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Abstract: An effective strategy to facilitate oxygen redox chemistry in 
metal-air batteries is to introduce a redox mediator into the liquid 
electrolyte. The rational utilization of redox mediators to accelerate 
the charging kinetics while ensuring the long lifetime of alkaline Zn-air 
batteries is challenging. Here, we apply commercial acetylene black 
catalysts to achieve an I3--mediated Zn-air battery by using ZnI2 
additives that provide I3- to accelerate the cathodic redox chemistry 
and regulate the uniform deposition of Zn2+ on the anode. The Zn-air 
battery performs an ultra-long cycle life of over 600 h at 5 mA cm-2 
with a final charge voltage of 1.87 V. We demonstrate that I- mainly 
generates I3

- on the surface of carbon catalysts during the 
electrochemically charging process, which can further chemically 
react with OH- to generate oxygen and further revert to I-, thus 
obtaining a stable electrochemical system. This work offers a strategy 
to simultaneously improve the cycling life and reduce the charging 
voltage of Zn-air batteries through redox mediator methods. 

Introduction 

Searching for high-efficiency energy storage/conversion systems 
is an urgent priority to reduce CO2 emissions to achieve carbon 
neutrality [1]. Zn-air batteries have aroused great concern due to 
their high theoretical energy density and environmental 
friendliness [2]. Unfortunately, Zn-air batteries still suffer from high 

charging voltages, generally higher than 1.9 V, offering a lower 
energy efficiency [3]. Specifically, the high charging voltages in the 
Zn-air battery system would induce the corrosion and dissolution 
of catalysts under a high oxidation state, finally causing fast decay 
of cyclic performance[4]. Although many catalysts for oxygen 
evolution reaction (OER) have been developed to reduce the 
charging voltage of Zn-air batteries, the results obtained so far are 
unsatisfactory. 

Introducing redox mediators into the liquid electrolyte has been 
proven to be an effective strategy for O2 redox chemistry in metal-
air batteries, such as Li-O2 batteries, Zn-air batteries, and Al-air 
batteries [5]. The reaction pathway of the Zn-air battery could be 
changed to a more active state for accelerating charge kinetics 
and lowering the oxidation voltage when adding redox mediators 
with a lower electrochemical potential than the oxidation potential 
of OH- to O2 [6]. For instance, Wang et al. found that the soluble 
catalyst anthraquinone-2, 7-disulfonic acid disodium salt (AQDS) 
could effectively boost the discharge performance of Zn-air 
batteries by completing the two-electron oxygen redox chemistry 
[7]. The soluble redox mediator could extend the active area due 
to the redox reaction occurring in the electrolyte. For oxygen 
reduction reaction (ORR), it is necessary to construct an effective 
three-phase interface for oxygen accessibility. Therefore, the 
improvement of discharge performance by redox mediator is 
limited, which is extremely effective for the charging process. 
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Moreover, the solid-state Zn-air batteries demonstrate their great 
potential in flexible and wearable devices, therefore, the designed 
flexible Zn-air battery with reduced charging voltage even under 
different bending conditions will highlight its potential in practical 
devices[8] . 

Current research indicates that I3-/I- is a reasonable redox 
mediator to regulate the redox chemistry of metal-air batteries [9]. 
Huang et al. introduced an I3-/I- redox mediator into organic Zn-air 
batteries to accelerate the electrooxidation of Zn5(OH)8Cl2·H2O by 
I3- during the charging process and regulate the energy level of 
ORR by adsorbed I- on catalysts during the discharging process. 
However, the organic system involves the decomposition of solid 
products and two-phase interfaces at the air cathode, resulting in 
a low current density of only 0.4 mA cm-2 [10]. To address this point, 
Ni et al. proposed adding soluble potassium iodide into an alkaline 
electrolyte to change the charging reaction from the OER pathway 
to I- oxidation reaction (IOR) by using Pt/C catalysts [11]. Although 
a low charging potential is obtained, the whole Zn-air battery is 
not a stable system because IOR keeps consuming I- to produce 
IO3

-, resulting in a low lifetime of 80 h at 5 mA cm-2. To avoid the 
production of IO3

-, we believe that anodic catalysts must have a 
weak I- oxidation capacity to produce I3- redox mediators. Rational 
utilization of I3-/I- redox mediators to accelerate the charging 
kinetics while ensuring the long lifetime of alkaline rechargeable 
aqueous and solid-state Zn-air batteries is challenging. 

