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The Charge Storage Mechanism and Durable Operation in
Olivine–Lithium–Iron–Phosphate for Mn-based Hybrid
Batteries

Jangwook Pyun, Hyungjin Lee, Hyeonjun Lee, Sangki Lee, Seunghyeop Baek, Hyeju Kwon,
Seung-Tae Hong, and Munseok S. Chae*

Aqueous batteries have garnered considerable attention because of their
cost-effectiveness, sufficient capacity, and non-flammable water-based
electrolytes. Among these, manganese batteries are particularly attractive
owing to their stability, abundance, affordability, and higher energy density.
With a lower redox potential (Mn: −1.19 V vs SHE) than zinc (Zn: −0.76 V vs
SHE), manganese batteries theoretically offer superior energy density over
traditional zinc-based systems. In this study, LiFePO4 is introduced as a
cathode material in aqueous manganese-based hybrid batteries for the first
time. Through electrochemical characterization and advanced structural and
spectroscopic analyses, the charge storage mechanisms of protons in to the
FePO4 are elucidated. Cation diffusion pathways are also investigated via
diffusion barrier calculations. This study presents manganese hybrid batteries
with a good stability and capacity of ≈109.2 mAh g−1 at 40 mA g−1, alongside
a cycle retention of 42.1% after 3000 cycles at 320 mA g−1. Furthermore, an
Mn2+/Li+ hybrid battery, achieving ≈1.6 V and superior durability (81.5% @
1000th), is proposed.

1. Introduction

Rechargeable batteries using aqueous electrolytes are emerging
as a promising alternative to Li+ batteries, particularly because of
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their enhanced stability, cost-effectiveness,
and environmental benefits.[1] The use of
water-based electrolytes substantially low-
ers the risks of fire and explosion, making
them highly suitable for a wide range of
large-scale energy storage applications. The
intrinsic safety and minimal environmen-
tal footprint of these batteries align with
the growing global emphasis on sustain-
able and green energy technologies. Histor-
ically, aqueous rechargeable batteries have
used metal anodes such as Fe,[2] Zn,[3]

and Al[4] because of their inherent sta-
bility and high theoretical specific capac-
ities. However, these anode materials ex-
hibit certain drawbacks, such as the low
operating voltage of Fe and the elevated
polarization resulting from the formation
of a passivation layer on Al.[5] Even Zn-
based secondary batteries, considered the
most advanced among aqueous systems,
face limitations in reaching high energy
densities due to the relatively high redox

potential of Zn (−0.76 V vs SHE).[6]

Aqueous Mn-based batteries present a promising alterna-
tive, offering several advantages, including high theoretical
gravimetric and volumetric capacities (976 mAh g−1 and 7250
mAh cm−3), abundance in the Earth’s crust, cost-effectiveness,
and a low redox potential (−1.19 V vs SHE).[7] The low redox
potential of Mn enables higher battery operating voltage com-
pared with Zn-based batteries. Moreover, they can be safely
assembled in ambient conditions, enhancing process efficiency.
Despite these benefits, the development of Mn-based storage
host structures has been relatively underexplored, primarily
due to the divalent charge of Mn ions. Some progress has been
made; however, few electrode materials have been explored
for reversible operation in Mn-based electrolytes,[7d] including
Mo6S8,

[8] V2O5,
[8] Ag0.33V2O5,

[9] NiHCF,[8] Al0.1V2O5·1.5H2O,
[10]

Mn0.18V2O5·nH2O,
[11] and organic electrodes such as PTCDA

and coronene.[7d] Developing high-voltage Mn-based batteries
remains challenging, as most existing cathode materials operate
at voltages below 1 V (vs Mn/Mn2+). Prussian blue structures
typically exhibit low charge/discharge capacities of less than 100
mAh g−1, while vanadium-based materials primarily operate
within the 0.8–1.1 V (vs Mn/Mn2+) range due to their low redox
potential. This highlights the urgent need for novel cathode
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Figure 1. Characterization of LiFePO4 cathode: Crystal structure of LiFePO4 along the a) ab-plane, b) ac-plane. c) Rietveld refinement results from XRD.
d) SEM image. e) TEM image and high-resolution lattice fringe (inset). f) TEM-EDX elemental mapping for Fe (red), O (yellow), P (blue), and C (cyan).

