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Experimental Section

Materials. Acetone, ethanol, N-methylpyrrolidone (NMP), N,N-dimethylformamide (DMF) 

were purchased from Energy Chemical. Polyvinylidene fluoride (PVDF), 1M 

NaPF6/DIGLYME were purchased from DoDoChem. Tris(4-aminophenyl)amine (TAPA), 

1,4,5,8-naphthalene tetrakis anhydride (NTCDA) and homophthalic tetrakis anhydride 

(PMDA) were purchased from Shanghai Titan Technology Co., Ltd. All purchased reagents 

and solvents were used without further purification.

Synthesis of PMTA-COF.1 A mixture of TAPA (63 mg, 0.15 mmol), PMDA (49 mg, 0.225 

mmol), and anhydrous DMF (5.0 mL) was added to a 250 mm × 10 mm Pyrex tube. 

Subsequently, the Pyrex tube was sonicated for 30 minutes and then degassed by three freeze-

extraction-thaw cycles. Subsequently, the flame-sealed tubes were placed in an oven set at 

180℃ for three days. The solid was obtained by filtration and washed three times consecutively 

with DMF, acetone, and ethanol, respectively. The target product was then subjected to vacuum 

drying at a temperature of 80℃ for a duration of 12 hours, resulting in the formation of a 

brownish-red powder. Yield: 76.6 mg (80%).

Figure S1. Synthesis of PMTA-COF.
Synthesis of NTTA-COF.2 A mixture of TAPA (63 mg, 0.15 mmol), NTCDA (60 mg, 0.225 

mmol), and anhydrous DMF (5.0 mL) was added to a 250 mm × 10 mm Pyrex tube. 

Subsequently, the Pyrex tube was sonicated for 30 minutes and then degassed by three freeze-

extract-thaw cycles. Subsequently, the flame-sealed tubes were placed in an oven set at 180℃ 

for three days. The solid was obtained by filtration and washed three times consecutively with 
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DMF, acetone, and ethanol, respectively. The target product was then subjected to vacuum 

drying at a temperature of 80℃ for a period of 12 hours, which resulted in the formation of a 

brown powder. Yield: 85.3 mg (89%).

Figure S2. Synthesis of NTTA-COF.

Characterizations

Fourier Transform Infrared Spectroscopy (FTIR) spectra were recorded on RAffinity-1s 

from 4000 cm-1 to 400 cm-1. In-situ FTIR was performed with a Nicolet IS50 (Thermo fisher) 

spectrometer instrument. In situ ATR-FTIR cell was purchased from the Beijing Scistar 

Technology Co. Ltd. Thermogravimetric analysis (TGA) was carried out on a Perkin-Elmer 

instrument in the temperature range 40 ~ 800°C under nitrogen atmosphere with a rate of 10°C 

min-1. Powder X-ray diffraction (PXRD) was measured at room temperature on Bruker D8 

Advance diffractometer with Cu Kα radiation (λ= 1.541 Å) operating at 40 kV and 40 mA. X-

ray photoelectron spectroscopy (XPS) data were performed on an ESCALAB 250Xi system 

with a monochromatic Al Kα X-ray source (Thermo VG Scientific) to study the surface element 

changes. All spectra were charge corrected with respect to the C 1s component with a binding 

energy of 284.8 eV and analyzed using Thermo Avantage software. The authors would like to 

thank Xiao Ming Li from SCI-GO (https://www.sci-go.com) for the XPS analysis. Nitrogen 

adsorption and desorption tests were performed on an ASAP 2020 PLUS HD88 at 77 K. All 

samples were degassed at 120 °C for 5 hours before testing. Scanning electron microscope 

(SEM) images were recorded on Zeiss field-emission scanning electron microscope. 

Transmission Electron Microscopy (TEM) images were acquired at Shiyanjia Lab 

(https://www.Shiyanjia.com) using a Hitachi HT7700 instrument operated at an acceleration 
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voltage of 200 kV. Solid-state 13C NMR spectra obtained on a 600 MHz Bruker Advance 

spectrometer. 

