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1. Introduction

To mitigate the escalating depletion of fossil
fuels and address the intensifying environmen-
tal challenges, there is a growing need to
develop clean, high-performance energy storage
technologies based on electrochemical
principles.[1–3] Among these, lithium-ion batte-
ries (LIBs) have become the cornerstone of
modern energy storage due to their high energy
density, long cycle life, minimal memory effect,
and excellent operational reliability.[4–6] Over
the past three decades, LIBs have found wide-
spread application across diverse sectors, includ-
ing mobile electronics, electric vehicles (EVs),
and smart grid systems.[7,8]

The performance and longevity of LIBs are
intimately governed by the cathode material,
which remains a key determinant of the cell’s
energy density, voltage profile, and thermal sta-
bility. A variety of cathode chemistries have
been employed in commercial and experimen-
tal LIBs, including LiCoO2 (LCO), LiFePO4,
LiMn2O4, LiNi0.5Mn1.5O4 (LNMO), nickel-rich
layered oxides, and lithium-rich layered oxides
(LLOs).[9,10] Among them, LCO set an early
benchmark for volumetric energy density due
to its high packing density (�4.2 g cm�3) and
stable voltage platform (�3.9 V).[11,12] How-
ever, the rising cost of cobalt and concerns
regarding its supply chain sustainability, ethical
mining practices, and geopolitical risks have
accelerated the shift toward cobalt-free
alternatives.
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The transition toward sustainable, high-energy density lithium-ion batteries
(LIBs) has intensified the search for cobalt-free cathode materials, driven by
the environmental, economic, and ethical limitations associated with cobalt
usage. Among these, single-crystal (SC) cobalt-free cathodes have emerged as
a transformative class of materials, offering superior structural integrity,
enhanced thermal stability, and prolonged cycling life. This review critically
examines recent advancements in SC cathode architectures across four major
material families: Ni-rich layered oxides, Li-Mn-rich compositions, spinel-type
structures, and olivine-based frameworks. Unlike their polycrystalline
analogues, SC cathodes feature continuous crystal lattices without internal
grain boundaries, significantly reducing particle fracture, mitigating surface
degradation, and suppressing phase instability during high-voltage cycling.
We explore state-of-the-art synthesis techniques including molten
salt-assisted crystallization, hydrothermal growth, and co-precipitation that
enable the fabrication of phase-pure SC particles with tailored morphology
and minimal defect content. Additionally, the role of structural tuning
strategies such as elemental doping, surface coatings, and facet orientation
control is discussed in detail, with particular emphasis on improving
electrochemical reversibility, lithium-ion diffusion, and interfacial
compatibility. Despite notable progress, key challenges persist, including
controlling anisotropic lithium transport, preventing oxygen evolution, and
ensuring process scalability. Emerging solutions involving entropy
stabilization and advanced interface engineering are also discussed as
promising pathways forward. By integrating insights across structure,
chemistry, and processing, this review provides a comprehensive foundation
for the design and deployment of cobalt-free SC cathodes, offering practical
pathways toward safer, longer-lasting, and more sustainable LIB systems,
compatible with both liquid and solid-state battery technologies.
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Nickel-rich layered oxides (e.g., LiNiO2-based compositions),
Mn-rich and LiFePO4-based compounds are now at the forefront of
research into cobalt-free cathodes, offering a promising path toward
cost-effective, high-capacity materials (Figure 1).[6,12–14] Nevertheless,
these systems often suffer from structural instability, oxygen release,
and surface degradation especially during high-voltage operation.[15]

These issues are exacerbated in conventional polycrystalline forms,
which consist of nanoscale primary particles aggregated into secondary
structures.[16,17] Such architectures, although beneficial for lithium-ion
transport, introduce grain boundaries that are prone to microcracking,
electrolyte infiltration, and accelerated capacity fading.[18,19] To address
these challenges, single-crystal cathodes (SCCs) have emerged as a
structurally robust alternative. Unlike agglomerated secondary particles,
SCCs are composed of discrete, micrometer or submicrometer-sized
monocrystalline particles, featuring continuous lattice structures and
minimized surface defects.[20–22] This morphology enhances mechani-
cal strength, reduces the likelihood of intergranular cracking, and sup-
presses side reactions with liquid electrolytes.[19,23] While the term
“single crystal” in this context is broader than the strict crystallographic
definition, it typically refers to cathode particles with a uniform orienta-
tion, non-aggregated morphology, and clean grain boundary-free
surfaces.[24] From a practical standpoint, cathode morphology signifi-
cantly influences LIB manufacturability and performance. Spherical sec-
ondary agglomerates (SSAs) and single-crystal cathodes represent the
two primary structural forms amenable to industrial-scale production.
SSAs, composed of densely packed nanosized grains, generally offer
high tap density and rate performance. However, they are vulnerable to
long-term degradation due to interparticle fractures and gas
release.[25,26] In contrast, SCCs exhibit superior structural integrity, bet-
ter thermal stability, and more homogeneous electrochemical behavior,

making them attractive for both conventional
liquid electrolyte and next-generation
solid-state battery systems.[27] In addition, a
comparative evaluation of synthesis scalability
has been incorporated, summarizing the practi-
cality, environmental impact, and cost efficiency
of molten-salt, co-precipitation, and hydrother-
mal routes, highlighting the industrial relevance
of each for large-scale Co-free SCCs
production.[28]

Despite their advantages, Co-free SCCs face
certain limitations, including longer
lithium-ion diffusion paths, local surface reac-
tivity, and possible formation of microcracks at
high rates or voltages. Therefore, extensive
efforts have been directed toward optimizing
synthesis techniques and developing modifica-
tion strategies, such as lattice doping, crystal
facet engineering, and surface coatings, to
enhance their intrinsic stability and electro-
chemical performance. While numerous
reviews have addressed cobalt-free cathodes,
few have specifically examined the
single-crystal approach. Emphasizing Co-free
SCCs is particularly timely, as the drive toward
cobalt-independent chemistries coincides with
the industrial adoption of single-crystal particles
to mitigate mechanical and interfacial degrada-
tion. This review bridges that gap by integrat-

ing cobalt elimination and single-crystal engineering into a unified,
timely perspective. Here, we critically examine recent advances in
Co-free SCCs, highlighting design principles, scalable synthesis strate-
gies, and advanced surface and lattice modifications that enhance energy
density, cycle life, and thermal stability. We further discuss their appli-
cability in both liquid-electrolyte and solid-state configurations, while
identifying persisting challenges and prospective directions for practical
implementation.

2. Promising Candidates of Cobalt-Free Layered
Cathodes

2.1. Cobalt Elimination Strategies for Single-Crystal Ni-Rich
Layered Cathodes

Efforts to develop Co-free, Ni-rich layered cathodes have intensified fol-
lowing a comprehensive understanding of cobalt’s pivotal role in early
LIB materials. The pioneering work by Goodenough and co-workers
on LiCoO2 demonstrated its capability for efficient lithium extraction
within the 3.0–4.3 V window vs. Li+/Li,[11] establishing a benchmark
for cathode performance. Cobalt’s partially filled 3d orbitals supported
an itinerant electron system that facilitated electronic delocalization,
contributing to improved electrical conductivity and rate capability.[29]

In systems like LiNi1-xCoxO2, Ni serves as the primary redox-active spe-
cies, with cobalt providing electrochemical buffering and enhanced
structural coherence.[30] The development of ternary compositions such
as LiNi0.7Co0.2Mn0.1O2 (NMC-721) introduced manganese for lattice
stability, albeit electrochemically inactive,[31,32] while Co3+ further
reduced Ni2+/Li+ cation intermixing and maintained conductivity.[33]

Figure 1. Comparison of major lithium-ion cathode materials LCO (LiCoO2), NCM111
(LiNi0.33Co0.33Mn0.33O2), NCM811 (LiNi0.8Co0.1Mn0.1O2), LFP (LiFePO4), LMO (LiMn2O4), LNMO
(LiNi0.5Mn1.5O4), Ni-rich (Li[Ni0.9Mn0.1]O2), and Li-rich (Li1.2Ni0.2Mn0.6O2), highlighting differences in
composition and cost. Considering the considerable fluctuations in material prices, the discussion here
primarily refers to the study reported in published in 2020 year.[14]
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Progressing toward higher energy density, materials like NMC-622 and
NMC-811 increased Ni content, but challenges emerged including
anisotropic volume changes, increased surface reactivity of Ni4+, and
moisture-induced degradation.[34–36] Alternatively, LiNi1-xyCoxAlyO2

(NCA) cathodes achieved high energy metrics, where Al substitution
stabilized charge-transfer impedance and mitigated structural decay by
lowering Ni’s average oxidation state.[37–40] However, ethical concerns
and geographical constraints surrounding cobalt extraction have driven
the transition toward Co-free systems such as NM90 and NMA, which
show competitive electrochemical performance but often struggle with
long-term phase stability and particle fracture during cycling.[41,42] To
overcome these limitations, recent progress has centered on single-
crystal Co-free Ni-rich cathodes, which eliminate grain boundary-
driven degradation and extend cycling stability.[43,44] The introduction
of high-entropy element doping further enhances phase stability, sup-
presses structural collapse, and improves voltage tolerance.[41,42] This
strategic shift from cobalt-rich polycrystalline materials to Co-free, Ni-
rich single-crystal designs with entropy-driven stabilization is depicted
in Figure 2, highlighting the next-generation direction for durable,
high-capacity lithium-ion cathodes.

2.2. Crystal Structure and Single-Crystal Morphology of Co-Free
Ni-Rich Cathode Materials

Co-free Ni-rich layered oxides, typically formulated as LiNixM1-xO2

(M=Mn, Al, Mg, etc.) have gained increasing attention as sustainable
alternatives to conventional NCM materials.[9] These compounds crys-
tallize in a rhombohedral R 3 m space group, adopting a structure anal-
ogous to α-NaFeO2 (Figure 3a), where close-packed oxygen layers
stack along the (111) cubic ((001) hexagonal) direction.[45] Lithium
and transition metal (TM) ions occupy alternating octahedral sites,
forming distinct TMO2 slabs and interlayer Li planes. This O3-type lay-
ered framework exhibits an ABC oxygen stacking sequence, with site
occupancies defined by [Li]3b[TM]3a[O2]6c in Wyckoff notation.[12] In
Ni-rich systems, the increasing ionic similarity between Li+ (0.76 Å)
and Ni2+ (0.69 Å) leads to significant cation disorder, which disrupts
Li+ diffusion pathways and destabilizes the layered framework.[46] The
absence of Co, often used to mitigate such disorder and improve rate
performance, further exacerbates the challenge of stabilizing the phase,

especially under prolonged cycling.[47] In particular, low-spin Ni3+

(t2g
6eg

1) introduces Jahn–Teller distortion, promoting structural distor-
tion and irreversible phase transitions.[48,49] Recent efforts have
explored single-crystal morphologies as a promising route to address
these issues, offering superior particle integrity, suppressed grain
boundary cracking, and improved electrochemical resilience compared
to conventional polycrystalline counterparts.

