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Molecular oxygen (O,) activation offers a sustainable pathway for environmental remediation by gener-
ating reactive oxygen species (ROS), yet challenges in efficiency, stability, and scalability hinder its prac-
tical application. This review systematically explores recent advances in integrated (photo)electrocatalytic
systems, where synergistic coupling of photonic and electrical energy inputs overcomes spin-forbidden
barriers in molecular O, activation. Emphasis is placed on nanoscale catalyst engineering, including al-
loy, carbon-based materials, and single-atom catalysts, to precisely regulate ROS generation via electronic
structure design and targeted electron transfer. Parallel innovations in reactor design, such as flow-by and
flow-through (photo)electrodes, are analyzed for their role in enhancing mass transport, increasing ROS
yields, and ensuring operational durability. Integrating fundamental insights with system engineering, the
review provides a roadmap for advancing energy-efficient (photo)electrocatalytic platforms, highlighting
their transformative potential in ROS-mediated environmental technologies.
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1. Introduction

Advanced oxidation processes (AOPs) have become indispens-
able in environmental remediation, achieving pollutant removal
through the generation of highly reactive oxygen species (ROS)
[1,2]. These ROS, including superoxide (O, ~), hydroxyl radicals
("OH), and singlet oxygen (10,), are typically derived from chem-
ical precursors like hydrogen peroxide (H,0,), ozone (O3), or per-
oxymonosulfate (PMS) [3,4]. While effective, the reliance on these
precursors poses challenges due to their costly synthesis, unsta-
ble storage, and energy-intensive transport. In contrast, molecular
oxygen (0O,), a naturally abundant and eco-friendly oxidant consti-
tuting 21% of the air by volume, holds immense potential for sus-
tainable environmental applications [5]. However, its practical uti-
lization in AOPs remains constrained by inherent stability, where
its triplet ground state and high-energy molecular orbitals prevent
direct interaction with most organic pollutants [6]. Consequently,
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only a small fraction (<5%) of molecular O, in reaction systems
is catalytically converted into ROS, starkly contrasting with the
high efficiency achieved by synthetic precursors like H,0, or O3
[7,8]. Consequently, overcoming these limitations requires innova-
tive strategies to activate molecular O, under ambient conditions,
thereby unlocking its full potential as a sustainable ROS source.
Conventional methods for molecular O, activation, including
physical, chemical, and biological approaches, have been widely
used to generate ROS for environmental remediation [9,10]. Despite
their utility, these approaches often suffer from critical limitations,
such as energy-intensive operations, secondary pollutant forma-
tion, and unsatisfactory activation efficiency, which hinder their
practical application [11,12]. In response, (photo)electrocatalytic ac-
tivation of molecular O, have emerged as a breakthrough strat-
egy [13,14]. By synergistically integrating photonic and electrical
energy, this approach breakthrough the inherent spin limitations
of triplet-state molecular O,, enabling efficient ROS generation un-
der mild conditions [15]. A key advantage of (photo)electrocatalytic
systems is their compatibility with renewable energy inputs, such
as solar or wind power, which ensures cost-effective scalability for
large-scale environmental remediation [16,17]. Therefore, the main
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orientation of this paper is the analysis of molecular O, activation
via (photo)electrocatalytic system, offering a sustainable pathway
to mitigate pollution.

Recent reviews for molecular O, activation have predomi-
nantly concentrated on catalyst design, with particular emphasis
on optimizing electronic properties and electron transfer through
advanced strategies, including defect engineering, heterojunction
construction, and nanoconfinement [18,19]. For instance, N-doped
carbon electrodes derived from N-rich chitosan demonstrated en-
hanced molecular O, activation, where pyridinic and graphitic
N sites doubled ‘OH and O,"~ concentrations, enabling efficient
degradation of persistent pollutants like perfluorooctanoic acid in
complex aqueous environments [20]. Similarly, MIL-101(Fe)-based
Z-scheme heterojunctions exhibited robust photocatalytic activity,
generating 0,"~, "OH, and 10, to drive pollutant degradation [21].
While, seldom of the reviews have targeted at the state-of-the-art
(photo)electrocatalysts together with the (photo)electrochemical
device designs for molecular O, activation. By addressing these
limitations, this review bridges the disconnect between material-
centric studies and device engineering, offering a holistic perspec-
tive on (photo)electrocatalytic molecular O, activation.

Herein, we provide a thorough summary and in-depth anal-
ysis of current research on molecular O, activation utilizing
(photo)electrocatalysts and (photo)electrochemical devices, with an
emphasis on enhancing mass and electron transfer for the on-site
production of ROS. Specifically, the reaction mechanisms, advan-
tages, and disadvantages of (photo)electrochemical device designs,
particularly those incorporating catalyst engineering, are analyzed
in detail. By connecting fundamental science with practical engi-
neering considerations, this work aims to inspire the development
of robust, scalable technologies for ROS generation toward environ-
mental remediation.

