adsorp-
tion on the surface of Sb-doped SnO,, and its adsorption was
significantly enhanced on Ni-Sb co-doped SnO,. This variation
could be attributed to the different surface electronic states of Ni
and Sn, which influenced the adsorption behavior of 0,/O;
intermediates. This phenomenon results from the formation of
Ni-O bonds and the consequent charge transfer between the
surface of Ni-Sb-SnO, and O,*. The electron transfer from the
Ni site to the * orbitals of the O; molecule led to the formation of
a conjugated structure, eventually culminating in the establish-
ment of a stable “five-membered cycle” adsorption configuration.
Similarly, Xue et al. constructed Ce-Ni-Sb-SnO, four-component

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The “five-membered cycle” mechanism in the EOP process. (a) Energy profiles for Oz formation on PtgZne/Zn—N-C and PtgZne/C; charge
density difference for Oz on PteZne/Zn—N-C, and the reaction mechanism of Oz formation on PtZn/Zn—-N-C. (Reprinted with permission from ref. 48.
Copyright Elsevier 2020.) (b) Energy profile for Oz formation, including the formation of an O intermediate upon OH deprotonation, O, molecule is

adsorbed from two adsorbed oxygen atoms, and the transformation of O,*

and O* into Os; optimized structures of O*, O,*, and Oz* adsorbed onto D-

BNC-1. (Reprinted with permission from ref. 14. Copyright Royal Society of Chemistry 2020.) (c) Proposed reaction network of the six-electron process
leading to gaseous O3 generation, and charge density differences in O,/Oz adsorption on the Pt-SAs/BNC-3 surface. (Reprinted with permission from ref.
15. Copyright ACS publications 2021.) (d) Structure and energy of Oz* adsorption in three systems. (Reprinted with permission from ref. 49. Copyright ACS
Publications 2024.) (e) Projected electronic density of states (PDOS) for Oz adsorbed on three different surfaces; optimized structures and charge density
differences for Oz adsorbed on PtNi@B13C,. (Reprinted with permission from ref. 50. Copyright ACS Publications 2023.) (f) PDOS and charge density
differences for clean and O,/O3 adsorption on the 2D ND surface when sp/sp? = 5: 3; DFT-calculated Oz adsorption on the 2D ND surface for sp®/sp? =
4:5 (Upper and lower figures showing side and top views, respectively). (Reprinted with permission from ref. 51. Copyright ACS Publications 2023.)

metal oxides to achieve excellent EOP performance by adding the
lanthanide metal Ce to Ni-Sb-SnO, oxides, which is attributed to
the fact that Ce doping modulates the electronic structure of this
catalytic material to exhibit favourable adsorption and desorption
of 0,* and O,* reaction intermediates.*®

The catalysts mentioned above, which are involved in the
“five-membered cycle mechanism”, include PtZn/Zn-N-C, D-
BNC, Pt-SAs/BNC, Pt/TiN NRs, PtNi@B13C2, 2D NDs, Ni-Sb co-
doped SnO,, and Ce-Ni-Sb-SnO,. Due to the metal-support
interactions (MSIs) or the synergistic effects of elemental co-
doping, as well as the presence of interfacial heterojunctions in
these catalysts, the adsorption behavior of oxygen intermedi-
ates during the EOP process is favorably influenced. These
factors provide active sites for O* and O,* intermediates,
forming a unique “five-membered cycle” configuration, which
contributes to enhanced EOP performance. Therefore, the

© 2025 The Author(s). Published by the Royal Society of Chemistry

design of catalysts incorporating the aforementioned structural
features holds significant potential for achieving superior EOP
performance.

3. Typical EOP catalysts

The catalyst is one of the key factors affecting the performance
of electrolytic aqueous ozone production, and the search for
efficient anode catalysts is key to improving the performance of
EOP. As shown in Fig. 6 and Table 1, the catalysts with good
EOP activity reported so far mainly include non-precious metal
oxide catalysts (B-PbO,, Pb;0,, PbBiO,, etc.),*>**>*®! precious
metal-containing catalysts'>**>%%> (pt, PtZn-C, etc.), boron-
doped diamonds (BDDs),”"**** and dimensionally stable
anodes (DSA electrodes).”>**%°"% Among these, catalysts
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Fig. 6 The classification and their characteristics of typical EOP catalysts.

containing precious metals (e.g. Pt) became some of the most
widely used EOP catalysts in the early stages thanks to their
high oxidation potential and excellent stability. However, the
rarity and high cost of precious metals limited their large-scale
application. DSA and BDD electrodes normally exhibit good
EOP performance in acidic media, but BDD performs poorly in
forming water flow channels, resulting in poor contact between
ozone and water in the equipment, especially in neutral media,
and its preparation process is more complex and costly to
achieve. DSA electrode materials are complicated to prepare
and usually have excellent activity in acidic media, but their
stability is difficult to maintain, while the EOP performance of
this material is limited in neutral media. B-PbO, is a widely
studied EOP catalyst, known for its high anodic oxidation
potential, good electrical conductivity, and low cost. However,
balancing its EOP activity and stability at industrially relevant
high current densities remains a significant challenge.

3.1. Precious metal containing catalysts

3.1.1. Pt-containing catalysts. Pt-based catalysts are generally
recognized as effective for EOP in neutral media.">>° Nevertheless,
their large-scale application is constrained by the natural scarcity
of Pt and its limited faradaic efficiency. Pt is prone to solvation at
high oxidation potentials, leading to oxide formation, which can
diminish its catalytic activity for EOP.**** Consequently, the
design and development of advanced Pt-based catalysts that
combine low cost, high EOP activity, and durability has become
a focal point of research.

It has been shown that the electronic structure of Pt can be
modulated by modification of the catalyst composition, thereby
improving its catalytic performance. As shown in Fig. 7a, the
mesoporous three-dimensional Pt/TiN nanorods (Pt/TiN NRs)
with excellent EOP performance were prepared by Yu et al*’
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Theoretical calculations showed that the metal carrier inter-
action (MSI) between Pt and TiN was able to change the electro-
nic structure of Pt nanoparticles, which played an important role
in adsorbing active intermediates for the EOP process, thus
contributing to achieving excellent EOP performance. Yuan
et al. designed and prepared PtZn alloy nanoparticles (PtZn/
Zn-N-C) embedded in an atomically dispersed porous carbon
matrix (Zn-N-C) with well-controlled size dependence as shown
in Fig. 7b.*® The strong coupling interactions between PtZn
bimetallic nanoparticles and the Zn-N-C support provide favor-
able sites for hydrolysis dissociation and oxygen desorption. This
synergy also leads to the reduction of the noble metal Pt and
optimization of its intrinsic electronic structure, thereby enhan-
cing EOP activity and durability while reducing material costs.

However, Pt-based alloys are still plagued by poor thermody-
namic stability and a tendency towards surface segregation.®® > As
a result, maintaining catalytic stability in electrolytes is a critical
issue for Pt-based alloys. To address this, encapsulating metal
nanoparticles within a carbon shell to form a core-shell structure
is an ideal strategy. The carbon shell not only protects the metal
nanoparticles from electrochemical oxidation and physical
agglomeration but also facilitates electron transfer, thereby enhan-
cing electrocatalytic performance.”*”> Nevertheless, conventional
carbon materials are susceptible to corrosion and oxidation, which
compromise their stability under the high-potential conditions
typical of EOP operation.

Boron doping in carbon materials has been identified as an
effective strategy for enhancing catalyst stability under EOP
operating conditions."**>*° Zhang et al. developed a multi-
functional site-deficient mesoporous carbon material co-doped
with pyrrolidone-N and B (D-BNC)."* It was found that the high
EOP activity of D-BNC is attributed to the synergistic inter-
actions among pyrrolidone-N, B, neighboring C elements, and
structural defects. Pyrrolidone-N facilitates the decomposition
of H,0 and OH into O intermediates, while B and adjacent C
atoms serve as active sites for the adsorption of O,,* and O*
intermediates. This interaction enables the formation of a
unique “‘five-membered cycle” structure involving O3, the cen-
tral B atom, and neighboring C elements, which reduces the
reaction potential barriers for O; formation, thereby promoting
the EOP process.

