Published on 05 December 2024. Downloaded on 4/24/2025 2:19:46 PM.

Dalton

Transactions

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ '.) Check for updates ‘

Cite this: Dalton Trans., 2025, 54,
1625

Received 26th October 2024,
Accepted 2nd December 2024

DOI: 10.1039/d4dt02996h

A multi-centre metal-free COF@g-C3zN4 catalyst
assembled with covalent bonds for photocatalytic
CO, reductiont

Xiang Wang.? Zhenping Wang,? Yanling Liu,** Wanzhen Peng,? Xiangyi Fu,?
Jie Zhou, (2 *? Lizhi Han,? Yingjie Hua {22 and Zi-Yan Zhou (2 *°¢

Photocatalytic carbon dioxide (CO5) reduction technology using solar energy can convert carbon dioxide
into fuels and chemicals, and is one of the most effective strategies to mitigate the energy crisis and
greenhouse effect. In recent years, covalent organic frameworks (COFs) have flourished due to their
unique advantages and have received extensive attention in the field of photocatalytic reduction of CO,.
Here, we use the pre-designability of COFs to preserve the aldehyde group at the end of the COF skeleton
by the motif strategy, while ensuring its excellent photosensitivity. This facilitates further assembly with
amino-terminated g-CsN4 through covalent bonding, resulting in composite catalysts (COF@g-C3Ny).
This COF@g-C3sN,4 material can take g-CsN4 as the active center to undertake the main catalytic reaction
function, COF as the photosensitive center to absorb light energy and generate photogenerated carriers,
and covalent bonds as electron transport bridges, effectively facilitating the transfer of electrons. These
three components operate independently yet synergistically to accomplish the photocatalytic CO,
reduction reaction. In addition, by integrating theoretical calculations with experimental results, the elec-
tron transfer and reaction mechanism in the photocatalytic process of COF@g-CsN4 were thoroughly
explored, and a rational photocatalytic process was proposed. This multi-center metal-free catalyst,
COF@g-C3Ny4, not only exhibits good photocatalytic performance but also is more economical and envir-
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Introduction

Photocatalytic CO, reduction technology is considered to be
one of the most promising new energy technologies in the 21st
century, and it is a recognized technology that can achieve
China’s dual-carbon goal, which is now booming." So far,
more and more catalytic materials have been used for photo-
catalytic CO, reduction, such as nonmetallic oxides,> metal
oxides,” metal sulfides* and their heterojunction materials.”
Although encouraging results have been achieved, inorganic
photocatalysts still have undesirable defects; for example, in-
organic semiconductor photocatalysts usually have weak
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onmentally friendly, which is worthy of attention.

visible light response and CO, adsorption capacities and too
fast photogenerated electron-hole pair self-complexation, the
tunability of the composition and photochemical properties is
very limited, and it is very difficult to modify and change their
properties.® In addition, problems such as the complicated
synthesis steps, complex structure, unclear catalytic sites, and
lack of clear structural information to identify catalytic sites of
inorganic catalysts are also major factors that are not condu-
cive to in-depth research on the mechanism of photocatalytic
reduction of CO,.” Therefore, it is of great significance to
develop organic crystalline photocatalyst materials with well-
defined structures and high efficiency and stability for artifi-
cial photosynthesis.

Covalent organic frameworks (COFs), as an emerging class
of organic crystalline porous materials, have shown great
potential for application in the field of photocatalytic
reduction of CO, due to their advantages of structural designa-
bility, large surface area, stability, high porosity, and large
light absorption range.® However, the photocatalytic CO,
reduction efficiency is still relatively low because metal-free
COFs usually lack efficient catalytic active sites.” Currently, in
order to solve the activity problem of COF materials, metal
ions or metal complexes are usually anchored as catalytic

Dalton Trans., 2025, 54, 1625-1632 | 1625


http://rsc.li/dalton
http://orcid.org/0000-0001-6508-8478
http://orcid.org/0000-0003-1372-0173
http://orcid.org/0000-0002-4995-8186
https://doi.org/10.1039/d4dt02996h
https://doi.org/10.1039/d4dt02996h
https://doi.org/10.1039/d4dt02996h
http://crossmark.crossref.org/dialog/?doi=10.1039/d4dt02996h&domain=pdf&date_stamp=2025-01-18
https://doi.org/10.1039/d4dt02996h
https://rsc.66557.net/en/journals/journal/DT
https://rsc.66557.net/en/journals/journal/DT?issueid=DT054004

Published on 05 December 2024. Downloaded on 4/24/2025 2:19:46 PM.