2. Analysis of the molecular 0, activation pathway

ROS are broadly classified into two types: radicals (e.g., 0"~
and "OH) and nonradicals (e.g., H,0, and '0,). The ground-state
molecular 0, (3% ) exists in its lowest energy configuration,
characterized by two unpaired electrons in antibonding orbitals
with parallel spins (Figs. 1A and B) [22,23]. Contrast, excited-state
oxygen species, such as 0; ('Ag) and 0, (1XZg*), possess dis-
tinct electronic configurations. In the 0, (' Ag) state, electrons pair
within the same orbital, whereas in the higher-energy 0, (1Zg+)
state, occupy separate orbitals with opposite spins. The 0, (1 Z4*)
state is highly unstable and short-lived, rapidly decaying to the
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Fig. 1. (A) Molecular orbital diagrams for a ground-state triplet O, molecule, two
types of 105, 0,"~ and H,0,. Copied with permission [23]. Copyright 2013, Wiley.
(B) Possibly the relationship or differences in generating different ROS.
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lower-energy O, (1Ag) state, which corresponds to the widely
studied 0, [23,24]. Additionally, O,"~ and "OH are often less sta-
ble than nonradicals because they contain a single unpaired elec-
tron.

2.1. Superoxide radical anion (0,"~)

0, is a highly reactive intermediate formed when molecular
0, undergoes single-electron reduction. Structurally, the O-O bond
in 0" (1.28-1.33A) is slightly elongated than that of ground-state
0, (1.21A) due to the addition of an electron [25]. This struc-
tural enhances its instability and reactivity, enabling O,*~ act as
both an oxidant and a reductant across a broad redox potential
range (—0.35V to +0.94V) in photo(electro)catalytic systems. As
shown in Fig. 2A, a notable example involves Fe atoms coordi-
nated within N-rich carbon frameworks (Fe-N,4), which can stabi-
lize molecular O, adsorption and facilitate electron transfer from
the Fe sites to O,, yielding O, for ethylbenzene oxidation [26].
Although single-electron oxygen reduction dominates its forma-
tion, O,"~ also serves as a precursor to other ROS, including H,0,
and 10,, through further reduction or coupling steps. By optimiz-
ing electron transfer mechanisms and stabilizing reactive interme-
diates, catalytic systems can be engineered to enhance O,"~ gener-
ation and environmental remediation processes.

2.2. Singlet oxygen (10,)

10, is an energized form of the molecular 0,, which was pro-
duced by elevating ground-state oxygen (3¥¢~) to higher-energy
configurations [27]. Two distinct excited states are possible: the
lower-energy 'Ag state (95k]/mol) and the higher-energy g+
state (158 kJ/mol). The 1A, state forms when two electrons with
opposing spins occupy the same 7 orbital, whereas the 1 X g+ state
arises when these electrons occupy separate orbitals [28]. Due
to spin conservation constraints, transitions from the 'Ag to the
13+ state are prohibited. In contrast, the 1Z,* state can revert
to the ground state through a permitted transition, leaving the
TAg state relatively stable as “'0,” [29]. For instance, Jiang et al.
demonstrated that alloying Co with Fe promotes electron transfer
from Co to Fe, creating electron-deficient Co sites that efficiently
catalyze 0,-to-'0, conversion in flow-through systems Fig. 2B)
[30]. However, the efficiency of 10, production is constrained by
the fleeting lifespan of excited-state species, which limits their
ability to drive molecular O, activation. Addressing this challenge
requires strategies to stabilize these transient states, thereby im-
proving the overall yield and utility of 10, in environmental reme-
diations.

2.3. Hydroxyl radical ("OH)

*OH consist of a H atom bonded to an O atom, enabling them
to extract H atoms from surrounding molecules to form water,
thereby destabilizing contaminants [31]. The activation of molec-
ular O, to generate "OH typically begins with a one-electron re-
duction step, producing O,'~. These intermediates can follow two
primary pathways: direct dissociation and hydrogenation to form
*OH, or further reduction and hydrogenation to yield H,0,. The
latter route is often kinetically favorable, as it avoids the energy-
intensive cleavage of the O-O bond, with H,0, subsequently re-
acting with Fe2* or other transition metal ions in a Fenton-like
process to produce "OH. Recent advances highlight that coupling
transition metals (e.g., Fe, Co, Ni, Cu) with carbon-based materials
can precisely tune the selectivity of "“OH generation via 3e~ oxygen
reduction reaction (ORR) [5]. For example, Xiao et al. developed a
carbon aerogel embedded with a core-shell FeCo alloy, where car-
boxyl groups on the carbon surface promoted H,0, production via
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Fig. 2. (A) Calculated charge difference surfaces of the Fe-N, coordination systems, calculated energy of molecular O, adsorption on different sites, and schematic illustration
of 0, to 0,°~. Copied with permission [26]. Copyright 2013, Wiley. (B) Proposed electrocatalytic activation mechanism of molecular O, to '0, over the CoFeCNT filter. Copied
with permission [30]. Copyright 2025, Elsevier. (C) Selective electrocatalytic reduction of O, to "OH via 3e~ pathway with FeCo alloy encapsulated carbon aerogel. Copied
with permission [32]. Copyright 2021, Wiley. (D) Binary heteroatom dopants enable carbon-based heterostructures for efficient (photo)electrocatalytic O, to H,0, synthesis.