As shown in Fig. 8a, Gu et al. created a local environment
enriched with EOP reaction intermediates by combining Pt
single atoms and B/N co-doped carbon nanotubes (CNTs),
which ensured that the enriched exposure of the active sites
gave full play to the catalytic effect and at the same time served
to regulate the mass transport of the reaction process, achiev-
ing the enrichment of O,* and O* intermediates, thus effec-
tively facilitating the selective O, generation. Li et al. prepared
a boron carbide-encapsulated PtNi alloy catalyst (PtNi@B,3C,),
in which the nano calcification effect of the B;3C, shell prevents
surface segregation of PtNi nanoparticles and is able to effec-
tively protect the internal PtNi from destruction during the EOP
process (Fig. 8b). Finally, PtNi@B;3C, showed satisfactory
EOP activity and stability thanks to the stabilization of the PtNi
alloy B;;C, shell layer under harsh conditions and the unique

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Pt-containing catalysts for the EOP process. (a) (i) Schematic illustration of the formation of Pt/TiN nanorods. (ii) and (iii) SEM and TEM images of
Pt/TiN NRs-1 (with particle size distribution of Pt nanoparticles shown in the inset). (iv) and (v) HRTEM image and EDX elemental mapping of Pt, Ti, and N
for Pt/TIN NRs-1. (Reprinted with permission from ref. 49. Copyright ACS Publications 2024.) (b) (i) Schematic synthesis route of X-PtZn/Zn-N-C
electrocatalysts (where X denotes the size of PtZn nanoparticles). (i) and (i) SEM and HAADF-STEM images of 7.7-PtZn/Zn-N-C. (iv)-(vi) Elemental maps
and line scan analysis of PtZn nanoparticles (scale bar: 2 nm). (Reprinted with permission from ref. 48. Copyright Elsevier 2020.)

electronic environment formed by the interaction of the two
components.>°

In summary, the novel Pt-based catalysts for EOP research
have made great progress in recent years, but the focus has
been mainly on testing under current density conditions at the
laboratory level, and the actual application research at indus-
trial current density still requires further exploration.

3.1.2. Size effect. As shown in Fig. 9a, Yuan et al designed
and synthesized PtZn nanoparticles embedded in an atomically
dispersed Zn-N-C porous carbon matrix with precisely controlled
particle sizes, referred to as X-PtZn/Zn-N-C (where X denotes the
size of the nanoparticles).*® The size of PtZn nanoparticles (ranging
from 2.2 to 12.9 nm) was finely tuned by adjusting the initial Pt

180 | EES Catal, 2025, 3,170-204

nanoparticle size using an “encapsulation-coating pyrolysis” strat-
egy. This study systematically explored the relationship between
EOP performance in neutral media and the size of X-PtZn/Zn-N-C,
revealing that the electrocatalysts exhibit pronounced structure-
sensitive behavior with a volcano-like dependence of EOP activity
on the particle size (Fig. 9b). The EOP reaction mechanism of PtZn/
Zn-N-C was further investigated through theoretical calculations.
As illustrated in Fig. 9c and d, the initial step involves the
dissociation of H,O at a low-coordination site to generate an oxygen
source. This oxygen then diffuses onto the PtZn (200) plane, where
0O-O coupling occurs, leading to the formation of O,*, which is
subsequently released at the interface. The PtZn (311) edge site
plays a crucial role in providing an oxygen source for the reaction,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ACS Publications 2021.) (b) (i) Schematic representation of the PtNi@B;3C; st

ructure and the EOP process. (ii) and (iii) TEM images of PtNi@B;3C,-2. (iv) EDX

elemental maps of C, B, Pt, and Ni for PtNi@B13C,-2. (v) EDX elemental line scan across a single PtNi@B;3C,-2 nanoparticle. (vi) Enlarged HAADF-HRSTEM
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in the rectangular area of the HAADF-HRSTEM image. (Reprinted with permission from ref. 50. Copyright ACS Publications 2023.)

and the effective barrier for O, formation via O-O coupling on PtZn
(200) is lower compared to that on other surfaces. The size of the
nanoparticles controls the proportion of PtZn (311) edge sites and
PtZn (200) surfaces, impacting O-O coupling and oxygen evolution.
For smaller nanoparticles, O-O coupling limits O; generation,
while for larger nanoparticles, the formation of oxygen sources
becomes the limiting step. As the nanoparticle size increases, the
number of edge sites decreases significantly while PtZn (200)
occupancy rises. The interplay between oxygen source formation
and O-O coupling is critical in determining the optimal nanopar-
ticle size, thus reflecting the size-dependent behavior. Conse-
quently, this study offers new insights into the design of highly
active and cost-effective metal-supported electrocatalysts.

3.2. Boron-doped diamond (BDD)

Diamond electrodes have electrochemical and structural
stability,”®”® especially boron doped diamond (BDD) electro-
des with a sp®C structure. Meanwhile, BDD materials have

© 2025 The Author(s). Published by the Royal Society of Chemistry

high oxidation potentials of 2.1-2.8 V vs.RHE, which can
generate a large number of reactive hydroxyl radicals during
the EOP process, thus improving the efficiency of ozone
generation.””®" The key to an efficient EOP process is the
simultaneous achievement of high ozone output, low energy
consumption and long-term stable operation. In general, there
are two feasible ways to improve the ozone production perfor-
mance of BDD electrodes: first, the adsorption capacity of
untreated BDD surfaces for oxygen-containing species is
usually weak, and surface modification can be considered to
improve its adsorption capacity for oxygen-containing species,
thus improving the ozone production performance.®* In addi-
tion, due to the presence of stable covalent bonds formed by
covalent electrons, the untreated BDD surface has fewer elec-
trochemical active sites, so increasing the number of active
sites can be considered to improve the catalytic performance.
Therefore, excellent EOP performance of BDD electrodes can be
achieved by improving their adsorption capacity for oxygenated
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7.7-PtZn/Zn-N-C and commercial B-PbO, as a function of the applied potential. (i) Gaseous Oz productivity of X-PtZn/Zn—-N-C at a current density of

50 mA cm™2. (iv) Gaseous Os productivity of 7.7-PtZn/Zn-N-C, Pt/Zn-N-

C and PtZn/XC-72 at a current density of 50 mA cm™2. (Reprinted with

permission from ref. 48. Copyright Elsevier 2020.) (c) Elementary steps (top) of the O/O,/O3 formation process and the effective barrier for PtZn (200), PtZn
(002), PtZn (111), PtZn (311), and PtZn (202). (Reprinted with permission from ref. 48. Copyright Elsevier 2020.) (d) Correlation between the percentage of
surface sites and EOP activity for different sizes of the PtZn nanoparticles. (Reprinted with permission from ref. 48. Copyright Elsevier 2020.)

species and increasing the electrochemically active surface area
(ECSA) of the catalysts, such as by constructing porous struc-
tures and heat treatment.

The fabrication of porous structures on BDDs includes
bottom-up and top-down methods, based on the consideration
of improving the EOP performance of BDD electrodes by increas-
ing the ECSA. The bottom-up method is achieved by in situ
deposition of BDDs on the surface of porous materials,®
whereas the top-down method is realised by high-temperature
chemical etching or plasma etching techniques in the presence
of catalysts such as nickel and iron.** The plasma etching
technique makes it possible to obtain a variety of porous
structures and the internal structure of the material is not
destroyed.®*® This porous structure not only increases the
specific surface area of BDD electrodes, but also improves the
adsorption performance of BDD electrodes for oxygenated spe-
cies such as hydroxyl.®® Meanwhile, plasma etched materials
have higher electrical conductivity and EOP performance.®**'

As shown in Fig. 10a, Liu et al. reported the use of oxygen
plasma etched microporous BDD electrodes (called p-BDDs) to
improve the performance of electrochemical ozone generators.’>
The p-BDD fabrication process uses the hot filament chemical
vapor deposition (HFCVD) technique to grow BDDs on a silicon

182 | EES Catal., 2025, 3,170-204

substrate, which is subjected to O, plasma etching to form a
microporous structure. The results showed that p-BDD electro-
des exhibited better EOP performance than untreated BDD
electrodes, as the increase in the ECSA was beneficial in promot-
ing the EOP process to achieve charge transfer.

In recent years, as an alternative growth technique to
chemical vapor deposition, high-pressure, high-temperature
(HPHT) synthesis has been gradually applied to the fabrication
of conductive BDD electrodes. As shown in Fig. 10b, Georgia
and colleagues found that perforated electrodes could be
fabricated by compressing BDD microparticles into free-
standing solid electrodes for laser micromachining, and the
compressed BDD microparticle electrodes were able to exhibit
excellent EOP performance.®® In this study, the compressed
microparticle electrodes were found to be robust enough to
withstand laser micromachining and mechanical abrasion, and
were able to produce dissolved ozone at a stable level for 20 h
continuously. The novel conductive diamond electrode mate-
rial proposed in this study has the advantage of potential high-
volume production, which provides the possibility of EOP
application in more areas. In addition, the application of free-
standing perforated diamond electrodes is very promising for
efficient EOP processes by pure water electrolysis, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Boron-doped diamond (BDD) catalysts for the EOP process. (a) Schematic diagram of the microporous BDD preparation process and its
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high-pressure high-temperature (HPHT) BDD electrode preparation. (Reprinted with permission from ref. 92. Copyright Elsevier 2021.) (c) Photograph of
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further improvements in current efficiency can be achieved
by fine-tuning the electrode configuration (including the
number of holes, hole size, hole arrangement and electrode
thickness) and optimizing the BDD boron/carbon ratio (Fig. 10c
and d).>>**

In general, the relatively mature BDD electrode preparation
process is still dominated by the use of HFCVD technology,
which is subjected to harsh test conditions, and there is still

