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a b s t r a c t

Advanced oxidation processes (AOPs) governed by peroxide activation to produce highly oxidative active

species have been extensively explored for environmental remediation. Nevertheless, the low diffusion

rates, inadequate interactions of the reactants, and limited active site exposure hinder treatment effi-

ciency. Porous carbocatalysts with high specific surface area, tunable pore size, and programmable active

sites demonstrate outstanding performance in activating diverse types of peroxides to generate active

species for treatment of aqueous organic pollutants. The pore-rich structures enhance reaction kinetics

for peroxide activation by facilitating diffusion of the reactants and their interactions. Additionally, the

structural flexibility of porous structures favors the accommodation of highly dispersed metal species

and allows for precise tuning of the microenvironment around the active sites, which further enhances

the catalytic activity. This review critically summarizes the recent research progress in the applications

of engineered porous carbocatalysts for peroxide activation and outlines the prevailing pore construction

methods in carbocatalysts. Moreover, engineering strategies to regulate the mass transfer efficiency and

fine-tune the microenvironment around the active sites are systematically addressed to enhance their

catalytic peroxide activation performances. Challenges and future research opportunities pertaining to

the design, optimization, mechanistic investigation, and practical application of porous carbocatalysts in

peroxide activation are also proposed.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The rapid industrialization and urbanization have been dete-

riorating the environment. Emerging organic pollutants such as

pharmaceutical and personal care products, and industrial chemi-

cals are continuously being released into the aquatic environments

[1,2]. These persistent organic pollutants pose a danger to nature

lives because of their high toxicities and resistance to degradation.

Moreover, they might ultimately enter the human body through

bioaccumulation, posing a significant threat to human health [1].

Advanced oxidation processes (AOPs), especially heterogeneous ac-

tivation of the peroxides such as hydrogen peroxide, persulfates,

ozone, percarbonates, and peracetic acid, have been demonstrated

to effectively to oxidize these organic pollutants. The activation

∗ Corresponding authors.

E-mail addresses: yuxian.wang@cup.edu.cn (Y. Wang), c.chen@cup.edu.cn (C.

Chen).

of peroxyl bonds within the peroxides can generate highly oxida-

tive active species that mineralize the organic pollutants or convert

them into low-toxic, value-added polymers [3].

Transition metal oxides exhibit high catalytic activities for per-

oxide activation [4]. The highly overlapped 3d orbitals of transition

metals and the O 2p orbitals of peroxides facilitates the transfer

of free electrons from transition metals to peroxyl bonds, thereby

promoting peroxide activation to generate oxidative reactive oxy-

gen species (ROS) [5]. However, bulk-form transition metal oxides

suffer from the inadequate exposure of active sites, which hin-

ders sufficient interactions of the reactants [6]. Additionally, metal

leaching during the reaction poses another critical challenge [7].

The resulting secondary pollution might lead to more severe envi-

ronmental issues than the primary one. Over the past decade, car-

bocatalysts with controllable porous structures and programmable

active sites have attracted intensive research interests in peroxide

activation [8,9]. The great structural tunability of the carbocata-

lysts enables the creation special spaces to enhance reaction kinet-
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ics [10]. Additionally, the created pore structures can also facilitate

the accommodation of metal species, prevent nanoparticles from

aggregation, and ensuring a high distribution of active sites [11].

Pore structures within carbocatalysts are of vital significance to

affect their catalytic performances in peroxide activation. They in-

fluence not only the adsorption capacity of carbocatalysts, but also

the mass transfer and even reaction thermodynamics during per-

oxide activation [12,13]. Pore size tuning, wettability control, and

defect engineering are the prevailing strategies to regulate the pore

properties [14-16]. The construction of meso/macroporous struc-

tures enhances the specific surface area (SSA) of the carbocatalysts

and facilitates the diffusion of the reactants within the carbocata-

lysts [17]. Moreover, the induced nanoconfinement effect in meso-

pores boosts the reaction kinetics by enhancing the mass trans-

fer rates and regulating the molecular behaviors of the reactants

[10]. Wettability control is critical for tuning interactions between

reactants and the surface of carbocatalysts [18]. Studies revealed

that increasing the hydrophilicity benefits di-phase reaction sys-

tems, while developing a gas diffusion layer (GDL)-based diffusion

interface promotes the mass transfer in tri-phase systems [19]. De-

fect engineering, through defect introduction and heteroatom dop-

ing, optimizes the microenvironment around the active sites and

modulates the electronic properties of the carbon matrix, thereby

enhancing catalyst-peroxide interactions [20].

To date, reviews on applications of porous carbonaceous materi-

als as the heterogeneous catalysts in the fields such as energy stor-

age, energy conversion, and environmental remediation have been

reported [21,22]. However, faced with the limitations such as low

diffusion rates and inadequate interactions of the reactants, and in-

sufficient exposure of the active sites in AOPs, there is still lack of

a review that systematically summarizes the synthesis, optimiza-

tion, and application of the engineered porous carbocatalysts to-

ward the effective activation of the peroxides for oxidation of the

aqueous organic pollutants. This review starts by introducing the

prevailing pore construction methods in carbocatalysts. Engineer-

ing strategies for regulating mass transfer efficiency and tuning the

microenvironment around the active sites are then systematically

outlined, which help enhance the activities of porous carbocata-

lysts in peroxide activation. Moreover, this review critically sum-

marized the applications of the engineered porous carbocatalysts

in activation of different types of peroxides. Lastly, challenges and

future research opportunities in peroxides activation by porous car-

bocatalysts are proposed.

2. Pore structure construction

Pore structures in carbonaceous catalysts significantly affect

their mechanical strength, electronic properties, mass transfer abil-

ity, and chemical stability [16]. Additionally, pores may serve as

crucial sites for anchoring heteroatoms and heteroparticles, favor-

ing the adsorption of the peroxides and the subsequent dissoci-

ation of their peroxyl bonds to produce ROS production. The In-

ternational Union of Pure and Applied Chemistry (IUPAC) classifies

pores into micropores (<2nm), mesopores (2–50nm), and macro-

pores (>50nm) based on size [23]. Micropores ensure high disper-

sion of anchored metal atoms or nanoparticles, effectively prevent-

ing aggregation [11]. However, the small size of micropores and

the relatively long inter-pore spacing may hinder the efficient dif-

fusion of reactants, impeding reaction kinetics. Mesopores facili-

tate the rapid transport of reactants and solvents and the reported

nanoconfinement effects which boost the interactions between the

reactants by enriching their concentrations and altering the reac-

tion thermodynamics are mostly observed in mesoporous struc-

tures [24]. Macropores interconnect the bulk phase of the catalysts.

