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Supplementary Figure 1. LSV curve of the saturated KCl electrolyte. LSV curve of the 

saturated KCl electrolyte (10 mL) in a three-electrode glass cell system (working 

electrode: Ketjen Black (KB); counter electrode: platinum foil; reference electrode: 

standard Ag/AgCl) at 25±1 ℃. 
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Supplementary Figure 2. XRD and FT-IR measurements for PTCDI powder.  a, XRD 

pattern of PTCDI powder (grey crosses) and the Rietveld−refined XRD pattern (blue 

line). b, The structural stacking diagram of PTCDI. c, ATR−FTIR spectrum of PTCDI 

powder. 
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Supplementary Figure 3. Reaction kinetics of the PTCDI electrode in a saturated KCl 

aqueous electrolyte. a, CV curves of the PTCDI electrode in a three-electrode glass cell 

system (working electrode: PTCDI; counter electrode: platinum foil; reference 

electrode: standard Ag/AgCl; electrolyte: 10 mL saturated KCl solution) at 10 mV s−1 

and 25±1 ℃. b, CV curves of the PTCDI electrode through a three-electrode glass cell 

system (working electrode: PTCDI; counter electrode: platinum foil; reference 

electrode: standard Ag/AgCl) in a dilute HCl solution (pH ≈ 5, 10 mL) at 10 mV s−1 

and 25±1 ℃. c, CV curves of the PTCDI electrode in a three-electrode glass cell system 

(working electrode: PTCDI; counter electrode: platinum foil; reference electrode: 
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standard Ag/AgCl; electrolyte: 10 mL saturated KCl solution; 25±1 ℃) at various scan 

rates. d, Peak 4 in the CV curve of the PTCDI electrode in a three-electrode glass cell 

system (working electrode: PTCDI; counter electrode: platinum foil; reference 

electrode: standard Ag/AgCl; electrolyte: 10 mL saturated KCl solution) at 0.2 mV s−1 

and 25± 1 ℃. e, The corresponding lg ip vs. lg v plots at different redox peaks. f, 

Contribution ratio of the capacitive- and diffusion-controlled process at different scan 

rates. 
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Supplementary Figure 4. Electrochemical performance of the PTCDI electrode. GCD 

curves of the PTCDI electrode in a three-electrode glass cell configuration (working 

electrode: PTCDI; counter electrode: platinum foil; reference electrode: standard 

Ag/AgCl; electrolyte: 10 mL saturated KCl solution) at 1.2 A g−1 and 25±1 ℃. 

 

  



7 
 

 

Supplementary Figure 5. The reaction mechanism of the PTCDI electrode. Schematics 

of the redox mechanism for the reversible K-ion storage reaction of the PTCDI 

electrode. 
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Supplementary Figure 6. Reaction kinetics of the PTCDI electrode in a saturated mixed 

KCl/I2 aqueous electrolyte. a, CV curves of the PTCDI electrode in a three-electrode 

glass cell system (working electrode: PTCDI; counter electrode: platinum foil; 

reference electrode: standard Ag/AgCl; electrolyte: 10 mL saturated mixed KCl/I2 

aqueous electrolyte) at 10 mV s−1 and 25±1 ℃. b, The corresponding EIS curves (the 

numerical values of the fitted EIS measurements are disclosed in supplementary table 

2). 
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Supplementary Figure 7. BET and TGA measurements of AC and I2@AC powder. 

a, N2 adsorption-desorption isotherms of pure active carbon (AC) and I2@AC powder. 

b, TGA curve of the synthesized I2@AC powder. 
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Supplementary Figure 8. Schematics of the reaction mechanism of the PTCDI||I2 glass 

cell. a−b, Schematics of the reaction mechanism of the PTCDI||I2 glass cell in a 

saturated KCl aqueous electrolyte during the charging and discharging processes, 

respectively. 
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Supplementary Figure 9. Reaction kinetics of the PTCDI||I2 glass cell in a saturated KCl 

aqueous electrolyte. a, CV curves of the PTCDI||I2 in a two-electrode glass cell system 

(the positive electrode: the I2 electrode; the negative electrode: the PTCDI electrode; 
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electrolyte: 10 mL saturated KCl aqueous solution) at 10 mV s−1 and 25±1 ℃. b, The 

corresponding partial enlargement of the 2nd CV curve of the full cell. c, EIS curves 

(the numerical values of the fitted EIS measurements are disclosed in supplementary 

table 3) of the full cell after the 2nd, 40th and 90th CV tests at 10 mV s−1 and 25±1 ℃ . 

d, CV curves of the full cell in a two-electrode glass cell system (the positive electrode: 

the I2 electrode; the negative electrode: the PTCDI electrode; electrolyte: 10 mL 

saturated KCl aqueous solution; 25±1 ℃) at various scan rates. e, Peak 3 in the CV 

curve of the PTCDI||I2 in a two-electrode glass cell system (the positive electrode: the 

I2 electrode; the negative electrode: the PTCDI electrode; electrolyte: 10 mL saturated 

KCl aqueous solution) at 1 mV s−1 and 25±1 ℃. f, The corresponding lg ip vs. lg v plots 

at different redox peaks. g, Contribution ratio of the capacitance- and diffusion-

controlled process at different scan rates. 
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Supplementary Figure 10. GCD curve of the PTCDI||I2 glass cell within 0.3−2.4 V. 

