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Tuning the VB of COF to improve the efficiency of photoreduction 
of CO2 with water 

Lu-jie Wang a, Rui-lei Wang a, Xiao Zhang a, Jing-lin Mua
, Zi-yan Zhoua,*, Zhong-min Sub, c,* 

Abstract: Porous covalent organic framework (COF), as an 

emerging material, has the characteristics of high stability, large 

proportion series, easy synthesis, modification, and adjustable 

amplitude. It has the potential to become a good-performance 

catalyst. Bromine, as a halogen, has attracted intensive interests 

in modification of photocatalyst for photocatalytic reaction. It is 

feasible to enhance activity and selectivity of the material by 

facile functionalization of the reticular parent structure electron-

withdrawing groups. In addition, the conjugation effect of 

bromine, further delocalizing the electrons of COF, which is 

beneficial to the progress of photocatalytic reaction. The report 

on modification of COF by bromine functional group to improve 

its catalytic performance has not been found so far. Here, TAPP 

and 2,5-dibromo-1,4-benzenedialdehyde instead of 

terephthalaldehyde were chosen to synthesize porphyrin-based 

COF (TAPBB-COF) by solvothermal method. As expected, VB 

of TAPBB-COF has been adjusted to a more suitable position. In 

the end, the CO production of TAPBB-COF under full-

wavelength light for 12 hours was 295.2 μmol·g-1, which was 

three times that of COF-366, and has good recycle stability and 

selectivity (95.6%). Theoretical calculations indicated that the 

nitrogen of the porphyrin ring and the Schiff base, and the 

bromine in TAPBB-COF contribute greatly to the activation of 

H2O and the conversion of CO2 in the photoreaction. 
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Introduction 

In the past half century, the consumption of fossil fuels has 

increased rapidly due to population growth, urbanization and 

rising living standards. At the same time, the increase of carbon 

dioxide concentration in the atmosphere caused a greenhouse 

effect.1-3 Therefore, finding renewable green energy and 

reducing the greenhouse effect have become important tasks 

related to the development of human society. The use of solar 

energy to convert carbon dioxide into hydrocarbon fuels or high 

value-added organics are very promising approaches to 

addressing energy shortages and global warming.4,5 

Covalent organic frameworks (COFs), with high stability, 

large ratio series, easy synthesis, modification, adjustable 

amplitude, etc., have been an emerging material for 

photoreduction of CO2.6,7 There have been many reports on the 

use of COFs as photocatalyst.8-10 However, photocatalysis using 

COFs alone, without the help of sacrificial agents and co-

catalysts, has rarely been reported to photoreduce CO2. 

Porphyrins have the unique tetragonal large π-conjugated 

structure and the advantage of absorbing a wide range of visible 

light wavelengths. Porphyrins have also emerged in the field of 

photocatalysis, for example, homogeneous catalysts, 

photosensitizers, MOF ligands, etc.11-13 Therefore, it is feasible 

to design a porphyrin-based COFs catalyst for photocatalytic 

reduction of CO2.14,15 

The literature reported that COF-366 has good carrier 

mobility and visible light absorption capacity,16 which is the basis 

of high efficiency photocatalysis. Therefore, we envisaged to use 

COF-366 in a gas-solid phase reaction without sacrificial agent 

to achieve high yield of photoreduction of CO2. To this end, the 

photocatalytic ability of COF-366 was synthesized and tested. 

The test results showed that the average yield of CO was only 

8.5 μmol∙g-1∙h-1 under full-wavelength light. For comparison, we 

tested the photocatalytic ability of the commonly used 

photocatalyst material g-C3N4 under the same conditions.17 The 

average yield of CO2 reduced to CO was 15.3 μmol∙g-1∙h-1, which 

was close to twice that of COF-366. COF-366 with a regular 

porous structure has a larger specific surface area than g-C3N4. 

Moreover, COF-366 has a wider range of visible light absorption 

capacity than g-C3N4.18 We originally predicted that the 

performance of COF-366 should be better than that of g-C3N4, 

but the experimental results were contrary to our expectations. 

