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ABSTRACT: LiNijx.yCoxMnyO; (NCM) cathodes are key materials for high-energy lithium-
ion batteries (LIBs) for electric vehicles. However, their practical performance is limited by
chemo-mechanical degradation, including anisotropic lattice strain, grain boundary stress,
particle cracking, interfacial deterioration, impedance growth, and capacity fading. In this
review, we provide a focused critical overview of mechanical degradation phenomena in high-
energy cathode materials, with emphasis on their underlying origins, multiscale manifestations,
and current mitigation strategies relevant to practical LIBs. This review aims to offer an
accessible overview for both specialists and researchers newly entering the field.
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1. Introduction

Since their commercialization by Sony in the 1990s, rechargeable lithium-ion batteries (LIBs)
have been widely adopted in portable electronics and electric vehicles (EVs) [1, 2]. Their
success was enabled by several notable advances, including Whittingham’s pioneering
demonstration of a rechargeable lithium battery using a TiS> cathode in 1976 [3, 4],
Goodenough’s development of LiCoO; in 1980 [5], and Yoshino’s 1980s patent on a rocking-
chair battery employing LiCoO: and petroleum coke, inspired in part by Yazami’s work on
lithium intercalation into graphite [6]. Figure 1 illustrates a schematic of a LIB consisting of a
graphite anode and a layered cathode, between which Li ions shuttle during charge and
discharge. For EV applications, cathode materials play a central role in determining the
capacity and energy density of LIBs, which directly influence driving range. However, beyond
range, battery lifetime is equally critical for commercialization. Most EV manufacturers define
end-of-warranty performance at around 70% of the initial capacity [7]. For example, the Tesla
Model S can deliver up to 659 km on a single charge and is typically backed by a battery
warranty of approximately 240,000 km, corresponding to about 366 full charge/discharge
cycles [8]. Similarly, the Hyundai Ioniq 5 offers a driving range of up to 569 km per charge,
with a battery warranty of about 160,000 km, equivalent to roughly 282 cycles [9]. However,
it i1s worth noting that in practical electric-vehicle operation, battery lifetime cannot be
accurately inferred from warranty mileage or nominal driving range alone [10]. Although these
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values may offer a general and intuitive reference for readers, they should not be interpreted as
a direct measure of charge-discharge cycle life. In reality, battery degradation in electric
vehicles is governed by multiple interacting factors that extend well beyond cumulative travel
distance. The rate and mode of degradation depend strongly on depth of discharge, operating
temperature, charge/discharge rate, charging protocol, high-voltage exposure, calendar aging,
and the control strategy implemented by the battery-management system. Variations in these
parameters can significantly alter the relative contributions of electrochemical, thermal, and
mechanical degradation processes, even for batteries operating over similar mileage ranges.
Therefore, practical battery lifetime should be understood as the outcome of coupled aging
phenomena under application-specific conditions, rather than as a simple function of warranty
distance or nominal cycle count.
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Figure 1. Schematic configuration of a lithium-ion battery.

To date, the global EV battery cathode market is split between two dominant chemistries.
While Ni-rich cathodes, particularly layered nickel-containing oxides such as LiNijx-
yCoxMnyO> (NCM) with various Ni/Co/Mn ratios (e.g., NCM111, NCM532, and NCM&811),
and LiNi1xyCoxAlyO2 (NCA), account for 38% of global cathode installations, LiFePO4 has
surged to 62% market share, primarily driven by China's massive deployment of cost-
competitive entry-level EVs. However, in non-China markets, Ni-rich cathodes maintain
dominance with ~78% market share [11]. These Ni-rich cathode materials are still favored
because they offer high specific capacity and high energy density, making them attractive for
long-range EV applications [12]. Nevertheless, repeated cycling inevitably induces mechanical
degradation in the cathode, which progressively undermines the overall performance,
durability, and safety of the battery. Numerous studies have focused on understanding and
mitigating the mechanical instability of Ni-based cathodes to enhance their performance [13].
Here, we present an overview of the development of Ni-based cathodes, with particular
emphasis on their mechanical stability.