materials specifically designed for Mn-based batteries to achieve
improved performance at higher voltages. In particular, iron-
based materials, with their higher redox potential compared
to vanadium, are considered promising candidates for this
purpose. Nevertheless, iron-based cathode materials have not
yet been reported as cathodes for manganese-based batteries.
Olivine-structured LiFePO4 (LFP) (Figure 1a,b) is considered

one of the most promising materials for low-cost battery systems
owing to its abundant availability, affordability, and exceptional
thermal, chemical, and electrochemical stability. LFP has been
widely studied for variousmetal cations (Li+,[12] Na+,[13] Mg2+,[14]

and Ca2+ [15]) owing to its open framework, which can accom-
modate cations with a broad range of ionic radii. Therefore,
LiFePO4, which is widely used as a cathode material for lithium-
ion batteries, presents a promising option, as it can be pro-
duced cost-effectively with well-established manufacturing pro-
cesses. This material typically exhibits an operating voltage of
≈3.4 V (vs Li/Li+), making it suitable for high-voltage aqueous
systems. Consequently, several studies have focused on Zn/LFP-
based batteries, which demonstrate aworking voltage of≈1.2 V—
insufficient for many applications.[16] However, by incorporating
Mn as the anode, which has a lower potential than Zn, developing
a cost-efficient, high-voltage, and safe aqueous battery system be-
comes feasible. Nonetheless, no existing studies support the op-
eration of olivine materials such as LFP inMn-based electrolytes,
highlighting the need for further investigation. If an aqueousMn
battery is successfully developed, it could theoretically achieve an
operating voltage of ≈1.6 V, offering a first step forward for prac-
tical energy storage systems.
This study presents, for the first time, the use of LFP as a

cathodematerial in aqueousMn2+/H+ hybrid batteries. Through

electrochemical characterization, advanced structural spectro-
scopic analysis, and diffusion pathway calculations, we clarify the
charge storage mechanisms involving mainly from protons. The
LFP cathode demonstrates good stability, delivering a capacity of
≈109.2 mAh g−1 at 40 mA g−1, with a cycle retention of 42.1%
after 3000 cycles at 320 mA g−1 in a saturated MnCl2 aqueous
electrolyte. However, the cycling performance remains unsatis-
factory. We propose a novel Mn2+/Li+ hybrid battery concept to
address this limitation, achieving an operating voltage of ≈1.6 V
and substantially improved durability, retaining 81.5% capacity
after 1000 cycles. These results underscore the potential of Mn-
based batteries for future applications in aqueous energy storage
systems.

2. Results and Discussion

2.1. Synthesis and Material Characterizations

Nanosized LFP was synthesized using a sol–gel method with
LiOH, Fe(CH3COO)2, and NH3H2PO4. Detailed synthesis pro-
cedures are provided in the Supporting Information Figure S1
(Supporting Information). Powder XRD analysis confirmed the
formation of an orthorhombic phase with a Pmna space group,
exhibiting unit cell parameters of a = 10.327(1) Å, b = 6.006(1)
Å, and c = 4.693(1) Å (Figure 1c). The Rietveld refinement re-
sults align with previous studies, with comprehensive crystal-
lographic data provided in Table S1 (Supporting Information).
The SEM image of the synthesized LFP powder (Figure 1d)
reveals sub-micron-sized particles ranging from 50 to 200 nm
in size (Figure S2, Supporting Information). High-resolution
TEM imaging (Figure 1e; Figure S3, Supporting Information,
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Figure 2. Electrochemical charge storage performance of LiFePO4: a) CV curve at a scan rate of 0.2 mV s−1. b) GCD curves at different current densities.
c) Rate performance at various current densities. d) Long-term cyclability at 320 mA g−1. e) Impedance spectra before and after 3000 cycles. f) CV curves
at scan rates in the range of 0.2–1.0 mV s−1. g) Determination of b-values from the relationship between the specific cathodic peak current and scan
rate. h) Calculated ratio of diffusion-controlled (orange) and surface-limited (black) reactions for various scan rates.

and inset) displayed clear lattice fringes corresponding to the
d(011) spacing,≈0.38 nm.We used energy-dispersive X-ray spec-
troscopy (EDX) via TEM elemental mapping for qualitative and
quantitative elemental analysis. The mapping results confirmed
the uniform distribution of Fe, O, P, and C throughout the syn-
thesized powder (Figure 1f). SEM-EDX analysis further corrob-
orates the elemental composition of the pristine powder (Figure
S4, Supporting Information). Based on various material charac-
terization analyses, we confirm that our LFP was successfully
synthesized without any impurities.

