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ABSTRACT: Covalent organic frameworks (COFs) are an ideal
template for photocatalytic H2O2 synthesis because of the tunable
chemical structures and semiconductor properties. However, the
photoactivity for COFs is still under-improved due to the
inefficient intrinsic charge generation, fast recombination of
photogenerated charges, and limited electron transport along the
frameworks. Herein, spatially separated and synergistic triazine and
acetylene units are first integrated into COFs (EBA-COF and
BTEA-COF) for photocatalytic H2O2 production. The spatial
separation of triazine and acetylene cores leads to efficient charge
separation and suppressed charge recombination, and CC
linkage facilitates electrons transport over the skeletons. Both
experimental and computational results suggested that triazine and
acetylene units synergistically promote H2O2 synthesis in a two-electron pathway. The EBA-COF showed an attractive activity with a
H2O2 production rate of 1830 μmol h−1 gcat

−1, superior to that of most other COF-based catalysts. This study provides a method for
designing photocatalysts with synergistic photocatalytic active sites based on vinylene-linked COFs.

■ INTRODUCTION

Hydrogen peroxide (H2O2) is recognized as a multifunctional
and essential chemical owing to its strong oxidative and
bleaching abilities and is widely utilized in semiconductor
manufacturing, wastewater treatment, bleaching, and chemical
synthesis.1−5 Moreover, H2O2 is regarded as a powerful
potential energy carrier since it can be employed directly in
fuel cells for electricity production.6−9 Currently, the industrial
production of H2O2 is primarily dependent on the energy-
intensive anthraquinone process, which includes the hydro-
genation reaction over Pd, oxidation, and multistep solvent
extraction.10−16 Although the direct synthesis of H2O2 from H2
and O2 using metal catalysts (Pd or Au−Pd catalysts) is
feasible, this method is considered unsafe due to its use of
mixed H2/O2 and its potentially explosive nature.
Unlike anthraquinone oxidation and direct synthesis

methods, photocatalytic H2O2 generation from H2O and O2
can be achieved by reducing the dissolved oxygen via
photogenerated electrons over semiconductors, in a technol-
ogy that is considered as promising, economical, and eco-
friendly.17−21 To date, considerable efforts have been devoted
to the rational design and synthesis of efficient photocatalysts
such as TiO2, polymeric carbon nitride, metal−organic
compounds, triazine-based frameworks (CTFs), and linear
polymers. The enhanced photon capture and facilitated charge

separation capabilities were constructed to achieve highly
efficient solar-driven H2O2 conversion.22−25 Recent studies
have indicated that metal-free polymer photocatalysts provide
a powerful platform for photocatalytic H2O2 production.
Compared to inorganic photocatalysts, metal-free polymer
photocatalysts generally exhibit much higher activity and
selectivity toward H2O2 production by forming suitable
intermediates and eliminating side reactions.26−28 Although
promising and exciting results have been made, designing
materials for efficient photocatalytic production of H2O2 is still
in the beginning stage, and further development is strongly
required for future practical applications. In addition, the
reported photocatalysts still are facing the challenge of low
yield of H2O2, which is much lower than that required by
industrially practical applications.
Owing to their structural regularity, designable topology, and

functionality, covalent organic frameworks (COFs) with
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crystalline 2D ordered structures have emerged as a promising
material design platform for photocatalysts.29−39 However,
using COFs as photocatalysts for H2O2 production is still rare.
In 2020, Voort et al. reported two COFs based on a
(diarylamino) benzene linker for photocatalytic H2O2
production for the first time.40 Subsequently, Yu et al.
attempted to optimize the H2O2 evolution rates via a gas−
liquid−solid interface.41 In 2022, Ma et al. reported several
COFs for photocatalytic H2O2 production via molecular
engineering.42 However, to the best of our knowledge, these
are no reported vinylene-linked COFs for photocatalytic H2O2
production, where the photocatalytic activity of COFs can be
further enhanced owing to the efficient intrinsic charge
generation, suppressed recombination of photogenerated
charges, and strong electron transport ability in the skeletons
of this kind COFs. Therefore, the development of COFs with
excellent photocatalytic H2O2 production activity has yet to be
achieved and requires new molecular designs and synthetic
strategies.
Recently, vinylene-linked COFs have received increasing

