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a b s t r a c t

Solar-driven hydrogen peroxide (H2O2) production presents a sustainable alternative to energy-intensive

industrial methods, yet its efficiency using covalent organic frameworks (COFs) suffer from energy loss

caused by strong exciton interactions. Herein, we designed COFs with donor-π-acceptor (D-π-A) architec-

tures, using 2,5-dimethoxy-1,4-benzenedicarboxaldehyde as the D unit and optimizing the N-containing

π-bridge units. The resulting TAPT–OCH3 COF, incorporating 4,4′,4′’-(1,3,5-triazine-2,4,6-triyl)trianiline
as the A unit, demonstrated the extended electron pathways and the reduced exciton recombination,

markedly boosting photocatalytic performance. Experimental results revealed that TAPT–OCH3 achieved

a solar-to-chemical efficiency of 0.23% and a quantum yield of 2.21% at 420nm, outperforming most re-

ported COFs and metal-free catalysts. In situ characterization and theoretical calculations revealed that the

TAPT–OCH3 enhances charge separation to drive H2O2 production via a 2e− oxygen reduction pathway,

while its tailored electronic structure simultaneously improves the 1e− water oxidation process. Crucially,

TAPT–OCH3 maintained high efficacy across diverse water sources and continuous-flow reactors under

natural sunlight, enabling scalable H2O2 synthesis for water purification. Life cycle assessment confirmed

the application stability of this material, underscoring its potential for sustainable environmental remedi-

ation. This work establishes a design paradigm for optimizing exciton dynamics in COF, highlighting the

critical role of structural design for artificial H2O2 photosynthesis.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogen peroxide (H2O2) has emerged as an eco-friendly

chemical with broad applications spanning water purification,

healthcare, and renewable energy systems [1]. Its appeal as an en-

ergy carrier stems from a high energy density (3.0MJ/L), surpass-

ing even compressed hydrogen (2.8MJ/L at 35MPa), while offering

safer storage and transport [2]. Despite these benefits, conventional

H2O2 production relies on the energy-intensive anthraquinone oxi-

dation process, which demands costly noble metal catalysts, gener-

ates hazardous byproducts, and requires complex separation steps

[3,4]. To address these limitations, sustainable alternatives such

as electrocatalytic synthesis via the 2e− oxygen reduction reac-

tion (ORR) have gained traction, enabling on-demand H2O2 gen-
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eration under ambient conditions [5,6]. However, practical chal-

lenges persist, such as low oxygen solubility in electrolytes, rapid

H2O2 decomposition on metal-based catalysts, and the compet-

ing 4e− ORR pathway for H2O formation. These factors collec-

tively limit industrial viability, often restricting operational cur-

rents to <100mA/cm2 and minimal H2O2 yields <0.1 wt% [6,7].

While metal-free carbon catalysts offer a promising alternative,

their adoption is hindered by unresolved questions about active

site identification and design principles [8,9]. Thus, developing

energy-efficient, cost-effective methods for H2O2 synthesis remains

a pressing priority.

Artificial photosynthesis presents a compelling route, enabling

sustainable H2O2 production from water and oxygen under sun-

light [10–12]. Current approaches focus on the 2e− ORR, which

proceeds via single-step or two-step mechanisms [13,14]. How-

ever, natural water sources contain vastly more water molecules
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1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



J. Gao, L. Wang, S. Huang et al. Chinese Chemical Letters 37 (2026) 112283

than dissolved oxygen (<10mg/L), suggesting that enhancing wa-

ter oxidation reactions (WOR) could substantially boost photocat-

alytic H2O2 yield [15]. According to previous reports, three primary

WOR pathways exist: The 1e− pathway generates hydroxyl radicals

(•OH) that combine to form H2O2; the direct 2e− pathway produce

H2O2; and the 4e− pathway yield oxygen for subsequent reduc-

tion to H2O2 [16–18]. The 1e− pathway is particularly attractive, as

it not only enables H2O2 formation but also supports •OH-driven

applications like pollutant degradation. Yet, conventional inorganic

semiconductors like TiO2 exhibit poor efficiencies for H2O2 gen-

eration via WOR, with external quantum efficiencies below 1% for
•OH-mediated routes [19,20]. These limitations arise from material-

reaction mismatches: The strong oxidative potentials of metal ox-

ides (e.g., ∼3.0V vs. NHE) and nitrides (∼2.0V) thermodynamically

favor 4e− or 2e− pathways [21]. Balancing these thermodynamic

factors is therefore critical to optimizing the 1e− WOR pathway for

efficient H2O2 production.

