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ABSTRACT

Lithium iron phosphate (LiFePOs, LFP) is regarded as a promising cathode material for aqueous lithium-ion batteries (ALIBs) due
to its excellent structural stability and intrinsic safety. However, when operated in aqueous electrolytes, LFP suffers from more
severe capacity decay and poorer cycling stability than those in non-aqueous systems. Recent studies have revealed that LFP
degradation in aqueous system arises from several coupled processes, including electrolyte decomposition at high potentials, Fe
dissolution and impurity-ion intercalation, lattice distortion during repeated Li* insertion/extraction, and unstable interfacial
passivation. Electrolyte decomposition induces local pH fluctuations and interfacial reconstruction, which exacerbate transition
metal leaching and lattice degradation, the resulting structural defects and freshly exposed surfaces in turn accelerate further
interfacial side reactions. These processes collectively lead to active-material loss, sluggish ion transport, and aggravated
polarization. To address these failure pathways, this review summarizes current stabilization strategies, including elemental
doping, surface coating, morphological regulation, and modification of electrolytes. The underlying mechanisms are analyzed
from the perspectives of thermodynamic stability, interfacial kinetics, and solvation-structure regulation. Finally, future research
directions, including in situ characterization, multiphysics coupled modeling, and low-cost electrolytes with high-salt effects, are
discussed to provide guidance for the mechanism-driven design of high-performance aqueous cathode materials.

KEYWORDS

aqueous lithium-ion batteries, LiFePOs; cathodes, degradation mechanisms, interfacial stabilization, electrolyte
engineering

. materials, lithium iron phosphate (LiFePO4, LFP) is
1 Introduction considered one of the ideal cathodes for aqueous lithium-

In recent years, the demand for high-safety, low-cost green ~ ion batteries due to its relatively high operating potential
energy storage technologies has continuously increased  (vs. Li*/Li), good structural stability, and selective lithium
across various fields, and aqueous lithium-ion batteries  intercalation/deintercalation capability [8-9]. The basic
(ALIBs) have emerged due to advantages such as working principle of LFP relies on the reversible
nonflammable electrolytes, low manufacturing costs, and intercalation and deintercalation of Li* between the
environmental friendliness [1-6]. Recent studies have cathode and anode to store and release energy. In novel
further emphasized that the practical performance of  highly concentrated electrolyte systems such as "water-in-
aqueous metal-ion batteries is governed not only by salt" the electrochemical stability window of water is

electrode chemistry but also by electrochemical-  expanded, further enhancing the application potential of
engineering factors, including ion transport through the  LFPinaqueous systems [10-12].

electrolyte, interfacial diffusion, and electrode reaction However, LFP exhibits rapid capacity decay and
kinetics, particularly under high-loading and thick-  reduced cycling stability in aqueous electrolytes. During

electrode condition [7]. Among numerous cathode  the charging process, the Fe*'/Fe** redox reaction

© The Author(s) 2026. Published by Tsinghua University Press. The articles published in this open access journal are distributed unde
the terms of the Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/), which permit
use, distribution and reproduction in any medium, provided the original work is properly cited.
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inevitably competes with the oxygen evolution reaction
(OER), resulting in parasitic currents and decreased
charge utilization efficiency [13-15]. OER-induced
interfacial reactions further promote transition metal
dissolution and lattice degradation, thereby forming a
coupled degradation pathway involving potential overlap,
side-reaction initiation, and structural instability [8;16-
17]. This multi-process synergy significantly exacerbates
the loss of active material and interfacial polarization,
thereby limiting the capacity retention and long-term
cycling performance of aqueous LFP batteries [18].
Moreover, studies have shown that the involvement of
water molecules and protons (H*) may trigger a series of
complex structural degradation processes (Fig. 1) [19].
Hydration could cause crystal structure expansion and
phase separation, while H* intercalation competes with Li*,
occupying diffusion channels and causing blockage of one-
dimensional lithium-ion transport pathways [20-21].
Furthermore, Fe dissolution and migration during
interfacial reactions may lead to by-product deposition,

-~

ultimately causing irreversible structural damage and
capacity decay [22-23]. These processes together
constitute the typical failure pathway of LFP in aqueous
systems [24, 25].

Therefore, systematically reviewing the degradation
mechanisms of LFP in aqueous electrolytes and
summarizing targeted modification strategies for distinct
failure pathways is of great significance for advancing
high-performance, long-life aqueous lithium-ion batteries
toward practical applications. This work outlines the key
degradation behaviors of LFP in aqueous environments
and elucidates the underlying failure mechanisms. Recent
advances in material design, electrode-interface
engineering, and electrolyte optimization are then
critically evaluated to establish a comprehensive
framework for aqueous LFP systems. This review provides
mechanistic insights and multi-scale design guidelines for
the rational development of high-stability aqueous
LiFePO4 batteries with extended cycling lifespan.
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Figure 1 Schematic of the degradation mechanism of LiFeP0O4 in aqueous environments.

2 Degradation Mechanisms of LFP in
Aqueous Environments

Although LFP  exhibits favorable electrochemical
properties in aqueous batteries, its degradation is
governed by coupled and co-evolving processes, including
electrolyte decomposition, interfacial side reactions,
transition-metal  dissolution, and crystal-structure
deterioration [26-27].

During the charge-discharge processes, the migration
of Li* between the electrodes, accompanied by electron
transport through the external circuit, inevitably triggers
complex chemical reactions at the electrode/electrolyte
interface [28-30]. On one hand, water decomposition at
high potentials, particularly the oxygen evolution reaction
(OER), induces local pH fluctuations, gas evolution, and
continuous interfacial reconstruction, promoting Fe
dissolution and by-product deposition on the LFP/FP
surface [31]. On the other hand, anisotropic stress
generated by repeated lithium insertion/extraction causes

microcracks within particles and exposes fresh interfaces,
making water molecules, H*/OH’, and dissolved oxygen
more likely to participate in interfacial corrosion reactions
[32]. These interfacial and bulk processes are not isolated
but form a closed-loop feedback mechanism through the
pathway of  “electrolyte = decomposition-interfacial
evolution-structural degradation-active material loss,”
ultimately manifesting as lithium loss, active material loss,
increased impedance, and gas evolution [33-34].

2.1 Electrolyte Decomposition

In aqueous lithium-ion batteries with LFP, electrolyte
decomposition is considered an important contributor
leading to capacity fade and reduced lifespan [35]. This
mechanism essentially originates from the limited
thermodynamic stability window of aqueous systems.
Theoretically, the decomposition voltage of water is only
1.23 V, and when the electrode potential exceeds this
range, water electrolysis inevitably occurs, resulting in the
hydrogen evolution reaction (HER) at the anode and the

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy
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oxygen evolution reaction (OER) at the cathode [36-38].

At the anode interface, when the potential falls below
the water reduction potential, water molecules are
reduced to hydrogen gas and hydroxide ions (2H20 + 2e" =
H:; + 20H"). HER dominates the anode-side degradation. It
directly consumes electrolyte water, raises local and bulk
pH, continuously consumes electrons and reduces
Coulombic efficiency. In addition, H, evolution disrupts
intimate  electrode-electrolyte  contact, exacerbates
interfacial polarization, and accelerates impedance growth
[15]. Although HER does not directly corrode the LiFePO4
cathode, the pH elevation it induces may alter the global
acid-base environment of the battery, which indirectly
shifts the dissolution equilibrium and surface charge
properties of the cathode material [18]. At the high-
voltage cathode region, water oxidation (2H0 — 02 + 4H*
+ 4¢7) is also inevitable. OER is the dominant side reaction
that directly deteriorates the LiFePOs cathode. H*
accumulation from OER causes localized acidification at
the cathode interface, intensifying chemical corrosion on
the LFP/FP surface and promoting Fe, Li and P leaching
from the lattice [16;31]. Meanwhile, the generated
dissolved oxygen oxidizes leached Fe?* and accelerates the
deposition of insulating by-products (e.g., FeOOH, Fe;03)
on the cathode surface. O; bubble accumulation at the
interface also peels off active materials and deteriorates
interfacial charge transfer [9;25]. This local acidification
and deep penetration of water molecules would damage
the LFP surface and hinder internal bulk lithiation
processes. As shown in Fig. 2a, the electrochemical
stability window of water at different pH values indicates
the onset potentials for hydrogen evolution (HER) at low
potentials and oxygen evolution (OER) at high potentials
[36]. The green dashed lines in the figure indicate how the
overpotentials of HER/OER vary with pH, visually
illustrating the limitations of the electrochemical window
imposed by water decomposition and the influence of
local acid-base gradients on side reactions.

The occurrence of HER/OER is also closely related to
the solvation structures in the electrolyte (Fig. 2b) [10]. In

- e

traditional dilute aqueous electrolytes, Li* is primarily
coordinated by water molecules, and the system contains
a large amount of free water, which is highly reactive at the
electrode surface and readily participates in reduction
reactions, leading to intense hydrogen evolution.
Meanwhile, because anions have difficulty entering the
first solvation shell of Li*, a stable inorganic-rich
interfacial protective layer cannot form on the electrode
surface, making water decomposition and interfacial side
reactions more likely to persist. Fig. 2c illustrates
interfacial side reactions on the electrode surface in dilute
aqueous electrolytes. Water molecules are reduced at the
anode surface to generate Hz and OH", while an incomplete
passivation layer forms, exposing active sites and
continuously consuming the electrolyte [39]. In contrast,
in high-concentration “water-in-salt” electrolytes, the
significantly increased salt concentration confines water
molecules within limited solvation structures, markedly
reducing the amount of free water. At the same time,
anions (e.g, TFSI') enter the Li* solvation shell and
participate in coordination, forming contact ion pairs or

aggregated structures. This solvation restructuring
effectively reduces water activity and
thermodynamically/kinetically ~ suppresses HER/OER

reactions. More importantly, it promotes preferential
anion decomposition at the electrode surface, forming a
stable, inorganic-rich interfacial film that significantly
enhances interfacial stability and expands the
electrochemical window.

