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Abstract 

Precise incorporation of metal single-atom (SA) active sites into covalent organic frameworks 

(COFs) offers a powerful approach to enhance electrochemiluminescence (ECL) by facilitating 

co-reactant activation and charge transport. However, metal coordination usually triggers 

intramolecular electron-transfer quenching that degrades the ECL efficiency of COFs. Herein, we 

construct a pyrene-phenanthroline COF with coordinated Ag SA (AgSA/PP-COF) that breaks the 

catalysis-quenching dilemma of metals, achieving enhanced ECL performance. Density functional 
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theory calculations reveal that, among the screened metal catalysts, the d10-configurated Ag (I) 

center exhibits the weakest electron coupling with the nitrogen atoms of PP-COF’s phenanthroline 

units. This minimal perturbation ensures that the framework’s intrinsic luminescence is largely 

retained. Specifically, AgSA serves as highly efficient active sites, facilitating co-reactant 

adsorption and activation while accelerating interfacial electron transfer kinetics. Remarkably, the 

resultant AgSA/PP-COF exhibits a 4.5-fold enhancement in ECL intensity. Moreover, AgSA/PP-

COF enables the construction of a highly sensitive ECL enzymatic biosensor for 

organophosphorus pesticide detection. This work provides a universal strategy for the design of 

high-performance solid-state ECL emitters. 
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Introduction 

Solid-state electrochemiluminescence (ECL) is a light-emitting phenomenon driven by 

electrochemical reactions, where emitters typically confined at the electrode surface undergo redox 

processes to generate excited states that decay radiatively1-4. Donor-acceptor (D-A) conjugated 

covalent organic frameworks (COFs), with the features of long-range order, flexible structure 

regulation, and atomically precise, offer a compelling design strategy for solid-state ECL emitters 

by facilitating intramolecular charge transfer5-8. However, the absence of redox-active metal 

centers compromises the catalytic cycle for generating reaction intermediates and impedes 

efficient electron pathways for charge injection, thereby restricting co-reactant activation and 

resulting in a low ECL efficiency9, 10. 

Integrating catalytically active metal sites with luminophores into a single COF structural unit 

presents an effective solution to the aforementioned challenges. It shortens the reaction pathway 

between emitters and co-reactants, thereby accelerating electron transport and mitigating energy 

loss during electrochemical processes11-13. Single-atom catalysts (SACs) exhibit maximized metal 

utilization efficiency, with the well-defined metal centers serving as highly active catalytic sites 

that can effectively promote the activation of co-reactants in the ECL processes14-17. However, the 

integration of single-atom active sites into COFs for ECL remains largely unexplored, primarily 

due to challenges of ECL quenching arising from electron transfer between luminescent linkers 

and metal sites18-20. Specifically, coordination between metal atoms and COF induces orbital 

overlap, facilitating electron transfer from donor units to acceptors or directly to metal centers. 

This redistribution of electrons alters the intrinsic donor-acceptor character of the COFs, 
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perturbing their ground-state electronic structure. As a result, the formation and relaxation of 

excited states are disrupted, leading to ECL quenching. Therefore, a thorough investigation of the 

structure-activity relationship between metal single-atom sites and COFs to balance catalytic 

efficiency and quenching effects for boosting ECL performance still poses a significant challenge. 

Herein, guided by density functional theory (DFT) calculations, a series of metal single atoms 

has been screened to enhance interfacial electron transfer efficiency and catalytic activity within 

the pyrene-phenanthroline COF (PP-COF). Our findings reveal that the Ag atom with a d10 

electronic configuration induces minimal perturbation to the charge distribution of nitrogen atoms 

in the phenanthroline units of PP-COF after coordination, which is anticipated to impart only slight 

ECL quenching to the PP-COF (Fig. 1). Both experimental and theoretical studies demonstrate 

that AgSA/PP-COF narrows the band gap, promoting electron transfer and accelerating PP-COF 

excited-state formation. Moreover, peroxydisulfate can be efficiently adsorbed and activated, 

generating abundant radical intermediates. Compared with pristine PP-COF, AgSA/PP-COF 

exhibits a remarkable 4.5-fold enhancement in ECL, along with a positive shift of the 

corresponding potential from -1.5 V to -1.2 V. Note that the universality of this strategy was 

validated by extending it to two other COFs commonly used for metal coordination (2,2'-

bipyridine and porphyrin-based frameworks). Finally, the resultant AgSA/PP-COF-based sensor 

was developed for sensitive detection of organophosphorus pesticides. 

Results 

1,3,6,8-tetrakis(4-aminophenyl)pyrene (PyTBA) and 4,4’-(1,10-phenanthroline-3,8-

diyl)dibenzaldehyde (PDDB) are used as building blocks to synthesize a model D-A PP-COF via 
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a solvothermal method for conceptual validation21. The ordered porous structure in PP-COF, along 

with the abundant N atoms in the phenanthroline units, creates an ideal environment for the precise 

coordination of metal single atoms, thereby ensuring the uniform dispersion of active sites (Fig. 

2a). Understanding the extent of electronic coupling between metals and COFs is critical for 

balancing catalytic activation and excited-state quenching. Frontier molecular orbital theory offers 

a fundamental approach for depicting metal-support orbital interactions22-23. DFT calculations 

reveal that the lowest unoccupied molecular orbital (LUMO) level of PP-COF (-2.43 eV) lies 

significantly higher than those of certain metal atoms (Fe: -2.87 eV; Co: -2.76 eV; Ni: -2.67 eV; 

Pt: -2.98 eV). This strong electronic coupling drives unfavorable electron transfer during ECL 

generation, wherein injected electrons preferentially migrate from PP-COF to metal centers rather 

than participating in the formation of excited states24. In contrast, the d10 group metal atoms (Cu: 

-0.68 eV; Ag: -0.71 eV; Au: -0.74 eV) exhibit higher LUMO energies than PP-COF, producing an 

energy barrier that leads to weak electronic coupling and preserves the ECL-active excited-state 