Recently, covalent organic frameworks (COFs) have gained in-

creasing attention for controllable photocatalytic synthesis and de-

composition of H2O2 due to their light-harvesting capabilities,

customizable electronic properties, and abundant catalytic sites

[22,23]. However, a fundamental challenge persists: Photogener-

ated electrons (e–) and holes (h+) in COFs recombine rapidly due

to strong electrostatic attraction, leading to energy loss and lower

catalytic efficiency [9,24]. To address this, researchers have focused

on reducing the energy barrier for charge separation, known as

exciton binding energy (Eb), by integrating donor-acceptor (D-A)

units into COF backbones [25,26]. The electron push-pull inter-

action between D and A units promotes exciton dissociation and

suppresses recombination, while enabling precise tuning of redox

properties in facilitating the WOR and ORR pathway [27,28]. De-

spite these advances, structural imperfections in COFs, such as tor-

sional strain in linear linkages, introduce large angles between D

and A units, disrupting molecular planarity and impeding electron

delocalization [29]. Thus, achieving high-performance COF photo-

catalysts requires not only functional frameworks but also precise

alignment of energy levels between D-A components.

In this study, we present a straightforward and adaptable

D-π-A structural extension strategy aimed to reduce Eb value

in COFs materials, thereby enhancing the photocatalytic perfor-

mance for H2O2 generation. By examining the impact of various

D-π-A units on the coplanarity of the COFs, 2,5-dimethoxy-1,4-

benzenedicarboxaldehyde serves as the D unit, while the A units

are modulated through interconnection with 4,4′,4′’-(1,3,5-triazine-
2,4,6-triyl)trianiline (TAPT–OCH3), 1,3,5-tri(4-aminophenyl)benzene

(TAPB–OCH3), or tris(4-aminophenyl)amine (TAPA–OCH3) as the

A units, respectively. Among these, TAPT–OCH3 exhibited signif-

icantly higher ORR and WOR activity, achieving a rate of 924

μmol g-1 h-1 from oxygen and water without sacrificial agents,

with a notable apparent quantum yield (AQY) of 2.21% at 420nm

and a superior solar-to-chemical conversion (SCC) efficiency of

0.23%. For practical application, TAPT–OCH3 was immobilized onto

a continuous-flow reactor to consecutively produce H2O2, achiev-

ing in-situ disinfection of bacteria and degradation of organic con-

taminants in various real water samples. The strategic design of

D-π-A structures presents a promising avenue for developing effi-

cient low-Eb COF photocatalysts in future research.

To systematically examine how D and A units govern molecu-

lar geometry and electronic properties, a series of COFs with tai-

lored D-A architectures were synthesized using varying monomers

(Texts S1-S5 in Supporting information). As depicted in Figs. 1a-

c, 2,5-dimethoxy-1,4-dialdehyde served as the D unit, leveraging

its electron-donating methoxy groups to enhance π-electron de-

localization. Complementary A units, TAPT featured an electron-

deficient triazine core; TAPB and TAPA delocalized electron-

deficient aromatic systems, were selected to induce controlled

molecular torsion, optimizing electronic interactions for improved

charge mobility and photocatalytic activity. Electrostatic potential

(ESP) mapping (Figs. 1d-f) demonstrated that geometric isomer-

ization amplifies dipole moments, enabling precise electronic re-

distribution. Dihedral angle analysis revealed structural variations:

TAPT-OCH3 exhibited near-planarity (70.2°), while TAPA-OCH3 and

TAPB-OCH3 showed angles of 108.2° and 102.5°, respectively (Fig.

S1 in Supporting information). The triazine π-bridge in TAPT-OCH3

enhanced coplanarity, whereas the amine chains in TAPA-OCH3

introduced rotational flexibility. The spatial separation in TAPT-

OCH3 calculated from the highest occupied and lowest unoccupied

molecular orbitals (HOMO and LUMO) confirms the formation of

a charge-transfer excited state (Fig. S2 in Supporting information).