Paper

active centers through restriction effects or coordination.'’
Nevertheless, due to the relatively weak ligand bonds, the com-
posite catalysts obtained from this post-modification are
usually limited by poor chemical and thermal stability; in par-
ticular, under harsh reaction conditions, the metal ions or
metal complexes are prone to decomposition and separation
from COFs, and cannot be reused.'’ In summary, if more
robust and stable covalent bonds can be utilized to link COFs
with crystalline polymeric materials, which exhibit photo-
catalytic activity (such as functionalized polymers and organic
molecular polymers), the chemical stability and thermal stabi-
lity of the composite material can be significantly improved,
and because of the strong electron-conducting ability of
covalent bonding, it can greatly enhance the photogenerated
charge carrier separation and transfer ability of COF-based
composites, which in turn improves their photocatalytic
reduction of CO, performance.

Here, we carefully prepared COF-TpBb'?> with excellent
photosensitivity by using Tp-CHO and Bb-NH,, and employed
a COF-motif strategy to retain -CHO groups at the termini of
the COF. Then, g-C3N, '* with catalytic activity and terminal
-NH, is assembled together by the solvothermal method to
prepare the COF@g-C3N, composite catalyst. In this composite
catalyst, each component plays its unique role while working
together as a whole. Specifically, COF-TpBb is used as the
photosensitive center of the system, g-C;N, is used as the
active center, and covalent bonds are used as the electron
transmission bridge to jointly complete the photocatalytic CO,
reduction reaction (CO,RR). Under appropriate conditions, the
main product of the photocatalytic CO, reduction by the com-
posite catalyst is CO, and the yield can reach 195 pmol g* h™*
with a selectivity of 92%. A series of controlled experiments
also investigated the effects of conditions such as loading
amount, sacrificial agent, and water content on the yield and
proportion of reduction products. Finally, density functional
theory (DFT) calculations were utilized to delve into the
mechanism of photocatalytic CO, reduction, and based on
both theoretical and experimental results, reasonable hypoth-
eses were made about possible electron transfer pathways and
the photocatalytic reaction mechanism.

Results and discussion

Here, we carefully prepared COF-TpBb'*'* as the photosensi-

tive center of the system as reported and utilized g-C;N, as the
active center, and further assembled COF-TpBb with g-C;N, by
a solvothermal method, which successfully yielded the reddish
COF@g-C3N, powder, and this composite was successfully
used as a photocatalyst for the CO,RR.

COF-TpBb was synthesized as shown in Fig. 1a by conden-
sation of the two precursors Tp-CHO and Bb-NH, under
vacuum solvothermal conditions. As can be seen in the
Fourier transform infrared (FT-IR) spectrum in Fig. 1b, the
-CHO vibrational peaks of the Tp-CHO precursor at 1660 cm ™"
and the -NH, vibrational peaks of Bb-NH, at 3000-3500 cm™*
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Fig. 1 Preparation and characterization. (a) Schematic of the synthesis
of COF-TpBb via the condensation of Tp-CHO and Bb-NH;; (b) IR
spectra of COF-TpBb, Tp-CHO and Bb-NH,; (c) experimental and simu-
lated PXRD patterns of COF-TpBDb; (d) N, adsorption curve of COF-TpBb
at 77 K; and (e) SEM image of COF-TpBb.

are very obvious, whereas these vibrational peaks disappeared
obviously in the IR spectrum of COF-TpBb, which proves that
the two kinds of raw materials have undergone condensation
reaction and COF-TpBb has been successfully synthesized. The
powder X-ray diffraction (PXRD) pattern (Fig. 1c) shows that
the prepared COF-TpBb possesses fairly excellent crystallinity,
with the main characteristic diffraction peak at 3.5°, which
corresponds to the (100) crystal plane. In order to elucidate the
crystal structure, a crystal model for the parallel stacking of
COF-TpBb (Fig. S1T) was established using the Material Studio
software by selecting the P6/MMM space group. The simulated
PXRD pattern of COF-TpBb agrees well with the experimental
results, and further refinement of the PXRD pattern by Pawley
also agrees well with the experimental data and residual
factors of R;, = 2.52% and Ry, = 3.56%, proving the reliability
of the computational model. Its optimized best cell length is a
=b=24.907 A, c=3.438 A, a = #=90°, and y = 120°.

