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The exploration of stable and functional linkages by multicomponent reac-
tions to enrich the stability and diversity of covalent organic frameworks

(COFs) and to broaden their potential applications is of fundamental sig-

nificance to the development of COFs. Herein, we report the facile construc-
tion of a set of benzo[flquinoline-linked COFs (B[fQCOFs) via one-pot three-
component [4 + 2] cyclic condensation of aldehydes and aromatic amines with

easy-to-handle triethylamine as the vinyl source. These B[f|QCOFs possess
high crystallinity, good physico-chemical stability as well as significant light
absorption ability. More importantly, the obtained B[f|QCOF-1 exhibits a
superior H,0, production rate of 9025 pmol g* h' in pure water without any
sacrificial agent under visible-light irradiation, surpassing most of the pre-
viously reported COF-based photocatalysts under comparable conditions.
This work not only provides a general synthetic route for the preparation of
fully conjugated COFs, but also helps the rational design of COF-based pho-
tocatalysts for efficient H,O, photosynthesis.

Covalent organic frameworks (COFs), first reported by the Yaghi group
in 2005, represent an emerging class of advanced crystalline porous
materials that integrate both reticular chemistry and dynamic covalent
chemistry™?. Elegant strategies have been developed in the past dec-
ades to construct COFs with various types of linkages and the imine-
linked COFs have been the most widely studied subclass of COFs for
various applications thus far’”’. However, the relatively limited stability
and functions of the imine linkages hinder its widespread practical
applications to some extent®. In this context, the exploration of robust
and functional linkages for COFs has drawn increasing attention in
recent years>”'°. Recently, multicomponent reactions (MCRs),
directly combining three or more reactants in one-pot to afford the
desired products in an atom-economy route, have been successfully
applied to the construction of robust crystalline COFs by combining

different reversible or irreversible covalent assemblies"™. For

example, our group has successfully synthesized a set of substituted
quinoline-based COFs by employing Povarov and Doebner
reactions'® %, Noteworthy, these strategies appear to be inaccessible
for the synthesis of COFs linked by nonsubstituted quinolines. Very
recently, Xiang and coworkers employed the post-synthetic mod-
ification (PSM) approach for the successful conversion of imine-
based COFs to corresponding nonsubstituted quinoline-linked COFs
by a rhodium-catalyzed [4 + 2] annulation in the presence of vinylene
carbonate, while the collapse of the framework, decrease of the
crystallinity and low yield of the heterogeneous reaction was
inevitable®. In this regard, it is necessary to explore efficient chem-
istry to expand the scope diversity and applications of highly stable
nonsubstituted quinoline-based COFs.
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Hydrogen peroxide (H,0,), as a versatile and eco-friendly che-
mical, has been widely applied in our daily life as well as various che-
mical industries, and the global demand for H,0, is rapidly growing
year by year”. To date, the state-of-art technology for industrial pro-
duction of H,0, is the anthraquinone oxidation process, which needs
massive energy and generates lots of hazardous wastes. Consequently,
the conflict arising from the growing market demand and the unsus-
tainability of the conventional anthraquinone method has motivated
the urgent exploration of more sustainable alternative approaches for
efficient H,0, production”*, Visible-light driven photocatalysis, which
utilizes light energy and certain photocatalyst, offers a promising
approach to produce H,0, and has gained considerable attention
owing to its environmental-friendly and sustainable features in recent
years™?*, Especially, among various photocatalysts, COFs have
emerged as one of the most promising candidates for efficient H,0,
photosynthesis since 2020 benefiting from their structural diversity
and tunability, well-defined structures as well as semiconducting
properties®°,

More recently, Gao et al. and the Deng group developed a con-
venient protocol for the preparation of various benzo[flquinoline
molecules with various electron-deficient or electron-efficient groups
from aromatic aldehydes, amines and triethylamine with NHy4l as the
catalyst and di-tert-butyl hydrogen peroxide (DTBP)/O, as the
oxidant®*, Inspired by these reports, in this study, we successfully
designed and synthesized a set of nonsubstituted benzo[flquinoline-
linked COFs (B[fIQCOFs) with excellent crystallinity, stability and light
absorption ability via the one-pot three-component [4+2] cyclic
condensation of different aldehydes, amines and triethylamine. More
importantly, the obtained B[f|[QCOF-1 exhibited a remarkable H,0,
production rate of 9025 pumol g h in pure water without any sacrificial
agent under visible-light irradiation, achieving an apparent quantum
yield (AQY) of 8.9% at 450 nm and a solar-to-chemical conversion
(SCC) efficiency of 0.23%, superior to the value (-0.10%) for natural
synthetic plants. This work not only broadens the synthetic routes of
the fully conjugated COFs, but also might shed light on the rational
design of COF-based photocatalysts for efficient H,O, photosynthesis.

