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ABSTRACT

Rechargeable aqueous manganese-based batteries offer a low-cost, high-safety, and promising solution to meet the growing
demand for large-scale energy storage systems. However, since aqueous manganese-ion batteries (AMIBs) are still in the early
stages of development, discovering high-performance cathode materials is critical for enabling future commercialization. In this
study, we introduce monoclinic KV;Oy as a highly stable and unprecedented cathode material for AMIBs. KV;04 has a layered
structure with an interlayer spacing of approximately 7.63 A (d,,, ), which facilitates the reversible intercalation and deintercalation
of cations. This structural feature ensures excellent long-term cycling stability (88.0% capacity retention after 3600 cycles) and
outstanding rate capability. By integrating diffusion path and barrier calculations with X-ray photoelectron spectroscopy, ex situ
X-ray absorption spectroscopy, ex situ X-ray diffraction, Fourier-transform infrared spectroscopy, and Raman spectroscopy, we
identify both Mn?* ions and protons as active charge carriers. Furthermore, the formation of a Mn(OH), layer on the cathode
surface during discharge suggests that protons predominantly govern the charge storage mechanism. This study provides critical
insights into the design of advanced manganese ion cathode materials and represents a significant step toward the practical
realization of AMIBs.

1 | Introduction

The increasing demand for electric vehicles (EVs) and large-scale
energy storage technologies has necessitated advancements in
energy storage systems. Among the currently developed tech-
nologies, lithium-ion batteries (LIBs) have been widely adopted
in EVs, portable electronics, and energy storage systems owing
to their relatively mature technology and high energy density

[1]. However, LIBs face limitations because of the scarce lithium
resources and the safety concerns and high costs associated with
these batteries, underscoring the urgent need for next-generation
energy storage technologies. To meet the growing demand, the
development of batteries with high safety, low cost, high energy
density, and enhanced power performance is essential. Compared
to conventional non-aqueous LIBs, aqueous rechargeable metal-
ion batteries have garnered significant research interest owing to
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their enhanced safety characteristics, as they mitigate the risk of
fire hazards posed by organic electrolytes [2-4].

Owing to these advantages, extensive research has been dedi-
cated to the development of aqueous metal-ion batteries [5, 6],
including aqueous aluminume-ion batteries [7], aqueous iron-ion
batteries [8-10], and aqueous zinc-ion batteries [11-13]. Because
aluminum is trivalent, aluminum-ion batteries are regarded
as a promising next-generation charge storage technology [7].
However, this system does not effectively use an aluminum
metal anode, although aluminum exhibits a lower redox potential
(-1.66 V vs. SHE) than zinc. When aluminum reacts with
water, an insulating aluminum oxide layer forms, preventing
its reversible operation as an anode. As a result, aluminum-
ion batteries function as a rocking-chair-type system, which
inherently limits their voltage output. Recently, iron-ion batteries
have also been explored as a low-cost aqueous energy storage
system [8-10]. The iron metal anode can reversibly operate in an
aqueous electrolyte. However, its high redox potential (—0.44 V
vs. SHE) is an intrinsic limitation to this system. Among aqueous
metal-ion batteries, zinc-based systems have received the greatest
research attention [11-13]. The zinc metal anode undergoes
reversible deposition-dissolution processes with a low redox
potential of —0.76 V versus SHE, making it highly suitable for
aqueous battery applications. Leveraging this advantage, numer-
ous cathode materials have been reported so far. However, many
of these materials still exhibit suboptimal operating voltages. For
instance, vanadium-based cathodes typically operate at ~1 V,
while manganese oxide cathodes function at ~1.2 V [11].

To overcome the voltage limitations in aqueous battery systems,
the development of new chemistries is essential. In this context,
we propose aqueous manganese-ion batteries (AMIBs) as a
promising alternative [14-25]. AMIBs offer several advantages,
including a low standard reduction potential (—1.19 V vs. SHE)
[26, 27], which enables a higher operating voltage compared
to aqueous zinc-ion batteries. Additionally, manganese is an
abundant and cost-effective resource, ensuring sustainability, and
has a high theoretical gravimetric capacity of 976 mAh g™. Our
previous study confirmed the reversible operation of a manganese
metal anode in aqueous electrolytes [16, 19]. Furthermore, Mn**
ions possess a relatively large hydrated radius (4.38 A) compared
to other divalent cations such as Zn?* (4.30 A), Ca?* (3.34 A), and
Mg?* (4.28 A) [28]. This enhances the desolvation kinetics prior
to host structure intercalation, contributing to improved cycle sta-
bility and high rate capabilities in electrochemical cells. However,
AMIBs face a critical challenge: the direct utilization of man-
ganese metal as an anode is hindered by the hydrogen evolution
reaction (HER) on the manganese electrode surface [19]. This lim-
its the practical application of Mn?*"-based aqueous electrolytes
in battery systems. Recent studies have further emphasized that
stabilizing aqueous Mn-based systems requires careful regulation
of interfacial chemistry (e.g., suppressing parasitic reactions
and modulating proton activity/electric double-layer effects) [29,
30]. Moreover, only a few viable cathode materials have been
reported to date, including vanadium oxide-based materials
[29], Prussian blue frameworks [25], and organic electrodes
[24]. Meanwhile, advanced cathode design concepts, such as
dual-storage mechanisms, have also been proposed to expand
the accessible capacity and reaction pathways of Mn-based
batteries [31].