The macroporous carbonaceous skeleton also favors the formation

of hybrid structures with other materials [25]. Therefore, the con-

Fig. 1. Strategies for constructing different pores and regulating their sizes.

structing pore structures and regulating their size and distribution

are critical to optimize the activities of carbocatalysts [14]. The fol-

lowing figure summarizes the strategies for constructing various

pores and regulating their sizes (Fig. 1). Additionally, some detailed

features of these pore-forming strategies such as properties, ad-

vantages, disadvantages, and application fields as listed in Table S1

(Supporting information).

2.1. Physical/chemical activation method

Physical and chemical activations are widely employed to cre-

ate pores in carbonaceous materials via etching. In a typical physi-

cal activation (PA) process, carbon precursors are firstly carbonized,

and then activating agents such as water vapor, carbon diox-

ide, or air introduced at elevated temperatures activate the car-

bonized precursors [26]. It has been reported that micropores are

the predominant pores formed through physical activation [27].

Chemical activations (CA) rely on the etching and oxidation ef-

fects of the added chemical reagents or their decomposition prod-

ucts at high temperature. Commonly used chemical reagents in-

clude KOH/NaOH, ZnCl2, H3PO4, K2CO3, HNO3, and KMnO4 [28-

30]. These agents react chemically with carbon materials and in-

fluence the pyrolysis process, enhancing the pore formations. No-

tably, the added oxidative reagents, such as HNO3, KNO3, and

KMnO4, can penetrate the carbon precursors and oxidize their in-

ner structures [29,30]. Compared to physical activations, chemical

activations yield porous structures with distinct pore size distribu-

tions [29]. Wang et al. utilized KOH as the pore-forming agent to

create pores on asphalt powder-based graphitic carbon. The rich

microporous structures enlarged specific surface area of the as-

obtained porous carbon to 3002 m2/g [31]. Micropores ranging

from 0.4 nm to 1.9 nm were successfully created in single-walled

carbon nanohorns (SWNHs) with nitric acid treatment [32]. Addi-

tionally, the decomposition products of KMnO4 at high tempera-

tures such as K2MnO4, MnO2, and O2 can etch the carbon frame-

work and assist the formation of mesoporous structures [33].

Apart from the externally added chemicals, decomposition cit-

rate (C6H5K3O7), sodium lignosulfonate (SLS) and sodium tar-

trate at high temperatures can also etch or oxidize the formed

carbonized structure [34-36]. The environmentally benign and
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cost-effective behaviors render this self-activation (SA) process a

promising technique with broad applications. For example, high-

temperature pyrolysis of C6H5K3O7 can produce microporous car-

bons featuring excellent SSAs by the generated K2CO3, CO2 and

potassium vapor. However, narrow microporous size distributions

and low pore volumes are often expected by high temperature

C6H5K3O7 pyrolysis, hindering the rapid diffusion of the reactants

[37].

2.2. Templating method

The template method is widely used to construct ordered

porous carbon materials, where pore structures are formed by re-

moving the template, often mirroring the size of the templates

[38]. Therefore, pore diameters can be tuned by altering the

size/concentration of the template. According to the types of tem-

plates used, this method can be categorized into hard and soft

templating approaches [38-40]. The hard templating approach em-

ploys pre-prepared porous materials or nanocrystals with relatively

rigid structures as templates, such as polystyrene (PS) [41], poly-

methylmethacrylate (PMMA) [42], chloride salts [43], silica spheres

[44], metal oxides [45,46], and zeolite molecular sieves [47]. Cer-

tain hard templates, like PS, PMMA, and zinc oxide, can be directly

removed through high-temperature annealing. Nitrogen-doped car-

bon nanotubes were synthesized using zinc oxide nanorods as sac-

rificial templates, in which zinc oxide vaporized during the car-

bonization process at 900 °C [48]. Nevertheless, removing tem-

plates such as silica and zeolite molecular sieves often requires

acid or alkali treatment. Moreover, the complexities for the prepa-

ration and the removal of such templates, along with the pos-

sibly altered physicochemical properties of the carbon surface

after chemical etching bring challenges to further applications.

With melting points above 750 °C, water-soluble chloride salts can

retain their morphology during high-temperature annealing, en-

abling them as the promising hard template for constructing meso-

porous and macroporous structures [49,50]. Chen et al. mixed car-

bon precursors with the sodium chloride solution via freeze dry-

ing and obtained porous carbon with graphene-like ultrathin and

mesoporous walls by high temperature annealing followed by wa-

ter washing [51].

Unlike hard templates, soft templates refer to ordered polymers

by weak intermolecular or intramolecular interactions, such as col-

loidal particles, microemulsions, vesicles, and lipid nanotubes [52].

Templating agents can form micelles in solution at certain concen-

trations, guiding the growth of precursors into specific shapes. Ad-

ditionally, soft templates can be removed by solvent washing, heat

treatment, or chemical etching [53,54]. The self-assembly of the

positively charged cetyltrimethylammonium bromide (CTAB) and

negatively charged phenolic resin via electrostatic interactions is a

well-established strategy to synthesize ordered mesoporous carbon

materials [52]. Block copolymers, which consist of two or more

covalently bonded copolymers are another type of the soft tem-

plate. Previous studies have employed block copolymers as soft

template to construct ordered structures such as spheres, cylinders,

lamellae, and hierarchical assemblies [55]. For example, Mai et al.