attention owing to their extended π-conjugation, excellent
charge carrier mobility, and ultrahigh chemical stability even
under harsh conditions.43−53 These unique features enable the
use of vinylene-linked COFs as photocatalysts for H2O2
production. Recently, Xu et al. reported the first case of the
spatial separation of reduction and oxidation centers in a single
polymer photocatalyst for efficient H2O2 production using s-
heptazine and acetylene moieties or diacetylene bonds.54 This
unique spatial separation feature provided significantly reduced
exciton binding energy, enhanced charge transfer ability, and
suppressed charge recombination, which are essential for
efficient charge separation and lead to superior photocatalytic
activity. Nevertheless, to the best of our knowledge, the
construction of vinylene-linked COFs with spatially separated
photocatalytic reactive centers has not been explored. In this
study, we synthesized two vinylene-linked COFs with a triazine
unit and different acetylene-containing building linkers via
Knoevenagel polymerization. Thus, spatially separated photo-
catalytic reactive centers were realized, and enhanced photo-

catalytic H2O2 generation was achieved for the first time with
this type of COFs. Furthermore, the electron-deficient triazine
moiety exhibited high electron affinity owing to the high
content of nitrogen atoms, and acetylenic groups act as a
bridge between electron donors and acceptors to achieve the
efficient transfer of photogenerated electrons.

■ EXPERIMENTAL SECTION
Synthesis of the EBA-COF. A Pyrex tube (10 mL) was charged

with 2,4,6-trimethyl-1,3,5-triazine (TM, 12.32 mg, 0.1 mmol), 4,4′-
(ethyne-1,2-diyl) dibenzaldehyde (EBA, 35.14 mg, 0.15 mmol), 0.9
mL of mesitylene, 0.9 mL of 1,4-dioxane, 0.40 mL of trifluoroacetic
acid, and 50 μL of acetonitrile. The tube was then flash-frozen at 77 K
and degassed by three freeze−pump−thaw cycles. The tube was
sealed and heated at 150 °C for 3 days. The collected powder was
neutralized using 0.1 mol L−1 NH4OH solution in aqueous methanol
(50 wt %) and washed with tetrahydrofuran (THF) and methanol.
The solid was then washed with methanol in a Soxhlet extractor for
another 12 h. Subsequently, the product was dried at 120 °C under
vacuum for 12 h to obtain the corresponding yellow powder in ∼85%
isolated yield.

Synthesis of the BTEA-COF. A Pyrex tube (10 mL) was charged
with 2,4,6-trimethyl-1,3,5-triazine (TM, 12.3 mg, 0.1 mmol), 4,4′,4″-
(benzene-1,3,5-triyltris(ethyne-2,1-diyl)) tribenzaldehyde (BTEA,
46.25 mg, 0.1 mmol), 0.9 mL of mesitylene, 0.9 mL of 1,4-dioxane,
0.40 mL of trifluoroacetic acid, and 50 μL of acetonitrile. The tube
was then flash-frozen at 77 K and degassed by three freeze−pump−
thaw cycles. The tube was sealed and heated at 150 °C for 3 days. The
collected powder was neutralized with 0.1 mol L−1 NH4OH solution
in aqueous methanol (50 wt%) and washed with THF and methanol.
The solid was then washed with methanol in a Soxhlet extractor for
another 12 h. The product was then dried at 120 °C under vacuum
for 12 h to obtain the corresponding yellow powder in ∼87% isolated
yield.

■ DISCUSSION

In this study, two vinylene-linked COFs (EBA-COF and
BTEA-COF) were synthesized from the electron-deficient
monomer 2,4,6-trimethyl-1,3,5-triazine and electron-rich
monomers 4,4′-(ethyne-1,2-diyl) dibenzaldehyde (EBA) or
4,4′,4″-(benzene-1,3,5-triyltris(ethyne-2,1-diyl)) tribenzalde-

