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ABSTRACT: While photocatalytic CO2 reduction has been intensively investigated, reports
on the influence of anions coordinated to catalytic metal sites on CO2 photoreduction remain
limited. Herein, different coordinated anions (F−, Cl−, OAc−, and NO3

−) around single Co
sites installed on bipyridine-based three-component covalent organic frameworks (COFs) were
synthesized, affording TBD-COF-Co-X (X = F, Cl, OAc, and NO3), for photocatalytic CO2
reduction. Notably, the presence of these coordinated anions on the Co sites significantly
influences the photocatalytic performance, where TBD-COF-Co-F exhibits superior activity to
its counterparts. Combined experimental and theoretical results indicate that the enhanced
activity in TBD-COF-Co-F is attributed to its efficient charge transfer, high CO2 adsorption
capacity, and low energy barrier for CO2 activation. This study provides a new strategy for
boosting COF photocatalysis through coordinated anion regulation around catalytic metal sites.
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■ INTRODUCTION
Escalating global warming and the energy crisis have raised
alarm worldwide, underscoring the urgent need to control and
reduce atmospheric CO2 concentrations. Photocatalytic
reduction of CO2 has emerged as a promising strategy,
offering an effective avenue for harnessing renewable energy
and tackling the global issue of excessive carbon emissions.1−3

However, the development of photocatalytic CO2 reduction
faces challenges such as inefficient photocatalysts, low CO2
adsorption capacity, difficulties in CO2 activation, etc. In light
of these hurdles, the development of efficient photocatalysts
for CO2 reduction is urgently needed.
A wide array of photocatalysts have been developed to

conduct photocatalytic CO2 reduction, aiming for high
conversion, improved selectivity, and high-value products.4−8

Among these, single-site catalysts, featuring highly dispersed
active metal sites, combine the benefits of both homogeneous
and heterogeneous catalysts and have demonstrated great
potential in photocatalytic CO2 reduction.9−11 With these
findings, numerous strategies have been attempted to boost
charge transfer in photocatalysts and/or to enhance the
interaction between the catalytic site and CO2, including
altering the types of metal sites, adjusting the distance between
the photosensitizer and the active site, and modifying the
functional groups around the catalytic sites.12−14 However, the
influence of coordinated anions, a critical element of the
catalytic metal sites, has seldom been investigated.15 In
addition, most of the single-atom catalysts prepared through
pyrolysis tend to possess vague structures and limited

tailorability.16−19 Consequently, it is essential to construct a
well-defined photocatalyst that includes catalytic metal sites
with tunable coordination anions to thoroughly explore the
influence of coordinated anions.
In this context, covalent organic frameworks (COFs), a class

of porous crystalline materials composed of organic
components linked by covalent bonds, have garnered
considerable attention.20−34 These materials exhibit extended
conjugated structures that possess an excellent light absorption
ability. Simultaneously, their customizable building blocks
enable tailored structural design. Additionally, the pore spaces
within COFs offer abundant opportunities for anchoring active
metals, coupled with facilitated CO2 enrichment and trans-
portation.35−42 More importantly, their organic skeletons
endow them with the ability to precisely install metal sites
and surrounding microenvironmental groups, making COFs
very promising in the investigation of the structure−perform-
ance relationship toward CO2 photoreduction.43−49 Given
these features, COFs are ideal platforms for studying the
influence of coordinated anions around single metal sites on
photocatalytic CO2 reduction.
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Herein, a novel bipyridine-based three-component TBD-
COF is deliberately synthesized to install single Co(II) sites
with different coordinating anions for the photocatalytic
reduction of CO2. The resulting four single-site Co(II)
catalysts, namely, TBD-COF-Co-X (X = F, Cl, OAc, NO3,
where X represents the respective anions), feature the same
COF skeleton with different coordinated anions around Co
sites (Scheme 1). The resulting TBD-COF-Co-X exhibits

distinct CO production activity with altered coordinating
anions in photocatalytic CO2 reduction. Notably, TBD-COF-
Co-F exhibits excellent performance, with a CO production
rate of 504 μmol·g−1·h−1 and >98% selectivity to CO.
Combined experimental and theoretical results reveal that
the coordinating anions not only regulate the kinetics of charge
transfer but also affect the electronic density of single Co(II)
sites, resulting in different activation barriers for the key
intermediates of CO2 photoreduction. This study highlights
the unique advantages of COFs as ideal platforms for designing
and tailoring the coordination microenvironment of single
metal sites in photocatalysis.