The specific surface area of COF-TpBb was investigated by
N, adsorption-desorption measurements at 77 K. As shown in
Fig. 1d, the Brunauer-Emmett-Teller (BET) surface area of
COF-TpBb was calculated to be 762.8 m”> g™, and the
maximum adsorption capacity could reach 350 cm® g~'. The
thermogravimetric diagram (Fig. S21) shows that COF-TpBbD is
thermally well stabilized, and there is no significant weight
loss until 280 °C.

The morphology of COF-TpBb was characterized using
scanning electron microscopy (SEM) and transmission elec-
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tron microscopy (TEM). From the SEM image of Fig. 1e, it can
be clearly observed that COF-TpBb is a sea urchin sphere struc-
ture made up of small nanosheets of about 1 pm stacked
together, which is distinctly different from the block structure
made up of fine particles stacked together for the two precur-
sors Tp-CHO (Fig. S31) and Bb-NH, (Fig. S4f), and it can
further illustrate the successful synthesis of COF-TpBb. The
TEM image (Fig. S51) of COF-TpBb also similarly demon-
strated its lamellar structure.

As shown in Fig. 2a, to complete the photocatalytic CO,RR,
we further assembled COF-TpBb with g-C;N, using a solvo-
thermal method to obtain the COF@g-C;N, composite
material. As shown in Fig. 2b, the IR curve of COF@g-C;N4-0.2
is closer to the IR curve of g-C3;N,, probably because of the
higher content of g-C;N,. As illustrated in Fig. 2¢, the XRD
pattern of COF@g-C;N,4-0.2 contains the main characteristic
diffraction peak of the COF at 3.5° and the main characteristic
diffraction peak of g-C3N, at 27°, proving that the two in
COF@g-C;3;N,4-0.2 maintain their respective crystalline states.

The specific surface area determined by the N, adsorption
isotherm (Fig. 2d) shows that the BET of g-C3;N, itself is rela-
tively small, only 81.4 m* g~', which is much smaller than that
of COF-TpBb. Therefore, compared with g-C;N,, after its
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Fig. 2 Preparation and characterization. (a) Schematic of the synthesis
of COF@g-C3N4-0.2 via the condensation of COF-TpBb and g-CzNg; (b)
IR spectra, (c) XRD patterns and (d) N, adsorption curve at 77 K of
COF@g-C3N4-0.2, COF-TpBb and g-CsN4 and (e) SEM image of
COF@g-C3N,4-0.2.
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assembly, the BET of the obtained COF@g-C3N4-0.2 is
increased to 134.7 m*> g, and the increased surface area can
provide more catalytic sites. As can be seen from the thermo-
gravimetric diagram in Fig. S6 and S7,7 COF@g-C3N,-0.2
inherits the high thermal stability of g-C3N, and there is no
obvious weight loss before 500 °C.

It can be seen from the SEM image in Fig. 2e that the mor-
phology of COF@g-C3N,-0.2 is more similar to that of pure
g-C3N,, which is a lamellar structure with a large number of
voids, except that the voids are smaller and the lamellar struc-
ture is larger compared to that of g-C3N,. Similarly, as can be
seen from the TEM images in Fig. S8 and S9,t g-C;N, has an
obvious pore structure, while the pores of COF@g-C3N,-0.2 are
smaller and more lamellar structures are observed.