Figure 1. (a) Scheme of the synthetic process of BTEA-COF and EBA-COF. Powder X-ray diffraction (PXRD) patterns for BTEA-COF (b) and
EBA-COF (c): experimental (red) and Pawley refined (purple) PXRD profiles, the corresponding difference (black), and the simulated curves for
the eclipsed AA stacking mode (orange) and AB stacking mode (cyan). Top view and side view of the AA packing model of BTEA-COF (d) and
EBA-COF (e).
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hyde (BTEA) in a solvent mixture of 1,4-dioxane, mesitylene,
and acetonitrile using trifluoroacetic acid as the catalyst at 150
°C for 72 h in 85 and 87% yields, respectively (Figure 1a). The
detailed chemical structures of both COFs were then studied
using various measurements. As shown in Fourier transform
infrared (FT-IR) spectroscopy (Figure S1), unlike the
aldehyde monomers, the disappearance of the CO
stretching bands for the two synthesized COFs (1692 cm−1)
indicated a high degree of polymerization. In addition, the new
peaks at 1631 and 985 cm−1 in the FT-IR spectra were
attributed to the CC stretching and CC trans-
configurations, respectively, which indicated the formation of
CC bonds for both COFs. The peak at 2193 cm−1 was
assigned to the CC units for both COFs. Their chemical
structures were further confirmed by 13C cross-polarization/
magic-angle spinning solid-state nuclear magnetic resonance
(13C CP/MAS-ssNMR, Figures S2 and S3). The peaks around
171, 138, and 89 ppm in the 13C CP/MAS-ssNMR spectra
were assigned to the carbon in the triazine units, CC, and
CC bonds, respectively, for both COFs. The elemental
analysis of both COFs indicated that the contents of C, H, and
N were close to the theoretical values based on the infinite 2D
sheet (Table S1). Thermogravimetric analysis (TGA) showed
that both COFs exhibited no distinct decomposition before
400 °C under N2 (Figure S4). Comparably, both COFs are
stable up to 170 °C under an air atmosphere (Figure S5). Field
emission scanning electron microscopy (FE-SEM) was used to
study the morphology of the two COFs. As shown in Figure
S6, both COFs exhibited uniform spherical morphologies. In
addition, the elements of these two COFs were distributed
uniformly over the networks (Figures S7 and S8) based on
EDX mapping results.
The crystallinities of the as-prepared COFs were assessed

using powder X-ray diffraction (PXRD) measurements. EBA-
COF exhibited four distinct diffraction peaks, with the most
intense peak at 3.2° and three other peaks at 5.70, 9.80, and
25.64°, which were attributed to the 100, 200, 310, and 001
facets, respectively (Figure 1b, red curve). The PXRD patterns
of the BTEA-COF showed diffraction peaks at 4.78, 7.76,
11.52, 14.76, and 25.78°, which were assigned to the 100, 110,
210, 220, and 001 facets, respectively (Figure 1c, red curve).
Pawley refinements were applied to investigate the theoretical
structures with the self-consistent charge density functional
tight binding (SCC-DFTB) method. As shown in Figure 1b,c,
good agreement and negligible residue values were found for
the EBA-COF (5.93% for Rwp and 4.69% for Rp) and BTEA-
COF (6.11% for Rwp and 5.06% for Rp), respectively. As for the
stacking mode of these two COFs, eclipsed AA packing
afforded a better match with the intensities of the peaks in the
experimental PXRD pattern, as evidenced by the negligible
difference (Figure 1b,c, black curves), where Pawley refine-
ments were applied to rebuild cell parameters using the
hexagonal space group: a = b = 34.3767 Å, c = 3.5355 Å, α = β
= 90°, and γ = 120° for the EBA-COF and a = b = 23.1146 Å, c
= 3.5350 Å, α = β = 90°, and γ = 120° for the BTEA-COF.
The corresponding top view and side view of the AA packing
model of the BTEA-COF (Figure 1d) and EBA-COF (Figure
1e) are shown.
The prominent porosities of the EBA-COF and BTEA-COF

were investigated by nitrogen physisorption measurements at
77 K. As shown in Figure 2a, the EBA-COF displays a typical I
isotherm, which is indicative of a microporous structure. The
BTEA-COF shows a typical IV isotherm with mesoporous

characteristics (Figure 2b). The Brunauer−Emmett−Teller
(BET) surface areas for the EBA-COF and BTEA-COF were
calculated to be 740 and 1113 m2 g−1, respectively. The pore
size distribution profiles obtained using the NLDFT model
revealed that the pore sizes for the EBA-COF and BTEA-COF
were 1.9 and 3.1 nm, respectively. Moreover, the pore sizes of
these two COFs were in line with their AA-eclipsed modes.
The corresponding pore volumes for the EBA-COF and
BTEA-COF were 0.59 and 0.97 cm3 g−1, respectively.
The chemical stabilities of the BTEA-COF and EBA-COF

toward water (H2O), ethanol, HCl (1 M), and NaOH (1 M)
were characterized, and the related PXRD and FT-IR curve
comparison before and after the chemical stability test was
added in the Supporting Information. As shown in Figures S9
and S10, both COFs had similar PXRD patterns and FT-IR
curves after treatment in different solvents at room temper-
ature after 3 days, indicating that both COFs could retain their
original structures and displayed excellent stability.
The optoelectronic properties were investigated by ultra-