(Fig. 2b). To unravel the influence of different metals on the electron distribution in the framework 

after coordination with PP-COF, DFT simulations on characteristic fragments of M/PP-COFs were 

performed. Within the PP-COF architecture, the highest occupied molecular orbital (HOMO) is 

predominantly localized on the pyrenyl areas. The observed electronic localization can be 

attributed to the intrinsic electron-donating propensity of the pyrene units, which consequently 

suggests a preferential formation of cationic radical species at these specific sites25-26. LUMO is 

distributed on the phenanthroline parts (Fig. 2c). As shown in Supplementary Fig. 1, when metal 

atoms (Fe, Co, Ni, Pt) coordinate with phenanthroline in PP-COF, the HOMO is primarily resided 
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the metal and the phenanthroline moieties, indicating the occurrence of intramolecular charge 

transfer27. In contrast, for d10 group metals (Cu, Ag, Au), the HOMO distribution of PP-COF 

remains largely unaffected. Furthermore, the LUMO energy level of AgSA/PP-COF decreases to -

2.55 eV compared to pristine PP-COF (-2.43 eV), facilitating more electron transfer from the 

HOMO, thereby promoting the generation of excited states and ultimately improving the ECL 

efficiency28-29. Theoretical calculations reveal that the charge variation on the N atoms in 

phenanthroline before and after coordination with Ag is minimal, suggesting that Ag doping is 

expected to exert the least impact on the intrinsic ECL signal of PP-COF (Fig. 2d and 

Supplementary Fig. 2). Notably, Ag exhibits a higher d-band center closer to the Fermi level 

compared to Au, which strengthens the adsorption of reaction intermediates and consequently 

facilitates subsequent electrochemical processes (Fig. 2e)30. Taking advantage of minimal 

interference with the framework's intrinsic ECL properties and exceptional co-reactant activation 

capability, Ag as the optimal catalytic center for PP-COF-based ECL systems is greatly expected. 

In the Fourier transform infrared spectroscopy (FT-IR) spectrum of PP-COF, the significant 

weakening of the characteristic peaks for the aldehyde group (around 1693 cm-1) and amine group 

(3342 cm-1), along with the appearance of a prominent C=N vibration peak at 1619 cm-1, revealing 

the formation of the imine linkage (Fig. 3a). The 13C solid-state nuclear magnetic resonance (NMR) 

spectra further confirm the presence of the imine carbons at 149.9 ppm for PP-COF31. Additionally, 

the peaks located at 143.6 ppm and 139.9 ppm belonged to the alpha position of the o-

phenanthroline nitrogen atom to the tertiary carbon and quaternary carbon, respectively (Fig. 3b). 

The crystalline structure of PP-COF is confirmed by powder X-ray diffraction (PXRD), with 
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strong peaks appearing at 2.5, 3.5, 4.9, 7.5, and 9.9° corresponding to the (100), (110), (200), (300), 

and (400) lattice planes, respectively (Supplementary Fig. 3). The lattice parameters of PP-COF 

in P1 space group are obtained through Pawley refinement against of PXRD pattern (a = 36.49 Å, 

b = 36.14 Å, c = 3.64 Å, α = β = γ = 90°) (Supplementary Fig. 4). Importantly, the PXRD results 

are similar to the simulated AA-eclipsed stacking mode (unweighted profile R factor (Rp = 5.26%) 

and weighted-profile R factor (Rwp = 7.42%)). The high crystallinity and AA-stacked arrangement 

endow the framework with a regular structure, which facilitates efficient intramolecular charge 

transfer and consequently enhances the ECL performance32. The crystallinity of PP-COF remains 

intact after 12 h exposure to various organic solvents, underscoring its excellent chemical stability 

(Supplementary Fig. 5). Furthermore, the crystal structure of PP-COF is well retained after 

loading Ag species (Fig. 3c). No peak assigned to Ag metal or metal oxide is observed from the 

PXRD result, indicating that Ag exists in the form of single atoms33. Scanning electron microscopy 

(SEM) images show that PP-COF retains its original morphology after Ag incorporation 

(Supplementary Fig. 6). Transmission electron microscopy (TEM) images demonstrate the well-

defined stacked lamellar architecture of PP-COF. High-resolution TEM (HRTEM) image confirms 

a lattice spacing of 2.2 nm, corresponding to the (010) plane (Fig. 3d). Notably, no detectable Ag 

nanoparticles are observed in the HRTEM image of AgSA/PP-COF. High-angle annular dark-field 

scanning TEM (HAADF-STEM) and corresponding energy-dispersive spectroscopy (EDS) 

mapping images further verify the homogeneous distribution of C, N, and Ag elements within the 

AgSA/PP-COF structure (Fig. 3e). The atomic-scale distribution of Ag species was further 

investigated through aberration-corrected HAADF-STEM (AC-HAADF-STEM), which 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

demonstrates the uniform dispersion of isolated Ag atoms, as evidenced by the presence of bright 

spots throughout the PP-COF matrix (Fig. 3f). The Ag content was determined to be 1.68 wt% by 

inductively coupled plasma mass spectrometer34. The electronic properties and local coordination 

environment of AgSA in AgSA/PP-COF were further elucidated by X-ray photoelectron 

spectroscopy (XPS). The binding energies of the Ag 3d3/2 and Ag 3d5/2 peaks are located at 374.16 

eV and 368.08 eV, respectively, which suggests a valence state of Ag between 0 and +1 (Fig. 3g). 

