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Abstract: The full reaction photosynthesis of H2O2 that
can combine water-oxidation and oxygen-reduction
without sacrificial agents is highly demanded to max-
imize the light-utilization and overcome the complex
reaction-process of anthraquinone-oxidation. Here, a
kind of oxidation-reduction molecular junction covalent-
organic-framework (TTF-BT-COF) has been synthe-
sized through the covalent-coupling of tetrathiafulvalene
(photo-oxidation site) and benzothiazole (photo-reduc-
tion site), which presents visible-light-adsorption region,
effective electron-hole separation-efficiency and photo-
redox sites that enables full reaction generation of H2O2.
Specifically, a record-high yield (TTF-BT-COF,
�276000 μMh� 1 g� 1) for H2O2 photosynthesis without
sacrificial agents has been achieved among porous
crystalline photocatalysts. This is the first work that can
design oxidation-reduction molecular junction COFs for
full reaction photosynthesis of H2O2, which might extend
the scope of COFs in H2O2 production.

Introduction

Hydrogen peroxide (H2O2) is a versatile oxidant that can be
used as environmentally friendly disinfectant to inactivate
pathogenic microorganisms or pollutants (e.g., organochlor-
ine pesticides, cyanide, phenols and antibiotics, etc.) and
personal care products owing to its mild and environ-
mentally friendly nature.[1] The global demand of H2O2 is
growing rapidly, reaching US$4.0 billion in 2017 and is
expected to further increase to around US$5.5 billion by
2023.[1b,2] During past years, the production of H2O2 has
reached 5.5 million ton in 2015 and increased to 6.5 million
tons by 2022, yet it still has a huge gap to be filled and
requires more green/economic techniques to meet the

demand.[3] In recent years, H2O2 has also been newly
explored as potential energy carrier to replace H2 in single
chamber fuel cell due to its theoretical output potential of
fuel cell (1.09 V) is equivalent to that of traditional hydro-
gen fuel cell (H2) (1.23 V), meanwhile it is more convenient
in storage and transportation than H2.

[4] To date, the
methods for producing H2O2 mainly include persulfate
electrolysis, electrochemical oxygen reduction, isopropanol
oxidation, the direct synthesis of hydrogen peroxide from H2

and O2, and anthraquinone oxidation.[5] Persulfate electrol-
ysis is the main method to produce H2O2 in the first half of
the 20th century, yet the energy consumption is too large
and limited to small-scale production. After that, the
isopropanol oxidation process has been developed, while it
is still obstructed by the by-product (i.e. acetone) and
isopropanol consuming, which has been eliminated at
present. Both the direct synthesis of hydrogen peroxide and
electrochemical oxygen reduction methods have the prob-
lem of low efficiency. In contrast, anthraquinone (AQ)
oxidation method is the main method for industrial
production of H2O2 at present and �95% of the global
amount of H2O2 is produced by this method.

[6] However, this
method involves drawbacks like: i) the use of large amount
of organic solvents (e.g., heavy aromatics and trioctyl
phosphate); ii) the generally applied expensive palladium-
based catalysts; iii) the degradation of anthraquinone mole-
cules and iv) complex reaction processes (e.g., catalyst
hydrogenation and oxidation processes, etc.), and the
palladium catalysts commonly used in the traditional AQ
oxidation process are easy to polymerize and agglomerate to
reduce hydrogenation activity.[7] Therefore, it is much
essential to develop economic, green and highly efficient
catalysts or methods to produce H2O2.

As a kind of environmental benign catalytic system, the
ideal H2O2 photosynthesis system only requires abundant
water and oxygen on earth as raw materials, and uses
sunlight as green energy to activate photocatalyst and drive
oxidation-reduction reactions, which can perfectly meet the
sustainable development target and get rid of pollution
emission by traditional methods.[8] In general, the full
reaction photosynthesis of H2O2 includes two possible path-
ways: oxygen reduction reaction (ORR) and water oxidation
reaction (WOR). Previous studies have shown that in order
to realize the photosynthesis of H2O2 through oxygen
reduction reaction (ORR), the photocatalyst needs to have
a more negative LUMO than the O2 reduction potential
(H2O2/O2, theoretically 0.68 V vs. NHE) and it seems that
most of the reported photocatalysts are easier to meet the
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requirement of producing H2O2 by ORR.[9] For water
oxidation reaction (WOR), there are three competing path-
ways: including two-electron transfer for H2O2 production
(1.76 V versus normalized hydrogen electrode, NHE), four-
electron transfer for oxygen evolution (1.23 V versus NHE)
and one-electron transfer to form hydroxyl radicals (2.38 V
versus NHE).[8b] To achieve the high efficiency in H2O2

photosynthesis, the WOR is vital to balance the overall
photocatalytic system and it is desirable to boost the 2e�

