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Abstract

During the initial charge-discharge cycle, irreversible loss of active lithium (~ 5% to 15%) severely
affects the battery energy density and shortens cycle life of lithium-ion batteries (LIBs). Prelithiation
strategy has gradually become an effective approach to compensate for the irreversible loss of active
lithium. Lithium ferrate (LisFeO4, LFO) is considered to be a promising cathode prelithiation additive
due to its high theoretical capacity (867 mAh-g™), suitable delithiation potential (3.5 V to 4.1 V), and
competitive raw material. However, the application of LFO is limited by the its properties including
poor air stability, low electronic conductivity, and incomplete delithiation. Currently, great efforts are made
to address the above limitations through surface coating and bulk doping. This review summarizes the
recent advances in Fe-site and non-Fe-site doping, highlighting the effects of dopants on modulating the
crystal structure, Li* diffusion kinetics, and electrochemical properties of LFO. The studies of first-principles
on doped LFO, including formation energies, density of states, and migration barriers together with the
value of theoretical tools when assessing doping performance are presented. In the end, the remaining
challenges and future development directions for LFO doping design are put forward, offering perspectives
for advancing prelithiation strategy in high-energy-density LIBs.

1. Introduction
1.1 Background of prelithiation in lithium-ion batteries

Driven by the rapid expansion of new energy automobiles and
electrochemical energy storage markets, LIBs are required urgently
to deliver higher energy density and longer cycle lifespan [1-3]. Silicon-
based anodes are regarded as the core material for breaking the current
energy density bottleneck of LIBs, because its theoretical specific
capacity (~4200 mAh-g™) far exceeding that of conventional graphite
anodes (372 mAh-g!) [4]. Silicon expands its volume by more than
300% during the initial charge-discharge cycle, leading to repeated
rupture and regeneration of the solid electrolyte interphase (SEI) [5].
Around 15% or more active lithium disappears permanently. The full-cell
energy density decreases over 30% from its theoretical value, so that
it severely hinders commercial application [6]. Prelithiation technology
introduces additional active lithium sources into the cell system to
compensate for lithium loss during SEI formation and subsequent
cycling. It is the most effective strategy for enhancing energy density
and cyclic stability of full cells. At present, this approach is primarily
divided into two technical routes: anode prelithiation and cathode
sacrificial additives [7]. Stabilized lithium metal powder (SLMP),
lithium foil contact, and chemical prelithiation belongs to the anode
prelithiation techniques, they indeed can achieve high lithium compensation
efficiencies. Nevertheless, lithium metal is highly reactive. Factories
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must maintain harsh manufacturing conditions (dew point below
—40°C) and adopt sophisticated equipment. The poor compatibility
with existing LIB production lines is poor, further escalating the cost
of large-scale production [8,9]. Cathode sacrificial additives are different.
They can be blended into cathode slurries without modifying existing
production lines. They possess superior safety and process compatibility,
and gradually become the mainstream industrialization pathway [10].
Among mainstream cathode prelithiation additives, Although LizNiO2
have a delithiation capacity of approximately 320 mAh-g, it is highly
reactive with ambient moisture to form insulating impurities such as
LiOH and Li2COs, and its cobalt content further increases raw material
costs [11]. LisN exhibits an extremely high theoretical delithiation
capacity up to 2308 mAh-g'. Its decomposition potential is only
~0.9 V. It strongly reacts with moisture and cannot coexist with
N-methylpyrrolidone (NMP), the regular solvent for cathode slurries,
thereby large-scale production faces huge obstacles [12]. Different
from the above two candidates, LFO boasts a theoretical delithiation
capacity of 867 mAh- g and an actual usable capacity of approximately
700 mAh-g!. Its delithiation potentials are concentrated within the
3.5 Vto 4.1V range, perfectly matching the operational voltage window
of existing LIBs. Moreover, LFO is derived from inexpensive iron-
based raw materials without reliance on precious metals, making it fully
compatible with current cathode manufacturing processes. Consequently,
it stands out as the most promising sacrificial cathode prelithiation
agent for industrial-scale applications [13,14].
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1.2 Fundamental characteristics and bottlenecks of LFO

LFO crystallizes in the orthorhombic structure with Pnma space
group, where FeOs octahedra are connected via share edges to form
a three-dimensional framework, and Li" ions occupy the skeletal
interstitial sites. This endows the materials with repaid ionic conduction
along the b-axis. First-principles calculations indicate that its bandgap
is approximately 2.3 eV to 2.8 eV, depending on the selection of Hubbard
U correction. Therefore, LFO is classified as a wide-bandgap semi-
conductor. Because of this wide bandgap electronic structure, the
electronic conductivity of material is limited. and it is difficult to
efficiently achieve charge compensation during lithium removal. Thus,
it is usual for people to use doping strategies to narrow the bandgap
and enhance charge transfer kinetics of the delithiation process. Under
this electronic structure framework, its delithiation process follows
a cation/anion dual-redox mechanism: during the initial charge at a
low-potential plateau (3.5 V), 2 Li* are extracted. This is accompanied
by the oxidation of approximately 50% of Fe** to Fe* and the partial
oxidation of O? to O~ and Oz. Consequently, the crystal structure
transitions from an ordered orthorhombic phase to a disordered rock-
salt phase, Li3FeO3.5. On the high-potential plateau at 4.0 V, two
additional Li* are extracted, ultimately yielding amorphous LiFeOx.
This corresponds to a theoretical maximum delithiation of 4 mol Li*
per mol of LFO, which corresponds to a capacity of 867 mAh-g™' [13].
LFO works well as a lithium supplier. However, four major drawbacks
slow down its industrial development:

(1) Poor air stability: Surface Li* reacts quickly with CO2 and
H>0 from the surroundings. Insulating impurities, such as Li2CO3
and LiOH, are generated. After exposure to air for 24 h, it becomes
more difficult to achieve exceeding 75% delithiation capacity loss of
preparing cathode slurries [14].

