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The generation of radicals through photo-Fenton-like reactions demonstrates

significant potential for remediating emerging organic contaminants (EOCs) in
complex aqueous environments. However, the excitonic effect, induced by
Coulomb interactions between photoexcited electrons and holes, reduces
carrier utilization efficiency in these systems. In this study, we develop Cu
single-atom-loaded covalent organic frameworks (Cuss/COFs) as models to
modaulate excitonic effects. Temperature-dependent photoluminescence and
ultrafast transient absorption spectra reveal that incorporating acenaphthene
units into the linker (Cusa/Ace-COF) significantly reduces exciton binding
energy (Ep). This modification not only enhances peroxymonosulfate
adsorption at Cu active sites but also facilitates rapid electron transfer and
promotes selective hydroxyl radical generation. Compared to Cusa/Obq-COF
(Ep =25.6 meV), Cusa/Ace-COF (£, =12.2 meV) shows a 39.5-fold increase in the
pseudo-first-order rate constant for sulfamethoxazole degradation

(0.434 min™). This work provides insights into modulating excitonic behavior
in single-atom catalysts via linker engineering for EOCs degradation.

M Check for updates

In recent years, the proliferation of emerging organic contaminants
(EOCs) in aquatic environments has become a significant concern, pri-
marily due to the extensive use of pharmaceuticals and personal care
products'?. These contaminants exhibit high chemical stability and
resistance to biodegradation, rendering conventional municipal was-
tewater treatment plants (WWTPs) ineffective®*. Consequently, EOCs
pose substantial risks to ecosystems and public health®. Advanced oxi-
dation processes (AOPs) have shown considerable promise in mitigat-
ing these persistent pollutants by generating highly reactive oxygen

species (ROS), such as hydroxyl radicals (*OH) and sulfate radicals
(+S04)%’. Among these AOPs, the photo-Fenton-like reaction system,
which employs photocatalysts to activate peroxymonosulfate (PMS) for
the production of potent ROS, is regarded as a promising technology
for sustainable water treatment®’. However, the current photoactivated
PMS catalysts are hindered by suboptimal light absorption efficiency,
electron-hole recombination, and a paucity of catalytically active sites'.
These deficiencies impede the effective utilization of photogenerated
carriers and limit the overall reaction efficiency. Thus, the development
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of highly efficient catalysts for photo-Fenton-like reactions remains a
pivotal obstacle in advancing sustainable water treatment technologies.

Covalent organic frameworks (COFs), as a novel class of crystal-
line porous materials, exhibit excellent porosity, large surface area,
broad-spectrum light absorption, and exceptional stability, rendering
them an ideal platform for the photo-Fenton reaction" ™. The incor-
poration of single-atom metal into COFs (Ms,/COF) not only broadens
the photoresponse range but also homogenizes metal atoms, thereby
shortening electron transfer distances, promoting electron accumu-
lation, and accelerating carrier transfer kinetics'*". Furthermore,
atomically dispersed active metals maximize the number of reactive
sites, while electron-rich metal centers serve as high-energy active sites
that stabilize intermediates during the photo-Fenton-like reaction,
facilitating efficient PMS activation’®. However, the intrinsically low
dielectric constant of COFs categorizes them as strong exciton
systems". Upon photoexcitation, Ms,/COFs generate strong excitonic
effects due to substantial electrostatic Coulomb interactions, which
hinder exciton dissociation and free carrier generation, consequently
reducing the catalytic activation efficiency for PMS'. Therefore, it
remains a formidable challenge to rationally design and construct
effective Msa/COFs at the molecular level to attenuate excitonic effects
and promote exciton dissociation within catalytic systems.

To mitigate the excitonic effect in Msa/COFs, creating energeti-
cally disordered domains within the catalyst is a reliable strategy'*°.
Techniques such as heterojunction formation, heteroatom doping,
and defect engineering can destabilize excitons and expedite their
dissociation into free carriers”*’. However, the implementation of
heterojunctions is constrained by the necessity for precise energy level
alignment between electron donors and acceptors, while heteroatom
doping and defect engineering often require severe calcination or
reduction conditions, compromising material stability. Constructing
donor-acceptor (D-A) type COFs by integrating diverse donor and
acceptor units can enhance unit polarity and facilitate rational mole-
cular design®**. Despite efforts to reinforce the conjugated structure
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within COFs to augment electron-hole separation, there is a paucity of
research elucidating the impact of these modifications on catalytic
activity from an excitonic perspective. Thus, developing a straight-
forward and effective strategy to modulate the intrinsic excitonic
behavior of Ms,/COFs through precise structural tuning is critical for
optimizing their performance in photo-Fenton-activated PMS appli-
cations, a domain that remains underexplored.

Herein, we employ a linker engineering strategy to synthesize two
imine-linked COFs incorporating distinct electron acceptor units: ace-
naphthenequinone (Ace-COF) and o-benzoquinone (Obq-COF).
Atomically dispersed Cu species were successfully anchored within the
COF substrates, forming Cusa/COFs via post-synthetic modifications.
As an environmentally benign material, the acenaphthene units
effectively mitigate the intrinsic excitonic effect in Cusa/Ace-COF and
modulates the electronic structure of the Cu single-atoms. This mod-
ification not only enhances PMS adsorption at the Cu sites but also
facilitates rapid and efficient electron transfer to the adsorbed PMS,
thereby promoting the selective generation of «OH radicals. The
optimized Cusa/Ace-COF exhibited exceptional potential for the
degradation of EOCs via photoactivated PMS, demonstrating rapid
pseudo-first-order degradation kinetics (0.434 min! for sulfamethox-
azole). The system exhibited resilience against interference from co-
existing ions and dissolved organic matter (DOM) and proved to be
remarkably cost-effective (EE/O = 0.35 kWh-m™). This study elucidates
the critical role of excitonic behavior in pollutant degradation by
photoactivated PMS and offers insights into the design of catalysts for
photo-Fenton-like reactions from an excitonic perspective.