It can be found by XPS band spectroscopy that the 

difference between the conduction band (CB) of COF-366 

(−0.88 V) and the redox potential of CO/CO2 (−0.53 V) was 

0.35 V, and the reduction reaction can occur easily. The 

difference between the valence band (VB) (+0.86 V) and 

O2/H2O redox potential (+0.82 V) was small, only 0.04 V, 

and the oxidation reaction was difficult to occur. We 

speculated that may be due to insufficient oxidative 

capacity of the VB of the COF.  
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We believed that if the VB of COF-366 can be adjusted 

to a certain degree by some means, it would promote the 

photooxidation of H2O so that to promote photoreduction of 

CO2 on the same catalyst. Based on this idea, we hoped to 

use the bottom-up strategy to adjust the band gap of the 

COF. Halogenation of organic compounds is a common 

method for adjusting the structure of organic semiconductor 

energy bands.19,20 And bromine, as a halogen, has attracted 

attention due to its excellent photosensitivity.21 Here we 

chose TAPP and 2,5-dibromo-1,4-benzenedialdehyde 

instead of terephthalaldehyde to synthesize porphyrin-

based COF (TAPBB-COF) by solvothermal method (Fig.1A). 

The VB value of TAPBB-COF (+1.10 V) was more positive 

than COF-366. It was more conducive to the oxidation half 

reaction. The photocatalytic reaction of TAPBB-COF under 

simulated sunlight (200 ≤ λ ≤ 1000 nm) was carried out, and 

the yield of reducing CO2 to CO was 24.6 μmol∙g-1∙h-1. It 

was about three times the COF-366 yield (8.5 μmol∙g-1∙h-1) 

under the same conditions, and 1.5 times the g-C3N4 yield 

(15.3 μmol∙g-1∙h-1). Under visible light irradiation (430 nm ≤ 

λ), the photocatalytic yield of TAPBB-COF was 12.4 μmol∙g-

1∙h-1, which was three times the yield of COF-366 (3.9 

μmol∙g-1∙h-1). The yield of CO on g-C3N4 under the same 

conditions was only 3.2 μmol∙g-1∙h-1. And the product has 

high selectivity (95.6%) and good recycle stability. 

Moreover, the corresponding experiments and density 

function theory (DFT) calculations agreed with the results, 

which also stated detailed explanations about charge 

carrier transfer process and photocatalytic reaction 

pathways. 

Results and Discussion 

In the FT-IR spectrum (Fig.1C), the peak of BDB at 

1687 cm-1 is the stretching peak of C=O, and the peak of 

TAPBB-COF at 1617 cm-1 is the C=N stretching vibration of 

Schiff base structure, and the peak at 425 cm-1 is assigned 

to the C-Br bond.22,23 The comparison of the three infrared 

spectra demonstrates the completion of the Schiff base 

condensation reaction in TAPBB-COF, ie the formation of 

imine bonds and the construction of monomer linkages into 

COF. 

The crystallinity of TAPBB-COF was evaluated by 

powder X-ray diffraction (PXRD) measurement (Fig.1D, 

magenta line). TAPBB-COF exhibits distinct diffraction 

peaks at 3.49°, 4.97°, 6.96°, 7.39° and 10.99°, respectively, 

which can be attributed to the (100), (110), (200), (210) and 

(300) faces of the material, indicating that TAPBB-COF is 

an ordered structure of microcrystalline material.24 The 

TAPBB-COF lattice modeling and Pawley refinement were 

performed using Materials Studio, and the model was 

constructed using the dmol3 module for geometric 

optimization. The structure was constructed using a space 

group of P/4m, a = b = 31.642 Å, c = 12.377 Å, α = β = γ = 

90° (Fig S3~S4).25 The two simulation structures are shown 

by Fig.1B. The PXRD of the experiment agrees well with 

the AA stacking method, indicating that the TAPBB-COF 

exists in a stacked manner of AA overlap. And wRp and Rp 

are 3.55% and 2.53%, respectively. The AA stacked 

simulation structure shows pore size of 2.1 nm. 

