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Abstract: Zinc-halogen batteries are usually based on two-electron transfer reactions from
X− to X2. However, the halogen is capable of being further oxidized to higher valence
states, thereby achieving the higher capacity of zinc- halogen batteries. Here, a six-electron
reaction based on I−/I+ and Br−/Br0 is activated successfully by introducing KI into the
electrolyte. ZIF-8-derived porous carbon (ZPC), serving as the host of halogen, effectively
suppresses polybromide/polyiodide shuttle owing to the chemisorption/physical adsorp-
tion. Additionally, the adsorption of I− on the surface of the zinc anode effectively inhibits
the growth of dendrites and the formation of by-products. Consequently, zinc-bromine
batteries exhibit outstanding electrochemical performance, including a specific capacity
of 345 mAh g−1 at 1 A g−1 and an excellent capacity retention of 80% after 3000 cycles at
2 A g−1. This strategy provides a novel way for enhancing the electrochemical performance
of zinc-halogen batteries.

Keywords: zinc-bromine batteries; interhalogen; six-electron reactions

1. Introduction
Lithium-ion batteries (LIBs), with their advantages of light weight, high-energy den-

sity, and high specific power, have been widely used in many fields. However, LIBs still
face challenges, such as the increasing depletion of lithium reserves, potential safety haz-
ards, and environmental pollution caused by organic electrolytes, making it imperative to
develop a new generation of safe, environmentally friendly, and low-cost secondary battery
systems. As one of the most promising secondary batteries, aqueous zinc-ion batteries (AZ-
IBs) are promising alternatives for the next generation of energy storage systems due to their
intrinsic economy, reliability, safety, and environmentally friendly and excellent electro-
chemical performance [1–3]. However, the theoretical capacity of AZIBs cathode is usually
much lower than that of the zinc metal anode (820 mAh g−1) [4,5]. Therefore, increasing
the energy density of AZIB cathodes is of great significance. In prior studies concerning the
cathodes of aqueous zinc-ion batteries (AIBs), the focus was mainly on intercalation/de-
intercalation cathode materials, which have relatively lower electrode potentials [6]. By
contrast, cathode materials with a conversion mechanism manifest promising properties in
terms of higher capacity and redox potential, especially for halogen-based cathodes [7,8].
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The halogen-based cathodes possess high electrode potentials (I−/I0: 1.30 V vs. Zn/Zn2+;
Br−/Br0: 1.85 V vs. Zn/Zn2+) and theoretical capacities (I−/I0: 211 mAh g−1, Br−/Br0:
335 mAh g−1) [9,10]. Notably, bromine stands out due to its remarkable electrochemical
activity, redox potential, and high capacity [11,12].

Nevertheless, the commercialization of zinc-bromine batteries systems is impeded by
several bottlenecks [13]. Firstly, the highly volatile Br2 produced on the cathode side during
the charging process reacts with Br− in the electrolyte and is subsequently converted into
the highly soluble polybromide Brn

− (n = 3, 5) [14]. Meanwhile, zinc-bromine batteries
involve a liquid–liquid conversion, which needs a specific conductive carrier because liquid
bromine can hardly be confined by traditional conductive carriers for efficient redox [15].
The shuttle effect of polybromide species and liquid bromine migration during cycling
results in severe capacity decay, thereby shortening the cycling life [16–18]. Secondly, side
reactions of hydrogen evolution caused by aqueous electrolyte and the formation of Zn
hydroxide sulfate decrease the cycling life [19]. Thirdly, the existing zinc-bromine batteries
systems are based on two-electron transfer, thus exhibit relatively low capacity of usually
no more than 150 mAh g−1 [20,21].

Herein, a six-electron redox reaction from I− to I+ and Br− to Br0 has been trig-
gered and stabilized by an inter-halogen activation strategy for zinc-bromine batteries.
Specifically, ZIF-8-derived porous carbon (ZPC) serves as the host material of the halogen
cathode, preventing the volatilization/dissolution while suppressing the shuttle problems.
Meanwhile, I− adsorbed onto the surface of Zn anode inhibits dendrite growth and the
formation of by-products. With I− as the activator and ZPC as the cathode host, the aque-
ous rechargeable zinc-halogen batteries ensure both high potential and capacity, as well as
excellent cycling performance. As a result, the zinc-bromine batteries achieved a capacity
of 345 mAh g−1 at 1 A g−1, and demonstrated excellent stability of 3000 cycles at 2 A g−1.