2.2. Electrochemical Charge Storage Performance

All electrochemical tests were conducted using custom-designed
three-electrode cells. The cyclic voltammetry (CV) curve at a scan
rate of 0.2 mV s−1 revealed two primary redox peaks during the
reversible cycles (Figure 2a). During the initial charge process,
Li ions were extracted from LFP. In subsequent cycles, Mn ions

and protons became the dominant contributors to the reversible
redox reactions. Two distinct discharge/charge peaks were ob-
served at 0.22 and −0.36 V for discharge and at 0.17 and 0.43 V
for charge (vs Ag/AgCl). Based on the reaction mechanisms de-
tailed in the elemental analysis section, these complex peaks are
attributed to a combination of proton intercalation, Mn surface
adsorption, and Mn(OH)2 formation. The galvanostatic charge–
discharge (GCD) profiles were recorded under various current
densities (Figure 2b). A Li extraction process was applied before
the system achieved reversible charge–discharge cycles (Figure
S5, Supporting Information). The CV curves and GCD profiles
exhibited similar behavior in terms of operating voltage and two-
step reactions. The discharge plaaou shows at the ≈0.20 and
−0.30 V. As the current density increases, the redox process at
0.20 V becomes negligible, indicating that ion diffusion is faster
in the−0.30 V region compared to the 0.20 V region. the LFP elec-
trode demonstrated excellent rate capability, with reversible dis-
charge capacities of 109, 87.4, 64.6, and 48.1 mAh g−1 at current
densities of 40, 80, 160, and 320 mA g−1 under saturated MnCl2

Adv. Sci. 2025, 12, 2502866 2502866 (3 of 9) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Figure 3. TEM-EDX elemental mapping of a) pristine, b) fully discharged FePO4, and c) charged. XPS spectra of d) Fe 2p, e) Mn 2p, and f) O 1s at
various discharge voltages.

electrolytes, respectively (Figure 2b). Figure 2c illustrates that the
materialmaintained consistent electrochemical performance (ca-
pacity) throughout cycling. At a current density of 320mAg−1, the
discharge capacity after long-term cycling began at 47.8mAh g−1,
retaining 42.1% of its capacity (20.1 mAh g−1) after 3000 cycles,
demonstrating stable cycle retention (Figure S6, Supporting In-
formation). Over 3000 cycles, the average Coulombic efficiency
remained high at 99.96%.
Figure 2e presents the impedance spectra before and after

3000 cycles. The internal resistance of the cell (Rs) increased
slightly from 0.893 to 1.67 Ω, suggesting that side reactions dur-
ing cycling minimally affected the interaction between the tita-
nium current collector and the electrode materials and the sta-
bility of the Ti current collector and MnCl2-based aqueous elec-
trolyte. The charge-transfer resistance (RCEI +Rct) for the pristine
electrode was measured at 0.949 Ω, rising modestly to 2.71 Ω af-
ter 3000 cycles, likely due to the accumulation of side products,
such asMn-hydrated phases orMn(OH)2, on the cathode surface.
A slight increase in the Warburg slope indicated that diffusion
kinetics became more active during the cycling of the cathode
material.
CV tests were performed with various scan rates ranging from

0.2 to 1.0mV s−1 to examine the cation intercalation behavior dur-
ing the charge–discharge process. Figure 2f presents the results.
The power-law relationship was employed to analyze the cation
storagemechanism, distinguishing between diffusion-controlled
and surface-limited reactions.[17] The power-law exponent (b),
which differentiates between capacitive and diffusion-driven pro-
cesses, was calculated to be 0.7697 and 0.6482 for the reduc-
tion and oxidation processes, respectively (Figure 2g; Figure S7,
Supporting Information). These results indicate that diffusion
and surface-controlled mechanisms contribute to the overall re-

action kinetics of LFP. Further analysis revealed that ≈68.1% of
the cations intercalated into the host, whereas 32.9% exhibited
surface-adsorbed capacitive behavior, primarily attributed to the
formation of an electrostatic double layer (Figure 2h). Moreover,
as the scan rate increased, a significant rise in surface capaci-
tance was observed (Figure 2h; Figure S7, Supporting Informa-
tion), underscoring the growing contribution of surface-driven
phenomena at higher scan rates.
It was previously unknown whether the LFP electrode un-

dergoes redox reactions in a manganese-based electrolyte. How-
ever, through this study, we confirmed that LFP exhibits a two-
step redox reaction in saturated MnCl2 aqueous electrolyte. Fur-
thermore, we found that the majority of charge storage occurs
through an intercalation process. The electrode demonstrated
stable operation over 3000 cycles, and impedance analysis before
and after cycling revealed a slight increase in both internal resis-
tance (IR) and charge transfer resistance.

