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Supplementary Figure 1. GCD profile of the two-electrode pouch Zn||AC cells in 30 m ZnCl2

at 0.5 A gAC
-1 cycled and 25 °C, where the positive electrode was bare I-absent AC coated on Ti-

mesh. The specific current and speific capcity (14.6 mAh g-1) was based on the mass of AC, which 

exhibited no discharging plateau, and the Cl redox reactions may slightly contribute to the 

capacity of the bare AC electrode.  
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Supplementary Figure 2. (a) GCD profile of the two-electrode pouch Zn||Cl-I cells, which 

was cycled in 30 m ZnCl2 within the potential range from 0.6 to 1.75 V at 0.5 A gI2
-1 and 25 °C. 

The specific current and speific capcity was based on the mass of iodine.  (b) In situ Raman 

characterization to trace the corresponding GCD curves. The peak at 204 cm-1 is assigned to 

the presence of I+Cl- species, which emerged during charging and then vanished during 

discharging. 
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Supplementary Figure 3. Online electrolytic cell with flooded electrolyte is applied to 

detect the presence of Cl2 evolution of I-containing and I-absent cathodes respectively, and 

the anode is Zn foil, while the cell is placed in the oven under 50 °C. Two tubes are applied to 

conduct the gas loop that the Tube 1 is applied for N2 injection and Tube 2 for gas extraction.  
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Supplementary Figure 4. Schematic illustration of the Cl0 evolving to gaseous Cl2

molecules (a), and being fixed by I+ (b). Here, the valence state of I is +1 due to the working 

voltage range is 1.7 to 2 V to preserve the I+ as shown in Supplementary Figure 2 and Figure 

3a. The green substrate in the figure is the surface of activated carbon. 
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Supplementary Figure 5. (a) LSV profiles in different concentration electrolytes to detect 

the OER and Cl oxidation reactions at 0.5 mV s-1 and 25 °C. It was tested in a two-electrode 

Zn||Ti cells pouch cell configuration by coupling Ti foil with Zn. (b) The zoom-in voltage region 

of (a) to analyze the set-off potential of Cl oxidation reactions in dilute (1 M) and 

concentrated (30 m) electrolytes. The set-off potential of OER in 1 M ZnCl2 electrolyte is 

determined by the pronounced change of the slope at around 1.95 V, indicating the current 

density origination has changed from capacitive adsorption to redox reaction. In 30 m ZnCl2

electrolyte, OER is suppressed with the set-off potential located at around 2.1 V due to the 

small but noticeable peak after the Cl oxidation reaction (arrowed out). On the other side, the 

ClER decreased from 2.13 V of the 1 M ZnCl2 electrolyte to 1.98 V of the 30 m ZnCl2 

electrolytes.  (c) CV curves of the blank AC electrode in two different electrolytes in the two-

electrode pouch Zn||AC cells, where one cathodic peak exists in 30 m electrolyte and is absent 

in the 1 M electrolyte.  
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Supplementary Figure 6. (a) CV profiles of the Cl-redox reaction at different scanning 

rates. (b) The b-value is calculated based on the CV profiles in (a) as the value of 0.41, 

featuring the conversion reactions with diffusion determined behavior. Specifically, the 

charge storage kinetics at these three cathodic peaks (I) according to the current dependence 

on the scan rate (ν) as I= a νb, where a is a coefficient and the b value of 0.5 indicates semi-

infinite diffusion determined behavior, while b of 1 implies capacitive behavior. It was tested 

in two-electrode pouch Zn||Cl-I cells cycled in 30 m ZnCl2 at 0.5 A gI2
-1 and 25 °C.
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Supplementary Figure 7. The GCD curves of the first and second cycles, while the 

charging process started from the open circuit potential at 1.15 V and discharging process 

ends at 1.7 V, explaining the low coulombic efficiency of the first cycle. Of note, the 

Coulombic efficiency can be enhanced by regulating the discharging ending voltage to 0.6 V, 

as evidenced in Fig. 5 in main text. It was tested in two-electrode pouch Zn||Cl-I cells cycled in 