■ RESULTS AND DISCUSSION
The three-component TBD-COF was synthesized via Schiff
base condensation between the aldehyde monomers of 2,5-
dihydroxyterephthalaldehyde (DHA) and 2,2′-bipyridyl-5,5′-
dialdehyde (BPDA) and the amine monomer of 1,3,5-tris(4-
aminophenyl)triazine (TAPT) under solvothermal conditions.
The DHA, serving as one of the mixed aldehyde monomers,
ensures enhanced crystallinity and stability owing to the
formation of a hydrogen bond (OH···N�C).50 Concurrently,
BPDA featuring a classical bipyridyl moiety is employed for
subsequent metal incorporation. The 1H nuclear magnetic
resonance (NMR) spectra confirm a DHA-to-BPDA ratio of
approximately 1:1 in TBD-COF (Figure 1a). The crystal
structure of TBD-COF is verified through powder X-ray
diffraction (XRD) analysis. The predicted powder XRD
patterns, based on the DHA/BPDA ratio, strongly agree with
the experimental results, corroborating the structure and AA
stacking mode of the TBD-COF (Figure 1b, Figure S1, and

Table S1). The solid-state 13C CP-MAS NMR spectrum
further validates the successful synthesis of TBD-COF (Figure
S2). Fourier transform infrared (FT-IR) spectra are collected
to determine the chemical information on the imine linkages
(Figure 1c). In the FT-IR spectra, both the C�O stretching
vibrations of DHA (1673 cm−1) and BPDA (1684 cm−1), as
well as the N−H stretching vibration of TAPT (3323 cm−1),
are absent in TBD-COF and replaced by a new peak at 1620
cm−1 corresponding to the imine bond. The porosity and pore
size distribution of TBD-COF are evaluated via N2 sorption
measurements at 77 K. The COF exhibited a Brunauer−
Emmett−Teller (BET) surface area of approximately 1628 m2·
g−1 (Figure S3), indicating the porous feature. Transmission
electron microscopy (TEM) and scanning electron microscopy
(SEM) observations reveal that TBD-COF possesses a lamellar
stacked structure and a spherical morphology with an average
diameter of ∼300 nm (Figures S4 and S5). Moreover, TBD-
COF demonstrates significant visible light absorption
attributed to its extended conjugated skeleton, indicating its
potential as a visible-light photocatalyst (Figure 1d).
The single-site cobalt catalysts were successfully fabricated

through the facile incorporation of Co salts (CoF2/CoCl2/
Co(OAc)2/Co(NO3)2) into the bipyridine moiety of TBD-
COF, affording TBD-COF-Co-X (X = F, Cl, OAc, NO3). This
gives a consistent Co loading of approximately 1.0 wt % across
all the samples, as confirmed by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) (Table S2). Powder
XRD patterns and FT-IR spectra for all these samples were
consistent with those of the pristine TBD-COF, indicating that
the integration of Co(II) sites with various anions does not
affect the skeleton and crystallinity (Figures S6 and S7).
Additionally, nitrogen sorption isotherms demonstrate that the
porous structure remains unchanged after the incorporation of
different Co(II) complexes (Figure S8). The BET surface areas
of TBD-COF-Co-X (X = F, Cl, OAc, NO3) are 1276, 842,
1041, and 786 m2·g−1, respectively. The distinction is primarily
due to the differences in the sizes of the coordinating anions
and their crystallinity, as observed in the XRD patterns (Figure
S6). Both SEM and TEM images suggest that the morphology
of TBD-COF is maintained in TBD-COF-Co-F, and no visible
Co nanoparticles can be detected (Figure S9).
X-ray photoelectron spectroscopy (XPS) is used to evaluate

