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Broader context

Aqueous Zn-I2 batteries are promising for large-scale energy storage because of the 
high theoretical capacity and superior safety. However, the short cycle life has been the 
bottleneck which is caused by both Zn anode instability and polyiodide shuttling. 
Instead of depositing surface protection layers, it is more technologically viable to 
engineer the aqueous electrolytes by introducing additives to fundamentally resolve the 
dissolution of polyiodide from the cathodes and enhance the reversibility of the Zn 
anode. In this work, we demonstrate a facile dual-plating strategy to construct aqueous 
Zn-I2 batteries that can run longer and realize Ah-level capacity. In this design, the 
active materials of zinc and iodine are iteratively dissolved and deposited, eliminating 
the requirement of any membrane or electrode framework for either cathode or anode. 
Specifically, we utilize ZnIxG4 complexes, in which three additives (ZnI2, KI, G4) work 
together to inherently diminish the polyiodide ions and prevent the growth of Zn 
dendrites, leading to enhanced conversion efficiency on both sides. Prototype of flow 
battery integrated with photovoltaic panels is demonstrated.
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ABSTRACT 

  Aqueous Zn-I2 batteries are promising candidates for grid-scale energy storage due to their low 

cost, high voltage output and high safety. However, Ah-level Zn-I2 batteries have been rarely 

realized due to formidable issues including polyiodide shuttling and zinc dendrites. Here, we 

develop 10 Ah dual-plating Zn-I₂ batteries (DPZIB) by employing ZnIxG4(tetraglyme) complex 

chemistry, in which zinc and iodine are iteratively dissolved and deposited in the aqueous 
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electrolyte. The battery contains no membrane or high-cost electrolytes. The G4 strengthens the 

Zn-I bond by acting as an electron donor, and meanwhile, it enhances the reductivity of electrolyte 

by its complexation with Zn2+. Such halogen-complexation chemistry endows static DPZIB with 

shuttle-free property, negligible self-discharge, and minimal zinc dendrites. The battery delivers a 

capacity of 301.5 mAh over 1800 h at 5 mA cm-2, a low capacity decay (0.028% drop per cycle 

for 800 cycles at 25 mA cm-2), and a scalable capacity of up to 10.8 Ah. As a proof of concept, we 

demonstrate an integrated system encompassing a membrane-free Zn-I2 flow battery to store solar 

electricity at daytime and power electronics at nights. 

 

Key words: Zn-I2 batteries, halogen-complexation chemistry, dual-plating mechanism, grid-scale 

energy storage 

 

Introduction  

Large-scale electrical energy storage (EES) devices are crucial in the extensive deployment of 

renewable energy, to buffer the impact of intermittent supplies of solar and wind electricity. For 

this purpose, batteries with the properties of low-cost, high-safety, long-lifespan, and high energy 

density are required [1, 2, 3, 4, 5]. Up to now, many rechargeable batteries, such as lithium-ion batteries, 

zinc-air batteries, lead acid batteries and flow batteries have been applied for EES systems[2, 6]. 

However, none of them fulfills the above requirements and further improvement remains critically 

necessary. The focus of energy storage development has shifted from solely maximizing energy 

density to optimizing the levelized cost of energy, which accounts for energy density, initial cost, 

and cycling life over the system's lifespan.[7]. In this context, battery systems that leverage non-

flammable and cost-efficient aqueous electrolytes present a promising avenue to meet the demands 

of gigawatt-scale energy storage applications[8, 9, 10]. Aqueous Zn–I₂ batteries have emerged as 

promising candidates for this purpose. [11, 12, 13, 14, 15]. However, a significant challenge lies in the 

dissolution of polyiodide species (such as I₃⁻/I₅⁻), which leads to the loss of active materials and 

rapid capacity decay. Additionally, the direct interaction between the zinc anode and these shuttling 
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polyiodide intermediates exacerbates zinc corrosion, resulting in diminished coulombic efficiency 

(CE) and eventual battery failure[11, 13, 14, 16]. This issue becomes even more pronounced in large-

scale systems, where the issues of polyiodide shuttling and zinc degradation are more severe[17, 18, 

19]. To address these challenges, it is crucial to prevent polyiodide shuttling and zinc corrosion for 

improving the long-term cyclability and scalability of Zn–I₂ batteries.  

