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Abstract: Synthesizing H,O, from water and air via a
photocatalytic approach is ideal for efficient production
of this chemical at small-scale. However, the poor
activity and selectivity of the 2e~ water oxidation
reaction (WOR) greatly restricts the efficiency of photo-
catalytic H,0O, production. Herein we prepare a bipyr-
idine-based covalent organic framework photocatalyst
(denoted as COF-TfpBpy) for H,O, production from
water and air. The solar-to-chemical conversion (SCC)
efficiency at 298 K and 333K is 0.57% and 1.08 %,
respectively, which are higher than the current reported
highest value. The resulting H,O, solution is capable of
degrading pollutants. A mechanistic study revealed that
the excellent photocatalytic activity of COF-TfpBpy is
due to the protonation of bipyridine monomer, which
promotes the rate-determining reaction (2e~ WOR) and
then enhances Yeager-type oxygen adsorption to accel-
erate 2e” one-step oxygen reduction. This work demon-
strates, for the first time, the COF-catalyzed photosyn-
thesis of H,O, from water and air; and paves the way for
wastewater treatment using photocatalytic H,0O, solu-

tion.
J

Introduction

Hydrogen peroxide (H,0,) is widely used in the restoration
of water environment as an environmentally friendly strong
oxidant. It has been reported that many pollutants, including
organic dyes, organochlorine pesticides, cyanides, phenols,
antibiotics, microplastics, and personal care products, can be
treated with H,0,.! In addition, H,O, can also be used as
an environmentally friendly disinfectant to inactivate patho-
genic microorganisms, since it does not cause secondary
pollution to the environment” Due to the increased
awareness in environmental protection and the current
COVID-19 pandemic, the demand for H,0O, is expected to
increase substantially.

At present, the typical industrial production of H,O, is
based on anthraquinone method. However, this method
involves expensive palladium-based catalysts and complex
reactions (catalyst hydrogenation and oxidation processes).
It also requires a large amount of organic agents and
generates toxic by-products.””! Therefore, it is very important
to develop the alternative approach for H,O, manufacture
based on efficient, economical and environmentally-friendly
process. In recent years, photocatalytic synthesis of H,O,
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utilizing semiconductor catalysts has attracted significant
interests.!  Visible-light-responsive non-metal polymers
have also been investigated as potential catalysts for H,O,
photosynthesis due to the low stability of H,O, under UV
light, heat, and in the presence of metal ions.”! Among the
reported non-metal photocatalysts,*” graphitic carbon ni-
tride (g-C;N,) is the most widely studied. This is attributed
to the rich active sites of imine (C=N), which facilitate good
catalytic activity for H,O, photosynthesis.”” Without the
presence of sacrificial reagents, however, the g-C;N, cata-
lyzed photosynthetic production rate of H,0, does not
exceed 100 pMh ™" under one standard sun light. Although
the catalytic performance of g-C;N, can be improved by
composite, defect and single-atom engineering,™® the
efficiency of H,0O, production over g-C;N, based photo-
catalysts is still poor without the addition of sacrificial
reagents or stabilizers.®®*"! Accordingly, the development of
novel, efficient visible-light-responsive non-metal semicon-
ductor materials is of particular interest.

Covalent organic framework compounds (COFs) are a
new type of visible-light-responsive non-metallic polymer
which have developed substantially in recent years.!”
Preliminary studies have shown that COFs have great
potential in photocatalytic hydrogen production and CO,
reduction," but there are few reports on its applications on
the photocatalytic synthesis of H,0,.”Y Based on structural
analysis, COFs have a highly ordered porous crystalline
network structure to prevent the recombination of photo-
generated electrons and holes, and the energy band and
reactive sites can be structured at the molecular level. The
structural characteristics impart these unique properties on
COFs, which are known to improve catalyst activity. There-
fore, COFs are envisaged as promising photocatalysts for
the light-driven synthesis of H,O, without a sacrificial
reagent.