Electrochemical performance in these Co-free Ni-rich systems is pri-
marily governed by the reversible redox transitions of Ni2+/Ni3+/Ni4+,
while Mn remains in a tetravalent state and serves a structural role. The
crystal field splitting of TM d-orbitals in an octahedral ligand environ-
ment resulted in the separation into lower-energy t2g and higher-
energy eg states (Figure 3b), with the latter being responsible for
charge compensation during delithiation. Although high Ni content
enables high theoretical capacities (>200mA h g�1), it also increases
the risk of oxygen evolution, surface reconstruction, and thermal insta-
bility factors that significantly affect long-term performance. Layered
oxide cathodes were typically engineered by adjusting the ratios of Ni,
Co, and Mn to optimize electrochemical capacity, rate performance,
and structural robustness (Figure 3c).[50] Partial substitution of Co and
Mn with Ni2+ has been employed to mitigate Li+/Ni2+ cation mixing
and improve the stability of the bulk lattice. This approach has facili-
tated the development of NCM variants such as NCM333, NCM523,
NCM622, and NCM811, which progressively increase Ni content to
achieve higher specific capacities.[51] Despite these advancements,
dependence on Co for enhancing rate capability and structural integrity
continues to pose challenges in terms of cost and large-scale implemen-
tation. To overcome these limitations, electrochemically inactive dop-
ants, including Al3+, Mg2+, and B3+, have been introduced.[42,52]

These elements occupy transition-metal sites, alleviate lattice strain, sup-
press cation disorder, and reduce phase transformations during repeated
cycling, thereby reinforcing the layered framework. Recently, Liu et al.
investigated the synthesis kinetics of single-crystal Co-free Ni-rich
LiNi0.95Mn0.05O2 (NM9505) particles, with their faceted morphology
and grain-boundary-free nature, exhibit reduced surface area for para-
sitic reactions, and show improved phase stability under high-voltage
operation.[41] The authors reported that the morphology of Ni-rich
cathodes strongly depended on the synthesis route. As shown in
Figure 3d,e, Scanning Electron Microscopy (SEM) images revealed
polycrystalline particles with irregular shapes and significant

Figure 2. Timeline of cobalt elimination in Ni-rich layered cathodes from LiCoO2 (1980),[11] to ternary NMC/NCA (2001),[33] high-Ni NMA (2006),[35] ultra-
high nickel NCM95 (2017),[40] Co-free LiNiMn-based oxides (2020),[43] Co-free single-crystal LiNiMnMgFeTiO2 (2023),[41] and the advent of Co-free single-
crystal high-entropy cathodes (2024).[42]
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Figure 3. a) Crystal structure of layered LiMO2. b) Electronic configurations in NCM oxides. c) Phase diagram showing TM ratio effects on electrochemical
performance. a–c) were reproduced with permission.[17] Copyright 2021, Springer Nature. d, e) SEM and HRTEM of polycrystalline LiNi0.95Mn0.05O2 (NM)
showing irregular grains and rock-salt surface. f) In situ XRD of polycrystalline NM revealing large c-lattice shrinkage. g, h) Molten-salt-synthesized single-
crystal NM showing faceted morphology and intact R3m lattice. i) In situ XRD of single-crystal NM with reduced lattice contraction. j) Topotactic lithiation
mechanism via molten-salt route yielding ordered layered structures with suppressed Li/Ni disorder and oxygen loss. d–j) were reproduced with
permission.[41] Copyright 2023 Wiley-VCH.
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agglomeration, while High-Resolution Transmission Electron Micros-
copy (HR-TEM) images showed lattice distortions along the (003)
plane and surface rock-salt phase formation, indicating the presence of
structural defects. In contrast, for the molten salt approach (Figure 3g,
h), both SEM and HR-TEM images showed the growth of uniform, fac-
eted single crystals with well-defined particle shapes and continuous R
3 m layered domains, exhibiting minimal surface degradation and
reduced defects. In situ X-ray Diffraction (XRD) studies (Figure 3f,i)
reveal that molten-salt-synthesized single crystal NM9505 cathodes
exhibit lower c-lattice contraction (≈1.0%) and reduced angular dis-
placement during H2-H3 transitions, compared to their polycrystalline
counterparts, which undergo a more severe contraction (≈2.1%) an
indicator of enhanced structural reversibility under high-voltage
cycling. The schematic in Figure 3j, illustrates the topotactic lithiation
route during molten salt synthesis at low temperature, wherein meta-
stable layered precursors (e.g., NMOH) evolve through an intermediate
pseudo-layered Li-rich phase toward a stable layered R 3 m structure
(LiNM-O2), effectively suppressing unwanted rock-salt phase forma-
tion. This pathway not only promotes Li/TM ordering but also stabi-
lizes the oxygen sublattice by preserving Li-O coordination and
inhibiting O2 release. Collectively, these observations highlighted that
the combination of dopant chemistry, single-crystal morphology, and
low-temperature topotactic lithiation via molten salt synthesis, along
with controlled precursor co-precipitation, provided an effective strat-
egy to mitigate cation disorder and surface reconstruction. Therefore,
optimizing such synthesis approaches is critical for the preparation of
durable single-crystal Co-free Ni-rich cathode materials, as discussed
below.

2.3. Synthesis Methods for Co-Free Ni Rich Cathode Materials

The realization of Co-free, Ni-rich single-crystal layered oxides is
closely dependent on the development of synthesis methods capable of
delivering phase-pure structures with high crystallographic integrity
and scalability for industrial translation. Multiple synthesis approaches
have been employed, including co-precipitation,[9] solid-state
reactions,[48] spray-drying,[53,54] solvothermal,[55,56] and sol–gel[57]
methods, each imparting distinct control over particle size distribution,
elemental homogeneity, and microstructural features. Solid-state synthe-
sis remains cost-effective and straightforward but is often limited by
poor mixing at the atomic scale, leading to compositional inhomogene-
ity. Spray-drying offers high-throughput production and spherical par-
ticle formation; however, rigorous post-calcination is necessary to
achieve uniform phase development. Solvothermal and sol-gel
approaches provide superior regulation of particle nucleation and
growth, yielding well-dispersed and compositionally uniform powders,
though their restricted scalability hampers practical application.

Among these methods, co-precipitation has emerged as the most
versatile and technologically relevant strategy. Its ability to precisely
tune transition-metal stoichiometry, regulate nucleation kinetics, and
produce faceted, high-density precursors is particularly beneficial for
stabilizing high-Ni, Mn-rich layered frameworks in the absence of
cobalt.[58–60] Furthermore, this route suppresses cation disorder, miti-
gates surface reconstruction, and minimizes the formation of undesir-
able rock-salt domains. The inherent adaptability of co-precipitation to
continuous-flow or large-scale reactor systems further strengthens its
industrial viability.[61] Consequently, co-precipitation is widely
regarded as the most promising pathway for constructing next-

generation Co-free Ni-rich (CFNR) single-crystal cathode materials with
improved thermal stability, extended cycle life, and compatibility with
practical cell assembly.

2.4. Co-Free Ni-Rich Single Crystal Cathodes

Single-crystal engineering has emerged as a compelling strategy to
enhance the structural integrity and electrochemical stability of CFNR
layered oxide cathodes, circumventing the intrinsic microstructural limi-
tations of their polycrystalline analogues.[62] In polycrystalline materials,
repetitive lithiation and delithiation cycles often induce intergranular
stress accumulation, leading to microcracking, particle fragmentation,
and electrolyte infiltration into newly exposed surfaces, a phenomenon
that accelerates surface reconstruction, TM dissolution, cathode–
electrolyte interfacial (CEI) thickening, and phase transformation.[63] In
contrast, single-crystal architectures eliminate internal grain boundaries,
thereby suppressing the initiation and propagation of microcracks and
promoting a more uniform stress distribution throughout the
particle.[64] This cohesive lattice framework fundamentally mitigates
structural degradation during long-term operation.[23]

In single-crystal cathodes, the absence of internal grain boundaries
allows mechanical stress to be distributed more evenly throughout the
lattice. This uniform stress accommodation suppresses microcrack initi-
ation, prevents intergranular fracture, and helps maintain structural
integrity over prolonged cycling.[64] However, the durability of these
materials is not determined solely by their bulk stability. The electro-
chemical response is strongly influenced by the crystallographic facets
exposed at the surface, since planes such as (003), (101), and (104)
differ in surface energy, Li-ion transport pathways, and chemical reac-
tivity toward electrolyte species. Facet-selective tailoring through
molten-salt growth, dopant-driven segregation, or flux-assisted crystal
shaping enables preferential exposure of Li-terminated, low-energy
planes, which are intrinsically more resistant to electrolyte corrosion
and high-voltage degradation.[23] These strategies demonstrate how
control of surface orientation, in concert with bulk crystallinity, can
substantially enhance the long-term stability of CFNR oxides.

Ni et al. reported that single-crystal design strategies significantly
advanced the field of CFNR cathodes, offering superior resistance to
microcracking and reversible phase transitions, particularly in high-Ni
systems.[65] In CFNR LiNi0.95Mn0.05O2 (SC-NM95), synthesized via
co-precipitation followed by the molten-salt-mediated crystal growth
method, the elimination of grain boundaries translates to enhanced
mechanical robustness and mitigated H2-H3 induced stress
(Figure 4a).[19,65,66] In contrast, conventional polycrystalline NM95
(PC-NM95) developed severe intergranular cracks during deep cycling,
which triggered parasitic side reactions and facilitated the formation of
NiO-like rock-salt domains, ultimately causing rapid capacity decay to
17.6% after 400 cycles. SC-NM95, owing to its monolithic architecture,
uniformly accommodated volume changes, restrained phase-induced
anisotropy, and preserved structural integrity, thereby retaining 54.5%
of its capacity after 400 cycles at 5 C (2.7–4.3 V), as shown in
Figure 4b.[67] These findings indicate that CFNR single crystals remain
crack-free under high-voltage abuse and show superior capacity reten-
tion over polycrystalline.[19,68] The molten salt approach, widely
reviewed in the context of Ni-rich cathode synthesis, enables controlled
grain growth, improved facet development, and reduced Li/TM mixing
by facilitating atom diffusion above 800 °C with appropriate Li-rich
fluxes.[65,67,69] Liu et al. provide insights into the improved cycling
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stability of CFNR cathodes, LiNi0.64Mn0.36O2 (NM64) and
LiNi0.82Mn0.18O2 (NM82), highlighting the importance of Ni/Mn
ratio tuning for achieving structural robustness and electrochemical sta-
bility under high-voltage operation.[70] NM64, despite its elevated cut-
off voltage, exhibits superior capacity retention (85.1% vs. 83.7% after
100 cycles) and maintains 75.2% of its initial capacity after 200 cycles,
surpassing NM82 (71.0%), as shown in Figure 4c. Microstructural
(SEM) analysis (Figure 4d,e) reveals that NM64 preserves its dense mor-
phology without evident microcrack formation, whereas NM82 suffers
from prominent intragranular fractures, attributed to excessive aniso-
tropic lattice stress.[71] Notably, the presence of moderate Li/Ni antisite
disorder in NM64 plays a structural stabilization role by partially arrest-
ing slab collapse during cycling. Conversely, the high-valence Ni species
in NM82 (Ni3+/Ni4+) promote oxygen evolution and facilitate an irre-
versible transition toward a rock-salt-type phase, accelerating capacity
fading.[72] These observations collectively indicate that a Mn-rich com-
position with controlled Li/Ni disorder can serve as a promising strat-
egy to suppress mechanical degradation and prolong high-voltage
cycling life, while minimizing the reliance on expensive cobalt.

Yu et al. revealed that LiNi0.75Mn0.25O2 (SC75), a CFNR layered
oxide synthesized via co-precipitation followed by solid-state calcina-
tion, provides a good balance between structural stability and energy
density.[73] SEM (Figure 4f) analysis reveals uniformly distributed parti-
cles in the 3–5 μm range, which may reduce intergranular fracture but
also limit Li+ diffusion and introduce initial structural defects. As shown
in Figure 4g, the SC75 cathode delivers an initial discharge capacity of
�185mA h g�1 at 0.1 C within 2.8–4.4 V, though with a relatively
low initial Coulombic efficiency of 84%, which is inferior to that of
typical co-containing single-crystal NMC counterparts. Upon cycling at
0.5 C, a slight capacity fade is observed. When the upper cut-off voltage
is increased to 4.6 V (Figure 4h), a marginally higher initial capacity of
�194mA h g�1 is achieved; however, this comes at the expense of
worsened Coulombic efficiency and more pronounced electrochemical
degradation, indicating structural instability under high-voltage opera-
tion. TEM analysis tracks structural changes in SC75 cathodes during
cycling. After 100 cycles at 4.4 V, low-magnification TEM (Figure 4i)
shows preserved particle morphology, while SAED (Figure 4j) confirms
the layered structure with diminished Li2TMO3 phase and elongated
diffraction spots indicating lattice strain. HR-TEM (Figure 4k,l) reveals
moiré patterns and spinel phase formation driven by localized strain,
oxygen loss, and TM migration, consistent with SXDM data. These Li-
rich nanodomains (LRNDs) cause bulk lattice degradation distinct from
surface reconstruction. At 4.6 V, pronounced intragranular cracks
appear (Figure 4m). SAED (Figure 4n) shows complete Li2TMO3 loss
and enhanced rock-salt phase. HR-TEM near cracks (Figure 4o) con-
firms rock-salt formation with TMs occupying lithium sites, causing
capacity fade. Strain-induced cracking exposes fresh surfaces, accelerat-
ing irreversible phase transitions. EELS line scans (Figure 4p) confirm
oxygen loss through reduced O K-edge prepack, supporting the role of

LRNDs as buried defects that activate under high voltage, leading to lat-
tice collapse and electrochemical decay.