Electrochemical measurements

The electrodes were fabricated from a mixture of active material, conductive carbon, and 

PVDF binder, with a mass ratio of 6:3:1. The mixture was dispersed in water, thoroughly 

ground, and subsequently cast on aluminum foil. The mixture was then dried in a vacuum oven 

at 80℃ for 12 hours. The electrodes were cut into 14-mm disks, and the mass loading of the 

active substance in the electrode was approximately 1.2 mg cm-2. The following materials were 

utilized: 1 M NaPF6 in DIGLYME, glass fiber, and sodium foil, which were used as electrolyte, 

separator, and counter electrode, respectively. The CR2032 coin batteries were assembled in an 

argon-filled glovebox, where the levels of water and oxygen were maintained below 0.1 parts 

per million (ppm). Electrochemical measurements were employed on a LAND 2001A apparatus 

(Wuhan, China) within the voltage range of 1.0 to 4.2 V (vs. Na/Na+). Cyclic voltammetry (CV) 

and electrochemical impedance spectroscopy (EIS) were performed on a Biologic 

electrochemical workstation within a scanning rate of 0.5 mV s-1 and a frequency range of 106 

~ 10-1 Hz , respectively. High and low temperature test chamber (ADX-GDW-100L) was used 

for temperature control. Prior to the initiation of the low-temperature electrochemical test, the 

battery was maintained at a low temperature for a duration of two hours. Galvanostatic 

intermittent titration technique (GITT) tests were carried out using LANHE-CT2001A system 

(Wuhan, China) in the potential ranging from 1.0 to 4.2 V (vs. Na+/Na). GITT was tested at 0.1 

A g-1 with a constant current pulse of 5 min and a relax of 30 min. For full SIBs, NTTA-COF 

was used as cathode, hard carbon (HC) as the anode and 1M NaPF6/DIGLYME was applied as 

the electrolyte. The active mass ratio between cathode and anode is 1:0.5. The specific capacity 

of full cell was calculated based on the mass of the active material in the cathode. Before 

assembling the full cell, the cathode and the anode was activated in the corresponding half cells. 

The voltage window for the full battery is 1 to 4.2 V. In addition, the NVP electrodes were 

fabricated from a mixture of active material, conductive carbon, and PVDF binder, with a mass 

ratio of 8:1:1. Electrochemical measurements were employed on a LAND 2001A apparatus 

(Wuhan, China) within the voltage range of 2.0 to 4.0 V (vs. Na/Na+).

Theoretical Calculation

All DFT calculations were performed using the CP2K 2025.01 package,3 with 

computations carried out under periodic boundary conditions. Structural optimization was 
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performed using the PBE functional with the POB-DZVP-rev2 basis set, and D3 dispersion 

correction was applied to accurately describe the interactions between COF and ions. Electronic 

structure calculations were carried out using the HSE06 functional and 6-31G* basis set with 

only the Γ point considered, yielding the energy level distribution and electrostatic potential. 

The electrostatic potential was visualized using the VMD program,4 and charge decomposition 

analysis (CDA) was performed using the Multiwfn program (version 3.8).5, 6 The charge density 

difference between COF and the ions was calculated, and the ELF (Electron Localization 

Function) color maps were generated with the assistance of this program. The charge density 

difference maps and molecular orbital diagrams were visualized using the VESTA program.7 

Energy calculations, including frequency calculations, were performed using the HSE06 

functional with the 6-311G* basis set, and thermodynamic quantities were derived with the help 

of the Shermo program.8
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Figure S3. FTIR spectra of TAPA, PMDA, NTCDA, PMTA-COF and NTTA-COF.

Figure S4. The solid-state 13C CP-MAS NMR spectrum of (a) NTTA-COF and (b) PMTA-

COF. The side bands were marked with asterisks.
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Figure S5. The top and side view of eclipsed AA stacking for PMTA-COF ( a= 31.3690 Å, 

b= 31.3690 Å, c= 3.9100 Å, α=90 o, β= 90 o, γ= 120 o).

