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Abstract 

Rechargeable aqueous Zn-MnO2 batteries are gaining widespread interest as a cost-effective 

and safe energy storage solution. However, their commercialization is hindered by the limited 

stability, output voltage and energy densities experimentally obtained. Herein, we propose a 

hybrid ion Zn-MnO2 system with enhanced Mn4+/Mn2+ electrochemical contribution enabled 

by an Al3+-based electrolyte. Compared with previous Zn-MnO2 batteries based on Zn2+ 

electrolytes, the hybrid Al3+/Zn2+ ion cell is characterized by a higher output voltage of 1.75 V, 

capacities up to 469 mAh‧g–1, and outstanding energy densities up to ~730 Wh‧kg–1 at 0.3 A‧g–
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1 (mass based on cathode material). Besides, the Al3+-enabled Zn-MnO2 battery shows 100% 

capacity and energy density retention after 10,000 cycles at 2 A‧g–1. Even at a high mass–

loading of 6.2 mg‧cm–2, a capacity of ~200 mAh‧g–1 is maintained for over 100 cycles. This 

outstanding performance is related to the contribution of different intercalation and reaction 

mechanisms, as proved by the combination of electrochemical analysis and ex situ x-ray 

diffraction characterization of the cells at different discharge stages. Al3+ ions, as Lewis strong 

acid, contribute to capacity in two significant ways: through a highly reversible intercalation/de-

intercalation that substantially boosts capacitance at low current rates, and promoting the 

Mn4+/Mn2+ reaction aided by H+ that dominates the capacitance at higher current rates. Overall, 

this work demonstrates a practical Zn-MnO2 battery with a high potential for low-cost 

stationary energy storage habilitated by multiple ion co-intercalation. 

1. Introduction 

The utilization of alternative monovalent (Na+, K+) or multivalent (Zn2+, Mg2+, Ca2+, Al3+) 

cations in energy storage devices has garnered significant interest owing to the drawbacks 

associated with lithium, such as its limited availability and related high-cost.[1] Rechargeable 

batteries based on multivalent metal–ions are particularly attractive because of their abundance 

in the Earth’s crust and the associated multi-electron transfer processes. On the other hand, from 

cost, environmental impact and safety perspectives, aqueous systems are especially appealing. 

In this scenario, the development of aqueous zinc-based rechargeable batteries is gaining 

momentum driven by the inherently high theoretical capacity of zinc metal anodes (5851 

mAh‧mL–1 in volume and 820 mAh‧g–1 in mass), the small ionic radius of Zn2+ (0.74 Å), and 

the abundance, low cost, simple processing, and safety of Zn.[2] In addition, Zn shows excellent 

compatibility with aqueous electrolytes, with a convenient redox potential (–0.763 V vs. 

standard hydrogen electrode) and excellent Zn/Zn2+ redox reversibility related to the inhibition 

of the hydrogen evolution reaction (HER) on its surface.[3] Considering all these advantages, 

aqueous zinc–ion batteries are particularly appealing in large-scale storage systems, among 

other applications.[4] 

At the cathode side of aqueous Zn-based batteries, the use of manganese oxides offers 

advantages in terms of average voltage (~1.3 V vs. Zn2+/Zn), theoretical capacity (~308 mAh‧g–

1, Zn0.5MnO2), cost, discharge potential, and cycle/rate performance.[5] However, the specific 

energy of current Zn-MnO2 batteries remains unsatisfactory at approximately 70-140 Wh‧kg−1, 

whereas the values obtained from commercial Li-ion batteries are around 180-230 Wh‧kg-1.[6] 
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The moderate average discharge potential (ADV) of current MnO2 cathodes vs. the Zn anode, 

at about 1.3~1.4 V vs. Zn2+/Zn,[7-10] is a main factor currently limiting the energy density of Zn-

MnO2 batteries [11]. 

