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a b s t r a c t

The escalating global issues of water scarcity and pollution emphasize the critical need for the rapid

development of efficient and eco-friendly water treatment technologies. Photoelectrocatalytic technology

has emerged as a promising solution for effectively degrading refractory organic pollutants in water un-

der light conditions. This review delves into the advancements made in the field, focusing on strategies to

enhance the generation of active species by modulating the micro-interface of the photoanode. Strategies,

such as morphological control, element doping, introduction of surface oxygen vacancies, and construc-

tion of heterostructures, significantly improve the separation efficiency of photogenerated charges and the

generation of active species, thereby boosting the efficiency of photoelectrocatalytic performance. Fur-

thermore, the review explores the potential applications of photoelectrocatalytic technology in organic

pollutant degradation in solutions. It also outlines the current challenges and future development direc-

tions. Despite its remarkable laboratory success, practical implementation of photoelectrocatalytic tech-

nology encounters obstacles related to stability, cost-effectiveness, and operational efficiency. Future in-

vestigations need to focus on optimizing the performance of photoelectrocatalytic materials and exploring

strategies for upscaling their application in real water treatment scenarios.

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

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Rapid population growth and urbanization have intensified the

global shortage of clean freshwater. Organic pollutants from indus-

tries, agriculture, and daily activities-such as dyes, phenols, en-

docrine disruptors, pharmaceuticals, and personal care products-

significantly contribute to this issue. Global dye production exceeds

700,000 tons annually, with industries using over 10,000 variants,

and around 100 tons are discharged into wastewater yearly [1,2].

Petrochemical wastewater, averaging 0.4–1.6 times the crude oil

volume extracted, contains phenolic compounds, which pose se-

vere risks to aquatic ecosystems and biodiversity even at low con-

centrations [3]. By 2030, global oil demand is projected to reach

107 million barrels per day [4]. Additionally, antibiotics, includ-

ing macrolides, quinolones, sulfonamides, and cephalosporins, have
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been detected in Xiong’an, China, with concentrations in surface

water, groundwater, and sediments reaching 12.71–260.56ng/L,

ND-196.12ng/L, and 38.03–406.31ng/g, respectively [5]. Their en-

vironmental persistence fosters antibiotic-resistant bacteria, com-

plicating treatments and causing severe infections. Thus, advanced

methods for deep removal of refractory organic pollutants are ur-

gently needed.

Advanced oxidation processes (AOPs), including electrochemical

and photocatalytic oxidation, are widely used for water treatment

but suffer from high energy consumption and low efficiency. Pho-

toelectrocatalytic (PEC) technology, which combines electrochemi-

cal and photocatalytic principles, has gained attention for its low

cost, high efficiency, and eco-friendliness. A Web of Science search

for "photoelectrocatalysis" and "degradation" yielded 756 articles

from January 2014 to October 2024, analyzed using CiteSpace soft-

ware (Fig. 1), revealing 13 clusters. Among them, "bisphenol A" and

"dyes" were the most studied pollutants, and "titanium dioxide

nanotubes" and "reduced graphene oxide" were the predominant

https://doi.org/10.1016/j.cclet.2025.111249
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Fig. 1. Citespace of the study on photoelectrocatalytic technology.

Fig. 2. The modification method of photoelectrodes and the generated active

species.

photocatalytic electrode materials. Recent years have also seen a

rise in research on quantum dots for PEC degradation. The growing

number of studies indicates that PEC technology is a key method

for removing refractory organic pollutants and addressing water

pollution.

Photoelectrocatalytic degradation requires direct contact be-

tween the active photoelectrode surface and pollutants, enabling

direct electron transfer for pollutant oxidation–reduction or reac-

tive species generation (e.g., •OH), which drives non-selective min-

eralization. The efficiency of this process depends on the choice

of photoelectrode materials. Unlike electrocatalysis, materials lack-

ing a bandgap cannot generate photogenerated charges, render-

ing pure metals and graphene unsuitable. Common photoelectrode

materials include metal oxides (TiO2, Fe2O3, WO3), metal sulfides

(e.g., MoS2), and recently, metal-organic frameworks (MOFs) [6].

Narrow-bandgap semiconductors (e.g., g-C3N4, Ag3PO4) and multi-

semiconductor composites are widely used to enhance solar en-

ergy utilization [7,8]. For instance, Zhang et al. reported a Ppy-

Ag3PO4/BiPO4-coated TiO2 nanotube array with a 92.5% removal

efficiency for 100mg/L PFOA due to enhanced charge separation

via n-p-n heterojunctions [9]. Similarly, Zeng et al. developed a

1T-2H MoS2 QDs/Y-NaBi (MoO4)2 multi-heterojunction photoelec-

trode achieving 99.88% removal of phosphodiesterase-5 inhibitor

under visible light, utilizing dual S-type heterojunctions to im-

prove charge separation [10]. The mass transfer rate of photogen-

erated charge carriers, along with their light absorption, electron

transport, and separation properties, are influenced by the micro-

interface of the photoelectrode. These properties can be modi-

fied through techniques such as morphology control, elemental

doping, oxygen vacancies, and heterojunctions and homojunctions

(Fig. 2). These modifications enhance the generation of both radi-

cals (e.g., hydroxyl radical (•OH), superoxide radical (O2
•-), sulfate

radical (SO4
•-), chlorine radical (•Cl)) and non-radicals (e.g., sin-

glet oxygen (1O2), mediated electron transfer (MET), photogener-

ated holes (h+)), which improves the efficiency of photoelectro-

catalytic degradation of target pollutants by increasing the yield

and altering the types of reactive species produced [11–14]. Ex-

isting reviews on photoelectrocatalytic water treatment have sum-

marized methods for modifying photoelectrode materials, degrada-

tion performance, and influencing factors [15,16]. In photoelectro-

catalytic degradation, the active species produced will be explored,

and the different photoelectrode materials and modification meth-

ods may play a vital effect on the type and amount of these active

species. However, there are few reviews on the active species that

can be produced by photoelectrodes and how the regulation of the

micro-interface of photoelectrodes affects the production of active

species.

Photoelectrocatalytic degradation combines photocatalysis and

electrocatalysis to generate a variety of free radicals and non-

radical species, effectively degrading refractory organic pollutants.

Depending on the added electrolytes and small molecules, reactive

species such as •OH, O2
•-, SO4

•-, and chlorine-based radicals are

produced, which non-selectively attack organic compounds. While

these radicals are powerful oxidants, they lack selectivity and are

susceptible to interference from ions and impurities. Additionally,

non-radical species like 1O2, mediated electron transfer, and h+

have been identified in these systems [17,18]. However, compre-

hensive reviews on the generation of active species and the effects

of photoelectrode micro-interface modifications are lacking.