Figure S6. The top and side view of eclipsed AA stacking for NTTA-COF ( a= 31.9450 Å, 

b= 31.9450 Å, c= 3.9010 Å, α=90 o, β= 90 o, γ= 120 o).
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Figure S7. N2 adsorption-desorption isotherms of (a) NTTA-COF and (c) PMTA-COF. Pore 

size distribution of (b) NTTA-COF and (d) PMTA-COF.

Figure S8. SEM images of NTTA-COF. 
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Figure S9. SEM images of PMTA-COF.

Figure S10. TEM images of (a) NTTA-COF and (b) PMTA-COF.



10

Figure S11. Thermogravimetric analysis (TGA) curves of PMTA-COF and NTTA-COF 

under nitrogen atmosphere. 

Figure S12. LUMO energy levels of (a) NTTA-COF and (b) PMTA-COF.
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Figure S13. The I-V curves by NTTA-COF and PMTA-COF cathodes of the dual probe.

Figure S14. Electron Localization Function for NTTA-COF.
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Figure S15. CV curves of (a) PMTA-COF and (b) NTTA-COF at a scan rate of 0.2 mV s-1.

Figure S16. Charge-discharge curves of (a) PMTA-COF and (b) NTTA-COF at a current 

density of 0.1 A g-1.
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Figure S17. Galvanostatic dQ/dV curve at 0.1 A g-1 for (a) PMTA-COF and (b) NTTA-COF.

Figure S18. Charge-discharge curves of (a) PMTA-COF and (b) NTTA-COF at various 

current densities.
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Figure S19. Galvanostatic dQ/dV curves at various current densities for (a) PMTA-COF and 

(b) NTTA-COF.

Figure S20. Comparison of the rate performance of NTTA-COF and some reported similar 

ambipolar COF or polymer materials.
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Figure S21.CV curves of (a) PMTA-COF and (b) NTTA-COF at a scan rate of 0.2 mV s-1 (-

20 oC). (c) CV curves of NTTA-COF at a scan rate of 0.2 mV s-1 (-20 oC and 25 oC).

Notably, the oxidation peak at 3.8 V and the reduction peak at 2.6 V for NTTA-COF become 

indistinct at low temperature. This phenomenon is likely attributed to the sluggish ion diffusion 

and increased charge-transfer resistance at low temperatures, which intensify the polarization 

of these redox couples, leading them to be enveloped or masked by the primary redox peaks.

Figure S22. Temperature- dependent charge-discharge curves of PMTA-COF at 0.05 A g-1.
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Figure S23. Charge-discharge curves of (a) PMTA-COF and (b) NTTA-COF at 0.05 A g-1 (-

20 oC).

Figure S24. (a) Cycling stability at 0.1 A g-1 for NVP, PMTA-COF and NTTA-COF (25 oC). 

(b) Cycling stability at 0.1 A g-1 for NVP (-20 oC). (c) Charge-discharge curves of NVP at 0.1A 

g-1 (25 oC and -20 oC). (d) Charge-discharge curves of NTTA-COF at 0.05A g-1 (25 oC and -20 
oC).

The electrochemical performance of NVP was further evaluated, as illustrated in Fig. S24. At 

room temperature with a current density of 0.1 A g-1, the NVP electrode delivers a specific 

capacity of only 100 mAh g-1. When the temperature decreases to -20 °C, its capacity further 

declines to 60 mAh g-1, accompanied by an increase in voltage polarization.
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Figure S25.  (a) Charge-discharge curves of HC, NTTA-COF and NTTA-COF//HC full cell at 

0.1 A g-1 (25 oC). (b) Cycling stability at 0.1 A g-1 for NTTA-COF//HC full cell (25 oC and -20 
oC). Charge-discharge curves of NTTA-COF//HC full cell at (c) 25 oC and (d) -20 oC, 

respectively.
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Figure S26. CV curves of (a) PMTA-COF and (c) NTTA-COF at different scan rates (0.2-5.0 

mV s-1). The b-values (b) PMTA-COF and (d) NTTA-COF determined from catholic current 

peaks. The contribution ratio of the pseudocapacitance at various scan rates for (c) PMTA-COF 

and NTTA-COF.

