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Abstract

Direct electron transfer (DET) enables selective, matrix-resistant oxidation of organic contaminants,
but its efficiency remains constrained by limited electronic tunability of catalysts. Here, we exploit
the quantum-confined Stark effect (QCSE) of carbon quantum dots (CQDs) to establish an electric-
field-responsive catalytic platform that enables dynamic regulation of electron-transfer processes.
Under the external electric field, CQDs undergo QCSE-induced electronic reconstruction, narrowing
the bandgap from 1.76 to 0.43 eV and dynamically tuning frontier orbital alignment to facilitate
efficient charge transfer. Meanwhile, electric-field-driven migration of charged CQDs creates a
spatially optimized reaction microenvironment, directing the catalytic process toward an anodic DET
pathway and enhancing pollutant degradation kinetics by up to 7.86-fold. Spectroscopic analyses and
theoretical calculations further reveal that QCSE triggers dynamic reconstruction of the CQDs
interface, where surface hydroxyl groups undergo deprotonation and oxygen-centered coupling with
oxidant to establish efficient electron-transfer channels. The synergistic regulation of electronic states,
reactant transport, and interfacial interactions enables DET-coupled non-radical oxidation with O2™
and '02 generation for accelerated pollutant removal. This work establishes an electric-field-
responsive quantum catalytic platform and provides a strategy for designing dynamically
programmable electron-transfer interfaces toward sustainable water remediation.

Keywords: Quantum confined Stark effect; Direct electron transfer; Carbon quantum dots; Frontier

orbital alignment.
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Main

Direct electron transfer (DET) has emerged as a pivotal mechanism for the selective removal of
emerging organic contaminants (EOCs) from complex aquatic environments. Mechanistically, the
oxidant (e.g., hydrogen peroxide (H202), persulfate (PS), and periodate (PI)) adsorbs onto the catalyst
surface to form an oxidant—catalyst reactive complex. When the oxidation potential of this complex
exceeds that of the co-adsorbed micropollutants, electrons are transferred directly from the pollutants
to the complex at the interface, bypassing the formation of radicals. This intrinsic characteristic
endows the DET process with high selectivity toward electron-rich organics and exceptional
resistance to the non-specific scavenging effects of background water constituents'> 2. Furthermore,
the activated complex formed during the DET process can simultaneously generate reactive oxygen
species (ROS), such as 02"~ and 'Oz, creating a synergistic degradation pathway that combines the
selectivity of the DET process with the oxidative power of specific ROS?>.

The DET process is governed by two fundamental prerequisites: precise energy-level matching
and low-resistance interfacial electron transfer channels. Thermodynamically, the driving force of the
DET process originates from the electrochemical potential difference, physically manifested as an
energy level offset. Specifically, a favorable energy gradient is established to drive spontaneous
electron flow when the highest occupied molecular orbital (HOMO) of the electron-donor exceeds
the lowest unoccupied molecular orbital (LUMO) of the electron-acceptor. Kinetically, efficient
electron tunneling necessitates effective wave function overlap achieved through strong inner-sphere
complexation. This intimate contact fosters robust electronic coupling, creating a low-resistance
pathway for ultrafast interfacial electron transfer. Such characteristics are typically pursued by
conventional strategies like heteroatom doping and defect engineering, which introduce localized

states near the Fermi level (Fig. 1a)* 5. However, these static modifications suffer from inherent
3
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limitations. The synthesis-induced heterogeneity and immutable electronic structures yield rigid band
configurations that cannot adapt to diverse pollutant redox potentials®. This leads to persistent energy
mismatches and deep electron traps, severely restricting precise reaction control and overall DET
efficiency.

To overcome the limitations of static catalyst design, external field-assisted regulation has
emerged as a promising strategy for dynamically tuning electronic structures and catalytic behaviors.
Various external fields, including plasma, heat, light, magnetic fields, ultrasound, and gravity, have
been explored to enhance ROS generation and pollutant degradation in advanced oxidation processes
(AOPs)’. Among them, external electric field provides unique opportunities for directly manipulating
electronic energy levels with high precision, particularly in quantum-confined nanomaterials. This
capability originates from the quantum-confined Stark effect (QCSE), which describes the electric-
field-induced redistribution of electronic states and energy-level modulation in nanoscale systems® .
In quantum-confined materials, QCSE enables dynamic bandgap narrowing and frontier orbital
realignment by regulating electron-hole wavefunctions!®. Although widely exploited in
optoelectronic technologies, including electro-optical modulators'!, quantum light sources'?, and
compact spectrometers'®, the potential of QCSE in environmental catalysis remains largely
unexplored. Unlike conventional catalyst engineering strategies that generate fixed electronic
configurations, QCSE offers a continuously tunable electronic landscape, enabling on-demand
optimization of charge-transfer energetics among catalysts, oxidants, and pollutants (Fig. 1b).
Therefore, identifying quantum-confined materials with highly responsive electronic structures is
essential for translating this field-induced electronic tunability into catalytic applications. Carbon
quantum dots (CQDs) are promising platforms for such regulation owing to their quantum-confined