Results

Synthesis and characterization of COFs and Cus,/COFs

Based on a linker engineering strategy, Cu single-atoms were immo-
bilized onto two distinct COF substrates, resulting in the development

of single-atom catalytic materials with superior photoactive PMS per-
formance, as depicted in Fig. 1 and Supplementary Fig. 1. Initially, 4,4’
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Fig. 1| Structure and synthesis. Illustrations for the structure and synthesis of COFs and Cuss/COFs.
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4”-(1,3,5-triazine-2,4,6-triyl)trianiline (TTA) was employed as the core
unit, with either ace-naphthenequinone (Ace) or o-benzoquinone
(Obq) serving as the linker, to synthesize reticular COFs (Ace-COF or
0Obg-COF) with analogous topologies via Schiff base and Knoevenagel
condensations™.

Fourier transform infrared spectroscopy (FTIR) spectra (Fig. 2a)
comparison of the COFs and linker monomers revealed characteristic
peaks at ~-1510 cm™ and -1366 cm™ in TTA, Obq-COF, and Ace-COF,
which are attributed to the triazine units”. After polymerization, a new
peak at ~1608 cm™, corresponding to the imine bond, was observed in
Obqg-COF and Ace-COF but was absent in the individual linker
monomers®. This confirms the successful polymerization of the pre-
cursor monomers. To provide more detailed characterization of the
chemical structure of the polymerized COFs, *C solid-state nuclear
magnetic resonance (ss-NMR) tests were further conducted (Fig. 2b).
The peaks observed at 111-140 ppm (maked a, b, and ¢) and ~170 ppm
(maked e) correspond to the benzene ring and triazine ring structures,
respectively?*. Notably, Ace-COF exhibited distinct signal peaks at ~185
ppm and ~155 ppm, corresponding to the tertiary carbons in o and 3
positions of acenaphthene moiety”®. Additionally, characteristic peaks
typical of imine carbons were detected at 146-152 ppm for both COFs,
confirming the formation of covalent structure via amidine-
formaldehyde polycondensation reactions”. Thermogravimetric ana-
lysis (TGA) (Supplementary Fig. 2) indicates that significant weight loss
occurs only above ~-500 °C, demonstrating excellent thermal stability
of the material. To further confirm the stability of the imine bonds,
extended thermal treatment at 180 °C for 5.0 h was conducted. The
FTIR spectra (Supplementary Fig. 3) continued to show the char-
acteristic imine peak at ~-1608 cm™, confirming the retention of imine
bonds after prolonged thermal exposure.

Subsequently, energetic Cu single atoms were successfully inte-
grated into the 2D framework of COFs via a mild post-synthetic
impregnation method to form Cuss/Ace-COF and Cusa/Obq-COF.
Inductively coupled plasma mass spectrometry (ICP-MS) and X-ray
photoelectron spectroscopy (XPS) spectra (Supplementary Table 1
and Supplementary Fig. 4) verified the successful incorporation of
elemental Cu into COFs, resulting in Cu concentrations of 3.35 wt% for
Cusa/Ace-COF and 3.09wt% for Cusa/Obg-COF. X-ray diffraction
(XRD) results (Supplementary Fig. 5) revealed characteristic COF peaks
in both Cusa/COFs, with diffraction peaks at -12.4° and -15.0° corre-
sponding to the (130) and (400) facets of COFs, respectively. Addi-
tionally, a high and broad peak at -25.0" arose from m-t stacking
between COF layers, corresponding to the (001) plane’. All diffraction
peaks follow the P-6 space group, indicative of the hexagonal two-
dimensional laminar network structure. Importantly, the absence of
Cu-related diffraction peaks suggests that Cu elements in the Cusa/
COFs are likely atomically dispersed. Rietveld refinement and struc-
tural simulations were further conducted based on the experimental
XRD patterns of Cusa/Ace-COFs and Cusa/Obq-COFs (Supplementary
Fig. 6). The results indicate that the unit cell parameters for Cusa/Ace-
COFs are a =b=29.57A and c¢=3.66 A, with a=B=90° and y=120°.
The simulated PXRD pattern using the AA stacking model aligns clo-
sely with the experimental data, and the difference curve reveals a
weighted-profile R factor (R,,=2.64%) and an unweighted-profile R
factor (R, =2.03%). Additionally, the XRD patterns of both Obq-COF
and Ace-COF demonstrate that the incorporation of Cu single atoms
does not significantly alter the overall crystal structure or crystallinity
of the substrates. This indicates that Cu loading does not adversely
affect the structural integrity of the COFs frameworks. Moreover,
scanning electron microscopy (SEM) and high-resolution transmission
electron microscopy (HR-TEM) were employed to observe the mor-
phological and structural alterations in the COFs before and after Cu
incorporation (Fig. 2c, d and Supplementary Figs. 7 and 8). SEM
micrographs displayed a distinctive striped irregular porous structure
for both Obq-COF and Ace-COF, with increased surface pore density

following Cu incorporation. TEM images elucidated the interlayer
texture characteristic of the 2D network architecture in both materials,
which remained intact post-Cu loading. Aberration-corrected high-
angle annular dark-field scanning transmission electron microscopy
(AC-HAADF-STEM) images (Fig. 2e, f) displayed atomic dispersion of
metallic elements in Cusa/Ace-COF and Cus,/Obq-COF, with individual
Cu single-atoms appearing as isolated bright spots. Energy-dispersive
spectroscopy (EDS) mapping further corroborated the homogeneous
distribution of C, N, and Cu elements within Cuss/COFs.

To better elucidate the dispersion and coordination environment
of elemental Cu within the COF structure, X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine structure
(EXAFS) analyses were conducted. The Cu K-edge XANES spectra
(Fig. 3a) revealed that the absorption edge of Cusa/Ace-COF is posi-
tioned between that of Cu-foil and CuO, resembling the characteristic
absorption edge of CuPc, suggesting a Cu valence state within the
range of 0 to +2*°. The Fourier-transformed k*>-weighted EXAFS (FT-
EXAFS) analysis (Fig. 3b) in the R space of Cuss/Ace-COF and CuPc
revealed a similar peak at 1.54 A, corresponding to the first-shell
coordination of Cu-N. The absence of metallic bonding, analogous to
Cu-Cu interactions (2.24 A) in the standard Cu-foil, suggests potential
monoatomic dispersion of Cu species within the COF structure. Sub-
sequently, the monodispersity of Cu atoms in Cusa/Ace-COF was fur-
ther confirmed by the wavelet transform (WT) signal displayed at
4.15 A contrasting with the WT-EXAFS profiles (Supplementary Fig. 9)
of other reference systems. Quantitative EXAFS fitting analysis (Fig. 3¢
and Supplementary Table 2) revealed a first-shell coordination number
of 2.0 for the central Cu atom, anchored to the COF nanosheets by two
N atoms, with an average Cu-N bond length of 1.94 A. Re-fitting of the
EXAFS data ruled out Cu—Cl coordination, confirming that the Cu
atoms in Cusa/Ace-COF are primarily coordinated as Cu-N, due to the
controlled synthesis conditions and thermal treatment.