 The typical GCD curve of the PTCDI||I2 in a two-electrode glass cell system (the 

positive electrode: the I2 electrode; the negative electrode: the PTCDI electrode; 

electrolyte: 10 mL saturated KCl aqueous solution; 25±1 ℃) within the voltage range 

of 0.3−2.4 V.  
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Supplementary Figure 11. The maximum discharge voltage plateau of the PTCDI||I2 

glass cell compared to reported works. 
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Supplementary Figure 12. GCD curve of the PTCDI||I2 glass cell at 1 A g−1. GCD curve 

collected from the first cycle of the PTCDI||I2 in a two-electrode glass cell system (the 

positive electrode: the I2 electrode; the negative electrode: the PTCDI electrode; 

electrolyte: 10 mL saturated KCl aqueous solution) at 1 A g−1 and 25±1 ℃. 
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Supplementary Figure 13. Typical GCD curve of the PTCDI||AC glass cell. Typical 

GCD curve collected from the 1000th cycle of the PTCDI||AC in a two-electrode glass 

cell system (the positive electrode: the AC electrode; the negative electrode: the PTCDI 

electrode; electrolyte: 10 mL saturated KCl aqueous solution; 25±1 ℃) (the specific 

capacity was calculated based on the mass loading of AC). 
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Supplementary Figure 14. Comparison of the self-discharge rate between the PTCDI||I2 

glass cell and Zn||I2 glass cell. Comparison of the self-discharge rate between the 

PTCDI||I2 glass cell (the positive electrode: the I2 electrode; the negative electrode: the 

PTCDI electrode; electrolyte: 10 mL saturated KCl aqueous solution; 25±1 ℃) and the 

Zn||I2 glass cell (the positive electrode: the I2 electrode; the negative electrode: the Zn 

electrode; electrolyte: 10 mL saturated KCl aqueous solution; 25±1 ℃). The voltage 

profiles of both full cells were collected after the 10th cycle and the 11th charge process. 
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Supplementary Figure 15. The specific energy and power performances of the 

PTCDI||I2 glass cell compared to the previously reported works. The specific energy 

and power performances of the PTCDI||I2 glass cell compared to the previously reported 

aqueous I2-cathode-based batteries and ARKFBs. 
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Supplementary Figure 16. CV curve of the I2 electrode in a three-electrode glass cell 

system. CV curve of the I2 electrode in a three-electrode glass cell system (working 

electrode: I2@AC; counter electrode: platinum foil; reference electrode: standard 

Ag/AgCl; electrolyte: 10 mL saturated KCl solution) at 2 mV s−1 and 25±1 ℃. 
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Supplementary Figure 17. LSV curve of the saturated mixed KCl/I2 aqueous electrolyte. 

LSV curve of the saturated mixed KCl/I2 aqueous electrolyte (10 mL) in a three-

electrode glass cell system (working electrode: KB; counter electrode: platinum foil; 

reference electrode: standard Ag/AgCl) at 25±1 ℃. 
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Supplementary Figure 18. CV curves of the CP electrode in a saturated mixed KCl/I2 

electrolyte. CV curves of the carbon paper (CP) electrode in a three-electrode glass cell 

system (working electrode: CP; counter electrode: platinum foil; reference electrode: 

standard Ag/AgCl; electrolyte: 10 mL saturated mixed KCl/I2 solution) at 10 mV s−1 

and 25±1 ℃. 
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Supplementary Figure 19. Typical CV curve of the CP electrode and the CP||CP glass 

cell in a saturated mixed KCl/I2 electrolyte. a, Typical CV curves of the carbon paper 

(CP) substrate in a three-electrode glass cell system (working electrode: CP; counter 

electrode: platinum foil; reference electrode: standard Ag/AgCl electrode; electrolyte: 

10 mL saturated mixed KCl/I2 solution) at 10 mV s−1 and 25±1 ℃. b, Typical CV curve 

of the CP||CP in a two-electrode glass cell system (the positive electrode: CP; the 

negative electrode: CP; electrolyte: 10 mL saturated mixed KCl/I2 solution) at 10 mV 

s−1 and 25±1 ℃. 
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Supplementary Figure 20. CV curves of the CP||CP glass cell in a saturated KCl 

electrolyte and in a saturated I2 electrolyte. a, CV curves of the CP||CP in a two-

electrode glass cell system (the positive electrode: CP; the negative electrode: CP; 

electrolyte: 10 mL saturated KCl solution) at 10 mV s−1 and 25±1 ℃. b, CV curves of 

the CP||CP in a two-electrode glass cell system (the positive electrode: CP; the negative 

electrode: CP; electrolyte: 10 mL saturated I2 solution) at 10 mV s−1 and 25±1 ℃. 
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Supplementary Figure 21. Schematics of the CP||CP glass cell in a saturated mixed 

