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1. Introduction

Aqueous batteries with H2O-based electrolytes
present a promising solution to safety concerns,
and they exhibit versatile practicalities. Various
iterations, including aqueous Li, Na, Mg, Ca,
Al, NH4-ion, and proton batteries, have
emerged, each relying on a distinct charge car-
rier species.[1–6] However, their energy densi-
ties remain limited because of their nonmetallic
anodes, fostering the excessive reliance on elec-
trochemically inactive elements, such as current
collectors and conductive additives. To over-
come this limitation, the direct utilization of
metals as anodes via plating/stripping mecha-
nisms may optimize the anodic capacity and
enhance efficiency.

Despite the progress in the use of metals,
such as Cu, Fe, and Zn, as anodes, challenges
persist, particularly concerning their poor pla-
ting/stripping potentials, which constrain the
energy density, e.g. whereas aqueous Cu[7] and
Fe[8] batteries exhibit high capacities, their
operating potentials are relatively high (i.e.
0.34 and �0.45 V vs the standard hydrogen
electrode [SHE], respectively), which practically

reduces their energy densities when coupled with positive cathodes.
Aqueous Zn batteries struggle to higher potential of Zn because of its
higher redox potential (�0.76 vs SHE) as an anode compared to that
of Mn (�1.03 vs SHE).[9] Al and Mg display lower plating/stripping
potentials than that of Zn, but their low operating potentials and strong
levels of passivation prevent their utilization in standard aqueous
solutions.[10–12] Therefore, urgent exploration to identify metal anodes
with lower plating/stripping potentials than those of Zn and the other
materials is essential.

Mn has emerged as a promising candidate for use in high-energy
aqueous batteries because of its high gravi�/volumetric capacity and
low cost (Figure 1a).[8,13–19] In addition, in aqueous system, Mn
exhibits a lower redox potential than that of Zn, and it theoretically dis-
plays a higher energy density than those of aqueous Zn battery systems
(Figure 1b). Overall, Mn-based energy chemistry results in a reasonable
aqueous system with a low cost and high stability and energy density
(Figure 1c, and Table S1, Supporting Information). Yang et al.[20] fabri-
cated an artificial passivation layer mediated by inorganic–organic elec-
trolyte additives for reversible Mn deposition, but the efficient
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Aqueous batteries with metal anodes exhibit robust anodic capacities, but
their energy densities are low because of the limited potential stabilities of
aqueous electrolyte solutions. Current metal options, such as Zn and Al, pose
a dilemma: Zn lacks a sufficiently low redox potential, whereas Al tends to
be strongly oxidized in aqueous environments. Our investigation introduces a
novel rechargeable aqueous battery system based on Mn as the anode. We
examine the effects of anions, electrolyte concentration, and diverse cathode
chemistries. Notably, the ClO4-based electrolyte solution exhibits improved
deposition and dissolution efficiencies. Although stainless steel (SS 316 L)
and Ni are stable current collectors for cathodes, they display limitations as
anodes. However, using Ti as the anode resulted in increased Mn deposition
and dissolution efficiencies. Moreover, we evaluate this system using various
cathode materials, including Mn-intercalation-based inorganic (Ag0.33V2O5)
and organic (perylenetetracarboxylic dianhydride) cathodes and an anion-
intercalation-chemistry (coronene)-based cathode. These configurations yield
markedly higher output potentials compared to those of Zn metal batteries,
highlighting the potential for an augmented energy density when using an
Mn anode. This study outlines a systematic approach for use in optimizing
metal anodes in Mn metal batteries, unlocking novel prospects for Mn-based
batteries with diverse cathode chemistries.
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electrochemistry was limited by the complex electrolyte composition.
Our previous study focused primarily on the intercalation chemistry of
Mn ions, and we successfully demonstrated Mn2+ intercalation into a
Chevrel phase.[15] Nevertheless, current research predominantly relies
on MnCl2 and MnSO4, lacking the exploration of diverse salts, current
collector properties, and varied cathode chemistries for use in ion
batteries.[14,21]

This study introduces an innovative rechargeable aqueous battery
based on Mn. We investigate the effects of various anions of salts, elec-
trolyte concentrations, and cathode chemistries. Previous studies pre-
dominantly assessed process efficiency solely through mass
discrepancies, rarely delving into its reversibility. So here, we under-
score the insufficient understanding regarding how various electrolytes
and current collectors influence the reversibility of the Mn deposition
process. In addition, we demonstrate a hybrid battery concept based on
anion intercalation and inorganic or organic electrodes based on
Mn-ion intercalation. These findings highlight the broad potential of
Mn batteries for use in future aqueous systems.