Copied with permission [36]. Copyright 2024, Elsevier.

the 2e~ ORR pathway, while electrons from the FeCo alloy facili-
tated the reduction of H,O, to *OH through a 1e~ process by al-
tering the local electronic environment of the carbon shell (Fig. 2C)
[32]. This cascade mechanism, converting O, to ‘OH through 3e~
ORR process, overcomes the slow electron transfer bottleneck in
traditional Fenton redox cycles, significantly improving efficiency.

2.4. Hydrogen peroxide (H;0;)

H,0,, in which the two O atoms are bonded via a shared
electron pair, forms an inherently unstable and transient —0-0—
structural unit, serving as both oxidizing and reducing agents [33].
Utilizing solar energy and O, as feedstocks, photo(electro)catalytic
H,0, generation surpasses traditional photocatalysis in solar
energy conversion efficiency and requires less electrical input than
standalone electrocatalysis [34]. Photocathodes absorb light and
produce carriers (e~ and h*), which are transferred to the catalyst
surface. Molecular O, initially combines with 1e~ to form O,'~,
which subsequently react with 2H* and another 1e~ to produce
H,0, via a two-step le~ transfer pathway [35]. Alternatively, O,
directly interacts with 2e~ and 2H* to generate H,0, through
2e~ transfer mechanism. Recent work by Zhu et al. demonstrated
a metal-free carbon-based heterostructure material with N, S
co-doping, in which binary heteroatom-doped carbon spheres are
loaded onto carbon nitride polymer (Fig. 2D) [36]. Theoretical
calculations and experimental results reveal that S- and N-sites
suppress O-O cleavage and facilitate *OOH formation through
their respective subtle microenvironments, mediating superior
2e~ ORR selectivity for H,0, production in acidic and alkaline
conditions. A critical challenge in H,0, (photo)electrosynthesis
lies in suppressing H,0, self-decomposition. Mitigation strategies
include physically isolating H,0, from the counter electrode to
minimize unwanted reactions or converting H,O, into stable
peroxide salts to reduce decomposition while enabling controlled
release, storage, and transport.

3. The (photo)electrocatalysts for molecular O, activation

Advances in synthesis techniques and computational modeling
have enabled the development of diverse (photo)electrocatalysts,

including metal alloys, single-atom materials, and carbon-based
systems, to drive the activation of molecular O, for ROS generation.

3.1. Metal and alloy catalysts

Noble metals, such as Au, Ag, Pd, and Pt, are widely studied
in molecular O, activation within (photo)electrocatalytic systems
[37]. However, their high binding affinity to molecular O, often
demands significant energy input, creating a trade-off between
catalytic activity and selectivity. To address this, researchers have
engineered noble metal alloys, which adjust the O-binding proper-
ties to enhance catalytic performance by incorporating secondary
metals. For example, Pd-Ag, Pd-Cu, Pt-Mn, and Au-Pd/ZnO hy-
brid systems exhibit superior molecular O, activation compared
to single-metal catalysts, as demonstrated by experimental and
theoretical studies [38,39]. As illustrated in Fig. 3A, analyses of
the stable O, adsorption configurations and dissociation pathways
on PdCu alloy surfaces reveal a composition-dependent trend: O,
adsorption strength increases with higher Cu content but weakens
when Cu exceeds Pd stoichiometry [39]. This behavior arises
from the higher O, adsorption energy of Pd sites relative to Cu,
confirming Pd as the preferential adsorption center in the alloy.
Further innovation involves tailoring redox-active interfaces. Yang
et al. designed a CuBi,04 photocathode that exploits alternating
Cut/Cu?t states to drive sequential molecular O, activation:
Photogenerated electrons reduce O, at Cu?* sites to form Oy,
which then react with protons and electrons to produce H,0,, an
intermediate that subsequently interacts with Cut to yield "OH
[40]. Another promising strategy involves nanoscale engineering
of catalysts. Reducing metal nanoparticles to ultrasmall sizes,
such as Pt clusters anchored on porous supports, significantly
increases surface area, and improves selectivity, thereby enhancing
the activation efficiency of molecular O, [41,42]. However, subse-
quent research should focus on the challenges of precious metal
scarcity/cost, susceptibility to surface poisoning by intermediates
(e.g., *OH, OOH), and controlling alloy homogeneity. Collectively,
advancements in alloy design, nanostructure, and redox mediation
highlight a multifaceted pathway toward developing scalable,
energy-efficient systems for optimized molecular O, activation.
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Fig. 3. (A) Transition states in the O, dissociation on four PdCu alloy surfaces. Copied with permission [39]. Copyright 2024, ACS. (B) Mechanism for (photo)electrocatalytic
0, to "OH over Pd-SA/F-TiO, and Pd NPs/F-TiO,. Copied with permission [49]. Copyright 2024, ACS. (C) N-doped graphitized carbon nanohorns in highly selective O, to
H,0,. Copied with permission [54]. Copyright 2018, Elsevier. (D) The scheme for O, to H,0, at NiO,-TiO,-PCN photocathode. Copied with permission [56]. Copyright 2023,
Elsevier. (E) The mechanism of O, to H,0, on Py-TD-COF and Py-TD-COF-NH. Copied with permission [59]. Copyright 2024, Elsevier.