WOR rather than 4e� WOR for oxygen evolution, yet it is
not easy to achieve due to its uphill thermodynamics (1.76 V
versus normalized hydrogen electrode, NHE) and thus some
replaced sacrificial agents like methanol oxidation need to
be applied.[10] In this regard, the most efficient and energy-
saving way is to realize the full reaction photosynthesis of
H2O2, that is, the simultaneous production of H2O2 by both
WOR and ORR without the use of sacrificial agents, so as
to maximize the energy utilization.[8a,11] To this end, multi-
requirements would be needed for the design of photo-
catalysts, for example, wide light absorption region, appro-
priate energy band structure, and efficient utilization of
photogenerated electrons/holes, apart from the basic need
of both photo-reduction and oxidation property. At present,
TiO2, g-C3N4 and some semiconductors are the most widely
used catalysts in the photosynthesis of H2O2, with high
chemical/thermal stability, low cost and toxicity, and light
corrosion resistance, etc.[12] However, their applications in
the photosynthesis of H2O2 still face the following short-
comings: i) the catalysts have wide band gap and requires
UV light (<5% of solar radiation) for photo-activation;
ii) the band gap of photocatalyst cannot meet the require-
ments of water oxidation, thus the sacrificial agent needs to
be added and iii) most of them lack in developed pores or
clear crystal structure, resulting in less exposure of catalytic
sites, which is not conducive to transfer mass and the study
of catalytic mechanism. Despite some promising photo-
catalysts like linear conjugated polymers (e.g., poly(3-4-
ethynylphenyl)-ethynyl) pyridine (DE7)),[13] single atom
catalyst (such as Sb-SAPC) or molecular catalysts (e.g.,
ZnPPc-NBCN) have been reported and achieved inspiring
results,[1a,13] most of them still pay less attention to the WOR
process and lack in related mechanism research. Therefore,
in order to meet the strict requirements of high-efficiency
full reaction photosynthesis of H2O2, it is necessary to
develop powerful photocatalysts with suitable photo-redox
ability to accomplish both WOR and ORR for H2O2

production.
Covalent organic frameworks (COFs), composed of

light-weight elements and connected by strong covalent
bonds, possess well-defined crystal structures, predictable
topology, high stability and porosity, etc.[14] COFs might
serve as alternative materials in full reaction photosynthesis
of H2O2 mostly attributed to the following reasons: i) com-
mpared with other materials with higher density, COFs with
low density and high porosity might provide more exposed
surface area and active sites that can be assessable for the
substrates; ii) the tunable structure might endow COFs with
efficient ligand-ligand charge transfer (LLCT) effect to
realize the effective separation of electrons and holes[15] and

iii) through directional design, COFs with light absorption,
integrated oxidation and reduction centers can construct
oxidation-reduction molecular junction that might simulta-
neously accomplish the WOR and ORR processes, and
largely facilitate the charge transfer. To date, there are only
rare COFs examples (e.g., COF-TfpBpy, TF50-COF, COF-
NUST-16, EBA-COF and CoPc-BTM-COF, etc)[16] that
have been applied in photosynthesis of H2O2, and this filed
is still at the early stage with many unresolved issues to be
addressed. Thus, it would be highly desirable to construct
oxidation-reduction molecular junction COF based photo-
catalysts that can realize the full reaction photosynthesis of
H2O2 to get rid of the usage of sacrificial agents, yet such
powerful COF based photo-catalysts have been rarely
synthesized and challenging in design to accomplish the
integrated photo-synthesis to the best of our knowledge.

Here, for the first time, we have prepared a kind of
oxidation-reduction molecular junction COF (denoted as
TTF-BT-COF) with integrated oxidation and reduction
centers, and can be successfully applied in the full reaction
photosynthesis of H2O2 without sacrificial agents
(Scheme 1). The covalent connection between the reducing
group (BT) and oxidizing group (TTF) generates the
oxidation-reduction junction that enables the visible light
driven electron/holes to be effectively separated from the
BT and transferred to the TTF part, resulting in photo
excited electrons (BT, photo-reduction site) and holes (TTF,
photo-oxidation site) that can be used for ORR and WOR,
respectively. Specifically, its yield for H2O2 photosynthesis
without sacrificial agents can be �276000 μMh� 1 g� 1, which
is about 10 times higher than single linkers and physical
mixture and represented to be the best H2O2 generation
porous crystalline photocatalyst to date. Notably, it enables
the facile generation of high concentration H2O2 (
�18.7 wt%) in long time batch-experiment that has much
potential to be applied in practical applications. In addition,
the oxidation-reduction molecular junction that can facilitate
the charge-transfer and largely reduce the energy-barriers of
both WOR and ORR to boost the performance has been
verified by the theoretical calculations, which would extend

Scheme 1. Schematic representation of the oxidation-reduction molec-
ular junction COF photocatalyst for full reaction photosynthesis of
H2O2.
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the application potential of COFs in industrial scale H2O2

production.