Furthermore, XPS analysis provided comprehensive insights into
the chemical states and detailed bonding configurations of the Cusa/
COFs. The C 1s spectrum (Supplementary Fig. 10) exhibited peaks
corresponding to T-*, C =N, and C — N moieties®™. The N 15 spectrum
(Fig. 3d) showed imine-N at ~400.3 eV and triazine-N at -398.6 eV*%.
Importantly, the imine-N species in Cuss/Ace-COF exhibited a pro-
pensity to shift towards higher binding energies compared to Cusa/
Obg-COF, indicating lower electron density®. In the high-resolution Cu
2p XPS spectra (Fig. 3e), the binding energies of Cu 2p;/, and Cu 2py,,
are observed at 933.1 eV and 952.7 eV, respectively, with satellite peaks
indicating ionic state Cu species®. Interestingly, compared to Cuss/
Obq-COF, the peaks corresponding to Cu species in Cusa/Ace-COF
exhibit a shift trend towards lower binding energy, as opposed to the
observed trend in imine-N species. This suggests that the imine-N
atoms experience heightened interatomic interactions, likely attribu-
table to the presence of acenaphthene units during coordination with
Cu single-atoms. Moreover, differential charge density analysis from
density functional theory (DFT) provides deeper insights into the
discrete charge distribution within Cuss/COFs (Fig. 3f). In comparison
to Cusa/Obqg-COF, Cusa/Ace-COF reveal significant electron aggrega-
tion regions (marked as yellow color) surrounding the Cu metal cen-
ters, alongside accentuated electron depletion regions (marked as
green color) within the acenaphthene and imine units. This result
underscores the enhancement effect of the m-conjugation system of
acenaphthene units on the electron-withdrawing characteristics of Cu
atoms, thereby facilitating dynamic electron transfer from the delo-
calized electrons within the COF frameworks to the Cu single-atoms via
Cu-N channel.

Overall, a novel Ace-COF material incorporating acenaphthene
units was synthesized using a mild strategy, achieving atomically dis-
persed anchoring of Cu species within the COF frameworks to form
Cusa/Ace-COF. Various physicochemical characterizations confirmed
the presence of single-atom Cu, predominantly coordinated as Cu-N,
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within the pore structure of Cusa/Ace-COF. Compared to the Cuss/
Obq-COF, the introduction of acenaphthene units in Cusa/Ace-COF
disrupts the electronic equilibrium between the COF frameworks and
the Cu metal centers, facilitating the transfer of delocalized m-
electrons to the Cu sites via the Cu-N channels, thereby potentially
enhancing the catalytic performance of Cusa/Ace-COF.

Photo-driven PMS activation for pollutants degradation

A proof-of-concept investigation was conducted utilizing Cusa/Ace-
COF and Cuss/Obq-COF as model catalysts for the photo-Fenton-like
treatment of wastewater containing typical EOCs. Specifically, sulfa-
methoxazole (SMX), ibuprofen (IBU), bisphenol A (BPA), and benzo-
phenone (BP) were selected as model EOCs to evaluate the
degradation performance of Cusa/COFs through photo-driven PMS
activation under various experimental conditions (Fig. 4a and Sup-
plementary Fig. 11). In the PMS/Vis system, the removal percentages of
all four pollutants within 20 min remained below 2.8%, indicating
negligible activation of PMS by visible light alone. Additionally, both
bare Ace-COF and Obq-COF demonstrated no photocatalytic degra-
dation of EOCs (Supplementary Fig. 12), even when the reaction time
was extended to 4.0 h, underscoring the essential role of Cu single-
atom in enhancing photocatalytic activity. In the Cusa/COFs/Vis sys-
tem, Cusa/Ace-COF demonstrated significantly higher photodegrada-
tion rates for EOCs compared to Cusa/Obq-COF, suggesting the
superior photocatalytic performance of Cusa/Ace-COF. In addition, in
the Cuss/COFs/PMS system, Cusa/Ace-COF also exhibited effective
catalytic activity towards EOCs degradation. Specifically, the degra-
dation rates of SMX, IBU, BPA, and BP in Cusa/Ace-COF/PMS system
were 0.035min, 0.032min, 0.029 min™, and 0.032 min™, respec-
tively (Fig. 4b and Supplementary Fig. 13). Interestingly, Cusa/Ace-COF
exhibited exceptionally rapid degradation rates for all four EOCs in the