In this work, bipyridine based COFs containing imine
bonds are compared with g-C;N, (possessing a C=N reactive
site) for the photocatalytic production of H,O, from water
and air. Firstly, we have verified that bipyridine based COFs
featured a high activity for the production of H,O, from
water and air. The optimized photosynthetic rate of H,0O,
reached 1042 uMh™! under one standard sun light at 298 K,
which was 496 times more efficient than that for pure g-C;N,
(2.1 yMh™!). The apparent quantum yield (AQY) between
420-550 nm was greater than 8 %. The solar-to-chemical
conversion (SCC) efficiency was 0.57 % for H,O, synthesis,
a value that substantially higher than the typical photo-
synthetic efficiency of plants (~0.10%)."? The SCC
efficiency of the same catalyst at 333 K (1.08 %) was also
higher than the highest value to date (1.0 %, no sacrifice
reagents and buffer reagents).'”) After 8 h of irradiation (the
average duration of light in a day), the concentration of
synthesized H,0, reached 5.6 mM, which was directly used
to degrade Rhodamine B (RhB) and inactivate Escherichia
coli (E. coli). More importantly, we revealed the importance
of bipyridine in COFs for H,0, photocatalytic production
from water and air. Bipyridine presents as active site, which
is directly involved in the photocatalytic production of H,O,
via a 2e” one-step redox reactions. Our findings revealed
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that COFs are excellent catalysts for the visible-light-driven
production of H,0,, and this class of compounds may be a
good starting point in the search for more active COFs
photocatalysts.

Results and Discussion

Figure 1a and Figure 1b showed the molecular structures of
bipyridine-based COF and g-C;N,, respectively. Bipyridine-
based COF (COF-TfpBpy) and the corresponding amor-
phous polymer (AP-TfpBpy) were prepared from 1,3,5-
triformylphloroglucinol (Tfp) and 2.,2’-bipyridine-5,5'-dia-
mine (Bpy). Different from the XRD characteristic peak of
AP-TfpBpy, the strong XRD peak of COF at 26=3.68°
corresponded to the (100) plane, indicating that the COF
material has a better crystalline morphology (Figure Sla).
Further characterization data of IR, *C NMR and XPS
confirmed the same chemical composition and bond struc-
ture of AP-TfpBpy and COF-TfpBpy, respectively (Fig-
ure S1b-d, Figure S2). SEM and TEM images showed that
the crystals of COF-TfpBpy and AP-TfpBpy are both
interlaced linear morphology, and COF-TfpBpy has better
crystallinity (Figure S3). And thus, it possesses a higher
specific surface area than AP-TfpBpy (Figure S4) and g-
C;N, (Figure S5). X-ray diffraction (XRD), infrared spectro-
scopy (IR), X-ray photoelectron spectroscopy (XPS), scan-
ning electron microscopy (SEM), transmission electron
microscopy (TEM) indicated the successful preparation of
typical g-C;N, samples (Figure S5-S7). For photocatalytic
H,O, production, water and air were employed as the
oxygen and hydrogen sources. One xenon lamp (4>420 nm;
light intensity at 420-700 nm: 40.8 mW cm ) was used as a
light source. Peroxidase (POD) chromogenic method was
used to determine the H,O, concentrations due to the low
interference with different electron sacrificial reagents
addition, and the standard curve is drawn (Figure S8,S9).
Figure 1c revealed the photocatalytic activity of COF-
TfpBpy, AP-TfpBpy and g-C;N,. There is a clear linear
relationship between H,O, production and irradiation time.
After 40 min of irradiation, the H,O, concentration in the
presence of COF-TfpBpy reached 695 uM, which was about
1.8 and 496 times more efficient than that produced in the
presence of AP-TfpBpy (394 uM) and g-C;N, (1.4 pM),
respectively. Figure 1d shows the photosynthetic rate of
H,0, in 10 ml water with different amounts of COF-TfpBpy
(5 mg, 10 mg, 15 mg, 20 mg) to assess the optimum catalyst
concentration. It was found that 15mg of COF-TfpBpy
(1.5gL™") furnished the highest photosynthetic rate of
1042 uMh™!, which is the best of those evaluated under one
standard sun light (Table S1). The decreasing of H,O,
concentration alone with increasing concentrations of COF-
TfpBpy may be attributed to the fact that excess catalyst
affects the light absorption of the reaction system. Fig-
ure le,f show the AQY and SCC efficiency of H,O,
production in water and air over COF-TfpBpy, under the
optimal catalyst concentration (1.5gL™' COF-TfpBpy) in
400 mL water. At 298 K, the AQY@420 nm of COF-TfpBpy
was 8.1 %, with a total SCC efficiency of 0.57 %. At 333 K,
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Figure 1. Photocatalytic performance of COF-TfpBpy, AP-TfpBpy and g-C;N, for H,O, production from water and air. a) Schematic diagram of
synthesis of COF-TfpBpy with bipyridine active sites. b) Schematic structures of g-C;N, with C=N active sites. c) Photocatalytic activity of COF-
TfpBpy, AP-TfpBpy and g-C;N, for H,O, production in pure water. Conditions: 1 >420 nm (298 K; xenon lamp, light intensity at 420-700 nm:

40.8 mW cm™?), water (10 ml), catalyst (15 mg). d) Photocatalytic activity of COF-TfpBpy with different catalyst concentrations. Apparent quantum
efficiency (e) and solar-to-chemical conversion efficiency (f) of COF-TfpBpy. Conditions: 4 >420 nm at 333 K or A>300 nm at 298 K (xenon lamp,
light intensity at 420-700 nm: 40.8 mW cm™?), water (400 ml), catalyst (600 mg). g) performance comparison of COF-TfpBpy with other reported
photocatalysts. h) RhB (10 mgL™") decomposition in a photocatalytically produced H,0, solution of via a fenton reaction. i) Sterilization of E. coli

with a photocatalytically produced H,0, solution.

the AQY@420 nm and SCC efficiency of COF-TfpBpy were
13.6 % and 1.08 %, respectively, which were higher than the
most efficient photocatalyst RF/P3HT (AQY, 10%; SCC
efficiency, 1.0 %; Figure 1g and Table S1).I! To the best of
our knowledge, COF-TfpBpy is the first COFs catalyst
reported that can photocatalytically produce H,O, without
the presence of sacrificial reagents or stabilizers.*

At present, the reported concentrations of H,O, photo-
catalytically produced after 8 h (the average time of light in
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a day) are at the mM level, which can be used directly for
environmental remediation.’!. However, there were few
reports on the use of H,O, solutions generated by photo-
catalysis in treatment of pollutants, due to the presence of
sacrificial reagents or buffers. In this work, after 8h
irradiation, the H,O, concentration in COF-TfpBpy system
was 5.6 mM; and the H,0O, concentration was 5.4 mM even
after five cycles (Figure S10a). The XRD and IR spectro-
scopy (Figure S10) on COF-TfpBpy after the reaction
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showed that the catalyst had good stability in the photo-
catalytic process. When the equilibrium concentration of
H,0, reached 29.5 mM after 60 h irradiation (Figure S10b
and c), the broadening of 26.5 degrees XRD peak (Fig-
ure S10d) indicated the slight exfoliation of the COF-
TfpBpy, although its photocatalytic activity was not affected.
These findings indicated that COF-TfpBpy is a recyclable
photocatalyst. In order to verify the feasibility of the
photocatalytically produced H,O, solution for pollutant
removal, RhB and E. coli were chosen as the target
pollutants. Figure 1h shows that a 3.5 mL RhB solution
(10 mgL™") can be completely decomposed within 5 min by
adding 0.5mL (5.6 mM) of a photocatalytically produced
H,0, solution (Video S1). The growth of E.coli was
effectively inhibited after 200 uL of a photocatalytically
produced H,O, solution was added into the plate (Figure 1i).
These results revealed that the photocatalytic produced
H,0, solutions can be directly applied for the treatment of
environmental pollutants with excellent performance.