violet/visible absorption diffuse reflectance spectroscopy
(UV−vis DRS) and fluorescence spectroscopy. In the UV−
vis DRS analysis, the EBA-COF and BTEA-COF exhibited
strong absorptions around 618 and 595 nm, respectively
(Figure 3a). The corresponding Tauc plot analysis from the
UV−vis DRS exhibited optical energy band gaps of 2.39 and
2.41 eV for the EBA-COF and BTEA-COF, respectively
(Figure S11), indicating that both COFs are suitable for
absorbing visible light for photocatalysis. Mott−Schottky (M−
S) measurements were conducted to study the electronic
structure and relative band positions of these two COFs. The
positive slope indicated typical n-type semiconductor charac-
teristics for the EBA-COF and BTEA-COF, and the
corresponding flat-band potentials (Efb) of the EBA-COF
and BTEA-COF were fitted to be −0.72 and −0.60 V vs the
normal hydrogen electrode (NHE) at pH 7 from the intercept
of the linear region of the M−S plots, respectively (Figure
3b,c). Combining the Tauc plot and M−S plot, the
corresponding band positions of the EBA-COF and BTEA-
COF were calculated. The valence band maximum (EVBM)
values for the EBA-COF and BTEA-COF were evaluated to be
1.89 and 1.99 eV, respectively. The conduction band minimum
(ECBM) values were calculated to be −0.52 and −0.4 eV for the
EBA-COF and BTEA-COF, respectively (Figure 3d). The
lower ECBM of the EBA-COF compared with that of the BTEA-
COF indicates that the EBA-COF is likely to exhibit better
electron transport capacity during the photocatalytic process.
Furthermore, the energy level for the reduction of O2 to O2

−

was observed to be below ECBM, while that for the oxidation of
H2O to H2O2 was above the EVBM of both COFs. The band

Figure 2. Nitrogen sorption isotherms measured at 77 K: (a) BTEA-
COF and (b) EBA-COF. Inset: pore size distribution profiles.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.2c00910
Chem. Mater. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00910/suppl_file/cm2c00910_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00910/suppl_file/cm2c00910_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00910/suppl_file/cm2c00910_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00910/suppl_file/cm2c00910_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00910/suppl_file/cm2c00910_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00910/suppl_file/cm2c00910_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00910/suppl_file/cm2c00910_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00910/suppl_file/cm2c00910_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00910/suppl_file/cm2c00910_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00910/suppl_file/cm2c00910_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00910/suppl_file/cm2c00910_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00910/suppl_file/cm2c00910_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00910?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00910?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00910?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00910?fig=fig2&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c00910?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


positions matched well with the requirements for oxygen
reduction to hydrogen peroxide (0.68 eV vs NHE), rendering
these two COFs promising photocatalysts for H2O2
production.
Photocatalytic H2O2 production experiments were con-

ducted under monochromatic light (420 nm LED). The H2O2
generation rates of the EBA-COF and BTEA-COF using
ethanol (H2O/EtOH = 9:1, v/v) as the sacrificial reagent were
1830 and 780 μmol h−1 gcat

−1, respectively (Figure 4a,f). The
enhanced H2O2 generation performance of the EBA-COF was
presumably related to the lower CBM value compared to that
of the BTEA-COF. The photocurrent of the EBA-COF was
observed as ∼−0.16 mA cm−2, which is twice higher than that
of the BTEA-COF (∼−0.08 mA cm−2), indicating faster
photoresponse and more efficient separation of charge carriers

in the EBA-COF (Figure 4b). Furthermore, the photo-
luminescence (PL) spectra of these two COFs were obtained
to elucidate their charge recombination and separation
characteristics. In a direct comparison of the PL intensities
of the EBA-COF and BTEA-COF, it was evident that the EBA-
COF exhibited a significantly lower PL intensity than that of
the BTEA-COF (Figure 4c), indicating that charge separation
was promoted and charge recombination was suppressed in the
EBA-COF. In addition, the charge transfer rates for the EBA-
COF and BTEA-COF were tested using electrochemical
impedance spectroscopy (EIS). Accordingly, compared with
the BTEA-COF, the EBA-COF showed a smaller radius of the
semicircular Nyquist plot, indicating a higher interfacial charge
transfer rate, which is beneficial for photocatalytic activity
(Figure 4d). The significant difference in these semiconducting

Figure 3. (a) UV-DRS of the BTEA-COF (red) and EBA-COF (blue). Mott−Schottky plot of the BTEA-COF (b) and EBA-COF (c) showing the
flat-band potential using the conventional three-electrode system in a 0.5 M Na2SO4 solution. (d) Band alignment of the BTEA-COF and EBA-
COF.

