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Triazine-cored donor–acceptor covalent organic
framework promotes highly efficient
photocatalytic synthesis of H2O2†
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Wenbing Yang,e Hai-Chao Hu,e Jian-Feng Wu,e Hui Peng a and Guofu Ma *a

Covalent organic frameworks (COFs) have emerged as highly promising photocatalysts for hydrogen per-

oxide (H2O2) production due to their flexible structural designability and π–π conjugated backbone.

However, the limited efficiency of electron–hole pair separation during COF photocatalysis remains a

major challenge. Herein, a donor–acceptor (D–A) type COF containing a triazine functional group,

namely TPB–TPT-COF, was concisely designed and synthesized for H2O2 production via photocatalysis.

Owing to its enhanced carrier separation and transport, TPB–TPT-COF exhibited a remarkable H2O2 pro-

duction rate of 6740 μmol g−1 h−1 from pure water and oxygen without any sacrificial agent under visible

light irradiation, which is three times higher compared to its isomeric TPB-COF. Further experimental and

theoretical investigations revealed that the photocatalytic processes of TPB–TPT-COF proceed via domi-

nant 2e− oxygen reduction reaction (ORR) pathways (O2 → •O2
− → H2O2 and O2 → •O2

− → 1O2 → H2O2)

and 4e− water oxidation reaction (WOR) pathways. This study not only elucidates the impact of the D–A

structure on the activity within photocatalytic reactions but also provides novel design strategies for the

improvement of photocatalytic H2O2 production.

Green foundation
1. In this research, the photocatalytic approach is used to produce hydrogen peroxide from water and oxygen, replacing the traditional palladium-catalyzed
method. This method uses solar energy and renewable resources, reduces waste, and eliminates the pollution caused by metal catalysts.
2. A donor–acceptor (D–A) COF (TPB–TPT-COF) was concisely synthesized for H2O2 production via photocatalysis. The enhanced carrier separation and trans-
port of TPB–TPT-COF enabled it to exhibit a remarkable H2O2 production rate without any sacrificial agent. It outperforms most reported COF photocatalysts
for H2O2 synthesis, relying solely on a triazine functional core to construct the D–A system.
3.Future work will optimize COF photocatalysts for H2O2 production, scale up experiments for industrial applications, and integrate them with organic oxi-
dation processes for the green synthesis of high-value chemicals.

1. Introduction

Hydrogen peroxide (H2O2) is an important industrial chemical
and an environmentally friendly oxidant, with extensive appli-
cations in environmental purification, chemical synthesis, and
medical disinfection.1 However, the traditional method of
H2O2 production using palladium catalysts generates by-pro-
ducts, leading to environmental pollution.2 In contrast, the
photocatalytic process that utilizes readily available oxygen
and water as natural substrates exhibits significant potential
for H2O2 synthesis.3,4 Early photocatalysts were mainly based
on inorganic semiconductors, like TiO2,

5,6 BiVO4,
7,8 etc. Their

limited tunability of chemical structures and electronic
absorption properties restrict visible-light utilization, thereby
hindering breakthroughs in photocatalytic H2O2

production.9,10
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Recently, covalent organic frameworks (COFs),11 as porous
crystalline organic polymers, have emerged in the field of
photocatalytic synthesis of H2O2 due to their unique structural
advantages. Their highly crystalline structure and ordered pore
architecture shorten the migration pathways of photogenerated
carriers and accelerate the diffusion of substrate molecules.12

Their π–π conjugated structure reduces the charge recombina-
tion probability, extending the carrier lifetime.13 COF frame-
works can be directionally tuned to enhance their light-absorb-
ing properties by introducing various functional groups such
as sulfone,14 porphyrin,15 hydroxyl,16 cyano,17 benzothiazole,18

heptazine,19 pyrene,20 thiophene,21 acetylene,22 etc. In 2020,
Van Der Voort first applied a COF containing (diarylamino)
benzene for photocatalytic H2O2 production, achieving a H2O2

generation rate of 234 μmol g−1 h−1.23 Through functional
group modification and structural regulation, COFs have made
remarkable progress in improving H2O2 production. However,
optimizing the efficiency of COF photocatalysts for industrial
applications still faces key challenges. These include rapid
electron–hole recombination, efficient reactant adsorption–de-
sorption capacity, and long-term stability of catalysts in high-
concentration H2O2, etc.