the electronic structures of the Co species in TBD-COF-Co-X
(X = F, Cl, OAc, NO3). The results indicate that the oxidation
state of the Co species was +2 in all the samples,51 and the
order of the binding energies of Co 2p3/2 is TBD-COF-Co-F
(781.5 eV) > TBD-COF-Co-Cl (781.4 eV) > TBD-COF-Co-
OAc (781.3 eV) > TBD-COF-Co-NO3 (781.2 eV) (Figure
2a), suggesting that the Co(II) electronic density follows the
reversed sequence: TBD-COF-Co-F < TBD-COF-Co-Cl <
TBD-COF-Co-OAc < TBD-COF-Co-NO3. To further reveal
the local coordination structure of the Co(II) center in TBD-
COF-Co-X, X-ray absorption spectroscopy (XAS) was
employed. The X-ray absorption near-edge structure
(XANES) spectrum for the Co K-edge of TBD-COF-Co-F
was shifted toward higher value of photoenergy compared to
that of Co foil and showed a very similar edge position to the
other two Co(II) samples, proving that the valence of Co is in
+2 oxidation state (Figure 2b). Similarly, the same
phenomenon can be observed for TBD-COF-Co-X (X = Cl,
OAc, NO3), which is in good agreement with the XPS analysis
(Figures S10−S12). Furthermore, in the XANES spectra of the
Co K-edge, the absorption edge energy increases in the order

Scheme 1. Illustration Showing the Stepwise Synthesis of
TBD-COF-Co-X (X = F, Cl, OAc, NO3)

Precision Chemistry pubs.acs.org/PrecisionChem Article

https://doi.org/10.1021/prechem.4c00058
Precis. Chem. 2024, 2, 600−609

601

https://pubs.acs.org/doi/suppl/10.1021/prechem.4c00058/suppl_file/pc4c00058_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/prechem.4c00058/suppl_file/pc4c00058_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/prechem.4c00058/suppl_file/pc4c00058_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/prechem.4c00058/suppl_file/pc4c00058_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/prechem.4c00058/suppl_file/pc4c00058_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/prechem.4c00058/suppl_file/pc4c00058_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/prechem.4c00058/suppl_file/pc4c00058_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/prechem.4c00058/suppl_file/pc4c00058_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/prechem.4c00058/suppl_file/pc4c00058_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/prechem.4c00058/suppl_file/pc4c00058_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/prechem.4c00058/suppl_file/pc4c00058_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/prechem.4c00058/suppl_file/pc4c00058_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/prechem.4c00058/suppl_file/pc4c00058_si_001.pdf
https://pubs.acs.org/doi/10.1021/prechem.4c00058?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/prechem.4c00058?fig=sch1&ref=pdf
pubs.acs.org/PrecisionChem?ref=pdf
https://doi.org/10.1021/prechem.4c00058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of TBD-COF-Co-NO3, TBD-COF-Co-OAc, TBD-COF-Co-
Cl, and TBD-COF-Co-F, suggesting a gradual increase in the
valence of Co from TBD-COF-Co-NO3 to TBD-COF-Co-F
(Figure S13). The Fourier transform-extended X-ray absorp-
tion fine structure (FT-EXAFS) spectrum of TBD-COF-Co-F
exhibits a distinct peak at ∼1.54 Å, which can be attributed to
Co−N;52 moreover, the absence of any Co−Co bond-related
peaks indicates that single Co(II) sites are preserved (Figure
2c). The EXAFS curve fitting is further adopted to confirm the
coordination structure of the Co(II) sites in TBD-COF-Co-F.
The bond distances of Co with the N atoms from bipyridine in
TBD-COF-Co-F and bpy-Co-F (bpy refers to 4,4′-dimethyl-
2,2′-bipyridine) are 2.09 and 2.08 Å, respectively, and the Co−
F bond distance is 1.97 Å (Table S3). Therefore, the
coordination configuration of TBD-COF-Co-F is determined,
in which the Co atom is tetracoordinated with bipyridine and
two F atoms (Figure 2d). In addition, the coordination
structures of the Co sites in TBD-COF-Co-X (X = Cl, OAc,
NO3) based on the EXAFS data and theoretical structural
models are also determined using a similar fitting process, and
the specific fitting parameters are provided in the Supporting
Information (Figures S10−S12 and Table S3). Therefore, the
single Co(II) sites were successfully constructed in TBD-COF,
which share identical coordination configurations with the
exception of coordinated anions.