Results and Discussion

TTF-BT-COF was synthesized by Schiff-base condensation
between 2, 3, 6, 7-tetra (4-formylphenyl) tetrathiafulvalene
(TTF-4CHO) and 4,4’-(benzo-2,1,3-thiadiazole-4,7-
diyl)dianiline (BT-NH2) by solvothermal method (Fig-
ure 1a). The crystalline structure of TTF-BT-COF was
determined by the powder X-ray diffraction (PXRD)
combined with theoretical structural simulations using
Materials Studio version 7.0. An orthorhombic P222 space
group based on TTF-BT-COF was built and performed Le
Bail refinements of the PXRD patterns for full profile fitting
against the proposed models, which provided a unit cell
parameter of a=59.47 Å, b=32.09 Å, and c=4.26 Å, α=β=

γ=90° (Table S3). Moreover, the simulated PXRD pattern
using AA stacking mode reproduced the experimentally
observed curve while AB stacking did not, which was
supported by the difference plot with unweighted-profile R
factor (Rp) of 3.48% and weighted profile R factor (Rwp)
of 4.44% (Figure 1b). In the PXRD pattern, it has intense
peaks at 3.13°, 6.30°, 9.39°, and 12.53°, which can be assigned
to the (1 1 0), (2 2 0), (3 3 0) and (4 4 0) facets of TTF-BT-
COF, respectively. In addition, oriented lattice fringes can
be observed in high-resolution TEM (HR-TEM) images and
the lattice spacing of 1.41 nm is assigned to the (2 2 0) plane
of TTF-BT-COF, confirming the high crystallinity of the
obtained TTF-BT-COF (Figure 1d). Fourier transform infra-
red spectroscopy (FTIR) and 13C solid-state NMR spectro-
scopy (13C ssNMR) were used to confirm the chemical
structure of TTF-BT-COF. In the FTIR spectra, the C=N
stretching vibration and at 1620 cm� 1 appears in the
resultant TTF-BT-COF, while the C=O stretching vibration
band at 1700 cm� 1 and NH2 vibration band at 3200–

3500 cm� 1 belonged to reactant monomers that decreases
obviously (Figure S2). Furthermore, the characteristic peak
of ca. 158.9 ppm in 13C sNMR corresponds to the carbon
atom of the C=N bond (Figure S1). These results indicate
that TTF-BT-COF has been successfully synthesized
through the condensation reaction.[3,17]

To investigate the chemical states of the existed elements
in TTF-BT-COF, X-ray photoelectron spectroscopy (XPS)
measurements have been conducted. For the XPS spectra of
TTF-BT-COF, three main peaks with binding energy of
164.31, 284.60, 398.36 eV are ascribed to S 2p, C 1s, N 1s,
respectively (Figure S3). In the C 1s region, the peaks
appearing at 284.6 and 288.1 eV can be featured in C� O/
C� N and C=C of TTF-BT-COF, respectively. In the S 2p
region, two kinds of peaks with binding energies of
164.07 eV (S 2p3/2) and 165.68 eV (S 2p1/2) can be
attributed to the characteristic peaks of of sulfur (C� S) in
TTF-4CHO unit and sulfur (N� S) in BT-NH2. Besides, the
N 1s spectra of TTF-BT-COF reveals a single peak at
398.36 eV, corresponding to the C=N/C� N of TTF-BT-
COF.[18] The fast Fourier transformation image of high-
resolution transmission electron microscopy (HR-TEM)
shows the hexagonal pore structure arrangement along the
(1 0 0) crystal axis, which can also manifest the AA-stacking
mode of the 2D TTF-BT-COF structure (Figure 1d). The
morphology of TTF-BT-COF has also been characterized by
scanning electron microscopy (SEM). The result shows that
TTF-BT-COF is composed of solid spheres with a diameter
of 400–600 nm. In addition, energy dispersive X-ray spectro-
scopy (EDS) analysis shows that C, N, S are uniformly
distributed on TTF-BT-COF (Figure 1c). Similarly, TTF-pT-
COF with benzothiadiazole (BT) monomer replaced by
4,4’’-diamino-p-terphenyl (pT) and TPE-BT-COF (also
called Etta-Td)[19] with 2,3,6,7-tetra (4-formylphenyl)-tetra-
thiafulvalene (TTF-4CHO) monomer replaced by 4,4’,4’’,4’’’-
(ethene-1,1,2,2-tetrayl) tetrabenzaldehyde (TPE) were also
prepared as the contrast samples for TTF-BT-COF (Ta-
ble S4–5). Specifically, TTF-pT-COF as a kind of newly
designed COF and its PXRD pattern shows high crystallinity
that is in good agreement with the simulated structure
(Figure S4). Moreover, the component and morphology of
TTF-BT-COF have also been characterized by FT-IR, XPS
and SEM tests (Figure S5–7).