electronic properties, excellent conductivity, abundant surface functional groups, and large specific
4
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surface areas'* 1> 16, However, their DET activity remains restricted by intrinsic electronic structures
and interfacial interactions, limiting dynamic control over electron-transfer pathways. Integrating
QCSE with CQDs therefore provides a unique opportunity to transform static carbon catalysts into
field-programmable electron-transfer interfaces for efficient environmental remediation.

In this study, we exploit the field-responsive electronic nature of CQDs to construct an electric-
field-driven catalytic platform for regulating DET processes in pollutant degradation. We demonstrate
that the applied electric field induces QCSE-mediated electronic reconstruction of CQDs, reducing
their bandgap from 1.76 to 0.43 eV and enabling frontier orbital modulation for optimized charge-
transfer energetics. Meanwhile, the electric field regulates the spatial distribution of charged species,
directing the reaction toward an anodic DET pathway and enhancing pollutant degradation kinetics
by up to 7.86-fold. Furthermore, multiphysics simulations reveal that the electric field drives the
anodic co-enrichment of catalytic components and oxidants, creating a favorable microenvironment
for the promoted anodic DET process. Spectroscopic analyses and theoretical calculations further
uncover a QCSE-induced dynamic reconstruction of the catalytic interface, where surface hydroxyl
groups evolve into oxygen-centered electron-transfer channels through interfacial deprotonation and
orbital coupling. This synergistic regulation of quantum electronic states, reactant transport, and
catalytic interfaces enables DET-coupled non-radical oxidation with rapid kinetics, low energy
consumption, and broad environmental applicability, establishing an electric-field-responsive
quantum catalytic platform for sustainable water remediation.

Results and discussion
QCSE in CQDs under the external electric field
CQDs were synthesized via a bottom-up self-assembly strategy (Fig. 2a). During the synthesis,

glucose underwent polymerization and structural transformation under ultrasonication, leading to the
5
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formation of nanoparticles. The formed CQDs exhibit a low-dimensional architecture and distinct
spectral properties. TEM and AFM imaging confirmed that the CQDs maintain a well-dispersed and
isolated nanoparticle morphology with 4.35 nm of particle size (Fig. 2b and Supplementary Fig. 1),
which is crucial for preserving intrinsic quantum confinement effects!”. This confinement dictates
both the optical and electronic behavior of the CQDs. The optical characterization showed a sharp
emission peak at 440 nm (excitation peak at 370 nm) and a UV-Vis absorption peak at 275 nm,
corresponding to a discrete bandgap and n—n* transitions, respectively (Supplementary Fig. 2 and
Supplementary Fig. 3). Such well-defined energy states are characteristic of quantum-confined
systems and result in an electron distribution that is highly susceptible to perturbation'®. Within the
nanoscale regime, this quantum confinement dramatically amplifies the sensitivity of internal electron
distributions to external electric fields, manifesting as a pronounced phase shift in electrostatic force
microscopy (EFM) signals!® 2. As shown in Fig. 2c and Supplementary Fig. 4-8, it reveals a
parabolic dependence of the EFM phase shift on the tip bias voltage (A¢p & Verm?), indicating a
second-order electrostatic response associated with field-induced polarization of quantum-confined
CQDs. Notably, the vertex of the parabolic curve shifts to —0.294 V, indicating an intrinsic negative
surface charge on the CQDs arising from the deprotonation of surface functional groups?'.
Consistently, DFT calculations demonstrate another quadratic increase in the induced dipole moment
of CQDs as a function of the external electric field (Fig. 2d), directly demonstrating that the
experimentally observed EFM response originates from the second-order polarization of confined
electronic states. These results establish the occurrence of a quadratic Stark response in CQDs, where
external electric fields drive electron redistribution and polarization®2.