KCl/I2 aqueous electrolyte. a−b, Schematics of the CP||CP glass cell (corresponding to 

the I−/I0||I0/I+ redox system) in a saturated mixed KCl/I2 aqueous electrolyte during the 

charging and discharging processes, respectively. 
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Supplementary Figure 22. Electrochemical performance of the CP||CP glass cell in a 

saturated mixed KCl/I2 aqueous electrolyte. a−c, GCD curve collected from the 1000th 

cycle, cycling performance and rate capability of the CP||CP glass cell (corresponding 

to the I−/I0||I0/I+ redox system) in a saturated mixed KCl/I2 aqueous electrolyte at 

25± 1 ℃. d, Ex situ UV−vis spectra of the utilized electrolyte (the saturated mixed 

KCl/I2 aqueous electrolyte used in the glass cell) recorded in the pristine (uncycled), 

fully charged and fully discharged states. 
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Supplementary Figure 23. Schematic illustration of the PTCDI||I2 cascade glass cell in 

a saturated mixed KCl/I2 aqueous electrolyte. a−c, Schematic illustration of the 

PTCDI||I2 cascade glass cell in a saturated mixed KCl/I2 aqueous electrolyte in the 

pristine (uncycled) state, the first charge step and the second charge step, respectively.  
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Supplementary Figure 24. Reaction kinetics of the PTCDI||I2 cascade glass cell. a, CV 

curves of the PTCDI||I2 cascade cell in a two-electrode glass cell system (the positive 

electrode: the I2 electrode; the negative electrode: the PTCDI electrode; electrolyte: 10 

mL saturated mixed KCl/I2 aqueous solution; 25±1 ℃) at various scan rates. b, The 

corresponding lg ip vs. lg v plots at different redox peaks. c, Contribution ratio of the 

capacitance- and diffusion-controlled process of the PTCDI||I2 cascade glass cell at 

different scan rates. 
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Supplementary Figure 25. In situ pressure test during the CV measurement of the 

PTCDI||I2 cascade glass cell. In situ pressure test during the CV measurement of the 

PTCDI||I2 cascade cell in a two-electrode glass cell system (the positive electrode: the 

I2 electrode; the negative electrode: the PTCDI electrode; electrolyte: 10 mL saturated 

mixed KCl/I2 aqueous solution) at 10 mV s−1 and 25±1 ℃ for 10 cycles. 
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Supplementary Figure 26. Cycling performance of the aqueous PTCDI||I2 cascade glass 

cell at 60 A g−1. Cycling performance of the aqueous PTCDI||I2 cascade cell in a two-

electrode glass cell system (the positive electrode: the I2 electrode; the negative 

electrode: the PTCDI electrode; electrolyte: 10 mL saturated mixed KCl/I2 aqueous 

solution) at 60 A g−1 and 25±1 ℃. 
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Supplementary Figure 27. Ex situ SEM images of the PTCDI electrode in pristine and 

after 9000 cycles. Ex situ SEM images of the PTCDI electrode in pristine (uncycled) 

(a) and (b) after cycling for 9200 cycles at 40 A g−1 and 25±1 ℃ in a two-electrode 

glass cell system (the positive electrode: the I2 electrode; the negative electrode: the 

PTCDI electrode; electrolyte: 10 mL saturated mixed KCl/I2 aqueous solution). 
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Supplementary Figure 28. Comparison of the operating voltage range between the 

PTCDI||I2 cascade cell and the literatures on high-voltage aqueous batteries. 
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Supplementary Figure 29. Electrochemical performance of the PTCDI||CP cathode-free 

cascade glass cell. a−c, Schematics of the PTCDI||CP cathode-free cascade glass cell in 

a saturated mixed KCl/I2 aqueous electrolyte at the pristine (uncycled), first charge step 

and second charge step. d, Comparison of CV curves of the PTCDI electrode and the 

CP electrode in a saturated mixed KCl/I2 aqueous electrolyte at 10 mV s−1 and 25±1 ℃. 

e−h, CV curve, GCD curve collected from the 1000th cycle, cycling performance, and 

rate capability of the PTCDI||CP cathode-free cascade glass cell at 25± 1 ℃. i, 
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Comparison of the rate capability between this work and the literature on cathode-free 

batteries. 
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Supplementary Figure 30. Configuration of the assembled two-electrode glass cell. 

Configuration of the assembled glass cell in an aqueous electrolyte. 
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Supplementary Figure 31. Configuration of the assembled three-electrode glass cell. 

Configuration of the assembled three-electrode glass cell with the platinum (Pt) foil as 

counter electrode and the standard Ag/AgCl as reference electrode in an aqueous 

electrolyte. 
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Supplementary Figure 32. The picture of in situ pressure measurements during the CV 

experiments. The picture of the in-house developed in situ cell used for the pressure 

measurements during the CV experiments. 
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Supplementary Table 1. Rietveld refined lattice parameters of the crystalline phase of 

PTCDI. 