Stability is a key factor to evaluate the durability of the
catalysts in various applications. To investigate the chemical
stability of TTF-BT-COF, TTF-pT-COF and TPE-BT-COF,
the samples are soaking in diverse solutions for 5 days. For
example, taking TTF-BT-COF for instance, the inherent
structure of TTF-BT-COF remains intact after immersing in
different solvents (i.e. N, N-dimethylformamide, acetonitrile,
methanol and H2O) for more than 5 days. After tests, the
samples were characterized by the PXRD and FTIR tests.
The PXRD results before and after the experiments show
that the crystallinity of TTF-BT-COF immersed in different
solutions remains intact, which is further proved by the
similar FTIR spectrum (Figure S8–9).

Based on the ultraviolet and visible (UV/Vis) absorption
spectra, TTF-BT-COF, TTF-pT-COF and TPE-BT-COF all
have absorption in the visible light range (400–800 nm)

Figure 1. Structure and characterization of TTF-BT-COF. (a) Schematic
representation of the synthesis of TTF-BT-COF. (b) Experimental (red
dot) and simulated (blue line) PXRD patterns of TTF-BT-COF. (c) SEM
and elemental mapping images of TTF-BT-COF. (d) HRTEM image and
lattice fringes.
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(Figure 2a). The band gaps (Eg) of TTF-BT-COF, TTF-pT-
COF and TPE-BT-COF are determined to be 1.64, 1.71 and
2.16 eV by their Tauc plots, indicating that they have the
characteristics of semiconductor (Figure 2b). The highest
occupied molecular orbital (HOMO) of TTF-BT-COF,
TTF-pT-COF and TPE-BT-COF were determined by ultra-
violet photoelectron spectroscopy (UPS), from which the
HOMO of TTF-BT-COF was estimated to be � 6.69 eV (vs.
vacuum level, Ev) by subtracting the excitation energy of
21.22 eV from the width of the He I UPS spectrum.
Likewise, the HOMOs of TTF-pT-COF and TPE-BT-COF
were determined to be � 6.68 eV and � 7.14 eV (vs. Ev),
respectively (Figure S7–10). In order to verify the accuracy
of these results, we further carried out the Mott Schottky
electrochemical measurements to determine the energy
band positions of TTF-BT-COF, TTF-pT-COF and TPE-
BT-COF (Figure S13–15). Based on the results, the LUMO
of TTF-BT-COF, TTF-pT-COF and TPE-BT-COF are
calculated to be 0.21 V, 0.13 V, and 0.14 V (vs. NHE, pH 7),
respectively. Meanwhile, the HOMO positions of TTF-BT-
COF, TTF-pT-COF and TPE-BT-COF are 1.85 V, 1.84 V
and 2.30 V (vs. NHE, pH 7), respectively, which are well
associated with UV/Vis absorption spectra (Figure 2e).[20]

Notably, these results are also consistent with the values
obtained by ultraviolet photoelectron spectroscopy (UPS)
(Figure S10–12). Obviously, the band structures of TTF-BT-

COF, TTF-pT-COF and TPE-BT-COF are basically suffi-
cient for the synthesis of H2O2 from both H2O (EH2O2=H2O =

+1.76 V vs NHE) and O2 (EH2O2=O2
=+0.68 V vs NHE) as

shown in Figure 2e.[21] Therefore, in theory, these COFs can
be used as effective photocatalysts for full reaction photo-
synthesis of H2O2 owing to their suitable energy band
structures. In addition, transient photocurrent response and
photoluminescence (PL) measurements have been con-
ducted to investigate the charge-transfer behaviors (Fig-
ure 2d). The transient-photocurrent-response intensity of
TTF-BT-COF is much higher than those of TTF-pT-COF
and TPE-BT-COF, as shown in Figure 2c. The PL of TTF-
BT-COF is much lower than that of TTF-pT-COF and TPE-
BT-COF (Figure 2d). These results show that the covalent
bonding between TTF and BT can effectively enhance the
electron hole separation and prevent the electron hole
recombination, which might be attributed to the effective
electron transfer caused by the covalent bonding between
the oxidizing group and the reducing group. At the same
time, in the measurement of electrochemical impedance
spectroscopy (EIS), it is found that the electronic conductiv-
ity of TTF-BT-COF is also superior to that of TTF-pT-COF
and TPE-BT-COF as proved by its smaller radius of the
front semicircle (Figure 2f), indicating that the covalent
connection between TTF and BT can significantly enhance
the charge transfer.[22] In order to further reveal the
superiority of TTF-BT-COF, we also investigate the two
redox ligands (i.e. TTF and BT). According to the ultra-
violet and visible (UV/Vis) absorption spectra, both TTF
and BT present absorption in the visible light range (400–
800 nm) (Figure S16). The band gaps (Eg) of TTF and BT
are determined to be 1.78 and 2.16 eV by their Tauc plots,
indicating that they have the characteristics of semiconduc-
tor (Figure S16). In order to verify the accuracy of these
results, we further carried out Mott Schottky electrochem-
ical measurements to determine the energy band positions
of TTF and BT (Figure S17). Based on these results, the
LUMO of TTF and BT are calculated to be � 0.02 V and
0.25 V (vs. NHE, pH 7), respectively. Meanwhile, the
HOMO positions of TTF and BT locate at 1.76 V and
2.41 V (vs. NHE, pH 7), respectively, which are well
associated with UV/Vis absorption spectra (Figure S18).

