npj | clean water

Article

Published in partnership with King Fahd University of Petroleum & Minerals

https://doi.org/10.1038/s41545-025-00476-0

Fe''-driven self-cycled Fenton via contact-
electro-catalysis for water purification
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While self-cycled Fenton (SC-Fenton) systems represent an innovative advancement in water
purification technologies, their practical implementation remains constrained by inefficient in situ H,O,
generation. To address this limitation, we developed a mechano-driven contact-electro-catalysis
(CEC) platform employing fluorinated ethylene propylene (FEP) as a triboelectric catalyst. Under
ultrasound irradiation, this system achieves an exceptional H,O, generation rate of

7.67 mmol-ge -, outperforming conventional piezo-catalysis systems. Mechanistic studies reveal
that a built interfacial electric field generated on the FEP surface effectively reduces the free energy for
the indirect 2e™ water oxidation pathway. This unique characteristic promotes the generation of
interfacial hydroxyl radical (OH) and enhances its subsequent recombination into H,O,. The strategic

integration of Fe"

as a catalytic initiator with the CEC system enables the establishment of SC-Fenton

reaction (Fe"/FEP/CEC). Notably, the contact-electrification electrons accumulated on the FEP
interface drive efficient Fe"/Fe" redox cycling, achieving a remarkable degradation rate for sulfadiazine

at 0.125 min™'. This enhanced catalytic performance stems from Fe

""_mediated amplification of

dissociative hydroxyl radical ("OH) generation. This study provides fundamental insights into the

underlying mechanisms of CEC-mediated Fe"

for sustainable water purification processes.

Fenton technology is widely recognized as a well-established method for
wastewater remediation, leveraging reactive oxygen species (ROS) gener-
ated through the catalytic interplay between hydrogen peroxide (H,0,) and
Fe" to degrade pollutants'. However, persistent challenges including con-
tinuous H,O, consumption and sluggish Fe" regeneration from Fe
reduction have constrained the advancement of conventional Fenton
processes”. To address these limitations, the concept of self-cycled Fenton
(SC-Fenton) systems has emerged, designed to concurrently regenerate Fe"
and synthesize H,0O, within an integrated redox framework. These closed-
loop systems enable sustained pollutant degradation while minimizing
reagent replenishment, attracting considerable research interest in sus-
tainable water treatment’. Early implementations of SC-Fenton systems
primarily integrated photocatalytic or piezocatalytic mechanisms with Fe™
activation®”. Theses hybrid architectures leverage photo/piezocatalytic
effects to achieve charge carrier (electron (¢”) and hole (h*)) separation,
wherein the generated e” concurrently participate in two critical processes:

-initiated SC-Fenton reaction, offering new possibilities

(1) oxygen reduction to H,0, (ORR-H,0,, Egs. 1), and (2) Fe"" reduction to
Fe". The regenerated Fe subsequently reacts with in situ formed H,0, to
perpetuate the Fenton cycle*’. However, such configurations suffer from
two inherent limitations that constrain catalytic efficiency: First, competitive
€ consumption between ORR-H,0, and Fe" reduction creates a kinetic
bottleneck, diminishing the availability of e for either pathway. Second, the
ORR-H,0, process exhibits intrinsically low yield due to limited dissolved
oxygen concentrations in wastewater matrices, imposing fundamental
constraints on system scalability'’. These interdependent challenges—e
pathway competition and oxygen-dependent H,O, synthesis—collectively
restrict the performance of Fe"'-mediated photo/piezocatalysis-driven SC-
Fenton (Fig. 1a).

The water oxidation reaction (WOR-H,0,) has emerged as a pro-
mising alternative pathway for H,O, production, offering distinct advan-
tages over ORR-H,0,. First, WOR-H,0, utilizes ubiquitous H,O as the H
and O source while circumventing the oxygen-dependent constraints
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Fig. 1 | Contact-electro-catalysis with Fe'"
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inherent to ORR-H,0,'""”. Second, this oxidative pathway operates through
hole (h")-mediated oxidation processes, thereby eliminating e~ competition
with parallel Fe™ reduction reactions'*"*. Third, Fe™ reduction and WOR
reactions exhibit synergistic interdependency, mutually enhancing reaction
kinetics'’. However, compared to the dominant 4¢- WOR pathway for O,
evolution (Eq. 2), the 2¢” WOR pathway (direct/indirect routes; Eqs. 3-5)
requires a higher thermodynamic overpotential, imposing significant
energy barriers for most catalytic systems'®". This energy penalty currently
limits H,O, yield via the 2¢- WOR process, underscoring the need for
advanced catalyst engineering to optimize reaction energetics.
2¢” ORR

0, +2H* 4+ 2¢~ — H,0, 0.69Vvs.NHE (1)
4e WOR
2H,0 + 4h* — 0, +4H* 1.23Vvs.NHE (2)
Direct 2e° WOR
2H,0 4 2ht — H,0, 1.76 Vvs.NHE (3)
Indirect 2 WOR
H,0+h" — *OH 2.73Vvs.NHE 4)
2*OH — H,0, (5)