In summary, electrolyte decomposition in aqueous
LFP systems not only directly consumes active material
and electrolyte but also, through gas evolution, pH
fluctuations, and interfacial instability, induces structural
degradation and increased impedance, representing the
fundamental bottleneck limiting cycling stability.
Understanding this coupled degradation network provides
a critical mechanistic basis for developing targeted
stabilization strategies.

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy
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Figure 2 Solvation structures and interfacial behaviors of aqueous electrolytes. (a) Pourbaix diagram of water in aqueous electrolytes at different
pH values, showing potential OER/HER processes. Reproduced with permission from Ref. [36], ©The Author(s) 2023. (b) Evolution of Li*
solvation structures in dilute and water-in-salt electrolytes. Reproduced with permission from Ref. [10], © AAAS. 2015. (c) Illustration of
interfacial side reactions on the electrode surface, showing water reduction to H, and OH™ and formation of inorganic by-products. Reproduced

with permission from Ref. [39], © Wiley-VCH GmbH 2020.

2.2 Material Dissolution and Ion Leaching

In aqueous electrolytes, material dissolution and ion
leaching are also considered important causes of capacity
decay in LFP. Compared with organic systems, LFP
exhibits faster capacity loss in aqueous environments,
which is attributed to the chemical and electrochemical
instability of the material [40].

Studies have shown that the electrochemical stability
of LFP is highly sensitive to the pH of the electrolyte.
Under acidic conditions (pH < 5), the proton-rich
environment facilitates the dissolution of Fe?* via proton-
assisted leaching (LiFePOs+3H* — Li*+Fe?*+H3P04). This
process is thermodynamically favored and accelerates
structural collapse, particularly at grain boundaries or
defect sites. Concurrently, acidic media suppress HER
kinetics at the anode but promote OER and corrosion at
the cathode, further enhancing Fe?* oxidation to Fe3* and
precipitation of insoluble Fe(OH)3 or FePO4 phases on the

neutral conditions (pH % 6-8), Fe dissolution is relatively
minimized due to the near-equilibrium stability of LiFePOa.
However, localized pH shifts caused by OER/HER still
induce micro-scale dissolution-reprecipitation cycles. For
instance, intermittent OER at the cathode generates H*,
creating transient acidic microdomains that dissolve
surface Fe, while adjacent HER zones elevate local OH;,
triggering Fe(OH)2/Fe(OH)3 formation. Such dynamic
fluctuations drive interfacial reconstruction and promote
capacity fade over long-term cycling [42-43]. Under
strongly alkaline conditions (pH>10), high hydroxide
concentration promotes the hydrolysis of P-O bonds on
the LFP surface, causing severe leaching of Li and P
elements and disrupting the structural integrity of the
olivine framework [44]. Dissolved Fe species rapidly form
insoluble hydroxides and oxyhydroxides that deposit on
the electrode surface, covering electrochemically active
sites and aggravating polarization. In addition, dissolved
oxygen exhibits stronger oxidizing ability in alkaline

electrode surface, which leads to heterogeneous media, which further accelerates Fe** oxidation and
passivation layer and increased impedance [41]. In surface structural degradation [16]. Researchers also
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found that high concentrations of OH  and dissolved
oxygen accelerate cycling decay, further confirming the
significant role of chemical corrosion in aqueous systems
during degradation [45]. Fluctuations in pH do not simply
accelerate chemical corrosion. Rather they significantly
alter the ratio of acidic and basic groups on the LFP
surface and deteriorate the rheological properties of the
electrode slurry, finally causing non-uniform polarization
at the microstructural level [46-48].

Regarding specific degradation pathways, Fe?*
leaching is one of the most direct sources of active
material loss in aqueous LFP electrodes. Fig. 3a illustrates
possible particle cracking, loss of electrical contact, and
structural disorder in LFP electrodes during cycling. These
mechanical defects expose new active sites, allowing
water molecules and H*/OH" to penetrate the lattice more
easily, accelerating Fe?*/Fe3* leaching and interfacial side
reactions. Fig. 3b shows the phase composition of LFP
particles after cycling, including FePO, phases, disordered
regions, and residual LiFePO. phases. Part of LiFePO, is
transformed or locally disordered in aqueous
environments, leading to active lithium loss and degraded
electrochemical performance [49]. Unlike non-aqueous
organic electrolytes, where transition metal migration
damages the graphite anode SEI, Fe leaching in aqueous
systems is primarily governed by water molecule
involvement, local pH fluctuations, dissolved oxygen, and
oxygen evolution reactions [50-52]. During charging, LFP
gradually delithiates to form FePO, phases, and the
Fe?*/Fe3* redox reactions on the electrode surface
compete with OER. H* accumulation associated with OER
causes localized acidification at the cathode interface,
exacerbating chemical corrosion on the LFP/FP surface
and promoting the leaching of Fe, Li, and P from the lattice
surface. The leached Fe?* coordinates with water
molecules or anions in the aqueous phase to form
hydrated Fe?* complexes, and under oxygen-rich or high-
potential conditions, Fe?* may further oxidize to Fe3*. Fig.
3c illustrates Li* deintercalation and Fe leaching from the
LFP lattice during cycling. Arrows in the figure indicate
Fe?*/Fe3* dissolving from the lattice surface into the
aqueous phase, potentially forming by-products such as
FeOOH or Fe;03. These by-products may redeposit on the
surface of LFP particles or within electrode pores, forming
an uneven inorganic passivation layer. This deposited
layer both covers active sites, reducing the effective area
for Li* intercalation/deintercalation, and increases
interfacial charge transfer resistance, hindering Li*
transport at the electrode/electrolyte interface, ultimately
causing increased polarization and capacity fade.

Besides transition metal leaching, the complex
aqueous chemical environment also facilitates the
dissolution and intercalation of hetero cations. Zhu et al.
[53] found that in salt lake brine systems, Na* competes
with Li* for intercalation and can become trapped in the
LFP lattice, resulting in irreversible active lithium loss. It is
known that salt lake brine also contains abundant Na*,

| . R—

Mg?*, and other ions [54-55]. To study the competitive
mechanism of impurity ions during electrochemical
lithium extraction, cyclic voltammetry (CV) was employed
to investigate the reversibility of reactions of different
alkali metal ions in LFP electrodes (Fig. 3d) [53]. In
different solution systems, the first-cycle CV curves exhibit
a distinct oxidation peak at 0.2-0.35 V, corresponding to
the initial delithiation of LiFePO4 (LiFePO4 — FePO4 + Li* +
e). During the cathodic scan, reduction peaks are
observed only in NaCl and MgCl; solutions, at
approximately 0.34 V and -0.57 V, respectively, indicating
that Na* and Mg?* can intercalate into the FePO, lattice.
These hetero-cation intercalation events further induce
lattice distortion, block one-dimensional Li* diffusion
channels, and exacerbate irreversible capacity fading
during prolonged cycling. Notably, the severity of
Na*/Mg?* competitive intercalation is highly dependent on
electrolyte composition, and its contribution to
degradation differs drastically between application
scenarios. In salt-lake brine and multi-cation electrolyte
systems, the concentrations of Na* and Mg?* are often
comparable to or even higher than that of Li*, which
greatly increases the probability of impurity ions
occupying vacant sites in delithiated FePO4 and disrupting
subsequent Li* (de)intercalation. Under such conditions,
hetero-cation competitive intercalation acts as one of the
dominant capacity decay mechanisms. In contrast,
conventional aqueous lithium-ion batteries are generally
configured with high-purity lithium salt electrolytes, such
as LizS04, LiNO3 or LiTFSI, where Na* and Mg?* are either
absent or present only at trace ppm levels. Accordingly,
hetero-cation intercalation is not a universal or dominant
degradation pathway in conventional aqueous LFP
batteries over short cycling periods. Nevertheless, it can
become a non-negligible chronic degradation factor
during ultra-long cycling, as trace impurity ions gradually
accumulate in the lattice over repeated cycles. This effect
becomes more pronounced in mixed-salt, seawater-
derived, recycled or low-purity electrolytes, highlighting
the importance of controlling and reporting impurity ion
concentrations when evaluating the cycling stability of
aqueous LFP electrodes.

In summary, material dissolution and ion leaching
drive LFP capacity decay in aqueous electrolytes through
two interrelated pathways. First, pH fluctuations,
dissolved oxygen and OER-induced local acidification
promote Fe, Li and P leaching from the lattice, and the
subsequent redeposition of insulating by-products
reduces electrochemically active sites and increases
interfacial charge transfer resistance. Second, competitive
intercalation of hetero-cations such as Na* and Mg?
triggers lattice distortion and blocks one-dimensional Li*
diffusion channels, resulting in irreversible active lithium
loss. These coupled degradation processes collectively
exacerbate cycling fading, and they serve as key targets for
the stabilization strategies presented later in this review.