The experiment of visible light photosynthesis of H2O2

was carried out in pure O2 atmosphere in aqueous solution
without additional sacrificial agents and the yield of H2O2

was determined by iodometry and titanium sulfate color-
imetry (Figure S22–25).[23] A detailed description of the
H2O2 photosynthesis experiment is introduced in the
Supporting Information (detail see Methods). Figure 3a
shows the photocatalytic performances of TTF-BT-COF,
TTF-pT-COF and TPE-BT-COF and there exists significant
linear relationship between H2O2 production and irradiation
time. In the presence of TTF-BT-COF, the H2O2 concen-
tration gradually increases with the increase of reaction time
(0 to 60 min) and finally reaches to 1380 μMh� 1, which is
about 3 and 5 times higher that of TTF-pT-COF
(498 μMh� 1) and TPE-BT-COF (296 μMh� 1), respectively
(Figure 3a). In addition, in order to prove the superiority of
oxidation-reduction molecular junction in TTF-BT- COF,

Figure 2. Characterizations of the optical properties for TTF-BT-COF,
TTF-pT-COF and TPE-BT-COF. (a) UV/Vis absorption spectra. (b) Tauc
plot for band gap calculation. (c) Transient photocurrent response.
(d) The steady-state photoluminescence (PL) measurements. (e) Band-
structure diagram. (f) Nyquist plots.
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we further evaluated the performances of TTF, BT and their
physical mixture. Under visible light irradiation, the H2O2

production rates for TTF, BT and physical mixture are 98,
158 and 169 μMh� 1, respectively (Figure S26), which are
much inferior to that of TTF-BT-COF. This result verifies
that the establishment of oxidation-reduction molecular
junction in TTF-BT-COF might accelerate both of the
WOR and ORR processes to increase the efficiency for full
reaction photosynthesis of H2O2. Noteworthy, under no
sacrificial agent conditions, the yield of H2O2 of TTF-BT-
COF can reach �276000 μMh� 1 g� 1, which is the best H2O2

generation porous crystalline photocatalyst to date (Ta-
ble S1–2). It is worth noting that it can easily generate high
concentration H2O2 (�18.7 wt%) in long time batch-experi-
ment, which has great potential in practical application
(Figure S27). Besides, the apparent quantum yield (AQY)
between 420 nm is 11.19% with a solar chemical conversion
(SCC) efficiency of 0.49%, which is higher than the typical
photosynthetic efficiency of plants (0.10%).[24] Notably, the
achieved SCC efficiency of TTF-BT-COF in full reaction
photosynthesis of H2O2 is almost twice higher than that

without WOR (0.25%), proving the superiority of the full
reaction photosynthesis of H2O2.

Besides, the cycling stability is a vital factor to evaluate
the durability of the photocatalyst. Thus, we have carried
out the cycling tests. After three cycles of photocatalytic
tests, the catalytic performance remains almost unchanged
and the H2O2 yield can still be stable at 1300 μMh� 1, proving
the high cycling stability of TTF-BT-COF (Figure 3b).
Furthermore, the structural integrity of TTF-BT-COF is also
confirmed by the PXRD tests (Figure S19). In the FTIR
spectrum, TTF-BT-COF still exhibits C=N stretching vibra-
tion at 1620 cm� 1, while the C=O stretching vibration band
at 1700 cm� 1 and NH2 at 3200–3500 cm

� 1 are similar to the
state before reaction (Figure S20). At the same time, the
XPS spectra before and after the photocatalytic reaction
have been compared and the binding energies of the four
main peaks of S 2p, C 1s, N 1s and O1s remain unchanged
(Figure S21). Above all, TTF-BT-COF exhibits high struc-
tural stability during the photocatalytic reaction.

