RESEARCH ARTICLE

W) Check for updates

Energy &
Environmental Materials

WILEY

Manganese-based Batteries

Oxygen Vacancy-Driven High-Performance V,0; Cathodes
for Aqueous Manganese Metal Batteries

Sangki Lee, Hyungjin Lee, Hyeonjun Lee, Seunghyeop Baek, Netanel Shpigel, Daniel Sharon,

Seung-Tae Hong* @, and Munseok S. Chae*

Aqueous batteries are an emerging next-generation technology for large-scale
energy storage. Among various metal-ion systems, manganese-based batteries
have attracted significant interest due to their superior theoretical energy
density over zinc-based battery systems. This study demonstrates oxygen
vacancy-engineered vanadium oxide (V,0,3s) as a high-performance cathode
material for aqueous manganese metal batteries. The V,0,g; cathode had a
discharge capacity of 212.6 mAh g " at 0.1 A g ', retaining 89.5% capacity
after 500 cycles. Oxygen vacancies enhanced ion diffusion and reduced
migration barriers, facilitating both Mn>* and H" ion intercalation. Proton
intercalation dominated charge storage, forming Mn(OH), layers, whereas
Mn?>* contributed to surface-limited reactions. Furthermore, manganese
metal batteries had a significantly higher operating voltage than that of
aqueous zinc battery systems. Despite challenges with hydrogen evolution
reactions at the Mn metal anode, this study underscores the potential of

manganese batteries for future energy storage systems.

1. Introduction

Lithium-ion batteries (LIBs) have been widely adopted as alternatives to
fossil fuels in various energy storage systems owing to their high
energy density and rechargeability.'] Despite their benefits, conven-
tional LIBs face challenges such as the scarcity of lithium resources and
the use of flammable organic electrolytes. Considering the growing
demand for large-scale energy storage, which necessitates the use of a
massive number of batteries with high safety regulations, aqueous
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rechargeable batteries have emerged as a prom-
ising alternative to lithium-ion batteries.[
These batteries use non-flammable, water-based
electrolytes, offering superior fire safety and
cost-effectiveness compared to traditional LIBs.
Additionally, aqueous electrolytes exhibit higher
ionic conductivity compared to the organic
electrolytes employed in conventional LIBs,
thereby facilitating enhanced charge and dis-
charge rates. Battery systems employing aque-
ous electrolytes are categorized based on the use
of monovalent metal ions (Ii+,[3] Na+,[4’5]
KT and/or multivalent metal ions (Zn**,l"®
Cal* 9100 g2t (1] P32y,

Although various metal ions are available,
Mn”"-based energy storage technologies have
recently garnered significant attention as new
aqueous  battery systems for large-scale
energy storage.['3']4] The manganese ion is
theoretically capable of transferring more
than two electrons per ion, resulting in a higher volumetric
energy  density. Manganese  metal  exhibits a  low
reduction/oxidation potential (—1.19 V vs SHE) and a high theo-
retical gravimetric capacity (976 mAh g~ '), which enables a higher
operating voltage for manganese-based battery systems compared to
zinc-ion batteries.!' ]

Nevertheless, one of the major hindrances to the development
of manganese-based batteries is the occurrence of hydrogen evolu-
tion reactions (HER) from the electrolyte, which deteriorates effi-
ciency and makes aqueous battery
systems.l'®)  Consequently, research on electrode materials for
manganese-based batteries has been scarce, highlighting the need
for extensive investigation into new cathode materials. To date, a
few manganese battery cathodes have been reported, including
Chevrel phase (MogSg),!'”) bilayered-vanadium oxide structures
(Aly1V,05-1.5H,0,l'81 Mng 15V,05nH,0M), v,0,,71 vo,,2%
Ag0_33VZOS,['4'21] Ago_lVZOS,[n] Prussian blue framework (nickel
hexacyanoferrate), '’ and  organic  electrodes:  graphite,[**]
PTCDA,[“'ZSJ and coronene.!'*! Nevertheless, these electrode mate-
rials remain insufficient to achieve the high energy density
demanded for advanced applications. Therefore, high-performance
electrode materials must be developed for Mn-ion batteries.

