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1. Materials and methods

All reagents were obtained from Aladdin. All chemicals were used without further 

purification.

1.1 Solution nuclear magnetic resonance
1H NMR spectra were recorded in solution at 600 MHz, using a Bruker Avance 600 

NMR spectrometer.

1.2 Fourier-transform infrared spectroscopy

The formation of triazine unit was confirmed by Fourier-transformed infrared (FT-IR) 

spectra in ATR mode with a Bruker Vertex 70 FT-IR spectrometer.

1.3 Powder X-ray diffraction

Powder X-ray diffraction (PXRD) data were collected by a Smart X-ray 

diffractometer (Smartlab SE, Rigaku, Japan) with Cu Kα radiation (λ = 1.54178 Å). 

Films were ground to powders and mounted as integral films onto a silicon zero 

background holder. The PXRD patterns were recorded from 3 to 45° (2θ) with a step 

size of 0.02° and a scan rate of 5° per minute. 

1.4 Gas sorption analysis

Apparent surface areas were measured by nitrogen sorption at 77.3 K using a 

Micromeritics ASAP 2460 volumetric adsorption analyzer. Powder samples were 

degassed offline at 393 K for 12 h under dynamic vacuum (10–5 bar) before analysis. 

Pore size distributions of CTFs from fitting the nonlocal density functional theory 

(NL-DFT) model to the adsorption data. Carbon dioxide isotherms were collected up 

to a pressure of 1 bar on a Micromeritics ASAP2020 at 273 and 298 K.

1.5 Solid-state 13C CP/MAS NMR spectroscopy

Solid-state 13C CP/MAS NMR spectroscopy using a WB 400 MHz Bruker Avance II 

spectrometer with the contact time of 2 ms (ramp 100) and pulse delay of 3 s. 

1.6 Thermogravimetric analysis

Thermogravimetric analysis was performed on an Pyris1 TGA by heating samples at 

10 °C min–1 under nitrogen in open Pt pans to 650 °C.

1.7 UV-Visible absorption spectra

UV-Visible absorption spectra of the polymers were measured on a Shimadzu UV-



2600 UV-Vis spectrometer by measuring the reflectance of powders in the solid state.

1.8 Scanning electron microscopy

Imaging was performed using a FEI Sirion 200 field emission scanning electron 

microscope (FE-SEM).

1.9 Transmission electron microscopy

HAADF-STEM images were obtained on a Tecnai G2 F30, FEI Holland microscope 

at an accelerating voltage of 200 kV. The samples were prepared by drop-casting 

sonicated ethanol suspensions of the materials onto a copper grid.

1.10 X-Ray photoelectron spectroscopy measurements

X-ray photoelectron spectroscopy (XPS) were carried out on an Axis Ultra DLD 600 

W instrument (Shimadzu, Japan).

1.11 X-Ray absorption fine structure spectra measurements and Analysis

The X-ray absorption find structure spectra (Co K-edge) were collected at 1W1B 

station in Beijing Synchrotron Radiation Facility (BSRF). The storage rings of BSRF 

was operated at 2.5 GeV with a maximum current of 250 mA. Using Si (111) double-

crystal monochromator, the data collection were carried out in transmission mode 

using ionization chamber. All spectra were collected in ambient conditions.

The acquired EXAFS data were processed according to the standard procedures using 

the ATHENA module implemented in the IFEFFIT software packages. The k3-

weighted EXAFS spectra were obtained by subtracting the post-edge background 

from the overall absorption and then normalizing with respect to the edge-jump step. 

Subsequently, k3-weighted χ(k) data of Co K-edge were Fourier transformed to real 

(R) space using a hanning windows (dk = 1.0 Å-1) to separate the EXAFS 

contributions from different coordination shells. To obtain the quantitative structural 

parameters around central atoms, least-squares curve parameter fitting was performed 

using the ARTEMIS module of IFEFFIT software packages.

1.12 Isotope–labelling experiment

Isotope–labelling experiment for CO2 reduction was performed using CTF-Bpy-Co 

powder (10 mg), 2,2’-bipyridyl (15 mg), acetonitrile, water and triethanolamine (3:1:1 

vol. mixture, 5 mL) and sealed with a septum. The resulting suspension was 



ultrasonicated for 5 minutes and then purged with 13CO2 for 5 minutes. The reaction 

mixture was illuminated with a 300 W Xe light source equipped with a λ > 420 nm 

cut-off filter. The gas-phase was analyzed by using a gas chromatography (Agilent 

GC-MS 7890B) with a mass-spectrometer (Agilent GC-MS 5977B) equipped with a 

GC-CARBONPLOT column (60 m length, 0.32 mm inner diameter).