The electronic polarization effect stems from the spatial reorganization of the electronic state

density, especially for the electrons at the frontier orbital energy levels?. The local density of states
6
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(LDOS) along the dipole axis of the CQDs depicts significant LDOS redistribution under the external
field (Fig. 2e and Supplementary Fig. 9). Specifically, the electron density in the HOMO diminishes,
while that in the LUMO intensifies along the dipole direction. This asymmetric redistribution causes
a spatial separation of the electron and hole wavefunctions along the electric field, leading to
substantial Stark shifts that drive the observed energy level modulation. The in situ
photoluminescence (PL) responses of CQDs under varying electric potentials demonstrated that the
application of an external field triggers a pronounced quenching of the PL intensity accompanied by
a distinct redshift in the emission peak from 565 nm to 580 nm (Fig. 2f). This spectral shift serves as
direct evidence of the QCSE-induced narrowing of the effective bandgap, which causes the reduction
of the excitation threshold?* 2°. Theoretical calculations of the singlet excited state reveal a dramatic
reduction in excitation energy from 1.306 eV to 0.149 eV, concurrent with a reconfiguration of the
active molecular orbitals (Fig. 2g and Supplementary Fig. 10—12). Collectively, the low-dimensional
CQDs exhibit intrinsic quantum confinement features. Such quantum characteristics induce a
substantial spatial reconfiguration of electron density under external electric fields, leading to
pronounced Stark shifts in energy levels, which provide a solid mechanistic basis for their dynamic
catalytic behavior.

QCSE-induced non-intrinsic DET process for decontamination

The external electric field is generally applied across both anodic and cathodic interfaces, yet the
spatial distribution of QCSE-induced electronic regulation remains elusive. To determine the
preferential region where CQDs experience electric-field modulation, spatially resolved open-circuit
potential (OCP) measurements were first performed. As shown in Fig. 3a and Supplementary Fig. 13,
a pronounced potential gradient was observed in the CQDs-containing electrolyte, with the region

adjacent to the anode exhibiting the largest potential shift. This spatially dependent electrochemical
7
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response indicates that the electronic states of CQDs are more strongly regulated near the anodic
interface, suggesting a preferential activation of QCSE-mediated electronic modulation in this region.
Based on this observation, the contribution of anodic QCSE regulation to pollutant degradation was
further evaluated using BPA and PI as the model contaminant and oxidant, respectively. As shown in
Fig. 3b and Supplementary Fig. 14, the introduction of CQDs substantially accelerated BPA
degradation in the anodic E-CQDs/PI system across the entire current range from 10 to 50 mA, with
the corresponding rate constants enhanced by 2.57-, 3.56-, 6.56-, 6.24-, and 7.86-fold compared with
the CQDs-free E/PI system, respectively. These results demonstrate that anodic QCSE regulation of
CQDs effectively enhances PI activation, thereby accelerating pollutant degradation. To elucidate the
degradation mechanism occurring in the anodic compartment, a series of reactive species quenching
experiments were subsequently performed. As shown in Fig. 3c and Supplementary Fig. 15, radical
quenching experiments using TBA (scavenger for ‘OH, k = 3.8-7.6 x 10® M! s™!) indicated a
negligible role of ‘OH in the oxidation process?®. Conversely, the degradation efficiency was
significantly suppressed upon the introduction of K2Cr207 (scavenger of electron, k=2.9—-6.0 x 10'
M ! s, FFA (scavenger of 'O2, k=12 x 103 M ! s™!), and p-BQ (scavenger of 02", k= 0.9-1.0
x 10°M ! s, identifying non-radical process as the dominant BPA degradation route®’- 2% %°,