Results

Synthesis and characterization of the B[f|QCOFs

To verify the feasibility of the proposed synthetic strategy, we first
synthesized the model compound of 3-phenylbeno[f]quinoline via the
one-pot reaction of benzaldehyde, naphthalen-2-amine and triethyla-
mine under mild conditions (Fig. 1a, for details, see the Supplementary
Information, Supplementary Figs. 1-4). On this basis, we initially
selected the building units of 1,3,5-tris-(4-formyl-phenyl)benzene,
naphthalene-2,6-diamine, and triethylamine to construct the benzolf]
quinoline-linked COFs. After extensive screening of various para-
meters (e.g. solvents, catalysts, oxidants, reaction temperature and
time), the corresponding highly crystalline B[fJQCOF-1 was afforded in
78% yield under the optimized conditions (Fig. 1b) at 120 °C for 3 days.
To demonstrate the general applicability of this approach, other three
COFs, namely B[f]QCOF-2 to B[fJQCOF-4, were also successfully syn-
thesized in high yield (Fig. 1b). For direct comparison, the corre-
sponding imine-based COFs (COF-1 to COF-4) were also synthesized.
The successful formation of the nonsubstituted quinoline linkages was
firstly verified by Fourier Transform Infrared Spectroscopy (FT-IR).
Taking B[fIQCOF-1 as an example, compared with the corresponding
imine-based COF-1, the attenuation of the C=N stretch at approxi-
mately 1620 cm™ and the appearance of quinolyl species at approxi-
mately 1598 cm? verified the successful formation of the quinoline
rings (Fig. 2a)"*. Similar observations can also be found in those of
BIfIQCOF-2 to B[fJQCOF-4 (Supplementary Figs. 5-7). In addition, the
resonance signals at approximate 148 ppm and 155 ppm in the solid-
state *C NMR spectra of all the B[f|QCOFs can be assigned to the
carbon atoms of the quinoline ring®**, while the peak at 168 ppm for

BIfIQCOF-2 is related to the carbons of the triazine ring (Fig. 2b and
Supplementary Figs. 8-10)*°. The formation of quinoline linkages was
further supported by X-ray Photoelectron Spectroscopy (XPS) analysis
(Fig.2c and Supplementary Figs. 11-14). As depicted in Fig. 2c, the peak
of NIsat 398.7 + 0.1 eV is related to the nitrogen of the imine linkages in
the corresponding imine-based COF-1, which was shifted to a higher
binding energy of 399.5+0.1eV arising from the nitrogen of the
formed quinoline rings in the B[flQCOF-1'***. Similar results were also
observed in the high resolution N1s XPS spectra of other B[f|[COFs
(Supplementary Figs. 11-13).

The crystalline structures of the obtained B[f]QCOFs were deter-
mined by powder X-ray diffraction (PXRD) together with simulations
using Materials Studio. As shown in Fig. 2d, the intense peak at 2.50°,
and other minor peaks at 4.32°, 4.99° and 6.61° in the PXRD pattern of
B[f]IQCOF-1 correspond to the (100), (110), (200) and (120) facets,
respectively, and the simulation calculations indicate that B[flQCOF-1
preferably possesses the eclipsed AA stacking structure (Fig. 2e and
Supplementary Figs. 15 and 16). Pawley refinement afforded the opti-
mized unit cell parameters as a=b=40.8628, c=3.4411, a==90°,
y =120° with the space group of P6/M and excellent agreement factors
(Rwp =4.46%, R, = 3.37%) (Supplementary Table 1). Similarly, B[f]JQCOF-
2 and B[f]QCOF-3 adopt the same AA stacking model in the P6/M space
group with the lattice parameters of a=b=40.6592, c=3.4424,
a=p=90° y=120° (R,,=4.43%, Rp,=3.29%) and a=b=25.8103,
€=3.4373, a=$=90°, y=120° (Ryp =5.99%, R, =4.06%), respectively
(Supplementary Figs. 17-24, Supplementary Tables 2, 3), while B[f]
QCOF-4 possesses the AA stacking structure in the C2/M space group
with the lattice parameters of a=38.7555, b=35.1094, c=3.6237, a =
B=y=90° (Ryp = 9.61%, R, = 6.91%). (Supplementary Figs. 25 and 26
and Supplementary Table 4). SEM and TEM images show uniform
morphology of the B[fJQCOFs and thus confirm their phase purity
(Supplementary Figs. 27-30). The permanent porosity of these B[f]
QCOFs were determined by nitrogen sorption measurements con-
ducted at 77K (Fig. 2f and Supplementary Figs. 31-33). Before the
measurements, the samples were firstly activated by washing with
supercritical CO,. Taking B[fJQCOF-1 as an example, the N, adsorption-
desorption isotherm derived the Brunauer-Emmett-Teller (BET) sur-
face area and the total pore volume of B[flQCOF-1 as 756 m*> g* and
0.44cm’g? (P/Py=0.99), respectively. The pore size distribution
derived from the nonlocal density functional theory model (NLDFT)
demonstrates that the pore width is centered at 3.2 nm (Fig. 2f, inset),
which is in good agreement with its simulated structure (3.5nm).
Thermogravimetric analysis (TGA) revealed that all the B[f|QCOFs can
be stable up to 350 °C (Supplementary Figs. 34-37), while their che-
mical stability was identified by respectively immersing the samples in
H,0, DMF, HCI (6 M), NaOH (6 M) and H,0, (2 M) for 3 days. After-
wards, the samples were characterized by PXRD and FT-IR measure-
ments. The PXRD patterns (Supplementary Figs. 38-41) and FT-IR
spectra (Supplementary Figs. 42-45) before and after the experiments
of all the B[fIQCOFs exhibited negligible changes, confirming their
good chemical stability. Furthermore, the stability of the B[flQCOFs
was further confirmed by measuring its corresponding N, sorption
isotherms after different solvents treatment with B[fJQCOF-1 as the
representative sample (Supplementary Fig. 46).