Encouraged by the above results, photocatalytic CO2
reduction experiments were performed to investigate the effect
of coordinated anions around the Co(II) sites. Remarkably,
CO2 can be efficiently converted to CO with minimal H2
production (selectivity >98%) over TBD-COF-Co-X (X = F,
Cl, OAc, NO3) in the presence of 1,3-dimethyl-2-phenyl-2H-
benzimidazole (BIH) as a sacrificial reagent under visible light
irradiation. No liquid products are detected by ion
chromatography. Notably, the photocatalytic activity is highly
dependent on the type of anion coordinated to the Co sites,
showcasing the order of TBD-COF-Co-F (504 μmol·g−1·h−1;
turnover frequency (TOF) = 2.85 h−1) > TBD-COF-Co-Cl
(392 μmol·g−1·h−1; TOF = 2.15 h−1) > TBD-COF-Co-OAc
(327 μmol·g−1·h−1; TOF = 1.69 h−1) > TBD-COF-Co-NO3
(280 μmol·g−1·h−1; TOF = 1.68 h−1) (Figure 3a, Table S4).
Another common sacrificial agent, TEOA, has been tested for
the photocatalytic reaction, and the results exhibit a similar
trend (Figure S14). Control experiments show that TBD-COF
produces negligible amounts of CO, highlighting the critical
role of chelating Co(II) sites in CO2 photoreduction. Similarly,
CoF2 alone displays no CO production without a COF,
suggesting that the COF serves as a photosensitizer in addition
to dispersing the single Co sites. Notably, the photocatalytic
activity over the physical mixture of TBD-COF and CoF2 is
much lower than that of TBD-COF-Co-F, revealing that
anchoring the Co site on the TBD-COF skeleton is favorable

Figure 1. (a) 1H NMR spectra of DHA, BPDA, and TBD-COF (α and β refer to the aldehyde hydrogen signals of DHA and BPDA, respectively).
(b) Powder XRD pattern of TBD-COF. The green plot at the bottom shows the difference pattern between the experimental and Pawley refined
data. (c) FT-IR and (d) UV−visible spectra of TBD-COF and its monomers.
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for the transfer of photogenerated electrons. In addition, no
products are detected in the absence of BIH or light or under a
nitrogen atmosphere, underscoring the essential roles of the
sacrificial agent, light irradiation, and CO2 (Figure 3b). The
stability of TBD-COF-Co-F is evaluated by recycling tests and
corresponding characterization. The production rate and
selectivity for the CO activity can be maintained for at least
three cycles (Figure 3c). The crystallinity of the catalysts can
be well maintained after the photocatalytic reaction according
to the powder XRD patterns (Figure S15). TEM observation
of TBD-COF-Co-F after the reaction indicates that no
nanoparticles are formed, further demonstrating the stability
of the catalyst (Figure S16). The Co content of TBD-COF-
Co-F after the reaction is 0.979 wt %, similar to that of 1.043
wt % before the reaction, indicating that there is minimal metal
leaching during the reaction. Furthermore, an isotopic
experiment is conducted to determine the carbon source of
CO. The 13C-labeled CO2 is introduced for photocatalytic
CO2 reduction, and the peak at m/z = 29 can be assigned to
13CO, confirming that the CO product is generated from CO2
rather than from other components in the catalytic system
(Figure 3d).
To explain the difference in activity of TBD-COF-Co-X (X

= F, Cl, OAc, NO3), the mechanism of CO2 photoreduction
has been investigated. When excited at 380 nm, TBD-COF
exhibits two prominent emission peaks at 425 and 505 nm.
These emissions are notably quenched upon the gradual
addition of a bpy-Co-F solution (Figure 4a). In contrast, the
addition of bpy does not result in an evident quenching effect

(Figure S17). This contrast suggests rapid electron transfer
from the excited TBD-COF to the Co(II) site. Cyclic
voltammetry (CV) tests were conducted on TBD-COF and
TBD-COF-Co-F in Ar or a CO2 atmosphere. TBD-COF
exhibits neither a discernible redox potential nor a significant
current variation under different atmospheres (Figure S18). In
contrast, TBD-COF-Co-F displays a distinct reduction
potential in an argon atmosphere: −1.07 V (vs NHE), which
can be ascribed to the redox transitions of CoII/I (Figure
4b).53,54 Notably, under a CO2 atmosphere, the CV current of
TBD-COF-Co-F exhibits a marked increase, suggesting
enhanced electron transfer from TBD-COF-Co-F to CO2,
along with a new irreversible peak at −1.10 V (vs NHE) that
can be ascribed to a [Co-CO2]+ adduct generated from the
binding of CoI and CO2.