 

Fig.1 A. Synthesis route of TAPBB-COF. B. (a) AA stacking mode of TPHH-COF (top and side view); (b) AB stacking mode of TAPBB-COF (top and 

side view). C. Fourier transform Infrared Spectra of TAPP, BDB and TAPBB-COF. D. PXRD patterns of TAPBB-COF: experimental (magenta), 

Pawley refined (blue), and the difference between them (olive), simulated PXRD patterns using AA (black) and staggered AB (red) stacking modes. E. 

N2 adsorption isotherms of TAPBB-COF at 77 K and the pore widths of TAPBB-COF centred at 2.1 nm (inside). F. CO2 adsorption isotherms of 

TAPBB-COF at 298 K and 273K respectively. 
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A nitrogen gas absorption desorption test was 

performed on the TAPBB-COF, and the nitrogen adsorption 

curve and pore size distribution are shown in Fig.1E. 

TAPBB-COF has a BET specific surface area of 843.8 

m2∙g−1 and a pore volume of 0.67 cm3∙g−1. The measured 

pore size is mainly concentrated at 2.1 nm, which is in good 

agreement corresponding to the AA stacking structure 

simulated by Materials Studio software. In addition, TAPBB-

COF also shows good CO2 adsorption capacity, and the 

maximum adsorption value can be reached 18.1 cm3∙g−1 at 

273K (Fig.1F). 

 

Fig.2 A. HRTEM images of TAPBB-COF. B. EDX elemental mappings of 

TAPBB-COF. C. XPS Valence Band Spectra of TAPBB-COF. D. Mott-

Schottky plots of TAPBB-COF. E. Fluorescence spectroscopy. F. 

Schematic diagram of photocatalytic device. 

A fast Fourier transform image of a high-resolution 

transmission electron microscope (HR-TEM) shows a 

quadrangular hole structure arrangement along the 001 

crystal axis, which can reflect the AA stacking pattern of the 

TAPBB-COF structure (Fig.2A).26 The energy dispersive X-

ray (EDX) elemental spectrum (Fig.2B) shows that the three 

elements C, N, and Br are evenly distributed, reflecting the 

advantages of the bottom-up strategy for the synthesis of 

COFs. 

By performing a thermogravimetric test under a 

nitrogen atmosphere (Fig S5), it can be observed that 

TAPBB-COF started to decompose at 400 °C, and only 

decomposed the weight loss by 46%wt at 1000 °C. The 

excellent thermal stability of TAPBB-COF is fully 

demonstrated. In addition, TAPBB-COF was immersed in a 

solution of different pH (pH = 3, 7, 11) for 3 days. The 

characteristic peaks of the obtained RXRD (Fig S6) are still 

obvious. This shows that the modified materials are stable 

in acid and alkali environments and can perform catalytic 

tasks in harsh environments.27 

In order to compare the effect of the TAPBB-COF 

halogenation strategy on the properties and properties of 

the material, we synthesized COF-366 according to the 

literature.16 The valence band of COF-366 (+0.86 V) and 

TAPBB-COF (+1.10 V) have been obtained through XPS 

testing (Fig.2C and Fig S7). The flat-band potential of the 

TAPBB-COF determined from Mott-Schottky plots is around 

−0.85V vs. Ag/AgCl, corresponding to −0.63 V vs. the 

normal hydrogen electrode (NHE), while the flat-band 

potential of COF-366 is approximately −0.90V vs. Ag/AgCl, 

−0.68V vs. NHE (Fig.2D and Fig S8). It is known that the 

flat-band potential of n-type semiconductor equals to the 

Fermi Level (EF). 28 Therefore, the EF values of TAPBB-

COF and COF-366 are −0.63 V and −0.68 V, respectively. 