24–26

The construction of donor–acceptor (D–A) structures could
enhance the separation of photogenerated carriers due to the
intrinsic electronic push–pull effect between donor and accep-
tor groups.27–29 For example, Chen’s group synthesized an
s-heptazine-based COF with spatially separated redox centers,
achieving a photocatalytic yield of 1750 μmol g−1 h−1 without

any sacrificial agent.30 Xue designed a methoxy functionalized
D–A COF with (diarylamino)benzene as the donor and thiazolo
[5,4-d]thiazole as the acceptor, and realized a H2O2 yield of
3238 μmol g−1 h−1.31 Jiang’s group incorporated triphenylene
and diphenylbutadiyne into a hydrophilic D–A COF, enabling
efficient hole and electron transport and achieving a pro-
duction rate of 7200 μmol g−1 h−1.32 This rational design pro-
vides a new idea for the optimization of photocatalytic per-
formance, but most existing D–A systems are complex with low
H2O2 production, which restrict their use in industrial pro-
cesses. Therefore, designing more accessible D–A structure
COFs to achieve bulk production of H2O2 becomes a future
development direction.

On this basis, the D–A TPB–TPT-COF was concisely designed
and synthesized for photocatalytic H2O2 production. This was
constructed by introducing triazine functional groups into
4,4′,4″-(1,3,5-triazine-2,4,6-triyl)trianiline (TPT-NH2) as the elec-
tron acceptor and 1,3,5-tris(4-formylphenyl)benzene (TPB-CHO)
as the donor via the Schiff base condensation reaction (Fig. 1).
The D–A structure endows TPB–TPT-COF with highly efficient
charge separation capability, which results in a photocatalytic
H2O2 generation rate of up to 6740 μmol g−1 h−1 from pure
water and oxygen under visible light irradiation (λ > 420 nm),
which is more than three times higher than that of TPB-COF
without the triazine unit (2030 μmol g−1 h−1). Experimental
and theoretical investigations confirmed that the photocatalytic
process involves a combination of the 2e− oxygen reduction
reaction (ORR) and the 4e− water oxidation reaction (WOR).

Fig. 1 Schematic synthesis of TPB–TPT-COF and TPB-COF.
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2. Results and discussion
2.1. Synthesis and characterisation of catalysts

Two target COFs, namely TPB–TPT-COF and TPB-COF, were
synthesized using two amine monomers (TPT-NH2 and
TPB-NH2) and 1,3,5-tris(4-formylphenyl)benzene (TPB-CHO),
respectively, through a solvent-thermal condensation reaction
at 120 °C via modified reported methods (Fig. 1).33 Firstly, the
crystallinity of the two COFs was characterized by powder X-ray
diffraction (PXRD). The PXRD pattern of TPB–TPT-COF shows
a distinct peak at an angle of 2θ = 4.1°, corresponding to the
(100) plane. In addition, three relatively weak peaks can be
observed for TPB–TPT-COF at angles of 7.1°, 8.1°, and 10.8°,
which can be attributed to the presence of the (110), (200), and
(210) planes. Meanwhile, the PXRD pattern of TPB-COF exhi-
bits a high degree of similarity to that of TPB–TPT-COF. The
structural models of the two COFs were simulated as shown in
Fig. 2a and b, and they are in good agreement with the experi-
mental PXRD data when considering the AA stacking mode
(Fig. 2c, d and Table S1†). The chemical structures of TPB–
TPT-COF and TPB-COF were characterized by Fourier trans-
form infrared (FT-IR) spectroscopy and solid-state 13C nuclear
magnetic resonance (13C-ssNMR) spectroscopy. The FT-IR ana-
lysis shows decreased intensities for N–H and CvO groups in
both COFs, along with new peaks at approximately 1620 cm−1,
confirming the successful formation of imine bonds
(Fig. S1†).34 Furthermore, 13C-ssNMR spectra exhibit character-