Cusa/COFs/PMS/Vis integrated system. Within a mere 12 min, Cusa/
Ace-COF achieved removal percentages of 99.5%, 94.7%, 95.5%, and
98.7% for SMX, IBU, BPA, and BP, respectively. Notably, focusing on
SMX removal, the pseudo-first-order rate in the Cusa/Ace-COF/PMS/
Vis system (0.434 min™) surpassed those in both the Cusa/Ace-COF/Vis
(0.024 min™) system and Cusa/Obq-COF/PMS/Vis (0.011 min™) system
by 18.1-fold and 39.5-fold, respectively. This result underscores the
synergistic coupling of Cusa/Ace-COF-mediated photocatalysis and
non-homogeneous PMS activation, which exerts an accelerated
degradation effect on the pollutants. In both the Cu®*/PMS and Cu*/
PMS/Vis systems (Supplementary Fig. 14), the efficiency of SMX
removal was notably constrained, coupled with sluggish degradation
kinetics. This indicates that the superiority of non-homogeneous
(0.434 min™) over homogeneous (0.004 min™) reaction in the photo-
Fenton-like process facilitated by Cusa/Ace-COF. The mineralization
efficiencies of the two catalysts for SMX in Cusa/COFs/PMS/Vis system
were assessed through total organic carbon (TOC) analysis. As depic-
ted in Fig. 4c, Cusa/Ace-COF achieved a notable reduction in solution
TOC to 27.3% within 180 min, whereas Cus,/Obqg-COF exhibited anti-
oxidative properties, maintaining the TOC above 90.4% even after
300 min. This result suggests the exceptional capacity of Cusa/Ace-
COF for deep oxidation, facilitating the decomposition of pollutants
into CO, and H,0. Cusa/Ace-COF exhibits notable performance
superiority surpassing state-of-the-art catalysts, as evidenced by
comparative analysis against previously reported references (Fig. 4d
and Supplementary Table 3). Additionally, an exhaustive assessment of
stability for Cusa/Ace-COF under diverse environmental conditions
was conducted. As depicted in Supplementary Fig. 15, Cusa/Ace-COF
demonstrates robust pollutant removal efficiency across a broad pH
range of 3-11, with SMX removal consistently exceeding 97.6%. Nota-
bly, the leaching of Cu species from the catalyst remained below
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34.5 pug L™ across varying pH levels after 10 h, representing only 1.03% of
the total Cu content in the material (Supplementary Fig. 16). Under
neutral conditions, continuous monitoring of Cusa/Ace-COF for 80.0 h
showed no significant increase in Cu species (Supplementary Fig. 17),
indicating that leaching saturation was reached. This concentration is
well below the threshold associated with aquatic biotoxicity, under-
scoring the eco-environmental safety of the material. Moreover, over
98.9% of SMX was effectively removed by Cusa/Ace-COF even after
undergoing 10 consecutive catalytic degradation cycles (Supplementary
Fig.18). Subsequent characterization of the catalyst using XRD, FTIR, and
AC-HAADF-TEM following these cycles revealed no discernible structural
or chemical alterations, suggesting the exceptional stability and reusa-
bility of the Cusa/Ace-COF catalyst (Supplementary Fig. 19).
Furthermore, to elucidate the primary ROS involved in pollutant
degradation within Cusa/COFs/Vis and Cuss/COFs/PMS/Vis systems,
ROS quenching experiments were conducted. Methanol (MeOH) and

tert-butanol (TBA) were selected as *OH quenchers, with MeOH also
serving as a scavenger for «SO,". Nitroblue tetrazolium (NBT) and
furfuryl alcohol (FFA) were employed as scavengers for O, and '0,,
respectively’®*, In the photocatalytic systems (Supplementary
Figs. 20 and 21), the introduction of NBT resulted in a decline in SMX
removal from 39.1% and 9.2% to 13.4% and 3.5% within 20 min in the
Cusa/Ace-COFs/Vis and Cusa/Obg-COFs/Vis systems, respectively. This
indicates that the degradation process in these systems is primarily
mediated by <O, radicals. In the Cusa/Obq-COF/PMS/Vis system
(Supplementary Fig. 22), the inhibition of SMX degradation by excess
ROS scavengers remained relatively stable, with removal percentages
maintained at 14.2-23.7%. Conversely, the efficacy of pollutant degra-
dation in Cusa/Ace-COF/PMS/Vis system (Fig. 4e, f) was significantly
hindered upon the addition of MeOH and TBA. Specifically, the
removal of SMX within 12.0 min decreased from 99.5% to 8.7% and
16.7% by these two scavengers, respectively, indicating that OH were
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the predominant ROS in the Cusa/Ace-COF/PMS/Vis system. This shift
is attributed to the efficient decomposition of PMS by Cusa/Ace-COF,
which reallocates the majority of photogenerated electrons from
activating molecular oxygen to generating substantial «OH radicals,
thereby dominating the degradation process of EOCs. To eliminate the
contribution of non-radical oxidation pathways to SMX degradation,
the role of electron transfer and surface-activated ROS in Cusa/Ace-
COF/PMS/Vis system was investigated. As shown in Supplementary
Fig. 23, the contribution of these two non-radical pathways to SMX
degradation was deemed negligible. The aforementioned results sug-
gest that multiple radicals (*OH, +S0,", *O,", and '0,) involved pollu-
tants degradation in the Cuss/Obq-COF/PMS/Vis system, while «OH
emerge as the predominant radical driving the degradation process in
the Cusa/Ace-COF/PMS/Vis system. The active species generated in
different systems were further assessed using electron paramagnetic
resonance (EPR) spectroscopy. DMPO-«OH, DMPO-+SO,~, DMPO-0;,",
and TEMP-'0, signals were identified using DMPO and TEMP as spin
trapping agents, respectively”’. As depicted in Fig. 4g and Supple-
mentary Fig. 24, no signals were detected in Cusa/Obq-COF/PMS sys-
tem, indicating that Cus,/Obq-COF alone is inert in activating PMS.
Weaker DMPO-+0,™ and TEMP-'0, signals were observed in Cus,/Obg-
COF/PMS/Vis and Cusa/Ace-COF/PMS systems. Interestingly, the
DMPO--0,” and TEMP-'0, radical signals in Cusa/Ace-COF/PMS/Vis
system nearly disappeared, while a significantly amplified DMPO--OH
signal was observed compared to Cuss/Obq-COF/PMS/Vis system. In
contrast to Cusa/Obq-COF/PMS/Vis system, the concentration of
quantified *OH increased by a factor of 2.21 in Cuga/Ace-COF/PMS/Vis
system. The in-situ Raman spectra were further were employed to
track the surface chemical evolution of the catalyst during PMS acti-
vation under visible light conditions (Fig. 4h and Supplementary
Fig. 25). In the PMS solution, peaks at ~-887 cm™ and ~1066 cm™ were
attributed to the presence of HSOs", while the peak at ~984 cm™ was
indicative of SO,%. Following the addition of Cuss/Ace-COF, the
Raman peaks associated with adsorbed PMS (*PMS) underwent a dis-
cernible shift, specifically from 774 cm™ to 780 cm™, underscoring the
robust interaction between PMS and active sites on the Cusa/Ace-COF
surface. Upon the introduction of visible light into the system, the
HSOs™ peak sharply declined, while the SO,> peak increased, sug-
gesting rapid PMS decomposition under light conditions in the Cus,/
Ace-COF/PMS/Vis system, thus generating reactive radicals. The
addition of PMS significantly enhanced the open circuit potential sig-
nals (Supplementary Fig. 26), demonstrating improved electron
transfer from Cu single-atom sites to PMS, particularly in the Cusa/Ace-
COF/PMS/Vis system. These findings confirm that the introduction of
acenaphthene units effectively modifies the electronic structure of
both COF substrates and Cu species, leading to enhanced selectivity
and yield of «OH generation by PMS under visible light, as demon-
strated by the ROS quenching experiments. To investigate the Cusa/
Ace-COF-mediated photo-Fenton-like degradation of SMX, DFT cal-
culations were performed to analyze its electronic structure (Supple-
mentary Figs. 27 and 28, and Supplementary Table 4), revealing
electron-rich regions around specific atoms and identifying reactive
sites. Theoretical predictions and liquid chromatograph mass spec-
trometer (LC-MS) analysis elucidated four distinct degradation path-
ways (Supplementary Figs. 29 and 30) involving electrophilic attacks
by *OH radicals, ultimately transforming SMX into low-toxicity inter-
mediates. Toxicity assessments (Fig. 4i) indicated that while SMX and
its intermediates exhibited low mutagenicity, the acute toxicity and
bioaccumulation potential of SMX were significantly higher, high-
lighting the efficacy of the Cusa/Ace-COF system in reducing the eco-
logical impact of SMX.