Accordingly, the conduction band (CB) of TAPBB-COF and 

COF-366 can be calculated as −0.83V and −0.88V, 

respectively.29 After the bromine modification, the difference 

between the conduction band values of TAPBB-COF and 

COF-366 is extremely small, only 0.05 V. The valence band 

changes a lot from +0.86 V to +1.10 V. The difference 

between the valence band of TAPBB-COF and the redox 

potential of O2/H2O (+0.82 V) also increased from 0.04 V to 

0.28 V. 

The steady-state PL spectrum (Fig.2E) of g-C3N4 

shows a PL emission peak at 470 nm, while there no 

obvious peak of COF-366 and TAPBB-COF is found. This 

reflects that the two COFs have lower probability of the 

band-to-band electron−hole recombination than g-C3N4, 

which may be conducive to improving the separation 

efficiency of photogenerated charges.30,31 Quenching of the 

PL intensity in the two COFs suggests the improved 

mobility of the carriers which may favor to the separation of 

photogenerated electron−hole pairs, thus decreasing the 

charge carrier recombination rate. At the same time, it can 

be seen that TAPBB-COF has a slight blue shift from the 

position of the emission peak of COF-366, which is 

consistent with the change in band gap. The UV-visible 

diffuse-reflectance spectrum of COF-366 and TAPBB-COF 

(Fig S9) shows that COF-366 and TAPBB-COF have 

almost the same light absorption capacity.  The Nyquist 

diagram (Fig S10) shows that the COFs and g-C3N4 charge 

transfer resistance values are similar. It is stated that the 

ability of these two materials to transfer the separated 

charge to the target reaction site are essentially the same.32 

By comparing the energy band structures of both COF-

366 and TAPBB-COF (Table S3), it can be found easily that 

we have achieved the desired adjustment of the porphyrin-

based COF valence band correction by bromination. The 

next step was to test the ability of TAPBB-COF to 

photoreaction. The test was carried out in accordance with 

the general procedure for photocatalytic reduction of CO2. 

Using TAPBB-COF as catalyst under simulated sunlight 

(200 ≤ λ ≤ 1000 nm), CO2 can be reduced to CO in the 

absence of metals and sacrificial agents, and the yield of 

CO was 24.6 μmol·g-1·h-1. It is about three times the COF-
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366 yield (8.5 μmol·g-1·h-1) and 1.5 times the g-C3N4 yield 

(15.3 μmol·g-1·h-1) under the same conditions. Under visible 

light irradiation (430 nm ≤ λ), the photocatalytic yield of 

TAPBB-COF was 12.4 μmol·g-1·h-1, which is about half 

lower than that under full light. However, it is still three 

times the COF-366 yield (3.9 μmol·g-1·h-1) under the same 

conditions. The yield of g-C3N4 under the same conditions 

was only 3.2 μmol·g-1·h-1. The yield of TAPBB-COF is 

approximately four times that of g-C3N4 under visible light 

(430 nm ≤ λ) (Fig.3A). Under similar photocatalytic 

conditions, an isotope experiment was performed using 
13CO2 as the gas atmosphere to clarify the source of the 

generated CO. As shown in the Fig.3B, the peaks of 4.09 

min and 19.95 min with m/z of 29 and 45 are designated as 
13CO and 13CO2, respectively, indicating that the generated 

CO was derived from the photoreduction of CO2 and not the 

decomposition of any other organic species in the system. 

Due to the interference of O2 on the FID, a peak appeared 

at 2.88 minutes. The photocurrent tests of TAPBB-COF, 

COF-366, and g-C3N4 were carried out using visible light 

(430 nm ≤ λ) (Fig.3C), and the results were in agreement 

with the photocatalytic yield order of the three. Under the 

same conditions, TAPBB-COF has the highest photo-

generated current, indicating that the incorporation of 

bromo groups facilitates charge separation. 