Synthesis of CTF-Bpy. A flask was charged with [2, 2' - Bipyridine] - 5, 5'-

dicarboximidamide hydrochloride (153 mg, 0.5 mmol), Cs2CO3 (0.245 g, 0.75 mmol), 

1, 2-dichlorobenzene (5 mL), DMSO (5 mL), this mixture was heated to 100 oC with 

stirring. 2, 2’-bipyridyl - 5, 5’- dialdehyde (56 mg, 0.25 mmol) was dissolved in 1, 2-

dichlorobenzene (5 mL) and DMSO (5 mL). Added the solution of 2, 2’-bipyridyl - 5, 

5’- dialdehyde into [2, 2'- Bipyridine] - 5, 5'-dicarboximidamide hydrochloride 

solution by peristaltic pump with 20 µL min-1. Heated the mixture at 100 oC for 24 h, 

then 180 oC for 48 h. Filter the yellow precipitate and washed it with N, N-

dimethylformamide (100 mL), and deionized water (200 mL). After freeze drying, the 

product was obtained as yellow powder (145 mg, 92 %). Anal. Calcd for (C12H10N4)n: 

C, 68.56; H, 4.79; N, 26.65. Found: C, 52.94; H, 4.79; N, 17.03. 

Cobalt Loading onto CTFs. Mixed CTF-Bpy (20 mg) with CoCl2·6H2O (9 mg) in 

acetonitrile (20 mL), and the resulting suspension was ultrasonicated for 6 h at room 

temperature. Then filtered the solid and washed it with acetonitrile (200 mL). Dried 

under vacuum at 60 °C overnight to yield CTF-Bpy-Co. The cobalt content was 

determined by inductively coupled plasma-optical emission spectrometry to be 1.4 wt 

%.

Carbon Dioxide Reduction Experiments. A quartz flask was charged with the CTF-

Bpy-Co powder (10 mg), 2,2′-bipyridyl (15 mg), ([Ru(Bpy)3Cl2]∙6H2O, 6.5 mg), 

acetonitrile, water, and triethanolamine (TEOA) (3:1:1 vol mixture, 20 mL) and 

sealed. The resulting suspension was ultrasonicated for 5 min and then purged with 

CO2 for 15 min. The reaction mixture was illuminated with a 300 W Xe light source 

(perfect light) equipped with λ > 420 nm cutoff filter. Gaseous product was acquired 

with gas-tight syringe and analyzed on Shimadzu GC-2014 gas chromatograph 



equipped with ShinCarbon ST micropacked column (Restek 80 - 100 mesh, 2 m 

length, and 0.53 mm inner diameter) and thermal conductivity detector calibrated 

against standard gas mixtures of known concentration. Isotope-labeling 13CO2 

reduction test was performed under the same condition mentioned above andCO2 was 

fully replaced by 13CO2. The gas product was analyzed by gas chromatography 

(Agilent 7890B GC) with mass spectrometer (Agilent 5977B MS) equipped with GC-

CARBONPLOT column (60 m length, 0.32 mm inner diameter).

2. Synthetic procedures
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2,2'-bipyridine-5,5'-dicarbonitrile: A 250 mL flask with 2,2'-bipyridine-5,5'-

dicarboxylic (8g, 32.8 mmol), added 140 mL SOCl2 and few drops DMF into the 

flask, then heated at 80 oC for 5 h. The SOCl2 was removed by rotary evaporation. 

The solid was dispersed in 160 mL 1,4-dioxane and added 160 mL ammonia into the 

flask, this mixture was stirred at 25 oC for 24 h. The white precipitate formed was 

collected and washed with hot ethanol to get 5,5'-dicarboxamide-2,2'-bipyridine. 

Trifluoroacetic anhydride (17 ml, 121 mmol) was added dropwise to a stirred ice-

cooled suspension of 5,5'-dicarboxamide-2,2'-bipyridine (2.1 g, 8.7 mmol) in 

anhydrous acetonitrile (90 ml) and anhydrous TEA (30 ml). Over the period of the 

addition, the temperature was kept below 5 °C. The reaction mixture was then 

allowed to warm to room temperature and stirred for another 24 h. Then 100 ml of 

distilled water were added to the reaction mixture, the solid product was collected by 

filtration and washed with water. The 1HNMR shown in Figure S1.
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2,2'-bipyridine-5,5'-dicarboximidamide hydrochloride: 2,2'-bipyridine-5,5'-

dicarbonitrile (2.06 g, 10 mmol) were dispersed in 20 mL anhydrous THF in a 100 
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mL flask, the temperature was cooled to 5 oC. 40 mL (1.0 M in THF) Lithium 

bis(trimethylsilyl)amide was added into the flask. The solution was stirred at 25 oC for 

3 h. Then, the solution was acidified by added 5 mL HCl at 5 oC and stay at 25 oC for 

12 h. The white solids were collected by filtration and washed with ethanol. The 
1HNMR shown in Figure S2.