It is well established that surface-controlled reactions facilitate superior rate capability. 

The contributions of surface capacitive control and diffusion control to the total capacity at 

various scan rates were quantitatively investigated using the following equation: i=k1ν+k2ν1/2, 

where k1ν and k2ν1/2 correspond to the capacitive and diffusion contributions, respectively. As 

illustrated in Figure R1, the capacitive contribution to the total capacity of NTTA‑COF was 

approximately 62% at 0.2 mV s-1, increasing to 90% at 5 mV s-1. In contrast, PMTA‑COF 

exhibited a significantly lower capacitive contribution ratio under identical conditions. This 

dominance of capacitive behavior endows NTTA‑COF with exceptional electrochemical 

kinetics.
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Figure S27. (a) GITT curves of PMTA-COF and NTTA-COF electrodes, respectively. (b) 

Na-ion diffusion coefficient for PMTA-COF and NTTA-COF electrodes, respectively.

Figure S28. In-situ Nyquist plots collected at various cycle numbers for (a) NTTA-COF and 

(b) PMTA-COF (at 1 A g-1). 
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Figure S29. The impedance values collected from PMTA-COF and NTTA-COF electrodes at 

different cycles.
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Figure S30. In-situ Nyquist plots collected at various charged and discharged states of 

PMTA-COF.

Figure 31. Comparison of EIS values of NTTA-COF and PMTA-COF during the charge-

discharge process.
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Figure S32. In situ DRT profiles for (a) PMTA-COF and (b) NTTA-COF.

Figure S33. In-situ Nyquist plots collected at various temperatures for (a) NTTA-COF and 

(b) PMTA-COF. (c) The RCT at various temperatures for PMTA-COF and NTTA-COF.
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Figure S34. High-resolution N 1s XPS spectra of NTTA-COF.

Figure S35. Ex situ FTIR spectra for NTTA-COF.
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Figure S36. Electrostatic potential diagram of PMTA-COF.

Figure S37. Calculated energies of Na-ion during the possible redox routes of PMTA-COF.
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Figure S38. Charge density difference of PMTA-COF+2PF6
- and PMTA-COF+6Na+.

Table S1. Crystallography parameters of MTA-COF and NTTA-COF.

Crystallography parameters PMTA-COF NTTA-COF

a (Å) 31.3690 31.9450

b (Å) 31.3690 31.9450

c (Å) 3.9100 3.9010

α 90 o 90 o

β 90 o 90 o

γ 120 o 120 o
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Table S2. Comparison of the thermal stability of NTTA-COF and some reported similar 

ambipolar COF or polymer materials.

Materials

Onset 
decomposition 
temperature 
(Tonset/oC )

Weight 
retention 
at Tonset 

(%)

Ref.

NTTA-COF

491 94 This work

PMTA-COF

491 83 This work

APCNDI

~450 ~90 9

TPDA-TA-COF

~420 ~95 10

TPDA-NDI-COF

~450 ~90 10
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TPDA-NDI-COF-
50%CNT

~450 ~92 10

TAC

~600 ~95 11

BNBQ
412 90 12

TPAD-COF

400 ~95 13

TPAD-Py-COF

508 ~95 13

BTT-PTO-COF

350 ~90 14

TPDA-PMDA-COF

~600 ~95 15
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PyNTB-COF

300 ~95 16

HATN-AQ-COF

451 ~98 17
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Table S3. Electrochemical performance of reported COFs as cathode for SIBs.

Electrodes

Operation 
voltage
window 

(V) 

Average 
discharge 

Voltage (V) 

Reversible
Capacity/ 
mAh g-1 

(current, mA 
g-1)

Capacity 
retention 

(cycle 
number, 
current 

density (mA 
g-1))

Ref.