The structure of COF@g-C3;N,;-0.2 was further studied by
X-ray photoelectron spectroscopy (XPS) measurements. The
peak positions of all XPS spectra were corrected according to
the C-C peak at 284.6 eV, and the XPS fitting of all elements is
provided in the ESI (Fig. S10-121). The S 2p;/, at 164.6 eV and
S 2p1/, at 168.0 eV observed from the XPS spectra in Fig. S13+
can be attributed to S in the thiazole ring in the Bb-NH,
ligand.***® In the XPS spectrum of the S of COF@g-C3N,-0.2 in
Fig. S14,1 only a single peak of S 2p;, is observed. This may be
due to the low content of COF-TpBb in the composites, result-
ing in the 2p;, peak of the S being not obvious. However,
since there is no S in g-C3;N,, the XPS peak of S comes from
COF-TpBb, which proves the successful loading of COF-TpBb
and g-C3N,. Similarly, as shown in Fig. S15 and S16,7 the O 1s
of COF-TpBb has three characteristic peaks, which are attribu-
ted to the enone conversion (C=O, C-OH) of the Tp-CHO
monomer and adsorbed water (H,0). In COF@g-C3N,4-0.2, also
due to the low content of COF-TpBb, it only shows a single
characteristic peak of adsorbed water (H,O).

In addition, the positions of the three main characteristic
peaks in the high-resolution XPS spectra of the C 1s of
COF@g-C3N,-0.2, COF-TpBb and g-C;N, are not significantly
different (Fig. S17-S19%), except that COF-TpBb is more
strongly conjugated due to the presence of benzothiazole, and
its C=C peak at position 286.6 eV exhibits stronger intensity.
As for the N 1s (Fig. S20-S227), all three samples contain ter-
tiary and aromatic N peaks at 398.3 eV and 400.2 eV, except
that g-C3N, does not have the characteristic peak near 405 eV,
which is attributed to the N in the thiazole ring of monomer
Bb-NH,.

Since light absorption and charge separation are key factors
in determining the activity of photocatalytic reactions, we first
conducted the solid-state UV-vis spectroscopy (UV) of the
photocatalyst. As shown in Fig. 3a, the absorption spectrum of
g-C3N, only reaches ~400 nm, while the UV spectrum of
COF-TpBb can reach 550 nm and tails to 800 nm. COF@g-
C;3N,-0.2 has a new and obvious absorption peak at 500 nm,
and the photosensitivity in the entire visible light range is
enhanced. This is due to the loading of COF-TpBb with excel-
lent photosensitivity, providing a prerequisite for effective
photocatalysis. According to the calculation results of the Tauc
plot (Fig. S23 and S24f%), the corresponding band gaps of
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Fig. 3 Photophysical and electrochemical properties. (a) Solid-state
UV-vis diffuse reflectance spectra, (b) photoluminescence spectra, (c)
transient photocurrent responses and (d) electrochemical impedance
spectroscopy of COF@g-C3N4-0.2, COF-TpBb and g-C3Na.

2-C3N, and COF-TpBb are 2.92 eV and 1.77 eV (vs. NHE),
respectively. The electronic band positions of the prepared
materials are calculated by Mott-Schottky testing to clarify the
semiconductor characteristics of the samples.'® As shown in
Fig. S25 and S26,f the flat-band potentials of g-C;N, and
COF-TpBb are —1.30 and —0.98 V vs. Ag/AgCl (i.e., —1.10 and
—0.78 V vs. NHE), respectively, which are equal to the poten-
tials of their conduction bands (CB). According to the formula
E, = Eyg — Ecg, the potentials of their valence bands (VB) are
calculated to be 1.82 V and 0.99 V vs. NHE, respectively. Due to
their suitable band structures, they can theoretically reduce
CO, to CO.

The photogenerated electron transfer properties of the
samples were investigated using a combination of steady-state
fluorescence (PL) and transient fluorescence spectroscopy,
transient photocurrent testing and electrochemical impedance
spectroscopy (EIS). As shown in Fig. 3b, compared with the
strong peak of g-C;N, at about 445 nm, the PL intensity of
COF-TpBb is negligible, while the PL intensity of COF@g-
C;3N,4-0.2 is significantly reduced, proving that the recombina-
tion rate of photogenerated electron-hole pairs in the compo-
site material is lower. At the same time, the time-resolved fluo-
rescence decay spectrum was measured. As shown in
Fig. S27-29,} the average lifetime of photogenerated carriers in
COF@g-C3N,4-0.2 is 6.53 ns, which is longer than the 1.56 ns of
COF-TpBb and 4.94 ns of g-C;N,. This indicates that there is
indeed a favorable transfer of electrons between COF-TpBb
and g-C;N, in COF@g-C3N,-0.2, and the photogenerated car-
riers have a longer survival time on the surface of COF@g-
CsN,-0.2.