30 m ZnCl2 at 0.5 A gI2
-1 and 25 °C, where the specific current and specific capacity was based on 

the mass of iodine.
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Supplementary Figure 8. The variation of strong-bonds and non-hydrogen bonds along 

increasing the electrolyte concentrations from 1 m to 30 m. Regarding the Raman results 

presented in Figure 2d in maintext, there are three kinds of H2O molecular interactions in the 

aqueous electrolyte, as the strong hydrogen bonds (centered at 3325 cm-1), the weak hydrogen 

bonds (centered at 3429 cm-1) and the non-hydrogen bonds (centered at 3593 cm-1). A low 

ratio of strong-H bonds corresponded to low water activity and consequently low dissolving 

capability for the halogen-based species.
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Supplementary Figure 9. Snapshots of the simulation box for systems in different 

concentrations as 1 m, 10 m, 20 m, and 30 m were ZnCl2 electrolytes, and the zoom-in images 

are the corresponding major solvation structures of Zn2+ and their proportions of the 

electrolyte system. 
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Supplementary Figure 10.  Radial distribution functions (RDFs, g(r)) and coordination 

number (n(r)) of Zn-Cl (a) and Zn-O (H2O) (b). 
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Supplementary Figure 11. The ratio distribution of different solvation structures in 

systems of different concentrations. The number combination “m_n”  corresponds to the 

solvation structure [Zn(H2O)mCln](2-n), For example, “2_4” stands for [Zn(H2O)2Cl4]2-. 
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Supplementary Figure 12. The binding energy of one water molecule with the different 

solvation structures.  
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Supplementary Figure 13. Snapshots of hydrogen bonds in simulation boxes of different 

electrolyte systems. 
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Supplementary Figure 14. Average H-bonds number per H2O in systems of different 

electrolyte concentrations. 
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Supplementary Figure 15. The GCD curves corresponded to the voltage points of 

different in situ and ex situ characterizations with the operating specific current at 0.5 A g-1. 

The voltage values captured during charging cycle are marked out by blue points as 1.85 V, 

1.95 V and 2 V, while they are the black points for discharging cycle as 1.9 V, 1.85 V and 1.7 

V, respectively. It was tested in two-electrode pouch Zn||Cl-I cells cycled in 30 m ZnCl2 at 0.5 A 

gI2
-1 and 25 °C, where the specific current and specific capacity was based on the mass of iodine.
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Supplementary Figure 16. The ex situ XPS results of the initial state and discharged state 

of Cl elements. (a) No Cl element was detected at the initial state because the electrode was 

prepared by electrodepositing I2 in ZnI2 solution. (b) There was only Cl- ion detected at fully 

discharged state (0.6 V) without the Cl0 detected. It was tested in two-electrode pouch Zn||Cl-I 

cells cycled in 30 m ZnCl2 at 0.5 A gI2
-1 and 25 °C, which was cycled for 20 cycles before the cell 

disassembly.
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Supplementary Figure 17. The ex situ XPS results of iodine elements in different charged-

discharged states. The peak of I 3d5/2 shifted to higher binding energy (BE) with the electrode 

charged from initial state to 1.75 V, and then shifted to lower values when further charged to 2 

V. It reversed back to higher BE after discharged back to 1.75 V. The whole process is 

arrowed out. It was tested in two-electrode pouch Zn||Cl-I cells cycled in 30 m ZnCl2 at 0.5 A gI2
-1 

and 25 °C, which was cycled for 20 cycles before the cell disassembly.
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Supplementary Figure 18. Cycling performance of different working ranges to include 1, 

2, 3-electrons reaction, respectively, in one cell. It was tested in two-electrode pouch Zn||Cl-I 

cells cycled in 30 m ZnCl2 at 0.5 A gI2
-1 and 25 °C.
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Supplementary Figure 19. Performance comparison between Cl-I cathode with other 

advanced cathode materials in aqueous Zn-based battery systems, where the specific values of 

specific energy are based on the mass of the active material in the positive electrode, as 

provided in the following Supplementary Table 3. 
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Supplementary Figure 20. The b-values of three cathodic peaks were correlated to the CV 

profiles in Figure 5a.  
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Supplementary Figure 21. Close observations of CV curves at 0.1 mV s-1 and 1 mV s-1. 