Overcoming the energy barrier of the 2¢” WOR could unlock the full
potential of WOR-H,0, for the SC-Fenton system'®. Recent advances
highlight in situ formed interfacial electric field (IEF) as transformative tools
for modulating reaction energetics. For example, in a piezo-photocatalysis
system, non-centrosymmetric semiconductors generate IEF via mechanical
stress, which lowers the activation energy for 2e- WOR through lattice
polarization'®. Analogously, the contact-electrification (CE) effect within the
contact-electro-catalysis (CEC) system leverages solid-liquid CE to establish
IEF at interfaces. During solid-liquid interactions, the electron transfer
driven by electron clouds overlapping creates electron accumulation on
fluorocarbon polymers (FCPs)"”. These accumulated electrons establish
intense built-in IEF (up to ~100 V) that dissociate interfacial water mole-
cules into hydrated electrons and interfacial hydroxyl radical (‘OH),

followed by “OH recombination into H,O,” . While prior studies confirm
CEC'’s capacity for H,0, accumulation**, critical knowledge gaps persist
regarding: (i) thermodynamic optimization of H,O decomposition and
"OH recombination; and (ii) charge transfer dynamics at interfaces.
Charged FCPs exhibit unique charge reservoir behavior, where surface-
trapped electrons facilitate cation reduction under IEF guidance” . These
properties suggests that the CEC system exhibits dual functional advantages
for Fe"-based SC-Fenton applications (Fig. 1b): (i) concurrent facilitation of
Fe™ reduction and WOR-H,0, through distinct e  transfer pathway,
effectively eliminating inter-pathway e competition; and (ii) enhanced
H,O0, production efficiency via IEF-optimized WOR-H,0, mechanisms.
This functional synergy addresses two critical limitations of conventional
systems by decoupling oxidative and reductive processes while amplifying
H,0, yield. To fully elucidate the underlying mechanisms, three funda-
mental questions require systematic resolution: (i) the interfacial electron
transfer dynamics governing Fe"/Fe" conversion; (i) IFE-mediated radical
generation efficiency; and (iii) kinetic coupling mechanisms between oxi-
dative (H,0, accumulation) and reductive (Fe" regeneration) processes.
In this study, a high-performance SC-Fenton system was developed,
which synergized FCPs-based CEC (FCPs/CEC) with homogeneous Fe™
activation. The FCPs/CEC platform achieved an exceptional H,O, gen-
eration rate of 7.67 mmol-g, *h™ through IEF-mediated indirect
2e” WOR, where the IEF reduced the thermodynamic barrier for "OH
formation and subsequent H,O, generation. Upon Fe™ integration, the
resulting SC-Fenton system (Fe™/FCPs/CEC) exhibited amplified genera-
tion of dissociative hydroxyl radical ("OH) via Fenton chain reactions,
leading to improved pollutant degradation kinetics compared to both FCPs/
CEC and PFe"/FCPs/CEC systems. In addition, the catalytic degradation
capability of the Fe"/FCPs/CEC remained robust during reuse and in
complex water matrices. This study provides fundamental insights into the
CEC-enabled SC-Fenton paradigm, demonstrating how triboelectric fields
can concurrently address H,O, synthesis and Fe'" activation bottlenecks.

Results

Efficient H,O, generation of FCPs/CEC

The contact-electro-catalytic activity of FCPs/CEC for H,O, generation was
assessed under ultrasound irradiation (40 kHz, 110 W) of DI water with
different FCPs at a dosage of 0.1 gL ™. The H,0O, concentration was
quantitatively calculated by the standard curve in Supplementary Fig. 1.
Figure 2a illustrated that the accumulated H,O, yield was 0.76, 0.54, and
0.03 mM for FEP, PTFE, and PVDF/CEC within 60 min, respectively, with
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Fig. 2 | Investigation into the mechanism of H,0, generation by FCPs/CEC. Time
course of the H,O, generation by FCP/CEC with different FCPs (a). Comparison of
the H,O, generation rate with previous CEC and piezo-catalysis (b). Time course of
the H,O, generation measured under different reaction conditions (c). Relative

quantitative analysis of ‘OH in FCP/CEC (d). Free energy profiles of the indirect 2¢~
WOR process in FCP/CEC were compared with (FCP-IEF) and without IEF (FCP-
Normal) (e). Schemic of H,0, generation in FCPs/CEC (f). Experimental condi-
tions: [FCPs]o=0.1gL™", T=25+2°C.

all of their generation rates adhering to zero-order kinetics. Evidently, the
H,0, generation was driven by the FCPs/CEC process, as negligible H,0,
accumulation was observed without the introduction of FCPs (Supple-
mentary Fig. 2). Remarkably, H,O, accumulation showed a direct positive
correlation with -F density (F/C atomic ratio on the main chain) across
FCPs (Supplementary Table 1 and Supplementary Fig. 3a), establishing -F
density as a critical factor governing CE capacity through enhanced electron
transfer efficiency and reduced activation barriers in FCPs/CEC systems™.
Moreover, quantitative characterization of interfacial electron transfer
revealed distinct CE capabilities: FEP demonstrated superior charge accu-
mulation (20.3 nC), followed by PTFE (13.7 nC) and PVDF (2.7 nC) during
aqueous contact (Supplementary Fig. 3b). Consistent with this trend, CE
performance showed F-dependent enhancement (Supplementary Fig. 3c),
conclusively demonstrating that -F density dictates electron-withdrawing
capacity in FCP architectures. This implied that utilizing FCPs with higher
CE ability enhanced H,O, generation in FCPs/CEC, with FEP currently
being identified as the optimal CEC catalyst for this purpose. Therefore, in
this investigation, FEP/CEC demonstrated an exceptional normalized H,O,
generation rate of 7.67 mmol-g., "“h”', surpassing the performance of
cutting-edge particle H,O, catalysts by 2-126 times (Fig. 2b and Supple-
mentary Table 2), including C;Ns, Bij;0;,Cly,, and BiOIO;, etc. in the
piezo-catalysis systems™***~,