This observation was further supported by localized orbital locator

(LOL-π ) analysis, which highlighted extensive π-electron delocal-

ization in TAPA-OCH3, consistent with strong D-A coplanarity and

efficient charge separation (Figs. 1g-i).

The crystallinity and structural parameters of the synthesized

COFs were analyzed using powder X-ray diffraction (PXRD) and

theoretical simulations [30]. The PXRD patterns of these sam-

ples exhibited sharp and similar peaks, indicating the high crys-

tallinity and isostructural nature (Figs. 2a-c). Sharp, well-defined

PXRD peaks confirmed the high crystallinity and isostructural

nature of the three COFs. Distinct primary diffraction peaks at

2.84°, 2.89°, and 2.95° were observed for TAPT-OCH3, TAPB-OCH3,

and TAPA-OCH3, respectively, corresponding to the (100) crystal-

lographic plane [31]. Additional peaks for the (110), (200), and

(210) planes appeared at higher angles: 4.83°, 7.47°, and 9.51°
for TAPT-OCH3; 5.63°, 7.43°, and 9.74° for TAPB-OCH3, while the

(200) and (210) planes appeared at higher angles of 6.52° and

10.87° for TAPA-OCH3 [32]. All samples displayed a broad peak

near 25°, attributed to π-π stacking interactions between COF lay-

ers along the (001) plane [33]. Furthermore, the Pawley refine-

ment of the PXRD data revealed detailed unit cell parameters. For

TAPT–OCH3, the refined lattice matched a honeycomb structure

(Rp =1.74%, Rwp =1.35%) with unit cell dimensions of a=37.72 Å,

b=36.29 Å, c=3.97 Å, and angles α =β =90°, γ =120°, consistent
with the idealized AA-stacking configuration [30]. Similar refine-

ments for TAPB–OCH3 and TAPA-OCH3 (Table S1 in Supporting in-

formation) confirmed analogous crystallographic parameters and

atomic coordinates, supporting their syn-AA-stacked architectures.

Based on the PXRD patterns and simulated stacking models, the

hexagonal pore diameters of TAPT-OCH3, TAPB-OCH3, and TAPA-

OCH3 were calculated as 34.65, 34.35, and 30.34 Å, respectively (in-

set). The interlayer π-π stacking distances, derived from the (001)

plane d-spacings, were 3.97 Å (TAPT–OCH3), 3.75 Å (TAPB–OCH3),

and 4.13 Å (TAPA–OCH3). These findings demonstrate that the three

COFs possess well-defined crystalline structures and excellent crys-

tallinity.

The surface morphology of the COFs was further examined us-

ing scanning electron microscopy (SEM). TAPT–OCH3 presented a

grass-like morphology consisting of well-bedded nanowires with

diameters of 200nm (Figs. 2d-f), while TAPB–OCH3 and TAPA–

OCH3 displayed blocky structures composed of aggregated micro-

spheres. The porosity and surface area of the as-synthesized COFs

were further analyzed using N2 adsorption-desorption isotherms

[34]. As shown in Fig. 2g, Brunauer-Emmett-Teller (BET) surface

area calculations revealed values of 1889.1, 1460.7, 249.1 m2/g

of TAPT–OCH3, TAPB–OCH3, and TAPA–OCH3, respectively. Corre-

sponding pore size distributions were 3.01, 2.63, and 1.19nm, con-

firming the mesoporous nature of these frameworks for oxygen ad-

sorption and water diffusion. The denser molecular stacking in the

latter two frameworks resulted in smoother surfaces and reduced

specific surface areas, consistent with the BET surface area mea-

surements. The contact angle measurements for the synthesized

COFs were conducted to evaluate their surface hydrophilicity (Fig.

2
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Fig. 1. (a-c) Schematic diagrams. (d-f) Electrostatic potential maps models. (g-i) LOL-π isosurfaces of the obtained COFs.

Fig. 2. (a-c) PXRD patterns with the top and side view of corresponding simulated packing structures. (d-f) SEM images. (g) N2 sorption isotherms with calculated pore size

distributions. (h) The contact angle for the synthesized COFs. (i) TEM image of TAPT–OCH3.