© 2025 The Author(s). Published by the Royal Society of Chemistry

much room for improvement regarding the consistency of the
performance of the same batch of BDD electrodes produced.
While BDD anodes have been used for a few years to produce O3
in electrolyte-free PEM water, this process requires high cell
voltages and high energy consumption, which still limits its use
in large scale industry. Therefore, the focus of future research
should still be on the improvement of the performance of BDD
electrodes and the reduction of operating costs.
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3.3. Dimensionally stable anode (DSA) electrode-doped SnO,
catalysts

Ni and Sb co-doped tin oxide (Ni/Sb-SnO,) catalysts have been
shown to be excellent active EOP catalysts, and these types of
catalysts are capable of exhibiting significant EOP catalytic
activity in acidic media. Chen et al. reported water oxidation
to ozone in an acidic aqueous electrolyte using Ni-Sb-SnO,-
coated titanium substrates with current efficiencies up to 36%
at low current densities (<40 mA cm™?).°>% Afterwards, Chris-
tensen et al. measured Ni/Sb-SnO, coatings corresponding to
EOP current efficiencies of 50% at current densities up to
100 mA cm 2. Thus, Ni/Sb-SnO, anodes are capable of operat-
ing at high EOP current efficiencies. Christensen and Zakaria
et al. further found in their study that electrolysis of acidic
electrolytes using Ni/Sb-SnO, could result in EOP lifetimes of
up to 600 h (current density: 100 mA cm ™2, current efficiency:
50%), suggesting that this type of material has excellent EOP
activity and durability in acidic media.’”

In recent years, researchers have deeply explored the corres-
ponding EOP mechanisms of such catalysts by combining
theoretical calculations. Ding et al achieved a significant
improvement in the EOP performance of the catalyst by adjust-
ing the content of nickel active sites and oxygen vacancy defects
on the surface of the Ni-Sb-SnO, electrocatalyst (Fig. 11a).>>
Theoretical calculations showed that the enrichment of Ni and
oxygen vacancy defects on the surface of the material greatly
improved the oxygen adsorption capacity and thus could pro-
mote O; generation. Xue et al constructed Ce-Ni-Sb-SnO,
multicomponent metal oxides by adding La-based metal Ce to
Ni-Sb-SnO, oxides (Fig. 11b).>® In an acidic medium, Ce-Ni-Sb-
SnO, exhibited excellent EOP activity and durability, which was
attributed to the fact that the interactions between metal ele-
ments could effectively modulate their 3d orbital electronic
structure and optimize the free energy of adsorption of oxygen-
containing intermediates to achieve the enhanced EOP perfor-
mance. In addition, Tang et al. found that the catalyst codoped
with Ni and Gd (0.5Gd-0.5Ni-Sb-SnO,/Ti) increased ozone
selectivity three times more than the catalyst doped with Ni
alone (Ni-Sb-SnO,/Ti), further illustrating the potential of multi-
element doped SnO, materials for EOP applications (Fig. 11c).%>

Although Ni/Sb-SnO, electrodes are increasingly being devel-
oped as a competitive alternative to other types of EOP catalysts,
the electrodes still suffer from rapid deactivation at higher current
densities, which still limits their large-scale application.” "' In
addition to the electrode deactivation factor, doped SnO, catalysts
are mainly used in acidic media in EOP processes. This limits the
application scenarios and scope. In general, it is necessary for
more ozone applications to be operated in a neutral system.
Therefore, it is necessary to selectively apply the materials accord-
ing to the different needs of the application scenarios.

3.4. Non-precious metal oxide catalysts

Non-noble metal oxide EOP catalysts have been extensively inves-
tigated owing to their advantages such as low cost, high stability
and excellent EOP activity. These mainly include lead oxides and
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composite lead oxides doped with non-precious metal materials
(e.g PbBiO,) and other non-precious metal catalysts.

3.4.1. Lead-containing metal oxide catalysts. Despite the
wide variety of catalysts with good EOP activity reported to date,
lead oxides are still ideal for ozone production at industrial
current densities in terms of anodic catalyst performance,
durability and cost requirements.'®> Among them, B-PbO,
is a typical and more widely studied EOP catalyst for its high
anodic oxidation potential, good electrical conductivity and low
cost.®>®! However, under the harsh conditions of high oxida-
tion potential during long-term EOP operation, B-PbO, parti-
cles are prone to dissolution, leading to structural instability,
which has a great negative impact on its activity and stability.'®

To solve the dissolution problem of anodic -PbO, particles
during the EOP process with a strong oxidative environment,
Yan et al. successfully prepared a three-dimensional (3D)
B-PbO,/Ta,05 supported catalyst with a rod-like morphology,
which was obtained by loading B-PbO, particles on corrosion-
resistant Ta,Os nanorods (Fig. 12a). The catalyst was able to
demonstrate significant EOP catalytic performance. Theoretical
studies have shown that the synergistic interaction between
B-PbO, and Ta,O5 can modulate the electronic structure of the
material and enhance oxygen adsorption, resulting in a lower
activation energy required for EOP.>* Researchers usually
improve the physicochemical properties of lead oxides through
doping, loading and capping strategies to achieve their EOP
activity and durability improvement. Amadelli and Andrade
et al. found that doped lead oxide electrodes have excellent
EOP performance, especially lead oxide electrodes doped with
Fe®* and F~, which have higher current efficiency.'**'*® This
conclusion was also confirmed by Velichenko et al. who found
that low concentration Fe*" doping can effectively inhibit the
OER (where Fe’" can replace Pb** or Pb*" on the electrode
surface). The experimental results showed that as the chemi-
sorbed oxygen binding energy increases, the overpotential
required for the oxygen precipitation process increases, thus
favoring O; generation.'°®'°” In addition, a superhydrophobic
cubic Pb;0,@SiO0, has been synthesized by our group and used
for EOP.'®® The catalyst exhibited an encapsulated structure
with a SiO, layer of 50-100 nm thickness, as illustrated in
Fig. 12b. Both experimental assessments and theoretical simu-
lations demonstrated that the presence of Si-CHj; groups
within the cubic-Pb;0,@SiO, structure induces the formation
of hydrophobic sites and establishes a hydrophobic-aerophilic
microenvironment. This environment enhances the accumula-
tion of oxygen at the electrode/electrolyte interface, thereby
promoting ozone enrichment. Moreover, the Si-CHz-modified
SiO, capping layer mitigates the catalyst reconfiguration during
EOP testing, allowing cubic-Pb;0,@SiO, to maintain excep-
tional stability while preserving EOP activity. In addition, Shi
et al. developed a Bi doped Pb-Bi bimetallic oxide (Bi;;PbO,)
that also shows excellent EOP activity and durability (Fig. 12c).
It was shown that the restricted fragments (Pb-O,) were con-
fined in a Bi-O bonding environment, and the low oxygen
vacancy formation energy from the weak Pb-O covalent inter-
actions significantly enhanced the EOP activity.*® This confined

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Doped SnO; catalysts for the EOP process. (a) (i) and (ii) SEM and HRTEM images of Imp—Ni—Sb—SnOs. (jii) and (iv) XRD patterns and the ozonated
water concentration of Imp-Ni-Sb—-SnO,, ED-Ni-Sb—-SnO,, ED-Sb-SnO,, and ED-SnO, electrocatalysts. (v) and (vi) DFT-calculated structure and

adsorption energy of Sb—Sn0O,-1, Sb—Sn0O,-2, Ni-Sb-SnO,-1, and Ni-Sb—

SnO,-2. (vii) and (viii) Projected density of states (PDOS) and charge density

differences for O, (vii) and Os (viii) adsorption on Sb—SnO, and Ni—Sb-SnO, surfaces. (Reprinted with permission from ref. 52. Copyright John Wiley and

Sons 2024.) (b) (i) and (i) SEM images of Ce—Ni-Sb—-SnOs. (i) XRD spectra

of Ce=Ni-=Sb-Sn0O,, Ni-Sb-SnO,, and Sb-SnO.. (iv) and (v) Gaseous ozone

production and faradaic efficiency of the series of electrocatalysts. (vi) Geometric structures and charge density differences of Oz adsorbed on Sb—SnO,,

Ce-Sb-Sn0O,, Ni-Sb-SnO,, and Ce—-Ni-Sb-SnO,. (vii) Relationship betwe

surfaces. (viii) Charge density differences associated with Ce doping on Ce—

en chemisorption energy of O, and Oz and faradaic efficiency on the four
Ni—=Sb-SnO,; O,, and Oz adsorption on Ce-Ni—-Sb—-SnO,. (Reprinted with

permission from ref. 53. Copyright Wiley 2023.) (c) (i) SEM image of the EOP electrocatalyst exhibiting a typical “cracked mud"” morphology. (i) XRD patterns
of synthesized electrocatalyst thin films showing the cassiterite SnO, bulk structure for all dopants. (i) Representative cyclic voltammetry (CV) curves for Ni-

only (x = 0), Gd-only (x = 1), and Ni-Gd (x = 0.5) samples. (iv) and (v) Far.