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy
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2.3 Lattice Structure Degradation and Phase
Transition

Lattice structure degradation and phase transition
evolution are another key factor contributing to
performance decay in aqueous LFP. Although LFP
possesses a stable olivine structure, its charge-discharge
process essentially involves a two-phase transition
reaction between LiFePO4 and FePO4 [56]. During the
transformation from FePO, to LiFePOs the system
undergo different phase transition pathways, including the
ideal homogeneous solid solution mechanism and the
more realistic phase boundary migration mechanism (Fig.
3e) [57]. Due to lattice mismatch, the system tends to
complete the transformation via phase boundary
propagation,  during  which  significant  stress
concentrations and structural discontinuities occur at the
interface [58]. Fig. 3f reveals the defect distribution and
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energy changes corresponding to Li content evolution
along different crystallographic orientations, indicating
that the phase transition is not uniform but exhibits
pronounced spatial heterogeneity, with local regions
prone to defect accumulation and stress concentration
[59]. This anisotropic strain accumulates over cycling,
ultimately inducing microcracks or even structural
fracture within the particles. Compared to non-aqueous
systems where nano-structuring or carbon coating could
effectively mitigate stress concentration, in aqueous
environments, the mechanical stress couples with
chemical corrosion by water molecules. On the one hand,
water and its decomposition products readily penetrate
along defects and phase interfaces, accelerating lattice
damage. On the other hand, persistent phase transition

stress promotes defect propagation and interfacial
instability, significantly accelerating structural
degradation [32].
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Figure 3 lon competitive intercalation and surface dissolution-reconstruction mechanisms of LFP/FP electrodes in aqueous environments. (a)
Schematic of particle cracking, loss of electrical contact, and structural disorder during cycling. (b) Schematic of phase composition of LFP
particles after depletion, including FePO4 phase, disordered regions, and residual LiFePOs phase. (c) Schematic of Li* deintercalation and Fe
leaching from the LFP lattice during cycling. Reproduced with permission from Ref. [49], © Wiley-VCH GmbH 2024. (d) CV curves showing
competitive intercalation of Na*/Mg?*. Reproduced with permission from Ref. [53], © Elsevier B.V. 2025. (e) Schematic of solid-solution and
phase-boundary models. Reproduced with permission from Ref.[57], © AAAS. 2014. (f) Simulated Li* distribution/defect evolution. Reproduced

with permission from Ref. [59], © Trans Tech Publications Inc. 2008.
At high-potential delithiation states, the FePO4 phase
structure becomes more fragile and more sensitive to the
aqueous environment [60]. Zhang et al. [61] found that in
aqueous electrolytes, cycled LFP electrodes exhibit
formation of iron-containing secondary phases. These
secondary phases originate from Fe3* hydrolysis and
redeposition in aqueous environments, indicating that

FePO. undergoes partially irreversible transformation at
high potentials. The formation of secondary phases not
only consumes active material, but also hinders Li*
diffusion, increases interfacial impedance, and induces
further polarization.

In complex aqueous chemical systems (containing
Na*, Mg#, and other impurity ions), competitive

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy
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intercalation of cations alters local lattice charge balance,
inducing additional stress concentrations and structural
distortions [53;62]. This ion exchange or site-occupancy
behavior couples with dissolution-redeposition processes,
further amplifying stress accumulation and active material
deactivation.

In summary, structural degradation of aqueous LFP is
not simply mechanical failure. Rather, cycling stress-
induced defect formation further amplifies coupled
aqueous interfacial corrosion, elemental leaching, and by-
product deposition. Cracks and grain boundary defects
increase the contact area and reactive sites between active
material and aqueous electrolyte, while dissolved oxygen
and side reactions in the aqueous environment exacerbate
surface hydrolysis, Fe/P leaching, and local amorphization,
ultimately leading to loss of structural integrity and
capacity fading.

2.4 Interfacial Side Reactions and Passivation-Layer
Evolution

In addition to lattice structure degradation, interfacial side
reactions at the LFP electrode surface are also important
contributors to performance decay. Cracks, grain
boundary defects, and freshly exposed surfaces induced
by lattice degradation increase the likelihood of interfacial
reactions between LFP/FP and aqueous electrolytes,
thereby exacerbating deposition of surface by-products
and the unstable evolution of passivation layers. Next, we
discuss in detail how these side reactions occur at the
electrode surface.

At the cathode interface, oxygen evolution reaction,
transition metal dissolution and anion decomposition
occur simultaneously, representing key factors limiting
cycling stability. At high operating potentials, OER-derived
gas accumulates at the electrode surface, inducing
microcracks in the passivation layer and exposing fresh
active material to the electrolyte, which causes continuous
electrochemical degradation [63]. The adsorption and
rearrangement of interfacial water molecules, regulated
by surface active sites and ionic environment, further
modulate water oxidation Kinetics and the intensity of
side reactions [64]. At anodic potential, OER products
react with dissolved Fe ions to form a mixed passivation
layer. This amorphous or poorly crystalline structure
increases interfacial resistance and reduces Coulombic
efficiency [65]. Importantly, the passivation layer is not a
static film. The initial solid layer provides temporary
protection, but repeated potential cycling and persistent
water penetration drive continuous breakdown and
reformation, sustaining long-term interfacial instability
[66]. Heterocations such as Na* and Mg?* further
complicate interfacial chemistry. These impurity ions
participate in interfacial reactions, act as local catalysts or
form non-ideal layered phases, which aggravate interfacial
hysteresis and accelerate degradation [67].

In summary, the interfacial layer in aqueous LFP
systems is not a passive reaction product but a

| ————.

continuously evolving chemical system. Its composition,
thickness and stability evolve with cycling, jointly
governing ion transport and polarization behavior.
Clarifying these dynamic interfacial mechanisms provides
a critical basis for developing targeted stabilization
strategies.

2.5 Coupling Mechanisms of Multiple Degradation
Processes

The aforementioned degradation pathways do not operate
independently. Instead, they interact synergistically
through positive feedback loops, collectively accelerating
structural deterioration and capacity fade of aqueous LFP
electrodes. Three dominant coupling mechanisms govern
the overall degradation process.

First, lattice hydration and transition metal
dissolution form a self-amplifying cyclic coupling. Water
molecules penetrating the olivine lattice weaken Fe-0
bonding in FeOs octahedra and reduce the activation
energy for Fe?"/Fe3* leaching, exacerbating transition
metal dissolution. The dissolved iron species further
catalyze interfacial water decomposition and promote the
formation of loose, porous iron-based passivation layers,
which fail to block further water infiltration into the bulk
lattice. This failure loop of water penetration, Fe
dissolution and passivation layer continuously expands
the active degradation interface and accelerates bulk
structural degradation of the active material.

Second, impurity-cation intercalation couples with
interfacial side reactions and structural degradation.
Trapped Na*/Mg?* induce permanent lattice distortion
and generate abundant structural defects at particle
surfaces and grain boundaries. These defect sites act as
preferential reactive sites for Fe dissolution and water
decomposition, accelerating the growth of heterogeneous
and cracked passivation layers. In turn, the defective
passivation layer cannot effectively screen hetero-cations,
increasing the probability of impurity ion intercalation
and further aggravating lattice channel blockage. This
mutual promotion between lattice structural damage and
interfacial deterioration accounts for the rapid capacity
fade observed in multi-cation brine systems.

Third, proton intercalation couples with lattice
hydration and local acidification. Protons inserted into the
olivine framework react with lattice oxygen to form
hydroxyl groups, causing localized acidification inside
particles that further promotes Fe leaching and surface
structural amorphization. Meanwhile, proton-induced
lattice contraction generates microcracks in particle bulks,
which provide additional diffusion channels for water
penetration and intensify lattice hydration. The synergistic
effect of proton insertion and water uptake jointly
accelerates the collapse of the olivine crystal framework
during long-term cycling.

Clarifying these coupled degradation loops provides a
theoretical basis for targeted decoupling strategies. For
instance, constructing a dense and ion-selective interfacial
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layer can simultaneously block water penetration,
suppress impurity cation intercalation, and reduce
transition metal dissolution, thereby breaking the positive
feedback of multiple degradation processes.

2.6 Experimental Discrimination of Intercalation and
Hydration

Experimentally, proton intercalation, hydration, and
impurity-cation intercalation could be distinguished via
combined electrochemical characterization, elemental
quantification, structural diffraction, and spectroscopic
fingerprinting [68-69].

Electrochemical tests could serve as a rapid non-
destructive pre-screening approach. Cyclic voltammetry
directly identifies impurity-cation intercalation. Na* and
Mg?* insertion generates distinct extra redox peaks at
potentials separate from the intrinsic LiFePOs/FePO4
couple [53]. In contrast, proton intercalation manifests as
a broad, highly polarized redox tail below the main lithium
intercalation plateau. Lattice hydration produces no

additional faradaic peaks, only elevated parasitic
background  currents from  accelerated  water
decomposition. Electrochemical quartz crystal

microbalance (EQCM) further differentiates them by mass
response. Hydration induces continuous large mass gain
from trapped water molecules in the lattice. Impurity-
cation insertion produces stepwise mass increments
proportional to the molar mass of trapped hetero-ions,
and proton intercalation causes negligible net mass
change due to the extremely low mass of H* [15].

Ex-situ elemental and thermal analysis enable
quantitative differentiation of the three processes.
Inductively coupled plasma optical emission spectrometry
(ICP-OES) performed on fully washed cycled electrodes
directly quantifies lattice-trapped Na* and Mg?".
Concentrations significantly higher than the pristine
baseline confirm the occurrence of impurity-cation
intercalation. Thermogravimetric analysis (TGA) coupled
with solid-state 'H nuclear magnetic resonance (NMR)
distinguishes hydration from proton intercalation. Lattice
hydration shows prominent mass loss at 100-250 °C,
which corresponds to the release of crystalline water.
Proton intercalation exhibits minimal low-temperature
mass loss but features characteristic sharp proton peaks
in NMR spectra, corresponding to the formation of
protonated HFePO4 phases [19].