istic peaks around 157 ppm (Fig. S2†), indicating the presence
of carbon signals associated with the imine bond in both
COFs. The composition and chemical states of the elements in
TPB–TPT-COF and TPB-COF were determined using X-ray
photoelectron spectroscopy (XPS) (Fig. S3†). The porosity of
these COFs was further determined using N2 adsorption–de-
sorption isotherms at 77 K (Fig. 2e and f). The Brunauer–
Emmett–Teller (BET) analysis shows that the calculated
specific surface area values of TPB–TPT-COF and TPB-COF are
684 and 307 m2 g−1, (Fig. S4†), respectively. The average pore
sizes for the two COFs are 1.2–2.0 nm. Thermogravimetric ana-
lysis (TGA) curves show that TPB–TPT-COF and TPB-COF have
excellent thermal-stability at temperatures up to 527 °C
(Fig. S5†). The morphologies and microstructures of the COFs
were investigated using scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). Fig. S6† shows
that TPB–TPT-COF exhibits an irregular nanoparticle stacking
morphology and TPB-COF has an irregular pie-like structure.
Contact angle measurements reveal that TPB–TPT-COF is
superhydrophilic (21.3°), while TPB-COF is hydrophobic
(140.8°) (Fig. S7†).

2.2. Photocatalytic H2O2 production performance

After characterizing the porous crystalline structures of TPB–
TPT-COF and TPB-COF, their photoelectronic properties were
investigated. UV-visible diffuse reflectance spectra exhibited
broad visible light absorption for both COFs, confirming their

Fig. 2 (a and b) Experimental and simulated PXRD plots of TPB–TPT-COF and TPB-COF. (c and d) Top and side views of the eclipsed AA-stacking
models. (e and f) N2 isotherms and pore size distributions of both COFs.

Paper Green Chemistry

9146 | Green Chem., 2025, 27, 9144–9152 This journal is © The Royal Society of Chemistry 2025

Pu
bl

is
he

d 
on

 0
4 

Ju
ly

 2
02

5.
 D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
7/

31
/2

02
5 

5:
04

:2
4 

PM
. 

View Article Online

https://doi.org/10.1039/d5gc01754h


excellent visible light harvesting. The Tauc plot determined the
optical band gaps of 2.67 eV and 2.65 eV for TPB–TPT-COF and
TPB-COF, respectively (Fig. 3a). Mott–Schottky curves revealed
n-type semiconductor characteristics with flat band potentials
measured at −0.80 V and −0.89 V, respectively (relative to Ag/
AgCl at pH = 7) (Fig. S8†). The energy band diagrams in Fig. 3b
show that the conduction band (CB) potentials are −0.60 V and
−0.69 V (relative to NHE) and the valence band (VB) potentials
are +2.07 V and +1.96 V, respectively.35,36 Thermodynamically,
since both CB potentials are more negative than the potential
required for O2 generation from superoxide ions (−0.33 V vs.
NHE at pH = 7), this indicates that TPB–TPT-COF and TPB-COF
are promising candidates for the ORR.37

The separation and migration of photogenerated electrons
and holes were further investigated. Fig. 3c shows fluorescence
decay curves of TPB–TPT-COF and TPB-COF, with lifetimes of
1.37 ns and 0.23 ns, respectively. In the photoluminescence

spectra, TPB–TPT-COF exhibits lower fluorescence response
than TPB-COF (Fig. S9†). These results indicate that the inhibi-
tory effect of TPB–TPT-COF on photoexcited carrier recombina-
tion is better than that of TPB-COF. Electrochemical impe-
dance spectroscopy (EIS) reveals faster charge transport in
TPB–TPT-COF due to its smaller semicircle radius (Fig. 3d).
Additionally, TPB–TPT-COF exhibits higher photocurrent
response intensity than TPB-COF (Fig. 3e), suggesting more
photogenerated electrons for photocatalysis. Density func-
tional theory (DFT) calculations show that triazine fragments
of TPB–TPT-COF have significant negative potential energy,
enhancing charge transfer and separation efficiency (Fig. 3f).
All results demonstrate that the incorporation of a D–A struc-
ture into TPB–TPT-COF improves carrier separation and
transport.