In contrast to PP-COF, the high-resolution N 1s spectrum of AgSA/PP-COF exhibits an additional 

peak at 399.76 eV, which is attributed to the N atoms of the phenanthroline units coordinating with 

Ag (Fig. 3h)35-36. The nitrogen adsorption/desorption isotherm of PP-COF was analyzed at 77 K 

to assess the porosity and surface area. The type IV adsorption isotherm indicated the presence of 

typical mesopores in the structure. The Brunauer-Emmett-Teller (BET) surface area of PP-COF 

was calculated to be 1231 m2 g-1, with an average pore diameter of 3.94 nm. The incorporation of 

Ag decreases the BET surface area of AgSA/PP-COF to 731 m2 g-1, which can be attributed to the 

partial occupation of pores by the anchored AgSA (Fig. 3i). However, the single atom loading is 

not sufficient to significantly alter the pore size, as the pore diameter is primarily determined by 

the framework structure of the COFs (Supplementary Fig. 7). Thermogravimetric analysis (TGA) 

demonstrates that the AgSA/PP-COF maintains excellent thermal stability, exhibiting significant 

weight loss observed only above ~400 °C under a nitrogen atmosphere, with decomposition 

behavior comparable to the pristine PP-COF (Supplementary Fig. 8). Ultraviolet-visible (UV-vis) 

absorption spectroscopy reveals a distinct red shift in the absorption edge of AgSA/PP-COF in 

comparison to PP-COF, indicating enhanced visible-light harvesting capability (Supplementary 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

Fig. 9a). This phenomenon originates from the vibrational broadening of PP-COF and enhanced 

delocalization induced by AgSA chelation37-38. Furthermore, Tauc plot analysis demonstrates that 

the band gaps of PP-COF and AgSA/PP-COF are 1.81 eV and 1.66 eV, respectively 

(Supplementary Fig. 9b). The incorporation of AgSA enhances the donor-acceptor interactions 

and effectively reduces the bandgap, thereby facilitating the electronic transition from the ground 

state to the excited state. Mott-Schottky analysis provides further insight into the electronic band 

structure, revealing a negative shift of the conduction band potential from -0.79 V in pristine 

PP‑COF to -0.99 V in AgSA/PP‑COF. This shift indicates an enhanced reductive capability of the 

modified material (Supplementary Fig. 10)39. Steady-state photoluminescence (PL) spectroscopy 

reveals that the PL intensity of AgSA/PP-COF exhibits a slight quenching compared to that of 

pristine PP-COF, accompanied by a minor blue shift in the emission peak (Supplementary Fig. 

11a). This phenomenon can be attributed to the expansion of interlayer spacing in PP-COF induced 

by AgSA incorporation, which reduces the interlayer π-π stacking interactions40. The 

photoluminescence quantum yield (PLQY) exhibits only a marginal decrease from 1.64% for PP-

COF to 1.49% for AgSA/PP-COF, demonstrating that the AgSA incorporation largely preserves the 

intrinsic luminescent properties of the PP-COF. In contrast, other M/PP-COFs (M = Au, Cu, Pt, 

Fe, Co, Ni) all exhibit more pronounced and varying degrees of PLQY reduction, reflecting 

significant luminescence quenching (Supplementary Fig. 11b). XPS analysis reveals that Ag 

doping leads to the smallest shift in the binding energy of the pyridinic N 1s peak (Supplementary 

Fig. 12). This observation suggests that the Ag-N interaction results in either the weakest initial-

state charge transfer or the strongest final-state shielding effect among the metals studied. The 
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time-resolved photoluminescence (TR-PL) reveals that the fluorescence lifetime increases from 

2.34 ns for PP-COF to 2.70 ns for AgSA/PP-COF, demonstrating that the AgSA doping slightly 

extends the carrier lifetimes (Supplementary Fig. 13).  

The electrochemical behavior of the PP-COF and AgSA/PP-COF was examined during reduction 

and oxidation processes. The cyclic voltammetry (CV) curve of PP-COF exhibits an anodic peak 

at +1.4 V, corresponding to the oxidation of pyrene units, and a cathodic peak at -1.41 V, attributed 

to the reduction of pyrene units25,26. After the introduction of AgSA, both anodic and cathodic 

currents significantly increase, while the redox peaks of pyrene remain preserved (Supplementary 

Fig. 14). Subsequently, we systematically evaluated the co-reactant-based ECL performance using 

several common small-molecule co-reactants. Among the tested co-reactants (H2O2, N2H4•H2O, 

C2O4
2-, and K2S2O8), K2S2O8 demonstrates exceptional efficacy in amplifying the ECL emission 

of PP-COF (Supplementary Fig. 15). As shown in Fig. 4a, CV curves reveal that AgSA/PP-COF 

exhibits a significantly enhanced reduction current compared to pristine PP-COF, indicating 

superior electrocatalytic activity41. Notably, the electrochemical reduction peak of K2S2O8 in the 

AgSA/PP-COF system shifts positively from -1.0 V to -0.69 V (vs. Ag/AgCl), suggesting that the 

AgSA sites efficiently catalyze the reduction of K2S2O8. Consequently, the ECL emission of 

AgSA/PP-COF commences at -1.2 V, whereas PP-COF exhibits negligible luminescence until -1.5 

V. Remarkably, the maximum ECL intensity of AgSA/PP-COF at -1.8 V surpasses that of PP-COF 

by a factor of 4.5, which corresponds to an approximately 4.1‑fold greater ECL enhancement 

compared to the system containing an equivalent amount of free Ag⁺ in the electrolyte 

(Supplementary Fig. 16). This phenomenon demonstrates that AgSA doping effectively decreases 
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the activation energy of the ECL reaction process in PP-COF, thereby significantly enhancing the 

ECL signal. In contrast, although the other M/PP-COFs (M = Cu, Au, Pt, Fe, Co, Ni) composites 

exhibit enhanced reduction currents (Supplementary Fig. 17), they all show varying degrees of 

ECL quenching, which is consistent with theoretical predictions (Fig. 4b and Supplementary Fig. 

18). The role of dissolved O2 in the ECL process was investigated by conducting experiments 

under O2, air, and N2-saturated electrolyte conditions. The ECL signal in the O2-saturated solution 

surpasses even that in the air-saturated K2S2O8 solution, while N2 saturation leads to a moderate 

decline in intensity due to diminished reactive oxygen species generation (Supplementary Fig. 