(2) Low intrinsic ionic/electronic conductivity: The isolated FeO4
tetrahedra is unfavorable to build continuous Li* diffusion channels,
leading to the hindered electron transport and polarization effects with
a decreased actual lithium utilization rate (below 80%).

(3) Active oxygen release during delithiation: The electrolyte
oxidization will be take place due to the highly oxidative O2and O~
species, resulting in the gas evolution, battery expansion, and higher
internal resistance as well as the deteriorative safety and cycle life of
LIBs [14].

(4) Severe lattice strain in delithiation: Micron single-crystal
LFO particles would crack into polycrystalline nanoparticles, which
results in to the increased interfacial resistance and the decayed lithium
supplement effect [14].

1.3 Scope of this review

Different from previous reviews encompassing the comprehensive
LFO modification strategies, this paper concentrates on the core control
strategy of elemental doping for LFO following the coating and
composite phase modifications as comparative references. Except
for integrating doping mechanisms revealed by density functional
theory (DFT) calculations, this review correlates the improved electro-
chemical performance (e.g., increased capacity and improved stability)
with theoretical fundamental understanding as well, including electronic
structure modulation, Li* diffusion barriers reduction, and lattice
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oxygen stability enhancement, which would present bidirectional
validation between experimental observations and theoretical predictions.
The presented prospects would provide theoretical guidance and
technical supports for the industrial application of LFO.

2. Fundamental structure and delithiation mechanism
of pristine LFO

2.1 Crystal structure and intrinsic electronic structure

The crystal structure of LFO belongs to orthorhombic anti-fluorite
type and matches space group Pbca. The lattice parameters a = 9.218 A,
b~9.213 A, and ¢ ~9.153 A. The unit cell of this structure is about
twice the size of cubic Li2O (Fm3m), which is because Fe** orderly
replaces for Li" in the sublattice [15]. Oxygen atoms are arranged in
a face-centered cubic (fcc) close-packed lattice. 7/8 of the tetrahedral
interstitial sites are filled by Li*, while Fe>* replace an equivalent amount
of three Li*. The other half of the tetrahedral sites remain unoccupied.
The formula [Li125Fe0.2500.50]O can be described this structure, where
O denotes intrinsic lithium vacancies. LFO exhibits a distinctive structural
motif characterized, which is isolated FeOs tetrahedra. These tetrahedra
are solely connected with adjacent LiO4 tetrahedra through vertex-
sharing, instead of forming the continuous Fe—O—Fe network commonly
seen in layered transition metal oxides [16,17].

Natural defects exist in pure LFO, and lithium vacancies are not
the only type. During the high-temperature solid-state synthesis process,
which is the main preparation method for LFO, the evaporation of
Li2O at elevated temperatures can induce the formation of oxygen
vacancies and lead to non-stoichiometric components like LisFeO4.s.
These vacancies scatter charge carriers and further reduce the low
intrinsic conductivity of LFO [17,18]. First-principles DFT calculations
indicate that the valence band maximum (VBM) of LFO mainly comes
from O 2p orbitals, and the conduction band minimum (CBM) is
contributed by Fe 3d orbitals. The intrinsic band gap is approximately
4.0 eV, classifying LFO as a wide-bandgap insulator [16,19]. Its unique
electronic structure leads to low electronic conductivity. Meanwhile,
the isolated FeOs tetrahedra block the migration of lithium ions. Li*
can only move between independent tetrahedral and octahedral interstitial
sites. For this reason, the intrinsic ionic conductivity of LFO is merely
~10"® S‘em!, which becomes a key obstacle to its high-rate application
[15,16].

2.2 Electrochemical delithiation and relithiation mechanisms

The electrochemical delithiation process of LFO exhibits two
obvious voltage plateaus. Its theoretical maximum extraction capacity
is 4 mol Li* per mole of LFO, corresponding to a theoretical specific
capacity of 867 mAh-g™' [14,18]. The first low-voltage plateau at
around 3.5 V (vs. Li*/Li) corresponds to the extraction of 2 mol Li*
(Lis-xFeOs, x =0 to 2), where approximately 50% of Fe3* are oxidized
to Fe**. It is the primary charge compensation mechanism and the
oxidation state of O remains largely at —2. The ordered orthorhombic
anti-fluorite phase gradually transforms into a disordered rock-salt
phase Li3sFeOs s, driven by the migration of Fe3* from tetrahedral to
octahedral interstitial sites [15,19]. The forward migration barrier for
Fe’" is merely 0.25 eV according to First-principles DFT calculations,
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which allows the process to happen spontaneously at ambient
temperature. This low energy barrier explains why first-cycle activation
in LFO is easily observed in experiments [16].

The second high-voltage plateau occurs at around 4.0 V (vs.
Li*/Li). It corresponds to the extraction of the remaining 2 mol of
Li" (LisxFeOs.5.x2, where x = 2 to 4). At this stage, the cationic redox
capacity of Fe**/Fe*" is near saturation and charge compensation shifts
to anionic redox. The oxide anion O?* undergoes oxidation to form
O and even neutral O° species as well. Meanwhile, a fraction of the
lattice oxygen is released as Oz gas. Figure 1 shows these voltage
plateaus intuitively. Co doped LFO and LCO (LisCoO4) have similar
platform properties [20]. The final delithiation product is amorphous
LiFeOz, the overall reaction can be written as follows [21]:

LisFeO, — 4Li*+ 4e™+ O, + LiFeO, 1)

Apart from the above changes, the diffusion pathways of Li* are
intricately coupled with Fe migration. When Li" is extracted from the
tetrahedral sites, the disappearance of electrostatic screening destabilizes
the FeOs tetrahedra, which prompt Fe3* to occupy adjacent octahedral
vacancies and further open Li* diffusion channels within the evolving
disordered rock-salt phase[16,22].