The prerequisite for the occurrence of a catalytic
reaction is that thermodynamics permits it. The band
structure of COF-TfpBpy, AP-TfpBpy and g-C;N, were
confirmed by experimental methods. Figure 2a displays the
UV/Visible diffuse reflectance spectrum (DRS). It can be
seen that COF-TfpBpy and AP-TfpBpy have a wider visible
light absorption range than that of the g-C;N,. In addition,
surface photovoltage spectroscopy (SPV) revealed a high
photoinduced voltage for COF-TfpBpy (Figure 2b). Accord-
ing to the plots of (ahv)" vs photon energy (hv), the band
gap energies (E,) of COF-TfpBpy, AP-TfpBpy and g-C;N,
were calculated as 2.37. 2.32 and 2.86 eV, respectively
(Figure S11). According to the Mott-Schottky plots, the Ecg
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of COF-TfpBpy, AP-TfpBpy and g-C;N, were calculated as
0.21 V,0.23 V and —0.67 V, respectively (Figure S12). Based
on the equation E,=Eyz—Ecg, the VB positions of COF-
TfpBpy, AP-TfpBpy and g-C;N, were calculated as 2.58,
2.55 and 2.20 V. As shown in Figure S13, the band structures
of COF-TfpBpy and AP-TfpBpy were sufficient for the
synthesis of H,0, from H,0O (Ey,0,/n,0=+1.78 V vs NHE)
and O, (Eo,/i,0,= +0.68 V vs NHE).I"” On the other hand,
COF-TfpBpy also displayed higher wettability than that of
the g-C;N, (Figure S14), which ensures the good dispersion
in water for H,O, photosynthesis.

Except for the high light absorption efficiency of COF-
TfpBpy and AP-TfpBpy (Figure 2a and b), the efficiency of
photogenerated carrier separation should be another impor-
tant reason for the high activity of H,O, photocatalysis.!'#1!
The photocurrent response is related to the separation rate
of electrons and holes generated by light. As shown in
Figure 2¢c, the photocurrent density of COF-TfpBpy was
significantly higher than that of AP-TfpBpy and g-C;N,,
which indicated the COF-TfpBpy had a higher charge
separation efficiency and more usable surface carriers in
photocatalytic  reaction."”  Furthermore, the lower
fluorescence intensity of COF-TfpBpy indicated that the
crystallization affects the separation efficiency of the photo-
carriers (Figure 2d)."! It also can been found that the
multiple PL and SPV signals due to the wide molecular
weight distribution and a large number of defects of COF-
TfpBpy and AP-TfpBpy. Crystalline COF-TfpBpy displays
higher separation efficiency than amorphous AP-TfpBpy
and g-C;N,. Electrochemical impedance spectroscopy (EIS)
and transient fluorescence spectroscopy (TFS) are effective
methods to evaluate the motion characteristics of carriers.
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Figure 2. The efficiencies of light absorption and photogenerated carrier separation of COF-TfpBpy, AP-TfpBpy and g-C;N,. a) DRS spectra. b) SPV
spectra. c) Photocurrent. d) Fluorescence spectra. e) EIS spectra. f) TFS spectra.

Angew. Chem. Int. Ed. 2022, 61, €202200413 (4 of 10)

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
~~

As shown in Figure 2e and f, COF-TfpBpy had a smaller
charge transfer resistance, which lead to a faster interface
electron transfer speed. In addition, the average relaxation
lifetime of COF-TfpBpy (0.52 ns) was lower than that of
AP-TfpBpy (0.65ns) and g-C,N, (2.34 ns)."! It also indi-
cated that photogenerated carriers of COF-TfpBpy were
more quickly captured by reactive substrates and thus were
able to drive redox reactions, and the separation of electrons
and holes in COF-TfpBpy was particularly efficient.!"!
However, only a 1.8-fold improvement in reaction rate
(from 591 uyMh™" of AP-TfpBpy to 1042 yMh™' of COF-
TfpBpy) revealed that the crystallinity was not the key
reason for the high performance of the bipyridine based
polymers. On the contrary, the 281-fold improvement in
reaction rate, from 2.1 uyMh™! of g-C;N, to 591 uyMh™' of
AP-TfpBpy, indicated that the difference in active sites of
photocatalysts was responsible for the high performance of
the bipyridine based polymers.