In this study, we demonstrate, for the first time, the use of
monoclinic KV;0y as a cathode material for AMIBs in a MnCl,-
saturated aqueous electrolyte. KV;04 is an alkali vanadate
material with an interlayer spacing of 7.63 A, which facilitates
efficient charge storage. Electrochemical performance was eval-
uated using cyclic voltammetry (CV) and galvanostatic charge-
discharge testing. The material exhibited a redox potential of
—0.05 V, corresponding to 1.14 V vs. Mn/Mn?*. Additionally, it
demonstrated excellent cycling stability, retaining 88.0% of its
initial capacity after 3600 cycles. Various spectroscopic tech-
niques and X-ray diffraction (XRD) analysis were employed to
elucidate the charge storage mechanism of KV;Oq. Furthermore,
density functional theory (DFT) calculations and first-principles
molecular dynamics (FPMD) simulations were employed to
elucidate the mechanism underlying the energy storage process
involving manganese and protons. Finally, the Mn metal/KV;0q
cell exhibited a higher operating voltage compared to zinc-based
battery systems, underscoring the potential of AMIBs as a next-
generation energy storage technology. These findings provide
new insights into the development of AMIBs and establish
monoclinic KV;0q as a highly stable cathode material, paving the
way for the commercialization of high-performance AMIBs for
grid-scale energy storage and other advanced energy applications.

2 | Results and Discussion
2.1 | Material Synthesis and Characterization of
KV;04

Figure 1a, b depict the crystallographic structure of KV;Oq
viewed along the bc-plane and ab-plane, respectively. KV;04
adopts a monoclinic (P2,/m) crystal structure, where K* ions
reside in the interlayer region of vanadium oxides, forming a
layered framework. The framework consists of interconnected
VOq4 octahedra, with some vanadium atoms adopting a VO;
square-pyramidal coordination. Along the b-axis, the VO; groups
form chains, which are further linked along the c-axis to establish
the layered structure. We hypothesize that KV;0; is a highly
stable host structure owing to the intercalated K* ions, which
possibly act as structural pillars, preventing the collapse of the
layered structure upon cation insertion.

The synthesized KV;04 was characterized by XRD, scanning elec-
tron microscopy (SEM), and transmission electron microscopy
(TEM) to investigate its structural and morphological properties.
Figure 1c presents the powder XRD pattern of KV;Os, analyzed
by the Rietveld refinement method using the GSAS software
[32]. The analysis confirms a monoclinic P2,/m symmetry, with
lattice parameters of a = 4.974(1) A, b = 8.379(1) A, ¢ = 7.636(1)
A, B = 96.95(1)°, and a unit cell volume of 315.9(1) A3. The
diffraction peaks are characteristic of the layered structure, fur-
ther supporting the crystallographic integrity of KV,;0;. Detailed
Rietveld refinement parameters are listed in Table S1 of the
Supporting Information. Figure 1d and Figure S1 present the SEM
images of KV,0q, revealing the presence of nanosheets in the
micrometer range. The nanosheet-like morphology is consistent
with the layered nature of KV;Oq, suggesting its potential for
facile ion diffusion. TEM analysis (Figure le) further confirms
the flaky or thin-layered nanostructure of KV;0q, with individual
sheets extending to several hundred nanometers. The inset in
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FIGURE 1 | Crystalstructure of KV30g viewed along the (a) be-plane and (b) ab-plane. (¢) Rietveld refinement profiles of KV;0g from powder XRD
data. (d) SEM image of the as-prepared KV;0g powder. (e) TEM image of the as-prepared KV;0g powder; (inset) high-resolution lattice spacings. (f)

TEM-EDX elemental mapping images of the KV;0g powder for potassium (cyan), oxygen (purple), and vanadium (yellow).

Figure le presents a high-resolution TEM image, clearly resolving
the atomic arrangement within the crystalline structure. The
periodic linear patterns correspond to specific lattice planes,
with the (001) interlayer spacing measured at 7.5 A, which is
in good agreement with our Rietveld refinement results. The
corresponding selected-area electron diffraction pattern confirms
its polycrystalline nature, revealing the presence of multiple
small crystallites within the sample (Figure S2). The elemental
distribution within the KV;04 material was investigated using
TEM-EDX elemental mapping, as presented in Figure 1f and
Figure S3. The mapping results indicate a homogeneous dis-
tribution of potassium, oxygen, and vanadium throughout the
structure, confirming the uniformity of the material composition.
Overall, these characterizations confirm the successful synthesis
of pure-phase KV,;04 without impurities.