This review provides a comprehensive analysis of recent ad-

vancements in the field of photoelectrocatalytic degradation, focus-

ing on the impact of photoelectrode micro-interface modification

methods on the generation of active species, as well as how these

modification methods have propelled the evolution of photoelec-

trocatalytic oxidation technology. The review thoroughly discusses

the roles of strategies such as morphological control, element dop-

ing, surface oxygen vacancies, heterostructure construction, and

crystal facet regulation in regulating the activity of micro-interface

active species on photoelectrode materials. Moreover, it categorizes

and summarizes existing photoelectrode materials based on the

types of free radicals and non-radicals generated during the pho-

toelectrocatalytic process. It sheds light on the challenges that per-

sist in effectively removing refractory pollutants from wastewater

using photoelectrocatalytic degradation, while also providing prac-

tical recommendations.

2. Mechanism of photoelectrocatalytic oxidation technology

2.1. Photoelectrocatalytic oxidation technology

Organic pollutants in industrial and pharmaceutical wastewa-

ter are complex, with significant pH fluctuations, limiting the ef-

fectiveness of traditional biological methods [19]. AOPs generate

highly oxidative species that non-selectively mineralize refractory

organics into CO2 and H2O, achieving detoxification [20]. Com-

mon AOPs include ozonation, Fenton oxidation, electrochemical ox-

idation, and photocatalysis. Photocatalysis employs semiconductor

catalysts to harness sunlight energy, producing reactive species for

pollutant degradation. As depicted in Fig. S1 (Supporting informa-

tion), photons with energy (E=hν) ≥ the semiconductor bandgap

(Eg) excite electrons (e−) from the valence band (VB) to the con-

duction band (CB), leaving holes (h+) in the VB. These photogen-

erated charges drive redox reactions, generating radicals that de-

grade pollutants into harmless molecules [21]. However, photo-

catalysis faces e−/h+ recombination, reducing quantum efficiency

and catalyst stability due to photocorrosion [22], as well as chal-

lenges like light intensity dependency and post-treatment separa-

tion of powdered catalysts [23]. Conversely, electrocatalysis pro-

duces species like •OH and MOx+1 via anodic redox reactions (Eqs.

S1-S8 in Supporting information), effectively oxidizing pollutants
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Fig. 3. Catalytic degradation process of photoanode.

[24]. Fixed-electrode electrocatalysts eliminate separation issues

and are viable for saline or high-concentration wastewater, though

limited by reactive species yield, mass transfer, active site availabil-

ity, and electrode stability [25]. Combining photocatalysis and elec-

trocatalysis, photoelectrocatalysis synergistically enhances wastew-

ater treatment efficiency.

2.2. Classification of photocatalytic oxidation technology

Photoelectrocatalytic degradation can be divided into electro-

assisted photocatalysis and photo-assisted electrocatalysis. In

electro-assisted photocatalysis, a steady voltage is applied in the

electrolytic cell, while photo-assisted electrocatalysis uses a con-

stant current. The relationship between the two is shown in Fig.

S2 (Supporting information).

2.2.1. Electro-assisted photocatalysis

Studies on photoelectrocatalytic degradation of water pollutants

predominantly use electro-assisted photocatalysis to explore the

degradation mechanisms of anode materials (Fig. 3). When the

photoelectrocatalytic material is immersed in water, a Schottky

barrier forms due to the difference in Fermi energy levels, creat-

ing a space charge layer (SCL) where electrons move inward and

holes accumulate at the surface. Upon irradiation, electrons tran-

sition from the valence band (VB) to the conduction band (CB),

migrating toward the cathode, while photogenerated holes remain

at the anode. The application of external bias reduces charge re-

combination and, when exceeding the flat band potential, enhances

band bending and enlarges the SCL. This process depletes electrons

and accumulates holes on the semiconductor surface, which pro-

mote pollutant adsorption and generate reactive species (•OH) to

oxidize organic pollutants.

2.2.2. Photo-assisted electrocatalysis

In photo-assisted electrocatalytic degradation, electrocatalytic

oxidation predominates. The pollutant removal efficiency of the

photoanode is closely linked to the •OH generation rate, with

photo-assisted electrocatalysis outperforming photocatalysis in

both removal and •OH production. Studies show that photocatalysis

reduces photoelectrode resistance, as indicated by a smaller arc ra-

dius in the electrochemical impedance spectroscopy (EIS) spectrum

under illumination, suggesting that photogenerated charge carriers

enhance electron transfer within the electrode. Moreover, photo-

catalysis increases active sites on the electrode surface and can ox-

idize quinone intermediates, clearing blocked sites and activating

the electrode [26].

2.3. Photoelectrocatalytic material

In the process of photoelectrocatalytic degradation of organic

pollutants in water, combination of photocatalysis and electrocatal-

ysis exhibits a synergistic effect that enhances the quantum effi-

ciency of light and allowing for the recovery of free heavy met-

als in water while degrading organic matter. This offers more ad-

vantages over simply superimposing the two individual processes.

However, it is important to note that the physicochemical proper-

ties of the catalyst on the electrode surface are not significantly

altered by the photoelectrocatalytic system beyond enhancing the

separation efficiency of charge carriers. Thus, the catalytic perfor-

mance of photoelectrodes plays a crucial role in determining the

overall catalytic activity of the system. Since 1972, numerous semi-

conductor materials have been developed by researchers for use in

photoelectrocatalytic systems [27]. For the degradation of refrac-

tory organic pollutants in pharmaceutical wastewater, photoanodes

must generate highly oxidative h+ to directly oxidize target pollu-

tants or indirectly produce active species with high redox poten-

tial (Table S1 in Supporting information). The oxidative ability of

h+ is closely linked to the band structure of photoelectrocatalytic

materials (Fig. S3 in Supporting information). Common materials

for photoelectrocatalytic degradation include TiO2, BiOX (X=Cl, Br,

I), WO2, and SrTiO3. While their conduction band oxidation poten-

tial exceeds that required for •OH generation, their bandgap gen-

erally requires ultraviolet light for electron excitation, and natural

sunlight contains only 5% UV light (<380nm), limiting light uti-

lization. Additionally, these materials often exhibit high resistance,

hindering photogenerated charge transport and leading to high re-

combination rates, which restricts the efficiency and types of ac-

tive species generated. Therefore, modification of these materials

is necessary for practical applications [28].