Exciton dissociation and free charge carrier dynamics
Degradation of pollutants through photoactivated PMS involves pro-
cesses such as light absorption, electron transfer, and interfacial

reactions. Evaluating the optical properties of catalysts, particularly
focusing on exciton dissociation and carrier dynamics, is crucial for
comprehending their catalytic performance. UV-Vis diffuse reflectance
spectra (UV-Vis DRS) (Fig. 5a) of the synthesized Cusa/COFs revealed a
notable extension of the light absorption range of Cusa/Ace-COF into
the near-infrared region upon the integration of acenaphthene units,
thereby enhancing its utilization of visible light. Employing the
Kubelka-Munk-transformed equation (Supplementary Fig. 31), optical
bandgap (£g) values of Cusa/Ace-COF and Cusa/Obq-COF were calcu-
lated to be -1.88 eV and -2.34 eV, respectively. The reduced E, suggests
a stronger D-A interaction in Cusa/Ace-COF*’. Analysis of the energy
band structure of Cuss/COFs was conducted based on £, values and
estimated conduction band values derived from Mott-Schottky
(M-S) measurements (Supplementary Fig. 32). Consequently, all
Cusa/COFs fit the minimum reduction potential required for PMS
activation, with the reduction in the bandgap primarily attributed to
the elevation of the valence band in Cuga/Ace-COF.

To further investigate the influence of energy band structure
variations on the excitonic effect in Cusa/COFs, the exciton binding
energy (£,) was measured using temperature-dependent photo-
luminescence (PL) spectroscopy, a key parameter for characterizing
the exciton Coulomb interaction. As illustrated in Fig. 5b, c, the
integrated PL intensity of both materials exhibited a monotonically
decreasing trend with increasing temperature (from 80K to 280K),
corresponding to the thermally activated nonradiative recombina-
tion proces. The £y, of Cusa/COFs was computed using the formula
I(T) =1o/(1+ A exp(-Ep/ksT))'®*°, where I, represents the PL intensity at
0K, T denotes the thermodynamic temperature (ranging from 80 to
280K), and kg is the Boltzmann constant. Consequently, the £, of
Cusa/Ace-COF and Cuss/Obq-COF were determined to be 12.2 and
25.6 meV, respectively. A smaller £, promotes the dissociation of
excitons into long-lived free charge carriers, suggesting that excitons
in Cusa/Ace-COF can readily surmount thermodynamic constraints
and dissociate into free electrons and holes at this temperature.
Room-temperature photoluminescence (PL) emission spectra (Sup-
plementary Fig. 33) unveiled a notable reduction in the fluorescence
emission intensity of Cusa/Ace-COF. A more detailed spectrum
reveals a new emission peak attributed to the acenaphthene unit near
627 nm in Cuss/Ace-COF. Furthermore, time-dependent PL decay
curves (Supplementary Fig. 34) demonstrated that the carrier life-
time of Cusa/Ace-COF extended from 0.56 ns to 16.57 ns compared to
that of Cusa/Obq-COF, confirming that the incorporation of the
acenaphthene moiety enhances the effective charge transfer in Cusa/
Ace-COF. Subsequent photoelectrochemical tests (Supplementary
Fig. 35) revealed that Cuss/Ace-COF, with a smaller £, exhibited
lower electrochemical impedances, higher carrier densities, and
stronger photocurrent responses. These results suggest that the
incorporation of the acenaphthene unit effectively promotes exciton
dissociation in Cuss/Ace-COF, facilitating the migration of photo-
generated electrons from the interior to the surface of materials for
interfacial catalytic reactions.

To elucidate the photogenerated free charge carrier dynamics of
Cusa/Ace-COF on a precise time scale, femtosecond time-resolved
transient absorption spectra (fs-TAS) were conducted. Figure 5d,e and
Supplementary Fig. 36 present two-dimensional and three-
dimensional pseudo-contour images, while representative decay
curves at different delay times (0.05ps ~ 5000 ns) are depicted in
Fig. 5f, g. The decay kinetics analysis revealed broad absorption bands
in the visible region for both Cus,/COFs, comprising broader negative
bands corresponding to band-edge ground state bleach (GSB) and
positive bands indicative of photoinduced excited-state absorption
(PIA)*. Within the initial 3.5 ps, Cusa/Ace-COF exhibits a prominent
negative signal at 470-530 nm, indicating ultrafast carrier separation,
followed by a rapid decay and transition to a positive signal, possibly
due to exciton dissociation and any charge transition*. The decay of
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Fig. 5 | Exciton dissociation and free charge carrier dynamics. a UV-Vis diffuse
reflectance spectra of Cusa/COFs. Steady-state PL spectra with a function of the

reciprocal temperature of b Cuss/Obq-COF and ¢ Cusa/Ace-COF; the insets display
the PL spectra at varying temperatures. 2D pseudo-color maps of d Cus,/Obg-COF

and e Cugsa/Ace-COF, and their corresponding fs-TA spectra under several repre-
sentative probe delays: f Cus,/Obq-COF and g Cusa/Ace-COF. Kinetics decay profile
probed at 520 nm of h Cusa/Obq-COF and i Cusa/Ace-COF.