Here we select commercial carbon catalysts to achieve an I3--
mediated Zn-air battery by using ZnI2 additive, which provides I3- 
to accelerate the cathodic redox chemistry and regulates the 
uniform deposition of Zn2+ on the anode. The Zn-air battery with 
carbon catalysts and 0.2 M ZnI2 additive achieves an ultra-long 
cycle life of over 600 h at 5 mA cm-2 with a final charge voltage of 
1.87 V. In addition, the solid-state Zn-air battery with ZnI2 additive 
could operate stably for over 1500 min without any voltage decay. 
Based on electrochemical tests, in situ spectroscopy, and energy 
spectra, we demonstrate that I- mainly generates I3- on the surface 
of carbon catalysts during the charging process, which can 
chemically react with OH- to generate oxygen and further restore 
to I-. We believe that the concept of I3--mediated aqueous Zn-air 
batteries can guide further research to simultaneously reduce the 
charge voltage and improve cycle life in the future, and provide 
new insight into designing soluble catalysts for highly efficient 
rechargeable Zn-air batteries. 

Results and Discussion 

We select zinc iodide (ZnI2) as an additive for Zn-air batteries 
instead of conventional zinc salts to explore I3-/I- used as a redox 
mediator, for reducing the overpotential. To avoid excessive 
oxidation of I-, we chose commercial acetylene black carbon with 
abundant oxygen species as the air electrode catalyst for 
exploration (Figure S1) [12]. The cycling performance of Zn-air 
batteries with different ZnI2 concentrations was first evaluated in 
Figure 1a. When the concentration of ZnI2 was increased to 0.2 
M, the cycle life of the Zn-air battery increased significantly, while 
the cycle life of the Zn-air battery decreased as the concentration 
of ZnI2 continued to increase. This phenomenon is different from 
the conventional I- oxidation reaction (IOR), where the reaction 
time increases with the concentration of I- reactant. The corrosive 
effect of IO3

- on the carbon catalyst during the charging process 
is the main reason for the reduction in cycle life at high I- 
concentrations (Figure S2). The high charging voltage in low ZnI2 
concentration can also reduce the cycling performance, therefore, 
there exists an optimal ZnI2 concentration that can simultaneously 
maintain a low charging potential and a long cycle life. In addition, 
Figure 1b compares the charging voltage of Zn-air batteries at 
different ZnI2 concentrations and shows that the charging voltage 
decreases with increasing ZnI2 concentration, indicating a gradual 
increase in the participation of I- oxidized to IO3

- considering the 
low potential of IO3

-/I- than I3-/I-. At ZnI2 concentrations above 0.3 
M, the initial charging voltage of Zn-air batteries showed a 
significant polarization potential, which is attributed to the fact that 
I- is first oxidized to I3- at a high potential (Eθ = 0.53 V vs. SHE) 
and then I3- continues to be oxidized to IO3

- at a low potential (Eθ 
= 0.26 V vs. SHE). As shown in Figure 1c, the initial charging 
voltage decreases with increasing the concentration of ZnI2, 
When the concentration of ZnI2 is higher than 0.3 M, the initial 
charging voltage decreases more significantly, while the charging 
potential remains unchanged when ZnI2 concentration is higher 
than 0.5 M. In addition, the relationship between cycling life and 
ZnI2 concentration in electrolytes follows a volcanic trend. 
Therefore, as the concentration of ZnI2 increases, the charging 
reaction on the carbon catalyst shifts from I3-/I- at low 
concentrations to IO3

-/I- at high concentrations considering the 
corrosive effect of IO3

- on carbon catalysts and the volcanic trend 
of cycling life. 
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Figure 1. (a) Galvanostatic curve of Zn-air batteries with adding different ZnI2 concentrations. (b) Initial charging curve of Zn-air batteries with adding different ZnI2 

concentrations. (c) Cycling life and an initial charging voltage of Zn-air batteries with adding different ZnI2 concentrations. Test current density: 5 mA cm-2.