19). These findings corroborate that O2 may function as a secondary co-reactant, further oxidizing 

intermediates or prolonging radical pathways, thereby amplifying ECL. Notably, despite the 

limited contribution of dissolved O2 to the overall ECL mechanism, we intentionally preserve 

ambient O2 levels during measurements to mirror real-world biological environments. To elucidate 

the influence of metal sites on the ECL performance, S2- is employed to selectively shield AgSA 

active sites. Remarkably, the ECL efficiency of the system is significantly suppressed due to the 

strong coordination between AgSA sites and S2- anions (Fig. 4c), providing compelling evidence 

for the pivotal role of AgSA in the ECL process42. Tafel analysis serves as a powerful tool for 

evaluating electrochemical reaction kinetics, where a smaller Tafel slope indicates faster electrode 

kinetics and a more pronounced current increase. The Tafel slopes for PP-COF and AgSA/PP-COF 

were calculated to be 809.2 and 293.1 mV dec-1, respectively, demonstrating that the AgSA, as a 

co-reaction accelerator, effectively enhances the reaction kinetics (Fig. 4d). Electrochemical 

impedance spectroscopy (EIS) analysis reveals a significantly smaller semicircle radius for 
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AgSA/PP-COF compared to PP-COF, indicating a lower charge transfer resistance 

(Supplementary Fig. 20). Moreover, operando EIS provides further insights into the kinetic 

distinctions between the PP-COF and M/PP-COFs during the electrochemical process. Specifically, 

in the AgSA/PP-COF system, as the potential sweeps negatively from -0.2 V to -0.6 V, a continuous 

decrease in the high-frequency phase angle is observed, which is attributed to the reduction of 

K2S2O8. Upon further polarization to the potential range of -0.7 V to -1.0 V, a low-frequency phase 

angle emerges and progressively increases, indicative of the accumulation of radical intermediates 

at the electrode-catalyst interface, manifesting as an enhancement in the interfacial chemical 

pseudocapacitance43. When the potential exceeds -1.1 V, the low-frequency phase angle disappears, 

suggesting the rapid consumption of the accumulated radical intermediates. Simultaneously, the 

high-frequency phase angle continues to decrease with increasing negative potential, indicating 

accelerated interfacial charge transfer and the system entering a high-efficiency luminescence 

steady state characterized by rapid electron transfer (Fig. 4e). This behavior corresponds to the 

intrinsic reduction of the COF occurring at the high-frequency interface in PBS (Supplementary 

Fig. 21). Similar stage evolution is also observed in other M/PP-COFs systems. All M/PP-COFs 

exhibit smaller phase angles in the high-frequency region compared to the PP-COF, indicating that 

the introduction of metal sites generally enhances the electrochemical reduction capability of the 

materials, favoring the generation of the active species COF•-. However, different M/PP-COFs 

exhibit distinct electron transfer kinetics (Supplementary Fig. 22). In addition, compared to PP-

COF (RSD = 2.39%), the ECL emission of AgSA/PP-COF exhibited significantly enhanced 

stability (RSD = 1.74%) (Fig. 4f). This improvement in stability is closely associated with the 
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mitigation of electrode passivation caused by the excessive injection of high-energy electrons. The 

incorporation of AgSA effectively regulates the electron transfer process at the electrode-electrolyte 

interface, thereby reducing the accumulation of high-energy states that lead to electrode 

degradation. We further investigated the structural stability of the AgSA/PP-COF after 20 

consecutive ECL signal cycles. Post-cycling characterizations by SEM and TEM reveal that the 

AgSA/PP-COF structure retained its original morphology without observable degradation or 

collapse (Supplementary Figs. 23a,b). Elemental mapping images further reveal a homogeneous 

distribution of C, N, and Ag after cycling, with no evidence of Ag aggregation or nanoparticle 

formation, confirming that the AgSA sites remained intact and anchored within the framework after 

testing (Supplementary Fig. 23c). This remarkable stability can be attributed to the coordination 

interaction between the metal centers and the functional groups within the COF skeleton, 

combined with the spatial confinement effect of the porous framework, which collectively 

stabilizes the catalytically active sites38. 

The co-reactant K2S2O8 readily undergoes electrochemical reduction, generating highly 

oxidizing intermediates (hydroxyl radicals (•OH) and sulfate radicals (SO4
•-)) in PBS solution. To 

unravel the identity of reactive intermediates governing the K2S2O8 activation pathway, we employ 

isopropanol (IPA) and tert-butyl alcohol (TBA) as scavengers for •OH and SO4
•-. Strikingly, the 

introduction of IPA induces 82% suppression of the ECL signal, whereas TBA causes less than 50% 

attenuation (Fig. 5a). The divergent scavenging efficiencies align with the distinct reaction kinetics 

of IPA (k = 1.9 × 109 M-1 s-1 for •OH; k = 7.4 × 108 M-1 s-1 for SO4
•-) and TBA (k = 3.8 × 108 M-1 

s-1 for •OH; k = 4.0 × 105 M-1 s-1 for SO4
•-), demonstrating that •OH and SO4

•- serve as the primary 
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co-reactive intermediates in this ECL system44-45. The enhanced ECL is predominantly driven by 

SO4
•-, which is primarily generated through homolytic cleavage of K2S2O8 during the 

electrochemical reduction process. Subsequent hydrolysis of SO4
•- in aqueous media facilitates its 

partial conversion to •OH through the proton-coupled electron transfer reaction (SO4
•- + H2O → 

•OH + SO4
2- + H⁺) to synergistically enhance the excitation of PP-COF luminophores46-47. Spin-

trapping electron paramagnetic resonance (EPR) analysis employing 5,5-dimethyl-1-pyrroline N-

oxide (DMPO) under a constant potential of -1.8 V unambiguously identified two radical species, 

exhibiting distinct hyperfine splitting patterns for [DMPO-SO4]• and [DMPO-OH]•48. 

