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The growing demand for energy storage has driven extensive research into advanced cathode materials for
lithium-ion batteries (LIBs), where cathode chemistry critically governs safety, cost, and electrochemical per-
formance. Olivine lithium metal phosphates (LiMPO,4) are promising cathode candidates due to their structural
robustness and thermal stability. Rietveld refinement confirms an orthorhombic olivine structure (Pnma), with
lithium occupying octahedral sites and Mn>" and Co®*! substituting for Fe?*. Cell parameters and unit-cell
volume increase with Mn substitution; while LiFePO4 (LFP) exhibits favorable electrochemical stability,
LiMnPO,4 (LMP) offers higher operating potential but suffers from sluggish lithium intercalation kinetics. Recent
studies demonstrate that partial substitution with Co and Ni can significantly enhance electrochemical perfor-
mance by modifying lithium diffusion pathways and energetics within the olivine framework. This paper sum-
marizes recent progress on olivine cathodes, including LiCoPO4 (LCP) and LiNiPO4 (LNPO), which exhibit
operating potentials exceeding 5.0 V versus Li'/Li. Strategies to overcome intrinsic limitations, such as particle
size reduction, surface modification, and cation doping, are critically discussed, highlighting clear correlations
between structure and electrochemical behavior. Key material descriptors, including cohesive energy, lithium
intercalation energetics, and electrochemical stability, are examined. Finally, emerging opportunities and
remaining challenges for olivine phosphates in solid-state and aqueous energy storage systems are outlined,
providing a forward-looking perspective for next-generation LIB development.

1. Introduction traditional energy storage systems still face challenges such as slow

charging rates and limited lifetimes [8]. Rechargeable batteries store

Progress in LIB technology is closely tied to understanding the
electronic, chemical, and structural evolution of battery components
during charge—discharge cycling [1]. Improvements in energy density
are primarily achieved through the development of high-voltage cath-
odes, advanced anode materials, and optimized electrodes. Since Sony
commercialized the first LIB nearly three decades ago, these batteries
have come to dominate the advanced energy storage market due to their
widespread use in electronics, electric vehicles, and grid-scale systems
[2-4]. Owing to lithium's high reduction potential and low atomic mass,
LIBs deliver exceptionally high energy density, as the stored energy
scales with both voltage and charge [5]. As a result, LIBs are regarded as
a clean and efficient alternative to fossil fuel-based technologies, of-
fering superior power density, cycle life, and reliability compared to
conventional rechargeable batteries [6,7]. Despite these advantages,
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energy via reversible electrochemical reactions, providing a cost-
effective and practical solution compared to mechanical, electromag-
netic, or other electrochemical storage technologies. LIBs are the most
efficient and adaptable technology available, with outstanding energy
and current density, increased voltage, and prolonged life cycles of up to
1000 cycles [9]. The growing demand for portable electronics and
electric and hybrid vehicles continues to drive the development of
advanced battery materials with enhanced performance and durability.
In recent years, renewed interest in olivine phosphate cathodes has been
driven by escalating safety concerns, cost volatility of Co- and Ni-rich
layered oxides, and the rapid expansion of electric vehicle and station-
ary storage markets [10-12]. In particular, the demand for thermally
stable, cobalt-lean, and high-voltage cathode materials has positioned
LiMPOg4-based systems as strategic candidates for next-generation LIBs
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[10-12].

Commercial 4 V-class cathodes such as LiCoOq (LCO), LiNi; sMn;,
3C01,302 (NMC), and LiMn304 (LMO) dominate current LIB technology,
motivating the exploration of doped olivine materials to enhance elec-
trochemical performance. Olivine LiMPO4 (M = Fe, Mn, Co, Ni) cath-
odes offer high structural stability and a theoretical capacity of ~170
mAh g’1 [13-16]. LFP operates at ~3.5 V vs. Li/Li*, while LMP and
LNPO exhibit higher working potentials of ~4.1 V and ~5.2 V,
respectively [16,17]. Owing to its higher voltage, LMP provides ~20%
greater theoretical energy density than LFP [18]. Recent advances in
high-voltage electrolytes, including fluorinated carbonate systems,
localized high-concentration electrolytes, and solid-state electrolytes,
have partially mitigated oxidative instability above 4.5 V, thereby
renewing interest in high-voltage olivine phosphates such as LCP and
LNPO [19-21].

The charge-discharge process in LMP involves a two-phase trans-
formation between LMP and MnPO,4, where strong P—O bonding sta-
bilizes the Mn%"/Mn®" redox couple; however, poor electronic
conductivity and instability of the Mn>" state upon delithiation limit its
practical performance [22]. LNPO, despite its high voltage, suffers from
antisite defects that hinder Li extraction. To overcome these limitations,
mixed-metal phospho-olivines are being actively investigated as high-
energy cathode materials. Since LIB performance is cathode-limited,
high-capacity and high-voltage cathodes can reduce excess material
usage, lower cost and weight, and simplify cell and module design.
Nevertheless, balancing energy density, safety, and cost remains chal-
lenging, and while capacity enhancement is widely studied, voltage
upliftment strategies remain comparatively underexplored. Fig. 1 sum-
marizes the average discharge voltage and specific capacity ranges of
LIB cathode materials [16].

Materials with olivine-type crystal structures are widely investigated
as cathodes for rechargeable LIBs owing to their high theoretical ca-
pacity, thermal stability, and favorable redox potentials versus Li/Li"
[23-25]. Among them, olivine phosphate cathodes such as LiMPO4 (M
= Fe, Mn) have attracted considerable attention for electric and hybrid
vehicle applications due to their low cost and intrinsic safety. However,
their practical performance is limited by poor electronic conductivity.
To address this, various strategies, including particle size reduction
[26], cation doping [27], carbon coating [28], and LiMPOy/carbon
composite formation [27,29], have been extensively explored. LFP, with
a redox potential of 3.45 V and a theoretical capacity of 170 mA h g1,
has been successfully commercialized [30-35] and remains the most
widely studied member of the olivine family [23,36-38]. Higher-voltage
olivine phosphates, such as LCP with a redox potential of ~4.8 V, were
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Fig. 1. The approximate range of average discharge voltage and specific ca-
pacity for LIB cathode materials provides key insights into their performance
characteristics. Olivine structures, such as those of LiIMPO, (M = Fe, Mn, Ni,
Co), are chosen to be discussed in this review.
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first reported by Amine et al. [39-42], offering increased energy density
but also introducing challenges related to mechanical degradation,
diffusion-induced stress, and interfacial instability during cycling
[43-45]. Owing to its low cost, high safety, and long cycle life, nanoscale
carbon-coated LFP continues to be a leading candidate for large-scale
LIB applications, outperforming other LiMPO4 compositions while
reducing reliance on critical raw materials [46].

The Pnma space group's olivine LiMPO,4 material family encompasses
some of the most promising cathodes for LIB applications, as well as
commercially accessible compounds (such as LFP and LCP) [47]. Much
research has lately been conducted to optimize the relevant material
properties of various LiMPO4 materials, with first-principles calculations
remaining at the forefront of such research. Theoretical analysis of Li
diffusion in various olivine phosphate structures revealed that the
diffusivity is often overestimated compared to actual results [48].
Olivine-based positive electrode materials have been extensively
investigated as lithium-ion battery cathodes due to their structural sta-
bility, safety, and favorable electrochemical properties [49]. LFP is a
commonly used commercial product as an active component of cathodes
for lithium batteries. LFP-based lithium batteries are increasingly
preferred for commercial applications due to their affordability, safety,
and reduced toxicity compared to LCO and other cobalt-containing
lamellar compounds. The demand for batteries is predicted to rise
annually in the 2020s, owing primarily to the global adoption of electric
vehicles [50]. As a result, demand for LFP has risen. Until recently,
layered oxide positive electrodes (such as lithium nickel manganese
cobalt oxides, lithium nickel cobalt aluminum oxides, and others) were
the norm in the EV market in terms of energy density [51]. However, as
the prices of transition metal resources like cobalt and nickel grow, the
resource-rich LFP is regaining popularity. LFP demand for light-duty EV
batteries has surged dramatically, from 7% in 2020 to nearly 30% in
2022, primarily due to increased LiFePO4 uptake by Chinese manufac-
turers [52].

Most research has focused on the commercially available LFP phase
[53-55]. Other transition metal systems may yield greater cell voltages
than LFP, prompting more research [56-60]. Unfortunately, these ma-
terials have constraints that must be addressed before they can be
considered viable rivals to LFP. LMP has lower Li-ion conductivity than
LFP, while LCP and LNPO require breakthroughs in electrolyte chem-
istry for application [58,59]. Lithium nickel phosphate (LNP) exhibits
intrinsically poor electronic conductivity and therefore delivers limited
charge-discharge capacity [58]. The application of olivine-type LiMPO4
(M = Mn, Fe, Co, Ni) cathodes remains challenging because of their low
inherent electronic conductivity. To overcome this drawback, combined
synthesis strategies are commonly employed, including nanoscale par-
ticle formation and surface coating with electronically conductive pha-
ses such as carbon [54,61,62]. Early studies on supervalent cation-doped
LFP reported conductivity enhancements spanning several orders of
magnitude [61]. Nevertheless, the electrochemical performance of
LiMPO4 cathodes prepared using these approaches still does not satisfy
the demands of commercial lithium-ion batteries.

In recent years, significant research has focused on improving LFP
[63], while parallel efforts have explored other isostructural olivine
materials, particularly LMP and related transition-metal phosphates.
Replacing Fe with other transition metals increases the M>"/M2* redox
potential relative to Li*/Li, thereby enhancing the achievable energy
density compared with LFP. The redox behavior of transition-metal ions
is governed by the inductive effects of neighboring counter-cations [64].
Furthermore, differences in metal-oxygen bonding and metal-
—-oxygen-metal interactions contribute to variations in redox potential
[65]. Fig. 2 illustrates the capacity/discharge potential curves of olivine
frameworks used in lithium batteries, highlighting the positions of M2+
3+ redox energy [66]. As shown in Fig. 2, the discharge profile of
LiFep sMng sPO4 differs markedly from those of single-metal LFP and
LMP cathodes. While LFP and LMP exhibit well-defined voltage plateaus
at approximately 3.45 V and 4.1 V, respectively, the mixed-metal
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Fig. 2. Comparison of olivine LiMPO, and LiFeq sMng sPO4 solid solutions as
cathodes for LIBs. Half-cells were compared with lithium metal to mea-
sure voltages.

LiFepsMngsPO4 system displays a broadened and intermediate
discharge potential. This behavior reflects the regulatory effect of Fe?*/
Fe3" and Mn?*/Mn®* redox couples coexisting within the same olivine
framework, leading to partial overlap and electronic interaction be-
tween redox processes. Such a cation modifies the local electronic
environment, reduces voltage polarization, and enables more contin-
uous lithium extraction and insertion. As a result, LiFeypsMngsPOy4
achieves a balanced combination of operating voltage and reversible
capacity, demonstrating the effectiveness of mixed-metal substitution as
a strategy for tuning redox potential and enhancing energy density in
olivine phosphate cathodes.

Several review articles have addressed individual olivine phosphate
cathodes or modification strategies such as carbon coating and doping.
However, a unified comparative analysis that correlates crystal struc-
ture, lithium transport pathways, morphology evolution, and electro-
chemical behavior across the entire LiMPO4 family (M = Fe, Mn, Co, Ni)
remains limited [67-69]. This review distinguishes itself by systemati-
cally comparing modified high-voltage olivine phosphates using a
structure-property—performance framework, with particular emphasis
on lithium diffusion anisotropy, voltage scalability, and electrolyte
compatibility constraints relevant to next-generation rechargeable bat-
teries. Accordingly, this review provides a comprehensive framework
linking materials chemistry to practical energy storage performance.