2.3. Charge Storage Mechanism

Elemental mapping analysis during the discharge process was
performed using TEM-EDX (Themis Z) and XPS (X-ray photo-
electron spectroscopy, ESCALAB 250Xi). Figure 3a–c illustrates
the electrode in its pristine (LFP), fully discharged (−0.9 V vs
Ag/AgCl), and recharged (0.7 V vs Ag/AgCl) states, respectively.
In the pristine state, Mn was absent but was uniformly dis-
tributed upon full discharge, indicating that the redox reaction
may involve the Mn ions (Figure S8, Supporting Information).
However, residual Mn was detected after recharging, suggesting
the possibility of an irreversible reaction from the Mn elec-
trolyte and generation of the Mn(OH)2 formation (Figure S9,
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Supporting Information). The Mn signal was particularly strong
on the electrode surface after discharge (Figure S10, Supporting
Information), which could be attributed to proton intercalation
and the formation of Mn(OH)2 on the LFP surface.

[9]

The proposed reaction mechanism is outlined below.
Step 1.

Mn2+ (aq) + 2Cl− (aq) + 2H2O (aq) (1)

→ Mn (OH)2 (s) + 2Cl− (aq) + 2H+ (aq)
(
proton insertion to FePO4structure

)
(2)

Step 2.

FePO4 (s) + xMn2+ (aq) + yH+ (aq)

→ HyFePO4 (s) + xMn2+ (aq) (3)

During this reaction, Mn(OH)2 is generated during the reduc-
tion process. This phenomenon has already been reported in pre-
vious literature on Mn-based batteries.[9,11]

We conducted XPS measurements during the discharge pro-
cess at five voltage points (pristine, 0.2, −0.1, −0.5, and −0.9 V
vs Ag/AgCl) to further investigate (Figure 3d–f). These XPS pro-
files offer critical insights into the oxidation states of Fe, Mn, and
O. The Fe redox couples and increasing Mn signals are clearly
observed in the spectra (Figure 3d,e). The Fe 2p peaks are visi-
ble within the 700–745 eV range but disappear during discharge,
likely due to the formation of Mn compounds covering the LFP
surface. The Mn 2p peaks gradually increase throughout the dis-
charge process, indicating that Mn reacts with the LFP electrode.
However, Figure 3b confirms that Mn primarily accumulates on
the surface. We also analyzed the O 1s peaks via XPS to verify
the formation of Mn(OH)2. The pristine sample exhibits a single
metal-oxygen peak at 530.2 eV; however, during discharge, an ad-
ditional peak emerges at 531.4 eV, which is commonly associated
with O─H bonding, suggesting the presence of metal hydrates.
We performed XRD measurements during the discharge pro-

cess to further clarify the charge storage mechanism involving
H+ insertion (Figure 4a). In the pristine state, only peaks corre-
sponding to LFP and the Ti current collector are observed. How-
ever, during the discharge process, new peaks emerge, which can
be explained by two primary reaction mechanisms (Figure 4b):
1) The appearance of Mn(OH)2 peaks during discharge provid-
ing strong evidence for proton insertion into the structure. 2) The
disappearance of LFP peaks and the emergence of new ones, indi-
cating that the olivine-LFP structure undergoes a two-phase reac-
tion rather than a single-phase solid solution reaction. The newly
generated peaks correspond to the H0.64FePO4 structure. The
detailed characterization, including Rietveld refinement results,
unit cell parameter changes, proton position, and interatomic
distance variations, is presented in Figure 4c–e and the Support-
ing Information. XRD analysis clearly demonstrates proton in-
sertion into the LFP structure and the formation of Mn(OH)2.
Additionally, Fourier electron densitymapping was applied to the
discharged samples. If Mn ions were inserted into the structure,
we would expect an increase or the generation of electron density
at the 4a site (Figure 4c). However, no signal was detected at the

cavity site after discharge, indicating that proton insertion, rather
than Mn ion insertion, occurs in the olivine structure. However,
this remains an indirect assumption. Therefore, we conducted
electrochemical tests (CV and GCD) using a pure HCl aqueous
electrolyte (pH 4, matching that of the saturated MnCl2 aqueous
solution). The clearly reversible CV peaks and GCD profiles con-
firm that charge storage primarily occurs through H+ intercala-
tion (Figure S11, Supporting Information). During discharge, the
LFP structure undergoes a two-phase reaction, and the proton-
inserted phase was identified. The phase retains the same or-
thorhombic Pnma structure; however, the unit cell parameters
exhibit significant changes compared with the initial structure.
The unit cell parameters for the discharged phase (H0.64FePO4,
where 0.64 H is calculated from the discharge capacity) are a =
9.815(1) Å, b = 5.787(1) Å, and c = 4.779(1) Å. The a and b pa-
rameters contract by 4.95% and 3.65%, respectively, whereas the
c parameter expands by 1.82%. Consequently, the overall unit cell
volume decreases from 291.1 Å3 to 271.4(1) Å3 after discharge.
Additionally, we proposed the crystal structure of H0.64FePO4