  One prevailing strategy is to employ porous materials as the I2 host to trap the polyiodide, such 

as micro-mesoporous carbon, graphene, metal organic framework, and covalent organic 

framework[20, 21, 22]. However, due to the weak adsorption with polyiodide species, these host 

materials cannot effectively block the shuttle effect, especially for high-capacity and long-term 

cycles. Additionally, catalysts were deployed to facilitate the conversion of iodine species to 

suppress the generation of polyiodide intermediates[23, 24]. However, catalyst can not fundamentally 

prevent the dissolution of polyiodide from the cathodes. Moreover, the discharge capacities of 

these ‘host-guest’ systems are often constrained by the mass of the redox-inactive host materials. 

Hence, to realize scalable energy storage with Ah-level capacity, it remains highly desirable to 

explore alternative energy storage mechanisms that maximize the utilization of active materials 

while ensuring high reversibility for the Zn–I2 batteries. 

Herein, we propose a dual-plating strategy to construct aqueous Zn-I2 batteries potentially 

possible for grid-scale energy storage. The dual-plating Zn-I₂ batteries (DPZIB) have a 

thermodynamically stable structure, in which the active materials of zinc and iodine are iteratively 

dissolved and deposited, eliminating the requirement of membrane or electrode framework for 

either cathode or anode. It intrinsically avoids electrode deterioration and failure during cycling. 

This simplified battery structure does not require the complicated and time-consuming 

manufacturing procedures in conventional metal-ion batteries. Fig. 1a and 1b illustrates the key 

difference in the electrolyte structure. The key to this DPZIB design lies in the electrolyte. We 

show that the DPZIB operates through a redox-active ZnIxG4(tetraglyme) complex, which 

increases the binding between Zn and I, and reconstructs the Zn2+ solvated structure. With such a 

halogen-complexation chemistry in the DPZIB, issues of polyiodide shuttling and zinc dendrites 
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are effectively addressed. The constructed static DPZIB delivers a high capacity of 301.5 mAh at 

5 mA cm-2 after the cycling of 1800 h and shows a low capacity decay rate of 0.028% over 800 

cycles. As a demonstration, we also constructed membrane-free Zn-I2 flow batteries powered by 

silicon photovoltaics. Owing to their inherent safety, high cycling stability, and simple 

manufacturing process, the DPZIB presented in this study might be a feasible alternative to Li-ion 

batteries in large-scale energy storage.  

 

Results and discussion 

Design concept of dual-plating aqueous Zn-I2 batteries  

The zinc anode is highly reversible as a plating electrode in aqueous electrolytes. However, for 

large-scale systems, the issue of zinc dendrites becomes pronounced during repeated Zn²⁺ plating 

and stripping. While iodine presents itself as a promising candidate for a reversible halogen plating 

electrode, the key issues associated with the shuttling of polyiodide ions and aggregation of solid 

I₂ within the electrolyte must be addressed. In a 1 M zinc sulfate electrolyte, Zn²⁺ forms a solvation 

structure, Zn(H₂O)₆²⁺, due to its strong interaction with water molecules. This solvation structure 

facilitates electron transfer from the water molecules to the cation via the metal−OH bond, which 

in turn weakens the O−H bond. Consequently, this promotes zinc dendrites and the hydrogen 

evolution reaction (HER) at the zinc metal anode.  

To mitigate these issues, in our design, we introduced ZnI2 and KI into the zinc sulfate 

electrolyte, in which halogen ions can partially participate in the solvation structure of Zn(H2O)6
2+ 

to form ZnI(H2O)5
+ owing to its robust coordination capability with transition metal ions. But this 

is still insufficient to achieving highly reversible plating as the additives cannot bind with 

intermediate product I3
− nor prevent the formation of free iodine ions. To strengthen the binding 

between Zn2+ and polyiodide ions, we introduce G4 additive as a strong electron donor into the 

electrolytes. The lone pair of oxygen atoms in G4 allows it to coordinate with Zn2+ [25] and the 

redistribution of charges may enhance the interaction between Zn and I, thus preventing the 

generation of free iodine ions, which will be proved in the later section. Notably, the G4 donates 
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electrons to the entire solvation structure and weakens the electron transfer from H2O to Zn2+, 

enabling the suppression of HER and Zn anode corrosion. In a nutshell, this approach may address 

key challenges in aqueous Zn–I₂ batteries by ensuring both the stability of the zinc anode and the 

efficiency of iodine plating, paving the way for long cycle life and scalable energy storage systems. 