2. Crystal structures of LiMPO4 (M = Fe, Mn, Co, Ni)

Cathode materials for lithium-ion batteries are commonly catego-
rized according to their crystallographic structure [70,71]. Among
these, layered transition-metal oxides with the general composition
LiMO3 (M = Co, Mn) have been widely investigated. These compounds
typically adopt an a-NaFeO,-type layered framework and crystallize in
the R3 m space group [72,73]. Their structure is characterized by the
alternate stacking of lithium and transition-metal layers within an ox-
ygen framework, where the cations occupy octahedral coordination
sites. Spinel oxides such as LiM04 crystallize in the Fd3 m space group
and feature lithium and transition-metal ions distributed among tetra-
hedral and octahedral sites within a close-packed oxygen lattice [74]. In
this configuration, edge-sharing MOy octahedra are confined to the
transition-metal sublattice, forming an interconnected network of
lithium tetrahedra. In addition to oxides, polyanionic cathodes
including olivine phosphates, silicates, and tavorite-type materials have
attracted considerable interest [75,76,78]. Olivine-structured LiMPOy4
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crystallizes in the orthorhombic Pnma space group and is composed of
corner- and edge-sharing MOg octahedra and POy, tetrahedra, together
with LiOg octahedra, as schematically shown in Fig. 3 for the three major
lithium insertion compound families.

Electrode materials are classified based on the dimensionality of Li*-
ion penetration and the activation energy that allows Li-ion to pass [79].
The archetypes of Li[M]O; include two-dimensional Li[M]O, with M =
Co, Ni, three-dimensional Li[X],04 with Mn, and unidimensional Li[M']
PO4 with M’ = Fe, Mn, Ni, Co, or FeyMn;_y [80].

Emerging technologies require increased voltage/energy density,
stability, and long-term operation, necessitating further performance
enhancements. Advancements in battery system components, including
the anode, cathode, electrolyte, and separator, are crucial for progress
[81,82]. Positive electrodes with high specific capacity or operating
potential can achieve higher energy densities [83,84] and are
commercialized cathode materials, as mentioned in Table 1.

Numerous iron phosphates exist naturally. The possibility that
lithium in the olivine structure, LFP, may be removed and cause the iron
to oxidize to the ferric state is what has aroused their current attention.
Olivine occurs naturally as a manganese/iron combination, Li (MnFe)
PO,4. Other iron phosphates found in nature, including lipscombite,
giniite, strengite, and phosphosiderite, have been observed to exhibit
redox behavior [88]. These compounds are diverse, which makes
studying them difficult; the lattice tends to produce amorphous or glassy
structures, and protons can easily incorporate into it. Most iron phos-
phates have FeOg octahedra and PO4 octahedra. The tunnel structure in
Fig. 3 illustrates the olivine form of LFP, where octahedra join to form a
ring-like structure. Tunnels along the b-axis are not connected, making it
difficult for lithium ions to move between them. Lithium-ion diffusion in
tunnels is dimensional, affecting the electrochemical performance of
iron-containing materials [85]. Doping should focus on iron sites instead
of lithium sites. Lithium is completely removed from this phase with
minimal structural changes. Padhi et al. [86] discovered that LiMPO4
(M = Fe, Mn) can be reversibly cycled at voltages of 3.4-4.0 V due to the
inductive action of the phosphate group. Additional research has been
conducted on several metal phosphate compounds to determine their
suitability as cathodes for improved lithium batteries. The inexpensive
cost and apparent thermodynamic and kinetic stability of these mate-
rials make them very appealing.

Determining the structure of compounds is crucial, especially when
synthesized at low or high temperatures with potential for lattice
instability. A simple analysis of lattice parameters can indicate the
presence of a disorder, as explained below. In most circumstances, X-ray
powder diffraction and Rietveld refinement (with site occupancy) are
sufficient. Protons may be integrated into aqueous medium structures
during hydrothermal or other reactions. LMP(OH) is formed when the
hydroxyl group is lost when heated in oxygen to 500 °C, as confirmed by
X-ray diffraction. Rietveld method refinements of Pnma (a = 6.1028(2)
1°\, b =10.4465(3) /o\, and ¢ = 4.7437(2) 1°\) are like those that have been
documented in previous research [91]. LMP synthesized hydrothermally
has the same cell parameters as those synthesized by chemical means.
The hydrothermal sample forms more ordered LFP when heated in ni-
trogen at 500-700 °C [87,88]. Alternatively, performing the synthesis at
190 °C arranges the cations, resulting in less than 1% iron on lithium
sites [89]. The lithium-free samples exhibit minor lattice expansion/
contraction and a reduced overall volume, which corresponds to the
smaller ferric ions. FePOy is a heterosite in LFP, an olivine form [89],
with no direct experimental evidence for additional compositions except
for the two end members; nonetheless, the comparatively quick diffu-
sion of lithium would imply that a very low vacancy concentration is
permitted on lithium sites. Otherwise, diffusion would necessitate the
coordinated transit of all ions in a single tunnel. The diffusion of lithium
does not cease after a surface layer is depleted of lithium. The lithium
diffusion coefficient at very low x values in LiyFePO4 has not been
measured. If lithium is not soluble in FePO,4, a grain of LFP must
delithiate, resulting in pure FePOy in its center.
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Fig. 3. Crystal structures of several cathode materials [77,78].

Table 1
An overview of commercial cathode materials, including their structure and
electrochemical properties.

Cathode materials Types of Potential Theoretical capacity
structures W) (mAh g’l)

LiMO, Layered
LiCoOy 3.7 274
LiMnO, 285
LiNiO, 4.0 274
LiNi; _x_yCo,M;02 Layered
LiNi; _x_yCoyAl,Oy, ~4.4 195

NCA
LiNi; _yCo,Mn,Os, ~45 200

NCM
LiMn,04 Spinel 4.0 148
LiMPO4 Olivine
LiFePO4 3.5 170
LiMnPO, 4.1 170
LiCoPOy4 4.8 167
LiNiPO4 5.2 170

LiMPO,4 phosphate materials display olivine structures and are
orthorhombic [90,91]. Li (Li) is bonded to six oxygen (O) atoms in these
three-dimensional structures to form LiOg octahedra. They have four
equivalent MOg octahedra and four equivalent PO4 tetrahedra at their
corners and, as shown in Fig. 3, two equivalent LiOg octahedra, two
equivalent MOg octahedra, and two equivalent PO, tetrahedra as edges.
Based on a closer look at its crystal structure, LiMPO, is made up of LiOg
octahedra embedded in POy tetrahedra that are connected parallel to the
B-axis, forming a Li channel on this axis. Although the specific mecha-
nism of lithium-ion mobility in olivine-type formations is unknown,
conductivity measurements provide a rough notion of its magnitude.
Two proposed lithium (Li) diffusion pathways exist within the B- and A-
crystallographic axes [92]. Theoretical analyses indicate that Li diffu-
sion along the channels of the B-crystallographic axis in LIMPO4 mate-
rials is more favorable compared to diffusion characterized by inter-
channel hopping along the C-crystallographic axis [67,93-97,99].
Fig. 4 illustrates the olivine-type crystal structures of LIMPO4 (M = Fe,
Mn, Co, Ni), emphasizing the one-dimensional lithium-ion diffusion
pathways along the [010] direction and the role of the rigid PO3~ pol-
yanion framework in enhancing structural stability [49]. Variations in
lattice parameters and transition-metal environments significantly in-
fluence lithium transport kinetics and electrochemical behavior.

Asillustrated in Fig. 4, lithium ions reside within LiOg octahedra that
are edge-shared and continuously connected along the crystallographic
b-axis of the olivine LiMPOy structure. This specific connectivity creates
a one-dimensional diffusion channel that enables lithium-ion migration
with relatively low activation energy along the b-axis. In contrast, the

Fo

Fig. 4. Crystal structures of olivine LIMPO,4 (M = Fe, Mn, Co, Ni) highlighting
LiT diffusion channels and MOg octahedra.

LiOg octahedra are separated in the a- and c-directions by corner-sharing
POy tetrahedra, whose rigid covalent framework effectively blocks
lithium-ion transport in these directions. Consequently, lithium diffu-
sion in olivine phosphates is highly anisotropic, with the b-axis repre-
senting the most favorable and energetically accessible pathway. This
structural feature underpins both the intrinsic rate limitations of LIMPO4
cathodes and the effectiveness of strategies aimed at shortening diffu-
sion lengths or enhancing electronic conductivity.

The synthesized LFP, LMP, and LCP were achieved through a sol-gel
reaction [98]. Fig. 5 shows the XRD data for LFP, LMP, and LCP olivine
compounds [98]. The XRD patterns of the LMP and LCP showed no
noticeable structural changes; the cell characteristics determined from
Rietveld refinement are provided in Table 2 [98]. An orthorhombic
system was discovered using XRD analysis of the LFP [99]. Observable
changes in lattice parameters of different axes can be observed. The
lattice parameters can be organized in decreasing size as follows: LMP <
LFP < LCP, and the volume of the cells decreases in this order as well.
Neither an amorphous peak nor any indication of crystalline carbon was
discovered. The amount of carbon in all materials is represented by
crystallites measuring roughly 200 nm. A tiny coating of carbon exists on
LiMPO4 (M = Fe, Mn, and Co), which is most likely the cause of this.

Elemental analysis determined that all materials contained approx-
imately 4% + 0.3% carbon. After the carbon gel was applied, the olivine
structure was maintained, and impurity phases were not detected.
Consequently, the carbon source inhibits the formation of M>" ions
[100,107]. The study found that LCP crystallites were larger than LFP
and LMP, as indicated by their higher diffraction intensities.
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Table 2

Rietveld structure refinement of phosphate materials unit cell parameters.
Sample no. LFP LMP LCP
a (;\) 10.3307 (2) 10.4478 (4) 10.2026 (3)
b (A) 6.0087 (1) 6.1036 (3) 5.9235 (2)
c(A) 4.6946 (1) 4.7443 (2) 4.7004 (1)
vV (A% 291.42 (1) 302.54 (2) 284.07 (2)

2.1. Summary and perspective

Olivine LiMPOy4 cathodes exhibit a robust polyanion framework that
ensures high structural stability and safety; however, lattice distortions
and anisotropic lithium-ion diffusion strongly influence electrochemical
performance. Future progress will depend on precise control of crystal
chemistry and defect engineering to optimize lithium transport without
compromising structural integrity.

3. Morphology studies of the olivine LiMPO4

Managing morphology is critical for overcoming the inherent kinetic
constraints of olivine LiMPO4 cathodes with low electrical conductivity
and one-dimensional lithium-ion diffusion channels. Changing particle
size, shape, and surface design directly affects lithium diffusion length,
electrode-electrolyte contact area, and strain accommodation while
cycling. As a result, microstructural engineering, which includes tech-
nologies like nanostructuring, controlled crystal growth, and
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morphology-directed synthesis, has emerged as a critical tool for
increasing rate capability, capacity utilization, and cycling stability.
This section investigates the correlation between morphology-
controlled LiMPO4 materials and their electrochemical performance.