The synthesis of such single-crystal CFNR particles typically involves
high-temperature calcination assisted by low-melting lithium-based
salts (LiOH–Li2SO4), which create a molten flux that facilitates
dissolution–recrystallization processes (Figure 5a) and promotes the
growth of phase-pure, faceted single grains.[63] A notable example
includes the molten salt synthesis of LiNi0.9Mn0.1O2 (SC-NM91),
wherein Dai et al. achieved uniform, crack-free crystals (Figure 5b,c)
exhibiting enhanced mechanical robustness and significantly improved
electrochemical performance, demonstrated by a capacity retention of
87.72% after 300 cycles at 1 C within 3.0–4.3 V, outperforming the
polycrystalline counterpart (65.53%) (Figure 5d). This improvement
underscores the effectiveness of crystallographic continuity in resisting
degradation pathways common in Ni-rich systems. Importantly, the
realization of single-crystal cathode particles without relying on ele-
mental doping marks a significant advancement, as it avoids potential
complications associated with dopant-induced lattice distortion or elec-
trochemical side effects.[21,41,74–78] Shen et al. developed a thermody-
namically stabilized, single-crystal, cobalt-free Ni-rich layered oxide
cathode tailored for high-voltage LIB.[21] By precisely tuning the com-
position and processing conditions, they demonstrated that the struc-
tural degradation typically associated with CFNR under elevated
voltages (≥4.4 V) can be effectively suppressed. Their single-crystal
design strategy mitigates intergranular cracking and phase transition
instabilities, while achieving long-term cycling performance at high
voltage windows. Figure 5e presented a schematic overview of the syn-
thesis strategy of CFNR layered cathodes LiNi0.8Mn0.18Fe0.02O2 (NMF),
which was developed via a co-precipitation method followed by one-
step calcination and fluid-energy milling, yielding dense, monolithic
particles with high crystallographic integrity. Electrochemical evaluation
revealed that although NMF exhibits relatively lower capacity at 4.3 V
compared to polycrystalline LiNi0.83Co0.11Mn0.06O2 (MNCM) and
single-crystalline LiNi0.83Co0.11Mn0.06O2 (SNCM) (Figure 5f), its
energy density significantly improved under elevated conditions (4.6 V,
55 °C), achieving 824.4Wh kg�1. Differential capacity plots show
broadened and positively shifted H2-H3 redox peaks in NMF, indicat-
ing delayed phase transitions and alleviated anisotropic strain. The NMF
electrode retained 84.5% of its capacity after 100 cycles at 4.6 V and
55 °C, far outperforming MNCM (which fails prematurely) and SNCM
(54.8% retention). In pouch-type full cells, NMF delivers excellent
cycling durability with 90.2% capacity retention after 600 cycles and
stable voltage profiles at 4.35 V (Figure 5g), underscoring its thermal
resilience. The authors demonstrated that morphological investigations
uncovered marked intergranular cracking and disintegration in poly-
crystalline MNCM, whereas NMF maintains particle integrity and a sta-
ble R 3 m layered structure with only slight disorder offering a robust
strategy for developing high-energy, thermally stable, CFNR cathodes
for next-generation LIBs.

Figure 4. a) Schematic illustration of morphological evolution and degradation in PC-NM95 and SC-NM95 during prolonged cycling. b) Cycling performance
of SC-NM95 at 5 C. a, b) were reproduced with permission.[65] Copyright 2022 Elsevier. c) Comparative cycling stability of NM64 and NM82 at 0.5 C. d, e)
Cross-sectional SEM images of NM64 and NM82 after cycling, showing structural integrity differences. a–e) were reproduced with permission.[70] Copyright
2024 Royal Society of Chemistry. f) SEM image of synthesized SC75 particles. g, h) Charge/discharge profiles of SC75 at 2.8–4.4 V and 2.8–4.6 V, respectively.
Post-cycling microscopic analysis of SC75, i) Low-magnification TEM of SC75 after 100 cycles at 0.5 C. j) SAED pattern indicating weak Li2TMO3 and emerging
spinel reflections. k, l) HRTEM images from bulk regions revealing localized spinel transitions. m) TEM of SC75 after cycling at 2.8–4.6 V, showing severe
particle cracking. n) SAED indicating rock-salt phase formation. o) HR-TEM of the crack zone with structural transformation. p) EELS O K-edge line scan
across the degraded region, confirming oxygen loss and phase transition. f–p) were reproduced with permission.[73] Copyright 2025 Springer Nature.
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2.5. Doping in Ni-Rich Cathode Materials

CFNR layered oxides face major challenges, including surface degrada-
tion, particle cracking, and rapid capacity fading, especially under high-
voltage operation. To address these issues, researchers have developed
various modification strategies focused on controlling both the bulk
crystal structure and the surface chemistry of the particles. These modi-
fications are particularly effective when applied to single-crystal cath-
odes, which naturally suppress grain boundary-driven degradation and
microcrack propagation. Below, we review key advancements in ele-
mental doping, surface coatings, and facet control that have transformed
the electrochemical performance of these materials.

Saleem et al.[79] studied the elimination of cobalt and manganese,
combined with precise Fe-Cu co-doping, which markedly strengthened
the structural resilience of ultra–high-Ni single-crystal layered oxides.
Morphological observations (Figure 6a,b) reveal that Co-Mn-free
LiNi0.94Fe0.05Cu0.05O2 (SCNFCu) develops faceted, polyhedral single-
crystal particles with smooth, defect-free surfaces. This grain-boundary-
free configuration, together with controlled facet orientation, mitigated
mechanical fatigue and suppressed surface reconstruction during
extended high-voltage cycling. A narrow particle size distribution
(1–3 μm), achieved via optimized high-temperature synthesis,
enhanced uniformity, and prevented microcrack formation, thereby
restricting electrolyte penetration and preserving lattice stability. Electro-
chemical testing revealed that LiNi0.9Mn0.05Co0.05O2 (SCNMC) and
SCNFCu electrodes exhibit initial discharge capacities of approximately
211 and 220 mAh g�1, respectively, at a 0.1 C rate (Figure 6c).
Although the difference in capacity is slight, SCNFCu consistently
shows improved performance. Long-term cycling at 1 C (Figure 6d)
indicates capacity retentions of 89% for SCNMC and 93% for SCNFCu,
highlighting the beneficial role of Fe-Cu co-doping on electrochemical
stability. The long-term performance of the cathodes was evaluated in
graphite-based pouch full cells. After 600 cycles at 1 C within
3.0–4.3 V, SCNFCu retained 77% of its initial capacity, significantly
exceeding SCNMC, which retained only 66% (Figure 6e). These results
highlight the superior cyclability and structural stability of SCNFCu in
full-cell configurations. Structural analysis indicated that Fe preferen-
tially occupied Co-like octahedral sites in the transition-metal slab, miti-
gating Li/Ni cation disorder and strengthening TM-O bonds, while Cu
substituted Mn-rich sites, where its stronger Cu-O covalency further
reinforced the oxygen framework (Figure 6f). When co-doped, Fe and
Cu acted synergistically without site competition, thereby stabilizing
the Ni-O network, reducing Li+ diffusion length, and enhancing struc-
tural robustness.[80–82] The electronic structure trends (Figure 6g) were
consistent with these lattice-level modifications. Fe and Cu incorpora-
tion shifted the Fermi level upward, increasing Ni-3d orbital occu-
pancy, while Cu substitution enhanced Cu-O hybridization relative to
Mn-O, indicating improved lattice oxygen stability. Additional Fe-O
and Li-O interactions imparted rigidity, and these DOS modifications
correlated with enhanced capacity retention, thermal stability, and
long-term cycling in CFNR cathodes.[83–85]

Recent advances in facet engineering were reported to overcome the
long-standing trade-offs between ionic transport, interface stability, and

capacity retention in CFNR cathodes. A notable example was the tai-
lored single-crystal, cobalt-free LiNi0.718Mn0.271Al0.01W0.001O2

(NMAW), synthesized via wet-doping to regulate dopant distribution
(Figure 6h). Al was uniformly incorporated into the lattice, while W
migrated toward the particle surface, forming a core–shell structure
with a (003) facet-rich core and a (104) facet shell. The (104) facet
provided lower energy barriers for Li+ transport, reduced polarization,
and suppressed Li accumulation, while maintaining structural continu-
ity during cycling. HR-TEM confirmed a 1–2 nm surface layer indexed
to the (104) facet, in contrast to the (003) termination in undoped
counterparts (Figure 6i). Electrochemical testing at 45 °C showed that
NMAW retained 92% of its capacity after 100 cycles at 1 C, compared
with 79% for NMA and 65% for NM (Figure 6j), with minimal polari-
zation growth of NMAW (Figure 6k). Zhang et al. further demon-
strated that trace W incorporation into CFNR cathodes enhanced both
Li-ion transport and structural integrity.[86] The Ni0.9Mn0.1(OH)2 pre-
cursor undergoes lithiation and two-step calcination to yield single-
crystal SNM91-W3 particles. The introduction of �0.3mol% WO3

facilitated homogeneous W doping, producing an optimized phase
with an initial discharge capacity of 209mA h g�1 at 0.1 C, higher than
undoped SNM91 (197 mAh g�1).[86] Under cycling, SNM91-W3
retained 93.3% of capacity after 100 cycles at 0.2 C, compared with
78% for SNM91 and still maintained 84.4% retention after 200 cycles,
significantly outperforming the SNM913 (Figure 6l). Full-cell configu-
rations employing SNM91-W3 with graphite anodes delivered a dis-
charge capacity of �208mA h g�1 (0.1 C), and when cycled at 0.5 C
for 200 cycles (Figure 6m), they retained 80.8% of the initial capacity,
which was markedly higher than the 72.3% retention exhibited by the
undoped SNM91. This substitution modulates the local electronic envi-
ronment and reduces the migration barrier for Li-ion, thereby boosting
ionic conductivity. Simultaneously, the high electronegativity and
strong oxygen affinity of tungsten help stabilize the oxygen sublattice,
suppressing lattice oxygen release during delithiation. This dual effect
—kinetic enhancement and structural reinforcement—mitigates micro-
crack formation, suppresses transition-metal dissolution, and reduces
surface reconstruction.

2.5.1. Advanced High Entropy Doping and Surface Coating Co-Free
Ni-Rich Cathode

Elemental modification has emerged as a pivotal strategy for tailoring
the structural and electrochemical performance of Ni-rich layered oxide
cathodes. Through deliberate doping, key parameters such as lattice
oxygen coordination, cationic ordering, phase stability,
charge/discharge capacity, working voltage, cycling durability, thermal
stability, and gas evolution can be finely regulated, with outcomes
strongly influenced by dopant type, concentration, and lattice substitu-
tion site.[87] Both cationic and anionic dopants have been explored
extensively: cations spanning monovalent to hexavalent states (e.g.,
Na+, Mg2+, Sr2+, Ca2+, Ba2+, Al3+, Fe3+, Cr3+, Y3+, La3+, Ga3+, Eu3+,
Ru4+, Ti4+, Zr4+, Ce4+, V5+, Nb5+, Ta5+, Mo6+, W6+) and anions with
diverse valences (F�, Cl�, Br�, I�, S2�, Se2�, B3�, N3�, P3�) have

Figure 5. a) Schematic of single-crystal NM91 suppressing structural degradation and capacity fade. b, c) SEM images of PC-NM91 and SC-NM91 particles. d)
Cycling stability at 1 C over 300 cycles, highlighting the durability of SC-NM91. a–d) were reproduced with permission.[74] Copyright 2022 American Chemical
Society. e) Schematic representation of the synthetic process for single-crystal NMF materials. f) Initial charge–discharge profiles of the pouch-type full cell at
0.1 C. g) Long-term cycling performance at 1 C. e–g) were reproduced with permission.[21] Copyright 2023 Wiley-VCH.
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Figure 6. a, b) SEM images of SCNFCu cathodes, illustrating distinct morphological architectures. c) Galvanostatic charge–discharge curves at 0.1 C. d) cycling
performance at 1 C. e) long-term cycling behavior in a pouch-type full cell. DFT calculations of f) crystal structure and g) density of states plots of SCNFCu.
a–g) were reproduced with permission.[79] Copyright 2024 American Chemical Society. h) Structure characterization of the as-synthesized materials of
LiNi0.718Mn0.271Al0.010W0.001O2. i) HRTEM images of NMAW. j) Cycling performance of NM, NMA, and NMAW at 1 C under 45 °C, k) Charge and discharge
curves of NM and NMAW at different cycle numbers at 1 C under 45 °C. h-k) were reproduced with permission.[24] Copyright 2024 American Chemical
Society. l) Cycling performance of SNM91 and SNM91-W3 at different cycles, m) Cycling performance of full cell at 0.5 C within the voltage range of
2.7–4.45 V. l–m) were reproduced with permission.[86] Copyright 2025 Elsevier.
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been implemented, along with co-doping approaches, to enhance lith-
ium storage properties.[88–90] The choice of substitution site—Li, TM,
or oxygen—further allows precise control over lattice structure and
redox behavior.[91]

Recent advances in surface engineering have highlighted several key
coating materials for enhancing the stability and performance of single
crystal CFNR cathodes, including Li2MoO4,