To elucidate the mechanisms behind the remarkable rate of H,O,
generation in FCPs/CEC, the potential ORR and WOR processes were
examined individually®. This investigation began by exploring the H,O,
yield under ambient and anoxic aqueous conditions. The results, as depicted
in Fig. 2¢, revealed a slight decrease in H,O, production when dissolved
oxygen was expelled by N, indicating that the 2e” ORR pathway made only
a modest contribution to H,O, generation in FCPs/CEC. These results
suggested that the primary pathway for H,O, generation in FCPs/CEC was
the WOR process. Subsequently, the specific types of WOR reactions were
further elucidated. One established method to differentiate between direct
and indirect 2e° WOR processes is by detecting intermediated "OH'",
Notably, a significant reduction in H,O, generation (only 0.25 mM) was
observed upon the addition of tert-butyl alcohol (TBA, 200 mM) as the
scavenger of ‘OH (Fig. 2¢), indicating the pivotal role of intermediated "OH
in the evolution of H,0, in FCPs/CEC'". Moreover, the presence of the

quadruplet DMPO-"OH signals and fluorescent peaks in Fig. 2d confirmed
the generation of “OH in FCPs/CEC. The intensity of both electron para-
magnetic resonance (EPR) signals and fluorescent peaks correlated with the
accumulated H,0O, yield in the order of FEP > PTFE > PVDF, suggesting
that the generation of ‘OH was ascribed to induced electron exchanges
between the FCP-H,O interface during frequent contact/separation. These
results pointed towards the indirect 2¢- WOR process as the primary
pathway for H,O, evolution.

The intricate pathway underlying the indirect 2e- WOR process for
H,O, generation in FCPs/CEC was unveiled through meticulous DFT
calculations (without and with IEF), shedding light on the activation energy
dynamics. The interfacial interaction between FCPs and H,O constitutes the
fundamental initiation step of CEC. To quantify this critical interfacial
process, we systematically calculated adsorption energies for FCP-H,O
systems. As shown in Supplementary Table 3, FEP exhibited the highest
H,0 adsorption affinity among the evaluated FCPs, a phenomenon directly
attributable to its superior electron-withdrawing capacity derived from
higher -F density. This computational assessment reveals that enhanced
electron-withdrawing characteristics in FCPs significantly facilitate inter-
facial charge transfer processes by strengthening molecular-level interac-
tions at the FCP-H,O interface. The observed hierarchy in adsorption
energy aligns precisely with the FCPs’ -F density and corresponding elec-
tronic properties, establishing a quantitative structure-activity relationship
central to CEC modulation. Furthermore, computational models incor-
porating 7 H,O molecules were employed to simulate FCP-H,O interfacial
interactions, with a superimposed 0.3 V/A IEF replicating localized high-
intensity electrochemical conditions (Fig. 2e and Supplementary Fig. 4).
Comparative analysis revealed a pronounced IEF catalytic effect: the acti-
vation energies for 'OH generation substantially decreased across
systems—from 0.37 t0 0.18 eV (FEP/CEC), 0.72 to 0.44 eV (PTFE/CEC), and
0.92 to 0.57 ¢V (PVDF/CEC)-indicating enhanced thermodynamic pre-
ference for the indirect 2¢” WOR pathway under IEF, thereby promoting
H,0, accumulation. Non-bonding interaction at the FCP-H,O interface
facilitated unimpeded diffusion of both H,O molecules and intermediated
"OH around FEP, increasing interfacial contact frequency and subsequent
“OH recombination”. Notably, the inverse correlation between activation
energy hierarchy (FEP < PTFE <PVDF) and CE capacity arose from
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F-mediated electron accumulation-FCPs with superior CE ability exhibited
amplified surface electron density due to strong electron-withdrawing -F
groups (Supplementary Fig. 3), which intensified IEF strength and conse-
quently reduced energy barriers for indirect 2e” WOR pathway ™. Although
the piezo-effect could induce an IEF under ultrasound, the induced IEF was
comparably weaker than that of CEC, as evidenced by the lower output
voltage of piezoelectric nanogenerators (~3.2 V) in contrast to triboelectric
nanogenerators (~130 V)**'. This discrepancy highlighted the increased
difficulty and reaction barriers in radical formation during piezo-catalysis
compared to CEC. Alternatively, the higher energy barrier toward indirect
2¢” WOR was needed to be overcome for piezo-catalysis than that of CEC,
which exactly explained that the indirect 2¢” WOR cannot be achieved by
piezo-catalysis but can be accomplished by CEC. Besides, the outstanding
H,0, generation rate of CEC via indirect 2¢” WOR was significantly higher
than that of piezo-catalysis via 2¢” ORR in Fig. 2b, implying the superior
advantage of WOR over ORR for H,O, evolution due to the IEF induced by
CE effect.