The arrows pointed out the changing tendency at different scanning rates of the current 

intensities of the peak R1 and R2. It was tested in two-electrode pouch Zn||Cl-I cells cycled in 30 

m ZnCl2 at 0.5 A gI2
-1 and 25 °C.



23 

Supplementary Figure 22. The charge transfer resistance of the charge process. (a) The 

CV curve of Cl-I electrode. (b) Nyquist plots at different charge states pointed out at the CV 

curve with raw impedance data reported as symbols and fitted data as lines. The inset is the 

equivalent circuit element fitting the EIS data, where R1 is the ohmic resistance, R2 is the 

charge transfer resistance, C is the capacitor and W is the Warburg element. The ionic transfer 

resistance, i.e., the R2 increased during charging. The fitted resistance values of R1 and R2 

are presented in Supplementary Table 4. 
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Supplementary Figure 23. The GCD curves of full cell after discharging for different 

hours. It was tested in two-electrode pouch Zn||Cl-I cells cycled in 30 m ZnCl2 at 0.5 A gI2
-1 and 

25 °C, where the specific current and specific capacity was based on the mass of iodine.
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Supplementary Figure 24. The cycling stability of Zn||Zn symmetric cell in coin cells 

cycled in 30 m ZnCl2 at the current density of 1 mA cm-2 and the areal capacity of 1 mAh cm-2

and 25 °C.
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Supplementary Note 1. When the capacity calculation involves the anions from the 

electrolyte, it is a general protocol not to count the ion masses resourcing from the electrolyte. 

For a representative example, the cathode capacity to host the AlCl4
- anions in the aluminum 

ion battery was calculated based on the mass of the host active materials, such as graphite[13,14], 

and the TiSx
[15], without counting the AlCl4

- ions resourcing from the electrolyte. In addition, 

regarding the other anions-based batteries, the specific capacity was also calculated based on 

the masses of the graphite cathode without counting the masses of the anions from the 

electrolyte[16]
.

We have specified that the specific capacity is calculated based on the mass of fixing 

agents of iodine. The mass of Cl- was not counted in the total mass to calculate the specific 

capacity, because the Cl- ions are resourced from the electrolyte, moving into the cathode side 

during the charging process and returning to the electrolyte during discharging. The mass of 

chloride ions involving the electrode reaction is always changing during the charge-discharge 

process and therefore, the total mass of Cl changes during battery operation, while the mass of 

I is fixed. Thus, we only used the mass of I, which is regarded as a constant mass value.  

Supplementary Note 2. The potential shift tendency of the oxidation reaction of Cl0/Cl- can 

be explained by the Nernst equation, while the reaction is expressed as below: 

Cl0 + e- ⇌ Cl-

The Nernst Equation is: 

φ = φθ + 
2.303RT

nF
𝑙𝑔

[Cl0]

[Cl−]
 = φθ + 

0.0592

n
𝑙𝑔

[Cl0]

[Cl−]

Where φ is electrode reaction potential; φθ is the standard potential; R is the universe gas 

constant as 8.314 J K-1 mol-1; T is the temperature: 298.15 K; F is the Faraday constant: 96500 

C mol-1. The activity of fixed Cl0 is considered as 1, thus the equation can be further 

simplified as: φ = φθ – 0.0592 lg[Cl-]  

Therefore, the reaction potential of Cl0/Cl- conversion reaction would shift to lower potential 

by increasing the concentration of Cl- ion. 

Supplementary Note 3. The binding energy of one water molecule with the rest structure of 



27 

the corresponding solvation shell is calculated using the following equation: 

𝐸𝑏 = 𝐸𝑠𝑜𝑙 − 𝐸𝑠𝑜𝑙∗ − 𝐸𝐻2𝑂

 where 𝐸𝑠𝑜𝑙  is the single point energy of the optimized solvation structure, 𝐸𝑠𝑜𝑙∗ represents the 

single point energy of the structure with one water molecule excluded from the optimized 

solvation structure, and 𝐸𝐻2𝑂 represents the single point energy of the water molecule in the 

solvation structure.  