2h). In contrast to TAPB–OCH3 and TAPA–OCH3 (>95°), TAPT–OCH3

showed a notably smaller contact angle (35.4°), suggesting a slight

improvement in water affinity upon incorporating the more po-

lar triazine core into the TAPT–OCH3 framework. As shown in (Fig.

2i), TAPT–OCH3 displayed a clear honeycomb-like porous structure

of ca. 0.31nm, in accordance with the in-plane pore channels in

the proposed AA-stacked structure. The highly ordered spatial ar-

rangements with well-defined chemical structures in TAPT–OCH3

are critical for understanding the structure-activity property rela-

tionship of porous organic semiconductors.

The structural integrity of the synthesized COFs was verified

through Fourier-transform infrared (FT-IR) spectra and 13C solid-

state nuclear magnetic resonance (13C NMR). As shown in Fig. 3a,

the FT-IR spectra exhibited a characteristic imine bond (C=N) vi-

bration peak at 1579 cm-1, alongside triazine ring-associated sig-

nals at 1512, 1360, and 812 cm-1, confirms the formation of imine

linkages via Schiff-base condensation [35]. Additionally, the ab-

sence of the C=O stretching band (1035 cm-1) from the TAP–OCH3

monomer and the diminished intensity of N–H stretching bands

(3360 cm-1) from TAPT monomers (Fig. S3 in Supporting informa-

3
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Fig. 3. (a) FT-IR spectra, (b) 13C NMR spectra, (c) XPS spectra of N 1s, (d) UV–vis DRS spectra, (e) calculated band alignments, (f) the calculated TDOS, (g) temperature-

dependent PL spectral, (h) steady-state PL spectra, (i) time-resolved PL spectra of synthesized COFs.

tion) confirm the complete polymerization of TAPT–OCH3. Com-

plementing these findings, the 13C NMR spectra (Fig. 3b) dis-

played a resonance at 152ppm, consistent with C=N bond forma-

tion, and a peak at 168ppm corresponding to triazine ring carbons

[36]. Elemental composition and bonding configurations were fur-

ther corroborated by X-ray photoelectron spectroscopy (XPS). The

high-resolution N 1s spectrum of TAPT–OCH3 (Fig. 3c) revealed

two peaks at 397.91 and 400.17 eV, assigned to C=N-C and C=N

bonds, respectively, Meanwhile, peaks at around 397.75 eV can be

assigned to the sp2 hybridized -C=N- in triazine ring [37]. No-

tably, the C 1s binding energy of TAPT–OCH3 shifted higher (Fig.

S4 in Supporting information), while the N 1s energy shifted lower

compared to TAPB–OCH3 and TAPA–OCH3. These trends align with

the anticipated electronic modulation induced by the D-A config-

uration of C=N bonds, which enhances charge transfer efficiency

[38]. The synthesis was highly reproducible, yielding the target

COF in an average isolated yield of 85% (±3%) over five sepa-

rate batches, with uniformity confirmed by identical FT-IR spectra

(Fig. S5 in Supporting information). Furthermore, the framework

demonstrated excellent stability, retaining its structural integrity

after 48h of exposure to various conditions, as confirmed by post-

exposure FT-IR analysis (Fig. S6 in Supporting information). This

robustness is a critical attribute for its application in photocatalytic

systems.