using a simple polystyrene-block-poly(ethylene oxide) (PS-b-PEO)

di-block copolymer as the structure-guiding agent to synthesize

mesoporous silica with a shifted double diamond (SDD) structure

[17]. Employing soft templates to prepare porous carbonaceous cat-

alysts is straightforward and cost-effective, yet controlling the pore

size structure of the final product is challenging because of the flu-

idity of the soft template [56]. Furthermore, improper template re-

moval conditions may impact the microstructure of material, re-

sulting in pore collapse and surface properties damage, and thus

affecting the catalytic performance [57]. Wang et al. reported the

synthesis of Ag hollow spheres by using direct emulsion templat-

ing method using beeswax and CTAB solution [58]. The heat treat-

ment temperature to remove the beeswax-based spherical tem-

plate should be precisely controlled because of its low phase-

transformable temperature (∼70 °C). Additionally, ethanol was em-

ployed as the washing solvent instead of water to ensure the high

dissolution of beeswax. The accurate regulation calcination temper-

ature to remove CTAB as the soft template is also critical for the

synthesis of mesoporous MnO2 [59]. It is found that pore struc-

tures as well as the crystal phase of MnO2 were remained when

calcination temperature was lower than 400 °C. When calcination

temperature exceeded 600 °C, the pores collapsed and the crystal

phase of MnO2 changed to Mn2O3/Mn3O4, which decreased the

capacitance performance. Therefore, careful selection of washing

solvents and chemical etchants, along with and precise control of

heat treatment conditions, are imperative during the removal of

soft templates.

3. Tuning the activities of porous carbonaceous catalysts in

peroxide activation

3.1. Pore size regulation

In carbon-driven peroxide activation for the degradation of

aqueous organics, the molecular sizes of aqueous organic pollu-

tants commonly range from 0.6 nm to 1.2 nm [60,61]. To ensure

a fast mass transfer rate and facilitate the interactions between

the produced ROS and the organic pollutants, regulating the pore

size of vital significance. As shown in Fig. 2a, micropores smaller

than 2nm greatly impede the diffusion of reactants, potentially

impacting the efficiency of peroxide bond activation. Furthermore,

the generated ROS from peroxyl bonds dissociation, with short life-

times (half-lives: SO4
•− =30−40 μs, •OH=20ns) and limited diffu-

sion distance (approximately 20nm), struggle to escape from the

inner active sites to the bulk solution [62-64]. Macropores pro-

vide diffusion channels for reactants to enhance the mass trans-

fer efficiency, yet the oversized pores result in a low density of

the exposed active sites on the catalysts. Additionally, large pore

structures are difficult to enrich the reactants. Mesoporous mate-

rials, with pore sizes ranging from 2nm to 50nm, can accommo-

date and stabilize large molecules, providing an ideal environment

for peroxyl bond activation [65]. However, the randomly sized and

uneven distributed mesopores may restrict the efficacy in diffusion

and adsorption.

Within a certain range of the mesoporous sizes, the physic-

ochemical properties (e.g., density, solubility, reactivity, and cat-

alytic activity) of reactants, along with the mass transfer efficien-

cies within the space, can undergo significant alternations. This

phenomenon is known as the nanoconfinement effect [17]. The

nanoconfinement effect in porous carbon catalysts effectively en-

hances the adsorption of reactants and improves the concentra-

tions of local pollutants. Mesopores function as nanoreactors to en-

rich and restrict movement of the reactants. The increased collision

probability of the reactants boosts the reaction efficiency of short-

lived ROS near the catalyst surface [65]. Additionally, the confined

space within the mesopores might also change the reaction ther-

modynamics by influencing the ROS generation routes and oxida-

tion pathways of the organics [10]. As a result, enhanced oxidation

efficiency of the aqueous organic pollutants can be expected be-

cause of the promoted reaction kinetics and the regulated reaction

pathways.

There are other factors influencing the occurrence of the

nanoconfinement effect apart from the proper pore size. The mass

transport, in particular diffusion and migration of the reactants

from the bulk solution to the reaction interfaces on the cata-

lysts is critical in nanoconfinement effect [12,13]. The electrostatic

forces between the reactants/reaction intermediates and the cata-
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Fig. 2. (a) Schematic illustration of effect of pore size on reaction kinetics. Optimal pore size for occurrence of nanoconfinement effect in different reaction systems: (b)

Fenton-like reaction. Reprinted with permission [70]. Copyright 2020, American Chemical Society. (c) PMS activation. Reprinted with permission [62]. Copyright 2019, Wiley-

VCH. (d) O3 activation. Reprinted with permission [75]. Copyright 2018, American Chemical Society. (e) The computed concentration disstribution of PhO• in the mid-section

of tubes in different oxidation systems at 50% PhOH conversion. Reprinted with permission [74]. Copyright 2024, Nature.

lysts which are governed by the local charge distributions within

the porous structures, ionic states of the reactants, and the ionic

strength of the bulk reaction solution affect the efficiency of the

mass transportations of the reactants and determine the success-

ful entrance of the reactants within the pore structures [66,67].

Additionally, the steric hinderance within the pore structures and

the existence of the natural organic matters in actual wastewa-

ter might also influence of the efficacy of nanoconfinement effect

[68]. These as-mentioned factors might in turn affect the optimal

pore sizes. In future studies, in-depth investigations on the mass

transport of the reactants and their electronic interactions with the

porous catalysts as well as the influence of the water matrix fac-

tors can be performed by both experimental and theoretical anal-

yses are required to unveil origin of the nanoconfinement effect.

Machine learning based on the well-developed database can also

be used to predict the key factors governing the nanoconfinement

effect.

The optimal pore size range for inducing effective nanoconfine-

ment effects varied across various peroxide activation systems be-

cause of the distinct reaction mechanisms and mass transfer re-

quirements. For activation processes involving gas-phase oxidants,

for example, heterogeneous catalytic ozonation process, the opti-

mal pore size for inducing the nanoconfinement effect is usually

larger than that of the diphase Fenton-like activation processes

(liquid-solid) because the involvement of gas bubbles requires a

larger space to enrich the oxidants [69]. Large pores in catalytic

ozonation ensure contact between ozone molecules and the cata-

lyst surface. However, excessively large pores reduce nanoconfine-

ment, affecting ozone decomposition and pollutant oxidation effi-

ciency. In addition, the optimal pore size that maximizes the ef-

ficacy of the nanoconfinement effect can be also governed by the

factors such as electrostatic forces between the reactants/reaction

intermediates and the catalysts, steric hinderance, and the back-

ground substances in wastewater besides the types of the activa-

tion processes. Therefore, the optimal pore size range might be dif-

ferent even for the same activation process [68].