2. Results and Discussion

2.1. Aqueous Manganese Electrolyte and Anion/Concentration
Effect

Considering the capacities of different anions to coordinate to metal cat-
ions, we first studied Mn anodes in the five most commonly used
Mn-based electrolytes: MnSO4, MnCl2, Mn(NO3)2, Mn(CH3CO2)2, and
Mn(ClO4)2. All electrochemical tests were conducted using home-made
three-electrode beaker-type cells. The electrochemical stability windows
and deposition/dissolution behaviors of Mn were characterized using
the electrolytes and a Pt mesh and working electrode with an area of
0.04 cm2. To avoid potential unknown reactions, Pt electrode was
employed. However, its hydrogen evolution reaction (HER) catalytic

properties pose limitations, particularly evident in the current collector
aspect. As shown in Figure 2, at concentrations of 0.5 M, only electro-
lyte decomposition (the hydrogen evolution reaction (HER)) occurs,
without noticeable Mn metal deposition (Figure 2a). However, at con-
centrations of 3 M in the same potential range, Mn metal deposition
may be relatively favorable for certain salts. These high-concentration
electrolytes suppress the HER. In addition, the Mn metal deposition is
attributed to the molar concentration effect and desolvation energy
between H2O and the anions and Mn2+ ions. This behavior is poten-
tially caused by the low charge densities of anions such as ClO4

�,
which facilitate Mn deposition in significant amounts (Figure 2b). The
galvanostatic Mn//Mn symmetric cell also demonstrates for various
electrolytes that the 3 M Mn(ClO4)2 electrolyte exhibits low deposi-
tion/dissolution voltage polarization with high efficiency (Figure S1,
Supporting Information). Anodic stability is crucial on the cathode side
(high-potential range), and evaluation with a Pt electrode reveals higher
anodic stabilities in ClO4-based electrolytes (Figure 2c).

Remarkably, upon increasing the concentration of the ClO4
� electro-

lyte from 0.5 to 3 M, the Warburg slope increases sharply (Figure 2d,e).
At low concentrations, the influence of ClO4

� may be minimal due
to the abundance of H2O molecules.[22] The aqueous 3 M
Mn(ClO4)2 electrolyte exhibits a high deposition/dissolution Cou-
lombic efficiency and reasonable anodic stability compared to those
of the 3 M MnCl2 electrolyte (after a few cycles, the efficiency sud-
denly declines), as shown in Figure 2f. The cycling details are pro-
vided in Figure S2, Supporting Information. Technically it is not
high, but highest compared to the other electrolytes.

2.2. Manganese Electro-Deposition on Various Substrate

The number of Mn deposition/dissolution cycles of the Pt electrode is
shown in Figure 3a. The current increases from the 1st to the 10th
cycle, indicating an current activation of electrodeposition/dissolution

during cycles. We guess this activation process
came from the increasing surface and catalytic
properties from Mn or Mn(OH)2 which depos-
ited in previous cycles. Moreover, a decrease in
resistance during dissolution is apparent, based
on the reduction in the peak potential from
�0.88 to �0.98 V (vs Ag/AgCl) in the cyclic
voltammogram. With each cycle, Mn or
Mn(OH)2 electrodeposition increases in activ-
ity (�1.4 V vs Ag/AgCl), yet HER activation
is also observed at approximately �1.3 V
(vs Ag/AgCl). Figure 3b shows the anodic sta-
bilities of the 3 M Mn(ClO4)2 electrolyte on
various current collectors. Al and Cu induce
instability, whereas Ni and stainless steel
(SS 316 L) induce stability at higher potentials.
Additionally, when the Mn deposition/dissolu-
tion cycle is conducted using various metals as
anodes, unexpectedly, Ni and SS 316 L exhibit
lower efficiencies due to corrosion. Conversely,
Pt and Ti display the highest stabilities, with
coulombic efficiencies of approximately 40%,
indicating the coexistence of HER reactions
within the electrolyte (Figure 3c, Figures S3
and S4, Supporting Information).

Figure 1. a) Gravi- and volumetric capacities and costs of typical metal anodes and b) the redox
potentials of metal anodes. c) Radar plot of the performance properties of selected metal anodes.
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Thus, future studies should address the stability concerns by incor-
porating organic electrolyte additives. Another aspect of the use of metal
anodes is dendrite formation, and thus, we examined the morphology
after Mn deposition. The variation in the obtained Mn morphology
with respect to the selected substrate is clearly visible in the scanning
electron microscopy-energy-dispersive X-ray spectroscopy (SEM–EDX)

images shown in Figure 3d. Randomly arranged Mn crystals are formed
on the Al, Cu, SS 316 L, and Ni substrates, whereas mixtures of aggre-
gated Mn clusters and vertically oriented crystals are observed on the
electroplated SS 316 L foils (Figures S5–S9, Supporting Information).
As a result, titanium foil offers uniform electroplating in Mn(ClO4)2
aqueous electrolyte, possibly due to two reasons. 1) The Mn(ClO4)2

Figure 2. Mn metal plating on the Pt electrode with aqueous a) 0.5 and b) 3 M MnCl2, MnSO4, Mn((NO)3)2, Mn(ClO4)2, and Mn(CH3CO2)2 electrolytes
(scan rate: 20 mV s�1). c) Anodic stabilities of the 3 M electrolytes. Impedance slopes of the d) 0.5 and e) 3 M electrolytes. f) Coulombic efficiencies in
various 3 M Mn electrolyte solutions at 293 K.