 
Fig.3 A. CO yield of TAPBB-COF, COF-366 and g-C3N4 after continuous 

illumination under full-wavelength spectrum and visible light for 12 h, 

respectively. B. GC-Mass result of isotopic experiment under 13CO2 

atmosphere and the corresponding GC spectrum. C. Photocurrent of 

TAPBB-COF, COF-366, g- C3N4 under visible light irradiation. D. CO and 

H2 yield of TAPBB-COF as catalytic after continuous illumination under 

full-wavelength spectrum, respectively. E. H2 and O2 production of 

Photolysis of water under full-spectrum light irradiation for 12h. F. CO 

yield of TAPBB-COF as catalytic after continuous illumination under full-

wavelength spectrum at different temperature, respectively. 

Next, we investigated the selectivity of gas-solid photo 

reduction of CO2 products without sacrificial agents on 

TAPBB-COF. The CO produced volume for 12 hours under 

full-wavelength light irradiation was 295.2 μmol·g-1, while 

the competitive product H2 of photoreaction was only 13.6 

μmol·g-1 (Fig.3D). In addition, no other products were 

detected, so the selectivity of TAPBB-COF to CO is as high 

as 95.6%. The cyclic stability of TAPBB-COF was tested 

under visible light. There is no significant decrease in the 

measured yield after 12 hours of continuous irradiation for 5 

times (Fig S11). The PXRD diffraction peak of the catalyst 

after the experiment is basically the same as that before the 

experiment, indicating that TAPBB-COF is a 

photochemically stable COF catalyst (Fig S12).  

As we all know, the reduction potential of H2/H2O is 

much smaller than CO/CO2.33,34 Photolysis of water can 

occur is a prerequisite for photocatalytic reduction of CO2 

with water. In order to prove that the oxidation reaction on 

VB plays a crucial role in the photocatalytic reduction of 

CO2, we tried to use a catalyst to perform photolysis of 

water vapor. Only the prepared glass sheet sample and 

water were placed in a reactor, filled with N2 to prevent 

interference by other gases, and irradiated with full-

wavelength light at 80 °C for 12 hours. The hydrogen and 

oxygen yields of g-C3N4, COF-366 and TAPBB-COF are 

respectively 6.2 μmol·g-1 and 5.2 μmol·g-1, 5.9 μmol·g-1and 

4.6 μmol·g-1, 16.5 μmol·g-1 and 14.6 μmol·g-1 (Fig.3E), 

consistent with the trend of the yield of CO produced by 

photocatalysis. This also proves the importance of the VB 

of the material for photocatalytic reduction of CO2 with 

water vapor. 

In order to further illustrate the important role of the 

semi-oxidation reaction on VB to drive the photocatalytic 

reduction of CO2, we further studied the effect of 

temperature on the photocatalytic capacity of the gas-solid 

phase (Fig 3F). It can be found that when the temperature 

is 60 °C, the yield of photocatalytic reduction of CO2 to CO 

is 10.8 μmol·g-1·h-1, which is 43.0% at 80 °C. The main 

factors that determine the photocatalytic reaction are the 

wavelength and intensity of light. The effect of temperature 

on the photocatalytic reaction is weak. This phenomenon is 

mainly because in the gas-solid phase photocatalytic 

reaction, water participates in the reaction in a gaseous 

form, and the saturated vapor pressure of water in the 

reactor depends on the temperature.  As the temperature 

increases, the saturated vapor pressure of water increases, 

and the water content in the gas phase increases, and the 

concentration of water vapor that can participate in the 

reaction increases. However, when the temperature was 

raised to 80 °C, the rate of CO generation no longer 

increased. This may be because the water vapor 

concentration in the gas phase no longer restricts the 

photocatalytic reaction from proceeding. This point also 

shows that in the gas-solid phase reaction, it is valuable to 

regulate VB to promote photocatalytic reaction. 
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Possible photocatalytic mechanism  

In order to explore the mechanism of photoreduction of 

the CO2, we performed a quantum chemical calculation. 