The ultraviolet-visible (UV-Vis) diffuse reflectance spectra of all
the B[f]IQCOFs exhibited a broad optical absorbance in the visible light
range (400-800 nm) and the corresponding optical band gaps for B[f]
QCOF-1 to B[f]IQCOF-4 were calculated to be 2.42, 2.51, 2.47 and
2.55eV, respectively by their Tauc-plots (Figs. 3a, b), indicating their
semiconductor characteristics. Moreover, the conduction band (CB)
and valence band (VB) positions of all the B[f[QCOFs were determined
by the Mott Schottky (M-S) electrochemical measurements combined
with the determined optical band gaps (Fig. 3¢ and Supplementary
Figs. 47-50). For instance, the positive slope of the M-S plot for B[f]
QCOF-1 indicated its typical n-type semiconductor characteristic and
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Fig. 1| Synthesis and structures of the B[flQCOFs. a Model reaction for the synthesis of 3-phenylbenzo[flquinoline. DTBP: Di-tert-butyl peroxide. b Illustration of the

synthetic procedures and corresponding sample photographs of the B[f|QCOFs.

the flat-band potential of B[fJQCOF-1 was calculated to be -0.55V vs.
Ag/AgCl, accordingly, the CB and VB values of B[fJQCOF-1 were
obtained to be —0.35V and +2.07 V, respectively, indicating the ther-
modynamic feasibility of oxygen reduction reaction (ORR, two-step
one-electron process (-0.33V vs. NHE) and one-step two-electron
process (+0.68 V vs. NHE) and water oxidation reaction (WOR, +1.76 V
vs. NHE) for H,0, photosynthesis®**, In order to verify the accuracy of
these results, the ultraviolet photoelectron spectroscopy (UPS) mea-
surements were carried out to determine the HOMO and VB levels of
the B[f]QCOFs (Supplementary Fig. 51), from which the HOMO levels of
the B[f]JQCOFs are determined to be —6.53, —6.55, —6.48 and —6.67 €V,
respectively, by subtracting the excitation energy of 21.22 eV from the
width of the He I UPS spectrum?®, Likewise, the VB levels are obtained
to be 2.03, 2.05, 1.98 and 2.17 eV, respectively, which are well con-
sistent with the values obtained by M-S measurements. The water
contact angle measurements of the B[fl[QCOFs indicate their super-
hydrophilicity characters (Supplementary Figs. 52-55), which should
be beneficial for WOR process®. All these results unambiguously verify
that the B[fJQCOFs could be used as effective photocatalysts for full
reaction photosynthesis of H,0, due to their suitable energy band
structures and superhydrophilicity. The charge dynamics of all the B[f]
QCOFs were investigated by a set of characterization techniques. As
can be seen from the EIS Nyquist plots, B[flJQCOF-1 exhibits the smal-
lest semicircle radius among all the COFs, indicating more effective
charge-transfer resistance and photogenerated carriers migration
ability (Fig. 3d). Under visible-light illumination, all the B[f|QCOFs
exhibit fast photocurrent responses with a few reduplicative cycles of
intermittent on-off irradiation following the order of B[flQCOF-1> BI[f]