2.2 | Electrochemical Charge Storage
Performance of KV;04

To evaluate the electrochemical Mn?"/H* storage performance
of KV;04 electrodes in AMIBs, a three-electrode beaker-type
cell was employed. The direct use of manganese metal as the
anode was avoided because of the occurrence of the HER in the
aqueous electrolyte. This side reaction could generate byproducts
that block the active sites of the manganese metal, thereby
degrading the electrochemical activity of the anode. To eliminate
these unwanted effects and accurately assess the intrinsic elec-
trochemical properties of KV;0q, the three-electrode setup was
used, comprising a KV;04 working electrode, an activated carbon
counter electrode, a glass microfiber separator, and a saturated
MnCl, aqueous electrolyte.

The CV curves of the KV;0;4 electrodes were recorded at a scan
rate of 0.2 mV s™! within a potential window ranging from -
0.8 to 0.7 V (vs. Ag/AgCl) (Figure 2a). During the charging
process, two distinct oxidation peaks were observed around 0.0
and 0.1 V, while a single, more pronounced reduction peak
was identified around —0.1 V during the discharge process.
This behavior suggests multi-step intercalation/deintercalation
of Mn?**/H* within the layered KV,04 structure. Galvanostatic
discharge/charge (GDC) tests were performed within a potential
range from —0.8 to 0.7 V at a current density of 0.1 A gL
The first discharge curve and second charge/discharge cycle
profiles are shown in Figure 2b. In the first cycle, the KV;04
electrode exhibited a discharge capacity of 70.4 mAh g~!, while
in the second cycle, the discharge capacity increased to 99.1 mAh
g!. To further investigate the electrochemical properties of the
KV;0q electrode, its rate capability was evaluated under various
current densities (Figure 2c). The reversible discharge capacities
at current densities of 0.1, 0.2, 0.4, and 0.8 A g! were 99.1, 74.7,
66.5, and 58.7 mAh g~!, respectively, demonstrating excellent rate
performance. The corresponding GDC profiles are presented in
Figure S4.

The cycling stability of the KV;0y electrode was evaluated at a
current density of 0.8 A g~!, as shown in Figure 2d. Although
the initial discharge capacity was relatively low at 58.4 mAh
g™!, the capacity gradually declined over 3600 cycles while
maintaining an impressive capacity retention of 88.0% and a
Coulombic efficiency of 100.2%. The detailed GDC curves for the
first, 1000th, 2000th, and 3000th cycles are presented in Figure
S5. Similar to previous observations (Figure 2d), the discharge
capacity gradually decreased from the first cycle to the 3000th
cycle. This capacity fading is attributed to structural degradation,

Advanced Science, 2026

3of 11

85UB017 SUOWIWIOD BA 181D 3|qeot dde aup Aq peusenob afe sa(olie YO @S JO S8|nJ 0 ARIq1T8UIUO A8]IA UO (SUONIPUOO-PUR-SLUIBY/LIOD A8 | 1M Afe.d 1 jBuJUO//:Sdny) SUORIPUOD PUe Swie | 8u) 88S *[9202/.0/2Z] Uo ARiqi1auliuo A8|im “JO @imiisu| 3nabuosAo nbeeq Ad v2Sr. SAPR/Z00T OT/I0pAW0D" A8 1M AeIq U U0’ peoueApe//SAnY WOy pepeoiumod ‘S ‘9202 ‘v8E86Te



—_
Q
~
—_
(=2
~—

—_—
(2]
~—

0.3 02mvis | 1.0 01Ag | 5 150
Oxidation <O7 05 %
) o = | 0.1 Alg 0.1A/g
g z 2100 5ok
= 2 00 g °o.z A/g°
é 0 S § ° ) 00, . °/
3 5 5 50 P S
E, -0.5 s
Reduction DC_) g
0.3 . . . 1.0 P 3 0 . y . .
-1.0 -0.5 0.0 0.5 1.0 0 50 100 150 0 5 10 15 20
Potential (V) vs. Ag/AgCI Capacity (mAh/g) Cycle number (n)
(d)
S 100
= Avg. =100.2% —080s =
< 100 &
E )
z 5
(5] ]
S s0p\ .
] 58.4 mAh/lg @ 1%t 514 / o
Q mAh/g ie)
5 @3600" [g0 E
-(CU_; 0.8 A/g (88.0%) g
a O
0 1 1 1 70
0 1000 2000 3000
Cycle number (n)
(f) (9)
1.0 0.5 Diffusion controlled
Slope : 0.9519 Surface limited
\ ) __ 100t
of = &8
- <
= - 2 o 80r
< il e
=-0.5¢ 0" \ = 60f
0.2mVis 2 e Slope : 0.6823 8 40.8%
, 03mvis | 3 5 401
. 0.5mV/s -1.0f o
| | 0.7 mV/s 20F
R-’:‘dumoﬂv
-1.0| L ! ! 15 0
-1.0 -0.5 0.0 0.5 1.0 -1.0 0.3 0.5 0.7 1.0

Potential (V) vs. Ag/AgCI

-0.5 0.0
Log (scan rate (mV s))

