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Abstract

The persistent presence of emerging pollutants, including antibiotics, dyes, and pharmaceutical
residues in water environments, poses substantial environmental and public health risks.
Conventional treatment approaches, such as Fe-based Fenton processes, are restricted by

narrow pH requirements, excessive sludge formation, and poor utilization of visible light. In

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

recent years, non-ferrous transition-metal-based catalysts, particularly those incorporating Cu,
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Co, Mn, Bi, and Ce, have emerged as promising alternatives due to their flexible redox

(cc)

chemistry, broader pH adaptability, and enhanced photo-assisted H,O, activation. More
importantly, interface engineering has been established as a pivotal strategy to amplify photo-
Fenton-like performance by promoting interfacial charge separation, accelerating reactive
oxygen species (ROS) generation, and stabilizing metal redox cycling. Approaches involving
semiconductor heterojunctions, carbonaceous frameworks, layered double hydroxides, defect-
rich architectures, and oxygen-vacancy modulation are systematically discussed. This review
critically summarizes recent advances in the design, mechanistic understanding, and

performance of interface-engineered non-ferrous photo-Fenton catalysts for environmental
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remediation. We focus on structure-activity relationships, synergistic effects, and, pollutaht="1;oocc

specific degradation pathways, while also addressing challenges and opportunities toward
sustainable water remediation. Current challenges and future perspectives toward scalable,
sustainable, and efficient Fenton-like systems are also outlined, providing a comprehensive

roadmap for the rational development of next-generation Fenton-like systems beyond iron.

1. Introduction

Since the beginning of the 21st century, water pollution has become a serious problem that
exerts a significant impact on the ecological environment and human survival.!> Organic
dyes,>* benzene-based organics,>¢ pesticides,” and antibiotics®® are the main pollutants of
concern in wastewater due to their high toxicity and hardly degradable characteristics. Recent
comprehensive analyses of Fenton and Fenton-like advanced oxidation processes (AOPs) have
highlighted their effectiveness in degrading pharmaceutical and pesticide contaminants, while
also emphasizing the potential formation of transformation by-products and associated
environmental risks, underscoring the need for more controlled and sustainable oxidation
strategies.!® Conventional biological and physicochemical processes, though widely
implemented, often prove inadequate for the degradation of emerging contaminants (ECs) due
to their complex structures, low biodegradability, and persistent environmental behaviour. To
overcome these drawbacks, powerful treatment technologies exploiting reactive oxygen
species (ROS), notably hydroxyl radicals (*OH), achieve rapid, non-selective degradation and
mineralization of refractory organic pollutants.!'!-!> Among these, the homogeneous Fenton
reaction, which produces highly reactive hydroxyl radicals (*OH) through the Fe**/H,0,
system, has been extensively applied owing to its high efficiency, low cost, and operational
simplicity.!*!> The catalytic performance can be further enhanced under solar or ultraviolet
irradiation in the photo-Fenton process, where light-assisted electron transfer accelerates metal

redox cycling and promotes sustained H,O, activation, leading to the continuous generation of
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ROS such as *OH, '0, and *O,.!%!7 In a typical heterogeneous photo-Fenton pregess, etal’ oooec
ions immobilized on a solid support react with H;O, under UV/visible light, creating electron-
hole pairs and *OH radicals, which decompose organic contaminants.'® Despite these
advantages, classical homogeneous Fenton processes suffer from intrinsic drawbacks,
including the requirement for strongly acidic conditions (pH 2-3), generation of iron-
containing sludge, and loss of the catalyst in the effluents, which causes secondary pollution
and catalyst loss.”*2 To address these challenges, heterogeneous Fenton catalysts, such as iron-
containing solids,?!~>3 have been developed as alternatives to the homogeneous Fenton process.
These catalysts avoid the need for large amounts of reducing metal ions, which has been an
active research area in this field. Consequently, a variety of iron-based heterogeneous photo-
Fenton catalysts, such as Fe@MIL-100(Fe), Fe/Fe;04 composites, Fe;04@void@TiO,, Fe—
Co PBAs, and a-Fe,O;@g-CsNy have been developed to improve catalyst recovery and
stability.?*?® However, most of these systems remain effective only under acidic conditions,
exhibiting significantly diminished catalytic performance at neutral or alkaline pH, thereby

limiting their practical applicability. Moreover, iron-based catalysts often suffer from sluggish

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

charge-transfer kinetics, insufficient active-site availability, and poor visible-light
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To overcome these limitations, recent research has shifted toward the development of non-iron
photo-Fenton-like catalysts capable of operating over a broader pH range with improved
efficiency and stability. Alternative transition and post-transition metal systems, including Cu,
Co, Mn, Bi, and Ce, have attracted increasing attention due to their favourable redox properties,
more flexible operating conditions, and enhanced visible-light absorption. This paradigm shift
mirrors the development of non- TiO, based photoanodes, where the focus has moved toward
optimizing visible-light utilization and establishing clear synthesis—structure—-mechanism—

activity relationships to enhance practical wastewater treatment performance. In particular,
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their ability to function efficiently from near-neutral to alkaline pH conditions, providés

distinct advantage over Fe-based catalysts.?! For example, Cu-based catalysts activate H,O, at
near-neutral pH through the Cu*/Cu?* redox cycle,?>* while Co- and Mn-based systems rely
on multivalent redox and oxygen-vacancy-mediated pathways that are enhanced under visible
light;3337 Bi- and Ce-based catalysts, in contrast, facilitate H,O, activation primarily via

photogenerated charge carriers and oxygen-vacancy-assisted interfacial electron transfer.3%3°

However, the standalone catalytic performance of these metals is often limited by inefficient
separation of photoinduced charge carriers, poor light-harvesting capability, or leaching of
active species. To overcome these challenges, interface engineering strategies have gained
significant attention. By constructing heterojunctions with suitable semiconductors (e.g.,
MoS,, BiOBr), introducing carbonaceous supports (e.g., rGO, CNTs, biochar), or integrating
porous scaffolds (e.g., MOFs, LDHs), researchers have been able to modulate the electronic
structure, improve charge separation, and stabilize active species. The interfacial design is not
merely structural; it fundamentally reshapes the energy band alignment, oxygen vacancies, and
surface functionalities that dictate ROS generation. Importantly, interface engineering
establishes built-in electric fields, suppresses charge recombination, and minimizes metal

leaching, advantages not achievable through simple blending or doping.

Recent studies have demonstrated that Z-scheme and S-scheme heterojunctions integrating
non-ferrous Fenton-like active components can markedly enhance photo-Fenton degradation
by promoting spatial separation of photogenerated electrons and holes while preserving strong
redox potentials for H,O, activation. For instance, CuO/CDs/g-C;N4 nanocomposites exhibit
superior visible-light-driven activity due to accelerated interfacial charge transfer and rapid
Cu*/Cu?* cycling, which sustains continuous H,O, activation.*® Similarly, Bi,WO¢/CoAl-
LDHs S-scheme heterojunctions exhibit outstanding photo-Fenton-like activity by leveraging

an interfacial electric field to drive directional charge separation while maintaining strong
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redox potentials, thereby enabling efficient H,O, activation and cobalt-mediated, SO 5o

generation for rapid antibiotic degradation.*!

In parallel, the incorporation of carbonaceous matrices such as reduced graphene oxide (rGO),
graphitic carbon nitride (g-C3N,), and biomass-derived biochar offers multifaceted advantages
for non-ferrous photo-Fenton-like catalysis. These conductive frameworks promote rapid
electron transport, provide abundant surface functionalities for H,O, adsorption, and stabilize
metal active sites, thereby facilitating efficient redox cycling. When coupled with Mn or Co-
based oxides, the resulting composites demonstrate enhanced Fenton-like reactivity, often
under neutral pH conditions and with low metal leaching. Moreover, the interfacial synergy
between the metal oxide and the carbon support serves to suppress radical scavenging pathways
and extend ROS lifetimes. Carbon-based interfaces also improve mechanical stability, surface
area, and pollutant adsorption, further supporting improved photocatalytic performance. For
instance, in CuO4-Ag,O/RGO systems, the highly conductive and defect-rich carbon support

acts as an efficient electron mediator and anchoring scaffold, promoting rapid charge transport,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

stabilizing metal active sites, and sustaining metal redox cycling for efficient H,O,

activation.*?
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emerging yet highly promising class of non-ferrous photo-Fenton-like catalysts.3¢#3 Their
unique internal electric fields (IEF) facilitate rapid charge separation, while their tunable band
structures allow for visible-light absorption and high ROS generation. Interface engineering
with materials like MOFs or g-C3N, further augments their catalytic properties, enabling
efficient removal of diverse organic contaminants under simulated or natural sunlight with
minimal secondary pollution. Consequently, Bi-based heterostructures have emerged as
powerful candidates for sunlight-driven advanced oxidation processes, particularly when

combined with strategies to modulate defects and interfaces.
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Despite these advances, a unified understanding of the underlying reaction pathways, oo
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advantages, and challenges of non-ferrous photo-Fenton catalysts remains fragmented.
Existing reviews often focus on individual metal systems or broadly discuss Fenton-like
processes without systematically addressing the synergistic role of interface engineering, such
as heterojunction construction, carbon coupling, and defect modulation. Furthermore, few
reviews provide a comparative perspective across different non-ferrous systems under similar
conditions, nor do they sufficiently address key practical issues such as catalyst stability,
reusability, pollutant selectivity, or scalability. Thus, a unified and comparative evaluation of
interface-engineered non-ferrous catalysts is urgently needed to guide future material

development.

This review aims to bridge these gaps by presenting a systematic and comparative analysis of
non-ferrous (Cu, Co, Mn, Ce, and Bi) photo-Fenton catalysts, with a special emphasis on

interface engineering approaches that have enabled performance breakthroughs. It will explore:

1. The fundamentals of redox cycling and ROS generation in non-ferrous systems.

2. Recent advances in nanocomposite design with structural and electronic interface

modulation.

3. Reported degradation performance of key pollutants (antibiotics, dyes, PPCPs).

4. Mechanistic insights into charge dynamics and active species generation.

5. Current limitations, environmental considerations, and future research outlook.

In doing so, this review highlights not only the evolution of photo-Fenton chemistry “beyond
iron,” but also the emerging paradigm of interfacial nanoarchitectures as the foundation for
next-generation water treatment technologies. An overview of this review is illustrated in Fig.

1. We aim to provide a blueprint for researchers and engineers working at the nexus of materials
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chemistry, environmental catalysis, and sustainable water remediation, with a griticalog¥e ) ooce
toward the practical hurdles of selectivity, long-term stability, and scalable deployment that

must be overcome for real-world application.

Defect &
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Fig. 1 Overview of interface-engineered non-ferrous photo-Fenton-like catalysis for pollutant

degradation.
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The photo-Fenton process is a synergistic system that integrates semiconductor photocatalysis
with Fenton-like redox chemistry. Its enhanced efficacy relies on multiple, often simultaneous,
pathways for generating reactive oxygen species (ROS). To understand the advantages of non-
ferrous catalysts, it is essential to first define the baseline mechanisms and limitations of the

classic iron-based system.

2.1 Mechanism Overview of Photo-Fenton and Fenton-like Reactions
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The traditional Fenton mechanism centres on Fe?* activating H,O, to generate, hydrokyl ) ooce

radicals (*OH), as represented by:*

Fenton Reaction (Dark)

Fe?* + H,O, — Fe3* + OH™ + *OH (k = 40 — 80M-! s°1)
Fe3* + H,0, — Fe?* + HY + HOye (k= 0.001 — 0.01M"! s°1)

The primary limitation of the dark Fenton process is the extremely slow regeneration of Fe**
from Fe', which is the rate-determining step and requires acidic conditions to keep Fe3" in

solution.
Photo-Fenton Enhancement

In photo-Fenton systems, light exposure accelerates Fe** reduction and promotes additional

radical formation:
[Fe (OH)]?*" + hv — Fe?* + «OH

This photoreduction step is essential for maintaining continuous Fe?" regeneration, but it is

inefficient under visible light and becomes unstable at higher pH.
Non-ferrous metal-based photo-Fenton-like redox cycles
When non-ferrous metals are introduced, similar redox cycles are invoked:

e Cu"+H,0, — Cu**++OH + OH"
e Cu**+H,0,— Cu"++O0H +H"*
e Co**+H,0, — Co**++OH+OH"
e Ce3*+H,0, — Ce* ++0OH+ OH"

e Mn?>" +H,0, — Mn*" + «OH + OH"~


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6lf00096g

Page 9 0of 119

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Applied Interfaces

View Agticle Online

o (Ce**/Ce** cycles facilitate electron shuttling and oxygen-vacancy creation,. althe
Ce-based reactions often rely more on interface-assisted H,O, activation than direct
Fenton reactions

e Bi-based systems typically activate H,O, indirectly through oxygen vacancies and

photogenerated charge carriers rather than classical redox cycling.

e Cu'/Cu*, Co*"/Co**, and Mn?"/Mn** efficiently mediate ROS generation in the

presence of H,O, and photons.

These metals often show consistent activity and consistently maintain activity over a broader
pH range, and avoid sludge formation. Their faster electron-transfer kinetics also facilitate the

rapid generation of ROS under solar or visible-light illumination.
Photo-induced charge carrier participation

In photo-Fenton and photo-Fenton-like systems, the light-driven excitation of electrons (e7)

and holes (h*) in semiconductors or composites further enhances radical formation:
h* + H,O — «OH + H*

h* + OH™ — *OH

e” + 0, — 0,

*0,” + H" — HO,* — (secondary ROS)

These pathways indicate that both redox cycling and semiconductor photoexcitation contribute
simultaneously, giving rise to multiple ROS species (*OH, *O,", *OOH, 'O,, and even H,0,

regeneration in some cases).

Non-radical oxidation pathways and interface effects

00096G
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In addition to conventional radical pathways dominated by *OH, increasing evidence suggests’ oooec
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that non-radical oxidation mechanisms play a crucial role in non-ferrous photo-Fenton systems,
particularly in interface-engineered catalysts. These pathways primarily involve singlet oxygen
('O2) generation and direct interfacial electron transfer, which exhibit higher selectivity and

resistance to matrix interference.

Interface features such as oxygen vacancies (OVs), defect-rich surfaces, and specific exposed
crystal facets significantly influence this transition. Oxygen vacancies act as electron-rich
centres that facilitate the adsorption and activation of dissolved O, or H,O,, promoting the
formation of surface-bound superoxide intermediates (*O,~), which can subsequently convert
into 'O, via energy-transfer pathways. Unlike free *OH radicals, these processes occur on the

catalyst surface, minimizing non-selective oxidation.

Moreover, facet engineering (e.g., BiOBr (010) or CeO, (111)) alters the local electronic
structure and adsorption configuration, enabling selective electron transfer to oxygen species
rather than homolytic H,O, cleavage. In addition, interfacial electric fields in S-scheme and Z-
scheme heterojunctions drive directional charge migration, enriching electrons at specific

active sites that favour O, activation and 'O, generation.

Such non-radical pathways are particularly prominent in Cu—N, coordinated systems and
oxygen-vacancy-rich Bi- and Ce-based catalysts, where strong metal—support interactions and
defect-mediated charge redistribution suppress excessive *OH formation and promote surface-
mediated oxidation routes. These findings highlight that rational interface design not only

enhances catalytic efficiency but also fundamentally alters the dominant reaction mechanism.

Additional synergistic pathways

Synergistic mechanisms typically include:
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¢ Direct oxidation of pollutants by h* (valence band holes) DOI: 10 1039/ DELFO0096G.

e Reduction of H,O, by photo-generated e to yield *OH or *O;™:

HzOz +e” — *OH + OH~

H202 +e — '02_ +2H*

e Activation of H,O, at oxygen vacancies (OVs), common in CeO,, MnOy, and BiOX:

Ov + HzOz — «OH + OH"

e Energy-band alignment in heterojunctions, enabling vectorial charge migration and

suppressing carrier recombination.

Thus, non-ferrous photo-Fenton catalysis often involves multi-pathway ROS generation driven

by both metal-centred reactions and photocatalytic charge transfer. This hybrid mechanism

differentiates it from classical Fe-based systems and underpins the superior efficiency observed

in interface-engineered composites (Fig. 2). Consistent with these mechanistic advantages,

most non-ferrous photo-Fenton-like catalysts exhibit significantly higher degradation rates in

H,0,-assisted systems than in H,O,-free photocatalytic processes, as summarized in Table 1.

Classical Fenton Process | Photo-Fenton Process

Fe(OH); Sludge pegraded products Fe{OH); Sludge Degraded products

Fe* + H:O + hv — Fe* + «OH + H'

Fer#H:0. 5 Fer O OH g 4 1.0 — Fe* + OH- + -OH

pH=2-3 Relatively less Sludge formation

Iron Sludge Formation Photo regeneration of Fe3*

Enhanced *OH formation

\PoorReusability i Poor Reusabilty

Non-lron Photo-Fenton

Like Process

b

BIOBr / rGO

Multi ROS Yield: *OI , «O=, 10,

pH Tolerance (Near Neutral)

Sludge Free Operation

Wide Light Response

Higher Stable and Reusable Catalyst
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Fig. 2 Comparison of classical Fenton, photo-Fenton, and non-iron photo-Fenton-like cataljti

Processces.

Table 1. Photocatalytic performance of non-ferrous photo-fenton-like catalysts

without H,O,

with and

Catalyst

Pollutant

Light
Source

(min™)

Degrad
ation
(%)

Main
ROS

Activity
Without
H;0,
(%)

Activity With
H,O0,

Ref

Vo-
Cu,0@Cu/
CNy

Tetracycline
(TC, 20
mg/L)

Visible
LED (A
> 420
nm)

0.2

100

Moderate
(54.4)

Strong
enhancement
due to Cu®
and oxygen
vacancies,
which
accelerates the
Cu redox
cycle

45

Cu-BiZOZS

Tetracycline
Hydrochlori
de (TCH, 50
mg/L)

Visible
LED
Lamp

0.0243

71.76

Low
(18.4)

Strong due to
Cu-
cocatalysts,
which
enhance
charge carrier
mobility and
separation

46

BiWO¢/Co
Al LDH

Oxytetracyc
line (OTC,
10 mg/L)

300 W
Xenon
Lamp
(A>420
nm)

98.47

0,7,
*OH

Moderate
(41.37)

Stronger S-
scheme
heterojunction
s facilitate
cobalt-
mediated
HzOz
activation

41

Cu,,S/g-
C3N4

Rhodamine
B (RhB, 30
mg/L)

300 W
Xenon
Lamp

0.172

99.6

Very low
2.1

High due to
Nitrogen
vacancies and
internal
electric fields,
which
promote
Cu*/Cu?*
cycling and
suppress
recombination

47

BiOB1/Co;
Oy

Methylene
Blue (MB,
10 mg/L)

500 W
Xenon
Lamp

96

.02_3

Moderate
27

Significantly
higher due to
hierarchical
nanowires and
BiOBr/ C0304
heterojunction
s, which drive
visible-light,
Co-mediated
HzOz
activation

36
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Prussian
Blue/ MIl304

Levofloxaci
n (LVF)

30 W
Visible
LED

0.076

93.9

Moderate
(74.2)

High due to
Z-scheme p-n
heterojunction
s, which
enable Fe/Mn
valence
cycling and
continuous
non-radical
10,
generation

48

DQ: 10.103

iew Article Online
P/D6LFO0096G

Mn doped
Cobalt
silicate@dia
tomite

Methyl
Orange
(MO, 50
mg/L)

uv
Lamp

0.0226

95

Low (20)

Stronger due
to Due to
manganese
doping, which
increases
surface area
and creates a
Co-Mn
bimetallic
synergy that
lowers the
HzOz
activation
energy.

35

gC3N4/ ZnC
0204

Rhodamine
B (RhB, 10
mg/L)

40 W
Visible
LED

0.03

94

Moderate
(39)

High due to
Due to a Z-
scheme
heterojunction
enhancing
separation and
enables the
effective
activation of
H202 at
neutral pH.

49

Copper (Cu)

Cu*+ H,0, — Cu** +«OH + OH~

2.2 Unique Roles of Cu, Co, Mn, Bi, and Ce in Fenton-like Photocatalysis

redox cycling between Cu* and Cu?*, enabling rapid activation of H,O, through:

Copper-based photocatalysts, including CuO, Cu,0, and Cu-modified g-C3N, exhibit efficient

This redox versatility promotes continuous ROS production, especially under visible light,

where photoexcited electrons readily reduce Cu?* back to Cu*. Cu—O bonds and oxygen-
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vacancy-rich CuOy surfaces facilitate interfacial electron transfer, suppressing, ghdrg

recombination and extending radical lifetimes.

Due to their suitable band gaps (1.2-2.1 eV), Cu-based catalysts exhibit strong visible-light
absorption and maintain high activity near neutral pH, overcoming the acidic limitations of Fe-
based Fenton systems.’® Their performance further improves in heterojunctions with g-C3Ny,
TiO,, or BiVO,, where Z-scheme or p-n architectures enable directional charge
migration.*%-31:52 Nanostructuring (e.g., hollow spheres, nanowires) and hybridization with
MOFs or carbon dots enhance surface reactivity, adsorption behaviour, and long-term
stability.4%>3 Collectively, Cu-based photocatalysts represent one of the most efficient and

tunable non-ferrous systems for photo-Fenton water purification.
Cobalt (Co)

Cobalt-based catalysts, including Co** salts, Co30,, CoAl,O,, and Co-LDHs, exhibit strong
Fenton-like behaviour due to the Co**/Co** redox couple.>>*! The primary H,O, activation

step occurs via:
Co** + H,0, — Co** + *OH + OH"~

Under illumination, photoexcited electrons reduce Co** to Co?*, sustaining continuous ROS
generation. Cobalt oxides are typically p-type semiconductors, enabling strong hole-mediated
oxidation pathways, especially under visible light. When integrated with carbon materials,
MOFs, or semiconductors (BiVO,, g-C3N,), Co-based composites exhibit enhanced charge
transfer, broadened light absorption, and improved recyclability.>* Their stability, tunable
structure, and robust catalytic kinetics make cobalt systems excellent candidates for solar-

driven Fenton-like processes.

Manganese (Mn)
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Manganese-based catalysts, such as MnO,, Mn;O4, MnOOH, and Mn-doped semjcondueidrs.ogooec
benefit from multi-valence cycling among Mn?*/Mn**/Mn**, enabling activation of H,O, and

even O, under illumination:3>3
Mn?* + H;0, — Mn** + «OH + OH"

Defect-rich MnO, contains abundant surface hydroxyls and oxygen vacancies, which facilitate
H,0; adsorption, pollutant binding, and radical production. Although MnO, alone shows
limited light absorption, its performance improves significantly when coupled with g-C3N,,
BiVO,, carbon supports, or LDHs, which enhance charge separation and visible-light
utilization.’®37 Mn-based perovskites (e.g., LaMnQOs3) offer strong structural stability and
flexible electronic configurations.’® Due to their low toxicity, favourable redox characteristics,
and cost-effectiveness, Mn-based catalysts are well-suited for the degradation of antibiotics,

dyes, and phenolic pollutants under mild conditions.