3. Micro-interface modification methods for photoelectrodes

In the photoelectrocatalytic degradation of organic pollutants in

water, the active components generated on or near the electrode

surface play a crucial role. The regulation of the working electrode

micro-interface can affect the types and rates of reactive radical

components produced during the catalytic process, ultimately in-

fluencing the efficiency of photoelectrocatalytic degradation. The

following summarizes the impact on active substances stemming

from the methods employed for regulating the micro-interface of

the photoelectrode.

3.1. Morphology control

Recent advancements in water pollutant degradation high-

light the necessity of larger specific surface areas in photoelec-

trodes to facilitate effective interactions with reactants, favoring

the use of 2D or 3D configurations. Catalyst morphologies, in-

cluding nanosheets, nanopores, nanoarrays, nanoflowers, and nan-

otubes, play crucial roles in enhancing catalytic efficiency [29]. 2D

materials, with broad lateral dimensions and thicknesses of 0.1–

100nm, utilize quantum confinement effects to enhance catalytic

activity due to electron confinement within limited atomic lay-

ers [30]. Meanwhile, 3D nanomaterials offer larger specific surface

areas, improving pollutant adsorption, exposing more active sites,

and enabling multi-angle light exposure for enhanced absorption

efficiency. Morphologies such as nanotubes and nanocones re-

duce charge carrier migration distances, facilitating photogenerated

electron-hole pair separation. Furthermore, nanocones can estab-

lish axial electric fields that significantly strengthen charge carrier

separation, optimizing photoelectrocatalytic performance [31].

Materials with the same 3D morphology can exhibit different

charge carrier separation efficiencies due to their distinct structural

configurations, consequently impacting the production of reactive

species. Song et al. utilized a hydrothermal method assisted by

acetylacetone and sodium acetate (Fig. S4a in Supporting informa-

tion) to control the growth and formation of TiO2 crystals, thereby

3
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creating different morphological structures [31]. Fig. S4b (Support-

ing information) illustrates that aggregated titanium dioxide parti-

cles were synthesized using acetylacetone alone, while a vertical

array of nanorods perpendicular to the substrate was synthesized

using sodium acetate alone through hydrothermal synthesis, with

diameters and lengths of 100 and 450nm, respectively (Fig. S4c in

Supporting information). When both acetylacetone and sodium ac-

etate were added to the hydrothermal reaction, well-oriented ti-

tanium dioxide nanocones with a diameter of 50nm and a length

of 1 μm were formed, and these were uniformly and densely dis-

tributed on the titanium mesh (Figs. S4d and e in Supporting in-

formation) [31].

Based on Mott-Schottky plots, the depletion layer thickness of

three TiO2 catalysts was calculated. TiO2 nanocones (NCs) exhib-

ited the thickest depletion layer (343.23nm) compared to TiO2

nanorods (NRs, 47.66nm) and TiO2 nanoparticles (NPs, 8.86nm),

indicating the strongest built-in electric field in TiO2 NCs. Corre-

spondingly, photoluminescence (PL) spectra demonstrated a signif-

icant reduction in PL peak intensity for TiO2 NCs, suggesting the

highest photogenerated charge carrier separation efficiency due to

the strong electric field. Furthermore, TiO2 NCs achieved the high-

est charge injection efficiency into the electrolyte, reflecting an

increased proportion of holes transferred from TiO2 NCs to the

electrolyte, likely influenced by the distinct catalyst morphologies

[32]. Quantitative assessment of •OH concentrations using tereph-

thalic acid (TA) fluorescence indicated the highest TAOH intensity

for TiO2 NCs, signifying superior •OH production on its surface.

These findings reveal that tailoring the morphology of TiO2 en-

hances the built-in electric field, significantly improving photogen-

erated charge separation efficiency and boosting the production of

reactive species like •OH.

3.2. Element doping

Element doping introduces extrinsic defects into semiconduc-

tor photoelectrodes, creating impurity energy levels within the

bandgap. This modification enhances photogenerated charge sepa-

ration during electron transitions, improving photocatalytic perfor-

mance. In n-type semiconductors, doped elements typically have

more valence electrons than the host material, forming donor lev-

els that facilitate electronic transitions. In p-type semiconductors,

doped elements generally possess fewer valence electrons than the

host material, creating acceptor levels that capture electrons from

the valence band and generate holes (Fig. S5 in Supporting infor-

mation) [33,34]. Some studies suggest that doping may act as a

recombination center for charge carriers, reducing photocatalytic

efficiency. Doping elements are typically incorporated during syn-

thesis or by annealing semiconductors in dopant gas atmospheres.

The type and concentration of dopants significantly affect catalyst

performance. Doping can be classified into metal and non-metal

categories, and their introduction into the catalyst lattice expands

optical absorption and enhances charge carrier separation.

3.2.1. Non-metallic doping

For non-metal element doping, new localized states are gen-

erally introduced above the VB or below the CB of the catalyst,

thereby promoting electrical conductivity, light capture, and the

separation of e-/h+ pairs, ultimately enhancing the production of

active groups and altering the coordination environment at the

material surface. Currently, commonly used non-metal elements

for doping include nitrogen (N), oxygen (O), sulfur (S), boron (B)

and phosphorus (P) [35]. For instance, due to its small ionization

energy and comparable size to oxygen atoms, nitrogen is easily

doped into the TiO2 lattice, and many nitrogen-doped TiO2 have

been used in various photoelectrochemical cells. Doping of inter-

stitial and substitutional nitrogen ions in the TiO2 lattice causes

the electronic and band structure of TiO2 to change by introducing

localized states at the top of the VB. This modification results in

a lowering of the conduction band minimum, leading to enhanced

photocatalytic (PC) activity under visible light irradiation [36]. Fur-

thermore, nitrogen doping can effectively induce charge delocaliza-

tion and regulate the work function of carbon, thereby significantly

improving the electron transfer capability of carbon materials [37].

Recent studies have found that nitrogen-doped carbon dots (NCDs)

can extend absorption in the visible light region [38]. Therefore,

NCDs can be constructed and introduced into semiconductor elec-

trodes to enhance photoelectrocatalytic performance. Sun et al. re-

ported an ordered, porous NCDs-sensitized Bi2O3, exhibiting su-

perior photoelectrochemical and photocatalytic performance than

CQDS/Bi2O3 [39]. Similarly, Zhang et al. reduced the bandgap of

TiO2 nanotubes by leveraging the electron trapping capabilities of

NCDs and oxygen vacancies, promoting the absorption of light en-

ergy and generating more •OH, O2
•-, and 1O2 [40].