The LFP and LCP operate across a wide voltage range, with notable
values of 3.5 vs Li*/Li and 4.8 vs Li*/Li [101,109]. Upon decreasing the
particle size, carbon coatings are applied, and surface changes are made;
these materials are capable of significantly improved electrochemical
performance [102-104,112]. As a result of shorter Li-ion path lengths
and smaller Particle sizes, LFP can cycle at high rates [105]. It inhibits
structural rearrangements during phase transitions by forming a non-
equilibrium solid solution phase [106,107]. Nanosizing electrode ma-
terials can reduce tap density and volumetric energy density. Porous
materials and extended nanostructured architectures have been
designed to reduce these effects via template-assisted and solvothermal
synthesis [108-112]. Low-temperature solvothermal techniques can be
impeded by crystal structure antisite defects, which can block 1D Li-ion
pathways [113,114]. We discovered a straightforward method for
generating LMP phases (M = Fe, Co) from lithium-rich LiPO3 at low
temperatures while keeping significant control over the final shape. To
create a nanostructured LiPO3-type material, heat a tetra glyme solution
of phosphorus pentasulfide to 200 °C while heating lithium tert-
butoxide in a microwave [113].

K. Kim et al. utilized the sol-gel process to create olivine-like com-
pounds with a LiMPOy structure [98], using Scanning Electron Micro-
scopy (SEM) imaging performed on a FE-SEM (Philips XL30 S FEG). The
LFP, LMP, and LCP powders comprise polycrystalline grains with varied
size distributions, as illustrated in Fig. 6 [98]. Particles above 50 mm
and smaller crystallites around 200 nm are found. All materials appear
spongy and porous on a low-scale micrograph. Porous particles improve
lithium transport and influence liquid electrolyte dynamics, impacting
electrochemical performance [99,100,114].

A more extensive study reveals that the bigger particles are ag-
glomerates of smaller sintered grains. The LFP sample has the largest
and smallest grain compared to the other two samples, while the LCP
sample has the smallest grain. The particles have a circular shape and
well-defined grain boundaries, consistent with extensive heat treatment.
Sintering at 700 °C yielded well-well-crystallized powders. Analysis
using transmission electron microscopy (TEM) found that all LMPs
feature a uniform carbon covering of 4-6 nm thick. The thickness is
comparable to the published value, which corresponds to the carbon
content [115,116].

Fig. 7 depicts the SEM images of LNPO samples [117]. Fig. 7a
(annealed samples) demonstrates that a network of homogenous particle
sizes results in a compact morphology with a large surface area, and
Fig. 7b shows the non-annealed sample. Fig. 7c¢ (higher magnification)
shows the orthorhombic structure of grains in annealed samples, which
is absent in unannealed samples. Although post-annealing treatments at
high temperatures can help, they often result in unwanted particle
development. Talebi-Esfandarani et al. employed graphite crucibles
heated to 1100 °C to react LiPO3 with iron ore concentrate, producing
olivine LFP [118].

While these SEM observations provide valuable insight into particle
morphology and agglomeration behavior, a complete understanding of
electrochemical performance also requires examination of the underly-
ing atomic-scale structure, including metal-oxygen bond lengths and
polyhedral connectivity within the olivine lattice. Fig. 8 depicts the
different transition metals located on the MOg octahedra [98]. MOg
octahedra site bond lengths depend on the transition metal and show
regular and significant changes. LCP compositions have slightly shorter
M—O distances than other samples on average. High-spin Mn?* (0.97
R), Fe?" (0.92 A), and Co®" (0.88 A) have different ionic radii, which
explains this [118]. The angles of 01-M-O3, 01-M-O3, and 05-M-O3 in
LMP are approximately 180°, 90°, and 90°, respectively, with O3-M-O3
[118,119] having the smallest angle, causing structural distortion in PO4
tetrahedra and MOg octahedra.
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Fig. 6. SEM pictures of LFP, LMP, and LCP olivine chemicals generated by the sol-gel technique [98].
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Fig. 7. SEM images of LNPO olivine (a), non-annealed (b), and annealed (c)
samples at higher magnification (4x of Fig. 6a) reveal an orthorhombic
structure [117].

Olivine-structured LiMPO,4 materials are regarded as promising
cathodes for next-generation high-power lithium-ion batteries; howev-
er, their practical application is hindered by intrinsically low electronic
conductivity and sluggish lithium-ion transport along the [010] crys-
tallographic direction. To address these limitations, Xianhong R. et al.

developed ultrathin LiMPO4 nanosheets by combining a liquid-phase
exfoliation strategy with a solvothermal lithiation process conducted
under high-pressure, high-temperature (HPHT) supercritical fluid con-
ditions [120]. In contrast to conventional high-temperature solid-state
synthesis, which typically produces large crystalline particles and severe
nanosheet agglomeration, the HPHT solvothermal lithiation route yiel-
ded uniformly dispersed, monodisperse nanosheets. The resulting
nanosheets provide an enlarged electrode—electrolyte interfacial area
and facilitate rapid lithium-ion transport, achieving diffusion times
below 25, 2.5, and 250 ps for LFP, LMP, and LCP nanosheets, respec-
tively, as estimated using the relation t = L2 / D. Among these, LFP
nanosheets demonstrated outstanding electrochemical performance,
delivering high rate capability and energy density values of 18 kW kg™
and 90 Wh kg ! at 80 °C, which are markedly superior to those of bulk
counterparts. The synthesis pathway for carbon-coated LFP nanosheets
based on liquid-phase exfoliation and HPHT solvothermal lithiation is
schematically illustrated in Fig. 9 [120].

XRD analysis was used to investigate the crystal structures of LMP/C,
LCP/C, and LNPO/C nanosheets produced during HPHT solvothermal
lithiation of PVP-capped NH4MnPO4.H;0, NH4CoPO4, and NH4Ni-
PO4-H30 nanosheets [120]. The reflections in Fig. 10A-C are ortho-
rhombic olivine structures composed of LMP, LCP, and LNPO.
Conventional cards, such as LMP, LCP, and LNPO, have high I (020)/1
(200) ratios, which promote ac-plane orientation. The Raman spectra
show an amorphous carbon coating layer with distinct D-band (~1350
e¢m 1) and G-band (~1590 cm™1). TEM images (Fig. 10D-F) show that
the lithiated products retain the nanosheet form. SAED patterns (insets
in Fig. 10D-F) from individual nanosheets exhibit single-crystalline
properties and correspond to the [010] projection of orthorhombic
olivine-type reciprocal lattices, showing the exposure of (010) faces.
These HRTEM images of Fig. 10G-I show interlayer spacings of 0.21,
0.23, and 0.21 nm, which coincide well with the d-spaces of LMP, LCP,
and LNPO. Fig. 10G-I also demonstrates that the LMP, LCP, and LNPO
nanosheets are coated with a thin carbon layer (0.5-1.5 nm thick). AFM
measurements show that the 3.7 nm thick LMP/C, LCP/C, and LNPO/C
nanosheets had thicknesses of 3.7, 4.6, and 4.0 nm, respectively [120].

Depending on the synthesis conditions, LFP can also have different
morphologies depending on its performance [121]. Spherical architec-
tures have been successfully realized through the construction of inter-
penetrating conductive networks, including coralloid nitrogen-doped
carbon frameworks [122], nanofiber-based microspheres [123], and
self-assembled LFP nanorods with lengths of 2-3 pm and diameters of
30-50 nm [124]. In addition, alternative morphologies such as bow-tie-
shaped nanocrystals [125], hollow nanoparticles [126], as well as
nanoplates and nanorods [127], have demonstrated comparable elec-
trochemical behavior. It was reported that LFP/C nanorods containing 9
wt% carbon delivered a discharge capacity of 120 mAh g ! at a high rate
of 10 C while retaining 83% of their initial capacity after 2000 char-
ge-discharge cycles [128]. These nanorods were synthesized via a sol-
vothermal route, and their discharge capacity ranged from 155 to 124
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Fig. 8. M—O bonding in LFP, LMP, and LCP olivine compounds: local geometry, lengths, and angles [98].
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Fig. 9. The carbon-coated LFP nanosheets were obtained via a liquid-phase exfoliation strategy combined with an HPHT solvothermal lithiation process.

mAh g~! depending on the operating temperature. Furthermore, LFP/C
nanorods prepared using tetraethylene glycol as a surfactant and
incorporating 10 wt% conductive additives achieved capacities of 160
mAh g ! at 0.1 C and 55 mAh g~ ! at an ultrahigh rate of 200 C, along
with a power density of 95 kW g~! [129]. Similarly, a sol-gel-derived
synthesis of carbon-coated LFP nanonetworks resulted in favorable
electrochemical performance and long-term cycling stability, delivering
120 mAh g1 at 20 C [130].

Electrospinning of LFP/C nanofibers [131-136] using poly-
acrylonitrile (PAN) and carbon [133] showed significantly better ca-
pacity of 162 mAh g~! at 0.1 C rate and 139 mAh g~! at 1 C. LFP (001)
nanorods with carbon coating showed improved performance, deliv-
ering 173 mAh g ' at 0.1 C,117mAh g ' at 10 C, and 113 mAh g ! after
500 cycles, indicating 96.5% capacity retention due to lithium path
reduction [137]. The reduced particle size (100 nm) is crucial for
achieving good rate capability [138]. Synthesized LFP/C nano pillows
employing ethylene glycol as a reaction medium solvent demonstrated
much greater rate capability at 30 C, achieving an outstanding rate
capability [139]. Based on prior discoveries [140-142] on LFP nano-
plates created via a solvothermal technique, this result marks a sub-
stantial advancement. However, as stated by the authors in [139], LFP/C

nanorods have better prospects for practical application, at least if they
are synthesized at a speed that facilitates industrial production of
nanorods at about the economic cost [152].

The results reported here are largely about lab-scale synthesis and
electrochemical performance. However, because LFP is a commercial
product, we decided it was appropriate to report on marketable methods
for LFP synthesis. Recent papers [143] address advancements and
challenges in LIB materials for automotive applications, including cost
and industrial synthesis methodologies. Current industrial strategies for
LFP include hydrothermal and solid-state technologies. Hydrothermal
synthesis is more expensive than solid-state processes due to its high
pressure and energy-intensive nature. Benedek et al. discovered a low-
temperature hydrothermal technique that reduces synthetic energy by
30%, comparable to solid-state reactions [133]. The hydrothermal
synthesis process is attractive for commercial processing because par-
ticle sizes and shapes can be regulated more easily than in solid-state
synthesis.

The scalable synthetic approach was performed to synthesize
LiMPO4 nanostructures (M = Fe and/or Mn), revealing the material's
electrochemical properties [144]. Phosphate-based cathode materials
synthesized by the soft template method assisted by the high-energy ball
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D-F [120].

milling method with carbon black attain reduced particle size and
enhanced carbon wiring formation as described in our earlier reports
[145-147]. Lithium storage properties can be further enhanced by
nanostructures with divalent cation substitution. Lithium storage
properties can be further enhanced by nanostructures with divalent
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cation substitution. Fig. 11 shows how nanostructuring can improve an
inorganic electrode's electrochemical characteristics.

Fig. 11 presents the nanostructuring strategies employed to improve
lithium storage performance in LiMPO4 (M = Fe and/or Mn) cathode
materials. The

resulting particles consist of interconnected
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Fig. 11. A design showing how nanostructuring can improve an inorganic electrode's electrochemical properties [144].
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nanocrystalline building blocks and mesoporous features, all encapsu-
lated within a conductive carbon layer. These structures were fabricated
using a soft-template-assisted high-energy ball milling technique [144].
The strong connectivity between primary nanocrystals and secondary
aggregated particles enables several performance benefits, including
shortened lithium-ion diffusion pathways, enhanced electronic con-
ductivity, and the formation of an efficient electron transport network.
In addition, the presence of an interconnected pore system facilitates
electrolyte infiltration, thereby accelerating lithium-ion insertion and
extraction processes within the electrode material.