In Fenton and Fenton-like reactions, the nanoconfinement effect

was observed with pore sizes <20nm (Fig. 2b). Compared with the

scenarios occurred in macropores (200–300nm), mesopores with

diameters <20nm hindered the diffusion of •OH. The notably in-

creased concentration of •OH (from 0.036pmol/L to 44.6 pmol/L)

enhanced its interactions with organic pollutants [70]. Small pores

in Fenton-like reactions enhance efficiency by ensuring close con-

tact between metal ions and H2O2. In catalytic persulfate acti-

vation, the optimum pore size range to induce the nanoconfine-

ment effect has been reported to be between 2nm and 20nm

(Fig. 2c) [62,71,72]. Moderate pores in peroxymonosulfate (PMS)

activation enriched pollutants and the produced ROS in the con-

fined microenvironment induce intensive collisions [73]. Recently,

Mn3O4 confined in amorphous carbon nanotubes (ACNTs) with

varied diameters (Mn3O4@nACNT, where n represents the diame-

ter of ACNTs) were synthesized via a templating method to initi-

ate nanoconfined heterogeneous PMS activation [74]. Effective dif-

fusion coefficients of phenoxy radical (PhO•) molecules in 20, 55,

120, and 1000nm pores were calculated to be 5.47, 6.86, 7.44,

and 7.95×10–10 m2/s, respectively [74]. The reduced diffusion effi-

ciency enriched PhO•, thereby accelerating oligomer formation, and

consequently increased phenol removal in comparison to macrop-

ores (Fig. 2e). Studies on catalytic ozonation treatment for recalci-

trant organic pollutants have linked catalytic activity with poros-

ity, where a high pore volume of mesopores and large pores in

activated carbon, which allows for rapid mass transfer and pro-

vides numerous active sites, confers significant advantages to the

catalytic process [75,76]. Moreover, it is found that the Rct value

4



B. Li, Y. Wang, Y. Liu et al. Chinese Chemical Letters 36 (2025) 110374

Fig. 3. Enhancement of wettability in liquid-solid systems: (a) Mechanism of catalytic degradation of the CNG-800/MF. Reprinted with permission [77]. Copyright 2023,

American Chemical Society. (b) Mechanism of PMS activation and phenol oxidation on N-doped graphene. Reprinted with permission [69]. Copyright 2015, American Chem-

ical Society. Enhancement of wettability in gas-liquid-solid systems. (c) Schematic illustration of the reactions occurring on hydrophobic modified 20GDY@Pd/mSiO2 and

hydrophilic Pd/mSiO2. Reprinted with permission [79]. Copyright 2022, Wiley-VCH. (d) Schematic illustration of enhancing the ozonation efficiency of a tri-phase system.

Reprinted with permission [81]. Copyright 2021, The Royal Society of Chemistry.

(ratio of •OH to O3 exposure) was enhanced to 8.0×10–5 in 10nm

nanochannels due to the confinement in heterogeneous catalytic

ozonation, >24 times the rate observed in 168nm nanochan-

nels (Fig. 2d) [75]. However, precisely enriching reactants within

nanoconfined spaces, rather than on external surfaces, remains a

technical challenge. Regulating interactions by enhancing electro-

static attraction and tuning wettability is critical for promoting

mass transfer efficiency.

3.2. Wettability control

The wettability of the catalysts plays a crucial role in their cat-

alytic performance by affecting mass transfer abilities at the mul-

tiphase interfaces. Recently, wettability control has emerged as a

key research focus in the heterogeneous peroxide activation pro-

cesses involving liquid-solid or gas-liquid-solid phase [77,78]. In

liquid-solid di-phase systems such as Fenton and Fenton-like re-

actions, the wettability of the catalysts is the key to determine the

interactions of aqueous solution containing both peroxides and or-

ganics with the surface of the catalysts, in which high hydrophilic-

ity favors the uniform dispersion of the aqueous solution (Fig. 3a)

[77]. Metal-free heteroatom doping and surface modifications are

two common strategies used to regulate the hydrophilicity of the

porous carbonaceous catalysts. Adjusting the types and concentra-

tions of N-doping and can regulate the wettability of the carbona-

ceous catalysts as the lone-pair electrons in the doped N atoms al-

ter the surface charge distribution and influence the electrostatic

force interaction with water molecules (Fig. 3b) [69]. Moreover,

hydrogen peroxide treatment has been used to enhance the hy-

drophilicity of mesoporous carbon loaded with iron oxide nanopar-

ticles (Fe/meso–C). The increased hydrophilicity enables the well

dispersion of Fe/meso–C in the reaction solution, facilitating the

rapid mass transfer for fast degradation of methylene blue [15].

In gas-liquid-solid tri-phase reactions, besides adjusting the hy-

drophilicity, tuning the hydrophobicity/aerophilicity of the cata-

lysts is equally important because of the presence of the gas phase

reactants (Fig. 3c) [79]. Using the tri-phase heterogeneous catalytic

ozonation (HCO) system as an example, both ozone and organic

pollutant molecules exhibit strong affinities towards hydrophobic

surfaces, while the organic pollutant molecules need to be dis-

solved into reaction solution to reach surface active sites and react

with the generated •OH in the aqueous phase, which can be facili-

tated by the hydrophilic surface. However, making catalysts exhibit

both strong hydrophilicity and hydrophobicity is challenging. Fur-

thermore, the limited solubility of O3 in water (525mg/L at 298K)

and its poor diffusion coefficient (1.85×10–5 cm2/s at 298K) in the

liquid phase impede the mass transfer efficiency [80]. Construct-

ing a tri-phase mass transfer interface by loading hydrophilic cat-

alysts onto a hydrophobic gas diffusion layer (GDL) is a promis-

ing strategy to enrich aqueous organic pollutants, quickly transfer

O3, and enhance catalytic ozonation efficiency. Given that the dif-

fusion coefficient of O3 in the gas phase is orders of magnitude

higher than that in the liquid phase, O3 can be directly introduced

to the side of GDL without catalyst loading [81,82]. The reaction

solution can be fed to the side with catalyst loading to enhance

the hydrophilic interactions. Studies have revealed that the gaseous

reactants could maintain high concentrations near the GDL [19].