Figure S1. 1H NMR spectrum of 2,2'-bipyridine-5,5'-dicarbonitrile measured in 

CDCl3.

https://www.chemsrc.com/en/cas/1802-29-5_87905.html


Figure S2. 1H NMR spectrum of 2,2'-bipyridine-5,5'-dicarboximidamide 

hydrochloride measured in d6-DMSO.
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Figure S3. The FTIR of the monomers and CTF-Bpy.
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Figure S4. The PXRD curve of CTF-Bpy prepared in different batch.
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Figure S5. TGA curve of CTF-Bpy.
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Figure S6. The pore size distribution of CTF-Bpy.
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Figure S7. Isosteric heats of adsorption for CO2 calculated from the adsorption 
isotherms collected at 273 K and 298 K (CTF-Bpy).
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Figure S8. The UV-Vis of the CTF-Bpy.

Figure S9. SEM images of CTF-Bpy.



Figure S10. HRTEM images of CTF-Bpy.

Figure S11. Elemental mapping images of CTF-Bpy.

Table S1. Unit cell parameters of CTF-Bpy.
Simulated Space group : P31m

a/Å = 21.755(5)
c/Å =3.438(2)

α/o = 90.0
β/o = 90.0   
γ/o = 120



Table S2. Comparison of FWHM100 of reported CTFs and as-synthesized CTF-Bpy.

CTFs FWHM100 Method Reference
CTF-Bpy 0.76 o Polycondensation This work

CTF-HUST-1 Amorphous Polycondensation Angew. Chem. Int. Ed., 2017, 56, 
14149[1]

CTF-HUST-C1 1.67° Polycondensation Angew. Chem. Int. Ed., 2018, 57, 
11968[2]

CTF-HUST-HC1 1.91o Polycondensation Adv. Mater., 2019, 31, 1807865 [3]

CTF-HUST-A1 2.0 ~ 3.0o Polycondensation Angew. Chem. Int. Ed., 2020, 59, 
6007[4]

CTF-HUST-Sx 2.0 ~ 3.0o Polycondensation Chem. Mater., 2021, 33 , 1994[5]

CTF-HUST-E1 1.45o Polycondensation J. Mater. Chem. A, 2021, 9, 
16405[6]

CTF-1 0.5~0.8 o 

(estimated)
CF3SO3H 
catalyzed

J. Am. Chem. Soc., 2020, 142, 
6856[7]

CTF-1 0.44 ~ 0.81o CF3SO3H 
catalyzed 

Angew. Chem. Int. Ed., 2022, 61, 
e202116875[8]

CTF-1 N.A. Ionothermal Angew. Chem. Int. Ed., 2022, 61, 
e202201482[9]

Table S3. Comparison of FWHM100 of reported COFs and as-synthesized CTF-Bpy.

COF FWHM100 Reference
CTF-Bpy 0.76o This work

g-C31N3-COF 0.884° Nat. Commun. 2019, 10, 2467[10]

g-C34N6-COF 0.882° Angew. Chem. Int. Ed. 2019, 58, 12065[11]

g-C37N3-COF 0.934° Nat. Commun. 2019, 10, 2467[10]

g-C33N3-COF 0.707° J. Am. Chem. Soc. 2019, 141, 14272[12]

g-C40N3-COF 0.305° Nat. Commun. 2019, 10, 2467[10]

COF-1 0.3° Angew. Chem. Int. Ed. 2019, 58, 13753[13]

COF-p-3Ph 0.317° J. Am. Chem. Soc. 2020, 142, 11893[14]

COF-p-2Ph 0.463° J. Am. Chem. Soc. 2020, 142, 11893[14]

COF-m-3Ph 0.563° J. Am. Chem. Soc. 2020, 142, 11893[14]

Table S4. EXAFS fitting parameters at the Co K-edge for CTF-Bpy-Co.