photoinduced transient absorption or recovery to equilibrium reflects
the reduction of photoexcited carriers at the conduction band (CB).
Notably, the fs-TAS spectra of Cusa/Ace-COF markedly differ from that
of Cusa/Obqg-COF at 470-530 nm, attributed to the presence of ace-
naphthene units. Decay kinetics were analyzed using tri-exponential
fitting (Fig. 5h, i) at 520 nm, yielding radiative/nonradiative lifetimes
(7y), exciton annihilation (7,), and shallow trapping state (73)'®. In Cusa/
Ace-COF (14.6 ps), there was a notable reduction in the exciton anni-
hilation lifetime compared to Cusa/Obq-COF (61.5 ps), suggesting a
significant effect on charge carrier kinetics. The decreased 7, of Cusa/
Ace-COF is attributed to reduced exciton binding energy, leading to a
shorter lifetime. Additionally, 753 of Cusa/Ace-COF extends to 578.5 ps,
indicating that the presence of acenaphthene units triggers singlet
exciton dissociation and the trapping of long-lived shallow electrons,
accelerating the transfer of active electrons, in contrast to Cusa/Obqg-
COF (146.0 ps). The enhanced charge separation in Cuss/Ace-COF
promotes increased electron participation in activated PMS reactions,
facilitating the efficient and selective generation of target radicals for
pollutant degradation.

Enhanced mechanisms for pollutant removal

To unravel the intricate mechanism of intramolecular excited electron
transfer promoted by the acenaphthene moiety within the Cusa/Ace-
COF framework, DFT simulations on characteristic fragments of both
COFs using the B3LYP/6-311 G(d,p) methodology were conducted. As
depicted in Fig. 6a, while the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) of Obqg-
COF exhibited uniform distribution across benzene ring structures in
both the main and side chains. Conversely, Ace-COF displayed a dis-
tinct pattern, with the HOMO was predominantly localized within the
benzene ring of main chain, while the LUMO primarily resided in the
acenaphthene units of the side chain. Computational analyses revealed
a notable decrease in the band gap (Eg) upon integration of ace-
naphthene units, consistent with experimental results. Ace-COF
exhibited a reduction of 0.5eV in HOMO compared to Obq-COF,
indicating an increased electron affinity. The polarized distribution of
the frontier orbitals predicted a discernible D-A characteristic in Ace-
COF, facilitating efficient charge spatial separation®. Electrostatic
potential analyses provided insights into the spatial distribution of
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electron density within the COFs (Fig. 6b). The incorporation of the
acenaphthene unit resulted in a reorganization of the electron density
profile across the COF substrate. Specifically, Ace-COF exhibited a
more pronounced charge depletion region, particularly within the
acenaphthene moiety, compared to Obq-COF. Moreover, electrons
displayed significant localization around the imine nitrogen in Ace-
COF, potentially facilitating the delivery of the N-ligand to the Cu
active site. The dipole moment of Ace-COF is calculated to be 3.58
Debye, which is 1.43 Debye higher than that of Obq-COF. This elevated
molecular dipole moment facilitates efficient charge transfer within
the molecule. Theoretical analyses of frontier orbital distributions and
molecular dipole moments indicate that the incorporation of the

acenaphthene unit induces localized polarization within the Ace-COF,
enhancing exciton dissociation and generation of photogenerated
carriers under visible light.

After analyzing the enhancement of electron transfer, the inter-
facial reaction process involved in the activation of PMS at the active
site were further investigated through DFT calculations. Initially, the
adsorption configuration of PMS on Cusa/COFs was optimized (Sup-
plementary Fig. 37), revealing single-atom Cu as the primary adsorp-
tion site for PMS, where Og in PMS bonded to the individual Cu atoms.
The adsorption energies reveal that the introduction of acenaphthene
moieties notably enhances the adsorption strength of single-atom Cu
sites for PMS. The chemical bonding alterations upon PMS adsorption
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were scrutinized via crystal orbital Hamiltonian population (COHP)
analysis. The value of integrated COHP (ICOHP) up to Fermi surface
facilitated the assessment of bonding contributions between neigh-
boring atoms, thereby quantifying the bonding strength®. As depicted
in Fig. 6¢ and Supplementary Fig. 38, for Cus,/Obq-COF, the ICOHP
values of the Cu-Og bond and Og - O, bond were -1.80 and -3.77 eV,
respectively. Conversely, in Cusa/Ace-COF, the ICOHP value of the
Cu-Og bond exhibited an increase of -2.24 eV, indicating strength-
ened adsorption stability between PMS and the material interface,
facilitating PMS adsorption and activation reactions. Furthermore, the
ICOHP value of Og—-O0, in Cuss/Ace-COF exhibited a decrease of
-3.15eV, implying an increased propensity for Og - O, bond cleavage
and consequent activation of PMS into *SO, and *OH intermediates.
Differential charge density analysis revealed that the formation of
more evident electron depletion regions (metal sites on the catalyst)
and electron accumulation regions (O atoms on PMS) in Cusa/Ace-
COF. Bader charge calculations (Fig. 6d) further yielded values of -0.63
le| for Cusa/Ace-COF and —0.37 |e| for Cusa/Obq-COF, respectively. The
higher value for Cuss/Ace-COF indicates an increased electron migra-
tion from the Cu metal center to PMS.

