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A B S T R A C T

Photocatalytic CO2 reduction into methanol offers a sustainable method for methanol production. However, the 
current catalytic efficiency remains insufficient to meet the scale requirements. One of the effective strategies for 
enhancing catalytic efficiency is to accelerate the electron separation and transfer. Herein, we constructed a 
thiadiazole-based covalent organic frameworks (COFs) functionalized with cyclohexanetrione group. The 
cyclohexanetrione group is conducive to the charge separation and transfer processes via the polarization effect. 
As a result, this COF shows outstanding photocatalytic activity for CO2 reduction to methanol, with a methanol 
yield reaching as high as 27.74 mmol/g/h and a remarkable quantum efficiency up to 7.39 % at 450 nm. These 
values are much higher than those of the counterpart without cyclohexanetrione group, and represent the best 
catalytic activity in photocatalytic CO2 reduction to methanol among reported catalysts. This work has revealed 
the polarization effect in boosting CO2 reduction at the molecular level, giving new insights in developing 
efficient photocatalysts for CO2 reduction.

1. Introduction

Methanol (CH3OH) holds a crucial role in modern chemical industry 
due to its versatility (Scheme 1a) [1–4]. In industry, the CH3OH pro
duction is usually achieved by CO2 hydrogenation process, where the 
main challenge is the high energy consumption due to the requirements 
of high temperature and pressure [5–7]. Photocatalytic CO2 reduction 
reaction (CO2RR) [8–10] offers a mild and sustainable approach for 
CH3OH production (Scheme 1b). Since the process of CO2 reduction to 
CH3OH undergoes multi-steps of electron and proton transfer (CO2 +

6 H+ + 6e- → CH3OH + H2O; − 0.38 V vs. NHE) [11–14], it is a huge 
challenge to efficiently promote the 6e- CO2RR. Accelerating electron 
transfer can boost the reaction kinetics of the 6e- CO2RR to CH3OH, it is 
critical to rationally design and synthesize photocatalysts featuring fast 
electron transfer rate.

Recently, many metal-based photocatalysts have been developed to 
promote the 6e- CO2RR to CH3OH [15–17]. In contrast, the metal-free 
photocatalysts for the 6e- CO2RR to CH3OH were reported limitedly. 
Covalent organic frameworks (COFs), as a type of metal-free 

molecule-based crystalline porous materials, have attracted consider
able interest in photocatalytic CO2 reduction [18–20]. Their high sta
bility and modifiable architectures enable them not only to favor for the 
introduction of light-absorbing moieties, but also allow for precisely 
regulating functional group of the catalysts [21–26]. Lan and Ye groups 
have respectively adjusted the balance between electron-deficient and 
electron-rich components within the monomers, achieving significant 
breakthrough in photocatalytic CO2-to-HCOOH/CO conversion [27,28]. 
Despite these advances, the efficient production of CH3OH from CO2 
reduction using metal-free COFs remains an understudied area, which 
may mark the development of photocatalytic conversion technology in 
this field.

Addressing this gap necessitates COF design transcending traditional 
limitations, enabling the efficient and mild-condition conversion of CO2 
to CH3OH. Given these considerations, we proposed that incorporation 
of the cyclohexanetrione functional group onto thiadiazole-based co
valent organic frameworks to get high-efficiency COFs photocatalysts 
for CO2 reduction. Firstly, the thiadiazole unit is a light-absorbing 
moiety, the incorporation of which would reduce the dependence on 
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additional photosensitizers. Secondly, the implementation of cyclo
hexanetrione functional group through polarization engineering will 
significantly enhance the electron-hole separation efficiency in COFs. 
This modification imparts unique electronic properties at the molecular 
level to thiadiazole-based COFs, thereby may optimize the photo
catalytic CO2 reduction performance.