The photocatalytic performance of the synthesized COFs de-

pends critically on their light absorption capabilities and electronic

band structure [39]. As shown in Fig. 3d, all COFs displayed strong

visible-light absorption, with optical bandgaps of 2.23 eV for TAPA–

OCH3, 2.33 eV for TAPB–OCH3, and 2.37 eV for TAPT–OCH3. Crit-

ically, reported data indicate that differences in visible-light ab-

sorption alone cannot account for the significant variations in H2O2

production efficiency observed among these materials [40]. Mott-

Schottky measurements (Fig. 3e and Fig. S7 in Supporting informa-

tion) revealed that the conduction band potentials of all COFs were

sufficiently negative to drive oxygen reduction to H2O2, while their

valence band potentials were sufficiently positive to enable water

oxidation, thermodynamically enabling photocatalytic H2O2 gener-

ation. Considering partial density of states (PDOS), further analy-

sis revealed that TAPT–OCH3 exhibits smaller bandgaps near the

Fermi level compared to TAPA–OCH3 and TAPB–OCH3 (Fig. 3f), sug-

gesting improved electron mobility and conductivity. To evaluate

charge transfer dynamics, electrochemical impedance spectroscopy

and photocurrent response measurements were performed. TAPT–

OCH3 demonstrated the smallest semicircle radius in Nyquist plots

(Fig. S8 in Supporting information) and the highest photocurrent

density (Fig. S9 in Supporting information), reflecting its superior

charge separation efficiency and reduced interfacial resistance.

Temperature-dependent photoluminescence (TD-PL) studies

provided insights into exciton behavior: the full-width at half-

maximum of PL spectra broadened (Fig. 3g) as temperatures de-

creased from 300K to 240K. Using the Arrhenius equation, the

Eb value of TAPT–OCH3 was calculated as 45.2 meV, significantly

lower than those of TAPB–OCH3 (64.2 meV) and TAPA–OCH3 (82.2

meV). This lower Eb suggests that TAPT–OCH3 facilitates easier

exciton dissociation into free charges, likely due to its rotation-

inhibited π-conjugated structure. Steady-state PL spectra (Fig. 3h)

showed weaker emission intensity for TAPT–OCH3, implying re-

duced electron-hole recombination, a feature attributed to its D-

π-A configuration. Time-resolved PL decay analysis (Fig. 3i) further

revealed prolonged charge carrier lifetimes in TAPT–OCH3, allow-

ing greater participation of photogenerated charges in catalytic re-

actions. Collectively, these findings highlight optimized photophys-

ical and electrochemical properties of TAPT–OCH3, which minimize

energy loss and electron recombination, ultimately improving pho-

tocatalytic efficiency.

The photocatalytic performance for H2O2 generation was eval-

uated in pure water without sacrificial agent. As shown in Fig.

4a, TAPT–OCH3 demonstrated a steady increase in H2O2 accumula-

tion upon visible-light irradiation (λ >420nm), reaching a produc-

tion rate of 924.1 μmol g-1 h-1. This performance surpassed that

4
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Fig. 4. (a) Time course of photocatalytic H2O2 production. (b) Performance comparison with reported photocatalysts. (c) Wavelength-dependent AQY values and solid-state

UV-visible spectrum. (d) Cycling stability tests. (e) Bacterial inactivation. (f) Pollutants degradation. (g) Photoactivity in the presence of different scavengers. (h) CV test. (i)

RRDE analysis for electron transfer number and H2O2 selectivity.

of TAPB–OCH3 by 2.6-fold (355.5 μmol g-1 h-1) and TAPA–OCH3

by 14.1-fold (65.24 μmol g-1 h-1) under identical conditions, un-

derscoring the superior efficiency imparted by the triazine linkage

in TAPT–OCH3. Remarkably, even TAPT–OCH3 outperformed many

previously reported COF-based photocatalysts under comparable

conditions, achieving this high efficiency without the use of any

sacrificial agents, which highlights its superior intrinsic activity for

photocatalytic H2O2 production (Fig. 4b and Table S2 in Support-

ing information). Consistent with its strong visible-light absorption,

TAPT–OCH3 achieved an apparent quantum yield (AQY) of 2.21%

at 420nm, with diminishing yields at longer wavelengths (Fig. 4c).

Moreover, its solar-to-chemical efficiency of 0.23% also exceeded

many existing COF systems, positioning it as a leading photocata-

lyst for H2O2 production. Critically, TAPT–OCH3 retained full photo-

catalytic activity and structural stability over seven consecutive cy-

cles (Fig. 4d), with minimal H2O2 decomposition observed during

irradiation (Fig. S10 in Supporting information), highlighting its po-

tential for long-term use. Post-reaction PXRD (Figs. S11a–c in Sup-

porting information) and FT-IR (Figs. S11d–f in Supporting infor-

mation) analyses confirm the robust structural integrity of TAPT–

OCH3, whose high activity and long-term stability make it a lead-

ing candidate for sustainable photocatalytic H2O2 production.