2. Materials and Methods
2.1. Experimental Section

C4H6N2 (98%) and ZnBr2 (98%) were purchased from Aladdin (Shanghai, China).
Zn(NO3)2 (99%) was purchased from Tianjin Damao Chemical Reagent Co., Ltd. (Tianjin,
China), CH3OH (≥99.5%) and ZnSO4·7H2O (≥99.5%) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China), KI (≥99.5%) was purchased from Shanghai
Yindian Chemical Co., Ltd. (Shanghai, China), Zn-foil (99.99%, 100 µm) was purchased
from Guangdong Canrd New Energy Technology Co., Ltd. (Dongguan, China), Glass fiber
(GF/D, 90 mm in diameter, 675 µm in thickness, 2.7 µm in pore size) was purchased from
Whatman, and carbon cloths (WOS 1011, CeTech, Taiwan) were purchased from Suzhou
Zhengtairong Material Co., Ltd. (Suzhou, China) and denoted as CF.

A high-temperature calcined ZIF-8 was adopted to prepare ZPC. Firstly, 3.95 mmol of
C4H6N2 and 0.987 mmol of Zn(NO3)2 were respectively dissolved into 100 mL of CH3OH.
Then, the mixture was violently stirred for 10 min, and the mixed solution was aged for
another 12 h. The white precipitate was collected after washing with CH3OH and dried at
60 ◦C. The ZPC was synthesized by calcining the ZIF-8 in Ar atmosphere at 900 ◦C for 4 h,
with a heating rate of 5 ◦C min−1. The resulting porous carbon was designated as ZPC.

The ZPC, acetylene black, and polyvnylidene fluoride binder were mixed into a slurry
with a mass ratio of 7:2:1. Then, the slurry was coated onto a carbon cloth and dried at 60 ◦C
to obtain pristine ZPC electrode. After that, the ZPC electrode was electro-deposited at 2 V
(versus Zn/Zn2+) for 30 min in 1 M ZnBr2 electrolyte to obtain ZPC-Br2. The adsorbed Br2

on the carbon cloth and carbon black was washed away using deionized water. Finally,
the ZPC-Br2 electrode was obtained after drying in an oven. The mass loading of active
materials was about 1.5 mg cm−2 (based on the mass of bromine).
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2.2. Material Characterization

X-ray diffraction (XRD, Rigaku, Cu-Kα, Tokyo, Japan) was carried out to study the
evolution of the phase composition. Scanning electron microscopy (SEM, Hitachi S4800,
Tokyo, Japan) was employed to characterize the morphology of the electrode materials.
X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB250Xi Waltham, MA, USA) was
conducted to analyze the compositions and valance evolution. Inductively coupled plasma
optical emission spectrometer (ICP-OES, Thermo Fisher iCAP 7400, Waltham, MA, USA)
and energy dispersive spectroscopy (EDS, EDAX ELECT PIUS, Mahwah, NJ, USA) were
used to detected the existence of iodine species.

2.3. Electrochemical Measurements

A CR2032 coin cell was assembled in the open-air environment by using a zinc metal
plate as the anode, 85 µL 1 M ZnSO4 and 1 M ZnSO4 + 0.1 M KI as the electrolyte, glass
fiber as the separator, and ZPC-Br2 electrode as the cathode.

Cyclic voltammetry (CV) was performed on an electrochemical workstation CHI660E
(Shanghai Chenhua Instrument, Shanghai, China). The galvanostatic charge–discharge
(GCD), cycle performance and rate performance were tested on the battery measurement
system (LAND CT2001A). and NEWARE Battery Test System (Shenzhen, China).