The relithiation capability of LFO is decided by its irreversible first-
cycle delithiation. During initial charge, the Li* extracted from LFO
migrates to the anode, in order to compensate for the irreversible loss
of active lithium caused by SEI growth, transition metal dissolution,
and electrolyte decomposition on graphite/silicon-based anodes. After
delithiation, the residual iron oxide phase remains electrochemically
inert in the normal voltage window of LIBs. This avoid extra parasitic
capacity output when LFO is used as a sacrificial relithiation agent.
[18,23].

Recent applications in all-solid-state batteries have further
demonstrated that the irreversible Li* release from LFO can effectively
offset lithium consumption caused by interfacial side reactions between
sulfide solid electrolytes and high-nickel cathodes, thereby significantly
extending the cycle life of anode-free configurations [18].

2.3 Failure mechanism: Theoretical basis for doping
modification

Three interrelated failure mechanisms dominate the performance
degradation of pure-phase LFO, which provides clear targets for
subsequent doping modification strategies.

2.3.1 Interfacial Side Reactions of Water Vapor/CO:

The Li* on the LFO surface exhibits high chemical activity due to
the low-coordination environment of surface O atoms. The DFT
adsorption energy calculations confirm that the adsorption energies
for H2O and COz on the LFO (214) surface are—1.23 eV and —0.98 eV,
respectively, which are thermodynamically highly prone to spontaneous
interfacial reactions [17,24]:

LisFeO, + 2H,0 — 4LiOH + LiFeO, )

0.5LisFeO, + CO, — Li,CO; + 0.5LiFe0,  (3)
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Figure 1. Presenting the charging curves of LisFeOy Lis sFeysC0g504, and
LicCoO4in a loop. The figure shows two characteristic changes, with two distinct
voltage plateaus labeled as Stage I and Stage 11 [20].

Such reactions not only consume active Li*, but also form insulating
LiOH and Li2CO;3 passivation layers on the LFO surface, which block
Li* diffusion and increase interfacial impedance. The experimental
results show that after LFO is exposed to air for 24 h, the proportion
of Li2COs on its surface can reach 62%, and the initial delithiation
capacity attenuation exceeds 75%. Additionally, these alkaline by-
products dissolved in NMP, the commonly used solvent for cathode
slurry, will induce slurry gelation and seriously damage the processing
performance [17]. This failure mode has promoted the development
of surface doping modification strategies, which aim to reduce the
adsorption affinity of H2O/CO2 and suppress interfacial side reactions
by regulating the surface electronic structure of LFO.

2.3.2 Migration and lattice collapse during the delithiation process

The structural transformation from the antifluorite phase to the
disordered rock-salt phase during delithiation exhibits kinetic irreversibility,
which originates from the asymmetry of the Fe** migration energy
barrier: the forward migration energy barrier of Fe** from the tetrahedral
site to the octahedral site is only 0.25 eV, while the reverse barrier is
as high as 0.9 €V [16]. This asymmetry "locks" Fe3" in the octahedral
sites after delithiation, making it impossible to reversibly restore the
antifluorite phase and resulting in permanent structural degradation.
In addition, the extraction of 4 mol Li* per LFO molecule will induce
a volume contraction of approximately 18%, generating huge lattice
strain that causes micron-sized single-crystal LFO particles to fracture
into polycrystalline nanoparticles. The newly exposed fresh surfaces
further accelerate interfacial side reactions and oxygen release, forming
a positive feedback loop of capacity degradation [15,18]. The post-
cycling characterization of LFO-containing all-solid-state batteries
reveals that a large number of cracks appear in the particles after 100
cycles, which directly confirms the correlation between Fe migration-
driven lattice collapse and mechanical failure [18]. Doping modification
targeting Fe-site pinning or lattice strain relaxation is the core approach
to mitigate this type of failure [18].

2.3.3 The gas evolution origin of O precipitation

The origin of Oz release during the deep delithiation process lies
in the unique electronic structure of LFO. DFT calculations identify
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a type of "Li-only coordinated" O atoms in LFO (referred to as the
As-O configuration), which are only coordinated by surrounding Li*
without adjacent Fe cations. Its O 2p orbital has a high density of
states contribution near the Fermi level, serving as the main active
site for anionic redox [15,25]. During deep delithiation, electrons
are preferentially lost from these O 2p orbitals to form O-radicals,
which rapidly dimerize and desorb from the lattice into Oz molecules.
Oz precipitation will not only oxidize liquid/sulfide solid electrolytes
to generate high-impedance interfacial by-products and gas bulging,
but also induce the formation of oxygen vacancies, further undermining
the lattice stability [15,18,21]. Enhancing the covalent bonding between
O and adjacent cations via doping, or introducing redox-inert cations
to dilute the A¢-O configuration, are the key doping directions for
suppressing Oz release and improving safety.

The above three types of failure mechanisms directly guide the
design principles of LFO doping modification: (1) Surface active doping
to inhibit H2O/CO> adsorption; (2) Lattice site doping to pin Fe** and
reduce lattice strain; (3) Electronic structure regulation to stabilize
anionic redox and suppress Oz precipitation.