In addition, the incorporation of P element significantly en-

hances the light absorption and photogenerated charge separa-

tion of photoanodes, allowing more efficient utilization of pho-

togenerated charges in the generation of oxidative active species,

thereby improving the efficiency of photoelectrocatalytic degrada-

tion. Zhang and his team have successfully synthesized P-doped

TiO2 nanotube arrays (TNTAs/P) by electrochemical anodic oxida-

tion by precise control of the amount of red phosphorus (Fig. S6a

in Supporting information). Optimal doping of TNTAs/P (at a level

of 0.75) reaches a remarkable removal of tylosin, reaching 79% af-

ter 24min (λ > 300nm) [41]. To address the issue of Ti3+ active

centers transitioning into higher valence states during the pho-

toanode oxidation process, Liang and colleagues doped P elements

by annealing with PH3, designing a nanotube array with a P3+-Ov-

Ti3+ coordination (Fig. S6b in Supporting information). Computa-

tional analyses indicate that the delocalized electron pairs in the

3s orbital of P3+ significantly alter the valence electron configura-

tion of Ti3+ in the 3d orbital of P3+-Ov-Ti
3+, facilitating the forma-

tion of intermediate forbidden band states in the bandgap, estab-

lishing a new electron transfer pathway. Consequently, Ti3+ exists

in a more stable form, exhibiting significant photoelectrocatalytic

performance and unprecedented stability in a 1mol/L NaClO4 elec-

trolyte at 1mA/cm2, with an expected lifespan exceeding 39,632h.

The main active species generated are •OH and O2
•-, and due to

P3+ doping, the adsorption of H2O on the photoelectrode is im-

proved, reducing the energy barrier for the generation of •OH, thus

enabling the faster production of •OH and other active radicals. In

addition to single non-metal element doping, Liu and colleagues

explored the co-doping of I and P elements to prepare TiO2 (ITP)

catalysts through a hydrolysis method. The synergistic effects of

I and P co-doping significantly enhances the separation of photo-

generated charge carriers and the visible light absorption capacity

of TiO2, ultimately resulting in the production of an abundance of

photogenerated holes (Fig. S6c in Supporting information). Some

of these h+ directly react with tetracycline (TC), while others are

converted to produce •OH to degrade TC. TiO2 with 4 at% P con-

tent (IPT-4) exhibits exceptional photoelectrocatalytic performance,

achieving the removal of approximately 99.7% of TC from water in

3h [42].

3.2.2. Metallic doping

Metal dopants can modify the electronic structure of semicon-

ductors, creating electron traps to capture photogenerated elec-

trons and suppress charge recombination, or induce lattice de-

fects that enhance reactive species production. However, excessive

metal doping may lead to charge recombination, negatively affect-

ing photocatalytic performance [43]. Common metal dopants in-

clude noble metals (Pt, Ag, Ru, Ir), transition metals (Fe, Co, Cu, Zn),

and others like Sn and In Recent research focuses on using rare
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earth elements for doping, offering three key benefits: (1) Com-

plex 4f orbitals create impurity energy levels, enhancing charge

separation at heterojunctions [44]; (2) upconversion luminescence

improves visible light photo-response [45]; (3) lanthanide metals

enhance catalytic activity by regulating the semiconductor’s crys-

talline phase [46]. For instance, Nkwachukwu et al. synthesized La-

doped perovskite bismuth ferrite (La-BFO) via a low-temperature

hydrothermal method [47]. They found that La3+-doped BFO ex-

hibited a higher absorption edge in the visible light range com-

pared to undoped BFO. Notably, the photocurrent response of 10%

La-BFO was three times higher than undoped BFO, indicating im-

proved electrode performance due to the synergistic effect of bias

potential and La3+ doping.

Additionally, doping with yttrium (Y) has been shown to sup-

press the transformation of the anatase phase of TiO2 to the ru-

tile phase. By doping Y into the lattice interstices of TiO2 or dis-

persing it on the surface, bulk or surface defects are created, and

these defects can regulate the separation efficiency of electron-hole

pairs [48]. NA Narewadikar’s team found that doping TiO2 with 1%

Y exhibited the highest photoelectrochemical degradation activity.

Shifts in the O 1s XPS spectrum reveal the presence of oxygen va-

cancies in the 1% YTO film due to the bond energy of Y–O and

Ti–O bonds, affirming that Y3+ doping enhances photocatalytic ef-

ficiency [49].

Chen et al. doped the metal Sm into BiVO4 and found that the

blue-purple light bands emitted at 447 and 492nm were excited

by near-infrared light at 980nm, corresponding to the transition

decay of the 4G5/2–6H5/2 and 4G5/2–6H7/2 energy levels. Addition-

ally, when doped with the metal Sm, its Rct decreases from 25.91

� to 20.47 �. This change allows Sm within the photoanode ef-

fectively utilize near-infrared light at 980nm, intensifying light ab-

sorption in the 400–500nm range. Also, it increases the presence

of oxygen vacancies in the system, enhancing the carrier lifetime

and conductivity of the photoanode. During the photoelectrocat-

alytic degradation process, the metal Sm acts as a photosensitizer,

converting O2 adsorbed on oxygen vacancies into 1O2, thereby in-

creasing the degradation rate of bisphenol A by 36% [50].

3.3. Oxygen vacancies

Research shows that the release of surface oxygen atoms in

semiconductors creates positively charged oxygen vacancies, af-

fecting electron distribution and enhancing photogenerated charge

separation [51]. Song et al. noted that oxygen vacancy levels act

as electron traps, capturing photogenerated electrons from the va-

lence and conduction bands, preventing charge recombination, and

improving photocatalytic activity [52]. Research has found that the

release of surface oxygen atoms in semiconductor materials leads

to the formation of positively charged oxygen vacancies, influenc-

ing the local electron distribution and facilitating the separation of

photogenerated charges [53–55]. Song et al. pointed out that the

oxygen vacancy level acts as an electron trap, capable of accom-

modating photogenerated electrons excited from the valence band

and returning from the conduction band, which hinders the re-

combination of photogenerated charge carriers and enhances pho-

tocatalytic activity [52]. Introducing oxygen vacancies (OVs) into

semiconductors presents a trade-off for charge carrier separation.

Excessive OV concentrations may serve as electron-hole recom-

bination centers, reducing carrier separation efficiency. Therefore,

carefully tuning the concentration and distribution of OVs is es-

sential to enhance photoelectrocatalytic performance [56,57]. Re-

cently, Cheng et al. successfully synthesized WO3-x thin film photo-

electrodes with surface oxygen vacancies using the sol-gel method.