[92] Li1.25Al0.25Ti1.5O4

(LATO),[93] Li1.3In0.3Ti1.7(PO4)3 (LITP),[94] TiBO3,
[95] and

Li1.8Sc0.8Ti1.2(PO4)3 (LSTP).
[96] Each of these coatings provides unique

functionalities that address specific degradation mechanisms inherent to

high-Ni, cobalt-free layered oxides. Li2MoO4 forms in situ conformal
nanolayers from residual lithium, producing chemically coherent, ion-
permeable interfaces that suppress electrolyte decomposition while
maintaining efficient Li+ transport. LATO coatings serve as mechanical
reinforcements, mitigating planar gliding and preserving particle integ-
rity during repeated cycling. LITP layers enrich the cathode surface with
lithium ions, alleviating diffusion-induced stress and minimizing frac-
ture in single-crystal particles. TiBO3, with its intrinsic phase compati-
bility, reduces lattice mismatch and stabilizes the layered structure over
extended cycling. LSTP combines high ionic conductivity with robust

Figure 7. a) Schematic illustration of the LTNP-SCNM synthesis process. b) Cycling performance of bare-SCNM and LTNP1.0-SCNM at 1 C for 100 cycles. c)
The lattice oxygen release and Ni2+ migration configurations during high-voltage cycling. a–c) were reproduced with permission.[101] Copyright 2024 Elsevier.
d) Charge–discharge profiles of half cells measured between 2.8 and 4.3 V. e1–e4) STEM-HAADF images, magnified views, and FFT patterns of SC-NCM88.
f1–f4) STEM-HAADF images, magnified regions, and FFT analyses of HE-SC-N88. g) Cycling stability in full cells at 1 C under 25 and 55 °C and corresponding
voltage profiles and digital photo (insets), In situ DEMS spectra of h) SC-NCM88 and i) HE-SCN88 during the first charge. d–i) were reproduced with
permission.[42] Copyright 2024 Science Advances.
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interfacial stability, enabling reliable operation at voltages up to 4.6 V
and supporting long-term cyclability. The integration of these coatings
with targeted elemental doping provides a synergistic approach to
address both bulk and surface challenges in Co-free Ni-rich cathodes.
Doping and surface modification together enhance structural stability
by suppressing TM migration, planar gliding, and lattice strain.[97,98]

They improve Li+ transport through high-Li-content surfaces and
vacancy-mediated diffusion pathways, while simultaneously providing
interfacial protection against electrolyte-induced side reactions, oxygen
evolution, and formation of electrochemically inactive rock-salt
phases.[59,99] These strategies collectively enhance cycling durability by
mitigating mechanical fracture and stabilizing phase transitions and
enable safe high-voltage operation through optimized lattice chemistry
and interfacial robustness.[100] Such a combined approach underscores
the critical role of advanced doping and surface coatings in unlocking
the full electrochemical potential of Co-free Ni-rich single-crystal cath-
odes, paving the way for high-energy, long-lasting LIB applications.

Deng et al. demonstrated that Co-free single-crystal LiNi0.83Mn0.17O2

(SCNM) exhibits markedly improved cycling stability through bulk Ti
doping, gradient Nb doping and the LiTi2-xNbx(PO4)3 (LTNP) surface
coating as shown in Figure 7a.[101] This integrated strategy delivers an
initial discharge capacity of 205.8mA h g�1 at 0.1 C and superior
cycling stability with 87.2% retention after 100 cycles at 1 C, compared
to the bare SCNM (Figure 7 b). Bader charge analysis confirmed that Ti
and Nb strengthened the metal-oxygen bonding network, restrained
oxygen loss, and suppressed transition-metal migration, thereby pre-
serving structural integrity as depicted Figure 7c.[42] Liang et al.
addressed the long-standing instability of CFNR by combining
single-crystal morphology with high-entropy doping to yield
LiNi0.88Mn0.03Mg0.02
Fe0.02Ti0.02Mo0.02Nb0.01O2 (HE-SC-N88).

[42] Conventional SC-NCM88
retained only 76.6% of its capacity after 300 cycles, whereas HE-SC-
N88 maintained 95.7% (Figure 7d). Microscopy, HR-TEM revealed
that SC-NCM88 developed a thick (�20 nm), unstable CEI layer and
surface rock-salt reconstruction (Figure 7e1–e4), while HE-SC-N88
preserved a thin (�4 nm) CEI and ordered lattice fringes (Figure 7f1–
f4). The authors evaluated full-cell configurations with graphite anodes
and demonstrated that HE-SC-N88 exhibited remarkable cycling dura-
bility, retaining 92.4% of its initial capacity after 2500 cycles at 25 °C
and 80.6% after 3500 cycles, while at 55 °C the capacity retention
remained above 78.2% after 2000 cycles, as illustrated in Figure 7h.
Gas analysis revealed severe O2 and CO2 release in SC-NCM88
(Figure 7h), while HE-SC-N88 generated minimal gases (Figure 7i),
confirming suppressed oxygen escape and electrolyte decomposition.
These strategies collectively restrained oxygen instability, mitigated
interfacial degradation, and enabled long-term high-voltage cycling
with improved safety. Table 1 summarized the synthesis strategies and
electrochemical performance of Co-free Ni-rich single crystals reported
across prior studies.[21,24,42,63,65,70,71,73,74,79,86,101–112]

The pursuit of CFNR single-crystal cathodes is driven by both sus-
tainability and performance requirements for advanced LIBs. Their
importance can be outlined as follows: 1) the reduction of cobalt
dependence addresses issues of limited supply, cost fluctuations, and
ethical concerns, 2) Ni-rich layered oxides provide the high capacity
and energy density needed for large-scale applications such as EVs and
stationary storage, 3) single-crystal morphologies minimize intergranu-
lar cracking and surface degradation, thereby extending cycle life under
practical operating conditions, 4) controlled elemental substitution and
high-entropy design strategies enhance lattice stability, suppress oxygen

evolution, and reduce Li/Ni disorder, 5) surface and interface engineer-
ing improve resistance to electrolyte attack, promote uniform Li+ trans-
port, and support stable operation at high voltages, and 6) scalable
synthesis methods, particularly co-precipitation and molten salt
approaches, enable the production of structurally robust single-crystal
particles suitable for commercialization. Collectively, these advance-
ments establish CFNR single-crystal cathodes as strong candidates for
the next generation of durable, high-energy, and sustainable LIBs.

2.6. Cobalt-Free Spinel Type Single Crystal Cathodes

Spinel oxides with the general formula LiMn2O4 were first proposed
as cathode materials for LIBs by Michael Thackeray in the early
1980s.[113] Compared to other oxide cathode materials, LiMn2O4

offers several advantages, including low cost, environmental benig-
nity, and enhanced safety.[114,115] Its unique MnO2 framework
enables a three-dimensional (3D) lithium-ion diffusion pathway, con-
tributing to its superior rate capability.[116] In the spinel structure of
LiMn2O4, Mn occupies the 16d octahedral sites, while Li resides in
the 8a tetrahedral sites within a cubic close-packed oxygen lattice, as
illustrated in Figure 8a.[117] The robust edge-sharing Mn2O4 octahe-
dral framework forms a network of intersecting tunnels via face-
sharing between tetrahedral lithium (8a) sites and empty octahedral
(16c) sites, enabling fast 3D lithium-ion diffusion.[117] Despite excel-
lent rate performance afforded by the 3D diffusion pathways,
LiMn2O4 suffers from significant capacity fading at elevated
temperatures.[118] Two primary degradation mechanisms have been
proposed to explain this capacity degradation: 1) Mn2+ dissolution
into the electrolyte, driven by proton-induced corrosion (Figure 8b),
and 2) irreversible structural transformation from the spinel to a
tetragonal phase, primarily due to the Jahn–Teller (J-T) distortion
associated with Mn3+ ions (Figure 8c), along with the development
of micro-strain (Figure 8d).[117,119] Mn dissolution is typically attrib-
uted to the disproportionation reaction:

2 Mn3þ ! Mn4þ þMn2þ (1)

While LiMn2O4 is a cost-effective and safer alternative to other cath-
ode materials, it exhibits relatively lower practical capacity and energy
density. To address Mn dissolution and capacity fading, various strate-
gies have been explored, focusing on structural stabilization and sup-
pression of Mn2+ leaching. One effective approach is the synthesis of
single crystal morphologies, which help prevent particle cracking by
ensuring uniform lattice expansion/contraction and minimizing phase
boundaries.[120] For example, Akimoto et al. reported the synthesis of
octahedral-shaped single-crystal LiMn2O4 and LiMxMn2-xO4 (M= Cr,
Co, Ni) in 2001 and 2003, respectively. These crystals, approximately
0.09 × 0.09 × 0.09 and 0.2 × 0.2 × 0.2mm3 in size (Figure 9a, b),
were synthesized using solvent evaporation flux and high-temperature
molten chlorides methods at 1023 K, respectively.[121,122] In 2008,
Hosono et al. synthesized single-crystal LiMn2O4 nanowires using
Na0.44MnO2 nanowires as a self-template for sodium/lithium ion
exchange.[123] SEM images (Figure 9c) showed well-retained nanowire
morphology after heat treatment at 800 °C for 12 hours. As far as elec-
trochemical performance is concerned, the prepared sample exhibits
much improved electrochemical cycling performance compared to the
commercial powder supplied and produced by other companies, as
shown in Figure 9d,e. For instance, after 100 cycles at 5 A g�1, a large
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Table 1. Summary of electrochemical properties of single-crystal Co-free Ni-rich cathodes, emphasizing capacity retention and stability under voltage
operation.

Single crystal Co-free Ni-rich
cathode materials

Description Synthesis
method

Discharge capacity
(mA h g�1)/C-rate

Capacity retention
(%)/cycle number

References

LiNi0.8Mn0.18Fe0.02O2 A single-crystal Co-free composition was reported to enhance

voltage response and stability. Fe incorporation strengthened the

mid-voltage plateau, while Mn suppressed oxygen release and

stabilized the lattice. Operando studies confirmed a reversible

H2–H3 transition with reduced strain, delivering long cycling

stability

Co-precipitation 208.4/0.1 (3.0–4.35 V) 84/1000 [21]

LiNi0.718Mn0.271Al0.010
W0.001O2

Dual Al/W substitution in single-crystals produced a core-shell

structure with dominant (104) facets. These facets facilitated Li+

transport and reduced interfacial polarization, while bulk Al

improved lattice integrity, suppressing interfacial degradation

Co-precipitation 189.1/0.1 (3.0–4.4 V) 92/100 [24]

LiNi0.88Mn0.03Mg0.02
Fe0.02Ti0.02Mo0.02Nb0.01O2

High-entropy doping in single-crystals minimized lattice strain

and grain-boundary stress. Multivalent dopants acted as

structural pillars, suppressing oxygen release, phase instability,

and thermal degradation, yielding improved stability under harsh

cycling

Co-precipitation 210/0.1 (2.8–4.3 V) 81.2/400 (2.8–4.5 V) [42]

LiNiO2 Single-crystal-like LiNiO2 preserved particle integrity and resisted

microcracking compared to its polycrystalline analogue, enabling

improved structural stability and longer cycling durability

Co-precipitation 241/0.1 (2.5–4.3 V) 63.5/500 [63]

LiNi0.95Mn0.05O2 Well-defined single-crystal particles with truncated octahedral

morphology eliminated grain boundaries. The exposure of (010)

facets enhanced Li+ diffusion and maintained structural order,

suppressing surface degradation

Co-precipitation 218.2/0.1 (2.8–4.5 V) 84.4/200 [65]

LiNi0.6Mn0.4O2 Moderate Li/Ni mixing in single-crystal NM64 reduced

anisotropic lattice contraction and suppressed crack formation,

ensuring higher mechanical and thermal stability than Ni-richer

NM82

Co-precipitation 185.9/0.5 (2.7–4.6 V) 75.2/200 [70]

LiNi0.6Mn0.4O2 Single-crystal NM64 displayed a crack-resistant morphology with

a well-ordered layered framework, enabling low-cost, cobalt-free

cathodes with superior thermal robustness

Co-precipitation 209.7/0.2 (2.6–4.5 V) 54.8/200 [71]

LiNi0.75Mn0.25O2 Single-crystals synthesized without Co developed lithium-rich

nanodomains that induced lattice strain and irreversible

degradation. Voltage fading occurred due to localized instability

despite improved safety

Co-precipitation 194/0.1 (2.8–4.6 V) 85/100 [73]

LiNi0.9Mn0.1O2 Single-crystal SC-NM91 suppressed grain-boundary cracking and

limited Li/Ni disorder. The dense lattice resisted layered to rock-

salt transformations, reducing CEI growth and interfacial side

reactions

Co-precipitation 200/0.1 (3.0–4.3 V) 85.72/300 [74]

LiNi0.94Fe0.05Cu0.01O2 A Mn/Co-free single-crystal with Fe/Cu substitution

demonstrated improved mechanical robustness and suppressed

dissolution. The architecture preserved interface stability while

maintaining cost efficiency

Co-precipitation 220/0.1 (3.0–4.3 V) 93/150 [79]