Bismuth (Bi)

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Bismuth-based photocatalysts BiOBr, Bi,O3, BiyM0Oy, and BiVO, are uniquely characterized

by their layered structures and internal electric fields (IEFs), which strongly promote charge

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

separation under visible light.3¢:43-5° While Bi is not classically redox-active with H,O,, Bi-

(cc)

based materials can indirectly activate H,O, through photogenerated h*/e™ pairs, oxygen

vacancies, and interfacial charge transfer within heterostructures.

BiOBr and BiVO, readily form type-II, S-scheme, or Z-scheme junctions with g-C3Ny, TiOo,
or MoS,, enabling enhanced ROS formation (*OH, *O,~, '0;).9%¢! Their high visible-light
response, low toxicity, and tunable band structures make Bi-based systems particularly
effective for pharmaceuticals, dyes, and endocrine-disrupting chemicals under ambient or solar

irradiation.
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Cerium (Ce) DOI: 10.1039/D6LFO0096G

Cerium-based catalysts, particularly CeO, and Ce-doped composites, are distinguished by the
Ce3*/Ce** redox couple and high concentration of oxygen vacancies (OVs). Unlike Cu or Co,
Ce does not strongly activate H,O, via classical homogeneous Fenton reactions. Instead, Ce-

based catalysis relies on:
e OV-assisted H,O, adsorption and activation,
o (Ce**/Ce** electron shuttling,
o surface hydroxyl-mediated ROS formation, and
o improved charge separation in heterojunctions.

CeO, readily forms composites with g-CsN,, BiOBr, or rGO, where its OVs enhance
interfacial electron transfer and promote the generation of *OH and +0,™.9>%* Ce-based
photocatalysts also maintain structural stability over a wide pH range, making them attractive
for practical wastewater treatment applications. These structure-activity relationships,
including oxygen-vacancy-mediated H,O, activation, redox shuttling behaviour, and

associated challenges, are comparatively summarized in Table 2.

Table 2. Key Features, H,O, Activation Mechanisms, and Challenges of Non-Ferrous (Cu,

Co, Mn, Bi, Ce) Photo-Fenton-Like Catalysts.

Catalyst Key Unique Features & | Primary H,O, Challenge & Interface Strategy
System Advantages Activation
Mechanism
Copper (Cu) * Strong visible-light Direct (Fenton-like): | Leaching: Addressed by carbon
absorption Cu*/Cu?* redox supports and MOF encapsulation
* High activity at neutral couple
pH



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6lf00096g

Page 17 of 119

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Applied Interfaces

Cobalt (Co) * High intrinsic catalytic Direct (Fenton-like): | Toxicity/Cost: Mitigag:(g,%/ 10 View Ar

2.3 Key Parameters Influencing the Activity of Non-Ferrous Photo-Fenton Catalysts

The catalytic performance of non-ferrous photo-Fenton-like systems is governed by a complex
interplay of intrinsic electronic properties, surface chemistry, and interfacial architecture.
Optimizing these parameters is essential for efficient H,O, activation, ROS generation, and
visible-light-driven pollutant degradation. This section discusses the fundamental
physicochemical factors redox potential, band structure, surface area and porosity, defect
chemistry, and interface modulation with a specific emphasis on cerium (Ce), alongside Cu,

Co, Mn, and Bi.

a. Redox Potential and Valence Flexibility

The ability of a metal centre to undergo reversible redox transformations directly influences its
capacity to activate H,O, and sustain ROS production. Non-ferrous metals such as Cu, Co,

Mn, and Ce possess diverse valence states that enable electron exchange under light

cle Online

39/D6LFO0096G
activity Co**/Co%* redox doping (Ni/Mn) and core-shell
* Magnetic recoverability couple structures
(spinels)
Manganese * Low toxicity Direct (Fenton-like): | Low Solar Response: Improved
(Mn) * Earth-abundant Mn2*/Mn**/Mn** via Z-scheme S-scheme coupling
» Multi-valence states redox couple with g-C3N, or TiO,
Bismuth (Bi) * Strong internal electric Indirect Weak Activation: Enhanced by
fields (IEF) (Photocatalytic): via | Oxygen Vacancy & construction of
* Excellent charge h*/e”, Oxygen advanced heterojunctions.
separation vacancies (OVs), and
* Low toxicity IEFs
Cerium (Ce) * High oxygen-vacancy Indirect Defect-dependence & low visible-
concentration (Photocatalytic): via | light absorption: Increasing OV
 Wide pH stability OVs & Ce**/Ce** density and forming a
* OV-mediated activation | shuttle heterojunction with BiOBr or
pathway gC3Ny
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illumination. Their standard redox potentials (E°) determine the thermodynamic feasibilit§ 0f 5 ooes

the ROS generation process:*+63

e Cu*/Cu?":+0.17 V vs. NHE

Co**/Co**: +1.81 V vs. NHE

Mn2*/Mn3*; +1.51 V vs. NHE

Fe**/Fe?**: +0.77 V vs. NHE

Ce3*/Ce**: +1.72 V vs. NHE

Copper’s relatively low redox potential favours rapid Cu?*/Cu”* cycling even at near-neutral
pH,>® while Co and Mn serve as stronger oxidants capable of promoting efficient *OH
generation. The Ce**/Ce** couple provides an effective electron-shuttling mechanism;
photoexcited electrons readily reduce Ce** to Ce**, which enhances catalytic cycling and
simultaneously promotes oxygen-vacancy formation. This valence flexibility plays a pivotal
role in pollutant mineralization, particularly when these metals are incorporated into composite

or heterojunction frameworks.®
b. Band Gap and Light Absorption

The catalyst’s band gap governs its ability to absorb sunlight and generate electron—hole pairs.

Representative band-gap values for key non-ferrous photocatalysts include:%¢-%°
CuO: ~1.3 eV
MnOx (e.g., alpha-MnQO,): ~1.5 eV
BiOBr: ~2.7 eV

Co304: ~1.6 eV
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CeO,: ~3.0-3.2 eV (can be narrowed by doping/defects) 01 101039061 Fo006te

While pristine CeO, absorbs mainly UV light due to its wide band gap, defect engineering
(oxygen vacancies),’® aliovalent doping,’! or hybridization with visible-light-responsive
semiconductors’ (e.g., g-C3N,, BiOBr, WO3) induces mid-gap or defect states. The presence
of these states enables visible-light utilization and accelerates charge-carrier separation, which
collectively improves ROS generation efficiency. For instance, Liu et al. developed
mesoporous ceria nanoparticles (MCNs) and showed that band-gap narrowing and enhanced
light absorption are the dominant factors governing their photo-Fenton activity. The optimized
MCNs-240, featuring a larger pore diameter and reduced band gap, achieved >90% Acid
Orange 7 dye degradation within 3 min across a wide pH (2.5-8.5) and H,O, range, far
outperforming conventional CeO,. Mechanistic analysis revealed that the narrower band gap
improved visible-light harvesting, while the mesoporous structure accelerated adsorption
equilibrium, enabling ultrafast ROS generation. This work highlights band-gap engineering as

a key strategy for boosting ceria-based photo-Fenton catalysts.”

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

c. Surface Area and Porosity
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Photo-Fenton reactions occur predominantly on catalyst surfaces; therefore, increasing specific

(cc)

surface area and accessible porosity enhances pollutant adsorption, mass transfer, and active-
site density. Nanostructuring strategies such as hollow architectures, nanosheets, nanorods, or

MOF-derived frameworks considerably improve catalytic interactions.

CeO; nanosheets, MnO, nanoflowers, and Co-based layered double hydroxides (LDHs) exhibit
high pollutant affinity and rapid charge migration due to their accessible surfaces and layered
structure. Notably, the tunable interlayer chemistry and high surface-to-volume ratio of LDH-
based materials make them exceptionally effective for the advanced photocatalytic oxidation

of recalcitrant pharmaceuticals, where the porous architecture facilitates the diffusion of large
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medicinal molecules into active interfacial zones.”* Ce-based MOFs, aerogels, and, ordeted s ooec

mesoporous oxides also offer tunable porosity and high defect concentration, enabling
simultaneous adsorption—oxidation pathways for improved degradation performance. For
instance, it was reported that porosity and surface area are critical contributors to the superior
photo-Fenton performance of supramolecularly assembled CA-Cu/TCN catalysts. The
hydrogen-bond-induced self-assembly strategy generates a porous tubular g-C3N, framework
with high mesopore density (H4 hysteresis), enlarged pore volume, and increased specific
surface area (29.3 m?g™!), markedly exceeding that of pristine CN. This hierarchical porous
architecture enhances mass transport, pollutant diffusion, and accessibility of ultra-dispersed
CuNy active sites and nitrogen vacancies, while suppressing Cu aggregation. The increased
interfacial contact between H,O,, pollutants, and active sites accelerates redox reactions and
ROS generation, enabling rapid ciprofloxacin degradation (95.9%, k = 0.0948 min™"). These
results underscore that engineered porosity and surface accessibility are key structural

parameters for maximizing active-site utilization and photo-Fenton efficiency.”>
d. Oxygen vacancies and lattice defects

Oxygen vacancies and lattice defects critically influence both catalytic activity and charge
dynamics in non-ferrous systems. These defects trap photogenerated electrons, reducing
recombination, enhancing surface polarity and H,O, adsorption, altering electronic structure

and promoting sub-bandgap transitions, and introducing active sites for ROS production

CeO; is particularly noted for its CeO,., structure, where abundant OVs create Ce**-rich
surface regions that facilitate H,O, activation through both radical and non-radical pathways.
For instance, Yang et al. reported a cerium-rich CeO,,/Bi,Mo0O¢ heterojunction, non-
stoichiometric CeQ,., introduces abundant surface oxygen vacancies that enrich Ce** sites and

promote rapid Ce**/Ce** self-circulation.’® These vacancies create defect states that enhance

00096G
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visible-light absorption, act as electron-trapping centres to suppress recombination,.odfid  ;oosc
facilitate interfacial electron migration. Consequently, oxygen-vacancy-assisted Ce**
efficiently activates H,O, to generate *OH, while photogenerated electrons rapidly regenerate
Ce** from Ce**, sustaining continuous ROS production. This self-circulating, OV-driven
mechanism enables markedly enhanced antibiotic degradation under low-power visible light,
demonstrating oxygen vacancy engineering as a key lever for high-performance non-ferrous

photo-Fenton systems.

In another study, it was reported that Oxygen vacancies act as key enablers in Cu—MgO photo-
Fenton systems by coupling defect-mediated charge transfer with multivalent Cu redox
cycling.”® UV photodeposition of Cu on MgO creates rich surface oxygen vacancies, which
extend visible-light response, suppress electron—hole recombination, and enhance interfacial
charge separation through Schottky junction formation. These vacancies work synergistically
with coexisting Cu®/Cu*/Cu?*/Cu** species to facilitate efficient electron shuttling and

sustained H,O, activation, leading to enhanced *O," generation. As a result, 3% Cu-MgO

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

achieves high photo-Fenton efficiency (92.8% RhB removal, k = 0.0436 min™") over a wide

pH range (3.6—10), highlighting oxygen-vacancy engineering as a decisive factor for stabilizing

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

multivalent Cu states and boosting non-ferrous photo-Fenton activity.
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e. Interface Modulation and Heterojunction Engineering

Interface engineering is one of the most effective design strategies for improving photo-Fenton
catalysis. Well-constructed interfaces accelerate charge separation, extend light absorption, and
provide directional transport pathways for electrons and holes. Typical heterojunction

architectures include:

e Type-II junctions for stepwise electron—hole migration

e Z-scheme systems that retain strong redox potentials during charge transfer
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o S-scheme heterojunctions providing spatial charge separation via built-in elggtric figld
e p—njunctions that generate internal electric fields to accelerate electron extraction

Carbonaceous matrices such as rGO, CNTs, and biochar contribute additional conductivity and
adsorption capacity, while MOFs provide ordered porous structures and abundant active sites.
The synergy between redox flexibility of Ce and interfacial charge-transfer pathways allows
advanced multi-component composites to achieve high degradation efficiencies even at neutral

pH and under natural sunlight, surpassing the limitations of traditional Fe-based systems.
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3. Interface Engineering Strategies for Enhanced Photo-Fenton Activity
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Interface engineering plays a pivotal role in enhancing the photocatalytic performapce of-HA~ 0 00ce
ferrous photo-Fenton catalysts. By rationally tailoring interfacial architectures, charge-carrier
dynamics can be optimized, and redox activity can be modulated, leading to more efficient
ROS generation. Furthermore, engineered interfaces improve pollutant adsorption, H,O,
activation, and structural stability. This section presents a comprehensive overview of the
dominant interfacial strategies, beginning with heterojunction construction, followed by
integration with carbonaceous supports, defect engineering, and the use of MOF/LDH-derived
scaffolds. Different types of Interface Engineering Strategies and their applications are

summarized in Table 3.
3.1 Heterojunction Engineering

Heterojunction engineering represents one of the most potent design strategies for advancing
non-ferrous photo-Fenton and Fenton-like catalysis. By coupling two semiconductors with
complementary band structures, heterojunctions facilitate the efficient spatial separation of

photogenerated charge carriers, promote directional electron—hole migration, and minimize

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

recombination losses. This improved charge dynamics directly enhances the redox cycling of

active metal centres (Cu*/Cu?*, Co?*/Co**, Mn?*/Mn3*, Ce**/Ce**) and accelerates the

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

generation of reactive oxygen species (ROS), particularly «OH, *O,", and 'O, during H,0,

(cc)

activation. Consequently, heterojunction construction has become indispensable in interface-

engineered non-ferrous photo-Fenton systems.

A representative example of this strategy is the design of a Ce;07/Bi;M00y heterojunction
synthesized via molten salt-assisted synthesis strategy.”® Transmission electron microscopy
(TEM) analysis of this system demonstrated that the Ce4O; nanoparticles were intimately
loaded on the surface of Bi;MoOy nanoblocks, creating a compact interface that reduces

resistance to charge migration. Photoluminescence (PL) quenching studies revealed a drastic
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suppression of electron—hole recombination, while electrochemical impedance spectroscupy;
(EIS) confirmed enhanced interfacial conductivity. These improvements allowed a higher
density of electrons to participate in the Ce*/Ce*" and Mo®"/Mo>" dual redox cycle, thereby
accelerating H,O, reduction. It is important to note that distinguishing between different
heterojunction mechanisms, particularly S-scheme and Z-scheme systems, requires rigorous
experimental validation. While band structure alignment provides a preliminary indication,
definitive identification should be supported by complementary techniques such as in situ or
operando X-ray photoelectron spectroscopy (XPS) to probe interfacial charge transfer, electron
paramagnetic resonance (EPR) spin-trapping to identify active species, Mott—Schottky analysis
for band structure determination, and Kelvin probe or work function measurements to verify

Fermi level equilibration and internal electric field formation.

In S-scheme heterojunctions, charge transfer is governed by Fermi level differences and
internal electric fields, resulting in selective recombination of low-energy electrons and holes
while preserving high redox potential carriers. In contrast, Z-scheme systems involve
recombination between photogenerated electrons and holes across the interface, typically
mediated by direct contact or electron mediators, while retaining strong oxidative and reductive
capabilities. Therefore, in this review, mechanistic assignments are made based on the available
experimental evidence, and in cases where such validation is limited, the systems are described

more generally as heterojunctions with enhanced charge separation.

Generally, heterojunctions used in these catalytic systems are classified into Type-II, Z-
scheme, S-scheme, p—n junctions, and Schottky junctions (Fig. 3), each offering distinct charge

transfer pathways.

a. Type-1I Heterojunctions
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As exhibited in Fig. 3a, Type-II heterojunctions form when two semiconductors with staggeéted . oce
band structures are coupled such that the conduction band (CB) and valence band (VB) edges
of one material lie at lower energies than those of the other. This configuration directs
photogenerated electrons toward the semiconductor with a more negative conduction band,
while holes migrate to the component with a more positive valence band. This physical
separation across the interface strongly suppresses recombination and increases the lifetime of

charge carriers involved in Fenton-like reactions.”’

Guo et al.®3 constructed a Type-II Cu,(OH)3F/BiOBr heterojunction with highly exposed
BiOBr (010) facets, enabling accelerated charge transfer and efficient Cu*/Cu?* cycling in the
photo-Fenton process. The (010) facet provided fast electron transport channels, allowing
photogenerated electrons from BiOBr to migrate to Cu,(OH)sF (Fig. 4a), where they rapidly
reduced Cu?* and boosted *OH generation from H,O,. Simultaneously, holes accumulated on
the BiOBr oxidized surface, OH™/H,O to additional *OH, while electrons on Cu,(OH)sF also

reduced O to *O,". This dual-pathway ROS generation markedly enhanced the synergistic

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

degradation of TC-HCI, achieving 98.8% removal, 4.2 and 2.5 times higher than photocatalysis

and Fenton-like oxidation alone (Fig. 4b). Stable performance over five cycles (Fig. 4c) further

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

confirmed that Type-II band alignment and facet-directed charge separation effectively

(cc)

overcame Cu-based recombination limitations, establishing Cu,(OH)3F/BiOBr as a robust
non-ferrous photo-Fenton catalyst.** In another report, Wang et al.”® constructed a 2D/2D
Type-II CuCo,S4/Bi, WOg heterojunction through an in-situ hydrothermal-solvothermal route,
enabling intimate interfacial contact between both nanosheet components. The CuCo,S,
cocatalyst broadened visible-light absorption and accelerated electron—hole separation, while
also mediating Cu?*/Cu*!' and Co*"/Co?* redox cycling for efficient H,O, activation. As a
result, the heterojunction generated abundant *OH and +O,~ radicals and delivered markedly

enhanced photo-Fenton degradation of tetracycline, with a rate constant nearly 1.8-fold higher
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than pristine Bi,WOs. The catalyst also retained high activity over multiple cycles,confirmifiig  oooec
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the stability of the interfacial charge-transfer pathway.”®

Similarly, Guo et al.”® synthesized a series of 2D/2D Cu,ZnSnS,/Bi, WO (CZTS/BWO) Type-
IT heterojunctions through a secondary solvothermal growth of ultrathin CZTS nanosheets onto
Bi;WOg¢, forming intimate interfacial contact that was confirmed by XPS and HRTEM
analysis. The optimized 2 wt% CZTS/BWO composite exhibited markedly enhanced visible-
light photo-Fenton activity toward dyes and antibiotics, outperforming pristine BWO due to
broadened light absorption, abundant surface active sites, and accelerated charge separation
across the Type-II interface. The presence of H,O, further boosted degradation efficiency by
promoting rapid Cu?"/Cu*! cycling, enabling efficient ROS generation. ESR and radical-
trapping studies verified *O,~ and *OH as the dominant reactive species. The heterojunction
maintained high catalytic stability over four cycles, demonstrating that coupling CZTS with
BWO effectively strengthens charge mobility and redox cycling in non-ferrous photo-Fenton

systems.”®

In another study, it was reported that the superior photo-Fenton activity of cerium-rich CeO,.
«/BizM0Qg originates from the formation of an efficient Type-II heterojunction, which
promotes directional charge separation and accelerates interfacial redox reactions.’® Due to
favourable band alignment, photogenerated electrons migrate from the conduction band of
Bi,MoQOg to CeO,., while holes transfer from the valence band of CeO,, to Bi,MoOQs,
resulting in efficient spatial separation of charge carriers. This directional charge transfer
suppresses electron—hole recombination and enables sustained accumulation of electrons on
CeO,. for rapid Ce3*/Ce** self-circulation and H,O, activation, while holes retained on
Bi,MoOQg drive direct oxidation and *OH generation. The Type-II heterointerface thus couples
enhanced photocatalytic charge separation with accelerated Fenton redox cycling, leading to

markedly improved antibiotic degradation efficiency under low-power visible light.’8
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Overall, Type-II heterojunctions offer a robust platform for enhancing photorEentonshike oocs
catalysis by facilitating interfacial electron transfer and suppressing charge recombination,
making them particularly attractive for non-ferrous catalytic systems. Their performance can
be further strengthened when coupled with auxiliary strategies such as oxygen-vacancy
engineering or LDH-based hybridization. Nevertheless, intrinsic limitations remain. The
staggered band alignment in Type-II heterojunctions inevitably lowers the redox potential of
photogenerated electrons and holes, weakening the oxidative and reductive driving forces
required for efficient H,O, activation. Moreover, the accumulation of holes on one
semiconductor surface can hinder cross-interface charge migration, restricting full utilization
of photogenerated carriers. These drawbacks highlight the need for more advanced charge-

regulation architectures beyond conventional Type-II configurations.
b. Z-Scheme Systems

The Z-scheme heterojunction concept originates from the charge-transfer principles observed

in photosynthetic systems and is regarded as an advanced alternative to conventional Type-II

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

architectures for reactions demanding strong redox capability. Unlike Type-II heterojunctions,

where charge transfer results in a net loss of redox ability, Z-scheme systems enable the spatial

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

separation of photogenerated electron—hole pairs while preserving the strong reducing and

(cc)

oxidizing capabilities of the respective components. In a typical Z-scheme configuration
(specifically the Direct Z-scheme, which eliminates liquid redox mediators), two
semiconductors are physically coupled as shown in Fig. 3b. When exposed to light, electrons
excited in the CB of the oxidation photocatalyst migrate to the interface and recombine with

VB holes of the reduction photocatalyst, driven by the band potential difference.®

Lu et al.’! Developed a ball-milled CPDs/CuBi;0, Z-scheme heterojunction as an efficient

photo-Fenton catalyst for antibiotic wastewater treatment. In this system, carbonized polymer
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dots (CPDs) served as interfacial mediators to construct a stable Z-scheme jungtion . With' ) coce
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CuBi,0,4, promoting extended light absorption and rapid charge-carrier separation. The
optimized 20 wt% CPDs/CuBi,O, composite showed markedly improved performance,
achieving 92.3% ciprofloxacin degradation, 36% higher than pristine CuBi,O4. ESR and
Scavenger experiments revealed that 'O,, *OH, h*, and *O,~ were the dominant reactive species
generated through the Z-scheme pathway. Overall, this work demonstrates a scalable ball-
milling strategy to engineer CPD-modified CuBi,0, heterojunctions with enhanced redox

capability for practical photo-Fenton degradation of antibiotics.>!

Zhang et al.3! constructed a porous Z-scheme MnO,/Mn-modified alkalinized g-C3N,
(MnO,/CNK-OH-Mn) heterojunction via a calcination—impregnation route. The optimized
MnO,/CNK-OH-Mn-15% delivered markedly higher Fenton-like photocatalytic activity,
achieving 96.7% tetracycline degradation and notable TOC removal (74.9%), attributed to
synergistic ROS generation. ESR and trapping studies verified *OH and *O,” as dominant
species, derived from Z-scheme charge transfer and accelerated Mn**/Mn**/Mn?* redox
cycling for efficient H,O, activation. The catalyst also maintained high stability over multiple
cycles and enabled effective treatment of pharmaceutical wastewater, underscoring the role of

Mn-based Z-scheme heterojunctions in enhancing Fenton-like pathways.®!