Comparing the Raman spectra of WO3 and WO3-x (Fig. S7a in Sup-

porting information), it can be observed that due to the existence

of oxygen vacancies, the Raman peak intensity of WO3-x is lower

than that of WO3, and the W6+ single bond stretching band at

715 cm-1 shifts to a lower wavelength of 705 cm-1 [58]. Electron

spin resonance (ESR) analysis of the samples revealed no ESR sig-

nal for WO3 at g≈2.003 was observed (Fig. S7b in Supporting in-

formation), however, a symmetrical ESR signal appeared in WO3-x,

proving that the surface oxygen vacancies of WO3-x capture elec-

trons. The WO3-x electrode with oxygen vacancies achieved a high

deoxynivalenol removal of 86.4 % under a low bias of 0.3V under

visible light illumination for 2h [58].

Electrons trapped in oxygen vacancies readily combine with ad-

sorbed O2, generating reactive oxygen species that enhance photo-

electrocatalytic efficiency. For example, Li et al. utilized a Ti mesh

with oriented TiO2 nanotube arrays as a photoelectrocatalyst. Elec-

trochemical reduction under a 6V bias in acidic solution generated

H2 microbubbles, causing TiO2 fragmentation and creating oxygen

vacancies and Ti3+ defects. These defects promoted •OH produc-

tion, while oxygen vacancies adsorbed O2 and converted it into

O2
•- for pollutant degradation. Under visible light at a 6V bias, 91%

of chloramphenicol was removed in 120min, 9.1 times higher than

P25 (10%).

Oxygen vacancies introduce new energy levels slightly below

the conduction band within the bandgap, thereby narrowing the

forbidden bandwidth for the transition of photogenerated elec-

trons and expanding the spectrum of light utilization [59]. Re-

cent investigations on photoelectrodes by Qin and colleagues re-

vealed that BiMO4 (BMO) with oxygen defects exhibited stronger

light absorption in the visible range compared to pristine BiMO4

(BM). BMO demonstrates a redshift of the absorption edge from

481nm to 514nm, indicating a reduced bandgap (Figs. S7c and d

in Supporting information). The regulatory effect of oxygen vacan-

cies on the bandgap and electrons was further explored through

band structure analysis and projected density of states (PDOS), as

shown in Figs. S7e and f (Supporting information). The absence

of oxygen atoms in BMO produces defect energy levels near the

conduction band minimum (CBM) compared to BM [60], facili-

tating photon-induced electron transitions. Additionally, the PDOS

calculations for BM indicate (Figs. S7g and h in Supporting infor-

mation) that the valence band is contributed by O 2p orbitals,

while the excess electrons between Bi atoms and oxygen vacan-

cies are redistributed, promoting the formation of shallow donor

energy levels below the CB, thus improving visible light absorp-

tion. Consequently, Sg-CN1/BMO5 can degrade 90.2% of chloro-

quine phosphate within 120min under low voltage and LED visible

light conditions [61]. Furthermore, studies have shown that oxygen

vacancies constructed in carbon quantum dots can induce an out-

ward driving force at the BiVO4 and electrolyte interface, thereby

promoting hole capture and migration. Compared to using BiVO4

alone or CQDs/BiVO4, the introduction of Ov-CQDs/BiVO4 material

leads to a significant increase in photocurrent density by 3.4 times

and 2.6 times, respectively [62].

3.4. Heterojunction

Single semiconductor materials typically exhibit a high rate

of photogenerated hole-electron recombination, which limits the

efficiency of photoquantum conversion. In photoelectrochemical

photoelectrodes, the introduction of new semiconductor/conductor

materials to form heterojunctions with the existing photoelec-

trode materials establishes a built-in electric field at the inter-

face between the two materials, thereby enhancing the separa-

tion efficiency of photogenerated charge carriers [63]. An illus-

tration of the band structure facilitating effective carrier trans-

fer in a heterojunction composed of two semiconductors is de-

picted in Fig. 4a and can be categorized as Type I, Type II, and

Z-Scheme [64]. Type-I heterojunction band alignment facilitates

carrier transfer between semiconductors due to intrinsic electric
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Fig. 4. (a) Schematic of heterojunction band alignment configurations, Copied with permission [64]. Copyright 2023, Elsevier. (b) Mechanism of the photoelectrocatalytic

process for NCd@g-C3N4/Fe2O3. Copied with permission [72].Copyright 2023, Elsevier. (c) Degradation rate of sulfadiazine and leaching concentration of Co for the TiO2NNS-

NCDS/Co3O4 and TiO2NNS-Co3O4 systems after a 120min reaction at 0.4V. (d) Crystal models of NCDS and Co3O4 before contact. (e) Distribution of charge difference between

NCDs and Co3O4 after contact (charge accumulation is indicated in blue, depletion in yellow). Copied with permission [73]. Copyright 2023, Elsevier.

field and band bending effects at the interface [65,66]. In con-

trast, while type-II heterojunctions enable the simultaneous trans-

fer of photo-generated electrons and holes between semiconduc-

tors, their weakened redox capabilities limit the formation of reac-

tive species such as hydroxyl radicals and superoxide anion radi-

cals. Presently, the exploration of photoelectrocatalytic heterojunc-

tions involving diverse semiconductors predominantly concentrates

on constructing Z-Scheme band structures [67,68]. In this band

combination, photogenerated electrons with lower reduction po-

tentials and photogenerated holes with lower oxidation potentials

undergo recombination at the interface, thus achieving effective

separation of photogenerated charge carriers in the two semicon-

ductors [69]. Recent research endeavors, as outlined in Table S2,

have often employed Z-Scheme heterojunctions to enhance the ac-

tivity of photoelectrocatalysts. The combination of distinct hetero-

junction materials alters the types of free radicals produced, and

by constructing heterojunctions with specific substances and pho-

toelectric substrate materials, more selective active components

can be generated.

Among various heterojunctions, quantum dots have gained at-

tention as zero-dimensional materials with tunable bandgaps, en-

hancing charge transfer and storage [70]. For example, carbon

quantum dots show promise in improving PEC performance [71].

Dang et al. used nitrogen-doped carbon dots (NCd) to construct

an NCd@g-C3N4/Fe2O3 S-scheme heterojunction, achieving 64%

methoxyamphetamine degradation in 60min (Fig. 4b) [72]. Simi-

larly, Hu et al. modified Co3O4 photocathodes with NCDS to re-

duce recombination and Co3+ evolution. The NCDS/Co3O4 com-

posite achieved significant degradation, with Co leaching reduced

from 0.543mg/L to 0.020mg/L (Fig. 4c) [73]. The enhanced elec-

tron transfer between Co3O4 and NCDS improved degradation effi-

ciency, achieving over 98% sulfadiazine removal in 80min, with re-

action rates 9.78 and 24.45 times higher than electrocatalysis and

photocatalysis, respectively (Figs. 4d and e) [73–75].