QCOF-3 > B[fIQCOF-2 > B[fl[QCOF-4, confirming that B[flQCOF-1
demonstrates the highest photogenerated carriers transport efficiency
and indicating its excellent photogenerated carriers transport effi-
ciency (Fig. 3e). In addition, TRPL spectra reveal the average lifetimes
of B[fIQCOF-1 to B[fJQCOF-4 are 1.45ns, 1.03 ns, 1.08 ns and 1.95ns,
respectively, (Supplementary Fig. 56) suggesting their significant
excitons-dissociation efficiency. The steady-state photoluminescence
(PL) spectra are further acquired to probe the electron-hole pairs
recombination behaviors (Supplementary Fig. 57), in which the B[f]
QCOF-1 exhibits the markedly lowered PL emission intensity among all
the B[f]QCOFs, suggesting its efficiently impeded charge recombina-
tion. Furthermore, the photogenerated charge carriers separation and
transfer behavior of all the B[fIQCOFs is investigated by employing
surface photovoltage spectroscopy (SPV). As shown in Supplementary
Fig. 58, B[flQCOF-1 exhibits the highest SPV response intensity among
all the B[f]QCOFs in the range of 300-520 nm, confirming more exci-
ted charges enriched on the surface of B[f|QCOF-1 and indicating that
B[f]QCOF-1 is more favorable for charge carriers transfer*®, which is in
line with the aforementioned steady-state PL results. In addition, the
exciton binding energy (E,), animportant parameter for characterizing
the interaction forces between excitons, are determined by the
temperature-dependent photoluminescence (PL) spectroscopy (Fig. 3f
and Supplementary Fig. 59). The results, presented in the inset of
Fig. 3f, indicate that B[f|QCOF-1 exhibits thermal PL quenching with the
temperature ranging from 293K to 430 K. The E, values of the BIf]
QCOFs are determined to be 93,156, 145 and 306 meV, respectively, by
fitting the integrated PL intensities as functions of temperature to the
Arrhenius equation®®. The lowest Ey, value of B[flQCOF-1 suggests its
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highest exciton dissociation efficiency among all the COFs, which is
consistent with the above steady-state PL results. To gain insight into
the process of charge carrier separation and transfer dynamics, fem-
tosecond time-resolved transient absorption (fs-TA) spectroscopy
experiments were performed for the B[f]QCOFs (Fig. 3g-i and Sup-
plementary Fig. 60). All the spectra exhibit a broad negative bleaching
signal in the range of 400-500 nm, which can be assigned to the
ground state bleach (GSB) process, corresponding to the generation of
excited electrons*’. The distinct positive broad absorption from 500 to
650 nm is related to the excited-state absorption (ESA) signals* and
among all the B[f]IQCOFs, B[fIQCOF-1 exhibits the strongest and
longest-lived absorption for ESA, confirming the most effective
separation of charge carriers and promoting the interactions between
the excited electrons and oxygen molecules. The kinetics fitting results
of the B[f|QCOFs show biexponential decay processes, namely the
short lifetime (1;) and long lifetime (1), corresponding to electron
trapping and electron transfer kinetics, respectively*’. According to
the kinetics profiles, B[fl[QCOF-1 demonstrates a longer average life-
time (Tayvg = 162 ps) than those of other three B[flQCOFs (122 ps for B[f]
QCOF-2, 134 ps for B[fIQCOF-3, 101 ps for B[flQCOF-4), indicating a
higher efficiency of exciton dissociation and charge transfer.

Photosynthesis of hydrogen peroxide (H,0,)

The photocatalytic H,O, production performance of all the obtained
BIfIQCOFs is investigated in pure O,-saturated water without any
sacrificial agent under visible-light irradiation (300W Xe lamp,
A >420 nm) at room temperature (Supplementary Fig. 61). As shown in
Fig. 4a, the amount of produced H,0, steadily increases with the
extension of irradiation time for all the B[f]JQCOFs, indicating their
excellent photocatalytic activities, and the average hydrogen peroxide
evolution rate of B[fJQCOF-1 to B[f|QCOF-4 reaches approximately

9025, 5302, 5712 and 2540 umol g h™, respectively (Supplementary
Figs. 62, 63). By contrast, their corresponding imine-based COFs
exhibit relatively much lower H,0, production rates of 6069, 4258,
3795 and 1101 pumol g' h', respectively (Supplementary Fig. 64).
Moreover, the hydrogen peroxide evolution rate of B[fJQCOF-1 can
reach up to 11338 pmol g h™ with ethanol as the sacrificial agent
(Supplementary Fig. 65). To further evaluate the light utilization effi-
ciency of B[fJQCOF-1 in pure water, the apparent quantum yield (AQY)
was measured under monochromatic light irradiation (Fig. 4b). The
AQY of B[f]JQCOF-1 at 450 nm reaches 8.9%, surpassing most of pre-
viously reported COFs and exhibiting decreasing trends in AQY with
the increase of wavelength, which aligns with the variation of the
visible-light absorption spectrum. Moreover, the solar-to-chemical
conversion (SCC) efficiency of B[fJQCOF-1 reaches 0.23%, which is
superior to the value for natural synthetic plants (-0.10%). In addition,
we have also examined the photocatalytic performances of all the B[f]
QCOFs under different lights irradiation and in different kinds of water
sources (Fig. 4c and Supplementary Fig. 66). All the B[f]|QCOFs exhibit
the best photocatalytic performances in pure water under Xenon lamp
irradiation at room temperature. For example, the B[f|QCOF-1 exhibit
the H,0, production rate of 9025 (5060), 6737, 6034 and 5714 pmol g*
h?, respectively in pure water (under natural sunlight irradiation),
Daming Lake water, Baotu Spring water and Bohai Bay seawater
without any sacrificial agent under Xenon lamp irradiation, ranking the
top levels among all the reported COF-based materials under identical
conditions (Fig. 4d and Supplementary Table 5). The lower perfor-
mance of the B[f]QCOFs in natural seawater in comparison with other
water sources is mainly attributed to the higher content of ions and
contaminants in seawater, which maybe corrode the photocatalyst,
thus leading to the decreased photocatalytic performances of the
COFs***, These results clearly demonstrate that the B[flQCOFs can
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Fig. 3 | Photophysical and electrochemical properties of the B[f|[QCOFs. a The
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f Temperature-dependent PL spectra of B[fl[QCOF-1 excited at 340 nm for the
determination of binding energy (E,). g, h The femtosecond time-resolved tran-
sient absorption (fs-TA) spectra of the B[f|JQCOF-1. i The TA delay kinetic profile of
B[f]QCOF-1.

