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Per- and polyfluoroalkyl substances (PFAS) are a class of man-made chemicals extensively employed in
industrial processes, with their strong C—F bond energy conferring exceptional stability. However, this
stability also leads to bioaccumulation and environmental persistence, posing threats to ecosystems and
human health. Conventional physical separation technologies can only concentrate PFAS without
completely destroying them. Against this backdrop, electrochemical technology has emerged as one of
the most promising strategies for complete PFAS destruction, benefiting from its mild reaction
conditions and controllable electron transfer. This review systematically summarizes the research
progress PFAS degradation, comprehensively examining the degradation
mechanisms and key influencing factors in electrochemical oxidation, reduction, and combined
processes. It highlights the crucial roles of density functional theory (DFT) and molecular dynamics (MD)

on electrochemical

calculations in elucidating interfacial behaviors and atomic-scale C-F bond activation mechanisms.
Addressing the bottlenecks of mass transfer limitations and incomplete defluorination encountered in
practical applications, this paper prospectively points out the potential of microenvironmental regulation
and the development of bifunctional materials for achieving in situ deep mineralization. Furthermore, it
briefly explores the application prospects of artificial intelligence (Al)-enabled high-throughput screening

technologies in accelerating the development of multi-objective electrode materials. Overall, this review
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research framework spanning from fundamental bond cleavage
mechanisms to macroscopic processes and data-driven optimization. It provides systematic strategies
for the complete destruction of PFAS and offers theoretical references for the rational design of

advanced environmental functional materials.
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significant ecotoxicity, PFAS pose systemic threats to ecosystem
integrity and public health.’

1 Introduction

Per- and polyfluoroalkyl substances (PFAS) exhibit exceptional
thermochemical stability along with hydrophobic and oleo-
phobic properties." These characteristics enable their exten-
sive use in chemical manufacturing, electronics, medical
devices, textiles, and consumer products.*® However, these
same properties confer high environmental persistence and
bioaccumulation in natural systems.® PFAS residues have now
been detected in aquatic environments, atmospheric compart-
ments, and soils across multiple global regions.” Consequently,
PFAS are recognized as emerging persistent organic pollutants
of particular concern in aquatic systems. Epidemiological
studies confirm that PFAS exposure induces multi-organ
toxicity, affecting the liver, kidneys, thyroid, and other
systems.®? Given their environmental recalcitrance and
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It is reported that approximately 450-2700 tons of per-
fluorooctane sulfonate (PFOS) enter wastewater systems glob-
ally each year.' To mitigate environmental and health risks,
multiple countries have legislated restrictions on PFAS
production and usage.™ In 2023, China included PFOS in the
List of Priority Controlled New Pollutants, stipulating that its
import and export will be prohibited starting from 2024, and
requiring that PFOS-containing waste be subject to full-process
supervision as hazardous waste. Practically, cities like Shanghai
have carried out projects to replace firefighting foam and
advance drinking water treatment. Through nanofiltration and
activated carbon adsorption, the concentration of PFOS in water
has been successfully controlled below 0.5 ug L~ ". Concurrently,
the U.S Environmental Protection Agency has set the limit for
perfluorooctanoic acid (PFOA) and PFOS in drinking water at
4 ng L™, while Denmark enforces a stricter 2 ng L ™" threshold
in relation to separate PFAS analytes.'” Significantly, the Euro-
pean Union amended its Persistent Organic Pollutants Regu-
lation in April 2025, tightening unintentional trace
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contaminant limits for PFOS and its salts to 0.025 mg kg .
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Given the extreme environmental persistence and trace-level
occurrence of PFAS in contaminated media, developing effi-
cient removal technologies constitutes a critical scientific
challenge in environmental remediation.**

In conventional PFAS treatment technologies, adsorption
methods achieve PFAS enrichment through physicochemical
interactions.”>'® Activated carbon exhibits >90% capture effi-
ciency for long-chain PFAS thanks to its large specific surface
area, while functionalized ion-exchange resins enhance
adsorption capacity to 120 mg g~ '.*” However, short-chain PFAS
remain challenging to remove effectively due to their high
aqueous solubility and low adsorption affinity, with competitive
anions reducing ion-exchange efficiency by >50%."® Addition-
ally, spent adsorbents require energy-intensive thermal regen-
eration or hazardous waste disposal.’® Membrane separation
technologies leverage molecular exclusion mechanisms, where
reverse osmosis (RO) achieves >99% removal efficiency across
the PFAS spectrum, and nanofiltration (NF) selectively retains
>90% of long-chain PFAS. Their modular design facilitates
large-scale water supply applications without chemical addi-
tives.'® Nevertheless, RO consumes 3-10 kW h per ton of water
and generates concentrated PFAS waste streams, with
membrane fouling causing 40-70% flux decline. NF demon-
strates limited efficacy for short-chain PFAS, accompanied by
substantial membrane replacement costs. Recently developed
destructive technologies, though proven for PFAS degradation
in laboratory settings, face significant practical limitations.
Current methods face significant hurdles: sonolysis is energy-
intensive, bioremediation yields less than 10% metabolic effi-
ciency, and photocatalysis suffers from low quantum yields and
organic matter interference. These techniques exhibit poor anti-
interference capacity in complex aquatic matrices and lack
validation at engineering scales, severely constraining their
potential for full-scale implementation.*

Electrochemical techniques have evolved into a prominent
research topic in PFAS degradation studies, thanks to their mild
reaction conditions, precisely controllable redox capacity, and
particularly its dual functions of pollutant separation and
mineralization destruction.** Electrocoagulation (EC) achieves
indirect adsorption of PFAS through hydroxide flocs formed by
the dissolution of metal anodes.” Capacitive deionization
(CDI), on the other hand, completes molecular-level concen-
tration of PFAS driven by the electrostatic force of the electric
double layer.*® However, EC and CDI can only realize the
enrichment and concentration of PFAS, and cannot break their
stable C-F bonds. By coupling electrochemical oxidation (EO)
and electrochemical reduction (ER) processes, the cleavage of
C-F bonds in PFAS can be achieved, ultimately mineralizing
them into harmless products such as CO, and F~. EO utilizes
strong oxidizing species like hydroxyl radicals (- OH) and sulfate
radicals (SO, ) generated by boron-doped diamond (BDD) or
Ti,O, anodes, or through a direct electron transfer (DET)
mechanism, to efficiently degrade typical PFAS such as PFOA
and PFOS. ER triggers H/F exchange reactions through DET or
via hydrated electrons (e,q ) and hydrogen radicals (-H)
generated at the cathode, gradually defluorinating to form low-
fluorinated products.> Current research frontiers focus on
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developing magnetic electrode materials to enable efficient
recovery of adsorbents and the in situ coupled design of
oxidation-reduction bifunctional electrodes. Meanwhile,
benefiting from the development of advanced characterization
techniques, the understanding of multi-scale mechanisms from
atomic interfacial reaction pathways to macroscopic kinetics
continues to deepen.” Despite the significant advantages
exhibited by electrochemical technology, there remains an
urgent need for systematic reviews in this field to clarify three
key challenges: the reaction pathways of PFAS degradation by
EO and ER, the quantitative laws governing the structure-
activity relationships of electrode materials, and the strategies
for inhibiting interference from actual water matrices.>® This
will provide theoretical guidance for the engineering applica-
tion of such technologies.*”

Meanwhile, this review comprehensively evaluates the effi-
cacy and mechanisms of EO, ER, and their synergistic tech-
nologies. In terms of characterization and auxiliary research
techniques, the review focuses on multi-scale analytical
methods and emerging intelligent auxiliary tools, including
microstructure analysis of electrode materials, tracking of
interfacial reaction processes, free radical identification, DFT/
MD theoretical calculations, and Al-enabled HTS. These
combined methods not only help clarify atomic-level reaction
pathways but also promote the efficient development of high-
performance electrochemical PFAS degradation systems.

This review systematically summarizes the state-of-the-art
progress in the electrochemical degradation of PFAS (Fig. 1).
To bridge the gap between atomic level interactions and
macroscopic performance, this review first highlights the crit-
ical roles of multi-scale analytical methods and theoretical
calculations, specifically density functional theory (DFT) and
molecular dynamics (MD), in unraveling complex interfacial
behaviors and C-F bond activation mechanisms. Building upon
this fundamental understanding, we comprehensively evaluate
the efficacy and governing mechanisms of diverse electro-
chemical strategies. For EO, we elucidate the synergistic effects
of DET and indirect radical oxidation, detailing specific degra-
dation pathways on benchmark anodes alongside key opera-
tional parameters. Regarding ER, we systematically unpack the
stepwise defluorination mechanisms mediated by DET, -H, and
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Fig. 1 Schematic diagram of systematic study on electrochemical
degradation of PFAS.
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e,q , followed by rational design strategies for carbon-based
and catalyst-supported cathodes.

Recognizing the inherent limitations of stand-alone
processes, we further explore recent advancements in syner-
gistic technologies that couple electrochemistry with adsorp-
tion, membrane separation, and photocatalysis. These
combined systems demonstrate significant advantages in
overcoming mass transfer bottlenecks, reducing specific energy
consumption, and enhancing overall defluorination efficiency.
Beyond traditional material design, this review incorporates the
transformative potential of artificial intelligence (AI)-enabled
high-throughput screening (HTS) in establishing a closed-loop
framework for the rapid discovery and multi-objective optimi-
zation of next-generation electrodes. Finally, we prospectively
outline the persistent challenges and emerging opportunities in
the field. By advocating for the in-depth integration of electro-
chemical technologies with separation techniques and data-
driven paradigms, this work aims to provide a robust scien-
tific foundation and a forward-looking roadmap for developing
highly efficient, practical technologies to ultimately eradicate
these recalcitrant “forever chemicals” from the environment.

2 Methodologies of mechanism and
pathway investigations

Electrochemical technologies have demonstrated the capability
to achieve complete mineralization of PFAS with high economic
and environmental compatibility, thereby emerging as a prom-
ising research frontier in the field of environmental remedia-
tion. This chapter presents a systematic review of the core
characterization techniques employed in investigating electro-
chemical PFAS degradation.”® The discussion encompasses the
theoretical interpretive frameworks integral to this research
domain, including: (1) structural and interfacial characteriza-
tion of electrode materials, (2) quantitative analysis of reaction
intermediates, (3) mechanistic elucidation of free radical
species, and (4) theoretical calculation method. Collectively,
these methodologies enable a multi-scale understanding of
electrochemical PFAS degradation by bridging experimental
observations with theoretical frameworks, from atomic-level
interfacial interactions to macroscopic reaction Kkinetics.
Application of these characterization methodologies facilitates
the revelation of degradation pathways, prediction of reaction
energetics, and rational design of efficient, sustainable
electrochemical technologies for PFAS abatement.*

2.1 Characterization of electrode materials

The type and properties of electrode materials are core deter-
minants in the electrochemical degradation of PFAS. Analysis of
their electrical conductivity, oxygen evolution potential (OEP),
surface reactivity, structural characteristics, and stability
provides critical guidance for electrode design. Scanning elec-
tron microscopy-energy dispersive spectroscopy (SEM-EDS)
enables visual characterization of the microstructure and
elemental distribution on electrode surfaces. Successful mate-
rial synthesis, uniform elemental distribution, and the impact
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of structural features on catalytic activity can all be validated by
SEM-EDS analysis.?* The in-depth analysis of the surface
chemical state and crystal structure of electrode materials relies
on X-ray photoelectron spectroscopy (XPS) and X-ray diffraction
(XRD). XPS is a key tool for understanding the efficient
defluorination mechanism, as it can analyze the electron
transfer, adsorption behavior, and intermediate product
evolution between electrodes and PFAS. XRD is used to deter-
mine the crystal structure of electrode materials and structural
changes induced by doping. For example, when Ce*" is doped
into Ti O, electrodes, the shift of XRD diffraction peaks indi-
cates that Ce* doping leads to lattice distortion and the
generation of oxygen vacancies.** The characteristic diffraction
peaks (111) and (220) of BDD electrodes show an inverse rela-
tionship between the full width at half maximum and grain size,
which directly affects the electrical conductivity of the elec-
trodes.*** These structural features play a decisive role in the
selective adsorption of PFAS.