In IOR-dominated Zn-air batteries, although a low charging 
potential can be achieved, I- is oxidized to IO3

- during the cycles, 
and high IO3

- concentration is also detrimental to the stability of 
air catalysts, resulting in poor stability. In contrast, in the case of 
I3--mediated OER, the I3-/I- redox reaction does not affect the I- 
concentration, while I3- can also facilitate the OER kinetic to 
reduce charging voltage as illustrated in Figure 2a. I-/I3- redox 
reactions can be achieved on carbon catalysts (Figure S3). 
Therefore, we chose an alkaline electrolyte with a concentration 
of 0.1 M I- to further investigate the I3-/I- redox reaction on carbon 
catalysts in a three-electrode cell (Figure S4). For comparison, 
commercial Pt/C and RuO2, serving as ORR and OER catalysts, 
were also considered. The standard potential of I3-/I- and IO3

-/I- 
redox reactions are 0.53 and 0.26 V, respectively, which indicates 
that the equilibrium potential of I3-/I- and IO3

-/I- redox reactions are 
1.36 and 1.09 V, respectively. As shown in Figure 2b, we can 
observe the I3-/I- redox reactions carried out on carbon catalysts 
from the cyclic voltammetry (CV) curves, while the area of 
reduction peak for I3- to I- was greatly reduced for Pt/C and RuO2, 
which demonstrates the irreversible I--oxidation reaction owning 
to the production of IO3

-. The redox peak above 1.75 V can be 
attributed to the over-oxidation of I3- species (Figure S3) [13]. In the 
reduction region, a CV peak attributed to oxygen reduction 
reaction (ORR) can be observed for both carbon, Pt/C, and RuO2 
catalysts in Figure 2c. Moreover, for RuO2 and Pt/C catalysts, a 
distinct reduction CV peak of IO3

- to I- can be observed near 0.35 

V vs. RHE, while no IO3
- reducing peaks were observed for carbon 

catalysts (Figure S5), which further proves the well I3-/I- redox 
reaction on carbon catalysts. The ORR potential in alkaline 
electrolyte with 0.1 M KI was also higher than that in alkaline 
electrolyte in Figure 2d.  

We further evaluate the OER activity of carbon catalysts in 0.1 
M KOH with 0.1 M KI electrolyte in Figure 2e. It can be seen that 
there are two reaction regions corresponding to IOR at low 
potential and I3--mediated OER at high potential for RuO2 and 
Pt/C, whereas only I3--mediated OER after 1.4 V vs. RHE occurs 
on carbon catalysts. The I3--mediated OER activity of carbon 
catalyst at high current density is even better than that of Pt/C and 
RuO2 owing to the competition between IOR and I3--mediated 
OER on Pt/C and RuO2 catalysts. Carbon catalysts delivered 
almost no OER activity in 0.1 M KOH while offering a low OER 
potential of 1.45 V at 10 mA cm-2 in 0.1 M KOH with 0.1 M KI, 
which is also better than commercial IrO2 in 0.1 M KOH (Figure 
S6a-c). In addition, we also compare our work with recently 
reported Ru-based, NiFe-based, and complex oxide-based 
catalysts (Figure S6d and Table S1), revealing the superiority of 
our work. The I3--mediated OER stability of carbon catalysts in 0.1 
M KOH with 0.1 M KI electrolyte was further evaluated in Figure 
S7. Carbon catalysts can be stably operated at 10 mA cm-2 for 
more than 40 h without potential degradation, suggesting that I3--
mediated OER on carbon catalysts is a stable system without 
occurring IOR to consume I-. 
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Figure 2. (a) The schematic diagram of I- oxidation reaction and I3- mediator dominated OER. (b, c) Cyclic voltammetry curve of different catalysts in O2-saturated 

0.1 M KOH with 0.1 M KI under a scan rate of 50 mV s-1. (d) CV curve of carbon catalysts in O2-saturated 0.1 M KOH with or without 0.1 M KI under a scan rate of 

50 mV s-1. (e) LSV polarization curve of carbon catalyst in O2-saturated 0.1 M KOH with 0.1 M KI. Rotation speed: 1600 r.p.m., Scan rate: 10 mV s-1. 