efficiently produce H,0, in a variety of real water samples**”’. The
formation and decomposition of H,0, are two competitive pathways,
while the photocatalytic decomposition experiments of H,O, (2 mM)
indicate that B[f]QCOFs barely degrade H,0, as the amount of H,0,
can keep over 95% of its initial concentration under visible-light irra-
diation for 1 h (Supplementary Fig. 67), favoring the continuous pho-
tosynthesis of H,0, over the B[fIQCOFs. In addition, the comparison of
the formation (K¢) and decomposition (Kg) rate constants of H,0, is
separately evaluated and the results are listed in Fig. 4e. Remarkably,
among all the B[f]JQCOFs, B[fIQCOF-1 exhibits the highest K, while
these B[f]QCOFs shows similar K4 values, thus resulting in the highest
photocatalytic performance of B[fJQCOF-1. Furthermore, the promis-
ing stability of B[fl[QCOF-1 is evaluated by comparison with the cor-
responding imine-based COF-1, where the photocatalytic activity of
B[f]IQCOF-1 could be maintained with negligible loss after even ten
consecutive cycles, while the photocatalytic performance of COF-1
starts to decrease even after five repeated cycles and the H,0, pro-
duction rate drops to only 4000 umol g h™ after ten cycles, which is
mainly attributed to the relatively lower stability of the imine-based
COF-1 (Fig. 4f and Supplementary Fig. 68). Besides, the structure and
morphology of the spent B[fJQCOF-1 after ten consecutive photo-
catalytic cycles are largely reserved (Supplementary Figs. 69 and 70),

suggesting that B[f]QCOF-1 could serve as an efficient and stable
photocatalyst for H,O, photosynthesis. The long-term photocatalytic
performances of the B[f|QCOFs were performed in pure water without
any sacrificial agent under visible-light irradiation for consecutive 12 h.
As depicted in Supplementary Fig. 71, the amount of H,0, gradually
accumulates within 10 h, afterwards, it starts to decrease, which is
mainly attributed to the decrease of the catalytic activity due to the
gradual loss of the crystallinity of the photocatalysts under long-term
continuous light irradiation as well as the accelerated decomposition
of H,0, with the accumulation of the produced H,0,**¢, as evidenced
by the corresponding H,O, decomposition experiments in O, and the
PXRD detection over time (Supplementary Figs. 72-74).

Mechanism investigation of the B[f|QCOFs

To explore the possible reaction mechanism, a set of control experi-
ments are firstly carried out with B[flQCOF-1 as the representative
photocatalyst under different conditions. As depicted in Fig. 4g, no
hydrogen peroxide is detected without visible-light irradiation or the
absence of B[f]QCOF-1 photocatalyst, disclosing the necessary of light
and the photocatalyst nature of B[fl[QCOF-1 in the H,O, photosynth-
esis. The H,O, production rate over B[flQCOF-1 dramatically decreases
from 9025 pmol g™ h™ to 7365 pmol g™ h™ and 1249 pmol g h™ when
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Fig. 4 | Photocatalytic production of H,0,. a Time-dependent H,O, production
curves of all the B[flQCOFs under visible-light irradiation over 2 h. b AQYs of B[f]
QCOF-1 at different selected wavelengths (450, 475, 520, 550, 600, 650 nm). Error
bars indicate the error in the measurement. ¢ The photocatalytic performances of
all the B[f]QCOFs in different kinds of water under Xenon lamp irradiation. d The
photocatalytic performance of the B[flQCOFs in comparison with reported COF-

based photocatalysts. e The formation (K¢) and decomposition (K4) rate constants
of H,0, for B[fIQCOF-1. f Recycling experiments involving the photocatalytic
production of H,0, with B[f|QCOF-1 as the photocatalyst. g The control experi-
ments showing the H,O, production performance of B[f|QCOF-1 under various
conditions. BA Benzyl alcohol, TEMPOL 4-hydroxy-2,2,6,6-tetramethylpiperidine-
N-oxyl.

O, is replaced by air or argon, respectively, suggesting that the oxygen
reduction reaction is predominantly involved in H,O, photosynthesis
coupled with the existence of water oxidation reaction. When benzyl
alcohol (BA) is added as the hole scavenger, a noticeable increase of
the H,0, production rate is observed. To further confirm the invol-
vement of water oxidation reaction, we added AgNO5 as an electron
scavenger to suppress H,O, production via the ORR pathway under
argon atmosphere*’. Typically, the H,0, production rate is obtained to
be 1249 pmol g' h?, while the H,0, production rate is almost
unchanged after the addition of AgNOj3, confirming the WOR pathway
for H,0, production. Meanwhile, after the addition of typical hydroxyl
radical scavenger (tert-butyl alcohol, TBA), the H,0, yield also keeps
unchanged, ruling out the participation of hydroxyl radicals in the
formation of H,0, (Supplementary Fig. 75). Moreover, the involve-
ment of ORR and WOR pathways for H,O, production is validated by
isotopic experiments. For the ORR reaction pathway, B[fl[QCOF-1 was
irradiated in H,'°O and 0, for 12 h. After removing the unreacted gas
with argon gas, MnO, was added to the reaction system to covert H,O,
to O, and the released gas was analyzed by gas chromatography-mass
spectrometry (Agilent GC8890/5977BGC/MSD). As shown in Fig. 5a,
the presence of °0, and 80, verifies the simultaneous ORR and WOR

reaction pathways. In addition, the involvement of two-electron WOR
pathway is further validated by employing argon saturated H,™O as the
water resource or employing H,®0 and '®0, as the resource. The
absence of ®0, in the gas phase undoubtfully excludes the four-
electron WOR pathway to produce O, and the presence of 0, after
converting H,O, to O, confirms the two-electron WOR pathway
(Supplementary Fig. 76).