and identified the most stable proton site within the FePO4
framework (Figure 4d; Figure S12, Supporting Information). The
proton is stably positioned at the 4c site. Table S2 and Figure
S13 (Supporting Information) present detailed refinement re-
sults for the proton-inserted phase. When comparing the Fe–
O interatomic distances between LFP and H0.64FePO4, the pro-
tonated structure exhibits a distance of 2.04 Å, which is simi-
lar to that of FePO4. This indicates that proton insertion causes
minimal structural distortion during the redox process with a
one-phase reaction. Based on these results, the electrochemical
degradation observed during cycling is likely attributed to the
formation of inactive Mn(OH)2, which acts as a surface blocker,
hindering ion transport and negatively impacting performance
(Figure 4e).
The diffusion barriers and pathways forMn2+ andH+ were cal-

culated using the softBVmethod (Figure 4f,g), with potential mi-
gration pathways illustrated along the ab-plane. Mn2+ diffusion
along the b-axis was significantly restricted by a high migration
barrier of 1.561 eV, indicating that Mn2+ cannot easily diffuse
along this axis (Figure 4f). In contrast, the H+ migration barri-
ers, calculated using the same method, revealed several potential
pathways along the b-axis with amuch lower migration barrier of
0.240 eV (Figure 4g). The substantially lower migration barriers
for H+ compared with those of Mn2+ suggest that proton diffu-
sion is much more favorable within the structure (Figure S14,
Supporting Information). This indicates a preference for proton
insertion over Mn insertion, leading to side reactions involving
Mn, such as the formation of Mn(OH)2.
We have uncovered the previously unknown reaction mecha-

nism of LFP in MnCl2 electrolyte solution. XRD analysis clearly
revealed structural changes, providing strong evidence that the
LFP structure is actively involved in the charge storage reaction.
During charge–discharge cycling,Mn(OH)2 peaks were observed
in the XRD patterns, a phenomenon known to occur when pro-
tons intercalate into the LFP structure. To verify whether man-
ganese or proton was inserted into the discharged phase, we con-
ducted Fourier electron density map analysis. The absence of
a manganese signal within the structure confirms that the pri-
mary charge carrier is proton (H+). Additionally, diffusion barrier
calculations further support that protons diffuse and intercalate
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Figure 4. a) XRD profile during the discharge process, along with the corresponding electrochemical profile and b) their reaction mechanism, c) Fourier
electron density maps of discharged FePO4, d) crystal structure of discharged H0.64FePO4 e) interatomic distances of Fe─O. f) Mn ion calculated
migration paths and barrier, g) proton calculated migration paths and barrier.

more favorably into the structure compared to Mn2+. Based on
these findings, we propose the most stable site for proton stor-
age within the LFP framework.

2.4. Demonstration of Hybrid Li+/Mn2+ Aqueous Battery System

A comparison wasmade with the well-established Zn battery sys-
tem to explore the potential of the proposed Mn-based battery
system as a next-generation technology. Owing to the relatively
high redox potential of Zn (−0.76 V vs SHE), the output volt-
age of Zn-based batteries is lower. Specifically, when combined
with an LFP cathode, the theoretical output voltage is ≈1.12 V
(Figure 5a). However, when the Zn counter electrode is replaced
with the Mn counter electrode proposed in this study, Mn, with a
lower redox potential (−1.19 V vs SHE), increases the operating
voltage by≈0.43 V, resulting in an operating voltage of 1.55 V.We
conducted tests in two-electrode systems using ZnCl2 andMnCl2

electrolytes to validate this finding (Figure 5b). The Zn-based sys-
tem exhibited an operating voltage of ≈1.12 V, whereas the Mn-
based system exhibited a higher voltage of 1.44 V, confirming its
potential as a next-generation aqueous secondary battery system
(Figure 5c). However, when constructing anMn-based battery us-
ing LFP as the cathode, the reaction mechanism involves pro-
ton insertion in the previous section, which promotes electrolyte
acidity and side reactions that degrade battery performance.
In addition, the electrochemical performance of LFP/Mn hy-