 

Electrolyte structure evolution 

Molecular dynamics simulation (MD) was conducted to quantify and elucidate the evolution of 

the Zn2+ solvation structure of three electrolytes: ZnSO4 (Z), ZnSO4+ZnI2+KI (ZI), and 

ZnSO4+ZnI2+KI+G4 (ZIG). The ZIG electrolytes were prepared by dispersing a certain amount 

KI and ZnI2 in 0.7 M ZnSO4 aqueous electrolytes with 0.4 M G4 as additives (denoted as ZIG(0.4 

M)). In the pure ZnSO4 electrolyte, Zn(H2O)6
2+ is confirmed as the dominant solvation structure, 

with a coordination number (CN) of Zn–O(H₂O) reaching 5.80 and an average coordination 

distance of ~2.15 Å (Fig. 1e and Fig. S1, ESI). Upon the addition of KI and ZnI2, the I− occupies 

the Zn2+ solvation shell to form ZnI(H2O)5
+ evidenced by a sharp Zn–I peak at 2.53 Å and a CN 

of 0.38, while the CN of Zn–O(H₂O) decreases to 5.5 (Fig. 1c-f). After G4 was further added, the 

solution immediately became strikingly yellow (Fig. S2, ESI), indicating the formation of complex 

compounds between G4 and the original species in the ZI electrolyte. The addition of G4 molecules 

replaces the solvated H2O from the primary Zn2+ solvation shell and weakens the CN of Zn–O(H2O) 

from 5.5 to 5.0, demonstrating the superior capability of G4 to remove coordinated water (Fig. 1d, 

1f). This is also confirmed by the Zn−O(G4) coordination structure with a pair peak of 2.1 Å and 

the CN of 2.9 (Fig. S3, ESI). Moreover, the CN of the Zn–I coordination structure increases from 

0.38 to 0.48 to form ZnI3G4− with the addition of G4. Owing to the strong electron-donating ability 

of the –COC– group in G4 molecules, the electrostatic potential in the solvation structure ZnI3G4− 

is lower compared with ZnI(H2O)5
+ and Zn(H2O)6

2+ (Fig. 1g, Fig. S4, ESI). The low electrostatic 

potential can effectively shield the repulsion between Zn2+, providing the ZIG with the highest 

ionic conductivity (47.6 mS/cm2) to enable the Zn2+ diffusion more kinetically favored (Fig. S4, 

ESI). Therefore, MD results suggest that G4 partially replaces the original H2O molecules to adjust 
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the Zn2+ solvation structure and diminishes the free iodine ions by constructing ZnI3G4(yH2O)–.  

More evidence to the solvation structure evolution is provided by spectroscopy results. The 

Fourier transform infrared (FTIR) spectra presents a negative shift from 1055 to 1076 cm-1 after 

the ZnSO4 powders dissolve in the aqueous solution (Fig. 1h). This noticeable blue shift suggests 

the generation of the primary Zn2+ solvation shell with weakened the interaction between SO4
2- 

and Zn2+. The vibration stretching of SO4
2- (v(SO4

2-)) shifts to higher wavenumbers after the 

addition of ZnI+KI or ZnI+KI+G4. As the amount of G4 additive increases to 0.4 M, the v(SO4
2-) 

gradually increases from 1080 to 1082 cm-1, implying a modification in the solvation structure of 

Zn2+ with the addition of G4. These results suggest the G4 molecules participate in the primary 

Zn2+ solvation shell formation and weaken the solvation interaction with H2O and Zn2+. The 

influence of the G4 molecules on solvated H2O molecules was investigated via liquid-phase 

nuclear magnetic resonance (2H NMR) analyses conducted in various electrolyte solutions 

utilizing D2O as the solvent (Fig. 1i). In comparison to pure D2O and D2O/G4, the 2H resonance 

peak in ZI electrolytes exhibits a shift from 4.7 ppm to 4.713 ppm. This shift can be attributed to 

a decrease in the electron density of neighboring atoms, resulting in a reduced shielding effect on 

the protons in H2O molecules. The result suggests the robust coordination between H2O and Zn2+ 

that decreases the number of free H2O molecules. However, after the introduction of G4 molecules 

to ZI electrolytes, the peak moves back to 4.711 ppm, indicating that the G4 molecules participate 

in the coordination environment of Zn2+, thereby releasing the partially confined H2O molecules. 