As shown in Fig. 3c, under visible light irradiation, the
photocurrent intensities of all three materials show an obvious
tendency to rise and fall with switching characteristics and
can be repeated for many cycles, proving that all three
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materials are photostable. Among them, COF@g-C;N4-0.2 has
the largest photocurrent response intensity, slightly higher
than that of COF-TpBb, and both are much greater than that
of g-C3;N,. In EIS (Fig. 3d), the Nyquist semicircle radius of
COF@g-C3N4-0.2 in the high-frequency region is similar to
that of COF-TpBb and much smaller than that of g-C;N,,
proving that COF@g-C5N,4-0.2 has better conductivity. All the
above photochemistry and electrochemistry characterization
studies prove that COF@g-C;N,-0.2 has better separation and
transfer efficiency of carriers.

In a mixed solvent of MeCN and H,O (v/v = 9:1), using
TEOA as a sacrificial agent, the photocatalytic performance of
COF@g-C3N,4-0.2 was studied under visible light irradiation (4
> 400 nm). As a control, the photocatalytic performances of
pure COF-TpBb and g-C;N, were also studied. As shown in
Fig. 4a, the main product of photocatalytic CO, reduction by
COF@g-C;3N,-0.2 is CO (~195 pmol g~* h™"), accompanied by a
small amount of H, production (~17 pmol g~* h™). No other
liquid and gas products such as HCOOH and CH, are observed
to be generated, and the selectivity for CO is as high as 92%.
The yield and selectivity of this reduction product are signifi-
cantly higher than the yields of CO and H, obtained when
g-C3N, or COF-TpBb is used as a catalyst (~45 pmol g™* h™%,
~12 pmol g~* h™ or n.d., n.d.). This photocatalytic result is in
line with our assumption of constructing a composite photo-
catalyst with COF-TpBb as the photosensitive center of the
system and g-C;N, as the active center.

In addition, in order to evaluate the catalytic stability and
reusability of COF@g-C3N,-0.2, we have carried out long-term
testing and cyclic testing. During the 12 h photocatalytic reac-
tion (Fig. 4b), the CO yield continued to increase with time,
and the final CO yield could reach 17.5 pmol at the 12th hour,
while maintaining a high selectivity. The cycling experiments
were divided into the same-batch catalyst recycling retesting
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Fig. 4 Photocatalytic performances. (a) Photocatalytic properties of
COF@g-C3N,4-0.2, COF-TpBb and g-CsNg; (b) time-dependent yields of
CO, reduction products and (c) recycling experiments using COF@g-
C3N4-0.2 as the catalyst; and (d) apparent quantum efficiency of
COF@g-C3N4-0.2 for photocatalytic processes at different wavelengths.
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experiments (Fig. 4c) and the same-condition tests with
different batches of catalysts (Fig. S30%), and they both demon-
strated that the photocatalytic process maintained the original
photocatalytic efficiency during the five rounds of cycling, with
no significant decrease in the yield and selectivity of CO. Then
the apparent quantum efficiency of COF@g-C3;N4-0.2 in the
photocatalytic process at different wavelengths was evaluated.
As shown in Fig. 4d, the difference in quantum efficiency at
415 nm and 445 nm is not significant, being 0.65% and
0.67%, respectively, which are higher than the 0.43% at
385 nm and 0.29% at 495 nm.