Morphology control, including particle size reduction, shape engi-
neering, and hierarchical structuring, effectively addresses the inherent
kinetic limits of olivine LiMPO4 cathodes. Optimized microstructures
decrease lithium-ion diffusion routes and improve electrode-electrolyte
contact, resulting in higher rate capability and cycle stability. However,
there are still issues in obtaining consistent morphological control at
scale while retaining structural integrity over lengthy cycles. Future
studies should concentrate on scalable synthesis pathways, in situ
monitoring of morphology evolution, and combining morphology con-
trol with complementary tactics such as surface coating and multi-cation
doping.

4. Electrochemical performance comparison

The electrochemical performance of olivine phosphates is limited by
their electronic conductivity [148]. Recent studies have shown that Li-
ion diffusion can be helpful [149]. Li is transported along the b-axis in
olivine structures via 1D channels (refer to Fig. 4) [150]. To investigate
Li diffusion, a single Li-ion vacancy was introduced into pure (doped)
LiMnPOy supercells, and a single Mn ion was added to pure (doped)
MnPOy, supercells to compute activation energies. Table 3 [151] displays
the computed activation barriers.

The enhanced lithium insertion potentials of doped systems, partic-
ularly LiMng/4Ni;/4PO4, could improve electrochemical performance,
particularly for producing cathodes for LIBs, as nickel is less environ-
mentally harmful than cobalt. The activation barriers in LiMns/4Ni;,
4POy4 are similar because substituting an Mn atom does not materially
change the crystal structure. However, LiMns,4Ni; 4PO4 has a greater
variation in activation energy due to enhanced Pauli repulsion between
Li ions and MOg octahedrons. The expected lithium diffusion co-
efficients for LMP and doped materials are similar, indicating that car-
bon coating could be used to improve LFP conductivity [152].

Increasing the discharge capacity or operating voltage of cathode
materials improves energy density [153,154]. Researchers are working
to develop effective cathodes for high-potential lithium-ion batteries
[155]. LiMPOy4 is a good electrode material for LIBs due to its high
specific capacity (~170 mAh g~1), appropriate operating voltage, and
stability during lithium insertion/extraction [155-159]. LMP cathode
materials have a high theoretical specific energy and lithium-ion inter-
calation potential, making them a better choice than commercial LFPs
due to their superior discharge voltage platform, specific energy density,
safety, and low cost. However, their low ionic and electronic conduc-
tivity limits their application in high-performance LIBs. As summarized
in Fig. 12, LFP exhibits the most balanced electrochemical performance

Table 3

The barrier activation energies (Eg) in eV for pristine
and doped systems are denoted as Li vacancy diffu-
sion in lithiated structures and Li-ion diffusion in de-
lithiated structures.

Material E, (eV)
LiMnPO,4 0.40
MnPO, 0.44
LiMng, 4Nij 4PO4 0.49
Mng,/4Ni; 4PO4 0.44
LiMng,4Co1,4P04 0.43
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with excellent cycling stability, while LMP and LCP offer higher oper-
ating voltages at the expense of slower kinetics and interfacial insta-
bility. LNPO provides the highest theoretical voltage but remains
challenging due to electrolyte oxidation and poor reversibility. Obtain-
ing practical capacity close to theoretical values poses challenges due to
electrochemical durability issues [160,161] (Fig. 12a). Spinel-structured
LiMn,0y4 has a theoretical capacity of 148 mAh g~ but can only achieve
120 mAh g~ ! in practice, thereby limiting the energy density in Li-ion
batteries [162]. Moreover, manganese depletion is a concern due to its
reducing nature. In contrast, olivine-structured LFP exhibits a theoret-
ical capacity of 170 mAh g~! with 97-98% retention over 1000 cycles
[163], ensuring a long cycle life and efficiency due to effective lithium-
ion management during lithiation and delithiation (Fig. 12b).

Enhanced electronic conductivity and improved diffusion of Li" can
improve LiMnPO4 rate performance [164] with a carbon coating surface
layer [165], doped or substituted with guest ions [166], reducing par-
ticle size and controlling particle morphology [165,177] to enhance the
performance of LMP. LMP doped with ions enhances its electronic
conductivity and electrochemical performance, providing high
discharge capacity and good rate capability [167,168]. Doping elements
modify the lattice structure and alter the length of the Li—O bonds in
doped LMP. Li-ions diffuse faster through nanoparticles because of their
shorter diffusion lengths, but electron transfer occurs at higher surface
areas [169,170]. Furthermore, nanoparticles have low tapping density
because of their enormous surface areas, and electrodes have a poor
loading of active materials [171]. Micro-sized LMP particles have a tap
density of 1.79 g mL™! and deviate from the sphere form as they grow;
their tap densities decrease [172,173]. The tap density of spheres is the
highest, while needle-shaped particles have the lowest because of the
high aspect ratio [91]. Regularly shaped particles have higher tap den-
sity, crucial for electrode material transition from laboratory to industry
[174].

Doi et al. [175] synthesized LMP using long-chain Oleic acids at
300 °C. As shown in Fig. 13, the non-heat-treated LMP particles exhibit
sloping charge-discharge profiles without distinct voltage plateaus. This
behavior can be attributed to a high concentration of crystal defects and
structural disorder arising from insufficient thermal treatment. Defects
such as antisite Li/M disorder, lattice distortion, and partial amorph-
ization disrupt the well-defined two-phase reaction mechanism char-
acteristic of olivine phosphates, leading to a broad distribution of redox
potentials. In contrast, heat-treated samples with improved crystallinity
display more pronounced voltage plateaus, indicating enhanced struc-
tural order and more uniform lithium-ion insertion and extraction pro-
cesses. Fig. 13(a) indicates that the initial charge capacity was 30 mAh
g}, significantly lower than the theoretical 171 mAh g~. The discharge
capacity was 6 mAhg ™!, with a monotonous decrease in voltage, unlike
LMP powder's clear plateau. Fig. 13(b) displays the charging-
discharging characteristics of LMP particles after heat treatment in Ar,
which had initial capacities of 118 and 65 mAh g, respectively. Zhong
Sheng-Kui et al. [176] developed LMP/C using citric acid's sol-gel
method, suggesting its carbon source and chelating agent can reduce
particle size and maintain Mn?* stability. Sol-gel technique demon-
strated good electrochemical reversibility, with LMP/C achieving
maximum initial discharge capacity and capacity retention over 30 cy-
cles at 0.05 C as illustrated in Fig. 13c, d.

The electrochemical characteristics of olivine phosphate LiMPO4 (M
= Fe, Mn, Co, Ni), as summarized in Fig. 13, are strongly influenced by
intrinsic electronic conductivity, anisotropic lithium-ion diffusion, and
interfacial stability. Among the olivine family, LiFePO4 exhibits the most
balanced performance in terms of cycling stability, safety, and practical
rate capability, whereas higher-voltage materials such as LNP, LCP, and
LNPO offer enhanced energy density but suffer from pronounced kinetic
limitations and polarization effects. These challenges highlight the ne-
cessity of targeted materials engineering to bridge the gap between
theoretical potential and practical performance. Accordingly, the
following subsections focus on modification strategies, beginning with
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Fig. 13. The electrochemical properties of LiMnPO, particles: (a) shows the charge and discharge curves during the first three cycles; (b) depicts the curves for
particles treated with Ar at 500 °C for one hour; (c) presents the initial charge-discharge curves; and (d) details the electrochemical cycling performance of LMP/C
samples calcined for 10 h at temperatures of (1) 400 °C, (2) 500 °C, and (3) 600 °C [177].

carbon coating, which have proven effective in mitigating transport
limitations and improving the electrochemical performance of olivine
phosphate cathodes.

4.1. Surface coating and interfacial engineering strategies

The conductivity of the carbon coating increases with an increase in
the coating temperature [178]. It is important to reach a compromise
between increasing this temperature and not forming impurities. LFP
has a melting point of 650-700 °C [179]. The same applies to LiMnPO4.
As far as the carbon precursor is concerned, LMP and LFP differ pri-
marily. Since iron binds to carbon, any type of carbon precursor can be
used with little impact on C-LFP electrochemical performance. The only
requirement is that the carbon supply includes hydrogen, which serves
as a reducing agent [180]. The electrochemical properties of LMP are
influenced by the choice of precursor [181,182], with the degree of
carbon layer graphitization varying depending on the precursor. Li et al.
[182] demonstrated that the effectiveness of carbon incorporation
strongly depends on the formation of a uniform surface coating, as
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evidenced by high-resolution transmission electron microscopy obser-
vations and electrochemical impedance spectroscopy analysis. In their
work, the electrode was fabricated by blending carbon-coated LiMnPO4
(C-LMP) nanorods with acetylene black and PVdF binder in N-methyl-2-
pyrrolidinone using a mass ratio of 75:15:1. The introduction of
B-cyclodextrin enabled stable electrochemical behavior, delivering ca-
pacities of 153, 153, 143, 90, and 57 mAh g’l over 50 cycles, indicative
of favorable cycling performance [152]. In another approach, C-LMP
nanoparticles with diameters below 40 nm and uniform carbon shells of
approximately 2-3 nm were synthesized using oleylamine as both the
solvent and carbon precursor. When evaluated as a cathode material,
this sample achieved a discharge capacity of 168 mAh g~! at 0.1C and
105 mAh g_1 at 5 C, while exhibiting an initial capacity of 135 mAh g_1
at 1 C with 81% retention after 50 cycles [183]. These electrochemical
results exceeded those reported for C-LMP prepared via alternative
routes such as high-energy ball milling [184], solid-state synthesis
[185], microwave-assisted methods [186], spray pyrolysis [187], and
chemical vapor deposition [188]. Subsequent studies further enhanced
rate performance by producing nearly spherical C-LMP nanoparticles
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with ultra-small sizes of 8-12 nm through a solvothermal method
employing sucrose as the carbon source [189]. Electrodes assembled
using PVDF binder and Timcal Super P conductive carbon in a 7:1
weight ratio exhibited capacities comparable to those previously re-
ported [184], with capacity values increasing at higher C-rates and
stabilizing near 130 mAh g~ after 35 cycles at 0.5 C, primarily due to
the reduced particle dimensions.

Yu et al. investigated LCP nanocomposites with different carbon-
coating architectures, including single-layer, double-layer, and dual
carbon-shell configurations [190]. For single-layer coatings, LCP was
combined separately with 3 wt% acetylene black (AB), 5 wt% phe-
nol-formaldehyde resin, and 10 wt% glucose. In contrast, the double-
layer coating strategy involved forming an initial carbon shell using
10 wt% glucose, followed by a secondary coating composed of 1 wt% AB
and 3 wt% polyacrylic sodium salt (PAS). Electrochemical evaluation
revealed discharge capacities of 120.92, 107.0, and 138.06 mAh g~* for
the different coating configurations, with the glucose-PAS-derived car-
bon layers exhibiting more homogeneous surface coverage. At a rate of
0.1 C, LCP/C_PAS and LCP/C_AB electrodes delivered capacities of
143.51 and 147.12 mAh g™, respectively, although capacity retention
after 50 cycles was limited to 21.6% and 11.9%, as shown in Fig. 14a and
b. In a related study, Maeyoshi et al. compared various organic carbon
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precursors, including carboxymethyl cellulose (CMC), glucose, and
ascorbic acid, against carbon-free LCP samples [191]. Their results
indicated that ascorbic acid-derived coatings formed continuous carbon
layers with large interparticle gaps, whereas glucose resulted in
discontinuous carbon islands, while carbon-free LCP achieved the most
uniform surface morphology. The corresponding initial discharge ca-
pacities were 108.5, 112.9, 107.9, and 135.0 mAh g’l, respectively
(Fig. 14c). Furthermore, synthesized LNP exhibited a high initial
discharge capacity of 150.2 mAh g~! with negligible capacity degra-
dation over 100 cycles, underscoring the critical role of reaction-
facilitating solvents in stabilizing electrochemical performance [192].
Effective interaction between organic precursors and LNP at relatively
low temperatures was found to be essential for achieving strong carbon
adhesion, with partial carbon formation occurring at 200-250 °C and
becoming more uniformly distributed at elevated temperatures [193].
The resulting electrochemical behavior was analyzed through char-
ge—discharge profiles (Fig. 14d), cyclic voltammetry curves (Fig. 14e),
and cycling stability plots for LNP synthesized using different solvents
(Fig. 14f).