The V,05 structure has been extensively considered a cathode mate-
rial for zinc-ion batteries. One group recently applied V,0s in
manganese-ion batteries; however, in this early study, the reported
capacity (~73 mAh g~ ") was significantly lower than the documented
values obtained for typical vanadium-based cathodes for zinc-ion

them less favorable for
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Figure 1. Crystal structure of ideal V,0s: a) bc plane, b) ab plane, c) Rietveld refinement results of as-prepared V,0,gs; TEM images of d) V,05 and e)
oxygen-deficient V,0,g5 powder, along with their respective high-resolution lattice fringes; and f) TEM-EDX elemental mapping of V,05_, powder.

batteries (ranging between 200 and 350 mAh g '), indicating the
need for further improvement and optimization.!'”]

Structural modification and morphology control have been consid-
ered to enhance the electrochemical activity of V,0s. Controlling the
structural defects can significandy influence the electrochemical per-
formance of V,Os. For instance, an oxygen vacancy, which is a com-
mon defect in transition metal oxides, plays a crucial role in tuning
the electronic structure, electrical conductivity, and surface properties
of these materials.*®*”1 Controlled generation and regulation of oxy-
gen vacancies in transition metal oxide-based cathodes can enhance
manganese ion diffusion and improve electronic conductivity. We
hypothesize that increasing the oxygen defects can enhance the cation
migration by lowering the energy barrier at the V,05 crystal structure
in manganese-ion batteries. However, materials with controlled
vacancies are difficult to synthesize due to their thermodynamic insta-
bility. Therefore, precise control of synthesis conditions is crucial to
achieve the desired material.

In this study, vanadium oxide with oxygen vacancies (V,Os_,) was
demonstrated as a high-performance cathode material for aqueous man-
ganese batteries. The V,05_, cathode exhibited an impressive discharge
capacity of approximately 212.6 mAh g~ ' at 0.1 A g~
89.5% of its initial capacity after 500 cycles. Detailed spectroscopic ana-
lyses and diffusion pathway calculations revealed the role of H' and

and retained

Mn®" ions in the charge storage mechanism of the V,0Os_, structure.
The oxygen vacancy-containing structure exhibited a lower migration
barrier compared to the crystalline V,O5 structure. Finally, a compara-
tive analysis with zinc and manganese metal systems highlighted the
potential advantages of manganese metal batteries for future large-scale
energy storage applications.
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2. Results and Discussion
2.1. Materials Characterization of V,05 and V,0, g5

Figure 1a,b illustrates the crystal structure of V,0Os, which adopts an
orthorhombic system (Pmn2; space group) composed of VOs square
pyramids with a central V** ion coordinated by five oxygen atoms.
These polyhedral units form layered frameworks (Figure 1a), providing
the structural flexibility necessary for ion intercalation. However, highly
crystalline V,05 exhibits low electrochemical performance due to the
strong oxygen binding forces between the cations. To enhance the elec-
trochemical activity of V,0s, we controlled the structural defects, as
these can significantly improve electronic conductivity and ion trans-
port—both critical for optimal cathode performance. In general,
vacancy formation in oxide materials is influenced by factors, such as
temperature, baking time, and the quenching process. Here, we synthe-
sized both pristine V,0s and vacancy-containing V,0s_, structures
using the sol-gel method under controlled thermal heating times to
explore these effects. By regulating the oxidation process from vana-
dium oxalate (gel) to the V,0s structure, we found that limiting the
oxidation time prevented full oxidation, thereby inducing the forma-
tion of oxygen vacancies.

In brief, bulk V,05 and oxalic acid were dissolved in deionized
water and dried at 80 °C. The dried sol was then hand-ground and
heated at 400 °C for 1 and 4 h, respectively.l*****°1 The detailed pro-
cesses are described in Supporting Information.