In order to study the overall reaction of photocatalytic
H2O2 production, the half reactions of TTF-BT-COF with
saturated O2 in methanol aqueous solution (methanol as
electron donor) and the semi-redox reaction with N2 in
AgNO3 aqueous solution (Ag+ as electron acceptor) were
studied (Figure 3e).[13a] Under the condition of O2 atmos-
phere and deionized water (the standard condition), the
H2O2 yield enhances linearly with the increase of irradiation
time. In the half reactions with sacrificial agents (i.e.
methanol and AgNO3), the ORR reaction rate is almost the
same as the WOR reaction rate, which also confirms that
both WOR and ORR existed for TTF-BT-COF that can
generate H2O2 through the 2e� transfer process. In addition,
18O2 isotope experiments have been carried out to verify the
ORR and WOR processes (Figure 3f). TTF-BT-COF is
irradiated in H2

16O and 18O2 gas for 4 h. After removing
unreacted gas with Ar gas, MnO2 is added to the reaction
system to decompose H2O2 and release O2. The escaped gas
is analyzed by gas chromatography-mass spectrometry. The
decomposition products of photo-generated H2O2 through
the MnO2 reaction are close to 1 :1 for 18O2 and

16O2, which
shows that the utilization rate of atoms for H2O and O2

reaction to produce H2O2 is close to 100%, and the H2O2

photosynthesis process experiences both the 2e� ORR and
2e� WOR pathways.

In order to study the mechanism of full reaction photo-
synthesis of H2O2 by TTF-BT-COF, 5,5-dimethylpyrroline
N-oxide (DMPO) is applied as a free radical spin trapping
agent to determine *OOH and *OH in electron para-
magnetic resonance (EPR) (Figure 3c). The typical charac-
teristic signals for DMPO-*OOH and DMPO-*OH are
markedly observed in TTF-BT-COF under light irradiation
(Figure 3c), which are absent under dark condition, indicat-
ing the generation of *OOH and *OH intermediate species.
Based on the above analysis, we can draw a conclusion that
the full reaction photosynthesis of H2O2 in this system is
realized through the joint contribution of photogenerated
electrons (e� ), holes (h+), *OOH and *OH species.[25] In
addition, in order to study the mechanism of TPE-BT-COF
and TTF-pT-COF on full reaction photosynthesis of H2O2,

Figure 3. Performance of TTF-BT-COF, TTF-pT-COF and TPE-BT-COF
photosynthesized H2O2. (a) Photocatalytic activity of TTF-BT-COF, TTF-
pT-COF and TPE-BT-COF for H2O2 production in pure water and O2

atmosphere. (b) Cycling performance of TTF-BT-COF. (c) EPR signals
of the reaction solution under the dark and visible light illumination in
the presence of DMPO as the spin-trapping reagents. (d) DRIFTs
spectrum of TTF-BT-COF in H2O2 photosynthesis. (e) Amounts of
H2O2 produced on TTF-BT-COF in AgNO3 (electron acceptor) solution
and CH3OH (hole acceptor) solvent. (f) 18O2 isotope experiment to
explore the source of H2O2.
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DMPO is used as a free radical spin trapping agent to carry
out EPR tests on them. Typical characteristic signals of
*OOH and *OH can be clearly observed for TPE-BT-COF
and TTF-pT-COF under light (Figure S28–29), which are
also absent under dark condition. Based on the above
experimental results, we speculate that their full reaction
photosynthesis of H2O2 is completed by photogenerated
electrons (e� ), holes (h+), *OOH and *OH species. To
further reveal the process of full reaction photosynthesis of
H2O2 by TTF-BT-COF, we have performed the in situ
diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTs) measurements to study the photocatalytic mecha-
nism (Figure 3d). After the system is equilibrated, the
vibrations corresponding to C� H (1371 cm� 1) and C=N
(1645 cm� 1) for TTF-BT-COF are apparent. In addition, we
also observe the obvious vibrations of the intermediates
O� H (1397 cm� 1) and O� O (952 cm� 1) in the full reaction
photosynthesis of H2O2. This further proves that the
catalytic mechanism of TTF-BT-COF photosynthesis of
H2O2 is the synergistic effect of ORR and WOR (i.e. *OOH
and *OH) coupling with different intermediates produced at
the same time.