Given that both O, reduction and H,O oxidation are involved in
H,0, photosynthesis, electron paramagnetic resonance (EPR) spec-
troscopy was performed using 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) as the spin-trap agent to identify the possible intermediates
during the H,0, photosynthesis reaction*. As shown in Fig. 5b and
Supplementary Figs. 77-79, the typical six and four characteristic sig-
nals for DMPO-*O,  and DMPO-*OH are observed for all the B[f|QCOFs
under light irradiation, while no peaks can be observed in dark, indi-
cating the generation of *OOH and *OH intermediate species during
the reaction®®****°, while the formation of *OH is possibly originated
from the decomposition of photogenerated H,0, under visible light
irradiation®’. Moreover, the generation of *O,” was further validated by
the probe experiments with nitro blue tetrazolium (NBT) and the
photocatalytic yield of <O,  during the photocatalytic process is
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Fig. 5 | Mechanism investigation. a The isotopic experiments with B[fJQCOF-1 as
the photocatalyst in the presence of H,°O and '*0,. b The EPR spectra of B[f]
QCOF-1 under darkness and light with DMPO as the spin-trap agent. ¢ The
Koutechy-Levich plots of the B[fJQCOFs obtained from the RDE measurements.
d RRDE voltammograms of B[f]QCOF-1 with a potential of -0.23 V vs. Ag/AgCl on
Pt ring electrode to detect O,. e RRDE voltammograms of B[f|[QCOF-1with a
potential of 0.60 V vs. Ag/AgCl on Pt ring electrode to detect H,0,. f In-situ

Reaction Coordinates

DRIFTS spectra of B[flQCOF-1 during H,O, photosynthesis over 60 min. g The
HOMO and LUMO orbital distributions of the simplified B[flQCOF-1 segments
based on DFT calculation and corresponding electrostatic potential surface (ESP)
maps of the B[ff[QCOF-1 models. h Gibbs free energy diagram for oxygen reduc-
tion reaction (ORR) into H,0, over the B[f|QCOFs. i Gibbs free energy diagram for
water oxidation reaction (WOR) into H,0, over the B[f]QCOFs.

calculated to be 8.8 x 10~ M for B[f]QCOF-1 within 1 h (Supplementary
Fig. 80). In addition, when 4-hydroxy-2,2,6,6-tetramethylpiperidine-N-
oxyl (TEMPOL), the quenching agent of -O,", was added to the reaction
solutions under oxygen atmosphere, the H,O, production rate sig-
nificantly decreased to 3056 pumol g h™ owing to the decrease of the
*0," (Fig. 4g), further verified the indirect two-electron ORR pathway.
Rotating disk electrode (RDE) tests at different rotational speeds were
performed on all the B[flQCOFs and the results unveil that the average
electron transfer numbers of B[f|QCOF-1 to B[f|QCOF-4 are 2.09, 2.21,
2,19 and 2.28, respectively, (Fig. 5c and Supplementary Figs. 81-84)
identifying their high selectivity towards two-electron ORR pathway.
Moreover, the results of rotating ring disk electrode (RRDE) also
demonstrate the two-electron ORR pathway (Supplementary Fig. 85).
To investigate the WOR process on B[f|QCOF-1, the RRDE tests were
carried out under argon condition with the potential scanning range of
1.2-2.4V vs. Ag/AgCl for the rotating disk electrode. As depicted in

Fig. 5d, e, no reduction currents are clearly observed at the Pt ring
electrode when a constant potential of —0.23 V vs. Ag/AgCl is applied
on the Pt ring electrode, excluding the generation of O, via four-

electron WOR process”, while significant oxidation current appeares
when the potential of the Pt ring electrode is changed to an oxidative
potential of +0.6 V vs. Ag/AgCl, verifying the two-electron WOR pro-
cess on B[f]COF-1**%, Both RDE and RRDE results clearly confirm that
BI[fIQCOF-1 undergoes both two-electron ORR and two-electron WOR
pathways for the photocatalytic production of H,0,.