The electrochemical results indicate that I3--mediated OER 
mainly occurred on carbon catalysts. To reveal the reaction 
mechanism, we further applied in situ UV-Vis technology to detect 
the I3- concentration on carbon cathode in Zn-air batteries during 
the charge/discharge process as shown in Figure 3a. The 
characteristic peaks of around 348 nm associated with I3- 
delivered the increased intensity with increasing charging time 
(Figure 3b) [14], while the characteristic peak quickly disappeared 
after the discharging process due to the rapid consumption of I3- 
by OH- to produce O2 (Figure S8), which indicates that the 
charging and discharging process is accompanied by I3-/I- redox 
reaction. To exclude the effect of over-oxidation to IO3

-, we further 
tested the composition of electrolytes after the 40 h OER test 
(Electrode area: 1 × 1 cm2) through X-ray photoelectron 
spectrometers (XPS). As shown in Figure 3c, only two peaks, I 
3d3/2 and I 3d5/2, attributed to I-, were observed at 630.2 and 618.6 
eV, respectively, while I Auger spectra also confirm the presence 
of only I- in the electrolyte after OER stability (Figure S9) [15]. 
Therefore, carbon catalysis hardly over-oxidizes I- to IO3

-, but 
oxidizes to I3-, which acts as a redox mediator to accelerate OER 
activity. 

The carbon catalysts showed poor stability at high I- 
concentrations, which we hypothesized was mainly due to the 
corrosion of carbon catalysts during OER. Further analysis of the 
surface composition of carbon catalysts before and after the 
charging test was carried out. After the first charge step in Figure 
3d, we can observe four XPS peaks associated with IO3

- and I-, 
indicating that the oxygen site in carbon catalysts will be attacked 
by adsorbed *I3- and OH- during the charging process to generate 
surface-adsorbed IO3

- (Figure S10) [16]. In addition, I2 will not be 
generated on the carbon catalyst during the charging process 

(Figure S11). After further discharge step, the XPS characteristic 
peak of IO3

- still exists, revealing that IO3
- corrosion of carbon 

catalysts surface is irreversible, which is also the reason for the 
poor stability of carbon catalysts under high I- concentration. 
Raman spectra of carbon catalysts showed an obvious blue shift 
of ν(O−H) bands for the H2O molecule after the charging test in 
an electrolyte containing I- due to the adsorption of IO3

- on carbon 
catalysts, while the binding energy of *OH is not affected (Figure 
S12), indicating that adsorbed IO3

- does not affect the adsorption 
of *OH on carbon catalysts [17]. At a suitable I- concentration, here 
is 0.2 M, IO3

- is tightly adsorbed on the oxygen sites of carbon 
catalysts without resolving into the electrolyte, thus further 
corrosion can be avoided.  

We further extracted the reaction mechanism from 
charge/discharge curves. As shown in Figure 3e, the first 
discharge in 6 M KOH + 0.2 M ZnI2 shows only one voltage 
plateau corresponding to oxygen reduction reaction (ORR), 
whereas the second discharge provides two reaction processes, 
including the reduction of I3- and ORR. During the charging step, 
carbon catalysts first decompose to carbonate, then I- is 
electrochemically oxidized to I3-, which reacts with OH- to form 
oxygen and I-. The discharge process shows a small plateau from 
I3- to I-, as most of the I3- is converted to I- during the charging 
process. In contrast, the first and second discharge of Zn-air 
batteries in 6 M KOH + 0.2 M ZnCl2 offers one voltage plateau 
corresponding to ORR (Figure S13). In addition, two obvious 
corrosion voltage plateaus in the charging curve can be observed 
for Cl--containing electrolyte[18]. The low decomposing capacity of 
carbon in I--containing electrolyte means I3- can restrain the 
decomposition of carbon catalysts. We also calculate the reaction 
energy of I- oxidized to I3- through theoretical calculation. The 
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oxidation of I- to I3- delivers the free energy of 10.31 eV, while the 
further oxidation of I3- to I2 shows the free energy of 10.55 eV 
(Figure 3f), revealing that I3- is the main oxidation product. In 
addition, the further chemical oxidation of OH- with I3- to O2 and 
H2O offers a free energy of -7.73 eV, while the electrochemical 
oxidation of OH- to O2 and H2O shows a free energy of 12.90 eV 
(Figure 3g), indicating that I3- can facilitate the oxidation of OH- 

and thus reduce the charging potential of Zn-air batteries. 
Therefore, we propose a reaction mechanism for I3--mediated 
OER in Figure 3h. During the charging process, I- is first 
electrochemically oxidized to I3- on carbon catalysts, then I3- 
chemically reacts with OH- to form O2 and I-. The catalytic system 
returns to its original state, which is the main reason for the 
excellent stability in the 0.2 M ZnCl2 electrolyte. 