We further study the 2e� ORR and 2e� WOR pathways
of TTF-BT-COF, TPE-BT-COF and TTF-pT-COF meas-
ured by rotating disk electrode (RDE) and rotating ring disk
electrode (RRDE).[16a] As shown in Figure S30–32, we have
calculated that the average electron transfer numbers of
samples through RDE tests, during which the potential
scanning range of rotating disc electrode is � 1.0–0.2 V (vs
Ag/AgCl), the scanning rate is 10 mVs� 1, and the potential
of platinum ring electrode is 0.23 V. Specifically, the average
electron transfer numbers of TTF-BT-COF, TPE-BT-COF
and TTF-pT-COF at � 0.8 V (vs Ag/AgCl) in the ORR
reactions are 2.31, 2.27 and 2.43, respectively, implying they
are all 2e� transferring ORR processes. To reveal the 2e�

WOR process, the RRDE tests have been conducted under
N2 condition (Figure S33–35), during which the potential
scanning range of the rotating disc electrode is 1.2–2.6 V (vs
Ag/AgCl), the scanning rate is 10 mVs� 1, and the constant
potential of the platinum ring electrode is � 0.23 V (vs Ag/
AgCl).[16a,26] In general, the 1e� product with highly active
nature can be hardly generated under this applied potential
(1.2–2.6 V). In this setting, if O2 is generated in 4e

� WOR by
rotating the disk electrode, it can be swept to the ring
electrode and reduced with relative detection signal, thus
creating an ideal testing condition to reveal the potential
electron transfer number of the system. As shown in
Figure S33, the increasing disk currents with potentials
higher than 1.7 V (solid lines, vs Ag/AgCl) indicate that
WOR occurs at the rotating disk electrode for TTF-BT-
COF. Specifically, no reduction current is observed for TTF-
BT-COF at the Pt ring electrode, suggesting that TTF-BT-
COF cannot generate O2 via 4e

� WOR process. Specifically,
the reduction current has not been observed for TTF-BT-
COF on the Pt ring electrode, indicating that TTF-BT-COF
cannot generate O2 through WOR (4e� WOR process).
However, when the potential applied on the ring electrode
changes to +0.6 V (vs Ag/AgCl), a higher oxidation current
can be detected for TTF-BT-COF due to the oxidation of

H2O2 occurs on the Pt ring electrode (Figure S33). Similarly,
TPE-BT-COF and TTF-pT-COF present similar phenom-
ena. Hence, the RDE and RRDE measurements support
that H2O2 photosynthesis underwent 2e� ORR and 2e�

WOR pathways for these three COFs (Figure S34–35).
Based on the above experiments and analysis, a possible

mechanism is proposed to illustrate the photosynthesized of
H2O2 by TTF-BT-COF (Figure 4a): driven by visible-light
irradiation, the photoinduced electron transfer process takes
place from TTF (HOMO) to BT (LUMO) after absorbing
photons. Then O2 gets the electron to generate active
intermediate (*OOH), while H2O uses the holes to form
*OH at the same time. After that, *OH and *OOH
simultaneously produce H2O2 at relative oxidation and
reduction sites on TTF-BT-COF, respectively, thus achiev-
ing the superior performance in H2O2 generation. Firstly,
the charge distribution of TTF-BT-COF structure is ana-
lyzed by differential charge density. The interfacial charge
density difference is depicted in Figure 4b, in which the
charge accumulation is shown as the yellow region of
thiazole on BT, and the charge depletion is shown as the

Figure 4. DFT calculations and the proposed reaction mechanism.
(a) Schematic diagram of the photosynthesize H2O2 through the ORR
and WOR pathways. (b) Differential charge density diagram of TTF-BT-
COF. (c) Free energy diagram of the TTF-BT-COF, TTF-pT-COF and
TPE-BT-COF for photosynthesized of H2O2 through the WOR (full
line) and ORR (break line) pathways. (d) Free energy change histogram
of TTF-BT-COF, TTF-pT-COF and TPE-BT-COF for H2O2 production by
*OH intermediates. (e) Adsorption configuration of *OH intermedi-
ates on TTF and *OOH intermediates on BT of the TTF-BT-COF.
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blue region close to S atoms on TTF. The differential charge
density diagram shows that the S atom at the BT site has
better electronegativity, and the oxygen adsorbed on the BT
site is easier to get electrons to generate ORR, while the S
atom in TTF has relatively weak electronegativity, and the
water molecules adsorbed on the TTF site use holes to
generate WOR. Therefore, TTF-BT-COF has the possible
active sites that can simultaneously complete ORR and
WOR to generate H2O2.