To elucidate the non-radical pathway responsible for BPA degradation at the anode, the
occurrence of DET was first investigated by monitoring the OCP under different applied currents. As
shown in Fig. 3d, the OCP gradually shifted toward more positive potentials upon the addition of PI,
followed by a negative shift after the introduction of BPA. These sequential potential changes provide
direct electrochemical evidence for spontanecous electron extraction from BPA and subsequent

electron acceptance by PI, indicating the occurrence of a DET process’. To further verify that the

observed reaction originates from electric-field-induced electronic-state modulation rather than direct
8
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electrolysis, a membrane-separated salt-bridge reactor was constructed (Fig. 3e). In this configuration,
BPA/CQDs and PI were spatially separated to prevent direct molecular contact while preserving the
electric-field environment. As shown in Fig. 3f, a distinct current decrease was observed only in the
presence of both BPA and CQDs, whereas control experiments lacking either BPA or CQDs exhibited
nearly unchanged current responses. These results demonstrate that the QCSE-induced electronic-
state modulation of CQDs promotes electronic coupling between BPA and PI, enabling efficient field-
driven DET?!. Considering that O2" and 'O: serve as additional oxidative contributors beyond the
DET pathway, nitro blue tetrazolium chloride (NBT) probing and electron spin resonance (EPR)
measurements were conducted to verify their generation in the E-CQDs/PI system. As shown in Fig.
3gand Fig. 3h, a distinct increase of the UV absorption peak at 560 nm, as well as a triple peak (1:1:1)
representing TEMPO, was observed during the NBT chemical probe experiment and EPR analysis in
the E-CQDs/PI system, respectively 3> 33. Furthermore, the addition of K2Cr207 markedly suppressed
both the NBT and TEMPO signals, demonstrating that the formation of O>" and 'O2 originates from
the DET process.

Collectively, these findings demonstrate that the QCSE markedly enhances the BPA degradation
performance of the E-CQDs/PI system by regulating the electric-field-driven anodic reaction (Fig.
31). The anodic process is dominated by a non-radical DET pathway, in which electrons are directly
extracted from BPA to initiate its oxidation. Meanwhile, the DET process activates PI to generate O2™
and 'Oz as secondary oxidizing species, further promoting BPA degradation. The synergistic
integration of DET and reactive oxygen species generation ultimately accounts for the superior
oxidation performance of the E-CQDs/PI system.

The intrinsic mechanism of the QCSE driving the non-intrinsic DET process
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To understand the origin of the anodic preference in the electric-field-enhanced degradation process,
the spatial transport behavior of charged reactants under the applied electric field was first
investigated. The solution conductivity decreased markedly from 106 to 49 uS cm ™! after introducing
CQDs (Fig. 4a), indicating the active participation of charged CQDs in electric-field-driven migration.
As negatively charged CQDs and PI experience electrophoretic forces under the electric field, they
undergo directional migration toward the anodic region, resulting in their spatial redistribution within
the electrochemical system. Multiphysics simulations based on the practical single-cell
electrochemical configuration further elucidated the mechanism underlying PI redistribution under
the external electric field (Supplementary Fig. 16). Owing to its negative charge, Pl underwent
continuous electromigration from the cathode towards the anode, resulting in a pronounced
concentration polarization across the cell (Supplementary Fig. 17-20). Consistent with this migration
behavior, Fig. 4b and Supplementary Fig. 21 revealed a transient PI concentration gradient,
characterized by progressive depletion at the cathode and accumulation near the anode within seconds.
This asymmetric redistribution selectively enriches PI at the CQD-containing anodic interface while
limiting PI availability at the cathode, thereby suppressing competing cathodic PI activation.
Consequently, the electric-field-induced spatial regulation of PI and CQDs establishes a favorable
microenvironment for interfacial electron coupling and DET processes (Fig. 4c and Supplementary
Fig. 22).

After establishing the electric-field-driven spatial redistribution of charged reactants, the
regulation of CQDs' electronic properties by the QCSE was further investigated to clarify its
contribution to the DET process. The introduction of CQDs significantly increased the electrode
capacitance from 354 to 399 uF cm ™2 (Fig. 4d and Supplementary Fig. 23), indicating enhanced

interfacial charge-storage capability and electron accommodation under electrochemical conditions.
10
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This increased charge-storage capacity provides a favorable electronic environment for subsequent
electron transfer. Consistently, the incorporation of CQDs resulted in a pronounced increase of 0.146
mA cm? in the peak current density (Fig. 4e), demonstrating accelerated heterogeneous electron
transfer between CQDs and PI. These field-dependent electrochemical responses originate from
QCSE-induced electronic reconstruction, which dynamically modulates the charge-transfer
properties of CQDs and establishes an electronically favorable interface for efficient electron
exchange.

