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Experimental Procedures

Raw Materials. Cyanuric acid (CA, chemical purity >99.5%), trithiocyanuric acid (TTCA,
chemical purity >99.5%), and other raw materials were purchased from Shanghai Bidepharm
Tech. Inc. 'H and '3C NMR spectra of all the organic materials are given in Fig. S13.

The synthesis of CA or TTCA in CMK-3. In the synthesis of the composite of CMK-3 and
organic materials (CA and TTCA), 50 mg of the organic materials were dissolved in SmL
ethanol, added 200 mg CMK-3. The resultant mixture was subject to stirring for 20 mins and
being dried in a vacuum oven for overnight at 60 °C.

Characterization. The discharged TTCA (or CA) electrode was firstly ultrasonically dissolved
in DMSO-d;. After filtration, the clear liquor was collected and subject to 'H NMR (13C NMR)
analysis by Bruker DPX 400 MHz spectrometer with chemical shift () given in ppm relative
to TMS as an internal standard [(s = singlet, d = doublet, t = triplet, m = multiplet), coupling
constant (Hz)]. Fourier transform infrared spectroscopy (Bruker Tensor 27) measurement was
carried out in dry KBr to confirm the structures of all active materials. The morphologies of
organic electrodes were observed by field-emission scanning electron microscopy (SEM, JEOL
M-2800) under an accelerating voltage of 200 kV and transmission electron microscopy (TEM,
Hitachi SU-8010) under an accelerating voltage of 25 kV. Ex-situ surface-enhanced Raman
scattering (SERS) spectra were collected from a portable Raman spectrometer (BWS415,
BWTEK Inc., U.S.A) with an excitation wavelength of 785 nm, an integration time of 5 s, and
a laser power of 4 mW. Distributions of valence on surfaces of the organic cathodes were
characterized by X-ray photoelectron spectroscopy (XPS, and Themo Scientific ESCALAB
250Xi system).

Theoretical calculations. Density theory functional calculations (DFT) were performed by
using B3LYP hybrid density functional theory with 6-31G* basis sets implemented in Gaussian
03 software package. All the geometric structures were fully optimized under standard

convergence criteria. The optimized structures were confirmed to be true minima by analytical



vibrational frequency calculations.! On the basis of the optimized structures, the binding
energies were calculated as the difference between the energies of the complexes and the
summed energies of all individuals. we simulate the electrochemical process by using the Li*
ion and e to replace the lithium atom in our calculation, i.e., TTCA+Li*+e- =TTCALIi, where
the energy of Li*+e" is treated as the energy of lithium atom. Transition states of proton transfer
reactions were searched by the QST2 algorithm, further validated by vibration analysis, which
displayed that only one imaginary frequency response the target reactions. IRC scans started
from the transition states were finished by the LQA algorithm for confirming the reaction path
of the proton transfer. To obtain the energy levels of CA and TTCA with respect to the vacuum
level, periodic calculations were performed within the framework of DFT implemented in the
Vienna ab initio simulation package (VASP).Z* The generalized gradient approximation with
the functional was described by the Perdew-Burke-Ernzerhof type (PBE).> The projector-
augmented wave (PAW) method® was applied to describe the wavefunctions in the core regions,
while the valence wavefunctions were expanded as linear combination of plane-waves with a
cutoff energy of 400 eV. The total energy was converged to 10-5 eV in the geometry
optimizations, and the Hellmann—Feynman force on each relaxed atom was less than 0.02 eV/A.
The CA and TTCA molecules were placed in a big box of 15%15%20 A.

Electrochemical Measurements. CA and TTCA were first mixed with CMK-3, respectively,
with a mass ratio of 3:7 to fabricate a homogeneous composite. The electrodes were fabricated
by mixing composites, conductive carbon black (Super-P), and the binder
polytetrafluoroethylene (PVDF) at a mass ratio of 7:2:1. After coating on aluminum foil, the
resultant electrodes were cut into discs with a diameter of 8 mm and a loading of 1.0 mg cm™.
Lithium foil was used as the counter and reference electrodes. The applied electrolyte is 1.0 M
Bis(trifluoromethane)sulfonimide lithium (LiTFSI) salt dissolved in the mixing solvent of 1,2-
dimethoxyethane (DME) and 1,3-dioxolane (DOL) with a volume ratio of 1:1. Galvanostatic
charge/discharge measurements were conducted on a LAND-CT2001A battery test instrument
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(Wuhan, China), and cyclic voltammetry (CV) measurements were tested using CHI
electrochemical workstation (Shanghai Chenhua Instrument, Inc) at room temperature.
Results and Discussion

General

Cyanuric acid (CA). White solid, mp > 300 °C; 'H NMR (400 MHz, DMSO-dy) ¢ 11.15 (s,
3H); 13C NMR (100 MHz, DMSO-dy) 6 150.4 (s); IR (KBr, v, cm™') 3025, 2780, 1779, 1753,
1720, 1590, 1466, 1397, 1058, 771, 753, 690, 535.

Trithiocyanuric acid (TTCA). Light green-yellow solid, mp > 300 °C; '"H NMR (400 MHz,
DMSO-dys) 6 13.68 (s, 3H); 3C NMR (100 MHz, DMSO-dy) 6 172.3 (s); IR (KBr, v, cm)
3135, 3040, 2907, 1577, 1523, 1361, 1297, 1258, 1119, 747, 666, 175, 457.