The detailed H,O, evolution process in FCPs/CEC as depicted in Fig. 2f.
The overlap of electron clouds between the F atom (FCPs) and the O atom
(H,0O) upon contact under ultrasonic excitation lowered the potential
barrier®, resulting in the transfer of electrons from H,O to FCP, driven by the
exceptional electron-withdrawing capacity of F and reduced electron transfer
barriers under ultrasound”. After being separated, the transferred electrons
remained as static charges and accumulated on the FCP surface, ultimately
yielding H,O""and FCP* (Egs. 6-7). Immediately, the H,O™" reacted with
neighboring H,O and ultimately combining to form H;O™ and "OH (Eq. 8).
Simultaneously, the accumulated electrons on FCPs surface induced an IEF,
thereby facilitating the indirect 2e” WOR processes by lowering the activation
energy barrier and subsequently promoting the recombination of “OH into
H,0, (Eq. 5). The sustained reducing activity of FCP, due to the accumulated
surface electrons, facilitated the conversion of O, to O,", further contributing
to H,O, evolution pathways (Egs. 9-12)*. Reports indicated that the free
radicals tended to react with each other rather than disperse in the solution
due to the Grotthuss mechanism through the hydrogen bond network of
water in FCP/CEC”. Furthermore, considering the excellent electron gain/
loss ability of unpaired electrons in “OH, the F within FCP, renowned for their
superb electron-withdrawing capacity, were anticipated to interact with "OH,
concentrating "OH around the FCP interface, and promoting their chances of
recombination into H,0,". In conclusion, the enhanced formation and
recombination of "OH ultimately led to the heightened generation of H,O, in
FCP/CEC, showcasing the significant role of IEF induced by the CE effect in
this intricate catalytic process.

H,0 — H,0"" + e~ (6)

FCP + e~ — FCP* 7)
H,0°" 4+ H,0 — H,0" + *OH (8)
O,+e — 0,°” )

0,* + H* - HO," (10)
0,*” + HO,* — HO,” + 0, (11)
HO,” + H' — H,0, (12)

The FEP/CEC demonstrated a consistent ability to generate H,O,
across a broad pH range from 2.6 to 9.6 (Supplementary Fig. 5). This wide
operational pH range highlighted its versatility and potential to adapt to
diverse pH conditions commonly found in wastewater treatment scenarios.
Furthermore, the steady accumulation of H,O, within FEP/CEC over a4 h
period indicated the stability of the chemically inert FEP during the H,O,
evolution process (Supplementary Fig. 6). The impact of various anions

such as ClI', SO,”, and HPO,* on H,0, yield was minimal, suggesting their
limited interference with H,O, production in FEP/CEC (Supplementary
Fig. 7). However, the addition of CO5>" notably inhibited H,0, production
in FEP/CEC, leading to a 62.33% decrease. This inhibitory effect could be
attributed to the ions shielding effect, resulting in compromised electron
transfer, or the interaction between CO;*~ and "OH'’. Notably, these two
inhibitory effects were not observed in the presence of other anions. The
distinct influence of CO5* on H,0, production in FEP/CEC warrants
further exploration in future research to elucidate the underlying
mechanisms responsible for this phenomenon. Based on the aforemen-
tioned results, the FEP/CEC exhibited the advantages of remarkable and
stable H,O, accumulation, meeting the prerequisites for achieving the SC-
Fenton system.