Based on the above consideration, we functionalized a thiadiazole- 
based COF with cyclohexanetrione moiety (COF-1). This modulation 
really enhances the built-in electric field of thiadiazole-based COF. As 
expected, COF-1 exhibits outstanding photocatalytic activity for CO2 
reduction to CH3OH, achieving an unprecedented yield of 27.74 mmol/ 
g/h, which is much higher than that of the counterpart without cyclo
hexanetrione (COF-2, 4.39 mmol/g/h, Scheme 1c). Upon excitation at 

395, 450 and 530 nm, the apparent quantum yield (AQY) reach as high 
as 9.45 %, 7.39 % and 6.99 %, respectively. Density functional theory 
(DFT) calculations indicated that the introduction of cyclohexanetrione 
moiety significantly enhances polarization in COF-1, resulting in ca. 
150 %-fold increase in the dipole. The results of ultrafast transient ab
sorption (TA) experiments further reveal that the cyclohexanetrione 
moiety is beneficial for the charge separation and transfer processes. 
This study unravels that the polarization in catalysts is beneficial for 
boosting photochemical CO2 reduction, which will pave a new way for 
development of efficient COF photocatalysts.

Scheme 1. (a) CO2 conversion to methanol for industrial and residential applications. (b) Comparative analysis of traditional CO2 hydrogenation and COFs in 
photocatalytic CO2 reduction to methanol. (c) Schematic diagram showing the syntheses of COF-1 and COF-2, as well as their photocatalytic performance for CO2 
reduction to CH3OH.
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2. Experimental methods

2.1. Synthesis of COF-1

4,4′-(benzo[c][1,2,5]thiadiazole-4,7-diyl)dianiline (BTD, 5.96 mg, 
0.0187 mmol, 3 equiv.) and 2,4,6-trihydroxybenzene-1,3,5-tricarbalde
hyde (TP, 2.47 mg, 0.0125 mmol, 2 equiv.) were added to the solution 
of o-dichlorobenzene/n-butyl alcohol (v/v = 1/1, 2 mL) in a 10 mL 
Pyrex tube. The orange mixture was sonicated for 20 min, 3 M acetic 
acid (0.1 mL) was added. Then, the tube was frozen in the liquid N2 bath 
at 77 K and degassed by three freeze-pump-thaw cycles. Afterwards, the 
tube was kept at 120 ◦C for three days. After cooling to room tempera
ture, the red precipitate was collected by filtration and washed with 
THF. To remove the monomer completely, the precipitate was washed 
several times with THF and centrifuged, until supernatant became 
colorless. Finally, the precipitate was dried under vacuum overnight, 
yielding bright red powder.

2.2. Synthesis of COF-2

The preparation and treatment of COF-2 was similar to those of COF- 
1, except that 2,4,6-trihydroxybenzene-1,3,5-tricarbaldehyde (TP) was 
replaced with benzene-1,3,5-tricarbaldehyde (BT, 2.03 mg, 
0.01253 mmol, 2 equiv.), yielding red-orange powder.

2.3. Photocatalytic experiment

The photocatalytic CO2 reduction was conducted in a 17 mL quartz 
vessel containing COF (1 mg) as catalyst, TEOA (300 μL) as electron 
donor in 5 mL CH3CN/H2O (v/v = 4:1) solvents at 298 K. After purging 
the system with CO2 for 25 min to remove O2 and other gases, the 
photocatalytic reaction was initiated by irradiation under a 300 W Xe 
lamp (100 mW/cm2). The liquid products possibly formed were 
analyzed by headspace gas chromatography (HS-GC) and ion chroma
tography (IC), and the possible gas products were analyzed by gas 
chromatography. Each photocatalytic reaction was repeated at least 
three times to confirm the reliability of the data. Recycling experiments 
were carried out under similar conditions by using the collected catalyst 
after photocatalytic test instead of fresh catalyst.