NTTA-COF 1-4.2 2.3 131
(100)

80% (2000, 
1000)

This 
work

PMTA-COF 1-4.2 2.1 50.3
(100)

48% (100, 
100) 

This 
work

TQBQ-COF 1-3.6 2 327.2
(100)

91.3% 
(1000, 500)

18

HATN-
HHTP@CNT 1-3.4 1.75 225

(50)
82% (5000, 

1000)

HATN-HHTP 1-3.4 1.75 ~120
(50) -

19

TP-Pa-COF 0.8-3.8 1.2 ~75
(100)

~25% (200, 
100)

TP-OH-COF 0.8-3.8 2.2 96.04
(100)

100% 
(200, 100)

TP-OH-
COF@CNT50 0.8-3.8 2.2 207.6

(100)
100%

(200, 100)

20

BAV-COF:Cl- 1.4-3.9 2.2 150
(50)

20% 
(500, 250)

BAV-COF:Br- 1.4-3.9 3.3
2.2

165
(50)

84.2% 
(500, 250)

BAV-COF:I- 1.4-3.9 3.2
2.2

160
(50)

70.6% 
(500, 250)

BAV-
COF:ClO4

- 1.4-3.9 2.2 138
(50)

19%
 (500, 250)

21

BPOE 1.3-4.1 ~2 ~200
(100)

80% 
(7000, 1000)

22

TAPA-COF 1.5-3.2 2.1 ~90
(100)

~80%
 (100, 500)

S@TAPA-COF 1.5-3.2 2.1 ~125
(100)

68%
 (100, 500)

TAPT-COF 1.5-3.2 2 69.4
(500)

83%
 (100, 500)

S@TAPT-COF 1.5-3.2 2 109.3
(100)

75% 
(100, 500)

23

HATN-PD-COF 1-3.6 1.9 210
(200)

91% 
(7000, 
10000)

HATN-TAB-
COF 1-3.6 1.8 150

(200)

93%
 (3000, 
10000)

24
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TPDA-NDI-
COF 1-3.6 3.2

2
78

(20)
89.7%

 (300, 20)
TPDA-NDI-

COF-50%CNT 1-3.6 3.2
2

120
(20)

97.8%
 (300, 20)

TPDA-TA-
COF 1-3.6 3.2

2
28

(50) -

10

TAPB-NDI 1.5-3.5 2.2 25
(25)

~80%
 (50, 25)

TAPB-
NDI@CNT50 1.5-3.5 2.2 136.7

(25)
80%

 (100, 300)

25

TP-PDA 1.3-4.2 3.1 175
(100)

100%
 (1000, 
1000)

26
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Table S4. Rate performance of NTTA-COF and some reported similar ambipolar COF 

or polymer materials.

Electrodes
Specific 

capacity,current
(mAh g-1, A g–1)

Rate performanceCurrent 
density (A g-1)

Capacity retention (%)
Ref.