3. Results and Discussion
The ZIF-8-derived porous carbon (ZPC), serving as the host material of Br2, was syn-

thesized successfully by pyrolysis of ZIF-8 at 900 ◦C under an argon atmosphere (denoted
as ZPC in the following text), as illustrated in Figure 1a. SEM was conducted to analyze
the morphology of the samples. As shown in Figure 1b, the typical rhombic dodecahedron
structure of ZIF-8 is clearly observed, which is in accord with previous reports [22,23]. In
Figure 1c, the morphology and structure are well preserved after calcination. Subsequently,
ZPC was utilized as the electrode for the electrodeposition of Br2 to obtain ZPC-Br2. No
alterations in the structure were observed after electrodeposition (Figure 1d), indicating
that the ZPC exhibited favorable structural stability and efficient Br2 fixation. It is highly im-
portant for the long-life cycling performance of zinc-bromine batteries [24,25]. The crystal
structure of the ZIF-8 was examined by XRD, as depicted in Figure 1e, and all the diffrac-
tion peaks can be attributed to the ZIF-8 (JCPDS 96-711-1974). Two weak crystallization
diffraction peaks at about 24.0◦ and 44.0◦ are attributed to the low degree of graphitiza-
tion of ZPC (Figure 1f). The images of EDS mapping also demonstrate that the bromine
element effectively deposits onto the ZPC-Br2 electrode compared with the ZPC electrode,
as shown in Figure 1g,h. Additionally, the results of ICP-MS indicate that the content of
the Br-species in the ZPC-Br2 electrode is 7.258 wt.%, and the corresponding mass-loading
is 1.441 mg cm−2. The iodine-species content of the ZPC-Br2 electrode is 2.753 wt.%, and
the corresponding mass-loading is 0.544 mg cm−2. These results further demonstrate the
existence of iodine species and Br species in the ZPC-Br2 electrode (Figure 1i).

The element state in ZPC-Br2 cathode was characterized by XPS. As depicted in the
survey spectrum of ZPC-Br2 cathode in Figure S1 (in the Supporting Information), the
peaks of C, N, Zn, and Br elements are distinctly observed, revealing the existence of Br2

after electrodeposition. In the spectrum of C 1s, the peaks at 284.8 eV and 285.4 eV in
Figure 2a can be indexed to C-C and C-OH, respectively, while the peaks located at 286.3 eV,
288.5 eV, and 290.5 eV are ascribed to C-N-C, C=O, and -COOH [26–28]. Furthermore, in
the N 1s spectrum, the binding energies at 398.8 eV, 400.23 eV, 401.51 eV, and 405.53 eV
(Figure 2b) are assigned to pyridinic N, pyrrolic N, quaternary N, and oxidized N. The N
species serve as the active sites for anchoring the bromine species [29,30]. As shown in
Figure 2c, the peaks located at 1022.1 eV and 1045.2 eV correspond to spin-orbit double
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peaks of Zn 2p3/2 and Zn 2p1/2 [31,32]. As for the Br 3d spectrum, the binding energy
peaks at 68.3 and 69.4 eV correspond to Br 3d5/2 and Br 3d3/2 with an energy separation of
1.1 eV (Figure 2d) [32–34].
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Figure 2. (a) C 1s XPS spectra of the ZPC-Br2 cathode. (b) N 1s XPS spectra of the ZPC-Br2 cathode.
(c) Zn 2p XPS spectra of the ZPC-Br2 cathode. (d) Br 3d XPS spectra of the ZPC-Br2 cathode. (e) CV
curves of ZPC-Br2||Zn battery in ZnSO4 and ZnSO4 + KI electrolytes at 1 mV s−1. (f) The GCD
curves at 2 A g−1 of ZPC-Br2||Zn battery in ZnSO4 and ZnSO4 + KI electrolytes. (g) I 3d XPS spectra
of the ZPC-Br2 cathode at charge stage. (h) Br 3d XPS spectra of the ZPC-Br2 electrode at charge stage.

To evaluate the capacity of the ZPC-Br2 cathode, CV and GCD are tested. In the
electrolyte containing ZnSO4 and KI, the peaks at 1.2/1.3 V are presumably attributed
to the reactions of I− to I0, while the peaks around 1.6/1.7 V can be ascribed to the I0

to I+ (Figure 2e). In contrast, a single pair of redox peaks emerges at around 1.8/1.9 V,
corresponding to the reactions involving the transformation of Br− to Br0 in pure ZnSO4
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electrolyte. As shown in Figure 2f, the GCD profiles illustrated three pairs of discharge
voltage platforms in ZnSO4 + KI electrolyte, which stabilized at 1.2 V, 1.6 V, and 1.8 V, in
alignment with the CV curves. The specific capacity reaches 320 mAh g−1 at 2 A g−1. It
could be clearly observed that the GCD curve of ZnSO4 + KI electrolyte exhibits excellent
symmetry, as shown in Figure S2, implying the high reversibility of this six-electron redox
reaction. In contrast, a solitary voltage platform can be observed at 1.8 V in pure ZnSO4

electrolyte, which is associated with the Br−/Br0 redox reactions and exhibits a lower
capacity of 170 mAh g−1. These results suggest that introducing I− into the electrolyte is a
promising method to improve the capacity of zinc-bromine batteries.