adaic efficiency of ozone production and concentration of dissolved ozone

measured after 60 seconds at 2.7 V vs. RHE. (Reprinted with permission from ref. 65. Copyright John Wiley and Sons 2021.)

environment also plays a crucial role in inhibiting Pb loss and
thus exhibits good EOP stability. Further optimization involved
the construction of convex polyhedral BigPbnO, electrocata-
lysts, as depicted in Fig. 12d. The resulting micro-surface
structure integrates unique microstructures and interfaces,

© 2025 The Author(s). Published by the Royal Society of Chemistry

leading to the exposure of more active sites and an accelerated
electron transport rate during the EOP process. Density func-
tional theory (DFT) calculations indicate that a high-index
surface (443) exhibits superior EOP performance due to its
lower oxygen vacancy formation energy.'*
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Fig. 12 Lead-containing metal oxide catalysts using for the EOP process. (a) (i) and (i) TEM and HRTEM images, (iii) and (iv) EDX elemental map of the
B-PbO,/Ta,Os NRs. Inset (i) SEM image of the B-PbO,/Ta,Os NPs; Inset (i) particle size distribution in the B-PbO, NPs. (Reprinted with permission from
ref. 54. Copyright Elsevier 2020.) (b) (i) SEM images of cubic-PbzO4,. (ii) and (i) SEM images of cubic-Pbz04@SiO,. (iv) STEM image of cubic-Pbz0,4@SiO,
subjected to EDX maps and the EDX elemental maps of lead (green), oxygen (red), and silicon (blue). (Reprinted with permission from ref. 108. Copyright
Elsevier 2023.) (c) (i) and (i) SEM images of Bi;,PbO5q-3. (iii) Elemental map of Bij,PbO,o-3. (iv) Scanning tunneling electron microscopy images of
Bi1oPbOy0-3. Inset is the molecular structure of Bi;,PbO,q. (Reprinted with permission from ref. 46. Copyright Royal Society of Chemistry 2022.) (d) (i)—(iii)
SEM images of BigPb,Ox at different angles. (iv) HAADF image and the corresponding EDX elemental mapping. (Reprinted with permission from ref. 109.

Copyright Elsevier 2023.)

In general, the above lead-containing catalysts have the
potential to replace commercial B-PbO, and achieve stable
operation for a certain period under industrial current densi-
ties. Nevertheless, the widespread application of such materials
still faces several challenges. On the one hand, large-scale
production of stable catalysts is challenging due to limitations
in catalyst preparation methods. On the other hand, structural
reconstruction of these catalysts still occurs during actual
testing, which can affect their EOP performance to some extent.
Therefore, future work could focus on further improving the
stability of lead-based catalysts through structural design while
reducing the lead content, thus accelerating the realization of
an efficient and environmentally friendly EOP process.

186 | EES Catal., 2025, 3,170-204

3.4.2. Non-lead metal oxide catalysts. The strategy of defect
engineering,”” the construction of a heterojunction structure,’®
and the tuning of the local coordination environment of the
active site are all effective strategies for the development of high
performance EOP catalysts.’® As shown in Fig. 13a, Peng et al.
proposed a new strategy to tune the active site of niobium
pentoxides’ (Nb,Os) orthorhombic center (T, Brensted acid
center) of the Mxene layered structure with abundant oxygen
vacancies (Oy) (catalyst named T-400) for electrochemical ozone
production.”” Mxene has been discovered and used in several
applications as a unique 2D transition metal carbide/nitride."*°
Nb,Os obtained from Mxene as a precursor has a tunable
morphology and a layered structure capable of promoting

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of T-400 electrocatalyst. (Reprinted with permission from ref. 57. Copyright Elsevier 2023.) (b) (i) Schematic of preparation of ZnO/ZnS@C electrocatalyst.
(i) and (i) TEM image and EDX elemental mapping of ZnO/ZnS@C-750. (iv) XRD pattern of ZnO/ZnS@C-750, ZnS and ZnO. (Reprinted with permission

from ref. 56. Copyright Royal Society of Chemistry 2023.)

charge transfer. It has been shown that the deprotonation of
reaction intermediates during EOP can be accelerated by the
introduction of strong Brgnsted acid sites to form the oxyge-
nated intermediates OOH* and OH*.*° In addition, catalyst
activity and electrical conductivity are enhanced by the intro-
duction of oxygen vacancies.'®® Therefore, the Mxene layered
structure of Nb,Os prepared by the defect engineering strategy
is rich in oxygen vacancies and thus can exhibit excellent EOP
performance.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The construction of heterojunctions is one of the effective
strategies for the enhancement of electrocatalytic activity, as
heterojunctions usually have better physical-chemical proper-
ties than single components. Various transition metals have
been extensively studied for the formation of heterojunction
strategies by combination with chromides, phosphides and
oxides."™ ™" As shown in Fig. 13b, Ding and colleagues
synthesized a low-cost and highly active bifunctional hetero-
junction catalyst (ZnO/ZnS@C) by a one-step calcination
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method, which could achieve up to 90% selectivity for H,O, and
11% Faraday efficiency corresponding to the EOP process. The
main advantage of this bifunctionality is the acceleration of
electron transfer at the interface.*®

In addition, modulation of the local coordination environment
at the active site of ABO;-type chalcogenide oxides by adjusting
the hybridization of A and B elements and surface chemisorption
are effective methods to improve their EOP properties.™**
Herein, Zheng et al. explored ABO;-type chalcogenide oxides with
excellent activity and stability by replacing the A-site with lantha-
num, while Co was targeted as the B-site element owing to its high
conductivity and weak d-electron binding."”"*® The results
showed that the optimal PrCoO; electrocatalyst exhibited signifi-
cantly improved EOP activity and long-term durability during
continuous operation.”® DFT calculations indicated that the excel-
lent EOP activity of PrCoO; was attributed to the strong inter-
action between Co and Pr, which effectively changed the d-band
center of Co, resulting in the catalytic material demonstrating
excellent EOP performance.

3.4.3. Facet effect. Modulation of the microenvironment of
the crystal facets is also an effective strategy to improve the
performance of electrocatalysts.'*®™**! The crystal face structure
plays a crucial role in determining the molecular adsorption
behavior. It has been observed that different crystal facets
exhibit different degrees of effectiveness in adsorbing reaction
intermediates, which affects the adsorption energy of reaction
intermediates on different crystal facets, leading to differences
in their electrocatalytic performance.'?>

As shown in Fig. 14a, a series of B-PbO, rod catalysts were
synthesized by a surfactant-free hydrothermal method by Jiang
et al.® The B-PbO, morphology was modulated and the crystal-
line facet ratio was varied by controlling the hydrothermal
temperature. The test results showed that the B-PbO,-120
catalyst with the highest crystalline facet ratio (101) exhibited
the most excellent EOP performance, which demonstrated the
crystalline facet effect. In particular, with B-Pb0O,-120 as the anode,
the ozone production at a current density of 1.00 A cm™> could
reach 422.1 mg h™ ", which is more than 1.5 times that of the
ozone production (288.0 mg h™') of B-PbO,-CM (commercial),
indicating that increasing the (101) crystalline facet ratio improves
the EOP performance of the B-PbO, catalyst. And at the same
current density, the ozone generator with 3-PbO,-120 as the anode
has the lowest energy consumption. Meanwhile, the theoretical
calculations also showed that the PbO, (101) crystalline facets are
more likely to generate O; and have a crystalline effect.

Tin oxide is a versatile catalyst with wide applications in energy
conversion and storage systems.'**'** As shown in Fig. 14b, tin
oxide electrocatalysts with different (110) and (002) crystal facet
ratios were synthesized by Wang et al. using a hydrothermal
method.”® The experimental results showed that the catalyst
materials with a high ratio of SnO (110) crystallite facets exhibited
excellent performance in EOP. Theoretical calculations indicate
that their excellent performance is attributed to the proper adsorp-
tion and desorption strength of O* and O,* on the SnO (110)
crystal faces. In conclusion, exploiting the crystalline facet effect is
a feasible way to achieve improved EOP performance of catalysts.
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3.4.4. Reconstruction effect. To date, lead oxides have been
found to offer unique advantages in the production of ozone from
electrolytic water. However, achieving simultaneous EOP activity
and stability of lead oxides at high current densities remains an
important challenge.'® Many strategies have been used in some
studies to optimize the catalytic production of ozone from lead
oxides. However, there is still much room for improvement,
especially as the reaction mechanism is not well understood.