To get more insight into the reaction process, in-situ diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS) mea-
surements are performed to reveal the real-time intermediates during
the photocatalytic process. Figure 5f depicts the time-dependent
DRIFTS spectra of B[fl[QCOF-1 in O,-saturated conditions with water
vapor and under visible-light irradiation. As can be seen from Fig. 5f, the
signals at 878 and 912 cm™ (0-O bonding), the signal at 1189 cm™ (+0,~
species) and the signal at 1263 cm™ (endo-peroxide intermediate spe-
cies), steadily increase with the irradiation time, suggesting the for-
mation of *OOH intermediate species and the two-step single-electron
ORR pathway”~% Furthermore, the appearance of the signals corre-
sponding to the C-OH (1092cm™) and O-H (1404 cm™) confirm the
formation of *OH species and the WOR process for the studied
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photocatalytic system®*, These results further confirm that the pho-
tocatalytic mechanism of B[f|QCOF-1 for H,O, photosynthesis is the
synergistic effects of ORR and WOR pathways. To gain a deeper
understanding of the reaction mechanism, DFT calculations are
employed to elucidate the ORR and WOR pathways. We firstly conduct
the DFT calculations to determine the HOMO and LUMO orbital dis-
tributions of the simplified B[flQCOFs segments, and further obtain the
surface electrostatic potential (ESP) distribution maps of the B[flQCOFs
(Fig. 5g and Supplementary Figs. 86 and 87), which clearly demonstrate
the electron distribution in the COF segments. Taking B[flQCOF-1 as an
example, the LUMO of B[fIQCOF-1 is mainly located on the formed
benzolf]lquinoline, while the HOMO is delocalized over the entire
repeating unit. As for the electrostatic potential distribution map of B[f]
QCOF-1, more electrons are around the quinoline and adjacent benzene
ring, which are likely to be the active sites for O, adsorption and pro-
moting photocatalytic oxygen reduction (Fig. 5g). Afterwards, the
adsorption configurations of the B[fJQCOFs towards O, at various sites
are optimized (Supplementary Fig. 88). The results exhibit that the
benzene ring nearest the quinoline linkage serves as the active site for
0O, adsorption apart from B[fJ[QCOF-2, in which the triazine ring is
obtained to be the active O, adsorption site. Meanwhile, the quinoline
ring is calculated to be the favorable site for the adsorption and con-
version of H,O for all the B[fJQCOFs (Supplementary Fig. 89). Conse-
quently, the Gibbs free energy diagrams for ORR and WOR pathways
over all the B[fIQCOFs are calculated (Fig. 5h, i). Significantly, BIf]
QCOF-1 possesses both the lowest AG value for *OOH formation and for
*OH formation among all the COFs, which is in accordance with the
experimental results that B[flQCOF-1 exhibits the best photocatalytic
performance. Based on the above experimental and theoretical calcu-
lations, a possible mechanism is proposed as follows. Under visible-
light irradiation, the B[flQCOFs can facilitate the separation of photo-
generated electrons and holes. On the one hand, the electrons transfer
to the CB and involve in the ORR pathway to produce H,0,. On the
other hand, the photogenerated holes accumulate on the VB will par-
ticipate in the WOR process to generate H,0O, (Supplementary Fig. 90).
In a word, H,0; can be generated from both O, and H,0 via integrated
dual-channel pathways in this studied system.

Discussion

In summary, we have successfully designed and synthesized a set of
fully conjugated benzo[flquinoline-linked COFs via one-pot three-
component [4+2] cyclic condensation of aldehydes and aromatic
amines with triethylamine as the vinyl source. These obtained BIf]
QCOFs possess high crystallinity and physicochemical stability. More
importantly, the obtained B[fIQCOF-1 exhibits a superior H,O, pro-
duction rate of 9025 pmol g™ h™ in pure water without any sacrificial
agent under visible-light irradiation (A>420nm), outperforming
almost all the previously reported COF-based photocatalysts under
comparable conditions. We believe that this work not only enriches the
synthetic route for the construction of robust fully conjugated COFs,
but also helps the rational design of high-performance COF-based
photocatalysts for efficient H,O, photosynthesis.

Methods

Synthesis of B[f|QCOF-1

To a 10 mL Pyrex tube was added 1,3,5-tris(p-formylphenyl)benzene
(15.6 mg, 0.04 mmol), naphthalene-2,6-diamine (9.5 mg, 0.06 mmol)
and ammonium iodide (34.8 mg, 0.24 mmol). Then, di-tert-butyl per-
oxide (45pL, 0.24 mmol), triethylamine (67 pL, 0.36 mmol) and
anhydrous 1,2-dichlorobenzene (o-DCB, 1.0 mL), anhydrous EtOH
(1.0mL) were added. Afterwards, the mixture was homogenized by
sonication for 10 min. Then, acetic acid (6 M, 0.2 mL) was added and
the Pyrex tube was flame-sealed and heated in an oven at 120 °C for 3
days. After cooling down to room temperature, the precipitate was
collected by centrifugation and washed with N, N-dimethylformamide,

THF, acetone and dried under vacuum at 100 °C to afford the dark
green powders (21 mg, 78%).

Synthesis of B[f|QCOF-2

To a 10 mL Pyrex tube was added 4,4’,4”-(1,3,5-triazine-2,4,6-triyDtri-
benzaldehyde (15.7 mg, 0.04 mmol), naphthalene-2,6-diamine (9.5 mg,
0.06 mmol) and ammonium iodide (34.8 mg, 0.24 mmol). Then, di-
tert-butyl peroxide (45pL, 0.24 mmol), triethylamine (67 L,
0.36 mmol) and anhydrous 1,2-dichlorobenzene (o-DCB, 1.0 mL),
anhydrous EtOH (1.0 mL) were added. Afterwards, the mixture was
homogenized by sonication for 10 min. Then, acetic acid (6 M, 0.2 mL)
was added and the Pyrex tube was flame-sealed and heated in an oven
at 150 °C for 3 days. After cooling down to room temperature, the
precipitate was collected by centrifugation and washed with N, N-
dimethylformamide, THF, acetone and dried under vacuum at 100 °C
to afford the dark green powders (23 mg, 85%).