To further elucidate the molecular origin of the QCSE-triggered DET process, the evolution of
CQDs' frontier orbitals under different electric-field intensities was investigated. Thermodynamically,
such efficient electron transfer necessitates a favorable energy alignment wherein the donor's
occupied states lie energetically higher than the acceptor's unoccupied states'®. By tracking the
response of CQDs' frontier orbitals driven by the electric field, the mechanism behind the QCSE-
triggered DET was elucidated. Fig. 4f demonstrates that both HOMO and LUMO energies of CQDs
exhibit strong field dependence. As the electric field intensity increases, the bandgap systematically
narrows from 1.76 eV to 0.43 eV, significantly lowering the barrier for intra-particle electron transport
(Supplementary Table S1). Crucially, under high potential conditions, the molecular orbitals of CQDs
shift to achieve energetic matching among BPA, CQDs, and PI. This precise alignment establishes a
cascaded energy pathway through which electrons migrate from the HOMO of BPA to the LUMO of
CQDs, and subsequently transfer to the LUMO of PI. Such electric field-induced energy alignment
facilitates non-intrinsic DET processes, providing a solid foundation for the highly efficient
degradation of BPA within the E-CQDs/PI system.

While QCSE establishes the thermodynamic driving force for electron transfer, the abundant

surface functional groups serve as critical anchoring sites that establish the electron transfer channels
1
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required for the DET process**. 2D-COS analysis of FTIR spectra revealed three positive auto-peaks
at 950—-1200 cm™! (vc-0), 1600-1700 cm™! (vc-o0), and 2950-3600 cm ™! (vo-n), demonstrating that
both surface carboxyl (—COOH) and —OH groups participate in PI adsorption (Supplementary Fig.
24). However, the asynchronous spectrum exhibited a negative cross-peak at (1600—1700 /
2950—-3600) coinciding with the positive synchronous peak, which demonstrated the preferential
interaction between PI and —OH groups rather than —COOH groups according to Noda's rules (Fig.
4¢)%. This selective binding is attributed to the higher positive electrostatic potential of H atoms in
—OH, as evidenced by Electrostatic potential (ESP) calculations (Supplementary Fig. 25).
Furthermore, reduced density gradient (RDG) analysis corroborated the stronger attractive
interactions in the —OH configuration (Fig. 4h, Supplementary Fig. 26, and Supplementary Fig. 27).

Following the initial surface enrichment, the catalytic interface undergoes a dynamic
reconstruction that evolves from physical adsorption to robust chemical bonding. XPS survey spectra
confirmed PI adsorption by revealing a distinct iodine signal on the CQD surface (Supplementary Fig.
28). Concurrently, a marked decrease in O—H peak intensity indicated surface deprotonation
(Supplementary Table S2 and Supplementary Fig. 29), a finding further supported by the pH drop
observed upon mixing PI with CQDs (Supplementary Fig. 30). Complementing this, acid-base
titration confirmed a significant rise in anionic functional group concentration at pH > 5
(Supplementary Fig. 31)*®. This accumulation of surface negative charge manifested as a notable
reduction in zeta potential (Supplementary Fig. 32). The interfacial charge reconstruction induced by
the QCSE was further elucidated through overlap population density of states (OPDOS) analyses. As
shown in Supplementary Fig. 33, the O 2p orbitals of deprotonated —O~ and the I 5d orbitals of PI are
located within a similar energy range, resulting in pronounced orbital overlap that favors interfacial

electron delocalization and bond formation®’. In contrast, only negligible orbital overlap was
12



262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

observed between deprotonated —COO~ and PI, indicating a much weaker electronic interaction.
Consistent with the OPDOS analysis, the electron localization function (ELF) maps (Fig. 41) revealed
pronounced electron localization at the —O7/PI interface, indicative of covalent bond formation,
whereas only weak electron localization was observed for the -COO/PI configuration *%. These
results demonstrate that the superior orbital compatibility of the —O~ active sites facilitates interfacial
charge redistribution, thereby providing a favorable electronic configuration for the subsequent direct
electron transfer process. These findings establish surface —OH as a dynamic two-stage adsorption
site: long-range hydrogen bonding initiates PI enrichment from the bulk solution, and subsequent
deprotonation creates an oxygen-centered covalent bridge that serves as the low-resistance electron
transfer channel (Supplementary Fig. 34).