53,54 To comprehensively explore the
reaction pathway for the photocatalytic CO2 reduction, in situ
diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) is employed to detect the reaction intermediates for
TBD-COF-Co-F (Figure 4c). As the irradiation time is
extended, the signals corresponding to the key intermediates
of CO2 reduction, namely, COOH* (1615 cm−1) and CO*
(2085 cm−1), present gradual increases; furthermore, the signal
at 1685 cm−1 can be attributed to bicarbonate formed through
the interaction of H2O and CO2.

55 Consequently, in light of
the aforementioned results, a mechanism for CO2 photo-
reduction in TBD-COF-Co-X can be proposed (Figure S19).
Based on the above results, it is assumed that the difference

in activity of TBD-COF-Co-X (X = F, Cl, OAc, NO3) might
be attributed to the following aspects: (1) light harvesting

Figure 2. (a) The Co 2p XPS spectra of TBD-COF-Co-X (X = F, Cl, OAc, and NO3). (b) Co K-edge XANES and (c) FT-EXAFS spectra of Co
foil, CoF2, bpy-Co-F and TBD-COF-Co-F. (d) EXAFS fitting of TBD-COF-Co-F (inset: proposed structure of the Co(II) sites in TBD-COF-Co-F
(C, gray; H, white; N, blue; F, purple; and Co, orange).
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ability, (2) charge transfer process, (3) CO2 adsorption, and
(4) CO2 reduction process. First, the UV−vis spectra of TBD-
COF-Co-X exhibit little variation, ruling out the effect of light
absorption on photocatalytic activity (Figure S20). Further-
more, through combination with the Tauc plots and Mott−
Schottky measurements, we can calculate the band structures
of the four COFs (Figures S21−S24). The similar LUMO
levels of the four COFs are more negative than the potential
for CO2 reduction to CO (−0.504 V vs NHE, pH 6.8),56

indicating the feasibility of using these COFs for CO2
photoreduction. Photoelectrochemical measurements were
conducted to investigate the charge transfer process. According
to the photoluminescence (PL) emission spectra, TBD-COF-
Co-NO3 displays the most pronounced emission peak,
followed by TBD-COF-Co-OAc and TBD-COF-Co-Cl, while
TBD-COF-Co-F exhibits the weakest intensity, indicating the
most efficient charge separation in TBD-COF-Co-F (Figure
S25). Moreover, compared with the other COFs, TBD-COF-
Co-F demonstrates the strongest photocurrent response and
has the smallest semicircle in the electrochemical impedance
spectroscopy (EIS) Nyquist plots, suggesting a superior charge
separation ability and minimum interfacial charge transfer
resistance (Figures S26 and S27). Interestingly, the order of
the other catalysts shows a similar tendency toward the CO2
reduction activity. Therefore, the different coordinated anions
of the single Co site are responsible for the charge transfer
process in the photocatalysts. Subsequently, a CO2 adsorption
test is conducted to assess the CO2 adsorption capacity.

Notably, TBD-COF-Co-F exhibits an excellent CO2 adsorp-
tion capacity at 298 K, surpassing the other three catalysts
(Figure S28).
Furthermore, density functional theory (DFT) calculations

have been conducted to compare the energy barriers of TBD-
COF-Co-X (X = F, Cl, OAc, NO3) during CO2 reduction. The
DRIFTS analysis reveals key intermediates, outlining the
reaction paths of the CO2RR to CO for subsequent
calculations (Figure 4d and Figures S29−S31). The Gibbs
free-energy calculations, coupled with the reaction paths of the
CO2RR, reveal that the rate-determining step for TBD-COF-
Co-X (X = F, Cl, OAc, and NO3) is the formation of the
COOH* intermediate (Figure 4e and Table S5). Notably, the
required free-energy change (ΔG) for COOH* in TBD-COF-
Co-F is 0.655 eV, which is lower than those of TBD-COF-Co-
Cl (0.702 eV), TBD-COF-Co-OAc (0.903 eV), and TBD-
COF-Co-NO3 (0.928 eV), aligning with the activity results.
This suggests that the formation of COOH* (rate-determining
step) is more likely at the Co sites in TBD-COF-Co-F.
Consequently, the energy barrier for CO2 activation can be
controlled by coordinating anions, with TBD-COF-Co-F
exhibiting the lowest energy barrier in the CO2RR to CO.
These findings unambiguously demonstrate that the coordi-
nating anions effectively modulate the electronic structure of
catalytic Co(II) sites, resulting in accelerated charge transfer
kinetics, strong CO2 adsorption, and a reduced energy barrier
for enhanced performance in photocatalytic CO2 reduction.