The valence state changes of ZPC-Br2 cathode charged to 1.9 V (Supplementary
Figure S3) are investigated by XPS [35]. In the I 3d spectrum, the binding energies at
620.2 eV and 631.7 eV correspond to I 3d5/2 and I 3d3/2 of I0, while the peaks located at
621.6 eV and 633.1 eV are assigned to I 3d5/2 and I 3d3/2 of I+ (Figure 2g) [36,37]. This
indicates the iodine species are involved in the reactions from I− to I+. These results
illustrate that the iodine species are involved in the reactions during charging to 1.9 V,
leading to a four-electron reaction from I− to I+, which greatly enhanced the capacity.
As shown in Figure 2h, binding energy peaks at 70.38 eV and 71.45 eV correspond to
[IBr2]−, confirming that Br− stabilizes I+ by forming an interhalogen compound [38].
Meanwhile, the binding energy peaks at 69.01 eV and 70.01 eV and the binding energy
peaks at 67.28 eV and 68.30 eV correspond to Br−, which further verifies the Br− is oxidized
to Br2 when further charged to 1.90 V [39]. The introduction of I− into the electrolyte to
trigger interhalogen interactions between I-species and Br− forms a stable interhalogen
compound that stabilizes the Br species and suppresses the polybromide shuttle effect,
significantly enhancing the reaction reversibility. Overall, a six-electron reaction is activated
upon the addition of I− in the electrolyte. Initially, the I− is oxidized to I2 at about 1.2/1.3 V,
involving a two-electron reaction. Subsequently, the I2 is further oxidized to I+ at about
1.6/1.7 V, and accompanied by two-electron transfer. Finally, with further charging to 1.9 V,
Br− can be further oxidized to Br2, releasing an additional two-electron capacity.

In addition to the cathode, the Zn anode also greatly affects the electrochemical
performance of zinc-bromine batteries [40,41]. The effects of different KI concentrations on
zinc anodes were investigated. As depicted in Supplementary Figure S4, the SEM images
reveal that the corrosion of the zinc anode by KI intensifies with increasing concentration.
Consequently, 0.1 M KI was introduced as an additive to the zinc-iodine battery electrolyte.
It can provide sufficient I−/I+ redox activity (verified by cyclic voltammetry) and is cost-
effective for scalable applications compared to higher concentrations. The electrolyte
additive KI also inhibits the side reactions on the Zn anode, which is verified by the XRD
patterns in Figure 3a, as no by-product peaks can be indexed after 20 cycles. The cycling
lifespan of a Zn||Zn symmetric cell with I− additive, under the conditions of 1 mA cm−2

and 1 mAh cm−2, can reach 3000 h. In contrast, it is merely 250 h in pure ZnSO4 electrolyte
(Figure 3b). Moreover, the lifespan of a Zn||Zn symmetric cell with I− additive is still much
longer even at higher current density and areal capacity (5 mA cm−2 and 5 mAh cm−2), as
shown in Figure 3c. It is probably because the I− accumulation on the Zn anode surface
effectively inhibits the dendrite growth and by-product formation. As clearly presented in
the SEM images (Figure 3d and Supplementary Figure S5), after 20 cycles, the surface of the
Zn anode in pure ZnSO4 electrolyte is extensively covered by dendrites and by-products.
Conversely, in the electrolyte containing I−, the Zn surface remains smooth and dense even
after cycling, as can be confirmed in Figure 3e and Supplementary Figure S6.
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Figure 3. (a) XRD patterns of Zn anode after 20 cycles in different electrolytes. (b) Cycling performance
at 1 mA cm−2, 1 mAh cm−2. (c) Cycling performance at 5 mA cm−2, 5 mAh cm−2. (d) SEM image
of Zn anode after 20 cycles in ZnSO4 electrolyte at 5 mA cm−2, 1 mAh cm−2. (e) SEM image of Zn
anode after 20 cycles in ZnSO4 + KI electrolyte at 5 mA cm−2, 1 mAh cm−2.