In order to determine which monomer is the active site
in COF-TfpBpy (Figure 3a), the bipyridine monomer was
replaced by benzidine (Bd), 2,6-diaminoanthraquinone
(Daaq) or p-phenylenediamine (Pa) to form COF-TfpBd
(Figure 3b), COF-TfpDaaq (Figure 3c) and COF-TfpPa
(Figure 3d), respectively. The structure, chemical bond,
morphology, specific surface area and light absorption
capacity of the prepared COF-TfpBd, COF-TfpDaaq and
COF-TfpPa were determined by PXRD, IR, *C NMR, XPS,
SEM, TEM and BET (Figure S15-S25), and the suitable
band structures for photocatalytic H,O, production by the
above three COFs were determined by DRS and Mott-
Schottky plots. Finally, the performance of these materials
on H,0O, photocatalytic synthesis was studied. It was found
that the activities were 59, 58 and 36 uMh™" for COF-TfpBd,
COF-TfpDaaq and COF-TfpPa, respectively, all of which
were far below the performance of COF-TfpBpy and AP-
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TfpBpy. On the other hand, Mo was used to block the
nitrogen atom of 2,2'-bipyridine of the COF-TfpBpy (COF-
TfpBpy-Mo) to evaluate the importance of the bipyridine
monomer (Figure 3e and Figure S26-S29). The rate of H,O,
production in the presence of COF-TfpBpy-Mo was
26 uMh™!, which was also far below the performance of
COF-TfpBpy and AP-TfpBpy (Figure 3f). It indicated that
bipyridine is the active site of COF-TfpBpy in the light
driven reaction. Another 2,2'-bipyridine based amorphous
polymer (AP-TfbBpy) formed from 1,3,5-triformyl benzene
(Tfb) and 2,2"-bipyridine-5,5'-diamine (Bpy) was prepared to
verify the importance of bipyridine active site (Figure 3g
and Figure S30, S31). According to the XRD spectrum
(Figure S30a), both AP-TfpBpy and AP-TfbBpy were
amorphous, and the activity of AP-TfbBpy was 641 uyMh!,
which was very close to that of the AP-TfpBpy (Figure 3h).
It implied the importance of bipyridine in the photocatalysts
for H,O, production. In order to eliminate the influence of
specific surface area on photocatalytic performances, the
specific surface area rates of materials were compared. As
shown in Figure S32, the photocatalytic H,O, production of
bipyridine based COFs (COF-TfpBpy: 73.9 uyMh™'m™2% AP-
TfbBpy: 45.5 uMh'm?) was much more efficient than that
of the non-bipyridine COFs (COF-TfpDaagq: 5.9 yMh™'m™%;
COF-TfpBd: 6.6 yMh'm™?% COF-TfpPa: 3.9 uMh'm™).
And the linear bipyridine non-porous polymer (surface area:
382m’g ") also showed higher activity (247 uMh™') than
those of the g-C;N, and non-bipyridine COFs (Figure S33).
Therefore, the bipyridine active site, rather than the
material porosity, determines the photocatalytic activity of
COFs presented in this study.

To study the role of bipyridine in COFs for H,O,
photocatalytic production from water and air, the water
oxidation and oxygen reduction were tested. Firstly, '*O,
isotope experiments are preformed (Figure 4a and b), no
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Figure 3. Chemical structures and photocatalytic performance of different COFs and APs for H,0, photocatalytic production from water and air at
298 K. a) Structure of COF-TfpBpy. b) Structure of COF-TfpBd. c) Structure of COF-TfpDaagq. d) Structure of COF-TfpPa. e) Structure of COF-
TfpBpy-Mo. f) Structure of AP-TfpBpy. g) Structure of AP-TfbBpy. h) H,O, photocatalysis rates of different COFs and amorphous polymer

photocatalysts.
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Figure 4. The effect of the bipyridine monomer on H,0, photocatalysis. a) and b) '*0, isotope experiment to explore the source of H,0,. ¢) Amount
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additional '°O, was detected and almost no oxygen can be
measured from WOR half reaction with 0.1 M KBrO, as e~
trapping agent in Ar atmosphere (Figure 4c), which indi-
cated that the 4e” oxidation of water to oxygen did not
occur. On the other hand, the decomposition product of the
reaction between photogenerated H,0, and MnO, consisted
of 1:1 ®O and O. And the ORR half reaction rate
(675 uMh™") was about two folds treater than that of WOR
rate (302 uMh™"). These indicated the atom utilization
efficiency for the reaction between H,O and O, (to generate
H,0,) was close to 100%, and the H,O, photosynthesis
underwent 2e- ORR and 2e~ WOR pathways.