3.2. Single atoms catalysts (SACs)

SACs, characterized by near-complete metal atom utilization,
have emerged as a promising platform for efficient molecular O,
activation [43,44]. Their exceptional catalytic performance stems
from the ability to precisely control electronic properties by tai-
loring interactions between isolated metal atoms and their sup-
port materials, which enhances the adsorption and activation of
molecular O, and regulates its dissociation pathway to selectively
form ROS [45,46]. Until now, various SACs based on different met-
als, including Fe, Co, Mn, Pt, and Pd, has been investigated for
activation of molecular O, toward ROS generation [47]. Further-
more, modifying the coordination environment of SACs with het-
eroatom (e.g., N, O, S) optimizes electron density at active sites,
further improving molecular O, activation efficiency [48]. For in-
stance, Zhang et al. developed a F-modified TiO, catalyst with sin-
gle Pd atoms bonded to F and O atoms [49]. This configuration pro-
moted the 2e~ ORR to H,0, generation with up to 99 % selectivity,
while the additional channel bond HO-O-.-Pd—F-TiO, facilitates
the photogenerated electron transfer from the conduction band to
Pd sites, reducing Pd.--O—OH to "OH (Fig. 3B). Similarly, Qin et al.
designed carbon-supported Ni SACs (Ni SA@C) featuring dual cat-
alytic sites, where the Ni-N4 (—2.70eV) sites exhibited stronger
adsorption energy for molecular O, than that of Ni-N,0O, sites
(-1.59eV), suggesting superior molecular O, activation at Ni-N4
sites [50]. This was complemented by planar-averaged charge den-
sity difference analyses along the Z-direction, revealing facilitated
directional electron transfer from Ni-Ny4 sites to O, for ROS gener-
ation. Subsequent studies should focus on the limitations of SACs,
such as stability issues (metal leaching/aggregation) and sensitivity
to the coordination environment, where suboptimal ligand bonding
can affect performance. These examples underscore how strategic
engineering of SACs at the atomic scale can optimize interfacial
adsorption and charge transfer dynamics, significantly advancing
(photo)electrochemical systems for molecular O, activation.

3.3. Carbon-based catalysts

The high cost and limited durability of noble metal-based cata-
lysts under harsh operational conditions remain significant barriers
to their widespread adoption [51,52]. In response, carbon-based
materials have gained prominence as cost-effective alternatives

for molecular O, activation, offering robust stability and compet-
itive catalytic performance for ROS generation [53]. For instance,
defect-engineered polymeric carbon nitrides, where structural
vacancies serve as active sites, efficiently adsorbs and directly
converts molecular O, into H,0, (Fig. 3C) [54]. Chemical doping
of carbon materials further enhances their electronic properties,
with catalytic activity dependent on the type and concentration
of dopants. Chen et al. showed that carbonyl group-functionalized
carbon nanotubes lower the energy barrier for molecular O,
activation, thereby enhancing the production of '0,, 0,°~, and
*OH, with 10, generation remaining stable across a broad pH
range (7-11) [55]. Similarly, Braun et al. achieved unprecedented
H,0, yields using thermally treated carbon catalysts derived from
polydopamine, attributing this success to optimized microporous
structures and balanced Npyriginic/Npyrrotic Tatios during synthesis
(Fig. 3D) [56]. Besides N doping, incorporating heteroatoms like
B, F, and S, have also been incorporated to improve the efficiency
and selectivity of molecular O, activation.

Among them, covalent organic frameworks (COFs), a class of
porous carbon polymers with high surface areas and tunable
pore structures, exhibit exceptional thermal and structural stabil-
ity during molecular O, activation [57,58]. For instance, imine-
linked COFs, which feature electron donor-acceptor characteristics,
demonstrated 80 %—92 % selectivity for H,0, production at low op-
erating voltages (0.2-0.7V vs. RHE) (Fig. 3E) [59]. Experimental
and computational studies revealed that amine linkages in these
frameworks promote H-bonding, elongating, and weakening 0-O
bonds to facilitate hydrogenation and enhance H,0, selectivity in
(photo)electrocatalytic systems. Current optimization strategies fo-
cus on tailoring functional groups, incorporating heteroatoms, and
engineering linkage chemistry, all of which directly modulate cat-
alytic pathways. Nevertheless, scalability remains constrained by
complex synthetic requirements and limited electrical conductivity.

3.4. (In)organic semiconductor photocathodes

Organic variants, such as H-bonded frameworks and poly-
terthiophene polymers, contrast with inorganic counterparts like
such as CuBi,04, Cu3BiS3, and CuS/MnS. For example, Feng et al.
designed a Cu-coordinated carbon-nitride (CuCN) photocathode,
where Cu-N,_C active sites reduced the energy barrier for crit-
ical reaction intermediates, significantly enhancing molecular O,
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Table 1
Summary of ROS yields and their detection by photocatalysts applying different de-
tection method.

Catalyst Main ROS Activity Durability Ref.
(mA/cm?)