Sample Shell N a R (Å) b σ2 (Å2·10-3) 
c

ΔE0 
(eV) d

R factor 
(%)

sample Co-N(O) 6.45 2.13 9.1 -1.3 0.1

a N: coordination numbers; b R: bond distance; c σ2: Debye-Waller factors; d ΔE0: the 

inner potential correction. R factor: goodness of fit. Ѕ0
2 for Co-N(O) were set as 0.9, 

which was obtained from the experimental EXAFS fit of CoPc reference by fixing 

CN as the known crystallographic value and was fixed to all the samples [15-17].

Table S5. Performance comparison of our samples with state-of-the-art COFs and 
CTFs catalysts for the photocatalytic CO2 reduction.

Photocatalyst

Main 
products

and 
highest 
yield 

(μmol h-1 
g-1)

Electron
donor

Selectivit
y

Irradiati
on

conditio
n

Refe
r

ence

CTF-Bpy-Co
[Ru(Bpy)3]Cl2

1200 
(CO) TEOA 83.8 % 

CO)

λ > 420 
nm

(300 W 
Xe

Light 
source)

This 
wor

k

DQTP-COFCo
[Ru(Bpy)3]Cl2

1020 
(CO) TEOA 59.4%(C

O)

λ > 420 
nm

(300 W 
Xe

Light 
source)

[18]

Re-Bpy-sp2c-COF 
Ir[dF(CF3)ppy]2

(dtBpy))PF6

1400(CO) TEOA 86%(CO)

λ > 420 
nm

(300 W 
Xe

Light 
source)

[19]

Ni-TpBpy-COF
[Ru(Bpy)3]Cl2

966 (CO) TEOA 96%(CO)

λ ≥ 420 
nm

(300 W 
Xe

[20]



light 
source)

TTCOF-Zn 2.06 (CO) H2O
100%(CO

)

800 nm 
≥ λ ≥

420 nm
(300 W 

Xe
light 

source)

[21]

ACOF-1 60 
(CH3OH) H2O -

800 nm 
≥ λ ≥

420 nm
(500 W 

Xe
light 

source)

[22]

N3-COF 98.3 
(CH3OH) H2O

800 nm 
≥ λ ≥

420 nm
(500 W 

Xe
light 

source)

[22]

Co-FPy-CON
(Ir[dF(CF3)ppy
]2(dtBpy))PF6

1681 
(CO) TEOA 76%(CO)

λ > 420 
nm

(300 W 
Xe

light 
source)

[23]

Co/CTF-1
[Ru(Bpy)3]Cl2

50 (CO) TEOA -

λ > 420 
nm

(300 W 
Xe

light 
source)

[24]

SnS2/S-CTFs

123.6(CO
)

43.4 
(CH4)

TEOA -

λ > 420 
nm

(300 W 
Xe

light 
source)

[25]

Re-CTF-py 353.05(C
O) TEOA

200 ~ 
1100 nm
(300 W 

[26]



Xe
light 

source)

CTF-TPN 330.3 
(CO) TEOA

λ > 420 
nm

(300 W 
Xe

light 
source)

[27]

NCTF-1 11.48 
(CH4)

triethylami
ne (TEA)

85.42% 
(CH4)

visible 
light

(300 W 
Xe

light 
source)

[28]

ZnFe2O4/FeP-CTFs
[Ru(Bpy)3]Cl2

178 
(CH4)

TEOA

λ > 420 
nm

(300 W 
Xe

light 
source)

[29]

Pt-SA/CTF-1 4.5 (CH4)
triethylami
ne (TEA)

76.6%(C
H4)

λ > 420 
nm

(300 W 
Xe

light 
source)

[30]

TiO2@CTF-Py 43.34 
(CO) H2O

98.3% 
(CO)

λ > 320 
nm

(300 W 
Xe

light 
source)

[31]

Ni(OH)2/CTF-1
[Ru(Bpy)3]Cl2

38.66 
(CO) TEOA -

λ > 420 
nm

(300 W 
Xe

light 
source)

[32]

CTF-BP 7.68 
(CH4)

TEOA - λ > 420 
nm

[33]

CPB/CTF-1-Ni 86.5 (CO) EA -
λ > 400 

nm
(300 W 

[34]



Xe
light 

source)

CuCo2O4/CTF-1 
[Ru(Bpy)3]Cl2

14.9 (CO) TEOA -

λ > 420 
nm

(300 W 
Xe

light 
source)

[35]

Fe2O3@Por-CTF-
10/Ru(Bpy)3Cl2

400(CO) TEOA 93% (CO)

λ > 420 
nm

(300 W 
Xe

light 
source)

[36]
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