Zinc sulfate (ZnSO4), chloride (ZnCl2), perchlorate (ZnClO4), and trifluoromethanesulfonate 

(Zn(OTf)2)  are the commonly used electrolytes in aqueous zinc-ion batteries. Among them, 

while ZnCl2 and ZnClO4 are strongly acidic and corrosive, the alkaline nature of Zn(OTf)2 

makes it more gentle with the anode but favors the growth of irreversibly discharged Mn(OH)2 

at the cathode. On the other hand, ZnSO4 aqueous electrolytes have a weak acidic character that 

enables H+ intercalation to contribute to the capacity. Besides, during the discharge, 

Zn4SO4(OH)6∙5H2O precipitates, protecting the cathode surface and buffering the electrolyte 

pH.[12] 

Within Zn-MnO2 batteries, additional capacity contribution can be obtained through Mn2+ 

deposition and dissolution.[13] Thus, to further enhance the energy density and electrochemical 

stability of Zn-MnO2 batteries, Mn2+ ions can be introduced as electrolyte additive.[14]  The 

addition of an extra ion participating in the charge/discharge process substantially improves the 

rate and cycling performance of Zn-MnO2 batteries. Mn2+ ions transform to MnOOH (∼1.3 V 

vs. Zn2+/Zn) during the discharge process and MnOOH transforms to MnO2 (∼1.8 V vs. Zn2+/Zn) 

during the charge process.[15] Thus Mn2+ ions enable MnOOH to reversibly transform into 

MnO2 but with no discharge capacity contribution in the high voltage range. Thus, while Zn-

MnO2 batteries have room for increasing the discharge voltage plateau in weakly acidic aqueous 

electrolytes, to overcome the current limitations of Zn-MnO2 batteries, new approaches should 

be developed. 

Herein, we describe a novel hybrid ion Zn-MnO2 battery that employs an Al3+-based electrolyte. 

Compared with conventional Zn-MnO2 batteries, the Al3+/Zn2+ hybrid device proposed here 

enables larger capacities, a higher discharge voltage plateau, improved energy densities, and 

extended stability. In this direction, we test different aluminum salts and concentrations to find 

the optimum electrolyte. Besides, the outstanding performance obtained is rationalized using 

ex situ X-ray diffraction (XRD) analyses of the cells at different discharge stages, demonstrating 

reversible participation of Al3+ in battery cycling that enables a highly reversible Mn4+/Mn2+ 

reaction in the MnO2 electrode. 
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2. Results and Discussion 

Composites of multi-walled carbon nanotubes (CNTs) and elongated and flat MnO2 particles 

(MnO2/CNT) were produced via a facile hydrothermal method (see details in the Experimental 

Section in the supporting information, SI). HRTEM (Figure 1a,b) and XRD (Figure 1c) 

characterization of the composites show the presence of the layered birnessite-MnO2 phase (δ-

MnO2, JCPDS card Nº 043-1456). The high-resolution Mn 2p XPS spectrum of δ-MnO2/CNT 

displays a doublet centered at 654.2 eV and 642.5 eV that can be assigned to a Mn4+ chemical 

state (Figure S1).[16] The Mn K-edge X-ray absorption near edge structure (XANES) spectra of 

δ-MnO2/CNT and three reference manganese oxides are shown in Figure 1d. The peak located 

at 6560.7 eV of δ-MnO2/CNT overlaps with that of the MnO2 standard material, confirming the 

Mn4+ chemical state.[17,18] 

The suitability of different Al3+ aqueous electrolytes was initially tested using linear sweep 

voltammetry (LSV) at a scan rate of 5 mV‧s–1 in a three-electrode configuration to investigate 

the HER on the Zn foil used as the working electrode. A platinum mesh was used as the counter 

electrode and Ag/AgCl (saturated KCl) as the reference electrode. Different Al3+ aqueous 

electrolytes were tested: 1M aluminum sulfate electrolyte (ASE), 2M aluminum 

trifluoromethanesulfonate electrolyte (ATE), and 2M aluminum perchlorate electrolyte (APE). 