Based on this, we have calculated the free energy
changes of *OH and *OOH adsorbed by TTF-BT-COF,
TTF-pT-COF and TPE-BT-COF during the production of
H2O2 by ORR and WOR, respectively (Figure 4c). There
are two pathways for photosynthesizing H2O2 (i.e. WOR
and ORR) with different intermediates. Photocatalytic
WOR to generate H2O2 requires two steps: from H2O to
*OH and then two *OH further combine to form H2O2, in
which the first process is the rate determination step (RDS)
(Figure 4d). As shown in Figure 4e, the sites where TTF-BT-
COF and TTF-pT-COF adsorb *OH are S sites of TTF.
Under the interaction of TTF-BT-COF, the energy barrier
of intermediate *OH produced by adsorption of WOR at S
site is 3.90 eV, while the energy barrier of TTF-pT-COF is
3.99 eV, respectively, proving the synergistic role of BT
linker in reducing the energy barrier of the whole structure
than pT linker. For TPE-BT-COF, the energy barrier of
*OH adsorption at the N site of C=N bond is as high as
5.59 eV, indicating the superior role of TTF in WOR
(Figure S36). These results indicate that TTF-BT-COF is
more favorable for the WOR to generate H2O2 more than
TTF-pT-COF and TPE-BT-COF. For the photocatalytic
ORR process, it contains two steps: from O2 to *OOH and
then the *OOH combines with the hydrogen proton to
generate H2O2 (Figure 4a). The first process is the RDS. As
shown in Figure S36 and Figure 4e, TTF-BT-COF and TPE-
BT-COF adsorb *OOH at the S sites on BT (Figure 4e).
Compared with the high-energy barrier of TPE-BT-COF
(0.59 eV), TTF-BT-COF is only 0.22 eV, which indicates
that the synergistic role of TTF linker in reducing the energy
barrier of the whole structure than TPE linker. For TTF-pT-
COF, the energy barrier of *OOH adsorption at the N site
of C=N bond is as high as 0.28 eV, indicating the superior
role of BT in ORR (Figure 4e, S37).

According to the above theoretical calculation results, it
can be concluded that TTF-BT-COF is more favorable to
adsorb *OH and *OOH intermediates generated by WOR
and ORR than TTF-pT-COF and TPE-BT-COF. To be
specific, under visible light irradiation, the photogenerated
electrons and holes separated and transferred to the BT and
TTF, respectively. Then, ORR and WOR occur simulta-
neously on these two ligands (Figure 4c). On TTF, the
conversion of H2O to H2O2 requires two steps: from H2O
dehydrogenates to *OH and then two *OH further combine
to form H2O2, in which the first process is the rate
determination step (RDS) with the energy barrier of
3.90 eV. Accordingly, for the photocatalytic ORR process, it
contains two hydrogenation steps: from O2 to *OOH and
then the *OOH combines with the hydrogen proton to
generate H2O2 (Figure 4c). The first process is the RDS with

the energy barrier of 0.22 eV. Among them, hydrogen
protons removed by WOR are used for the ORR, thus
ensuring the charge balance of the catalytic system. Accord-
ing to the above-mentioned experiment and calculation
results, as shown in Figure 4a and 4e, a favorable photosyn-
thesis of H2O2 mechanism, namely, the formation of
oxidation-reduction molecular junction in TTF-BT-COF,
has been proposed that can accelerate the separation of
electrons and holes, which makes it easier for O2 and H2O to
capture electrons and use the holes to form active
intermediates, respectively, finally forming H2O2.

Conclusion

In summary, we have prepared a kind of oxidation-reduction
molecular junction COF (TTF-BT-COF) through the cova-
lent-coupling of tetrathiafulvalene (photo-oxidation site)
and benzothiazole (photo-reduction site) and can be success-
fully applied in the full reaction photosynthesis of H2O2

without sacrificial agents. The covalent connection between
them generates the oxidation-reduction junction and
presents visible-light-adsorption region, effective electron-
hole separation-efficiency and suitable photo-redox ability
that enables the visible light driven electrons to be
effectively transferred from BT to TTF, thus resulting in the
simultaneously accomplished ORR and WOR reactions. It
is worth noting that its production rate (
�276000 μMh� 1 g� 1) for H2O2 photosynthesis without sacri-
ficial agents can be record-high among porous crystalline
photocatalysts, which is about 10 times higher than single
linkers or physical mixture. In addition, it enables the facile
generation of high concentration H2O2 (�18.7 wt%) in
long-time batch experiment, holding much potential in
practical applications. Furthermore, the oxidation-reduction
molecular junction that can facilitate the charge-transfer and
largely reduce the energy-barriers of both WOR and ORR
to boost the performance have been proved by theoretical
calculations. This is the first work that can design oxidation-
reduction molecular junction COF for full reaction photo-
synthesis of H2O2, which might shed fresh light on the
exploration of porous crystalline materials in potentially
industrial scale H2O2 production.

Supplemental Information includes 37 figures, 5 tables.
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Photocatalytic H2O2 Synthesis

J.-N. Chang, Q. Li, J.-W. Shi, M. Zhang,
L. Zhang, S. Li, Y. Chen,* S.-L. Li, Y.-
Q. Lan* e202218868

Oxidation-Reduction Molecular Junction
Covalent Organic Frameworks for Full Re-
action Photosynthesis of H2O2

A kind of oxidation-reduction molecular
junction covalent-organic-framework
(TTF-BT-COF) has been prepared
through the covalent-coupling between
oxidation group (TTF) and reduction
group (BT), which can be successfully
applied for the efficient full reaction
photosynthesis of H2O2.
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