Moreover, gaseous reactants have a diffusion distance of around

50nm at the tri-phase GDL interface, significantly less than the

50μm found at conventional interfaces [82]. The rapid consump-

tion of the gaseous O3 in turn drives the quick mass transfer rate

through GDL. As a result, the formed gas−solid−liquid tri-phase

reaction interface can boost the chemical reactions by accelerating

the reaction kinetics. In a recent study, Wang et al. synthesized hy-

drophilic cross-linked β-cyclodextrin polymers (CDPs) and loaded

them onto the hydrophobic polytetrafluoroethylene (PTFE) mem-

brane as the GDL to construct the gas−solid−liquid tri-phase reac-

tion interface [81]. The improved interface adsorption ability of the

aqueous pollutants and the enriched O3 concentrations at the reac-

tion interface accounted for the high pollutant’s removal efficiency

and fast reaction kinetics (Fig. 3d).

3.3. Defect engineering

Pristine carbonaceous materials often exhibit poor catalytic ac-

tivities because of the uniformly distributed surface charge den-
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Fig. 4. (a) Synthetic methodology of carbon-based defects. Reprinted with permission [84]. Copyright 2021, Elsevier. (b) Schematic illustration of pyridinic N sites for en-

hancing the BPA removal efficiency. Reprinted with permission [90]. Copyright 2023, Elsevier. (c) Schematic diagram of the activation mechanism of O3 over Mn1–C3N4 and

Co1–C3N4. Reprinted with permission [96]. Copyright 2022, American Chemical Society.

sity. Surface defect engineering by creating structure/edge defects

and/or introducing heteroatoms within the carbon framework can

alter the charge distribution and disrupt the chemical inertness of

the pristine carbon [83]. Structural and edge defects are comment

defects existing in carbocatalysts stemming from the irregular ar-

rangement of C atoms in the graphitic lattice and the dangling

bonds at the edge, respectively [16]. These defects compromise the

structural integrity of the graphitic lattice and disrupt the conju-

gated π-network, leading to localized electronic regions [83]. The

biased charge distribution of the C atoms at structural and edge

defects promotes the adsorption of peroxides and their subsequent

activation [16]. Advanced techniques such as in situ doping, plasma

etching, oxidation etching, electron beam etching, carbon thermal

reduction reaction etching, heteroatom removal and post modifica-

tion, along with ion injection techniques, have been employed for

introducing and engineering defects within carbon-based materials

(Fig. 4a) [84].

Introducing metal-free heteroatoms (such as B, N, F, P, or S) into

the carbon framework triggers a redistribution of surface charge

density because of the significant differences in electronegativity

and atomic radius between these heteroatoms and carbon atoms

[5]. These heteroatom dopants and their adjacent C atoms with

altered electronic states often serve as active sites for activation

of peroxyl bonds. Additionally, the doped heteroatoms allow for

the fine-tuning of the physicochemical properties of carbon ma-

terials such as conductivity and wettability, further enhancing the

catalytic performance [85-88]. For example, the high electronega-

tivity difference between N and C (3.07 vs. 2.55) alters the charge

distribution around the N-dopants, endowing the doped N atoms

and the adjacent C atoms a highly negative and positive charge

density, respectively [89]. The changes in local charge density fa-

cilitate the adsorption and subsequent activation of the peroxides.

N-doped porous carbon (CNC800) was prepared by carbonizing a

copolymer derived from aniline and pyrole under N2 atmosphere

at 800 °C for persulfate activation [90]. The asymmetrical electron

redistribution near the pyridinic N sites favored persulfate adsorp-

tion and enabled pyridinic N sites as the mediator facilitating the

electron transfer process for oxidation of the aqueous organics (Fig.

4b) [90]. Notably, the doped heteroatoms in different bonding state

can impart drastically different properties to carbocatalysts and in-

fluence peroxide activation behaviors. Specifically, graphitic N lo-

cated within the graphitic frameworks enhances the conductivity

and stability of catalysts while the edge or defect situated pyri-

dinic N improves electron-accepting ability of the graphitic ma-

trix [91,92]. These two N doping sites usually play as the active

sites for activation of peroxides. Pyrrolic N at the defects or vacan-

cies, however, often hinders the electron transfer properties [93].

Heteroatom doping could be achieved by either direct/in-situ syn-

thesis relying on the intrinsic heteroatoms within the molecular

structures of the precursors or by post-treatment methods such

as pyrolysis or annealing with external heteroatom sources. Nev-

ertheless, precisely controlling the concentration and coordination

states of the heteroatom dopants in carbocatalysts remains chal-

lenging because of the complex interactions between the metal-

free dopants with the carbon surface.

Metal atoms, especially the transition metal atoms such as Fe,

Ni, Co, and Mn, have also been dispersed into the skeleton of

the graphitic carbons to form single-atom catalysts (SACs) for per-

oxides activations [9]. By downsizing the metal particles to sin-

gle atom scale, the SACs maximize the exposure of metal sites

by preventing their aggregations and showcase unique electronic

properties [94]. Compared to conventionally metal-loaded carbo-

catalysts, single-dispersed atoms (SAs) in SACs feature low coor-

dinations and unsaturated status, enhancing their intrinsic cat-

alytic activities via the strong metal and support interaction (SMSI)