As shown in Figure 2a, the three Al-based electrolytes tested were much more acidic (pH values 

of 2.2, 1.1, and 1.1 for ASE, ATE, and APE, respectively) than the standard 2M zinc sulfate 

electrolyte (ZSE) conventionally used in aqueous Zn-ion batteries (pH = 4.7). Additional 2M 

AlCl3 and 2M Al(Ac)3 aqueous electrolytes were also initially considered, but they provided 

negligible capacity and thus were discarded (Figure S2). LSV curves (Fig. 2b and 2c) show 

ASE to provide the best performance in terms of the highest HER overpotential (η, –976 mV) 

compared with APE (–822 mV) and ATE (–902 mV).[19-21] This is consistent with the ZnSO4 

also providing the best performance among the different Zn2+ salts, associated with the high 

electrochemical stability of SO42- ions and their ability to adsorb at anode and cathode surfaces 

forming a protective layer that avoids the corrosion of the Zn anode surface. [22,23]  
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Figure 1. (a) TEM and (b) HRTEM images of the δ-MnO2/CNT composite. The lattice fringes 

in the HRTEM image show an interlayer distance of ~0.61 nm, which fits the (001) interplane 

distance of δ–MnO2. (c) XRD peaks of δ-MnO2/CNT (d) Mn K-edge XANES spectrum of δ-

MnO2/CNT and MnO2, Mn2O3, and MnO standard samples. 

The electrochemical performance of the Zn-MnO2 systems with different Al-ion electrolytes 

was tested using coin cells assembled using a MnO2/CNT cathode, a Zn foil anode, and the 

different Al3+ aqueous electrolytes (see details in SI). Their electrochemical performance was 

evaluated by galvanostatic charge/discharge cycles and cyclic voltammetry (CV). As observed 

in Figure 2d, in the first galvanostatic charge-discharge process, the coin cells with different 

Al-based electrolytes show one sloping discharge plateau at ~1.65 V for ASE, ~1.36 V for ATE, 

and ~1.51 V for APE. Their open circuit voltage (OCV) was 1.74 V for ASE, 1.63 V for ATE, 

and 1.58 V for APE.   
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Figure 2. Comparison of the performance of Zn-MnO2 batteries with different Al-based 

electrolytes: (a) Electrolyte pH values, (b) LSV curves at 5 mV∙s–1. (c) Tafel curves. (d) First 

galvanostatic discharge-charge curves, (e) First CV curves at 1 mV∙s–1 with 0.6‒2.1 V of 

voltage window. (f) EIS curves of fresh cells. 

From an electrochemical point of view, when no current flows and the electrode potentials are 

in an equilibrium state, the OCV of a full cell can be determined as:  

 𝑂𝑂𝑂𝑂𝑂𝑂 = 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑒𝑒𝑒𝑒  − 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐ℎ𝑜𝑜𝑜𝑜𝑜𝑜

𝑒𝑒𝑒𝑒  (1) 

CV curves at 1.0 mV s–1 (Figure 2e) show the cells with the Al-ion electrolytes to display one 

cathodic and one anodic peak in the voltage range tested (0.6 V - 2.1 V). While the anodic peak 

remained invariable at 1.9 V for the different electrolytes, the cathodic peak was obtained at 

around ~1.60 V, ~1.56 V, and ~1.52 V for ASE, ATE, and APE, respectively. Besides, the EIS 

spectra obtained from the fresh cells (Figure 2f) show that the ASE provides the lowest 

impedance related to a higher reversibility. 