The calculation model was constructed from the finite 

cluster structure shown in Fig.4A. The geometry 

optimization calculations were performed using density 

functional theory (DFT) for the ground states of TAPBB-

COF at the B3LYP level with a 6-31G basis set. The orbital 

composition and electrostatic potential analyses were also 

conducted at the same level. All of the above calculations 

were carried out using the Gaussian 16 package. The 

orbital composition analysis (Fig S15) demonstrated that all 

the four occupied frontier orbitals from HOMO to HOMO-3 

were localized on the porphyrin fragments, the first four 

unoccupied frontier orbitals from LUMO to LUMO+3 were 

contributed by benzene ring connected to Br in addition to 

porphyrin ring. In addition, compared with the Orbital 

composition analysis of COF-366 (Fig S16), it can be seen 

that the introduction of bromine enhances the electron 

density on LUMO, which reflects the promotion effect of the 

introduction of bromine on the electronic transition. 

The electrostatic potential analysis of TAPBB-COF and 

COF-366 (Fig.4B and Fig S17) show that the negative 

charge is mainly concentrated on the nitrogen of the 

porphyrin ring and Schiff base, while the positive charge is 

concentrated on the edge of the COF. Due to the electron-

withdrawing and conjugation effect of bromine, the 

electrons of COF are further delocalized, which is beneficial 

to the progress of photocatalytic reaction. In order to 

explore the active sites of the catalytic reaction, we have 

designed models for CO2 and H2O adsorption on COF at 

different positions. The COF ring was fixed, and the density 

functional theory (DFT) was used to geometrically optimize 

the ground state of TAPBB-COF-CO2a ， TAPBB-COF-

CO2b，TAPBB-COF-CO2c，TAPBB-COF-CO2d，TAPBB-

COF-H2Oa，TAPBB-COF-H2Oa，TAPBB-COF-H2Oc and 

TAPBB-COF-H2Od at the level of B3LYP / 6-31G (Fig S18-

S19). In order to calculate the energy accurately, we 

calculated the single point energy of the above calculation 

model at the level of B3LYP / 6-311+G* based on the 

optimized geometric configuration. The data is shown in 

Table S4. The calculation results of the adsorption stability 

of CO2 and H2O on COF were the same at both levels. CO2 

is stable in the COF ring and above the porphyrin ring, and 

both have positive adsorption energy. CO2 is unstable in the 

porphyrin ring. H2O adsorption is only stable when H2O and 

Br form Br ... H-O hydrogen bonds. The Br ... H bond length 

is 0.2448 nm, and the included angle between Br ... H-O is 

163.6°. The closer the included angle is to the 180° 

hydrogen bond, the greater the bond energy. It is explained 

that the introduction of Br played a key role in the 

adsorption of H2O. 

 
Fig.4 A. Calculation model of TAPBB-COF. B. Electrostatic potential 

picture of TAPBB-COF 

Conclusion 

In summary, TAPBB-COF was synthesized and used as a 

photocatalyst to reduce CO2 with H2O as an electron donor 

without any additional. Cause VB of COF-366 cannot 

satisfied the half-oxidation reaction of water in the reduction 

system, bromine was used to ameliorate the catalyst. 

TAPBB-COF showed the highest photocatalytic CO 

generation amount under our experimental conditions, 

295.2 μmol∙g-1, selectivity 95.6%, and has excellent 

durability. Reasonable design and improvement of VB using 

bromine element to promote the selective photoreduction of 

CO2 with H2O as electron donor have not reported 

according to our observed. Density function theory 

calculations combined with the crystal structure model 

indicated that the nitrogen of the porphyrin ring and Schiff 

base, and the bromine in TAPBB-COF play key roles in 

activation and conversion of CO2 with H2O in the 

photocatalytic reaction. Our research provides an idea for 

improving the optical properties of the catalyst and new 

insights into the design of crystalline photocatalysts for CO2 

artificial photosynthesis for H2O. 

Experimental Section 

Materials and instruments  

All analytically pure reagents and solvent solutions 

were commercially available and used without further 

purification. Specific information is described in detail in 

supporting information. 