It should be stressed that the three types of mechanisms rarely
run independently, and they exhibit intense mutual coupling during
actual delithiation reactions. In the first voltage plateau, the migration
of Fe** not only transforms the crystal structure into a disordered
rock-salt phase but also result in the fracture of micron-sized particles.
This process continuously generates newly exposed surfaces, which
are full of undercoordinated Li* sites. Compared with the original
material surface, these new surfaces have stronger adsorption capacity
for H20 and COz, accelerating harmful interfacial side reactions and
forms thick insulating passivation layers. Meanwhile, deep delithiation
at the high-voltage plateau induces oxygen release from the Ag-O
structural unit. The released oxygen further oxidizes the electrolyte
and produces acidic substances (e.g., HF), which in turn attacks the
LFO surface and aggravate lithium ions dissolution. This positive
feedback loop makes the degree of capacity degradation far exceed
the sum of individual mechanisms. The coupled degradation processes
reveal the root cause of performance deterioration and deliver definite
theoretical guidance for the doped modification of LFO. Practical
doping schemes need to coordinately restrain multiple degradation routes
at the same time. For instance, Zr*" doping pins Fe** within tetrahedral
lattice positions to prevent particle cracking caused by cation migration,
while F~ substitution stabilizes lattice anionic redox behavior and
suppresses oxygen evolution side reactions, and Na* occupying lithium
lattice sites reduces the chemical activity of surface lithium and inhibits
the adsorption of water and carbon dioxide. Only by jointly restraining
these interconnected degradation paths can LFO meet practical application
requirements.

Combined with the above analysis of failure mechanisms and
corresponding doping design ideas, the following part of this chapter
systematically summarizes various elemental doping strategies and
claborates on how these methods improve the electrochemical properties
of LFO.

3. Progress in element doping modification of LisFeOy4

Aiming at the problems exposed in the cathode prelithiation
application of LFO, such as poor air stability, low electrical conductivity,
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unstable solid-liquid interface of the battery, and incomplete delithiation
at high rates, researchers mainly optimize the materials from two
directions: surface coating and bulk doping [26,27]. Surface coating
(such as carbon layer and oxide layer) suppresses the erosion of air
and electrolyte through physical isolation, effectively reduces surface
residual alkali and slows down the erosion of active oxygen to the
electrolyte, thus significantly improving the interfacial stability of
the material [28,29]. Bulk doping regulates the lattice structure by
introducing heterogeneous ions, reduces the Li* migration energy
barrier and narrows the band gap, thereby promoting phase transition
kinetics and charge transfer, and improving the delithiation capacity
at high rates [20,30]. In this chapter, we comprehensively summarize
the current research on the doping modification of LFO, and discuss
the effects of doping on the crystal structure, phase transition behavior,
and electrochemical performance, so as to contribute to exploring a
wider range of doping modification strategies for LFO.

3.1 Fe-site cation doping

Among various doping strategies, Fe-site cation substitution
represents the most intensively investigated approach, as it directly
modes the redox-active center responsible for charge compensation
during delithiation. By partially replacing Fe** with aliovalent or isovalent
cations, researchers aim to tailor the electronic structure, suppress Fe
migration, and mitigate lattice oxygen release. The following section
summarizes representative Fe-site dopants and their respective regulatory
effects.

To investigate the effect of Co doping content on the structure and
electrochemical performance of Lis+«Fe1-xCoxO4, a series of samples with
Co doping ratios of 0, 5%, 10%, 12.5%, and 25% have been synthesized,
respectively. Structural analysis shows that with the increase of Co
content, the crystal structure gradually transforms from the o phase
(Fe** occupies three Li” sites) to the B phase (Co?" occupies two Li*
sites) [31]. Electrochemical tests show that the first charge curve of
the o phase presents two voltage plateaus at approximately 3.5 V
and 4.0 V, while the B-phase LFsC20 (Lis.25Fe0.75C00.2504) exhibits
three plateaus at about 3.3 V, 3.9 V, and 4.2 V, thus delivering a higher
irreversible specific capacity. It is worth noting that after the a-phase
structure is exposed to air (relative humidity of 60%) for 0.5 h, its
3.5V plateau almost disappears, and the prelithiation capacity degrades
significantly. In contrast, LF¢C20 still maintains a specific capacity
above 700 mAh-g!, which confirms that the B phase has superior
air stability. X-ray photoelectron spectroscopy (XPS) and scanning
electron microscopy (SEM) test results further show that a rough surface
reaction layer is rapidly formed on the LFO after exposure to air. This is
because the generation of Li2CO3 and water adsorption. However,
the LF6C20 only has slight changes and keeps a smooth morphology,
which demonstrates its better surface stability. According to the transition
metal dissolution test results, the dissolution of Fe and Co are significantly
reduced when the Co content increases to 25%. It highlights the key
maintaining effect of the crystal structure on the stability of the M—O
framework. LFsC20 prelithiated battery delivers an initial charge
capacity of 234 mAh-g™" at 0.05 C, outperforming LFO battery in
practical battery applications. It also exhibits a better capacity retention
after 100 cycles at 1 C, accompanied by a lower oxygen evolution
amount. Considering comprehensively factors including air stability,
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electrochemical performance, and cost, 25% Co doping is determined
as the optimal ratio. It is reported a study on introducing Co at the Fe
site to enhance the lithium compensation effect [32]. Its mechanism
proposes that Co doping promotes the stepwise oxidation transformation
of 0> — 02" — O2, which induces local structural distortion, thereby
prompting more lattice oxygen in Lis sFeo.sCo00504 (LFCO) to participate
in the charge compensation process. In addition, the air stability of
LFCO is significantly enhanced: after being exposed to air for 4 days,
its initial capacity still remains at 520.8 mAh-g~!, while LFO exhibits
obvious capacity degradation. When LFCO is used as a prelithiation
additive in graphite|[NCM811 full cells, a specific capacity of 210.5
mAh g can be obtained at 0.1 C rate, and the capacity retention rate
is as high as 89.6% after 200 cycles.