3. Results and discussion

3.1. Syntheses and characterization

COF-1 and COF-2 were synthesized via Schiff-base condensation 
reactions of 4,4′-(benzo[c][1,2,5]thiadiazole-4,7-diyl)dianiline (BTD) 
with 2,4,6-trihydroxybenzene-1,3,5-tricarbaldehyde (TP) and 1,3,5- 
benzenetricarboxaldehyde (BT), respectively (Scheme 1 and Scheme 
S1). The experimental powder X-ray diffraction (PXRD) patterns are 

Fig. 1. (a) Experimental and simulated PXRD patterns and difference curves for COF-1 and COF-2. (b) 13C CP/MAS spectra of COF-1. (c) XPS deconvoluted N1s of 
COF-1. (d) UV-Vis DRS of COF-1 and COF-2. (e) TEM image of COF-1. (f) HAADF-STEM image and corresponding element mapping of COF-1.
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consistent with the simulated patterns, confirming the crystallinity and 
the successful syntheses of both COFs (Fig. 1a). By further Pawley 
refinement, the single-cell parameters were obtained as a =

b = 38.27 Å, c = 6.60 Å, Rwp = 3.69 % and Rp = 2.64 % for COF-1, and 
a = b = 37.53 Å, c = 3.52 Å, Rwp = 2.24 % and Rp = 1.64 % for COF-2. 
Fourier transform infrared (FT-IR) spectroscopy revealed a distinctive 
peak at 1621–1627 cm− 1 for both COF-1 and COF-2, which can be 
assigned to the C––N stretching vibration (Figs. S1 and S2), proving the 
success of polymerization. Solid-state NMR (NMR) spectroscopy further 
showcased a signal at ~150 ppm for the –C––N bond (Fig. 1b and 
Fig. S3). Moreover, a distinct signal for the C− OH bond at ~ 176 ppm 
was appeared for COF-1 [29]. In addition, the X-ray photoelectron 
spectroscopy (XPS) of COF-1 showed that the N 1 s spectrum presented 
peaks at 399.74 and 399.13 eV, corresponding to C− NH and C––N 
groups, respectively (Fig. 1c). The O 1 s spectrum showed two peaks at 
531.61 and 533.24 eV, attributing to C––O and C-OH bond (Fig. S4). 
These results reveal that the O atoms are in both the enol and keto forms 
in COF-1 [30]. In the S 2p spectra, two main characteristic binding en
ergy peaks at 165.26 and 166.42 eV are found, belonging to S2p3/2 and 
S2p1/2 (Fig. S5). In contrast to COF-1, the co-existence of N, C, and S 
were confirmed in COF-2 via XPS analysis (Figs. S6-S8), with the N1s 

spectra highlighting a peak at 399.05 eV for the C––N bond (Fig. S6). 
UV-Vis diffuse reflectance spectroscopy (DRS) revealed similar light 
absorption profiles for both COFs (Fig. 1d and Figs. S9-S10). 
High-resolution scanning electron microscopy (HR-SEM) and trans
mission electron microscopy (TEM) images revealed rod-like morphol
ogies for both COFs (Fig. 1e and Figs. S11-S15). Energy-dispersive X-ray 
(EDX) element mapping demonstrated the uniform distribution of C, N, 
O, and S in COF-1 and C, N, and S in COF-2, highlighting the elemental 
homogeneity within the frameworks (Fig. 1f and Fig. S16). The contact 
angle measurements unveiled the pronounced hydrophilic surfaces of 
COF-1, as evidenced by contact angle of 54.49◦, while COF-2 possesses 
less hydrophilic surface with bigger contact angle of 101.73◦ (Fig. S17). 
Thermogravimetric (TG) analyses affirmed that both COFs possess good 
thermal stability (Fig. S18). The Brunauer-Emmett-Teller (BET) analysis 
showed that the surface areas of COF-1 and COF-2 are 212.05 and 
192.76 m2/g, respectively, and the average pore sizes are 1.46 and 
1.66 nm, respectively (Figs. S19-S22). COF-1 demonstrated a superior 
CO2 adsorption capacity of 14.35 cm3 g− 1 compared with COF-2 
(Fig. S23).