Furthermore, AgSA/PP-COF demonstrates significantly enhanced [DMPO-SO4]• and [DMPO-

OH]• signal intensities compared to PP-COF, evidencing the superior capability of AgSA to 

facilitate K2S2O8 adsorption and activation (Fig. 5b). The electrochemical adsorption behaviors of 

PP-COF and AgSA/PP-COF were further investigated through double potential step 

chronocoulometry. The calculated Faraday adsorption charges (Qads) for K2S2O8 were determined 

to be 3.57 and 6.92 μC for PP-COF and AgSA/PP-COF, respectively, demonstrating significantly 

enhanced adsorption capability of K2S2O8 on AgSA/PP-COF (Fig. 5c and Supplementary Fig. 24). 

Upon adsorption of K2S2O8 onto the AgSA/PP-COF surface, the Ag 3d XPS peak shifts toward 

lower binding energy, indicating electron transfer from K2S2O8 to the Ag sites. This shift highlights 

an increase in electron density at the Ag active centers during adsorption (Supplementary Fig. 

25). These Ag centers, serving as Lewis acid sites, strengthen the interaction with K2S2O8 and 

thereby facilitate its electrocatalytic reduction, which is crucial for enhancing the overall ECL 

performance49. In situ FTIR spectroscopy was employed to investigate the reaction pathway of 
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K2S2O8 activation. In the potential range of -0.1 to -0.4 V, the increase in peak intensity at 1236 

cm-1 corresponds mainly to the enhanced vibrational feature of the S-O bond, which is associated 

with increased adsorption of K2S2O8. Upon applying a negative potential exceeding -0.5 V, an 

increase in the characteristic peak of SO4
2- groups (~1008 cm-1) was observed, accompanied by a 

continuous consumption of the O-O group peak (~1228 cm-1), attributed to the cleavage of the O-

O bond in K2S2O8 (Fig. 5d). The prominent absorption band at ∼3256 cm-1 is associated with 

adsorbed •OH species, resulting from the reaction between SO4
•- and solution-phase -OH groups 

that enhances •OH adsorption (Fig. 5e). For AgSA/PP-COF, the higher peak intensity indicates its 

superior capability to facilitate the homolytic cleavage of the O-O bond in K2S2O8, resulting in 

significantly increased radical generation. DFT calculations were performed to elucidate the 

reduction pathways of K2S2O8, with model structures constructed for its adsorption on either the 

phenanthroline unit or the AgSA site. The Gibbs free energy profiles reveal that the rate-determining 

step involves S2O8
2- binding to the adsorption site, where AgSA/PP-COF exhibits a significantly 

lower energy change (0.57 eV) compared to pristine PP-COF (1.05 eV). This enhanced adsorption 

capability of AgSA/PP-COF facilitates subsequent reaction steps, demonstrating its superior 

catalytic activity (Fig. 5f). Overall, a mechanistic understanding of the enhanced ECL observed in 

AgSA/PP-COF is provided. During the electrochemical process, AgSA/PP-COF undergoes initial 

reduction via electron injection into its LUMO, leading to the formation of anionic radical species 

(AgSA/PP-COF•-). Concurrently, the co-reactant K2S2O8 is oxidized to produce SO4
•-, which 

subsequently oxidizes the AgSA/PP-COF framework to generate cationic radicals (AgSA/PP-

COF•+). The annihilation of AgSA/PP-COF•- and AgSA/PP-COF•+ via efficient intra-reticular charge 
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transfer then releases energy, giving rise to ECL emission25. Importantly, the AgSA sites act as an 

efficient catalyst that promotes the generation of SO4
•-, thereby significantly enhancing the overall 

ECL intensity (Supplementary Eqs. 1-5). 

To systematically elucidate the atomic-level modulation of ECL properties in COFs, we design 

two structurally distinct COF systems based on 2,2'-bipyridine and porphyrin building blocks. 

(Supplementary Fig. 26). Remarkably, both AgSA-loaded COF composites exhibit significantly 

enhanced ECL intensities compared to their pristine COFs (Supplementary Fig. 27). This 

universal enhancement effect, observed across distinct COF architectures, demonstrates the broad 

applicability of AgSA in amplifying the ECL signals of COFs, thereby establishing a versatile 

strategy for improving the luminescence efficiency of this emerging class of materials. 

Organophosphorus pesticides (OPs) are extensively utilized in agricultural production, but their 

excessive misuse and environmental persistence have raised significant public health concerns. 

The over-inhibition of acetylcholinesterase (AChE) activity by OPs can lead to severe neurological 

damage and various adverse health effects. Therefore, the development of a highly sensitive 

biosensing platform for OP detection is of paramount importance50-51. We present a proof-of-

concept ECL system for OP detection using an AgSA/PP-COF as the ECL emitter. The detection 

mechanism relies on the enzymatic hydrolysis of acetylthiocholine chloride (ATCl) by AChE to 

generate thiocholine (TCh) in situ. The sulfhydryl group of TCh, serving as the reactive center, is 

oxidized by K2S2O8, producing the corresponding disulfide species (dithiobischoline) and SO4
2-. 

As the co-reactant K2S2O8 near the electrode surface is consumed, the concentration of S2O8
2- 

participating in the ECL reaction decreases, resulting in a diminished ECL signal (Fig. 6a). In the 
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absence of AChE, ATCl remains stable and does not undergo significant spontaneous reaction with 

K2S2O8. Moreover, ATCl is resistant to non-enzymatic hydrolysis, thus preventing the generation 

of reducing TCh (Supplementary Fig. 28). As a result, the concentration of K2S2O8 in solution 

remains largely unchanged, sustaining a consistently high ECL signal. Upon incubation with OPs, 

the inhibition of AChE activity leads to the recovery of the ECL signal. Notably, the cathodic ECL 

intensity increases progressively with higher OP concentrations (Fig. 6b). A linear relationship 

between the logarithm of OPs concentration (0.1-1000 ng mL-1) and ECL intensity was established, 

with a regression equation of y = 1348.4 lg COPs+5691 (R2 = 0.991) (Fig. 6c). The limit of detection 

is determined to be 0.048 ng mL-1, superior to those of PP-COF and previous works 