Raman spectroscopy was performed to analyze the potential solvation structure of Zn2+ with 

different concentration of I⁻ (1.2 M I⁻ and 4 M I⁻ was noted as ZI(1.2 M)G, ZI(4 M)G, respectively). 

New peaks located at 100~160 cm-1, corresponding to the zinc–iodine complexes, are observed 

only when both I⁻ and G4 are present (Fig. S5, ESI). The observed Raman peaks at about 110 cm-

1 are assigned to ZnI3G4– species in the ZI(1.2 M)G4 while peaks appeared at 133, and 159 cm-1 

are attributed to ZnI2G4, and ZnIG4+ species in the ZI(4 M)G, respectively. Raman results suggest 

that once G4 and iodide co-salts (KI+ZnI2) are added into the ZnSO4 electrolyte, I– could be 

detained by the complex superhalide ions (e.g., ZnI3G4–), demonstrating the synergistic halogen-
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complexation process and effective diminishing of free iodide via adding G4 and I⁻ (Fig. 1j)[7, 16]. 

 

 

Fig. 1 The concept of DPZIB and the electrolyte structure evolution. (a) Schematic illustration of 

the traditional Zn-I2 batteries and (b) our dual-plating Zn-I2 batteries. The MD snapshots of (c) ZI 

and (d) ZIG electrolytes. Radial distribution functions and the coordination number for (e) Zn-O 

(H2O) and (f) Zn-I. (g) Electrostatic potential distributions of ZnI(H2O)5
+ (upper) and ZnI3G4- 

(bottom). (h) FTIR spectra for ZnSO4(s), ZnSO4(a) and ZIG with different amount of G4; (i) 2H 
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NMR spectra of H2O in pure D2O, G4+D2O, ZI and ZIG. (j) Raman spectra of ZI and ZIG 

electrolytes with different concentrations of iodine ion. 

 

Theoretical insights to halogen-complexation chemistry 

The halogenation-complex mechanism is further analyzed via density functional theory (DFT) 

calculations. The Gibbs free energy for the formation of ZnIxG4 (x=1, 2, 3) superhalides was 

calculated (Fig. 2a). Both G4 and I− exhibit robust coordination capability with Zn2+ to partially 

replace H2O with energetically favorable structures (Fig. S6 and 7, ESI). These formed 

superhalides (ZnIG4+, ZnI2G4, ZnI3G4⁻) are exothermic with negative Gibbs free energy, 

suggesting that the process is thermodynamically feasible. The maximum coordination of three 

iodide ions in the ZnIxG4 superhalides is attributed to two key factors: the steric hindrance from 

the functional group of G4 and the reduced Lewis acidity of Zn²⁺ upon binding with I⁻, which 

limits further ligand coordination (Fig. S8, ESI). The electrolyte structure influences battery 

performances stemming from the intricate balance between free iodide species, hydrated Zn2+ and 

Zn2+-complex ions. DFT calculation was conducted to depict the dominant Raman modes of G4, 

zinc iodide and potassium iodide species in an aqueous medium. As more iodide ions coordinate 

in the ZnIxG4 superhalides, the Raman mode frequency decreases from 167 to 111 cm⁻¹ (Fig. 2b). 