Rietveld refinement was performed using GSASEY! on the powder
X-ray diffraction (XRD) data to validate the as-prepared V,05_,, as
illustrated in Figure lc. An orthorhombic phase within the same space
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group (Pmn2;) was confirmed with the following lattice parameters:
a=11.50(1) A, b =4.369(1) A, and ¢ = 3.561(1) A. Oxygen vacan-
cies were identified at the 4b sites within the V,05 framework, with an
estimated concentration of 0.15 m. Detailed structural parameters are
provided in Tables S1 and S2, and Figure S1, Supporting Information.
Figure 1d presents transmission electron microscopy (TEM) images of
V,0s, revealing particle sizes in the 150 nm range. The highly crystal-
line lattice fringes exhibit a spacing of 0.58 nm, corresponding to the
(200) plane of orthorhombic V,0Os (Figure 1d, inset). In contrast,
Figure le illustrates that the oxygen-deficient V,0, g5 has smaller parti-
cle sizes, approximately 100 nm. This structure promotes the coexis-
tence of both crystalline and amorphous regions within the V,Os
framework (Figure le, inset). The d-spacing of V,0s is measured as
3.564 A. In comparison, the vacancy-containing V,0, g5 exhibits a
slight shrinkage of 0.1%, reducing the d-spacing to 3.561 A. This con-
traction is likely due to the presence of oxygen vacancies, which induce
structural stabilization by reducing the interlayer spacing.

The SEM images are provided in Figures S2 and S3, Supporting
Information. TEM-EDX elemental mapping images (Figure 1f) clearly
reveal the presence of vanadium and oxygen in the V,0, g5 sample.

2.2. Electrochemical Charge Storage Performances of V,0; and
V,0,85

To systematically investigate the role of oxygen vacancies in modulating
the electrochemical performance of aqueous manganese-ion batteries,
the pristine V,0s5 electrodes were compared with oxygen
vacancy-engineered V,0, g5 electrodes. Three-electrode cells were used
for cathode characterization. Severe HER occurred when Mn metal was
used as the anode, hindering the accurate evaluation of the cathode per-
formance. To avoid the HER side reaction, activated carbon was used as
the counter electrode, and an Ag/AgCl reference electrode was
employed. This three-electrode cell ensured that the working electrode
(our cathode material) was tested under controlled conditions, mini-
mizing interference from other side reactions. The saturated MnCl,
aqueous solution (pH: 3.8) was utilized as an electrolyte solution. The
cyclic voltammetry (CV) curves in Figure 2a were obtained over a volt-
age range of —0.8 to 0.7 V (vs Ag/AgCl) with a scan rate of
0.2 mV s~ '. Compared to the pristine electrode, the CV profiles
revealed an increase in the overall current in the integrated area under
the oxidation and reduction regions for the V,0, g5 electrode corre-
sponding to the increased capacity of this structure. This enhancement
suggests that oxygen vacancies augment the redox activity by providing
additional electrochemically active sites. Such modification facilitates
more efficient electron and ion transfer pathways, thereby leading to an
overall improvement in specific capacity. Additionally, the sharp and
distinct redox peaks observed in the CV curves indicate the reversible
manganization and demanganization of the vanadium oxide structures,
further confirming the electrochemical robustness of both electrodes. A
detailed analysis of galvanostatic discharge—charge (GDC) profiles under
a current density of 0.1 A gf1 reveals that the V,0,gs electrode
delivers a substantially higher discharge capacity (212.6 mAh g~ )
compared to the pristine V,Os electrode (172.0 mAh g™ '), as illus-
trated in Figure 2b. Furthermore, rate performance evaluations con-
ducted across a range of current densities (0.1, 0.2, 0.4, and
0.8 A g~ ) highlight the higher capacity retention of the V,0, g5 elec-
trode under high-rate conditions (Figure 2c). The discharge capacities
of V,0, g5 were 191.9, 177.2, and 160.0 mAh g7l at current densities
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of 0.2, 0.4, and 0.8 A g~ ', respectively. In comparison, the discharge
capacities of V,05 were 157.6, 143.8, and 129.8 mAh g71 at the same
current densities. These results demonstrate the critical role of oxygen
vacancies in promoting high-rate capability and improved charge stor-
age dynamics. Long-term cycling stability tests at a current density of
0.8 A g~ ' for 500 cycles underscore the substantial differences in the
durability of both electrodes. The capacity of the pristine V,Os electrode
drastically degraded, retaining only 65.4% of its initial specific capacity
(129.8 mAh g~ ') after 500 cycles, accompanied by unstable Coulom-
bic efficiency (CE). The instability of the CE may arise from the high
migration barrier of crystalline V,Os. This high migration barrier leads
to significant polarization during the charge—discharge process, result-
ing in a reduced charge capacity. In contrast, the V,0,gs electrode
retained a specific capacity of 170.2 mAh g~
capacity retention of approximately 89.5%, coupled with a stable CE, as
depicted in Figure 2d.