To enable practical application, TAPT–OCH3 powders were inte-

grated into a continuous-flow reactor, maintaining a stable H2O2

generation rate of 716 μmol g−1 h−1 over 20h of visible-light ex-

posure (Figs. S12a and b in Supporting information) [41,42]. The

generated H2O2 demonstrated efficacy in real-world applications:

The filtrate from TAPT–OCH3 effectively neutralized antibiotic-

resistant bacteria in dark conditions (Fig. S13 in Supporting infor-

mation), while the material itself enabled in-situ bacterial inacti-

vation (Fig. 4e) and degradation of pollutants such as norfloxacin

under visible light (Fig. 4f). To exclude the potential role of re-

active chlorine species (RCS), a control test in PBS buffer showed

nearly identical disinfection kinetics to those in NaCl solution (Figs.

S14a–c in Supporting information), confirming that bactericidal ac-

tivity originates primarily from material-derived ROS rather than

RCS. Quenching assays with various scavengers (Fig. S15 in Sup-

porting information) identified •OH as the primary ROS responsible

for bacterial inactivation, based on significantly reduced efficacy

upon adding TBA (•OH scavenger) [43]. The similar inhibition by

methanol (scavenges •OH and •Cl) and lack of enhancement with

high NaCl concentration jointly confirm that •Cl plays a negligi-

ble role. Notably, H2O2 production remained robust across a broad

pH range (3–11; Fig. S16 in Supporting information) and in diverse

water matrices, including tap, river, and seawater, with rates ex-

ceeding 880 μmol g-1 h-1 (Fig. S17 in Supporting information). Cat-

alytic tests in water with various common ions (K+, Mg2+, Ca2+,
Zn2+, Cl-, HCO3

-, CO3
2-, SO3

2-, HPO4
2-, NO3

-) show a maintained

high H2O2 production rate (>850 μmol g-1 h-1), demonstrating re-

markable tolerance to common ions (Figs. S18a and b in Support-

ing information). Additionally, the material maintained excellent

photocatalytic H2O2 production performance after 12–48h of ul-

traviolet light exposure and with the addition of calcium carbon-

ate (5–20mmol/L) as simulated dirt (Fig. S19 in Supporting infor-

mation), demonstrating high durability. Collectively, these results

highlight TAPT–OCH3 as a stable, efficient, and adaptable materi-

als for advanced water purification and environmental remediation

technologies.

To clarify the reaction pathways underlying H2O2 photosynthe-

sis, control experiments were performed under varying gas atmo-

spheres and scavenger conditions. As illustrated in Fig. 4g, intro-

ducing an electron scavenger (AgNO3) under N2-saturation caused

a slight reduction in H2O2 yield, suggesting that both the 2e– ORR

and 1e– WOR pathways drive H2O2 photosynthesis in TAPT–OCH3

system. Meanwhile, the absence of detectable O2 in water oxida-

tion experiments further ruled out the involvement of 4e– WOR

in the H2O2 photosynthesis process by TAPT–OCH3 (Fig. S20 in

Supporting information). Further insights into the reaction mech-

5
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Fig. 5. (a) H2
18O and 18O2 isotope labeling experiment. RRDE voltammograms set at (b) −0.3V vs. Ag/AgCl to detect O2 and set at (c) 0.6V vs. Ag/AgCl to detect H2O2.

Calculated energy profile for (d) reduction of oxygen into H2O2 and (e) oxidation of water into H2O2. (f) In-situ DRIFT spectra of TAPT–OCH3 during H2O2 generation under

light irradiation. (g) Life cycle assessment label: 1-Global warming, Human health; 2-Global warming, Terrestrial ecosystems; 3-Global warming, Freshwater ecosystems;

4-Stratospheric ozone depletion; 5-Ionizing radiation; 6-Ozone formation, Human health; 7-Fine particulate matter formation; 8-Ozone formation, Terrestrial ecosystems;

9-Terrestrial acidification; 10-Freshwater eutrophication; 11-Marine eutrophication; 12-Terrestrial ecotoxicity; 13-Freshwater ecotoxicity; 14-Marine ecotoxicity; 15-Human

carcinogenic toxicity; 16-Human non-carcinogenic toxicity; 17-Land use; 18-Mineral resource scarcity; 19-Fossil resource scarcity; 20-Water consumption, Human health;