[95]. Porous graphitic C3N4 (g-C3N4) catalysts with atomically-

dispersed transition metals have been proved to be highly effec-

tive for O3 activation [96]. Reaction pathways can differ by the

types of the doped transition metals within the g-C3N4 skeleton

by affecting the O3 adsorption behaviors (Fig. 4c). After O3 ad-

sorption on the Mn1–C3N4 sites with saturated coordination, it

evolved into Griffiths-type coordinated ∗OO, which further evolved

into O3
•– to produce aqueously-bound •OH to attack organics. For

Co1–C3N4 sites with unsaturated coordination, the Pauling-type co-

ordinated ∗OO was formed after O3 was adsorbed. The unsatu-

rated coordination of Co as well as the relatively low steric effect

favored the further adsorption of organics to induce surface oxi-

dation mechanisms. However, synthesizing SACs with high metal

loadings is challenging because high metal concentrations risk ag-

gregating the isolated atoms with high surface energy. Additionally,

strong anchoring of metal atoms minimizes metal leaching and

mitigates the cyclic instability of the conventional metal-loaded

carbocatalysts in highly oxidizing environments produced by per-

oxide activation [7]. The special architecture of porous carbons

with high specific surface area and tunable surface properties pro-

vides a versatile platform to integrate the single-dispersed metal

atom. Graphitic C3N4 (g-C3N4) confined with atomically-dispersed

Mn–N4 (Mn–CN) sites was prepared by atom trapping from metal

nanoparticles/bulk metals to activate the peroxone reaction be-

tween O3 and H2O2 for oxalic acid (OA) removal [97]. Single-atom

Mn–N4 sites facilitate stable and spontaneous adsorption of H2O2,

leading to in the formation of robust HOO–Mn–N4 bonds. Notably,

these bonds readily decompose in the presence of O3, accelerat-

ing the production of O3
•– and HO2

•, thereby facilitating the break-

down of recalcitrant organic compounds. However, synthesizing

SACs with high metal loadings is challenging because high metal

concentrations risk aggregating the isolated atoms with high sur-

face energy.

In summary, introducing doped heteroatoms and defect sites

serve as the universal strategies to create active sites to enhance

6



B. Li, Y. Wang, Y. Liu et al. Chinese Chemical Letters 36 (2025) 110374

Fig. 5. (a) Axial coordination tuning Fe single-atom catalysts for boosting H2O2 activation. Reprinted with permission [101]. Copyright 2023, Wiley-VCH. (b) Illustration of

possible mechanism of pollutants degradation in Fe2O3@FCNT-H/H2O2 system. Reprinted with permission [105]. Copyright 2019, Proc. Natl. Acad. Sci. U. S. A.

the adsorption and the subsequent activation of peroxides. Consid-

ering the different properties of the peroxides and the differences

in reaction phase, the strategies in pore formation and wettability

control can be different towards their activation. The involvement

of gas-phase peroxides such as ozone usually requires a larger pore

size to enrich the reactants than the peroxides with high aqueous

solubilities. In addition, the presence of the gas-phase peroxides

requires balance between the aerophilicity and the hydrophilic-

ity of the catalyst surface to enhance the mass transfer efficiency,

which calls for a much more stringent regulation of the surface

wettability than the di-phase Fenton-like reactions. For triphase

peroxide activation processes, it is recommended to construct the

GDL reaction interface to enhance the affinities of the catalyst sur-

face to both gas-phase peroxides and the liquid-phase contami-

nants.

4. Applications porous carbocatalysts in peroxides activation

4.1. Fenton/Fenton-like reaction

The covalent nature of the peroxide bond in H2O2, with an O–O

bond length of 1.453 Å and a bond energy of 213.1 kJ/mol, makes it

prone to accept electrons [98]. Cleavage of the peroxyl bond within

H2O2 leads to the formation of highly oxidative •OH. In conven-

tional Fe-triggered Fenton reactions, although Fe loaded onto the

porous carbon matrix initiates rapid kinetics for H2O2 activation

through single-electron transfer from Fe2+ to the peroxyl bond, the

high activities can only be maintained within a narrow pH range

(∼3) [99]. The leached Fe cations under acidic environment tend to

aggregate into sludges. Additionally, the sluggish reduction kinetics

for Fe2+ regeneration (Fe3+ +H2O2 → Fe2+ +HO2
•+OH+, 0.02mol

L−1 s−1) hinders ongoing H2O2 activation and decreases the oxida-

tion efficiency [100].

To address these limitations, atomic-dispersed Fe species are

doped or integrated into the porous carbon matrix [101]. As men-

tioned before, downsizing the metal particles to single atom scale

maximizes their exposures. Furthermore, the rich porous structures

further enhance the diffusion of the reactants to these atomic-

dispersed Fe sites. Metal-free heteroatoms and/or co-catalysts have

also been doped/integrated within the carbon skeleton and the

pore structures to accelerate the reduction kinetics for Fe2+ re-

generation [102]. In a recent study, iron phthalocyanine molecules

(FePc) were integrated on N-doped graphene (NG) by a facile high

temperature pyrolysis method, in which N atoms acted as anchor-

ing sites for single atomic dispersed Fe [101]. Axially coordinated

Fe atoms in Fe–N5 sites shortened the diffusion distance of the

produced •OH to interact with the adsorbed phenol. molecules on

the adjacent pyridinic N sites on NG, thus substantially improv-

ing the oxidation efficacy (Fig. 5a). Additionally, the incorporated

Fe species have been replaced by other transition metals such as

Co, Ni and Mn to induce Fenton-like reactions relying on the redox

cycles of the Fe-free transition metals [103].

Apart from enhancing the dispersion of the metal-based ac-

tive sties and regulating the local electronic configurations, an-

choring metal species within the ordered mesoporous structures

can invoke the nanoconfinement effect, which boosts the kinet-

ics of the Fenton/Fenton-like reactions by promoting the trans-

portation and enrichment of reactants [104]. Pan et al. implanted

Fe2O3 nanoparticles on the inner wall of multiwalled carbon

nanotubes (Fe2O3@FCNT-H) for Fenton-like catalysis [105]. The

electron-deficient concave surfaces of the inner walls of MWCNTs

prompted a strong electronic interaction with the Fe2O3 nanopar-

ticles, facilitating the reduction of Fe(III) by H2O2 to produce HO2
•

radicals. These radicals then evolved into 1O2 via the Haber-Weiss

reaction for fast degradation of organic pollutants (Fig. 5b). It

was believed that the confine space within MWCNTs influences

the spin state of Fe(III), thereby enhancing the reaction kinet-

ics with H2O2 for HO2
• production. Employing 1O2 as the domi-

nant ROS dramatically broadened the optimal working pH range

from 5.0 to 9.0, which greatly expanded the use of Fenton-like

catalysis in alkaline conditions. Table S2 (Supporting information)

summarizes the recent advances in porous carbocatalysts-driven

Fenton/Fenton-like reactions for oxidation of aqueous organic pol-

lutants.