The unit cell volume of V,0s is 179.4 A3, whereas that of V,0, g5
is reduced to 178.9 A®, indicating a 0.28% contraction (Figure 1c and
Figure S1, Supporting Information). In most cases, a reduction in unit
cell volume can shorten ion diffusion pathways within the crystal struc-
ture, leading to negative effects on electrochemical performance. How-
ever, in V,0, g5, the presence of oxygen vacancies compensates for this
effect, resulting in enhanced electrochemical performance.

To further elucidate the reaction kinetics and underlying electro-
chemical mechanisms, CV measurements were conducted at varying
scan rates, as illustrated in Figure 2f. The observed shifts in oxidation
and reduction peak positions with increasing scan rates are indicative of
fast ion and electron transport kinetics in the V,0,gs electrode. A
power-law analysis was conducted to differentiate surface-limited
capacitive behavior from diffusion-controlled kinetics. The calculated
power-law coefficients (b-values) for the primary redox peaks are
0.542 and 0.759 at the 0.0 V range versus Ag/AgCl (Figure 2g), indi-
cating a significant contribution from surface-limited capacitive pro-
cesses. Further analysis revealed that approximately 76.8% of the
manganese and/or proton ions were involved in diffusion-controlled
reactions with V,04 g5 (Figure 2h and Figure S4, Supporting Informa-
tion). However, V,05 exhibits a much lower intercalation-based reac-
tion; specifically, the intercalation contributions for V,Os are 33.3%.
This indicates that our vacancy-containing structure facilitates easier cat-
ion intercalation (Figure S5, Supporting Information). These findings
highlight the interplay between surface-dominated capacitive reactions
and minor bulk diffusion mechanisms in charge storage for
low-crystalline V,04 g5, emphasizing the critical role of surface redox
reactions in achieving its high-rate charge—discharge performance. To
understand Mn and proton insertion, we conducted Inductively
Coupled Plasma (ICP) analysis (Table S3, Supporting Information). The
results indicate that 0.48 M of Mn reacts with V,Os, contributing
approximately 142 mAh g to the total capacity, while the remaining
70.6 mAh g~ " is likely attributed to H' intercalation.

with an exceptional

2.3. Charge Storage Mechanism of V,0, 55

TEM-EDX elemental mapping and X-ray photoelectron spectroscopy
(XPS) analyses were performed (Figure 3) to explore the charge stor-
age mechanism of the electrode. The discharge process was evaluated at
five key states: the pristine state (OCV ~0.7 V), during discharge to
0.1, —0.1, and —0.35 V, and the fully discharged state at —0.9 V,
referenced against Ag/AgCl, as depicted in Figure 3a. In the pristine
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limited and diffusion-controlled ion reactions in V,0,gs.

state, Mn signals were not detected; however, in the fully discharged
state (—0.9 V vs Ag/AgCl), Mn was clearly observed across the elec-
trode alongside vanadium and oxygen. This indicates that Mn ions par-
ticipated in the charge storage process with material during discharge,
as illustrated in Figure 3b,c. In the charged state, the Mn signal weakens
but remains detectable, as presented in Figure S6, Supporting Informa-
tion, suggesting that Mn contributes to charge storage through capaci-
tance or intercalation reactions. TEM-EDX spectra for the pristine,
discharged, and charged samples are provided in Figures S7-S9, Sup-
porting Information.