Furthermore, a defect engineering strategy, which introduces Zr**
at the tetrahedral Fe site to promote the formation of Li* vacancies
and reduce the migration energy barrier, is employed to significantly
enhance the Li+ diffusion kinetics and lithium compensation capacity,
enabling LFO—Zro.03 to exhibit high capacity and excellent rate
performance (Figure 2(a-c)) [33]. The galvanostatic intermittent
titration technique (GITT) test shows that the second delithiation
plateau of LFO—Zro.03 is significantly prolonged (Figure 2(d)), and
its Li* diffusion coefficient (107'2° cm*s™'to 10 cm?'s™!) is much
higher than that of LFO (Figure 2(e)), which is attributed to the
lithium vacancies and reduced energy barrier induced by Zr doping.
Meanwhile, electrochemical impedance spectroscopy (EIS) results
confirm that the interfacial impedance of this material is lower than
that of LFO both in the initial state and after cycles, which further
corroborates its fast kinetic characteristics and interfacial stability.
Compared with other prelithiation materials, LFO—Zro.03 exhibits
significant advantages in multiple performance indicators (Figure 2(f)).

The manganese doping strategy have shown that compared with
LFO, prelithiation with LFMO (Lis.12sFe0.87sMno.12504) can effectively
improve the interfacial composition of lithium iron phosphate (LFP)
batteries [34]. EIS shows that the SEI impedance (Rskr) of the prelithiated
battery after cycles is lower than that of the nonprelithiated battery.

(b)

—
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—

Further XPS analysis shows that LFMO prelithiation promotes the
generation of LiF component in the SEI film, while reducing the
content of Li2CO3. Although the introduction of Mn accelerates the
decomposition of LiPFs and FEC in the electrolyte and thickens the
interfacial layer to a certain extent, it optimizes the composition of the
SEI layer, reduces the interfacial impedance, and forms a more stable
and dense interfacial structure on the whole, thus significantly improving
the cycling stability of the battery.

3.2 Non-Fe-site ion doping

In addition to Fe-site modification, Li-site and O-site doping
provide alternative tactics to optimize LFO performance. Fe-site doping
mainly alter redox centers, while non-Fe-site doping expands lithium
diffusion paths and stabilizes the crystal skeleton. This section reviews
recent developments in Li-site cation doping, O-site anion doping and
emerging Co-doping approaches. In addition to the above-mentioned
Fe** site doping strategies, Zhu et al. [35] also explored the Li-site doping
strategy, proposing to introduce Na* at the Li site of the tetrahedral
framework to synthesize LFO—Na material for enhancing the lithium
compensation capacity. Characterizations including energy dispersive
spectrometer (EDS), focused ion beam-scanning electron microscopy
(FIB-SEM) etching, and XPS confirm that Na* is successfully introduced
into the bulk phase. Electrochemical tests show that the initial charge
capacities of LFO—Nao2 at 0.1 C and 1 C rates reach 763.8 mAh-g"!
and 584.2 mAh-g! respectively, which are 86.2 mAh-g! and 221.7
mAh g higher than those of LFO. In addition, LFO-Na still maintains
a capacity of 531.0 mAh-g ! after being exposed to air with 20% relative
humidity for 8 h, while the pristine LFO only retains 249.2 mAh-g!,
demonstrating excellent air stability. The reaction mechanism of LFO—
Na can be summarized as follow: the introduction of Na* effectively
reduces the migration energy barrier of Li*, promotes lattice oxygen
to participate in redox reactions, and drives oxygen species to gradually
transform from the initial O% to O via the intermediate state O2™, thus
significantly enhancing the lithium compensation capacity of LFO.

(c)

1000
~d5 LFO a5 JLFO-Zh345 1C= 86TmAh g’ LFO
3 | g . 'T; 800 - 7353"”5%?623 1425 _ D'-F‘:"Z’n 0
T | = et B
—andl L 2140 4 g = .’ 507 B B s
> — I | < 600 4 O
= fh— 00scC = N g 0.05C E 4680
<35 A 238 {——— o1c =
& © 5 400 - | R
a8 -p2C @ n2¢ o} lad
g30~ 0scC F30 05C & 20
i 1 = | 1€
28 1 T T T T 25 & T T T T T T T T V] T T T T T
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800 005 01 02 05 1
Capacity (mAh g™) Capacity (mAhg™) ate

—_—
o
—

| ro 28w

o T

45V S50mA

* LFOQ

—

Wallage (Vvs LiLi*)

s LFOIrg ga

Lt Bice Adr sta bty

= e - y

o —?f o L0,

Bz | a . e,

4 ol T Lafa,

B, @ o y [T e

s g . Delithiien i B i
" | Blectrochemical windows 3¢ Perlimance

108

00 08 i
Capacity

03
(mah g

T T
arm 400 425 45
oltage (V vs. LLi*)

Figure 2. Electrochemical performance of LFO and LFO—Zr; electrodes at 25°C within 2.5 V to 4.5 V. (a, b) Initial charge curves; (c) initial charge capacity at
various rates; (d) GITT profiles and (e) the corresponding log (Dy;")-potential plots during charge; (f) this radar chart sets five evaluation indicators, to intuitively compare
the comprehensive advantages and disadvantages of LFO-Zr,; and other pre-lithiation materials [33].
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Although both Li-site and O-site doping enhance LFO properties,
the underlying optimization principles of the two methods differ
drastically. When Na* serves as the dopant, it mainly occupies Li lattice
sites, therefore expanding the migration tunnels for Li* and triggering
lattice oxygen activity. F~ doping replaces oxygen sites to strengthen
chemical bonds. Its core advantage lies in restraining oxygen escape
and enhancing the material’s resistance against humid air. Overall, the
selection of modification strategies is determined by actual application
goals.