brid batteries using only Mn-based electrolytes was unsatisfac-
tory. This challenge prompted us to explore a new system, ulti-
mately leading to a breakthrough. We propose a hybrid battery
utilizing Mn metal counter electrode for the first time to over-
come this limitation. When Li and Mn salts are used, the system
maintains its inherent voltage and improves the electrochemi-
cal performance and cycling stability of the cathode (Figure 5d).
Figure 5e compares the performance of the pure Mn/LFP sys-
tem [Mn/sat. MnCl2 aq./LFP] with the hybrid Mn/LFP system
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Figure 5. Schematic illustration of a) [Zn/sat. ZnCl2 aq./LFP], and b) [Mn/sat. MnCl2 aq./LFP] cell, c) initial charge–discharge curves at 40 mA g−1 for
Zn and Mn cell with LFP cathode, d) Schematic illustration of hybrid type cell using Mn and Li+/Mn2+ electrolyte with LFP cathode, electrochemical
characterizations of [Mn/sat. 1LiCl/1MnCl2 aq./LFP] cell e) initial charge–discharge curves at 40 mA g−1, f) GDC profile under various current densities,
g) Rate performance at different current densities, h) Long term cyclability at 320 mA g−1.

[Mn/sat. 1LiCl/1MnCl2 aq./LFP], demonstrating enhanced over-
all electrochemical performance with the hybrid configuration.
The operating voltage exhibits 1.58 V with ≈155 mA g−1 of ca-
pacity. The hybrid system demonstrated excellent rate capabil-
ity, with reversible discharge capacities of 155, 146, 142, and 138
mAh g−1 at current densities of 40, 80, 160, and 320 mA g−1,
respectively (Figure 5f,g). At a current density of 320 mA g−1,
the discharge capacity after long-term cycling began at 138.4
mAh g−1, retaining 81.5% of its capacity (112.8 mAh g−1) af-
ter 1000 cycles, demonstrating extremely durable cycles with en-
hanced overall electrochemical performances (Figure 5h). Over
1000 cycles, the average Coulombic efficiency remained high at
99.37%, indicating minimal electrolyte decomposition. The de-

tailed CV and GDC curves are presented in Figures S15 and S16
(Supporting Information).
To develop a practical hybrid Li+/Mn2+ aqueous battery sys-

tem, further research on electrolytes and the discovery of new
cathode materials are essential. This study is the first to demon-
strate the successful operation of a hybrid Li+/Mn2+ aqueous bat-
tery system. Moreover, achieving an output of 1.6 V with a capac-
ity of ≈150 mAh g−1 in an aqueous system represents a signifi-
cant advancement in the field.
Further research is needed to fully understand the working

mechanism of LFP in the Li+/Mn2+ hybrid system. This study
serves as a starting point, and we plan to conduct additional in-
vestigations in the future.

Adv. Sci. 2025, 12, 2502866 2502866 (7 of 9) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

3. Conclusion

In this study, we explored LFP as a cathode material for aqueous
Mn-based hybrid batteries and investigated theH+ storagemech-
anism through electrochemical characterization, advanced struc-
tural spectroscopy, and diffusion pathway analysis. The material
exhibited a reversible capacity of ≈109.2 mAh g−1 at 40 mA g−1

with the cycle retention of 42.1% after 3000 cycles at 320 mA g−1

in a saturatedMnCl2 aqueous electrolyte. Protons, which possess
a lower migration barrier than Mn ions, were more easily and re-
versibly inserted into the LFP structure, leading to Mn(OH)2 for-
mation. The Fourier electron density map clearly indicated that
Mn ions did not intercalate into the LFP structure. However, the
cycling performance remained inadequate, prompting us to in-
troduce a novelMn2+/Li+ hybrid battery. This system achieved an
operating voltage of 1.58 V and an improved reversible capacity of
≈155.3 mAh g−1 at 40 mA g−1, along with considerably enhanced
cycle stability, retaining 81.5% capacity after 1000 cycles.
Here, we propose a promising next-generation aqueous bat-

tery system. Mn-based hybrid batteries offer higher theoretical
energy density than Zn-based systems, but advanced electrolyte
engineering is needed to suppress hydrogen evolution at the Mn
counter electrode. A hybrid system can further enhance energy
density, emphasizing the need for future research on electrolyte
optimization. Especially, to achieve high-energy-density systems,
further exploration of new cathode materials remains essential.
These findings underscore the potential ofMn-based batteries for
aqueous energy storage applications.

