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General information

All starting chemicals and solvents were obtained from TCI or Sigma Aldrich,
and used without further purification. 'H NMR spectra were recorded on a Bruker
AVAN CE NEO 400. Fourier transform infrared (FT-IR) spectra were recorded on
the Nicolet Impact 410 FT-IR spectrometer. Solid-state '3C CP/MAS NMR was
performed on Agilent-NMR-vnmrs600. Thermal gravimetric analyses (TGA) were
performed under N, atmosphere with a heating rate of 10 °C/min using TGA Q500
instrument. Powder X-ray diffraction (XRD) patterns were recorded on Rigaku
D/MAX2550 Diffractometer using Cu Ka radiation (A = 1.5406 A), with a scan speed
of 1°/min. The N, sorption-desorption and Brunauer-Emmett-Teller surface area
measurements were carried out on a Micrometrics ASAP 2460 volumetric gas
adsorption analyzer. Scanning electron microscopy (SEM) was performed on JSM-
7500F. Transmission electron microscopy (TEM) was performed on a FEI Tecnai G2
S-Twin with a field emission gun operating at 200 kV. Images were acquired digitally
on a Gantan multiple CCD camera. Energy dispersive spectroscopy (EDS) spectra
were obtained using a JEOL JSM-6300 at 5 kV. X-ray photoelectron spectroscopy
(XPS) measurements were performed on an ESCALAB 250 X-ray photoelectron

spectroscopy, using Mg Ka X-ray as the excitation source.
Synthetic Procedures

Synthesis of 1,3,5-triformylphloroglucinol (Tp)

1,3,5-triformylphloroglucinol (Tp) was synthesized according to a reported
procedure.l'l’ To hexamethylenetetramine (15.098 g, 108 mmol) and dried
phloroglucinol (6.014 g, 49 mmol) under N, was added 90 mL trifluoroacetic acid.
The solution was heated at 100 °C for 2.5 h. Then 150 mL of 3 M HCI was added and
the solution was heated at 100 °C for 1 h. After cooling to room temperature, the
solution was filtered through celite, extracted with CH,CIl, 3x100 mL, dried over
magnesium sulfate, and filtered. The filtrate was concentrated using a rotary
evaporator. The crude residue was purified by washing with hot ethanol to give pure

Tp as a pink-white solid. Yield: 12 %.
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Figure S1. 'H NMR spectra (400 MHz, CDCI;) of Tp: 8 14.10 (s, 3H), 10.14 (s, 3H)

ppm.
Synthesis of 2,7-Diaminopyrene-4,5,9,10-tetraone (DAPTO) %]

NO,
pyrene PTO DNPTO

Pyrene-4,5,9,10-tetraone (PTO). To a solution of pyrene (5 g, 25.4 mmol) in
CH,Cl, (100 mL) and acetonitrile (100 mL) was added NalO, (44.5 g, 207.9 mmol),
H,0 (125 mL), and RuCl;-xH,0 (0.64 g, 3.1 mmol). The suspension was heated at 40
°C overnight. The organic solvents of the reaction mixture were removed under
reduced pressure. A dark green cake was obtained by filtrating the residue and rinsing
with 500 mL of H,O, dried in air at 70 °C, and subjected to column chromatography
(CH,Cl,) to afford PTO as golden needles. Yield: 15 %.
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Figure S2. '"H NMR spectra (400 MHz, DMSO-d6) of PTO: ¢ 8.33 (d, 4H), 7.74 (4,
2H) ppm.

2,7-Dinitropyrene-4,5,9,10-tetraone (DNPTO). A mixture of fuming nitric acid
(1.3 mL) and 98% sulfuric acid (1.3 mL) was added dropwise to PTO (524 mg, 2.0
mmol), and the resulted orange solution was heated at 85 °C. The same amount of the
mixed acid was added to the flask for two more times at a 1-hour interval. After
additional reaction for 1 h, the suspension was poured into 25 mL of H,O, rinsed with
another 100 mL of H,O, and dried in vacuum to afford DNPTO as a bright yellow

powder which was used without further purification. Yield: 83%.
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Figure S3. 'TH NMR spectra (400 MHz, DMSO-d6) of DNPTO: ¢ 8.89 (s, 4H) ppm.
2,7-Diaminopyrene-4,5,9,10-tetraone (DAPTO). Acetic acid (2.0 mL) and
concentrated hydrochloric acid (2.0 mL) were added to DNPTO (200 mg, 0.57 mmol)

to form a yellow suspension, to which SnCl,-2H,0 (1.02 g, 4.5 mmol) was slowly



added and the mixture was heated at 50 °C for 15 min. Gray solids were obtained by
filtration and dried under vacuum. The gray solid (190 mg) and 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (283 mg, 1.3 mmol) were then suspended in dry methanol
(4.2 mL) under Ar and stirred at 35 °C for 15 h. The reaction mixture was diluted with
ethylacetate (25 mL), and the dark purple precipitate was filtered, washed with
ethylacetate, and dried under vacuum and used without further purification. Yield:

64%.
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Figure S4. '"H NMR spectra (400 MHz, DMSO-d6) of DAPTO: ¢ 7.32 (s, 4H), 5.93
(s, 4H) ppm.