Scan rate (mV/s)

FIGURE 2 | Electrochemical charge storage characteristics of KV;Og electrode for AMIBs: (a) CV of KV;0g electrode performed at 0.2 mV s, (b)
GDC profiles of KV;0g electrode at a current density of 0.1 A g~! for the first (black) and second (red) cycles, (c) rate capability of the KV;Og electrode
under different current densities ranging from 0.1 to 0.8 A g7!, (d) long-term cycling performance of the KV50g electrode over 3600 cycles at a current
density of 0.8 A g1, (e) Nyquist plots of KV;Og electrodes in their pristine state and after 3600 cycles, (f) CV curves of the KV;0g electrodes at various

scan rates ranging from 0.2 to 1.0 mV s7!, (g) b-values derived from the correlation between the cathodic peak current and scan rate, and (h) contribution

ratio of capacitive and ion intercalation reactions in KV;0g.

as evidenced in Figure S6. Nevertheless, the electrode still main-
tains high capacity retention over 3600 cycles, indicating that
KV,;0q evolves toward a disordered/amorphous vanadate phase
without catastrophic structural failure. Importantly, the nearly
unchanged Warburg slopes after long-term cycling (Figure 2e)
indicate that ion-transport kinetics are largely preserved, sug-
gesting that proton diffusion remains efficient even though the
long-range crystallinity of the host structure is substantially
reduced.

To further investigate the electrochemical behavior of the KV;04
cathode, electrochemical impedance spectroscopy (EIS) was per-
formed to analyze resistance changes during cycling at a current
density of 0.8 A g™'. As shown in Figure 2e, the small semicircle
in the high-frequency region corresponds to the charge transfer
resistance (R.) at the electrode/electrolyte interface, while the
linear part in the low-frequency region is associated with the War-
burg impedance, reflecting cation diffusion within the electrode.
The intrinsic resistance of the cell wiring increased from 2.39

to 4.59 Q after long-term cycling. The initial R, value was 5.65
Q, which increased to 23.1 Q after 3600 cycles, as evident from
the significant increase in the semicircle diameter. This increase
suggests the formation of surface side products, such as Mn(OH),,
on the KV, 0Oy electrode. Nevertheless, the Warburg slopes remain
nearly unchanged even after 3600 cycles, indicating that the ion
diffusion and charge storage performance within the electrode
structure are well maintained. To gain deeper insights into
the contribution of capacitive and intercalation processes in
the KV,;0; electrode, CV profiles were recorded at scan rates
ranging from 0.2 to 1.0 mV s~! (Figure 2f). The cation storage
behavior was analyzed using the power-law relationship. The
calculated b-values (Figure 2g), which indicate the dominance of
capacitive versus diffusion-controlled processes, were 0.6823 for
the reduction process and 0.9519 for the oxidation process. These
results suggest that the capacity of KV;Oy is primarily governed
by surface capacitive reactions, with a minor contribution from
diffusion-controlled intercalation. Quantitatively, approximately
44.1% of the cation storage is attributed to intercalation, while
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FIGURE 3 | (a) Discharge profile of KV;Ogq from the pristine state (0.7 V vs. Ag/AgCl) to the fully discharged state (—0.8 V vs. Ag/AgCl). TEM—
EDX elemental mapping of KV;Og in the (b) pristine (0.7 V vs. Ag/AgCl) and (c) fully discharged (—0.8 V vs. Ag/AgCl) states. XPS spectra of KV;Og at
different discharge states, showing the evolution of (d) V 2p, (e) Mn 2p, (f) O 1s, and (g) K 2p core levels.

the remaining 55.9% is associated with surface-limited behav-
ior (Figure 2h). Furthermore, increasing the scan rate led to
a noticeable increase in the capacitive contribution (Figure
S7).

2.3 | Charge Storage Mechanism of KV;0g

To investigate the electrochemical charge storage mechanism
and structural evolution of the KV;0; cathode during the initial
discharge cycle, TEM-EDX elemental mapping and XPS analyses
were conducted at five specific potential states (Figure 3). As illus-
trated in the discharge profile (Figure 3a), measurements were
taken at five distinct voltage points, ranging from the pristine
state (0.7 V vs. Ag/AgCl) to the fully discharged state (—0.8 V
vs. Ag/AgCl), including intermediate potentials of 0.0, —0.1, and
—0.2 V. The TEM-EDX elemental mapping images of the KV;04
electrode (Figure 3b, c) show no detectable manganese signal in
the pristine state, while a small manganese signal appears in the
fully discharged state. The corresponding EDX spectra (Figures
S8 and S9) confirm this observation. These findings suggest that
the Mn?* ions from the aqueous MnCl, electrolyte participate
minimally in the charge storage mechanism, and instead, proton
intercalation likely plays a more dominant role. Consistently, the
recharged electrode does not show a meaningful decrease in the
manganese signal compared to the fully discharged state (Figure
S10).