 
Figure 3. (a) The schematic diagram of testing I3- concentration on carbon electrode in Zn-air batteries with 6 M KOH + 0.2 M ZnI2 during charge/discharge process 

by in situ UV-Vis technology. (b) UV-Vis spectra during different charge times for Zn-air batteries with 6 M KOH + 0.2 M ZnI2 electrolyte. (c) XPS I 3d spectra of 

electrolyte after 40 h OER test at 10 mA cm-2. (d) XPS I 3d spectra of carbon catalysts after different cycles for Zn-air batteries at 5 mA cm-2. (e) Galvanostatic 

discharge and charge curves of Zn-air batteries with 6 M KOH + 0.2 M ZnI2 electrolyte at 1 mA cm−2. (f) The reaction free energy of I- and I3- oxidation. (g) The 

reaction free energy of I3--mediated OER and conventional OER. (h) Reaction mechanism of carbon catalysts for Zn-air batteries with I3-/I- redox mediator.

Generally, zinc salt needs to be added to the alkaline electrolyte 
to assist in the decomposition of ZnO during the charging process 
[19]. As shown in Figure S14, the Zn-air battery with KI additives 
shows high charging voltage at the initial stage. Here we choose 
ZnI2 as an additive to replace conventional zinc salt additives, 
such as ZnCl2 and Zn(Ac)2. To confirm that ZnI2 additives can be 
applied to Zn-based batteries, we further investigate the effect of 
ZnI2 additives on zinc anode. The ZnI2 additive can restrain the 
activity of hydrogen evolution reaction on the zinc anode (Figure 
S15), improve the ion conductivity (Figure S16), enlarge the 
electrochemical window (Figure S17), and reduce the interfacial 
resistance for Zn deposition (Figure S18). In addition, Zn||Zn 
symmetrical cells and Zn||Cu asymmetrical cells with ZnI2 additive 
offer a better long lifespan and low plating/stripping overpotential 
(Figure S19 - S24). In electrolytes containing ZnI2, a uniform Zn-I 
protective layer is formed on the surface of the zinc anode after 

100 cycles in Zn-air batteries (Figure S25), thus regulating the 
uniform deposition of zinc ions (Figure S26). Detailed information 
can be found in Supplementary Note 1. Therefore, the I3-/I- redox 
mediator optimizes the deposition of zinc ions, which in 
combination with the cathode catalytic reaction improves the 
cycle life of Zn-air batteries. 

We finally compare the performance of two electrolytes, 6 M 
KOH + 0.2 M ZnI2 and 6 M KOH + 0.2 M ZnCl2, in rechargeable 
Zn-air batteries as shown in Figure 4a. The Zn-air battery with 6 
M KOH + 0.2 M ZnI2 offers a high discharge capacity (Figure S27), 
high power density, and low charging overpotential (Figure S28). 
Significantly, the Zn-air battery with 6 M KOH + 0.2 M ZnI2 
achieves an ultra-long cycle life of over 600 h at 5 mA cm-2 with a 
final charge voltage of 1.87 V, compared to just 2 h for the battery 
with 6 M KOH + 0.2 M ZnCl2 electrolyte in Figure 4b. We can find 
that the cycle life of this work far exceeds the reported Zn-air 
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batteries with KI addictive (Figure 4c and Table S2) and 
bifunctional catalysts (Table S3), revealing the superiority of our 
work by combining carbon catalysts with ZnI2 addictive. Moreover, 
the Zn-air battery with 6 M KOH + 0.2 M ZnI2 can achieve a stable 
cycle for over 200 hours at 10 mA cm-2 (Figure S29). In addition, 
we also test the rate performance of Zn-air batteries under 
different current densities (5 - 40 mA cm-2) in Figure S30. The Zn-
air battery with 6 M KOH + 0.2 M ZnI2 performs no significant 
increase in voltage as the current density increases and a low 
charge voltage of 1.9 V at 40 mA cm-2. To explore the effect of 
ZnI2 on oxygen bubble evolution during the charging process, we 
adopted in situ optical observation to record the oxygen bubble 