The effects of different COF-TpBb loadings in COF@g-C3N,
on the photocatalytic performance were tested under the same
photocatalytic reaction conditions. Depending on the different
masses of COF-TpBb loaded in the COF@g-C3;N, composites,
four composite materials, COF@g-C3N,4-0.05, COF@g-C3N,-0.1,
COF@g-C3N4-0.2, and COF@g-C3N,-0.3, were prepared,
respectively (the synthesis method is detailed in the ESI}). As
shown in Fig. 5a, when the content of loaded COF-TpBb is 5%,
compared with the production of CO (~45 pmol g* h™) and
H, (~12 pmol g~* h™") of g-C;N,, the CO production of
COF@g-C;3N,4-0.05 is significantly increased, while the H, pro-
duction is only slightly increased, which greatly enhances the
system’s CO selectivity of the photocatalytic system. When the
content of loaded COF-TpBb was gradually increased to 20%,
the production of CO also synchronously increased to four
times that of g-C;N, for a catalyst. In contrast, H, only
increases a little bit, obtaining the best production and selecti-
vity. However, when the loading ratio of COF-TpBb further
increases, its yield and selectivity decrease. This may be due to
the existence of COF-TpBb as a photosensitive center; if its
content is excessive, it hinders the contact between CO, and
the active center g-C3Ny, thereby reducing the reactivity of the
reaction. These results indicate that the assembly of COF-TpBb
and g-C3;N, leads to excellent CO yield and selectivity for CO.
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Fig. 5 Photocatalytic performances. (a) The yields of CO, reduction
products with different loading of catalysts; (b) changing sacrificial reac-
tion conditions; (c) changing other reaction conditions; and (d) changing
the ratio of solvents.
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To further investigate the effects of different reaction con-
ditions on the photocatalytic system, a series of controlled
photocatalytic CO, reduction experiments were carried out
using COF@g-C;N,-0.2 as the catalyst. Firstly, the sacrificial
reagents were selected; as can be seen in Fig. 5b, the photo-
catalytic efficiency was significantly reduced when triethylamine
(TEA), ethylenediaminetetraacetic acid (EDTA), ascorbic acid
(AA), and methanol (MeOH) were used as sacrificial electron
donors, which suggests that the selection of the sacrificial elec-
tron donors has a great influence on the photocatalytic activity.
As shown in Fig. 5¢, when no bpy, Co*, or sacrificial agent was
added to the photocatalytic system, negligible reduction pro-
ducts were generated, demonstrating that either electron
mediators or electron donors are essential and important com-
ponents of the system. In addition, under the conditions of no
illumination, no catalyst, or using Ar instead of CO,, the gene-
ration of CO is also not detected, indicating that the source of
CO is not the decomposition of the organic matter in the photo-
catalytic system (it is indeed from CO,). It is noteworthy that the
photocatalytic products of mechanically mixed COF-TpBb and
g-C3N, are also almost undetectable. This may be due to the
fact that light is absorbed by COF-TpBb but cannot transfer
photogenerated electrons to g-C;N,. The above experimental
results proved that all the above reaction conditions played a
key role in CO, reduction in this photocatalytic system.

Finally, we adjusted the ratio of solvents to explore the
effect of water on the reaction system (Fig. 5d). When there is
no water in the system, the selectivity of the CO, reduction
system for CO reaches 99%, but the yield is only about
100 pmol g¢~' h™*. When the ratio of MeCN : H,O in the system
is 8:1, the yield nearly doubles, but only the selectivity drops
to 92%. When the water content in the system continues to
increase, the H, content in its photocatalytic system also
increases. When the ratio of MeCN:H,O is 2:1, the pro-
duction of CO and H, is almost equal, and when the ratio of
MeCN: H,0 is 1: 2, there is almost no production of CO.

To further deeply study the mechanism of photocatalytic
reduction of CO, by COF@g-C;N,, theoretical calculations
were carried out using Gaussian 16. As shown in Fig. S31,} the
calculation model ([Cat.]) is constructed from the finite cluster
structure of COF@g-C3N,, and the long-range interactions of
each local center are omitted. The geometric optimization of
the ground state is carried out at the 6-31G* level by the B3LYP
method of DFT calculation.’”” Time-dependent density func-
tional theory (TDDFT) calculations and orbital composition
analysis are also carried out at the same level.

The calculation results show that [Cat.] has multiple exci-
tation modes in the visible light region (Fig. 6a and Fig. S327).
The single excitation mode corresponding to visible light with
a wavelength of 675 nm is HOMO — LUMO. Visible light with
a wavelength of 513 nm corresponds to multiple excitation
modes of HOMO—-4 —» LUMO, HOMO-1 — LUMO+1, and
HOMO — LUMO+4. In contrast, the visible light with wave-
lengths of 468 nm and 459 nm both correspond to the double
excitation mode of HOMO-4 — LUMO+1 and HOMO-2 —
LUMO+4. According to the orbital composition analysis, the
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Fig. 6 Mechanism and DFT calculations. (a) Schematic illustration of
the transition of electron cloud distribution under light irradiation; (b_)
electrostatic potential pattern of [Cat.]; (c) energy profile for the CO,
reduction pathway; and (d) a proposed reaction pathway for the photo-
catalytic CO, reduction over COF@g-C3zN4.