Lattice 

parameters 

a (nm) b (nm) c (nm) α (◦) β (◦) γ (◦) V (nm3) 

results 0.508 1.532 1.130 90.000 91.583 90.000 0.879 
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 Supplementary Table 2. The equivalent circuit for the EIS tests of the PTCDI electrode 

in a saturated mixed KCl/I2 aqueous electrolyte and the error between the raw and fitted 

data at different states. Here, the series resistance (Rs) represents the resistance of the 

electrode, electrolyte and the interface between the electrode and electrolyte. Charge 

transfer resistance (Rct) is a measure of the difficulty encountered when an electron is 

shifted from one atom or compound to another atom or compound. The constant phase 

element (CPE) is a capacitive element with a frequency independent negative phase 

between a capacitor and a resistor. Warburg resistance (W) models semi-infinite linear 

diffusion (diffusion in one dimension that is only bounded by a large planar electrode 

on one side). 

 The equivalent circuit: 

                                         

 

 

 

 

 

 Fitted value 

(error) in 

pristine state 

Fitted value 

(error) after 

the 3rd cycle 

Fitted value 

(error) after 

the 4th cycle 

Fitted value 

(error) after 

the 5th cycle 

Series resistance 

(Rs, Ω) 

0.632 (0.002) 0.632 (0.003)  0.633 (0.003) 0.631 (0.004) 

Charge transfer 

resistance 

(Rct, Ω) 

0.159 (0.017) 0.245 (0.066) 0.240 (0.054) 0.229 (0.062) 

Constant phase 

element 

(CPE) 

0.617 (0.031) 0.540 (0.073) 0.644 (0.057) 0.64 (0.035) 

Warburg 

resistance 

(W, Ω) 

0.386 (0.003) 0.436 (0.005)  0.386 (0.004)  0.375 (0.005) 
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Supplementary Table 3. The equivalent circuit for the EIS tests of the PTCDI||I2 glass 

cell in a saturated KCl aqueous electrolyte and the error between the raw and fitted data 

at different states. Here, the series resistance (Rs) represents the resistance of the 

electrode, electrolyte and the interface between the electrode and electrolyte. Charge 

transfer resistance (Rct) is a measure of the difficulty encountered when an electron is 

shifted from one atom or compound to another atom or compound. The constant phase 

element (CPE) is a capacitive element with a frequency independent negative phase 

between a capacitor and a resistor. Warburg resistance (W) models semi-infinite linear 

diffusion (diffusion in one dimension that is only bounded by a large planar electrode 

on one side). 

 The equivalent circuit: 

                                         

 

 

 

 

 Fitted value 

(error) after the 

2nd cycle 

Fitted value 

(error) after the 

40th cycle 

Fitted value 

(error) after the 

90th cycle 

Series resistance 

(Rs, Ω) 

1.511 (0.005)  1.501 (0.107)  1.487 (0.112)  

Charge transfer 

resistance (Rct, Ω) 

0.341 (0.053) 0.312 (0.041) 0.272 (0.040)  

Constant phase 

element (CPE) 

0.660 (0.062)  0.734 (0.066)  0.765 (0.071)  

Warburg resistance 

(W, Ω) 

0.335 (0.012)  0.380 (0.004)  0.366 (0.005)  
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Supplementary Table 4. Comparison of the cycling performance and rate capability 

between the PTCDI||I2 glass cell and the previously reported works. 

Anode||Cathode Specific current 

(A g−1) 

Specific capacity 

(mAh g−1) 

Ref. 