Moreover, structural diffraction and spectroscopic
techniques provide direct structural evidence at the
atomic scale. In-situ or ex-situ X-ray diffraction (XRD)

-

differentiates the three processes by their distinct lattice
evolution behaviors. Hydration induces uniform and fully
reversible lattice expansion that recovers completely after
high-temperature dehydration. Proton intercalation leads
to reversible unit-cell contraction along the b-axis
accompanied by characteristic HFePO4 secondary phase
diffraction peaks. Impurity-cation intercalation causes
permanent, irreversible peak shifts, due to trapped
hetero-ions blocking the one-dimensional diffusion
channels [70]. Complementary X-ray photoelectron
spectroscopy (XPS) depth profiling and Fourier-transform
infrared spectroscopy (FTIR) further verify the
distribution and chemical state of the relevant species.
Hydration shows strong O-H vibrational bands and
surface-enriched hydroxyl groups. Proton intercalation
features distorted P-O-H bonding signals, and impurity-
cation intercalation presents uniform Na/Mg elemental
distribution across particle cross-sections, which
distinguishes  lattice  incorporation from surface
precipitate contaminants.

This multi-technique combinatorial approach enables
both qualitative identification and quantitative evaluation
of the three degradation processes, providing a
standardized analytical workflow for mechanistic studies
of aqueous LiFePO4 batteries.

3 Stabilization Strategies for Aqueous LFP
Batteries

The preceding sections have systematically elaborated the
multi-dimensional degradation mechanisms of LFP in
aqueous electrolytes, including electrolyte decomposition,
transition metal dissolution, lattice structural degradation
and interfacial side reactions. These coupled failure
pathways can be mitigated through targeted stabilization
strategies covering intrinsic material regulation, interface
engineering and electrolyte system optimization [69;71].
Fig. 4 summarizes the core modification approaches and
their synergistic effects. Elemental doping enhances the
thermodynamic stability of the crystal lattice. Surface
coating suppresses aqueous chemical corrosion and
improves electronic conductivity, and morphological
regulation optimizes mechanical stability and ion
diffusion Kkinetics particularly under high-rate cycling.
Meanwhile, electrolyte optimization and cathode
prelithiation fundamentally reduce active lithium loss and
widen the electrochemical stability window to ensure
long-term durability [72]. The following sections discuss
each strategy and its corresponding stabilization
mechanism in detail.
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3.1 Elemental Doping

As previously discussed, capacity decay of aqueous
LiFePO, is primarily associated with Fe leaching, lattice
distortion, phase transition stress, and water-induced
interfacial side reactions. Elemental doping can regulate
the local coordination environment, defect chemistry, and
electronic structure of LiFePOs [73]. By enhancing
intrinsic electronic conductivity and Li* diffusion kinetics
[74], doping serves as an important material-design
strategy for mitigating bulk structural degradation.

It should be noted that most studies on LFP doping
modifications are based on non-aqueous lithium-ion
batteries or half-cell tests, primarily demonstrating the
effects of doping on intrinsic conductivity, Li* diffusion
barriers and lattice parameters [75], which cannot be
directly equated with corrosion resistance or Fe leaching
suppression in aqueous electrolytes [76]. Therefore, in
this work, elemental doping is regarded as an indirect
strategy for bulk stabilization and transport Kkinetics
optimization, and its actual contribution to the stability of
aqueous LFP requires further validation through cycling
performance, Fe/P/Li leaching, interfacial by-products,
and impedance evolution in aqueous electrolytes.

3.1.1 Li-Site Doping

Introducing small-radius metal ions (e.g., Zr, Cr, Nb, Mg, Na,
Ti, Al) into Li sites is a widely adopted strategy to address
the low intrinsic electronic conductivity and sluggish Li*
diffusion of LiFePO4 [77]. Its performance enhancement
relies on two core pathways: improved -electronic
conductivity and accelerated Li* transport.

The incorporation of multivalent or high-valence
dopants generates cationic defects and raises the
concentration of mixed Fe?"/Fe3* wvalence states,
converting the intrinsic semiconductor into a p-type
semiconductor. Chung et al. [74] found that this effect
boosts the electronic conductivity of LiFePOs by

approximately 8 orders of magnitude to 102 S cm™.
Dopants with distinct electronegativity and valence also
tune the Fe?"/Fe3* redox energy level and shift the
delithiation potential (Fig. 5a), enabling voltage
optimization [78]. Besides, moderate Li-site doping
induces mild lattice distortion, creates additional Li
vacancies, and widens the one-dimensional diffusion
channels along the [010] direction. Local structural
regulation lowers the migration barrier and optimizes
transport kinetics within the olivine framework of PO.
tetrahedra and FeOs octahedra (Fig. 5b) [79].
Electrochemically, optimized doping reduces charge-
transfer resistance and alleviates polarization (Fig. 5c)
[80]. These benefits arise from the synergistic regulation
of defect chemistry, local structure and transport kinetics,
rather than a mere conductivity [81-82].

Nevertheless, the one-dimensional diffusion feature
imposes strict constraints on dopant site and
concentration. Kinetics improvement only occurs when
foreign ions stably occupy lattice sites and maintain [010]
channel continuity. Dopants segregated at grain
boundaries, surfaces or interstitial sites tend to block
diffusion pathways and aggravate local polarization, which
remains a long-standing debate in doping engineering
[83-84].

Notably, most Li-site doping studies are performed in
non-aqueous systems and focus on electronic/ionic
transport and rate capability. Whether this strategy can
suppress Fe/P leaching and water-induced interfacial side
reactions in aqueous LFP still requires dedicated
validation via aqueous cycling tests and dissolution
characterization. Overall, lattice-substituted Li-site doping
delivers net benefits but demands precise process control.
Future work should leverage first-principles calculations
to pre-screen dopant species, occupancy and optimal
doping levels, and combine systematic structural
characterization to avoid channel blockage.
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3.1.2 Fe-Site Doping

Introducing metal ions (e.g., Mg, Mo, Co, V, Mn, Ni, Zn) at
Fe sites in LFP is an important strategy for tuning the local
structure and electrochemical properties [85-86]. Unlike
Li-site doping, which mainly modulates Li* vacancies and
diffusion channels [87], Fe-site doping directly affects the
FeOs octahedra and Fe?*/Fe3* redox centers [88], thereby
influencing the local coordination environment, Li/Fe
antisite defects, continuity of Li* diffusion channels, and
delithiation potential. Substitution of Fe by transition
metals M forms a TM-LFP structure, altering the local FeO¢
octahedral environment and surrounding electronic
structure (Fig. 5d) [78], providing a structural basis for
subsequent defect control, lattice distortion, and transport
optimization. Appropriate Fe-site doping can maintain
continuity of one-dimensional Li* diffusion channels by
weakening local Li-O interactions, adjusting lattice volume,
and suppressing Li/Fe antisite defects.

Fe-site doping exerts a dual effect on Li* transport
(Fig. 5e) [89]. When dopants stably occupy Fe sites and
induce moderate lattice adjustment, diffusion channels
remain open and unobstructed. In contrast, unstable
occupancy, excessive local distortion, or elevated antisite
defect density may cause crossed diffusion pathways,
channel blockage, or partial Li* trapping. Hence, the core
of Fe-site doping lies in precise control of dopant
occupancy, concentration, and impact on channel
continuity.

Representative dopants deliver distinct functions
based on their valence state, ionic radius, and electronic
effects. Goonetilleke et al. [90] confirm that Mg?
preferentially and stably occupies Fe sites, suppressing
antisite defects while inducing favorable lattice distortion
to improve performance without hindering Li*
deintercalation. Multivalent dopants such as Mo and V
introduce adequate Li* vacancies while maintaining
olivine stability, with V doping notably enhancing rate
performance [91-92]. Co-doping with Ni and Mn optimizes
the local coordination and reduces charge-transfer
resistance, while trace Ti or Mn doping accelerates
reaction kinetics and introduces additional redox activity
to boost capacity and operating voltage [93-94].
Fundamentally, these improvements stem from the
synergistic regulation of FeO¢ coordination and Li*
channel optimization.

Fe-site doping is highly sensitive to dopant
concentration, and excessive doping inevitably causes
adverse effects. Unstable occupancy, high formation
energy could not only fail to optimize diffusion channels
but also induce channel blockage, local structural
distortion, and additional antisite defects. For instance,
elevated Mn doping triggers severe Jahn-Teller distortion
from high-spin Mn?¥, twisting the cathode framework and
generating new Li-Fe antisite defects that impede Li*
diffusion and charge transfer [95]. Moreover, dissolution
of transition metal ions such as Mn?* during cycling
destabilizes the cathode structure and accelerates

l 10

capacity fade, with limited
temperatures [96].

For aqueous LFP systems, the evaluation of Fe-site
doping must be extended to aqueous chemical stability.
The reduced impedance and accelerated Li* diffusion
reflect optimized bulk and interfacial transport kinetics
(Fig. 5f), but do not directly confirm improved corrosion
resistance in aqueous electrolytes [96]. Meanwhile,
parameters such as bandgap, formation energy, elastic
properties, and delithiation voltage must be compatible
with the aqueous electrolyte stability window. Excessively
elevated operating potential may trigger the leaching of
dopant metals under local acidification, dissolved oxygen,
and OER by-products may introduce new active material
loss. Therefore, the actual stabilizing effect of Fe-site
doping in aqueous LFP requires further validation via ICP
leaching analysis, post-cycling XPS/TEM characterization,
and long-term aqueous cycling tests.