Figure 3d—f illustrates the XPS spectra for vanadium, oxygen, and
manganese. As the electrode transitions from the initial to the fully dis-
charged state, the V*" (2ps,,) peak at 517.2 eV shifts slighty to
516.5 eV, corresponding to V*" (2ps,,), indicating that vanadium par-
ticipates as a redox center. Interestingly, the intensity of the V°" (2ps,5,
2p1s,) peaks decreased during the discharge process (Figure 3d),
which can be attributed to the interaction of Mn ions with the surface

Energy Environ. Mater. 2025, 8, €70036
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of the V,0445 cathode. Conversely, the intensity of the Mn (2ps,,,
2p;,,) peaks increased during the reduction process (Figure 3e), sup-
porting the hypothesis that Mn-containing layers form on the cathode
surface. To further investigate manganese side products, the O (1s)
peaks were analyzed. The peak at 530.1 eV corresponds to the metal-
oxygen bond (V-O in this case), whereas the peak at 532.2 eV is
attributed to the O-H bond (Figure 3f). During the discharge process,
the intensity of the V-O peak decreased, confirming our hypothesis,
whereas the O—H peak intensity increased, indicating the formation of
a Mn(OH), phase on the surface of the vanadium oxide after
discharge.[“]

The formation of Mn(OH), is closely related to the observed electro-
chemical performance. As illustrated in the impedance spectra in
Figure 2e, the charge transfer resistance increased significantly after the
500th cycle. This increase is attributed to the formation of Mn(OH),
on the cathode surface, which contributes to the elevated charge trans-
fer resistance. Unlike the common solid electrolyte interface layer in

© 2025 The Author(s). Energy & Environmental Materials published by
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Figure 3. a) Galvanostatic profile of V,0,gs from pristine to fully discharged (—0.9 V vs Ag/AgCl), TEM-EDX elemental mapping of V, O, and Mn for b)
pristine and c) fully discharged states, XPS spectra of d) V 2p, e) Mn 2p, and f) O 1s at pristine, 0.1, —0.1, —0.35, and —0.9 V (fully discharged).

lithium batteries, this Mn(OH), layer acts as an insulating layer. To
achieve better electrochemical performance, the formation of Mn(OH),
should be suppressed, potentially through the use of electrolyte addi-
tives or by controlling the pH of the electrolyte.

XRD patterns recorded during the discharge process (Figure 4a)
revealed no manganese hydrate peaks at the early stages of discharge.
However, as the discharge progressed to full capacity, these peaks grad-
ually emerged, indicating that Mn>" ions were unable to effectively
intercalate into the electrode structure. Instead, they participated in side
reactions with the aqueous electrolyte, forming manganese-based com-
pound layers on the electrode surface. Furthermore, during the dis-
charge process, the layered vanadium oxide structure underwent
amorphization, as evidenced by the broadening of diffraction peaks.
Figure 4b illustrates the mechanism underlying these side reactions.

The migration pathways and barrier of Mn*" and protons (H") were
analyzed for pristine V,0s and oxygen vacancy-introduced V,0, s
structures using SoftBV program,?®'~*? as illustrated in Figure 4c—j. In
the b— plane of V,Os, disconnected regions were identified within the
structure, indicating that Mn** ion migration is hindered due to high
migration energy barriers (Figure 4c). In the ¢-b plane of V,O5, Mn*"
ions exhibit migration pathways along the g-axis; however, the activa-
tion energy for migration is high at 2.806 eV, significanty limiting
Mn>" diffusion within the structure (Figure 4d). In contrast, the

Energy Environ. Mater. 2025, 8, e70036 50f 8

introduction of oxygen vacancies into the V,Os structure alters the
migration scenario. In the b— plane of V,0,5s, the disconnected
regions are eliminated, enabling Mn** migration along the c-axis.
However, the activation energy remains high at 1.694 eV, restricting
diffusion within the structure (Figure 4e). In the a—b plane of V,04gs,
migration pathways were observed along both the a- and b-axis. While
oxygen vacancies reduce the activation energy, improving Mn*" migra-
tion, the values remain high at 1.361 and 1.894 eV for these directions
(Figure 4f).