The characterization of electrochemical activity and interfa-
cial properties of electrodes is primarily achieved through
various voltammetric techniques and impedance spectroscopy.
The Linear Sweep Voltammetry (LSV) curve, by measuring the
electrode potential-current response, accurately defines the
working potential window of the electrode and quantifies the
OEP, thereby distinguishing the oxidation pathways for PFAS
degradation. For instance, the Ti/BDD electrode exhibits an
OEP of 2.8 V vs. SCE, and its high OEP enables preferential
indirect oxidation via -OH generated from water oxidation to
mineralize long-chain perfluorocarboxylic acids (PFCAs).**
Cyclic Voltammetry (CV), through scan rate-dependent analysis,
reveals the adsorption mechanism and electron transfer
kinetics of PFAS on the electrode surface, which is crucial for
evaluating the redox characteristics of electrodes. For example,
the hexadecyltrimethylammonium bromide(CTAB)-
functionalized CNT electrode shows a characteristic reduction
peak of PFOS at —0.58 V vs. Ag/AgCl, and the peak current
correlates linearly with the scan rate, confirming that cationic
surfactants regulate the interfacial electron transfer of PFAS via
electrostatic adsorption.*® Electrochemical Impedance Spec-
troscopy (EIS), by fitting equivalent circuit models, accurately
characterizes the charge transfer resistance (R.) and mass
transfer processes at the electrode/solution interface. For
instance, the F/Sb co-doped Ti/Sn-Sb/SnO,-F-Sb electrode
reduces R, to 85 Q cm® by forming Sn-O-F bond defects,
enabling efficient electron transfer for PFOS degradation.*® The
interfacial properties of electrodes are critical for PFAS
electrochemical degradation. Future designs should balance
high OEP, low impedance, and anti-dissolution performance of
electrode materials to achieve efficient and stable PFAS
mineralization.

2.2 Analysis of reaction intermediates

Precise quantification of defluorination efficiency and identifi-
cation of intermediate products are key indicators for evalu-
ating PFAS treatment technologies. The fluoride ion-selective
electrode (F -ISE) has emerged as the preferred method for
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continuous monitoring of F~ release due to its advantages of
simplicity and rapidity. Furthermore, ion chromatography (IC)
offers high sensitivity and anti-interference capability, making
it particularly suitable for the analysis of complex matrix
samples.’” Liquid chromatography-tandem mass spectrometry
(LC-MS/MS), with its superior separation and structural iden-
tification capabilities, identifies intermediates by resolving ion
peaks. For example, the detection of short-chain PFOS anions in
PFOS degradation provides direct evidence of a stepwise chain-
shortening mechanism driven by -OH radical attack on -CF,-
moieties.’® The detection of intermediates confirms that
degradation occurs via direct electron transfer-driven decar-
boxylation and C-F bond cleavage.*® Nuclear Magnetic Reso-
nance (NMR) spectroscopy provides direct evidence of
molecular structural changes during the defluorination
process. For instance, '°F NMR analysis reveals a shift in the
fluorine signal of the CF, groups in PFOA, moving from
—119 ppm to —116 ppm, attributed to altered electronic envi-
ronments after decarboxylation. This signal shift indicates
preferential cleavage of the C-F bonds adjacent to the carboxyl
group, confirming the occurrence of decarboxylation.*

2.3 Free radical identification

Accurate identification of reactive free radicals generated
during the electrochemical degradation of PFAS is crucial for
elucidating the reaction mechanisms, as these radicals are key
intermediates responsible for triggering the cleavage of C-F
bonds. Electron Spin Resonance (ESR) spectroscopy, as the
standard for direct detection of unpaired electrons, plays a core
role in radical identification. The characteristic signals of Cl-
and -OH observed in ESR spectra demonstrate their critical
roles in PFOA degradation, where Cl- triggers the initial reac-
tion and -OH participates in subsequent carbon chain
cleavage.”* Radical quenching experiments indirectly validate
the contribution of specific radicals through kinetic interven-
tion. This approach involves introducing selective quenchers
into the system and observing changes in degradation efficiency
and pathways.*”” The quenching experiments and ESR results
corroborate each other, revealing the degradation pathways of
PFAS and enabling efficient degradation.

2.4 Theoretical calculation

Theoretical calculation methods such as DFT and MD can
reveal the essence of reactions at the atomic/electronic scale.*®
In the study of electrochemical degradation of PFAS, these
methods can reveal the interaction between PFAS and elec-
trodes as well as reaction energy barriers, and clarify the
degradation mechanism. They can also predict the electronic
structure and catalytic activity of electrode materials, thereby
enabling the targeted design of high-efficiency catalysts.** In
recent years, theoretical calculations have become an important
tool in the research on the electrochemical degradation of
PFAS.*

DFT calculations play an irreplaceable role in revealing the
C-F bond cleavage mechanism, reaction energy barriers, and
reaction pathway prediction of PFAS.** By constructing
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electrode-pollutant composite models, DFT can accurately
simulate the adsorption configurations and adsorption energies
of PFAS on the electrode surface, map the reaction potential
energy surface, and gradually resolve the reaction energy
barriers while identifying the rate-determining step.*>*’

For instance, by calculating the C-F bond dissociation
energy (BDE), Souza et al. pointed out that in PFOA, the a-C-F
bond adjacent to the carboxyl group is more prone to cleavage
due to the inductive effect.*® In contrast, PFOS exhibits reduced
reactivity of its distal C-F bonds owing to the electronic effect of
the sulfonic group, which provides a theoretical basis for tar-
geted degradation strategies.”® Bentel et al. revealed the differ-
ence of C-F bond stability of different PFAS from the
perspective of bond energy through DFT calculations, and
showed the configuration and interaction of PFAS combined
with electrons from the perspective of spatial structure, which
together provided theoretical calculation evidence for the
chemical behavior of PFAS under the action of electrons (Fig. 2a
and b).” Zenobio et al calculated the interaction between
propylene and different PFAS using DFT, and confirmed that
the interaction between propylene and PFOS and PFBS was
more stable and the chemical activity of the formed system was
lower, while the interaction activity with PFOA was relatively
higher (Fig. 2¢).**

In terms of reaction kinetics, Biswas et al. employed a DFT-
based elementary kinetic approach to simulate the e,q~ medi-
ated defluorination process. Their work revealed that the
average free energy barriers of PFOA and PFOS are 2.70 k] mol "
and 8.16 k] mol ™", respectively. This demonstrates that PFOS
has lower reactivity due to a more compact solvation shell of
solvated electrons, and for the first time, identifies that this
process is governed by statistical kinetics rather than pure
thermodynamics.* Blotevogel et al., on the other hand, devel-
oped kinetic models for the reduction of PFAS by Fe®/Zn° via
DFT, noting that the electron transfer step is the RDS of
defluorination.> In the context of material design, Mohamed
et al. compared the adsorption energies of various PFAS on Fe°
surfaces using DFT, finding that functional groups exert
a greater influence on adsorption than carbon chain length.*
The study by Wang et al. demonstrated that a higher Ti**
content in Ti,O, anodes can enhance the adsorption of PFOS
and reduce electron transfer energy barriers. Meanwhile, only
pores with a diameter larger than 1.03 um exhibit electro-
chemical activity.”*** Ma et al., by combining computational
and experimental approaches, confirmed that MXene modifi-
cation can strengthen electrostatic and hydrogen-bonding
interactions between polyamide membranes and short-chain
PFAS, achieving a synergistic improvement in selectivity and
permeability.”® Furthermore, Zhang et al. uncovered via DFT
that the PFOA degradation pathway proceeds sequentially
through two steps: reduction by photogenerated electrons to
form C;F;; radicals, followed by reaction with superoxide
radicals to generate short-chain products. This work clarified
the critical roles of electrons and superoxide radicals.>® Ragha-
van et al. also observed that PFOA radicals undergo sponta-
neous decarboxylation in a vacuum environment, while the
aqueous solvation effect inhibits this process. Applying

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Calculation of C—F BDEs. (b) Structure of the adducts. Reproduced with permission.*® Copyright 2019, American Chemical Society. (c)

Frontier orbital distributions. Reproduced with permission.** Copyright 2022, Elsevier.

a potential of 3.08 V vs. the standard hydrogen electrode (SHE)
reduces the decarboxylation activation energy by 0.34 eV and
the reaction energy by 1.05 eV, with decarboxylation occurring
before defluorination.”” DFT calculations have revealed the
polarization effect of the interfacial electrostatic field on PFAS
molecules: a strong electric field alters the dipole moment
orientation of PFOA molecules, leading to polarization and
stretching of the carbon chain, which reduces the C-F bond
energy by up to 40%. Specifically, for the o-CF, group, the
energy barrier for nucleophilic attack by O,-~ decreases from
1.78 eV to 0.92 eV, providing a theoretical explanation for the
high defluorination efficiency observed experimentally.*®
Collectively, these studies demonstrate the systematic applica-
tion value of DFT, ranging from uncovering PFAS degradation
mechanisms at the electronic scale to guiding the design of
functional materials.>

© 2026 The Author(s). Published by the Royal Society of Chemistry

MD simulations, by capturing the diffusion and mass
transfer behaviors of PFAS at electrode interfaces, multi-
component interactions, and material interfacial dynamics,
reveal the adsorption mechanisms and time-dependent
processes of PFAS at the mesoscopic scale.®® MD simulations
further clarify how to facilitate PFAS degradation through
environmental regulation or material design, thereby over-
coming the limitations of methods like DFT in terms of system-
scale and dynamic spatial effects.*

By combining MD and DFT calculations, Wang et al
discovered  three  binding ~modes between  octa-
decyltrimethylammonium bromide (OTAB) and perfluoro-3-
methylundecanoic acid (PFMeUPA). Among these, the electro-
static and hydrophobic synergistic effect accounted for the
highest proportion and exhibited the lowest binding energy,
which was identified as the dominant adsorption mechanism

Chem. Sci., 2026, 17, 7843-7874 | 7847
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(a—c) Three types of adsorption modes between OTAB and PFMeUPA 5 Copyright 2023, American Chemical Society. Snapshots from

copolymer MD simulations: (d) PFBA/P(A) and (e) PFBA/P(AgoF31). Reproduced with permission.® Copyright 2023, American Chemical Society.

(Fig. 3a-c).”* Santiago et al. further validated this through MD
simulations and electrosorption experiments, revealing that
short-chain PFAS adsorb via both amino groups and fluorine-
containing groups, with the strength of electrostatic interac-
tions surpassing that of fluorophilic interactions.” As shown in
Fig. 3d and e, when there is no fluorine group in the material,
the groups containing amine will agglomerate, making it diffi-
cult for PFAS to contact the binding site. However, when the
proportion of fluorine groups increases to 31%, this agglom-
eration is prevented, the material structure is looser, and PFAS
can find the binding site more easily.’

From a thermodynamic perspective, the study by Willemsen
et al. noted that PFAS adsorption is an entropy-driven process,
and the entropy increase rises linearly with the number of CF,
segments. This indicates that the hydrophobic effect makes
a significant contribution to the adsorption of long-chain PFAS.*

Additionally, atomic-scale MD simulations by Lamb et al.
demonstrated that the pH of the solution exerts a strong
influence on the aggregation and adsorption behaviors of PFAS.
Under neutral conditions, the headgroups of PFAS undergo
deprotonation, and electrostatic repulsion leads to the forma-
tion of micelle-analogous assemblies that impede adsorption.
In contrast, at acidic pH, the headgroups become protonated,
electrostatic repulsion is reduced, and PFAS are more suscep-
tible to be fully adsorbed on the graphene surface in a stacked
manner.®” Collectively, these studies establish a systematic
understanding spanning molecular dynamic behaviors, inter-
facial interaction mechanisms, and external condition
regulation-highlighting the crucial role of MD simulations in
elucidating the environmental behaviors of PFAS.**

Theoretical calculations, leveraging the synergy and
complementarity of DFT and MD, have emerged as pivotal tools
for unraveling electrochemical PFAS degradation mechanisms

7848 | Chem. Sci, 2026, 17, 7843-7874

and guiding rational technology design. DFT can resolve reac-
tion pathways and activation barriers at the electronic scale,
whereas MD captures dynamic interfacial behaviors and mass-
transfer processes across broader spatiotemporal scales. Their
integration bridges electron-transfer events with macroscopic
kinetics, moving PFAS remediation from trial and error exper-
imentation toward mechanism informed optimization.*
Importantly, these theory tools also provide a direct data
foundation for Al-enabled HTS: automated DFT/MD workflows
can generate standardized descriptors and labels, such as PFAS
adsorption energies on candidate electrode surfaces, key C-F
bond cleavage and electron transfer barriers, interfacial
solvation/ion-pairing characteristics, and stability relevant
energetics, which are difficult to measure comprehensively in
experiments.®”* When combined with high-throughput experi-
mental outputs, such theory-derived features enable machine-
learning models to learn structure activity relationships, prior-
itize promising materials and operating windows, and itera-
tively refine predictions through experimental validation.*

3 Al enabled high throughput
screening for PFAS degradation

The exploration of electrode and catalyst remains a central
bottleneck for electrochemical PFAS destruction because perfor-
mance is jointly governed by PFAS adsorption at electrified
interfaces, kinetic barriers of key steps, reactive-species genera-
tion, suppression of side reactions, and long-term stability in
realistic matrices.*® As a result, conventional one by one material
optimization is often inefficient and provides limited guidance
for PFAS destruction.” Al-enabled HTS offers an alternative by
integrating large-scale experimental and theory derived datasets

© 2026 The Author(s). Published by the Royal Society of Chemistry
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with machine learning to identify and validate high potential
candidates in an iterative, closed loop manner.*®

In a PFAS oriented workflow, Al-enabled HTS starts from
generating mechanism relevant data at scale and then uses
models to guide the next experimental or computational steps.*
High throughput experiments can rapidly test material libraries
and operating windows using standardized electrochemical
protocols, while analytics such as LC-MS/MS and fluoride quan-
tification provide performance labels beyond PFAS removal,
including defluorination, current efficiency, and durability.” In
parallel, automated DFT/MD can supply descriptors that are
difficult to obtain comprehensively from experiments, such as
adsorption energies of representative PFAS on candidate
surfaces, as well as energetics associated with electron transfer
and C-F bond activation.” Combining these experimental labels
with theory derived descriptors enables supervised models to
learn quantitative structure activity relationships and to prioritize
candidates for validation.”