Fig. 2. (a) CH3OH production rates of COF-1 and COF-2 in photocatalytic CO2RR. (b) CH3OH production rates of COF-1 and reported typical catalysts in CO2RR. (c) 
Control experiments of photocatalytic CO2 reduction by COF-1. (d) MS chromatograms of the liquid products of photocatalytic 12CO2/13CO2 reduction by COF-1. (e) 
Photocatalytic CH3OH production by COF-1 under different gas environments. 1. 100 % CO2 in lab; 2. 10 % CO2 in lab; 3. CO2 from DCM waste (~100 %); 4. CO2 
from DCM waste (~70 %). (f) Photocatalytic CH3OH production under natural sunlight (from 25th to 28th July 2023). Normal reaction conditions: Catalyst (1 mg), 
TEOA (300 μL), CH3CN/H2O (v/v = 4:1; 5 mL), 300 W Xe lamp, 10 h, 25 ◦C.
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3.2. Photocatalytic properties

The photocatalytic CO2 reduction by COF-1 and COF-2 were per
formed in a 17.5 mL glass tube at room temperature, containing COF as 
the photocatalyst and triethanolamine (TEOA) as the sacrificial reduc
tant in a mixture of 5 mL CO2-saturated CH3CN/H2O solution. The 
mixture was bubbled with CO2 for 25 min and then irradiated under a 
300 W Xe lamp. The gaseous products were detected by gas chroma
tography, and the liquid products were examined by headspace gas 
chromatography (HS-GC) and ion chromatography (IC). The results 
show that no gas-phase detected and CH3OH was the primary product, 
and a trace amount of HCOOH was detected. When the amount of TEOA 
was 300 μL, COF-1 achieves optimal performance (Fig. S24). Under a 
100 % CO2 atmosphere, the CH3OH production rate for COF-1 reaches 
as high as 27.74 mmol/g/h, 6.31 times higher than COF-2 (4.39 mmol/ 
g/h) (Fig. 2a and Fig. S25). This value is highest among reported pristine 
COF photocatalysts (Table S1) and other photocatalysts (Fig. 2b) 
[31–40]. The investigation on wavelength-dependent apparent quan
tum yield (AQY) shows that the AQY of COF-1 for CO2 reduction reach 
as high as 9.45, 7.39 and 6.99 % at 395, 450 and 530 nm, respectively 
(Fig. S26). To identify the key factors for CO2 reduction, a series of 
control experiments were carried out over COF-1. As shown in Fig. 2c, 
no CH3OH can be detected in the lack of COF-1, TEOA, CO2 or light, 
illustrating that all these components are indispensable to CO2 photo
reduction. To conclusively determine the carbon source in the generated 
CH3OH, isotopic tracing experiment was conducted. As shown in Fig. 2d, 
the liquid products of photocatalytic 12CO2 reduction by COF-1 show 
m/z signals at 30, 31 and 32, which can be assigned to 12CHOH, 
12CH2OH+ and 12CH3OH+, respectively. After replacing 12CO2 with 
13CO2, the m/z signals at 30, 31, 32 and 33 appeared, which can be 
attributed to 13COH+/13CHO+, 13CHOH+, 13CH2OH+ and 13CH3OH+. 
These results solidly confirm that the produced CH3OH originates from 
the CO2 reduction [14].

The high activity of COF-1 for photocatalytic CO2 reduction was 
further evaluated under simulated flue gas containing 10 % CO2 (CO2/ 
Ar = 10/90; v/v). Noteworthy that COF-1 still demonstrated a CH3OH 
yield of 12.09 mmol/g/h, indicating the high catalytic efficiency of 
COF-1 in lower CO2 concentration. To further test the toxicity resistance 
of COF-1, we transformed the prevalent industrial byproduct CO2 
derived from the industrial dichloromethane (DCM) waste into the 
catalytic system (Fig. S27). As shown in Fig. 2e, COF-1 also possesses 
excellent activity for photocatalytic reduction of CO2 waste gas to 
CH3OH, with CH3OH yield rate of 25.89 (~100 % CO2 from DCM waste) 
and 22.77 mmol/g/h (~70 % CO2 from DCM waste), respectively, 
which solidly confirmed the high activity of COF-1 in photocatalytic CO2 
reduction. Furthermore, the catalytic activity of COF-1 for CO2 reduc
tion was also investigated under natural sunlight (Fig. S28). As shown in 
Fig. 2f, COF-1 show photocatalytic activity for CO2 reduction to CH3OH 
under variable weather conditions. Even under simulated flue gas con
taining 10 % CO2, COF-1 showed a CH3OH production rate of 
7.41 mmol/g/h upon natural sunlight irradiation on 22nd September 
2023 (Fig. S29). These observations confirm that COF-1 really possesses 
excellent photocatalytic activity for CO2 reduction to CH3OH.