This trend is consistent with the experimental results (Fig. 1j), further validating the presence of 

ZnIxG4 superhalides in the ZIG electrolytes. Differential charge density and atomic charge 

analyses provide insights into the stability of various solvation configurations. The ZnIxG4 

superhalides display higher charge densities than ZnI(H₂O)₅⁺, suggesting stronger electronic 

coupling after the G4 complexation (Fig. 2c and Fig. S9, ESI). Due to the stronger electron-

donating capability of -COC- group of G4 compared with water, O with strong electronegativity 

can donate electron to both Zn2+ and I
－
. And G4 blocks the electron transfer from water to Zn2+ 

and enables higher charges of Zn2+ and I⁻ (Fig. 2d and Fig. S10, ESI). As more iodide ions are 

coordinated in the Zn2+-complex ions, more charge is transferred. This is verified by the changes 

of the atomic charges. In addition, the bond lengths of Zn-I in ZnIG4+, ZnI2G4, and ZnI3G4⁻ are 

all shorter than that in the ZnI(H2O)5
+, suggesting Zn-I bonds are strengthened after its 

Page 9 of 21 Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/2
1/

20
25

 1
0:

31
:3

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5EE00027K

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee00027k


9 

 

complexation. The lowest unoccupied molecular orbital (LUMO) energy levels of the various 

solvation structures are ultimately investigated to assess their reducibility. The ZnIxG4 

superhalides display a higher LUMO energy level compared with both ZnI(H2O)5
+ and Zn(H2O)6

2+, 

implying its high reductive stability to resist HER (Fig. 2e). Hence, the identification of ZnIxG4 

species underscores their crucial role as iodide carriers within the electrolyte systems; They 

efficiently reduce the number of free iodide ions, and suppress the water-induced parasitic 

reactions. This effect will benefit the cyclic stability of the I2-based zinc metal anode during deep 

cycling (to be discussed below).  

 

Fig. 2 Theoretical calculations for the electrolyte structures. (a) Free energy change in the Zn2+ 

solvation and halogen-complex transformation processes (C, H, O, Zn, and I atoms are represented 

by gray, white, red, pink, blue, and violet balls, respectively). (b) DFT calculated major Raman 

modes of ZnI2, KI, ZnSO4, and G4 in water. (c) Electron density differences (blue and light-yellow 

Page 10 of 21Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/2
1/

20
25

 1
0:

31
:3

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5EE00027K

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee00027k


10 

 

regions denote charge depletion and accumulation, respectively), (d) atomic charge and (e) LUMO 

energy of different Zn2+ solvation structure. 

 

Energy storage mechanism of DPZIB 

To clarify the storage mechanism of the dual-plating Zn−I2 batteries, the charge/discharge 

processes were in-situ inspected under optical microscope observation (Fig. 3a). At the beginning, 

only the carbon fibers of the graphite felt, which served as the substrate for iodine deposition, are 

visible (Fig. 3b1, Fig. S11, ESI). When a charge current is applied for 210 s, yellow iodine films 

immediately cover the carbon fiber. As the charge depth increases, more iodine is deposited on the 

carbon fiber, corresponding to darker color. After charging, the electrode was washed with water, 

and the active material was extracted for UV-visible analysis, which revealed a broad peak at ~200 

cm⁻¹ corresponding to iodine (Fig. 3c). Upon discharging, the iodine that has grown on the carbon 

fiber gradually fades away. A few I2 particles are observed on the carbon fiber at the discharge time 

of 420s (Fig. 3b2). These observations indicate the reversible I2 stripping and deposition processes 

during cycling.  

It is commonly agreed that the undesirable polyiodide shuttling is the main problem of the Zn–

I2 batteries. The oxidation of I⁻ to I2 during charging produces I3
⁻ as an intermediate which can 

easily diffuse to the zinc anode, resulting in serious self-discharging and zinc anode consumption.  

I3⁻ + Zn → Zn2+ + 3I⁻       (1) 

Simultaneously, the regenerated I⁻ may mitigate back to the cathode to react with I2, accelerating 

capacity decay and active zinc consumption.  

I⁻  +  I2  →  I3⁻
        (2) 

So, to achieve shuttling-free Zn-I2 batteries, it is essential to prevent the generation of free 

polyiodide species. In our electrolyte systems, the generation of ZnIxG4 superhalides effectively 

diminishes the free iodide ions. Moreover, in situ UV-Vis experiments demonstrate the appearance 

of I₃⁻ during charging and its disappearance after discharging (Fig. 3d, 3e and Fig. S12, ESI). 