In summary, Fe-site doping combines structural
stabilization and Kkinetic optimization potential but
exhibits an obvious dual-sided effect. Moderate isovalent
Mg?* doping suppresses antisite defects and stabilizes the
Fe-site lattice, and multivalent dopants such as V5*
enhance electronic and ionic transport via defect
chemistry regulation. Excessive doping or unstable
occupancy causes lattice distortion, Li* channel blockage,
and even metal dissolution. For aqueous LFP, Fe-site
doping serves as an auxiliary strategy for bulk structural
stabilization and transport kinetics optimization, while its
practical efficacy needs to be evaluated in synergy with
surface coating and electrolyte regulation.

3.1.3 Anion Doping

Besides cation doping, anion substitution at O or P sites
serves as another key strategy to tailor the electronic
structure, local coordination and Li* diffusion kinetics of
LiFePOs4 [97-99]. Unlike Li/Fe-site cation doping that
modulates cation sublattices, anion doping directly
perturbs PO, tetrahedra and adjacent Li-O bonding, tuning
Li* migration by altering O-site charge distribution and
modifying lattice parameters [100-102]. As depicted in Fig.
5g [103], O-site substitution with Cl,, F- and S* reshapes
the local coordination framework, providing a structural
basis for reduced Li* migration barriers and optimized
diffusion pathways.

Halogen doping at O sites delivers the most notable
improvement in Li* transport. Wang et al. [103] found that
the Li* migration barrier of pristine LiFePO4 is ~0.572 eV,
which decreases to 0.209 eV and 0.283 eV for ClI" and F
doped samples, respectively. Cl doping achieves the largest
barrier reduction by widening Li* diffusion channels via
local lattice expansion from its larger ionic radius,
whereas F doping mainly regulates the POs framework
electron cloud through its high electronegativity. For
larger S* anions, O-site substitution induces moderate
lattice expansion and modulates the spatial environment
around Li* channels, lowering the migration barrier to
0.488 eV (Fig. 5h). Beyond bulk O-site substitution, N

improvement at low
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doping functions as a surface-specific regulation strategy
targeting the LiFePO4 (010) active facets. As illustrated in
Fig. 6a, N doping reconstructs surface Li* migration
pathways and local Li-O/N coordination, optimizing Li-Li
distances and diffusion channels along specific directions.
This allows N doping to modulate the electronic structure,
reduce Li* cross-interface migration resistance, yielding
synergistically enhanced electronic and ionic conductivity
[104].

For P-site doping (e.g., boron), moderate addition
refines particle size, mitigates agglomeration and
improves charge transport, but is constrained by a strict
concentration threshold. Excessive B doping may induce
oxygen vacancies and local structural disorder, leading to
active lithium loss and degraded electrochemical
performance. Hence, P-site doping should prioritize low
dosage, controlled site occupancy and defect suppression
rather than pursuing high doping levels [105-106].

3.1.4 Summary of Elemental Doping Strategies

. 11

Overall, current evidence for anion doping is largely
derived from structural models and migration barrier
calculations, demonstrating improved Li* transport
kinetics via O-site coordination tuning, POs electronic
structure modification and (010) surface diffusion
optimization. For aqueous LiFePOs, such bulk and surface
kinetic optimization theoretically alleviates polarization
and local stress, yet does not directly confirm suppression
of water-induced corrosion, Fe/P leaching or OER-related
interfacial side reactions. Therefore, anion doping should
be regarded as an auxiliary strategy for electronic
structure and Li* transport regulation, and its aqueous
stabilization effect still requires validation via long-term
cycling tests, ICP leaching analysis, post-cycling XPS/TEM
characterization and EIS monitoring. Table 1 summarizes
the significant effects of elemental doping on LiFePO4
performance, which provides researchers with a
systematic guide for selecting dopant elements and
processes, aiding in further optimization of battery design.
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Figure 5 Regulatory mechanisms of doping on LiFePO, crystal structure (a) Effects of various 3d, 4d, and 5d transition metal dopants on LiFePO4
delithiation voltage. Reproduced with permission from Ref. [78], © OAE Publishing Inc. 2022. (b) Schematic of olivine LiFePO, crystal structure,
showing PO, tetrahedra, FeOs octahedra, and Li* one-dimensional diffusion channels. Reproduced with permission from Ref. [79], © American
Chemical Society 2005. (c) EIS of LiFePO4 with varying Na doping levels. Reproduced with permission from Ref. [80], © Elsevier B.V. 2021. (d)
Schematic of structural evolution of TM-LFP formed by substitution of Fe with transition metals. Reproduced with permission from Ref. [78], ©
OAE Publishing Inc. 2022. (e) Schematic illustrating the impact of Fe-site doping on continuity of Li* one-dimensional diffusion channels.
Reproduced with permission from Ref. [89], © Elsevier B.V. 2025. (f) EIS analysis of typical Fe-site doped samples. Reproduced with permission
from Ref. [96], © Springer Berlin Heidelberg 2024.(g) Crystal structure models of pristine LiFePO4, Cl-doped, F-doped, and S-doped LiFePOs. (h)
Comparison of Li* migration barriers in pristine, Cl-, F-, and S-doped LiFePO4. Reproduced with permission from Ref. [103]. © Wiley-VCH GmbH
2024.

Table 1 Overview of the Electrochemical Performance of Elementally Doped LiFePO, in non-aqueous electrolytes

. . . . Electrochemical Performance
Dopant Element Doping Site Optimal Doping Amount . . .
(Initial Capacity and Cycling Performance)
Na [80] Li Liog9Nao.01FePO4 80.9 mAh g1, 86.7% (10 C,500 cycles)
Nb [81] Li LioosNbo.o1FePO4 96.7 mAh g1, 96% (10 C,200 cycles)
Mo [91] Fe LiFeo.9sM00.02P04 141.5mAh g, 98% (0.1 C, 100 cycles)
V[92] Fe (or P) LiFeo.05Vo0.0sPO4 119 mAh g, 98% (1500 mA g%, 100 cycles)
Mn [93] Fe LiFeo.77Mno.23P04 80.9 mAh g1, 84% (1 C,100 cycles)
Ti [94] Fe LiFeo.98Ti0.02P04 160 mAh g, 98% (0.2 C, 50 cycles)
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F[101] 0 LiFePO3gsFo.15 115.7 mAh g, 92.8% (30 C, 50 cycles)
S[107] (0] LiFeP0378S0.22 112.7 mAh g?,98% (0.2 C, 50 cycles)
Cl[108] 0 LiFeP03.98Clo.02 105.3mAh g, 91.5% (10 C, 500 cycles)

3.2 Surface Coating

The degradation of aqueous LiFePOs systems mainly
originates from interfacial instability, including corrosion
induced by water molecules, continuous electrolyte
decomposition, and dynamic rupture of interfacial layers.
Therefore, the core goal of surface coating is to construct
an artificial interfacial layer that suppresses side reactions
while ensuring efficient Li* transport. Unlike in
nonaqueous systems, where coatings primarily enhance
conductivity, in aqueous environments the primary role of
the coating layer is to serve as a chemically stable barrier
that prevents direct contact between water molecules and
the active material. Simultaneously, this interfacial layer
must possess good ionic conductivity and mechanical
stability to accommodate volume changes during cycling
[109].

3.2.1 Carbon Coating

Carbon coating is the most fundamental and cost-effective
strategy owing to its wide availability and excellent
electronic conductivity. In-situ carbon coating during high-
temperature synthesis acts as a reducing agent to prevent
Fe?* oxidation, suppresses particle agglomeration, and
constructs an inter-particle electronic conductive network
[110-112]. For process optimization, studies show that
sucrose-derived amorphous carbon with a precisely
controlled mass fraction of ~9% (heat-treated at 600 °C)
forms a continuous conductive network and serves as a
physical barrier, reducing direct contact between the
aqueous electrolyte and the LFP surface [113-114].
Advanced hot-pressed carbon fiber coating further
improves electrode mechanical toughness, preserving
coating integrity and preventing interfacial delamination
[115]. As shown in Fig. 6b, scanning electron microscopy
(SEM) and energy dispersive spectroscopy (EDS) mapping
confirm that the carbon layer forms a continuous or semi-
continuous conductive film on LFP particles, improves
inter-particle contact and lowers electronic transport
resistance [116]. Overall, carbon coating primarily
functions as electronic conductive network construction
and interfacial contact improvement, rather than complete
isolation from aqueous corrosion.

Heteroatom doping (e.g, N, F) further increases
conductive active sites in the carbon layer and shortens
the Li* diffusion path. Wang et al. [117] synthesized N-
doped carbon-coated composites using polybenzoxazine,
which delivered an initial discharge capacity of 150 mAh
g! at 2 C with 98.2% capacity retention after 150 cycles.
With an F-doped carbon 3D conductive network, LiFePO4
maintained 95.4% of its initial capacity after 1000 cycles
at10 C[118].

Novel highly conductive carbon  materials,
represented by graphene and carbon nanotubes, further
push the rate performance limit. As illustrated in Fig. 6¢, a
graphite intercalation-assisted strategy embeds FeCl3
between graphite layers, and forms a LiFePO./graphite
composite via solvothermal reaction and annealing [119].
The graphite framework provides long-range electron
transport pathways and uniformly disperses LFP particles,
enabling 107 mAh g! at an ultra-high rate of 60 C and
95% capacity retention after 2000 cycles. Wang et al. [120]
reported N-doped graphene-coated thin LFP nanosheets
with exposed (010) active facets (Brunauer-Emmett-Teller
(BET) surface area of 199.3 m? g'), which retained 78
mAh gt at 100 C.