Fig. 4 illustrates the key idea of integrating intelligent
proposal with rapid feedback. It contrasts the traditional search
paradigm with a combined approach that uses a large language
model and an evolutionary strategy to propose and refine
candidate materials, followed by rapid preparation and high-
throughput electrochemical testing.”>”® In a PFAS context, the
same pipeline can be used to propose candidate anode/cathode
compositions or surface modifications, then quickly test them
under standardized PFAS degradation protocols, and iteratively
improve the candidate list based on measured removal,
defluorination, and stability.””

For example, when predicting the adsorption energy of PFOA
on candidate electrode surfaces,” a training set can be con-
structed based on DFT calculated adsorption energies across
representative surfaces,” defect states,30%* and
terminations,®* alongside concise material descriptors that
capture compositional and surface electronic properties.*” The
resulting model can screen large candidate pools and output
a ranked shortlist of materials predicted to exhibit strong PFAS
affinity.®® This shortlist can then be refined through targeted
calculations and validated via electrochemical degradation
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Fig. 4 (a) The traditional search method. (b) The Combined method
using LLM and genetic algorithm. (c) Schematic diagram of high-
throughput electrochemical testing. Reproduced with permission.”
Copyright 2025, Wiley-VCH GmbH.
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experiments.* Beyond single property predictions, the devel-
opment of PFAS electrodes is intrinsically multi-objective.?***
For EO anodes, a high OEP is required to suppress parasitic
oxygen evolution and broaden the usable oxidation window,
while adequate PFAS affinity promotes interfacial electron
transfer and maintains a reactive near-surface zone.**** There-
fore, model guided multi-objective screening aims to identify
optimal tradeoffs rather than a single best solution.**™’

To enable multi-objective optimization in PFAS electro-
chemistry, Al-enabled HTS is typically built as a workflow that
combines descriptor construction, predictive modeling, and
candidate generation.”® Feature engineering remains essential
because it translates intrinsic material properties into descrip-
tors that are directly relevant to PFAS destruction, such as PFAS
adsorption strength, OEP related characteristics for EO anodes,
energetics associated with electron transfer and C-F activation,
and stability proxies.”™*> Depending on the research objective,
different Machine Learning (ML) models can be deployed for
prediction, screening, and design.'®® For example, supervised
learning models trained on curated “composition/structure
performance” datasets are frequently used to rapidly predict
the performance of untested candidates.***

Fig. 5 highlights the complementary roles of different Al
tools in this workflow. Domain adapted language models can
support literature triage and structured extraction of PFAS
relevant conditions and outcomes (Fig. 5a),°*'* while graph
based learning can capture structure property relationships to
predict adsorption-related descriptors and redox-relevant
properties (Fig. 5b).”*'*® In addition, generative models can
propose new candidates wunder explicit performance
constraints.*””

Large Language Model (LLM) driven research frameworks
can further assist knowledge base construction and experi-
mental planning.®® Although some demonstrations have been
developed for other electrocatalytic reactions, they illustrate
a transferable literature to experiment pipeline that can be
adapted to PFAS electrochemistry for accelerating information
retrieval, suggesting plausible parameter ranges (Fig. 5¢).”%'*®

The key advantage of Al-enabled HTS is its closed loop iter-
ation.’ Through continuous feedback among experiments,
computation, and modeling, the screening strategy and model
accuracy can be progressively improved.™° In a typical cycle, an
initial dataset is used to train a model that proposes high
potential candidates. These candidates are then prioritized for
high-throughput testing and higher fidelity calculations, and
the resulting validation data are added back to update the
model."" Repeating this prediction validation update loop
accelerates convergence toward materials that meet target
performance criteria."**

Although challenges persist in terms of data, models, and
practical applications, with the continuous advancement of Al
technologies, the growing accumulation of data resources, and
the deepening of interdisciplinary collaboration, Al-enabled HTS
technology is expected to accelerate the development of PFAS
remediation materials and provide more effective solutions for
water resource protection and environmental pollution control.
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Reproduced with permission.®® Copyright 2025, Springer Nature. (b)
The research workflow for HTS of high-performance electrolyte
additive molecules. Reproduced with permission.” Copyright 2025,
Wiley-VCH GmbH. (c) LLMs-driven research framework for HER
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4 Electrochemical oxidation method
for PFAS degradation

Electrochemical oxidation (EO) is an advanced oxidation tech-
nology that directly or indirectly degrades pollutants through
electrochemical driving."'>'* By applying an external electric
field, it drives direct or indirect oxidation reactions of target
pollutants at the anode interface, thereby achieving their
degradation and mineralization. EO demonstrates distinct
advantages for the removal of PFAS, which are characterized by
exceptionally strong C-F bonds."® The efficacy of this tech-
nology hinges critically on the selection of anode materials and
the oxidation processes induced under high applied potentials.
On one hand, specific anode materials can generate highly
surface-adsorbed -OH or other potent oxidizing
species, depending on the electrolyte composition at their
surfaces.'® On the other hand, anodes possessing high oxygen

reactive,
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evolution overpotentials may facilitate the oxidation of PFAS
molecules adsorbed onto their surface through a DET mecha-
nism.""” These robust oxidation pathways effectively attack and
cleave the exceptionally stable C-F bonds within PFAS mole-
cules, resulting in their stepwise defluorination and ultimate
mineralization into harmless or low-toxicity inorganic end
products, such as CO, and F~ ions."® The efficiency and reac-
tion pathways of anodic oxidation are profoundly dependent on
key factors, including the catalytic activity and stability of the
electrode material, the composition of the electrolyte, and
operational parameters.” A deep understanding of the mecha-
nisms underlying these influencing factors and their interac-
tions is fundamental for optimizing EO processes, enhancing
PFAS removal efficiency, and improving energy utilization. This
section will systematically explore the core mechanisms, elec-
trode materials, and key influencing factors in the latest
research advancements regarding PFAS degradation via EO.

4.1 EO degradation mechanism of PFAS

The core mechanisms for degrading PFAS via EO include direct
oxidation and indirect oxidation.® These two pathways can
operate independently or coexist synergistically, depending on
the characteristics of electrode materials, electrolyte composi-
tion, and operating conditions. Direct oxidation relies on the
specific adsorption of PFAS on the anode surface, where DET
between the electrode and the adsorbed pollutants cleaves the
C-F bonds. Indirect oxidation depends on strong oxidizing
species generated at the anode, such as -OH and SO, . These
radicals diffuse into the bulk solution to attack PFAS molecules
non-selectively, with efficiency determined by the radical yield
and lifetime."*

The hydrophobic perfluorinated chains of PFAS easily bind
to the hydrophobic regions of electrodes through electrostatic
interactions, van der Waals forces, hydrogen bonds, etc.,
enhancing adsorption stability and optimizing electron transfer
pathways.'® Huang et al. revealed that in the amorphous Pd/
Ti,O; system, 1 conjugation further increased the adsorption
energy from —22.3 k] mol™" to —38.6 k] mol™'. EPR and free
radical probe experiments confirmed that almost no free radi-
cals, like -OH, were generated during the degradation process,
indicating that the degradation mainly occurred through direct
anodic oxidation. Therefore, the increase in adsorption energy
directly affects the efficiency of electron transfer.*

The adsorption energy of PFAS with electrodes is crucial, and
the high OEP of electrode materials is also key. Only when the
applied anode potential exceeds the redox potential of PFAS, DET
will occur, which effectively overlaps between the highest occu-
pied molecular orbital (HOMO) of PFAS and the conduction band
level of the electrode with high oxygen evolution potential, thus
forming a direct electron transfer channel. Electrons are trans-
ferred directly from the adsorbed PFAS molecule to the anode.*
Schaefer et al. verified that when the potential exceeds the
oxidation potential of PFOS, adding the strong -OH scavenger
tert-butanol has little effect on the degradation rate of PFOS. This
is completely consistent with the DFT-predicted DET pathway
that “does not require -OH mediation”."*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Wang et al. elaborated on the mechanism of electrochemical
degradation of PFOA using a Ti**/TiO,-NTA anode (Fig. 6). Due
to the pK, value of PFOA being approximately 0, under the
electrolysis experimental conditions, PFOA molecules are
almost completely ionized into C,F;5COO™.* This anion loses
an electron through DET on the anode surface, generating an
unstable C,F;5COO° radical, marking the initiation of the
degradation process (eqn (1)). Notably, Ti*" self-doping signifi-
cantly enhances the electrical conductivity of TiO, nanotubes,
while Ti-F bonds formed on the anode surface promote the DET
reaction through coulombic forces.*** The generated C,F,5COO’
radical immediately undergoes a Kolbe decarboxylation reac-
tion, producing a C;F;; radical and CO, (eqn (2)). This per-
fluoroalkyl radical (C,F;s) is attacked by -OH generated near
the anode, forming thermodynamically unstable C,F,50H (eqn
(3)). Subsequently, C,F,;s0H undergoes intramolecular rear-
rangement (eqn (4)) and hydrolysis (eqn (5)), breaking a CF,
unit and releasing HF. Through repeated “unzipping” cycles,
PFOA is ultimately mineralized into CO, and HF. The experi-
ment detected six short-chain PFCAs as intermediates, whose
concentrations first increased and then decreased, confirming
they serve as degradable intermediates. After 90 minutes of
electrolysis, the system achieved remarkable mineralization:
the total organic carbon (TOC) removal rate reached 93.3%, the
defluorination rate was 74.8%, and an average of 12.8 F~ ions
were released per degraded PFOA molecule.”” These data
strongly demonstrate that the electrochemical system efficiently
converts PFOA into inorganic end products.

C7F5CO0~ — C;F;5CO0 + e~ 1)
C;F5C00° = C;F; + CO, )
C7F'15 + .OH—>C7F15OH (3)

C7F15OH - C6F13COF + H+ + F~ (4)
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Fig. 6 Proposed degradation pathways of PFOA by electrochemical
oxidation. Reproduced with permission.*?> Copyright 2021, Elsevier.
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C()F13COF + Hzo i C6F13C007 + 2H+ + F (5)

Through experimental and theoretical calculations, Song
et al. confirmed that under NaCl-containing conditions, Cl- is
the key initial step triggering the degradation reaction of PFOA
rather than DET.*” The core mechanism involves the synergistic
action between Cl- and -OH. Experimental results demonstrate
that under these conditions, PFOA degradation efficiency
reached 89.4-94.9% within 480 minutes, with a corresponding
defluorination rate of 38.7-44.1%. The specific degradation
pathway is illustrated in Fig. 7a. Gibbs free energy (AG) calcu-
lations revealed that the AG for the Cl--initiated reaction was
65.57 k] mol ™, significantly lower than that for the -OH-
initiated reaction (162.65 k] mol~'). Consequently, the first
step of PFOA degradation is predominantly triggered by Cl-,
generating the intermediate C,F;5COO- (eqn (6)). In contrast,
the same reaction without radical involvement exhibited
a prohibitively high AG of 693.34 k] mol ', unequivocally
demonstrating that radicals are essential for effective PFOA
degradation (Table 1). The resulting C,F;5COO- subsequently
undergoes decarboxylation. This step exhibits an extremely low
activation energy barrier (AG*) of only 1.72 k] mol ?, facilitating
rapid carboxyl group removal from the long-chain PFOA to yield
the perfluoroalkyl radical -C,F;s, thereby initiating the carbon
chain cleavage process. The -C,F;5 radical, synergistically with
-OH, progressively undergoes chain-shortening, defluorination,
and hydrolysis reactions, ultimately forming short-chain PFCAs
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Fig. 7 (a) Scheme of the potential energy surface for the degradation
of PFOA. Reproduced with permission.*> Copyright 2023, American
Chemical Society. (b) Profile of the potential energy surfaces for the
electro-oxidation of C,F;sCOO™. Reproduced with permission.'?®
Copyright 2022, American Chemical Society.
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Table 1 Possible reaction pathways for the degradation of PFOA with their AG and AG* at the M06-2X/6-311++G(2d.2p) level of theory using

SMD as the solvation model*?