In another study, the formation of a Z-scheme heterojunction was identified as a key factor
enabling the synergistic coupling of photocatalytic processes and Fenton-like redox cycling in
CuO/CDs/g-C3N, systems.* In this ternary architecture, carbon dots act as interfacial
electron-transfer bridges that reinforce the Z-scheme charge migration, enabling electrons in
the conduction band of CuO to recombine with holes in the valence band of g-C3N, while
preserving strong redox potentials. This configuration retains highly oxidative holes on CuO

for *OH generation and pollutant oxidation, while electrons accumulated on g-C3N, efficiently
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reduce Cu?* to Cu*, sustaining the Fenton-like cycle. The dual Z-scheme-assisted, chafge o o
transfer pathways effectively suppress carrier recombination and accelerate Cu?*/Cu”*
conversion, resulting in synergistically enhanced *OH and *O," production under visible light.
These findings highlight Z-scheme interface engineering as a powerful strategy to maximize

redox efficiency and catalytic durability in non-ferrous photo-Fenton systems. 4

Researchers constructed a g-C3N,/ZnCo,0, Z-scheme heterojunction, which plays a crucial
role in regulating charge separation and redox balance in photo-Fenton-like systems.** Upon
visible-light illumination, electrons excited to the conduction band of g-C3N, selectively
recombine with valence-band holes of ZnCo,0, via a Z-scheme charge-transfer route,
preserving strongly reducing electrons on ZnCo,0O, and oxidative holes on g-C3N,. This
charge-transfer configuration suppresses carrier recombination while enabling efficient
Co**/Co** cycling, which drives the activation of both H,O, and persulfate to generate *OH
and SO, radicals. As a result, the Z-scheme architecture ensures sustained ROS production

and enhanced dye degradation under visible light, highlighting its effectiveness in coupling

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

photocatalytic charge dynamics with Fenton-like oxidant activation.*

Jia et al.>> constructed a Z-scheme MnO,/g-C3N, photo-electro-Fenton-like system in which

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

(cc)

polyvalent Mn species (Mn*>*/Mn**/Mn**) served as the core Fenton-like redox centres, fully
replacing Fe in H,O, activation. The MnO, domains were uniformly anchored on g-C3N,
nanosheets, forming a solid Z-scheme interface that accelerated electron—hole separation and
promoted the simultaneous generation of *OH, *O,~, and h* under visible light. The rapid
Mn**/Mn**/Mn?* conversion cycle, strengthened by abundant oxygen vacancies generated
from low-valence Mn, enabled efficient H,O, decomposition and boosted electrocatalytic
activity under applied bias. Benefitting from these features, the MnO,/g-CsN, catalyst

achieved 96.2% CIP removal in 120 min with widened pH applicability and excellent
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durability. This study highlights the indispensable role of Mn multivalence and QY -indUed o o s
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electronic modulation in enabling Fe-free Z-scheme PEF systems with high oxidative
efficiency and rapid Mn valence transitions, enabling efficient H,O, activation even under

visible light.>

Yang et al.*? constructed a CuO4-Ag,O/RGO multiphase heterostructure via electrochemical
post-treatment of a bimetallic ICP/RGO precursor, in which the intimate CuO,—Ag,O coupling
on conductive RGO established a direct Z-scheme charge transfer pathway. In this
configuration, photogenerated electrons with strong reducing power and holes with high
oxidation potential are spatially retained on their respective components, avoiding the redox
loss typical of type-II junctions. This Z-scheme-driven charge migration not only accelerates
electron—hole separation but also sustains efficient Cu-based redox cycling and H,O,
activation, leading to robust *OH generation during photo-Fenton degradation. The study
highlights that Z-scheme architectures are highly advantageous for integrating bimetallic
oxides with carbon mediators, enabling stable, recyclable, and high-efficiency photo-Fenton

catalysis under visible light.

It was reported that the Z-scheme p—n heterojunction is critical for maintaining redox capability
while enhancing charge separation in Prussian blue (PB)/Mn30, photo-Fenton systems.*® In
the p-Mn304/n-PB heterostructure, the built-in electric field drives Z-scheme charge migration,
where photogenerated electrons in the conduction band of PB recombine with holes in the
valence band of Mn3O,. This process suppresses carrier recombination while retaining highly
oxidative holes on PB and strongly reductive electrons on Mn30,, enabling simultaneous *OH
and +O,” generation. Such charge regulation also facilitates efficient Fe**/Fe** and
Mn**/Mn**/Mn** redox cycling, sustaining H,O, activation and favouring a non-radical

pathway dominated by 'O,. Consequently, the Z-scheme architecture enhances photo-Fenton
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efficiency, stability, and resistance to environmental interference, underscoring its,impogtaiice; ooce

in advanced non-ferrous photo-Fenton catalyst design.
c. S scheme systems

While the Direct Z-scheme model effectively describes the vectoral charge transfer pathway,
it often lacks a rigorous physical explanation regarding the driving forces at the atomic level.
To address this, the S-scheme (Step-scheme) mechanism was recently proposed to clarify the
charge transfer dynamics based on Fermi level differences and work functions. This design
preserves the high redox potential of the photogenerated carriers while simultaneously
achieving spatial separation, making it exceptionally effective for driving the demanding redox
cycles in non-ferrous photo-Fenton catalysis. Structurally, an S-scheme heterojunction is
composed of a reduction photocatalyst (RP) with a high conduction band (CB) position and an
oxidation photocatalyst (OP) with a deep valence band (VB) as shown in Fig. 3c. When these
materials come into contact, electrons flow from the material with the higher Fermi level to the

one with the lower Fermi level until equilibrium is reached. This creates an electron-depletion

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

layer and an electron-accumulation layer, resulting in a built-in internal electric field (IEF) at

the interface. Under irradiation, the IEF and band bending drive the "useless" electrons (those

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

in the lower CB of the OP) to recombine with the "useless" holes (those in the higher VB of

(cc)

the RP). Consequently, the photogenerated electrons with the highest reducing power are
retained in the CB of the RP, and the holes with the highest oxidizing power are retained in the

VB of the OP.%2

For non-ferrous photo-Fenton systems, this mechanism is vital. For instance, Li et al.>3
synthesized AgAu—C/N-CeO,@C/N-CuO S-scheme nanohybrids from a Ce/Cu-MOF
precursor via sequential hydrothermal growth, calcination, and photoreduction. The MOF-

derived 1D/2D C/N—CeO,/C/N—CuO heterostructure provided abundant surface defects and
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intimate interfacial contact, while plasmonic AgAu nanoparticles were uniformly, apnchGred o0
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onto the composite. Comprehensive XRD, XPS, TEM, ESR, and trapping experiments
confirmed the formation of a compact S-scheme interface that preserved strong redox
potentials and enhanced exciton separation. Owing to the synergistic contributions of LSPR-
induced hot-electron injection, defect-mediated charge trapping, and accelerated S-scheme
charge transfer, the catalyst delivered a remarkable H,O, production rate (3289.3 umol g™ h™")
and efficient in-situ photo-Fenton degradation of ofloxacin (91% in 1 h), maintaining excellent

photostability across multiple cycles.>?

In another work, Shao et al.#! constructed hortensia-like Bi, WO4/CoAl-LDHs nanohybrids via
a hydrothermal route to engineer an S-scheme heterojunction for strengthened photo-Fenton-
like activity. The intimate Bi,WO4/CoAIl-LDH interface established a robust internal electric
field that accelerated directional charge migration while preserving strong oxidizing holes on
Bi;WOg¢ and reducing electrons on CoAl-LDHs (Fig. 4d). The photocurrent and EIS results
(Fig. 4e,f) suggested that the existence of heterojunction of Bi,WO¢/CoAl-LDHs-20
nanohybrid, which was benefit for the electron transfer process, thus effectively decreased the
recombination of photoexcited e™-h" pairs and promoted the H,O, activation, enabling rapid
*OH formation. Benefiting from this S-scheme charge-transfer pathway and cobalt-mediated
Fenton-like reaction, the composite achieved 98.47% oxytetracycline removal under visible
light and H,O,, significantly outperforming the individual components. DFT calculations
confirmed improved H,O, adsorption and optimized band alignment as key contributors to its

superior photo-Fenton-like performance.

Kumar et al.3? synthesized a gC3Nu/AgO,@Co;.xBij 1.,07 composite, in which the S-scheme
heterojunction plays an important role in preserving redox potential while suppressing charge
recombination in photo-Fenton catalysis. Unlike conventional Type-II or Z-scheme pathways

that compromise reduction or oxidation capability, the S-scheme configuration enables
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selective recombination of low-energy charge carriers while retaining highly oxidatiye,HoleS ;ooce
on g-C3N, and strongly reductive electrons on the cobalt-bismuth oxide component. This
charge-selective migration maintains a continuous supply of high-energy electrons and holes
under visible light, promoting efficient O, reduction to *O,~ and subsequent H,O,/*OH
generation. As a result, the S-scheme heterointerface synergistically enhances ROS production
and Fenton-assisted oxidation, leading to high degradation efficiencies of methylene blue and

oxytetracycline under neutral pH with improved stability and reusability.

Researchers reported that the formation of an S-scheme heterojunction is essential for
maintaining strong redox capability and promoting efficient charge migration in 2D/2D
MgO/g-C3N, photo-Fenton catalysts.®* Owing to the large work-function difference between
MgO and g-C3N,, an internal electric field is established at the tightly bonded MgO/g-C3N,
interface, which promotes the recombination of energetically unfavourable charge carriers
while preserving highly reductive electrons on MgO and strongly oxidative holes on g-C3N,.

This S-scheme charge regulation effectively suppresses electron—hole recombination and

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

sustains high redox potential for ROS generation. Notably, the formation of interfacial Mg—N

bonds strengthen the S-scheme contact, accelerates interfacial charge transfer, and

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

simultaneously induces oxygen vacancies in MgO, which further promote H,O activation and

(cc)

*OH formation. The synergistic coupling of S-scheme charge migration and oxygen-vacancy-
enhanced Fenton-like reactions enables markedly improved pollutant degradation under visible

light.

Wang et al.3> synthesized S-scheme CulnS,/WOj3 hybrid heterostructures, in which the S-
scheme heterojunction plays a key role in maintaining strong redox capability while enabling
efficient charge separation during photo-Fenton degradation. Owing to the Fermi-level
difference between p-type CulnS, and n-type WOs3, an internal electric field is established at

the interface, driving selective recombination of low-energy electrons in WO3 with holes in
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CulnS,. This S-scheme charge migration preserves highly reductive electrons on CplnSoanid oo
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strongly oxidative holes on WO3, which are essential for generating *O,"~ and *OH radicals,
respectively. Consequently, the S-scheme architecture suppresses charge recombination while
sustaining efficient photo-Fenton redox reactions, leading to enhanced tetracycline degradation

under visible light.

S-scheme and Z-scheme heterojunctions, although often used interchangeably in the literature,
are fundamentally distinct in their charge transfer mechanisms. In S-scheme systems, charge
migration is governed by Fermi level equilibration and the formation of an internal electric
field, which drives the recombination of low-energy electrons and holes while preserving high-
energy charge carriers with strong redox potential. In contrast, Z-scheme heterojunctions
involve the recombination of photogenerated electrons and holes across the interface, either
through direct contact or via an electron mediator, while maintaining strong oxidative and
reductive capabilities on the respective semiconductors. Therefore, careful differentiation

between these mechanisms is necessary when interpreting photocatalytic behaviour.

d. p—n Junctions

The construction of p-n junctions represents a distinct heterojunction strategy that exploits the
contrasting electronic characteristics of p-type (hole-rich) and n-type (electron-rich)
semiconductors. Unlike conventional heterojunctions, where charge separation is driven
primarily by band-edge offsets, p—n junctions operate through the formation of a strong internal
electric field (IEF) created by carrier diffusion. When a p-type material contacts an n-type
counterpart, majority carriers, holes from the p-side and electrons from the n-side, diffuse
across the interface until their Fermi levels align (Fig. 3d). This diffusion produces a depletion
layer and a built-in electric field directed from the n-region toward the p-region.®¢ Under

illumination, this internal field acts as an efficient driving force for rapid electron—hole
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separation: electrons drift toward the n-type conduction band, while holes migrate toyard the coce
p-type valence band. Such field-assisted separation markedly increases carrier lifetimes and
accelerates interfacial charge transport. This behaviour is particularly advantageous in non-
ferrous photo-Fenton and Fenton-like systems, where prolonged carrier lifetimes are crucial

for sustaining multistep H,O, activation and ROS generation.

Wang et al.¥” synthesised a Cu,0/Bi;M00O¢ (CBM) p—n heterojunction, in which the tightly
coupled interface generated a strong built-in electric field that directed photogenerated
electrons from p-Cu,O to n-Bi,MoOg. This interfacial field greatly enhanced charge separation
and created an efficient pathway for electron-driven H,O, activation, producing abundant -OH
through both photoinduced reduction and accelerated Cu**/Cu* cycling. The optimized CBM-
25% catalyst leveraged this engineered p—n interface to deliver nearly complete ciprofloxacin
degradation within 120 min, far outperforming single-component catalysts, and retained >92%
efficiency over multiple cycles, demonstrating the critical role of p-n junction interface design

in boosting non-iron photo-Fenton-like reactivity.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Shi et al.®® constructed a BiyTi30;,/CuBi,O; p—n heterojunction piezo-photocatalyst that

markedly enhanced photo-Fenton degradation of dyes and antibiotics. The intimate n-

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

Bi;Ti50,,/p-CuBi,0, interface generated a strong built-in electric field, while piezoelectric

(cc)

polarisation further intensified carrier drift under ultrasonic excitation, jointly suppressing
recombination. This interfacial driving force enabled rapid electron migration to Bi;Ti;0,, and
hole accumulation in CuBi,QOy, thereby accelerating Cu?*/Cu'* cycling and H,O, activation. As
a result, the composite achieved superior degradation of MB, LEV, and OTC, outperforming
single-component catalysts and maintaining high stability. This work highlights how robust p—
n junctions coupled with piezoelectric polarization can dramatically boost charge separation

and Fenton-like reactivity.5®
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Researchers developed a Cuz(OH)3F/Cu,O p—n heterojunction that plays a critical, rolé g ooec
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accelerating charge separation and facilitating the Cu**/Cu* redox cycle in photo-Fenton-like
systems.® In this n-type Cu,(OH)sF and p-type Cu,O composite, the built-in electric field at
the p—n interface drives directional migration of photogenerated electrons toward Cu,(OH)sF
and holes toward Cu,O, effectively suppressing electron—hole recombination. This charge
redistribution enriches Cu* species and facilitates rapid Cu?*/Cu* interconversion, thereby
enhancing H,O, activation and continuous *OH and *O,~ generation. Consequently, the p—n
heterojunction synergistically couples efficient photocatalytic charge transport with Fenton-
like redox kinetics, leading to near-complete tetracycline degradation and improved stability

over a wide pH range.

Researchers reported that the Cu,_,S/g-C3N, system forms a p—n heterojunction in which the
internal electric field promotes efficient charge separation, while redox preservation plays a
secondary role.*” Mott—Schottky analysis confirms the formation of a p—n junction between p-
type Cu,S and n-type g-CsN,, which promotes directional migration of photogenerated
electrons and holes and effectively suppresses charge-carrier recombination. This interfacial
electric field stabilizes Cu?*/Cu* cycling and enables complementary enhancement between
photocatalysis and Fenton-like reactions, even though the band structure of Cu,.S alone is not
highly favourable for ROS generation. Consequently, the p—n heterojunction mainly functions
as a charge-regulation and redox-stabilization interface, supporting efficient O, -dominated

degradation and high TOC removal under photo-Fenton conditions.

Guo et al.”® synthesized a 2D in-plane CuS/Bi, WOg¢ p—n heterojunction, which plays a key role
in enhancing charge separation and stabilizing Cu-based photo-Fenton activity. The intimate
coupling of p-type CuS with n-type Bi, WOg establishes an internal electric field that promotes

directional migration of photogenerated electrons and holes, thereby suppressing carrier
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recombination under visible light. This charge redistribution enables efficient electron fratiSfet 7 ooe:
from Bi;WOg to CuS, facilitating H,O, activation and sustaining Cu?*/Cu* cycling, while
holes retained on Bi;WOg directly participate in pollutant oxidation. Consequently, the p—n
heterointerface synergistically couples photocatalytic charge regulation with heterogeneous

Fenton reactions, resulting in rapid degradation, improved stability, and excellent reusability.
e. Schottky Junctions

As exhibited in Fig. 3e, Schottky junctions arise at metal-semiconductor interfaces due to
differences in Fermi levels and work functions, leading to the formation of a Schottky barrier
and an interfacial space-charge region. In such systems, metallic cocatalysts serve both as
electron sinks and as active reaction sites. Under light irradiation, photogenerated electrons in
the semiconductor conduction band are preferentially transferred to the cocatalyst with a lower
Fermi level, while holes remain in the semiconductor, resulting in efficient charge separation
and suppressed recombination. This directional electron migration is particularly advantageous

in non-ferrous photo-Fenton-like catalysis, as the accumulated electrons facilitate continuous

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

redox cycling of active metal species and promote H,O, activation. Consequently, Schottky

interface engineering provides an effective strategy for enhancing charge-transfer kinetics and

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

overall photocatalytic efficiency.’!
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Zhong et al.?? reported in situ formed Ti**-self-doped TiO,/TizC, MXene Schottky
heterojunctions exhibiting highly efficient photo-Fenton-like degradation of cationic dyes over
a wide pH range (3—10). The Schottky barrier arising from the work-function mismatch
between TiO, and metallic TizC, promoted directional charge separation, enabling effective
utilization of photogenerated electrons and holes for H,O; activation. Negligible degradation

was observed without light or H,O,, whereas nearly complete dye removal (~99%) occurred
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under visible light in the TizC,/H,0; system, confirming a synergistic photo-Fentgn path{asoooec

Radical quenching, EPR, and DFT analyses revealed that the Schottky interface not only
enhanced carrier separation but also weakened —OH adsorption, facilitating H,O,
decomposition and boosting *OH and *O,~ generation. This work underscores the dual role of
Schottky junctions in regulating both charge-transfer dynamics and surface reaction kinetics in

non-ferrous photo-Fenton-like systems.

In another study, it was reported that the metal semiconductor Schottky junction is central to
efficient charge separation and accelerated H,O activation, leading to enhanced photo-Fenton
activity in Ag/g-C3N,—H,0; systems.”® Deposited Ag nanoparticles act as electron sinks due
to their lower Fermi level, establishing a Schottky barrier at the Ag/g-C3N, interface that
promotes directional transfer of photogenerated electrons from g-C3N, to Ag. This interfacial
electron trapping effectively inhibits charge recombination and extends carrier lifetimes,
allowing a greater fraction of electrons to participate in H,O, and O, reduction to generate
*OH and *O," radicals. Simultaneously, the retained holes on g-C3N, contribute to direct
oxidation pathways. As a result, the Schottky junction synergistically couples photocatalytic
charge regulation with oxidant activation, leading to accelerated ROS production, enhanced

degradation kinetics, and improved stability in photo-Fenton-like dye removal.
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Fig. 4 (a) A type II heterojunction for charge transfer between Cu,(OH);F and BiQBr,in.25%: ¢ ooec.
CFO/BOR catalyst, (b) catalyst activity under different situations over 25% CFO/BOR, and (c)
Stability performance over 5 cycles. Reproduced from ref. 43 with permission from Elsevier,
Guo, Y.; Liu, Y.; Hao, S.; Zhang, X.; Yu, Y. Journal of Water Process Engineering, 2023, 55,
104140. Copyright 2023. (d) Schematic diagram for photo-Fenton-like catalytic mechanism
of S-scheme heterojunction of Bi,WO4/CoAl-LDHs, (e) Photocurrent, and (f) EIS study of
Bi,WO4/CoAl-LDHs-20 nanohybrid. Reproduced from ref. 41 with permission from Elsevier,
Shao, B.; Liu, Z.; Tang, L.; Liang, Q.; He, Q.; Wu, T.; Pan, Y.; Cheng, M.; Liu, Y.; Tan, X.

Chemosphere 2022, 291, 133001. Copyright 2021.
3.2 Cocatalyst and Electron Mediator Incorporation

Cocatalyst incorporation is an effective strategy for accelerating charge transfer, suppressing
recombination, and promoting H,O, activation in non-ferrous photo-Fenton systems. By
integrating conductive nanoparticles or carbonaceous electron mediators, the interfacial
electron mobility is significantly enhanced, enabling more efficient ROS generation during

visible-light irradiation.
a. Noble and Transition Metal Nanoparticles

Metallic nanoparticles such as Cu®, Ag®, Au®, and Pd° are frequently employed as cocatalysts
due to their high electrical conductivity and strong electron-capturing capability. When
deposited onto semiconductor surfaces, they form Schottky junctions that facilitate directional

electron trapping. This process serves two major functions:

e Suppressing photogenerated electron—hole recombination, thereby extending charge-

carrier lifetimes.

e Enhancing H,O, activation through accelerated electron transfer to catalytic sites.
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For instance, Xiong et al.”* developed a CNNS/Ni—Ag heterostructure in which duglmgtal’ oo
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cocatalysts were interfacially anchored to regulate charge flow and enable sacrificial-agent-
free H,O, production and self-photo-Fenton degradation. The bimetallic interface generated a
strong built-in electric field that directed photogenerated electrons from CNNS and LSPR-
derived hot electrons from Ag toward Ni centres, markedly suppressing recombination. Ni
acted as the primary electron mediator, optimizing O, adsorption and the two-electron ORR
pathway, while Ag broadened visible-light absorption. This engineered interface delivered a
high H,O, production rate (1541.3 umol g™* h™! with IPA) and enabled efficient in-situ Fenton
degradation of metronidazole (92.9% in 60 min), demonstrating the power of dual-metal

synergy and interfacial electric-field tuning in boosting non-ferrous Fenton-like catalysis.**

Dihingia et al.%5 green-synthesized a bimetallic (Cu® + Ag®) @Bentonite heterojunction using
Psidium guajava leaf extract to anchor zero-valent Cu and Ag nanoparticles onto bentonite.
The resulting Cu—Ag interface lowered the band gap (2.32 eV), enhanced visible-light
absorption, and promoted efficient *OH- and peroxy-radical generation under photo-Fenton-
like conditions. The catalyst achieved 84% AMX and 74% SMZ degradation (UV-A), with
significant mineralisation and minimal Cu?* leaching, and retained stability over repeated
cycles. The study demonstrates that a simple bio-assisted route can yield a robust Cu—-Ag

heterojunction with strong antibiotic-removal capability.”

Guo et al.*® reported a Cu nanoparticle-modified Bi,O,S nanosheet, where surface-anchored
Cu nanoparticles act as electron sinks, rapidly extracting photogenerated electrons from the
semiconductor and thereby suppressing electron—hole recombination. This interfacial charge
separation facilitates efficient reduction of Cu?* to Cu*, enabling continuous Cu?*/Cu* redox
cycling that is essential for sustained H,O, activation. Meanwhile, Cu™ directly catalyses H,O,
decomposition to generate abundant *OH radicals, while excess electrons reduce dissolved O,

to *O,", jointly accelerating pollutant mineralization. Importantly, the noble-metal-free nature
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of Cu nanoparticles offers a cost-effective alternative to Au or Ag cocatalysts while retaitiifig’ ; coce
key functionalities such as enhanced charge mobility, increased surface adsorption, and durable
redox mediation. This dual role electron mediator and Fenton active centre- highlights metal
nanoparticles as pivotal components for boosting both efficiency and stability in advanced

photo-Fenton processes.