W doped LiNi0.9Mn0.1O2 Uniform W incorporation via two-step sintering enhanced Li+

diffusion and electronic conductivity. Strong W–O bonds

reinforced lattice stability, suppressing oxygen release and phase

degradation

Co-precipitation 207/0.1 (3.0–4.3 V) 84.4/200 [86]

Ti/Nb doped and LiTi2-x
Nbx(PO4)3 coated LiNi1-x
MnxO2

A dual strategy of Ti/Nb bulk doping and surface coating

stabilized the layered structure. Doping suppressed oxygen

release and migration, while the coated layer promoted robust

CEI formation

Co-precipitation 205.8/1 (2.75–4.4 V) 87.2/100 [101]

LiNi0.95Mn0.05O2 Solid-state synthesis of single-crystal NM9505 produced a

thermodynamically stable layered structure. Proton removal and

uniform Li insertion enabled quasi-equilibrium phase evolution

Co-precipitation 210/0.1 (2.8–4.5 V) – [102]

Energy Environ. Mater. 2026, 0, e70206 13 of 29 © 2026 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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capacity of around 100mA h g�1 was still maintained, outperforming
the other commercially available LiMn2O4 materials. Various single-
crystal morphologies of LiMn2O4, including nanorods, nanowires, and
nanotubes, have since been reported.[124–128] Sun et al. synthesized
single-crystal LiMn2O4 with different dimensionalities by tailoring the
morphology of the MnO2 precursor (Figure 9f).[129] SEM images
(Figure 9g) revealed 1-D nanorods (top two images; average diameter
�100 nm and length of about 1.6 μm), 2-D nanoplates (middle two
images; diameter of 300–400 nm and a thickness of 20 nm), and 3-D
octahedral particles (bottom two; edge length of about 1 μm). Among
them, the 1-D nanorods exhibited the best electrochemical performance
in terms of long-term cycling at 0.1 C, as shown in Figure 9h. Like-
wise, Lin et al. developed a porous LiMn2O4 architecture composed of

single-crystalline nanoparticles using MnCO3 cubes as precursors.[130]

After heat treatment at 600 °C, MnCO3 decomposed into porous
Mn2O3 cubes, which subsequently reacted with a lithium precursor to
form spinel LiMn2O4. SEM images of as synthesized MnCO3 precursor
are presented in Figure 9i1,i2, while Figure 9i3,i4 represents the ther-
mal decomposition of MnCO3, resulting in the formation of Mn2O3,
which in turns reacted with Li salt to form porous cubes (average edge
of 250 nm) with LiMn2O4 single crystalline particles (�50 nm), as
presented in SEM, tem and HR-TEM images in Figure 9j1–j6. A sche-
matic formation mechanism is illustrated in Figure 9k. A deep cycling
performance was elaborated by the prepared nanostructure up to
4100 cycles at 10.0 C rate maintaining a capacity retention of 80.55%,
as shown in Figure 9l. Apart from adopting elegant nanostructure

Table 1. Continued

Single crystal Co-free Ni-rich
cathode materials

Description Synthesis
method

Discharge capacity
(mA h g�1)/C-rate

Capacity retention
(%)/cycle number

References

LiNi0.9Mn0.05Al0.05O2 PVP-assisted synthesis produced single-crystals with reduced Li/

Ni mixing and dense morphology. The architecture resisted

cracking and enhanced phase reversibility during cycling

Hydrothermal 205/0.1 (2.8–4.4 V) 93.4/100 [103]

LiNi0.8Mn0.2O2 Co-free NM suffered from severe antisite defects, strong H2-H3

transitions, and lattice distortion. Although structurally unstable,

it exhibited enhanced safety benefits over Co-containing

analogues

Co-precipitation 184.3/0.2 (2.95–4.3 V) 82/100 [104]

LiNi0.8Mn0.16Al0.04O2 A one-step chelation-assisted method produced crack-free

single-crystals. Al incorporation suppressed cation mixing and

improved ion transport, enhancing rate capability and scalability

Sol–Gel 204.1/0.1 (3.0–4.3 V) 82.1/100 [105]

Y/W doped LiNi0.9Mn0.1O2 Dual Y3+/W6+ doping reduced Li/Ni disorder and stabilized the

layered framework. Improved lithium-ion diffusion and

suppressed interfacial reactions enhanced cycle life and rate

performance

Co-precipitation 204.1/0.1 (3.0–4.3 V) 82.1/100 [106]

LiBO2 coating and B doped

LiNi0.75Mn0.25O2

Boron incorporation and LiBO2 coating stabilized the structure

by suppressing c-axis contraction, reducing oxygen activity, and

limiting cracking. The dual strategy preserved H2-H3 transitions

Co-precipitation 199.7/0.1 (2.7–4.5 V) 90.3/100 [107]

LiNi0.8Mn0.2O2 Submicron single-crystals prepared via jet milling displayed

dense, uniform particles with suppressed microcracking, reduced

Li/Ni disorder, and enhanced diffusion kinetics

Co-precipitation 206.1/0.1 (2.75–4.3 V) – [108]

W/Zr doped LiNi0.75
Mn0.25O₂

High-temperature doping incorporated W/Zr into the lattice. Zr

reduced cation mixing and polarization, improving ion mobility,

while W contributed marginal structural benefits

Co-precipitation 185.2/0.1 (3.0–4.3 V) 90/200 [109]

LiNi0.9Mn0.1O2 Single-crystals of SNM9–3 with well-aligned (010) facets resisted

cracking and cation mixing, supporting improved stability during

extended cycling

Co-precipitation 204.1/0.1 (3.0–4.3 V) 72.1/100 [110]

LiNi0.83Co0.10Mn0.07O2 Crack-free single-crystals reduced intergranular fractures,

maintained morphology, and resisted dissolution. They exhibited

improved phase reversibility compared with polycrystalline

analogues

Co-precipitation 193.4/0.1 (2.7–4.5 V) 84.8/400 [111]

Mg/Nb/Al co-doped

LiNi0.9Mn0.1O2

High-entropy co-doping and surface layer formation stabilized

oxygen reversibility and lattice integrity. The interfacial coating

formed a robust CEI, mitigating HF corrosion and enhancing

longevity

Co-precipitation 213/0.1 (2.7–4.3 V) 90.1/300 [112]

Figure 8. a) Crystal structure of LiMn2O4 along with the Li+ 8a-16c-8a diffusion pathways. b) Mn disproportionation reaction mechanism. c) Molecular
orbital energy diagram of MnO6 and 3d orbitals of Mn2+/Mn4+ and high/low spin Mn3+ ions along with the illustration of change in MnO6 that undergoes
the Jahn–Teller distortion. d) Schematic illustration of the irreversible phase of LiMn2O4 accelerating the dissolution of Mn as surface cracks expand during
the cycling thus forming a vicious cycle. a–d) were reproduced with permission.[117] Copyright 2025, Wiley.
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Figure 9. SEM image of an octahedral-shaped single crystal of a) LiMn2O4 and b) LiMxMn2-xO4 (M= Cr, Co, Ni).[121,122] Copyright 2001, Elsevier. Copyright
2003, American Chemical Society. c) SEM image of the single crystalline LiMn2O4 nanowires. d, e) Cycling performance comparison of single crystalline
LiMn2O4 nanowires at 5 A g�1 along with other commercially available LiMn2O4 materials. c–e) were reproduced with permission.[123] Copyright 2008,
American Chemical Society. f) Schematic illustration of the formation mechanism of 1-D, 2-D, and 3-D single crystalline LiMn2O4 samples. g) FE-SEM images
of 1-D nanorods (top two images), 2-D nanoplates (middle two images), and 3-D octahedral single crystalline particles (bottom two). h) Cycling performance
at a current density of 0.1 C-rate between 3.0 and 3.4 V. f–h) were reproduced with permission.[129] Copyright 2014, Elsevier. i1, i2) SEM images of MnCO3

precursor. i3, i4) SEM images of Mn2O3 formed by thermal decomposition of MnCO3. j1–j6) SEM, TEM and HR-TEM images of the porous cubes with single
crystalline LiMn2O4 particles. k) Schematic illustration of the formation process. l) Long-term cycling performance at 10.0 C. i1–l) were reproduced with
permission.[130] Copyright 2014, Royal Society of Chemistry. m) Schematic diagram of the octahedral (O) LiMn2O4 exposed with (111) facet and truncated
octahedral (TO) LiMn2O4 exposed with (111), (100), and (110) facets. n) SEM images of the intermediate phase (top two), TO (left bottom), and O (right
bottom). o) Long-term cycling stability at a current rate of 2.0 C. m–o) were reproduced with permission.[135] Copyright 2023, Advanced Science.

Energy Environ. Mater. 2026, 0, e70206 16 of 29 © 2026 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Table 2. Electrochemical performance comparison of single crystal spinel-type LiMn2O4 cathodes.

Single crystal
material

Brief description Synthesis
method

Discharge
capacity

(mA h g�1)/
C-rate

Capacity
retention (%)/
cycle Number

References

LiMn2O4 High-quality single crystalline cubic spinel nanowires were synthesized using a self-

template strategy, which display high rate capability performance (even at 20 A g�1)

with flat charge–discharge plateaus

Hydrothermal/

ion-exchange

108/5.0a 92/100 [123]

LiMn2O4 Single-crystalline ꞵ-MnO2 nanorods were synthesized using hydrothermal method and

chemically converted to LiMn2O4, which reveals high charge storage capacity even at

high power rates.

Co-precipitation 100/1.0 85/100 [124]

LiMn2O4 Hydrothermal method was used to synthesize single crystalline cubic spinel LiMn2O4

nanowires and their electrochemical performance were tested in an aqueous LiNO3

solution.

Hydrothermal 110/10.0 65/130 [125]

Al-doped LiMn2O4 To improve the long-term cycling stability at elevated temperature along with the

efficient suppression of Jahn–Teller distortion and Mn dissolution, Al-doped single-

crystalline nanotubes of LiMn2O4 were synthesized using Co-precipitation.

Co-precipitation 90/5.0 80/800 [126]

LiMn2O4 A chemically transformed from [001]-oriented ꞵ-MnO2 template to [110]-oriented

LiMn2O4 was synthesized via a template-engaged reaction. The prepared powder

demonstrated prolonged charge–discharge cycling at a relatively high current density.

Hydrothermal 90/5.0 70/1500 [127]

LiMn2O4 Tetragonal ꞵ-MnO2 as a starting material was utilized to synthesized single crystalline

LiMn2O4 nanorods with a diameter� 100 nm. The obtained powder exhibit superior

high-rate capability and good cycling stability.

Hydrothermal 95/3.0 75/500 [128]

LiMn2O4 A single crystalline LiMn2O4 film with an atomically flat surface by solid-state reaction

from a MnO wafer with LiOH.H2O wafer.

Solid-State 116/0.3 - [198]

LiMn2O4 Single-crystalline LiMn2O4 with different dimensional nanostructures were prepared

and their electrochemical performance was compared, which reveals 1-D LiMn2O4

exhibits the best electrochemical performance.

Hydrothermal 123/0.1 81/100 [129]

LiMn2O4 Porous LiMn2O4 was fabricated with cubic MnCO3 as precursor and characterized in

terms of structure and performance as the cathode of a lithium battery.

Co-precipitation 120/10.0 81/4000 [130]

LiMn2O4 A two-step approach was employed to prepare well-shaped octahedral Mn3O4 initially

and then transferred to LiMn2O4 by the solid state lithiation process. The octahedral

particles demonstrated superior electrochemical properties in comparison with the

particles prepared via sol–gel.

Hydrothermal 123/1.0 85/200 [199]

LiMn2O4 Single-crystalline LiMn2O4 nanorods were successfully synthesized via a simple, low-

cost and eco-friendly approach which further reveals excellent electrochemical

performance.

Hydrothermal 123/1.0 89/100 [200]

C-coated LiMn2O4 Carbon-coated single-crystal LiMn2O4 nanowires were obtained via a high-temperature

solid-state method under air environment, which delivers large capacity and long-term

cycling stability.

Solid-State 114/1.0 90/500 [201]

Al-F co-doped

LiMn2O4

A pure phase LiMn2O4 is synthesized by a high-temperature solid-phase method along

with the element-doping to improve the overall electrochemical performance.

Solid-State 111/0.1 80/382 [131]

LiMn2-xMxO4 (M= Al,

Fe, and Ni)

Facile synthesis approach to prepare single-crystalline spinel cathode by a control

oxidative conditions during the lithiation process was adopted.

Solid-State 85/0.3 87/200 [132]

Al-doped LiMn2O4 Micrometer-sized and octahedral-shaped Mn2O3 single crystal doped with various

elements (Al, Ti, Ni, and Zr) were prepared by an ethanothermal synthesis and

employed as precursor for spinel cathodes.