(Supplementary Fig. 29 and Table 1). To evaluate selectivity, potential interferents (including 

common ions, urea, dopamine, and glucose at ten-fold higher concentrations) are tested under 

identical conditions. No significant ECL signal variations are observed, confirming the biosensor’s 

outstanding specificity for OPs (Fig. 6d). Moreover, the ECL sensing platform exhibits excellent 

stability, as evidenced by the low RSD of 2.7% and 2.1% (Fig. 6e). The reproducibility of the 

sensor is further evaluated by fabricating five electrodes under identical conditions and measuring 

their ECL responses toward OPs at the same concentration (0.1 ng mL-1). The RSD was calculated 

to be 1.11%, indicating excellent reproducibility (Fig. 6f). In addition, the ECL platform 

successfully detected OPs in spiked tap water samples with excellent recovery rates (93.58-

102.4%), demonstrating its practical applicability for environmental monitoring (Supplementary 

Table 2). 

Discussion 
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In conclusion, DFT calculations were employed to screen the degree of electronic coupling 

between PP-COF and various catalytically active metals as a key descriptor, revealing Ag-

functionalized PP-COF as the most promising candidate for enhancing ECL performance. 

Experimental results demonstrated that AgSA/PP-COF exhibits significantly enhanced ECL 

intensity and a lower reduction potential compared to pristine PP-COF, whereas other M/PP-COF 

composites showed varying degrees of quenching, consistent with theoretical predictions. This 

enhancement arises from the judicious incorporation of AgSA, which minimally perturbs the 

intrinsic luminescence of PP-COF while simultaneously accelerating the interfacial electron 

transfer and catalytically cleaving the O-O bond in K2S2O8 to generate increased concentrations 

of reactive radical species. This work presents a generalizable strategy for amplifying the ECL 

performance of COF-based emitters and provides critical insights into the design of advanced co-

reactant accelerators for COF-ECL systems. 

Methods 

Chemicals and reagents 

1,3,6,8-tetrakis(4-aminophenyl)pyrene (PyTBA), 4,4’-(1,10-phenanthroline-3,8-

diyl)dibenzaldehyde (PDDB), and PtCl2 were obtained from Bide Pharmatech Co., Ltd. (Shanghai, 

China). Tetrahydrofuran (THF), methanol, potassium dihydrogen phosphate (KH2PO4), 

dipotassium hydrogen phosphate (K2HPO4), FeCl3, CoCl2•6H2O, and NiCl2•6H2O were purchased 

from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). Silver acetate was acquired from 

Energy Chemical (Saen Chemical Technology (Shanghai) Co., Ltd.). Acetylthiocholine (ATCh), 

5,5-dimethyl-1-pyrroline 1-oxide (DMPO), dopamine (DA), glucose (Glu), potassium 
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peroxodisulfate (K2S2O8), mesitylene, n-butylalcohol, acetic acid, Cu(COOCH3)2, were supplied 

from Aladdin Chemical Reagent Co., Ltd (Shanghai, China). Nafion and acetylcholinesterase 

(AChE), KAuCl4, and urea were bought from Macklin Biochemical Co., Ltd. (Shanghai, China). 

Glyphosate was purchased from North Weiye Metrology Technology Research (Beijing, China). 

All the chemicals mentioned above were analytical reagents. The deionized water (18.2 MΩ·cm) 

was produced using a Milli-Q water purification apparatus (Millipore, MA, USA). 

Instruments and characterizations 

Fourier transform infrared spectroscopy (FT-IR) spectra were recorded on a TENSOR27 

(Germany). Solid-state 13C nuclear magnetic resonance (NMR) spectra were acquired using a 

Bruker AVANCE Ⅲ 600 M (Bruker, Germany). Powder X-ray diffraction (PXRD) measurements 

were performed by a D8 ADVANCE (Bruker, Germany). Transmission electron microscopy (TEM) 

was performed on a Talos F200X G2 (Thermo Scientific). The aberration-corrected high-angle 

annular dark-field scanning transmission electron microscopy (AC-HAADF-STEM) was 

conducted using a JEM-ARM300F (JEOL, Japan). Scanning electron microscopy (SEM) images 

were obtained from the Gemini SEM 300 (ZEISS). Nitrogen adsorption/desorption isotherms were 

measured on a fully automatic physical adsorption analyzer (BELSORP MAX G). X-ray 

photoelectron spectroscopy (XPS) was performed on an ESCALAB QXi. The element contents 

were determined by an inductively coupled plasma mass spectrometer (ICAP RQ). Electron 

paramagnetic resonance (EPR) measurements were carried out on an EMXmicro-6/1 (Bruker, 

Germany). Thermogravimetric analysis (TGA) was conducted by using a simultaneous thermal 

analyzer (Mettler-Toledo, Switzerland). Ultraviolet-visible (UV-Vis) diffuse-reflectance 
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absorption spectra were recorded on a Cary 100 UV-Vis spectrophotometer (Agilent Technologies). 

Photoluminescence (PL) spectra and time-resolved fluorescence emission spectra were measured 

at room temperature on an FLS1000 fluorescence spectrophotometer (Edinburgh Instruments). In 

situ Attenuated-total-reflection Fourier transform infrared spectroscopy (ATR-FTIR) spectroscopy 

was performed on a Nicolet iS50 FTIR spectrometer (Thermo). ECL signals were recorded on the 

IFFM-E capillary electrophoresis ECL analytical system (Xi’an Remax Electronics Science & 

Technology Co. Ltd.). 