To elucidate the intrinsic mechanisms underlying the heightened
adsorption and activation of PMS on Cusa/Ace-COF, a comprehensive
analysis of the partial density of states (PDOS) were conducted to
discern the d-orbital differentiation of Cusa/COFs. As illustrated in
Fig. 6e, the PDOS peaks within the e, band of the d orbitals exhibit a
discernible broadening trend with diminishing intensity from Cuss/
Obqg-COF to Cuss/Ace-COF. This trend indicates the efficacy of ace-
naphthene unit in augmenting the broadening of the e, band, enlar-
ging the non-overlapping region between d,, and a;, . Consequently,
more antibonding state of the adsorbed intermediates is elevated
further above the Fermi energy level, thereby enhancing the binding
affinity between the single-atom Cu and the adsorbed PMS
molecules****. However, despite the enhance of adsorption and elec-
tron transfer mechanisms, a complete understanding of the pre-
ferential formation of «OH by activated PMS at the Cusa/Ace-COF
interface remains elusive. Gibbs free energy (AG) calculations (Fig. 6f)
for the PMS activation step on the Cuss/COFs surface unveiled the
spontaneous exothermic process of the generation of *OH and *SO,
from the self-decomposition of PMS on Cusa/Ace-COF (AG=-0.70 eV),
in contrast to the endothermic process on Cusa/Obq-COF
(AG =0.35eV). Consequently, during the activation of PMS, the Cu site
of Cusa/Ace-COF selectively binds to the Og site in PMS. Subsequent
electron transfer to the *OH intermediate via the Cu-Og bond pathways
assumes a pivotal role in the preferential generation of <OH
(HSOs5™ + e > SO,4* + «OH).

Overall, in Cusa/Ace-COF, the single-atom Cu functions as the
catalytic site for PMS activation, facilitating electron transfer within the
photo-Fenton-like process (Fig. 6g). The incorporation of the ace-
naphthene units effectively mitigates the excitonic effects inherent in
COFs, regulating the broadening of the eg-band associated with the Cu
metal centers. There units not only serve as an “electron booster”,
augmenting the electron density in Cu single-atom sites and enhancing
PMS adsorption. They also reduce the exciton binding energy of Ace-
COF substrate, acting as a “pump” to drive the rapid and efficient
electron migration. Consequently, this promoting the selective gen-
eration of *OH radicals through PMS activation in Cusa/Ace-COF/PMS/
Vis system.

Environmental applications in natural water matrices

To evaluate the stability of Cusa/Ace-COF in practical water treat-
ment scenarios employing photo-Fenton-like method, replication
experiments were conducted under various environmental condi-
tions. Firstly, the influence of various ions on the performance of the
Cusa/Ace-COFs/PMS/Vis system in degrading SMX was investigated
(Supplementary Fig. 39), revealing that 3.0 mM cations and NO5;™ had

negligible effects, while CI” and COs* slightly inhibited the process
due to interactions generating low-redox-potential radicals («Cl and
«CO5)*. Additionally, the presence of humic acid (HA) and fulvic
acid (FA) as models for dissolved organic matter (DOM) demon-
strated competitive adsorption with SMX for ROS (Supplementary
Fig. 40), yet even at concentrations up to 6.0 mgC L™, the degrada-
tion efficiency remained high, achieving 99.5% and 98.1% SMX
removal within 20 min. Secondly, to evaluate the real-world applic-
ability of Cusa/Ace-COFs, SMX was tested in various natural water
matrices (Supplementary Fig. 41 and Supplementary Table 5),
including river water, lake water, groundwater, and treated waste-
water. The results indicated that river water, lake water, and
groundwater minimally affected SMX removal, with reductions of
only 1.7-4.3%. Although there was a slight decrease in degradation
efficiency in WWTPs effluent, 91.2% removal was still achieved within
15 min, with complete removal possible by extending treatment time
or increasing PMS dosage.

Furthermore, to explore the potential application scenarios of the
Cusa/Ace-COFs/PMS/Vis system in treating real wastewater, a
continuous-flow photo-Fenton-like reaction device mediated by Cusa/
Ace-COFs was constructed (Fig. 6g and Supplementary Fig. 42). The
prepared solutions, with one containing PMS and the other comprising
both catalyst and pollutant (Methylene blue), were simultaneously
pumped into a mixer and then flowed in a bottom-to-top direction
through a spiral reactor. Under the illumination of LED lamp posi-
tioned at the center of spiral up-flow reactor, the activation of PMS by
the Cusa/Ace-COFs was promptly triggered, leading to the generation
of abundant <OH radicals conducive to pollutant degradation.
Obviously, the progressive colorless of solution from the bottom to
the top of the reactor denoted effective degradation, followed by the
segregation of the catalyst and treated effluent facilitated by a mem-
brane filtration process. This highlights the availability of the pollu-
tants flow system in water treatment, which can be tailored for
pollutants with varying degradation rates by adjusting the wastewater
pumping rate. After continuous operation for 240 min (Supplemen-
tary Fig. 43), Cusa/Ace-COFs maintained a high removal percentage of
pollutants, reaching 100%, while the leaching of metal Cu remained
consistently below 0.9 pg L™ To further evaluate the suitability of this
system in practical engineering applications, we conducted an
assessment of the energy consumption (electrical energy per order
(EE/O) values) involved in treating micropollutants (500 pg L™ of SMX)
using the Cusa/Ace-COFs/PMS/Vis photo-Fenton-like system. Detailed
methodology and information are present in the supplementary
information. Generally, EE/O values<0.5-10 kWh m™ are deemed
competitive within the realm of AOPs for water pollution control**,
Lower EE/O values (0.35 kWh-m™) observed for the removal of emer-
ging pollutants in Cusa/Ace-COFs/PMS/Vis system, compared to Cusa/
Obg-COFs/PMS/Vis system (Supplementary Table 6), indicate that the
photo-Fenton-like reaction achieved superior micropollutant removal
with reduced energy consumption.