In the Cu-decorated C@Bi/Bi;M0QOg heterojunction reported by Hu et al.’®, metallic Cu and
Bi nanoparticles act as plasmonic and redox-active centres that enhance visible-light absorption
through surface plasmon resonance (SPR) while simultaneously promoting interfacial charge
separation. The SPR-excited electrons generated on metallic Bi nanoparticles are efficiently
transferred to dissolved O,, producing reactive intermediates (*O,H and 'O;), whereas Cu
species facilitate H,O, activation to yield abundant *OH radicals. Meanwhile, the carbon-
anchored metal nanoparticles serve as electron mediators, suppressing electron—hole
recombination and sustaining rapid metal redox cycling during the Fenton process. This dual

functionality—plasmon-induced charge generation and metal-assisted oxidant activation-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

highlights how noble and transition metal nanoparticles synergistically bridge photocatalysis

and Fenton chemistry, enabling ultrafast pollutant degradation under mild conditions.

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

b. Carbon-Based Mediators
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Carbonaceous materials, including reduced graphene oxide (rGO), carbon nanotubes (CNTs),
carbon quantum dots (CQDs), and biochar, serve as highly conductive electron mediators due

to their delocalized IT electron systems and large surface areas. Their advantages include:

o Rapid electron transport through conjugated networks.

e Improved H,O, reduction kinetics.

o Enhanced pollutant adsorption through II-IT interactions.
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o Stabilization of metal species through strong interfacial bonding.

Zhang et al.”’7 engineered a Cu,(OH);F/CQDs-BiVO, photo-Fenton-like catalyst in which 0D
carbon quantum dots acted as an electron mediator between BiVO, and Cu,(OH)sF, enabling
rapid and directional charge shuttling (Fig. 5a). As shown in Fig. 5(b-¢), SEM analyses reveal
decahedral BiVO, crystals uniformly decorated with Cu,(OH)3F nanosheets confirming
successful construction of a hierarchical heterointerface. Crystal-facet tuning of BiVO, (highly
exposed (010) facet) enhanced its electron-donor capability, while CQDs bridged electron
transfer and regenerated Cu®, thereby strengthening H,O, activation. Benefiting from
accelerated carrier separation and intensified ROS generation, the CQDs-bridged
heterojunction achieved 98.1% ciprofloxacin removal within 1 h, maintained stable activity
over pH 3—11, as shown in Fig. 5f, and exhibited excellent structural stability across five cycles.
This work highlights how electron mediators and cocatalyst interfaces synergistically

overcome recombination limits and significantly boost non-ferrous photo-Fenton efficiency.

N-doped carbon matrices derived from MOF precursors function as active carbon mediators
rather than inert supports in photo-Fenton systems by regulating electron transfer, stabilizing
metal redox sites, and enhancing H,O, activation. In the Cu—Cu,O/N-doped carbon catalyst
reported by Tan et al.?8, the graphitized N-doped carbon framework serves as an efficient
electron-transfer highway, as shown in Fig. 5g, facilitating rapid migration of photogenerated
electrons from Cu/Cu,O heterojunctions to adsorbed H,O, molecules. Pyridinic- and
graphitic-N sites introduce additional electron-rich centres that lower the activation barrier for
H,0O, decomposition, thereby accelerating *OH generation. Consistently, the addition of tert-
butanol (TBA) suppressed DY degradation by 73.5%, confirming *OH as the dominant reactive
species (Fig. 5h). Meanwhile, the carbon matrix spatially confines Cu/Cu,O domains,
suppressing metal aggregation and leaching while maintaining stable Cu?*/Cu* redox cycling

under visible light. As a result, the optimized Cu—N—C-500 catalyst achieved 93.3% DY
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removal within 30 min under visible light, with complete degradation observed by 45, miff; a8 oo
shown in Fig. 51, showing the best performance in the photo-Fenton catalytic system. This work
highlights that carbon mediators play a decisive role in coupling photocatalysis with Fenton

chemistry by synchronizing charge transport, redox stability, and oxidant activation.

Metal-free platforms can also act as electron mediators; Taha et al.”® synthesized N-doped
porous carbon nanofibers with abundant pyridinic-N/graphitic-N sites that efficiently activated
H,0, and mediated multi-electron transfer pathways. Their high conductivity and porous 1D
architecture enabled a solar-Fenton-like reaction active across pH 3-11, without metal

leaching.!%0

Carbon-based semiconductors such as graphitic carbon nitride (g-C3N,) play a dual mediator
role in Cu-based photo-Fenton systems by simultaneously facilitating charge transport and
stabilizing metal redox cycling. In the CuO/g-C3N4/H,0, system reported by Sharma et al., g-
C3Ny acts as an efficient electron reservoir under visible-light irradiation, promoting rapid

transfer of photogenerated electrons to CuO and thereby accelerating the Cu?*/Cu” redox cycle

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

essential for H,O, activation. This interfacial electron mediation suppresses charge

recombination, enhances *OH generation, and significantly improves pollutant degradation

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

efficiency. Moreover, the strong CuO-g-C3N, interaction stabilizes surface Cu species,

(cc)

effectively minimizing Cu?* leaching during repeated photo-Fenton cycles. These findings
highlight that carbon mediators do not merely serve as photocatalytic supports but actively
regulate electron flow, oxidant activation, and catalyst durability in non-ferrous photo-Fenton-

like systems.

Carbon-based mediators such as reduced graphene oxide (RGO) play a pivotal role in photo-
Fenton systems by acting as conductive charge bridges and structural stabilizers at

multicomponent interfaces. Yang et al.*? fabricated an ultra-fine Z-scheme CuO,-Ag,O/RGO
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heterostructure via electrochemical post-treatment of a bimetallic ICP/RGO precursol,piftoooocc
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which RGO provided a highly conductive platform for rapid electron transport and interfacial
charge redistribution. The exposed oxygenated functional groups and defect sites on RGO
facilitated intimate anchoring of CuO, and Ag,O nanoparticles while suppressing aggregation,
thereby enhancing catalyst stability and recyclability. More importantly, rGO functioned as an
efficient electron shuttle, facilitating Z-scheme charge separation while preserving the redox
reactivity of photogenerated carriers, thereby sustaining Cu-based redox cycling and effective
H,O, activation during the photo-Fenton process. This study highlights that integrating metal
oxides with carbon mediators such as RGO is an effective strategy to couple efficient charge

transport, interfacial stability, and high photo-Fenton activity under visible light.

Carbon-based architectures such as active carbon fibres (ACFs) play a multifunctional
mediator role in advanced photo-Fenton-like systems by simultaneously regulating electron
transfer, reactant enrichment, and catalyst dispersion. In the Mn3z0,@ZnO/ACFs micromotor
system reported by Cui et al.'%!, the 3D hierarchical ACF framework acts as an efficient
electron-transfer bridge, promoting rapid migration of photogenerated electrons from the
semiconductor heterojunction to Mn-based Fenton-active sites, thereby accelerating H,O,
activation and *OH generation. In parallel, the high surface area and porous nature of ACFs
enhance pollutant adsorption, increasing local reactant concentration near reactive oxygen
species. Importantly, ACFs stabilize and uniformly disperse Mn;O04@ZnO heterostructures,
maximizing accessible active sites and light utilization. These functions collectively
demonstrate that carbon mediators extend beyond passive supports, actively governing charge
flow, ROS formation, and catalytic efficiency in non-ferrous photo-Fenton systems.These
carbon-based mediators not only enhance charge-separation efficiency but also increase the
structural durability of non-ferrous catalysts, enabling stable operation under continuous photo-

Fenton cycles.
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Fig. 5 (a) A schematic illustration showing carbon quantum dots acting as an electron mediator
between BiVO, and Cu,(OH)sF in CFO/CQDs (3)-BVO, SEM images of Cu,(OH);F (b),
BiVOy(c), CQDs (3)-BVO(d), and CFO/CQDs (3)-BVO(e), and (f) Stability performance over
wide pH of 3-11. Reproduced from ref. 97 with permission from Elsevier, Zhang, X.; Liu, Y.;
Zhai, Y.; Yu, Y.; Guo, Y.; Hao, S. Environ. Res. 2023, 222, 115347. Copyright 2023. (g)
Proposed mechanism for CR and DY degradation in Cu-N/C-500/H,0, system, (h) Effect of
different reactive species scavengers on the degradation efficiencies of DY, and (i) degradation
efficiencies of DY under different catalytic conditions. Reproduced from ref. 98 with
permission from Elsevier, Tan, Z.; Wang, R.; Yang, S.; Shi, Z.; Wang, D. J. Mol. Struct. 2025,

1337, 142248. Copyright 2025.

3.3 Oxygen Vacancy and Defect Engineering at Interfaces

Oxygen vacancies (OVs) and defect-rich surfaces are powerful tools for enhancing interfacial
charge dynamics and catalytic reactivity in non-ferrous photo-Fenton systems. OVs, in
particular, function as powerful catalytic hotspots by modulating the local electronic and

coordination environment.
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Their primary functions at the interface are to:

e Act as electron-rich centres that can trap photogenerated electrons, suppressing e- and
h+ recombination.

e Modulate the electronic structure by creating mid-gap states, which often extends light
absorption into the visible region.

e Facilitate H,O, adsorption and dissociation by altering surface polarity and providing
active binding sites.

e Modulate the Fermi level at the interface, lowering the activation energy for subsequent

redox reactions.

Guo et al.' constructed a CeO,/Bi,TaOgCl (CE-BTC) heterojunction via a molten-salt-
mediated defect-engineering route, yielding highly dispersed CeO, nanodots and abundant
oxygen vacancies (OVs) without damaging the perovskite morphology. The coexistence of
OVs and the Ce**/Ce** redox pair markedly strengthened charge separation and H,O,
activation, enabling a 7.78-fold higher photo-Fenton degradation rate of ofloxacin compared
to pristine Bi, TaOgCl. OVs served as crucial electron-trapping and activation centres, boosting
*OH and *O,~ generation while facilitating rapid Ce**/Ce** cycling. The CE-BTC catalyst also
degraded multiple antibiotics with excellent stability, demonstrating OV-driven enhancement

as the key factor governing its superior photo-Fenton performance.!0?

Zhan et al.' developed an aeration-free in-situ Fenton-like system by integrating TiO,.
' W18049 heterophase oxygen-vacancy structures with floating rGO-modified polyurethane
foam, enabling continuous solar-driven H,O, production (4.2 ppm h™) and >90% antibiotic
removal. In this catalyst, interfacial oxygen vacancies act as powerful electron mediators,
tuning the d-band centre to selectively adsorb and activate O,, weakening the O—O bond, and

accelerate the hydrogenation of *O,7/*OOH intermediates. These vacancies also enhance

Page 46 of 119

View Article Online
DOI: 10.1039/D6LFO0096G


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6lf00096g

Page 47 of 119 RSC Applied Interfaces

spontaneous H,O, adsorption and ROS formation, thereby eliminating the need for,gxteffial s oocc
aeration. The work highlights oxygen-vacancy engineering as a critical cocatalytic pathway for

enabling self-sustained Fenton-like reactions with drastically reduced energy inputs.!'%3

Gao et al.3* constructed a 2D/2D MgO/g-C3N, S-scheme heterojunction in which MgO
nanosheets were in-situ anchored onto g-C3N, through strong Mg—N interfacial bonds. These
chemical bonds not only created a tightly coupled S-scheme interface that accelerated
directional charge migration but also induced abundant oxygen vacancies within MgO,
boosting H,O, activation and ROS generation (Fig. 6a). UV-Vis DRS revealed enhanced
visible-light absorption (250—450 nm) (Fig. 6b), while suppressed PL intensity and reduced
EIS charge-transfer resistance confirmed efficient carrier separation and interfacial electron
migration driven by Mg—N bonding, collectively accounting for the superior photo-Fenton
degradation performance (Fig. 6¢, d). Consequently, the optimized heterojunction achieved
markedly higher photo-Fenton degradation efficiency (80% RhB removal) compared to

pristine g-C3N4 (28%) and MgO (56%), demonstrating how vacancy engineering combined

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

with interfacial S-scheme charge transfer significantly enhances photocatalytic performance.’*

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

In the Cu®@Cu-zeolite system reported by Zhang et al.'%, Vo synergistically cooperate with

plasmonic Cu® nanoparticles to enhance visible-light harvesting and accelerate charge

(cc)

utilization. The vacancy sites preferentially trap photogenerated electrons and facilitate their
directional transfer to Cu®* species, thereby expediting the Cu?*/Cu’ redox cycle that governs
Fenton-like activity. Simultaneously, oxygen vacancies lower the activation energy for H,O,
adsorption and, if recovery and dissociation, promote sustained *OH generation under visible
light. This dual-channel electron-transfer pathway, mediated by Vo and Cu®, ensures rapid
redox cycling, suppresses charge recombination, and underpins the exceptionally high

degradation kinetics observed. These findings highlight oxygen vacancy engineering as a
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powerful and generalizable strategy for boosting non-ferrous photo-Fenton efficiepcy bey

conventional metal-centre control.

In Co/Ni co-doped ZnO nanorods, aliovalent substitution of Zn** by Co** and Ni** induces
lattice distortion and defect levels that stabilize surface oxygen vacancies (Vo) rather than
allowing their rapid annihilation during photocatalysis.!% These vacancies act as electron-
trapping centres that suppress electron—hole recombination and facilitate directional transfer of
photogenerated electrons toward surface-adsorbed H,O,, thereby accelerating *OH radical
generation. Simultaneously, Vo introduce sub-bandgap states that extend wvisible-light
absorption and sustain charge excitation under mild irradiation. The stabilized defect
environment enables continuous ROS production and preserves catalytic integrity over
repeated cycles, demonstrating that defect-engineered ZnO systems can overcome the intrinsic
instability of vacancy-rich oxides in photo-Fenton reactions. This work highlights oxygen-
vacancy stabilization, rather than mere vacancy creation, as a key design principle for long-

term, neutral-pH photo-Fenton catalysis.

Oxygen vacancies play a decisive role in amplifying Ce-based photo-Fenton activity by
coupling redox cycling with charge-carrier regulation. In Bi-doped CeO, nanorods derived
from bimetallic-organic frameworks, aliovalent Bi** incorporation induces a high density of
adaptive oxygen vacancies without phase segregation, even at high doping levels.?® These
vacancies act as electron-trapping centres that suppress electron—hole recombination and
promote directional electron transfer toward surface-adsorbed H,O5, thereby accelerating *OH
and *O,~ generation. In situ Ce 3d XPS fitting (Fig. 6e) revealed a markedly higher light-
induced Ce** fraction in 10Bi—CeO, (5.90%) than in pristine CeO, (3.02%), indicating that
oxygen-vacancy—enhanced visible-light excitation promotes efficient Ce**—Ce** reduction
and sustains continuous Ce**/Ce** redox cycling for photo-Fenton activation. PL spectra reveal

that optimal Bi doping (10Bi—CeQ,) suppresses charge recombination relative to CeO,, while
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excessive Bi loading (13Bi—CeO,) enhances recombination and weakens photo-Fenton actifity:;ooce
(Fig. 6f). Photocurrent and EIS analyses as shown in Fig. 6g,h reveal that 10Bi—CeO, exhibits
a higher photocurrent density and smaller charge-transfer resistance than pristine CeOg,
confirming oxygen-vacancy-assisted Bi doping enhances charge separation, accelerates
interfacial electron transport, and thereby improves photo-Fenton degradation efficiency. The
synergistic interaction between vacancy-mediated charge separation and cerium redox
shuttling endows the Bi-CeO, system with exceptional photo-Fenton efficiency and durability,
underscoring oxygen-vacancy engineering as a central design principle for advanced non-iron

Fenton catalysts.

Oxygen vacancies play a central mechanistic role in enabling efficient photo-Fenton activity
in Cu-modified MgO systems by coupling charge separation with Cu redox cycling.”® In Cu-
deposited MgO nanosheets, UV photodeposition induces abundant surface oxygen vacancies
that act as electron-trapping centres, suppressing electron—hole recombination and extending

visible-light absorption. These vacancies stabilize high-valence Cu species (Cu**/Cu?*) and

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

facilitate rapid interconversion among Cu®/Cu*/Cu?*/Cu®*, thereby sustaining continuous

H,0O, activation under illumination. Moreover, oxygen-vacancy-rich sites promote the

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

accumulation and directional transfer of photogenerated electrons toward Cu centres,
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accelerating the Cu?*/Cu” redox cycle and enhancing *O,~ and *OH generation. The synergistic
interaction between oxygen vacancies and multivalent Cu species enables efficient photo-
Fenton degradation across a broad pH range, highlighting oxygen-vacancy engineering as a
powerful strategy for activating wide-bandgap oxides in non-iron Fenton-like systems. Overall,
Oxygen vacancy and defect engineering at interfaces play a decisive role in expanding light
absorption, steering charge transfer, and increasing surface reactive sites. This strategy is

especially crucial for Ce- and Bi-based systems, where these OV-mediated pathways rather
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than classical Fenton chemistry, dominate H,O, activation and govern the efficiency,pfvisible~oooec

light-assisted reactions.
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Fig. 6 (a) A schematic illustration showing Oxygen vacancy mediated photo-Fenton
degradation of Rhodamine by the Mg—CN, (b) UV-visible diffuse-reflectance spectra, (c)
photoluminescence spectra, (d) electrochemical impedance spectra of MgO, g-CsN4, Mg—CN,
and PM Mg—CN. Reproduced from ref. 84 with permission from Elsevier, Gao, M.; Li, Z.; Su,
X.; Zhang, X.; Chang, J.; Geng, D.; Lu, Y.; Zhang, H.; Wei, T.; Feng, J. Chemosphere 2023,
343, 140285. Copyright 2023. (e) High resolution XPS spectraof Ce 3d of 10Bi-
CeO, photocatalyst dark and light reaction, (f) PL spectra of CeO, and Bi-CeO,, (g)
transient photocurrent response of CeO, and 10Bi-CeO,. (h) EIS Nyquist plots of CeO, and
10Bi-CeO,. Reproduced from ref. 39 with permission from Elsevier, Zhang, X.; Zhang, L.; Ye,
H.; Zeng, Z.; Yang, J.; Han, C.; Liang, Y. J. Environ. Chem. Eng. 2025, 117489. Copyright

2025.

3.4 Integration with Porous Scaffolds (MOFs, LDHs, Biochar)

Coupling non-ferrous photo-Fenton catalysts with porous supports such as metal-organic

frameworks (MOFs), layered double hydroxides (LDHs), mesoporous carbons, and biochar
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has emerged as an effective strategy to enhance surface reactivity, increase active-site deaSity, ooooec
and improve H,O, utilization. These porous architectures provide high surface areas, abundant
anchoring sites, and tunable pore networks that facilitate mass transport, pollutant adsorption,
and dispersion of catalytic species. The resulting interfacial synergy significantly accelerates

visible-light-driven Fenton-like processes.

Porous carbonaceous materials such as biochar, activated carbon, and mesoporous carbon not
only offer large accessible surface areas but also contain oxygen- and nitrogen-functional
groups that anchor transition-metal centres. Biochar-derived porous scaffolds play a
multifunctional role in photo-Fenton catalysis, serving simultaneously as catalyst supports,
electron mediators, and adsorption platforms. Mansoori et al.’® reported a CuOy—
MnOy@biochar catalyst in which FESEM images (Fig. 7a) show spherical CuOx-MnOy
nanoparticles (10—100 nm) well dispersed on a rough, mesoporous biochar surface derived
from rice straw. This carbon framework ensures high dispersion and stabilization of Cu and

Mn oxide nanodomains while providing abundant surface sites for pollutant enrichment, and

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

its conductive network with persistent free radicals facilitates interfacial electron transfer under

visible light, thereby promoting rapid Cu?*/Cu* and Mn**/Mn?" redox cycling and efficient

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

H,0O, activation. ESR analysis (Fig. 7b) confirmed persistent free radical-mediated *OH

(cc)

generation in the biochar/H,O, system, and this synergistic coupling between the porous
biochar scaffold and Cu-Mn bimetallic active centres enabled sustained ROS production over
a wide pH range, leading to near-complete metronidazole degradation with appreciable
mineralization. These results highlight biochar as an effective porous scaffold for integrating
adsorption, charge mediation, and Fenton-like redox chemistry in sustainable photo-Fenton

systems.

In another study, Wang et al.!% prepared CuO/Cu,O/Cu—N—codoped biochar (Cu—N-C-700)

by pyrolyzing a chitosan—Schiff-base—Cu precursor, enabling the in-situ formation of CuO,
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Cu,0, metallic Cu, and N-doped carbon within a conductive biochar matrix. The resulfiig ;ooce
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mesoporous biochar (21 nm average pore size) provided high surface area, strong adsorption
affinity, and efficient electron transport, which collectively enhanced the interaction between
pollutants and catalytic sites. Benefiting from multiple Cu redox centres and the adsorption—
activation synergy of the biochar scaffold, the Cu—N—-C-700/H;0, system achieved 98.5%
tetracycline degradation within 15 min and maintained stable performance over five cycles.
The study highlights how embedding multi-valent copper species into N-doped biochar

frameworks enables robust, pH-tolerant photo-Fenton catalysis. !0

In the Cu/HAP-sBC system reported by Wang et al.’°, straw-derived biochar provides a
hierarchically porous carbon matrix that anchors hydroxyapatite-stabilized Cu species,
ensuring uniform metal dispersion while suppressing Cu leaching and acid etching. The large
surface area of the biochar scaffold enhances pollutant enrichment near active sites, while the
conductive carbon framework promotes interfacial electron transfer, facilitating continuous
Cu?*/Cu* redox cycling and effective H,O, activation under near-neutral conditions. This
adsorption—catalysis synergy enables sustained *OH generation and rapid p-nitrophenol
mineralization, demonstrating that biochar scaffolds are not passive supports but active
structural components that stabilize metal centres, broaden operational pH windows, and

enhance the durability of heterogeneous photo-Fenton systems.

MOF-based supports (e.g., ZIF-67, MIL-88, UiO-66) also provide well-defined pore channels
and uniform metal sites that assist in dispersing non-ferrous catalytic centres. Upon partial
pyrolysis, MOFs can generate highly porous carbon—metal composites that combine

conductive frameworks with abundant active sites, resulting in enhanced photo-Fenton activity.
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Wang et al.!%7 developed self-supported 2D TCPP-MOF arrays vertically grown on copdueiiyve s ooec
copper foam via a hydrothermal route, forming an integrated heterointerface that significantly
boosts photo-Fenton-like catalysis. The honeycomb MOF architecture provided a large
accessible surface area and rapid mass transfer, while the uniformly dispersed M—N, active
sites enabled efficient visible-light harvesting and charge separation. Incorporating bimetallic
centres further strengthened interfacial redox activity, enhancing electron—hole utilization for
ROS generation. Benefiting from the intimate MOF—substrate contact and fast interfacial
carrier transport, the catalyst achieved robust mineralization of diverse organic pollutants and
exhibited excellent recyclability due to its mechanically stable, self-supported structure. This

work highlights the power of MOF interface engineering in designing high-efficiency,

recoverable photo-Fenton-like catalysts.!?”