It is also worth mentioning that the motivation for preparing this article arises from the
growing global interest in this field, as an increasing number of researchers and industries are
entering battery-related research and development. At the same time, many countries are
actively pursuing advanced battery technologies as part of broader efforts toward energy
transition, electrification, and strategic technological competitiveness [14]. This momentum
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has been further accelerated by the expiration of a number of early foundational patents related
to Li-based battery technologies [15, 16], which has lowered barriers to commercialization and
enabled broader industrial participation without the same level of licensing constraints as
before. In this context, the author believes that a focused critical overview highlighting the key
mechanical issues of Ni-based cathodes is both timely and necessary. It is hoped that this article
will serve not only the battery community but also researchers from other disciplines,
particularly those who are newly entering R&D on Ni-based cathodes, by providing a swift
entry point into the mechanical challenges that are highly relevant to the scope of this journal.

2. General Overview of Nickel-based Cathodes

Ni-based layered cathodes share the same fundamental crystal structure as LiCoOz, the cathode
material originally developed by Goodenough [5]. In principle, Ni-based cathodes can be
derived by replacing Co with Ni. However, in the initial development, when Co is fully
substituted to form LiNiO, the material suffers from rapid degradation over only a few
charge/discharge cycles, rendering it unsuitable for large-scale practical applications. To
address this limitation, several compositional modification strategies have been developed.
Partial substitution of Ni with Co, Mn, and Al has proven particularly effective in improving
structural stability, leading to widely studied compositions such as NCM and NCA [17, 18].

Each transition-metal component plays a distinct role in NCM/NCA structure [19, 20]. Ni is
the primary redox-active species and contributes most of the capacity, whereas Co generally
improves electronic conductivity and structural stability. Mn and Al are mainly introduced to
enhance structural and thermal stability, respectively. As a result, the electrochemical
performance of Ni-based cathodes is highly sensitive to composition. For example, NCM111
typically exhibits lower capacity but better structural stability than Ni-rich NCM811, which
offers higher capacity at the expense of reduced durability. Figure 2 illustrates the relationship
between specific capacity and capacity retention in NCM materials with varying Ni
concentrations, highlighting the trade-off associated with increasing Ni content [21].
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Figure 2. Trade-off between specific capacity and capacity retention in NCM cathodes with varying Ni content.
All data were obtained from ref. [20].
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Structurally, NCM materials adopt a layered framework composed of cubic close-packed
oxygen layers, with Li and transition-metal ions occupying alternating interstitial sites (Figure
3). The transition-metal slabs are built from edge-sharing MOs octahedra (M = Ni, Co, Mn),
while Li occupies the adjacent alkali layers. In Wyckoff notation, Li resides at the 35 sites,
Ni/Co/Mn occupy the 3a sites, and oxygen atoms are located at the 6¢ sites. During battery
operation, Li ions are extracted from the structure during charging and reinserted during
discharging. It is worth noting that the theoretical capacity of NCM cathodes, which
approximately 270 mAh g!, is limited by the amount of Li that can be reversibly extracted
from the structure. However, the practical capacity that can be realized depends strongly on the
nickel fraction and the upper voltage cut-off used during operation [22].

Upon charging, charge neutrality is maintained by increasing the oxidation states of the
transition metals; for Ni, the accessible oxidation states are typically described as
Ni?*/Ni**/Ni**, while for Co they are Co**/Co*". Mn generally remains electrochemically
inactive within the usual operating voltage range. Changes in the oxidation states of transition
metals in NCM cathode have been identified through combined first-principles calculations
and X-ray absorption near-edge structure analysis [23, 24]. These redox processes are
accompanied by changes in metal-oxygen bond lengths and lattice parameters, which in turn
alter the unit-cell volume during cycling. Such structural evolution is closely linked to the
mechanical stability of NCM cathodes and plays a central role in their degradation behavior,
as discussed in the following section.