The possible reaction

AG (k] mol™) AG* (k] mol™)

C,F;5C00" — C,F;5CO0’

C,F5CO0™ + ClI' = C,F5CO0" + CI™
C,F;5CO0™ + -OH — C,F;5CO0" + OH~
C7F5CO0O° —C7F 5 + COy

C7F’15 + .OH—’C7F15OH

C;F50H + 2H,0 — Cg¢F13COF + HF + 2H,0
CegF13COF + 2H,0 — C¢F3COOH + HF + H,O

intermediates and further mineralizing. In summary, within
this mechanism, Cl- primarily facilitates the low-energy-barrier
initial activation, while -OH governs the subsequent low-
energy-barrier reactions involving chain cleavage, defluorina-
tion, and hydrolysis. The complementary functions of these two
radicals collectively enable the highly efficient mineralization
degradation of PFOA. This study provides a novel theoretical
foundation and insights for utilizing electrochemical technol-
ogies to remove PFAS from the environment.*

C7F15COO_ +ClI" — C7F15COO. + CI™ (6)
S,05> 222250, 7)
S04~ + -OH — SO, ™ + HSO,™ + 0.50, 8)

Chen et al., through DFT simulations and experimental veri-
fication, proposed that the electrochemical degradation of PFOA
is dominated by a direct oxidation pathway driven by holes. It
achieves rapid mineralization through the “decarboxylation-
hydroxylation-carbon chain cleavage” cycle and does not
produce the short-chain PFCAs recognized traditionally.** Fig. 7b
presents the reaction free energy change profile. The black parts
represent the steps shared by the major and minor pathways, the
red part represents the major pathway, and the blue part repre-
sents the minor pathway. In the major pathway, the AG* of each
step is extremely low (6.24, 1.7, 5.11, 13.3 k] mol '), and the AG
continuously decreases, with the reaction proceeding rapidly and
spontaneously: during decarboxylation, AG drops sharply by -
145.9 k] mol ", highlighting its core triggering role; in the alkyl
radical hydroxylation stage, AG drops directly from - 145.9 to -
565 k] mol ™", with no obvious energy barrier and completion in
an instant. In contrast, in the hydrolysis minor pathway, the
transition states (such as TS RIV-b, TS RV-b) have high energy and
large AG*, the reaction is slow, and only a small amount of short-
chain PFCAs are generated. Overall, it verifies the degradation
mechanism that “hole oxidation is the core driving force, -OH
assists, and hydrolysis is secondary”, and clearly presents the
thermodynamic and kinetic differences as well as the primary-
secondary relationships of different pathways.

Zhao et al. innovatively proposed the electrochemical acti-
vation mechanism of persulfate (PS) in the BDD/PS system for
the degradation of PFAS."* The electrooxidation of PFAS initi-
ates from DET on the surface of BDD. Subsequently, under the
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693.34
65.57 80.93
162.65 330.16
—141.28 1.72
—412.92 No barrier
20.81 55.92
—39.08 114.29

action of reactive oxygen species (ROS), structural units of PFAS
are gradually removed, shortening the carbon chain, and ulti-
mately mineralizing into CO,, H,0, and F~ (Fig. 8a). On one
hand, PS can be directly activated to generate SO,"~ (eqn (7)).
On the other hand, -OH produced by the electrolysis of water
can also react with PS to form SO,"~ (eqn (8)). Compared with
-OH, SO, has a longer half-life and can efficiently degrade
PFAS within a wide pH range (2-8). Meanwhile, its strong
electrophilicity makes it more suitable for attacking the
hydrophobic perfluorocarbon chains of PFAS. In addition, the
BDD anode can promote the conversion of PS into a highly
reactive transition state PS* through discharge, enabling the
degradation of PFAS via a non-radical pathway. After activation
by the BDD anode, PS destroys the C-F bonds of PFAS with great
force through a synergistic action mode of radical and non-
radical pathways. Pierpaoli et al. also explained the electro-
chemical oxidation reaction pathways of PFOA and PFOS, and
the results are shown in Fig. 8b. PFOA undergoes direct electron
transfer to generate radicals, followed by decarboxylation, and
then undergoes gradual chain scission and defluorination upon
interaction with oxygen or hydroxyl radicals. PFOS undergoes
defluorination first, and then the sulfonic acid group decom-
poses, and the carbon chain is gradually shortened through
reactions with water and hydroxyl radicals. Eventually, both are
converted into inorganic products such as CO,, HF, and
SO427‘125

In direct oxidation, PFAS molecules adsorb onto the elec-
trode surface and undergo DET. This process aids in breaking
the C-F bonds, but it requires overcoming significant adsorp-
tion free energy barriers and high electrode potentials. In
contrast, indirect oxidation achieves the deep mineralization of
PFAS through non-selective radical attacks. However, it still
faces challenges in effectively cleaving C-F bonds. Given the
strength of C-F bonds, direct and indirect oxidation often act in
concert. Taking the BDD electrode as an example, it efficiently
degrades the adsorbed PFAS via the DET mechanism on its
surface, while the -OH radicals generated at the anode oxidize
the pollutants in the solution phase. This synergistic mecha-
nism of direct and indirect oxidation enhances the overall
degradation efficiency by up to 40% compared to single-action
pathways.'** Future research should focus on the kinetics of C-F
bond cleavage, the interfacial electron transfer mechanism in
synergistic systems, and the transformation pathways of highly
stable intermediate products.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Proposed degradation pathway of PFOA and PFOS in the BDD/PS system. Reproduced with permission.*?* Copyright 2024, Elsevier. (b)

The possible reaction pathway for the PFOA and PFOS. Reproduced with permission.*?® Copyright 2020, Elsevier.

4.2 Investigation of parameters in EO for PFAS degradation

4.2.1 Electrode materials. In the research on EO for PFAS
degradation, the properties of anode materials are critical
factors determining degradation efficiency and reaction path-
ways.'*® From the perspective of electrochemical degradation of
PFAS, electrode microstructure and surface chemistry should be
designed to address three intrinsic challenges: interfacial pre-
concentration, mass-transfer limitation at trace concentrations,
and the trade-off between strong affinity and surface deactiva-
tion. PFAS molecules are amphiphilic and often exist as anions
in water, which makes their interfacial enrichment highly
sensitive to surface charge, hydrophobic, and local electric
fields. At environmentally relevant ng-pg L' levels, anodic
oxidation frequently becomes transport-limited. Therefore, 3D
porous or flow-through architectures can improve PFAS flux to
reactive sites and increase oxidant utilization. Meanwhile,
adsorption must be sufficiently strong to facilitate direct elec-
tron transfer or sustain near-surface radical chemistry, but not
so strong that intermediates poison the surface. These PFAS-
guided principles provide a mechanistic basis for interpreting
why doping, composite construction, and hierarchical porosity

© 2026 The Author(s). Published by the Royal Society of Chemistry

often enhance EO performance, and they should be considered
alongside OEP and stability when comparing anode materials.
Core parameters of different anode materials, such as elec-
tron transfer capacity, distribution of catalytic active sites, -OH
generation efficiency, OEP, interfacial reaction kinetics, and
chemical stability, directly regulate the mineralization effi-
ciency of PFAS and the distribution of intermediate products.
An ideal anode material must simultaneously satisfy the
following requirements: a high OEP to suppress competitive
oxygen evolution reactions, excellent chemical stability to adapt
to long-term operation in complex electrolyte environments,
and optimized surface properties to enhance PFAS adsorption
affinity and reduce electron transfer impedance. For these
reasons, materials such as BDD,"?” Magnéli phase Ti,O, PbO,,
and SnO, have become the focus of current research. A
systematic analysis of their performance differences (the
comparison of PFAS removal efficiencies shown in Table 2),
action mechanisms, and application potential is of key signifi-
cance for advancing the development of EO technologies."®
BDD electrodes demonstrate significant advantages in PFAS
treatment due to their wide potential window, high OEP, and
unique dual degradation mechanism combining DET with
synergistic indirect -OH oxidation.'”* The BDD anode itself has
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Fig. 9 (a) SEM of BDD. Reproduced with permission.*** Copyright

2024, Elsevier. (b) SEM images of BDD, BDD/SnO,, BDD/PbO,, and
BDD/SnO,—F, respectively. (c) Degradation ratios and the first-order
kinetics analysis. Reproduced with permission.*?® Copyright 2019,
Elsevier.

high chemical stability and is not easily corroded. As shown in
Fig. 9a, Zhao et al. compared the surface structure of the BDD
anode in its original state with that after the EO process, clearly
demonstrating the performance advantages of the BDD
anode."” Zhuo et al. prepared four kinds of electrodes, BDD,
BDD/SnO,, BDD/PbO, and BDD/SnO,-F, and their morphol-
ogies are shown in Fig. 9b respectively.’” Among them, BDD/
SnO,-F has finer and dispersed surface particles due to the
introduction of fluorine. This change in morphology and
material is crucial to the degradation performance. Through
finer dispersed particles, it increases the specific surface area
and OEP, and can more efficiently adsorb and degrade 6:2
chlorinated polyfluoroether sulfonate (F-53B), so that its
degradation rate of F-53B can reach 95.6% in 30 minutes,
which is much better than other electrodes (Fig. 9¢).** Olvera-
Vargas et al. confirmed through DFT calculations that GenX
requires overcoming an energy barrier of 3.2 eV (E° = 3.65 V vs.
SHE) for oxidation in acidic media. The upper limit of the BDD
electrode’s potential window (approximately 3.0 V vs. SHE) is
significantly higher than that of Pt (1.9 V vs. SHE), thermody-
namically satisfying the conditions for DET reactions.'**
Simultaneously, at high potentials, BDD generates surface-
adsorbed -OH via the water discharge reaction, effectively
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enhancing indirect oxidation while suppressing electrode
poisoning caused by intermediate product adsorption. This
dual mechanism, “DET-initiated C-F bond cleavage followed by
surface -OH-mediated deep mineralization,” is key to its effi-
cient PFAS degradation. Optimizing the electrode's micro-
structure is crucial for enhancing BDD degradation efficiency.**
Saleh et al. found that the degradation rate of PFBA-C4 was only
14% after 6 hours using a planar BDD electrode, whereas
a mesh-plate composite electrode ((M + P)-BDD) achieved 97%
degradation within 4 hours at 20 mA cm ™2, This disparity stems
from the three-dimensional mesh structure of (M + P)-BDD,
which increases the specific surface area to promote greater
-OH generation through water ionization while reducing
surface resistance, significantly optimizing reaction kinetics.
For degrading PFHXA-C6, the removal rate achievable with P-
BDD at 20-25 V was attained by (M + P)-BDD at only 6-8 V,
effectively reducing voltage loss and energy consumption. This
indicates that electrode structural design can fully unlock the
application potential of BDD in PFAS degradation.™®

Compared with the costly BDD anode, titanium suboxide
(TSO) has significant cost advantages (approximately $0.36/m?),
a high OEP (>2.5 V vs. SHE), good electrical conductivity
(~1000 S ecm ™), and excellent chemical stability. It is regarded
as a powerful alternative to traditional anodes such as BDD in
the field of EO degradation of PFAS. Moreover, the preparation
process of TSO anodes usually avoids the use of toxic dopants
like Sb and Pb, further reducing environmental risks.>**” Under
neutral pH conditions, the degradation selectivity of TSO for
PFAS is generally higher than that of BDD electrodes, which
helps reduce the oxygen evolution reaction (OER) side reaction.
Theoretical calculations by Wang et al. showed that the energy
barrier for C-S bond cleavage of PFOS on Ti,O; is lower than
that on TisO,;. Experiments have confirmed that, benefiting
from the higher Ti** content and optimized pore size, Ti O,
anodes have more advantages in PFOS degradation efficiency
and energy efficiency (Fig. 10a).** A study by Gomri et al. using
a Ti,O,-based reactive electrochemical membrane (REM) anode
showed that increasing the current density and feed concen-
tration, and reducing the REM flux can effectively improve the
PFOA removal rate.**® Le et al. used an energy-saving Magnéli
phase Ti,O,-REM anode to treat PFOA and PFOS, which not only
achieved a high removal rate but also had an low energy
consumption. The high specific surface area and flow-through
operation of this technology significantly enhanced mass
transfer and reaction rates.?”