As shown in Figure 3a, the ASE also enabled Zn-MnO2 cells with higher cycling stability at               

1.0 A‧g–1. After undergoing 500 cycles, the capacity of the ASE-based cell exceeds its initial 

capacity. In contrast, the capacity of ATE- and APE-based cells decayed quickly. The rate 

performance of the ASE-based coin cells is displayed in Figures 3b and 3c. ASE-based cells 

show excellent rate capability, with discharge capacities of 234, 192, 164, 147, 132, and 116 

mAh‧g–1 at 0.4, 0.8, 1.2, 1.5, 2.0 and 3 A‧g–1, respectively. Besides, the discharge plateau is 
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maintained above 1.5 V in the current range of 0.4 to 3.0 A‧g–1. Benefiting from the high 

discharge plateau and specific capacity, outstanding energy densities of ~384 Wh‧kg–1 at 0.4 

A‧g–1 and ~165 Wh‧kg–1 at 3.0 A‧g–1, based on the cathode mass, were determined.  

 

Figure 3. Electrochemistry of Zn-MnO2 coin cells with Al3+ electrolytes. (a) Comparison of 

the cycle performance of Zn-MnO2 batteries at 1 A‧g–1 with the different Al-based electrolytes. 

(b) Rate performance of the ASE Zn-MnO2 battery and (c) galvanostatic charge-discharge at 

different current densities. (d) Cycling performance and (e) ADV test at 2 A‧g–1. (f) Cycling 

performance and (g) ADV test with 0.2 M MnSO4 as an additive at 2 A‧g–1. 

Despite the relatively high capacity of conventional Zn-MnO2 batteries based on ZSE, the fast 

decay makes them impractical. Moreover, the conventional Zn-MnO2 battery has an initial 

energy efficiency of close to 80% that rapidly decreases (Figure S3c). In contrast, the Zn-MnO2 

battery based on ASE shows stable energy conversion efficiency above 80%. Besides, the ADV 

of the ASE Zn-MnO2 cell stays above 1.6 V for 10,000 cycles denoting a highly reversible Al3+-

related capacitance mechanism (Figure 3e). In contrast, the conventional Zn-MnO2 battery 
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tested here shows a significantly lower and much less stable ADV (~1.3 V), which is consistent 

with previously reported values.[15,23,24,25] 

Additional cells were assembled incorporating ZnSO4 within the ASE electrolyte but the 

obtained performance was inferior to that of the ASE-based batteries, as observed in Figure S4, 

probably due to a competing effect between the two ions. Reducing the Al2(SO4)3 concentration 

to incorporate ZnSO4 results in a stronger zinc intercalation discharge plateau and weaker 

discharge plateau at 1.6 V, indicating that the high discharge plateau is related to the ASE 

concentration. 

To improve the electrochemical performance of conventional ZSE-based Zn-MnO2 batteries, 

MnSO4 is frequently used as an electrolyte additive to maximize the Mn2+ electrolysis process, 

promote accessibility of the electrode/electrolyte interface, and prevent excessive dissolution 

of MnO2, which results in enhanced capacity and stability.[14, 24] As shown in Figure 3g, the 

cycle performance of both types of Zn-MnO2 cells, the ASE- and the ZSE-based, is improved 

with the addition of 0.2 M MnSO4. Both cells display similar capacity when cycled at 5 A‧g–1. 

However, the ASE Zn-MnO2 battery maintains a higher ADV than the ZSE Zn-MnO2 (Figure 

3f), i.e. a higher energy density. 

As shown in Figures 4a and 4c, at  0.3 A·g‒1, the ASE-based cell without MnSO4 displays a 

high specific capacity of 469 mAh‧g–1 and an ADV of 1.75 V, corresponding to an energy 

density of approximately 750 Wh∙kg‒1, based on the mass of MnO2. Meanwhile, the ASE 

battery with 0.2 M MnSO4 as additive exhibits lower capacity fading, a specific capacity >440 

mAh‧g–1 and an ADV of 1.66 V vs. Zn2+/Zn, corresponding to an energy density of ~720 

Wh∙kg‒1. These energy densities are comparable to those of high energy density Li-ion batteries, 

Li vs. NCM811 (LiNi0.8Co0.1Mn0.1O2), ~750 Wh∙kg‒1 with a 2.7‒4.3 V voltage window at 0.1 

C (1C= 200 mAh‧g–1), based on the cathode mass. [26] 



9 

 

Figure 4.  Cycling performance of new Zn-MnO2 battery at 0.3 A·g‒1. (a) Cycling performance 

and (b) galvanostatic charge-discharge profiles without MnSO4 additive. (c) Cycling 

performance and (d) galvanostatic charge-discharge profiles with 0.2M MnSO4 additive. 