G-Zn||ZC-mK2CO3@I2 10.55 150 (after 35k cycles) 1 

 0.211 336  

 0.422 328  

 1.055 302  

 2.11 244  

 4.22 200  

 10.761 164  

 21.1 140  

Al||I2@ZIF-8-C 2 162 (after 150 cycles) 2 

 2 240  

 3 190  

 4 150  

 6 110  

 8 90  

Zn||I2-Nb2CTx 6 150 (after 23k cycles) 3 

 1 205  

 2 195  

 4 190  

 6 180  

 8 170  

 10 160  

 12 155  

 14 150  

 16 145  

 18 143  

Zn||PAC-I2 2 420 (after 6k cycles) 4 

 0.2 609  

 0.4 589  

 0.8 530  

 1.2 507  

 2 419  

Zn||Ti3C2I2 3 125 (after 2.8k cycles) 5 

 0.5 198  

 1 180  

 1.5 170  

 2 160  

 2.5 150  

 3 145  

 3.5 140  

 4 135  

 4.5 130  

 5 120  

Zn||Co[Co1/4Fe3/4(CN)6]/I2 4 166 (after 2k cycles) 6 

 0.1 240  

 0.2 228  
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 0.5 225  

 1 215  

 2 205  

 4 190  

 6 178  

 20 152  

Zn||PANI-I2 1.5 127 (after 700 cycles) 7 

 0.3 230  

 0.6 198  

 1.2 171  

 1.8 154  

 2.4 144  

Zn||I2-NPC-900 2.11 125 (after 10k cycles) 8 

 0.0422 334  

 0.1055 298  

 0.211 261  

 0.422 229  

 1.055 200  

 2.11 178  

 4.22 155  

Zn-BTC||I2 1.92 85.1 (after 6k cycles) 9 

 0.16 203  

 0.32 163  

 0.64 134  

 1.28 103  

Fe||I2/N-HPC 2 195 (after 550 cycles) 10 

 0.5 190  

 1 195  

 2 190  

DPPZ||InHCF, 

K-ion electrolyte 

6 78.3 (after 5k cycles) 11 

 1 132  

 2 119  

 3 110  

 4 102  

 5 100  

 6 98  

 7 97  

 8 96  

 9 95  

 10 90  

KTP/C||K-FeHCF, 

K-ion electrolyte 

5 43 (after 30k cycles) 12 

 0.05 80  

 0.1 72  

 0.2 65  

 0.5 60  

 1 55  
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 2 45  

 5 44  

PTCDI||KVO, 

K-ion electrolyte 

1 50 (after 20k cycles) 13 

 0.1 95  

 0.2 90  

 0.5 85  

 1 80  

 2 78  

 3 74  

This work 40 289 (after 10k cycles)  

 40 224 (after 40k cycles)  

 40 173 (after 90k cycles)  

 40 321.5  

 70 207  

 100 141  

 130 112  

 160 103  
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Supplementary Note 1 

XRD and ATR−FTIR measurements for PTCDI powder 

The experimental spectrum featuring strong diffraction peaks is identical to the 

simulated pattern, confirming the high crystallinity and purity of PTCDI 

(Supplementary Figure 2a). The Rietveld refinement results reveal that the PTCDI 

features a monoclinic phase with a space group of P21/n and cell parameters of a = 

0.508 nm, b = 1.532 nm, c = 1.130 nm, α = 90.000°, β = 91.583°, and γ = 

90.000° (Supplementary Table 1).14 The interplanar distance of the PTCDI stack was 

calculated to be 0.393 nm, which is larger than that of graphite (0.335 nm) and 

facilitates the diffusion of K−ion (0.138 nm) within the PTCDI crystal (Supplementary 

Figure 2b).14, 15 Moreover, the characteristic vibrations of N−H (3153 cm−1), C=O (1686 

cm−1), and C−N (1362 and 1276 cm−1) were clearly detected, and the strong absorption 

peak at 1586 cm−1 was assigned to the stretching vibration of C=C bonds in the aromatic 

ring (Supplementary Figure 2c).14-18  

 

Supplementary Note 2 

Reaction kinetics of the PTCDI electrode in a saturated KCl aqueous electrolyte 

As shown in Supplementary Figure 3a, during the first cathodic scan, one large 

reduction peak was observed at a more negative potential of −0.76 V than that in 

subsequent cycles, which was ascribed to the larger polarization needed for the initial 

electrochemical intercalation of K−ion into the uncoordinated PTCDI electrode.17 On 

the first anodic scan, a small shoulder peak located at −0.83 V was observed but 

disappeared in the following cycles, which may be attributed to some irreversible 

impurities adsorbed on the electrode.19 During subsequent cycles, two cathodic peaks 

at −0.55 V and −1.17 V that originated from the enolization of the carbonyl groups were 

observed, corresponding to the stepwise intercalation process of K−ion in the PTCDI 

electrode. Conversely, three anodic peaks appearing at −0.76 V, −0.07 V and 0.06 V, 

which were derived from the recovery of carbonyl groups, were observed, 

corresponding to the stepwise deintercalation of K-ion.16, 20, 21 Moreover, the redox 

peaks almost overlapped after the first cycle, suggesting the high reversibility of PTCDI 
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as a K−ion hosting anode. As presented in Supplementary Figure 3b, no redox peaks 

were observed, verifying that protons had no effect on the charge/discharge process of 

the PTCDI electrode. 

To further elucidate the kinetic behaviours, CV tests were performed at various 

scan rates from 5 mV s−1 to 45 mV s−1, which was a large enough range to evaluate the 

kinetic behaviour.5, 22-24 With increasing scan rates, the intensity of the redox peaks 

increased gradually, and the CV curves retained similar shapes, confirming the 

excellent high rate tolerance of the PTCDI electrode (Supplementary Figure 3c).25 To 

determine whether the relatively broad peak (named peak 4) within −0.8 V to −0.3 V 

consists of one peak or not, the PTCDI electrode was tested in a three-electrode system 

at an ultralow scan rate of 0.2 mV s−1. As presented in Supplementary Figure 3d, it is 

clear that peak 4 consists of one peak. The broadening of the peaks at high scan rates 

should be mainly attributed to the increased polarization.5, 15, 22-24  

In principle, the relationship between the peak current (ip) and scan rate (v) can be 

expressed by the power law:26-28 

                                                       𝑖 = 𝑎𝑣𝑏                                                        (1) 

where i and v represent the generated current and applied scan rate, respectively, and a 

and b are constants. In detail, b ~0.5 indicates a diffusion-controlled process, while b 