4. Experimental Section
Material Synthesis and Characterization of LFP: LFP powders were

synthesized using a sol–gel method with LiOH, Fe(CH3COO)2, and
NH3H2PO4 (all from Sigma Aldrich). In a typical procedure, the chemi-
cals were mixed in water at the appropriate molar ratios and then dried at
60 °C to remove the solvent. The resulting mixture was initially heated at
300 °C under an Ar flow, followed by calcination at 650 °C for 6 h under an
Ar atmosphere.Morphological characterizationwas conducted using SEM
(Hitachi 8020) and TEM (FEI, Themis Z) equipped with EDX for elemen-
tal analysis. Structural analysis was performed using a Rigaku Mini-Flex
600 X-ray diffractometer with Cu K𝛼 radiation (𝜆 = 1.542 Å). Rietveld re-
finement was performed using the GSAS software[18] to confirm the LFP
phase.

Electrochemical Test: The LFP cathodes were prepared by mixing LFP
powder, Super P carbon (Timcal), and PVDF binder (Kureha Co.) in a
weight ratio of 8:1:1. Thismixture was dispersed inN-methyl-2-pyrrolidone
solution and coated onto 32 μm Ti foil (Sigma–Aldrich). The coated elec-
trodes were dried at 80 °C and pressed using an electrode press. For the
three-electrode cell test, activated carbon was employed as the counter
electrode to prevent hydrogen evolution reaction (HER) at the Mn counter
electrode, while Ag/AgCl was used as the reference electrode. A glass fiber
separator (Whatman) was used to separate the electrodes. A saturated
MnCl2 solution (Sigma–Aldrich) in deionized water served as the aqueous
electrolyte. For the two-electrode system, Zn and Mn foils were utilized as
the counter electrode. Electrochemical characterizations were performed
using a Biologic VMP-3e, and impedance measurements were conducted
in PEIS mode across a frequency range of 0.1–200 kHz.

Structural Analyses: The discharged Hn.64FePO4 structure was ana-
lyzed using advanced structural determination techniques. First, Le Bail
fitting was applied using GSAS software[18] to refine the diffraction pat-
tern. Then, structure factors (including peak positions, structural phase,
and intensity information) were extracted and further refined using the

single-crystal analysis program Crystals.[19] Finally, Fourier transform was
applied, and the structure was visualized using the MCE program.[20]

Ion Migration-Barrier Calculation: The Mn2+ and H+ migration barri-
ers were calculated using the softBV program.[21] Migration characteris-
tics for Mn2+ and H+ were analyzed based on the crystal structure derived
from the LFP structure, as obtained through Rietveld refinement of the
powder XRD data using the GSAS software. The 3D migration pathways
were visualized using VESTA (version 3).[22]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
This work was supported by a Research Grant from Pukyong National Uni-
versity.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords
aqueous battery, aqueous electrolyte, hybrid ion battery, LiFePO4, man-
ganese hybrid batteries

Received: February 14, 2025
Revised: March 3, 2025

Published online: March 17, 2025

[1] a) Y. Liang, Y. Yao, Nat. Rev. Mater. 2023, 8, 109; b) M. Armand, J.-M.
Tarascon, Nature. 2008, 451, 652.

[2] X. Wu, A. Markir, Y. Xu, C. Zhang, D. P. Leonard, W. Shin, X. Ji, Adv.
Funct. Mater. 2019, 29, 1900911.

[3] C. Xu, B. Li, H. Du, F. Kang, Angew. Chem., Int. Ed. 2012, 124, 957.
[4] G. A. Elia, K. V. Kravchyk, M. V. Kovalenko, J. Chacón, A. Holland, R.

G. Wills, J. Power Sources. 2021, 481, 228870.
[5] B. Craig, T. Schoetz, A. Cruden, C. P. Ponce de Leon, Renew. Sustain.

Energy Rev. 2020, 133, 110100.
[6] a) M. S. Chae, R. Attias, B. Dlugatch, Y. Gofer, D. Aurbach, ACS Appl.

Energy Mater. 2021, 4, 10197; b) D. Setiawan, H. Lee, H. H. Kwak, S.-
T. Hong, M. S. Chae, J. Energy Storage. 2023, 72, 108497; c) N. Guo,
Z. Peng, W. Huo, Y. Li, S. Liu, L. Kang, X. Wu, L. Dai, L. Wang, S. C.
Jun, Z. He, Small. 2023, 19, 2303963; d) T. Wang, P. Wang, L. Pan, Z.
He, L. Dai, L. Wang, S. Liu, S. C. Jun, B. Lu, S. Liang, J. Zhou, Adv.
Energy Mater. 2023, 13, 2203523.