In aqueous battery systems, protons (H') are more favorable for
intercalation into the structure compared to Mn*" ions. Proton migra-
tion pathways in the V,Os structure span the a-, b-, and c-axes, with
lower activation energies of 0.144, 0.164, and 0.722 eV, respectively
(Figure 4gh). In the V,0,gs structure, disconnected regions persist
along the c-axis in the b—c plane, hindering proton migration. However,
in the ¢-b plane, the activation energies are drastically reduced to 0.166
and 0.067 eV, enabling more efficient diffusion into the structure
(Figure 4i,j).

In summary, the reacion mechanism of vanadium oxides reveals
that introducing oxygen vacancies enhances electrochemical activity. In
aqueous manganese systems, both protons and manganese ions can
intercalate into the structure. Proton intercalation or HER reaction drives
the formation of Mn(OH), and hydrate phases, playing a major role in

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

85UB017 SUOWWOD 8AIEa.D 3(edl|dde ayy Aq pausenob ale sajole YO ‘85N JO 3Nl 10y Afeiq1T8UlUO 8|1 O (SUONIPUOD-PUE-SWLBI 00" AB | 1WA Leiq) Ul [UO//SdhY) SUONIPUOD Pue SIS 1 8L 88S *[S5202/60/70] Uo ARIqiTauliuo A8]IM ‘4O @imisu| nqbuoeAs nbeeq A 98002 ZUWe8/Z00T OT/I0P/W00 A8 | 1M Afe.d 1 |pul|uoy/:sdny Woij pepeojumoq 'S ‘SZ0Z ‘9505252



Energy &
Environmental Materials

(@) B % 5.0
mzial b ° ’0/9 T Mn
,ﬁoo o O Oo L hydrate
m ° m Mn(OH),
3: X l‘;lnt H i Amorphous Mn H V05 f ‘
© y;ae | | \ ’
:;-; ST Mn
= S, hydrate
£ o Mn(OH),
= Q’ 4
P N % S50¢€
Q0 0o @ Q %
el LMY NN
76 20 30 0 EQ 50 70 30 V,0, QJW& sat.MnCl, @

20 (degree, Cu. Ka)

c d
(© V,0; Structure @ -

c
1=> b S S Mn2* a<—l

migration pathways

h
@ V,0; Structure ®)

]
i
1
I
I
I
i
i
]
]
1
I
i
1
1
I
¥

migration pathways

Figure 4. a) Ex situ XRD patterns recorded during the discharge process
between vanadium oxide and the aqueous MnCl, electrolyte. ¢, d) Migratio

the crystalline V,Os structure. e, f) Migration pathways and energy barriers for Mn>"

0.5 0 -0.5
Potential (V) vs. Ag/AgCI

V,0;., Structure

1'7

Ty

1
1
{ " 1 1 I
I 5 Y -Mn2+

migration pathways

V,05., tructure )

migration pathways

alongside corresponding electrochemical evaluations. b) Reaction mechanisms
n pathways and energy barriers for Mn*" ions along the b— and a—b planes of
ions in the V,0,gs structure. g, h) Migration pathways and energy

barriers for H™ ions along the b—c and a—b planes of the crystalline V,0s structure. i, j) Migration pathways and energy barriers for H™ ions in the V,0,gs

structure.

the overall charge storage mechanism. Conversely, manganese-ion
intercalation contributes to surface-limited capacitive reactions, with a
minor impact on the overall electrochemical performance.

2.4. Comparison of Manganese and Zinc Metal Cell

To evaluate the potential of manganese battery systems to achieve
higher operating voltages compared to zinc batteries, electrochemical
tests were conducted using Mn and Zn metal anodes in their respective
Mn- and Zn-based systems using MnCl, and ZnCl, aqueous electro-
lytes, respectively. Figure 5a highlights the theoretical operating voltage
difference between Zn and Mn metal battery systems. The redox poten-
tial of Mn metal is —1.19 V versus the SHE, which is lower than that

Energy Environ. Mater. 2025, 8, €70036 6

of Zn metal (—0.76 V), suggesting that manganese-based battery sys-
tems can achieve higher operating voltages than zinc-based systems.
This is further supported by the GDC curve illustrated in Figure Sb,
where V,0, g5 cathodes paired with Mn metal in Mn-saturated MnCl,
solutions exhibit higher operating voltages (1.3 V) compared to Zn
metal cells (1.0 V) in Zn-saturated ZnCl, solutions at a current density
of 0.1 A g~". These results show that the Mn metal battery system is a
promising postzinc aqueous battery technology.