To further confirm proton involvement, XPS analyses of V 2p,
Mn 2p, O 1s, and K 2p regions were performed (Figure 3d-g).
As shown in Figure 3d, the V>* (2p,;,, 2p,;,) peaks decrease
in intensity and shift to lower binding energies during dis-
charge, indicating vanadium reduction (V°* to V*") due to
cation insertion [33]. The separation of V** and V>* components
is further hindered by the discharge-induced formation of a
surface Mn(OH), layer, which significantly reduces the vanadium
signal intensity. Under these conditions, the vanadium valence
evolution is evaluated based on correlated XPS binding energy
shifts and intensity trends, and further supported by V K-edge
EXAFS, Raman, and FTIR analyses (Figure 4). Meanwhile, on
recharging, the V 2p spectra exhibit a clear recovery trend,
where the V>© peak intensity increases and the overall peak
position shifts back toward higher binding energies, indicating
vanadium re-oxidation associated with cation extraction (Figure
S11). While EDX did not detect significant manganese signals,
XPS analysis revealed an increase in Mn 2p;, and 2p,,, peak
intensities during discharge (Figure 3e), suggesting a possible
involvement of manganese. However, this manganese signal
likely appears because of the formation of Mn(OH), on the
electrode surface, either as a result of proton intercalation or side
reactions, rather than direct manganese intercalation into the
KV,0Oq structure [18]. To support this hypothesis, the O 1s XPS
spectra were examined (Figure 3f). The spectra reveal a noticeable
increase in the O-H peak at 532.2 eV during discharge, confirming
proton storage and the formation of Mn(OH), on the electrode

Advanced Science, 2026

50f11

85UB017 SUOWIWIOD BA 181D 3|qeot dde aup Aq peusenob afe sa(olie YO @S JO S8|nJ 0 ARIq1T8UIUO A8]IA UO (SUONIPUOO-PUR-SLUIBY/LIOD A8 | 1M Afe.d 1 jBuJUO//:Sdny) SUORIPUOD PUe Swie | 8u) 88S *[9202/.0/2Z] Uo ARiqi1auliuo A8|im “JO @imiisu| 3nabuosAo nbeeq Ad v2Sr. SAPR/Z00T OT/I0pAW0D" A8 1M AeIq U U0’ peoueApe//SAnY WOy pepeoiumod ‘S ‘9202 ‘v8E86Te



(a) = (b) V-K edge o Experimental result
8 KV;04 Ti (001) ) —— Fitting result
= metal hi 5:-08 4
— SN 40\
~[] & §&=8 N =
= i - 1 L | =
© J al <
= " yah g
2 A\ A i 4:-02 % g :
o J J \ £ KV,Og-after discharge
A £
2 : . 3 3 01\/0 ©
= J{ ’,/: &
A : 2 1 200y :
- l . 1:07 ’11""308
20 30 40 50 60 11.2 116 0.5 0 -0.5 0 2 3 4 5

20 (degree, Cu. Ka)

Potential (V) vs. Ag/AgCI

(c)* TR 0.0 (d) VK edge

1.5- e — T
L eee— 1
< . mEoR— | 0.06
[v4

0.04
0.5 0.02
0

KV O8 after dISCh ge IO 10

0.08

KV,O,-after discharge

oExperimental resulf  (€) p
—— Fitting result

-
Radial Distance (A)

% 4 8 p P

i lgd iy
A u A o
g LT R .

Mn(OH),
H,KV;04
Mn2* b e e gl gl g
+
e Tl ¢
Mn(OH),

(]
°
° o ° o
° o °
000 ol ° /o
°
Sat. MnCl,

090
0 2 4 10 12 Electrolyte
Kk (A1)

(f) - (9) [ 1:Pristine s|
3 1.; Pristine s | 5: Fully discharged KVO Peak

T T ~—— 5 Fully discharged ® 825
S — lly discharg - ‘; 677 v(VO,) Over 3000
2 % v(V-0-V) v(O-H),
< < e \ M
[0] [0) fe :
E .g E e
e O-H = /
7] © i B
§ Crystal water @ S, A : \W/
[ V=0 0 —%73 i \\—-// - :

. . . . . ’ v(Mn-O) i i ; i
4000 3000 2000 1000 600 700 800 2000 3000

Wavenumber (cm-")

Raman shift (cm™")
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surface. Additionally, the V—0O bond peak at 530.1 eV decreases
in intensity, consistent with the surface formation of Mn(OH),
[18]. Furthermore, as shown in Figure 3g, the potassium signal
also diminishes progressively with discharge, becoming nearly
undetectable at the fully discharged state. This attenuation is
likely due to the Mn(OH), layer covering the electrode surface.
After re-charged states, the Mn 2p, O 1s, and K 2p signals
exhibit only partial recovery (Figure S11), which is consistent
with the formation of a largely irreversible and electrically
insulating Mn(OH), layer during discharge, thereby limiting the
full recovery of these surface-sensitive signals under the present
ex situ conditions. The surface deposition of manganese ions
after the discharge process was further confirmed by Mn K-edge
X-ray absorption near-edge structure (XANES) analysis for the
fully discharged KV;04 material, showing no distinct Mn K-edge
signal. This is in stark contrast to the observation of a notable