Figure 3. Illustration of NCM supercell structure with Ti doping.

3. Mechanical Stability of Nickel-based Cathodes

Mechanical stability in Ni-based NCM cathodes refers to the ability of the electrode material
to maintain physical integrity and microstructural coherence during repeated lithium insertion
and extraction. Unlike electrochemical stability, which generally emphasizes chemical
reactivity and interfacial phenomena, mechanical stability concerns how internal stresses are
generated, how cracks initiate and propagate, how electrical and ionic contacts are lost, and
how particle- and electrode-level deformation accelerates degradation, even though these
phenomena are ultimately driven by electrochemical reactions occurring in the electrode [13,
25].
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Mechanical degradation in Ni-based cathodes must be understood not as the primary
cause of performance decay but as a central element within a coupled chemo-mechanical
degradation framework. The hierarchy of mechanisms begins at the atomic/lattice scale with
electrochemical delithiation, which produces anisotropic lattice strain and abrupt phase
transitions, most notably the H2 — H3 transition [26]. These lattice-level changes generate
substantial internal stresses that concentrate at grain boundaries and crystallographic defects,
leading to the nucleation and propagation of intergranular and intragranular microcracks. The
mechanical damage that ensues is both a consequence and an accelerator of chemical
degradation. Crack formation exposes fresh, highly reactive cathode surfaces to the electrolyte,
promoting oxygen release, transition-metal dissolution, surface reconstruction into ionically
resistive rock-salt-like phases, and growth of a thick cathode—electrolyte interphase (CEI).
These chemical and interfacial changes, in turn, reduce fracture toughness, increase mechanical
heterogeneity, and intensify local stress concentrations [27]. This coupled, hierarchical
perspective highlights that while mechanical fracture is often the most visible manifestation of
degradation and a dominant contributor to long-term fade, it is neither independent of nor
hierarchically superior to the underlying electrochemical and chemical processes. Instead, the
three domains are inextricably linked in a self-reinforcing cycle.

In Ni-rich NCM cathodes, mechanical degradation becomes especially severe because
the pursuit of higher energy density typically requires deep delithiation and elevated upper
cutoff voltages. Under these conditions, the lattice undergoes more pronounced anisotropic
changes, which intensify internal stress accumulation during cycling. Differential capacity
(dQ/dV) analysis indicated multiple peaks during charge-discharge, evidencing sequential
phase transitions in NCM [28]. This effect becomes markedly stronger at very high Ni contents;
for example, materials with Ni = 0.95 can exhibit a c-axis variation of about 6.9%, compared
with only ~2.6% in NCM 0.6, indicating a substantially greater structural instability in the Ni-
rich regime. Under such conditions, lattice-parameter variation and strain heterogeneity
become more severe, generating stress fields large enough to fracture particles, separate grains,
disrupt conductive networks, and ultimately cause capacity decay and impedance rise. A
primary source of mechanical instability originates from anisotropic lattice transformations
during lithium (de)intercalation. Layered NCM structures undergo changes in interplanar
spacing, particularly along the c-axis, as well as changes in the a lattice parameter upon lithium
extraction [28].

Practical NCM particles are typically secondary particles composed of many micron- or
submicron-sized primary grains, anisotropic strain cannot be accommodated smoothly across
the entire particle. This intergranular strain mismatch leads to stress concentration at grain
boundaries, promotes intergranular delamination, and opens microcrack pathways that can
eventually propagate throughout the secondary particle. The direct consequence of such
mechanical damage is the loss of electrical and ionic connectivity. Microcracks formed within
secondary particles can isolate active domains from the carbon conductive network or from
effective ionic pathways, rendering portions of the material electrochemically inactive even
though they remain chemically capable of storing lithium. Cracking also increases the effective
surface area exposed to the electrolyte, thereby accelerating parasitic reactions and promoting
faster growth of the cathode—electrolyte interphase (CEI), which further increases impedance
[28].
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In addition, mechanical degradation in Ni-based layered cathodes evolves hierarchically
across multiple length scales, from lattice distortion at the atomic level to impedance growth
and capacity decay at the full-cell level. This multiscale degradation originates from strong
chemo-mechanical coupling during repeated delithiation and lithiation, whereby
concentration-dependent structural deformation generates internal stress, fracture, and
progressive electrochemical instability. A mechanistic understanding therefore requires
connecting structural changes across scales rather than treating cracking or capacity fading as
isolated phenomena.