Different from the cation doping strategies, an anion doping route
has been pioneered, using polyvinylidene fluoride (PVDF) pyrolysis
to fluorinate the air-stable lithium ferrite prelithiation material, realizing
surface fluorine doping and bulk gradient fluorination, and revealing
the effect of fluorination on the crystal structure of LFO for the first
time [36]. Studies have found that the substitution of F~ for O* leads to
an increase in unit cell parameters, which originates from the fact that
part of Fe3* is reduced to Fe?* with a larger ionic radius to maintain
charge balance. Combined with in-situ X-ray diffraction (XRD), electro-
chemical impedance spectroscopy (EIS), differential electrochemical
mass spectrometry (DEMS), and theoretical calculations, this study
further demonstrates that the high energy barrier of iron migration
leads to sluggish phase transition kinetics, which is the intrinsic reason
for the unsatisfactory initial charge specific capacity of LFO at high
state of charge. Fluorine doping effectively expands the tetrahedral gap
at the iron center, promotes the migration of iron during the phase
transition process, narrows the band gap at the same time, and accelerates
charge transfer. The thus-obtained LFOF@FC-7 material exhibits
excellent air stability (maintaining 541.9 mAh-g™! after 24 h of exposure
to humid air) and maintains stable phase transition at high current
density. Its initial charge specific capacity at 1.0 C rate reaches 580.5
mAh-g~!, which is much higher than the 325.1 mAh'g~! of pristine
LFO. In addition, fluorination also reduces the erosion of the electrolyte
by active oxygen during the charging process, generating only a tiny
amount of COz. Although the above studies demonstrate the potential
of doping modification in improving the prelithiation performance
of LFO, overall, the research on LFO doping systems is still in its
infancy. A systematic understanding of the screening and synergistic
effects of different doping elements has not yet been formed, and
the regulation law of doping on the structural evolution and charge
compensation mechanism during the prelithiation process also remains
to be further explored.

Table 1. Summary of the main DFT calculation settings for the LFO system.

4. First-principles studies on doped LisFeQ4

First-principles studies are widely employed to unravel the atomic-
scale mechanisms of prelithiation and the role of dopants. By examining
lattice relaxation, the density of states, and ion-migration barriers,
these analyses link macroscopic electrochemical behavior to the local
atomic environment [37,38]. In particular, first-principles calculations
offer essential insights into doping mechanisms and the resulting
structure—property relationships. These insights guide the rational
design of doping strategies, thereby accelerating the development and
application of doped LFO prelithiation additives in high-performance
lithium-ion batteries [39,40]. Table 1 summarizes the main computational
parameters employed in recent DFT studies on the LFO system, in
which " — " denotes that the parameter was not reported in the cited
work. The Vienna Ab initio Simulation Package (VASP) provides DFT
calculation scheme for the studied system. Numerical configurations
consist of the projector augmented wave (PAW) approach, a plane-
wave energy cutoff of 520 eV, and the Perdew—Burke—Ernzerhof (PBE)
functional, which is based on generalized gradient approximation
(GGA). In addition, spin polarization treatment and Hubbard U on-site
correction are introduced for electronic structure calculations.

It is inevitable that calculated parameters, like bandgap and formation
energy, show numerical deviations when researchers select different
Hubbard U values. Nevertheless, doping trigger performance variations
maintain the same overall trend in qualitative analysis. For example,
Augustine et al. employed U = 4.0 ¢V for Fe and proved that Ti
substitution decreases the bandgap from 2.78 eV to approximately
1.0 eV [41]. In contrast, Wang et al. used U= 5.3 eV and observed
Co doping optimizes the thermodynamic stability by lowering the
formation energy of the B phase against the a phase [31]. These two
studies both support that heterovalent cation doping improves electrical
conduction and structural stability. Two separate CI-NEB investigations
further illustrate this rule. In the studies, Zhu et al. selected U = 5.3 eV
and Wang et al. chose U=4.0 eV, they both pointed out that transition
metal doping reduces Li* hopping barriers by 0.1 eV t0 0.15 eV [33,34].
The root of this unified trend can be attributed to the orbital overlap and
local lattice distortion dominated doping effects. Different from the
absolute energy values of electronic states, these physical factors barely
respond to U adjustments. Accordingly, core viewpoints summarized
in this paper will not be undermined by different U selections.

Dopants Pseudopotential/ +U Spin k-point sampling Convergence criteria Gaus-sian Ref.
Functional [eV] treatment Force Energy smea-ring
Co PAW/GGA-PBE Fe:5.3; — MP grid : 4x4x4 (relax.); 0.02eV-A™ 10%eV — [31]
Co:3.32 6x6%6 (DOS)
Co —/GGA Fe:4.0 Yes MP spacing : 0.03 A (relax.) 0.02eV-A' — 0.01eV [32]
Zr PAW/GGA-PBE Fe:53 Yes >1200 k-points 0.03eV-A!  10%eV 0.05eV [33]
per reciprocal atom
Mn PAW/GGA-PBE Fe : 4.0, — MP grid : 4x4x4 (relax.); 0.02eV-A1  10%eV — [34]
Mn:3.9 6x6%6 (DOS)
Na —/GGA Fe: 4.0 Yes MP spacing : 0.03 A™! (relax.) 0.02eV-A! — 0.01 eV [35]
F —/GGA Fe:4.0 Yes MP spacing : 0.03 A (relax.) 0.02eV-A' — 0.01eV [36]
\ PAW/GGA-PBE Fe:4.0 — I'-centered; 8000 k-points — — — [19]
per reciprocal atom
Ti PAW/GGA Fe : 4.0; Yes MP grid: 4x4x4 (relax.); — 10°°eV-atom™! — [41]
Ti: 3.6 6x6x6 (DOS)
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4.1 Density of states calculations

The density of states (DOS) presents the distribution of electronic
energy levels and electronic structure within material. DOS is usually
divided into total DOS (TDOS) and partial DOS (PDOS) [42]. TDOS
can help scientists judge the band gap. From this, we can learn how
doping modifies electronic conductivity. PDOS further breaks down
the TDOS into contributions from individual atomic orbital, revealing
the atomic-scale origins of redox activity in LFO [43].