The ASE was characterized by a lower pH than the ZSE. To separate the effect of pH from that 

of the Al2(SO4)3, we compared the performance of cells having different Al2(SO4)3 

concentrations but similar pH, adjusted with the addition of a small amount of H2SO4. Figure 

S5 shows the initial galvanostatic charge-discharge curves at 0.3 A∙g‒1 of three batteries based 

on an ASE, containing 0.4 M Al2(SO4)3 + 0.02 M H2SO4 ( pH= 3.3); 0.4 M Al2(SO4)3 (pH= 

4.1); and 0.8 M Al2(SO4)3 (pH= 3.1). The addition of 0.02 M H2SO4 to the 0.4 M Al2(SO4)3 

electrolyte significantly improves the capacity, from about 110 mAh g-1 to about 280 mAh g-1. 

However, adding a larger amount of  Al2(SO4)3 to reach a similar pH value resulted in a much 

larger capacity increase, above 400 mAh g-1, thus demonstrating the important role played by 

Al3+ in the battery capacity. 

To elucidate the mechanism resulting in the observed ADV increase in δ-MnO2/CNT cathodes 

with the ASE, the structural evolution of δ-MnO2/CNT was ex situ characterized during the 

discharge process. All electrodes were analyzed by XRD after 5 cycles at different discharge 

voltages (Figure 5a). Upon cycling, ex situ XRD patterns show new diffraction peaks assigned 

to AlMn2O4 and ZnMn2O4, at 1.5 V and 1.2 V (Zn2+/Zn, discharge process), respectively. The 

characteristic XRD peak at 30.5° and 30.8° are attributed to AlMn2O4 (Fd3m of space group); 
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and 26.6° and 36.3° are the characteristic peaks of ZnMn2O4. The ZnMn2O4 and AlMn2O4 

fingerprints were observed at 1.2 V and 1.5 V in the discharge process, respectively. To 

eliminate the effect of the carbon cloth, the active material powder was removed from the full-

discharged electrode and further analyzed by XRD (Figures S6 and S7). The characteristic 

peaks of MnOOH (26º and 34o), Mn3O4 (32°, 36°and 44º) and MnO (20º, 22º  and 27°) were 

observed. 

Meanwhile, the Mn valence state was tested XANES for fully discharged and fully discharged 

electrodes. As shown in Figure 5b, the absorption edge peak of the fully discharged electrode 

split into two peaks (shown by the dotted line in the figure) and the energy of the edge 

absorption curves follows the order MnO < electrode < Mn2O3 < MnO2, which proves that Mn2+ 

and Mn3+ substances present in the electrode. For the fully charged electrode (Figure 5c), the 

edge absorption fits the Mn4+ chemical state.[27-31] Overall, ex situ XRD and XANES analyses 

demonstrated the presence of Mn2+ and Mn3+ within different states in the fully discharged 

electrode, thus pointing to a capacitance contributed by several different mechanisms. 

According to previous reports,[6, 32] in acidic electrolytes, the Mn4+/Mn2+ redox reaction can 

contribute to the capacitance with a relatively high discharge plateau, >1.5 V, while the 

Mn4+/Mn3+ associated with Zn2+ and H+ intercalation contributes with a discharge plateau at a 

lower potential, ~1.2-1.5 V vs. Zn2+/Zn. [6, 32] Thus, taking into account previous works, our 

electrochemical characterization results, and the ex situ XRD data, we propose the multi-ion 

cathodic reaction mechanism of the ASE-based Zn-MnO2 battery to be as follows (excluding 

the intermediate Mn3+ reaction): 