~1 indicates a capacitance-dominated process.26-28 By plotting lg ip vs. lg v 

(Supplementary Figure 3e), the b values of the five marked redox peaks are calculated 

to be 0.60 (peak 1), 0.79 (peak 2), 0.80 (peak 3), 0.80 (peak 4), and 0.54 (peak 5), 

manifesting the combination of diffusion-controlled and capacitance-dominated 

behaviours of the whole redox process.29  

For further determination of the capacitive contribution, the current density (i) at a 

fixed potential can be divided into the capacitance-dominated contribution (k1v) and the 

diffusion effect (k2v
1/2), and the relationship can be expressed as follows:26-28 

                                               𝑖 = 𝑘1𝑣 + 𝑘2𝑣
1/2                                           (2) 

As a typical example, at a scan rate of 15 mV s−1, the capacitance-controlled 

contribution approached 69.0%. Moreover, the proportion of capacitive-domination 
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increased with increasing scan rate and reached 83.9% at 45 mV s−1 (Supplementary 

Figure 3f). The high capacitive contribution of the PTCD electrode is a common 

phenomenon and has been widely reported in previous works.14, 16, 17, 20, 30-33 The high 

capacitive contribution means that the kinetic behaviour of the electrode is mainly 

dominated by the capacitive effect, and the transport of K-ion is not the rate-limiting 

factor.32 In other words, the transport of K−ion is fast enough under high operational 

current densities. In addition, the capacitive effect renders more charge transfer than 

volume lattice diffusion and thus can help to retain the capacity at high operational 

current densities.34, 35  

 

Supplementary Note 3 

Electrochemical performance of the PTCDI electrode 

As displayed in Supplementary Figure 4, after the first few cycles, a capacity of 

136 mAh g−1 was delivered, corresponding to the two−electron redox mechanism per 

PTCDI molecule (137 mAh g−1 in theory).14, 17, 20 

 

Supplementary Note 4 

The reaction mechanism of the PTCDI electrode 

By combining the aforementioned CV results and actual capacity delivered, the 

redox mechanism of the PTCDI electrode can be expressed as a stepwise enolization 

reaction in terms of reversible stepwise intercalation of K-ion (Supplementary Figure 

5).14, 17, 20 

 

Supplementary Note 5 

Reaction kinetics of the PTCDI electrode in a saturated mixed KCl/I2 aqueous 

electrolyte 

As presented in Supplementary Figure 6a, the CV curves of the PTCDI electrode 

in the saturated mixed KCl/I2 aqueous electrolyte were identical to those in the pure 

saturated KCl electrolyte (Supplementary Figure 3a), demonstrating the intrinsic 
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characteristics of inertness to various iodine anionic species of the PTCDI electrode. 

Since the voltage at the beginning of the test was 0.16 V, the curves in the vicinity of 

0.2 V between the 1st scan cycle and the sequential scan cycles were nonclosed. To 

determine the variation in the ohmic resistance of the PTCDI electrode after different 

scan cycles, corresponding electrochemical impedance spectroscopy (EIS) 

measurements were performed. As shown in Supplementary Figure 6b, the intersection 

of the EIS curve with the horizontal axis after different scan cycles effectively 

overlapped, illustrating that the series resistance of the PTCDI electrode remained 

stable without significant variation and consolidating that the PTCDI electrode can 

work stably in the mixed electrolyte.6, 36-38  

 

Supplementary Note 6 

BET and TGA measurements of AC and I2@AC powder 

As shown in Supplementary Figure 7a, the specific surface area of AC decreased 

from 2087.5 m2 g−1 to 924.5 m2 g−1 after adsorbing I2, verifying the successful 

preparation of the I2@AC material. As presented in Supplementary Figure 7b, the 

second stage corresponds to the mass loss of I2, and the content of I2 in the I2@AC was 

determined to be 47.2%. 

 

Supplementary Note 7 

Reaction kinetics of the PTCDI||I2 glass cell in a saturated KCl aqueous electrolyte 

As presented in Supplementary Figure 9a, there are two cathodic peaks below 1.2 

V after the 2nd scan, but the lower potential position of the cathodic peaks overlapped 

with the 40th scan curve. For clarity, the cathodic peaks below 1.2 V after the 2nd scan 

was enlarged (Supplementary Figure 9b). It is clear that there are two cathodic peaks 

below 1.2 V after the 2nd scan. To investigate the phenomenon of the shift in peak 

potential of the full cell, electrochemical impedance spectroscopy (EIS) measurements 

were performed after the 2nd, 40th and 90th scans at 10 mV s−1. As shown in 

Supplementary Figure 9c, the EIS curves after different scan cycles presented similar 



47 
 

shapes and the positions shifted slightly to the left with the increased scan cycles. 

Notably, the intersection of the EIS curve with the horizontal axis presents the series 

resistance of the cell.6, 36-38 The smaller the intercept was, the smaller the series 

resistance.6, 36-38 To make it clearer, the inset shows the enlarged zone of the curves at 

high frequency. It is obvious that the ohmic resistance of the cell decreased with 

increasing scan cycles.  