Discussion

Overall, we synthesized two types of Cusa/COFs, incorporating and
lacking acenaphthene units, via linker engineering to elucidate the
critical role of excitonic behavior in the photo-Fenton degradation of
EOCs. Temperature-dependent PL spectroscopy revealed that the
incorporation of acenaphthene units significantly reduced the intrinsic
exciton binding energy in Cuss/Ace-COF. The ultrafast carrier dynamic
of carriers in Cusa/Ace-COF was corroborated by fs-TAS. As a result,
the low-excitonic effect Cugp/Ace-COF (12.2meV) demonstrated a
39.5-fold enhancement in kinetic performance and a 22.5-fold reduc-
tion in economic cost for SMX degradation compared to Cuss/Opa-
COF (25.6 meV). This work establishes a paradigm for modulating
excitonic behavior in Cusa/COFs to optimize the photo-Fenton reac-
tion through linker engineering strategy.
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Methods

Synthesis of Ace-COF and Obq-COF

The synthesis of pristine COF involved a conventional Schiff base
reaction. Initially, 4,4’4”-(1,3,5-triazine-2,4,6-triyl)trianiline  (TTA,
0.2mmol, 299.5%) and 1,2-acenaphthenequinone (Ace, 0.3 mmol,
>99.5%) were mixed in a 10 mL Pyrex tube, followed by the addition of
a solvent mixture consisting of dioxane/acetonitrile/6 M acetic acid
(1.0 mL/1.0 mL/0.2 mL). The Pyrex tube was subsequently treated with
ultrasonication for 15 min and degassed using three freeze-pump-thaw
cycles, then sealed and heated at 120 °C for 72 h. The resulting pre-
cipitate was isolated by filtration, washed thoroughly with acetone and
THF, and then stirred in DMF solution for 3.0h to eliminate any
unreacted monomers. The obtained powder was subsequently col-
lected and dried under vacuum at 80 °C overnight, yielding a dark-red
Ace-COF material (104 mg, 82.8% yield). A similar procedure was
employed, replacing 1,2-Acenaphthenequinone (Ace, 0.3 mmol,
>99.5%) with o-Benzoquinone (Obq, 0.3 mmol, >99.5%), to obtain
brownish-yellow Obq-COF material (87 mg, 84.2% yield).

Synthesis of Cusa/Ace-COF and Cug,/Obq-COF

The aforementioned COF (200 mg) were dispersed in deionized water
(70mL) with stirring under ultrasonication for 30 min. Then,
CuCl,-2H,0 (40 mM; 10 mL, >99.0%) was gradually added dropwise to
the solution while continuously stirring for 2.0 h to ensure the uniform
dispersion of COF in the solution. The mixture was then transferred to
a Teflon-lined stainless-steel autoclave and heated at 100 °C for 24.0 h.
After cooling to room temperature, the solid precipitate was separated
by centrifugation and washed with H,O and CH;OH. The precipitate
was vacuum dried at 60 °C overnight. Afterward, the powder was
transferred to a tube furnace and heated at 180 °C for 2.0 h to obtain
Cusa/Ace-COF or Cusa/Obq-COF catalysts.

Characterization of COFs and Cus,/COFs

The physical structure and surface properties of the samples were
investigated using XRD and FTIR. SEM, HR-TEM, and AC-HAADF-STEM
were employed to analyze the microstructure. ss-NMR and XPS were
utilized for in-depth analysis of the chemical structure and electronic
environment of the samples. The distribution and coordination
structure of Cu elements in the samples were investigated by
synchrotron-based XAFS spectroscopy. The recombination and
kinetics of carriers in the photoexcited state of the samples were stu-
died using photoluminescence spectroscopy and Ultra-fast fs-TA
spectroscopy. The UV-Vis DRS, Mott-Schottky plots, periodic on/off
photocurrent responses, and electrochemical impedance spectro-
scopy were evaluated by photoelectrochemical tests. The radical
species in the reaction process were detected by EPR spectroscopy.
Detailed methods are provided in the Supporting Information.

Catalytic degradation of pollutants

SMX, IBU, BPA, and BP were selected as representative EOCs to eluci-
date the degradation behavior within a photoactive PMS system. The
reaction solution (50 mL) containing 10.0 mg L™ pollutant and 0.1g L™
catalyst was subjected to stirring in darkness for 30 min to attain
adsorption/desorption equilibrium. Subsequent to pH adjustment
with 0.1M HCI or 0.1M NaOH, 0.5 mM of PMS was introduced, fol-
lowed by light irradiation using a 300 W xenon lamp fitted with a cutoff
filter (\ 2420 nm, 50 Mw cm™). At required intervals, the reaction
solution (500 pL) was sampled and promptly quenched with MeOH
(100 pL). Subsequently, the solution was filtered through a 0.22 um
membrane to separate the solid catalyst. The residual concentration of
pollutant was determined using an Agilent high-performance liquid
chromatography (HPLC) system equipped with a C18 chromato-
graphic column and a UV-vis detector. TOC concentration was quan-
tified utilizing a SHIMADZU TOC-L analyzer with an ASI-L autosampler.
Intermediate products were analyzed by an Agilent HPLC time-of-flight

mass spectrometer (LC-MS Triple TOF 5600, AB Sciex, Foster City, CA)
equipped with an electrospray ionization (ESI) source operating in
negative ion mode. Detailed methods are provided in the Supporting
Information.

Computational methods and data analysis

The periodic electronic structures of COFs and Cusa/COFs were per-
formed at the DFT +U level using the Vienna ab initio simulation
package (VASP 5.4.1)***". The Perdew-Burke-Ernzerhof (PBE) functional
with generalized gradient approximation (GGA) was employed to
handle the exchange-correlation interactions*®**°. The calculations
were performed with a cutoff energy of 450 eV and convergence
thresholds of 10*eV and 0.02 eV A™. Structural optimization was car-
ried out using a 3 x 3 x 1 Monkhorst-Pack (MP) k-point mesh sampling
of the Brillouin zone, followed by electronic property calculations with
a denser 6 x 6 x 1 MP k-point grid. For the analysis of non-covalent
interactions (NCI) of the molecular models, Gaussian 16 software was
employed to optimize the structures at the B3LYP/6-311 G (d, p) level
with the DFT-D3 empirical dispersion correction®**, Detailed methods
are provided in the Supporting Information.

Data availability

All data supporting the findings of the study are available within the
main text, the Supplementary Information and the Source Data files
that accompany this article. Source Data file has been deposited in
Figshare under accession code DOI link: https://doi.org/10.6084/m9.
figshare.27186216 Source data are provided with this paper.

Code availability

We have provided a full code availability statement in the manuscript.
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