Figure 4. (a) H2O2 evolution rates. Reaction conditions: 10 mg of COF, 2.25 mL of H2O, 0.25 mL of EA, 25 °C, and λ = 420 nm. (b) Transient
photocurrents of the BTEA-COF and EBA-COF under visible light irradiation. (c) Photoluminescence emission spectra. (d) Electrochemical
impedance spectra (EIS) of the BTEA-COF and EBA-COF photocatalysts under visible light irradiation. (e) Wavelength-dependent AQE of the
EBA-COF photocatalyst. (f) Time course of H2O2 evolutions under visible light irradiation of the EBA-COF. (g) H2O2 production for five
consecutive cycles using the EBA-COF. (h) EBA-COF for H2O2 production in different electron-donor sacrificial reagents.
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properties between the two as-prepared COFs could arise from
their intrinsic electronic structures. In addition, the contact
angle on water of the EBA-COF and BTEA-COF was
characterized (Figure S12). The result suggested that the
contact angle of the EBA-COF is larger than that of the BTEA-
COF, indicating that the better photocatalytic H2O2
production performance of the EBA-COF was attributed to
the spatially structural characteristics. The EBA-COF out-
performed the BTEA-COF in both photocurrent and EIS
characteristics. Hence, the EBA-COF was expected to display a
better photocatalytic activity. To quantify the spectral
distribution of the photocatalytic activity of the EBA-COF,
the apparent quantum efficiency (AQE) was measured as a
function of the wavelength of the incident light using band-
pass filters with central wavelengths of 420, 450, 520, and 600
nm (Figure 4e). The AQE of the EBA-COF was up to 4.4% at
420 nm. After photocatalytic H2O2 experiments, both COFs
could retain their chemical structures (Figure S13) and
morphology (Figure S14), whereas the PXRD patterns (Figure
S15) disappeared and the peak of 001 facets became more
obvious due to the exfoliation of both COFs during the
photocatalytic H2O2 experiments.
For practical applications, the long-term photostability of

catalysts is essential. The EBA-COF was used in five sequential
1 h photocatalytic H2O2 production runs (Figure 4g). There
was no pronounced decline in the photoactivity over the last

five cycles, suggesting the excellent stability of the EBA-COF.
The H2O2 generation performance was further evaluated using
various sacrificial reagents, including isopropanol (IPA) and
benzyl alcohol (BnOH) (Figure 4h). The EBA-COF
maintained the same H2O2 generation rate (1820 μmol h−1

gcat
−1) using IPA as a sacrificial reagent. The highest H2O2

generation rate of the EBA-COF was achieved at 2550 μmol
h−1 gcat

−1 in the presence of BnOH as a sacrificial reagent
because the π−π interaction between benzyl alcohol and the
EBA-COF can effectively trap holes and promote the
separation of electrons and holes. Notably, the H2O2
production rates of the EBA-COF and BTEA-COF are much
higher than those of most of the previously reported COFs and
comparable to those of other reported materials (Table S4).
This was due to the enhanced charge transfer ability and
suppressed charge recombination arising from spatially
separated redox centers and the high crystallinity of the
synthesized COFs.
To investigate the H2O2 production pathway during

photocatalysis, we performed the test under different
atmospheres. As illustrated in Figure 5a, the H2O2 production
rate for the EBA-COF was highest under pure O2, significantly
lower than that under air, and nearly wholly inhibited under
Ar. This strongly suggests that H2O2 was produced via oxygen
reduction. In addition, as a control, electrons (CuSO4), holes
(KI), and •O2

− (p-benzoquinone) scavengers were added.