In summary, these results reveal that the electric field regulates the non-intrinsic DET process
through a synergistic spatial-electronic modulation strategy. At the macroscopic level, the electric
field drives the directional migration and redistribution of charged CQDs and PI, creating a PI/CQD-
enriched anodic microenvironment while suppressing the cathodic DEA pathway due to reactant
depletion. At the microscopic level, the QCSE dynamically reconstructs the electronic structure of
CQDs by tuning frontier orbital energies, narrowing the bandgap and optimizing the energetic
alignment among BPA, CQDs, and PI, thereby lowering the barrier for electron transfer. Furthermore,
the surface hydroxyl groups of CQDs undergo adaptive interfacial reconstruction, evolving from
hydrogen-bond-mediated PI enrichment to deprotonated oxygen-centered covalent bridges that
provide efficient electron-transfer channels. This coupling of electric-field-driven spatial regulation,
QCSE-induced electronic engineering, and interfacial orbital optimization enables highly efficient
non-intrinsic DET, ultimately accounting for the superior BPA degradation performance of the E-

CQDs/PI system.
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Practical applicability of the QCSE-induced E-CQDs/PI system

To evaluate the practical applicability of the QCSE-enabled catalytic platform, BPA degradation was
assessed in an integrated single-cell electrochemical configuration. As shown in Supplementary Fig.
35, the E-CQDs/PI system achieved a kobs of 0.270 min!, representing 270-, 67.5-, and 5.29-fold
enhancements over E-CQDs, CQDs/PI, and E/PI systems, respectively. These results demonstrate the
synergistic effect of electric-field regulation and CQDs-mediated PI activation under realistic
conditions. The transformation pathways and toxicity evolution of BPA were subsequently
investigated to assess the environmental consequence of this enhanced degradation. According to the
UHPLC-QTOF-MS/MS analysis in ESI positive mode, eleven degradation products were identified
during BPA oxidation (Supplementary Table S3 and Supplementary Fig. 36). Furthermore, Fukui
index analysis was employed to determine the preferential reactive sites and functional groups of BPA
(Supplementary Table S4 and Supplementary Fig. 37)*°. The calculated Fukui index revealed that O1,
02,4, C5,Cl14, C15, C16, and C17 within the phenolic moieties exhibited relatively higher f~ values,
indicating their susceptibility toward electrophilic attack. Accordingly, BPA degradation proceeded
through sequential hydroxylation, demethylation, C—C bond cleavage, and oxidative ring-opening
reactions (Fig. 5a), resulting in progressive destruction of the aromatic structure and generation of
smaller oxygenated intermediates. Such stepwise molecular transformation substantially decreased
the environmental risks associated with BPA-derived products. Consistently, Ecological structure
activity relationships (ECOSAR) analysis demonstrated that the predicted acute toxicity toward fish,
daphnia, and green algae continuously declined during BPA oxidation, confirming effective
detoxification throughout the degradation process (Fig. 5b)*’. Moreover, negligible formation of

iodine-containing by-products, including HOI and I», was detected in the E/PI and E-CQDs/PI

systems (Supplementary Fig. 38), further verifying the environmentally compatible nature of PI
14
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activation*!. These findings demonstrate that the E-CQDs/PI system enables not only efficient
pollutant removal but also controlled conversion toward less hazardous products.

Following the confirmation of efficient degradation and detoxification, the practical applicability
of the E-CQDs/PI system was further assessed by comparing its catalytic activity and energy
efficiency with representative advanced oxidation processes reported in the literature*’. As shown in
Fig. 5c and Supplementary Table S5, the proposed system simultaneously achieved one of the highest
kobs and the lowest electrical energy consumption (Eeo = 0.068 kWh m= order™!) among reported
photocatalytic, Fenton-like, and electrochemical oxidation technologies. This favorable combination
of rapid kinetics and low energy demand highlights the advantage of the QCSE-driven catalytic
strategy over conventional oxidation processes. Notably, the enhancement induced by CQDs was
independent of electrode configuration. When the Ni foam electrode was replaced with Zn foam, Cu
foam, Ti foam, graphite plate, or carbon felt, the E-CQDs-containing systems consistently exhibited
higher BPA degradation efficiency than CQD-free controls (Fig. 5d and Supplementary Fig. 39),
demonstrating that QCSE-mediated PI activation does not rely on specific electrode materials.