For both OER and EOP catalysts, water oxidation testing condi-
tions are harsh. Therefore, during the reaction, most catalysts are
adapted to the tested environment by changing their surface
structure. It has been reported that most OER catalysts develop a
more active surface structure by changing their surface structure
during the reaction.’” The reasons for such changes can be
attributed to the relatively unstable bulk phase chemistry of the
catalyst material and the strong interaction between the oxygen-
containing adsorbent on the surface of the material and the
exposed surface during the reaction. The structural phase change
of the catalyst is dependent on the potential applied during the
OER process,***® and the potential difference drives the precata-
lyst to undergo surface oxidation/reduction, resulting in reconstruc-
tion to a new surface structure."””'*® Although the OER process is
relatively well understood, there is a lack of investigation and
understanding of the structural stability of EOP catalysts during
the reaction process, which is crucial for understanding the EOP
process and designing efficient catalysts.

Our group has systematically investigated the structural changes
that occur in lead oxides during the EOP process and their effects on
EOP performance. As shown in Fig. 15a-c, the XRD and HRTEM
characterization results indicate that Pb;O, gradually undergoes a
complete transformation into -PbO, by phase change during the
EOP process, and the reconstructed 3-PbO, has a more stable active
crystalline surface area ratio ((101) and (110) surfaces). The results of
the XAFS analyses show that the reconstructed -PbO, has a lower
coordination Pb-O structure (Fig. 15d-f). The reconstruction of the
catalyst enabled Pb;O, used as a precatalyst, to demonstrate
significantly enhanced EOP activity and reaction stability compared
to commercial B-PbO,, as shown in Fig. 15g. Based on these
findings, we introduce the concept of ’phase shuttling’ within the
EOP process. As illustrated in Fig. 15h, an external electric field
facilitates the diffusion of lattice oxygen on the surface of Pb;O,,
subsequently generating a more stable -PbO, phase—this is the
phase shuttling mechanism. The weak covalent interaction of the
Pb-O bond is the primary driver of phase shuttling in Pb;0,. The 3-
PbO, phase obtained through Pb;O, reconstruction exhibited out-
standing EOP activity and stability during long-term EOP testing,
which is attributed to its low Pb-O bond coordination structure and
the stable presence of 3-PbO, (101) and B-PbO, (110) active surfaces.
This study presents a novel approach to designing high-
performance EOP catalysts with potential industrial applications.

4. Evaluation approach of EOP catalysts

The key to successfully identifying the optimal catalyst lies in
establishing an effective metric to quantitatively assess the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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. (Reprinted with permission from ref. 45. Copyright Royal Society of Chemistry

2021) (b) (i) SEM image, HRTEM images and EDX elemental maps of SnO-n (n = 1, 2, 3, 4). (ii) XRD patterns of SnO-n (n = 1, 2, 3, 4) electrocatalysts. {iii)
Crystal facet ratios of (110) and (002) facets as calculated from peak heights in XRD patterns. (iv) and (v) Ozonated water and gas concentrations of SnO-n
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activity and stability of a given catalyst. Herein, we summarize
the key evaluation parameters for determining the EOP perfor-
mance of a catalyst in order to perform a rational standardized
test of EOP catalysts to guide the screening of high-performance
EOP catalysts, where the test electrolyte discussed is neutral.

4.1. Onset/overpotential

The most important factor in evaluating the performance of
EOP catalysts is their onset potential, and since the OER is a

© 2025 The Author(s). Published by the Royal Society of Chemistry

competing reaction process for EOP, attention needs to be paid
to the ability of the catalyst to exhibit a high anodic over-
potential. The exact value of the onset potential is difficult
to observe, so the value of the potential at a current density
of 10 mA em™? (E,,) is more often used to compare the reaction
overpotentials of catalysts.">** The overpotential is the potential
difference between the potential at which a specific current density
occurs and 1.51 V vs. SHE, and is usually measured in mV. In
general, catalysts with higher overpotentials will have superior EOP
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activity, although this needs to be confirmed in relation to other transfer during the EOP process, which in turn reduces the

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

evaluation parameters.

4.2. Tafel slope

reaction energy barrier and promotes the reaction.

4.4. 0O; concentration measurement
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Gaseous ozone concentration can be measured quantitatively
with an ozone detector. A 2B Technologies Model 106-L ozone
detector is typically used for low concentration (ppb) measure-
ments. High ozone concentrations (g m™*) are usually mea-

Tafel slope tests are widely used to investigate the EOP kinetics
and mechanisms, as well as to evaluate the activity of different
catalysts. Generally, the EOP process tends to show a two-step
Tafel slope, where the reaction process is dominated by the
OER at low current densities, and the EOP process occurs
gradually as the current density increases."*> An inflection
point in the Tafel slope implies a variation in the kinetics of
water oxidation, which could be due to structural reconstruc-
tion of the electrode surface/interface structure under different
potential conditions.'”'%® Therefore, accurate analysis of the
Tafel slope test results is essential for a thorough understand-
ing of the overall reaction process.

sured using an ozone analyzer (UVIZ-1200) during operation of
the EOP electrolyzer at high test current densities.'”*>
Typically, the iodometric method is employed for the quan-
tification of dissolved ozone concentrations in water.**** Fol-
lowing the EOP test, the ozonated water is measured
quantitatively in a conical flask, to which a starch indicator
solution (2% by weight) and an excess of KI solution (2% by
weight) are added. The mixture is stirred until a blue coloration
develops. The concentration of dissolved ozone is then calcu-
lated through titration with a Na,S,03; standard solution
(0.4 mmol L") until the mixture becomes colorless. The
calculation follows the formula 2n(Na,S,03) = 1n(0;), where n
represents the molar quantity of the substance. Alternatively,
the semi-quantitative DPD method can be utilized to determine
dissolved ozone concentrations.">* In this method, 2 mg of
ozone detection powder is added to 15 mL of the post-test
electrolyte and left to stand at room temperature for 30 sec-
onds. The ozone content is then assessed semi-quantitatively by
comparing the solution’s color against a standard chart.

4.3. Electrochemical impedance spectrum (EIS)

Typically, the charge transfer resistance during EOP is mea-
sured by electrochemical impedance spectroscopy (EIS), which
is also a method for assessing the electrocatalytic activity of
materials. In general, the higher the catalytic charge transfer
capability, the smaller the diameter of the kinetic semicircle of
the catalyst detected by EIS.””* This means that when the
lowest contact resistance (R.) is shown in the EIS diagram, it
indicates that the catalyst is favourable for promoting charge
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4.5. Faraday efficiency

The ozone concentration in the gas phase (g m>) is typically
measured using an ozone analyzer (UVIZ-1200), while the
gaseous ozone flow rate (L min~") is determined using a soap
film flowmeter during the operation of the EOP electrolyzer.
These measurements enable the calculation of the ozone
production rate (Q, kg h™"), which is subsequently used to
determine the faradaic efficiency (FE, %) under different con-
stant current densities. The FE (%) for gaseous ozone evolution

can be calculated using the following equation:*”"*>4”
SxFxQ
FE =———=-x100
(%) =3 Mo, x1°

Where “M” represents the molecular weight of O; (48 g mol ™),
“I’ denotes the applied current (A), “F’ is Faraday’s constant
(9.6485 x 10* C mol ) and “Q” is the ozone production rate
(kg h™"). This formula is also applicable for calculating FE (%)
in a three-electrode test system.

4.6. Stability

Stability is another key parameter which is important for the
evaluation of EOP catalysts for potential practical applications.
To assess the stability of EOP catalysts, two electrocatalytic
methods, constant current and constant potential electrolysis
methods, are commonly used. The constant current (or con-
stant potential) technique involves monitoring the variation in
potential (or current density) of an electrocatalyst over time at a
fixed current density (or overpotential).">>* The current density
applied in a three-electrode test system should be at least
10 mA cm ™% Industrial current densities (>1 A cm™?) are
usually set in EOP electrolysers. The longer the time without
a change in potential (or current) during the test, the better the
stability of the catalyst.

5. Advances in the electrochemical
ozone production (EOP) electrolyzer

5.1. Structural components of EOP electrolyzers

Ozone production by large-scale electrolysis of water is usually
achieved using an electrolyzer unit and a reactor stack, so under-
standing the structural components of the electrolysis reactor is
necessary to understand the process of electrolytic water genera-
tion and to achieve excellent EOP performance.'**'*” For ozone
production by water electrolysis, a PEM electrolyzer typically
consists of membranes, an electrode material (catalyst layer), a
gas diffusion/porous transport layer, bipolar plates and end plates
(Fig. 18a).”

5.1.1. Membrane electrode assembly (MEA). The membrane
electrode assembly (MEA) consists of three parts: a membrane
and electrodes (an anode and a cathode), with the proton
exchange membrane (PEM) being the core part of the assembly.
As shown in Fig. 16a, the assembly is fabricated in two ways
depending on the location of the catalytic layer deposition, i.e.
on the membrane (Fig. 16a(i)) or on the gas diffusion layer
(Fig. 16a(ii))."*®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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5.1.1.1. Electrode materials (catalyst layer). The main func-
tion of the electrode is to facilitate the contact of the electrolyte
with the reaction sites. This requires facilitating the conduction
of electrons and protons, the removal of gaseous products from
the reaction and the access of water to the catalytic site. The
electrocatalytic function depends on the catalyst materials
used, which usually include carbon materials, metals and metal
oxides. The slow kinetics of OER/EOP require highly active
catalysts to facilitate O,/O; formation, and the selection of
electrode materials with the high oxidation potential is neces-
sary to improve the efficiency of EOP production.