Water purification by Fe"/FEP/CEC SC-Fenton system

In the pursuit of water purification efficacy utilizing the Fe"/FEP/CEC SC-
Fenton system, a detailed investigation into its catalytic degradation process
was undertaken using SDZ as the model pollutant. Supplementary Fig. 8
illustrates that ultrasound alone (US) and Fe™/US both exhibited minimal
impact on SDZ degradation. Notably, FEP/CEC accomplished 68.59% of SDZ
removal with an accumulation of 0.62 mM H,0, (Supplementary Fig. 9). This
outcome aligned with the observation that "OH tended to react with each
other, generating H,O, instead of directly attacking SDZ. This behavior was
not only ascribed to the interaction between “OH and FCP, but also due to the
higher reactivity of 2 "OH (k¢onrom) = 5.2 % 10°M™s™") with each other
compared to SDZ (k¢omspzy = 1.9 x 1°M™s™)", leading to H,0, accu-
mulation through "OH recombination, even in the presence of SDZ. This
suggested that "OH via CEC primarily engaged in the recombined reaction,
forming H,0, rather than catalytic degradation. Exploring the utilization of
generated H,O, was deemed crucial to enhance the catalytic degradation
capability of CEC. The ineffectiveness of SDZ degradation in H,O,/US ruled
out the potential of ultrasound in activating H,O, for pollutant removal
(Supplementary Fig. 10). Given that the Fenton reaction, known for decom-
posing H,0, via iron regent, is widely employed, Fe™ homogeneous reagent
(FeCl; of 1.0 mM) was introduced to initiate the SC-Fenton (Fe™/FEP/CEC).
The concentration of H,O, was very low in Fe"/FCP/CEC, demonstrating that
the generated H,O, via FCP/CEC process was consumed in the presence of
Fe™, further suggesting the existence of SC-Fenton process in the Fe™/FCP/
CEC (Supplementary Fig. 9). Figure 3a showcased that the SDZ removal rate of
Fe"/FEP/CEC (0.125 min™") was 5.43-fold of that in FEP/CEC (0.023 min™),
highlighting the enhanced catalytic degradation effect of SC-Fenton. Fur-
thermore, the Fe™ as the iron source demonstrated superior degradation
performance (2.30-fold) compared to Fe", in line with previous reported self-
cycled Fenton systems'>*". Moreover, the total organic carbon (TOC) removal
profiles observed in all three systems exhibited strong correlations with their
SDZ degradation efficiencies (Supplementary Fig. 11), confirming that the
Fe"/FEP/CEC achieved not only unparalleled degradation kinetics but also
superior mineralization efficiency. Additional SC-Fenton systems were con-
structed with PTFE and PVDF as CEC catalysts, leading to significant
enhancements in degradation efficiency (2.68-4.28 times) and reaction rates
compared to their respective control groups (Fig. 3b). These findings suggested
that Fe"/FCP/CEC SC-Fenton can be tailored by incorporating various FCPs
as CEC catalysts. Moreover, the efficient removal of other pollutants (PE, CBZ,
and ATR) with diverse molecular structures were also achieved by Fe™/FEP/
CEC (Fig. 3c). Furthermore, Fe"/FEP/CEC exhibited better degradation
performance than that of previous piezo- and photo-catalysis induced SC-
Fenton systems (Supplementary Table 4). Consequently, Fe"/FCP/CEC
exhibited remarkable catalytic oxidation capacity for water purification.

The pH value was a pivotal factor influencing traditional Fenton and
Fenton-like catalytic degradation performance®”’. As shown in Fig. 4a,
there were minimal differences in SDZ degradation rate in Fe"/FEP/CEC
across a range of initial pH values (3.6 to 9.6), indicating its robust degra-
dation capacity without requiring pH adjustment. In fact, the introduction
of FeCl; triggered a pronounced pH decrease (Supplementary Fig. 12), a
phenomenon governed by Fe® hydrolysis that simultaneously imparts
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Lewis acidity and enhances solution’s acidity'*’. This autogenous acid-
ification serves dual functions: it prevents iron precipitation through pH
modulation while inherently addressing the solubility challenges of con-
ventional Fenton processes. Remarkably, the Fe"'/FEP/CEC system main-
tains stable iron dispersion even in alkaline wastewater matrices (initial pH
>7.0), demonstrating exceptional operational pH flexibility. By leveraging
FeCly’s intrinsic hydrolytic properties, the system circumvents the need for
external acid supplementation-a critical limitation in traditional Fenton
processes-thereby achieving self-regulated iron solubility across diverse pH
conditions. The SDZ degradation rate increased along with the dosage of
Fe', elevating from 0.1 to 2.0 mM (Fig. 4b). Additionally, the Fe™/FEP/CEC
demonstrated its catalytic stability after five cycles (Supplementary Fig. 13).
Structural and compositional analysis of FCPs through pre- and post-
reaction characterization confirmed the absence of detectable morpholo-
gical alterations or chemical modifications following multiple reuse cycles
under ultrasonication (Fig. 4¢c, d and Supplementary Figs. 14-16). This
exceptional stability highlights the inherent durability of FCPs, consistent
with their documented chemical inertness and resistance to structural
degradation under operational conditions”. The preservation of both
physical architecture and molecular integrity across reaction cycles sub-
stantiates FCPs’ reliability as robust catalysts in sustained catalytic appli-
cations. Despite the slight inhibition of common anions on degradation

Table 1| The comparison of ‘OH in FEP/CEC and "OH in Fe"/
FEP/CEC

‘OH ‘OH
Meaning Interfacial hydroxyl radical ~ Dissociative hydroxyl radical
Precursor H,O H>0,
Generated H,0 — H,0™" 4 Fe"+ H,0, — Fe" 4 "OH + OH-
pathways HoO"" + HyO — HzO"

+ "OH
Generated FEP/CEC Fe"/FEP/CEC SC-Fenton
system
Distribution Mainly at the interface Liquid solution

of FEP

Dominant role Recombination into H,O,

'OH + "OH — H,0,

Degradation pollutant

performance due to their impact on H,O, yield and the scavenging role on
ROS (Supplementary Fig. 17), the Fe""/FEP/CEC maintained commendable
performance in water purification endeavors.