The influence of different reaction solvents on the structural and
electrochemical characteristics of LNP/C was systematically investi-
gated. Among the tested media, the isopropyl alcohol (IPA)-based
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system delivered the highest initial discharge capacity of 157 mAh g ! at
a 0.1 Crate, although a capacity decay of about 19% was observed after
80 charge-discharge cycles. Transmission electron microscopy revealed
that the carbon layer formed on the LNP particles had a thickness of
approximately 5-6 nm [193]. In a related approach, Zang et al. [194]
employed glucose as a carbon precursor using a combined solvothermal
and solid-state reaction route in a biphasic water-benzyl alcohol solvent
system. This strategy effectively suppressed particle coarsening during
the annealing step, reducing the size of LNP particles that would
otherwise reach diameters of ~2 pm. As a result, the LNP/C cathode
demonstrated superior rate capability relative to bare LNP, achieving a
notably high initial specific capacity of 220 mAh g~! at a low current
density of 0.05 C.

Carbon coating significantly improves high-voltage olivine cathode
performance by increasing electronic conductivity and decreasing par-
ticle size. In situ techniques show outstanding electrochemical perfor-
mance, achieving a discharge capacity close to theoretical values. The
carbon layer should be less than 6 nm thick to ensure strong electronic
conductivity and sufficient lithium-ion conduction, as thick layers pre-
vent lithium-ion motion.

Carbon coating enhances the electronic conductivity and interfacial
stability of LiMPO4 cathodes, leading to improved electrochemical
performance. Despite significant improvements, exact control of carbon
thickness, homogeneity, and graphitization remains difficult, especially
in high-voltage olivine phases. Future research should investigate
advanced coating topologies such as hybrid carbon-inorganic layers and
conductive polymers, as well as their long-term durability under high-
voltage and solid-state battery conditions.

Beyond Carbon: Advanced Surface Coating Strategies for Olivine
LiMPO,4 Cathodes.

Carbon coating is often employed to increase the electronic con-
ductivity of olivine LiMPO,4 cathodes, although its efficiency may be
limited by interfacial side reactions and insufficient chemical passiv-
ation during high-voltage operations. As a result, different surface
coatings have gained popularity as supplemental or replacement solu-
tions for stabilizing the cathode-electrolyte interface while maintaining
favorable charge-transport kinetics.

Oxide-based coatings like Al;O3, TiO3, and ZrO, operate as chemi-
cally durable interfacial barriers, reducing electrolyte oxidation and
transition-metal dissolution. Although these coatings are normally
electrically insulating, their performance is heavily dependent on
thickness and uniformity; ultrathin oxide layers can maintain lithium-
ion transport while greatly improving cycling stability at high voltages.

Phosphate-based coatings, such as LizPO4 and metal phosphate
layers, have better chemical compatibility with olivine cathodes due to
their common polyanion framework. Coatings can minimize interfacial
impedance and increase structural coherence, especially in high-voltage
systems like LCP and LNPO, where electrolyte instability is a major
concern.

Conductive polymer coatings, such as polyaniline and polypyrrole,
on the other hand, serve two purposes: they improve electronic con-
ductivity while also producing flexible, conformal interfacial layers.
Their mechanical plasticity allows them to accommodate volume vari-
ations during cycling, but long-term chemical stability under harsh
electrochemical conditions is still a worry.

More recently, hybrid coating topologies that combine carbon with
oxide or polymer components have developed as a viable method for
decoupling electrical conduction from interfacial protection. These
multilayer or composite coatings combine the high conductivity of
carbon frameworks with the chemical passivation of inorganic or poly-
meric layers to improve rate capability, cycling stability, and interfacial
durability.

From a design perspective, the effectiveness of surface coatings in
olivine LiMPO4 cathodes is governed by a delicate balance between
ionic permeability, electronic connectivity, and chemical stability.
Future progress will require coating strategies that are not only
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electrically conductive but also chemically compatible with high-
voltage electrolytes and scalable for practical electrode
manufacturing. To illustrate the distinct roles of different surface engi-
neering strategies, Fig. 15 schematically compares conventional carbon
coatings with oxide-based and hybrid coating architectures applied to
olivine LiMPO4 cathode materials.

4.2. Particle size effect

Furthermore, this study shows that small LMP particles are particu-
larly fascinating. Several methods can be used to do this, including
phosphate-formate precursor [195], ultrasonic spray pyrolysis [196],
antisolvent precipitation [197], and hydrothermal processes [198]. The
LMP/C nanorods (thin <50 nm) had a capacity of 168 mAh at 0.05 C and
110 mAh at 10 C, with 94.5% capacity retention after 100 cycles at 0.5 C
[199]. As indicated in the LFP section, some commercialization barriers
exist for nanoparticles. First, such nanoparticles are difficult to handle
[200]. Limiting tap density to 0.3-0.8 g cm™> lowers the product's
volumetric energy density [201]. The solution, like the LFP, was to use
hierarchical structures. According to [202], a mechanochemical liquid-
phase activation method successfully coupled nano-sized crystallites
(20-50 nm) with micron-sized secondary particles. The use of nano
primary particles and micron-sized secondary particles in Li (Mn, Fe)
PO4 resulted in similar capacities and enhanced rate capability, proving
its efficacy in maximizing tap density [152].

4.3. Kinetic limitations and conductivity challenges

Atomistic modeling approaches can investigate multiple diffusion
pathways in lithium-conducting materials, with particular emphasis on
the relaxation of the surrounding lattice as an ion migrates across the
structure [203]. Fig. 16 displays the lithium-ion migration paths in
olivine-structured phosphates (LiMPO4). Path A (migration between
adjacent Li sites in the [010] direction), Path B (migration in the [001]
direction), and Path C (migration across lithium channels in the [95]
direction). The energy profiles of these mechanisms can be determined
by calculating the energy of the migrating ion along the diffusion path,
with the maximum potential energy representing the activation energy
(Table 4) [203].

According to the study, the lowest energy path for lithium-ion
migration in all four materials is through the [010] channel, path A.
Other channels (B and C) have significant barriers of over 2.2 eV, pre-
venting lithium ions from freely moving between them. The rapid oxide
ion conductor constructed of 8 mol% yttria-stabilized zirconia (YSZ)
[204] has identical activation energies for both oxide ion migration (0.9
eV) and cation migration (2.3 eV), confirming the very anisotropic na-
ture of Li-ion migration in LiMPOy. The study found that the migration
of Li-ion in LiMPO0y is significantly anisotropic, which is consistent with
electronic structure estimations and experimental activation energies
[150]. Molecular dynamics simulations can give a thorough examina-
tion of Li pathways, which are distinguished by complex particle
translocation events and intersite Li* jumps in competitive pathways
[216]. The predicted activation energies for LFP and LMP are consistent
with the previously reported activation energy of 0.63 eV for both LFP
and LiFe0,45Mn0,55PO4 [205].

Recent LFP surface simulations [206] demonstrate that the (010)
surface is prevalent in crystal morphology. This correlates to the desired
[010] conduction channel [207]. The migrating ion moves in a curved
way between lithium sites [220], deviating from a linear path by
approximately 0.5 A at its midpoint (Fig. 17). The observed lattice
deformation surrounding the diffusing lithium-ion, as it travels through
PO4 and MOg polyhedra, highlights the importance of the (010) surface
in nanoparticle behavior. Yamada et al. [208] confirmed the one-
dimensional diffusion of Li" along a curved migration channel be-
tween adjacent lithium sites, agreeing with simulation results and pre-
dictions [220]. Magnetic susceptibility and X-ray absorption
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Fig. 15. Schematic illustration of representative surface coating strategies for olivine LiMPO, cathodes, including (a) conductive carbon coatings that enhance
electronic transport, (b) inorganic oxide coatings that improve interfacial chemical stability and suppress electrolyte decomposition, and (c) hybrid coating archi-
tectures combining conductive and protective layers to synergistically enhance charge-transfer kinetics and cycling stability.
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Fig. 16. Lithium-ion migration paths in olivine-structured phosphates
(LiMPO4) comprise components such as M = Mn, Fe, Co, and Ni [203].

Table 4
Mechanisms and energies of Li migration in LiIMPO4 (Mn, Fe, Co, and Ni)."
Path Migration Energy, Emin (eV) Co Ni
Mn Fe
A [010] 0.62 0.55 0.49 0.44
B [001] 2.83 2.89 3.28 3.49
C [101] 2.26 3.36 3.41 3.99

2 Mlustrated in Fig. 16.

spectroscopy experiments reveal distinct magnetic characteristics and
electronic structures of single-crystal LFP in three axial directions [209].

The study discovered that lithium-ion diffusion in LFP crystals is two-
dimensional, in contrast to the one-dimensional concept described
previously [210]. The anisotropic character of the orthorhombic olivine
structure is challenging to reconcile, as the Li—Li jump distances are
extremely different. Furthermore, tracer diffusion investigations of
FeySiO4 revealed distinct Fe diffusion along the three major axes [211].
Fig. 18 schematically illustrates the one-dimensional lithium-ion diffu-
sion pathways in olivine LiMPO4 and the associated kinetic limitations
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MO6 octahedron
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Li migration pathway

Fig. 17. A curved migration channel for lithium-ion migration pathway in
olivine compounds LiMPO4 (M = Mn, Fe, Co, and Ni) [203].

arising from low electronic conductivity. Modification strategies such as
particle downsizing, conductive carbon coating, and hetero-ion doping
are shown to effectively shorten diffusion lengths and improve the
charge transport.

4.3.1. Summary and perspective

Carbon coating, particle size reduction, and hetero-ion doping
address distinct yet interconnected limitations of olivine LIMPO4 cath-
odes and therefore tend to exhibit synergistic effects when judiciously
combined. Carbon coatings enhance surface electronic conductivity and
interparticle charge transport, while particle downsizing shortens
lithium-ion diffusion pathways and improves interfacial kinetics. In
parallel, appropriate cation doping can modulate lattice parameters and
defect concentrations, lowering lithium-ion migration barriers within
the bulk structure. The simultaneous optimization of these strategies
enables concurrent enhancement of electronic and ionic transport,
leading to improved rate capability and cycling stability. Nevertheless,
excessive carbon loading, extreme nanoscaling, or high dopant levels
may compromise structural integrity or energy density, highlighting the
importance of balanced materials design.
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Fig. 18. Graphical illustration of lithium-ion transport pathways and kinetic limitations in olivine LiMPO4 cathodes, highlighting intrinsic one-dimensional diffusion,
electronic conductivity constraints, and the role of modification strategies such as carbon coating, nanosizing, and cation substitution in enhancing electrochemical

performance.