Synthesis of Tp-PTO-COF

Tp-PTO-COF

Figure SS. Synthesis route for Tp-PTO-COF.

A glass tube was charged with Tp (20 mg, 0.095 mmol) and DAPTO (41 mg,
0.142 mmol) in a mixed solution of dioxane (0.6 mL) and mesitylene (0.6 mL). The
resulting suspension was sonicated, and then added 50 pL portion of 6 M acetic acid.
After three freeze-pump-thaw cycles, the tube was vacuumed and flame-sealed. The

ampoule was warmed to room temperature before heating to 120 °C for 5 d. The



resulting precipitates were collected by filtration and washed with DMF till filtrate
became colorless. Further purification of the material was carried out by Soxhlet
extraction in methanol and THF. Then the material was dried at 80 °C under vacuum
for 12 hours to afford Tp-PTO-COF as a black powder. Elemental analysis for the
calculated (CgH24N¢O15): C: 66.67; H: 2.02; N: 7.07%. Found: C: 65.21; H: 2.55; N:
6.83%.
Synthesis of Tp-PTO-POF

The synthetic process was similar to Tp-PTO-COF, except for the constant

stirring.

Characterization
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Figure S6. FT-IR spectra of Tp (black), DAPTO (red), and Tp-PTO-COF (blue).
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Figure S7. Solid-state '*C CP/MAS NMR of Tp-PTO-COF.
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Figure S8. TGA curve of Tp-PTO-COF.
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Figure S9. N, adsorption and desorption isotherms of Tp-PTO-COF.
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Figure S10. Pore size distribution of Tp-PTO-COF.



Figure S11. SEM images of Tp-PTO-COF.

Figure S12. HRTEM images of Tp-PTO-COF.



Structure simulations and powder X-ray diffraction analyses

Structural modeling of Tp-PTO-COF was carried out in the Accelrys Materials
Studio software package. At first, the powder indexing was proceeded in the Reflex
module in DICVOL91 program. Then empty unit cells were built with the above unit
cell parameters. Single layer models were generated by connecting monomer
fragments and filled into the unit cells. Eclipsed AA and staggered AB stacking
arrangements were constructed with the above unit cell parameters and the lattice
models were geometry optimized using the Forcite module (Universal forcefield,
Ewald summation method). The experimental PXRD patterns agreed well with the
simulations from the eclipsed AA layer stacking models. Finally, Pawley refinements
of the eclipsed AA stacking models against the experimental PXRD patterns were
applied to define the lattice parameters, producing the refined PXRD profiles, Ry, and

R, values.
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Figure S13. (a) A comparison between the experimental profiles (black dot), Pawley
refined profiles (red line), simulated patterns for eclipsed (AA) stacking mode (cyan
line), Bragg positions (green bar), and the refinement differences (violet line); (b, c)

Top and side views of simulated eclipsed AA structure of Tp-PTO-COF.



Table S1. Fractional atomic coordinates for the eclipsed AA-stacking unit cell of Tp-

PTO-COF.

Space group: P6/m

International tables number: 175

Cell setting: Hexagonal

a=b=30.7128 A; c =3.5586 A
a=7=90°pB=120°

Atom site | Atom X y z Atom site | Atom site | Atom site
label site type Uiso or | adp type | occupancy
symbol equiv

Cl1 C -0.35732 | 0.27689 | 0.5 0.05 Uiso 1
C2 C -0.30167 | 0.30988 | 0.5 0.05 Uiso 1
C3 C -0.01581 | 0.40813 | 0.5 0.05 Uiso 1
C4 C 0.06033 0.49678 | 0.5 0.05 Uiso 1
C5 C -0.13383 | 0.41846 | 0.5 0.05 Uiso 1
C6 C -0.10136 | 0.3988 0.5 0.05 Uiso 1
N7 N -0.18743 | 0.38385 | 0.5 0.05 Uiso 1
C8 C -0.22595 | 0.39797 | 0.5 0.05 Uiso 1
H9 H -0.11719 | 0.3583 0.5 0 Uiso 1
H10 H -0.19751 | 0.34605 | 0.5 0 Uiso 1
HI11 H -0.21362 | 0.43763 | 0.5 0 Uiso 1
Cl12 C 0.03928 | 0.44165 | 0.5 0.05 Uiso 1
C13 C -0.04888 | 0.43032 | 0.5 0.05 Uiso 1
Cl4 C 0.11277 | 0.52904 | 0.5 0.05 Uiso 1
H15 H 0.1362 0.51214 | 0.5 0 Uiso 1
Cl6 C 0.02792 | 0.51699 | 0.5 0.05 Uiso 1
017 O -0.57541 | 0.35695 | 0.5 0 Uiso 1
018 O -0.28968 | 0.434 0.5 0 Uiso 1
o19 O -0.60311 | 0.03438 | 0.5 0 Uiso 1