The durability of COF-1 for photocatalytic CO2 reduction was further 
tested. As displayed in Fig. S30, the catalytic performance of COF-1 
showed no notable decrease in CH3OH production rates after three 
runs of photocatalytic CO2 reduction, which proves the good stability of 
COF-1. In addition, PXRD, IR spectroscopy, and TEM (Figs. S31-S33) 
further confirmed the structural and compositional integrity of COF-1 
after photocatalysis. Similarly, COF-2 also demonstrated good stability 
in photocatalytic CO2 reduction reaction, as convinced by PXRD, IR, and 
TEM (Figs. S34-S36).

3.3. Photoelectrochemical property

The photogenerated charge separation and transfer of COF-1 and 

COF-2 were further investigated by photocurrent response, electro
chemical impedance spectroscopy (EIS), transient absorption spectros
copy (TAS), steady-state and time-resolved photoluminescence (PL and 
TRPL, respectively) spectroscopies. Photocurrent tests revealed a pro
nounced enhancement in photocurrent generation by COF-1 under 
illumination compared with COF-2 (Fig. S37), indicating a more effi
cient charge separation and transfer in COF-1, which was further proved 
by EIS results, where a smaller diameter of capacitive loop for COF-1 
than COF-2 was observed (Fig. S38). Upon excitation at 450 nm, COF- 
1 exhibited a substantially reduced and redshifted emission, as well as 
decreased charge carrier lifetimes (τave = 0.43 ns) in contrast to COF-2 
(τave = 0.69 ns), also indicating the more effective charge separation 
and transfer of COF-1 over COF-2 (Figs. S39 and S40). To gain further 
insight into the rapid charge separation of COF-1, the ultrafast transient 
absorption (TA) spectroscopy was conducted (Fig. 3a and Fig. S41). 
Under pumping light excitation at λ = 380 nm, both COF-1 and COF-2 
show an apparent ground-state bleaching (GSB) signal at ~513 nm. By 
fitting the excited state kinetics at 580 and 650 nm (Figs. 3b and c; 
Tables S2-S3), the decay times can be obtained in COF-1 were < 1 ps, 
~64 ps, and ~1.5 ns, and those of COF-2 were ~ 3 ps, ~ 40 ps, and 
0.81 ns, respectively. It can be observed that COF-1 shows the shorter 
decay time compared to that of COF-2 in charge separation process (<
1 ps) and longer decay time (~1.5 ns) compared to that of COF-2 in 
charge recombination process [41,42]. These results suggest that the 
cyclohexanetrione moiety in COF-1 effectively accelerates the charge 
separation and averts the charge recombination [43,44].

To theoretically reveal the better photocatalytic activity of COF-1 
over COF-2, density functional theory (DFT) calculations were per
formed to evaluate the efficiency of charge separation and transfer in 
both COFs. The dipole moment of COF-1 was determined to be 30.04 
Debye for COF-1, ca. 150 % higher than COF-2 (20.80 Debye). The 
higher Debye in COF-1 can facilitate in-plane charge transfer [45] and 
thus enhance the photocatalytic CH3OH yields for COF-1 (Fig. S42). The 
natural population analysis (NPA) was employed to assess the impact of 
integrating the cyclohexanetrione moiety on the in-plane charge trans
fer. As shown in Fig. 3d, the C1 atom of benzene and S atom of thia
diazole ring in COF-1 exhibits a relatively stronger polarization (0.172e 
and 0.886e, respectively) than COF-2 (0.114e and 0.872e, respectively). 
This enhancement in electron density in COF-1 is more conducive to the 
in-plane charge transfer [46–48].