We next assessed the photocatalytic H2O2 production per-
formance of these COFs under visible light irradiation (λ >

Fig. 3 (a) UV-visible diffuse reflectance spectra and Tauc plots of TPB–TPT-COF and TPB-COF. (b) Energy band structure maps. (c) Fluorescence
decay curves. (d) EIS plots. (e) Photocurrent response curves. (f ) Electrostatic potential-mapped molecular van der Waals surface. (g) Photocatalytic
performance versus time curves for TPB–TPT-COF, TPB-COF and monomers. (h) Comparison of H2O2 production rates of both COFs with other
reported D–A photocatalysts. (i) AQYs at different wavelengths.
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420 nm). The concentration of H2O2 was determined by iodo-
metric analysis (Fig. S10†).38 The dosage of TPB–TPT-COF was
optimized, as shown in Fig. S11.† In H2O2 photo-
decomposition experiments, the two COFs caused negligible
H2O2 decomposition (Fig. S12†). TPB–TPT-COF and TPB-COF
were continuously reacted in oxygen and pure water for
3 hours without the addition of any sacrificial agent. As shown
in Fig. 3g, both COF monomers produced negligible H2O2,
indicating that the construction of a π-conjugated COF frame-
work is crucial for efficient photocatalysis. TPB–TPT-COF has a
significantly higher rate of H2O2 production (6740 μmol g−1

h−1) compared to TPB-COF (2030 μmol g−1 h−1). This
enhanced performance can be attributed to the D–A structure
inherent in TPB–TPT-COF, which facilitates an increased
carrier separation and transport, thereby improving the photo-
catalytic efficiency. In addition, the superhydrophilic property
(with a contact angle of 21.3°) exhibited by the aforementioned
TPB–TPT-COF significantly enhances the affinity of the
material for water molecules, thereby accelerating the trans-
port process of the reaction substrates. This property is also
one of the key factors for improving the photocatalytic
efficiency.39 The catalytic performance of TPB–TPT-COF sur-
passes those of most reported D–A photocatalysts for H2O2 syn-
thesis, despite relying solely on the incorporation of a triazine
functional core to construct the D–A system (Fig. 3h and
Table S2†). The apparent quantum yield (AQY) of TPB–
TPT-COF under monochromatic light irradiation at different
incident wavelengths shows a strong correlation with its
absorption spectra, peaking at 1.05% at 400 nm (Fig. 3i). The
apparent quantum yield (AQY) of PTB-TPT-COF is relatively
low, which may be attributed to its insufficient visible light
absorption (<600 nm), and the lattice defects in the powder-
crystalline structure of the catalyst leading to the facile loss of
carriers.40 The solar energy conversion to chemical energy
(SCC) is determined to be 0.14%, exceeding the average photo-
synthetic efficiency of plants (0.10%).41 TPB–TPT-COF exhibi-
ted excellent photocatalytic stability during the initial four
cycles (Fig. S13†). However, its performance dropped signifi-
cantly in the fifth cycle due to its reduced crystallinity and
chemical structure degradation, as confirmed by its PXRD and
FT-IR spectra (Fig. S14 and S15†).42 For practical applications,
long-term catalytic reaction parameters are very important
metrics.43 TPB–TPT-COF demonstrated photocatalytic activity
and durability for up to 48 hours in pure water (Fig. S16†).

2.3. Reaction mechanism studies

A series of controlled experiments was carried out to elucidate
the pathway of photocatalytic H2O2 production. Both COFs
showed negligible H2O2 yields in the absence of light. Under
both air and N2 atmospheres, the yield of H2O2 decreases as
the oxygen concentration diminishes, suggesting that the ORR
plays an indispensable role in the reaction process. When
AgNO3 (e− sacrificial agent) was added to the system, the pro-
duction of H2O2 was significantly reduced, indicating that the
ORR pathway plays a dominant role in photocatalytic H2O2

generation (Fig. 4a).