4.2. Catalytic persulfates activation

Persulfates, including peroxymonosulfate (PMS) and persulfate

(PDS), are derivatives of H2O2, with one or both terminal H atoms

of the H2O2 replaced by the sulfite groups (–SO3) [106]. The elon-

gated length of the peroxyl bonds within the persulfates (1.460

and 1.497 Å for PMS and PDS, respectively) compared to that of

the H2O2 (1.453 Å) favors their activation by direct electron trans-

fer mechanisms [98]. Recently, porous carbocatalysts with either

metal-free active sites such as heteroatom dopants, surface func-

tionalities, and defective structures or metal-involved active sites

such as loaded metal particles, encapsulated metal species, and

atomic dispersed metal species have been developed and proved

to be catalytically active for persulfates activation (Table S3 in

Supporting information). The intimate electronic communications

between the persulfate molecules and the active sites with fine-

tuned electronic properties facilitate the peroxide bonds activation

to produce radical or nonradical based ROS for rapid oxidation of

the organics [107]. Nevertheless, carbocatalysts dominated by the

microporous structures may limit the availability of active sites.

Narrowed pore size impedes the diffusion of persulfates and the

organic pollutants within the carbon matrix [108].

Regulating the pore size of the carbocatalysts to foster

meso/macro-pore dominated structures can significantly enhance

the availability of active sites by promoting the diffusion of the re-
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Fig. 6. (a) Mechanism of the nanoconfinement effect promoting PMS activation. Reprinted with permission [65]. Copyright 2023, American Chemical Society. (b) Schematic

illustration of the mechanism of RAN degradation by BN–Co3O4 NC/PMS heterogeneous system. Reprinted with permission [109]. Copyright 2022, Elsevier.

actants. Xu et al. synthesized isolated Co atoms on tubular carbon

nitride (CN) as an effective catalyst for PMS activation [86]. The

tubular meso/macro-porous structure and single Co atom disper-

sion provide abundant active sites, enabling strong interaction with

PMS and its activation intermediates and thus demonstrating high

capability for PMS activation and selectivity for 1O2 generation. A

single Fe atom supported on mesoporous N-doped carbon was syn-

thesized as an effective activator for PMS-AOPs (Fig. 6a) [65]. The

mesopores acted as nanoreactors to enrich and restrict movement

of the reactants. The confined diffusion of the reactants markedly

improved the probability of contact between pollutants and ac-

tive sites, improving the degradation efficiency. The collisions of

the reactants can be further increased when they are confined in

a proper mesoporous structure. Moreover, the altered molecular

properties of the reactants by the induced nanoconfinement ef-

fect can modulate both reaction kinetics and thermodynamics and

boost the oxidation efficiency. Boron nitride (BN)-Co3O4 nanosheet

cluster can serve as a nanoconfined catalyst for PMS activation to

degrade Ranitidine (RNA) [109]. The presence of the mesoporous

void spaces within the catalysts significantly reduced diffusion dis-

tance for pollutants to reach the catalyst surfaces and increased the

instantaneous concentration of reactants. As a result, high degrada-

tion efficiency can be achieved by the improved collision frequency

of RNA and generated ROS (•OH and SO4
•–) (Fig. 6b).

Additionally, enhancing the surface hydrophilicity of the car-

bocatalysts can improve the uniform interactions with reaction

solution containing the dissolved persulfates and organic pollu-

tants peroxides. Li et al. embedded amino-functionalized meso-

porous silica onto NG sheets (NG/NH2−MCM-41) to enhance the

surface hydrophilicity of the carbocatalysts, serving as a heteroge-

neous PMS activation catalyst for bisphenol A (BPA) removal [110].

The hydrophilic NG/NH2−MCM-41 composites possessed prefer-

able dispersion and uniform interactions with reaction solution.

This enabled the effective adsorption of the reactants on catalysts,

accelerating the generation of •OH, SO4
•– and 1O2.

4.3. Catalytic ozonation processes

Ozone (O3) with a high oxidation potential of 2.07V obtains

high affinity towards organics with unsaturated carbon bonds and

ozonation process has been extensively used in water and wastew-

ater treatments [111]. However, ozone is quite inert against the

small molecular aliphatic acids with saturated carbon bonds, which

are common degradation intermediates of the phenolic pollu-

tants. Heterogeneous activation of the peroxide bond within the

O3 molecule can produce highly oxidative ROS such as •OH and

surface-adsorbed activated oxygen species for fast mineralization

of the aliphatic acids (Fig. 7a) [16]. Similar to activation of the per-

sulfates, extensive studies have concentrated on designing and de-

veloping porous carbocatalysts with high activity and stability (Ta-

ble S4 in Supporting information). Additionally, the intrinsic active

sites on carbocatalysts have been well elucidated [112]. Neverthe-

less, O3 utilization efficiencies in most of the reported system are

usually quite low (<20%) because of the inherent low solubility of

O3 in water and the high mass transfer resistance at the gas–liquid

and liquid–solid interfaces [80]. Furthermore, the limited porosity

of bulk carbons hampers the exposure of the active sites and the

adsorption of the reactants. Pore construction is a potent strategy

to enhance the catalytic ozonation activities of carbocatalysts by

increasing the exposure of active sites and promoting mass trans-

fer rates (Fig. 7b) [113]. Besides acting as nanoreactors to concen-

trate reactants, the confined spaces in pore-rich carbocatalysts can

also increase the flow rate of the reaction solution, thereby elevat-

ing the diffusion of reactants and improve their interactions at the

gas-liquid-solid interface (Fig. 7c) [76]. The enhanced utilization of

active sites and the accelerated reaction kinetics improve the O3

utilization efficiency. Wu et al. synthesized hierarchically porous

carbon microspheres (HPCM-4–900) by a rapid aerosol-confined

salt/surfactant templating approach for catalytic ozonation [113].