5.1.1.2. Proton exchange membrane (PEM). In a PEM electro-
lyzer, the membrane is a critical component, significantly
influencing both the purity of the generated gas and the system’s
durability. Perfluorosulfonate (PFSA) polymer membranes, such as
Nafion, Fumapem, Flemion, Aquivion, and Aciplex, are commonly
employed in PEM cells. These membranes are well-suited as solid
electrolytes due to their exceptional thermal and chemical stability,
robust mechanical strength, and high proton conductivity. Among
these, Nafion membranes (e.g., Nafion 115, 117, and 212) are the
most extensively used in PEM electrolysis."*® However, these mem-
branes have several limitations, including high cost, the presence
of fluoride in the polymer structure (which can lead to pitting
corrosion of metal components in the electrolyzer), increased
thickness (resulting in higher ohmic resistance and reduced per-
formance at high current densities), and potential degradation of
mechanical properties at elevated temperatures.*** Some research-
ers are currently developing modified Nafion membranes to
improve their thermal properties, including polybenzimidazole,
polyetheretherketone and sulphonated polyphenylquinoxaline.

5.1.2. Gas diffusion layers (GDLs). Gas diffusion layers
(GDLs) are porous metal structures that, while not directly
involved in the electrochemical reaction, play a crucial role in
facilitating the operation of the electrolyzer. Their primary
function is to enable the transfer of electrical current from
the bipolar plate to the MEA, ensure uniform water distribution
to the electrodes, and prevent gas accumulation. This process
occurs in acidic or neutral environments, under high over-
potentials, and in the presence of gases, subjecting GDLs to
extremely harsh conditions, particularly on the anode side,
where the reaction environment is highly oxidative due to the
presence of oxygen and ozone. The porosity of the GDL is a
critical factor influencing its performance. Insufficient porosity
can lead to issues with water and gas transport, whereas
excessive porosity can enhance gas evacuation but result in
significant ohmic losses at the interfaces between the GDL and
the MEA, as well as between the GDL and the bipolar plate.
High-temperature sintered titanium is the most commonly
used GDL material, as its pore size optimally balances gas
and water flow while providing a large contact area with the
electrodes, ensuring high conductivity in the acidic or neutral
environment of the electrolyzer. Other forms of titanium, such
as reticulated or foamed titanium, are also frequently employed
for this application, although they generally exhibit lower

EES Catal., 2025, 3,170-204 | 191
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PEM electrolyzer: (i) serpentine, (i) grid, and (iii) parallel configurations.**

electrical conductivity sintered titanium
(Fig. 16b)."*°

5.1.3. Bipolar plate (BPP). The bipolar plate (BPP) consti-
tutes approximately 30% of the electrolyzer’s volume and
accounts for around 50% of its cost, making its design critically
important.** Positioned at each end of the electrolyzer, the
BPP features a series of machined channels that direct water
flow to the GDL and MEA while also facilitating gas removal.
The design of these flow channels is vital, as they are typically

etched onto the BPP’s surface and are responsible for evenly

compared to

192 | EES Catal, 2025, 3,170-204

distributing reactants, preventing localized overheating of the
catalytic electrode surface, and aiding in the efficient removal
of generated gases (0,/O; and H,) from the electrodes.'*?
Improper distribution of the reactant (water) across the elec-
trode surface can result in uneven utilization of the catalyst,
significantly reducing the overall efficiency of the electrolyzer.
Therefore, the flow channels in the BPP must be meticulously
designed and fabricated to ensure uniform reactant distribu-
tion, provide conductive pathways to the reaction sites, and
enable efficient gas collection. Various flow field designs have

© 2025 The Author(s). Published by the Royal Society of Chemistry
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been developed to achieve these objectives, including parallel
flow fields, serpentine flow fields, and spot flow fields
(Fig. 16¢)."®® In a three-dimensional numerical analysis using
an active area of 25 cm?, Toghyani et al. explored different flow
field designs such as linear parallel flow fields, single-path
serpentine flow fields, and multi-path serpentine flow fields
(two, three, and four paths). The results indicated that the
single-path serpentine flow field exhibited the best perfor-
mance in PEM electrolyzers, attributed to a reasonable pressure
drop and more uniform temperature distribution.'**
Moreover, metals with specific coatings are often employed
as the BPP because of the need for corrosion resistant and
highly conductive materials. The most popular material
remains Pt-coated titanium with a Pt surface to prevent the
formation of titanium dioxide, which makes the cost of BPP
components almost half of the total cost of the electrolyzer.'*>
Although it is not easy to find a material that performs as well
as Ti/Pt in terms of conductivity and durability at a lower cost,
researchers have also been actively exploring Ti/Pt alternatives

in recent years.'*’

5.2. Factors affecting EOP electrolyzer performance

5.2.1. Critical materials and components. Although signifi-
cant progress has been made in ozone production by water
electrolysis and its commercial application, the cost of configur-
ing PEM electrolyzer components is still high and their resistance
to harsh electrolysis environments limits further application of
the technology. Challenges such as catalyst and proton exchange
membrane degradation, mechanical instability and poor perfor-
mance of the electrolyzer due to gas diffusion layer (GDL) and
bipolar plate (BPP) component design and electrochemical corro-
sion need to be addressed, as shown in Fig. 17. In particular, it is
essential to ensure good mass and heat transfer during the EOP
process through the component structure design.

In terms of catalysts, both catalyst activity and stability are
equally critical to the EOP performance. The progress made in
EOP catalyst research has been discussed in detail in Section 4.

From the perspective of electrode reaction interfaces, the
precise engineering of the two key interfaces—the proton
exchange membrane/catalyst layer (PEM/CL) interface and the
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gas diffusion layer/catalyst layer (GDL/CL) interface—in EOP elec-
trolyzers is critical for optimizing overall performance. The PEM/
CL interface must maintain strong adhesion during operation;
otherwise, delamination of the CL can lead to -electrolyzer
failure."**™*® The three-phase interface of the gas diffusion elec-
trode serves as the primary site for electrochemical reactions, and
its structure, composition, and surface properties are pivotal in
determining EOP performance. The GDL/CL interface, along with
the porous structure of the GDL, plays a significant role in guiding
bubble evolution and the transport pathways during the EOP
process. Gas diffusion electrodes with specific pore size distribu-
tions and wettability exhibit preferential oxygen channels, inde-
pendent of the water flow rate, operating current density, and
pressure.’*®'*® The generation of gas bubbles introduces complex
effects on EOP performance, including activation losses, ohmic
losses, and mass transfer losses. Activation losses arise from gas
bubbles adhering to the electrocatalytic surface, thereby reducing
the active surface area. Ohmic losses occur when ion transport
channels in the electrolyte are obstructed by bubbles. Additionally,
bubbles adhering to the CL surface cause an uneven distribution
of current density, which negatively impacts charge transfer.'>"'>?
Bubble evolution also decreases the concentration of dissolved
gases near the catalytic active sites, resulting in mass transfer
losses. Furthermore, convection induced by bubble diffusion can
reduce the concentration gradient of dissolved oxygen. Therefore,
a thorough investigation of bubble evolution and two-phase
transport kinetics is essential, especially considering that in the
EOP process, the high rate of bubble formation and the insuffi-
cient removal of bubbles due to buoyancy lead to mass transfer
losses and overall performance degradation of the electrolyzer.
In addition, as a multi-functional component in the PEM
electrolyzer, the BPP has flow field channels that can both
ensure that water can be uniformly transported to the MEA
interface for rapid removal of gaseous products generated by
the reaction and provide mechanical support, as well as achieve
smooth electron conduction in the electrolyzer and good heat
transfer process through its flow channel paths.'?810:133154
As shown in Fig. 18¢, Georgia F. Wood et al. designed a 3D
printed electrolyzer with perforated electrodes made by laser
micromachining, which can achieve good water-gas separation

! ! l

l l l

+ Improved EOP process (Efficiency & Stability) + Reduced power consumption

Fig. 17 Critical components and rational configuration of an EOP electrolyzer for improved EOP process (efficiency and stability) and reduced power

consumption.
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during the EOP process.®* Furthermore, the EOP process parti-
cularly requires a good systematic heat transfer process to
ensure that the ozone is not destroyed by high temperature
conditions, in order to achieve stable ozone production. Our
group designed a point-flow channel electrolyzer (Fig. 18e) and
a parallel flow channel electrolyzer (Fig. 18f), respectively, and
the test results showed that the parallel flow channel is more
favourable to achieve efficient mass transfer of gaseous pro-
ducts (O, + O;) and effective heat dissipation in the system.*’
Therefore, it is important to enhance the mass and heat
transfer in the EOP electrolyzer by optimizing the design and
fabrication of the BPP flow field.