Mn 2p XPS signal. Considering the bulk sensitivity of XANES
and the surface sensitivity of XPS [34], the observed discrepancy
between Mn K-edge XANES and Mn 2p XPS data provides
convincing evidence for the predominant surface deposition
of Mn ions and the negligible intercalation of Mn ions into
the interlayer space of the bulk KV;Oq lattice. In contrast to
Mn K-edge XANES data, ex situ V K-edge XANES spectra of
KV,04 materials exhibit characteristic spectral features of V>*
species, including an intense pre-edge peak P related to dipole-
forbidden 1s — 3d transition (Figure S12) [35]. The observation
of intense pre-edge peak P for pristine KV;04 underscores the
stabilization of vanadium ions in non-centrosymmetric square-
pyramidal geometry and highly distorted octahedral geometry
[35]. Before and after the discharge process, the overall spectral
features of KV;04 are well-maintained, indicating the retention
of the layered vanadium oxide framework.
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Structural evolution of the KV;0q electrode during the initial
discharge cycle was investigated using ex situ XRD analysis,
as shown in Figure 4a. Five prominent diffraction peaks cor-
responding to the (001), (011), (002), (012), and (120) planes
were consistently observed throughout the discharge process,
indicating that the layered structure of KV;0,4 remained intact
without any significant structural collapse during the first dis-
charge. No additional diffraction peaks were observed compared
to those in the pristine state, confirming the structural integrity
of the KV;04 framework. However, a distinct shift of the (001)
peak toward a lower angle (from 11.65° to 11.60°) was detected.
As the (001) plane is perpendicular to the c-axis and reflects
the interlayer spacing, this shift suggests a slight increase in
the interlayer distance, attributed to partial proton insertion
during the discharge process. During the subsequent re-charge
process, the (001) peak shifts back toward a higher angle (Figure
S13), indicating partial recovery of the interlayer spacing and
supporting the structural reversibility of the KV;0O; host on
proton extraction.

The maintenance of the KV;Oq lattice during the initial discharg-
ing process was further evidenced by ex situ V K-edge extended
X-ray absorption fine structure (EXAFS) analysis (Figure S14). As
presented in Figure 4b, pristine KV;04 material displays typical
Fourier transform (FT) spectral features including intense peaks
at approximately 1.2, 1.6, and 2.7 A, which correspond to the
V—0, V=0, and V—V coordination shells, respectively. This FT
spectrum is characteristic of the KV, Oy lattice, wherein vanadium
ions are stabilized in two square-pyramidal sites and one octahe-
dral site. The overall FT features of KV;04 are well-maintained
with slight depression of V—O-related peaks after the discharge
process, demonstrating the retention of the crystal lattice and the
increase of structural disorder. The good structural stability of
KV,04 and cycling-induced disordering were further confirmed
by wavelet transform (WT) contour data showing the mainte-
nance of overall spectral features with the slight depression in the
intensity maxima of the V—0 bonding pairs after the discharging
process, see Figure 4c. The quantitative information about the
evolution of local structure upon electrochemical cycling was
acquired by EXAFS fitting analysis. Since the vanadium ions
in KV,0Oq lattice have highly distorted local structures (i.e., two
square pyramidal and one octahedral geometries) with various
V—O bond distances from 1.58 to 2.26 A, curve fitting analysis
was conducted based on averaged structural model with two
categories of V-0 bond distances (e.g., ~1.7 and ~2.0 A for
average coordination numbers of 3 and 2.3, respectively), allowing
to reproduce the observed two FT features of present materials,
see Figure 4b, d. As listed in Table S2, the least squares curve
fitting analysis reveals that the discharging process leads to the
minute elongation of average V—O bond distances, supporting
the reduction of V valence state. In addition, the V—O coordina-
tion shells exhibit slight decreases in the coordination number
and increases in the Debye—Waller factor after the discharging
process, substantiating the discharge-driven disordering of the
KV;0;q electrode.

The proposed reaction mechanism involving proton insertion
and the formation of Mn(OH), is schematically illustrated in
Figure 4e. In the saturated MnCl, aqueous electrolyte, H*
ions intercalate into the KV,;0q structure, forming H,KV;Oq.
Simultaneously, the consumption of H* ions increases the local

concentration of OH™, promoting the precipitation of Mn(OH),
on the electrode surface. To further support the proposed mech-
anism, FTIR (Figure 4f) and Raman spectroscopy (Figure 4g)
analyses were conducted. In the FTIR spectrum (Figure 4f), a new
peak emerges at approximately 3500 cm™ in the fully discharged
state, which is absent in the pristine state. This peak corresponds
to the O—H stretching vibration, indicating the formation of
Mn(OH), and indirectly confirming that proton insertion occurs
more readily than manganese insertion. Additionally, a peak at
1562 cm™! associated with crystal water appears, suggesting that
water molecules may also be partially inserted into the structure
during discharge. Moreover, after discharge (corresponding to the
reduction of V>* to V**), the binding force between vanadium
and oxygen decreases, as evidenced by the shift in the V=0
stretching peak from 966 cm™ in the pristine state to 951 cm™
in the discharged state [36].