A large number of LFO studies mainly centered on electrochemical
properties. But the oxygen redox behavior remains poorly understood.
Zhan et al. [19] were the first to uncover the coupled Fe—O redox
mechanism together with dynamic structural variation of LFO by
integrating systematic experimental tests and first-principles calculations.
They examined DOS, charge density and spin density near oxygen
sites. These analyses revealed how the local configuration governs
oxygen redox activity. DFT calculations indicated that the O~ ions
reside in a “Lis—O” configuration in the LisFeOs3 s phase, in which oxygen
is coordinated only by Li, whereas every O>~ connects to one or more Fe
atoms. Comparative analysis on PDOS values shows that the intensity
of oxygen states in the Lic—O configuration is greatly higher than that
of Fe states. The prominent oxygen contribution can be attributed to
the concentrated electron clouds around oxygen ions confirmed by
charge density calculations, and these electronic states match the
energy position for single-electron extraction. Totally, these results
validate the oxidation reaction O~ — O° occurring inside the Ligs—O
configuration.

Anu Maria Augustine’s team [41]carried out TDOS and PDOS
calculations on LisFeixTixO4 at multiple Ti substitution fractions.
Their outputs show that undoped LisFeOs is a wide-bandgap insulator
of 2.78 eV with both the VBM and CBM dominated by hybridized
Fe-d and O-p orbitals. Partial Ti incorporation introduces localized
Ti** d states inside the bandgap. The effective bandgap drops to
approximately 1.0 eV, and the enhanced electronic conductivity is
observed. In contrast, when Fe is fully replaced by Ti (x = 1.0), the
bandgap expands to 1.65 eV instead, owing to the loss of the Fe-d
contribution at the CBM. These observations demonstrate that the

(a) (b)

OO{)LF—Fe
C Qo

696 °® X

partial Ti substitution is more favorable for the conductivity improvement.
The DOS investigation describes band structure variation caused by
doping, meanwhile, it locates where in gap states originate at atomic
level as well, providing promising strategy to build rational gradient
doping.

4.2 Formation energy calculations

Generally, thermodynamic stability is assessed by formation energy.
A more negative formation energy means that the material is the more
stable. For example, the formation energy of Mn-doped LFO was
calculated based on Equation (4) [34]:

Lisy Fe;Mn,O4_ ELis. F M0, “(ENpx oK)
AE Istxl€1xMnyOq _ ~Lisiyle v “};N‘:\A M (4)

where E corresponds to the total energy for geometry optimization
LisFe1xMnxO4 unit cell. Nm and p represent the number of corresponding
elements within the unit cell and single-atom energy from singlet-
point energy computations, respectively. Comparison among different
Mn doping ratios, it is found that higher Mn content yields more
negative formation energies, indicating the enhanced thermodynamic
stability. Except for doping concentration, formation energy can
identify preferred doping site as well. Wen et al. [36] computed the
formation energy for F substituting different O sites. Os site produces
the minimum energy, indicating the preferential site for F substitution.

Moreover, the formation energy can be used to determine the phase
transitions and structural stability. Wang et al. [31] constructed o phase
(Fe** occupying three Li sites) and the B phase (Co?* occupying two
Li sites) at various Co doping levels. The obtained results revealed that
the B phase shows a lower formation energy than o phase at 50% Co
doping, which is indicated for a structural transformation. This matches
experimental results that Lis.125Fe0.875C00.12504 spontaneously changes
structure after only 0.5 h of air exposure. All in all, formation energy
is a flexible thermodynamic criterion. It is useful for doping sites
screening, doping concentrations optimization and phase stability
evaluation, so that it becomes an important theoretical tool to understand
the thermodynamic mechanisms of doping modification.
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Figure 3. Li* migration pathways and energy barriers calculated by CI-NEB: (a) pristine LisFeO,, (b, ¢) Zr-doped LisFeO,. Atoms like Li, Fe, Zr and O are

colored respectively blue, yellow, green and pink. Li vacancies are marked pink dashed circles and red arrows label migration paths [33].
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4.3 Climbing image nudged elastic band calculations

To gain deeper insight into the effect of doping on Li* diffusion
behavior, the climbing image nudged elastic band (CI-NEB) method
is frequently employed to simulate the migration pathways and energy
barriers of Li* in the LFO system [44]. Dopants can alter the local
coordination environment and diffusion channels of Li*, thereby
optimizing the delithiation pathway [45]. Fast and efficient compensation
of active lithium during the initial charge of prelithiation additives
relies on superior ionic diffusion kinetics [46].