To gain deeper insights into the spatial distribution of electron-hole 
of COF-1 and COF-2, the time-dependent density functional theory (TD- 
DFT) calculations and electron-hole excitation analyses were carried out 
(Figs. S43-S51 and Tables S4-S8). All transition densities of the 50 
excited states (ES) were calculated. By comparing the action spectra 
with the simulated energy spectra, the possible excited states contrib
uting to the CO2RR are predicted as ES3 and ES4 for COF-1 and COF-2 
(Fig. 3e and Tables S4-S5), where the photogenerated electrons and 
holes are highlighted in the population analysis (Figs. S46 and S47; 
Figs. S50 and S51). Compare with COF-2, COF-1 exhibits a higher 
electrons and holes distribution density of ES. These results suggest that 
introduction of polar moieties can promote electron-hole accumulation 
during photoexcitation at the thiadiazole unit and cyclohexanetrione 
moiety.

Additionally, the distances (D index) between electron and hole 
centers, the hole delocalization index (HDI) and electron delocalization 
index (EDI) were utilized to examine the density of departure states for 
photo-generated electrons and holes in COF-1 and COF-2 (Fig. 3f and 
Tables S6-S7) [49–52]. It is noteworthy that compared with COF-2, the 
D index value in ES3 and ES4 of COF-1 undergoes a sharp increase, and 
the intensities of EDI increase from 4.53 to 6.12 in ES3 and 4.48 to 5.97 
in ES4. Similarly, the HDI value rises from 4.87 to 7.10 in ES3 and 4.86 
to 7.57 in ES4. These increases suggest that the concentration of elec
trons and holes were higher in COF-1, which greatly contributes to the 
enhanced CO2 reduction kinetics [53].
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3.4. Photocatalytic reaction mechanism

Tauc plots were analyzed for COF-1 and COF-2, revealing the band 
gaps (Eg) to be 1.87 and 1.82 eV vs. NHE, respectively (Figs. S52 and 
S53). By Mott Schottky plots (Figs. S54 and S55), the flat band position 
(Vfb) was determined to be − 1.25 eV (COF-1), − 1.12 eV (COF-2) vs. 
NHE, respectively. These values correspond to the lowest unoccupied 
molecular orbital (LUMO). Combined with the results of band gaps, the 
highest occupied molecular orbital (HOMO) of COF-1 and COF-2 were 
calculated to be 0.62 and 0.70 eV vs. NHE, respectively. Based on these 
findings, the energy-band alignments of both COF-1 and COF-2 are 
presented in Fig. 4a. It is noteworthy that the LUMO potentials of both 
COF-1 and COF-2 are more negative than the redox potential for the CO2 
reduction to CH3OH (-0.38 V vs. NHE), indicating their theoretical ca
pacity to serve as catalysts for CO2 reduction to CH3OH.

To determine the catalytic center for CO2 reduction, XPS measure
ments of COF-1 were conducted before and after irradiation. As depicted 
in Fig. S56, the N1s binding energies of COF-1 locate at 399.13 and 
399.74 eV in the dark, which shows negative shift to 399.00 and 
399.61 eV respectively upon light irradiation, indicating that the N site 