The 3D maze-like structures with vast meso/macropores act as

microreactors to effectively trapped O3 bubbles. The high local O3

concentration at the reaction interfaces enhanced mass transfer

and promoted the activation of O3 on carbonyl group and defects

to produce O2
•− and surface-adsorbed activated ROS for degrada-

tion of organics. In addition to pore construction, the as-mentioned

wettability regulation by loading hydrophilic catalysts onto the hy-

drophobic GDL can be employed to enhance the diffusion and uti-

lization of O3 by the built tri-phase mass transfer interface [82].

4.4. Catalytic activation of other peroxides

Apart from the previously discussed catalytic peroxides acti-

vation systems, emerging peroxides like percarbonates, periodate,

and peroxyacetic acid have recently been activated by porous car-

bocatalysts to quickly degrade aqueous organic pollutants (Table S5

in Supporting information) [114-116]. Sodium percarbonate (SPC),

as a solid carrier of H2O2, has been widely utilized to induce

Fenton-like reactions because of its cost-effectiveness and trans-

portability [117]. It is found that the irregular tubular mesoporous

structures in iron-rich sludge-derived biochar promoted rapid de-

composition of SPC on the Fe sites and generation of •OH for the

effective degradation of aqueous sulfamethoxazole (Fig. 8a) [118].

Activating the peroxide bonds in peroxymonocarbonate (PMC, with

chemical formula of H–O–O–CO2
−) can initiate a cascade of com-

plex chemical reactions, generating various types of ROS such as
•OH, •O2

−, CO3
•–, and 1O2 [116,119]. Moreover, the produced bicar-

bonate from percarbonates acts as a buffer to reduce the leaching

of the doped metal species. AOPs based on periodate (PI) activation

are promising treatment technologies due to the high oxidative po-

tentials of generated active species (i.e., IO3
•, IO4

•, •OH, O2
•–, 1O2)

and the produced iodate as an environmentally friendly byproduct

[120]. Studies have revealed that active species generated within
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Fig. 7. (a) Design strategies of carbocatalysts for catalytic ozonation. Reprinted with permission [16]. Copyright 2020, American Chemical Society. (b) Schematic illustration

for the catalytic ozonation of oxalate on HPCM-4–900. Reprinted with permission [113]. Copyright 2024, Wiley-VCH. (c) Schematic illustration of nanoconfinement effect for

enhancing the CH3SH removal efficiency and O3 diffusion coefficient for confined system Fe–N4/CMK-3 and unconfined system Fe–N4/C–Si. Reprinted with permission [76].

Copyright 2023, American Chemical Society.

Fig. 8. (a) The possible mechanism of SMX degradation in the Fe-BC/SPC process. Reprinted with permission [118], Copyright 2023, Elsevier. (b) Schematic illustration of

possible mechanism of pollutants degradation in Fe2O3-in-CNT/PI systems. Reprinted with permission [114], Copyright 2022, Wiley-VCH. (c) The intrinsic principles of PAA

activation in confined systems from macroscopic, mesoscopic to microscopic dimensions. Reprinted with permission [115], Copyright 2023, Nature.

the confined spaces of porous carbocatalysts during PI activation

can differ significantly from those in open spaces (Fig. 8b) [114].

Peracetic acid (PAA) has emerged as a promising disinfectant in

wastewater, owing to its high redox potential (1.06-1.96V) and a

relatively weak O–O bond (159kJ/mol), which can be easily acti-

vated to generate reactive species [121]. Zhang et al. prepared cat-

alysts with Co3O4 encapsulated inside CNTs (Co3O4-in-CNT) and

loaded on the outside of CNTs (Co3O4-out-CNT) for PAA activation

(Fig. 8c) [115]. Co3O4-in-CNT and Co3O4-out-CNT could initiate dis-

tinct PAA activation mechanisms. For Co3O4-out-CNT, PAA activa-

tion occurred through the redox cycling of Co, leading to the gen-

eration of R-O• radicals, including CH3C(O)O
• and CH3C(O)OO

•. On

the other hand, Co3O4-in-CNT triggered PAA activation via a non-

radical mechanism by generating 1O2.

5. Conclusions and outlook

Porous carbocatalysts with high specific surface area, tun-

able pore size, and programmable active sites demonstrate out-

standing performance in activation of peroxides to generate ac-

tive species for treatment of aqueous organic pollutants. This

review summarizes pore construction methods, including physi-
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cal/chemical activations and employing sacrificial templates. Engi-

neering strategies to enhance the activities of the porous carbocat-

alysts towards activation of the peroxides are outlined. Construct-

ing meso/macroporous structures facilitates the diffusion of the re-

actants within the carbocatalysts. Controlling the wettability of the

carbocatalysts is crucial for tuning the interactions between the re-

actants and the surface of the carbocatalysts. Defect engineering

induces alterations in charge distribution and optimizing the elec-

tronic properties around the active sites, contributing to the high

activities. Lastly, the applications of the engineered porous carbo-

catalysts in various peroxide activation systems are critical summa-

rized. Although remarkable progress has been made in the devel-

opment of porous carbocatalysts and the exploration of the mech-

anisms in peroxides activation, there remain both challenges and

opportunities in enhancing their activities and extending their pos-

sible practical applications.

(1) Improper removal of the template for pore constructions

may impact the microstructure of material and alter the

surface chemical properties and thus affecting the catalytic

performance. Careful selection of the washing solvents and

chemical etchants and precise control of heat treatment con-

ditions are imperative during the template removal.

(2) The precise enrichment of the reactants within the nanocon-

fined spaces rather than adsorbed on external surfaces re-

mains a technical challenge. It is crucial to regulate the

interactions by enhancing their electrostatic attraction and

tuning the wettability to promote mass transfer efficiency.

(3) Precisely controlling the concentration and coordination

states of the heteroatom dopants (both metal-based and

metal-free) in carbocatalysts is challenging. Advanced syn-

thesis techniques such as atomic layer deposition (ALD),

chemical vapor deposition (CVD), and radiation doping can

be employed to fine-tune the concentrations of the dopants

and microenvironment of the coordination.
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