Mechanism of Fe"/FEP/CEC SC-Fenton system

In the FEP/CEC system, interfacial “OH recombine to form H,0,, whilein
the Fe"/FEP/CEC-based SC-Fenton configurations, H,O, undergoes
catalytic decomposition to generate dissociative *OH, responsible for
contaminant breakdown. To systematically evaluate catalytic perfor-
mance, we specifically analysed "OH production through the Fe-medi-
ated Fenton reaction as the primary descriptor of pollutant degradation
efficiency. This distinction between 'OH (H,0, precursor) and Fenton-
generated ‘OH (pollutant degradation) was displayed in Table 1 to clarify
their respective roles. Isopropanol (IPA) known as a scavenger for "OH
(k.ommpay = 1.6 x 10°°M™"s™)*!, was introduced into FEP/CEC and Fe"/
FEP/CEC to assess the role of "OH in SDZ degradation. As depicted in
Fig. 5a and Supplementary Fig. 18, the addition of IPA (100 mM) effec-
tively halted the oxidation of SDZ in both FEP/CEC and Fe'"/FEP/CEC,
indicating the crucial involvement of *OH in these systems. Additionally,
O, also contributed to catalytic degradation, as evidenced by a decrease
in removal efficiency of 23.2 and 65.1% in FEP/CEC and Fe'"/FEP/CEC,
respectively, in the presence of p-BQ (k2. — /p-8q) = 0.9 x 10°Ms7)*
The marginal inhibition by B-carotene suggested the participation of 'O,
in SDZ remediation. To verify potential high-valent iron species forma-
tion, we employed methyl phenyl sulfoxide (PMSO) as a probe (K(gerv,
pmsoy = 1.23 x 10°M™s™") in Fe"/FCP/CEC systems™. The complete
absence of methyl phenyl sulfone (PMSO,) generation during SDZ
degradation conclusively demonstrates the non-participation of Fe'
intermediates in these catalytic processes (Fig. 5b and Supplementary
Fig. 19). These selective ROS screening tests underscored the pivotal role
of «OH in SDZ degradation, followed by O,"~ and 'O,, in both Felll/FEP/
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Fig. 5 | Investigation into reactive oxygen species in Fe'""'/FEP/CEC. The inhibited
effect from different scavengers on SDZ degradation performance in Fe''/FEP/CEC
(a). The PMSO consumption and PMSQO, formation in Fe"'/FEP/CEC over time (b).
The EPR signals of DMPO-"OH of FEP/CEC and Fe"'/FEP/CEC (c). The self-
quantitative analysis of ‘OH yield in FEP/CEC and Fe"'/FEP/CEC (d). Experimental
conditions: [FCPs],=0.1 gL, [Fe"] =1 mM, T=25+2"°C.

CEC and FEP/CEC. This evidence aligns with the system’s exclusive "OH-
mediated degradation mechanism, reaffirming the dominance of SC-
Fenton chemistry over alternative high-valent iron pathways under the
investigated conditions. To elucidate the enhanced degradation perfor-
mance of FCPs/CEC and Fe/ECPs/CEC, the yield of "OH, a critical
descriptor, was further investigated. Firstly, the relative intensity of
DMPO-"OH in Fe"/FEP/CEC surpassed that of FEP/CEC, indicating that
Fe™ expedited ‘OH production (Fig. 5c). Secondly, the catalytic
enhancement of Fe™ on "OH yield was further analyzed. As shown in
Fig. 5d, both FEP/CEC and Fe"/FEP/CEC exhibited time-dependent
intensification of fluorescent peaks corresponding to *OH accumulation.
Notably, the Fe™-modified system showed enhanced fluorescent signals
compared to its Fe'"-free counterpart at equivalent reaction intervals.
Consistent with these observations, parallel experiments in PTFE- and
PVDEF-based systems revealed analogous Fe™-mediated amplification of
*OH yield (Supplementary Fig. 19), demonstrating the universal catalytic
capacity of Fe™ to amplify "OH generation across all FCP/CEC config-
urations in the SC-Fenton system. These systematic comparisons establish
dual functionality of Fe™ as both an electron transfer mediator and radical
production accelerator through facilitated interfacial redox cycling.

The higher "OH generation in Fe"/FEP/CEC was potentially attrib-
uted to the generated Fe" triggering the Fenton process by activating
H,0,. Consequently, the reduction regime of Fe™ into Fe" in FEP/CEC
was further elucidated. The concentrations of Fe species (Fe™ and Fe™) in
FEP/CEC were shown in Fig. 6a, b according to the 1,10-phenanthroline
spectrophotometry based on the absorbance of orange-red product
between Fe" and 1,10-phenanthroline (details in Supplementary Note
1.1). Quantitative analysis revealed that the content of Fe™ remained
constant at close to 100% without detectable Fe" accumulation during the
reaction. This absence of Fe" species originates from immediate Fenton
consumption of nascent Fe" by continuously generated H,0,. Conse-
quently, in ex situ chemical analysis using 1,10-phenanthroline, Fe"
remained undetectable due to its instantaneous reaction with H,O, prior
to sampling. To resolve this detection limitation, an in situ chemical
analysis was implemented by introducing 1,10-phenanthroline directly
into the Fe™/FCP/CEC system, enabling real-time sequestration of
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Fig. 6 | Fe""/Fe"cycle in Fe"'/FEP/CEC. The concentration changes of Fe" and Fe™
overtime in Fe"/FEP/CEC by ex situ 1,10-phenanthroline method (a). The sche-
matic of detection procedures for Fe" and Fe™ overtime in Fe"'/FEP/CEC by ex situ
and in situ 1,10-phenanthroline methods (b). The real-time Fe' concentration
dynamics in Fe"/FEP/CEC by in situ 1,10-phenanthroline method (c). Experi-
mental conditions: [FCPs],=0.1 gL ™', [Fe"] =1 mM, T=25+2°C.