The effects of I− additive on the electrochemical performance of zinc-bromine bat-
teries were further evaluated. The CV curves of the ZPC-Br2||Zn battery in ZnSO4 + KI
electrolyte at different scan rates display three pairs of reversible redox peaks at 1.2/1.3 V,
1.6/1.7 V, and 1.8/1.9 V (vs. Zn/Zn2+), which correspond to the I−/I0, I+/I0, and Br−/Br0

redox reactions, respectively (Figure 4a). Moreover, the shapes of the CV curves at different
scan rates exhibit favorable symmetry. The slight shifts of the oxidation peaks in the positive
direction and reduction peaks in the negative direction at high scan rates indicate the fast
reaction kinetics. The plots of redox peak currents (ip) versus scan rates (ν) based on the CV
curves are used to calculate the b values of the ZPC-Br2||Zn battery. The b values are fitted
to be 0.79/0.81 (P1/P1*) and 0.73/0.86 (P2/P2*), manifesting that these redox reactions are a
combination of diffusion-controlled and capacitance-controlled behavior (Figure 4b) [42,43].
Furthermore, the GCD results in Figure 4c further demonstrate this, where the pairs of
charging/discharging voltage plateaus at 1.2/1.3 V, 1.6/1.7 V, and 1.8/1.9 V (vs. Zn/Zn2+)
align well with the results for the CV curves. Even at a high current density of 5 A g−1,
the voltage plateau is well maintained with a much lower voltage drop, indicating the fast
reaction kinetics.

In addition, Figure 4d illustrates the rate performance of the ZPC-Br2||Zn battery in
1 M ZnSO4 + 0.1 M KI electrolyte. Specifically, a higher specific capacity of 345 mAh g−1 is
achieved at 1 A g−1, which is much higher than 190 mAh g−1 in pure ZnSO4 electrolyte.
The specific capacity of the ZPC-Br2||Zn battery is retained at 265 mAh g−1 (capacity
retention 82.8%) even at the high current density of 5 A g−1 and recovers to its initial
capacity after returning to 1 A g−1, indicating excellent redox kinetics and reversibility.
Furthermore, the cycling stability of the ZPC-Br2||Zn battery in ZnSO4 + KI electrolyte, as
depicted in Figure 4e, is still maintained as high as 80% after 3000 cycles, revealing the high
reversible capacity retention. The performance is significantly better than that in ZnSO4

electrolyte (1000 cycles). This result is mainly due to the occurrence of the side reactions of
hydrogen evolution reactions and the formation of the by-product Zn sulfate hydroxide
in the ZnSO4 electrolyte, which ultimately leads to the corrosion of the Zn anode [44–46].
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The long cycle stability indicates that the ZPC-Br2||Zn battery exhibits an excellent ability
to fix bromine species with I− additive, thus effectively inhibiting the shuttle effect. As a
result, the electrochemical performance of the ZPC-Br2||Zn battery is superior to that in
many previous reports regarding zinc-bromine batteries (Figure 4f), such as KBr-NiPPc [47],
Zn-IBr [48], Zeolite-Zn [49], and polysulfide-halogen ARFB systems [50].
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Figure 4. (a) CV curves of ZPC-Br2||Zn battery in ZnSO4 + KI electrolyte at different scan rates.
(b) Plots of log (ip, peak currents) versus log (v, scan rates) for ZPC-Br2||Zn battery in ZnSO4 +
KI electrolyte. (c) GCD plots of ZPC-Br2||Zn battery in ZnSO4 + KI electrolyte at different current
densities. (d) Rate performance of ZPC-Br2||Zn battery in ZnSO4 electrolyte and ZnSO4 + KI
electrolyte. (e) Long-cycle stability of ZPC-Br2||Zn battery at 2 A g−1. (f) The comparison of this
work to previous reports on aqueous zinc-bromine batteries.

4. Conclusions
In summary, a six-electron redox reaction involving I−/I+ and Br−/Br0 is achieved by

introducing a small amount of KI into the electrolyte. Br− is capable of coupling with I− to
form interhalogen compounds, which activates and stabilizes the highly reversible redox
reactions of I0/I+. The ZPC serves as the host of the halogen, successfully suppressing the
polybromide/polyiodide shuttle, which ensures the reversibility of the Br−/Br0 conversion,
and finally boosts the highly reversible six-electron redox reaction from I−/I+ and Br−/Br0.
Moreover, the I− accumulates on the Zn anode surface and effectively inhibits the dendrite
growth and by-product formation. As a result, the zinc-bromine batteries exhibit high
specific capacity of 345 mAh g−1 at a current density of 1 A g−1 and excellent capacity
retention of 80% after 3000 cycles. These results highlight promising prospects for the
future development of zinc-bromine batteries.
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