Solid-State 103/0.3 90/200 [202]

LiMn2O4 Single-crystalline LiMn2O4 nanoparticles were synthesized through the gel combustion

method assisted by microwave followed by calcination treatment. The prepared

material display exceptional electrochemical performances including good rate

capability and better cycling stability.

Gel combustion/

Microwave

121/0.2 90/300 [203]

LiMn2O4 The synergistic effects of single crystals and the orientation of exposed crystal planes

significantly reduce the disproportionation of Mn3+ ions and thereby improve

structural integrity and hence, electrochemical performance.

Co-precipitation 112/2.0 84/2000 [135]

aA g�1.

Energy Environ. Mater. 2026, 0, e70206 17 of 29 © 2026 The Author(s). Energy & Environmental Materials published by
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design strategy for LiMn2O4 single crystal, element doping is another
effective approach to further improve the electrochemical performance.
For instance, Li et al. prepared Al3+/F� co-doped spinel LiMn2O4

single-crystal and claim that the improvement in the material perfor-
mance is primarily due to doping which inhibit Jahn–Teller distortion,
alleviate the dissolution of Mn, and broadening Li+ diffusion
channels.[131] Similar studies were carried out by Park et al. by analyz-
ing the effect of oxidative synthesis condition on the performance of
single crystalline LiMn2-xMxO4 (M= Al, Fe, and Ni) spinel
cathodes.[132] Furthermore, Mn2+ dissolution in LiMn2O4 has been
reported to be strongly dependent on the orientation of the exposed

crystal planes.[133,134] Engineering the orientation of these
exposed planes in spinel LiMn2O4 is thus proposed as an effective strat-
egy to mitigate Mn2+ dissolution and improve the cycling stability. To
exploit this, Hou et al. designed truncated octahedral single-crystal
LiMn2O4 (TO-LMO) structures, mainly exposing (111) facets with par-
tial truncation of (100) and (110) facets.[135] A schematic of the for-
mation mechanism with both truncated octahedral and octahedral
morphology is presented in Figure 9m. In the synthesis approach, an
intermediate Li-deficient phase, exhibiting a truncated octahedral mor-
phology formed first with exposed facets (Figure 9n; top two images),
evolved into TO-LMO (Li/Mn= 0.4) and regular octahedral LMO (O-

Figure 10. a) Schematic illustration of the molten salt annealing approach along with the in situ Li2MoO4 coating layer. b) Schematic diagram of the solid-
state full cell. c) Charge/discharge curves at different current densities ranging from 0.1 to 1.0 C. d) long-term cycle performance comparison. a-d) were
reproduced with permission[136] Copyright 2025, Science China Press 2025. e) Micrographs of uncoated LNMO. f) Micrographs of LBO-coated LNMO with
respective large-scale view. g) Full-cell cycling performance comparison of uncoated and LBO-coated LNMO at 0.3 C rate. h) Corresponding average charge/
discharge voltage. e–h) were reproduced with permission.[137] Copyright 2024, Wiley-VCH.

Energy Environ. Mater. 2026, 0, e70206 18 of 29 © 2026 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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LMO, Li/Mn= 0.5), as shown in Figure 9n (left bottom) and
Figure 9n (right bottom), respectively. Electrochemical testing demon-
strated that TO-LMO offered superior cycling stability, with 84% capac-
ity retention after 2000 cycles at 2.0 C, as shown in Figure 9o. These
findings clearly demonstrate that rational design of LiMn2O4 at the
single-crystal level—through morphology engineering, doping, and
facet control—can significantly improve the structural and electrochem-
ical stability of this promising cathode material. A summary of previous
studies on single-crystal LiMn2O4, including synthesis methods, mor-
phology, doping strategies, and electrochemical performance, is pre-
sented in Table 2. Furthermore, our literature survey reveals that
single-crystal LMO has yet to achieve its full potential in conventional
Li-ion batteries- particularly in full-cell configurations, due to undesir-
able side reactions with carbonates-based liquid electrolytes at high
voltages. These reactions lead to TM dissolution and rapid capacity fad-
ing, as previously discussed. Notably, only two studies have explored
the practical application of Ni-substituted LMO (LiNi0.5Mn1.5O4

(LNMO)), in full-cell setups. For instance, W. Luo et al. synthesized
and utilized a Co-free, spinel-structured single-crystal LNMO in a high-
energy-density all-solid-state lithium battery (ASSLB) system.[136] The
authors converted commercially available polycrystalline LNMO pow-
der into single-crystal particles using a molten salt strategy. To enhance
interfacial stability, a Li-ion-conductive Li2MoO4 coating was applied in
situ, as presented in Figure 10a. The all-solid-state full cell arrangement
consisted of a composite cathode containing pristine LNMO and
Li2MoO4-coated single-crystal LNMO, mixed with Li3InCl6 (LIC)
and vapor grown carbon fiber (VGCF) in a mass ratio of 50:45:5. A Li-
In alloy was used as the anode, and a LIC/Li5.4PS4.4Cll.6 (LPSCl) mixture
served as the solid electrolyte, as shown in Figure 10b.
Charge/discharge curves measured at current densities ranging from
0.1 to 1.0 C demonstrate that the coated single-crystal LNMO con-
sistently delivers higher capacities (Figure 10c). Specifically, the
capacity decreased from 121.3 to 103.6mA h g�1 with a tenfold
increase in current, corresponding to an 85% capacity retention. In
contrast, pristine LNMO showed a drop from 103.4 to
59.4mA h g�1, retaining only 57% of its initial capacity. Regarding
long-term cycling stability, the coated LNMO maintained a discharge
capacity of 87.9mA h g�1 after 100 cycles at 0.1 C, equating to a
68.2% retention (Figure 10d). Meanwhile, pristine LNMO retained
only 47.3%, with a final capacity of 46.9mA h g�1. The authors
attributed the improved electrochemical performance to the Li2MoO4

coating, which stabilized the electrode–electrolyte interface and sup-
pressed parasitic side reactions. Similarly, Park et al. investigated the
effect of lithium borate (LiBO2) as the surface coating on the elec-
trochemical performance of commercially available LNMO single
crystals in a full cell arrangement.[137] As presented in Figure 10e,
the uncoated LNMO displayed a uniform light gray color and a par-
ticle size of approximately 6–8 μm, consistent with typical single-
crystal morphology. In contrast, Figure 10f shows uniform black
dots on the surface of the LBO-coated LNMO particles, attributed to
the low-atomic-mass borate coating. Full cells employing pristine or
LBO-coated LNMO as cathodes and commercial graphite as the
anode demonstrated striking differences in cycling performance.
After 1000 cycles at 0.3 C, the capacity retention of the uncoated
LNMO was only 18.1%, compared to 46.1% for the LBO-coated
counterpart (Figure 10g). Moreover, the LBO-coated LNMO exhib-
ited a more stable charge–discharge voltage profile throughout
cycling (Figure 10h), confirming its enhanced electrochemical stabil-
ity. Collectively, these studies offer valuable insights into the

stabilization of spinel cathodes through surface coatings, highlighting
the potential of single-crystal LNMO for practical battery
applications.

2.7. Cobalt-Free Li- and Mn-Rich Layered Type Single Crystal
Cathodes

Layered oxide Li[Li1/3Mn2/3]O2, commonly written as Li2MnO3

(LMO), adopted an AB2O3-type monoclinic structure with C2/m space
group and offered a theoretical capacity of up to 458mA h g�1.[138–142]

Structurally, LMO resembled the O3-type layered structure typical of
LiCoO2, where “O” referred to octahedral coordination of the cations
and “3” denoted the presence of three MO2 slabs per unit cell. In this
structure, the TM layers contained Li+/Mn4+ in a 1:2 molar ratio, sepa-
rated by cubic-close-packed oxygen planes.[143,144] The conventional
formula for this O3-type layered structure can be represented as
Li3a[Li1/3Mn2/3]3bO2, where the lithium ions occupied the interslab
octahedral sites while the Li+ and Mn4+ ions (in the ratio 1:2) and 3a
and 3b octahedral sites of the trigonal lattice.[145] Due to the large
charge difference between Li+ and Mn4+ ions, LMO exhibited super-
structure reflections arising from their cation ordering within the TM
layers.[146,147] However, depending on the sintering temperature, LMO
can crystallize in two distinct phases: the α-phase, in which Li+ and
Mn4+ were randomly distributed across the cation sites, and the β-
-phase, characterized by perfect cation ordering.[145] Despite its promis-
ing theoretical capacity, a major limitation of LMO was its
electrochemically inactivity within the typical voltage range 2.2–4.4 V
vs. Li+/Li as all Mn atoms existed in +4 valence, making further oxida-
tion difficult in an octahedral coordination environment.[148–150] As a
result, lithium could not be readily extracted under typical cycling con-
ditions. To activate the material, an initial charge to a high cut-off volt-
age (�4.8 V vs. Li+/Li) was required, which triggered the removal of
lithium oxide (Li2O) via the following reaction:

Li2MnO3 ! xLi2Oþ 1�xð ÞMnO2 (2)

The release of lattice oxygen due to anionic redox reactions could
trigger several adverse effects, including structural degradation and TM
dissolution, issues that were especially pronounced in polycrystalline
LMLOs. Moreover, the primary particles in polycrystalline LMLOs
undergo anisotropic volume changes during electrochemical cycling.
These variations can lead to severe internal strain accumulation and the
development of microcracks, which progressively degrading the solid–
solid contact within and between primary particles. This mechanical
instability, in turn, amplified interface side reactions and contributed to
performance decay over prolonged cycling. In contrast, single-crystal
particles, which have a well-ordered structure, are commonly used in
Ni-based cathode materials and were known to resist damage during
battery cycling. First, their low surface area helps reduce unwanted
chemical reactions on the surface, which protects the structure over
time. Second, because they have fewer grain boundaries and stronger
mechanical stability, they can better handle the stress and strain caused
by volume changes during charging and discharging. This makes
single-crystal materials more thermally and structurally stable, especially
in LMLOs. However, there are handful of reports on lithium-rich
manganese-based single crystal cathodes, especially Co-free. For
instance, Liu et al. synthesized micron-sized molten-salt-assisted single-
crystal Li-rich Mn-based cathode material (Li1.2Mn0.533Ni0.267O2) via a

Energy Environ. Mater. 2026, 0, e70206 19 of 29 © 2026 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Figure 11. a, b) SEM images of the polycrystalline powder. c–e) SEM images of single-crystalline powder. f) TEM image and g) SAED pattern of the
polycrystalline powder. h) TEM image and i) SAED pattern of the single-crystalline powder. j, k) Cycling performance comparison of polycrystalline and
single-crystalline sample at 1.0 and 10.0 C, respectively, in a voltage window of 2.0–4.8 V. a–k) were reproduced with permission.[151] Copyright 2024,
American Chemical Society. l) Detailed synthesis mechanism of polycrystalline and single-crystalline Li1.2Mn0.6Ni0.2O2 cathode. m, n) HRTEM image and
corresponding Fast Fourier Transform (FFT) of polycrystalline and single-crystalline samples, respectively. o) Comparison of specific discharge capacity and
energy density retention for polycrystalline and single-crystalline electrodes cycled between 2.0 and 4.8 V at 25 °C.[152] l-o) were reproduced with permission.
Copyright 2023, Advanced Science.

Energy Environ. Mater. 2026, 0, e70206 20 of 29 © 2026 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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one-step oxalic acid-based complexation route, employing low-
melting-point lithium nitrate (LiNiO3) and trace boric acid (H3BO3) as
additives to promote crystal growth.[151] The resulting single-crystal
nanostructures were compared with polycrystalline counterparts in
terms of morphology and electrochemical performance. As shown
in the SEM images (Figure 11a,b), the polycrystalline sample exhibited
spherical secondary particles (∼8 μm) composed of �200 nm primary
grains. In contrast, the single-crystal samples displayed well-dispersed
polyhedral morphology (Figure 11c–e). These observations were

further supported by TEM and SAED analyses for both polycrystalline
(Figure 11f,g) and single-crystalline samples (Figure 11h,i). The
authors explained that molten salts like LiNO3 and H3BO3 formed a
transient glassy or molten phase at low temperatures during sintering,
enhancing heat and mass transport and promoting primary particle
coarsening. Additionally, boron doping results in the formation of sta-
ble B–O bonds within the lattice, which suppresses oxygen loss and
improves structural stability. As a result, the single-crystal LMLOs
achieved a high reversible capacity of 210.8mA h g�1 at 1 C (between

Figure 12. a) Crystal structure of the olivine-type cathode with MO6, and PO4 polyhedral are represented in brown and purple color, respectively, while
oxygen atom are shown in green color (left panel) and 1-dimensional pathway for Li-ion diffusion in Olivine structure (right Panel).[168] Copyright 2017,
MDPI. b) Digital image of the as-grown LiFePO4 single crystal ingot.[185] Copyright 2005, Elsevier. c) Digital photographs of LiFePO4 single crystals thin plates
with a, b and c-axes normal the gold-coated surfaces (left panel) and the temperature dependent lithium conductivities along three principal axes with
Arrhenius relation fit.[178] Copyright 2008, Elsevier. d) Digital photograph of large LiFePO4 single crystals with size 400 × 300 × 100 μm (left panel) and
galvanic cycling between 2.0–4.5 V at 0.1 mA cm�2 (right panel); inset shows capacity retention over first 30 cycles.[186] Copyright 2011, American Chemical
Society. e) SEM micrograph of single crystalline LiFePO4 synthesized at 160 °C for 900 min. f) Bright field TEM image. g) galvanostatic charge/discharge
profiles of polycrystalline and single crystalline LiFePO4. h) Rate performance at various current rates. e–h) were reproduced with permission.[187] Copyright
2013, American Chemical Society. i) TEM and j) HR-TEM images along with the associated ED pattern of the LiFePO4 nanosheets. k) Rate capability at the C-
rate ranging from 1 to 30 C. i–k) were reproduced with permission.[188] Copyright 2014, American Chemical Society.