3.5. Homojunction

Similar to heterojunctions, homojunctions are formed using

semiconductors with the same chemical composition but differ-

ent band structures or crystal phases. Semiconductor photoelectro-

catalysts from a single precursor with varied crystal forms ensure

strong interfacial contact. Unlike heterojunctions, this approach

avoids interfacial lattice distortions and bonding discontinuities,

reducing charge carrier recombination and improving photoquan-

tum efficiency and active component generation [76].

Studies suggest that photoelectrocatalytic activity can be af-

fected by charge recombination at the particle surface, regard-

less of phase arrangement. By adjusting crystal form order, charge

transfer direction can be controlled to promote efficient separation

of photogenerated electron-hole pairs. Thus, rational design of ho-

mojunctions in photoelectrodes is crucial. Ma and colleagues se-

quentially grew monoclinic and hexagonal crystal forms of WO3

on a W wire through a two-step hydrothermal method (Fig. 5a)

[77]. Under 1.2V vs. RHE, the photocurrent density of the hm-

m-WO3/W mesh electrode is approximately 5.6mA/cm2, which is

3.3 times and 9.3 times that of the m-WO3 (1.7mA/cm2) and h-

WO3 (0.6mA/cm2) electrodes, respectively. Moreover, it achieved

complete degradation of bisphenol A and 84.5% mineralization. As

shown in Fig. 5b, the superior performance can be attributed to

the rational band alignment and formation of a Schottky junc-

tion in hm-m-WO3/W. The built-in electric field of the homojunc-

tion, aligned with the external bias, promotes efficient migration

of photogenerated charge carriers in opposite directions. The net-

work structure also enhances the mass transfer of pollutants to the

photoelectrode surface.

According to some research reports, homojunctions exposing

different crystal facets, known as facet heterojunctions, can ef-

fectively facilitate the separation of photogenerated charge car-

riers. Hu and colleagues constructed a three-dimensional multi-

level TiO2 homojunction exposing {110}, {101}, and {111} facets

[78,79]. Analysis of the PDOS in Fig. 5c reveal that the {111} facet

exhibits the highest PDOS intensity near the valence band max-

imum (VBM), indicating superior electron activity compared to

other facets. Furthermore, the PDOS distribution on the CB of the

{110} facet is broader, allowing photo-induced electrons to flow

in a wider CB. The highest electron density at the bottom of the

CB on the {110} facet indicates the accumulation of photogener-

ated electrons. As illustrated in Fig. 5d, photogenerated h+ and e-

accumulate on the {111} and {110} facets, respectively [80]. Ulti-

mately, electrons on the {110} facet migrate along the nanorods to

the substrate, achieving more complete separation of photogener-

ated charges.

4. Reactive species generation from photoelectrocatalsis

Reactive species generated during photoelectrocatalysis are crit-

ical for catalytic degradation. These processes can produce both
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Fig. 5. (a) Schematic diagram of the preparation of hm-m-WO3 on a W wire. (b) Mechanism of the PEC degradation process of Hm-m-WO3/W mesh. Copied with permission

[77]. Copyright 2022, Elsevier. (c) PDOS of Ti and O elements on the {111}, {101}, and {110} facets of FH-TiO2/Ti. (d) Schematic diagram of charge transfer between the {111},

{101}, and {110} facets on the FH-TiO2/Ti photoelectrode. Copied with permission [78]. Copyright 2023, Elsevier.

photocatalytic and electrocatalytic reactive species, with the pre-

dominant species depending on the photoelectrode materials and

small molecule additives (e.g., Cl-, KHSO5, H2O2). The degradation

process is primarily classified into radical- and non-radical-type

degradation.

4.1. Free radicals

4.1.1. Hydroxyl radical (•OH)
•OH is a powerful oxidant (2.8V) essential for pollutant degra-

dation. In photocatalysis, •OH is generated by the oxidation of wa-

ter or OH- by photogenerated holes in the valence band. In elec-

trocatalysis, •OH is formed by converting adsorbed water or OH-

on the anode surface under external voltage. These oxidation reac-

tions require high activation energies and overpotentials.

Recent research has found that oxygen can be activated to pro-

duce reactive oxygen species, yielding H2O2, which is subsequently

converted into •OH through a one-electron reduction pathway [81].

However, the steady-state concentration remains low, leading to a

relatively sluggish apparent reaction rate [82]. To address this is-

sue, a photoelectrocatalytic approach has been utilized to modu-

late the electrocatalytic selectivity of the oxygen reduction reaction

(ORR). Initially, O2 is reduced to H2O2 as an intermediate, followed

by the reduction of H2O2 to •OH by photogenerated electrons in

the conduction band. Zhang and his team anchored single-atom

Pd on fluorine-doped TiO2 for the rapid generation of •OH through

photoelectrochemical reduction of O2, with a selectivity as high

as 99% (Fig. S8a in Supporting information) [83]. The formation

of a new HO–O···Pd–F–TiO2 chemical bond facilitates the trans-

fer of photogenerated electrons from the conduction band to the

single-atom Pd, leading to the reduction of Pd··O–OH to •OH (Fig.

S8b in Supporting information). The optimized •OH production rate

reaches 9.18 μmol L-1 min-1, surpassing traditional advanced oxida-

tion processes by a factor of 2.6–52.5 (Fig. S8c in Supporting infor-

mation) [83].

The Fenton reaction is a key pathway for •OH generation. Recent

studies show that Cu-based catalysts outperform Fe-based ones, of-

fering higher reaction rates and better performance under alkaline

conditions [84]. However, traditional Fenton reactions often lead

to the formation of hydroxide precipitates. Drawing upon prior re-

search findings, Zhang and colleagues anchored single-atom copper

on oxygen-vacancy-rich anatase (Cu-SA/TiO2-x) to effectively gener-

ate •OH in alkaline solutions. The formation of O–Cu on the elec-

trode surface promotes the electrocatalytic conversion of H2O2 into
•OH (Fig. S8d in Supporting information) [85]. During the photo-

electrochemical reduction of O2 at pH 9, the optimal concentra-

tion of accumulated •OH was 276.23 μmol/L (Fig. S8e in Support-

ing information). Using a Cu-SA/TiO2–x electrode with an apparent

kinetic constant (kobs) of 0.311min-1, the removal of sulfamethoxa-

zole reached as high as 96.3% within 10min (Fig. S8f in Supporting

information).