Figure 3. (a) Photocatalytic CO2 reduction performance of TBD-COF-Co-X (X = F, Cl, OAc, and NO3) (the error bars represent the relative
deviation obtained from three parallel experiments). Reaction conditions: catalyst (5 mg), BIH (30 mg), CH3CN (20 mL), λ ≥ 380 nm, and CO2
atmosphere. (b) Control experiments for photocatalytic CO2 reduction. (c) Recycling performance of photocatalytic CO2 reduction (2 h for each
cycle). (d) GC-MS spectrum of 13CO (m/z = 29) produced from the photocatalytic reduction of 13CO2 over TBD-COF-Co-F.
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■ CONCLUSION
In summary, we have successfully fabricated single-site Co(II)
catalysts with various coordinating anions based on the three-
component COF as the support. The presence of distinct
coordinated anions around the Co(II) sites in TBD-COF-Co-
X (X = F, Cl, OAc, NO3) is unequivocally confirmed through
XAS analysis. Among them, TBD-COF-Co-F exhibits superior
CO2 photoreduction activity compared to the other three
catalysts, highlighting the significant impact of coordination
anions around the catalytic centers on catalysis. The variation
in activity can be attributed to the differences in charge
separation efficiency, CO2 adsorption capacity, and energy
barriers for CO2 reduction to CO influenced by the

coordinating anions. This work introduces a facile strategy
for the precise modulation of coordinating anions around
catalytic metal sites and, for the first time, demonstrates that
the anions coordinating to the catalytic metal center can
dominate the performance of COF-based photocatalytic
systems.

■ EXPERIMENTAL SECTION

Materials and Instrumentation

All materials were purchased commercially and used directly unless
otherwise stated. The 2,2′-bipyridyl-5,5′-dialdehyde was purchased
from Jilin Extension Technology Ltd. The 2,5-dihydroxyterephtha-

Figure 4. (a) Photoluminescence emission spectra (excited at 380 nm) of TBD-COF in CH3CN upon the addition of bpy-Co-F. [TBD-COF] =
0.2 mg/mL, [bpy-Co-F] = 4 mg/mL. (b) Cyclic voltammetry results of TBD-COF-Co-F under CO2 or Ar gas. Scan rate = 100 mV s−1. (c) In situ
DRIFTS spectra for the adsorption of the mixture of CO2 and H2O vapor on TBD-COF-Co-F under visible light irradiation >380 nm. (d)
Structural models of the reaction path in photocatalytic CO2 reduction by TBD-COF-Co-F (C, gray; H, white; O, red; N, blue; F, cyan; and Co,
salvia blue). (e) Gibbs energy diagram of CO2 reduction to CO over TBD-COF-Co-X (X = F, Cl, OAc, NO3).
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laldehyde and 2,4,6-tris(4-aminophenyl)-1,3,5-triazine were synthe-
sized following previously reported methods.57,58

The 1H NMR spectra were acquired using a Bruker AVANCE III
NMR instrument (400 MHz). Solid NMR 13C−CP/MAS spectra
were recorded on a Bruker SB Avance III (500 MHz) spectrometer.
Powder X-ray diffraction (PXRD) patterns were obtained using a
Rigaku MiniFlex 600 X-ray diffractometer (Japan) operated at 45 kV
and 200 mA with Cu Kα as the source (λ = 1.54178 Å). FT-IR
spectroscopy was conducted in the 4000−400 wavenumber range on
a Shimadzu IR Affinity-1 spectrometer. The Co content of the
catalysts was determined with an Optima 7300 DV inductively
coupled plasma atomic emission spectrometer. Nitrogen sorption at
77 K and CO2 sorption at 298 K of the samples were tested using a
Micromeritics ASAP 2020 physisorption instrument. The specific
surface area was determined using the Brunauer−Emmett−Teller
(BET) method, and the pore size distribution was calculated by
employing the density functional theory (DFT) model. UV−vis
diffuse reflectance spectra were obtained by using a Shimadzu UV-
2700 spectrometer. Field emission scanning electron microscopy (FE-
SEM) was conducted with a Zeiss Supra 40 scanning electron
microscope at an accelerating voltage of 5 kV. XPS data were acquired
by using an ESCALAB 250 high-performance electron spectrometer
with monochromatic Al Kα (hν = 1486.7 eV) as the excitation source.
TEM images were obtained with a JEOL JEM-2100F field emission
transmission electron microscope. Fluorescence emission spectra
(excited at 380 nm) were measured by using a Hitachi FL-4600
fluorescence spectrometer. Gas-phase products from the photo-
catalytic experiments were analyzed by using a Shimadzu gas
chromatograph (GC-2014). The XAS was conducted at beamline
12-BM at the Advanced Photon Source, Argonne National
Laboratory.