Synthesis of PP-COF 

Initially, 1,3,6,8-tetrakis(4-aminophenyl)pyrene (PyTBA, 0.025 mmol) and 4,4’-(1,10-

phenanthroline-3,8-diyl)dibenzaldehyde (PDDB, 0.05 mmol) were dissolved in a mixture of 

mesitylene and n-butanol (0.1 mL/0.9 mL) in a 10 mL Pyrex tube. The solution was sonicated for 

5 min, followed by the addition of 6 M acetic acid (0.1 mL) as a catalyst. The mixture was then 

degassed by three freeze-pump-thaw cycles and sealed under vacuum. Solvothermal reaction was 

carried out at 120 °C for 72 h. The resulting orange solid was collected by filtration, washed 

sequentially with THF and methanol to eliminate residual unreacted monomers, and finally dried 

under vacuum at 80 °C overnight. 

Synthesis of M/PP-COFs 

Briefly, PP-COF (20 mg) was uniformly dispersed in methanol (MeOH, 16 mL). Subsequently, a 

solution of silver acetate (4 mL, 10 mM) was added, and the resulting suspension was stirred at 

room temperature for 6 h (500 rpm) to ensure complete metal incorporation. The product was 

collected by filtration, washed thoroughly with methanol and deionized water to remove unreacted 
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precursors, and dried under vacuum at 60 °C to afford AgSA/PP-COF. Other M/PP-COF analogs 

were prepared following the same protocol, except that the silver acetate was replaced by the 

corresponding metal precursor, including FeCl3, CoCl2•6H2O, NiCl2•6H2O, PtCl2, Cu(COOCH3)2, 

or KAuCl4. 

Electrochemical and ECL tests 

The electrochemical experiments were conducted using a standard three-electrode system, 

comprising an Ag/AgCl reference electrode, a Pt sheet counter electrode, and a glassy carbon 

electrode (GCE, 3 mm diameter) modified with M/PP-COF as a working electrode. All M/PP-

COF-modified electrodes were prepared as follows: the synthesized M/PP-COF was dispersed in 

a water/ethanol mixture (7:3, v/v), followed by the addition of 10 μL of a 5 wt% Nafion solution. 

The mixture was sonicated to yield a homogeneous dispersion with a concentration of 2 mg mL-1. 

Subsequently, 10 μL of the resulting M/PP-COF suspension was drop-cast on the GCE surface and 

dried at 50 °C. ECL measurements were conducted in 3 mL of PBS buffer solution (0.1 M, pH 7.4) 

containing 0.1 M K2S2O8. The ECL signals were recorded during cyclic voltammetry scans from 

0 to -1.8 V at a scan rate of 0.1 V s-1, with the photomultiplier tube biased at 700 V. 

EPR experiments 

The generation of free radicals was verified by spin trapping with DMPO, followed by EPR 

analysis. The electrolyte was sampled during electrolysis at a fixed applied potential of -1.8 V. 

Subsequently, DMPO (30 μL) was introduced, and the resulting EPR spectra were recorded. 

EIS and in-situ EIS measurements system 

EIS measurements were carried out over a frequency range of 0.1 Hz to 100000 Hz with a signal 
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amplitude of 5 mV using a CHI-660 electrochemical workstation in 5 mM [Fe(CN)6]3−/4− 

containing 1 M KCl as the supporting electrolyte. Operando EIS measurements were carried out 

over a frequency range of 1 Hz to 100000 Hz with a signal amplitude of 5 mV using a CHI-660 

electrochemical workstation in 0.1 M PBS (pH 7.4). The applied potential was stepped from -0.2 

V to -1.8 V. Electrochemical responses were recorded both in the absence and presence of 0.1 M 

K2S2O8. 

Mott-Schottky measurements 

The Mott-Schottky measurements were performed using a standard three-electrode configuration, 

consisting of a working electrode (indium tin oxide (ITO) slices), a counter electrode (Pt wire), 

and a reference electrode (Ag/AgCl saturated with KCl(aq)). The measurements were carried out 

at the open-circuit potential in a 0.5 M Na2SO4 electrolyte at a fixed frequency of 1000 Hz. The 

conduction band position was taken to be approximately equal to the flat-band potential, which 

was determined by extrapolating the linear region of the Mott-Schottky plot to the x-axis intercept. 

Electrochemical in-situ FTIR test. 

The formation of reaction intermediates during electrochemical reduction was probed by in-situ 

FTIR spectroscopy using a Thermo iS50 spectrometer equipped with a liquid-nitrogen-cooled 

mercury-cadmium-telluride (MCT) detector. PP-COF and AgSA/PP-COF modified silicon crystal 

plated with gold served as the working electrodes, with Ag/AgCl and a Pt sheet as the reference 

and counter electrodes, respectively. All measurements were conducted in 0.1 M PBS (pH 7.4) 

containing 0.1 M K2S2O8. The applied potential was stepped from -0.1 V to -1.8 V in increments 

of 0.1 V. 
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OPs detection 

First, AChE was mixed with various concentrations of OPs (0.1, 0.5, 1, 10, 100, and 1000 ng mL-

1) in a 96-well plate and incubated for 15 min at ambient temperature. Subsequently, 6 μL of this 

AChE/OPs mixture was incubated with the modified electrode (AgSA/PP-COF/GCE), and the ECL 

response was measured in PBS (0.1 M, pH 7.4) containing 0.5 mM ATCl and 0.1 M K2S2O8. For 

selectivity evaluation, the same protocol was followed, except that OPs (100 ng mL-1) were 

replaced by potential interfering species (1 μg mL⁻¹), including Na+, Ca2+, SO4
2-, Cl-, glucose (Glu), 

dopamine (DA), and urea. 

Assay of the OPs in tap water 

Standard samples of varying concentrations were prepared using the standard addition method. 

The detection procedure for real samples was analogous to that described above. 