Figure 3. a) Cycles of Mn metal plating on the Pt electrode with the aqueous 3 M Mn(ClO4)2 electrolyte (scan rate: 20 mV s�1). b) Anodic stabilities of the
aqueous 3 M Mn(ClO4)2 electrolyte on various substrates. c) Coulombic efficiencies at room temperature. d) SEM–EDX images of Mn plating on various
substrates.
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based electrolyte’s pH is not strongly acidic, preventing the promotion
of the HER reaction and allowing for stable electrodeposition. 2) The
type and structural orientation of the metal can influence the deposition
tendency due to the metal’s surface energy and catalytic properties. This
phenomenon also observed in zinc metal plating research[23].

On the Ti substrate, plate-like Mn crystals oriented perpendicular to
the surface are observed. When Mn is electrodeposited on a Ti sub-
strate, smooth (and uniform) deposition occurs without significant
dendrite formation, resulting in shapes with sizes of approximately
300 nm (Figure S9, Supporting Information). After Mn electrodeposi-
tion on Ti foil, we conducted XRD measurements. The electrochemi-
cally deposited Mn metals underwent oxidation to the MnO2 phase
during XRD analysis in the air condition. However, Mn(OH)2 still per-
sisted in the XRD results, which may contribute to lower coulombic
efficiency [24] (Figure S10, Supporting Information). These results indi-
cate that Mn metal deposition and Mn(OH)2 formation occur during
electrodeposition, with only Mn undergoing oxidation (as Mn metal
stripping, see Figure 3a). Unfortunately, direct evidence of Mn electro-
deposition cannot be observed in the common XRD technique due to
oxidation from water HER reaction or oxygen from the air. To clearly
observe this phenomenon, in-situ XRD may be needed and it will be
covered future scope of the study.

2.3. Various Cathode Chemistries for Manganese Battery

Due to the potential of ion batteries as aqueous systems, various studies
are in their preliminary stages. One such system is the bilayered struc-
ture based on intercalation reactions, which is represented by vanadium

oxides, such as Mn0.18V2O5�nH2O
[21] and Al0.1V2O5�1.5H2O

[16]. Addi-
tionally, batteries comprising Chevrel phases and Prussian blue ana-
logues have been implemented, and furthermore[15], a battery utilizing
the Mn/MnO2 redox reaction was developed[14]. However, these
Mn-ion batteries may be used to explore a wider range of chemistries.

First, we demonstrated an Ag0.33V2O5 structure utilizing Mn-ion
intercalation and chemical displacement reactions. The synthesized
Ag0.33V2O5 was confirmed by Rietveld refinement (Figure S11, Sup-
porting Information). The redox reactions of Mn metal and the Mn
storage reaction of Ag0.33V2O5 are shown in red and blue, respectively,
in Figure 4a. When we utilized Mn metal as anode, an energy density
in an aqueous environment that is approximately 0.6 V higher than the
redox potentials in conventional Zn secondary batteries. Using internal
ions, such as Cu or Ag, may further enhance the capacity via chemical
substitution reactions (Figures S12 and S13, Supporting Information).
Their detailed electrochemical data are attached in Figure S14, Support-
ing Information. The discharge capacity of Ag0.33V2O5 shows 261.9
mAh g�1 at a current of 100 mA g�1. this structure also possible to
accommodate the proton from the aqueous electrolyte. The clear reac-
tion mechanism will be covered in further scope of the study.

Second, the application of organic electrode materials is due to their
facile redox reactions, which offer several advantages, such as faster
kinetics, higher capacities, and low costs.[25] Thus, we utilized one of
the most widely used organic dyes, i.e. perylenetetracarboxylic dianhy-
dride (PTCDA), as an electrode, confirming its reversible reaction
within a range of approximately 1 V (Figure 4b). The PTCDA powder
was confirmed by Rietveld refinement (Figure S15, Supporting Infor-
mation). PTCDA undergoes a facile redox reaction with Mn2+ ions, as
indicated by the sharp redox couple observed in the cyclic