NTTA-COF

148, 0.1 0.05,0.1,0.2,0.5,0.8,1
148,136,124,106,94,87 This work

PMTA-COF

50.3, 0.1 0.05,0.1,0.2,0.5,0.8,1
50.3,29,21,17,9,7.5 This work

APCNDI
141, 0.1 0.1,0.2,0.5,1,2,5,10

141,135,129,120,110,100,70
9

TPDA-TA-COF

28,0.05 0.05,0.1,0.2,0.4,0.6,0.8,1
28,26,24,22,20,18,16

10

TPDA-NDI-COF

67,0.05 0.05,0.1,0.2,0.4,0.6,0.8,1
67,53,40,32,20,17,15

10
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TPDA-NDI-COF-
50%CNT

120,0.05 0.05,0.1,0.2,0.4,0.6,0.8,1
120,114,104,97,95,90,87

10

TP-PDA

175,0.1 0.1,0.3,0.5,1,3,5
175,140,124,108,100,89

26

TAC

193, 0.5 0.5,1,2,4,10,15,20
193,177,164,152,131,121,102

11

BNBQ
123.1, 0.1 0.1,0.2,0.5,1,2

123,117,113,109,104
12

TPAD-COF

161.5, 0.1 0.1,0.2,0.5,1,2
161,138,111,85,54

13

TPAD-Py-COF

100, 0.1 0.1,0.2,0.5,1,2
100,90,80,75,55

13
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TAPB-NDA@CNT50

124, 0.025 0.025,0.05,0.1,0.5,1,2,5
124,109,97,84,66,62,48

25

TAPA-COF

75, 0.1 0.1,0.2,0.5,1,2
75,70,60,55,50

23

TAPT-COF

90, 0.1 0.1,0.2,0.5,1,2
90,77,65,56,50

23

S@TAPA-COF

105, 0.1 0.1,0.2,0.5,1,2
105,89,78,65,60

23

S@TAPT-COF

109.3, 0.1 0.1,0.2,0.5,1,2
109,88,78,73,67

23
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Table S5. Electrochemical performance of reported COFsfor SIBs in low temperature.

Electrode

Operation 
voltage
window 

(V) 

Mean 
discharge 

voltage 
(V)

Temperat
ure (oC) 

Reversible
Capacity at 

low 
temperatur
e/ mAh g-1 

(current, 
mA g-1)

Capacity 
retention 

at low 
temperatu
re (cycle 
number, 
current 
density 

(mA g-1))

Ref.

NTTA-COF 1-4.2 2.3 -20 85
(100)

91% 
(300, 50)

This 
work

PMTA-COF 1-4.2 2.1 -20 50.3
(100)

74% 
(275, 50) 

This 
work

TRO-PMDA-
COF 0.01-2.8 ~0.6 -30 75

(50) -

TRO-PMDA-
COF@CNT 0.01-2.8 ~0.6 -30 156.8

(50)
97% 

(100, 50) 

27

TPAD-COF 1.5-4.2 ~2.5 -20 75
(100)

~100 %
(300, 100) 

13

nDSR*π 1-3.5 ~2.1 -50 130
(50)

~100 %
(65, 50)
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HATN-O-Zn 0.01-3.0 ~0.3 -20 98
(100)

84.4% 
(200, 100) 

29

PTCDA/PPy/C
NTs 1.9-3.0 2.28 -30 86.5

(1C)
79.4% 

(500, 5C) 
30

DABT 1.2-2.8 ~1.5 -20 125.5
(0.2C)

80% 
(100, 0.2C)

31

NTONb0.08 1.01-2.5 ~0.5 -15 103
(100)

~100 %
(200, 100) 

32

Na3V2(PO4)2O2
F 2.5-4.2 ~3.5 -40 71

(65)
24% 

(100, 130)
CB-

Na3V2(PO4)2O2
F

2.5-4.2 ~3.5 -40 88
(65)

88.4% 
(100, 130)

33

 Na3V2(PO4)3 2.3-4.0 ~3.0 -40 80
(0.1C)

88.2% 
(100, 0.1C)

34

NaCrO2    2.0-3.6 ~3.0 -10 90
(24)

97.2% 
(100, 120)

35

Na3V1.98Mn0.02
(PO4)2F3 

2.0-4.3 ~3.7 -25 80
(0.5C)

93.3% 
(400, 0.5C)

36

Na0.78Ni0.31Mn0

.67Nb0.02O2
2.4-4.2 ~3.2 -40 88

(92)
76% 

(1800, 368)
37

Na2Ti3O7 0-2.5 ~0.4 -40 50
(100)

~100 %
(3000, 100) 

38
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Table S6. The EIS values of NTTA-COF and PMTA-COF during the charge-discharge 

process.

Voltage (V vs. Na/Na+)
NTTA-COF 

Z' (ohm)

PMTA-COF 

Z' (ohm)

Discharged to 1.0 24.95 62.68

Charged to 1.7 22.43 60.64

Charged to 2.0 23.02 57.88

Charged to 2.35 24.48 52.17

Charged to 2.65 24.87 47.34

Charged to 3.7 25.8 46.49

Charged to 4.0 26.01 44.39

Charged to 4.2 26.03 45.03

Discharged to 4.0 26.79 41.55

Discharged to 3.8 26.26 43.47

Discharged to 2.65 26.42 42.67

Discharged to 2.3 26.61 42.57

Discharged to 1.85 27.28 43.72

Discharged to 1.5 27.44 43.81

Discharged to 1.0 27.9 47.69
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