Figure 4g presents the Raman spectra, highlighting the shifts
in the vibrational modes of V-O-V (677 cm™) and VO, (825
cm™) as the electrode transforms from the pristine to the fully
discharged state [37]. The VO, peak shifts to 814 cm™!, consistent
with vanadium reduction during discharge. This observation is
consistent with the XPS and FTIR analyses, further confirming
the valence change of vanadium. Additionally, the appearance of
peaks corresponding to Mn—O vibrations at 673 cm~' and O—H
stretching vibrations above 3000 cm™ in the fully discharged
state suggests both proton insertion into the KV;0; structure
and the formation of Mn(OH), on the electrode surface. These
findings imply that despite using a manganese-based electrolyte,
protons predominantly participate in the charge storage mech-
anism within the KV,;0y structure. This mechanism was further
validated when a full cell was assembled using a manganese metal
anode and a KV;0q cathode, confirming that the device operates
as a hybrid-type battery.

To gain deeper insights into the charge storage mechanism
from an atomic-scale perspective, DFT calculations and FPMD
simulations were performed (Figure 5). Figure 5a shows two
structural models projected onto the b-c plane representing i)
manganese substituting for potassium and ii) manganese occu-
pying an interstitial site, both optimized after atomic relaxation.
While potassium ions have a large ionic radius of ~1.59 A
for 10-coordination within the VO, (VOs; and VO,) clusters,
manganese ions have an ionic radius of less than ~1 A. When
manganese substitutes for potassium, the optimized manganese
positions may be located in the interstitial trench along the
VO, clusters, rather than directly at the K site, owing to size
disparity. Therefore, we also considered the scenario in which
manganese could occupy an interstitial site without substituting
for potassium. Figure 5b shows the equivalent models projected
onto the a-c plane, suggesting that there is sufficient space in
the trench to accommodate the manganese ion without inducing
structural frustration.

To explore the possible manganese diffusion pathways within the
lattice, FPMD simulations were performed for 200 ps (Figure 5c).
In both structural models, the diffusion pathways of manganese
were confined to regions near the initial position. Figure 5d
displays the diffusion pathways in conjunction with the crystal
structures. Figure 5e shows the structural models for the proton,
and Figure 5f displays the side views, suggesting that the proton
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FIGURE 5 | Atomic configurations of manganese at substitutional and interstitial sites in KV;Og projected onto the (a) b-c plane and (b) a-c plane.
(c) Diffusion pathways of manganese within the lattice are projected onto the b-c plane, with the inset showing the projection onto the a-c plane. (d)
Diffusion pathways projected onto the crystal structures. Atomic configurations of a proton at substitutional and interstitial sites in KV30g projected
onto the (e) b-c plane and (f) a-c plane. (g) Diffusion pathways of proton within the lattice projected onto the b-c plane, with the inset showing the
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proton at substitutional and interstitial sites. COHP analysis of O—H pairs with the proton positioned at (j) substitutional and (k) interstitial sites.
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cells before and after 100 cycles.

also prefers a position near the interstitial trench. Figure 5g
visualizes the diffusion pathways of the proton. Proton diffusion
within the oxide system is proposed to occur via a hopping
process, which involves hydroxide rotation followed by transfer
to an adjacent oxygen ion [38, 39]. When a proton substitutes
for K, it exhibits dynamic diffusion along the c-axis. This can
be attributed to the undercoordinated oxygen atoms resulting
from the absence of K, which attract the proton and facilitate its
diffusion. Interestingly, the proton at the interstitial site exhibited
a 3D diffusion network throughout the KV,;04 structure, indi-
cating that an unbiased and isotropic route for proton diffusion
is available within an intact structural framework (Figure 5h).
These calculation results therefore describe the intrinsic proton-
storage preference and diffusion characteristics of KV;0Oy in its
crystalline state. On long-term electrochemical cycling, KV;04
undergoes pronounced amorphization, as evidenced by ex situ
XRD (Figure S6). In this regime, while the atomistic diffusion
pathways identified from the crystalline model are not expected to
be directly preserved, the nearly unchanged Warburg impedance
(Figure 2e) after 3600 cycles indicates that proton transport
remains kinetically favorable, suggesting that the fundamental
proton-dominant charge-storage behavior persists even as long-
range structural order is lost. To compare the thermodynamic
stability upon incorporation of manganese or hydrogen into
KV,0q, formation energies were calculated (Figure 5i). For the
structure models representing the substitution for potassium and
intercalation at the interstitial trench, proton incorporation had
a lower energy cost than manganese incorporation. To gain a
fundamental understanding of the extended diffusion path in
an intact atomic environment, the bonding strength between
the proton and oxygen ions was evaluated by calculating the
crystal orbital Hamiltonian population (COHP). Figure 5j, k show

the COHP diagram for the proton-oxygen pairs when a proton
substitutes for potassium and when the proton is incorporated
into the interstitial site, respectively. The integrated COHP val-
ues, with more negative values indicating stronger bonds, were
—4.54 and —4.39 for the substitutional and interstitial models,
respectively. The undercoordinated oxygen ions resulting from
potassium substitution attract the proton more strongly, creating
a preferential diffusion pathway along the c-axis, while those in
the intact structural framework provide a more extensive diffu-
sion network. These computational results reveal the elemental
diffusion process within KV;0, and support the experimental
findings that the proton is more prone to intercalation compared
to manganese.