Abdelhaleem et al.!® synthesized a Cu-based MOF-derived CuO@C catalyst via direct
pyrolysis, forming a tightly integrated CuO—carbon interface that enhanced H,O, activation

under visible LED irradiation. TEM and HR-TEM analyses (Fig. 7c¢,d) confirm that CuO

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

nanoparticles are uniformly embedded within the MOF-derived carbon matrix with exposed

CuO (111) facets, which ensures homogeneous dispersion, suppresses Cu leaching via in situ

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

redeposition, and facilitates rapid interfacial electron transfer during the photo-Fenton-like
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process. Control studies (Fig. 7e) demonstrate that the CuO@C/H,0O,/visible LED system
achieves 95% paracetamol degradation within 60 min, far surpassing CuO@C/H,0, (47%)
and H,O,/LED (26%), thereby underscoring the dominance of synergistic heterogeneous
photo-Fenton catalysis enabled by the robust interfacial architecture. TBA quenching (Fig. 7f)
confirmed *OH dominated degradation, underscoring that MOF-derived CuO@C provides a
conductive and stable scaffold for efficient H,O, activation and sustained photo-Fenton

catalysis.!%®
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In the POM-incorporated MOF Cu(I)W-DPNDI reported by Chen et al.'®, the ordgred pottis o;ooec
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architecture aligns Cu(I) Fenton-active centers, polyoxometalate (POM) oxidation sites, and
photoactive DPNDI ligands at molecular proximity, facilitating efficient interfacial electron
transfer and reactive oxygen species generation. The confinement effect of the MOF pores
suppresses radical over-diffusion and promotes controlled ROS utilization, which is critical for
achieving high selectivity in oxidation reactions. Meanwhile, the rigid MOF scaffold stabilizes
Cu(I) species and POM polyanions, enabling sustained redox cycling under light irradiation
while preventing catalyst deactivation. This work demonstrates that MOF porosity is not
merely structural but functionally decisive, allowing the integration of light harvesting, charge
transport, and Fenton-like redox chemistry into a single, highly selective photo-Fenton

catalytic platform.

It was reported that porous self-supported scaffolds play a decisive role in enhancing photo-
Fenton-like catalysis by simultaneously governing mass transfer, active-site accessibility, and
charge transport. In vertically aligned 2D porphyrinic MOF arrays grown on conductive copper
foam, the open honeycomb architecture provides interconnected meso-macroporous channels
that enrich organic pollutants and H,O, at catalytic interfaces while minimizing diffusion
resistance.'”” The rigid, porous scaffold enables uniform exposure of M-N, active sites,
promoting efficient light harvesting and rapid separation of photogenerated charge carriers.
Moreover, the conductive and self-standing framework facilitates directional electron transport
and suppresses catalyst aggregation or leaching during redox cycling. This integrated porous-
scaffold design demonstrates that architectural engineering, beyond chemical composition, is
critical for sustaining high ROS flux, long-term stability, and efficient mineralization in

advanced photo-Fenton systems.

In multivariate Cu-ZIF-9-ica frameworks reported by Sanchez et al.>¥, the intrinsic

microporous ZIF scaffold concentrates organic pollutants and H,O, within confined pores,


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6lf00096g

Page 55 of 119 RSC Applied Interfaces

icle Online

enhancing local reactant availability and accelerating interfacial ROS generation,, The, QP& o
framework ensures uniform dispersion of Cu redox centres and mixed-ligand environments,
shortening charge-migration pathways and suppressing recombination of photogenerated
carriers. Moreover, the rigid porous architecture stabilizes the catalytic sites against leaching
during repeated Cu?*/Cu” cycling, enabling sustained photo-Fenton activity under neutral pH
and low oxidant dosage. These findings highlight that porous scaffold engineering in MOFs is
not merely structural but mechanistically integral to achieving high efficiency, stability, and

practical applicability in visible-light-driven photo-Fenton systems.

Layered double hydroxides (LDHs) offer well-ordered two-dimensional galleries, tunable
metal compositions, and abundant surface hydroxyl groups that enable uniform dispersion of
non-ferrous catalytic centres and facilitate H,O, adsorption and activation. Upon thermal
transformation or partial reduction, LDHs can evolve into porous mixed-metal oxides or
metal/oxide—carbon hybrids with enlarged surface area, enhanced electrical conductivity, and

stabilized multivalent redox sites, collectively leading to accelerated charge transfer and

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

improved photo-Fenton efficiency under visible light.

Ultrathin LDH nanosheets provide an effective porous scaffold for photo-Fenton catalysis by

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

combining high surface area, short carrier diffusion lengths, and uniformly distributed

(cc)

multivalent metal centres. For example, He et al.!'? reported ultrathin ternary CuZnCr-LDH
nanosheets in which the layered porous architecture facilitates rapid charge migration and
exposes abundant redox-active Cu and Cr sites. The LDH scaffold promotes efficient Cu*/Cu?*
and Cr**/Cr®* cycling under light irradiation, thereby accelerating H,O, activation and
sustaining continuous *OH and <O, generation. Benefiting from the synergistic coupling of
photocatalysis and Fenton chemistry enabled by the ultrathin LDH framework, the catalyst

achieved high degradation and mineralization efficiencies for ciprofloxacin and methylene
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and enhancing photo-Fenton performance.

Zhu et al.!'! reported an ultrathin engineered CuNi,Al-LDH nanosheet as a porous layered
scaffold to accelerate electron transport and enrich redox-active sites. The brucite-like LDH
framework enabled intimate spatial proximity between Cu and Ni ions, where Ni acted as an
internal electron mediator to continuously shuttle electrons to Cu centres, generating a high
proportion of Cu(I) required for efficient H,O, activation. The porous LDH nanosheet
architecture simultaneously enhanced visible-light harvesting through Cu/Ni d—d transitions
and provided abundant exposed active sites. This synergistic scaffold-induced electron transfer
dramatically boosted Cu?*/Cu* cycling and promoted rapid ROS generation, enabling complete
degradation of phenol, tetracycline, and dyes within 30 min. Their work highlights how
integrating bimetallic centres within a high-surface-area LDH scaffold offers an effective
pathway to strengthen charge separation and Fenton-like redox dynamics in non-ferrous

systems.

Overall, the integration of non-ferrous catalysts with porous supports strengthens adsorption
activation processes, improves charge mobility, and offers structural stability, ultimately
leading to faster reaction kinetics and higher pollutant removal efficiencies in visible-light-

assisted Fenton-like systems.
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Fig. 7 (a) FESEM image of CuO,-MnO,@BC, and (b) ESR spectra of DMPO-OH for BC.

Reproduced from ref 56 Mansoori, S.; Ozumchelouei, E. J.; Davarnejad, R.; Zahrani, A. A.

Catal. Commun. 2022, 171, 106517. under the terms of the Creative Commons CC-BY license.

(c) TEM of CuO@C, (d) HR-TEM of CuO@C, (e) Role of various processes for PCM

photodegradation, and (f) effect of radical scavengers on PCM photodegradation by CuO@C.

Reproduced from ref.108 with permission from Elsevier, Abdelhaleem, A.; Abdelhamid, H.

N.; Ibrahim, M. G.; Chu, W. J. Clean. Prod. 2022, 379, 134571. Copyright 2022.

3.5 Atomically Dispersed Metal Sites on Interfaces

Atomically dispersed metal sites represent a cutting-edge strategy in the design of highly

efficient non-ferrous photo-Fenton catalysts. By distributing metal atoms as isolated single-site

centres (e.g., M—Ny, M—O, coordination environments), the maximum atomic utilization is

achieved while preventing metal agglomeration and leaching, two major challenges in

conventional heterogeneous Fenton systems. These atomic-scale active centres provide well-
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transfer, and improved catalytic selectivity.

Dong et al.!'? constructed atomically dispersed Cu-N, sites on g-C3N,, with SEM and TEM
confirming the preservation of the wrinkled nanosheet architecture (Fig. 8a,b). These isolated
Cu—N, centres enable efficient H,O, activation and accelerated charge separation, thereby
overcoming sluggish redox kinetics in non-ferrous photo-Fenton systems. The optimized Cu—
CsN, achieved nearly 99% ciprofloxacin removal within 30 min, far outperforming pristine g-
C3N, and all control systems due to efficient H,O, activation at Cu—N, single-atom sites, with
the degradation kinetics following a pseudo-first-order model as shown in Fig. 8c.
Spectroscopic analyses (EPR and XAFS) revealed that Cu—N, sites mediate a nonradical H,O,
activation pathway via O=Cu-N, and O=Cu—N,=0 intermediates, consistent with the weak
*OH signals observed by Scavenger study (Fig 8d ). This atomic-scale dispersion maximized
the catalytic utilization of Cu, enabled fast electron mobility across the interface, and

established a robust platform for next-generation non-ferrous Photo-Fenton catalysts.!!?

Guo et al.>? developed hydrangea-like carbon nitride decorated with atomically dispersed Cu—
N, sites, forming a strong metal-support interaction that markedly enhanced photo-Fenton
efficiency. The Cu—N, coordination created intermediate electronic states that accelerated the
Cu?*/Cu* redox cycle and increased the binding affinity of Cu d orbitals (especially d,,) toward
H,0; by nearly ten-fold, enabling faster peroxide activation. Benefiting from the maximized
atomic utilization and rapid carrier transfer, the Cu-SA/CNH catalyst achieved 98.1%
tetracycline degradation and complete E. coli inactivation within 30 min, outperforming
pristine CN. This work highlights the pivotal role of single-atom dispersion in strengthening

redox cycling and H,O, activation pathways during photo-Fenton treatment.>?
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Zichao Lian et al.''3 engineered atomically dispersed Ag—Co dual sites on g-C3Ny (AR ooes
CN), forming densely distributed bimetallic coordination centres that simultaneously promote
charge separation and create self-Fenton redox pairs. The isolated Ag and Co atoms act
cooperatively, Ag accelerates photoelectron extraction while Co functions as the primary
H,0,-activating site, enabling efficient in-situ generation of *OH and 'O, under visible light.
Benefiting from this highly dispersed dual-metal interface, AgCo—CN achieved near-complete
mineralization of phenol even under harsh conditions and maintained long-term activity in a
custom photo-filter reactor. This work highlights how atomic-scale bimetallic dispersion can

unlock self-driven photo-Fenton pathways for degrading recalcitrant pollutants.'!3

In the CuNy—carbon nitride catalyst reported by Zhang et al.''4, isolated CuNx moieties
embedded within a porous C—N matrix function as well-defined single-atom-like active centres
for H,O, activation. Such high-density atomic dispersion prevents Cu aggregation and
leaching while enabling efficient Cu?*/Cu* redox cycling under visible light. The strong metal—

nitrogen coordination modulates the local electronic structure of Cu, lowers the activation

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

barrier for H,O, dissociation, and promotes selective *OH generation, as corroborated by DFT

calculations. Simultaneously, the conductive carbon nitride framework facilitates charge

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

separation and transport, allowing photogenerated electrons to be efficiently funnelled toward

(cc)

CuN; sites. This work highlights that atomic-scale metal dispersion is not merely a stabilization
strategy but a decisive design principle for synchronizing charge transport, oxidant activation,

and redox durability in high-performance photo-Fenton catalysts.

This concept extends across a diverse spectrum of the non-ferrous family. Single-atom Ce
sites, for example, leverage the Ce3*/Ce** redox couple at the atomic level to enhance oxygen
vacancy-mediated turnover, while atomic Bi sites create unique, highly localized charge
centres to promote specific photocatalytic pathways.!!> These single-atom sites effectively

modulate the local electronic structure of the host material, creating localized charge-density
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regions that accelerate light-driven redox reactions. Overall, atomic dispersion of ponsfertou
metals provides a powerful avenue for designing highly active, durable, and structurally
uniform photo-Fenton catalysts. By combining biomimetic site architecture with strong
interfacial bonding, single-atom catalysts (SACs) offer enhanced catalytic precision and

significantly improved pollutant degradation efficiency under visible-light-assisted conditions.
3.6 Bimetallic and Multicomponent Interfaces

Bimetallic and multicomponent interface engineering has emerged as a powerful strategy for
significantly improving the catalytic efficiency of non-ferrous photo-Fenton systems. By
integrating two or more metal species with complementary redox behaviours, it is possible to
create synergistic reaction pathways, broaden light absorption, and optimize H,O, activation.
Such interfaces fine-tune electronic structures, promote multivalent cycling, and offer multiple
active sites for simultaneous radical generation. Dai et al.®> synthesized Mn-doped cobalt
silicate@diatomite (Co—MnSi@DE) composites to enhance Fenton-like oxidation via
synergistic bimetallic interactions. The introduction of Mn into the Co-silicate framework
enlarged surface area, narrowed the band gap, and created a more redox-active Co—Mn
interface that accelerated H,O, activation. DFT analysis confirmed that Mn incorporation
lowered the reaction energy barrier for peroxide cleavage, while ESR revealed that the Co/Mn
dual sites enabled the concurrent formation of *OH and *O,~ under UV light. Benefiting from
these cooperative interfacial effects, the optimized Co,sMnSi@DE achieved >95%
degradation of methyl orange and maintained stability over repeated cycles, demonstrating the
strong performance advantages of bimetallic interface engineering in non-ferrous photo-Fenton

catalysis.*>

Xiong et al.** constructed a CNNS/Ni—Ag heterostructure in which bimetallic Ni/Ag sites and

an interfacial built-in electric field cooperatively boosted photo-self-Fenton reactivity. The
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LSPR-induced hot electrons from Ag and photogenerated electrons from CNNS,WEEE G ooec
directionally driven toward Ni centres, where Ni acted as the primary electron mediator to
accelerate O, adsorption and the two-electron ORR pathway. This dual-metal synergy enabled
high in-situ H,O, generation (1541.3 pmol g™' h™ with IPA) and rapid metronidazole removal
(92.9% in 60 min), outperforming single-metal or external-H,O, systems. The study highlights
how bimetallic interfaces can simultaneously enhance light harvesting, carrier separation, and

surface redox kinetics to realize efficient non-ferrous self-Fenton catalysis.

Hu et al.? constructed a Cu-decorated carbon@Bi/Bi;MoOg¢ plasmonic heterojunction derived
from a MOF precursor, in which metallic Cu, in situ generated Bi, and Bi,MoO¢ formed an
integrated dual-metal interface. UV—Vis DRS and Tauc analyses (Fig. 8e,f) show that the Cu/Bi
bimetallic coupling with Bi,MoOg introduces SPR-enhanced visible-light absorption (~580
nm) and narrows the bandgap (2.58 — 1.48 eV), thereby promoting charge generation and
synergistic photo-Fenton activity. Transient photocurrent and EIS analyses (Fig. 8g,h) reveal

that the Cu/Bi—carbon coupled BC300-30 heterojunction exhibits the highest photocurrent

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

density and the smallest charge-transfer resistance confirming that bimetallic interfaces, carbon

skeletons, and oxygen vacancies synergistically enhance charge separation and migration,

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

thereby boosting photo-Fenton activity. This work highlights that rational engineering of
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bimetallic and carbon-coupled interfaces is a powerful strategy to amplify interfacial charge

dynamics and ROS productivity in non-ferrous photo-Fenton catalysts.

In the rhombohedral AIMnCuZnBi HEA reported by Anuraag et al.''®, the homogeneous
atomic-level mixing of Mn, Cu, Zn, Al, and Bi generates a complex electronic landscape with
diverse local coordination environments that collectively facilitate H,O, activation and charge
transfer. The coexistence of multiple transition and post-transition metals enables parallel
redox pathways, enhancing electron availability for Fenton-like reactions while suppressing

metal leaching commonly observed in single-metal systems. Such multicomponent interfaces
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promote synergistic interactions among different metal centres, improving, elecfigf
delocalization and sustaining catalytic activity under photo-assisted conditions. This study
highlights HEAs as an emerging class of photo-Fenton catalysts, where compositional
complexity and interfacial synergy replace conventional heterojunction design to achieve

robust and durable pollutant degradation.

In the ternary selenide nanocomposite CogSeg/NizSe,/Cu,Se reported by Mohapatra et al.!l7,
the intimate interfacial coupling among Co, Ni, and Cu-based selenides establishes multiple
electron-transfer pathways under visible light, promoting efficient separation and migration of
photogenerated charge carriers. These heterogeneous interfaces facilitate cooperative redox
cycling (Cu?*/Cu*, Co**/Co**, Ni**/Ni**), which accelerates H,O, activation and sustains
continuous ROS generation during photo-Fenton reactions. Moreover, the multinary junctions
broaden light absorption and provide abundant interfacial active sites, enabling high
degradation efficiencies for both cationic and anionic dyes. This study highlights that interface-
driven electronic synergy in multicomponent catalysts is a powerful strategy for overcoming

kinetic limitations in conventional single-metal photo-Fenton systems.

These hybrid structures often operate through dual or cooperative pathways, including

simultaneous radical and non-radical oxidation, broadening the scope of degradable pollutants.
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Fig. 8 (a) SEM, (b) TEM (inset SAED) results of Cu—C;3Ny, (c) Pseudo-first-order kinetic plots
for CIP degradation in Cu—C3;N,4/Vis, Cu—C3N4/H,0,, and Cu—C;N4/Vis/H,0, systems, and (d)
The relative contributions of different scavengers over the Cu—C;N4/Vis/H,O, system.
Reproduced from ref. 112 with permission from American Chemical Society, S. Dong, X.
Chen, L. Su, Y. Wen, Y. Wang, Q. Yang, L. Yi, W. Xu, Q. Yang, P. He, ACS ES&T
Engineering, 2022, 3, 150-164. Copyright 2022. (e) UV-vis diffuse reflectance spectra of
CuBTC-300, Bi;M0Og4 and BC300-30, (f) corresponding (chv)? or (ahv)!2 plots versus photon
energy (hv), (g) Instantaneous time-response current of Bi,MoOs, CuBTC-300 and BC300-30,
and (h) EIS Nyquist plots of Bi,M0O4, CuBTC-300 and BC300-30. Reproduced from ref. 96
with permission from Elsevier, Hu, Y.; Ke, J.; Yan, Z.; Zhao, L.; Liu, J. Colloids Surf. A

Physicochem. Eng. Asp. 2025, 137409. Copyright 2025.

Overall Integration of Interface Strategies

Interface engineering has evolved into a foundational design principle for next-generation non-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

ferrous photo-Fenton catalysts. Through the rational construction of semiconductor junctions,
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cocatalyst decoration, oxygen-vacancy engineering, atomic dispersion of metal centres, and
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multicomponent design, catalytic efficiency has been dramatically improved. These interfacial
strategies synergistically enhance charge separation, strengthen ROS generation, increase
pollutant affinity, and improve structural durability. Consequently, multicomponent and
interface-engineered catalysts represent the most promising direction for developing advanced,

sustainable oxidation systems for water purification.

Table 3. Representative photo-Fenton-like degradation performance of non-ferrous catalysts

with different interface-engineering strategies
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Porous (MNZ) stability
Scaffolds Bi/Ce-BMOFs TC 5W Visible | 10mM | 4 cycles/High | 83%/ | %
(}]IBSS/ MOFs/LD LED retention / 60 min

Structurally and
chemically
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stable o 000 e Eaooe
(XRD/SEM/XP
S confirmed)
CuNi,Al-LDH Phenol 30W Xenon | 6mM 4 cycles / High 100% / | 1
Lamp retention / High | 30 min
stability; Cu
leaching (0.73
ppm)
Cu-C;3Ny CIP 30W Xenon | - 5 cycles / ~100% 99% /30 | 112
Lamp retention / min
Exceptional
stability; universal
degradation
300W 5 cycles / 83.3%
i(enon retention / High
amp ity 0
R
Dispersed Sites pg/L (ICP
confirmed)
Cu-SA/CNH/PF TC Visible Xe | 160mM | 5 cycles/80.3% | 98.1%/ | %2
Lamp retention / 30 min
420> Excellent
= stability; Cu
leaching <25
ug/L (ICP-MS)
Mn-doped Cobalt MO UV Lamp 25mM 5 cycles / >90% 95% /90 | 35
silicate@diamoite efficiency min
AlMnCuZnBi Alloy | MO White LED | 0.5mM | 5cycles/~94% | 100% / 116
Lamp retention / High | 170 min
stability; High-
Bimetallic/Multi ;rr‘;‘g:ffe“
component significant
active site
leaching.
o
CooSeg/NigSes/Cu | pg LED Lamp | - - /9 Zélé *
28¢ min

4. Mechanistic Insights into Reactive Oxygen Species (ROS) Generation in Non-Iron

Photo-Fenton Catalysts

The performance of non-ferrous photo-Fenton catalysts is governed by the generation and

management of reactive oxygen species (ROS), including hydroxyl radicals (*OH), superoxide

anions (*O3"), hydroperoxyl radicals (¢*OOH), and singlet oxygen (*O). In contrast to classical

Fe-based systems that require acidic pH, the combination of visible-light-responsive

semiconductors with redox-active metals such as Cu, Co, Mn, Bi, and Ce enables efficient
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H,O, activation under near-neutral conditions. These processes are strongly influenced By oo
metal valence transitions, semiconductor band alignment, interfacial charge separation, and the
presence of oxygen vacancies or other defect sites. Rational interface engineering via
heterojunctions, cocatalyst deposition, or atomic dispersion, therefore plays a central role in
steering electron flow, stabilizing intermediates, and enhancing ROS productivity in non-

ferrous systems.
4.1 Copper-Based Catalysts: Redox Cycling and Enhanced Charge Transfer

Copper-based catalysts exhibit some of the most efficient non-ferrous photo-Fenton activity
due to the favourable redox potential of the Cu*/Cu?* pair (+0.17 V), which enables rapid and

reversible electron transfer. The core mechanism consists of two interconnected steps:

(1) Cu*-driven H,O, decomposition
Cu++H202 — Cu?" ++OH + OH™
This reaction is thermodynamically favored and proceeds quickly, generating *OH

radicals as the primary oxidant.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(2) Photoreduction of Cu?* to regenerate Cu*

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

Cu2+ + e_(photo) — Cu*

(cc)

The integration of Cu species with semiconductors significantly enhances this redox cycle
by providing a continuous supply of photogenerated electrons. Zhang et al.''* developed a
Cu-doped carbon nitride catalyst featuring highly dispersed CuNy single sites that markedly
strengthened H,O, activation in a photo-Fenton system. Embedding CuN, centres into the
porous C3N, framework enhanced visible-light absorption and accelerated charge
transport, enabling rapid generation of *OH, *O,~, h*, and 'O,. The optimized CuCN
catalyst achieved 93.6% tetracycline degradation within 60 min, with strong performance

even in real water matrices. DFT calculations confirmed that CuN, moicties lower the
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energy barrier for H,O, adsorption and cleavage, thereby boosting the Cu?5/Cy, 240K oo
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cycle and sustaining active radical formation. This work highlights the pivotal role of
atomically dispersed Cu centres in accelerating charge transfer and maximizing non-ferrous

photo-Fenton reactivity.'!4

Rozmyslak et al.!'® prepared Cus(PO,), by a simple precipitation route and demonstrated
its strong potential as an iron-free Fenton-like catalyst for ciprofloxacin degradation.
Owing to the redox-active Cu?*/Cu® couple and favourable surface adsorption, Cu(II)
phosphate delivered a ~7-fold higher Fenton-like degradation rate than commercial CuO
and markedly higher activity than Fe,O3, CeO,, and other metal phosphates. Under visible-
light assistance, the catalyst further accelerated CIP oxidation (k = 0.00445 min™),
confirming enhanced charge excitation and faster Cu** — Cu* cycling. Radical-quenching
and EPR analyses identified *OH as the dominant reactive species, underscoring the key
role of copper sites in H,O, activation. Collectively, the strong redox flexibility of Cu
species, together with efficient photo-activation, make Cu(Il) phosphate a promising

copper-based platform for photo-Fenton degradation of antibiotics.