5.2.2. Operation conditions. In recent years, researchers
have paid more attention to improving EOP performance by
optimizing the operating parameters, i.e. setting the best operat-
ing conditions for the EOP electrolyser to perform optimally,
including analyzing the effects of factors such as operating
current density, system temperature, electrolyte type, concen-
tration and flow rate.'>” "

The Boodts group developed an electrochemical reactor for
oxygen/ozone production, utilizing perforated planar electrodes, as

194 | EES Catal., 2025, 3,170-204

illustrated in Fig. 18b."* In this design, an electroformed B-PbO,
coating, deposited on a titanium-plated substrate, was employed
as the anode, while the titanium-plated substrate itself functioned
as the cathode. The study examined the effects of current density,
temperature, and electrolyte composition on the EOP perfor-
mance. The findings indicated that both the ozone current
efficiency and the ozone production rate increased with a decrease
in electrolyte temperature and an increase in current density.

As shown in Fig. 18d, Dyson et al. designed a glass electro-
lyser consisting of two Pyrex glass halves of elliptical cross-
section separated by a Nafion 117 membrane, with each half of
the cell having a volume of approximately 100 cm?. Electro-
chemical test results showed that increasing the electrolyte flow
rate entrapped more ozone in the aqueous phase, while redu-
cing ozone in the gaseous phase.’®® It also appears that the
current efficiency is reduced by the presence of ozone in the
dissolution solution entering the electrochemical cell.

Furthermore, Hayashi et al. investigated the effect of pH on
ozone production and showed that higher ozone concentra-
tions could be achieved with sulfuric acid compared to Na,SO,,
NaHCOj; and phosphate buffers.®® Regarding the type of acidic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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medium, Rahmani et al. investigated ozone production using
different acids and found that the use of HCIO, had a higher
potential compared to H,SO,, which improved the efficiency of
ozone production.'®® Overall, it was found that using acidic pH
was preferable to using neutral or alkaline pH, as the process
was able to achieve higher ozone concentrations and better
stability. However, from the environmental point of view, neutral
media are more suitable for large-scale EOP applications.

In recent years, Rodrigo and Reyna et al. have focused more
on improving EOP performance by optimizing operating para-
meters, Le., by setting the best conditions for the EOP electro-
lyser to perform optimally. Commercial EOP electrolysers,
including CabECO™, CONDIAPURE™ and Microzon™, were
commonly used in their studies.'®®*®*'®> It was further
demonstrated that operational parameters such as temperature
and electrolyte composition are crucial for enhancing the
solubility and stability of dissolved ozone. Additionally, pres-
sure plays a significant role in the overall yield, as it increases
the solubility of oxygen and approximately doubles the ozone
concentration.

6. EOP applications

Ozone has a wide range of applications owing to its strong
oxidizing properties. These include food processing, air and water
treatment, health care, aquaculture and the textile industry.'®® The
use of ozone in food processing results in safer food, with lower
levels of bacteria and longer shelf life."”” When used in air
treatment, ozone can improve the quality of the air and clean the
air of harmful gases, odors and bacteria in order to meet technical
and hygienic requirements.'®® Ozone is highly effective in water
treatment applications, often serving as a superior alternative to
traditional disinfectants such as chlorine (CL,), chlorine dioxide
(ClO,), potassium permanganate (KMnO,), ultraviolet light (UV),
hydrogen peroxide (H,O,), and oxygen (O,). Beyond water treat-
ment, ozone is extensively used in the healthcare sector, where it
plays a crucial role in sterilizing and disinfecting medical equip-
ment and surgical instruments that come into contact with patient
tissues, mucous membranes, or skin, thereby preventing infection
and the transmission of pathogens.'**'”® Furthermore, the use of
ozone in aquaculture improves water quality, pathogen reduction
and water treatment system efficiency. In the textile industry, ozone
can also be applied in various ways to different fiber types to bleach
fabrics and remove stains. This review focuses on ozone applica-
tions in disinfection, sterilisation and water treatment from the
point of view of scale of application and future prospects.

6.1. Sterilization and disinfection

Since the global coronavirus pandemic in late 2009, ozone has
further demonstrated its advantages in sterilisation and disin-
fection. It is generally accepted that ozone can achieve viral
inactivation by diffusion through the protein envelope to the
nucleic acid core, destruction of viral RNA and disruption of the
outer protein layer by oxidation.'”" Because of ozone’s direct
oxidative capacity, pathogens cannot become immune to ozone

© 2025 The Author(s). Published by the Royal Society of Chemistry
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as they are eliminated, as they become immune to other
chemical disinfectants and germicides, greatly reducing the risk
of resistance and making it a very beneficial form of germicidal
disinfection. The most common method of pathogen reduction
using ozone is to dissolve ozone gas in water.'®>'”>'7® Water-
based ozone is relatively stable, safe and easy to administer.
Ozone is usually dissolved in water using an ozone injection
system and then sprayed onto the surface to be disinfected. Such
surfaces can be hard equipment surfaces or food surfaces. It is
also possible to use gaseous ozone to kill pathogens. The
effectiveness of gaseous ozone application depends on the
operating temperature, humidity, contact time and ozone
concentration.””*'”®> The ability of gaseous ozone to reduce
and inactivate pathogens has been demonstrated in the litera-
ture. However, as the reaction rates of ozone gas can vary
depending on these factors, such applications usually require
stricter control of room temperature and humidity.

Wang et al. investigated the potential of ozonated water as a
disinfectant to eliminate environmental contamination by
SARS-CoV-2. The experimental setup, depicted in Fig. 19a
(i), involved mixing a virus solution with ozonated water and
incubating it for varying durations (0, 1, 5, or 10 min)."”® The
results demonstrated that no viral genomic RNA or viral
plaques were detected after just 1 minute of treatment with
ozonated water in inactivating SARS-CoV-2 within this time-
frame. The study also identified the minimum concentration of
ozonated water required for complete inactivation of the virus,
finding that even at a concentration as low as 18 mg L', SARS-
CoV-2 could be fully inactivated within 1 minute (Fig. 19a(iv)).
In a related study, our research group utilized ozonated water
generated from an EOP electrolyzer, with Pb;O, as the anode
catalyst, to inactivate SARS-CoV-2 (Fig. 19b(i))."” The concentration
of ozonated water reached its peak after 40 minutes of ozonated
gas infusion into a saline solution, maintaining stability at
approximately 2.12 mg L' for 60 minutes (Fig. 19b(ii)). The
results showed that more than 99.99% of the virus was inactivated
after just 30 s of treatment, with 100% inactivation achieved
by extending the contact time to 5 minutes (Fig. 19b(iii)).
Furthermore, microscopic analysis (Fig. 19b(iv)) of Vero cells
treated with ozonated water compared to untreated infected cells
clearly demonstrated the excellent inactivation effect of ozonated
water on SARS-CoV-2. Thus, the disinfection method outlined in
this research offers a highly effective solution for mitigating the
spread of SARS-CoV-2.

The widespread use of chlorine-based disinfectants in drink-
ing water treatment has led to the emergence of chlorine-
resistant bacteria (CRB), which pose a significant public health
risk. In a study by Wang et al., the inactivation effects of ozone
on seven strains of chlorine-resistant bacteria and spores were
investigated (Fig. 20a)."”” The findings demonstrated that ozone
disinfection effectively disrupted both the cell structure and
genetic material of chlorine-resistant spores, indicating that
ozone is a promising method for inactivating chlorine-resistant
bacteria and spores in drinking water. Additionally, Rahimi and
colleagues developed a fully integrated system that combines
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Fig. 19 Sterilization through the EOP process. (a) (i) Schematic of the expe

riment evaluating the inactivation of SARS-CoV-2 using ozonated water. (ii)

Contact time required for the inactivation of SARS-CoV-2 by ozonated water. (iii) Disinfection efficacy of ozonated water. (iv) Ozone concentration
necessary for the inactivation of SARS-CoV-2 by ozonated water. (Reprinted with permission from ref. 176. Copyright Springer Nature 2021.) (b)

Inactivation of SARS-CoV-2 using ozonated water. (i) Schematic diagram of

the inactivation procedure. (ii) Concentration of ozonated water in 15 mL of

normal saline under standard temperature and pressure conditions (inset: qualitative analysis of the ozonated water concentration). (iii) Inactivation ratio
of SARS-CoV-2 by ozonated water. (iv) Microscopy images comparing negative control cells and SARS-CoV-2 infected cells.””

gaseous ozone with antibiotics for topical adjuvant therapy
(Fig. 20Db(i)). The system involves applying a patch directly to
the wound site (Fig. 20b(ii)), where biodegradable polymer fibers
disintegrate upon contact with the wound, releasing the anti-
biotic locally (Fig. 20b(iii))."”® Simultaneously, gaseous ozone
from a portable external ozone generator is delivered through
the patch to the wound surface, providing additional antimicro-
bial action and enhancing the antibiotic’s effectiveness by
increasing diffusion across the oxidized bacterial membrane

196 | EES Catal, 2025, 3,170-204

(Fig. 20b(iv)). Once the wound has healed, the patch can be
easily removed (Fig. 20b(v)). This combination of ozone and
antibiotic therapy holds significant potential for accelerating
healing by effectively treating antibiotic-resistant infections
and preventing the development of new infections.