Electrochemical measurement

Electrochemical measurements were performed using CR2016 coin type cells on
a LAND CT2001A battery tester and Gamry Reference 3000 at room temperature
between 0.4 and 1.5 V. The working electrode was prepared by mixing Tp-PTO-COF
as active materials with conductive additive (Super P) and binder (PVDF) in a mass
ratio of 60:35:5 in NMP. Then the slurry was coated on a carbon paper current
collector and dried at 80 °C overnight in air. The cathode was cut into a round shape
with a diameter of 12 mm, and the mass loading density of the active materials is
about 0.6 mg cm2. The cells were thus fabricated from the cathode, a glass fiber
membrane, a Zn foil anode and 2 M ZnSO, aqueous solution as electrolyte. Cyclic
voltammetry (CV) measurements were performed on a CHI660E electrochemical
workstation in the potential between 0.4 and 1.5 V vs. Zn?*/Zn at a scan rate from 0.5
to 3 mV s'l. The electrochemical impedance spectroscopy (EIS) test was carried out
on a CHI660E electrochemical workstation in the frequency range from 100 kHz to
10 mHz with an amplitude of 5 mV.

The dynamics of zinc ion was tested by galvanostatic intermittence titration
technique (GITT) technique. The batteries were performed for 20 min galvanostatic
pulse (charge or discharge) at a current density of 0.03 A g'!. The Zn?* ion diffusion

diffusivity (D) was obtained via the following equation3-1:
> 412 (AE,\
"~ 7wt \AE,

where 1 represents the constant current pulse time, / represents the thick of the

cathode. AEg is the change of steady-state voltage during a single-step GITT
experiment, and AE, stands for the total change of cell voltage during a constant

current pulse t of a single-step GITT experiment regardless of the IR-drop.
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Figure S14. CV curves of Zn/Tp-PTO-COF battery at sweeping rates of 0.5, 1, 2, and

3 mV s, respectively.
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Figure S15. The linear relation of cathodic peak current vs. square root of scan rate

for Tp-PTO-COF.
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Figure S16. The GITT curves and calculated diffusion coefficients of Tp-PTO-COF

during cycling under 0.03 A g
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Figure S17. The EIS of Tp-PTO-COF. Inset is the equivalent circuit used for fitting

the electrochemical impedance data.

Table S2. Fitted values of elements in the equivalent circuit for EIS data of Tp-PTO-

Tp-PTO-COF 2.542 29.08 3.836X10° 0.8974 0.0174 0.506

COF.
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Figure S18. Galvanostatic charge-discharge curves of the aqueous Zn/Tp-PTO-COF

battery at the current density of 10 A g,
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Figure S19. Galvanostatic charge-discharge curves of the aqueous Zn/Tp-PTO-COF
batteries with different loading mass of Tp-PTO-COF at the current density of 1 A g'!

red 0.6 mg cm2, blue 1.2 mg cm2 and black 2.4 mg cm™2).
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Figure S20. Cycle stability curves of the aqueous Zn/Tp-PTO-COF battery (blue) and
Zn/Tp-PTO-POF battery (red) at the current density of 2 A g!.



Table S3. Comparative electrochemical performance of Tp-PTO-COF and other

reported cathode materials for aqueous rechargeable ZIBs.