Almahri et al.'' synthesized hexahydroxy copper—stannate (CuSn(OH)e) and
demonstrated its strong sunlight-driven Fenton-like degradation of Rh6G and tetracycline,
highlighting the crucial role of Cu-based redox centres in ROS generation. The well-
defined cubic CuHS particles (150-300 nm) possessed abundant surface Cu?*/Cu* sites and
oxygen-defect-rich domains, which significantly enhanced H,O, activation and visible-
light electron transfer, enabling rapid pollutant removal with maximum activity at alkaline
pH. Mechanistic analyses confirmed that Cu sites facilitated efficient charge separation and
promoted the production of *OH and <O,", driving chromophore cleavage in Rh6G and

multistep hydroxylation and ring fragmentation in TC. Overall, the study establishes
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CuSn(OH)s as an efficient Cu-driven Fenton-like photocatalyst, where copper, d€doX o ors

cycling and defect-assisted ROS generation govern its high degradation performance.!!”

Zhang et al.!** developed a Cu-doped zeolite catalyst (Cu®@CuZ) featuring synergistic
metallic Cu® nanoparticles and abundant oxygen vacancies, which together enabled
exceptional photo-Fenton-like performance. The dual-channel electron-transfer pathway,
where oxygen vacancies trap photogenerated electrons and plasmonic Cu® rapidly donates
them to Cu(Il), greatly accelerated the Cu?*/Cu” redox cycle and boosted H,O, activation.
Benefiting from enhanced visible-light harvesting and rapid charge transport, Cu’@CuZ
completely degraded phenol (20 mg/L) within 15 min, with rate constants 40—65 times
higher than Cu,0, CuO, and Cu® alone. This work demonstrates how coupling Cu® with
vacancy-rich zeolite frameworks provides a powerful strategy to maximize Cu-based

photo-Fenton reactivity.!04

In the plasmon-driven Vo-Cu,O@Cu/CN; heterojunction reported by Wang et al.*, mixed-

valence Cu®/Cu*/Cu?* sites act as dynamic redox mediators that couple visible-light

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

excitation with sustained Cu*/Cu?* cycling. Metallic Cu® and Cu,O serve as electron-rich

reservoirs that harvest plasmon-induced hot electrons, while interfacial Cu® sites directly

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.
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participate in H,O, activation. Notably, the deprotonated H,O, species (HO, ") accelerates
reversible Cu® disproportionation, stabilizing the catalytic cycle and suppressing metal
deactivation. This copper-centred dual-channel mechanism enables both radical-assisted
(*OH, *O;") and non-radical ('O, electron-transfer) oxidation pathways, imparting high
reaction robustness over a wide pH range. These findings underscore that precise
engineering of copper oxidation states and interfacial Cu environments is pivotal for
achieving efficient, stable, and interference-resistant photo-Fenton catalysis beyond

conventional Fe-based systems.
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Copper nanoparticles act as highly effective noble-metal-free cocatalysts in photorFerfon o ors
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like systems by simultaneously enhancing charge transfer and accelerating Cu-mediated
H,0; activation. In the Cu-modified Bi,O,S nanosheets reported by Guo et al.%6, surface-
anchored Cu nanoparticles function as electron sinks, facilitating rapid extraction of
photogenerated electrons from Bi,O,S and suppressing electron—hole recombination. The
accumulated electrons promote the reduction of Cu?* to Cu*, which serves as the key active
species for catalytic H,O, decomposition into highly oxidative *OH radicals. This Cu-
assisted redox cycling not only increases reactive oxygen species generation but also
stabilizes the photo-Fenton process under visible light. Meanwhile, the intimate Cu—
Bi,0,S interface improves charge carrier mobility and adsorption affinity toward
pollutants, collectively leading to markedly enhanced tetracycline degradation kinetics.
These results highlight that judicious incorporation of metallic Cu nanoparticles provides a
cost-effective strategy to boost photo-Fenton efficiency by coupling semiconductor

photoexcitation with sustained Cu*/Cu?* redox catalysis.

Copper species act as the pivotal redox mediators in piezo-photo-Fenton systems by
enabling efficient Cu?*/Cu* cycling and sustained H,O, activation. In the Bi TizO4,-
CuBi,0, p—n heterojunction, interfacial electric fields and piezoelectric polarization
continuously drive photogenerated electrons toward Cu?* sites, accelerating their reduction
to Cu*.38 This rapid Cu redox turnover enhances H,O, decomposition into reactive oxygen
species, thereby coupling mechanical-photonic charge separation with Cu-centred Fenton
chemistry. The results highlight that copper not only serves as the active Fenton centre but
also dynamically links interfacial charge transport with oxidant activation, leading to

markedly improved degradation kinetics.

In the Cu@MoS,/PAAmM/CA double-network hydrogel, Cu sites immobilized within the

3D polymer matrix catalyze *OH generation, while MoS, and the hydrogel scaffold
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promote charge transfer and pollutant enrichment.!?° The spatial confinement of Cu, speGies oooec
suppresses leaching and enables stable Cu-mediated Fenton reactions even under dark
conditions, highlighting copper’s decisive role in coupling adsorption-assisted enrichment
with durable photo-Fenton degradation. Copper centres act as the decisive photo-Fenton
active sites in ligand-engineered Cu-MOFs by enabling efficient Cu?*/Cu’ redox cycling
and H,O, activation under visible light. In secondary-ligand-modulated Cu-MOFs,
tetranuclear Cu cluster configurations provide abundant coordinatively unsaturated Cu sites
that promote photoinduced charge separation and accelerate interfacial electron transfer to
H,0,, thereby boosting *OH and *O," generation. This work highlights that precise ligand
control over Cu coordination environments directly governs photo-Fenton efficiency,

stability, and pH tolerance in Cu-MOF catalysts.!8

Overall, copper-based catalysts benefit from rapid Cu®/Cu?* cycling, strong visible-light
absorption when coupled with semiconductors, and accelerated interfacial charge transfer
in engineered heterojunctions. These features enable Cu-based systems to outperform

classical Fe-based catalysts, especially under environmentally relevant pH conditions.
4.2 Cobalt-Based Catalysts: Multivalent Redox Mediation

Cobalt-based photo-Fenton catalysts derive their activity from the reversible Co?*/Co** redox
couple (E° = +1.81 V vs NHE), which enables rapid H,O, activation and efficient *OH
generation under mild conditions. The Fenton-like reaction proceeds through the oxidation of

Co?* by H;0,, followed by the reduction of Co** to regenerate catalytically active Co**:
Co** + H,0, — Co** + «OH + OH~

Co* + € (photo) — Co?*
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This redox cycling can be significantly accelerated under visible-light irradiation,especially:
when cobalt is integrated into semiconductor interfaces that promote directional electron
transfer. Tang et al.!?! developed a cobalt-based ZIF-67/defective TiO,., heterostructure (B—
TiO,.x @ZIF-67) to enhance visible-light-driven photo-Fenton-like degradation of bisphenol
A. The intimate coupling between oxygen-vacancy-rich TiO,, and Co-containing ZIF-67
constructed an efficient charge-transfer interface, where TiO,_, vacancies trapped electrons to
accelerate carrier separation, while Co(Il) sites served as active Fenton centres for rapid H,O,
decomposition to *OH. Benefitting from the synergistic roles of vacancy-mediated charge
migration and Co-induced ROS generation, the B-Ti0, ,@ZIF-67/H,0,/Vis system achieved
~95% BPA removal and maintained stable activity over repeated cycles. This work highlights
the critical role of Co-based centres integrated within MOF—oxide interfaces in promoting

peroxidative pathways for efficient photo-Fenton-like oxidation.!?!

Li et al.'?? constructed a Co-POM/N-TiO; heterostructure in which cobalt polyoxometalate
clusters acted as an efficient cocatalyst to mediate electron transfer during the photo-Fenton-
like reaction. Decorating Co-POM onto N-doped TiO, not only broadened visible-light
absorption but also established a favourable interfacial pathway that accelerated electron
migration from TiO, to the Co-POM sites, where Co(II) species activated H,O, to generate
*OH. Benefiting from this cobalt-driven interfacial charge-transfer mechanism, the hybrid
catalyst achieved rapid RhB degradation (~97% within 40 min at neutral pH), exhibiting a rate
constant nearly nine times higher than N-TiO, alone. The strong Co—TiO, electronic coupling
and efficient Co”>"/Co*" redox cycling underpin the markedly enhanced photo-Fenton-like

activity.!??

Cobalt nodes in ZIF-9 frameworks act as the primary photo-Fenton catalytic centres by
facilitating visible-light-driven charge separation and promoting ROS generation under neutral

conditions. In multivariate Co-based MOFs, electronic modulation via mixed ligands lowers
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the band gap and enhances carrier mobility, enabling efficient interactign, beg 00006G
photogenerated electrons and H,O, to produce *OH and *O,".>* This study demonstrates that
cobalt-centred MOF scaffolds provide structurally stable, pH-flexible platforms for
heterogeneous photo-Fenton reactions, where ligand engineering further amplifies Co-

mediated redox activity without metal leaching.>*

Zhou et al.'?? reported a Pt/CoAl,O, heterostructured catalyst derived from spent Pt/y-Al,Os
exhibited highly efficient visible-light-driven photo-Fenton-like degradation of malathion. In
this system, CoAl,O, acts as the primary Fenton-active phase, where continuous Co?"/Co3"
redox cycling governs H,O, activation and *OH generation, while epitaxially grown Pt
nanocrystals enhance light absorption and suppress electron—hole recombination. The
interfacial charge transfer from Pt to CoAl,O, accelerates cobalt redox turnover, thereby
sustaining ROS production under mild conditions. This work highlights that cobalt-based
spinel oxides provide robust and recyclable photo-Fenton centres, with noble metals mainly

serving as photonic and electronic promoters rather than active Fenton sites.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Zhu et al.'?* reported that an amorphous—crystalline CoSy@TiO; heterointerface bridged by
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S—O bonds markedly accelerates photo-Fenton degradation of ciprofloxacin. In this system,

CoS; serves as the cobalt-based photo-Fenton centre, enabling efficient Co**/Co**-mediated

(cc)

H,O, activation and abundant *OH generation, while S-O interfacial bridges promote
directional electron transfer and in situ H,O, formation under light irradiation. Consistently,
EPR spectroscopy (Fig. 9a,b) detected strong *OH and *O,~ signals after light irradiation, while
radical quenching experiments (Fig. 9c¢) showed that isopropanol markedly suppressed
ciprofloxacin degradation (from 100% to 47%), collectively confirming *OH as the dominant
oxidative species with minor contributions from electrons, holes, and *O,". These results

demonstrate that cobalt sulphide heterointerfaces effectively couple photocatalytic charge
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the need for noble metals.

Overall, cobalt-based catalysts offer high intrinsic oxidizing power through Co?"/Co3*
transitions, efficient HO, activation at near-neutral pH, strong compatibility with Z-scheme
and defect-engineered systems, and improved ROS generation through oxygen-vacancy-
enabled pathways. These characteristics make Co an exceptionally potent non-ferrous metal

for advanced photo-Fenton applications.
4.3 Manganese-Based Catalysts: Valence Versatility and Defect Engineering

Manganese-based catalysts leverage the rich redox chemistry of Mn>*/Mn**/Mn** to activate
H,0O, and dissolved oxygen for ROS production. The multivalent nature of Mn enables both
radical and non-radical oxidation pathways, making manganese oxides particularly attractive
for visible-light-assisted Fenton-like reactions, especially under neutral or slightly alkaline

conditions.

The primary Fenton-like step involves the oxidation of Mn?* by H,0, to produce *OH,

followed by the photoreduction of Mn3* to sustain the cycle:
Mn?* + H,O, — Mn** + «OH + OH~
Mn3* + € (photo) — Mn?*

Meanwhile, higher-valent Mn** species commonly present in MnO, can participate in surface
redox reactions that facilitate the production of *OOH and +O,", especially when oxygen
vacancies (OVs) are present. These OVs promote electron trapping, enhance Mn valence

cycling, and improve adsorption of H,O, and O,.

Mansoori et al.> reported a biochar-supported CuOx-MnOy nanocatalyst, highlighting the key

role of manganese redox chemistry in visible-light-driven photo-Fenton degradation of
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metronidazole. In this system, Mn?* acts as an efficient H,O, activator, promoting, systaifigd' oooec
*OH generation under near-neutral pH, while Cu species and biochar-derived persistent free
radicals synergistically facilitate electron transfer and Mn redox regeneration. The Mn-centred
Fenton-like pathway dominates ROS production, enabling almost complete MNZ removal with
high stability and recyclability, underscoring manganese oxides as robust, non-iron active sites

for practical photo-Fenton applications.

Dai et al.?> synthesized Mn-doped cobalt silicate@diatomite (Co-MnSi@DE) composites via
a hydrothermal route, where Mn incorporation enhances synergistic Co/Mn redox cycling; as
shown in Fig. 9d, MO degradation proceeds via UV-driven Co/Mn Fenton-like pathways that
continuously generate *OH radicals following initial pollutant adsorption. The introduction of
Mn increased surface area, narrowed the band gap, and strengthened H,O,
adsorption/activation, which DFT confirmed by showing a much lower H,O, adsorption
energy on Mn-doped surfaces. Benefiting from this bimetallic synergy, the optimized

CosMnSi@DE achieved >95% methyl orange degradation under UV/H,0,, significantly

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

outperforming Mn-free counterparts. Radical quenching experiments (Fig. 9¢,f) revealed that

both *OH and *OOH contribute to methyl orange degradation in the Coj,sMnSi@DE/H,0,-

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

UV system, with a much stronger inhibition observed upon *OH scavenging (k = 0.0033) than

(cc)

*OOH scavenging (k = 0.008), indicating that hydroxyl radicals play the dominant role in the
catalytic process. The catalyst remained reusable and structurally stable, underscoring Mn

doping as a potent strategy to boost cobalt-based photo-Fenton activity.

Zhang et al.' reported that a porous Z-scheme MnO,/Mn-modified alkalinized g-CsN,
heterojunction exhibits outstanding Mn-driven photo-Fenton performance for pharmaceutical
degradation. In this system, multivalent Mn species (Mn**/Mn3*/Mn?*) act as the core Fenton-
like active centres, efficiently activating H,O, to generate abundant *OH, while the Z-scheme

charge transfer preserves strong redox ability and suppresses charge recombination. The
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synergistic coupling of Mn redox cycling, surface hydroxyl groups, and .Z:schéfi
photocatalysis enables deep mineralization of tetracycline and high TOC/COD removal,

highlighting manganese oxides as robust, iron-free photo-Fenton catalysts.

Singh et al.’” reported that a Cu-Mn codoped BiVO, demonstrates efficient Mn-driven photo-
Fenton degradation of ciprofloxacin by exploiting the multivalent Mn>*/Mn**/Mn** redox
cycle. In this system, Mn acts as the primary Fenton-like centre, facilitating rapid H,O,
activation to generate *OH radicals, while Cu serves as an electron mediator that regenerates
lower-valence Mn species and stabilizes the redox cycle. The coexistence of Mn multivalence
with oxygen vacancies and favourable band alignment prolongs charge-carrier lifetimes,
enabling sustained *OH production and high photocatalytic stability, underscoring the critical

role of manganese redox chemistry in non-iron photo-Fenton systems.

Overall, manganese-based photo-Fenton catalysts benefit from multi-valence redox flexibility
(Mn?*/Mn**/Mn*"), Oxygen-vacancy-enhanced H,0, and O, activation, Strong synergy with
carbonaceous and semiconductor supports, and robust performance over a wider pH window
than classical Fe-based systems. These advantages position Mn-based catalysts as promising

candidates for energy-efficient and environmentally compatible advanced oxidation processes.
4.4 Bismuth-Based Catalysts: Surface Coordination and Interfacial Activation

Bismuth-based materials represent a distinct class of non-ferrous photo-Fenton catalysts,
primarily due to their layered structures, strong internal electric fields (IEFs), and intrinsic
ability to form oxygen vacancies (OVs). Unlike transition metals such as Cu, Co, or Mn,
bismuth does not undergo classical multivalent Fenton cycling. Instead, its catalytic activity
arises from photocatalytic activation of H,O, and interfacial charge modulation, both of which

are strongly influenced by crystal anisotropy and defect engineering.
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Layered bismuth oxyhalides (BiOX, X = Cl, Br, I) and oxides (Bi»Os, BiVO,) possess, naitiie ;ooec
(001) or (010) facets that exhibit strong IEFs, which promote spatial charge separation and
directional electron migration.®* Upon visible-light excitation, photogenerated electrons can
reduce H,O, to *O,", while valence-band holes oxidize surface hydroxyls or H,O to yield «OH.
This dual-pathway ROS formation compensates for the absence of classical Bi redox cycling.
The presence of oxygen vacancies significantly enhances these processes. OVs act as electron-
trapping sites, prolong photocarrier lifetime, and facilitate the adsorption and activation of

HzOz and Oz.

Guo et al.*¢ constructed a noble-metal-free Cu-modified Bi,O,S nanosheet photocatalyst (Cu—
Bi,0,S), where Cu nanoparticles act as an efficient cocatalyst to accelerate charge transfer and
H,0O, activation. The optimized 13 wt% Cu—Bi,O,S showed a 3.95-fold increase in the TCH
photo-Fenton-like degradation rate compared to pristine Bi,O,S, attributed to enhanced
electron mobility, higher ROS generation, and stronger pollutant adsorption. Importantly,

Bi,0,S served as the high-responsivity visible-light absorber, while Cu introduction markedly

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

boosted interfacial electron extraction and surface redox activity. Beyond pollutant

degradation, the Cu—Bi,0,S catalyst also achieved significantly higher CO, photoreduction

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

performance (CH4 formation rate: 2.27 pmol g™ h™, 7x higher than Bi,0,S), demonstrating
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the strong synergy between Bi-based layered structure and Cu cocatalyst. This work highlights
Bi-based hosts as versatile platforms where cocatalyst engineering can simultaneously enhance

photo-Fenton activity and solar-fuel conversion.*

Hu et al.’® constructed a dual-metal plasmonic heterojunction (Cu-decorated C@Bi/Bi,MoQg)
by carbonizing CuBTC and subsequently introducing Bi,MoOg with in-situ reduced metallic
Bi. The Bi/Bi;MoOg interface played a central role in boosting the photo-assisted Fenton

process by providing plasmon-active Bi sites and forming an efficient charge-transfer
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heterojunction that accelerated electron—hole separation. Coupled with Cu-dgsived,.SBR o
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enhancement, the catalyst achieved rapid tetracycline degradation (96.1% in 5 min) with
excellent pH tolerance and recyclability. Mechanistic studies confirmed *OH as the dominant
ROS, with metallic Bi enabling fast O, reduction and ROS generation, thereby driving the

superior Fenton activity.

Zhang et al.’° fabricated ultra-high Bi-doped CeO, nanorods by pyrolyzing Bi/Ce-BMOFs,
achieving uniform Bi incorporation (up to 20 mol%) without phase segregation. The Bi doping,
together with abundant oxygen vacancies, markedly enhanced visible-light absorption and
accelerated the Ce**/Ce** redox cycling, enabling fast H,O, activation. The resulting Bi-CeO,
catalyst delivered outstanding photo-Fenton activity for tetracycline removal across a broad pH
range (2-9). Mechanistic investigations confirmed *O,~ and *OH as dominant species, with
OVs serving as electron-trapping sites to promote charge separation. Overall, the study
highlights how Bi doping effectively modulates the electronic structure of CeO», strengthens
redox cycling, and boosts photo-Fenton efficiency, offering a robust strategy for MOF-derived

Bi-modified catalysts.

Reported by Wang et al.”®, the 2D/2D CuCo,S,/Bi,WOg heterojunction underscores the active
role of the Bi,WO¢ host in photo-Fenton catalysis. The layered Bi—-O—W framework of
Bi,WOg serves as a robust visible-light absorber and hole-rich oxidation platform, while its
suitable band structure enables directional charge transfer in the type-II heterojunction.
Coupling with CuCo,S, primarily accelerates electron extraction and Fenton redox cycling,
whereas Bi,WOg preserves strong oxidative holes and stabilizes interfacial charge separation,
promoting sustained *OH and *O,~ generation. This study highlights that bismuth-based oxides
are not passive supports but key photoredox backbones that govern light harvesting, hole-

driven oxidation, and interfacial stability in non-ferrous photo-Fenton systems.
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Overall, the superior performance of Bi-based photo-Fenton catalysts arises from StEE o0
internal electric fields that promote charge separation, oxygen-vacancy-mediated H,O, and O,
activation, broad visible-light absorption across layered BiOX structures, and enhanced
interfacial charge migration in Z/S-scheme heterojunctions. These attributes allow Bi-based
materials to generate ROS effectively without relying on classical redox cycling, making them

highly promising for visible-light-driven pollutant degradation in aqueous environments.