Energy Environ. Mater. 2026, 0, e70206 21 of 29 © 2026 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

 25750356, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eem

2.70206 by C
hungbuk N

ational U
niversity, W

iley O
nline L

ibrary on [08/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



2.0 and 4.8 V), with an impressive initial Coulombic efficiency of
82.82% (Figure 11j). Even at 10 °C, the material retained a discharge
capacity of 161.1mA h g�1, and maintained 81.06% of capacity reten-
tion after 200 cycles (Figure 11k). Likewise, Yang et al. reported the
synthesis of Co-free single-crystalline Li-rich Mn-based cathode
(Li1.2Mn0.6Ni0.2O2) via a Li

+/Na+ ion-exchange reaction.[152] A com-
parative polycrystalline sample was prepared by traditional hydroxide
co-precipitation and solid-state reaction (Figure 11l). HR-TEM image
(Figure 11m) and its corresponding FFT pattern (inset) exhibit an array
of points with hexagonal symmetry, indicating a layered structure. In
contrast, the HR-TEM (Figure 11n) and the corresponding FFT pattern
(inset) confirm the single-crystalline nature. Electrochemical tests
showed that the single-crystalline electrode delivered a higher discharge
capacity (211mA h g�1) than the polycrystalline electrode
(190mA h g�1) after 100 cycles. Moreover, the energy density of the
single-crystal electrode reached 738Wh kg�1, outperforming its poly-
crystalline counterpart (612Wh kg�1). The authors observed that a sin-
gle crystalline sample demonstrated lower unit cell volume changes
(�1.1%) during cycling, facilitating structural robustness. In single-
crystal Co-free Mn-rich layered oxide cathodes, both lattice doping and
surface modification act as crucial design routes to improve Li+ trans-
port and preserve oxygen stability during charge–discharge cycling.
The substitution of multivalent cations such as Mg2+, Ti4+, Zr4+, W6+,
and Al3+ within the transition-metal framework modifies the local
coordination field and strengthens the TM-O bonding network, which
helps restrain Jahn–Teller distortion and minimize oxygen loss at high
delithiation levels.[153,154] Similarly, anionic substitution by F� or S2�

adjusts the electronic coupling between O 2p and TM 3d orbitals, nar-
rowing the bandwidth and suppressing irreversible oxygen redox
reactions.[155,156] These structural perturbations promote faster Li+

migration by decreasing the diffusion barrier while maintaining a stable
yet elastic lattice.[154,156] In parallel, surface coatings composed of Li-
conductive or phosphate compounds (e.g., Li3PO4, Li2MoO4, or
LiTiPO4) form robust, ion-permeable interphases that impede surface
reconstruction, electrolyte degradation, and transition-metal
dissolution.[157–159] The combined influence of internal lattice regula-
tion and external surface stabilization ultimately enhances Li+ kinetics,
mitigates parasitic oxygen activity, and ensures long-term structural
integrity under high-voltage cycling in single-crystal Co-free Mn-rich
cathode systems. In conclusion, the use of single-crystalline Li-rich Mn-
based cathodes offers a promising pathway toward high-energy and
structurally robust LIBs. However, further refinement in synthesis tech-
niques and deeper understanding of structure–property relationships
are still required for their commercial viability.

2.8. Cobalt-Free Olivine Type Single Crystal Cathodes

Since the revolutionary work of Padhi et al. in 1997, the olivine-
type crystal structure has attracted significant global attention from
the scientific community as a promising cathode material for
rechargeable LIBs.[160–162] The olivine structure, named after the
natural mineral group “olivine”, follows the general formula
X2YO4, where X atoms partially occupy octahedral sites and Y
atoms reside in 1/8 of the tetrahedral positions within a hexagonal
close-packed oxygen matrix. Among these, lithium iron phosphate
(LiFePO4) and lithium manganese phosphate (LiMnPO4) are the
most prominent members of the LiMPO4 (M= Fe, Mn, Co, Ni,
etc.) family. They have been extensively investigated due to their

high theoretical capacity of 170 mA h g�1, low cost (being
Co-free), structural stability, excellent capacity retention, and envi-
ronmental benignity.[163–165] Notably, olivine-type phosphates typ-
ically adopt an orthorhombic crystal lattice with Pnma space group.
In this configuration, phosphorus atoms in the PO3�

4 unit occupy
tetrahedral 4c sites, while Fe and Li cations are situated in FeO6 and
LiO6 octahedral units at the 4c and 4a sites, respectively.[166,167]

Besides, each phosphate unit (PO4) shares edges with two LiO6 and
one MO6 octahedron, as shown in Figure 12a.[168] The strongly
bonded phosphorus, oxygen, and TM, that is, Ptet-O-Moct linkage
tuned the M3+/M2+ redox potential, enabling a flat and practical
voltage plateau.[169,170] However, the presence of such strong cova-
lent bonds is also responsible for a wide bandgap (3.58–4.0 eV)
and extremely low electronic conductivity (10�9 to 10�11 S cm�1

at room temperature).[171–174] Furthermore, the lithium-ion diffu-
sion coefficient is also relatively low (�10�17 to
10�14 cm2 s�1).[175,176] In general, there are three possible
lithium-ion diffusion pathways—[010], [001], and [101]- in
LiMPO4 compounds.[177] However, first-principle calculations pre-
dict that lithium ions have a one-dimensional diffusion channel
along the b-axis, that is, [010], in contrast to layered and spinel-
type cathodes that support multidirectional ion transport.[178,179]

To address the poor electronic conductivity of LiFePO4, various
strategies such as surface coating and element doping have been
widely adopted.[180–183] These approaches enhance electrolyte com-
patibility and reduce charge transfer resistance. However, mitigat-
ing the limitations of unidirectional ion diffusion necessitates
precise control over particle size and crystallographic orientation. In
this context, developing single-crystal olivine materials offers dis-
tinct advantages over their polycrystalline counterparts, including
well-ordered crystal structures, absence of grain boundaries, and
directional lithium-ion transport. The growth of single-crystal oliv-
ine phosphates can be traced back to 2002, when Fomin et al. syn-
thesized LiMPO4 single crystals via a conventional solution growth
method in lithium chloride (LiCl) flux.[184] The study was con-
ducted to analyze the magnetic properties of the LiNiPO4 single
crystals (1–5 mm3). Later, Chen et al.[185] utilized a floating zone
technique to prepare large, high-quality single crystals, as shown in
Figure 12b. These early studies focused primarily on synthesis and
structural characterization, with limited electrochemical analyses. In
2008, researchers began exploring the ionic conductivity and diffu-
sion characteristics of olivine single crystals that are crucial for bat-
tery applications. For instance, Li et al. prepared LiFePO4 single
crystals (Figure 12c; left panel) and reported the ionic conductivi-
ties and diffusion activation energies along the three principal crys-
tallographic axes (Figure 12c; right panel).[178] The activation
energies for Li-ion diffusion along the three principal axes are
extracted as 0.636� 0.052, 0.54� 0.048 and 0.669� 0.054 eV,
respectively, confirming a faster one-dimensional diffusion mecha-
nism along the b-axis. Subsequently, the lithium deintercalation
behavior in LiFePO4 single crystals was also explored by Upreti
et al.[186] Authors prepared copper-substituted iron phosphate
single crystals of a sufficient size using high-temperature, high-
pressure hydrothermal conditions (Figure 12d; left panel). The pre-
pared single crystals deliver an initial charge/discharge capacity of
115/110 mA h g�1 at a current density of 0.1 mA cm�2 in the volt-
age window of 2.0–4.5 V, as shown in Figure 12d (right panel).
However, the report was limited to a few initial cycle assessments,
and no thorough comparison was made with polycrystalline
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samples. Zhu et al. reported the synthesis and nanostructural evolu-
tion of both polycrystalline and single-crystalline LiFePO4 nanos-
tructures using a solvothermal method in a mixed water–tri
(ethylene glycol) solvent system.[187] Initially, thin platelets
(�100 nm) of Fe3(PO4)2�8H2O (vivianite, VTE) were formed.
These metastable VTE surfaces served as nucleation sites for the for-
mation of �20 nm LiFePO4 nanoparticles. As the reaction pro-
gressed and the solution pH gradually decreased, the primary
LiFePO4 nanocrystals aggregated via oriented attachment (OA) into

polycrystalline, diamond-like secondary particles. Continued pH
reduction induced a dissolution–recrystallization process character-
istic of Ostwald ripening (OR), ultimately resulting in the forma-
tion of monodisperse, single-crystalline LiFePO4 nanorods
(450� 60 nm long × 128� 24 nm wide × 91� 13 nm thick), as
shown in Figure 12e,f. However, both polycrystalline and single-
crystal samples exhibited similar electrochemical performance, as
displayed in Figure 12g,h. It is well known that reducing the parti-
cle size of LiFePO4 to the nanoscale significantly enhances, its

Figure 13. a) Polycrystalline (top) and single crystal LiMnPO4 (bottom) grown using a vertical travelling solvent floating zone (TSFZ).[193] Copyright 2010,
Elsevier. b) Wulff structure and schematic illustration of the facet-controlled and thickness-controlled synthesis of single –crystalline LiMnPO4 nanosheets.
c, d) SEM images of (010)-oriented LiMnPO4 nanosheets. b–d) were reproduced with permission.[194] Copyright 2017, American Chemical Society.
e) Schematic illustration of the growth mechanism of flower-like LiMnPO4 nanostructures. Microstructure of the single crystalline LiMnPO4: f, g) FE-SEM
images. h) TEM image. i) HR-TEM image. j) charge/discharge curve at a rate of C/40. e–j) were reproduced with permission.[195] Copyright 2012, Royal
Society of Chemistry. k) Schematic illustration of the preparation processes of the monodispersed LiMnPO4 nanobelts and nanorods. l, n) TEM and HR-TEM
images of the LiMnPO4 nanobelts. m, o) TEM and HR-TEM images of the LiMnPO4 nanorods. p) cycle performance comparison of the LiMnPO4@C
nanobelts and nanorods at 0.1 C. k–p) were reproduced with permission.[196] Copyright 2018, Wiley. q, s, t) SEM and TEM images of LiMnPO4. r, u, v) SEM
and TEM images of Mg-doped LiMnPO4. w) Crystal structure of Mg-doped LiMnPO4. x) Comparison of rate performance of the LiMnPO4 and Mg-doped
LiMnPO4. y) Long-term cycling performance comparison at 1.0 C. z) Phase transformation of the Mg-doped LiMnPO4 during 1st cycle at 0.1 C. q–z) were
reproduced with permission.[197] Copyright 2018, American Chemical Society.
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power density, primarily due to the shortened lithium-ion diffusion
pathways within its one-dimensional channels. Nevertheless, down-
sizing introduces trade-offs: the reduced particle size lowers the tap
density and volumetric energy density, while the increased surface
area amplifies undesirable side reactions at the electrode–electrolyte
interface, compromising cycling stability. In this regard, Zhao et al.

prepared single crystalline nanosheets through the exfoliation of
bulk LiFePO4 powders.[188] The authors confirmed the single-
crystalline nature of the as-exfoliated LiFePO4 nanosheets using
TEM, as shown in Figure 12i, which firmly demonstrates that the
nanosheet in which the ripple-like contrast revealed their ultrathin
nature. Besides, the HR-TEM image and electron diffraction (ED)

Table 3. Electrochemical performance comparison of various single crystal olivine-type LiMPO4 (M= Fe, Mn, Ni) cathodes.