Synthesis of 5, 10, 15, 20-tetrakis(4-aminophenyl)porphyrin 

(TAPP) 

14.8 g (81.76 mmol) of p-nitrobenzaldehyde and 16 ml 

(169.32 mmol) of acetic anhydride were added to 200 ml 

propionic acid and heated to reflux. Then 6.64 ml (81.76 

mmol) pyrrole dissolved in 20 ml of propionic acid was 

added and refluxed for 30 min. The product was stored at 

room temperature and protected from light for 24 h. The 

black solid was filtered and collected, washed twice with 

200 ml of water and dried in vacuo for 24 h. 150 ml pyridine 
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was added to the obtained purple-black solid, refluxed for 2 

h, cooled at room temperature, and stored at -5 °C for 12 h. 

The resulting product was filtered and the filter cake was 

washed with acetone multiple times until the filtrate was no 

longer dark. The obtained 2.5 g purple-black solid was 5, 10, 

15, 20-tetrakis(4-nitrophenyl)porphyrin (TNPP) whose yield 

was 12.2%. 

2.0 g (2.5 mmol) of TNPP was dissolved in 100 ml of 

concentrated hydrochloric acid. 40 ml concentrated 

hydrochloric acid solution containing 9.0 g (40 mmol) 

SnCl2∙2H2O was added dropwise to the porphyrin solution 

at room temperature, and then the temperature was raised 

to 80 °C keeping for 6 h. The dark green TAPP 

hydrochloride solid was isolated by suction filtration after 

ice-cooling. The hydrochloride salt was dispersed in 200 ml 

of deionized water, neutralized with concentrated ammonia 

to pH = 9, and the solid was separated by centrifugation 

and dried at 60 ° C under vacuum. The crude black product 

was chromatographed using a silica gel column eluting with 

chloroform and methanol (v/v = 10:1). Finally, 1.03 g of 

TAPP solid was obtained in a yield of 59.1%. 1H NMR (600 

MHz, CDCl3) δ 8.895 (s, 8H), 7.997 (d, 8H, J=8.4 Hz), 

7.072(d, 8H, J=8.4 Hz), δ 4.017 (s, 8H), δ -2.711 (s, 2H) 

(Fig S1). 

Synthesis of 2,5-dibromo-terephthalaldehyde (BDB)  

5.3 g (0.05 mol) of p-xylene, 40 ml of dichloromethane, 

and iodine (0.05 g, 0.4 mmol) were pooled in a three-neck 

bottle. Under stirring in an ice water bath (1 °C), 5.5 ml 

(0.21 mol) liquid bromine was added dropwise to the 

solution using a constant pressure dropping funnel. The 

reaction was carried out under light-shielding conditions 

and allowed to react at room temperature (12-13 °C) for 24 

hours. Then a mass fraction of 20% KOH solution (15 ml) 

was added and stirred for 30 minutes. The organic phase 

was separated using a separatory funnel. Anhydrous 

calcium chloride was added to the organic phase to dry 

overnight. A large amount of flocculent precipitate was 

given after filtration, rotary evaporation of the solvent, and 

cooling. The obtained solid was recrystallized from 80 ml of 

ethanol to give the product 2,5-dibromo-1,4-

dimethylbenzene (M1) 5.05 g, of which yield was 38.2%. 

Sulfuric acid (17.5 ml) was added dropwise to a 

mixture containing M1 (5.0 g), acetic acid (25 mL) and 

acetic anhydride (50 mL) at 0-1 °C. Chromium trioxide (7.5 

g) was then added to the mixture in three batches (plus one 

batch every 15 minutes) and the colour of the mixture 

turned dark green. The resulting mixture was stirred at 0-

1 °C for 5 hours, and then the dark green slurry was poured 

into ice water. Filtration gave a pale yellow solid. It was 

washed with water, and after drying, the obtained solid was 

added to 100 ml of methanol and heated to 50 °C (insoluble) 

with stirring. The white solid obtained by suction filtration 

after cooling was dried at room temperature for 12 h. The 

obtained white solid was added to a 250 mL three-necked 

flask, and then water (40 mL), ethanol (40 mL) and sulfuric 

acid (4 mL) were refluxed for 6 hours. After cooling, suction 

filtration, washing with 40 ml of methanol, recrystallization 

from chloroform and drying, 1.6 g of product was obtained, 

yield 33.6%. 1H NMR (600 MHz, CDCl3) δ1 0.167 (s, 2H), 

8.093 (s, 2H) (Fig S2). 