4.1.2. Superoxide radical (O2
•-)

O2
•- are primarily produced through semiconductor photocatal-

ysis, where oxygen undergoes reduction into O2
•- by photoexcited

electrons on the surface of the semiconductor [86], and then these

radicals disjoint into the solution to participate in the degrada-

tion process of pollutants. Metal oxide photoanode materials are

typically capable of generating O2
•-. Ma and colleagues fabricated

a core-shell structured Ti/Co3O4−MnWO4 photoanode through a

two-step hydrothermal method [87]. Due to the conduction band

of the composite electrode being at −0.63V vs. NHE, which has

a stronger reducing capability for photogenerated electrons com-

pared to O2,aq/O2
•- (−0.16V vs. NHE) and O2,g/O2

•- (−0.33V vs.

NHE), O2 present in both the air and solution is reduced to O2
•-.

The Ti/Co3O4−MnWO4–5 photoanode demonstrates a remarkable

removal of approximately 91.2% for Remazol Brilliant Blue R (KN-

R) within 2 h, concurrently achieving an impressive electrode life-

time of 9100 s at a current density of 50mA/cm2. In another study,

Yang and colleagues found that the steady-state concentration of
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O2
•- in the PEC system was significantly higher than that of •OH

[87], underscoring the vital role played by O2
•- in the degradation

of perfluorooctane sulfonic acid.

Additionally, Xie et al. studied the effect of external bias on re-

active oxygen species (ROS) generation during photoelectrocataly-

sis using a TiO2 nanotube (NT) photoanode and Pt cathode [88].

Photogenerated electrons on TiO2 NTs react with O2 to form O2
•-,

aiding methyl orange removal. Increasing bias enhances O2
•- pro-

duction, but above 0.2V vs. SCE, O2
•- levels stabilize, indicating

equilibrium of electron accumulation on TiO2 NTs. Quenching ex-

periments revealed O2
•- dominance in atrazine removal, increas-

ing with anodic bias due to improved electron-hole separation and

electron transfer to the cathode. However, hydrogen evolution at

the Pt cathode limits this process, causing excess electrons on TiO2

NTs to react with O2. The nucleophilic O2
•- reduces atrazine, form-

ing dechlorinated intermediates [89].

4.1.3. Sulfate radical

Among various reactive radicals, the sulfate radical (SO4
•-) has a

higher oxidation potential (2.5–3.1 eV) compared to •OH (oxidation

potential: 1.8–2.7 eV, half-life: 20ns) and a longer half-life (30–

40 μs), and it can effectively degrade pollutants within a broad

pH range (pH 2–8). Therefore, it has attracted widespread atten-

tion due to its strong oxidizing power and mineralization efficiency

[90]. Peroxymonosulfate (PMS) or peroxydisulfate (PDS) is com-

monly used to generate SO4
•- and •OH [91]. Various semiconductor

materials serve as effective activators of peroxysalts, such as tran-

sition metal oxides, metal-organic framework nanoparticles, and

graphitic carbon nitride. Combining the PEC process with PMS acti-

vation for organic pollutant treatments showcases excellent stabil-

ity and robust oxidizing potential. Dong and his team prepared a

hollow structured Pt@CeO2@MoS2 photoanode [92]. Material char-

acterization pre- and post-reaction reveal that PMS molecules re-

act with Ce3+ and Mo4+ on the surface of the photoanode to pro-

duce SO4
•- (Fig. S8g in Supporting information). Furthermore, Ce4+

and Mo6+ ions participate in the generation of SO5
•- radicals. Ulti-

mately, photogenerated electrons reduce Ce4+ and Mo6+. The reac-

tion process for the PMS activation is shown in Eqs. S9-S13 (Sup-

porting information) [92].

MoS2, with its narrow bandgap (1.8 eV), can absorb visible light

and provides abundant Mo4+/Mo6+ active sites to facilitate the

PMS activation [93]. Additionally, it has been found that the 1T

phase (octahedral symmetry) of MoS2 possesses higher electronic

conductivity compared to its polycrystalline counterparts, offering

more catalytic reaction sites. Zheng and colleagues synthesized

a 1T/2H-MoS2@C/CC (carbon cloth) photoanode for the removal

of norfloxacin from water [94]. Experimental analyses involving

h+ and e- scavengers reveal that e- participate in part in the

Mo4+/Mo6+ cycle to activate PMS at the photoanode surface [95].

Simultaneously, a portion of the electrons migrate to the cathode

to directly activate PMS, generating •OH. The suppression of h+

quenching enhances the separation of photogenerated electrons,

leading to a higher yield of photogenerated electrons and promot-

ing both direct and indirect activation of PMS. Under the synergis-

tic action of photoelectrocatalysis and PMS, the 1T/2H-MoS2@C/CC

photoanode completely removed 2mg/L norfloxacin within 30min

(1.5V, visible light, 40mg/L PMS).

4.1.4. Chlorine radical

In wastewater and natural water bodies, a large amount of chlo-

ride ions (Cl-) convert to perchlorate during the electrochemical

process [96]. Meanwhile, chloride anions in water may also partici-

pate in (photo)electrochemical reactions, generating chlorine-based

radicals (such as HOCl/OCl- and •Cl), which affect the degradation

rate of pollutants and the subsequent degradation pathways [97].

In the presence of •OH, Cl- in water undergo the following reac-

tions, Eqs. S14-S20 (Supporting information), on the photoanode

surface to generate chlorine-based radicals [86].

Zheng et al. fabricated MoS2–3@BiVO4 photoanode materials for

the photocatalytic degradation of bisphenol A (BPA) in a solution

with NaCl as the electrolyte. Quenching experiments and EPR char-

acterization reveal that •ClO and •Cl serve as the primary reactive

species generated on the photoanode surface during the photocat-

alytic degradation process, completely degrading 10mg/L of BPA

within 75min under a bias of 1.5V and visible light irradiation

[93]. In a recent study, Zhou investigated the photocatalytic degra-

dation of organic matter in water under high Cl- concentrations

using high-NaCl waste liquid from the glyphosate industry. Using

TiO2 nanotubes as the photoanode, after PEC deep treatment, the

total organic carbon (TOC) of the waste salt was reduced to be-

low 20mg/L, meeting the requirements of the chlor-alkali industry

for refined salt [98]. Studies on the photocatalytic mechanism in-

dicate that •OH can be generated at low Cl- concentrations, while

high Cl- concentrations suppress the generation of •OH [98]. Under

high Cl- concentration conditions, the main oxidative substances

responsible for degradation are holes and chlorine-active species

other than •Cl. During the chlor-alkali electrolysis process, organic

impurities in the waste salt are toxic to both the electrode and

the membrane, leading to increased voltage. Photocatalytic treat-

ment can remove most of the organic impurities, thus allowing the

waste salt to be used as a raw material for chlor-alkali electrolysis.