Firstly, a systematic study was conducted on the ORR path-
ways involved in the H2O2 photocatalytic process of TPB–
TPT-COF and TPT-COF, utilizing scavengers to investigate the
role of reactive oxygen species in the ORR pathway. Adding
p-benzoquinone (p-BQ, for •O2

−) and β-carotene (for 1O2) sca-
vengers significantly decreased the H2O2 generation rate after
1 h of irradiation (Fig. 4b); this indicates that •O2

− and 1O2 are
the key active species in the ORR process. Electron paramag-
netic resonance (EPR) experiments further characterized reac-
tive oxygen species using 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) and 2,2,6,6-tetramethylpiperidine (TEMP) scavengers.
After 5 min of visible light exposure, distinct EPR signals were
observed for •O2

− and 1O2 (Fig. 4c and d). Under identical con-
ditions, TPB–TPT-COF showed significantly higher EPR signal
intensities than TPB-COF, confirming its superior efficiency in
generating •O2

− and 1O2. Adding p-BQ into 1O2-TEMP systems
reduced the 1O2 signal intensity in both COFs (Fig. 4d),
suggesting 1O2 formation via charge transfer between •O2

− rad-
icals and holes.44

The concentrations of •O2
− and 1O2 were re-evaluated using

the colorimetric method with nitroblue tetrazolium chloride
(NBT) for •O2

− detection and 1,3-diphenylisobenzofuran
(DPBF) for 1O2 quantification. As shown in Fig. 4e, f and S17
and 18,† TPB–TPT-COF exhibited higher production levels of
•O2

− and 1O2 compared to TPB-COF. Furthermore, upon the
addition of p-BQ to the DPBF solution, the concentration of
1O2 decreased in both TPB–TPT-COF and TPB-COF systems;
this also indicates 1O2 formation via charge transfer between
•O2

− radicals (Fig. 4f and S18†). Combining the results of the
EPR signals and UV/Vis absorption spectra, we completely con-
firmed that both TPB–TPT-COF and TPB-COF were able to
generate •O2

− and partly convert it to 1O2. The rotating disc
electrode (RDE) technique was used to investigate the electron
transfer numbers in the ORR (Fig. S19†). TPB–TPT-COF has an
average transfer number of nearly 2, which is higher compared
to TPB-COF, indicating that TPB–TPT-COF has a higher selecti-
vity towards H2O2 production (Fig. 4g). These pieces of evi-
dence reveal two indirect pathways in the photogenerated two-
electron oxygen reduction reactions of TPB–TPT-COF and
TPB-COF: O2 + e− → •O2

−, •O2
− + 2H+ + e− → H2O2 and O2 + e− →

•O2
−, •O2

− + h+ → 1O2,
1O2 + 2H+ + 2e− → H2O2.

45

To explore the WOR process involved in the photocatalytic
system, the water oxidation half-reaction of TPB–TPT-COF and
TPB-COF was studied. After the addition of t-butyl alcohol
(TBA), the H2O2 yield remained almost unchanged, thereby
excluding the involvement of •OH in H2O2 formation. When
AgNO3 was added and Ar flowed continuously, no H2O2 was
detected (Fig. 4a), ruling out its formation via the 2e− WOR.41

Oxygen was produced from TPB–TPT-COF in an argon-satu-
rated aqueous solution using AgNO3 as the sacrificial electron
acceptor (Fig. 4h). This suggests that TPB–TPT-COF primarily
facilitates the conversion of water to oxygen via the 4e− WOR
reaction pathway.46 Subsequently, an isotope labeling experi-
ment with 18O2 was conducted. Following photocatalytic
irradiation of the H2

18O-COFs suspension, the presence of
18O2 (m/z = 36) in both COFs was detected, providing further
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confirmation of the 4e− WOR pathway (Fig. 4i and S20†).47

Therefore, it is proposed that the 2e− ORR and the 4e− WOR
are the predominant reaction pathways for the photo-gener-
ated H2O2 in TPB–TPT-COF and TPB-COF.

2.4. Theoretical analysis

The intermediate species during the photocatalytic process of
TPB–TPT-COF and TPB-COF (Fig. S21†) were further monitored
by in situ diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS). As shown in Fig. 5a, after irradiation, the
peaks of TPB–TPT-COF at 1194–1132 cm−1 and 1252 cm−1

were gradually increased, attributed to the intermediates •O2
−

and superoxide *O–OH. The peaks at 965 cm−1 correspond to
the O–O bond stretching vibrations. The presence of CvC–O

(1344 cm−1) and C–O–O (1004 cm−1) suggests O2 adsorption
onto aromatic carbons. Vibrational peaks at 1089 cm−1 (C–OH)
and 1428/1399 cm−1 (C–O) can be attributed to intermediate
species involved in water oxidation.48 The •O2

− intermediate
peak of TPB-COF was much weaker than that of TPB–TPT-COF,
which may also explain the low yield of TPB-COF (Fig. S21†).