Figure 5. (a) Reactions under different gas atmospheres of EBA-COF. (b) Photocatalytic H2O2 production for the EBA-COF in KI, CuSO4, and p-
benzoquinone. (c) EPR trapping experiments in the presence of DMPO as an electron-trapping agent. (d) Proposed photocatalytic mechanism for
the EBA-COF. (e) Optimized geometrical structures and the electrostatic potential surfaces for model systems of the EBA-COF, BTEA-COF, and
O2. All calculations were performed at the level of cam-B3LYP/6-31G(d)-GD3BJ. The red, green, and blue regions indicate negative, neutral, and
positive electrostatic potentials, respectively.
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Figure 6. (a) Total density of states (TDOS) of the model system of the EBA-COF and the partial DOS of O2, triazine, and carbon atoms. (b)
Distributions of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), along with those of
HOMO−2, HOMO−6, HOMO−7, and LUMO+1 for the model system of the EBA-COF. (c) Distributions of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), along with those of HOMO−2, HOMO−6, HOMO−7, and LUMO+1
for the model system of the BTEA-COF. (d) Calculated at the theoretical level of cam-B3LYP/6-31G(d)-GD3BJ (left: EBA-COF and right:
BTEA-COF). (e) Calculated free energy diagrams of H2O2 production catalyzed by model systems of EBA-COF and BTEA-COF.
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Notably, the H2O2 production performance of the EBA-COF
was significantly decreased (Figure 5b), indicating that •O2

−

was the active species during photocatalytic H2O2 generation.
Electron paramagnetic resonance (EPR) measurements
detected radicals using 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) as the trapping agent (Figure 5c). The typical
signals of •O2

− were observed upon illumination, indicating the
two-electron reduction of O2. Based on these results, a
proposed mechanism for photocatalytic H2O2 production by
the EBA-COF was provided (Figure 5d).
To understand the catalytic mechanism of H2O2 production,

we performed density functional theory (DFT) calculations
with model systems of the EBA-COF and BTEA-COF. We
optimized the geometrical structures of the two model systems
without any restriction and calculated the electrostatic
potential surfaces at the cam-B3LYP/6-31G(d)-GD3BJ
theoretical level, as shown in Figure 5e. It could be deduced
that acetylene and triazine units could be possible binding sites
of triplet O2. Based on the comparison of binding energies of
the two sites and the smaller steric effect of the triazine unit,
we find that the triazine unit could be the most possible
catalytic site. The density of states (DOS) of the adsorption
state of O2 on the EBA-COF is shown in Figure 6a and that of
the EBTA-COF is shown in Figure S16. In the vicinity of the
highest occupied molecular orbital (HOMO) of the EBA-
COF, basis functions from O2 and triazine units contribute
largely, which indicates that the triazine unit facilitates the
catalytic process. To understand the photochemical process
during the catalytic reaction, we further calculated the
transition properties of the adsorption state with time-
dependent DFT and list the calculated results in Figure 6b,c.
Accordingly, for O2 adsorption on the EBA-COF, the largest
two oscillator strengths ( f) are 1.1829 and 0.6624 (Figure 6d).
The contribution mainly comes from the electron transition
from the HOMO, HOMO−2, HOMO-6, and HOMO−7 to
LUMO and LUMO+1. In the case of O2 adsorption on the
BTEA-COF, the contribution mainly stems from the transition
from the HOMO, HOMO−1, HOMO−2, and HOMO−13 to
LUMO, LUMO+1, LUMO+2, and LUMO+3. It should be
emphasized that the orbitals including triazine unit contribu-
tions are largely (HOMO−6 and HOMO−7 in EBA-COF,
and HOMO−13 in BTEA-COF) involved in the electron
transition. Moreover, the electron transition gap is smaller for
the EBA-COF than for the BTEA-COF. This suggests not only
that the introduction of triazine is essential to the high
efficiency of H2O2 production but also that the EBA-COF is
more favorable than the BTEA-COF in the photocatalytic
production of H2O2 from H2O and O2, although the
thermodynamic characterizations are similar for the two
COFs as shown in Figure 6e, which is consistent with
experimental observations.

■ CONCLUSIONS
In summary, we developed two vinylene-linked COFs with
spatially separated reaction centers using triazine- and
acetylene-containing building units for photocatalytic H2O2
production. The photocatalytic production of H2O2 from H2O
and O2 using this type of COF as a catalyst was then
demonstrated for the first time. Our results suggest that the
spatially separated and synergistic triazine and acetylene
crosslinked by CC bonds in these COFs could efficiently
promote the charge separation and suppressed charge
recombination, and these characteristics were beneficial for

photocatalytic H2O2 production. The corresponding perform-
ance of both COFs was superior to that of many other
reported organic catalysts and COFs over short reaction times.
This work provides a new strategy for designing H2O2

production photocatalysts in the scaffolds of vinylene-linked
COFs with synergistic photocatalytic active sites.
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