21-Water consumption, Terrestrial ecosystem; 22-Water consumption, Aquatic ecosystems.

anism were obtained using p-benzoquinone (p-BQ) as a scavenger

for superoxide radicals (O2
•–) [44]. The significant decline in H2O2

production upon adding p-BQ highlighted O2
•– as a key interme-

diate. This finding was corroborated by electron spin resonance

(ESR) spectroscopy, which detected DMPO–O2
•– signals under visi-

ble light (Fig. S21a in Supporting information), and nitroblue tetra-

zolium (NBT) assays, which quantitatively confirmed O2
•– presence

(Fig. S21b in Supporting information). Cyclic voltammetry (CV) in

an O2-saturated environment revealed a prominent oxygen reduc-

tion peak at −0.23V vs. RHE for TAPT–OCH3 (Fig. 4h), indicating

strong oxygen reduction activity with low energy demand. Rotating

ring-disk electrode (RRDE) analysis further supported this, showing

an average electron transfer number of 2.34 and a H2O2 selectivity

of 82% ± 2% (Fig. 4i). Together, these results confirm that H2O2

generation in TAPT–OCH3 system proceeds via a two-step indirect

ORR mechanism, where O2 is first reduced to O2
•–, followed by its

subsequent conversion to H2O2.

To elucidate the mechanism of H2O2 generation via 1e– WOR,
•OH trapping experiments were conducted using t–butyl alcohol

(TBA) under N2 atmosphere. As shown in Fig. 4g, the addition

of TBA resulted in a slight reduction in H2O2 yield, suggesting

that •OH contributes to the photocatalytic H2O2 production in the

TAPT–OCH3 system. This observation aligns with the DMPO-•OH

signals detected in EPR spectra (Fig. S22 in Supporting informa-

tion). Further isotopic experiments employing H2
18O and 18O2 con-

firmed that H2O2 originates directly from the ORR and WOR by

TAPT–OCH3 (Fig. 5a). Electrochemical analyses provided additional

insights into the reaction pathway. Under N2 atmosphere, the ring

electrode potential was fixed at −0.3V (vs. Ag/AgCl) to monitor

oxygen evolution. The absence of detectable ring current for TAPT–

OCH3 (Fig. 5b) rules out a 4e− WOR pathway. Conversely, when

the ring electrode was set to the H2O2 oxidation potential (0.6V vs.

Ag/AgCl), a distinct oxidation current emerged (Fig. 5c), confirming

H2O2 generation via the 1e− WOR process. These results corrobo-

rate the •OH quenching experiments, solidifying the dominance of

the 1e− WOR pathway. Accordingly, the proposed mechanism in-

volves exciton dissociation in TAPT–OCH3 under light irradiation,

generating photogenerated e--h+ pairs. The photogenerated e- re-

duce oxygen to form O2
•–, and subsequently converted to H2O2,

while the h+ oxidize water to adsorbed •OH, which then combine

to yield H2O2. These results provide solid support that TAPT–OCH3

undergo the 2e− ORR process on H2O2 production, whereas a 1e−

WOR demonstrates remarkably enhanced overall photocatalytic ac-

tivity.

To elucidate the photocatalytic mechanism underlying H2O2

generation, first-principles calculations were performed. For the

2e− ORR process, TAPT–OCH3 exhibited a smaller energy barrier

during the initial ∗O2 formation step and a substantially reduced

Gibbs free energy difference (�G) for the rate-determining ∗OOH
intermediate than TAPA–OCH3 and TAPB–OCH3 (Fig. 5d and Fig.