transient Fe"" species (details in Supplementary Note 1.2 and Supple-
mentary Fig. 20)"°. As shown in Fig. 6¢, the gradually increasing con-
centration of Fe" in Fe"/FCP/CEC indicated the existence of fresh Fe" as
the reducing intermediate of Fe', suggesting a rapid cycling process
between Fe™ and Fe™. The reduction of Fe™ into Fe' was likely facilitated
by the reductive CE electrons. Previous studies have indicated that CE
electrons were able to reduce various high-valent metal ions to low-valent
states in an aqueous solution, with reduction potentials ranging from
0.643 to 1.156 V vs. SHE”. The reduction potential of the Fe/Fe" process
(Fe™ 4 ™ — Fe') was 0.77 V vs. SHE, which was supposed to be achieved
in FEP/CEC. Furthermore, the in situ quantitative results revealed that the
accumulation of fresh Fe' followed the order of FEP > PTFE > PVDF (Fig.
6¢), aligning with the available contact charge amount of the three FCPs.
The addition of AgNO; as the electron scavenger further inhibited the
accumulation of fresh Fe', demonstrating the role of CE electrons in the
reduction and transformation from Fe™ to Fe". The electron transfer
process between FEP and Fe" was corroborated by the electrochemical
method. As shown in Supplementary Fig. 21, the addition of Fe™ increased
the potential, indicating electron transfer from FEP to Fe™ '>*. Addi-
tionally, the built IEF via accumulated electrons on the FCP surface
attracted the Fe™ ions due to the electrostatic induction, facilitating the
electron transfer from the FCP surface to Fe'. Thus, the Fe'' was generated
via the Fe™ reduction by CE (Eq. 13).

While Fe' generated through the Fenton reaction in the Fe"/FEP/CEC
(Eq. 14) was reduced to Fe" via CE electrons™, a critical operational dis-
tinction arises: the Fe"/FEP/CEC system starts with preloaded Fe", whereas
H,0, accumulates progressively during the reaction. This stoichiometric
mismatch creates an excess of Fe" relative to H,O, availability, triggering
parasitic ‘OH quenching through Fe"-—"OH interactions (Eq. 15)*, which
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Fig. 7 | The schematic of FCP/CEC-driven self-cycled Fenton: a mechanistic fra-
mework for energy-autonomous water purification.

iii) Fenton

diminishes oxidative efficiency. Conversely, the Fe'/FEP/CEC maintains
controlled Fe" regeneration without iron overaccumulation, thereby sup-
pressing radical scavenging pathways. This mechanistic divergence under-
pins the enhanced degradation performance of Fe"/FEP/CEC over its Fe"
counterpart. Furthermore, dose-independent kinetic studies further
demonstrated non-proportional behavior, where increasing FeCl; con-
centrations from 1 mM (kyps=0.125min™) to 2mM (k.ps = 0.146 min™)
resulted in only 16.8% rate enhancement. The sublinear increase implies
competitive *OH consumption by surplus Fe" at elevated catalyst loads,
highlighting the necessity for optimizing FeCl; dosage to maximize system
efficacy. Although the reaction between H,O, and Fe™ could generate ‘OOH
and lead to the formation of 'O, for pollutants degradation"*, this sluggish
reaction was deemed too slow to be considered the primary reduction
pathway (Eq. 16). Besides, the H,O, decomposition process exhibited direct
proportionality to fresh Fe'" generation rates, as evidenced by the system-
dependent hierarchy: Fe"/FEP/CEC displayed maximal H,O, consumption
(the reduction of H,O, yield between FEP/CEC and Fe"/FEP/CEC,
A[H,0,] =0.55 mM) concurrent with peak Fe" accumulation (0.14 mM),
followed by Fe"/PTFE/CEC (A[H,0,] = 0.28 mM; Fe" = 0.09 mM) and Fe'"/
PVDF/CEC (A[H,0,] =0.05 mM; Fe" = 0.03 mM). These quantitative cor-
relations confirm the operational SC-Fenton mechanism wherein H,O,
undergoes continuous decomposition through Fe''-catalyzed reactions, sus-
taining redox cycling between Fe"/Fe" states. (Supplementary Fig. 9). Con-
sequently, the cycling process between Fe™ and Fe' was divided into two
steps: (i) the Fe™ acquired one CE electron and reduced into Fe", and (ii) the
Fe" promptly activated the generated H,O, and transformed back into Fe™.

Fe' + CE — Fell (13)

Fe' + H,0, — Fe" + "OH+ OH k=53 —76M'-s7'  (14)
Fe + °OH — Fe' + OH k=32-43x10°M"'.s"!  (15)
Fe" + H,0, — Fe + HO,* + H" k = 0.001 —0.01M ' - s~ (16)

Figure 7 illustrates the Fe"/FEP/CEC mechanism for pollutant degra-
dation through three sections: (i) H,O, generation via ultrasound-triggered
contact-electrification (CE), where electron transfer from H,O to the FEP

surface, yielding "OH and electron-rich FEP*. Subsequently, the induced
interfacial electric field (IEF) on FEP* promoted the H,O, generation via
lowering the free energy for the ‘OH recombination into H,O, via the
indirect 2e” process. (i) Fe" reduction into Fe", where accumulated CE
electrons on the FEP* surface reduced Fe™ while FEP* returned to its original
uncharged state as FEP to initiate a new cycle of H,O, generation. (iii)
Fenton-driven water purification, where the generated H,O, and Fe" initiate
the Fenton reaction, producing "OH to degrade pollutants. Concurrently, the
Fe™ generated from the Fenton reaction went through a new reduction into
Fe" by CE electrons on FEP* as shown in section ii). This Fe"/FEP/CEC
triggered self-cycled Fenton by simultaneous H,O, production and Fe™
reduction into Fe" in one system, ultimately achieving efficient water
purification.