The high overall porosity and interconnected porous
network structure of Ti,O; electrodes significantly promote
mass transfer of PFAS and increase the reaction area. Combined
with its large electroactive surface area and low local current
density, high electrolysis efficiency can be achieved. The
macroporous Magnéli phase Ti,O, ceramic anode prepared by
Lin et al. has an electroactive surface area 1302 times larger than
its geometric area (Fig. 10b).*** This anode, which combines
a high OEP (2.7 V vs. SCE), significant -OH generation capacity,
and DET capability, exhibits a higher oxidation rate for PFOA/
PFOS than Ce-doped PbO, and Ti/BDD electrodes(Fig. 10c).**®
Despite these significant advantages, Ti O electrodes still face

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) Energetics of PFOS with TizO; and TigO,7 clusters.>*
Copyright 2021, Elsevier. (b) TizO; ceramic materials. (c) Concentra-
tion changes during the electrooxidation process. Reproduced with
permission.**> Copyright 2018, Elsevier. (d) SEM image of the fabricated
(Til-xCex)407 (x = 3%) electrode and corresponding EDX elemental
mappings, and the concentration change of PFOS oxidation. Repro-
duced with permission.3* Copyright 2021, American Chemical Society.

challenges such as low interfacial charge transfer rate and
insufficient -OH yield.*” Ti O,-based composite materials
designed through heterostructure construction and defect
engineering can further improve performance while maintain-
ing stability and low-cost advantages. For example, Lin et al.
introduced additional oxygen vacancies into Ti,O, electrodes
through Ce®" doping, which optimized the electronic structure,
reduced charge transfer resistance, promoted -OH generation,
and significantly enhanced electrocatalytic
performance(Fig. 10d).** The amorphous Pd-loaded Ti,O, elec-
trode developed by Huang et al. achieved efficient direct anodic
oxidation of PFOA by enhancing electron transfer and pollutant
binding capacity, and the degradation process was less
susceptible to quenching by common anions.*

In the field of EO for PFAS degradation, element doping,
material compositing, and porous structure design have
emerged as core strategies to enhance anode performance.
These strategies significantly strengthen the electrode's ability
to degrade PFAS by precisely regulating the material's electronic
structure, interfacial properties, and microtopography.

Element doping improves the degradation efficiency of PFAS
by modifying the electronic structure and surface abilities of
electrode materials. Rare earth element doping exhibits signif-
icant effects. For instance, Niu et al. found that doping rare
earth elements into titanium-based lead dioxide electrodes can
effectively increase the density of surface defects and the
content of reactive oxygen species, promote the activation of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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water molecules and the generation of -OH, while enhancing
the corrosion resistance and stability of the electrode, thus
greatly improving the adsorption and oxidation efficiency of
PFAS. The prepared Ce-doped porous nanocrystalline PbO,
electrode showed superior performance in treatment capacity,
degradation efficiency, and mineralization degree compared to
the Ti/SnO,-Sb electrode when treating C,~Cg PFCAs."** Non-
metallic element doping is also effective. Liu et al. designed
a B/N co-doped diamond (BND) electrode, which regulates the
electronic structure through the synergistic effect of B and N.**°
In addition, the PVDF-doped modified PbO, electrode, by
inhibiting grain growth and enhancing hydrophobicity,
extended the electrode lifespan to 45.75 hours, and the PFOA
degradation rate was improved to 92.1%.'*

Composite electrodes achieve performance complementarity
and synergistic enhancement by combining the characteristics
of different materials. The combination of highly catalytically
active metal oxides, such as MnO, and RuO,, with conductive
substrates like titanium mesh and graphite felt can synergisti-
cally promote the generation of -OH while ensuring good
conductivity and mechanical stability. The Ti*" self-doped TiO,
nanotube array (Ti**/Ti0,-NTA) anode prepared by Wang et al.,
which combines self-doping with a nanotube structure, ach-
ieved a PFOA degradation rate of 98.1%, a TOC removal rate of
93.3%, a defluorination rate of 74.8%, and an energy
consumption of only 7.6 Wh/L after 90 minutes of electrolysis at
a current density of 2 mA cm~2.*>> The Ti/SnO,-Sb-Bi anode and
Ti/TiO,—NTs/Ag,0/PbO, anode developed by Zhuo et al., by
integrating various materials and constructing multi-layered
interface architectures, electron transfer and the generation of
reactive oxygen species are further facilitated, allowing for the
efficient degradation of PFOA, PFOS, and their alternative
compounds.****** The Ti/Sn-Sb/SnO,-F-Sb electrode prepared
by Yang et al., through the co-doping of F and Sb combined with
a Sn-Sb interlayer, extended the electrode lifespan from 80.1 h
to 103.1 h, with a PFOS removal rate exceeding 99% within 120
minutes.**

Porous design enhances electrochemical reaction efficiency
by increasing the specific surface area of electrodes and
promoting mass transfer. The N-GS/CeO,@TisO; hetero-
junction composite membrane electrode prepared by Liang
et al. utilizes the porous structure and the “cementing” effect of
CeO, to achieve stable encapsulation of N-GS. Its high specific
surface area (3.2 m® g ') and defect sites accelerate charge
transfer, reducing the R, to 5 Q. In the EO of GenX, the
degradation efficiency reaches 97% within 120 minutes, and the
defluorination rate reaches 70-90% when treating actual
wastewater.”® The three-dimensional (3D) graphene-lead
dioxide (3DG-PbO,) composite anode developed by Duan et al.
optimizes the crystal size of PbO, through the 3D network
structure of 3DG and enhances -OH generation capacity. The
degradation rate constant of PFOS by this anode is 2.33 times
that of the pure PbO, anode.*® In addition to such structural
designs, porous electrodes composed of different material
combinations also exhibit excellent performance.>**

It is crucial to emphasize that high PFAS removal efficiency
does not strictly equate to deep mineralization. Many modified
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anodes rapidly deplete parent PFAS molecules but yield low
defluorination ratios, indicating the accumulation of recalci-
trant short-chain intermediates. This discrepancy highlights
the necessity of matching the electrode's microstructural design
with the unique physicochemical properties of PFAS. Since
PFAS are amphiphilic molecules with highly stable per-
fluorinated tails, optimizing the interfacial wettability of the
electrode can forcibly drive these molecules into the Helmholtz
layer, thereby enhancing DET. Furthermore, simply increasing
the macroscopic surface area is insufficient. The rational design
of hierarchical porous structures introduces a spatial confine-
ment effect. These tailored microporous and mesoporous
networks not only selectively enrich PFAS through hydrophobic
interactions but also trap the generated ROS and intermediate
short-chain fragments within the confined microenvironment.
By significantly prolonging the residence time of intermediates
near the active sites, this microstructural regulation effectively
bridges the gap between superficial removal and ultimate
defluorination.

4.2.2 Electrolyte. In the current research on the degrada-
tion of PFAS by EO, the electrolyte system significantly affects
the degradation kinetics and mineralization depth by regu-
lating the generation of active species, interfacial electric field,
and mass transfer efficiency. It can be mainly divided into four
categories: chlorine-containing electrolytes, sulfate electrolytes,
inert electrolytes, and strong alkaline electrolytes, each with
distinct mechanisms of action and efficacy.

The core role of chlorine-containing electrolytes (such as
NacCl) is to enhance degradation by generating reactive chlorine
species (Cl-, ClO-, HCIO). Their oxidation potential (Cl-/Cl : E°
=2.4Vvs. SHE) is higher than that of - OH (E° = 2.0 V), enabling
efficient attack on C-F bonds. Meanwhile, CI~ can react with
-OH to form CIOH" ", which is then converted into Cl-, further

enhancing the oxidizing capacity.” However, their
(2) (b)
12 - 20
+— C4-PFBA
—&— C6-PFHxA
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[PFAS]/[PFAS]
o
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effectiveness is influenced by electrode materials. In the BDD
electrode system, the presence of Cl™ has less than a 20%
impact on the degradation efficiency of PFOA/PFOS, because
the generated perchlorates and other substances have limited
competition with the DET pathway.'*"'** Zhuo et al. found that
on Ti/PbO, electrodes, an appropriate amount of Cl~ (<10 mM)
increased the defluorination rate of F-53B from 72.9% to 77.4%,
but high concentrations of Cl™ could cause passivation of the
surface of electrodes such as PbO,. However, a drawback of this
system is the easy formation of toxic by-products like C10, ™, and
when the Cl™ concentration exceeds 10 mM, the amount of
ClO,~ produced is positively correlated with the degradation
efficiency of PFAS.*

Inert electrolytes (such as NaNO3, NaClO,), due to the lack of
participation of active anions, rely only on DET and indirect
oxidation by -OH, so the degradation rate of PFAS is usually
lower than that in systems containing active electrolytes."***
Their advantage is that they can avoid the formation of toxic by-
products like ClO,~, making them suitable for scenarios with
high requirements for product purity.

Different from chlorine-containing electrolytes, the role of
SO,>” in sulfate systems (represented by Na,SO,) is dual. On
one hand, SO,>~ may react with -OH to form S,05>" with
weaker oxidizing ability, resulting in a decrease in PFAS
degradation efficiency.” On the other hand, SO,> can be
electrochemically activated to generate strongly oxidizing SO,
(E° = 2.5-3.1 V), and at this time, the degradation rate of PFOA
is 2.3-3.4 times higher than that in systems with inert electro-
lytes (NaNO3, NaClO,)."**

The core role of strong alkaline electrolytes (such as KOH,
LiOH) is to enhance mass transfer by constructing a strong
interfacial electric field. For example, high concentrations of
OH™ can accumulate in the nanopores of the electrode, forming
a strong interfacial electric field, which increases the mass
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Fig. 11

(a) BDD electrodes for single-solute solutions of each PFCA. (b) Degradation effect of multi-solute model wastewater matrix. (c) Sessile

drop surface contact angle. (d) Schematic of hetero-micelle formation. Reproduced with permission.**® Copyright 2022, Elsevier.
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transfer coefficient of PFAS to the anode from 0.01 cm s~ to
0.03 cm s~ .'?* Extreme alkaline conditions (such as 8.0 M
LiOH) can also compensate for the potential gap through the
electric field, achieving complete defluorination of PFOS."*

In summary, different electrolyte systems affect the effi-
ciency of EO degradation through differentiated mechanisms,
and their selection needs to be comprehensively considered in
combination with degradation efficiency, by-product risks, and
practical application scenarios.

4.2.3 The properties of PFAS. The molecular structural
characteristics of PFAS, such as carbon chain length and func-
tional group type, as well as their existing forms, are the core
intrinsic factors determining the efficiency of EO degradation.*”
In-depth analysis of the correlation between these properties
and degradation efficiency has an important guiding value for
the precise optimization design of EO technology.

Unlike their long-chain counterparts, short-chain PFAS lack
a substantial hydrophobic tail, rendering conventional
adsorption mechanisms driven by hydrophobic interactions
highly inefficient. Consequently, these highly soluble molecules
easily escape the anodic oxidation zone before deep minerali-
zation can occur. Nienhauser et al. confirmed that the longer
the carbon chain, the easier the degradation of PFAS (Fig. 11a),
and that the long-chain PFAS will reduce the electrode contact
angle (Fig. 11c)."*° However, in multi-component systems, the
degradation of short-chain PFAS is significantly enhanced
because they co-aggregate with long-chain homologues to form
mixed micelles(Fig. 11b and d).**°

To address this challenge, electrode materials designed
specifically for short-chain PFAS removal should balance
hydrophobicity and hydrophilicity to facilitate both adsorption
and diffusion. For example, increasing the surface area and
incorporating functional groups such as hydroxyl, carboxyl, or
sulfonic acid groups can enhance the interaction with short-
chain PFAS, facilitating their concentration at the electrode
surface. Additionally, the use of porous carbon materials or
conductive polymers with controlled pore sizes can improve the
mass transfer of short-chain PFAS, providing better access to
reactive sites and improving degradation efficiency. The devel-
opment of electrode materials tailored for short-chain PFAS
degradation should focus on enhancing the adsorption effi-
ciency while maintaining high electrochemical activity for the
efficient generation of reactive species, such as hydroxyl radicals
or sulfate radicals, that are effective in breaking down these
more water-soluble contaminants.™®

Functional groups directly affect the difficulty of C-F bond
cleavage through electronic effects and spatial configurations.
For example, Wang et al. found that on TSO electrodes, the
degradation rate of PFOS containing sulfonic acid groups
(-SO3H) is higher than that of PFOA with carboxylic acid groups
(-CO,H). The core mechanism lies in the fact that the high
electronegativity of -SO;H can activate adjacent carbon atoms,
which is more conducive to the addition reaction of -OH free
radicals.” Steric hindrance can inhibit degradation efficiency.
GenX (Cg) containing —~CF; branches has a significantly lower
degradation rate (84.9%) than linear-structured PFOA (97.9%)
because the branches hinder the contact between the -CO,H
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and the electrode surface. In contrast, 6:2 FTCA has a degrada-
tion rate of up to 99.4% due to the presence of C-H bonds in its
molecule that are easily attacked by -OH, showing the optimal
performance.**

In multi-solute systems, the degradation rate of PFAS is
generally higher than that in single-solute systems. This
improvement is largely ascribed to the micellar structures
formed by mixed PFAS on the electrode surface, which effec-
tively reduces the electrode-solution contact angle. Conse-
quently, the contact between short-chain PFAS and the
electrode surface is significantly promoted, with their degra-
dation rate increasing by up to 30% compared to that in single-
solute systems.™® Even in complex mixed systems containing
multiple types of PFAS, although the degradation of PFOA (Cyg)
generates intermediates like PFBA(C,), the overall degradation
rate of the system remains higher than that of the corre-
sponding single-solute systems.'* In addition, the actual
properties of polluted water sources have a significant impact
on the electrochemical oxidation efficiency of PFAS. High elec-
trolyte concentrations in actual industrial wastewater usually
facilitate the generation of oxidants, thereby accelerating the
degradation of PFAS, and their removal efficiency may even be
higher than that in ultrapure water systems. However, when the
water body contains excessively high concentrations of organic
substances, these organics will compete with PFAS for active
sites on the electrode surface or oxidants, thereby inhibiting the
degradation efficiency of PFAS.'**

In summary, the initial properties of PFAS regulate EO effi-
ciency through multiple mechanisms. Long-chain PFAS
enhance degradation kinetics by virtue of their high adsorption
energy and the effect of improving interfacial wettability. The -
SO;H group accelerates reactions by activating adjacent carbon
atoms through its electronegativity. Mixed solute systems
produce a synergistic effect through the formation of surface
micelles. Considering the complex coexisting environment in
actual water bodies, efficient removal of PFAS can be achieved
by regulating extreme alkaline conditions or selecting specific
electrolytes to strengthen the interfacial electric field or free
radical pathways.