The general applicability of this strategy was further validated using structurally diverse organic
pollutants. Specifically, the E-CQDs/PI system maintained efficient removal of phenol (PN),
bisphenol F (BPF), 2,4-dichlorophenol (2,4-DCP), 4-chlorophenol (4-CP), diclofenac (DCF), and
acetaminophen (ACT) (Fig. Se and Supplementary Fig. 40), demonstrating the broad applicability of
QCSE-enabled PI activation toward diverse contaminants. In addition, the system retained high BPA
removal efficiency over a wide pH range from 3.0 to 9.0 (Supplementary Fig. 41) and exhibited strong
resistance against representative water matrix components, including Cl-, NO3~, HCO3~, and humic
acid (Fig. 5f and Supplementary Fig. 42), indicating its robustness under complex environmental

conditions.
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Finally, the environmental sustainability of the proposed technology was assessed through life
cycle assessment (LCA) based on 18 environmental descriptors, comparing the synthesis impacts of
CQDs with two representative carbon materials (details provided in Supplementary Fig. 43)*. As
shown in Fig. 5g, CQDs exhibited consistently lower environmental impacts than granular activated
carbon (GAC) and carbon nanotubes (CNTs), which can be attributed to their mild and
environmentally benign preparation route. Collectively, the combination of high catalytic efficiency,
low energy consumption, broad applicability, operational robustness, and effective detoxification
demonstrates that the E-CQDs/PI system represents a sustainable and practically viable strategy for
electrochemical water purification.

Discussion

In this study, we have successfully established an electric-field-responsive quantum engineering
strategy that harnesses the QCSE of CQDs to enable a non-intrinsic DET pathway in the E-CQDs/PI
system. The existence of QCSE-induced electronic polarization was verified through EFM, in situ PL
measurements, and DFT calculations, revealing electric-field-dependent charge redistribution and
frontier orbital modulation within CQDs. This QCSE-induced electronic reconstruction enables
CQDs to function as field-responsive electron mediators for efficient DET. Conductivity analysis and
multiphysics simulations further demonstrate that the applied electric field drives the directional
migration of charged CQDs and PI, generating an anodic microenvironment favorable for the DET
process. Current-dependent OCP measurements and frontier orbital calculations reveal that QCSE
dynamically regulates the HOMO/LUMO energy levels of CQDs, optimizing the energetic alignment
among BPA, CQDs, and PI to reduce charge-transfer barriers. Moreover, FTIR 2D-COS spectra,
surface charge analysis, and OPDOS/ELF calculations demonstrate that QCSE induces adaptive

interfacial reconstruction through hydroxyl deprotonation and oxygen-centered electronic coupling
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with PI, creating low-resistance electron-transfer channels. The synergistic integration of QCSE-
driven electronic regulation, electric-field-mediated spatial redistribution, and interfacial orbital
optimization enables DET-coupled non-radical oxidation for efficient pollutant removal. The E-
CQDs/PI system further exhibits low energy consumption, excellent stability, broad pH adaptability,
and applicability toward diverse electrode materials and contaminants. This work provides a general
strategy for transforming quantum carbon materials into field-programmable catalytic interfaces for
sustainable electrochemical remediation.

Methods

Chemicals and Materials

All chemicals were used as received without further purification. The details of chemical reagents
were listed in the supplementary information.

Preparation of CQDs

CQDs were prepared via the one-step alkaline coupling ultrasonic method. Specifically, 45 g of
anhydrous a-glucose was dissolved in 100 mL of deionized water and then sonicated for 3 h. After
that, the crude sample was adjusted to pH = 7 with H2SOa4. The obtained dark brown liquid was treated
with a dialysis bag (MWCO 1000) for 12 h, and the dialyzed solution was made up to 250 mL as the
pristine CQDs solution.

Experiments

For mechanistic investigations of the QCSE-induced DET process, an H-type electrochemical cell
(150 mL) equipped with a proton exchange membrane was employed to spatially separate the anodic
and cathodic compartments. A dimensionally stable anode (DSA, 3 cm x 3 c¢cm) and a nickel foam
(NF, 3 cm x 3 cm) cathode were fixed in each compartment using electrode clips and positioned

parallel to each other. For practical application assessments, a single-compartment glass reactor (150
17
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mL) containing both electrodes was used to evaluate the overall pollutant removal performance under
integrated electrochemical conditions. Unless otherwise stated, the experiments were carried out
under 50 mM Na2SOs4, 1.5 mM PI, 1.2 g/LL CQDs, 20 uM BPA, and pH = 6.5 conditions. The current
was maintained at 30 mA with a DC power supply. To evaluate the degradation performance, 1.0 mL
of aqueous samples was extracted and filtered through a 0.22 pum filter membrane, and quenched with
20 puL Na2S203 for HPLC analysis. All experiments were carried out at least twice, and the data were
averaged.