Constructing a multi-dimensional dual-carbon
synergistic conductive network 1is another effective
approach to optimize kinetics under extreme conditions
[121]. Wu et al. [122] combined amorphous carbon with
graphitized carbon nanotubes, and the dual-carbon coated
composite maintained 59% capacity after 100 cycles at an
extreme rate of 120 C. Fan et al. [123] prepared porous
nano-LiFePO,@C microspheres, which exhibited an
excellent low-temperature discharge capacity of 117 mAh
gl at -20 °C. These results demonstrate the great
potential of multi-dimensional carbon composites and
heteroatom doping in boosting the overall electrochemical
performance of LFP.

Table 2 summarizes different carbon coating
approaches, comparing carbon sources, coating methods,
key preparation features and corresponding
electrochemical performance. Notably, most of the high-
rate and low-temperature performance data are obtained
from non-aqueous lithium-ion battery systems, which
mainly verify the enhancement of electronic conduction
and reaction Kinetics. Its corrosion resistance in aqueous
LFP still requires validation via Fe/P/Li leaching
measurements, post-cycling XPS/TEM characterization
and impedance evolution analysis.

In summary, carbon coating plays a critical role in
improving conductivity and mitigating water-induced
corrosion, thus enhancing the rate capability and cycling
stability of aqueous LFP batteries. However, it has
limitations in accelerating Li* diffusion and enhancing
structural stability, which cannot fully address the
chemical stress and interfacial degradation induced by
aqueous electrolyte decomposition. Single carbon coating
is therefore insufficient to overcome all degradation
pathways, and integration with inorganic compound
coatings and ion-conductive coatings is necessary to
achieve synergistic performance enhancement, as
discussed in the following sections.
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Schematic of graphite intercalation-assisted preparation of LiFePOs/graphite composite Reproduced with permission from Ref. [119], ©

American Chemical Society 2021.

Table 2 Comparison of Structural Features and Electrochemical Performance of LiFePO, Coated with Various Carbon Sources

Carbon Source Coating Method

Initial/ Rate Cycling Performance

Polybenzoxazine [117]

Graphene [124] Graphene coating
Graphene [120]

Carbon Nanotubes [122]

Porous Carbon Microspheres [123]

N-Doped Carbon Coating

N-Doped Graphene Aerogel Coating
Amorphous Carbon + CNT Dual-Carbon

Porous Nano LiFePO,@C Microspheres

150 mAhgtat2C 98.2%, 150 cycles, 2 C

70 mAh g'at 60 C 85%, 1000 cycles, 10 C

78 mAh g'at100C 89%,1000 cycles, 10 C

120 mAh g1 0.1 C,-25°C 59%, 100 cycles, 120 C

117 mAhg?,1C,-20°C .

3.2.2 Inorganic Compound Coating
In addition to carbon coating, introducing inorganic
compounds with good chemical stability and low cost (e.g.,
Sn0; [125], MoO; [126], WO, [127], and TiN ) for surface
modification is another key strategy to enhance the
electronic conductivity, tap density, and structural stability
of LiFePO4. Such coating layers can stabilize the interface
without compromising the olivine-type LiFePO4
framework, and greatly enhance ion and electron
transport kinetics [65]. Liu et al. [126] found that co-
coating with 5 wt% MoO2 and carbon increased the
apparent Li* diffusion coefficient by an order of magnitude
compared to the unmodified sample, reaching 1.0x101°
cm? s1. Highly conductive inorganic coatings also exhibit
significant capacity enhancement potential. Zhang et al
[128] reported that coating with 10% nano-TiN allowed
the material to achieve 159 mAh g at 0.1 C, and 40 mAh
glat5 C high rate.

In aqueous batteries, the focus is on corrosion

resistance. Inorganic protective layers such as AlFz act as
stable surface barriers, reducing direct contact between
LFP and aqueous electrolytes. Studies have shown that
constructing a 1 wt% AlF3 coating on LFP particles via
chemical precipitation improves cycling stability in 1 M
Li2SO4+ aqueous electrolyte, with 100-cycle capacity
retention increasing from ~82% to over 93%. This
indicates that the key role of inorganic coatings in aqueous
systems is not HF resistance, but to suppress surface side
reactions induced by water molecules/H*, Fe dissolution,
and inorganic by-product deposition [43]. Fig. 7a-7b
further illustrate the dual role of AlF3 inorganic coatings in
aqueous LiFePOs [65]. Fig. 7a shows that bare LiFePO4
particles suffer from limited electronic conduction and Li*
diffusion due to insufficient interfacial contact or surface
insulating layer formation, whereas uniform AlF3 coating
improves inter-particle contact and reduces transport
resistance. Fig. 7b shows that the AlF3 coating isolates the
LFP surface from direct contact with water molecules,
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H*/OH, and dissolved oxygen, thereby mitigating surface
corrosion and side reactions. Thus, it is evident that the
primary role of inorganic compound coatings in aqueous
systems is not the HF corrosion resistance, which is
commonly emphasized in non-aqueous systems, but

rather the suppression of water-induced surface
hydrolysis, Fe/P leaching, and inorganic by-product
deposition.

3.2.3 Ion-Conductive Coating

Traditional carbon or metal oxide coatings primarily
enhance the electronic conductivity of LiFePO. and inter-
particle  conductive networks. However, charge
compensation during cycling relies on both electron
transport and rapid Li* migration across the particle
surface, coating layer and electrolyte. A coating that only
improves electronic conduction without continuous Li*
transport pathways still restricts interfacial ion transport,
raising charge-transfer resistance and degrading rate
performance. Therefore, ion-conductive coatings are
recognized as a critical strategy to simultaneously
optimize interfacial stability and Li* cross-interface
migration.

Among fast ion conductors, LizV2(P0O4)3 with an open
3D framework is the most widely used. Zhong et al. [129]
constructed a composite that improved electronic
conductivity by 3 orders and Li* diffusion coefficient by 1
order, delivering 131.3 mAh g! at 10 C with 95.1%
capacity retention after 200 cycles. Liang et al. [130]
synthesized porous nanosheet composites that reached
161.5 mAh g! at 0.1 C, approaching the theoretical
capacity. Besides Li3V2(POa4)3, nano-LizPO4 and perovskite-
type materials also deliver favorable modification effects.
Zhao et al. [131] applied a hybrid coating of amorphous
carbon and dispersed nano-LisPOs4, boosting the initial
capacity by 30 mAh g! at 5 C relative to the pristine
sample. Shu et al. [132] fabricated a dual-layer coating of
carbon and LaogseLio33TiOs,  which  synergistically
constructed electron- and ion-conductive layers to
enhance transport Kinetics and interfacial stability,
achieving 98.3% capacity retention after 100 cycles at 5 C
and 62.3 mAh g at 30 C. It should be noted that these
dual-layer coating studies were mostly conducted in non-
aqueous LiPF¢ electrolytes. The reported HF corrosion
resistance cannot be directly extrapolated to water
corrosion resistance in aqueous electrolytes.

For aqueous LFP systems, the functional focus of ion-
conductive coatings should shift from HF corrosion
resistance to blocking aqueous electrolyte corrosion while
maintaining selective Li* transport. In recent years,
sodium super ionic conductor (NASICON)-type materials
such as lithium aluminum titanium phosphate (LATP)
have been widely adopted as artificial interphases to build
Li* selective transport barriers. In a 2 M Li»SO4 aqueous
electrolyte, LATP-coated LFP retained over 85% capacity
after 500 cycles, compared with less than 50% for the
uncoated sample, and ICP measurements showed that Fe
leaching was reduced by approximately one order of
magnitude [133]. Amorphous LiTiz(P0O4)3 coatings have
also been proven to effectively suppress electrode-
electrolyte side reactions and form robust protective
interphases for high-voltage aqueous systems. Meanwhile,
innovative spray deposition techniques enable low-cost,

. 15

scalable fabrication of thick, uniform protective layers on
LFP.

Therefore, the core function of ion-conductive
coatings in aqueous LFP is not merely to improve rate
performance, but to construct an artificial interface at the
electrode/aqueous electrolyte interface that provides both
chemical barriers and a Li* selective transport layer. As
shown in Fig. 7c, while a single carbon coating can
improve electronic conductivity, the absence of continuous
Li* transport channels may still result in restricted Li*
migration and increased interfacial polarization [134]. In
contrast, ion-conductor/carbon composite coatings
provide both an electron transport network and Li* cross-
interface migration pathways, alleviating mismatches
between electron and ion transport rates. For aqueous LFP,
such composite coatings should additionally block direct
contact of H20, H*/OH;, dissolved oxygen, and OER by-
products with the LFP/FP surface, thereby suppressing Fe
leaching, surface hydrolysis, and inorganic by-product
deposition.