Supplementary Note 4. Regarding the XPS results of one specific element, the binding 

energy (BE) of higher value corresponds to higher valence state throughout the oxidation 

process. On the contrary, when the valence state becomes lower, BE values will become 

smaller. The BE variations of I is in line with this characteristic. In specific, when the initial I2

is oxidized to 1.75 V to produce I+, the BE becomes larger; when the oxidation continues to 2 

V, the BE becomes smaller, which can be assigned to the decrement in valence state of I. The 

XPS results is in consistence with the charge distributions of final products as ICl3
- at the 

charged state of 2 V, where the valence state of I becomes smaller from +1 at 1.75 V to +0.79 

at 2 V (as exhibited in Fig 3e) 

Supplementary Note 5. It is confirmed the ultimately stable products as ICl3
- throughout the 

halogen-based redox reaction, which is the negatively charged anions. In order to keep 

electrical neutrality, they are possible to coordinate the cationic Zn2+-ions in the electrolyte, 

and the possible final form could be Zn(ICl3)2. 

Thus, the full-cell reaction equations of the Cl/I-Zn ion battery is  

2I- + 6Cl-  + 4Zn2+ ⇌ Zn(ICl3)2+ 3Zn 

Supplementary Note 6.  

Capacity Calculation. The specific capacity and specific energy were calculated based on the 

mass of iodine, while the mass of activated carbon (AC) was not counted in. Since the mass 

of electrodeposited iodine is 2.36 mg cm-2 and the mass of AC is 4 mg cm−2, the specific 

capacity of the Cl-I electrode based on the total mass of iodine and AC at a specific current 

would be  
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CT=CI*2.36/(2.36+4)=0.37CI

where the CI is the capacity calculated based on the mass of iodine and CT is the capacity 

calculated total mass based on iodine and AC. Thus, the corresponding capacity based on the 

total mass of iodine and AC is 226 mAh g(I+AC)
-1 at 0.5 A g-1, and the corresponding capacities 

at other specific currents are shown in Supplementary Table 5. 

Specific Energy Calculation.. The specific energy was calculated based on the mass of iodine, 

where the mass of activated carbon (AC) and the mass of Zn anode were not counted in. 

Since the mass of electrodeposited iodine is 2.36 mg cm-2 and the mass of AC is 4 mg cm−2

and the mass of zinc foil is 35.9 mg cm−2 (50 μm thickness), the specific energy of the full cell 

based on the total mass of cathode (mass of iodine and AC) and anode materials would be  

ET=EI*2.36/(2.36+4+35.9)=0.056EI

where the EI is the specific energy calculated based on the mass of iodine and ET is the 

specific energy calculated based on the total mass. Thus, the specific energy of the Zn||I2 cells 

based on the positive electrode (mass of iodine and AC) and negative electrode active 

materials is 50.7 Wh kg-1. 

In order to improve the specific energy of the whole battery, promising strategies can 

mainly be improved from two aspects, one is to increase the loading of the halogen species or 

to reduce the mass of hosting materials, and the second is to increase the utilization rate of the 

Zn anode. 

Supplementary Note 7. The pouch cell was fabricated to demonstrate the scalability of the 

Cl-I electrode obtained by electrochemical deposition, which could be cycled in the size of 80 

cm2 (10 cm * 8 cm). Other applicable methods to deposit iodine into the host carbon can also 

be developed, such as thermal-evaporation deposition or immersion deposition method.  
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Supplementary Table 1. Reaction Formula of Different Electron Reaction. 

Supplementary Table 2. Comparison between different halogen-based batteries. 
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Supplementary Table 3.  Representative and Advanced Cathode Materials in Aqueous 

Zn-based Battery Systems. 

      Parameters 

Positive electrode 

Capacity  

(mAh g-1) 

Average 

voltage 

(V) 

Specific 

energy  

(Wh kg-1) 

(Practical 

value) 

Applied 

electrolyte and 

negative electrode

Reference 

Prussian blue  

Analogues (PBA) as 

iron 

hexacyanoferrate 

74.6 1.45 108.2 Zinc; 20 M LiTFSI 

+ 1 M Zn(TFSI)2

in H2O 

Ref. 19 in 

Adv. Mater. in 

2019  

Organic electrode as 

Cu3(HHTP)2

228 0.75 171 Zn; 3 M 

Zn(OTF)2 in H2O

Ref. 20 in Nat. 