Zhu et al. [33] studied the effect of Zr doping on the high-rate
delithiation of LFO—Zr by comparing the Li migration pathways in
pristine LFO and Zr-doped LFO. In pristine LFO, Li migration from one
tetrahedral site to a neighboring tetrahedral site proceeds via a distorted
tetrahedral transition state with a barrier of 0.53 eV (Figure 3(a)). For
LFO—Zr, two distinct tetrahedron-to-tetrahedron diffusion paths were
examined: one in which the initial tetrahedron shares an edge with
an FeO4 unit (Figure 3(b)), and another in which it shares an edge
with a ZrO4 unit (Figure 3(c)). These paths yield lower barriers of
0.518 eV and 0.48 ¢V, respectively. Moreover, Li* diffusion is strongly
concentration-dependent; Li vacancies introduced by Zr doping can
further facilitate Li" migration.

Similarly, Wang et al. [34] similarly used CI-NEB calculations to
assess the effect of Mn substitution on Li* diffusion in LFO, focusing
on the migration pathway around the Fe/Mn—O tetrahedra. The barrier
profiles obtained from calculation give 0.51 eV as the maximum
diffusion barrier for pristine LFO, consistent with Zhu ef al.’s data
0f 0.53 eV. For Mn-doped Lis.125Feo.s75Mno.12s04 (LFMO) and
LissFeosMnosO4 (LFMO-1), the maximum barriers drop to 0.39 eV and
0.37 eV. Mn substitution raises Li* content and decreases transition-metal
valence states. More active lithium becomes available, so capacity
and electrochemical performance get improved. Moreover, Mn-doped
systems hold more stable final-state energies, as the consequence of
the difference of local Li* surroundings between start and end sites.
It provides extra evidence that doping adjusts thermodynamic stability
for diffusion pathways. Zr doping and Mn substitution lower the Li*
migration barriers by altering the local structure of the transition-
metal-oxygen tetrahedra and modifying the Li vacancy numbers.
These results demonstrate CI-NEB calculations can guide the design
of LFO for fast Li* diffusion kinetics.

4.4 Ab Initio molecular dynamics simulations

Liet al. [47] further employed ab initio molecular dynamics (AIMD)
simulations to explore the possible formation of O—O dimers in LisFeOs.
The simulations revealed that in the LisFeOs s phase, oxygen atoms
belonging to the Lis—O units form O—O dimers with bond lengths below
1.6 A within 15 ps at both room temperature (300 K) and 1000 K.
These dimers originate exclusively from the Lis—O units and their
appearance coincides with the disappearance of these units. As the
simulation proceeds, the O-O bond length shortens from 1.55 A to
1.43 A, values that match the characteristic bond lengths of peroxide
(02%) in Li202 and superoxide (Oz") in LiOx, respectively. This suggests
that both peroxide and superoxide species form in LisFeOs.s. First-
principles calculations have provided crucial insight into the intrinsic
redox activity of LFO and the mechanisms of doping modification.
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However, theoretical efforts to date have largely focused on the electronic
structure and ion migration in doped systems, while systematic assessments
of air stability and solid-liquid interfacial stability under practical
operating conditions remain scarce. The commercial prospect of LFO
prelithiation additives is mainly affected by its stability under processing
conditions and the compatibility with interfaces of battery. Thus,
additional theoretical works in these directions are urgently needed.

5. Conclusions and outlook

LFO is considered as a promising cathode prelithiation additive
owing to its combination of high theoretical delithiation capacity,
stable delithiated products, suitable delithiation potential as well as
low cost. However, several obstacles hinder its commercial application,
such as incomplete delithiation, poor air stability, and low electronic
conductivity. To overcome these challenges, the surface coating and
bulk doping strategies have been widely carried out. Surface coatings
act as physical barriers that protect the material from air and electrolyte
attack, thereby largely improving the interfacial stability. Bulk doping,
on the other hand, incorporates heteroatoms, which tune the local lattice
structure, lower the Li migration barrier, and narrow the bandgap to
enhance electronic conductivity. These modifications facilitate phase-
transition kinetics and charge transfer, leading to the improved high-rate
delithiation capacity.

This review surveys recent advances in the doping modification
of LFO and the corresponding application of first-principles calculations.
Studies on Fe-site cation doping and non-Fe-site ion doping have
presented valuable insights. Using first-principles descriptors such as
formation energy, density of states, and migration barriers, researchers
have clarified the atomic-scale origins of LFO’s redox activity and the
ways in which dopants enhance material properties. These findings offer
a basis for the rational design of more effective doping strategies. Despite
the commercial promise of LFO, several challenges for prelithiation
technology still need to be addressed below.

The synergistic effects of various doping strategies are still poorly
understood. Up to now, most studies have focused on single-element
doping at a single site, whereas multi-element co-doping remains largely
unexplored. Key issues such as the competitive site occupancy of
different dopants, the underlying charge compensation mechanisms,
and their coupled impact on Fe/O redox activity have yet to be clarified.
Meanwhile, high-throughput DFT calculations combined with machine-
learning could facilitate to establish multi-dimensional descriptors
for rapidly screening promising dopant combinations, thereby building
a candidate library to guide experimental synthesis and accelerate the
discovery of high-performance materials.

The scope of theoretical calculations needs to be broadened.
First-principles studies on LFO have so far focused largely on the
electronic structure and ion migration of doped systems, while systematic
assessments of air stability and solid-liquid interfacial stability under
realistic conditions remain scarce. Future works are suggested to pay
attention on interfacial simulations, quantifying and the mechanisms
involving the dopants modulate interfacial reaction barriers at the
atomic scale, which would provide predictive guidance for enhancing
the processing tolerance and operational stability of LFO.

In summary, research on LFO prelithiation additives is now moving
from fundamental understanding toward performance-driven design.
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By combining doping design, interface engineering, in-situ characterization,
and Al-assisted screening, further breakthroughs in doping strategies,
material synthesis, and reaction mechanisms are expected, which will
accelerate the large-scale development of prelithiation technology
and provide a viable route for next-generation high-energy-density
lithium-ion batteries.
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