 3MnO2 + 2Al3+ + 6e‒ ↔ AlMn2O4 + MnO (2) 

 MnO2 + 2H+ + 2e‒ ↔ MnO + 2H2O (3) 

 MnO + 2MnO2 + 4H+  + 2e‒ ↔ Mn3O4  + H2O (4) 

 MnO2 + H+ + e‒ ↔ MnOOH (5) 

 Zn2+ + 2MnO2  + 2e‒ ↔ Zn-MnO2 (6) 

Two Mn4+/Mn2+ mechanisms associated with the reaction of Al3+ and H+ with the MnO2 to 

form AlMn2O4 and MnO, respectively (reactions (2) and (3)), contribute to the high discharge 

plateau >1.5 V vs. Zn2+/Zn (Fig. 5d). [33] Besides, H+ intercalation in MnO2 as shown in 

reactions (4) and (5) contributes to an intermediate voltage discharge plateau, at ~1.4 V vs. 

Zn2+/Zn. Finally, Zn2+ intercalation and de-intercalation in the MnO2 crystal structure, reaction 

(6), contributes to the low voltage ~1.3 V vs. Zn2+/Zn plateau. 
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To further confirm this assignment, the evolution of the CV curves and charge-discharge 

profiles with the cycle number and the current rate were analyzed. Figure S8 displays the 50 

first CV curves of a fresh coin cell cycled at a sweep rate of 0.5 mV‧s–1. The discharge peak 

around ~1.3 V gradually strengthens while the peak at 1.6 V becomes weaker. This evolution 

is consistent with the contribution of Al3+ ions to the capacity to gradually decrease, while the 

Zn2+ contribution increases as the number of cycles proceeds.  

Due to the Lewis strong acid and strong electrostatic repulsion of multivalent ions such as Al3+, 

the relative contribution of H+ increases with the current rate. At low current, e.g. 0.3 A∙g‒1, the 

Al3+ intercalation has a significant contribution, which accelerates the capacity degradation 

owing to its large size (Figure 4a).[34-37] At high current rates, the H+ contribution strongly 

dominates, Zn2+ and Al3+ ions have a marginal contribution due to their slower kinetics, and 

thus the stability is highly enhanced. Figure S9 shows the characteristic peak from dQ/dV 

corresponding to the Zn2+ intercalation at 0.3 A∙g‒1. However, the Mn4+/Mn2+ oxidation peak is 

only observed at 2 A∙g‒1, implying that the high discharge plateau is related to the H+ 

contribution. On the other hand, despite its relatively large size and coulombic repulsion, the 

discharge platform associated with the Zn2+ intercalation gradually increases with the charge-

discharge cycling, up to 2.0 A∙g‒1 (Figure S10). Besides, as the cell cycles, MnO2 inevitably 

dissolves in acidic conditions, thus Mn2+ ions accumulate in the solution and play a similar role 

as the MnSO4 additive, increasing the cell capacity, as shown in Figure 3f. [33,38-40]  

Taking into account the above experimental results, we hypothesize Al3+ ions play a role not 

only by intercalating into the MnO2 to form AlMn2O4 but also by contributing to the Mn4+/Mn2+ 

high voltage solid state conversion (reaction (3)).[33, 41] This contribution is associated with the 

release of protons during the Al3+ desolvation process, thus H+ and Al3+ intercalaction into the 

MnO2 during the cell discharge takes place, which is supported by the observation of the 

Al2MnO4 formation. Besides, we observe the solvated Al3+ to protect the Zn anode from 

corrosion in strong acidic electrolytes, preventing HER, which also contributes to the cell 

stability. 
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Figure 5. Mn K-edge XANES spectrum of (a) the fully discharged electrode and (b) the fully 

charged electrode. (c) Schematics of multi-ions reaction mechanism in the ASE Zn-MnO 

battery during the discharge process. 