evolution of the air cathode at 40 mA cm-2 in Figure 4d and S31 
[20]. As shown in Figure 4e, we can observe abundant small 
oxygen bubbles on the cathode surface during the charging test 
with area capacity of 25 mAh cm-2 at 40 mA cm-2 while the charge 
voltage of Zn-air batteries with ZnI2 addictive is just ~2.0 V, 
confirming that the ZnI2 additive in electrolytes would accelerate 
the OER kinetics instead of IOR in the Zn-air system. In addition, 
there are more and smaller bubbles on the surface of carbon 
electrodes in electrolytes containing ZnI2, which is mainly due to 
the uniform dispersion of I3- redox mediators that react with OH- 
to produce oxygen on the carbon catalyst surface. 

 

Figure 4. (a) The schematic illustration of rechargeable Zn-air batteries. (b) Galvanostatic discharging/charging curve of Zn-air batteries with and without ZnI2 

additive at 5 mA cm–2. (c) The comparison of cycling life and current density of Zn-air batteries with KI additive. (d) The charging curve of Zn-air batteries at 40 mA 

cm-2 while observing the generation of oxygen bubbles. (e) In situ observation of cathode surface for Zn-air batteries with ZnCl2 and ZnI2 additive at 40 mA cm-2 

during the charging process. (f) Schematic illustration of the flexible Zn-air battery configuration with PVA matrix immersed with 6 M KOH + 0.2 M ZnI2. (g) Galvano-

dynamic discharging/charging curves of the flexible Zn-air battery at 2 mA cm-2. (h) The image at a bending angle of 135° and (i) Galvano-dynamic charge and 

discharge polarization curves of flexible Zn-air batteries under various bending conditions. 

To highlight the practical application of the concept of I3-/I- redox 
mediators, we also assemble the solid-state Zn-air battery with 
carbon catalysts and polyvinyl alcohol (PVA) electrolytes with 6 M 
KOH + 0.2 M ZnI2 as shown in Figure 4f. The solid-state Zn-air 
battery with ZnI2 additive could stably cycle for over 1500 min at 
2 mA cm-2, while there was no attenuation in charging and 
discharging voltages in Figure 4g, which is also comparable to the 

currently reported flexible Zn-air batteries (Table S4). In addition, 
the flexible battery with ZnI2 additive has an open-circuit voltage 
of 1.29 V, while maintaining a stable open-circuit voltage under 
various bending conditions (Figure 4h and S32). Once the original 
condition had been restored, the voltage remained stable at 1.31 
V. To further evaluate the flexibility, the charge/discharge 
performance under various bending conditions was also obtained 
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in Figure 4i. The solid-state Zn-air battery with ZnI2 additive offers 
the same discharge/charge voltage under flat and various 
bending conditions, revealing its excellent flexibility (Figure S33). 
Based on the above results, we believe that carbon catalysts are 
an optional option for achieving I3--mediated OER. However, the 
poor ORR activity of carbon catalysts makes them exhibit lower 

discharge potentials in Zn-air batteries. Therefore, we believe that 
heteroatom-doped carbon materials can be subsequently 
designed to improve the discharge performance of I3--mediated 
Zn-air batteries. 

 

Conclusion 

In conclusion, we have successfully applied carbon catalysts to 
achieve an I3--mediated Zn-air battery with an ultra-long cycle life 
of over 600 h at 5 mA cm-2 at a final charge voltage of 1.87 V. The 
concept of redox mediators could also be extended to solid-state 
Zn-air batteries. To prove the reaction mechanism of I3- on carbon 
catalysts, we have confirmed through electrochemical tests, in 
situ spectroscopy, and energy spectra that I- mainly generates I3- 
on the surface of carbon catalysts during the charging process, 
which can further react with OH- following a chemical step to 
generate oxygen and recover to I-. This work presents an 
available strategy to simultaneously improve the cycle life and 
reduce the charging voltage of Zn-air batteries through redox 
mediator strategies, which also guides the subsequent design of 
efficient carbon catalysts for I3--mediated Zn-air batteries. 
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We apply acetylene black catalysts to achieve an I3--mediated Zn-air battery by using ZnI2 additives that provide I3- during the 
electrochemically charging process to chemically react with OH- to generate oxygen and further revert to I-, thus obtaining a stable 
electrochemical system. 