Figure 4. Cyclic voltammograms of the Mn anode (red) at 20 mV s�1 and the various cathodes (blue) at 0.3 mV s�1 in stable aqueous 3 M Mn(ClO4)2
electrolytes: a) Mn intercalation chemistry within the inorganic b-Ag0.33V2O5 structure, b) Mn redox chemistry on the organic PTCDA structure, and c) anion
intercalation chemistry within the organic coronene structure (hybrid battery system). d) Discharge capacities for manganese battery cathodes and potentials
of various aqueous battery systems.
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voltammogram. Various organic electrodes may be stably operated in
aqueous systems, and Mn ions may be stored via Mn-carbonyl bond-
ing, in addition to p-electron bonding.[26] We propose the exploration
of the potentials of various organic cathode materials (Figure S16, Sup-
porting Information). The detailed electrochemical data of PTCDA elec-
trode are attached in Figure S17, Supporting Information.

Finally, anion intercalation reactions (like graphite) were explored
using the polycyclic compound coronene.[27] The coronene powder
was confirmed by Rietveld refinement (Figure S18, Supporting Infor-
mation). Figure 4c shows the cyclic voltammograms of the coronene
cathode. Coronene successfully displays ClO4

� storage, but this
includes the oxygen evolution reaction. The MnOOH and MnO2 gener-
ation are excluded in this reaction, only Cl peaks are detected in
charged sample it suggested that ClO4 is inserted in to coronene struc-
ture (Figure S19, Supporting Information). This indicates the feasibility
of realizing potentials of up to ~2.5 V while maximizing the stability
range of the electrolyte in an aqueous solution. In addition, the intro-
duction of wet organic electrolytes may yield higher potentials. This
study utilizes ClO4

� anions, but similar to various anion chemistries
used previously, this suggests the potential of employing a diverse
range of anions in Mn-ion battery systems. The detailed electrochemical
data of coronene electrode are attached in Figure S20, Supporting Infor-
mation. Nevertheless, the voltage range exceeding 1.2 V versus Ag/
AgCl renders water splitting (irreversible) and the oxidation of Mn2+ to
MnO2 feasible in aqueous manganese electrolyte. Hence, the efficacy of
anion insertion chemistry in the manganese aqueous system may be
limited. However, the utilization of organic-based electrolytes could
warrant reconsideration.

These systems were compared with Zn-based and other aqueous bat-
tery systems, as shown in Figure 4d. Zn-based batteries display the
most promising energy densities among those of aqueous battery sys-
tems. However, upon using an Mn metal anode, the operating potential
increases by approximately 0.6 V, indicating the possibility of surpass-
ing conventional Zn-ion secondary batteries in the field of aqueous bat-
tery systems.

In this research, we designed a battery mainly using aqueous electro-
lytes to assume that manganese ion batteries are inexpensive. However,
we discovered a fundamental decrease in electrodeposition efficiency
due to the formation of Mn(OH)2 and the HER reaction. Therefore, for
future research directions, we consider the surface coating to reduce
overpotential,[28] organic electrolytes, and organic salt, which can be
used singly or in combination.[29] Recently, research on cathode depo-
sition using organic electrolytes and halide salts has been reported.[30]

However, fundamentally, halide salts can cause corrosion. Therefore,
research on alternative salts is also considered for the further scope of
the study. In addition to achieving uniform manganese electrodeposi-
tion without other phases using an aqueous solution, pH adjustment is
also an important factor in decreasing the Mn(OH)2 phase.

3. Conclusion

In conclusion, this study introduces a promising rechargeable aqueous
battery technology that uses Mn as an anode. We extensively analyzed
the influences of anions, electrolyte concentrations, and diverse cathode
chemistries. Notably, the ClO4

� based electrolyte exhibited superior
deposition and dissolution efficiencies owing to its chaotropic nature.
Although SS 316 L and Ni were stable current collectors for cathodes,
they exhibited limitations as anodes. In contrast, the use of Ti as the

anode resulted in an enhanced Mn deposition/dissolution efficiency
and anti-dendrite formation effects. Additionally, we evaluated this sys-
tem using a range of cathode materials, including Mn-intercalation-
and chemical displacement-based inorganic (e.g. Ag0.33V2O5) and
organic (PTCDA) cathodes, in addition to an anion-intercalation-
chemistry (coronene)-based cathode. These configurations yielded sig-
nificantly higher output potentials compared to those of Zn metal batte-
ries, indicating the potential for increased energy density by utilizing
an Mn anode. This investigation delineates a systematic approach for
use in optimizing efficient Mn metal anodes in Mn metal batteries,
unlocking novel opportunities for Mn-based batteries with diverse cath-
ode chemistries.

4. Experimental Section

Detailed information related to the synthesis of active electrodes, physicochemical
characterization, and electrochemical evaluation of bifunctional electrodes
towards UOR and supercapacitor application is provided in Supporting
Information.
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