Various scan rates from 2 mV s−1 to 30 mV s−1 for the PTCDI||I2 glass cell in 

saturated KCl electrolyte were tested, and the width of the scan rates was large enough 

to evaluate the kinetic behaviour.5, 22-24 With increasing scan rate, the shape of the CV 

curves was well maintained (Supplementary Figure 9d). To determine whether the 

relatively broad peak (named peak 3) within 1.8 V to 2.1 V consists of one peak or not, 

the full cell was tested at a small scan rate of 1 mV s−1. As presented in Supplementary 

Figure 9e, peak 3 consists of one peak. The broadening of the peaks at high scan rates 

should be mainly attributed to the increased polarization.5, 15, 22-24 Moreover, the b 

values of the redox peaks were calculated to be 0.64 (peak 1), 0.52 (peak 2), 0.78 (peak 

3), 0.64 (peak 4), and 0.68 (peak 5) according to equation (1), suggesting the combined 

mechanism of the whole redox process (Supplementary Figure 9f). As a typical 

example, at a scan rate of 10 mV s−1, the capacitance-controlled contribution 

approached 53.3%. Moreover, it increased with increasing scan rate and reached 72.1% 

at 30 mV s−1 (Supplementary Figure 9g), implying the outstanding rate performance of 

the full cell. 34, 35 

 

Supplementary Note 8 

GCD curve of the PTCDI||I2 glass cell within 0.3-2.4 V 

To ensure that all redox peaks can be completely displayed, the voltage range of 

the PTCDI||I2 glass cell was set to 0.3-2.4 V. As shown in Supplementary Figure 10, a 

discharge capacity of 300 mAh g−1 was delivered, which still far exceeded that of all 

reported aqueous iodine-cathode batteries at such a high current density.1, 3-9 An 

additional discharge capacity of 24 mAh g−1 was delivered when the cut-off voltage of 



48 
 

the full cell was set to 0, which only accounted for 7.4% of the total capacity (324 mAh 

g−1 in Figure 2b). Therefore, the cut-off voltage of the full cell was not the main reason 

for the high capacity delivered. Instead, a slightly higher capacity output was obtained 

if the cut-off voltage was set to 0, and the same method has also been reported in 

previous works.15, 20, 33  

 

Supplementary Note 9 

Comparison of the maximum discharge voltage plateau between the PTCDI||I2 glass 

cell and reported works 

The maximum discharge voltage plateau of the PTCDI||I2 glass cell is higher than 

that of all reported aqueous rechargeable Zn||I2,
1, 3-9 Fe||I2

10, Al||I2,
2 H2||I2,

39 and most 

aqueous rechargeable K-ion full battery systems (ARKFBs),11, 12, 40 making it promising 

for high-energy output (Supplementary Figure 11).  

 

Supplementary Note 10 

GCD curve of the PTCDI||I2 glass cell at 1 A g−1 

As presented in Supplementary Figure 12, the performance of the PTCDI||I2 glass 

cell at a low specific current (1 A g−1) was investigated. The cell was unable to be 

charged to 2.4 V but fluctuated in the vicinity of 1.8 V. This result was mainly attributed 

to some irreversible side reactions induced under a low specific current and the limited 

intrinsic conductivity of organic electrode materials.15, 20, 32, 33, 41 Thus, a high specific 

current was needed to ensure that the required voltage was reached and that some 

irreversible side reactions were avoided. A similar phenomenon has also been reported 

in other works.15, 20, 32  

 

Supplementary Note 11 

Comparison of the self-discharge rate between the PTCDI||I2 glass cell and Zn||I2 glass 

cell  
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The self-discharge rate of the PTCDI||I2 glass cell was evaluated after charging to 

2.4 V at 40 A g−1. To obtain a better understanding of the self-discharge rate of this 

work, a Zn||I2 glass cell was constructed in a mixed 1 M KCl + 1 M ZnCl2 aqueous 

electrolyte and evaluated after charging to 1.8 V at 40 A g−1  as a control group.5, 42 As 

shown in Supplementary Figure 14, a voltage drop of 0.4 V for the PTCDI||I2 glass cell 

required 78.2 s, while the time for the same voltage drop for the Zn||I2 glass cell was 

27.6 s. That is, the PTCDI||I2 glass cell had a much lower self-discharge rate than that 

of the conventional Zn||I2 glass cell.  

Self-discharge behavior is a common phenomenon in aqueous iodine cathode 

batteries, and is ascribed to the dissolubility of iodine and iodine species in aqueous 

environments.3-5, 42-44 In other words, regardless of which kind of iodine electrode 

material is utilized as the cathode, iodine species are inevitably released into the 

aqueous electrolyte and trigger a series of complexation reactions, thus leading to self-

discharge behaviour.3-5, 42-44 For conventional aqueous metal||I2 battery systems, iodine 

anionic species diffuse into the vicinity of the metal anode and cause the formation of 

electrochemically inactive complexes, leading to the irreversible loss of iodine 

elements and aggravating the self-discharge behaviour.3-5, 42-44  

In contrast, PTCDI featuring intrinsic inertness to various iodine anionic species 

was adopted as the negative electrode in this work. They were unable to react with the 

PTCDI electrode and form electrochemically inactive complexes. Hence, the PTCDI||I2 

glass cell in this work had a lower self-discharge rate than that of the conventional Zn||I2 

glass cell. Although coupled with the simplest iodine cathode material (I2@AC) 

synthesized through a facile physical adsorption method, the aqueous PTCDI||I2 glass 

cell still exhibited an improved electrochemical performance.  