4.2.4 Electric current. As a core external factor influencing
the energy consumption of PFAS degradation by EO, the precise
regulation of current properties has become a key approach to
addressing bottlenecks including excessive energy requirement
and the challenge of eliminating short-chain PFAS in this
technology.”® *j* dominates degradation kinetics and efficiency
by regulating the rate of free radical generation and mass
transfer efficiency. In the low *j* region (<10 mA cm™?), the
reaction is kinetically controlled and follows a pseudo-first-
order model. In the high */* region (>30 mA cm ?), the reac-
tion shifts to mass transfer control and conforms to zero-order
kinetics. When *j* = 40 mA cm ™2, the - OH flux on the electrode
surface tends to saturate, enabling efficient and simultaneous
removal."*>'*® The synergistic optimization of system resistance
can significantly improve electrical conductivity, allowing effi-
cient PFAS removal even at relatively low ** while reducing
energy consumption.*
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Compared with continuous electrolysis, pulsed electrolysis
reconstructs the electrode microenvironment through periodic
on-off cycles of current, which can promote the reorganization
of the electrical double layer, renewal of the diffusion layer, and
regeneration of -OH, reduce electrode polarization, and thus
show significant advantages. For example, the defluorination
rate of PFOS can be increased to 1.5 times that of continuous
electrolysis, achieving complete defluorination in only 60 pulse
cycles, while energy consumption is significantly reduced by
approximately 5.256 kWh m?>. This is mainly attributed to the
inhibition of ineffective side reactions and the optimization of
charge transfer efficiency.**® Specific pulse parameters can
further enhance degradation efficiency.

In summary, strategies such as precise regulation of *j*,
adoption of pulsed electrolysis mode, and optimization of
system resistance can synergistically improve PFAS degradation
efficiency, promote deep removal of short-chain pollutants, and
significantly reduce energy consumption. Future research
should further explore the mechanisms by which different
combinations of current properties affect the degradation of
complex PFAS systems and promote the application and
transformation of these optimization strategies in practical
wastewater treatment engineering.

4.2.5 Other factors. pH value is a crucial regulatory
parameter in the research on the degradation of PFAS by EO.***
It determines the degradation efficiency and pathways by
influencing the generation efficiency of ROS, the existing forms
of PFAS, and the reaction processes on the electrode surface.
Under acidic conditions, it is beneficial to the generation of
SO, "~ and inhibits the OER, thereby significantly improving the
degradation rate. Meanwhile, PFAS mainly exists in protonated
form, which enhances its interaction with the electrode surface,
making it easier to trigger the key decarboxylation reaction and
achieve efficient degradation. For example, a study by Zhuo
et al. showed that the degradation rate of PFBS (C,) can reach
92.1%."** However, a strongly acidic environment also increases
the risk of electrode corrosion. In contrast, the high OH™
concentration under alkaline conditions can promote the
generation of -OH, and extremely alkaline conditions can even
form a strong interfacial electric field, improving mass transfer
efficiency.” But OH™~ will competitively occupy the active sites
of the electrode, inhibit the direct oxidation of PFAS, and
significantly trigger OER, leading to increased energy
consumption and decreased degradation efficiency."*> The
neutral pH condition faces the challenge that bicarbonate
(HCO; ™) and carbonate (CO5>") ions can quench free radicals,
resulting in reduced PFAS degradation efficiency."*® To sum up,
PpH value mainly dominates the EO degradation process of PFAS
by regulating the types and abundance of ROS, the ionization
form of PFAS, and its adsorption behavior on the electrode
surface. Therefore, in engineering practice and research, it is
necessary to accurately optimize the pH value of the reaction
system according to the specific characteristics of the target
PFAS and treatment requirements to achieve efficient and stable
degradation, providing a solid theoretical support and effective
technical path for addressing PFAS pollution.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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5 Electrochemical reduction method
for PFAS degradation

As an emerging technology, electrochemical reduction (ER) can
efficiently degrade C-F bonds in PFAS molecules through the
dissociative electron transfer (DET) model or indirect reduction
pathways, achieving deep defluorination and demonstrating
low energy consumption potential. Compared with EO, ER has
significant advantages in energy consumption control and
defluorination selectivity, and is particularly suitable for the
treatment of long-chain PFAS. Current research mainly focuses
on overcoming key technical bottlenecks such as hydrogen
evolution reaction (HER) competition, limitations of the
electrochemical stability window of solvents, electrode surface
passivation, secondary pollution, and low energy conversion
efficiency. Optimization approaches include precise design of
cathode materials, systematic analysis of reaction mechanisms,
and scientific regulation of reaction conditions. The ER
research on PFAS removal in recent years is shown in Table 3.

5.1 ER degradation mechanism of PFAS

In the ER of PFAS, the key difference between DET and indirect
reduction lies in the electron transfer pathway and the depen-
dence on catalysts.” DFT calculations indicate that efficient ER
of PFAS requires two key conditions: the applied potential is
lower than —2 V (vs. SHE), and the reaction transition state
energy barrier is less than 40 k] mol .

When investigating the ER mechanism of PFOA, Calvillo-
Solis et al. first revealed through reaction kinetics analysis that
this reaction follows a concerted reaction mechanism—electron
transfer and C-F bond cleavage occur simultaneously (electron
transfer coefficient « < 0.5), rather than a stepwise mechanism
where electron transfer and bond cleavage proceed sequentially
(¢ = 0.5) (Fig. 12a). The realization of this concerted mecha-
nism is closely related to the adsorption behavior of PFOA on
the electrode surface: the potential energy curve in Fig. 12b
shows that the adsorption of PFOA on the electrode surface can
significantly reduce the reaction activation energy barrier,
laying a thermodynamic foundation for the simultaneous
occurrence of electron transfer and C-F bond cleavage. From
the perspective of the specific reaction pathway on the gold
electrode surface (Fig. 12c¢), PFOA first adsorbs on the inner
Helmholtz plane of the electrode, then accepts electrons to
undergo a reduction reaction, accompanied by C-F bond
cleavage and defluorination; the generated intermediate species
further interact with water or OH™ to complete the subsequent
transformation.”* Through theoretical analysis of frontier
orbitals and electron density difference (Fig. 12d), the
researchers revealed the orbital energy distribution of PFOA
molecules, electron transfer sites, and the variation law of
molecular electron density after electron injection from the
perspective of electronic structure, which provides a key theo-
retical basis for clarifying the nature of electron transfer.*
Furthermore, the results of free energy calculation (Fig. 12e)
show that at a potential of U = —2.84 V s. SHE, the free energy
from PFOA reactants, transition state (TS) to reduction
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2024, American Chemical Society.

products, shows a gradual decreasing trend, which further
verifies the feasibility of this concerted reduction pathway from
a thermodynamic perspective.****>°

In addition, a study by Wang et al. first confirmed that C-F
bond cleavage can be achieved through DET alone, and clarified
that the C=C unsaturated structure in PFAS molecules is the
key to promoting C-F bond cleavage because it is more likely to
accept electrons, while saturated intermediates are difficult to
further defluorinate, which provides a new basis for under-
standing the structure dependence of PFAS degradation.®

Indirect reduction exhibits stronger universality in PFAS
degradation. It relies on the electrolysis of water on the elec-
trode surface to generate 'H and e,q , which achieve defluori-
nation through hydrogen-fluorine exchange and hydrogenation
reactions, requiring catalyst stabilization.**** Liu et al. via DFT
calculations demonstrated that the P sites of crystalline cobalt
phosphide (CoP) are more favorable for ‘H generation,
providing key reactive species for dehalogenation (Fig. 13a).
Fig. 13b shows that florfenicol (FLO) and its dehalogenated
intermediates can stably adsorb on the CoP surface, and the
higher the degree of dehalogenation, the stronger the adsorp-
tion, ensuring the continuous progress of the reaction. Fig. 13c
presents that the free energy reaction pathway of FLO dechlo-
rination on CoP is thermodynamically spontaneous
throughout, and each step is easy to occur.'® Together, these
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Society. (d) Proposed mechanisms for the HDF of PFOA on Rh/Ni
cathode. Reproduced with permission.*** Copyright 2021, Elsevier.

three aspects reveal the intrinsic mechanism of CoP efficiently
catalyzing FLO dehalogenation.*

In the process of decomposing PFOA by ER using a Rh/Ni
cathode, Zhu et al. verified that the core of the indirect reduc-
tion mechanism is hydrodefluorination (HDF). This mecha-
nism does not involve the direct transfer of electrons to PFOA
molecules; instead, it relies on active atomic hydrogen (H)
generated in situ at the cathode as a reducing agent to indirectly
mediate the cleavage and substitution of C-F bonds in PFOA
(Fig. 13d). The H stored in the Rh lattice nucleophilically attacks
the adsorbed PFOA molecules, gradually replacing the F atoms
therein. Under the attack of H, the C-F bonds break, F~ ions
detach, and C-H bonds are formed. This stepwise defluorina-
tion process is driven by the electrons continuously supplied by
the cathode to maintain the reaction momentum, ultimately
promoting the gradual degradation of PFOA into short-chain
fluorinated intermediates and F~ ions."*

Tan et al. from Westlake University found that the mechanism
dominated by e,q " is the core pathway for the current cathodic
reduction of PFAS. As the strongest reducing agent, e,q~ (E® =
—2.87 V vs. SHE) can efficiently break C-F bonds. Further clari-
fication using Marcus' theory and DET calculations shows that
the activation free energy of electron transfer (ET) is much higher
than that of the defluorination step, confirming that ET is the
rate-limiting step rather than the direct cleavage of C-F bonds.
The activation free energy of ET depends on the molecular
structure of PFAS. For example, the CF,COO ™ group and the long-
chain region are more likely to accept electrons, while ether
bonds or short chains will hinder electron transfer.'*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Both DET and H pathways have also been confirmed to
participate in the reaction synergistically. Grunfeld et al. found
that the activated carbon cathode can directly transfer electrons
to PFAS through surface functional groups at a potential of
—1.4 V vs. SHE, while atomic hydrogen generated by hydrolysis
assists in defluorination.**

The catalytic synergistic mechanism is enhanced through
the surface modification of electrode materials, with the core
being the regulation of reaction pathways by introducing cata-
Iytically active sites. For example, the molecular copper
electrocatalyst designed by Sinha et al can achieve a 93%
degradation rate and 99% defluorination rate of PFOA through
4-hours cathodic controlled current electrolysis at room
temperature, with a current-normalized pseudo-first-order rate
constant as high as 3.32 L h™" A™", which is far superior to
traditional high-temperature, high-pressure, or high-energy-
consuming processes.” The nickel catalyst designed by Doi
et al. can drive the multi-step C-F bond cleavage of per-
fluoroalkyl aromatics under mild conditions of 60 °C without
extreme reaction environments.'®> The cobalt complex designed
by Liu et al. can target the cleavage of low-bond-energy tertiary
C-F bonds in branched PFAS, achieving 16/19 C-F bond
cleavage.' Different metal active centers exhibit varying effects
on PFAS reduction. Therefore, it is necessary to further screen
metals with high activity, such as exploring new transition
metals or their combinations. By altering the oxidation state
and ligand environment of metals, their adsorption and acti-
vation capabilities for C-F bonds in PFAS can be adjusted to
enhance catalytic efficiency and selectivity. In addition, the
catalytic performance can be optimized by controlling the
morphology, particle size, and pore structure of the catalyst.
Preparing nano-sized catalysts increases the specific surface
area and the number of active sites; designing porous structures
facilitates the diffusion and mass transfer of PFAS molecules,
thereby improving reaction efficiency. Furthermore, construct-
ing composite catalysts by combining materials with different
functions, leveraging their respective advantages, enables effi-
cient and selective reduction of PFAS.