Discussion

This study presents a novel Fe™/FEP/CEC system that resolves critical lim-
itations in self-cycled Fenton reactions by synergistically integrating H,O,
generation and Fe™ reduction within a unified catalytic platform. The FEP/
CEC configuration demonstrates particular significance, achieving superior
H,0, accumulation (7.67 mmol-g.,;-h™) through an indirect 2¢- WOR.
This performance enhancement originates from the established IEF, which
effectively lowers the free energy for ‘OH formation and subsequent
recombination into H,O,. Simultaneously, the system facilitates the con-
tinuous regeneration of Fe" through triboelectrically driven Fe™ reduction,
amplifying ‘OH yields compared to conventional Fenton systems and
thereby elevating overall pollutant degradation efficiency. Our findings
validate the technical viability of self-cycled Fenton processes through the
strategic coupling of Fe™ and FEP/CEC, propelling the engineering of energy-
autonomous water purification systems. Beyond immediate applications, this
work stimulates synergistic exploitation of FEP/CEC’s dual oxidative-
reductive functionalities, as evidenced by its capacity to simultaneously drive
H,0, synthesis (oxidative pathway) and Fe™ activation (reductive pathway).
Such bifunctional capability not only advances water treatment technologies
but also establishes a paradigm for designing multifunctional catalytic sys-
tems to address environmental remediation challenges.

Methods

Chemicals and materials

All the chemical reagents were provided in Supplementary Note 2 and
Supplementary Table 1.

Experimental procedures

The performance of H,0O, generation by FCPs/CEC (FCPs: fluorinated
ethylene propylene (FEP, average 5 um), polytetrafluoroethylene (PTEE,
<d> ~1-5 pum), and polyvinylidene fluoride (PVDF, average 6.5 um) were
investigated in an ultrasound bath (BRANSON, 3800-CPXH, USA) at
25+2°C, along with 40kHz and 110 W. The 3 mg of different FCPs
(0.1 g'L") were dispersed into 30 mL deionized water. At the time intervals,
3mL of liquid sample was withdrawn and filtered with 0.22 yum poly-
ethersulfone membranes for subsequent H,O, concentration analysis. The
pH was not adjusted except as specifically mentioned with 1.0 M of HCI
or NaOH.

The catalytic degradation performance of FCPs/CEC SC-Fenton sys-
tem were investigated with FeCl; (1.0 mM except as specifically mentioned)
as iron precursor added into the ultrasound bath. The 5 mgL™" of sulfa-
diazine (SDZ), carbamazepine (CBZ), phenol (PE), and atrazine (ATR)
were selected as target pollutants to test degradation ability without pH
adjustment except as mentioned. All the degradation reaction was con-
ducted under ultrasound irradiation (40 kHz, 110 W) at 25+2°C. At a
certain time interval, 1 mL of liquid sample was withdrawn and filtered
by 0.22 pm polyethersulfone membranes and quenched by methanol for
further analysis of the target pollutants concentration. The FCPs after
reactions were separated from liquid by a vacuum filtration system and
washed with ethanol, followed by drying 50 °C overnight before reutilization
or analysis.
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Analytical methods

The concentration of H,O, was determined by the potassium titanium (IV)
oxalate method”. Detailly, the potassium titanium (IV) oxalate solution was
prepared via 7.083 g of potassium titanium (IV) oxalate adding into 10 M of
H,SO,. Here, 2 mL of filtered sample, 2 mL of potassium titanium (IV)
oxalate solution, and 1 mL deionized water were mixed for 5 min, and the
absorbance of the mixture was further measured by a spectrophotometer
(Thermo, Evolution 220, USA) at 400 nm. The H,O, concentration was
quantitatively calculated by the standard curve (R*=0.9998) in Supple-
mentary Fig. 1. The relative quantitative analysis of hydroxyl radical was
conducted by a fluorescence method in Supplementary Note 3. The
detection of reactive species was utilized by EPR spectroscopy (Supple-
mentary Note 4). The concentrations of pollutants were analyzed using
UPLC (Waters, H-CLASS, USA) equipped with PDA detector and C18
column with flowing rate of 0.2 mL-min™'. More parameters of the mobile
phase and detection wavelength were provided in Supplementary Table 5.
The concentration of Fe species was carried out in accordance with the
details in Supplementary Note 1. The density functional theory (DFT)
calculation was conducted according to the details in Supplementary Note 5.
The transferred electrons of the FCP surface were analyzed by the single
electrode triboelectric nanogenerator (SETENG) based on the Supple-
mentary Note 6.

Data availability

No datasets were generated or analysed during the current study.
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