4.5 Cerium-Based Catalysts: Redox Buffering and Oxygen Vacancy-Mediated ROS

Generation

Cerium-based catalysts occupy a unique position among non-ferrous photo-Fenton systems
due to the exceptional redox flexibility of the Ce**/Ce** couple and the strong tendency of
CeO, to form oxygen-deficient structures (CeO,.,). Unlike classical Fenton catalysts, Ce does
not rely primarily on direct homogeneous H,O, activation; instead, its catalytic behaviour is
governed by oxygen-vacancy (OV)-mediated electron transfer, surface Ce** enrichment, and

interfacial photoreduction pathways.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Oxygen vacancies in CeO, create localized Ce** sites that serve as active centres for H,O,

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

adsorption and electron transfer. The Ce*'/Ce** shuttle facilitates redox cycling under

(cc)

illumination:
Ce3* + H,O0, — Ce** + «OH + OH"
Ce** + € (photo) — Ce’*

Although this reaction proceeds more slowly than Cu or Co-based Fenton pathways, the high
OV concentration is significantly compensated for by enhancing H,O, activation efficiency.
In addition to *OH formation, CeO, surfaces promote *O,~ and 'O, generation through

electron transfer to dissolved O, enabling both radical and non-radical oxidation routes.
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Several interfacial engineering strategies have been reported to substantially enhange Cebgsed oo
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photo-Fenton performance. Yang et al.3® constructed a cerium-rich CeO,./Bi;MoOg
heterojunction in which abundant oxygen-deficient CeO,« nanodots were uniformly anchored
onto Bi;MoOg¢ nanosheets. The introduction of non-stoichiometric CeO,., proved crucial:
oxygen vacancies accelerated the Ce**/Ce** self-circulating redox cycle, markedly enhancing
H,0, activation and preventing metal sludge formation typically seen in stoichiometric CeOs,.
Benefiting from this rapid Ce-centred redox cycling and the intimate heterojunction interface,
the optimized CEO/BIM-3 catalyst achieved >97% degradation of ofloxacin under only 5 W
visible LED irradiation, far surpassing pristine CeO,, and Bi;Mo0Og¢. The catalyst also
efficiently removed norfloxacin and ciprofloxacin with similarly high efficiencies. Mechanistic
studies confirmed that the accelerated Ce** regeneration boosted *OH production, while the
Bi;Mo00Os component enhanced visible-light absorption and charge separation. Overall, the
work highlights cerium’s pivotal role as a self-renewing Fenton cocatalyst, enabling highly

stable, efficient, and sludge-free photo-Fenton degradation of fluoroquinolone antibiotics.3®

Peng et al.!? engineered Ce-induced lattice distortion and oxygen vacancies to generate surface
FLP sites (Ce**-Ov-0?"), which strengthened Lewis acidity/basicity and promoted interfacial
adsorption/activation of both H,O, and escaped O,. This FLP-mediated O,/O,7/'0,/H,0,
redox cycling enabled highly efficient ROS generation, giving Ce-BMO a 2.15-fold activity
boost over pristine BMO for tetracycline degradation. EPR and quenching tests confirmed 'O,
and *O,” as dominant species. Overall, Ce doping establishes an FLP-driven catalytic

environment that maximizes H,O, utilization and accelerates photo-Fenton pathways.!??

An iron-free Ce-Ag nano-Fenton catalyst (ZY @(CeAg)) was green-synthesized by anchoring
Ce and Ag nanoparticles onto a zeolite-Y matrix using papaya-leaf phytochemicals.!?¢ The

introduction of Ce, supported by XPS and XRD evidence of reduced Ce species, significantly
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narrowed the band gap of zeolite Y (4.2 — 3.0 eV) and created abundant redox-active o ome
Ce’*/Ce** sites that accelerated H,O, activation and ROS generation. The resulting
heterojunction exhibited strong photo-Fenton-like degradation of tetracycline and
ciprofloxacin (=87% removal under UV-A), with *OH radicals identified as the dominant
oxidants. Benefiting from Ce-driven redox cycling, stable surface dispersion, and minimal Ce
leaching, ZY @(CeAg) maintained high activity over multiple cycles and displayed consistent
performance in natural waters, highlighting cerium’s pivotal role in enabling robust, iron-free

Fenton catalysis.!?¢

Hu et al.'?’ constructed ZIF-67—derived Co30,4-CeO, nanocage micromotors, where CeO,
nanoparticles uniformly anchored on Cos0, created abundant Ce**/Ce** redox sites that
enhanced peroxide-like activity and accelerated ROS generation. The Ce-modified nanocages
enabled rapid self-propulsion in H,O,, providing efficient mass transfer and boosted photo-
Fenton-like degradation, achieving 98.2% hydroquinone removal. The CeO, contribution,

strong redox cycling, oxygen-vacancy—mediated activation, and reinforced catalytic centres,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

was pivotal to both sensitive colorimetric detection and high-efficiency pollutant oxidation.

Overall, cerium-based catalysts benefit from OV-rich structures, enabling efficient H,O, and

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

O, activation, Ce**/Ce** redox shuttling under visible light, compatibility with Z-scheme and

(cc)

S-scheme heterojunctions, and broad pH stability and high structural durability. These
properties allow CeO,-based systems to operate as robust, versatile photo-Fenton catalysts
capable of engaging both radical and non-radical oxidation pathways, making them particularly

valuable for the treatment of persistent pollutants in realistic water conditions.
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Fig. 9 (a) CIP removal efficiency over CoSx@TiO, in the presence of radical quenchers and
(b) the ESR of *O;™, and (c) *OH. Reproduced from ref. 124 with permission from Elsevier,
Zhu, Y.; Li,J.; Lai, Y.; Cao, Y.; Li, J.; Wei, Z.; Yang, L.; Chen, Z.; Zou, J. Environ. Res. 2025,
279, 121785. Copyright 2025. (d) Schematic diagram of the possible degradation mechanism
of dye wastewater degradation in the Coy,sMnSi@DE/H,0,-UV system, (e) The effects of
quenching of different radicals on MO degradation, and (f) The corresponding reaction
constant. Reproduced from ref. 35 with permission from Elsevier, Dai, N.; Yang, L.; Liu, X.;
Gao, L.; Zheng, J.; Zhang, K.; Song, D.; Sun, T.; Luo, S.; Liu, X. J. Colloid Interface Sci. 2023,

652, 1812-1824. Copyright 2023.

4.6 Emerging Paradigms: Non-Radical Pathways and Surface-Activated Complexes

In addition to conventional radical pathways dominated by *OH, increasing evidence indicates
that non-radical oxidation mechanisms play a pivotal role in non-ferrous photo-Fenton systems,
particularly in interface-engineered catalysts. Importantly, these processes should not be
interpreted within a binary framework of radical presence or absence; rather, they involve a

dynamic interplay between radical and non-radical pathways. Non-radical routes include
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singlet oxygen ('O,) generation and surface-activated complex-mediated electron tran$fet, o ooee

both of which exhibit higher selectivity and enhanced resistance to matrix interference.

Interface features such as oxygen vacancies (OVs), defect-rich surfaces, and specific exposed
crystal facets significantly facilitate these pathways. Oxygen vacancies act as electron-rich
centres that promote the adsorption and activation of dissolved O, or H,O,, leading to the
formation of surface-bound superoxide intermediates (*O;~), which can subsequently convert
into 'O, via energy-transfer processes. Unlike free *OH radicals, these reactions predominantly
occur at the catalyst surface, thereby minimizing non-selective oxidation and reducing oxidant

loss.

Furthermore, facet engineering (e.g., BIOBr (010) or CeO, (111)) modulates local electronic
structure and adsorption configurations, enabling selective electron transfer to oxygen species
rather than homolytic H,O, cleavage. In parallel, interfacial electric fields in S-scheme and Z-

scheme heterojunctions drive directional charge migration, enriching electrons at specific

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

active sites that favour O, activation and 'O, formation.
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Notably, these non-radical pathways are especially prominent in Cu—N, coordinated systems

(cc)

and oxygen-vacancy-rich Bi and Ce-based catalysts. In such systems, the pollutant and H,0O,
can form a metastable surface-activated ternary complex with the catalytic site, enabling direct
and localized electron transfer without the involvement of freely diffusing radicals. This
surface-complex-mediated mechanism provides enhanced selectivity, improved resistance to
scavenging effects, and superior catalytic stability, thereby underpinning the high performance

observed in interface-engineered composites.

4.7 Delineation of Oxidative Pathways and Practical Implications
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In photo-Fenton systems, it is essential to distinguish between different oxidation pathways,a
they have significant implications for catalytic selectivity and performance in real water
matrices. Free *OH radicals generated in solution are highly reactive and non-selective;
however, they are readily scavenged by co-existing ions and natural organic matter, which can
significantly reduce their effectiveness in practical applications. In contrast, surface-bound

*OH species are localized at the catalyst interface and participate in more controlled oxidation

RSC Applied Interfaces

processes with reduced susceptibility to scavenging.

Furthermore, direct interfacial electron transfer represents a distinct non-radical pathway,
wherein pollutants are oxidized through interaction with catalyst-bound activated species
without the involvement of freely diffusing radicals. This mechanism, commonly observed in
defect-rich and single-atom catalytic systems, offers enhanced selectivity, improved resistance
to matrix interference, and greater stability under realistic conditions. Therefore, understanding

and differentiating these pathways is crucial for the rational design of efficient and application-

oriented photo-Fenton catalysts.

Table 4 Recent non-ferrous photo-Fenton-like catalytic systems and their degradation
performance toward organic pollutants
Catalyst Target Light Operational conditions K (min- | Degradati | Mai | Ref.
pollutan | source D] on n
t efficiency | RO
(%) S
Cu(OH);F/Cu,0 Tetracyc | 300W Xe | Catalyst dosage: 0.6g/L, Cy: 0.212 99.93 ‘OH | ®
line Lamp 20 mg/L, [H,0,]: 40mM, pH:
(TCH) 7,30 min
400>
Cu-MgO Rhodami | Xe Lamp | Catalyst dosage: 0.05g/L, Co: | 0.0435 92.8 0,7 | 76
ne B 50 mg/L, [H,0,]: 20mM, 60
(RhB) | 40021 | i
Vo- Cu,0@Cu/CN, | Tetracyc | Visible Catalyst dosage: 0.2g/L, Co: 0.2 100 10, |4
line (TC) | LED 20 mg/L, [H,0,]: 20mM, pH:
Lamp 7,30 min
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Ag-doped CuS Rhodami | UV Catalyst dosage: 15 mg, C: - 94.9 DIOZ, 0 15%% é[t;%%gg%”g
ne (RhB) | Lamp 30 mg/L, pH: 5 “OH
Mesoporous CuO Sulfathia | Visible [H,0,]: 20mM, 90 min 0.0547 100 «OH | »#
nanoplate zole LED
(STZ) Lamp
Cu nanoparticles TC HCL | Visible Catalyst dosage: 0.75g/L, Co: | 0.243 77.76 *OH | 4
modified Bi»0,S LED 50 mg/L, [H20,]: 30uL, pH:
Lamp 4, 60 min
Cu,.S/g-C3Ny RhB 300W Xe | Catalyst dosage: 0.4g/L, Cy: 0.172 99.6 Oy | ¥
Lamp 30 mg/L, [H,0,]: 0.5mL, 30
min
Cu@MoSy/PAAm/ | TC 300W Xe | Catalyst dosage: 1g/L, Cy: 200 | - 90 0, | 120
CA NCDN Lamp mg/L, [H,O,]: 1.5mM, pH: 5
CuSn(OH), Rh6G 500W Xe | Catalyst dosage: 30mg, Co: 20 | 0.084 99 *OH | '
Lamp mg/L, [H,0,]: 20mM, pH: 11,
50 min
(Cu,0/CFYO) MO Visible | [H0,]: ImM, 60 min 0.0474 | 97 130
Xe Lamp *OH
:0,”
BiOBr/Co0304 MB 500W Xe | Cp: 10 mg/L, [HyO,]: 50uL, - 96 *OH | 13!
Lamp 60 min )
IOZ_
Pt-Cu BTC RhB Near IR Catalyst dosage: 1g/L, pH: 7, | - 99 *OH | 132
Light 120 min
CPDS/CuBiO4 CIP Visible Catalyst dosage: 0.5g/L, Co: - 92.3 *OH | 3!
LED 10 mg/L, [H,0,]: 0.5 mL, 30 >
Lamp min 03"
420> .10y
CuO/gC;Ny TC 400W Na | Catalyst dosage: 0.2g/L, Cy: 0.1254 99 *OH | 33
Lamp 10 mg/L, [H,0,]: 300uL/L, 15 s
min Oy”
400>
Basalt powder Attrazzin | UV C Catalyst dosage: 0.5g/L, Co: 5 | - 96 *OH | 1
e (ATZ) | Lamp mg/L, [H,O,]: 1.6mM, pH: 6,
180 min
Cu,(OH);F/BiOBr TC-HCI | 300W Xe | Catalyst dosage: 0.3g/L, Cy: 0.0635 98.8 ‘OH | ¥
Lamp 20 mg/L, [H,0,]: 40mM, pH: s
5, 60 min Oz”
400> 1
Cu- TC VIS Catalyst dosage: 0.16g/L, Co: | - 96.12 *OH | %
decorated C@Bi/Bi Lamp 50 mg/L, [H,0,]: 10uL (20
2MoOg 400 > A wt%), 5 min
HOFs/Cu/gCN TC 500W Xe | Catalyst dosage: 0.3g/L, Cy: - 96 *OH | 13
Lamp 20 mg/L, [H,O,]: 150uL (30
wt%), 20 min
420> %
Cu mesh/CusS, MB VIS Co: 10 mg/L, [H,O,]: 5mL (30 | - 98.4 «OH | 136
Lamp wt%), 140 min
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CuLPMo;, RhB 300W Hg | Catalyst dosage: 0.136g/L, Cy: | - 99.1 D.gHiO 15%@% é
Lamp 4.8 mg/L, [H,0,]: 10mM, pH: ) bz
7
Cu-ZIF-9-ica MB 24 W Catalyst dosage: 0.5g/L, Co: 5 | 0.0475 94 *OH | *
LED mg/L, [HyO,]: 35uL, 45 min
Lamp
Posnjakite (CP) MB Vis Xe Catalyst dosage: 30 mg, Co: 0.638 97 *OH | 18
Lamp 20 mg/L, [H,0,]: 0.2M, 20
min
Mn-doped Cobalt MO (0AY Catalyst dosage: 0.2g/L, Cy: 0.0226 95 OH | »
silicate@diamoite Lamp 20 mg/L, [H,O,]: 25mM, pH:
2.88, 90 min
CDs/CuO/gC;Ny MB VIS Catalyst dosage: 0.6g/L, Cy: 0.198 100% *OH | 4
Lamp 20 mg/L, [H,O,]: 5mM, 40 )
min 0,
Cu-N/C-500 CR 300 W Catalyst dosage: 0.8g/L, Cy: 0.041 91.8 *OH | %8
Xenon 10 mg/L, 60 min
Lamp
Cuy(OH);F/CQDs- | CIP 300 W Catalyst dosage: 0.2g/L, Cy: 0.0642 98.1 OH | 77
BiVO, Xenon 20 mg/L, [H,0,]: 0.2 mL, pH:
Lamp 7, 60 min
Cu-SA/CNH/PF TC Visible Catalyst dosage: 0.2g/L, Co: 0.121 98.1 *OH |
Xe Lamp | 10 mg/L, [H,O,]: 160mM, 30 ,10,
420> A min
Ce0,.,/Bi;M00Oy OFX 5W Catalyst dosage: 0.2g/L, Co: 0.026 97.64 «OH | 38
Visible | 20 mg/L, [H,0,]: 1.5mM, 120 ,10,
LED min
Bi/Ce-BMOFs TC 5W Catalyst dosage: 0.6g/L, Co: - 83 *OH | ¥
Visible 20 mg/L, [H,0,]: 10mM, 60 ,
LED min O,
C0304-Ce0, Hydroqu | 500W Xe | Catalyst dosage: 30 mg, Cy: - 98.21 *OH | %7
inone Lamp 33 mg/L, [H,0,]: 3 mL (30 ,
(HQ) wi%%). 0.+
Ce-BMO TC Visible [H,0;]: 9.5mM, 40 min 0.0487 90.7 O, | 38
LED 10,
Lamp
Ce0,-Ba,TaOsCl OFX 5W LED | Catalyst dosage: 0.2g/L, Cy: 0.096 98.78 «OH | 102
Lamp 20 mg/L, [H,0,]: 4.5mM ,

Oz'-
Mesoporous Ceria AO7 LED Catalyst dosage: 1g/L, Co: 70 | - 90 ‘OH | 7
nanoparticles Lamp mg/L, 3 min
Ce407/BisMo0y TC SW Catalyst dosage: 0.4g/L, Cy: 0.036 99.8 «OH | ¥

Visible | 10 mg/L, [H,0,]: 3mM, 120 ,
LED min O,
Lamp
Cu-Bi,0,S TCH Visible Catalyst dosage: 0.75g/L, Co: 0.0243 77.76 «OH | 46
Lamp 50 mg/L, [H,O,]: 30uL, pH:
4, 60 min
Pt/CoAlL, 04 Malathio | 300 W Catalyst dosage: 1g/L, Cp: 10 | - 94.61 *OH | 1%
n Xe Lamp | mg/L, [H,0,]: 4mM, pH: 8 ,

Oy~
7ZnCo0,04~Zn0O MB 20W UV | Catalyst dosage: 0.4g/L, Co: - 93 *OH | ¥
Li(Mn0_75Ni0_25)204 Lamp 20 mg/L, [HzOz]: 19 mM, 90
mixed oxide min
B-TiO2@ZIF-67 Bisphen | Visible Catalyst dosage: 0.5g/L, Cy: 0.045 95.30 Oy | 12

yl-A Lamp 50 mg/L, [H,0,]: 16mM, 6
min
CoS,@TiO, CIP 300W Xe | Co: 10 mg/L, pH: 5, 100 min 0.0356 100 *OH | '2#
Lamp ,
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Cu-ZBP MO 72W UV | Cy: 3 mg/L, [H,0,]: 22mM, - 90 D%%qo 15%@% é
A Lamp pH: 6.12, 60 min )
Bi,WO4/CoAl LDH | OTC 300W Xe | Catalyst dosage: 1g/L, Cp: 10 | - 98.47 «OH |
Lamp mg/L, [H,O,]: SOmM, 60 min ,
420>% Oy
Co-POM/N-TiO, RhB 300W Xe | Catalyst dosage: 0.8g/L, 0.092 97.47 *OH | &
Lamp [H,0,]: 2uL (30 wt%), pH: 7, s
40 min O,
BiOBr/Co30,4 MB 500W Co: 10 mg/L, [H,O,]: 50uL, - 96 *OH | B!
Xenon 60 min ,
Lamp 0y~
7Z19,96C00.03Nig 01O Chloram | Visible Catalyst dosage: 0.05g/L, 0.0052 94.2 *«OH | 105
nanorods phenicol | Lamp [H,0,]: 100uL, 500 min
(CAP)
gC3Ny/ZnCo,0, RhB 40 W Catalyst dosage: 01g/L, Cp: 10 | 0.03 94% *OH | %
Visible mg/L, [H,O,]: ImL (30wt%),
LED pH: 7, 80 min
C3Nu/AgOy@Co,. | OTC 100W Co: 25mM, pH: 7, 160 min - 93 OH | &
«Bii4O7 tungsten s
bulb Oz~
Co-gC3N4/DE 4- 500W Xe | Catalyst dosage: 0.3g/L, Cy: - 85 *OH | ¥
Chlorop | Lamp 10 mg/L, [H,0,]: 2mM, pH: ,
henol 3, 100 min Oye”
(4CP)
Ti/TiO,-CoWO4 MO 100W Co: 10 mg/L, [H,0,]: 10mM, | - 85 *OH | 41
uv pH: 6.8, 180 min
Lamp
Co-SMA MO Visible Catalyst dosage: 0.029g/L, Cy: | - 94.79 *OH | 42
Lamp 30 mg/L, [H,O,]: 38mM, pH:
4.31
ZnAl,04/BiPO, MB 100W Catalyst dosage: 0.8g/L, Cy: - 92.55 *OH | 4
UV Hg 30 mg/L, 180 min
Lamp
Prussian Levoflox | 30W [H,0,]: 20mM, 60 min 0.076 93.9 10, |
Blue/Mn;04 acin LED
(LVF) Lamp
AIMnCuZnBi Alloy | MO White Catalyst dosage: 1g/L, Cp: 10 | - 100% *OH | 16
LED mg/L, [H,O,]: 0.5M, 170 min
Lamp
Mn;04/Zn0O on MB 500W Catalyst dosage: 0.6g/L, Co: 5 | 0.0328 100 *OH | 101
ACFs Visible mg/L, 120 min ,
Xe Lamp Oge”
CuO,/MnO,@BC Metronid | 300W Xe | Catalyst dosage: 0.75g/L, Cy: | 0.0216 99.7 *OH | %
azole Lamp 20 mg/L, [H,0,]: 20mM, pH:
(MNZ) 7
Cu (I) Quinoline MB 30W UV | Catalyst dosage: 0.2g/L, Co: 5 | - 95 *OH | 4
complex Light mg/L, 150 min ,
02'_
Al/Cu-PILC Paraceta | 8W UV Catalyst dosage: 0.5g/L, Co: 0.231 100 *OH | 4
mol CHg 100 mg/L, [H,O,]: 145uL,
Lamp pH: 5.8, 120 min
CuSe(Cu,Se)/g- MB Visible Catalyst dosage: 0.4g/L, Cy: 0.083 98.3 *OH | 146
C3Ny Xe Lamp | 30 mg/L, [H,0O,]: 0.1 mL, 60
min
Ag/Sn0O, Naproxe | 18W Catalyst dosage: 0.2g/L, Co: 0.0946 96.85 *OH | %7
n (NPS) | Visible 40 mg/L, [H,0,]: 0.2mL, pH:
LED 6, 40 min
Cu-Cu,0/gC;Ny RhB Visible [H,0,]: 3mM, 50 min 0.041 99 *OH | 148
Lamp
Cue@CuZ Phenol Visible Co: 20 mg/L, 15 min - 100 «OH | 104
Lamp
Phosphate doped MB 2W Catalyst dosage: 0.3g/L, Co:10 | 0.024 92.35 *OH | ¥
ZnO Visible mg/L, [H,O,]: 1.5mL
LED (30wt%), pH: 3, 120 min