Commu. in 

2019 

Dual ion host 

electrode as graphite 

110 2 200 Zn; 20 m NaFSI + 

0.5 m Zn(TFSI)2 in 

H2O 

Ref. 21 in 

Adv. Energy. 

Mater. in 2020 

Hybrid ion electrode 

as  

LiMn2O4

118.8 1.7 214 Zn; 20 m LiTFSI + 

1 m Zn(TFSI)2 in 

H2O 

Ref. 22 in Nat. 

Mater. in 2018 

V2O5 228 0.81 228 Zn; 1 M ZnSO4 in 

H2O 

Ref. 23 in Nat. 

Energy in 

2016 

MXene as V2CTx 410 0.75 310.3 Zn; 20 m LiTFSI + 

1 m Zn(TFSI)2 in 

H2O 

Ref. 24 in 

Adv. Energy. 

Mater. in 2020 

MnO2 285 1.35 384 Zn; 2 M ZnSO4 + 

0.1 M MnSO4 in 

H2O 

Ref. 25 in Nat. 

Energy in 

2016 

Cl-I 612.5 1.48 905 Zn; 30 m ZnCl2 This work 
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Supplementary Table 4.  Comparison of resistance values of the Zn||Cl-I pouch cell at 

the different charged states, which were corresponded to the EIS results in 

Supplementary Figure 22.
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Supplementary Table 5.  Performance of advanced cathode materials in aqueous battery 

systems. 

      Parameters 

Battery 

negative ǁ positive 

Capacity  

(mAh g-1) 

Averag

e 

voltag

e 

(V) 

Specific 

energy  

(Wh kg-1) 

(Practical 

value) 

Applied 

electrolyte 

Reference 

LiBr-LiCl ǁ Graphite 243 4.1 996 21 m LiTFST + 7 

m LiOTF in H2O 

26 

LiMn2O4 ǁ Li4Ti5O4 88 2.3 202 2 m LiTFSI in 

94% PEG + 6% 

H2O 

27 

LiMn2O4 ǁ c-TiO2 95 2.1 199.5 32 m KOAc+ 8 m 

LiOAc in H2O 

28 

LiMn2O4 ǁ Zn  118.8 1.7 214 20 m LiTFSI + 1 

m Zn(TFSI)2 in 

H2O 

22 

NaMnPBAǁNaTiOPO4 140 1.74 199.5 9 m NaOTF + 22 

m TEAOTF in 

H2O 

29 

KFeMnPBAǁPTCDI 120 1.27 152 22 M KOTF in 

H2O 

30 

FePBA ǁ Zn 76 1.45 110 20 M LiTFSI + 1 

M Zn(TFSI)2 in 

H2O 

19 

Cu3(HHTP)2 ǁ Zn 228 0.75 211 3 M Zn(OTF)2 in 

H2O 

20 

MnO2 ǁ Zn 285 1.35 384 2 M ZnSO4 + 0.1 

M MnSO4 in H2O 

25 

Zn0.25V2O5 ǁ Zn 282 0.81 228.5 1 M ZnSO4 in 

H2O 

23 

NaV3O8 ǁ Zn 380 0.8 304 1 M ZnSO4 + 1 M 

Na2SO4 in H2O 

31 

VOOH ǁ Zn 426 0.75 336 3 M Zn(OTF)2 in 

H2O 

32 
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Cl-I ǁ Zn 612.5 1.48 905 30 m ZnCl2 in 

H2O

This work 
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Supplementary Table 6. The specific capacities based on the iodine mass and 

the total mass of iodine and activated carbon. 
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Supplementary Table 7. Numbers of ions and water molecules in the simulation 

systems of different concentrations.

Concentration Zn2+ Cl- water 

1 m 90 180 5000 

10 m 900 1800 5000 

20 m 1800 3600 5000 

30 m 2700 5400 5000 
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