3.2.4 Summary of Surface Coating Strategies

As summarized in Fig. 7d, the three main coating
strategies have distinct functional priorities. Carbon
coating is mature and low-cost, capable of constructing
long-range electronic conductive networks and reducing
polarization, but it cannot fully block water molecules and
OER/HER by-products from corroding the LFP surface.
Inorganic compound coatings offer favorable chemical
stability and mechanical rigidity to reduce direct contact
between the aqueous electrolyte and active material, but
their intrinsic electronic conductivity is inferior to carbon,
and excessively thick or discontinuous coatings may raise
Li* diffusion resistance. lon-conductive coatings enable
selective Li* transport across the interface but usually
require combination with carbon materials to compensate
for insufficient electronic conduction. In summary, each
single coating strategy has inherent limitations, so future
surface engineering of aqueous LFP should move beyond
single conductive or protective layers, and toward
multifunctional artificial interfaces integrating an electron
conductive layer, water-corrosion-resistant layer and
selective Li* transport layer. Only by simultaneously
suppressing water corrosion, Fe/P leaching and interfacial
by-product deposition while maintaining fast cross-
interface Li* migration can the long-term cycling stability
of aqueous LFP be truly improved.
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3.3 Morphology and Structural Regulation

Surface coatings effectively block water-induced
corrosion and improve interfacial conductivity, but their
effects are confined to particle surfaces. Since the
anisotropic volumetric strain during LFP phase
transition originates from the bulk, interface
modification alone cannot fundamentally suppress the
initiation of particle microcracks. Accordingly,
morphology and structural regulation serve as key
strategies for alleviating mechanical stress and
enhancing structural stability.

Simple nano-structuring shortens Li* and electron
transport paths, reduces polarization and improves rate
performance, but excessive size reduction elevates the
risk of interfacial side reactions [135]. Delacourt et al.
[136] synthesized ~140 nm LFP with a discharge
capacity of 147 mAh g at 5 C. In aqueous systems, 80
nm LFP also reduces charge-transfer resistance by
approximately 30%. Nevertheless, when particle size
drops below 50 nm, the enlarged specific surface area
increases electrolyte contact, significantly accelerating
water adsorption and Fe leaching. Therefore, structural
design has evolved from mere size reduction to
balancing diffusion paths, interfacial reaction area and
stress distribution.

To balance kinetic enhancement and interfacial side
reaction suppression, facet engineering and multilevel
structure design have become core directions for
morphology optimization, mainly including (010) facet
orientation, hollow structures, three-dimensional
oriented porous structures, and hierarchical assembly
[137]. At the facet level, the surface energy and Fe
exposure density of different crystal planes directly
govern water adsorption and side reaction rates [138].
LiFePO4 enriched with low-surface-energy (010) facets
maintains stable Li* diffusion channels and reduces
exposure of highly reactive Fe sites, thus mitigating

ANERS i TEeS

surface hydrolysis and Fe leaching in aqueous
environments[62;139]. At the particle structure level,
three representative architectures deliver distinct
optimization effects. First, hollow structures buffer the
volumetric strain induced by the LiFePO4/FePO4 two-
phase transition via internal cavities. Hollow LiFePO4
features distinct internal cavities, which provide space
for stress release during cycling and shorten Li*
diffusion paths within particles (Fig. 8a) [140].
Corresponding rate performance and cycling results (Fig.
8b-c) indicate that hollow structures maintain high
capacity output and stable capacity retention across
different rates, demonstrating that rational cavity design
supports both kinetic performance and structural
stability [141]. Second, three-dimensional oriented
porous structures with interconnected channels
improve electrolyte infiltration and reduce Li* diffusion
resistance  (Fig. 8d-f) [142]. Compared with
conventional LFP, this architecture achieves higher
capacity, better rate recovery and superior long-term
cycling stability by alleviating electrode polarization.
Third, oriented nanosheets and hierarchical structures
optimize Li* transport directions through facet-oriented
exposure and ordered assembly [141-143]. As shown in
Fig. 8g [144], LiFePO, undergoes nucleation, growth,
oriented  aggregation, further  stacking, and
peeling/curving to form hierarchically structured
architectures with orientation features. Such structures
favor exposure of active facets related to Li* migration
and shorten diffusion distances along specific
crystallographic directions, thereby enhancing rate
performance while mitigating local stress concentration.

Overall, morphology and structural regulation play
important roles in alleviating stress concentration,
suppressing particle cracking, and controlling water
molecule penetration. However, compared to elemental
doping and surface coating, structural regulation
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primarily affects mechanical and transport aspects and
has limited ability to suppress interfacial chemical
reactions and electrolyte decomposition. In addition,
excessive nano-structuring or highly porous structures

may instead exacerbate interfacial side reactions.
Therefore, structural regulation alone cannot
comprehensively address degradation in aqueous

systems and must be synergistically designed with
interface engineering and electrolyte optimization.

(b)

(2)

170

Moreover, particle-level morphology regulation must be
coordinated with electrode-scale ion transport,
particularly under practically relevant active-material
loadings [145]. Future research should focus on
integrated stress regulation and interface protection, for
example, combining hollow or hierarchical structures
with stable coatings to achieve synergistic enhancement
of mechanical and chemical stability.
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Figure 8 Effects of LiFePOs morphology and structural regulation on Li* diffusion pathways, rate performance, and cycling stability. (a) SEM
image of hollow-structured LiFePOs. Reproduced with permission from Ref.[140], © Elsevier Ltd. 2021 (b) Rate performance of hollow-
structured LiFePO, at different rates. (c) Cycling stability of hollow-structured LiFePO, at different rates. Reproduced with permission from Ref.
[141], © Elsevier Ltd. 2015. (d) SEM image of three-dimensional oriented porous LiFePO4. (¢) Comparison of rate performance between three-
dimensional oriented porous LiFePO; and conventional LiFePO.. (f) Long-term cycling performance of three-dimensional oriented porous
LiFePO,. Reproduced with permission from Ref. [142], © Elsevier B.V. 2018. (g) Schematic of the formation mechanism of oriented
nanosheet/hierarchical LiFePO4 structures Reproduced with permission from Ref. [144], © The Author(s) 2013.

3.4 Cathode Lithium Supplementation and
Electrolyte Optimization

The long-term stable operation of aqueous LFP batteries
is mainly constrained by two factors: (1) the
intrinsically narrow thermodynamic stability window of
aqueous electrolytes, which easily triggers OER at high
potential and HER at low potential, causing gas
evolution, pH fluctuations, Fe dissolution, and interfacial
side reactions; (2) irreversible loss of active lithium
during the first and long-term cycles, leading to capacity
fade and reduced Coulombic efficiency. Therefore,
electrolyte optimization should serve as a core strategy
for stabilizing aqueous LFP, aiming to reduce free water
activity, regulate Li* solvation structure, expand the
electrochemical stability window, and suppress
HER/OER. In contrast, cathode lithium supplementation
is primarily used to compensate for initial active lithium

loss. Although this concept can be adopted from non-
aqueous lithium-ion batteries, its chemical compatibility
and side reaction risks in aqueous systems still require
further validation.

Cathode prelithiation through the incorporation of
lithium-rich sacrificial additives into the cathode slurry
has been widely investigated as an effective strategy to
compensate for the initial irreversible capacity loss in
non-aqueous lithium-ion batteries. These additives are
generally oxidized during the first charge, thereby
releasing additional Li* to offset active lithium
consumption at the anode. For example, Diaz-Lopez et al.
[146] reported Li.0:Liz/3sMni1,30s/6 nanocomposites as
cathode prelithiation additives, which increased the
first-cycle charge capacity of LiFePOs4 to 165 mAh gt
with only 2 wt% additive. Similarly, N-Co/N-Liz0
nanocomposites can form Li;O/metal composite
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structures through Li diffusion during thermal
treatment, providing extra lithium during the
subsequent electrochemical activation process (Fig. 9a)
[147]. In addition, LiF/Co composite lithium
supplements can be prepared through the reaction
between CoF; and molten Li, in which metallic Co
improves the electronic conductivity while LiF serves as
the  lithium-containing  phase  with  lithium-
supplementing capability (Fig. 9b) [148].

It should be noted that most of these cathode
prelithiation additives were originally designed for non-
aqueous lithium-ion batteries. Their primary purpose is
to compensate for initial active-lithium loss rather than
to suppress water decomposition or stabilize
electrode/electrolyte interfaces in aqueous systems.
Therefore, when these additives are considered for
aqueous LiFePOs-based batteries, several additional
factors must be carefully evaluated, including their
chemical stability in water, compatibility with
electrolytes, oxidation potential relative to the LiFePOs
operating window, and possible side effects.

Compared with directly transferring water-
sensitive sacrificial additives from non-aqueous
batteries, a more relevant approach in aqueous lithium-
ion batteries is in-situ electrochemical
lithiation/activation of water-stable insertion-type
anodes using a lithiated cathode as the Li* reservoir. A
representative example is the aqueous
LiFePO4//LiTiz(PO4)3 full-cell configuration, in which
LiFePOs provides cyclable Li* and NASICON-type
LiTi2(PO4)3 serves as a low-potential anode capable of
reversible Li* insertion/extraction [149]. Sun et al. [150]
further demonstrated that nanoparticulate
LiTi2(P0O4)3/C could function as a stable anode in
aqueous rechargeable lithium batteries when paired
with LiFePOs in Li2SO4-based electrolyte. In such
systems, the initial charging process electrochemically
activates the LiTi2(PO4)3-based anode without using Li,
stabilized Li powder and highly reactive sacrificial
lithium compounds. This strategy is particularly suitable
for aqueous batteries because both LiFePOs and
LiTi2(PO4)3 are phosphate-based insertion compounds
with relatively high structural stability in near-neutral
aqueous media, and the lithiation process can be
controlled within the electrochemical stability window
of the electrolyte to minimize parasitic OER/HER
reactions. Another aqueous-compatible strategy is to
employ lithium-excess cathodes as internal Li*
reservoirs. For instance, flexible aqueous Li-ion
batteries based on Li1iMn;0s cathodes and carbon-
coated LiTi2(PO4)3 anodes have shown that a lithium-
rich cathode can supply sufficient Li* for reversible
operation of the anode in aqueous electrolytes [151].
Although this strategy is not a conventional approach, it
offers a practical route for compensating lithium
deficiency and enabling stable full-cell operation under
aqueous conditions.