Figure 5c presents GDC curves measured under varying current den-
sities (0.1, 0.2, 0.4, and 0.8 A g~ "). The discharge capacity at
0.1 A g~ ' is 200.7 mAh g~ ', but it drops sharply to 124.8, 120.7,
and 97.1 mAh g ' at 0.2, 0.4, and 0.8 A g~ ', respectively (Figure 5c,
d). The rate performance indicates a significant decrease in discharge
capacity with increasing current density compared to experiments using

of 8 © 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Figure 5. a) Schematic representation of the theoretical operating voltage difference between Zn and Mn metal batteries in aqueous electrolyte systems. b)
GDC profile of V,0,45 using Mn- and Zn-saturated aqueous electrolytes with respective metal anodes at 0.1 A g~ ". ¢) GDC curves and d) rate capability of
the Mn-saturated MnCl, aqueous/V,0,gs cell at varying current densities. e) Cycling performance of the Mn metal cell at a current density of 0.1 A g’1. f)

Nyquist plots of the cell in its pristine state and after 50 cycles.

an activated carbon counter electrode (Figure 2). This lower perfor-
mance is likely due to the direct use of Mn metal as the anode. During
operation in aqueous electrolytes, the HER reaction, a dominant reac-
tion in water electrolysis, generates hydrogen gas, which forms an Mn
oxide layer on the Mn metal surface. This oxide layer increases electrical
resistance, thereby compromising battery performance.

Meanwhile, Figure 5e demonstrates stable cycling performance and
capacity retention at a current density of 0.1 A gfl. The system main-
tains an initial discharge capacity of 195.9 mAh g, with only a slight
decrease to 193.8 mAh g~ after 50 cycles, corresponding to a high
capacity retention of 98.9%. Although the CE is initially higher than
100%, it stabilizes after 20 cycles. An increase in resistance is observed
after cycling, as illustrated in Figure 5f.

However, the direct use of manganese metal as an anode is chal-
lenging due to its high chemical reactivity with water, which triggers
the HER. This system still has possibilities that Mn is continually con-
sumed upon discharging, while upon charging (Mn extraction from
the cathode) you probably have water splitting which compensates
the charge from the cathode. This reactivity leads to rapid capacity
degradation and performance deterioration of the battery. To address
these issues, further research on electrolyte additives and dual-salt
electrolyte systems is essential. Despite these challenges, our findings
demonstrate that aqueous manganese battery systems can achieve
higher operating voltages compared to zinc-ion batteries, highlighting
their potential as a promising candidate for future large-scale energy
storage applications.

3. Conclusion

This study demonstrates the superior electrochemical performance of
oxygen vacancy-engineered V,04g5 as a high-performance cathode

Energy Environ. Mater. 2025, 8, e70036
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material for aqueous manganese-ion Dbatteries. The V,0,gs
cathode exhibited a remarkable discharge capacity and retained
89.5% of its initial capacity after 500 cycles, outperforming its pris-
tine V,Os counterpart. Spectroscopic analyses and detailed pathway
calculations showed that both Mn®" and H” ions contribute to the
charge storage mechanism. The oxygen vacancies reduced the migra-
tion energy barrier for these ions, enhancing the overall electro-
chemical activity of the cathode material. The vacancies also
significantly improved the ion diffusion and charge storage dynamics
of the cathode material. Our findings highlight the potential of
aqueous manganese batteries for large-scale energy storage applica-
tions owing to their higher operating voltages and higher energy
densities. Future studies should focus on optimizing electrolyte for-
mulations and electrode materials to enhance the performance and
durability of manganese batteries, paving the way for their practical
deployment in energy storage systems.

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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