Methods
Preparation of COFs. A long glass tube was filled with 20 mg of

2,4,6-tris(4-aminophenyl)-1,3,5-triazine, 11.9 mg of 2,2′-bipyridyl-
5,5′-dialdehyde, and 4.7 mg of 2,5-dihydroxy-p-phenylenedicarbox-
aldehyde. Then, 0.9 mL of 1,3,5-trimethylbenzene and 0.1 mL of 1,4-
dioxane were injected into the tube by syringe, and the mixture was
sonicated for 10 min, followed by the addition of 40 μL of glacial
acetic acid. The tube was flash frozen at 77 K (in a liquid N2 bath),
evacuated, and flame-sealed. The tubes were subsequently placed in
an oven at 120 °C for 72 h to afford an orange-red precipitate. The
solid was washed several times with THF until the supernatant was
colorless and then washed twice with ethanol. The supernatant was
removed, and the solid was dried under a vacuum at 60 °C.
Incorporation of Co sites in COFs. To synthesize the

corresponding cobalt-based catalysts, 20 mg of the COF sample
was placed in a glass vial. Subsequently, 7 mL of a solution containing
a specific amount of cobalt salt was added. The cobalt salt solutions
were prepared using different solvents: 36 μL of ethanol containing
dissolved cobalt fluoride (10 mg/mL), 45 μL of acetonitrile
containing dissolved cobalt chloride (10 mg/mL), 100 μL of ethanol
containing dissolved cobalt acetate (10 mg/mL), or 110 μL of
acetonitrile containing dissolved cobalt nitrate (10 mg/mL). These
solutions were left at 25 °C for 24 h. After this step, the supernatant
was removed, and the solid was washed with ethanol before being
dried under a vacuum at 60 °C. The activated samples were then
subjected to a vacuum at 120 °C.
Digestion of COFs. Typically, 3 mg of TBD-COF was dispersed

in 2 mL of acetonitrile, followed by the addition of 200 μL of a 3 M
HCl aqueous solution. The mixture was stirred overnight at 80 °C
under a N2 atmosphere. After the solution was cooled to room
temperature, the pH of the solution was adjusted to 7 by adding
saturated NaHCO3 solution. The organic phase was extracted with
chloroform, and the solvent was subsequently removed under a
vacuum to afford the solid for 1H NMR analysis.
XAS. The XAS spectra were acquired at beamline 12-BM at the

Advanced Photon Source, Argonne National Laboratory. A
fluorescence excitation mode was employed for all samples, and
spectra were collected at room temperature by using a 13-element

germanium solid-state detector. Reference spectra of the Co foil were
obtained in transmission mode with ion chambers. The processing
and analysis of the XAS data were conducted using Athena and
Artemis software packages.
Electrochemical Measurements. Photocurrent tests were

performed on a CHI 760e electrochemical workstation using a
standard three-electrode system, with catalyst-covered FTO serving as
the working electrode, a Pt electrode serving as the counter electrode,
a saturated Ag/AgCl electrode serving as the reference electrode, and
an electrolyte composed of a 0.1 M Na2SO4 solution. A 300 W xenon
lamp (with a 380 nm filter) was used as the light source. To prepare
the working electrode, 3 mg of solid sample was dispersed in 1 mL of
ethanol, and 30 μL of Nafion solution was added. The mixture was
sonicated for a few tens of seconds and then applied to the FTO
electrode (1 cm × 1 cm), which was left to dry and used for
photocurrent response testing, and the bias voltage was set to 0.9 V.
EIS and Mott−Schottky tests were performed on a Zahner