At the primary-particle scale, the anisotropic lattice response does not remain spatially
uniform. Instead, lithium concentration gradients develop within individual particles during
cycling, leading to heterogeneous local strain and intragranular stress accumulation. Because
different regions of a particle experience different extents of expansion and contraction, tensile
stress can develop locally and initiate cracks within the grain interior. These intragranular
cracks are particularly detrimental because they reflect the direct conversion of lattice-scale
chemo-mechanical mismatch into particle-scale fracture. At the secondary-particle level, the
degradation becomes further amplified by the polycrystalline architecture of agglomerated
primary grains. Adjacent grains often differ in crystallographic orientation, state of lithiation,
and local mechanical response, leading to stress mismatch at grain boundaries. Repeated
cycling therefore promotes grain-boundary decohesion and intergranular cracking, which can
propagate radially through the secondary particle. Once formed, these cracks expose fresh
internal surfaces to the electrolyte and create new pathways for electrolyte infiltration, thereby
coupling internal mechanical damage with accelerated chemical degradation. The
consequences of particle fracture extend to the electrode scale. Cracking and fragmentation of
active materials disrupt electronic percolation pathways, weaken binder-mediated interparticle
connectivity, and alter the pore structure of the composite electrode. These changes can
increase tortuosity, modify porosity distribution, and contribute to electrode swelling during
long-term cycling. At the same time, crack surfaces formed within and between particles
promote deeper electrolyte penetration and more extensive parasitic interfacial reactions,
including surface reconstruction and resistive interphase formation. Such changes
progressively deteriorate both ionic and electronic transport throughout the electrode.
Ultimately, these structural and interfacial degradations manifest at the cell level as impedance
growth, reversible-capacity loss, reduced rate capability, and increased safety risk.

Further, it is also important to note that although mechanical degradation of Ni-based
NCM cathodes is often discussed from the perspective of intrinsic material instability, its
practical evolution in real cells is also strongly influenced by electrode-level architecture. For
example, binder distribution and adhesion determine how effectively mechanical stress is
transferred or relaxed between active particles, conductive additives, and the current collector,
thereby affecting cohesion, crack propagation, and particle isolation during repeated cycling.

Electrode porosity also plays important roles. Sufficient pore volume can buffer local
volume changes and facilitate electrolyte infiltration, whereas excessive densification or
nonuniform pore collapse may increase local stress concentration and tortuosity, aggravating
transport limitations and mechanical damage. In addition, calendering, while beneficial for
improving electrode density and interparticle contact, can simultaneously reduce strain
tolerance and amplify internal stress heterogeneity, especially in Ni-rich cathodes that already
undergo substantial anisotropic volume change. Therefore, the mechanical degradation of

139



Advanced Mechanical and Mechatronics Systems 2(2), 2026, 134—147

NCM cathodes should be understood as a multiscale phenomenon in which intrinsic particle
fragility interacts with electrode processing, mesoscale structural heterogeneity, and
composite-electrode mechanics.

Prior work on NMC composite cathodes reported initial porosities of 0.42—-0.487,
minimal attainable porosities of 0.225—-0.254, and final porosities of 0.213—-0.270 even under
the same calendering condition (75 °C, 56 MPa), together with hardness values up to ~150
MPa [29]. These results indicate that electrode processing strongly affects stress
accommodation, contact retention, and transport pathways, thereby modulating how intrinsic
particle-level degradation evolves at the electrode scale.