EIS analysis shows that when waste salt is used as a raw mate-

rial for chlor-alkali electrolysis, and the organic impurities in the

waste salt are toxic to both the electrode and the membrane, lead-

ing to increased voltage and reduced electrolysis efficiency [98].

After photocatalytic treatment, most of the organic impurities are

removed, enabling the waste salt to be used for chlor-alkali elec-

trolysis.

4.2. Non-free radical species

Non-free radical species have longer lifetimes than radicals,

allowing prolonged interactions with pollutants. They also show

greater resistance to environmental interferents, such as inorganic

anions and high organic matter concentrations, making them ef-

fective for treating complex or high-pollutant waters. Additionally,

non-free radical pathways offer higher selectivity, enabling tar-

geted pollutant degradation while minimizing side reactions and

energy consumption.

4.2.1. Singlet oxygen (1O2)
1O2 is a typical non-free radical reactive species, characterized

by a relatively long lifetime and strong resistance to interference.
1O2 can be directly produced from peroxides, such as peroxymono-

sulfate (PMS) and hydrogen peroxide (H2O2), using catalysts that

contain metal and carbon, like metal-organic frameworks (MOFs)

[99]. Sun et al. designed a PEC system with an S-type MgO/g-

C3N4 photoanode and modified carbon fiber felt (MCF) cathode for

effective tetracycline degradation. The photoanode activates H2O2

produced by the MCF cathode [7]. Experimental and DFT stud-

ies (Fig. S9a in Supporting information) show that Mg-N coordi-

nation is key to activating H2O2 to generate 1O2 and •OH. In the

PEC activation of PMS, 1O2 generation occurs through PMS self-

decomposition, O2
•- transformation, and activation by carbon ma-

terials [100]. Fig. S9b (Supporting information) suggests that 1O2

is produced via two pathways: the reaction of O2
•- with •OH and

electron transfer to PMS via carbon cloth [94]. Feng et al. pro-

posed selective regulation of •OH and 1O2 production for removing

dimethyl phthalate and atrazine (ATR) using a copper-coordinated

carbon nitride electrode (CuCN) [101]. Experimental characteri-

zation and DFT calculations (Fig. S9c in Supporting information)
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show that Cu atoms near N (Cu-N2–C) activate oxygen to produce
•OH and 1O2. Fig. S9d (Supporting information) shows ATR degra-

dation via GC–MS, where 1O2 reacts with the N adjacent to the

alkyl side-chain in ATR, initiating alkyl oxidation. The C–Cl bond

of the intermediate can be attacked by 1O2, leading to dechlorina-

tion and hydroxylation. Finally, 1O2 attacks the amino group of the

intermediate, forming the end product [101].

4.2.2. Mediated electron transfer

In mediated electron transfer, electrons are transferred from

one adsorbate to another via a catalyst. This occurs in carbon-

based photoelectrodes, where electrons move from pollutants to

PMS, activating PMS photocatalytically. Despite its importance, me-

diated electron transfer in photocatalysis is still underexplored.

In 2021, Nnamdi et al. prepared a visible-light-responsive TiO2-

graphene oxide nanosheets-Zn phthalocyanine (TiO2@GONS@ZnPc)

ternary heterojunction photocathode for the photoelectrochemical

degradation of orange G azo dye. They demonstrated the non-

free radical activation of PMS using the ZnPc-GONS catalyst (Fig.

S10a in Supporting information), with GONS and ZnPc mediating

charge transfer in PMS activation [102]. Zuo et al. found that pos-

itively charged CuO in CuO–CN interacts with anionic PMS, form-

ing reactive complexes that enhance PMS reactivity for diclofenac

degradation. DFT calculations suggest that the CuO–CN heterojunc-

tion, with its polarized electric field, promotes non-free radical ac-

tivation by coupling with negatively charged HSO5 (Fig. S10b in

Supporting information). CuO–CN outperforms CuO, improving di-

clofenac degradation by 29 times [103].

4.2.3. Photogenerated hole

Photogenerated holes, as active components generated in situ

on the surface of semiconductor material photoanodes, can un-

dergo direct redox reactions with target pollutants adsorbed on the

photoanode surface, thus constituting a non-free radical degrada-

tion pathway.

Shao et al. introduced PMS into a PEC system with a bis-

muth vanadate (BiVO4) photoanode to enhance the degradation

of bisphenol A (BPA). The degradation efficiency significantly in-

creases from 24.2% to 100.0% with the addition of 5mmol/L PMS

at a low voltage of 0.25V. Mechanistic investigation results indi-

cate that SO4
•- and •OH are not the primary reactive species re-

sponsible for BPA degradation. PMS can act as an electron accep-

tor for photogenerated electrons through a two-electron reduction

process (E0 (HSO5
-/SO4

2-)=1.75V vs. NHE), facilitating the sepa-

ration of photogenerated charges on the BiVO4 photoanode and

thereby generating more photogenerated holes to enhance BPA

degradation (Figs. S11a and b in Supporting information) [104]. Li

et al. combined photocatalysis, ozonation, and electrocatalysis us-

ing rGO/BiOCl nanocomposite materials as the photoanode. The re-

moval rate of PFOA reaches an unprecedented 95.4% within 3h,

which is superior to the processes of photocatalytic ozonation

(80.5 %) and photoelectro-Fenton (56.1%). The synergistic effect of

the oxidation by photogenerated holes and the accelerated forma-

tion of •OH by H2O2 generated at the cathode contributes to the

degradation. By identifying the degradation intermediates (Figs.

S11c and d in Supporting information), it is found that the decar-

boxylation of PFOA was initiated by the strong oxidative h+, form-

ing an unstable perfluorooctyl group, which further transformed

into short-chain perfluorocarboxylic acids through reaction with
•OH [105].

5. Conclusion and prospect

Photoelectrocatalysis, as an efficient and environmentally

friendly water treatment technology, has demonstrated significant

potential for degrading recalcitrant organic pollutants. By modify-

ing the micro-interface of the photoanode, the generation of active

species can be effectively enhanced. The synergistic action of dif-

ferent active species improves the overall efficiency of the photo-

electrocatalytic process. Strategies such as morphology control, ele-

ment doping, surface oxygen vacancy creation, and heterostructure

construction have proven to be effective in enhancing the perfor-

mance of photoelectrocatalysts. These strategies improve organic

pollutant degradation by enhancing photogenerated charge separa-

tion, increasing active sites, adjusting the band structure, and pro-

moting charge carrier migration. Future research should focus on

exploring new photoelectrocatalytic materials and optimizing con-

trol strategies to enhance the practical application and economic

feasibility of photoelectrocatalysis in environmental management.
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