Zennium electrochemical workstation using a standard three-
electrode system with a Pt plate as the counter electrode, saturated
Ag/AgCl as the reference electrode, and a 0.1 M Na2SO4 solution as
the electrolyte. To prepare the working electrode, 3 mg of solid
sample was dispersed in 500 μL of ethanol, and 10 μL of Nafion
solution was added. Then, 30 μL of the mixture was added dropwise
onto the glassy carbon electrode (Φ = 3 cm) in three times, and the
electrode was subsequently left to dry for testing. The bias voltage was
set to −1.6 V, and the Mott−Schottky frequencies were set to 500,
1000, and 2000 Hz.
Cyclic voltammetry tests were performed in a standard three-

electrode system in a 10 mL cylindrical bottle with a Pt sheet as the
counter electrode, Ag/AgCl as the reference electrode, a glassy carbon
electrode precoated with catalyst TBD-COF-Co-F or TBD-COF as
the working electrode, and an anhydrous acetonitrile solution
containing 0.1 M tetrabutylammonium hexafluorophosphate as the
electrolyte. Before each sweep of the CV curve, the bottle was
continuously bubbled with Ar or CO2 for 10 min.
Photocatalytic CO2 Reduction. In a typical experiment, 5 mg of

catalyst and 30 mg of BIH were dispersed in 20 mL of acetonitrile,
and the mixture was sonicated for 2 min to obtain a uniform
dispersion. The mixture was purged with CO2 for 15 min. A 300 W
xenon lamp with a filter (λ ≥ 380 nm) was used as the light source.
After irradiation at 20 °C for 2 h, the products were quantified via gas
chromatography (Shimadzu GC-2014, argon as a carrier gas) using a
flame ionization detector (FID) and a thermal conductivity detector
(TCD) to monitor the amount of CO and H2.
For the recycling test, TBD-COF-Co-F was selected as the

representative catalyst for stability testing in three rounds. The typical
operation was the same as that in the above photocatalytic
performance test, except that after each round of reaction the catalyst
was separated by centrifugation to remove the supernatant and then
used for the next round of reaction.
Fluorescence Quenching Experiments. Typically, 2 mg of

TBD-COF was dispersed in 1 mL of acetonitrile and sonicated for 2
min. Then, 200 μL of the above mixture was diluted with 2.0 mL of
acetonitrile. The excitation wavelength was set to 380 nm. The
fluorescence intensity was recorded initially and again after each
addition of 40 μL of an acetonitrile solution of bpy-Co-F or bpy (bpy
= 4,4′-dimethyl-2,2′-bipyridine) for a total of 400 μL.

In Situ DRIFTS. In situ DRIFTS measurements were conducted by
using a Nicolet iST 10 spectrometer equipped with a mercury
cadmium telluride detector. The catalyst powders were tightly
compacted in a sample cell with a CaF2 windows. To eliminate
potential surface residues prior to testing, the sample was heated at
120 °C under an argon atmosphere for 30 min. After cooling to room
temperature, a background spectrum was obtained under argon
conditions. Subsequently, ultrapure CO2 (99.999%), which was
passed through a U-shaped tube containing water, was added to the
system for 30 min. Next, the spectrum of the sample in the absence of
light was recorded, and multiple spectra were subsequently acquired
under continuous light irradiation (λ ≥ 380 nm) for up to 60 min.
Notably, the final in situ DRIFTS spectra were collected by
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subtracting the spectrum recorded in the dark from the recorded
spectra under light irradiation.
Theoretical Calculations. Based on DFT, structural optimiza-

tions and Gibbs energy calculations were applied via the Vienna ab
initio simulation package (VASP).59 The generalized gradient
approximation (GGA) exchange-correlation functional was formu-
lated with the Perdew−Burke−Ernzerhof (PBE) functional.60 The
projector augmented wave (PAW) potentials were performed to
construct the pseudopotential.61 All structures were fully relaxed with
the convergence criteria for Hellmann−Feynman forces and the
electronic self-consistency energy set to 0.02 eV Å−1 and 10−6 eV,
respectively. For all calculations, the plane-wave cutoff energy was 520
eV, and spin-polarization was applied with a single Γ-center k-point
grid. To describe van der Waals interactions, a DFT-D3 method of
Grimme with the Becke−Johnson damping function was employed.62
Additionally, to adjust the strength of Coulomb and exchange
interactions, the PBE+U method was carried out with U = 2.8 eV for
Co 3d orbitals.63 The Gibbs free energy changes (ΔG) of the CO2RR
were calculated from vibration frequency analysis.
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