Theoretical calculations 

Density functional theory (DFT) calculations on the molecular building units were performed 

using the Vienna Ab Initio Simulation Package (VASP). The exchange-correlation functional was 

treated with the generalized gradient approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE) 

form, and the projector augmented wave (PAW) method was employed to describe electron-ion 

interactions. Long-range van der Waals interactions were accounted for using the DFT-D3 

correction52. Integration over the irreducible Brillouin zone was carried out using the Monkhorst-

Pack scheme. A plane-wave cutoff energy of 450 eV was adopted. Geometry optimizations were 

performed with full relaxation of lattice parameters and ionic positions until the total energy 

converged to within 10-5 eV per formula unit and the final forces on all ions were less than 0.02/Å. 
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Bader charge analysis was conducted using the Bader code on the converged charge density files 

to evaluate charge transfer behavior. The highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) energies, along with their spatial distributions, were 

extracted from the DFT wavefunctions using the VASPKIT post-processing toolkit53. The 

structural model of PP-COF was constructed using Materials Studio 7.0. Lattice parameters were 

systematically optimized via iterative Pawley refinement until convergence of the R-weighted 

pattern (Rwp) and R-pattern (Rp) values, with the refined profiles showing excellent agreement 

with the experimental data. Full geometry optimizations of atomic positions and total energies 

were performed using the Forcite module. Gibbs free energy profiles were calculated with the 

DMol3 code. Electron interactions were described by the PBE exchange‑correlation functional 

within the GGA framework, and van der Waals interactions were treated using Grimme's empirical 

correction (DFT+D). Self‑consistent field (SCF) calculations were conducted with a convergence 

tolerance of 10-6 for both total energy and electronic computations. A Monkhorst-Pack k-point grid 

of 1 × 1 × 1 was employed for all surface calculations, and a vacuum layer of approximately 20 Å 

was introduced along the vertical direction to prevent periodic interactions between adjacent slabs. 

Data availability 

All data are available from the corresponding authors upon request. Source data are provided with 

this paper. 
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Fig. 1 | Design principles of this work. Challenges in the design of ECL-active COFs and the design principle 

of metal single atom-enhanced ECL performance of COFs in this work. 

Fig. 2 | Schematic synthesis of M/PP-COF and preliminary DFT-based screening. a Illustrations for the 

structure and synthesis of PP-COF and M/PP-COF. b Frontier orbital coupling diagrams and energy-aligned 

LUMO positions of PP-COF with various metal atoms (M = Fe, Co, Ni, Pt, Cu, Ag, Au). c The HOMO and 

LUMO distributions of PP-COF and Ag/PP-COF, where Ag is calculated with a d10 electron configuration. d 

The change in the charge of the N atom in phenanthroline after coordination with different metal centers. e The 

density of states of Ag/PP-COF and Au/PP-COF. 

Fig. 3 | Structure characterization of PP-COF and AgSA/PP-COF. a FTIR spectra, b 13C ss-NMR spectra of 

PP-COF. c PXRD patterns of PP-COF and AgSA/PP-COF. d TEM image of AgSA/PP-COF (inset shows the 

corresponding HRTEM image). e HAADF and corresponding elemental mapping of C, N, O, and Ag of AgSA/PP-

COF. f AC-HAADF-STEM images of AgSA/PP-COF. Inset: corresponding intensity profile of grayscales. g Ag 

3d XPS spectra, h N 1s XPS spectrum of PP-COF and AgSA/PP-COF. i N2 adsorption-desorption isotherms of 

PP-COF and AgSA/PP-COF. 

Fig. 4 | ECL and electrochemical properties of PP-COF and M/PP-COF. a ECL intensity and CV curve of 

PP-COF and AgSA/PP-COF in 0.1 M PBS with 0.1 M K2S2O8 under air conditions (potential range: from 0 V to 

-1.8 V; scan rate: 0.1 V s-1). b Comparison of ECL intensity between PP-COF and M/PP-COFs (M = Cu, Au, Pt, 

Fe, Co, Ni) (Data are represented as mean ± SD, n = 3). c ECL intensity of AgSA/PP-COF before and after S2- 

poisoning. d Tafel slopes of PP-COF and AgSA/PP-COF. e Bode plots for K2S2O8 activation induced by AgSA/PP-

COF at different applied potentials. f Time-dependent ECL intensity of PP-COF and AgSA/PP-COF. 
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Fig. 5 | Mechanistic study of AgSA enhanced ECL of PP-COF. a Inhibited activity of AgSA/PP-COF after 

treatment with various concentrations of scavengers, including IPA and TBA (Data are represented as mean ± SD, 

n = 3). b In situ electrical EPR spectra in the presence of K2S2O8 and DMPO (-1.8 V). [DMPO-OH]•: blue star; 

[DMPO-SO4]•: green diamond. c Double potential step chronocoulometry curves of K2S2O8 on AgSA/PP-COF: 

Qf-t
1/2 and |Qr|-ƒ(t) plots, pulse width: 0.25 s (Qf and Qr represent the forward and reverse stepwise charge 

transfers, respectively.). d e In situ FTIR spectra of PP-COF (blue) and AgSA/PP-COF (red) at various applied 

potentials from -0.1 V to -1.8 V. f Mechanistic illustration of K2S2O8 reduction pathways on PP-COF and 

AgSA/PP-COF with associated free-energy diagrams. 

Fig. 6 | AgSA/PP-COF-based OPs sensor. a Schematic diagram of the AgSA/PP-COF-based ECL sensing 

mechanism. b ECL kinetic curves, c linear correlation of the proposed ECL detection platform for OPs (OPs 

concentration: 0.1, 0.5, 1, 10, 100, and 1000 ng mL-1) (Data are represented as mean ± SD, n = 3). d Selectivity 

test, e stability test, f reproducibility test of OPs detection (Data are represented as mean ± SD, n = 3). 
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Editorial summary: 

The incorporation of metal single-atom into covalent organic frameworks facilitates co-reactant 

activation and charge transport enhancing electrochemiluminescence, however, can also trigger 

intramolecular electron transfer quenching that degrades the electrochemiluminescence efficiency. Here 

the authors achieved the coordination of silver atom into pyrene phenanthroline covalent organic 

frameworks, breaking the catalysis-quenching dilemma of metals and thereby achieving enhanced 

electrochemiluminescence performance. 

 

Peer review information: Nature Communications thanks the anonymous reviewers for their 

contribution to the peer review of this work. A peer review file is available. 
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