Materlal Electrode Electrolyte Voltage Current Capacity
density (A g?') | (mAh g

Tp-PTO-COF 2M ZnSO, 0.4-1.5 301.4 This work
5 192.8
HqTP 3M ZnSO, 0.2-1.8 0.125 276 Chem. Sci. 2019,
COFs 10, 8889-8894
3.75 85
PA-COF 1M ZnSO, 0.2-1.6 0.1 247 ACS Energy Lett.
2020, 5,
5 93 2256-2264
CLPy 30 M Zncl, 0.5-1.8 0.2 150 Energy Environ.
Sci. 2021,14,
3 105 462-472
poliiner PDA 3.3MZnso, 0.3-1.4 0.2 85 Chem.
Commun., 2019,
5 43.2 55, 1647-1650
PTO 2M ZnSO, 0.36- 0.1 300 Angew. Chem.
1.46 Int. Ed. 2018,
5 162 57, 11737 -
11741
orgamic tetrachloro- 1M zn(OTf), 0.8-1.4 0.217 118 chem. Mater.
compounds 1,4- 2018, 30,
benzoquinone 3874-3881
c4qQ 3M 0.2-1.8 0.25 220 Sci. Adv. 2018,
Zn(CF;SO 4,1761
( 3 3)1 1 172
PQ-A 3M 0.25-1.6 0.03 225 J. Am. Chem.
Zn(CF,S0,), Soc. 2020, 142,
0.15 210 2541-2548
DTT 2M ZnSO, 0.3-1.4 0.2 175 Adv. Mater.
2 99 2020, 2000338
PANI- 2 M ZnsSO, 1.0-1.8 0.2 280 Nat. Commun.
intercalated 0.1 M 2018,9, 2906
MnO, MnsO, 3 110
ZMO/C 3M 0.8-1.9 0.5 150 J. Am. Chem.
Zn(CF,S0;), Soc. 2016, 138,
2 72 12894-12901
ZMO@Ti,C,Tx 1M ZnsO, 0.8-1.8 0.2 150 Chem. Eng. J.
tnorganic 0.05M 2020, 399,
compounds Mnso, 3 84.5 125627
HfO,-coated 1M ZnsSO, 0.2-1.8 0.1 215 ACS Energy Lett.
ZVo 2019, 4, 2776-
3 88 2781
Mgo.3:V505: 3m 0.1-1.8 0.1 330  ACS Energy Lett.
nH,0 Zn(CF,S0;), 2018, 3, 2602-
nanobelts 5 81 2609
H,V;04 3M 0.2-1.6 0.5 279 Small 2017, 13,

nanowire Zn(CF;50;), 5 155 1702551
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Figure S21. XPS spectra of Tp-PTO-COF electrode at pristine, fully discharged (0.4
V), and fully charged (1.5 V) states.
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Figure S22. SEM images of Tp-PTO-COF cathode cross-sections during the charge-
discharge process. (a) pristine, (b) fully discharged, and (c) fully recharged states after
50 cycles.

Figure S23. SEM images of Tp-PTO-COF cathode surface at pristine state.



Figure S24. SEM images of Tp-PTO-COF cathode surface fully discharged state after

50 cycles.

Figure S25. SEM images of Tp-PTO-COF cathode surface fully recharged states after

50 cycles.

Figure S26. SEM images of Tp-PTO-COF cathode surface over 350 cycles. (a) fully

discharged, and (b) fully recharged.



Theoretical calculation

All calculations were conducted using the Gaussian 16 software package.l%! Geometry
optimizations are performed at the B3LYP/6-31G* level of theory.!”-81 Calculations of
the molecular electrostatic potential (MESP) were carried out using Multiwfn 3.8

programs.[°]

b Y -18.33 keal/mol
=

j*-—-+ -17.93 keal/mol

Mz - -12.24 keal/mol

====* -17.05 kcal/mol
Positive

Negative

Figure S27. Electronegativity simulation of Tp-PTO-COF.
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Figure S31. The possible mechanism of the interaction of Tp-PTO-COF with Zn?*

ions during the charge-discharge process in electrochemical reaction.

Table S4. Sum of electronic and zero-point energies and the binding energies (BE)

calculated at the B3LYP/6-31G* level.

MO-Tp- Zn,@MO-Tp- | Zn,@MO-Tp- | Zn,,@MO-Tp-
PTO PTO PTO PTO

electronicand

zero-point -3537.74  -1779.09 -10654.28 -15991.88 -21328.88
energies (hartree )
BE (hartree) -0.18 -0.51 -0.24
BE (kcal/mol) -112.95 -320.03 -150.60

BE = E(Zn,@MO-Tp-PTO) - E(MO-Tp-PTO) - x- E(Zn)['0!1]



The theoretical capacity of Tp-PTO-COF is calculated from the following Equation:

No. of electrons X 96485

C, = - X 1000
3600 X Molecular weight

The molecular weight of Tp-PTO-COF is 1188 g-mol-!, and there are 18 carbonyl
groups served as active sites in each unit cell. Based on DFT model Zn;@MO-Tp-
PTO, there are 18 Zn?" ions coordinating with the adjacent layers of Tp-PTO-COF
unit cells, and the theoretical capacity is evaluated as 406 mA h g~!.

The experimentally obtained discharge capacity =301.4 mA h g!.

The efficiency of specific capacity = 74.23%.
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