4.4. Doping and compositional engineering

Introducing small amounts of aliovalent cations such as ALY, 7,
and Nb°" into LiFePO4 has been reported to markedly enhance its
electronic conductivity [225], leading to ongoing discussion regarding
the underlying mechanism. Key questions include whether the dopants
truly substitute into the olivine lattice, the identity of the charge-
carrying species, and whether the observed conductivity improve-
ments arise instead from indirect effects such as carbon impurities or the
formation of phosphide phases [212-215]. To clarify these issues, Fisher
et al. employed atomistic modeling approaches capable of quantitatively
evaluating the relative energies associated with different dopant incor-
poration pathways, thereby offering systematic insight into site prefer-
ence and dopant solubility trends. Their study extended the analysis of
dopant behavior in LiMPO4 systems beyond the range previously
explored experimentally.

The primary objective was to determine the dominant charge-
compensation mechanisms associated with aliovalent substitution,
such as Na' replacing Li* or Mg?" occupying M2* sites; however,
experimental validation of these mechanisms remained inconclusive.
Possible compensation routes considered included the formation of
lithium vacancies, transition-metal vacancies, oxygen vacancies, or
electronic compensation effects [203]. To assess these scenarios, total
substitution energies were calculated for different compensation
schemes by examining Na* and Zr** dopants introduced at Li and M
sites, respectively, and comparing multiple incorporation reactions.

Substitution and solution energies were obtained by combining
defect formation energies with lattice energy contributions for each
modeled reaction. Interatomic potential methods were applied to
simulate dopant incorporation in binary oxides containing the relevant
cations, following a systematic modeling framework that has previously
been extended to other oxide and silicate materials [216,217]. As
illustrated in Fig. 19, dopant incorporation energies for monovalent,
divalent, and trivalent cations with energetically favorable charge-
compensation mechanisms are plotted as a function of ionic radius. All
calculations were performed in the dilute doping limit to represent low
dopant concentrations. The calculated solution energies for tetravalent
and pentavalent dopants in olivine phosphate structures are summarized
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in Table 5, where A*" and A>" species are reported separately [203].
The results indicate that Nb>" substitution at the M2* site in LMP and
LNPO is energetically unfavorable, suggesting limited dopant stability in
these systems.

The researchers discovered that all four LiMPO4 materials had the
lowest isovalent substitution energies, with Na doping for Li* and
divalent doping for M?" being the most successful. This is compatible
with the mutual solubility observed in other LiMPO,4 systems
[218-223,232,234] but does not necessitate charge compensation,
reducing the number of charge carriers. Roberts et al. [224] found that
Mg2+ is soluble at Fe sites in LFP but not at Li sites. The LiFe gMgo 1PO4
system is more resistant to capacity fading than the undoped LFP [222].
However, adding redox-inactive Mg?* reduces the effective electro-
chemical capacity.

Aliovalent substitution with tetravalent and pentavalent cations is
energetically unfavorable across the LiMPOy family, indicating that A**
and A" dopants are thermodynamically unstable within the olivine
lattice and therefore unlikely to be incorporated in significant amounts
[220]. As the valence mismatch between the dopant and the host ion
increases, the energy required for dopant incorporation rises accord-
ingly, highlighting the dominant role of electrostatic interactions in
governing dopant energetics in olivine-structured LiMPO,4 materials.

Among the examined donor dopants, Ti** and Nb>" exhibit the
poorest compatibility with both Li and transition-metal sites, with
charge compensation primarily occurring through the formation of M2+
vacancies or changes in oxidation states. Despite numerous reports of
enhanced electronic conductivity following supervalent doping, the
fundamental mechanism responsible for such improvements remains
unclear. Maier and Amin [225] reported that even trace levels of
supervalent dopants can alter the valence state of transition-metal ions,
potentially decreasing, rather than increasing, the concentration of
intrinsic electronic charge carriers. Their findings also showed that
undoped LFP and LCP can achieve electronic conductivities in the range
of 107 t0 1072 S ecm™! [212,214,215]. Experimental studies further
indicate limited dopant solubility and effectiveness: Butt et al. [226]
observed that Ti*" does not dissolve into the LNPO lattice, while
Wolfenstine [218] demonstrated that the presence of a conductive Co,P
surface layer does not substantially improve the electronic conductivity
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Fig. 19. Solution energies vs dopant ionic radius for (a) LMP, (b) LFP, (c) LCP, (d) LNPO. Lines are purely visual guidelines [203].

Solution energies of tetravalent and pentavalent dopants in olivine phosphates.

Solution energy (eV/dopant)

Site Ti** Zr*t Nb°*
LMP

Li 11.0 12.6 17.9
Mn 7.6 6.8 NC*
LFP

Li 10.7 10.6 13.5
Fe 6.0 5.7 7.7
LCP

Li 11.6 11.5 14.8
Co 6.3 7.3 12.5
LNPO

Li 11.8 11.7 14.8
Co 6.2 5.8 NC*

# NC = nonconverge of calculation.

of LCP. Similarly, Delacourt et al. [212] were unable to successfully
introduce Nb°* into LiFePO,, and Ellis et al. [214] concluded that
aliovalent dopants such as Al, Y, Cr, and Zr do not lead to enhanced
conductivity in LiMPO4 materials synthesized under carbothermal
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reduction conditions.

The stability of hypervalent dopants like Zr** and Nb°* in olivine
LiMPOy4 cathodes is influenced by thermodynamic and kinetic factors.
Thermodynamically, substituting higher-valence cations at the M2* site
creates charge imbalances and lattice strain, necessitating the formation
of lithium or oxygen vacancies and mixed-valence states for charge
compensation. This process increases defect formation energy and may
lead to destabilization of the olivine structure, resulting in phase sepa-
ration when the energetic cost of defects outweighs the stabilization
benefits of substitution.

Kinetically, the PO3~ framework inhibits long-range cation diffusion,
promoting dopant segregation at grain boundaries and forming meta-
stable structures during electrochemical cycling. Consequently, hyper-
valent doping remains stable primarily at low concentrations, with
detrimental effects at higher levels, despite short-term enhancements in
transport properties. Table 6 presents a benchmarking analysis of single-
metal olivine phosphates, summarizing key performance metrics and
characteristics relevant to their application in various contexts. All
tabulated data presented in this section are derived from published
literature and are intended for comparative benchmarking.

Cation doping and mixed transition-metal substitution have emerged
as powerful tools to tune lattice parameters, electronic structure, and
lithium-ion migration kinetics in LiMPO4 materials. While performance
enhancements have been widely reported, the thermodynamic stability
and defect chemistry of heavily or hypervalent-doped systems are not
yet fully understood. Future studies combining first-principles modeling
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Table 6
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Benchmark electrochemical performance of representative single-metal olivine LIMPO, cathodes. Data are compiled from recent literature reports (2021-2025) under

comparable testing conditions.

Cathode Primary modification Average operating Practical capacity Rate capability Cycling stability Key performance characteristics

material strategy voltage (V vs. Li/Li") (mAh g™

LiFePO4 Pristine ~3.4-3.5 150-165 Moderate Excellent (>2000 Enhanced electronic conductivity and

cycles) power capability
LiFePO,4 Carbon coating ~3.4-3.5 155-170 High (up to Excellent Higher voltage but sluggish kinetics
several C)

LiMnPO4 Pristine ~4.0-4.1 110-130 Low Moderate Higher voltage but sluggish kinetics

LiMnPO4 Nanosizing/surface ~4.0-4.1 125-140 Moderate Improved Reduced diffusion length and
modification polarization

LiCoPO4 Carbon coating/ ~4.7-4.8 140-155 Low-moderate Limited High voltage benefits offset by
doping interfacial and kinetic challenges

LiNiPO4 surface engineered ~4.9-5.1 150-165 Low Poor-moderate Very high voltage, severe kinetic and

interfacial limitations

with operando characterization are needed to establish rational doping
limits and design multi-cation olivine cathodes with optimized struc-
ture—property—performance relationships.

4.5. Mixed transition-metal olivine phosphates:
structure-property—performance relationships

Beyond single-metal olivine phosphates, mixed transition-metal Li
(TM;TM3)PO4 and Li(TM;TM3TM3)PO4 systems have emerged as an
effective strategy to balance voltage, capacity, and kinetic limitations
inherent to individual LIMPO, compositions. Partial substitution of Fe>*
with Mn?*, Co?*, or Ni®* has been shown to introduce multiple redox
couples, leading to broadened operating voltage windows and tunable
electrochemical profiles [227]. For example, LiFe; 4MnyPO4 exhibits a
synergistic combination of the structural stability of Fe-based olivines
and the higher redox potential of Mn-based counterparts.

From a structural perspective, multi-cation substitution induces
controlled lattice distortion and local symmetry breaking, which can
reduce lithium-ion migration barriers along the one-dimensional b-axis
diffusion channels [67]. First-principles and experimental studies indi-
cate that appropriately designed cation disorder can mitigate antisite
defect formation while enhancing percolative lithium diffusion path-
ways. However, excessive compositional complexity may also introduce
local strain and phase heterogeneity, underscoring the need for opti-
mized stoichiometry.

Electrochemically mixed-TM olivines often display smoother voltage
profiles and improved rate capability compared to single-metal ana-
logues, particularly when combined with nanostructuring and conduc-
tive carbon architectures [228]. Recent work on ternary olivine
compositions such as Li(Fe, Mn, Co)PO4 demonstrates that rational
compositional tuning enables simultaneous optimization of energy
density, cycling stability, and thermal safety. These findings highlight
multi-cation olivines as a promising material platform for high-
performance and application-specific LIBs. Table 7 presents a

Table 7

comparative analysis of mixed and multi-cation olivine phosphates,
likely outlining their properties, performance metrics, or applications as
benchmarks within the relevant scientific field.

To quantitatively benchmark these trends, a Ragone plot comparing
representative single-metal and mixed-metal olivine phosphate cath-
odes under different optimization strategies is presented in Fig. 20.

Overall, while individual optimization strategies improve either
energy density or power capability, mixed transition-metal olivine sys-
tems combined with surface and morphological engineering demon-
strate the most balanced electrochemical performance.
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Fig. 20. Ragone plot comparing representative single-metal and mixed-metal
olivine phosphate cathodes with different optimization strategies. Energy and
power densities are calculated from reported capacity and voltage values at
specified C-rates. Markers reflect (@) pristine, (a) carbon-coated, (ll) doped,
and (¢p) mixed transition-metal systems.

Comparative performance of mixed transition-metal olivine phosphate cathodes and their dominant optimization strategies. Values represent typical ranges reported

in the literature.

Composition Dominantredox  Voltage range (V Practical capacity Rate Cycling Structure-property—performance insight
couples vs. Li/Li") (mAh g1 performance stability
LiFe; - yMn,PO4 Fe*t/Fe3*, ~3.6-4.1 140-155 Moderate Good Balanced voltage and stability with improved
Mn?*/Mn®* kinetics over LiMnPO,4
Li(Fe,Mn)PO4 Fe/Mn ~3.7-4.0 145-160 Moderate-high Good Smoother voltage profile and reduced polarization
(optimized ratios)
Li(Fe,Mn,Co)POy4 Fe/Mn/Co ~3.8-4.7 150-165 Moderate Moderate Enhanced energy density with manageable
structural stability
Li(Fe,Co,Ni)POy4 Fe/Co/Ni ~3.9-4.9 ~155-165 Moderate Limited High voltage benefits offset by interfacial and
kinetic challenges
Multi-cation LiMPO4 Multiple Composition- 150-170 High Good Synergistic effects from compositional tuning and
with carbon networks dependent conductive frameworks
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4.6. High-voltage olivine phosphates and electrolyte challenges

The sol-gel process was utilized to create olivine-type compounds
with the structural formula LiMPO4, which has a sponge-like particle
shape appropriate for cathode materials [98]. The composite consists of
an orthorhombic olivine structure, with lithium occupying the octahe-
dral sites while Mn®" and Co?* replace Fe?!. LFP has excellent elec-
trochemical characteristics, but LCP has limited reversible capacity and
unpredictable cycle performance.