[7] a) M. Wang, Y. Meng, Y. Xu, N. Chen, M. Chuai, Y. Yuan, J. Sun, Z.
Liu, X. Zheng, Z. Zhang, D. Li, W. Chen, Energy Environ. Sci. 2023,
16, 5284; b) M. Wang, X. Zheng, X. Zhang, D. Chao, S. Z. Qiao, H.
N. Alshareef, Y. Cui, W. Chen, Adv. Energy Mater. 2021, 11, 2002904;
c) L. Cheng, C. S. Yeung, L. Huang, G. Ye, J. Yan, W. Li, C. Yiu, F. R.
Chen, H. Shen, B. Z. Tang, Y. Ren, X. Yu, R. Ye, Nat. Commun. 2024,
15, 2925; d) H. Lee, A. Nimkar, H. Lee, N. Shpigel, D. Sharon, S. T.
Hong, M. S. Chae, Energy Environ. Mater. 2025, 8, e12823.

Adv. Sci. 2025, 12, 2502866 2502866 (8 of 9) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

[8] A. Nimkar, M. S. Chae, S. Wee, G. Bergman, B. Gavriel, M. Turgeman,
F. Malchik, M. D. Levi, D. Sharon, M. R. Lukatskaya, N. Shpigel, D.
Mandler, ACS Energy Lett. 2022, 7, 4161.

[9] H. Lee, H. Lee, J. Pyun, S. T. Hong, M. S. Chae, Adv. Sci. 2024, 11,
2406642.

[10] S. Bi, S. Wang, F. Yue, Z. Tie, Z. Niu, Nat. Commun. 2021, 12,
6991.

[11] S. Bi, Y. Zhang, S. Deng, Z. Tie, Z. Niu, Angew. Chem., Int. Ed. 2022,
61, e202200809.

[12] H. Li, L. Peng, D. Wu, J. Wu, Y. J. Zhu, X. Hu, Adv. Energy Mater. 2019,
9, 1802930.

[13] a) Y. Liu, N. Zhang, F.Wang, X. Liu, L. Jiao, L. Z. Fan, Adv. Funct. Mater.
2018, 28, 1801917; b) S.-M. Oh, S.-T. Myung, J. Hassoun, B. Scrosati,
Y.-K. Sun, Electrochem. Commun. 2012, 22, 149.

[14] a) P. Shan, Y. Gu, L. Yang, T. Liu, J. Zheng, F. Pan, Inorg. Chem. 2017,
56, 13411; b) R. Zhang, C. Ling, ACS Appl. Mater. Interfaces. 2016, 8,
18018.

[15] S. Kim, L. Yin, M. H. Lee, P. Parajuli, L. Blanc, T. T. Fister, H. Park, B.
J. Kwon, B. J. Ingram, P. Zapol, ACS Energy Lett. 2020, 5, 3203.

[16] X. X. Zhao, X. T. Wang, J. Z. Guo, Z. Y. Gu, J. M. Cao, J. L. Yang, F. Q.
Lu, J. P. Zhang, X. L. Wu, Adv. Mater. 2024, 36, 2308927.

[17] J. Wang, J. Polleux, J. Lim, B. Dunn, J. Phys. Chem. C. 2007, 111, 14925.
[18] B. H. Toby, J. Appl. Crystallogr. 2001, 34, 210.
[19] P. W. Betteridge, J. R. Carruthers, R. I. Cooper, K. Prout, D. J. Watkin,

J. Appl. Crystallogr. 2003, 36, 1487.
[20] J. Rohlícek, M. Husák, J. Appl. Crystallogr. 2007, 40, 600.
[21] S. Adams, Acta Crystallogr. B. 2001, 57, 278.
[22] K. Momma, F. Izumi, J. Appl. Crystallogr. 2008, 41, 653.

Adv. Sci. 2025, 12, 2502866 2502866 (9 of 9) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com

	The Charge Storage Mechanism and Durable Operation in Olivine9040�Lithium9040�Iron9040�Phosphate for Mn-based Hybrid Batteries
	1. Introduction
	2. Results and Discussion
	2.1. Synthesis and Material Characterizations
	2.2. Electrochemical Charge Storage Performance
	2.3. Charge Storage Mechanism
	2.4. Demonstration of Hybrid Li80+/Mn280+ Aqueous Battery System

	3. Conclusion
	4. Experimental Section
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Data Availability Statement

	Keywords