The mixture of addition agents including PVDF, NMP, LiTFSI, DME and DOL. 'H NMR (400
MHz, DMSO-dy) 6 4.78 (s), 3.78 (s), 3.43 (s), 3.31 (t,J=7.2 Hz), 3.24 (s), 2.70 (s), 2.55 - 2.47
(m), 2.18 (t,J= 8.0 Hz), 1.91 (dt, J = 15.6, 7.4 Hz).

The calculation of experimental lithium ions transfer number.” The experimental electron
transfer number (n) in the charge/discharge process can be calculated by the following

equations:

_ Cexp * Mw
~F

n

Where C,,,. 1s the experimental specific capacity, Mw is the molecular weight and F is the

Faraday constant with the value of 26801.
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Scheme S1. The conventional chemistry reaction of organic electrode materials for lithium

ions storage.
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Figure S1. a-b Calculated electrostatic potential energies (a) and energy levels (b) of CA and
TTCA with respected to vacuum levels. c-d The optimized molecular structures of lithiated CA
(c) and TTCA (d) with 1-3 lithium atoms, where the red, blue, grey, white, yellow and pink

balls represent oxygen, nitrogen, carbon, hydrogen, sulfur and lithium atoms, respectively.

Figure S2. SEM images at high magnification of oligoimides and oligothioimides that
combined with CMK-3. (a) CA and (b) TTCA.



Figure S3. SEM and TEM of N and O images at high magnification for oligoimides and
oligothioimides combined with CMK-3. (a, b, ¢) CA, (d, e, f) TTCA.
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Figure S4. (a) Charge-discharge curves of the first three cycles of CA at 60 °C at 500 mA g'.

(b) Cyclic voltammetry curves of CA at room temperature.
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Figure S5. Long-term cycling performance of (a) CMK-3 and (b) surper P under the current
density of 500 mA g-!.



The discharge capacity of super P are investigated, and the results are given in Fig. S5. As
shown, the capacity of super P is below 18 mAh g'! and which is very low compared with the
CA and TTCA capacity. This further confirms that the capacity of electrode is mainly generated
from CA and TTCA.
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Figure S6. (a) Cyclic voltammetry curves of TTCA under different scan rates. (b) Calculation
of the k value of TTCA discharge process. (¢) Analysis of the k value of TTCA charge process.

(d) Calculation of the b values of TTCA cathode.
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Figure S7. Cycling performance of CA-based organic electrodes at a currents of 2000 mA g-'.
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Fig. S8. Raman spectra of CA cathode in rechargeable Li batteries. The signals are collected at
2.264 V (black curves) and 1.0 V (red curves) in the discharge process, and 2.5 V (blue curves)

and 4.0 V (rose red) during charge process.
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Figure S9. S 2p XPS spectra of charged and discharged TTCA cathode.



Rk Pl i G

(@]

—— -3.34&
—3.33

-3
—3.29

2 3 3.37 3.29
1 (ppm)
4
: 5
7
| 6
- |\J 'h
" s RN (R .08 | . -
T w arilalp —_ _—
o o~ o~ 3 > @
S S k] et ~ ~
o~ < o~ - ~ r~
50 45 40 35 3.0 25 20 15 10 05

Figure S10. Detail '"H NMR information of addition agents. Eight kinds of H were found and

attributed to corresponding molecules.

To further demarcate attributions of other characteristic peaks of the black curve in Fig. 4g,
addition agents including, polyvinylidene fluoride (PVDF, used as adhesive), N-
methylpyrrolidin-2-one  (NMP, used as the solvent of adhesive), solution of lithium
bis((trifluoromethyl)sulfonyl)amide (LiTFSI) in mixture solvent of 1,2-dimethoxyethane and
1,3-dioxolane (DME & DOL, mixed in a ratio of 1:1, used as electrolyte), are mixed into
DMSO-ds and took the 1TH NMR test as shown in Fig. S10. The high peak at 3.47 ppm is
attributed to H,O that sneaked into the electrode plate unavoidably from the air during the

process of disassembling battery.
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Figure S11. Corresponding 'H NMR spectra for pure CA (red) and exsolution object (orange)
of the CA cathode after discharge by DMSO-dj.
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Figure S12. (a, b) 'H and '3C NMR spectras of CA, (c, d) 'H and '3C NMR spectras of TTCA.
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Table S1. Representative example of organic cathode materials for lithium batteries.

Cineoretical Current R
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Table S2. Corresponding theoretical capacities of organic materials combined with n lithiums

respectively.

nLi

(0]
HNJLNH
OJ\HAO

422

4Li

844

6Li

1246

918

Table S3. All possible molecular structures of Li,TTCA (n=1, 2, 3, 4, 5, 6) based on DFT

calculations. Unit of energy (E): hartree.

1Li

NN
A

E= -1482.5105

2Li

HNTY HNI'/"‘\‘NH
3
SA\NAS I\NAS
H H
case 1 case 3
E=-1490.1541 E=-1490.0370
3Li
HN/\I Hrill\/\ HN/\INH HNI'/‘-*INH
7 5, B e
S)\N) N/&S S)\ 2 '\NJ
H H H
case 1 case 2 case 3 case 4
E=-1497.7010 E=-1497.6795 E=-1497.6725 [E=-1497.5726
4Li
HNT Y HNT HN” “NH
O N W l,
S S
case 1 case 2 case 3
E=-1505.3251 E=-1505.3018 E=-1505.2126
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5Li

N
HNTY
L '\H:J
case 2 case 4
E=-1512.8480 E=-1512.8280
6Li
N
L
E=-1520.476
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