DFT calculations were further performed to investigate the
reaction mechanism. The optimized periodic structures of
TPB–TPT-COF and TPB-COF are shown in Fig. S22.† O2 and
H2O are adsorbed at the potential active sites of TPB–TPT-COF
and TPB-COF (Fig. S23 and S24†).49 Then, the Gibbs free
energy (ΔG) during the 2e− ORR and 4e− WOR processes was
calculated. In the indirect 2e− ORR process, the formation of
H2O2 involves several key intermediates, including *O2, *OOH,

Fig. 4 (a) H2O2 production rates of both COFs under different conditions. (b) H2O2 yield of the COFs after 1 h of light exposure under an O2 atmo-
sphere in the presence of p-BQ (1 mM) and β-carotene (1 mM). (c) EPR signals for •O2

− generation. (d) EPR signals for 1O2 generation. (e) Detection
of •O2

− of TPB–TPT-COF using NBT. (f ) Detection of 1O2 of TPB–TPT-COF using DPBF. (g) Average electron transfer numbers obtained by RDE cal-
culations. (h) Photocatalytic O2 evolution for the two COFs. (i) H2

18O isotope labelling experiment for TPB–TPT-COF.
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*HOOH, and HOOH. Site 2 of TPB–TPT-COF exhibits a rela-
tively high energy barrier of 0.69 eV in the rate-limiting step of
the conversion of O2 to *O2 (Fig. 5b), which impedes the
timely conversion of O2 adsorbed at the active sites into *O2.
In the subsequent conversion step from *O2 to the critical
intermediate *OOH, the free energy change at site 1 of TPB–
TPT-COF is more gradual, with a significantly lower energy
barrier than that of site 2. Additionally, site 2 has a high ΔG of
1.02 eV for the decomposition of *HOOH, which is unfavorable
for the generation of H2O2.

50,51 Based on the above adsorption
sites and ΔG calculations, it was found that site 1 on the
phenyl ring near the imine bond in TPB–TPT-COF is the active
region for the two-step 2e− ORR, and site 3 of the imine bond
is the active position for the 4e− WOR (Fig. S25†). The poten-
tial active sites of TPB-COF are shown in Fig. S25 and 26.† In
addition, the free energy distribution diagrams of the two
COFs at site 1 and site 3 were directly compared (see Fig. 5c
and d). It was observed that, in the rate-determining step
(RDS) associated with the formation of the intermediate
*OOH, the energy barrier for TPT–TPB-COF (0.23 eV) was lower

than that of TPB-COF (0.26 eV). And the ΔG value for the 4e−

WOR pathway indicates the rate-determining step energy
barrier at site 3 in TPB–TPT-COF (1.67 eV) is lower than that in
TPB-COF (1.87 eV). These results indicate that the catalytic
activity of TPT–TPB-COF is superior to that of TPB-COF.

3. Conclusion

In summary, the TPB–TPT-COF photocatalyst with a D–A struc-
ture was successfully synthesized by incorporating triazine
units; it achieved an impressive production rate of 6740 μmol
g−1 h−1 for H2O2 from pure water and O2 without any sacrificial
agent. Photoelectronic characterization confirmed that the D–
A structure in TPB–TPT-COF enhances the separation and
transport of carriers, thereby significantly improving its photo-
catalytic performance. Experimental investigations and DFT
calculations elucidated the intermediate species, potential
reaction sites and plausible reaction pathways. These findings

Fig. 5 (a) In situ DRIFT spectra of TPB–TPT-COF recorded during photocatalytic H2O2 evolution. (b) Calculated ΔG diagrams of the oxygen
reduction reaction on different active sites for TPB–TPT-COF. (c) ΔG of TPB–TPT-COF and TPB-COF for the ORR at site 1. (d) ΔG of TPB–TPT-COF
and TPB-COF for the WOR at site 3.
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provide a feasible strategy for the design and development of
efficient photocatalysts for H2O2 production.
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