Single crystal
material

Brief description Synthesis
method

Discharge
capacity

(mA h g�1)/C-
rate

Capacity
retention (%)/
cycle number

References

LiFePO4 A floating zone technique was used to grow LiFePO4 single crystals sized up to

5 × 70 mm

Floating zone

growth

– – [185]

Mn substituted

LiFePO4

A range of Mn-substituted carbon-coated single crystalline nanotubular and

nanoparticular LiFe1-xMnxPO4 (x= 0, 0.2, and 0.5) cathodes were synthesized and

analyzed for Li+ diffusion and electrochemical properties

Surfactant based

sol–gel
45.0/10.0 C 88/1000 [204]

LiFePO4 Surfactant aided sol–gel method is used to fabricate highly crystalline carbon-coated

LiFePO4 with bamboo-like single crystalline nanotubes (LFP-NT) obtained using template-

assisted method. The prepared nanostructure delivers superior rate capability and

excellent cycling stability

Sol–gel 100.0/10.0 C 100/1000 [205]

LiFePO4 A hydrothermal method was adopted to synthesized Cu-substituted LiFePO4 with 15% of

the iron sites occupied by cupric ions

Hydrothermal 110/0.1a 73/30 [186]

LiFePO4 A low crystal mismatch strategy was embraced to synthesize LiFePO4 nanomesh. The

prepared 2D nanomesh demonstrated ultra-high rate capability and extended cycling

stability

Hydrothermal 163/0.3b 100/3000 [206]

LiFePO4 In situ carbon-coated LiFePO4 nanowires with diameters of around 100 nm produced via

electrospinning. These nanowires are single-crystalline and show good electrochemical

performance

Electrospinning 170/1.0 C 98/100 [207]

LiFePO4 Single crystalline LiFePO4 nanosheets constituting large proportions of highly oriented

(010) facets were prepared via hydrothermal method. The prepared nanosheets display

significant capacities even at high C-rates

Hydrothermal 90/10.0 C 100/1000 [188]

LiFePO4 Synthesis and nanostructural development of polycrystalline and single crystalline LiFePO4

nanostructure was carried out using a solvothermal media

Hydrothermal 62/1.0 C 100/10 [187]

LiFePO4 The conductivity of lithium ions along three principal axis directions in single crystal

LiFePO4 as a function of temperature by AC impedance spectroscopy is reported

Flux growth

technique

– – [178]

LiMnPO4 A low temperature solvothermal method was employed to synthesize 3-D hierarchical

flower-like LiMnPO4 microspheres. The lithium storage properties reveal its potential

application as cathode

Solvothermal 53/0.025 C – [195]

LiMnPO4 Single-crystalline (010)-oriented LiMnPO4 nanosheets have been synthesized via

solvothermal technique. A systematic investigation of Li ion diffusion using various

techniques revealed that facet-controlled nanosheets facilitate diffusion

Solvothermal 120/5.0 C 100/500 [194]

LiMnPO4 Single crystalline rod-like LiMnPO4 nanostructure was prepared via facile solvothermal

approach in a mixed solvent of ethylene glycol (EG) and water. The composite nanorods

exhibits high specific discharge capacity and a remarkable stable capacity retention

Solvothermal 144/0.5 C 95/100 [208]

LiMnPO4 Highly monodispersed single crystalline LiMnPO4 nanorods were prepared via

hydrothermal method. The prepared architecture exhibits excellent discharge capacity

and cycling stability

Hydrothermal 114/0.1 C 99/80 [196]

LiMn1-xFexPO4 Fe-substituted LiMnPO4 nanomaterials were synthesized via solvothermal method. The as-

prepared LiMn0.8Fe0.2PO4 sample demonstrated excellent cycle performance and

remarkable rate capability

Solvothermal 123/0.5 C 100/70 [209]

Fe-doped LiNiPO4 Single crystal hierarchical Fe-doped LiNiPO4 nanomesh is prepared via super-low crystal

mismatch at room temperature. The prepared cathode high specific capacity, superior

cyclic stability, and excellent rate performance

Solvothermal and

Ion Exchange

150/0.1 C 88/100 [210]

amA cm�2.
bA g�1.
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pattern (Figure 12j) further validated the single-crystalline nature
of the nanosheets. The prepared single-crystal nanosheets, when
employed as electrodes, exhibited exceptional rate capability tests,
as displayed in Figure 12k. Even at an ultra-high C-rate of 30 °C,
the material displayed a considerable discharge capacity of approxi-
mately 55 mA h g�1, indicating improved electronic conductivity
and reduced diffusion path of lithium ions. In contrast, the com-
mercial LiFePO4/C powders were barely rechargeable at this current
rate. The above discussion underscores the performance benefits of
single crystals, though scaling up their synthesis remains a
challenge.

Likewise, Co-free LiMnPO4-an isostructural analog of LiFePO4- was
also explored as a promising cathode material due to its higher energy
density than LiFePO4, which primarily comes from its high operating
voltage (�4.1 V vs. Li+/Li) and matches well with most conventional
liquid electrolytes.[189,190] However, its practical deployment was lim-
ited by intrinsically slow electrochemical kinetics. These kinetic barriers
are primarily attributed to 1) surface passivation during delithiation
which hinders lithium-ion transport, 2) Jahn–Teller-induced anisotropic
lattice distortion arising from high-spin Mn3+ ions, 3) lattice strain at
phase boundaries between LiMnPO4 and MnPO4 during cycling, and 4)
the thermodynamic metastability of the MnPO4 phase.

[191,192] Together,
these factors contribute to poor rate performance and limited cycling sta-
bility. Therefore, it is of great significance to explore new methods and
design facile routes to fabricate LiMnPO4 hierarchical architectures with
well-defined morphologies. Nevertheless, limited success has been
achieved for the general facet-controlled or single crystal synthesis of
LiMnPO4. Wizent et al. reported the growth of single crystal LiMnPO4

using the float zone method under high pressure, as shown in Figure
13a.[193] However, the work was strictly restricted to the synthesis pro-
cess only. Likewise, Peng et al. prepared the facet-controlled synthesis of
single crystalline LiMnPO4 nanosheets (also including LiFePO4 and
LiCoPO4) with a uniform thickness distribution of 15–20 nm using a
facile solvothermal process by employing diethyl glycol (DEG) as the
solvent, as shown in Figure 13b–d.[194] The authors suggested that the
presence of DEG is very crucial for the facet growth as it has a strong
bonding with the Mn cation on the (010) facet and inhibits the growth
along the (010) direction, where the thickness of the nanosheets was
readily controlled by adjusting the Mn and P source ratio. However, the
work restricted the electrochemical performance mainly to single crystal
LiFePO4 nanosheets. Nie et al. prepared the well-defined three-
dimensional hierarchical flower-like LiMnPO4 microspheres via a simple
one-step low-temperature solvothermal method, as shown in
Figure 13e.[195] Besides, the morphological characterization results in
Figure 13f,g firmly validate the formation of flower-like microspheres
(φ= 10–20 μm), which are primarily composed of crosslink nano-
plates with a thickness of several tens of nanometers, as shown in
Figure 13h. The HR-TEM and SAED pattern in Figure 13i exhibit clear
lattice fringes and a d-spacing of 0.285 nm corresponding to the (301)
crystal face, respectively, revealing high crystallinity of the LiMnPO4.
Figure 13j reveals the typical charge–discharge profile of the flower-like
LiMnPO4/C electrode at a rate of C/40 within a voltage window of
2.3–4.5 V. As observed, the flower-like LiMnPO4/C single crystal elec-
trode exhibits low initial charge/discharge capacities of approximately
56/53mA h g�1 with a reversible voltage plateau at 4.1 V. The authors
believe that further improvement in the physical and chemical properties
is required to obtain different nanostructures with promising electro-
chemical performances. In this regard, Bao et al. prepared monodis-
persed single-crystalline LiMnPO4/C nanobelts and nanorods using the

hydrothermal route (Figure 13k).[196] The TEM and HR-TEM images in
Figure 13l–o clearly show the formation of monodispersed nanobelts
and nanorods with a single crystalline character. However, it was
observed during long-term cycling performance at 0.1 C (Figure 13p)
that LiMnPO4@C nanorods display higher discharge capacity values
after 80 continuous cycles. The authors claim that the high discharge
capacity and excellent cycling retention of the monodispersed nanorods
is primarily due to the highly ordered lattice structure, size reduction
along the (100) channel, and good electronic contact arising from full
carbon coating. Although, the prepared single crystal nanorods display
improved cycling performance at a low C-rate of 0.1 C, the high rate
capability and long-term cycling performance (especially at high C-
rates) still need to be explored which in turn depends on the nanostruc-
ture design strategy. Wang et al. utilized a facile solvothermal method in
combination with spray drying and pyrolysis to obtain magnesium-
substituted high-orientation LiMnPO4 single crystals.[197] The authors
analyze the micro-, nano-, and electronic structures of the Mg-doped
sample along with the uniformity of the Mg2+ ion substitution at the
secondary particle level using transmission X-ray microscopy combined
with X-ray absorption near-edge structure. The morphological features
reveal that the secondary particles of doped and undoped samples are
spherical in shape (average size �6.0 μm), as shown in Figure 13q,r,
respectively, and consist of primary plates with a size of 80 nm
(Figure 13s,u). The plates’ growth was controlled along the (010) using
oleic acid. The structural merits along with the doping result in
improved electrochemical performance (Figure 13x,y) with high-rate
capability performance (up to 20.0 C) and prolonged cycling stability
(to 400 cycles with 100% retention at 1.0 C-rate). The observed
improvement in the performance was attributed to the successful substi-
tution of Mg2+ in the Mn2+ site, as depicted from the in operando XRD
results (Figure 13z). Table 3 summarizes the synthesis method and
electrochemical performance of Co-less olivine-type single crystals pub-
lished previously. There are various reports on LiNiPO4 single crystals
also, but they are restricted to the analysis of the magnetic properties
only, primarily due to the sluggish kinetics of the electronic and
lithium-ion transport for LiNiPO4 cathodes. However, it is noteworthy
to mention that LiNiPO4 possesses the highest operating voltage of
5.1 V vs. Li/Li+, the highest energy density as well as the smallest vol-
ume change.

3. Challenges and Perspectives

Despite the significant progress in developing cobalt-free single-crystal
cathode materials, several critical challenges persist that limit their full-
scale implementation in commercial LIBs. In Ni-rich systems, control-
ling surface reconstruction, oxygen release at high states of charge, and
maintaining lithium transport pathways within large crystal domains
remain unresolved issues. Mn-rich cathodes, although structurally stable
and thermally safe, suffer from voltage fading, TM dissolution, and
poor electronic conductivity. LiFePO4-based single crystals offer excel-
lent cycle life and safety, but their limited energy density and rate per-
formance continue to restrict their broader application. Moreover,
synthesizing phase-pure, defect-free single crystals with uniform parti-
cle size and orientation demands precise control over synthesis parame-
ters, which often complicates scalability and cost-effectiveness. A key
challenge across these systems lies in reconciling crystallographic integ-
rity with Li+ transport efficiency. While the absence of grain bound-
aries in single crystals enhances mechanical durability and mitigates
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intergranular cracking, the resulting large particle size often increases
Li+ diffusion length and limits rate capability, particularly in Co-free
Ni-rich and Mn-rich layered oxides where Li+ diffusion is anisotropic
along the (003) direction. Reducing particle size or exposing high-
index facets such as (104) and (101) can significantly shorten diffusion
pathways and improve ionic accessibility, yet these modifications
simultaneously raise surface energy, increase electrolyte reactivity, and
accelerate parasitic interfacial reactions. In contrast, olivine-type LiFePO4

demonstrates inherently one-dimensional Li+ diffusion along the (010)
direction, making facet orientation and particle aspect ratio decisive fac-
tors in balancing ion mobility and mechanical stability. Spinel-type
cathodes (LiMn2O4 and LiNi0.5Mn1.5O4), on the other hand, benefit
from a three-dimensional Li+ transport framework, but the reduction
of surface area in highly crystalline particles can impede electrolyte pen-
etration and reduce interfacial kinetics.

Looking forward, a few strategic directions could accelerate the tran-
sition of these materials toward real-world applications. Combining
bulk and surface-level modifications such as multi-element doping,
facet-selective coatings, and grain boundary regulation will be essential
to enhance structural integrity and electrochemical stability under high-
voltage and high-rate conditions. In parallel, new synthesis techniques
capable of tuning crystallographic orientation and particle morphology
at scale are needed. The integration of these materials into next-
generation architectures, including solid-state configurations and high-
voltage electrolytes, requires a deeper understanding of interfacial
dynamics. Addressing these challenges through a combination of exper-
imental insights, computational modelling, and in situ diagnostics will
be crucial for the practical realization of safe, cobalt-free, and long-
lasting LIBs.
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