 

Supplementary Note 12 

The specific energy and power performances of the PTCDI||I2 glass cell compared to 

the previously reported works. 
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As presented in Supplementary Figure 15 (the specific energy and specific power 

were both calculated based on the mass of the active material in the positive electrode), 

the full cell exhibited a specific energy of 434 Wh kg−1 at a specific power of 50420 W 

kg−1. Moreover, a specific energy of 86 Wh kg−1 was maintained at the peak specific 

power of 155072 W kg−1. Furthermore, the specific energy and specific power of the 

full cell are higher than that reported for aqueous batteries with I2-based cathodes1, 3, 6, 

10, 44-48 and most ARKFBs.11, 49 

 

Supplementary Note 13 

CV curve of the I2 electrode in a three-electrode glass cell system 

As shown in Supplementary Figure 16, the CV of the I2 electrode in a saturated 

KCl electrolyte was tested in a three-electrode glass cell system. Only a pair of redox 

peaks corresponding to I−/I0 was observed, and no other redox peaks corresponding to 

I−/I3
− were detected, confirming a direct conversion between I− and I0.4, 5, 50 These 

results are consistent with the DFT result in Figure 1a.3-6, 51  

 

Supplementary Note 14 

LSV curve of the saturated mixed KCl/I2 aqueous electrolyte 

As shown in Supplementary Figure 17, the slight bulge within the potential range 

of 0.6 V to 0.9 V corresponds to the oxidation reaction of I0/I+ in the mixed electrolyte,4, 

5 which is an indispensable part of the I−/I0||I0/I+ redox system. Hence, the 

electrochemical potential window of the mixed electrolyte was determined to be 2.60 

V, which is large enough to guarantee the stable work of the cascade cell. 

 

Supplementary Note 15 

Reaction kinetics of the PTCDI||I2 cascade glass cell in a saturated mixed KCl/I2 

aqueous electrolyte 

Various scan rates from 3 mV s−1 to 15 mV s−1 for the PTCDI||I2 cascade cell were 

used to evaluate the kinetic behaviour.23, 24 As presented in Supplementary Figure 24a, 
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the CV curves displayed similar shapes, confirming the excellent high rate tolerance of 

the cascade cell.25 According to equation (1), the b values of the seven marked redox 

peaks were calculated to be 0.24 (peak 1), 0.76 (peak 2), 0.46 (peak 3), 0.88 (peak 4), 

0.69 (peak 5), 0.73 (peak 6), and 0.27 (peak 7), indicating the combination of diffusion-

controlled and capacitance-dominated behaviours of the whole redox process 

(Supplementary Figure 24b).29  

 

Supplementary Note 16 

Comparison of the operating voltage range between the PTCDI||I2 cascade glass cell 

and the reported works 

As shown in Supplementary Figure 28, compared with well-known strategies (e.g., 

water-in-salt, liquid polymer additive)52-71 to broaden the voltage window in aqueous 

electrolytes, the high voltage of the PTCDI||I2 cascade cell was achieved by just 

utilizing the saturated mixed KCl/I2 aqueous electrolyte without a water-in-salt strategy 

or polymers.  

 

Supplementary Note 17 

Electrochemical performance of the PTCDI||CP cathode-free cascade glass cell 

As illustrated in Supplementary Figure 29d, the carbon paper (CP) cathode 

(functioning as a current collector) and PTCDI anode can work steadily in the mixed 

electrolyte. It is noted that the discharge areal capacity and areal current density values 

of the PTCDI||CP cathode-free cascade glass cell were calculated based on the total area 

(~2 cm2) of the both sides of the positive electrode. As expected, the typical CV curve 

of the PTCDI||CP cathode−free cascade cell is in accord with that of the PTCDI||I2 

cascade cell (Supplementary Figure 29e). Correspondingly, two distinct procedures 

(marked step 1 and step 2 separately) were clearly observed in the GCD curve 

(Supplementary Figure 29f). As shown in Supplementary Figure 29g, a discharge areal 

capacity of 0.87 mAh cm−2 was delivered at 15 mA cm−2 after 11200 cycles, exhibiting 

stable cycling performance. The fluctuant CE values were attributed to the cathode 
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reactions of I−/I0/I+ occurring at the interface between the CP current collector and 

electrolyte for the two steps of this cascade cell.72-76 Moreover, discharge areal 

capacities of 0.67, 0.66, 0.61 and 0.57 mAh cm−2 were achieved at 15, 20, 25 and 30 

mA cm−2, respectively, indicating a good rate capability (Supplementary Figure 29h). 

Impressively, the rate capability of the PTCDI||CP cathode-free cascade cell displayed 

prominent superiority when compared with other reported cathode-free batteries 

(Supplementary Figure 29i).77, 78 
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