Bo.os-C3Ny 0,7,'0; / 3h [62]
GBN 10, 3V vs. RHE 2h [63]
MoS,/GDY-3 H,0, / 4h [64]
C0304-TiO, H,0, 1.23V vs. RHE 4h [65]
Cu,0@C 0,7, ‘OH —0.1V vs. RHE 3h [66]
Cu/TiO, 0, —0.1V vs. RHE 14 h [67]
Gd-doped BiVO;  H,0, 3.0V vs. RHE 3h [68]
Ni(OH),/Ni foam  *OH 1.60V vs. RHE 40 h [69]
Cu,0/Cu0 ‘OH 2.2V vs. RHE 8h [70]

activation for the generation of *OH and '0, via Cu-N,_C active
sites [60]. This approach improved efficiency by balancing charge
transfer and catalytic activity. Sun et al. demonstrated this by
integrating a NaCo,04 layer beneath CuBi,O4, synergizing pho-
tothermal and photoelectric effects [61]. Under light exposure,
this configuration created an internal electric field that boosted
charge separation, achieving a notable H,0, yield of 1192.9 pmol/L
within 50min. Such designs underscore the potential of hybrid
systems to overcome limitations in charge-carrier dynamics. Be-
yond these strategies, Schottky junctions have emerged as promis-
ing candidates due to their ability to enhance charge separation
[11]. These junctions form when semiconductors with differing
work functions interact, driving electron transfer until equilibrium,
which minimizes electron recombination, enhances charge separa-
tion, and further improves molecular O, activation. In addition to
these approaches, researchers have explored oxides, chalcogenides,
anthraquinone-based compounds, and molecular catalysts (Table 1)
[62-70], all demonstrating strong molecular O, activation capabil-
ities. These materials leverage diverse mechanisms, from bandgap
engineering to surface modification, offering versatile pathways to
improve molecular O, activation.

4. Strategies to improve the stability of (photo)electrocatalysts

The stability of (photo)electrocatalysts is influenced by three
primary factors: Catalyst composition, reaction conditions, and re-
actor design. Optimizing the catalyst itself presents a cost-effective
pathway to enhance operational longevity without requiring costly
infrastructure upgrades.

4.1. Coating on oxide supports

A promising strategy involves coating catalytic sites onto sup-
ports, such as TiO,, ZnO, or SiO,. These supports offer high surface
area and structural stability, which help to anchor active sites and
prevent leakage. While non-oxide supports (e.g., carbon nanotubes)
may offer higher conductivity, their vulnerability to corrosion often
results in activity loss in acidic O,-rich environments. Thus, oxides
remain preferred for long-term molecular O, activation. For exam-
ple, Lyu et al. demonstrated that a carbon-coated TiO,_x support
stabilized interfacial oxygen vacancies, enabling activate molecular
0, into 10, or 0, during a 12 h of light exposure (Fig. 4A) [71].
Similarly, Zhang et al. addressed the challenge of Au nanoparticle
sintering by applying a thin SiO, layer to Au/TiO, [72]. This modifi-
cation not only prevented agglomeration but also enhanced molec-
ular O, activation efficiency under prolonged operation. Protective
oxide coatings mitigate structural hydrolysis, collapse, and metal
leaching, thereby preserving catalytic activity. However, the coating
method must be carefully tailored to ensure compatibility between
the active sites, support material, and operational environment. For
example, excessive coating thickness or improper thermal treat-
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ment during synthesis can block active sites or induce stress frac-
tures. Thereby balancing material compatibility with functional de-
sign, these strategies pave the way for durable, high-performance
(photo)electrocatalysts in molecular O,-driven systems.

4.2. Strengthening metal-substrate interaction

The prolonged catalytic performance of materials used in
molecular O, activation can be substantially enhanced by opti-
mizing the interaction between catalytic sites and their support-
ing substrates. Key approaches, such as heteroatom doping, oxygen
vacancy engineering, and interfacial modifications, which mitigate
structural collapse including metal leaching or agglomeration.

Heteroatoms doping: Incorporating heteroatoms such as N, B,
and S into catalyst frameworks has proven effective in stabiliz-
ing catalytic sites. For instance, N-doped Cu-carbon aerogel elec-
trodes create a Ny_Cu-OOH interface that selectively generates 10,
at concentrations up to 2583 umol/L during molecular O, activa-
tion, while maintaining 98 % efficiency over 50 operational cycles
(Fig. 4B) [73]. Additionally, doping can also introduce redox-active
metal pairs, such as Fe3*/Fe2+ and Mo*+/Mo®*, which directly par-
ticipate in molecular O, activation. The Fe3*/Fe2t pair facilitates
the one-electron reduction of O, to 0,"~, while Mo*t/Mo®* fur-
ther converts O,"~ to 10, (Fig. 4C) [74]. Research should focus how
to precisely control the dopant species at the molecular level dur-
ing the preparation process and adjust the distribution of different
species according to the specific requirement and goals.