Characterization and Analytical Method

The concentration of residual pollutants was measured with HPLC (Agilent 1260, USA) equipped
with a UV detector and a C18 separation column (Supplementary Table S6). Transmission electron
microscope (TEM, Thermo Fisher Scientific, USA) was employed to observe the morphology of
CQDs and obtain their crystal information. Fourier Transform infrared spectroscopy (FTIR, Thermo
Fisher Scientific, USA) was conducted to analyze the bonding situation of CQDs. X-ray
photoelectron spectroscopy (XPS, Thermo Scientific, USA) was conducted to obtain the oxidation
state of the elements within the samples. Electromagnetic resonance spectroscopy (EPR, Bruker, GER)
was employed to study the generation of reactive species. BPA degradation products were analyzed
with the ultrahigh performance liquid chromatography quadrupole time-of-flight mass spectrometer
(UHPLC-QTOF-MS/MS, Thermo Scientific, USA). Atomic force microscope (AFM, Bruker, GER)
and electrostatic force microscope (EFM) were employed to characterize the size of CQDs and their
charge response in the external electric field, respectively. Ex situ and in situ PL spectra were
performed with the spectro-electrochemical integrated test system (SEC, Ivium tec B.V., NL). Cyclic
voltammetry (CV) and open-circuit potential (OCP) were tested by the electrochemical working

station (Shanghai CH instrument, CN). The solution conductivity was obtained via the electric
18
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conductometer (Chengdu Century Ark Science & Technology Co.Ltd., CN). The details of QTOF and
electrochemical tests were all presented in the supplementary information.

Theoretical Calculation and Multiphysics Simulations

The density functional theory (DFT) methods were used to investigate the intrinsic mechanisms of
the complexation process, the QCSE under different electric fields, and the molecular orbitals of BPA.
The electric field and PI concentration distribution in the electrochemical cell were simulated using
the COMSOL software. The details of DFT and COMSOL calculations were presented in the
supplementary information.

Acknowledgements

The authors wish to thank the Jing-Jin-Ji Regional Integrated Environmental Improvement-National
Science and Technology Major Project (2026Z2D1213200), Sichuan Science and Technology Program
(2024NSFTDO0014), and National Natural Science Foundation of China (523B2094 and U24A20561)

for financially supporting this study.

19



414
415

416

417

418

419
420

a Traditional Catalyst Modification b Quantum-confined Stark effect (QCSE)

Tunable !
Energy :
Levels |

@, D
. N
% .
.
.
.
< [}
w -vI:“ w
\
| I |
1
H
H
H
H
| I |
-~

Modified catalyst

» Complex electronic tuning strategies v Flexible electronic tuning strategies
+ Immutable electronic structures v' Adjustable electronic states

Electron Donor Electron Acceptor Electron Donor Electron Acceptor
E
(c]
cB cB
-——— | _LOMO__ (c) T Lomo
L) - — o
— _—
Epp-------------- =) I
-
_ HOMO _ HOMO — =
LS - - _/
VB VB
Non-universal DET process Electric-field-driven universal DET process
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Fig. 2 | QCSE in CQDs. a Schematic illustration of the one-step alkaline coupling ultrasonic synthesis of CQDs. b

AFM image of CQDs deposited on a mica substrate. ¢ Dependence of the phase shift (A¢) on the applied bias

voltage (VEFM). The solid line represents the best fit using a polynomial function (A¢ = aVerm + bV2erm; a =

—-1.150° V', b = —2.102° V2). d Variation of the dipole moment (p) of CQDs of CQDs as a function of electric

field intensity (E). The dashed line represents the best fit using a polynomial function (u = aE + bE%; a = —6.066 x

10’ Cmau.!, b=1.362 x 10’ C m a.u.”"). e Local density of states (LDOS) of CQDs along the dipole direction

under different electric field intensities. f In situ PL spectra of CQDs under different applied potentials (Inset image

shows the device of the in-situ PL, which was conducted by 1. Graphite electrode; 2. Platinum wire electrode; 3.

CQDs solution; 4. Filter; 5. Base). g Excitation energies and corresponding excited-state orbitals of CQDs under

different electric field intensities.
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