Fig. 21 illustrates the initial charge-discharge behavior and cycling
stability of the synthesized sponge-like olivine powders and presents the
galvanostatic profiles of LFP, LMP, and LCP composite cathodes
measured at room temperature under identical current density condi-
tions. As shown in Fig. 21a, LFP delivers discharge capacities of 136.9
and 136.0 mAh g1, LMP achieves 109.1 and 107.7 mAh g™}, and LCP
exhibits 134.6 and 83.4 mAh g~ during the first cycles. The LFP elec-
trode displays a well-defined and flat charge-discharge voltage plateau
across different compositions, characteristic of a two-phase redox
mechanism [86,229]. In contrast, the charge-discharge profiles of LMP
and LCP exhibit two distinct voltage plateaus corresponding to their
respective redox reactions. While both LFP and LMP exhibit nearly
100% reversible capacity, LCP's reversibility is limited to about 62%,
primarily due to electrolyte decomposition at its higher operating
voltage. Cycling performance over 30 cycles, presented in Fig. 21b,
further confirms the excellent stability of LFP, whereas LMP and LCP
undergo noticeable capacity fading during repeated cycling. LFP cells
have 100%, 78%, and 59% capacity retention rates, respectively. The
capacity loss in LMP cells may be due to Mn dissolution and electrolyte
decomposition [196]. LCP has unpredictable cycle performance and
significant capacity reduction due to electrolyte breakdown. LFP cells
have a higher rate capability.
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Fig. 21. Initial charge-discharge performance (a) and cycle stability (b) of
lithium cells at 0.5 C-rate using cathodes made from three materials (RT) [98].
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Sol-gel synthesis resulted in pure powders of LFP, LMP, and LCP,
with LMP having the biggest unit cell. The lattice properties and cell
volumes of the composite altered as the transition metal changed,
particularly in MOg octahedra. The deformation of PO4 tetrahedra oc-
curs solely in LMP. LFP has good electrochemical characteristics; how-
ever, LCP has low cycle stability because of electrolyte breakdown at
high voltages. Fig. 22 highlights recent advances in electrolyte engi-
neering that extend oxidative stability beyond 4.5 V, thereby enabling
improved cycling of high-voltage olivine phosphates. The development
of high-voltage and functional electrolytes has renewed interest in
LiCoPOy4 and LiNiPOy for high-energy LIBs. Table 8 compares the elec-
trochemical characteristics of LFP and high-voltage olivine cathodes.

The high operating voltages of LMP, LCP, and LNPO are due to strong
electrostatic repulsions between M and P ions, resulting in lower cova-
lence of M—O bonds. The P—O covalent bond provides high structural
stability, making it ideal for large-scale applications such as electric and
hybrid vehicles, where battery safety is a crucial factor [246]. These
phosphates have discharge capacities similar to those of LiFePOu,
resulting in higher theoretical energy densities. LigV(PO4)3 represents
another high-voltage phosphate cathode and exists at room temperature
in two polymorphic forms: a rhombohedral NASICON-type p phase and a
monoclinic o phase [244]. In contrast, orthorhombic olivine phosphates
generally suffer from inherently sluggish kinetics, which originate from
their very low electronic conductivity caused by the separation of MOg
octahedra by insulating PO, tetrahedra, as well as from one-dimensional
lithium diffusion pathways within the crystal framework. In the case of
LiMnPOQy, both electronic and ionic conductivities are particularly poor,
resulting in practical capacities that fall well below the theoretical limit.
Moreover, during delithiation, the presence of Mn>" induces pro-
nounced Jahn-Teller distortions, leading to structural instability in LMP
[247-250,266]. Despite this, parasitic interfacial reactions with con-
ventional electrolytes are relatively minor, since EC-based electrolytes
remain stable at operating voltages around 4.1 V. This behavior con-
trasts with that of LCP and LNPO, which operate at much higher voltages
and therefore suffer from severe electrolyte oxidation, like high-voltage
spinel systems such as LiNip sMn; 504 (~4.7 V), albeit with somewhat
improved transport properties [251]. Approaches to enhance lithium
transport and electrochemical reversibility in high-voltage olivine
phosphates and a-Li3V3(PO4)3 largely mirror those developed for LFP,
including particle downsizing, conductive carbon coatings, and
elemental substitution. However, aliovalent doping has not been shown
to intrinsically enhance the electronic conductivity of LFP, a limitation
that likely extends to other LiMPO4 compounds. Instead, dopant incor-
poration often generates cation vacancies at lithium and/or transition-
metal sites, which can indirectly facilitate lithium-ion diffusion within
the structure [252]. High-voltage phosphates have shown inferior half-
cell electrochemical performance compared to LFP, especially for Co-
and V-based compositions. Future considerations should focus on long-
term cycling behavior and graphite anodes. Further research is required
to gain a deeper understanding of the impact of elemental substitution
on high-voltage phosphates.

Recent studies have further advanced the understanding and per-
formance optimization of olivine LIMPO4 cathodes through integrated
structural design, interfacial engineering, and compositional tuning. For
instance, systematic investigations have demonstrated that controlled
surface modification and conductive network construction can signifi-
cantly enhance electronic conductivity and lithium-ion diffusion ki-
netics, leading to improved rate capability and cycling stability in
olivine phosphate cathodes [253,254]. In parallel, targeted cation sub-
stitution and defect regulation have been shown to modulate lattice
parameters and redox behavior, enabling improved electrochemical
reversibility and energy density without compromising structural sta-
bility [255,256]. Moreover, emerging work has highlighted the adapt-
ability of olivine-based cathodes to advanced battery systems, including
high-voltage and solid-state configurations, by addressing interfacial
compatibility and transport limitations through rational materials and
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Fig. 22. Graphical comparison of electrochemical stability windows of conventional and advanced electrolytes relative to the operating voltages of olivine LiIMPO4
cathodes, illustrating the electrolyte constraints and opportunities for high-voltage LCP and LNPO systems.

Table 8

Electrochemical characteristics of high-voltage olivine and monolithic a-Li3V2(PO4)3 with LFP.

LFP LMP LCP LNPO a-Li3V2(P0O4)3

Average voltage (V, vs. Li*/Li) 3.45 4.1 4.8 5.1 4.0
Theoretical capacity (mA h g™") 170 171 167 169 197
Reversible capacity (mA h g™ >160 160 >120 >75 170
Theoretical energy density (Wh kg™) 586 701 801 862 788

Electrical conductivity (S cm™!) 10°° 107! 10°° 10°7¢ 108

Apparent Li diffusivity (cm? s ~1)* 107141071 1077 107 13-10714 10110715 107°-1071°
Reference [86,230,231] [86,232-234] [235-237] [238-241] [242-245]

@ Based on empirical rather than computational data. The latter often suggests values that are several orders of magnitude greater [150,156].

b y3+/4+ ranges between 3.6 and 4.0 V, whereas V**/5" exceeds 4.5 V [243].
¢ This data was gathered at 716 K.

interface design [257]. These recent advances reinforce the relevance of
LiMPOg4-based materials as versatile and robust cathodes for next-
generation rechargeable batteries.

High-voltage olivine phosphates offer substantial energy-density
gains but remain constrained by electrolyte oxidative stability and
interfacial degradation. Emerging electrolyte formulations and solid-
state systems provide promising pathways toward stable high-voltage
operation, though long-term reliability remains a critical research focus.

4.7. Advanced characterization of electrochemical mechanisms

Recent advances in operando and in situ characterization techniques
have provided critical insights into the electrochemical mechanisms
governing olivine LiMPO4 cathodes. Operando X-ray diffraction (XRD)
studies have clarified the phase evolution during lithium insertion and
extraction, revealing a transition from classical two-phase behavior in
LFP to more complex solid-solution or mixed-phase mechanisms in Mn-,
Co-, and Ni-based olivine phosphates, particularly under non-
equilibrium or high-rate conditions [258]. These findings underscore
the strong coupling between crystal chemistry, lithium diffusion
anisotropy, and electrochemical response.

Complementary X-ray absorption spectroscopy (XAS) investigations
have enabled direct probing of transition-metal redox states and local
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coordination environments, demonstrating that cation substitution not
only shifts redox potentials but also alters metal-oxygen covalency and
polyanion inductive effects [259]. In several LiIMPOy4 systems, XAS re-
sults further indicate partial irreversibility of transition-metal redox at
elevated voltages, contributing to voltage hysteresis and long-term ca-
pacity degradation [259,260].

Furthermore, in situ and operando TEM and spectroscopic tech-
niques have revealed nanoscale degradation pathways, including anti-
site defect accumulation, microcrack formation, interfacial
reconstruction, and localized amorphization during prolonged cycling
or high-voltage operation [261]. These observations demonstrate that
electrochemical performance is governed not only by bulk lithium
diffusion kinetics but also by defect chemistry and electrode-electrolyte
interfacial stability. Collectively, these advanced characterization
studies provide a comprehensive mechanistic framework for guiding the
rational design of high-performance and high-voltage olivine phosphate
cathodes [262].

Electrochemical investigations reveal that the performance of olivine
LiMPOy4 cathodes is governed by a complex interplay between crystal
structure, microstructure, and surface chemistry. Although LFP has
reached commercial maturity, higher-voltage members remain limited
by kinetic barriers and electrolyte instability. Future research should
prioritize operando diagnostics to elucidate degradation mechanisms



T.A. Manfo and H. Laaksonen

and guide the design of next-generation high-voltage olivine cathodes
with improved durability and energy density.

5. Technological prospects and applications

From an application standpoint, the balance between energy and
power density is critical, as illustrated by the Ragone comparison shown
in Fig. 21. Olivine phosphate cathode materials have demonstrated
strong potential for a wide range of lithium-ion battery applications due
to their intrinsic safety, structural robustness, and long-term cycling
stability. Among them, LFP has already achieved large-scale commercial
success in electric vehicles, grid-level energy storage, and stationary
backup systems, owing to its low cost, environmental benignity, and
excellent thermal stability. These attributes make LFP particularly
attractive for applications where safety, longevity, and cost-
effectiveness outweigh the need for ultra-high energy density.

Higher-voltage olivine phosphates, including LMP, LCP, and LNPO,
offer significantly increased operating voltages and theoretical energy
densities, positioning them as promising candidates for next-generation
LIBs targeting extended driving range and compact energy storage.
However, their practical deployment remains limited by challenges such
as sluggish lithium-ion transport, low electronic conductivity, and
electrolyte instability at elevated voltages (see Sections 3-4). Recent
advances in materials engineering, such as the design of nanoscale
particles, conductive carbon architectures, and hetero-ion substitution,
have partially mitigated these limitations, leading to improved rate
capability and cycling stability. Lithium transition metal phosphates
(Co, Ni) are investigated as cathode materials for high-voltage lithium-
ion batteries due to their ability to undergo full lithiation and delithia-
tion. Despite advancements, materials like LCP and LNP have only
achieved around 80% specific capacity, and their discharge capacity
remains limited to 10-20 cycles at lower rates. Fig. 23 illustrates the
status of high-voltage olivine-structured LiMPO4 cathode materials used
in energy storage applications. Advancements in battery technology
indicate that olivine-structured cathodes, with high potentials of 4.8 and
5.2 V, are promising for implementation in all-solid-state battery sys-
tems for large-scale applications, particularly in electric vehicles (EVs)
and hybrid vehicles (HVs). Research by Okumura et al. demonstrated
the use of LCP-LATP composite cathodes in all-solid-state LIBs using the
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Fig. 23. The present state of high voltage olivine structured LiMPO, cathode
materials for energy storage applications.
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spark plasma sintering (SPS) method to evaluate their electrochemical
performance [263].