Oxygen vacancies (OVs): OVs, defects created by missing O atoms
in metal oxide lattices, enhance molecular O, activation by al-
tering surface electronic states and improving charge transfer for
surface reactivity [75]. For example, Mao et al. reported that C-
doped BiO,_y, engineered with abundant surface OVs and bulk oxy-
gen substitutions, synergistically strengthened molecular O, ad-
sorption and charge carrier separation for boosting photocatalytic
0, generation (Fig. 4D) [76]. In another study, Yang et al. syn-
thesized SnO, catalysts with abundant OVs, which demonstrated
higher oxygen evolution potentials and faster electron transfer
rates, resulting in greater ‘OH yields compared to unmodified
Sn0, [77]. Collectively, these strategies highlight OVs engineer-
ing is an effective approach to tune the electronic structure of
(photo)electrocatalysts and the surface absorption/desorption of re-
actants toward molecular O, activation.

Confining metal particles into the support: Advanced strategies,
such as embedding or encapsulating metal particles within porous
matrices, have emerged to address challenges like structural col-
lapse and metal leaching during catalytic reactions. For exam-
ple, Guo et al. embedded Fe,03; nanoparticles directly into the
framework of a carbon nanotube (CNT) filter, termed Fe,05-in-
CNT, which reduced iron leaching by a factor of 18.8 compared
to a surface-coated counterpart (Fe,O3-out-CNT), releasing only
1.6 x 10~2mg/L of iron vs. 0.3 mg/L [78]. Beyond enhancing cata-
lyst durability, spatial confinement within support materials can
reshape reaction mechanisms. The embedded configuration im-
proved ROS generation by enabling in situ H,0O, production and its
conversion to 10, via iron redox cycling. In contrast, the surface-
coated filter primarily generated ‘OH, highlighting how nanopar-
ticle stability and spatial arrangement influence ROS pathways
(Fig. 4E). Such findings emphasize the critical role of nanostructure
engineering in directing molecular O, activation.

Collectively, the strategies outlined above target the primary
mechanisms of (photo)electrocatalyst deactivation: metal leach-
ing, particle agglomeration/sintering, and structural collapse of the
support. By mitigating these failure modes, these approaches sig-
nificantly enhance operational longevity, which is paramount for
the practical implementation of (photo)electrocatalytic processes in
environmental remediation.
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5. (Photo)electrocatalytic device for molecular O, activation

The development of stable and efficient photo(electro)catalytic
system is one of the important components to industrial applica-
tions. The ideal device for molecular O, activation must balance
key factors: sufficient active sites and efficient mass transfer to
sustain high reaction rates.

5.1. Flow-by (photo )electrochemical systems

Conventional (photo)electrocatalytic approaches for ROS gen-
eration typically rely on stirred reactors with suspended catalyst
powders, which require continuous molecular O, supply to main-
tain reaction efficiency. While effective in laboratory settings,
these systems face practical limitations, including inefficient
mass transfer, catalyst aggregation and recovery during prolonged
operation [79,80]. To address these drawbacks, recent advance-
ments have focused on immobilizing catalyst, such as fixed-bed
reactors or electrode-integrated platforms. These configurations
not only prevent catalyst loss and simplify reuse but also en-
hance scalability for real-world applications. For example, Fuku
et al. developed a dual-compartment solar-driven reactor using a
WO03/BiVO,4 photoanode and an Au cathode [81]. This solar-driven
dual-compartment system enables simultaneous H,0, generation
at both electrodes without requiring external voltage, with the
photoanode and cathode achieving Faradaic efficiencies of 50% and
90% for H,O, production, respectively. In a separate study, Zhou
et al. demonstrated that immobilized BiVO4-based composites
functionalized with silver or copper nanoparticles generated *‘OH
and O,"~ at rates of 371 and 292umolg~1h~!, respectively in an
H-cell reactor separated by a Nafion 115 ion exchange membrane
(Fig. 5A) [82]. A critical advantage of immobilized systems lies
in their inherent charge-directed pollutant migration. Positively
charged contaminants are electrostatically attracted to the nega-
tively charged cathode, while anionic species migrate toward the
photoanode. This directional transport ensures continuous adsorp-
tion of pollutants onto the electrode surfaces, where they undergo
oxidative degradation via in situ-generated ROS. Such mechanisms
not only enhance degradation efficiency but also minimize energy
losses associated with random diffusion in conventional slurry

reactors. By replacing suspended catalysts with immobilized ar-
chitectures, researchers have resolved longstanding challenges
in catalyst stability, recyclability, and energy efficiency, paving
the way for scalable, energy-efficient ROS generation systems for
environmental remediation.