Synthesis of B[f|QCOF-3

To a 10mL Pyrex tube was added benzene-1,3,5-tricarbaldehyde
(13.0 mg, 0.08 mmol), naphthalene-2,6-diamine (19.0 mg, 0.12 mmol)
and ammonium iodide (69.6 mg, 0.48 mmol). Then, di-tert-butyl per-
oxide (90 pL, 0.48 mmol), triethylamine (134 pL, 0.72mmol) and
anhydrous 1,2-dichlorobenzene (o-DCB, 1.0 mL), anhydrous EtOH
(1.0mL) were added. Afterwards, the mixture was homogenized by
sonication for 10 min. Then, acetic acid (6 M, 0.2 mL) was added and
the Pyrex tube was flame-sealed and heated in an oven at 120 °C for
3 days. After cooling down to room temperature, the precipitate was
collected by centrifugation and washed with N, N-dimethylformamide,
THF, acetone and dried under vacuum at 100 °C to afford the dark
green powders (28.5 mg, 81%).

Synthesis of B[f|QCOF-4

To a 10 mL Pyrex tube was added 4,4’,4”,4"-(pyrene-1,3,6,8-tetrayl)
tetrabenzaldehyde (18.5mg, 0.03 mmol), naphthalene-2,6-diamine
(9.5mg, 0.06 mmol) and ammonium iodide (34.8 mg, 0.24 mmol).
Then, di-tert-butyl peroxide (45 pL, 0.24 mmol), triethylamine (67 pL,
0.36 mmol) and anhydrous 1,2-dichlorobenzene (o-DCB, 0.9 mL),
anhydrous EtOH (1.0 mL) were added. Afterwards, the mixture was
homogenized by sonication for 10 min. The, acetic acid (6 M, 0.2 mL)
was added and the Pyrex tube was flame-sealed and heated in an oven
at 120°C for 3 days. After cooling down to room temperature, the
precipitate was collected by centrifugation and washed with N, N-
dimethylformamide, THF, acetone and dried under vacuum at 100 °C
to afford the yellowish-brown powders (25 mg, 82%).

Photocatalytic H,O, production

Typically, the activated COFs (B[flQCOF-X, 10 mg) and water (50 mL)
were introduced into a hermetically sealed device, a quartz tube with a
cap. The suspension was bubbled with continuous oxygen and stirred in
dark for 30 min to reach the adsorption-desorption balance before the
photocatalytic test was performed. Afterwards, the O,-saturated sus-
pension was illuminated under a 300 W Xenon lamp (PLS-SEX 300,
Beijing Perfectlight, China) and the reaction temperature was maintained
via the water chiller system. At designed intervals (e.g.1h,2h,3hand 4 h
irradiation), 3 mL of the reaction suspension was collected and filtrated
with a 0.22 pum membrane filter. The liquid solution was well-mixed with
the pre-prepared titanium sulfate solution and the absorption spectra
were detected by UV-Vis spectrophotometer. After the photocatalytic
experiments, the B[fIQCOFs were recovered by centrifugation and
thoroughly washed with water and ethanol for three times and dried
under vacuum at 120 °C for 12 h before next experiments.

Isotope labeling experiments
(a) Oxygen reduction reaction: In a typical experiment, a 15 mL vial was
charged with 5 mg of the activated B[f|QCOF photocatalysts and 8 mL
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of H,"®0 and the vial was subsequently sealed with a rubber septum,
followed by purging with argon for 1 hour to remove the remaining
160,. Afterwards, 0, (purity: 99%, 10 mL) was injected into the vial via
a syringe, which was irradiated by a 300 W Xenon lamp (A =420 nm
filter) for 12 h, and the 0, gas was further removed by purging with
argon, while the reaction solution was transferred to another vial
containing MnO, and argon, and the produced gas during the
decomposition of hydrogen peroxide was analyzed by employing the
Agilent GC8890 /5977BGC/MSD system.

(b) Water oxidation reaction: The activated photocatalyst (5 mg)
were added to a 15 mL custom reaction tube containing 8 mL H,®0.
After purging with argon for 1 h to remove all the air in the solution, the
reaction was carried out under 300 W Xenon lamp (A =420 nm filter)
irradiation for 12 h and was analyzed using the Agilent GC8890 /5977
BGC/MSD system.

Calculation method

All theoretical calculations were performed using Gaussian 09
program™. The geometries were optimized at the B3LYP***/6-
31+G(d) level. Optimized molecular stereoscopic structure figures
were prepared using CYLView”. Frontier molecular orbitals and the
graphs of atomic charges were visualized with VMD®, The excitation
states were further computed using time-dependent density func-
tional theory (TD-DFT) calculations. The first excited states of the
fragments were analyzed using the Multiwfn 3.8 (dev) program®*’.

Data availability

The data that support the findings of this study are available within the
article and its Supplementary Information. Source data are provided
with this paper.
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