We further assembled ASE-based Zn-MnO2 batteries with a high cathode mass loading to verify 

their potential for industrialization.[42] Figures 6a and 6b depict the galvanostatic charge-

discharge curves at a current density of 2 A‧cm–2 of a conventional ZSE Zn-MnO2 battery with 

a mass loading of 6.4 mg‧cm–2 and an ASE Zn-MnO2 battery with 6.2 mg‧cm–2 mass loading. 

In both batteries, we included 0.2 M MnSO4 as an additive to promote the Mn4+/Mn2+ 

contribution. Even at this high cathode loading, the two cells maintain significant capacity and 

cyclability. The galvanostatic charge-discharge curves show different voltage plateaus in both 

discharge and charge processes. In the conventional ZSE Zn-MnO2 battery, the voltage plateaus 

correspond well to the two-step H+/Zn2+ insertion/extraction processes. On the ASE Zn-MnO2 

battery, only one voltage plateau in the charge and discharge process at ~1.65 V is observed in 

the first few cycles associated with the two Mn4+/Mn2+ processes. As the cycle progresses, an 

additional small discharge plateau at around 1.40 V, corresponding to H+ insertion in MnO2, is 
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obtained. Even at this high mass loading, the ASE battery still exhibits a higher AVD (1.55 V) 

than the conventional ZSE Zn-MnO2 battery (1.35 V) related to the more significant weight 

within the ASE battery of the reversible Mn4+/Mn2+ reaction within the measured capacity 

(Figure 6c). While similar capacities were obtained for both batteries (Fig. 6d), owing to the 

higher AVD, the ASE Zn-MnO2 battery has a significantly higher energy density than the 

conventional ZSE Zn-MnO2.  

 

Figure 6. High mass-loading cells at 2 A‧cm–2. (a,b) Galvanostatic charge-discharge at different 

cycles of a conventional ZSE Zn-MnO2 cell (a) and a new hybrid ASE Zn-MnO2 cell (b). (c) 

ADV test. (d) Cycling performance. 

3. Conclusions 

 An Al3+-enabled high–voltage and stable Zn-MnO2 battery displaying improved voltage, 

capacity, and energy density was demonstrated. Compared to the previously reported Zn-MnO2 

batteries based on a ZnSO4 electrolyte, the MnO2 cathode within an Al–ion electrolyte exhibits 

a highly reversible Mn4+/Mn2+ reaction contributing to a high voltage discharge plateau (>1.5 

vs. Zn2+/Zn). The Al-based Zn-MnO2 full cell delivered an ADV of ~1.75 V, a specific capacity 

of >450 mAh‧g–1, and energy densities up to 750 Wh‧kg–1 at 0.3 A‧g–1, comparable to those of 

conventional Li-ion batteries. While in the conventional Zn-MnO2 battery with 2M ZnSO4 

electrolyte, the performance decays very fast (less than 500 cycles with two discharge plateaus 

at ~1.4 V and 1.3 V), the new Zn-MnO2 battery with 1 M Al2(SO4)3 electrolyte shows a stable 
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capacity for over 10,000 cycles at 2.0 A‧g–1. Even at 6.2 mg‧cm–2 cathode mass-loading, a high 

ADV is obtained. Combining electrochemical analysis with ex situ XRD characterization, 

different mechanisms associated with Al3+, H+, and Zn2+ insertion/de–insertion and reaction 

were proposed to contribute to the battery capacitance. The outstanding performance of the Zn-

MnO2 battery based on the Al3+ was associated with both the highly reversible Al3+ ions 

intercalation/de-intercalation that significantly contributes to capacitance at low current rates 

and its positive effect on the Mn4+/Mn2+ solid state reaction aided by H+ that dominates the 

capacitance at higher current rates. The performance of the ASE-based Zn-MnO2 battery is 

expected to be further improved through rational design and engineering of the electrolyte and 

electrode parameters, such as an optimized pH, Al2(SO4)3 concentration, incorporation of 

additives, or electrode coating/doping. 
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