6.2. Wastewater treatment

Efficient green treatment technologies for wastewater purifica-
tion are crucial for the protection of water resources.'’®'

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Among these, EOP technology is recognized as one of the most
effective green methods for water pollution remediation. In
the process of wastewater treatment, wastewater treatment
plants usually use a variety of water purification methods to
achieve the desired purification effect, including precipitation
and filtration, advanced oxidation process, adsorption and
reverse osmosis (Fig. 21a). Of all the methods applied, the
advanced oxidation process is very important as it is the
primary means of destroying pathogens, micro-organisms
and organic contaminants to prevent water-borne diseases
and contamination, thereby protecting public health and the
environment.

As illustrated in Fig. 21b, our research group discovered that
the gaseous ozone produced by an EOP electrolyzer, when
combined with a continuous flow process, enables highly
efficient degradation of dyes.'°® The results indicated that,
compared to the batch flow degradation process, the contin-
uous flow design provides an effective gas-liquid mixing
mechanism. This mechanism enhances the uniform

© 2025 The Author(s). Published by the Royal Society of Chemistry

distribution and dissolution of gaseous ozone in the water,
leading to a significant improvement in mass transfer and
degradation rates while minimizing unnecessary concentration
polarization. In addition, it has been shown that efficient in situ
degradation of typical antibiotics can also be achieved with an
ozone generator, with tetracycline at an initial concentration of
50 ppm being completely degraded within 5 min (Fig. 21c).*” In
recent years, researchers have found that synergistic degrada-
tion of O; with H,O, or O; with NaClO can be achieved by
electrocatalysis. As shown in Fig. 21d, Shi and colleagues found
that the degradation efficiencies of tetracycline in 120 min were
41.8% and 78.3% for the pure H,0, and pure Oz systems,
respectively.'’® Moreover, the electrochemical degradation effi-
ciency of the O3;-H,0O, system was notably higher, achieving
98.1% degradation of tetracycline within 120 min of electro-
lysis. Additionally, Xue et al. observed that during the degrada-
tion process using O; or NaClO alone, approximately 90% of
carbaryl was degraded within 2 h. When O; and NaClO were
used simultaneously, carbaryl was completely degraded within
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Fig. 21 Wastewater purification through the EOP process. (a) Schematic flow diagram illustrating the wastewater treatment process using an ozone
generator. (b) (i) Schematic representation of degradation processes in both batch and continuous flow systems. (ii) and (iii) Comparative efficiency
analysis of methylene blue (ii) and rhodamine B (iii) degradation in batch versus flow systems. (Reprinted with permission from ref. 108. Copyright
Elsevier 2023.) (c) (i) Schematic diagram of the experimental setup for in situ degradation of organic pollutants utilizing a visualized parallel flow field
EOP electrolyzer. (ii) In situ electrochemical degradation performance of tetracycline. (Reprinted with permission from ref. 47. Copyright Elsevier
2023.) (d) (i) Schematic depiction of a bifunctional electrolyzer integrating EOP with the 2e™ ORR. (ii) Degradation profiles of tetracycline using the
obtained samples under Oz, H,O,, and combined O3z-H,O, conditions. (iii) Pseudo-first-order kinetic analysis of tetracycline degradation under Os,
H,0,, and O3-H,0O, systems. (Reprinted with permission from ref. 109. Copyright Elsevier 2023.) (e) (i) Schematic of the electrochemical synergistic
degradation involving Oz and NaClO. (ii) Removal efficiency of carbaryl. (iii) Removal efficiency of tetracycline. (Reprinted with permission from ref. 53.
Copyright Wiley 2024.)

12 min, with a significant increase in the degradation rate used only, carbaryl was completely degraded within 18 min.
(Fig. 21e(i-ii)).>® When O; was used alone, the degradation rate  However, when O; and NaClO were used simultaneously, tetra-
of carbaryl was 96.4% within 30 min, whereas when NaClO was  cycline was completely degraded in only 3 min (Fig. 21e(iii)).
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7. Conclusion and future perspectives

7.1. Conclusion

In this paper, we review the theoretical basis and the experimental
progress of the electrochemical ozone production (EOP). Intensive
research on the subject in recent years has greatly deepened our
understanding of the EOP mechanism, which provides useful
guidance for the design of catalysts with good EOP performance.
Meanwhile, the EOP performance testing methods for catalysts are
systematically summarized. The comparison of catalyst EOP perfor-
mance using methods under standardized conditions is beneficial to
both the optimization of existing systems and the evaluation of the
feasibility of newly developed electrocatalysts. In addition, the
demand for efficient EOP catalysts has stimulated a large number
of research efforts devoted to the development of low-cost EOP
catalysts with both activity and stability, including the rational
control of the nanocatalyst structure and its reactivity by exploiting
the size effect, the facet effect and the reconstruction effect. Based on
these advances, researchers have increasingly focused on the prac-
tical applications of EOP. Significant progress has been made,
including the rational design and assembly of EOP electrolyzers,
as well as the expansion of EOP application scenarios and improve-
ment of application effects (Fig. 22).

7.2. Looking ahead

It is worth noting that several challenges remain in basic and
applied research related to EOP, which need to be carefully
addressed in the future.
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Firstly, although DFT calculations have been employed to
predict the active sites of reaction intermediates and catalysts
as well as to design efficient EOP catalysts, these theoretical
models often fall short of accurately representing real catalytic
conditions. A comprehensive understanding of the EOP mecha-
nism is crucial not only for advancing scientific knowledge but
also for guiding the development of high-performance cata-
lysts. In fact, researchers have now begun to explore the EOP
mechanism under real reaction conditions such as electric field
and specific pH conditions, which has greatly contributed to
the development of catalysts for EOP applications. Unfortu-
nately, for most of the currently developed catalysts, particu-
larly composite catalysts, there is a lack of in-depth, intensive
and systematic mechanistic studies at the atomic scale.

Secondly, it is necessary to establish standardized test
methods to compare the EOP performance of catalysts from
different research groups. It is difficult to accurately compare
and evaluate the performance of different materials due to
differences in catalyst mass loadings, catalyst supports, work-
ing electrode preparation methods, reaction conditions and FE
calculation methods. Therefore, in future studies, researchers
are encouraged to evaluate the EOP behaviour of the catalysts
under standard conditions in order to determine and compare
the activity of each new electrocatalyst.

Thirdly, although many strategies have been developed to
produce effective EOP catalysts, including Pt-based catalysts,
BDD, DSA electrodes, etc., their synthesis processes are complex
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Fig. 22 Summary of challenges and future perspectives for large-scale EOP practical application.
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and expensive, resulting in high final product costs and insufficient
catalyst yield and quality to meet industrial and commercial
requirements. Although lead-based catalysts can meet the demand
for commercial applications, there is a need to further develop
green, low-cost and high-performance EOP catalysts that can be
mass-produced in view of the green development trend. On the one
hand, this insight inspires us to explore other metal oxide catalysts
with electronic configurations similar to that of lead for EOP
applications. On the other hand, the LOM mechanism can lead to
the disruption of the catalyst’s crystal structure. Therefore, develop-
ing metal oxides with unsaturated oxygen coordination could enable
continuous structural reconstruction while maintaining high EOP
activity, potentially achieving a balance between activity and stability
in the EOP process. In addition, most current research relies on
ex situ characterization techniques, which provide information only
before and after the EOP tests. These methods overlook critical
details such as the microstructural evolution of the atomic layer on
the catalyst surface and the behavior of reaction intermediates
adsorbed on the catalyst during the EOP process. Therefore, it is
imperative to employ i situ characterization techniques to investi-
gate the active sites and structural features of the catalysts through-
out the EOP process to accurately elucidate the catalytic mechanism.

Fourthly, knowledge of the structural components of the
electrolyzer is necessary to understand the EOP process. At
present, the assembly cost of EOP electrolyzers is still relatively
high, and the imperfections in the structural design could also
affect the durable and stable operation during the EOP process.
Considering the assembly cost of electrolyzers and the overall
efficiency of EOP, it is also possible to promote the practical
application of EOP technology in the future from the perspec-
tives of the processing method of MEA, the material and porosity
selection of GDL, the flow field design of BPP, and so on.

Fifth, the EOP process could be widely used in sterilisation
and water treatment applications, and although progress has
been reported in a wide range of studies, further rapid devel-
opment is still limited by disciplinary constraints. We should
encourage the cross-fertilization of the same technology
between different disciplines and fields. For example, by pro-
moting the cross-fertilization of the EOP process with biology
and medicine, we can give full play to the strengths of various
disciplines, promote the EOP process to a wider range of
applications, and accelerate the rapid development of the
process in practical application scenarios.
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