Recent work on high-loading NMC622 and NMCS811 cathodes further illustrates that
electrode-level mechanical behavior strongly mediates practical degradation [30]. In that study,
severe calendering reduced the final porosity from ~36.8 - 38.2% to only ~6.1-7.2%,
accompanied by substantial densification (e.g., NMC811: 2.95 to 4.67 g cm>; NMC622: 3.02
to 447 g cm™) at areal capacities of ~4 mAh cm™. This low-porosity state significantly
increased the mechanical stiffness of the composite electrode: for NMC811, the elastic
modulus and hardness increased from 3.86 + 0.28 GPa and 0.07 = 0.008 GPa to 32.05 + 3.05
GPa and 0.90 £ 0.17 GPa, respectively, while for NMC622 they increased from 2.02 + 0.28
GPa and 0.027 £+ 0.002 GPa to 18.62 + 2.06 GPa and 1.22 + 0.06 GPa. At the same time,
electrolyte uptake decreased sharply, from ~33.15% to 8.54% for NMC811 and from ~32.12%
to 5.73% for NMC622, demonstrating the classical trade-off between mechanical/electronic
reinforcement and ionic transport margin. Importantly, severe calendering also induced
microcracking in active-material particles, indicating that electrode processing itself can
introduce mechanical damage. Nevertheless, the denser electrodes showed improved particle-
to-particle contact, stronger adhesion, and better rate/cycling behavior under the studied
conditions. These results suggest that the degradation of Ni-rich NCM cathodes is governed
not only by intrinsic particle fragility but also by electrode porosity, densification history, and
the resulting balance between contact retention, transport limitation, and stress accumulation.

Further evidence that electrode-level mechanics critically mediate degradation comes
from calendering studies on high-Ni LiNio.9Mno.osAlo.0sO2 cathodes [31]. In that work, cathode
porosity was reduced from ~55% in the uncalendered state to 45%, 35%, and 25%, and SEM
analysis showed that high-Ni secondary particles fractured at all calendering levels, with
pronounced cracking/pulverization at 35% and 25% porosity. Calendering also increased the
effective cathode surface area by approximately 376%, which would conventionally be
expected to accelerate parasitic reactions. However, full cells cycled at C/2 between 2.5 and
4.3 V for 500 cycles exhibited improved capacity retention with calendered electrodes,
increasing from ~70% for uncalendered cathodes to ~75-76% for cathodes calendered to 45—
25% porosity. In addition, impedance/polarization growth was slower for the more heavily
calendered electrodes, and pulse-power analysis indicated a substantially broader usable
capacity range after aging. These results suggest that although calendering can introduce
particle fracture and increase reactive surface area, the concurrent improvement in interparticle
contact and composite-electrode mechanical cohesion can suppress contact-loss-driven
degradation during long-term cycling.

Current strategies for improving mechanical stability operate simultaneously at multiple
levels: crystal- and composition-level design to reduce strain, particle-architecture engineering
to suppress crack initiation, surface engineering to resist damage that triggers fracture, and
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electrode engineering to preserve cohesion and contact during repeated expansion and
contraction. One of the most prominent approaches is the use of single-crystal NCM particles
[32]. Operando X-ray computed tomography studies have shown that, compared with
conventional polycrystalline counterparts, single-crystalline NMCS811 exhibits markedly
improved structural integrity during cycling, with substantially reduced crack formation and
particle disintegration (Figure 4). By eliminating the internal grain-boundary network
characteristic of polycrystalline secondary particles, single-crystal materials suppress the
intergranular cracking that is typically dominant in conventional morphologies [33].
Optimization of particle-size distribution, electrode density, and electrolyte formulation
remains necessary to ensure that mechanical gains are not offset by chemical penalties.
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Figure 4. Operando X-ray CT results for NMC811. Voltage profiles of (a) polycrystalline and (b) single-
crystalline NMC811 during charge/discharge at 0.5 C. Corresponding 3D-rendered images at selected states
during cycling for (c¢) polycrystalline and (d) single-crystalline NMC811. Reprinted with permission from ref.
[33], copyright 2024 American Chemical Society.