Lamp
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LMSN RhB Sunlight | 0.22g/L, Co:l mg/L, [H,0,]: | - 97 <OH | 130ew ]
0.8mL.105 min DOI: 1,0 1039/D6)
«0,”
Copper(II) CIP 200W Co: 15 mg/L, [H,0,]: 50uL 0.004 95 *OH | '8
Phosphate Visible (30 wt%), pH: 6.5, 60 min
XE Lamp
Gd,.«La,Zr,04 Crystal 36W UV | Cp: 10 mg/L, [Hy0,]: ImL (33 | - 90 *OH | 13!
Violet Lamp wt%), 60 min ,
() 0y~
Ce0,-Mo0O; RhB Sunlight Co: 1 mg/L, [HyO;]: 10mM, - 95.36 «OH | 132
pH: 7, 120 min >
«0,”
CuN/C-500 CR 300W Xe | Catalyst dosage: 0.8g/L, Co: 0.0418 91.8 *OH | %8
Lamp 10 mg/L, 60 min ,
002_
Cu,Mn o3.Bi;_ CIP Visible Catalyst dosage: 0.2g/L, Cy: - 100 «OH | %7
xVO.97+xO4 LED 10 mg/L, [HzOz]Z IM, pH 3,
100 min
CuO/gC;3N, Dimethy | 35W Catalyst dosage: 0.5g/L, 0.0006 99 OH | ¥
1 Phenol | Visible [H,0;]: 0.2mM, 120 min
(2,4- LED
DMP)
CNNS/Ag/Ni Metronid | Visible Catalyst dosage: 1g/L, Cy: 20 | - 92.9 *OH | *
Heterostructure azole Lamp mg/L, 60 min
CuCo0,S4/BiWO0O, TC-HCI | 300W Catalyst dosage: 1 g/L, Co: 40 | - 80 ‘OH | 78
metal mg/L, [H,O,]: 100uL, pH: 5 ,
halide 0,
Lamp
MnO,/CNK-OH- Tc 300W Xe | Catalyst dosage: 0.5g/L, Cy: - 96.7 *OH | 8
Mn Lamp 10 mg/L, [H,0,]: 10 mM s
.02_
C/N-CCO@AgAu Ofloxaci | Hg Lamp | Catalyst dosage: 1 g/L, Cy: 20 | - 91 OH | 3
n (OFX) mg/L, 60 min ,
«0,”
Cu,0/Bi;M00g CIP 300W Xe | Catalyst dosage: 0.4g/L, Co: - 100 OH | ¥
Lamp 50 mg/L, pH: 3, 120 min ,
0"
Ba,Ti;0,-CuBi,O4 | OTC 300W Xe | Catalyst dosage: 0.4g/L, Cy: - 96 «OH | 8
Lamp 10 mg/L, [H,0,]: 0.7mL (30 ,
wt%), pH: 7, 50 min 0,
Cu+Age@Bentonit | AMX 9w UV Co: 2 mg/L, [H,0,]: 0.2 mL/L, | 0.0095 84 *OH | %
e A Light pH: 3, 120 min ,
«0,”
MgO/gCsNy RhB 30W Catalyst dosage: 1g/L, Co: 100 | 0.0263 80 *OH | 8
Xenon mg/L, [H,O,]: 2mL, ,
Lamp *0,~
Cu-N-C-700 TC 30W Catalyst dosage: 0.g/L, Co: 10 | - 98.5 *OH | 106
Xenon mg/L, [HyO,]: 0.2 mL, 15 min
Lamp
CuNi,Al-LDH Phenol 30W Catalyst dosage: 0.4g/L, Co: - 100 *OH | !
Xenon 20 mg/L, [H,0,]: 6mM, pH: s
Lamp 3, 30 min 0,
CuO@C Paraceta | Visible Catalyst dosage: 1g/L, Cy: - 95 *OH | 108
mol LED 0.008mM, [H,0,]: SmM, 60
Lamp min
Cu-C;N, CIP 30W Catalyst dosage: 0.4g/L, Cy: 0.0978 99 10, 112
Xenon 10 mg/L, pH: 7, 30 min
Lamp
Ag-Co-CN Phenol Visible Catalyst dosage: 20mg, Cy: 10 | 0.0135 94 *OH | 113
Lamp mg/L, 180 min ,10,
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Despite the impressive progress in the development of non-ferrous photo-Fenton catalysts,
particularly Cu, Co, Mn, Bi, and Ce-based systems, several scientific and technological barriers
must still be overcome to transition from lab-scale studies to real-world environmental
remediation applications. A critical assessment of these challenges is essential to chart a path

forward for the design of more efficient, stable, and sustainable systems.
5.1 Catalyst Stability and Leaching: A Quantitative Comparison

A persistent issue across non-iron photo-Fenton systems is the instability of active metal sites
under prolonged photocatalytic conditions. For instance, Cu'-based catalysts are prone to
oxidation into Cu?", leading to structural collapse or leaching of active Cu ions into solution.!>3
Similarly, Co?" and Mn?* ions can migrate out of the catalyst lattice during cyclic operations,
raising concerns about secondary contamination and limiting reusability. Even cerium-based
materials, despite the robust Ce**/Ce?* redox pair, may suffer from partial surface dissolution

under highly acidic or oxidative environments. Therefore, designing stable anchoring

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

frameworks, such as mesoporous supports or MOFs with strong metal-ligand bonding, is
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crucial for minimizing leaching while retaining catalytic activity.
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In addition to qualitative stability assessment, recent studies increasingly report quantitative
metal leaching data to evaluate catalyst durability. A critical factor in the practical deployment
of non-ferrous photo-Fenton systems is the stability of active metal sites and the mitigation of
secondary pollution via leaching. A quantitative comparison of modern interface engineering
strategies reveals significant variations in metal retention and structural durability after

repeated reaction cycles.

e Atomically Dispersed and Single-Atom Sites: This paradigm offers the highest

degree of metal immobilization. For instance, the CuCN system, featuring atomically
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dispersed sites, demonstrated high stability with 83.3% retention after 5 cygles and Gl ooec
leaching levels confirmed via ICP at less than 30 pg/L. Similarly, the Cu-SA/CNH/PF
architecture maintained excellent stability over 5 cycles (80.3% retention), with

extremely low Cu leaching (25 pg/L) as verified by ICP-MS.

e Bimetallic and High-Entropy Effects: Multicomponent systems like the
AlMnCuZnBi alloy utilize the "high-entropy effect" to prevent significant leaching of
active sites. This strategy yielded high structural stability and approximately 94%

retention after 5 cycles.

e Cocatalysts and Intermediate Stabilization: The use of cocatalysts and electron
mediators, such as in the CuO/gC;N4 composite, provides a chemical pathway for
stabilization. In this system, leaching is significantly suppressed to less than 0.085 mg/L
by the presence of H,0O,, which facilitates the formation of a protective CuO,

intermediate.

e Porous Scaffolds and Heterojunction Engineering: Frameworks that provide lattice
anchoring or directional charge dynamics also show promising results. The
Bi,WO4/CoAl-LDH S-scheme heterojunction remained structurally stable (verified by
XRD) after 4 cycles with 88.74 % retention, keeping Co?" leaching below 1.0 mg/L.
Porous scaffolds such as CuNi,Al-LDH exhibited high retention over 4 cycles with a

reported Cu leaching level of 0.73 ppm.

As summarized in Table 3, the shift toward atomic-level dispersion and high-entropy alloying
represents the most effective technical approach for ensuring the long-term environmental
safety of non-ferrous catalysts. These quantitative findings provide a robust roadmap for
designing interfaces that minimize leaching while maintaining high catalytic flux in complex

wastewater matrices.
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In practical wastewater treatment, the performance of non-ferrous photo-Fenton catalysts is
significantly influenced by the presence of co-existing ions and natural organic matter,
collectively referred to as matrix effects. Unlike model laboratory conditions, real water
systems contain a complex mixture of inorganic anions (e.g., C17, HCO3~, PO,*", SO,*") and
dissolved organic substances such as humic and fulvic acids, which can interfere with catalytic

processes.

Among these, chloride ions (CI7) can react with hydroxyl radicals (*OH) to form less reactive
chlorine-based radicals (Cle, Cl*7), thereby reducing oxidation efficiency. Similarly,
bicarbonate (HCO3™) and carbonate (CO3*7) ions act as scavengers of *OH, forming carbonate
radicals (CO3*") with lower oxidation potential. Phosphate ions (PO,4*”), on the other hand, can
strongly adsorb onto catalyst surfaces, blocking active sites and inhibiting H,O, activation. In
addition, natural organic matter such as humic acids can compete with target pollutants for

adsorption sites, alter surface charge properties, and even quench reactive oxygen species.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Importantly, the extent of matrix interference depends on the dominant reaction pathway.
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Radical-based systems relying on free *OH are highly susceptible to scavenging by co-existing
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species, whereas non-radical pathways, such as singlet oxygen ('O;) generation and surface-
mediated electron transfer, exhibit greater selectivity and resistance to interference. Interface
engineering plays a crucial role in mitigating matrix effects by promoting selective adsorption,
enhancing charge separation, and favouring localized reaction pathways. For example, oxygen-
vacancy-rich surfaces and S-scheme heterojunctions can facilitate controlled ROS generation

and reduce undesired side reactions with background ions.

Overall, understanding and addressing matrix effects is essential for translating laboratory-

scale catalytic performance to real-world wastewater treatment applications.
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A significant challenge in evaluating the performance of non-ferrous photo-Fenton systems is
the lack of standardized experimental protocols across the literature. Direct comparison of
pseudo-first-order rate constants (k, min™') is often misleading, as k is highly sensitive to
parameters such as catalyst dosage (C.,), initial pollutant concentration (Cy), light intensity,

and reactor configuration.

To enable more meaningful comparison, normalized performance descriptors can be

considered. One such parameter is the mass-normalized rate constant (k[ ), defined as:

where k[ is expressed in L g™' min™'. This metric accounts for variations in catalyst loading

and provides a more representative indication of intrinsic catalytic activity.

However, it is important to note that even normalized parameters may be influenced by
additional experimental factors, including light intensity and solution chemistry. Therefore,
such metrics should be interpreted cautiously and used primarily to identify general

performance trends rather than for strict quantitative comparison across different studies.

Overall, the development of standardized testing protocols and reporting guidelines will be
essential for enabling reliable benchmarking and accelerating the rational design of high-

performance photo-Fenton catalysts.

5.4 H;0, Consumption and Economic Viability

While degradation efficiency is the most frequently reported metric in photo-Fenton studies,
the utilization efficiency of H,O, is also a critical factor in determining the economic and

environmental feasibility of the process. In many systems, a significant fraction of H,O, may
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be lost through non-productive pathways, including self-decomposition and ,s¢ayengifis oo
reactions with excess oxidant. From a practical perspective, inefficient H,O, utilization leads
to increased operational costs and reduced process sustainability. Therefore, it is essential to
evaluate how effectively H,O, is converted into reactive oxygen species (ROS) for pollutant

degradation.

Interface engineering provides an effective strategy to improve H,O, utilization efficiency. By
modulating surface electronic structure and adsorption behaviour, engineered interfaces can
promote selective activation of H,O, toward ROS generation while suppressing unproductive
decomposition pathways. For example, defect-rich catalysts, heterojunction systems, and
atomically dispersed metal sites can enhance controlled H,O; activation and improve oxidant

efficiency.

In this context, metrics such as H,O, consumption efficiency (n) can be considered for a more
realistic assessment of catalytic performance. These parameters are particularly important for

bridging the gap between laboratory-scale studies and practical wastewater treatment

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

applications.
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The creation of efficient heterojunctions or atomically precise interfaces remains synthetically
challenging, particularly for large-scale production. Techniques such as atomic layer
deposition (ALD), electrospinning, or solvothermal synthesis often require stringent control
over temperature, pH, or precursor ratios to maintain desired morphology and interface
composition. Moreover, ensuring reproducibility and uniform dispersion of active sites is still
difficult in batch-to-batch synthesis. Scalable and green fabrication methods like
mechanochemical synthesis or bio-templating need to be developed to make such advanced

materials industrially viable.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6lf00096g

RSC Applied Interfaces Page 94 of 119

. . . View Article Online
5.6 Narrow Light Absorption Range and Photocorrosion DOI: 10.1039/D6LFO0096G

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Although visible-light-responsive materials like g-C3N,4, BiOBr, and Co3z0,4 have expanded
the working wavelength of photo-Fenton catalysts, many systems still suffer from limited light
absorption or rapid electron—hole recombination. Additionally, photocorrosion of materials
such as Bi-based catalysts under high-flux light can compromise long-term durability.
Incorporating plasmonic nanoparticles (e.g., Ag, Au) or constructing broadband absorbers via
doped semiconductors offers a potential path to widen spectral absorption while suppressing

photocorrosion.

5.7 ROS Selectivity and Byproduct Toxicity

Current systems often rely on nonspecific ROS such as *OH and *O,~, which indiscriminately
attack organic pollutants. However, this lack of selectivity may lead to incomplete
mineralization or the formation of toxic intermediates, particularly in pharmaceutical
degradation. Advanced characterization techniques and LC-MS studies have shown
accumulation of quinolone or aromatic byproducts even at high degradation percentages.
Future systems should aim to steer ROS pathways using ligand-functionalized surfaces or
microenvironment engineering (e.g., acidic/basic zones) to maximize pollutant selectivity and

safety.

5.8 Real-World Wastewater Complexity

While the specific effects of co-existing ions and natural organic matter on catalytic activity
have been discussed in Section 5.2, additional challenges arise when translating non-ferrous
photo-Fenton systems from controlled laboratory conditions to real wastewater environments.
Most reported studies rely on model pollutants (e.g., rhodamine B, tetracycline) in deionized
or simplified aqueous systems, which do not adequately represent the complexity of real

wastewater. In practical scenarios, wastewater streams typically contain diverse pollutant
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mixtures, including pharmaceuticals, dyes, and industrial organics, along with flugtuating gt .0 o0ce
variable ionic strength, and suspended solids. These factors can significantly alter catalyst

surface properties, light penetration, and mass transfer dynamics.

Furthermore, the presence of turbidity and coloured dissolved organic matter can reduce photon
utilization efficiency by attenuating light intensity, thereby limiting photocatalytic activation.
In addition, competitive adsorption among multiple pollutants may reduce the effective
availability of active sites, leading to decreased degradation efficiency compared to single-
component systems. From an operational perspective, real-world implementation also requires
consideration of catalyst recovery, long-term stability under continuous flow conditions, and
scalability of synthesis methods. The transition from batch laboratory experiments to pilot-
scale or continuous-flow reactors introduces additional constraints related to hydrodynamics,

catalyst dispersion, and reactor design.

Importantly, the impact of real wastewater matrices varies significantly depending on the

nature of the metal system and its dominant reaction pathway. Cu and Co-based catalysts,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

which often rely on radical-driven mechanisms, are more susceptible to inhibition by common

anions such as CI” and HCO3™ due to scavenging of *OH radicals. In contrast, Bi and Ce-based
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systems, particularly those with abundant oxygen vacancies, tend to operate via non-radical
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pathways (e.g., 'O, or surface-mediated electron transfer), which exhibit greater resistance to
such interference. Mn-based catalysts typically display intermediate behaviour, where both
radical and non-radical pathways may coexist, leading to variable sensitivity depending on
surface structure and oxidation state. Additionally, natural organic matter (e.g., humic
substances) can compete for active sites and modify surface charge, further influencing catalyst

performance in a system-dependent manner.
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Therefore, future research should prioritize testing under realistic wastewater, mateiCes, oo
integrating continuous-flow systems, and conducting pilot-scale studies to bridge the gap

between laboratory-scale performance and practical environmental applications.
5.9 The Environmental Trade-off: Secondary Toxicity and Regulatory Compliance

A significant hurdle for the large-scale transition from iron-based Fenton processes to non-
ferrous systems is the inherent toxicity of the metals themselves. While iron is an
environmentally benign baseline, transition metals such as Cu, Co, and Mn possess complex
toxicity profiles that can lead to secondary contamination if leaching is not strictly controlled.
This creates a "dual challenge" where the catalyst must maintain high interfacial activity while

ensuring metal dissolution remains below stringent parts-per-billion (ppb) levels.

e Regulatory Thresholds and Metal-Specific Risks: The environmental impact varies
significantly across different metal systems. For instance, Cobalt (Co) is a high-priority
concern due to its potential bioaccumulation and carcinogenicity, with industrial
discharge often capped at 1.0 mg/L.!5* Copper (Cu), while less toxic to humans, exhibits
high aquatic toxicity to invertebrates and fish, with WHO and EPA limits set between
1.3 and 2.0 mg/L.15° Excessive Manganese (Mn) is associated with neurotoxicity.

Health-based limits are generally set around 0.4 mg/L.!%¢

e The "Green" Alternative Gap: Bismuth (Bi) and Cerium (Ce) are frequently
proposed as "greener" alternatives due to their low systemic toxicity. However, their
catalytic turnover frequencies often lag behind Cu or Co-based systems, requiring more

intensive interface engineering to reach competitive degradation rates.
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e Long-term Operational Stability: A major challenge remains in assessing ¢+ oooo6c
world" leaching over hundreds of hours. Most current studies report stability over only
5 to 10 cycles, which is insufficient to guarantee that metal-Ny sites or high-entropy
alloys will remain leaching-free under the continuous oxidative stress of industrial-

scale H,O, activation.

To overcome this, future research must prioritize quantitative mass-balance studies and
standardized leaching protocols that test catalysts in complex wastewater matrices where
competing anions (like C1™ or PO4*") might accelerate metal dissolution. Ensuring that treated
water meets both organic pollutant limits and heavy metal safety standards is the final bridge

that non-ferrous photo-Fenton technology must cross.

Outlook

(1) Atomic-Level Engineering of Active Sites.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Although atomically dispersed catalysts offer maximum atom efficiency and tunable

electronic properties, their controlled synthesis and long-term stability under reaction

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 1:11:25 PM.

conditions remain challenging. Most current methods for anchoring single or dual metal
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atoms (e.g., Cu, Co, Mn) on supports such as g-C3N, or graphene suffer from aggregation
and metal leaching. Future strategies should focus on stabilizing metal-N/O coordination
environments using defect-rich or heteroatom-doped carbon frameworks, as well as in

situ/operando spectroscopy to track coordination dynamics during catalysis.

(2) Design of Multimodal Interface Architectures.

While individual interfaces like Type-II or Z-scheme heterojunctions have shown promise,

hybrid systems integrating multiple interfacial types (e.g., Type-II with atomically
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dispersed metals or embedded in porous frameworks) remain underexplored. Deyelopiiig ;ooce
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composite catalysts with synergistic interfaces can enhance directional charge transfer and
suppress ROS recombination. Rational design of such architectures requires integrated
synthetic computational approaches to optimize spatial configurations and electron

pathways at the nano—micro scale.

(3) Surface Functionalization and Charge Regulation via Metal Nanoparticles.
Noble and transition metal nanoparticles (e.g., Ag, Cu, Pt) can act as electron sinks or
plasmonic sensitizers, but their catalytic role in non-ferrous photo-Fenton systems often
lacks mechanistic clarity. Future studies should explore size-dependent effects, support-
metal interactions, and plasmon-induced hot carrier dynamics through advanced
characterization and theoretical modelling. Tailoring interfacial charge densities and local

electric fields will be key to enhancing H,O, activation and ROS selectivity.

(4) Scaffolded Interfaces with Porous Frameworks.

Despite the success of MOFs, COFs, and porous carbon materials in pollutant capture and
dispersion of active species, their integration with photo-Fenton centres is still in its
infancy. The development of hierarchically structured supports with controlled pore size
distribution, hydrophilicity, and functional anchoring groups is crucial. Additionally,
structure-activity correlations between support chemistry and catalytic efficiency should be

systematically studied using DFT and experimental mapping techniques.

(5) Mechanistic Exploration of ROS Pathways.

The true identity and interplay of ROS (*OH, *O;", '0;) in Cu, Co, Mn, Bi, and Ce-based
systems remain ambiguous due to overlapping generation mechanisms. Although
scavenger tests and EPR studies are widely used, they often provide indirect or incomplete

evidence. Time-resolved spectroscopy, isotope labelling, and operando techniques (e.g.,
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XAS, TRPL) are necessary to delineate the ROS evolution kinetics, charge transfer roUtes, ooooec

and interfacial energy band modulations during light-assisted H,O, activation.
(6) AI/ML-Driven Catalyst Discovery and Design

The integration of artificial intelligence and machine learning (AI/ML) with materials
chemistry offers a powerful strategy to bypass the traditional "trial-and-error" bottleneck
in non-ferrous photo-Fenton catalyst design. ML models can be trained on Density
Functional Theory (DFT)-derived datasets to predict key physicochemical descriptors that

govern the catalytic cycle at the interface.

A primary challenge in photo-Fenton-like systems is optimizing the adsorption energy of
H,0,. If the binding is too weak, the activation is inefficient; if too strong, the active sites
become poisoned by intermediates. ML algorithms can rapidly screen metal-support
combinations and defect structures to identify the "volcano plot" peak for H,O, binding,
promoting efficient reactive oxygen species (ROS) generation. Similarly, band alignment

is a crucial descriptor for heterojunction engineering. ML models trained on electronic

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

structure data can predict the Fermi levels and band edge positions of new semiconductor
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pairs, enabling the rational construction of S-scheme or Z-scheme systems with maximized
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redox potential.

Furthermore, ML can predict defect formation energies, particularly for oxygen vacancies,
which are vital for tuning charge density. By combining these computational descriptors
with experimental datasets through Active Learning loops, researchers can establish
quantitative structure—activity relationships (QSAR). This data-driven approach facilitates
the high-throughput screening of interfacial architectures, ultimately accelerating the
discovery of optimized catalysts with enhanced H,O, activation efficiency and long-term

operational stability.
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(7) Bifunctional Systems for In Situ H,O, Generation DOI: 10.1039/DELFO0096G

A major limitation in the practical deployment of photo-Fenton systems is the reliance on
externally added H,O,. A promising high-risk research direction involves the development
of bifunctional catalytic interfaces capable of driving the two-electron oxygen reduction

reaction (2e” ORR) for in situ H,O, generation.

It is hypothesized that coupling plasmonic nanoparticles (e.g., Ag, Au) with Cu—N
coordinated sites or oxygen-vacancy-rich Bi-based surfaces can enable simultaneous
generation and activation of H,O, at the same interface. Such a synergistic system could
facilitate localized oxidant production from dissolved O,, thereby minimizing mass
transport limitations and improving overall process efficiency. This self-sustaining
catalytic cycle has the potential to significantly reduce chemical input requirements and

enhance the economic feasibility of photo-Fenton processes.

(8) Pulsed-Light Operation and Time-Resolved Catalytic Dynamics

Most reported photo-Fenton systems operate under continuous irradiation, which can lead
to inefficient charge utilization due to the mismatch between photogenerated charge carrier

flux and the intrinsic kinetics of surface redox cycles (e.g., Co**/Co*").

An emerging hypothesis is that pulsed-light irradiation, employing microsecond (us) or
millisecond (ms) timescales, can be used to better synchronize charge carrier generation
with catalytic turnover processes. By temporally modulating light input, this approach may
reduce charge recombination and allow active sites to undergo complete redox cycling
between pulses. Such dynamic operation could enhance quantum efficiency and provide

new insights into time-resolved catalytic mechanisms in non-ferrous photo-Fenton systems.

6. Conclusion
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The development of non-ferrous photo-Fenton catalysts has unlocked new possibilitic§ it ooce
sustainable water remediation by expanding the catalytic toolbox beyond traditional iron-based
systems. Transition metals such as Cu, Co, Mn, Bi, and Ce have demonstrated remarkable
redox activity under visible light in the presence of H,O,, facilitating the generation of reactive
oxygen species (ROS) essential for efficient pollutant degradation. Recent advances in
interface engineering, ranging from Type-II and Z-scheme heterojunctions, p-n junctions, to
atomically dispersed metal sites and bimetallic interfaces, have significantly enhanced charge
separation, optimized band alignment, and improved H,O, activation kinetics. These tailored
architectures have also shown superior selectivity, faster degradation rates, and better
adaptability to diverse water matrices. Nonetheless, challenges persist, particularly regarding
catalyst leaching, limited reusability, and incomplete understanding of ROS formation
mechanisms across various interfacial configurations. Furthermore, real-world water treatment
often involves complex mixtures, variable pH, and interfering species, which are
underexplored in current lab-scale studies. Future efforts should focus on (i) integrating

machine learning and theoretical modelling to guide rational interface design, (ii) advancing

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

operando characterization tools to capture transient species during photocatalysis, and (iii)
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scaling up these systems through green synthesis, stable supports, and reactor design
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optimization. By addressing these aspects, non-iron photo-Fenton-like systems with
engineered interfaces can transition from promising academic discoveries to practical solutions

for global water pollution challenges.
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NHE — Normal Hydrogen Electrode e e

DOI: 10.1039/D6LFO0096G

NOM - Natural Organic Matter

OVs — Oxygen Vacancies

PPCPs — Pharmaceuticals and Personal Care Products

QSAR — Quantitative Structure—Activity Relationships

ROS — Reactive Oxygen Species

SACs — Single-Atom Catalysts

VB — Valence Band

XPS — X-ray Photoelectron Spectroscopy
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