Recent developments in energy storage have highlighted aqueous
batteries utilizing lithium-ion conduction mechanisms [264]. An
experimental study reported the use of a high-potential electrode, LCP,
as a cathode in these batteries [265]. From a system-level perspective,
the compatibility of high-voltage olivine cathodes with advanced elec-
trolytes has emerged as a critical factor for technological adoption.
Developments in high-voltage electrolyte systems, including fluorinated
carbonate formulations and localized high-concentration electrolytes,
have expanded the electrochemical stability window beyond 4.5 V,
thereby enabling more stable operation of LCP- and LNPO-based cells.
These electrolyte innovations not only enhance oxidative stability but
also improve interfacial robustness, which is essential for long-term
cycling under high-voltage conditions.

The development of solid electrolytes, including polymer [266-269]
and inorganic ceramic types [270,271], facilitates the creation of new
high-power cells with stable lithium metal anodes. Despite significant
research into high-voltage olivine-structured cathodes like LCP and
LNPO, challenges remain in meeting current energy storage system de-
mands. To address these issues, detailed computational studies are
necessary to better understand the weaknesses of these cathodes, inte-
grating theoretical calculations with experimental work for future ad-
vancements. Beyond conventional LIBs, olivine phosphate cathodes are
also being explored for emerging energy-storage platforms, including
solid-state batteries and hybrid battery-capacitor systems. The rigid
polyanion framework and thermal resilience that characterize olivine
structures are particularly advantageous in solid-state configurations,
where mechanical and chemical stability at electrode-electrolyte in-
terfaces is paramount. As research continues to integrate advanced
materials design with scalable manufacturing and electrolyte optimi-
zation, olivine phosphates are expected to play an increasingly impor-
tant role in future safe, sustainable, and high-performance energy-
storage technologies. The suitability of olivine LiMPO,4 cathodes for
solid-state batteries is closely related to their favorable interfacial
behavior with solid electrolytes. The rigid PO~ polyanion framework
confers excellent structural and thermal stability, while the small vol-
ume change associated with lithium insertion and extraction minimizes
mechanical stress at the cathode-electrolyte interface. These charac-
teristics help preserve interfacial contact and suppress the formation of
resistive interphases during cycling, which are common challenges in
solid-state battery systems.

Furthermore, LiIMPO4 cathodes exhibit good chemical compatibility
with a range of inorganic solid electrolytes, reducing the likelihood of
parasitic interfacial reactions. Surface engineering strategies, including
carbon coating, nanoscale morphology control, and the introduction of
thin interfacial buffer layers, have been shown to further decrease
interfacial impedance by improving electronic percolation and facili-
tating lithium-ion transport across the solid-solid interface. As a result,
olivine phosphate cathodes represent promising candidates for solid-
state lithium batteries, particularly in applications where safety, inter-
facial stability, and long-term cycling reliability are critical.

5.1.1. Summary and perspective

Olivine phosphate cathodes have already proven their technological
relevance through the commercial success of LFP, while higher-voltage
analogues present compelling opportunities for next-generation lithium-
ion batteries. Continued progress will depend on coordinated advances
in materials modification, electrolyte engineering, and system-level
design to bridge the gap between laboratory-scale performance and
commercial viability, particularly in high-voltage and solid-state
applications.
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6. Commercial prospects and market readiness of LiIMPO4-based
batteries

Olivine phosphate cathodes, particularly LFP, represent one of the
most commercially successful lithium-ion battery chemistries to date
due to their exceptional thermal stability, long cycle life, and low ma-
terial cost. LFP-based batteries have achieved large-scale commerciali-
zation in electric vehicles, grid-scale energy storage, and backup power
systems, driven by their intrinsic safety, cobalt-free composition, and
tolerance to abusive operating conditions. The mature supply chain and
scalable synthesis routes for LFP further enhance its economic compet-
itiveness in comparison with layered oxide cathodes.

Beyond LFP, other LMP materials such as LMP, LCP, and LNP offer
higher operating voltages and the potential for increased energy density,
positioning them as candidates for next-generation applications where
safety and voltage scalability are simultaneously required. Although
challenges related to electronic conductivity, lithium-ion transport ki-
netics, and electrolyte compatibility currently limit their widespread
commercialization, recent advances in nanostructuring, carbon coating,
doping, and electrolyte engineering have significantly narrowed the
performance gap. These developments suggest that high-voltage olivine
phosphates could find niche commercial adoption in high-power, high-
safety, and solid-state battery systems.

Olivine phosphate cathodes, especially LFP, showcase strong scal-
ability and industrial viability due to their utilization of abundant, low-
cost raw materials and compatibility with established manufacturing
processes. These cathodes present a more stable cost structure and lower
environmental impact compared to cobalt- and nickel-rich layered ox-
ides, such as NMC and NCA. Their robust structure allows for high-
temperature processing and resilience under aggressive operating con-
ditions, resulting in enhanced thermal safety and more straightforward
safety management in battery packs. Consequently, LFP has gained
traction in electric vehicles, grid-scale energy storage, and stationary
backup systems.

Nevertheless, LMP's lower gravimetric energy density, stemming
from moderate operating voltage and limited lithium-ion diffusion
compared to layered oxides, poses a challenge. High-voltage variants
like LCP and LNP could improve energy density, but face hurdles such as
electrolyte instability and manufacturing complexity beyond 4.7 V.

Therefore, the competitiveness of LMP cathodes depends on appli-
cation, excelling in areas where safety and cost efficiency are prioritized,
while layered oxides dominate high-energy applications. Advancements
in surface engineering, mixed transition-metal composition, and elec-
trolyte compatibility may enhance performance and support the broader
acceptance of advanced olivine cathodes in future lithium-ion and solid-
state battery technologies.

Overall, the combination of cost-effectiveness, environmental sus-
tainability, and robust safety characteristics ensures that LIMPOy4-based
cathodes will continue to play a central role in the lithium-ion battery
market. Continued progress in materials engineering and interface
optimization is expected to further expand their commercial footprint,
particularly in applications demanding long service life and high
reliability.

7. Modification strategies and outlook

Cathode materials significantly influence lithium battery energy
density, enhancing its efficiency, power density, and safety. Cathode
materials should have high specific capacities, excellent performance
rates, structural stability, and optimal charge/discharge voltage win-
dows. Moreover, large-scale commercial applications require cathode
materials that are eco-friendly and economical. This article presents a
comparative analysis of the structural, morphological, and electro-
chemical features of various structured olivine phosphates and evaluates
their impact as promising cathode materials for energy storage devices
in general and high-performance LIBs in particular. Recent research has
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shown that multiple synthetic techniques can be employed to generate
LiMPOy electrode materials via a soft chemical route while retaining the
original LiPO3 nanostructured morphology. The scalable approach al-
lows for the control of metal content in LiMPO4 nanoparticles with large
surface areas, offering a viable alternative to traditional polycrystalline
and glass forms. The method also shows potential for producing carbon-
based olivine with superior battery performance and cycling stability.

Sol-gel synthesis resulted in pure powders of LFP, LMP, and LCP,
with LMP having the biggest unit cell. The lattice properties and cell
volumes of the composite altered as the transition metal changed,
particularly in MOg octahedra. The deformation of PO4 tetrahedra oc-
curs solely in LMP. LFP has good electrochemical characteristics; how-
ever, LCP has low cycle stability because of electrolyte breakdown at
high voltages.

Previous investigations of the olivine family have consistently shown
that LFP exhibits outstanding electrochemical behavior, delivering
experimental discharge capacities that approach its theoretical limit.
Enhancing the conductivity of the carbon coating through the incorpo-
ration of graphene sheets or carbon nanotubes has further improved its
electrochemical performance, enabling the use of LFP not only as a
battery cathode but also as an active material in hybrid supercapacitor
systems. Nevertheless, the limited scalability of carbon nanotube growth
and the current challenges associated with large-scale graphene pro-
duction hinder their widespread industrial adoption, indicating that
further technological progress is required.

Lithium transition-metal phosphates based on cobalt and nickel are
being actively explored as potential cathode materials for high-voltage
lithium-ion batteries because they can reversibly accommodate
lithium ions during repeated charge-discharge processes. Despite
various optimization strategies, these materials typically achieve only
about 80% of their theoretical capacity and suffer from rapid capacity
decay over 10-20 cycles at low current densities. Continued improve-
ments could enable their application in all-solid-state battery architec-
tures for large-scale energy storage, particularly given their high
operating voltages (approximately 4.8-5.2 V) and structurally robust
olivine frameworks, which are attractive for electric and hydrogen-
powered vehicles. Among them, olivine-type LCP is especially prom-
ising due to its exceptionally high redox potential. It has been synthe-
sized using multiple approaches, including solid-state reactions,
hydrothermal or solvothermal methods, and sol-gel techniques; how-
ever, the development of a synthesis route that is simple, rapid,
controllable, and scalable for industrial production remains a key
challenge.

Recent research efforts increasingly target next-generation lithium-
ion batteries operating above 5 V versus Li/Li" to significantly boost
energy density, building upon decades of progress in cathode materials
with high specific capacities [271]. Compared with conventional sys-
tems operating below 4 V, such high-voltage batteries offer clear per-
formance advantages. Strategies commonly employed to improve the
electronic and ionic transport properties of phosphate polyanion cath-
odes include surface modification, particle downsizing, elemental
doping, and deliberate control of morphology. In this context, evalu-
ating the relationship between processing conditions and resulting ma-
terial properties is essential to clarify the strengths and limitations of
different synthesis routes and to tailor materials for targeted function-
alities. Overall, the discussed approaches provide a roadmap for
advancing high-voltage phosphate polyanion cathodes, which are ex-
pected to enable lithium-ion batteries with higher operating voltages
and enhanced gravimetric energy densities. Fig. 24 summarizes the
principal modification strategies applied to olivine LiMPO4 cathodes,
including particle-size reduction, surface carbon coating, cation substi-
tution, and composite formation. These approaches collectively aim to
enhance electronic conductivity, lithium-ion transport, and interfacial
stability.

Research on high-voltage olivine-structured cathodes, such as LCP
and LNPO, is striving to fulfill current energy storage requirements. To
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comprehend these flaws, a computational study is required. These
cathodes should be evaluated in real-world scenarios to help build next-
generation energy storage devices. These cathodes have the potential to
accelerate the development of all-solid-state batteries while also
impacting environmentally friendly, non-hazardous aqueous energy
storage. Despite these advances, there is still room for further develop-
ment in all-solid-state and aqueous energy storage.

From the authors' perspective, the future of olivine phosphate cath-
odes lies not in incremental modification of single-metal systems, but in
rationally designed multi-cation architectures coupled with interface-
stable electrolytes. Mixed transition-metal olivines provide a tunable
platform to balance voltage, kinetics, and safety, while operando char-
acterization will be essential for resolving degradation mechanisms at
high potentials. We anticipate that design strategies integrating crystal
chemistry, defect control, and interfacial engineering will be decisive in
enabling next-generation olivine-based batteries.
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