in the imine group accepts electron and may serve as the catalytic 
center. In addition, no significant binding energy shift observed in S and 
C upon light irradiation further supports the results (Fig. S57 and S58). 
Given that the reduction of CO2 to CH3OH can proceed via two possible 
pathways with different *COOH/*CO and HCOO* intermediates, we 
conducted experiments to verify the dominant pathway. Specifically, 
carbon monoxide (CO) and formic acid (HCOOH) were directly intro
duced into the reaction system, respectively. As the addition of HCOOH 
into the catalysis system resulted in a notably enhanced CH3OH yield of 
36.93 mmol/g/h (Fig. 4b), indicating the HCOO* is the mainly inter
mediate in the process of CO2 conversion to CH3OH. Conversely, the 
direct introduction of CO into the system yielded a lower CH3OH pro
duction rate of 5.19 mmol/g/h, also in turn suggesting that the pre
dominant pathway for CH3OH production through the HCOO* 
intermediate. In addition, the detection of HCOOH in the liquid-phase 
products provides additional evidence to support this finding 
(Fig. S59). This result was further supported by in situ FT-IR spectra 
upon illumination. As depicted in Fig. 4c, the in situ FT-IR spectra of 
COF-1 exhibited distinct absorption peaks at 1645 cm− 1, corresponding 
to the vibrational modes of HCOO* [54]. Additionally, the HCO*, a key 

Fig. 3. (a) TA spectra of COF-1 using a pump with the wavelength of 380 nm. (b) Kinetic parameters of photophysical data at 580 nm from TA spectra. (c) Kinetic 
parameters of photophysical data at 650 nm from TA spectra. (d) Illustration of the charge distribution of COF-1 and COF-2 from TD-DFT calculations. (e) Population 
of electron and hole distributions (ES3 and ES4) of COF-1 obtained by TD-DFT. (f) The D index, HDI and EDI of ES3 and ES4 for COF-1 and COF-2.
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intermediate during the CO2 reduction to CH3OH was also observed, 
with a characteristic peak at 1095 cm− 1 [55].

DFT calculations on the Gibbs free energy (ΔG) diagrams were 
further performed to reveal the reaction thermodynamics. The relative 
ΔG profile (Fig. 4d and Fig. S60) was constructed at the B3LYP-D3/ 
6–311*G(d) level, considering the reaction intermediates perceived 
from FT-IR analysis. Initially, under irradiation, photogenerated elec
tron transfer to N in the imine group, which facilitates CO2 adsorption 
and hydrogenation, leading to the formation of HCOO* intermediate 
(Figs. S57 and S58), since HCOO* formation (ΔG = 0.33 eV) is kineti
cally more favorable than COOH* (ΔG = 1.59 eV). Based on DFT 
calculation results, the HCOO* intermediate is easily converted into 
HCOOH* (ΔG = − 0.43 eV). Subsequently, through a proton-coupled 
electron transfer (PCET) step, the C-O bond cleavage was facilitated, 
resulting in the formation of the HCO* intermediate. Importantly, the 
formation of HCO* emerges as the rate-determining step (RDS) with a 
notable free energy change (ΔG = 1.54 eV for COF-1). After three PCET 
processes, the finial product CH3OH was released via H2CO*, H2COH* 
and H3COH* intermediates. A comparative analysis between COF-1 and 
COF-2 in RDS step reveals that COF-1 presents lower energy barriers 
(ΔG = 1.54 eV versus ΔG = 1.71 eV for COF-2), indicating a more 
favorable process of CO2 reduction to CH3OH by COF-1 over COF-2.

4. Conclusions

In summary, we have rationally designed and synthesized a 
thiadiazole-based COF functionalized with polar cyclohexanetrione 
moiety, which shows significantly improved photocatalytic activity for 
CO2 reduction to CH3OH. The incorporation of cyclohexanetrione 
moiety onto thiadiazole-based COF enhances polarization, leading to a 
significant promotion of charge separation, therefore collectively pro
moting the photosynthesis of CH3OH. Specifically, this COF presents a 
CH3OH production yield of 27.74 mmol/g/h in photocatalytic CO2 
reduction, which is 6.31-folds higher than that without cyclo
hexanetrione moiety. Even in CO2 waste gas (~70 % CO2 from DCM 
waste), COF-1 still exhibit excellent photocatalytic performance for CO2 
reduction to CH3OH, with a high production rate of 22.77 mmol/g/h. 
The results in this work pave a new way for researchers in designing high 
performance metal-free COFs photocatalysts for CO2 reduction.
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