5.2. Flow-through (photo)electrochemical systems

Flow-through (photo)electrochemical systems have emerged as
a paradigm shift in molecular O, activation for ROS generation,
addressing critical limitations of traditional flow-by configurations,
including inefficient mass transport, sluggish reaction kinetics,
and unstable electrode performance [83,84]. By integrating layered
membrane architectures, these systems create confined reaction
zones at the nanoscale, where optimized electrical and hydrody-
namic interactions minimize diffusion barriers, key features for
practical environmental applications (Fig. 5B) [85]. A notable inno-
vation in this field is the Sb-Fe/MXene Janus filter, which features
a Ni-foam with spatially separated functional layers: a photocat-
alytic side (Sb single atoms on MXene) and an electrocatalytic
side (Fe nanoclusters on MXene) [86]. The photocatalytic side
drives water oxidation via a 4e~ pathway to generate O,, while
concurrently enabling non-sacrificial H,O, production via a 2e~
oxygen reduction process. On the opposing side, the electrocat-
alytic side mediates Fe(Ill)/Fe(II) cycling, sustaining ‘OH generation
through H,0, dissociation (Fig. 5C). Further progress has been
achieved through microporous (photo)electrocatalytic membranes,
such as those developed by Kumari et al., where TiO, and ZnO
coatings are deposited onto porous stainless-steel substrates using
atomic layer deposition (Fig. 5D) [87]. These membranes sup-
press electron-hole recombination during (photo)electrocatalysis,
significantly boosting the production of ‘OH and O,"~. Operation
in the flow-through configuration outperformed the conventional
batch reactor model (k=0.17 min~!) due to convection-enhanced
mass transport. As compared to a conventional batch reactor,
the flow-through (photo)electrochemical system exhibited > 4
times higher oxidation flux due to the convection-enhanced mass
transfer and improved catalyst stability [84]. Such engineered
decoupling of redox reactions not only enhances molecular O,
activation efficiency but also ensures long-term stability under
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continuous operation, underscoring their viability for scalable
environmental remediation technologies.

6. Application in environmental protection

The activation of molecular O, to generate ROS has gained
significant attention in environmental remediation due to its cost-
effectiveness, eco-friendly nature, and potent oxidative capacity,
offering a sustainable alternative to conventional remediation
methods.

6.1. Pollutants degradation

Persistent organic pollutants, including antibiotics and phar-
maceuticals, threaten ecosystems and human health due to their
resistance to natural degradation [88]. Central to this process is the
identification of molecular sites to oxidative attack. Computational
tools like the Fukui index provide critical insights by quantify-
ing atomic reactivity within a molecule [89]. Three indices are
pivotal:

Nucleophilic attack index f+=q(N+1) - q(N) (1)
Electrophilicity attack index f ~=q(N) - qg(N - 1) (2)
Free radical attack index f°=1/2[q(N+1) - g(N - 1)] 3)

where g represents the electron density of the atom, and the
electron density values g(N), g(N-1) and q(N+ 1) are derived from
Natural Bond Orbital charge calculations [3]. Regions with higher
f* or f9 values are prone to nucleophilic radicals like *OH, while
sites with elevated f - value are targeted by electrophilic species
such as 10,. For example, computational analyses of the antibiotic
tetracycline (TC) reveal that *OH radicals preferentially attack C, O,

and N atoms (e.g., C8, 023, N29), forming hydroxylated interme-
diates. Simultaneously, O, cleave critical bonds at high- f 0 sites
(e.g., C7, 023, N29), initiating ring-opening reactions at positions
such as C16 and C18. These fragmented intermediates are further
oxidized to harmless end products like CO, and H,O [11]. Recent
advances highlight the synergy between experimental systems
and computational modeling. For instance, a TiO, photoanode
with engineered surface facets demonstrated enhanced cleavage
of resilient carbon-fluorine bonds in fluorinated pollutants under
(photo)electrocatalytic conditions, leveraging °‘OH radicals for
efficient degradation [90]. Demonstrating practical applicability,
a modified biochar electrocatalytic system achieved effective
degradation of diverse emerging contaminants in real wastewater
[91]. Driven primarily by ‘OH, O,, and !0, generation from
molecular O, activation, removal efficiencies reached 59.2% (an-
tibiotics), 89.2 % (quinoline), 88.3 % (atrazine), and 100 % (bisphenol
A) within a 5h treatment period. Such integrated approaches
enable precise targeting of pollutants, underscoring the potential
of ROS-mediated pollutants remediation.

6.2. Sterilization and disinfection

Traditional sterilization and disinfection methods, such as
chlorine, ozone, or persulfate treatments, often produce harmful
chemical byproducts, posing risks to ecosystems and human health
[92]. In response, ROS generated through (photo)electrocatalytic
activation of molecular O, have emerged as a safer, residue-free
alternative, aligning with the growing demand for sustainable
solutions in environmental remediation [93,94]. Materials such as
metals (e.g., Ag, Cu), metal oxides (e.g., TiO,, CuO, Fe,03, ZnO), and
carbon-based structures (e.g., graphene oxide, carbon nanotubes)
can efficiently activate molecular O, for ROS generation to disrupt
microbial cells while reducing ecological risks. For example, Shi
et al. designed a (photo)electrochemical system that combines
light-driven oxidation with on-site H,O, production, powered by
renewable energy, to disinfect water contaminated with Escherichia



L. Jin, J. Xu, H. Zhu et al.

coli [95]. This flow-through method achieved bacterial inactiva-
tion rates 2.19 times higher than conventional electrochemical
H,0, production and 2.11 times greater than standalone flow-by
processes, highlighting the enhanced efficiency of ROS-mediated
mechanisms such as h*, ‘OH, O,'~. Further demonstrating the
resilience of ROS-based systems, Valenzuela et al. demonstrated
the capacity of electrospray TiO,/Ce-TiO,/graphene oxide anodes
in a (photo)electrocatalytic arrangement to inhibit bacterial growth
and boost ROS generation even under the very unfavorable con-
ditions [96]. By leveraging renewable energy to eliminate harmful
byproducts and, this approach offers a promising pathway for
advancing environmental remediation technologies.