Synthesis of TAPBB-COF 

TAPP (50 mg, 0.08 mmol), BDB (43 mg, 0.016 mmol), 

aqueous acetic acid (6M, 0.2 ml) and o-dichlorobenzene (3 

ml) and n-butanol (3 ml) were added to a glass tube (outer 

diameter 10 mm, inner diameter 8 mm, length 30 cm). After 

the ultrasonic mixing was uniform, the tube was rapidly 

frozen in liquid nitrogen at 77 K and evacuated, and then 

the tube was sealed. Incubate at 120 °C for 3 days and cool 

to room temperature within 12 hours. The black solid was 

collected by filtration. After extracting with dichloromethane, 

it was dried in vacuum to give TAPBB-COF 0.080 g, yield 

91.6%. 

Mott-Schottky curve and photocurrent tests 

Electrochemical tests were all performed using the 

Znher IM6e electrochemical workstation. The tests were 

carried out using a three-electrode system. The electrolyte 

was a 0.2 mol/L sodium sulfate solution. A sample (1 mg) 

and 5 μl of 5% Nafion solution were added to 2 ml of 

ethanol, ultrasonic dispersion for 1 h, and uniformly 

dispensed onto 1cm x 3 cm of ITO conductive glass as the 

working electrode. The reference electrode is an Ag/AgCl 

electrode and the counter electrode is a platinum electrode. 

Photocurrent testing was performed using IT-Current 

techniques. Irradiation used a 500 W xenon lamp whose 

intensity is 20 mW∙cm-2 with a 430 nm cut-off filter. The 

Mott-Schottky curve was tested using the Impedance-

Potential technique under dark conditions. 

Electrochemical impedance spectroscopy (EIS) tests 

Electrochemical impedance spectroscopy (EIS) was 

performed using a button cell assembled with the sample 

anode, Li cathode, and approximately 50 ml typical 

electrolyte (1 mol∙L-1 LiPF6 in diethyl carbonate and 

ethylene carbonate with a ratio of 1:1 in weight). In order to 

obtain a negative electrode material, the above samples 

were separately mixed with conductive carbon black and 

polyvinylidene fluoride (PVDF) at a mass ratio of 7:2:1. It 

was uniformly dispersed in N-methyl-2-pyrrolidone (NMP), 

coated on a copper foil, and vacuum dried at 50 °C for 24 

hours. The kinetic parameters of the composite were 

characterized by a frequency range of 100 kHz and 0.1 Hz 

with an amplitude of 5 mV.  

General method for photocatalysis experiment 

3 mg of the photocatalyst was dispersed in ethanol and 

completely uniformly coated on a 2 cm×2 cm glass plane. 

The prepared sample was placed in a 138 ml photocatalytic 

reactor, and 1 ml of distilled water was added as a reducing 

agent at the bottom. Gas replacement in the reactor was 

performed to remove air, ensuring that the final reactor was 

filled with CO2. The temperature was controlled to 80 °C by 

circulating water, and a xenon lamp (200 ≤ λ ≤ 1000 nm) 

simulating sunlight was used. The intensity of the xenon 
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lamp was measured by an irradiance meter to be 20 

mW·cm-2. After a certain period of irradiation, 1 ml of the 

gas sample was taken and subjected to gas 

chromatography (GC1120, SDPTOP, China) to measure 

the amounts of CO, H2 and O2. 
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Using TAPBB-COF as catalyst under simulated sunlight (200≤ λ ≤1000 nm),  

CO2 can be reduced to CO in the absence of metals and sacrificial agents 
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