We further investigated the 2e~ ORR and 2e~ WOR
pathways of COFs using rotating disk electrode (RDE) and
rotating ring-disk electrode (RRDE) measurements, respec-
tively. As shown in Figure 4d and Figure S34, the average
electron transfer number involved in oxygen reduction
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reactions were calculated to be 2.10 and 2.09 for COF-
TfpBpy and COF-TfpDaaq, respectively. It indicated that
2e” ORR pathway was independent of bipyridine site.
During RRDE tests, the potential of the rotating disk
electrode was scanned from 1.2 to 1.95 V (vs Ag/AgCl) with
a scan rate of 10mVs™', while a constant potential of
—0.23 V was applied to the Pt ring electrode. In this setup,
the O, generated at the rotating disk electrode can be swept
to the ring electrode where O, can be reduced. As shown in
Figure 4e, the increasing disk currents with potentials higher
than 1.5V (solid lines, vs Ag/AgCl) indicate that water
oxidation occurred at the rotating disk electrode for both
COF-TfpBpy and COF-TfpDaaq. No reduction currents
were observed for COF-TfpBpy and COF-TfpDaaq at the
Pt ring electrode, suggesting that COF-TfpBpy and COF-
TfpDaaq cannot generate O, via water oxidation (4e~ WOR
process). However, when the potential applied at the ring

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
=

electrode was changed to an oxidative potential of +0.6 V, a
much higher oxidation current can be observed for COF-
TfpBpy compared to COF-TfpDaaq, due to H,O, oxidation
at the Pt ring electrode (Figure 4f). Hence, the RDE and
RRDE measurements supported that H,O, photosynthesis
underwent 2e~ ORR and 2e~ WOR pathways for COFs.

H,0 +h* —"OH + H* (1)
"OH + "OH — H,0, )
2H,0 +2h* — H,0, + 2H" (3)
O,+H"+e¢ — OOH 4)
'OOH +e¢ +H' — H,0, 5)
0, +2e” +2H" — H,0, (6)

Whether COF has bipyridine site or not, it shows a 2e”~
redox process. But, bipyridine sites may result in different
reaction steps for H,O, photosynthesis. It has been reported
two routes for ORR and two routes for WOR, which are
possible for the photocatalytic synthesis of H,O, from water
and air via 2e” redox process. The WOR routes include a
2e” two-steps process for H,O, synthesis with *OH as the
intermediate species [Eq. (1) and (2)], and a 2e~ one-step
WOR process for H,0, generation [Eq. (3)]. ORR routes
include a 2e” two-steps ORR process for H,O, synthesis
with *OOH as the intermediate species [Eq. (4) amd (5)],
and a 2e  one-step ORR process for H,O, generation
[Eq. (6)]. In order to study the effect of bipyridine site on
the mechanisms of H,O, production, *OOH and *OH from
bipyridine based COF-TfpBpy and non-bipyridine based
COF-TfpDaaq were quantified. As shown in Figure 4g and
Figure S35, 5,5-dimethyl-pyrroline N-oxide (DMPO) was
used as a free-radical spin-trapping agent in electron para-
magnetic resonance (EPR) to measure *OOH and *OH. The
*OOH and °*OH signal intensity for both COF-TfpBpy and
COF-TfpDaaq were comparable. However, compared with
COF-TfpDaaq, COF-TfpBpy produced more H,O, (Fig-
ure 3c). Therefore, it implied that H,O, from bipyridine
based COFs was mainly produced by a 2e~ one-step redox
process; while the H,O, was produced through a 2e” two-
steps process via *OOH and *OH intermediate species for
non-bipyridine based COFs. We further carried out a
capture experiment of the active species to confirm the
above arguments (Figure S36). The addition of benzoqui-
none (BQ, *OOH scavenger) and tert-butanol (*OH scav-
enger) did not result in significant effect on the amount of
H,O, generated in the presence of bipyridine based COF-
TfpBpy, AP-TfbBpy and AP-TfpBpy; yet the same reagents
greatly inhibited the generation of H,O, in the presence of
non-bipyridine based COF-TfpDaaq, COF-TfpBd and COF-
TfpPa. It thus proved the argument that bipyridine site
changes the mode of H,O, generation from a 2e” two-steps
process to a 2e~ one-step redox process. As those shown in
Figure 4h, under light illumination of bipyridine based COF-
TfpBpy, H,O reacted directly with two holes to form H,0,,
whilst O, reacted directly with two electrons and two
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protons to form H,0O,. The non-bipyridine based COF-
TfpDaaq obtained H,O, through intermediates (*OOH and
*OH) via a 2e” two-steps redox process. Further investiga-
tions are still required to determine the exact mechanism of
the 2e™ one-step redox process at the bipyridine site.