6.3. Volatile organic compounds (VOC) oxidation

Unlike pollutants dissolved in water, the effective elimination
of gas-phase VOCs necessitates managing complex multiphase in-
teractions (gas, liquid, solid) [97]. A critical prerequisite for degra-
dation via ROS is the efficient transfer of VOCs from exhaust
streams to the gas-liquid interface, followed by their dissolution
into the aqueous phase. Crucially, because VOC oxidation oper-
ate continuously, ROS generation must occur rapidly and with
sufficient persistence to sustain the degradation process, a stark
contrast to batch-based treatments used for water pollutants. For
example, Qiao et al. developed a (photo)electrocatalytic system
that integrates a gas-permeable electrode with a light-responsive
anode, effectively converting toxic H,S into benign sulfur and
H,0, [98]. This design achieved rapid molecular O, diffusion
and selective 2e~ ORR, enabling a high H,0, production rate of
0.8mmolL-1h-1 at the cathode. Meanwhile, the anode fully oxi-
dized H,S to sulfur using an iodide-based mediator, recovering sul-
fur at 0.60 mmol/h. Thus, the gas diffusion electrode was pivotal
in this process, establishing optimized gas/water interfaces within
its porous structure. This configuration significantly enhances the
transport of electrons, ions, and gaseous reactants, thereby acceler-
ating reaction kinetics. Furthermore, the formation of gas cavities
adherent to the electrode surface can promote the more effective
oxidation of dissolved species. Collectively, such engineered inter-
faces enable continuous VOC degradation via ROS-driven mecha-
nisms, providing a promising foundation for scalable and sustain-
able strategies to mitigate gas-phase environmental pollutants.

6.4. Soil preservation

Great concern has been paid to polycyclic aromatic hydrocar-
bons (PAHs) polluted soil because they can enter the food chains
and post health risks on ecological receptors [99]. However, con-
ventional methods require substantial exogenous supplies of H,0,,
incurring high costs and logistical challenges related to its pro-
curement, transport, and storage. To address these limitations,
(photo)electrocatalytic in-situ H,O, generation has emerged as a
critical advancement. Particularly, gas diffusion electrodes consist-
ing of a catalyst layer and a diffusion layer have been just de-
veloped in last decade, which can continuously produce H,O,
via 2e~ ORR, offering significant potential for environmental re-
mediation. Chu et al. engineered a modified ordered mesoporous
carbon-based gas diffusion electrode, which can in-situ produce
H,0, and further to generate *OH radicals locally [100]. The prac-
ticability of the system was further validated using a contami-
nated soil spiked with anthracene, pyrene, and benzanthracene;
remediation efficiency was quantified, and PAH degradation path-
ways were elucidated. Additionally, ROS exert a dual influence
on soil carbon cycling: They enhance organic matter mineraliza-
tion while simultaneously promoting long-term carbon stabiliza-
tion through increased recalcitrance of residual organic matter
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and organo-mineral complex formation [101]. Consequently, under-
standing ROS generation from molecular O, activation and their
subsequent effects on organic matter transformation represents
an emerging research frontier, providing fundamental chemical in-
sights into oxidative enzymatic processes central to soil biogeo-
chemistry.

7. Conclusions and outlook

This review comprehensively examines the molecular O, acti-
vation pathways in (photo)electrocatalytic systems and elucidates
the mechanisms driving ROS generation. By highlighting efficient
ROS-producing catalysts, we clarify correlations between activation
routes and dominant ROS species while establishing a framework
for optimizing catalyst design and reaction device. To bridge lab-
scale innovations and industrial deployment, future work must ad-
dress four key challenges:

(1) Scalable catalyst synthesis. While oxygen vacancy engi-
neering, heterojunctions, and doping enhance molecular O,
activation, these strategies face intrinsic constraints: doping
may block active sites, and facet engineering often involves
complex syntheses. Prioritizing scalable, low-cost production
of robust catalysts is imperative. Refining synthesis protocols
to balance performance with industrial manufacturability
will be essential for overcoming efficiency-stability trade-
offs, particularly in large-scale environmental or energy
applications.
Enhancing ROS yields. The low solubility of molecular O, in
electrolytes often limits ROS yields in (photo)electrocatalytic
processes. Integrating gas diffusion (photo)electrodes to cre-
ate a stable gas-electrode-electrolyte interface could enhance
molecular O, transport. Combining computational modeling
with catalyst optimization will improve molecular O, deliv-
ery to catalytic surfaces and promote intermediates desorp-
tion, thereby increasing ROS yields.

(3) Advanced reactor engineering. Flow-through configuration
offers distinct advantages, significantly enhancing mass
transfer and consequently accelerating reaction Kkinetics
while improving electron utilization efficiency. Strategi-
cally embedding nanoconfined catalytic architectures within
structured (photo)electrodes presents a synergistic pathway
to enhance activity, ROS selectivity, and long-term stability.
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