These I₃⁻ intermediates are stabilized in the form of Zn(I3)G4⁺ superhalides, as corroborated by 

Page 11 of 21 Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/2
1/

20
25

 1
0:

31
:3

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5EE00027K

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee00027k


11 

 

 

Fig. 3 Energy storage mechanism of the DPZIB. (a) Schematic of the in-situ microscope 

experimental setup. (b) Optical microscope images of electrode surface morphology at different 

charge/discharge time. The scale bars are 10 μm. (c) UV-vis spectra of pure I2 and the deposited 

I2. (d) Charge/discharge curves of DPZIB with selective voltages for UV-vis and Raman tests (d) 

In-situ UV-vis tests (f) ex-situ Raman tests. (g) Self-discharge time-potential curves of the DPZIB, 

(h) CLSM 3D image of Zn anode after cycling. 
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ex situ Raman spectroscopy and DFT calculations (Fig. 3f and Fig. S13, ESI). The generation of 

Zn(I3)G4+ species will greatly restrains Zn anode corrosion by the reduction of free polyiodides. 

Therefore, the synergistic halogen-complexation chemistry in the electrolytes is expected to 

mitigate both polyiodide shuttling and zinc dendrite formation. This can be reflected from the self-

discharge of the battery, which was assessed by charging it to 1.4 V, allowing it to rest for 96 hours 

and then discharging to 0.4 V. The cell maintains a high coulombic efficiency (95.6%) with a small 

voltage drop of 0.018 V (Fig. 3g). In addition, the 3D confocal laser scanning microscope (CLSM) 

image shows no obvious dendrites on the surface of zinc anode after 30 charge/discharge cycles, 

where the maximum height is about 17 m (Fig. 3h). Moreover, X-ray Diffraction (XRD) and X-

ray Photoelectron Spectroscopy (XPS) were conducted to reveal the surface chemistry of the Zn 

anode after cycling. XRD patterns reveal weak signals of Zn4SO4(OH)6·4H2O (PDF#44-0673), 

indicating suppressed corrosion reactions and minimal by-product formation (Fig. S14, ESI). And 

the XPS results suggest that the zinc anode surface is covered by an organic–inorganic layer 

containing carboxyl organics and I₃⁻, which may function as a solid-electrolyte interphase to 

promote uniform zinc deposition (Fig. S15, ESI). 

Battery performance and potential for scalable energy storage 

The aqueous Zn-I2 dual-plating battery can be assembled by immersing a piece of zinc metal 

and graphite felt in a homogeneous solution (Fig. 4a). The easy structure and low cost of the 

materials ensures high competency of this battery for scalable implementation. When the normal 

ZI electrolyte is used, the battery voltage gradually decreases as the charging time increases, even 

with the increasing current densities (Fig. S16, ESI). This could be related to polyiodide shuttling 

and the absence of solid iodine deposition on the carbon felt. For the DPZIB with ZnIxG4 

superhalides, the battery delivers a high initial capacity of 304.1 mAh at the current of 5 mA cm-2 

with a high energy efficiency of 89.1% (Fig. 4b). Here the energy efficiency is defined as the ratio 

of measured capacity to the theoretical one. After continuous charge/discharge cycles for over 1800 

hour, the battery maintains an average coulombic efficiency of 98.6%, with energy efficiency 

ranging from 85.9% to 93.7% (Fig. 4c). The battery delivers capacities of 313.0, 267.5, 211.2, 
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163.1, 120.0, and 61.3 mAh at the currents of 5, 10, 15, 18, 20, and 25 mA cm-2, respectively (Fig. 

S17, ESI). When the current reduces back to 5 mA cm-2, the capacity recovers back to 310.0 mAh. 

At a high current of 25 mA cm-2, the battery displays a small capacity decay of 0.028% per cycle 

with a coulombic efficiency of 97.6% after 800 cycles (Fig. 4d). The reversibility is also supported 

by the highly overlapping of the charge/discharge profiles which consistently exhibit distinct 

plateaus (inset of Fig. 4d). The high reversibility and long-term cycling stability of the static 

DPZIB are attributed to the iterative dissolution and deposition of cathodes and anodes that 

intrinsically eliminate electrode deterioration during cycling. To scale up the dual-plating battery, 

we fabricated large cells and obtained capacity up to 10.8 Ah at a cell volume of 3176 cm3 