In situ Fourier transform infrared (in situ IR) spectrom-
etry is an effective method to understand the photocatalytic
mechanism. Figure Sa—f show the in situ IR spectrometry of
COF-TfpBpy and COF-TfpDaaq for H,O, photocatalysis
under a continuous steam-saturated O, flow. After the
system was equilibrated for 30 min, vibrations corresponding
to C-OH (1076 cm ™), O—H (1397 cm™"), C-O (1422 cm™),
and C=N (1624 cm™") for COF-TfpBpy were apparent. For
COF-TfpDaaq, vibrations corresponding to C—-OH
(1076 cm™"), O—H (1398 cm™!), and C=N (1624 cm ') were
also apparent.®'l However, the intensity of these signals
for COF-TfpDaaq were very low. In contrast, the higher
signal intensities indicated the conversion of COF-TfpBpy
from the keto-amine form into the enol-imine form under
aqueous conditions.'"”! The structural changes of COF-
TfpBpy also gave rise to the signals corresponding to
C=0-H (1049 cm™), C-N (1150, 1292cm™), C=C-O
(1272cm™), C-H (1371cm™') and the benzene ring
(1460 cm™"). More importantly, there were strong vibrations
for PyH" (1521, 1541 cm™) and C=NH" (1558 cm™) in
COF-TfpBpy,['*!¥! that were not observed from the spectra
of COF-TfpDaaq. These implied that bipyridine is an
important monomer for enol-to-keto tautomerism due to
the strongly adsorbed H,O molecules on the bipyridine
nitrogen of COF-TfpBpy. On the contrary, Daaq and
reported phenyl monomers were unable to result in the
structural change from keto-amine form into enol-imine
form of imine-based COFs.'”! This may be the origin of
H,0, photocatalysis over COF-TfpBpy, because water
oxidation is the rate-determining step.

Under light irradiation, the signal intensity correspond-
ing to C=N, C-OH and C=NH" increased, and particularly
pronounced signals are also apparent for COF-TfpDaaq
(Figure S37). It indicated that light also induced the trans-
formation of the keto-amine form into the enol-imine
form."”?! Meanwhile, some structural transformation in-
duced infrared vibration have shifted (such as 1422 to
1435cm™ for C-O) for COF-TfpBpy, and new infrared
vibration appeared (C-N: 1312cm™; C-O: 1413cm™’;
benzene ring: 1460 cm™') for COF-TfpDaaq due to the
structural transformation accelerating. However, these appa-
rent structural transformations did not affect the H,O
adsorption on the bipyridine nitrogen. New infrared vibra-
tion signals at 952, 1219 and 3281 cm™" for COF-TfpBpy can
be attributed to the O—O bonding, endoperoxide intermedi-
ate species and the NH stretching vibration, respectively.*!!
The intensity of these new infrared vibrations gradually
increased along with the increase in illumination time.
Combined with the increased vibrations of PyH™ (1521,
1541 cm™) and the appeared (BPy)(H,0), clusters (Fig-
ure S38),2 the 2e” one-step redox process over COF-
TfpBpy can be summarized as Figure 5g. Initially, the COF-
TfpBpy undergoes light-induced structural transformation.
Two bipyridine nitrogen atoms adsorb two water molecules,
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Figure 5. Photocatalytic mechanism of H,0, synthesis in the presence of COF-TfpBpy or COF-TfpDaaq based on in situ FT-IR. a) and b) In situ FT-
IR spectrum of COF-TfpBpy for photosynthetic H,0, production at 900-1650 cm™' and 3000-3500 cm™". c) The peak intensity of endoperoxide
intermediate species and NH stretching vibration changes with increasing illumination time. d) and e) In situ FT-IR spectrum of COF-TfpBpy for
photosynthetic H,0, production at 900-1650 cm ™" and 3000-3500 cm ™. f) The peak intensity of O* and NH stretching vibrations changes with
increasing illumination time. g) and h) Photocatalytic mechanism of H,O, synthesis in the presence of COF-TfpBpy and COF-TfpDaaq.