Another well-established structural strategy is the use of concentration-gradient or core-
shell architectures (Figure 5), in which the core remains Ni-rich to preserve capacity while the
near-surface region is enriched with Mn/Co or stabilized by dopants that improve resistance to
phase transitions and oxygen release [34]. From a mechanical standpoint, a more stable outer
region can act as a protective shell that suppresses or at least delays crack propagation while
simultaneously reducing side reactions that weaken the surface. Composition gradients may
also smooth the stress distribution because elastic properties and chemical expansion
coefficients vary gradually rather than discontinuously. In addition to compositional grading,
bulk doping with elements such as Al, Mg, Ti, Zr, Nb, W, or Mo is widely employed to stabilize
the layered structure and reduce the amplitude of lattice changes at high state of charge,
particularly those associated with the phase transition [35]. When lattice variation becomes
smaller and more reversible, internal stress is reduced and the probability of fracture decreases.
Doping may also strengthen grain boundaries or suppress cation migration that promotes
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mechanically fragile surface phases, meaning that its benefits are not solely electrochemical
but also mechanical.

Inside

Ni-rich composition:
high capacity

Full Gradient
Composition
From Ni-rich
composition to Mn-rich
composition

Surface

Mn-rich composition:
high thermal stability

Figure 5. Schematic showing how a concentration-gradient design is applied to an NCM cathode to tailor
transition metal distribution across the particle.

Conformal surface coatings, including oxides, phosphates, niobates, and fluorides, were
initially developed to improve interfacial stability, but they also provide important mechanical
benefits [36, 37]. An appropriately designed coating can act as a near-surface crack inhibitor,
suppress surface corrosion and phase reconstruction that embrittle the outer layer, and help
prevent local reactions from accelerating structural damage. However, coatings also introduce
potential mechanical risks and unoptimized coating thickness may induce deterioration of
cathode performance. For example, Li et al. investigated PPy coating on Ni-rich NCM cathodes
and demonstrated that while an ultrathin layer of approximately 3 nm effectively buffers the
anisotropic lattice strain and volume changes associated with the H2 — H3 phase transition
suppresses microcrack propagation and maintains surface electronic conductivity thereby
interrupting the chemo-mechanical feedback loop and enhancing long-term capacity retention
excessively thick PPy layers suffer from repeated swelling and shrinking that leads to poor
interfacial adhesion mechanical shedding delamination and loss of active material contact
resulting in accelerated performance decay [38]. In addition, Wang et al. studied the
optimization of Al>O3 coating thickness applied via atomic layer deposition and showed that
an optimal ultrathin coating corresponding to 10 ALD cycles functions as an effective chemical
barrier that passivates the surface against electrolyte attack and oxygen release while adding
minimal impedance yielding superior cycling stability with 88% capacity retention after 300
cycles at 1C rate between 2.7 and 4.3 V compared with only 35.3% for the pristine material
[39]. By contrast thicker Al,O3 layers substantially increase charge-transfer resistance and
block Li-ion diffusion pathways owing to the insulating character of alumina thereby reducing
initial discharge capacity from 214.08 to 178.80 mAh g! and degrading rate capability. These
findings together illustrate a characteristic volcano-shaped dependence of electrochemical
performance on coating thickness and reinforce that both PPy and Al>O; coatings prove
beneficial only when they simultaneously satisfy the criteria of minimal strain mismatch robust
interfacial bonding unimpeded Li-ion transport and high chemical stability thereby mitigating
rather than exacerbating the coupled chemo-mechanical degradation loop in Ni-based cathodes.
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Although comprehensive head-to-head studies directly comparing the various mitigation
strategies for Ni-based cathodes remain limited, and further systematic investigation is still
required, Table 1 is proposed as an initial comparative framework. Rather than providing a
definitive ranking, this table offers a mechanism-informed overview of representative
approaches, highlighting their respective strengths, limitations, and likely influences on strain
accommodation, Li* transport, chemical stability, and cycling performance. In this way, the
comparison is intended to serve as a preliminary insight for identifying promising design
directions to disrupt the chemo-mechanical degradation loop.