S23 in Supporting information). These results highlight superior

oxygen affinity and catalytic efficiency of TAPT–OCH3 in facilitat-

ing ORR. Regarding the WOR step, the �G of ∗OH adsorption on

TAPT–OCH3 was found to be optimal for H2O2 production (Fig. 5e

and Fig. S24 in Supporting information). Excessively strong ∗OH ad-

sorption could trigger over-oxidation to O2, while weaker adsorp-

tion would release free •OH, both detrimental to selective H2O2

production [39,41]. Notably, TAPT–OCH3 demonstrated a low en-

ergy barrier (0.52 eV) for the critical ∗OOH→H2O2 step but higher

barriers for further oxidation to ∗O (2.06 eV) or ∗OH (1.24 eV), fa-
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voring selective 2e− oxidation over competing 4e− pathways. Com-

plementary in-situ diffuse reflectance infrared Fourier transform

spectroscopy (DRIFTS) identified key intermediates and active sites

(Fig. 5f). Under light irradiation, the vibration peak at 976 cm-1 in

TAPT–OCH3 were assigned to adsorbed peroxy species (-O-O) re-

spectively [45]. Additional peaks of C–O (1410 cm−1) and C=C-O

(1213 cm−1) confirmed O2 reduction at C atoms of TAPT–OCH3.

During water oxidation, intensified peaks at 1150 cm-1 (N–O) and

1367 cm−1 (O–H), along with the emergence of TzH+ 1518 cm-1,

indicating that the water oxidation surrounding the N atoms in

triazine rings of TAPT–OCH3 [39]. Accordingly, its coplanar π-

conjugated structure of TAPT–OCH3 enhances exciton dissociation,

yielding abundant charge carriers. Photoexcited electrons drive se-

quential O2 reduction via ∗O2
− intermediates, while holes oxidize

water through ∗OH species, sustaining the photocatalytic cycle for

H2O2 synthesis.

Life cycle assessment (LCA) is critical for evaluating the en-

vironmental sustainability of the obtained COFs and informing

strategies to align their development with global sustainability

goals [46]. Using experimental data, the LCA checklists for the

three COF synthesis were established in Tables S3-S5 (Support-

ing information). A range of descriptive indicators pertinent to

wastewater treatment processes were employed in Fig. 5g, such

as global warming, stratospheric ozone depletion and human car-

cinogenic toxicity, which helps us comprehensively evaluate the

stability applications [47]. Further analysis using the endpoint

ReCiPe methodology (Text S6) quantified impacts on human health,

ecosystems, and resource depletion [48]. Toxicity effects (indica-

tors 12–16) cover human carcinogenic, non-carcinogenic, and eco-

logical toxicity, particularly relevant in systems involving chem-

icals, industrial processes, or e-waste. Ecosystem quality is as-

sessed via eutrophication potential (indicators 10–11), crucial for

systems with agricultural activities or wastewater discharge. Wa-

ter resource impacts (indicators 20–22) apply to water-sensitive

or high-consumption systems, evaluating effects on human health

and aquatic ecosystems. Resource consumption is captured by

mineral and fossil resource scarcity (indicators 18–19), essen-

tial for systems dependent on such materials. The results (Fig.

S25 in Supporting information) indicated that TAPT–OCH3 COF

exhibit exceptional chemical resilience and reusability, retaining

the initial pollutant removal efficiency even after multiple cy-

cles, consistent with the durability long-term material consump-

tion and waste generation, aligning with circular economy prin-

ciples derived in Fig. 5g. Notably, the TAPT–OCH3 COF exhib-

ited notably higher environmental impacts, primarily attributed

to the lower Eb for exciton dissociation in its rotation-inhibited

π-conjugated structure. This trade-off positions it as a promis-

ing candidate for practical wastewater treatment despite synthesis

challenges.

In summary, we present a straightforward yet impactful strat-

egy to enhance photocatalytic H2O2 production by optimizing the

coplanar structure of the TAPT–OCH3 COF. Through detailed anal-

ysis of the methoxy–triazine-modified TAPT–OCH3, we demon-

strated that this design promotes exciton dissociation and im-

proves charge-carrier separation and migration. The system also

achieved a solar-to-chemical conversion efficiency of 0.23% and an

apparent quantum yield of 2.21% at 420nm using only water and

oxygen under simulated sunlight, surpassing current benchmarks

for metal-free photocatalysts. The enhanced activity stems from

the extended D-A units within the two-dimensional framework,

which simultaneously optimizes the 2e− ORR and 1e− WOR path-

ways. This dual improvement ensures atom utilization efficiency,

enabling highly efficient overall H2O2 photosynthesis. Our findings

pave the way for developing sustainable, high-performance metal-

free materials for green H2O2 production and other energy conver-

sion applications.
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