and hydrogen bonds are formed between the two water
molecules. Photoexcitation leads to the oxidation of the two
water molecules to generate H,O,, leaving two protonated
pyridine substituents (PyH™).” An oxygen molecule is then
adsorbed on the PyH" substituent of COF-TfpBpy to form
an endoperoxide intermediate (N-H-O—O—H-N), which is
easily transformed into H,O, via a selective 2e~ reduction.
The enhanced activity of protonated COF-TfpBpy and its
absence of activity in nonaqueous solvents for H,O,
production also support that the initial step is a 2e~ water
oxidation (Figure S39). Compared with COF-TfpBpy, new
peaks for COF-TfpDaaq were apparent at 1173 cm™ and
1568 cm™', which corresponded to O and C=NH",
respectively.?? 0>~ is the single electron reduction product
from O,, which indicates that H,O, was photocatalytically
produced by a 2e” two-steps process with COF-TfpDaagq.
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As shown in Figure 5h, the structure of COF-TfpDaaq also
undergoes light-induced transformation. Then, the nitrogen
atom of C=N adsorbs a single water molecule. After
photoexcitation, the water molecules are oxidized to gen-
erate *OH and protonate the imine (C=NH'). Two *OH
radicals can couple to generate one H,0,. A single oxygen
molecule can be adsorbed on the C=NH" of COF-TfpDaaq
to form the O*" intermediate species, and O is transformed
into *OOH via a single-electron reduction. Then, the *OOH
radical is converted to H,O, via another one-electron
reduction. The non-dominant 2e~ two-steps process of
COF-TfpBpy catalyst is not considered due to the high
selectivity of the 2e~ route for photocatalytic H,O, produc-
tion.

In order to account for the difference in selectivity, DFT
calculation was used to compare the adsorption energies of
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H,O and O, on different N sites of COF-TfpBpy. As shown
in Figure S40, O, cannot adsorb onto the N sites of COF-
TfpBpy without light irradiation. However, the adsorption
energy (—0.677 eV) for two H,O molecules onto bipyridine
nitrogen atoms was lower than that of one H,O molecule on
an imine nitrogen atom (—0.384 ¢V) or one H,O molecule
on a bipyridine nitrogen atom (—0.376 eV). It indicated that
the bipyridine site was favorable for simultaneous adsorp-
tion of two water molecules to accelerate the 2e” one-step
WOR under light irradiation. After protonation of the
catalyst to C=NH" or PyH", O, can be adsorbed on H sites
of C=NH" or PyH". The adsorption energy (—2.702 eV) of
molecular O, on bipyridine via the endoperoxide intermedi-
ate species was much lower than that of molecular O, on
bipyridine (—1.243 eV) or C=NH" via the O® intermediate
species (—0.376 eV). It indicates that bipyridine protonation
was favorable for O, adsorption via endoperoxide inter-
mediate species and accelerated the oxygen reduction
reaction under light irradiation. The presence of bipyridine
in the photocatalyst induced the high selectivity of the 2e”~
one-step route for H,O, production.

Conclusion

In summary, we reported the crystalline polymer photo-
catalyst (COF-TfpBpy) for the efficient photocatalytic
production of H,O, without sacrificial reagents and stabil-
izers. The photocatalytic H,0O, solution can be directly used
in the pollutant removal and water disinfection. Our
investigations revealed that protonation of the nitrogen
atom in the bipyridine monomer facilitated the formation of
suitable intermediates for H,O, formation via 2e~ one-step
redox reactions. The resulting bipyridine-based polymer
photocatalyst exhibited excellent activity for H,O, produc-
tion with 100 % atom utilization efficiency. Our findings
provide important insights into the design and synthesis of
bipyridine-based polymer photocatalysts at the molecular
level, and could be an excellent starting point to develop
superior H,O, photocatalysts.
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