Table 1. Comparison of representative mitigation strategies for Ni-based NCM cathodes.

Effectiveness on

Strategy Prlmal.'y Chemo- Chen.u.c al Possible Key Limitations
Mechanism . Stability
Mechanical Loop
Elastic polymer Compliant High Moderate to good  Delamination/shedding  at
coating cushioning, strain excessive thickness
absorption,
homogeneous Li
distribution
Inorganic ALD Surface passivation, High (indirect via Excellent Increased charge-transfer
coating suppression of reduced reactivity) resistance, lower initial
oxygen evolution capacity
and HF formation
Single-crystal Elimination of grain High Moderate Relatively more complex
morphology boundaries synthesis
Elemental doping Lattice stabilization, Moderate Moderate Limited surface protection
reduced anisotropic
contraction
Core-shell / Graded strain High Good Synthesis complexity,
concentration distribution interfacial stability
gradient
Hybrid coating Combined Very high Excellent Process complexity
cushioning and
passivation

Looking forward, future development increasingly emphasizes controlling fracture from
the outset through a mechanics-by-design philosophy. This includes multiscale
chemomechanical modeling to predict crack-initiation sites from lattice evolution and Li-
concentration gradients, together with atomistic, phase-field, and finite-element simulations
that link local structural instability to particle-scale fracture [40]. Such approaches can
accelerate exploration of broad chemical and microstructural design spaces, including dopant
selection, coating feasibility, and gradient-composition architectures that are difficult to
optimize experimentally alone. In parallel, artificial intelligence and machine-learning tools
are emerging as useful accelerants for materials discovery by identifying structure—property
relationships, screening promising chemical configurations, and guiding closed-loop
optimization between computation and experiment [41].

Beyond chemistry, future progress will also require grain-boundary and texture
engineering to improve strain compatibility, and particle architectures that balance mechanical
robustness with rapid ion transport. With those integrated strategies, NCM cathodes may move
closer to industrial targets of high energy density, long cycle life, acceptable rate capability,
and controlled safety risk, although operation at high state of charge will continue to impose
unavoidable trade-offs among energy, lifetime, and mechanical robustness. Finally, beyond
electrochemical considerations, the reliance on Co is increasingly viewed as unsustainable
because of cost, resource constraints, toxicity, and persistent environmental and ethical
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concerns surrounding its supply chain. Accordingly, Co-free cathodes such as LiNijx-
yMnxAlyO2 (NMA) have emerged as promising alternatives [18, 42].

4. Conclusions

In summary, mechanical stability has emerged as a central challenge for NCM cathodes
because the pursuit of higher energy density inevitably intensifies lattice strain, intergranular
stress, crack formation, and loss of electrochemical connectivity. These mechanically driven
degradation processes are closely intertwined with interfacial chemical reactions, making them
a major barrier to long cycle life, rate capability, and safety. Recent progress has shown that
meaningful improvements can be achieved through integrated strategies, including single-
crystal and gradient particle designs, bulk doping, surface protection, and electrode-level
optimization. Further advances will likely depend on a more unified mechanics-by-design
approach, in which crystal chemistry, particle architecture, interface engineering, and operating
protocols are co-optimized rather than developed independently. In particular, future research
should focus on understanding crack initiation across multiple length scales, improving strain
accommodation without sacrificing transport kinetics, and establishing design rules that remain
compatible with industrial manufacturing. Those efforts will be essential for enabling NCM
cathodes to deliver high energy density together with the durability and robustness required for
practical applications.
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