(electrolyte volume is 1443 cm3) (Fig. 4e and Fig. S18, ESI). This capacity outperforms most of 

previously reported aqueous batteries that rely on ion intercalation or deposition/dissolution 

mechanisms (Fig. 4f).[6, 26, 27, 28, 29, 30, 31, 32, 33, 34] In our dual-plating system, the capacity is 

influenced by the ion concentration, volume of the electrolyte, and the energy efficiency. To scale 

up the capacity under a constant ion concentration, it is also necessary to improve the energy 

efficiency by, for example, exploring catalysts to boost the I-/I2 redox reaction kinetics. 
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Fig. 4 Electrochemical performance of the DPZIB. (a) Schematic illustration of the configuration 

of the DPZIB. (b) Cycling performance and time-voltage curves of DPZIB at a current of 5 mA 

cm-2. (d) Long cycling performance of the DPZIB. (e) Capacity of a large-sized static DPZIB and 

(f) comparison to various aqueous batteries. 
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of ions intercalated into host lattices or involved in solid-liquid conversion reactions. This allows 

an independent engineering of power and energy in a flow battery by adjusting electrolyte 

conditions and electrode surface area. As a proof of concept, we assembled a flow Zn-I2 battery 
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without using ion exchange membrane to separate the catholytes and anolytes (Fig. S19, ESI). 

This membrane-free configuration renders rapid charge transfer and lowers the manufacturing cost, 

making it suitable for scalable energy storage. In this setup, a relatively high concentration of 

iodine ions (4 M) was utilized to enhance the energy density. At a constant charging capacity of 

2.65 Ah at the current of 10 mA cm-2, no significant capacity decay or energy efficiency drop was 

observed over 30 cycles (Fig. 5a, 5b). This suggests minimal side reactions during cycling. 

Moreover, the coulombic efficiencies under a flow mode at a wide range of currents (5~40 mA 

cm-2) are relatively stable, although the values are all lower than 100% in the large-sized cells (Fig. 

5c). The low efficiencies could be related to the temperature fluctuations from days to nights and 

variations at the flow reaction interfaces. Furthermore, these Zn–I₂ flow battery modules can be 

integrated with green energy harvesting devices to buffer the intermittent nature of solar and wind 

energy, offering a continuous power supply to the household electronics such as LED light chain 

from the day to the night (Fig. 5d, 5e). Considering the high cycling stability, intrinsic safety, and 

low cost of the membrane-free DPZIBs, we envision its potential as a safe alternative to Li-ion 

batteries in grid-scale energy storage. The next step is to further improve the working voltage and 

rate performance.  

 

Fig. 5 Proof-of-concept membrane-free flow battery based on the DPZIB. (a) GCD curves, (b) 

cycling performance and (c) rate capability. (d) Schematic illustration of the integration of 

membrane-free DPZIB flow battery in grid-scale energy storage system, and (e) a prototype that 
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continuously powers a LED light chain (5 W).  

 

Conclusion  

We have demonstrated a low-cost, highly reversible dual-plating Zn–I2 battery via the redox-active 

ZnIxG4 complexes in an aqueous electrolyte. This system differs from the conventional I-  I2 

reactions of the iodine cathode by eliminating the active cathode materials or complex electrode 

frameworks. Hence, it simplifies the manufacturing process for active materials and electrodes, an 

essential step in traditional metal-ion batteries. The energy storage is realized based on the 

principles of the synergistic halogen-complexation chemistry, where G4 serves as an electron 

donor to increase the interaction between Zn and I. Meanwhile, the reconstructed Zn2+ solvated 

structure corresponds to reduction of free iodine and improvement in the conversion efficiency. 

Moreover, this designed reaction redox also bypasses the challenges of polyiodide shuttling, self-

discharge and zinc corrosion, all being crucial to the implementation of aqueous batteries for large-

scale application. A prototype energy harvesting system is demonstrated by integrating the DPZIB, 

Si photovoltaics, and LEDs.  

Nonetheless, the present challenges for its applications in grid-scale energy storage include the 

relatively low energy density and rate performance compared to the mainstream lithium ion 

batteries and vanadium redox flow batteries. Possible approaches include anode-free configuration, 

further optimization of electrolytes, and exploration of catalysts. 
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