electron cloud of the highest occupied molecular orbital
(HOMO) is concentrated on COF-TpBb. The electron cloud of
the lowest unoccupied molecular orbital (LUMO) is concen-
trated on the junction of COF-TpBb and g-C;N,. So, after exci-
tation, the electron cloud moves to g-C;N,. In addition, as
shown in the electrostatic potential pattern (Fig. 6b), the red
region is an electron-rich region with electrophilic activity, and
the blue region is an electron-deficient region with nucleophi-
lic activity, which also indicates that g-C;N, is the active center
for photocatalytic reduction of CO,.

Four sites, site a (N on the periphery of the triazine ring of
2-C3N,), site b (N on the thiazole of Bb-NH,), site ¢ (O on the
Tp-CHO), and site d (N inside the triazine ring of g-C3;N,), were
chosen to perform energetic simulations of CO, adsorption
and the generation of the reaction intermediates in order to
further investigate the photocatalytic reaction mechanism. The
ground-state models [Cat.], [Cat.-CO,J-a (-b, -c, -d), [Cat.-
OCOHJ-a (-b, -c, -d), and [Cat.-CO-H,O]-a (-b, -c, -d) are geome-
trically optimized in the solvent-free state (Fig. S33-357). The
vibrational frequencies calculated by the above models at the
same level are all positive, proving that they can all be stabil-
ized, and the energy (AE) of [Cat.] is set to 0.000 eV for the
next calculation. Calculations showed that the CO, adsorption
energies at the four sites were —0.230 eV, —0.258 eV, —0.314 eV
and 0.358 eV, respectively. As shown in Fig. 6c, although site d
has the lowest energy during the first hydrogenation process,
its energy during the first step of CO, adsorption is positive
and CO, adsorption is unstable and less likely to occur.
Whereas the energy at which the hydrogenation process occurs
at the latter four sites is reduced, the most stable site is site a,
i.e., on the N on the periphery of the triazine ring of g-C;N,.

According to the results of experiments and theoretical cal-
culations, we made a reasonable speculation on the photo-
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catalytic process of the COF@g-C;N, catalyst (Fig. 6d). Under
visible light irradiation, COF-TpBb acts as the photosensitive
center of the system and first generates photogenerated elec-
trons. Subsequently, the photogenerated electrons are trans-
ferred to the catalytically active N sites on the periphery of the
triazine ring on g-C;N,.

As shown in the figure, the photocatalyst COF@g-C;N, first
adsorbs CO, and then completes the photoreduction process
through the classic two-step hydrogenation process. In the
first hydrogenation, CO, is converted into the intermediate
HOCO, and then further hydrogenation reaction yields CO and
H,0.'® In addition, the photogenerated holes in the reaction
process are consumed by TEOA to maintain the charge
balance of the entire photocatalytic system.

Conclusions

In conclusion, we successfully prepared COF-TpBb with aldehyde
groups retained at the terminal positions and good photosensi-
tivity by using the COF-motif strategy. Furthermore, we
assembled it with g-C;N, with amino groups at the terminal posi-
tions by using the solvothermal method and obtained the co-
valently bonded composite catalyst COF@g-C;N,. Under suitable
conditions, this catalyst can achieve photocatalytic reduction of
CO, to CO, and the yield can reach 195 pmol ¢* h™" with a
selectivity of 92%, accompanied by a small amount of H,. It was
learned from the controlled experiments that the loading amount
of COF-TpBb during synthesis, the choice of sacrificial agent in
the system, and the water content in the catalytic process are all
necessary factors that affect the final photocatalytic effect.
Furthermore, we discussed the mechanism of the photocatalytic
process by combining DFT calculations and experimental results,
and made reasonable speculations on possible electron transfer
paths and photocatalytic reaction mechanisms. Finally, our syn-
thesized composite catalysts with COF-TpBb as the photosensitive
center, g-C;N, as the active center, and covalent bond as the elec-
tron transport bridge realized each of their respective roles and
overall synergistic co-completion of the photocatalytic reaction,
which is in line with our pre-designed ideas.
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