Nevertheless, increasing the active lithium source
via prelithiation alone is insufficient to maintain long-
term stability in aqueous systems. Optimizing the
electrolyte to reduce free water activity, regulate Li*
solvation structure and suppress HER/OER is more

critical to mitigate water decomposition, pH fluctuations
and interfacial side reactions. The most representative
strategy is the “water-in-salt” (WIS) super concentrated
electrolyte. Suo et al. [10] developed a 21 mol kg! WIS
electrolyte, which expanded the electrochemical
stability window from 1.23 V to 3.0 V by drastically
reducing free water activity and restructuring Li*
solvation shells, demonstrating the great potential of
high-concentration salt strategies for high-voltage
aqueous batteries. To further overcome the solubility
limits of a single high-concentration salt and minimize
free water activity, researchers introduced asymmetric
quaternary ammonium salts (e.g, Me3EtNTFSI) to
construct mixed WIS electrolytes. The addition of these
asymmetric ions effectively disrupts the crystallization
equilibrium of the original salt solution, raising the total
salt concentration unprecedentedly to 63 M, greatly
expanding the thermodynamic operational limits of the
aqueous system [152-153].

In terms of solvation structure regulation,
introducing hydrogen-bond acceptors such as dimethyl
sulfoxide (DMSO) can strongly interact with water
molecules, restructure the hydrogen-bond network in
the electrolyte, and reduce the proportion of free water.
As shown in Fig. 9c, when the electrolyte structure shifts
from a high free-water state to a DMSO-coordinated
associated solvation structure, the reduction activity of
water molecules at the electrode surface decreases, and
HER is suppressed. Fig. 9d further illustrates that the
introduction of DMSO alters interactions among cations,
anions, water molecules, and hydrogen-bond acceptors,
preventing abundant high-activity free water molecules
near the interface. Fig. 9e visually compares the high
free-water content in low-DMSO systems with the “no
free water” state in higher DMSO content systems. Thus,
the key mechanism by which DMSO suppresses HER is
not merely diluting water molecules, but enhancing
water stability via hydrogen-bond acceptor interactions
and solvation structure reconstruction, thereby delaying
HER and mitigating interfacial side reactions induced by
pH fluctuations [154].

In addition, functional co-solvents or interfacial
additives can promote the formation of inorganic-rich
protective layers on the electrode surface, reducing
direct contact between water molecules and active
materials and mitigating continuous capacity fade and
impedance growth caused by side reactions. Moreover,
by introducing antifreeze co-solvents such as ethylene
glycol, their hydrogen-bond interactions with water
molecules reduce free water activity and suppress water
decomposition, thereby improving ion transport and
cycling stability of LFP aqueous batteries under low-
temperature conditions [155].

Overall, cathode lithium  supplementation
compensates for active lithium loss during initial and
early cycles via oxidative decomposition of sacrificial
additives, improving initial Coulombic efficiency and
reversible capacity, yet it cannot fundamentally mitigate
sustained capacity decay caused by water
decomposition and interfacial side reactions.
Additionally, their water stability and side reaction risks
in aqueous environments require further systematic
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validation. In contrast, electrolyte optimization acts as
the core strategy for long-term cycling stability. By
reducing free water activity, reconstructing hydrogen-
bond networks and regulating Li* solvation structures, it
directly suppresses HER/OER and the associated pH
fluctuations. Nevertheless, electrolyte optimization
alone cannot address phase transition stress and
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particle cracking. Therefore, future work should
integrate electrolyte engineering with doping, surface
coating and structural regulation to construct a multi-
strategy synergistic system covering active lithium
compensation, free water suppression, artificial
interface stabilization and structural stress buffering.
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Figure 9 Mechanistic illustration of cathode lithium supplementation and electrolyte structure regulation on the stability of aqueous LiFePOs. (a)
Schematic of the formation process of N-Co/N-Li20 nanocomposite lithium supplement. Reproduced with permission from Ref. [147], ©
Springer Nature 2016. (b) Preparation mechanism of LiF/Co nanocomposite lithium supplement. Reproduced with permission from Ref. [148],
© American Chemical Society 2016. (c) Schematic of water molecule solvation states and HER behavior in different electrolyte structures. (d)
Schematic of interactions among cations, anions, water molecules, and hydrogen-bond acceptors in the electrolyte. (e) High free-water content in
low-concentration systems. Reproduced with permission from Ref. [154], © American Chemical Society 2021.

4 Conclusions and Perspectives

4.1 Conclusions

This work systematically analyzes the coupled
degradation mechanisms of LiFePOs in aqueous
batteries and the corresponding modification strategies,
establishing a multi-dimensional synergistic
optimization framework.

The capacity decay of aqueous LFP stems from a
multi-factor coupled failure process driven by both
thermodynamic limitations and kinetic evolution, rather
than a single degradation pathway. At high charging
potentials, the Fe?*/Fe3* redox competes with the
oxygen evolution reaction, lowering charge utilization
and inducing Fe dissolution. Meanwhile, anisotropic
volumetric strain during repeated Li* (de)intercalation
triggers particle microcracks, which provide channels
for deep penetration of water and its decomposition
products. This forms a vicious feedback loop of phase

transition stress, defect evolution and chemical
corrosion, ultimately causing lattice disorder and
irreversible active material loss. Fig. 10 presents a
summarizing framework for this study.

To address these issues, stabilization strategies
have evolved from single-factor empirical modification
to multi-scale collaborative design. Elemental doping
can improve lattice stability and may reduce the
susceptibility of LFP to Fe dissolution by regulating the
local coordination environment and defect chemistry.
Surface coating and morphological regulation buffer
phase transition stress and construct artificial barriers
to suppress water corrosion. By reducing free-water
activity and promoting anion-involved solvation
structures/interphase formation, highly concentrated
electrolytes could expand the electrochemical stability
window. Cathode lithium supplementation could
compensate for initial active lithium loss. The
synergistic combination of these approaches enables
comprehensive performance enhancement of aqueous
LFP systems.
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Figure 10 Summary diagram of research on aqueous LFP batteries.

4.2 Perspectives

With high industrial maturity and low manufacturing
costs in non-aqueous systems, LFP holds great promise
for large-scale aqueous battery applications. Future
research should go beyond laboratory performance
optimization and focus on the balanced development of
cost, safety and cycling life for practical deployment. Key
research directions are proposed as follows.

First, develop low-cost electrolyte systems for grid
energy storage. Current water-in-salt electrolytes
effectively widen the electrochemical window but suffer
from exorbitant cost, severely restricting their large-
scale application. Future work should prioritize low-
cost alternatives with high-salt effects or novel
interfacial film-forming additives to regulate the
solvation structure, achieving wide voltage window and
long cycle life under low salt concentrations. Taking
advantage of the moderate operating potential of LFP,
precise control of polarization and interfacial
environment can largely avoid OER even in weakly
acidic dilute electrolytes, providing inherent feasibility
for ultra-low-cost grid-scale energy storage.

Second, extend LFP applications to electrochemical
lithium extraction from salt lake brines. Benefiting from
its excellent Li* selective intercalation property, LFP
exhibits strategic value in lithium recovery from
complex brine systems. The research focus has shifted
from concept verification to the synergy of high
selectivity, long service life and scalable production.
Future studies should develop facet engineering, defect-
targeted doping and molecular-sieving anti-corrosion
coatings, coupled with flow reactor design and in-situ
electrode regeneration, to build high-selectivity, long-life
LFP-based electrodes for industrial brine lithium
extraction.

Third, strengthen multi-physics simulation and
engineering technology development. For complex
practical service conditions, more efforts should be
devoted to multi-physics coupled modeling combined
with advanced thick-electrode coating processes, to
reveal the dynamic microstructural evolution of LFP
under high salinity and multivalent ion corrosion,
including electrochemical stress, lattice volume

variation and interfacial phase transition.

Fourth, establish standardized evaluation criteria
under practically relevant conditions. Many aqueous
LFP studies are currently conducted using low active-
material loadings and excessive electrolyte, which may
overestimate electrode-level capacity and cycling
stability while obscuring limitations at the practical cell
level. Future studies should therefore report active-
material loading (mg cm?), areal capacity (mAh cm?2),
and the electrolyte-to-capacity ratio (mL Ah! or g Ah'l),
in addition to conventional gravimetric capacity. Long-
term Coulombic efficiency, energy efficiency, and cycle
life based on a clearly defined end-of-life criterion
should also be evaluated under realistic charge-
discharge rates and temperature conditions. Moreover,
the energy density of a full battery should be calculated
by considering electrodes, electrolyte, separator, current
collectors, and other inactive components, rather than
using the mass of the cathode active material alone.
Establishing these standardized evaluation criteria will
enable meaningful comparison among different aqueous
LFP systems and facilitate their transition from
laboratory demonstrations to grid-scale energy-storage
applications.

In general, stability research on aqueous LFP has
transitioned from empirical modification to mechanism-
driven design based on synergistic thermodynamic and
kinetic regulation. Multi-scale matching of material
structure, electrolyte solvation and interfacial chemistry
is the core to realizing stable long-cycle operation of
aqueous LFP, which also provides a general framework
for interfacial stability research of other aqueous
cathode materials.
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