2.4 | Comparison of Manganese and Zinc Cell
Using KV;0g Cathode

Electrochemical measurements were conducted on manganese
and zinc metal cells to evaluate the feasibility of manganese metal
as an anode in aqueous systems and to compare its performance
with zinc metal (Figure 6). As shown in Figure 6a, manganese
metal exhibits a standard reduction potential of —1.19 V vs. SHE,
which is more negative than that of zinc (-0.76 V vs. SHE), indi-
cating the potential for a higher operating voltage when paired
with KV;04 cathodes. To experimentally validate this, discharge
voltage profiles at 0.1 A g™' were obtained (Figure 6b). The
manganese metal cell in saturated MnCl, electrolyte exhibited
an operating voltage of ~1.05 V, approximately 0.25 V higher
than the zinc metal cell (~0.8 V). Additionally, CV profiles for
both cells (Figure S15) revealed more pronounced redox peaks for
the manganese metal cell, suggesting that the MnCl, electrolyte
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facilitated faster electron and ion transport compared to the ZnCl,
electrolyte. The GDC profiles of the manganese metal cell at
various current densities are presented in Figure 6c, d. At 0.1 A
g!, the manganese metal cell delivered a discharge capacity com-
parable to that of an activated carbon anode system (Figure 2c).
However, with increasing current density, a significant decline in
capacity was observed: 65.5 mAh g™! at 0.2 A g™}, 53.3 mAh g!
at 0.4 A g7!, and 41.6 mAh g™! at 0.8 A g™!, indicative of poor
rate capability. This deterioration is attributed to the formation
of a passivation layer on the manganese anode surface, primarily
due to HER byproducts, which hinder charge transfer. Despite
these challenges, the cycling stability of the manganese metal
cell was evaluated over 100 cycles at 0.1 A g! (Figure 6e). The
cell maintained relatively stable capacity retention for the first 50
cycles. However, after 100 cycles, the discharge capacity declined
from an initial 96.7 to 58.1 mAh g™, corresponding to 60.1%
capacity retention. The corresponding GDC curves are shown in
Figure S16. To elucidate the degradation mechanism, EIS was
performed (Figure 6f). The internal resistance (R,) of the KV;04
cathode increased from 3.21 to 9.21 Q after 100 cycles. Notably, R,
increased drastically from 458.5 to 5503 (, a significantly larger
increase compared to that observed in Figure 2e. This indicates
that the main source of resistance is the passivation layer on the
manganese anode rather than the cathode-electrolyte interface
layer.

Overall, this study demonstrates that manganese-based batteries
offer a higher energy density compared to conventional zinc-
based aqueous batteries. However, manganese-based battery
technology remains in its early stages, with critical challenges,
particularly those related to the HER, which are yet to be
addressed. Mitigation strategies, such as the optimization of
electrolyte pH or the application of artificial protective layers on
the manganese metal anode, could be effective in suppressing the
HER and improving manganese battery performance.

3 | Conclusion

In summary, this study is the first to introduce monoclinic KV;0y
as a cathode material exhibiting unprecedented electrochemical
properties in AMIBs. KV;0; with a layered structure was suc-
cessfully synthesized at room temperature via a simple water
bath method, demonstrating excellent structural stability and
outstanding electrochemical performance. Our results confirm
the reversible intercalation/deintercalation of protons within
the KV;04 framework. Notably, the KV,;04 cathode delivers
exceptional cycling stability, retaining 88.0% of its initial capacity
after 3600 cycles at 0.8 A g~'. Through a combination of XPS,
ex situ XRD, XANES/EXAFS, FTIR spectroscopy, and Raman
spectroscopy, the charge storage mechanism, including proton
intercalation and Mn(OH), formation, was comprehensively
elucidated. DFT calculations and FPMD simulations suggest a
facile diffusion pathway for protons within the KV,;0Oq structural
frame, indicating that protons are more readily incorporated
into the lattice than manganese. Furthermore, the manganese
metal cell in the saturated MnCl, electrolyte exhibited a higher
operating voltage (~1.05 V) compared to its zinc counterpart
(~0.8 V), highlighting the potential of manganese-based systems
for high-energy applications. This work not only offers valuable
insights into the reaction mechanisms and byproduct formation

in manganese-ion batteries but also presents KV;0Oq as a novel
cathode material in manganese-based hybrid batteries. Overall,
these findings provide a foundation for the development of next-
generation, high-energy, and stable cathode materials for future
aqueous battery technologies.
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