5.2 Investigation of parameters in ER for PFAS degradation

5.2.1 Electrode materials. The selection of cathode mate-
rials plays an important role in the efficiency of the ER of PFAS.
The physicochemical properties of PFAS impose additional
microstructure requirements because many target PFAS are
anionic and experience electrostatic repulsion near negatively
polarized cathodes. Effective ER therefore benefits from inter-
facial preconcentration strategies that combine hydrophobic
interactions with cationic/ion-pairing motifs, enabling PFAS to
access electron-rich sites. Porous conductive networks can
further increase the density of reactive interfaces and tune local
environments that control the generation and lifetime of key
reducing species, while catalyst site design should balance
selective C-F activation against competing HER.

Carbon-based materials have garnered significant attention
owing to their low cost and scalability for practical applications.
Activated carbon, one of the most commonly used cathode

© 2026 The Author(s). Published by the Royal Society of Chemistry
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materials, possesses an enormous specific surface area and is
capable of offering abundant active sites for PFAS adsorption
and ET." However, the electrical conductivity of activated
carbon is relatively limited. The granular activated carbon (GAC)
cathode can achieve partial defluorination of 6:2 fluorotelomer
without a catalyst at a potential of 10 V, but the defluorination
rate is low.** Carbon nanotubes (CNTs), on the other hand,
enrich PFAS and electron donors through the confinement
effect, promote the generation of hydrated electrons under UV
synergy, and the defluorination rate can reach more than 80%
and can be reused 5 times.'*

Metal electrodes have also been extensively studied. Hughes
et al. used a BDD anode and Cu, Ti, and Au cathodes, separating
oxidation and reduction reactions through an H-type electro-
lytic cell containing an agar membrane. The results showed that
electrochemical reduction contributed significantly to the total
degradation of GenX, accounting for 52% with the Cu cathode,
66% with the Ti cathode, and 92% with the Au cathode.***

In recent years, modified electrodes have become a research
hotspot. For example, cathodes modified with quaternary
ammonium salt surfactants can surmount the electrostatic
repulsion between anionic PFAS compounds and the cathode
through hydrophobic interactions and electrostatic interac-
tions, promote the adsorption of PFAS on the cathode surface,
and significantly improve the reduction efficiency. Wang et al.
studied the ER system equipped with a quaternary ammonium
surfactant-functionalized cathode for the degradation of
PFMeUPA. At —1.6 V (vs. Ag/AgCl), the cathode modified with
OTAB achieved a removal rate of 99.81% and a defluorination
rate of 78.67%. Among them, PFMeUPA is initially adsorbed on
the modified cathode surface through hydrophobic and elec-
trostatic interactions. DET induces the cleavage of C-F bonds,
and the C=C structure of PFAS contributes to the fragmenta-
tion of C-F bonds. The degradation pathway comprises
sequential reductive defluorination and hydrogenation. This
work uncovers the critical role of quaternary ammonium
surfactants in electron transfer and electrocatalytic perfor-
mance, providing an innovative strategy for remediating PFAS-
contaminated groundwater.>

While surfactant modifications partially mitigate this issue
by promoting hydrophobic interactions, achieving true
defluorination requires a deeper microstructural intervention.
Constructing 2D layered confinement structures, such as MX-
enes or hierarchically structured carbon networks, offers
a microenvironment where local electrostatic fields and steric
effects are drastically altered. These interlayer channels or
molecular-level pores act as nanoreactors. When PFAS mole-
cules intercalate into these confined spaces, the spatial
restriction prevents the premature desorption of partially
hydrodefluorinated intermediates. Consequently, the local
concentration of both the target pollutants and reactive species
is maximized, ensuring that stepwise C-F bond cleavage is
driven to completion, ultimately advancing the process from
preliminary parent compound removal to comprehensive
structural destruction.

In addition to surfactant modification, researchers have
further optimized electrode performance by means of loading

Chem. Sci., 2026,17, 7843-7874 | 7863


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc09459c

Open Access Article. Published on 16 March 2026. Downloaded on 6/21/2026 4:16:10 PM.

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

(cc)

Chemical Science

nanocatalysts on the electrode surface and preparing composite
material electrodes. Graphene, with its unique electronic
structure and high specific surface area, can improve the elec-
tron transfer performance of electrodes and show good appli-
cation prospects. For instance, loading transition metal
nanoparticles on graphene electrodes can not only enhance the
electrical conductivity of the electrodes but also provide more
catalytically active sites, thereby improving the degradation
capacity of PFAS. For example, Li et al. prepared reduced gra-
phene oxide aerogels (rGA) using a microbubble template
method, and loaded Fe;O, and Cu nanoparticles to obtain
Fe;0,-TGA and Cu-rGA as cathodes. These cathodes were
combined with BDD electrodes to construct a heterogeneous
Fenton-like system. Through the synergistic effect between rGA
loaded with Fe;O, or Cu NPs and BDD electro-oxidation, the
abundant active sites promoted the generation of -OH. In
combination with the BDD anode, which has a high OEP, a wide
electrochemical window, and an inert surface without
secondary pollution, the synergistic effect of the two enabled
the removal rate of PFOA to reach over 98% within 360 minutes
and complete removal within 720 minutes, with the F~ gener-
ation rate exceeding 60%. Moreover, the energy consumption
and cost are relatively low.">

Zhang et al. explored that the ZIF-67 modified cathode could
achieve a defluorination rate of 97.16% at a voltage of —1.2 Vvs.
Ag/AgCl. Its core advantage lies in the efficient catalytic gener-
ation of H by the Co-N structure, which promotes defluorina-
tion through the synergistic effect of direct reduction and H-
mediated indirect reduction. The introduction of carbon black
enhances the electrical conductivity and adsorption perfor-
mance of the electrode. DFT calculations confirmed that the
Co-N structure with low nitrogen content is more conducive to
the generation and adsorption of H, providing a new method for
the efficient removal of short-chain PFAS.™*

Loading nanoparticles such as precious metals or transition
metals on the electrode surface can utilize the high catalytic
activity of metals to effectively reduce the activation energy of
the reaction, accelerating the cleavage of C-F bonds and the
mineralization of PFAS.**® In addition, after introducing non-
precious metal catalysts into the electrode system, they can
achieve efficient adsorption and catalytic oxidation of PFAS by
virtue of their special electronic structure and surface
properties.

5.2.2 Other factors. Short-chain PFAS, with their lower
molecular weight and greater hydrophilicity compared to long-
chain counterparts, exhibit reduced adsorption at cathode
surfaces and are less likely to accumulate at reactive sites. This
presents a challenge in ensuring efficient electron transfer and
reduction under typical experimental conditions. To optimize
ER for short-chain PFAS, electrode materials must incorporate
features that enhance both adsorption and reactivity. The
development of materials with high surface area and modified
surface chemistry can improve PFAS adsorption, especially by
introducing functional groups that enhance the interaction
with the hydrophilic headgroups of short-chain PFAS. Addi-
tionally, incorporating conductive polymers or ion-exchange
materials that can promote selective adsorption of anionic
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species and facilitate the generation of e,q~ or -H species will
enhance the reduction process. It is also important to optimize
the cathode's microstructure to allow for fast mass transport
and prevent blocking of reactive sites by large volumes of water
or competing ions. By adjusting these parameters, ER elec-
trodes can be more effective at breaking down short-chain PFAS
at low concentrations, offering a promising solution for tackling
these challenging contaminants.

The structural characteristics of PFAS molecules affect ER
efficiency. Their specific functional groups significantly influ-
ence their electron-accepting capacity and reaction pathways.
For example, PFAS containing C=C structures can promote the
cleavage of C-F bonds and accelerate the reduction reaction. In
addition, intermediate free radicals generated in the ER can
further react with PFAS molecules, promoting the defluorina-
tion process. The electron cloud distribution on the cathode
surface and the spatial configuration of PFAS molecules directly
affect ET efficiency and reaction selectivity. Theoretical calcu-
lations reveal the microscopic interaction mechanism between
PFAS and the electrode surface by simulating molecular orbital
interactions. At high concentrations, PFAS tend to form
micelles/semi-micelles, which reduce mobility and hinder
degradation. Therefore, it is necessary to control the concen-
tration or optimize the electrode surface to enhance adsorption.

The type and concentration of electrolytes are crucial for
solution conductivity, the generation of active species, and
reaction kinetics. When Na,SO, is used as the electrolyte,
electrochemical activation can generate SO,"~ and -OH, which
participate in PFAS degradation. Inert electrolytes need to have
a high ionic strength and a wide potential window. Studies have
shown that Na,SO, is more effective than NaClO, and has less
environmental impact. For example, Saleh et al. systematically
studied the effects of 17 types of saltwater electrolytes on the
electrocatalytic conversion of PFOA, confirming that the
increase in electrolyte concentration and conductivity acceler-
ates degradation. The addition of CI™ has no significant effect,
while NO; ™ reduces efficiency. The degradation of PFOA is not
affected by the pH of the bulk solution, and there is a good
correlation between conductivity and degradation rate,
providing an important basis for electrolyte optimization.
Mixed electrolytes can balance cost and efficiency, but it is
necessary to avoid the generation of chlorine-oxygen free radi-
cals (-ClO) that may cause side reactions.'*’

The pH value affects the existing forms of PFAS and the
charge properties of the electrode surface. Alkaline conditions
inhibit HER, and OH~ will participate in the reaction to
generate superoxide free radicals, which affects the degradation
products and degradation efficiency. Acidic conditions enhance
hydrophobic interactions, and some PFAS are more likely to
gain electrons and be reduced, but it is necessary to balance the
dissociation state of PFAS.

A higher ** can provide more electrons per unit time, which
can accelerate the rate of the reduction reaction in the initial
stage.*® However, an excessively high ** will trigger side reac-
tions such as HER, consuming electrons and reducing the
energy efficiency of PFAS degradation.®* Studies by Ma et al.
showed that when a direct current of 0.3 V was applied, the
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removal rate of PFOA reached 63.2%, and when the voltage was
0.8 V, the removal rate increased by 2.7%. The effective
enhancement of PFAS removal was achieved by strengthening
electron transfer.'®®

In addition, reaction temperature and other coexisting
substances in the solution can also affect the degradation
process. Increasing temperature can accelerate the molecular
movement rate and promote mass transfer, but it is limited by
electrode stability and energy consumption.®® However, exces-
sively high temperatures may lead to intensified side reactions.
Coexisting substances may compete with PFAS for active sites
on the electrode surface and change the structure and proper-
ties of PFAS through chemical reactions, thereby affecting the
degradation effect. Zeidabadi et al. explored the impact of
organic and inorganic components such as natural organic
matter (NOM), ClI7, NO;~, and HCO;  on the degradation
process. The results showed that NOM and Cl™ would inhibit
PFAS degradation, while NO;~ and HCO;  had little effect on
degradation but significantly reduced defluorination
efficiency.'®

ER technology provides an efficient solution for PFAS
degradation through the synergy of multiple pathways domi-
nated by hydrated electrons, assisted by DET and atomic
hydrogen. The design of electrode materials has expanded from
precious metals to single-atom catalysts and carbon-based
materials, taking both efficiency and cost into account. The
optimization of electrolytes and the selection of potential
windows can inhibit side reactions and improve defluorination
selectivity. Future research should focus on developing anti-
pollution and long-life electrodes, and further explore the
impact mechanism of complex matrices in actual water bodies
on the reduction pathway.

6 Combined technologies for PFAS
degradation

In addressing PFAS pollution, single electrochemical technol-
ogies have various limitations, often facing issues such as high
energy consumption, poor selectivity, numerous side reactions,
and interference from coexisting substances.'”® However,
combined systems can effectively overcome these challenges by
integrating different technologies with electro-oxidation or
reduction, such as nanofiltration, adsorption,"”* electro-
coagulation,'” photocatalysis, Fenton's method,"”* or
through innovations in electrode/system design,"”® These
combinations not only reduce the overall cost but also lower the
concentration of harmful by-products generated after PFAS
degradation, achieving good treatment effects on groundwater
with different conductivities and PFAS pollution of varying
degrees,* Table 4 summarizes the research on the degradation
of PFAS by the combination of electrochemical technology and
other technologies in recent years.

The treatment efficiency can be improved by adjusting the
electrode layout or utilizing reaction by-products. For example,
the AO/Rotation system proposed by Wan et al. rotates the
electrode direction by 90°, leveraging hydrogen bubbles
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produced via the cathodic hydrogen evolution reaction to
deliver PFOA to the anode, thereby enhancing its oxidative
degradation. Experimental results demonstrated that at a N,
flow rate of 100 mL min ', the defluorination efficiency
increased from 31% to 100% within 3 hours. Notably, the
energy consumption was merely half that of the direct anodic
oxidation (AO) process, while secondary pollution induced by
aerosol emission was effectively avoided. This system achieved
performance breakthroughs and cost reduction merely by
adjusting the spatial layout of electrodes and utilizing natural
bubble behavior, without the need to develop new electrode
materials (Fig. 14a—c)."”®

Other studies have combined multiple treatment processes
to leverage the advantages of different technologies. Shi et al.
adopted a method combining EC and EO to treat PFAS. First,
the EC process removes pollutants such as organic matter and
heavy metals in wastewater, and uses cations generated by the
dissolution of the zinc anode to form hydroxyl complexes that
adsorb PFAS.' Under specific conditions, the generated foam
can also promote the separation of PFASs, completing the initial
concentration. In the subsequent EO stage, the Ti,O; anode is
used to degrade the concentrated PFAS through direct electron
transfer and hydroxyl radicals. This process can efficiently
separate, concentrate, and degrade PFASs in groundwater and
wastewater.””” Because the traditional method needs to go
through multiple separation processes such as adsorption,
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Fig. 14 (a) Schematic diagram of the AO system, AO/Rotation system.
(b) Time profiles of PFOA removal. (c) TOC removal. Reproduced with
permission.*”¢ Copyright 2023, American Chemical Society. (d) Sche-
matic illustration of the redox-polymer ED system. Reproduced with
permission.?® Copyright 2024, Springer Nature.
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filtration, ion exchange, etc., and the long chain and ultra short/
short chain PFAS should be treated separately, followed by
defluorination, the process is very cumbersome. Kim et al.
Comparatively studied the redox polymer electrodialysis
system, which can treat PFAS while desalting through the
synergistic effect of electrosorption and ion migration
(Fig. 14d).>**” Soriano et al. proposed a strategy of first sepa-
rating via NF and then electrochemically degrading the NF
concentrate. Using a DowFilm NF270 membrane under a pres-
sure of 20 bar, the rejection rate of PFHxA reached 99.4%, and
the volume was reduced by 5 times in the concentration mode.
Subsequently, a commercial electrochemical cell with bipolar
BDD electrodes was used to treat the NF retentate. With
a current density of 50 A m~?, the degradation rate of PFHxA
reached 98%, the total organic carbon removal rate exceeded
95%, and the energy consumption was 15.2 kWh m?®. This
demonstrates the considerable potential of the combination of
membrane separation and electrochemical oxidation in
addressing PFAS-contaminated water.

The Trzcinski team conducted studies on the treatment of
PFAS by combining Graphite Intercalation Compound (GIC)
adsorption with electrochemical oxidation in 2023 and 2024,
respectively. In 2023, targeting PFOS, they adopted the method of
GIC adsorption combined with EO. The adsorption of PFOS by
GIC conformed to the Langmuir model, with a capacity of 53.9 ug
g, reaching equilibrium within 20 minutes. Adsorption was
achieved through hydrophobic interactions and other mecha-
nisms, resulting in a 99% removal rate of PFOS. However, the
degradation produced short-chain by-products, making complete
degradation difficult.*®* In 2024, the research was extended to
PFOA and PFBS. The adsorption capacities of GIC for the three
substances varied significantly: 53.9 ug g~ * for PFOS, 22.3 ug g~ "
for PFOA, and 0.985 g g~ ' for PFBS. PFOS could be completely
degraded under a current of 28 mA cm™>, and the degradation
rate of PFOA reached 98% at 25 mA cm™>. PFBS needed to be
adsorbed first before degradation. The removal rate in actual
water bodies decreased by 3-40%, but under a current of 40 mA
cm ™2, the removal rates of PFOS and PFOA could reach 95% and
68%, respectively. The advantage is that it clarifies that hydrated
electrons on the GIC surface dominate the degradation and that
it can handle various PFAS."”

Building upon the integration of adsorption and EO, such as
the GIC-EO system, it is crucial to recognize that physically
decoupling adsorption from degradation can still face mass
transfer bottlenecks and the accumulation of recalcitrant short-
chain intermediates. To truly bridge the gap between prelimi-
nary ‘removal’ and ultimate ‘mineralization’, future research
must pivot towards the design of bifunctional materials that
seamlessly integrate exceptional adsorption capacity with high
electrocatalytic activity.

In this context, advanced porous frameworks, such as
conductive molecular sieves and MXene-based carbon
composites, represent a highly promising frontier. Unlike
conventional adsorbents that merely concentrate pollutants,
conductive molecular sieves can be engineered with precise
pore architectures to selectively capture and confine PFAS
molecules—including highly soluble short-chain variants—via
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size-exclusion and electrostatic interactions. Once anchored
within these confined nanospaces, the structurally integrated
conductive network facilitates rapid direct electron transfer and
the localized generation of high-concentration ROS. This
enrichment-degradation in situ coupling drastically prolongs
the residence time of PFAS and their intermediate fragments
near the catalytic active sites, effectively converting physical
confinement into deep C-F bond cleavage. Similarly, 2D mate-
rials like MXenes offer tunable interlayer spacings and rich
surface terminations, allowing them to act as dynamic nano-
reactors that simultaneously intercalate PFAS and catalyze their
destruction.  Transitioning towards such bifunctional
adsorbent-electrocatalysts be a pivotal strategy for
achieving complete PFAS mineralization in complex water
matrices while minimizing overall energy consumption.

Other studies have focused on developing new synergistic
reaction systems. Olvera-Vargas et al. investigated an electro-
Fenton (EF) synergistic degradation system using graphene-
coated nickel foam (Gr-Ni-foam) as the cathode and BDD as
the anode for treating short-chain GenX. The degradation of
GenX starts with DET on the BDD surface, followed by the
continuous promotion of degradation by -OH radicals gener-
ated by EF.***> Zhang et al. utilized a nano-ZnO-coated Ti elec-
trode, combining the synergistic effect of EO and photocatalytic
oxidation. The nano-ZnO generates additional -OH, which
synergistically enhances with the radicals produced by EO. Its
rough nanostructure also increases the electrode surface area
and catalytic active sites, improving the removal efficiency.***
Rao et al. developed a UV/CNT electrode system. First, PFAS is
adsorbed on the electrode surface; the electrode provides
instantaneous ET under negative potential to weaken the C-F
bonds, and e,q~ generated by UV photolysis of water attacks the
weakened C-F bonds, significantly improving the defluorina-
tion efficiency of refractory sulfonates.'®® Huynh et al. explored
a Fenton-assisted EO process, where H,0, generated at the
cathode provides raw materials for the Fenton reaction, and the
anode generates -OH and strong oxidants. Fe;O, is added as
a catalyst to accelerate the Fenton reaction and reduce pH
requirements. Meanwhile, Fe*" near the anode can be regene-
rated into Fe®" through electroreduction, maintaining the
Fenton reaction cycle and increasing the radical yield"*

In addition, some studies have explored new electrode
materials. Duinslaeger et al. investigated a boron-doped gra-
phene sponge anode, which exhibited a certain removal effi-
ciency for short-chain PFAS under low-conductivity electrolytes
and single-pass low-flux mode, with low energy consumption.
Moreover, this electrode is electrochemically inert to C1™ and
does not generate chlorate or perchlorate, providing possibili-
ties for the electrochemical degradation of complex PFAS-
containing wastewater and brine.”” Gomri et al. studied the
EO combined with EF technology using Magnéli phase Ti,O; as
the anode, which achieved high degradation rates of PFOA and
PFOS with significantly reduced energy consumption.'® In
2024, Meng et al. prepared [NiFe]-layered double hydroxide
nanocatalysts via laser and immobilized them on a hydrophilic
carbon fiber paper anode. In an 8.0 M LiOH aqueous solution,
complete defluorination of PFOS was achieved through pulsed
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electrolysis combined with ultraviolet irradiation. The materials
used are non-precious, improving the efficiency of electrical
energy and capital expenditure.****** Han et al. studied a Fe,O;-
assisted Co-CN, configuration bifunctional single-atom cata-
lyst, which can integrate reduction and oxidation processes,
simultaneously inducing PFOA degradation and reducing O, to
H,0,. Under the condition of —0.06 V, 96.1% PFOA degradation
rate and 95.9% defluorination rate were achieved within 120
minutes, confirming the key mechanism of the synergistic
effect between reduction and oxidation processes.'

For practical engineering applications, Specific Energy
Consumption (SEC) is a critical metric for evaluating the
economic viability of PFAS degradation technologies. When
treating real environmental water, where PFAS concentrations
are usually at trace levels, the energy efficiency of various
electrochemical processes differs significantly. While stand-
alone EO can completely cleave PFAS chains, its direct appli-
cation to raw water yields a prohibitively high SEC, often
ranging from tens to hundreds of kWh m?®. This is primarily
because extreme trace concentrations cause severe mass
transfer limitations, wasting most of the applied electrical
energy on background electrolyte resistance and the competi-
tive OER. Similarly, ER faces severe energy efficiency challenges.
Although it avoids the OER, it requires high cathodic over-
potentials to overcome C-F bond activation barriers, which
inevitably triggers the energy-consuming HER.

In contrast, combined technologies offer a decisive energy-
saving advantage through a “concentrate-and-destroy”
strategy. By utilizing pre-treatment methods like membrane
separation or physical adsorption, massive volumes of trace
PFAS wastewater are concentrated into a significantly smaller
volume of retentate or eluent. Consequently, the electro-
chemical module only treats this minimized volume, which
exponentially enhances internal mass transfer efficiency and
drastically reduces the energy wasted on parasitic side
reactions.'®®

7 Conclusions

With advantages such as mild operating conditions and
controllable electron transfer, electrochemical technologies
have demonstrated significant potential for the degradation
and remediation of PFAS. This review systematically summa-
rizes the research progress of electrochemical technologies in
PFAS destruction, exploring a research trajectory from atomic-
scale bond-cleavage mechanisms and interfacial regulation in
various electrochemical processes, to Al-enabled HTS, aiming to
provide a reference for the further optimization of these
technologies.

Regarding specific technological systems, EO exhibits
notable advantages in destroying long-chain PFAS through the
synergistic effects of direct electron transfer and ROS. However,
its efficacy is often limited by competitive OER and the high cost
of anode materials. Conversely, ER provides an alternative
pathway to overcome oxidative barriers and achieve hydrogen
substituted defluorination, though practical applications must
address the intense electrostatic repulsion at the cathode
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interface and the high activation energy of C-F bonds. To
mitigate the limitations of single processes, combined tech-
nologies that integrate electrochemistry with separation tech-
niques or in situ adsorption have demonstrated promising
synergistic effects, offering more viable engineering solutions
for the pre-concentration and deep degradation of PFAS in
complex water matrices.

Although considerable progress has
enhancing PFAS degradation efficiency in recent years, several
technical challenges remain in practical applications. Notably,
it is crucial to recognize that a high parent compound removal
rate does not strictly equate to complete mineralization. During
the degradation process, the accumulation of short-chain
intermediates frequently occurs. Because these short-chain
species possess weaker hydrophobicity and encounter higher
electrostatic repulsion barriers, effectively mitigating their
escape to achieve deep defluorination remains a critical issue
that current electrochemical technologies must address.

To address these challenges, future electrode material
design might increasingly focus on the confinement effects of
micro-interfaces and bifunctional synergy. Relying solely on
macroscopic physical adsorption or solitary electrocatalysis
often presents limitations in achieving deep mineralization.
Developing bifunctional materials that seamlessly integrate
specific adsorption-enrichment with high electrocatalytic
activity represents a highly promising direction for in-depth
exploration. Through size exclusion, hydrogen bonding, or
electrostatic interactions within microscopic pores, such
materials are expected to anchor short-chain PFAS in situ while
simultaneously concentrating reactive species near the catalytic
active sites. This modulation of the microenvironment helps
alleviate mass transfer limitations and facilitates the transition
of PFAS from physical surface enrichment to deep structural
destruction.

Furthermore, navigating the vast and complex composi-
tional space of materials via conventional trial-and-error
methods is often excessively time-consuming. The introduc-
tion of Al-enabled HTS closed-loop systems offers a more effi-
cient approach for the rapid development of multi-objective
electrode materials. Future research could attempt to more
tightly couple intrinsic mechanistic descriptors derived from
theoretical calculations with machine learning models. This
integration would allow for the simultaneous pursuit of high
degradation activity while comprehensively balancing side-
reaction suppression, target pollutant affinity, and long-term
stability.

Overall, achieving the complete and harmless destruction of
PFAS remains a long-term and complex endeavor. Narrowing
the gap between ideal laboratory conditions and realistic,
complex water matrices remains a focal point for future
research. With a deepening understanding of microscopic
confined mineralization mechanisms and the progressive
application of data-driven design, electrochemical technologies
are poised to play an increasingly active and robust role in the
practical remediation of PFAS and other emerging
contaminants.
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