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Abstract

Single-phase optimization is increasingly insufficient to simultaneously satisfy the demands
of rechargeable batteries for high energy density, fast rate capability, and long-term cycling
stability. Growing evidence indicates that electrochemical performance is governed not
only by chemical composition, but also by the spatial organization and dynamic evolution
of multiple coexisting phases. Inspired by gene editing, this review introduces the concept
of phase programming, in which crystalline phases, defect-ordered states, and interfacial
phases are regarded as editable functional modules. By deliberately inserting, suppressing,
reorganizing and spatially reprogramming these phases, electrode properties can be tuned
in a programmable manner. Using energy density, rate performance, and cycling stability as
guiding metrics, we reinterpret the interactions among functional modules under different
modification strategies and their impacts on electrochemical behavior. On this basis, a
phase programming design map is constructed, unifying gradient, core-shell, and
multiphase architectures within a common physical framework. This framework
establishes phase programming as a potentially transferable materials design language for
next-generation battery electrodes.
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INTRODUCTION

With the rapid development of renewable energy and electric transportation, rechargeable batteries are
facing unprecedented demands for integrated performance, including energy density, power density, cycling
life, and safety"'). For mature systems like lithium-ion batteries, over two decades of compositional
optimization and processing refinement have pushed the theoretical capacity, voltage window, and accessible
structural space of single-phase electrode materials to their limits'>?'. It is increasingly insufficient to rely
solely on chemical substitution or finetuning of particle size, morphology, and crystallographic orientation
within a single crystal phase. These approaches can hardly satisty multiple constraints at once, such as high
energy density with long cycle life, or high-rate capability with enhanced safety. In contrast, recent studies
show that microstructures governed by multiphase coexistence, phase coupling, and complex phase
interfaces play a far more critical role in practical electrodes than idealized single-phase models'*.
Representative examples include “twin-domain” structures in Li-rich layered cathodes!",
surface-reconstructed phases in high-nickel materials'"'"*!, P2/O3 stacking coexistence in sodium-ion
electrodes"*'”), as well as various core-shell and gradient architectures"*". These observations consistently
indicate that the type, fraction, and spatial distribution of phases are among the key determinants of the
overall electrochemical performance. Consequently, the deliberate design and spatiotemporal reorganization
of different phases are emerging as a central focus in next-generation electrode material design.

In the life sciences, gene editing technologies allow researchers to precisely excise, insert, and rearrange
specific DNA segments. This enables selective regulation of gene expression and biological function**”. The
essence of these technologies is not simply altering individual nucleotides. Instead, it lies in identifying and
manipulating functional gene segments, then recombining them to generate new functions. The acquisition,
enhancement, or suppression of biological functions arises from the precise spatiotemporal configuration
and regulation of these segments. When this perspective is transferred from biological macromolecules to
inorganic solids, the different crystalline phases, defect-ordered states, and interface-induced phases in
electrode materials can likewise be regarded as structural units that carry distinct functions. Typical examples
include high-capacity yet structurally fragile host phases, conductive phases that facilitate electron or ion
transport, and interfacial protection phases that suppress parasitic reactions?’**. The spatial arrangement of
these functional phases within and between grains, as well as their dynamic evolution during electrochemical
cycling, collectively determine the macroscopic performance of electrode materials [Figure 1]. From this
viewpoint, materials design is no longer limited to synthesizing a single-phase compound, but instead
resembles the selection, tailoring, and recombination of a set of functional phases. Certain phase
contributions can be preserved or enhanced, new functional phases can be introduced, and detrimental
phases can be suppressed or isolated. This strategy closely parallels gene editing operations that manipulate
functional segments to achieve targeted phenotypes. It should be noted that the gene editing analogy is
intended as a conceptual and heuristic framework, rather than a literal correspondence between biological
and crystalline systems.

Based on this analogy, this review proposes the concept of phase programming. It describes a class of
strategies for the deliberate and directional design and regulation of phase types, fractions, spatial
distributions, interfacial properties, and defect-ordered states in rechargeable battery electrode materials. The
goal is to achieve programmable improvements in electrochemical performance. Using key performance
metrics as guiding principles, we survey existing phase-design approaches in lithium- and sodium-based
battery systems. These include phase structure engineering for high energy density, high-rate capability, long
cycle life, and safety, as well as phase programming practices from point defects to defect-ordered phases. By
reinterpreting these studies within a unified phase programming framework, we distill a set of
performance-oriented design principles. This provides a more holistic and programmable strategy for the
microstructural design of next-generation electrode materials.
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Figure 1. Conceptual illustration of phase programming in rechargeable battery electrode materials.

PHASE PROGRAMMING TOWARD HIGH ENERGY DENSITY

In cathode materials for rechargeable batteries, enhancing energy density typically relies on the introduction
of high-capacity phases, such as high-nickel layered oxides, Li-rich layered structures, and high-voltage
systems!'>?"2*°l _However, these high-capacity phases are often thermodynamically or kinetically
metastable”. Under high-voltage operation, deep charge-discharge conditions, or prolonged cycling, they
are prone to structural instabilities including phase transitions, oxygen release, lattice collapse, and surface
reconstruction, which ultimately lead to rapid capacity decay and safety concerns” . As a result, the limits
of optimizing a single high-capacity phase have become increasingly apparent. The design paradigm for
high-energy-density materials is shifting from single-phase optimization toward multiphase cooperation.

In this context, phase programming provides a new conceptual framework. The central challenge is not
merely how to introduce high-capacity phases, but how to achieve stable high-capacity release while
suppressing their structural and electrochemical instabilities. From a phase programming perspective, these
designs modulate the spatial scale, hierarchy and interface of high-capacity and stabilizing phases to confine
high-capacity reactions in a controlled structural system. By deliberately introducing stabilizing phases and
spatially integrating them with high-capacity phases in a well-defined manner, synergistic enhancement of
energy density and structural stability can be achieved. Typical strategies include incorporating rock-salt or
spinel phases into layered high-capacity hosts as structural supports, or applying surface-stabilizing phase
coatings to suppress interfacial side reactions at high voltages”**”!. These stabilizing phases usually serve
functions such as structural confinement, stress buffering, or chemical passivation. Meanwhile, the primary
high-capacity phases are responsible for reversible lithium (or sodium) storage. Together, they form
composite phase architectures characterized by functional separation yet structural coupling [Figure 2A].

Such phase cooperation is far from a simple physical mixture. Instead, it relies critically on strain regulation,
charge redistribution, and reconstruction of local chemical environments at phase interfaces. For example, in
high-nickel layered cathodes, the introduction of a small fraction of rock-salt phases can suppress interlayer
gliding and cation mixing through interfacial stress pinning effects"®*. In Li-rich layered systems, the
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Figure 2. Phase programming strategies toward high energy density cathodes. (A) Schematic illustration of phase programming for
high-energy-density cathode materials; (B) Scanning transmission electron microscope (STEM) image showing single-layer Li,MnO,
superstructures embedded in an O,-type structure!®). Reprinted with permission from Ref.19? Copyright © 2018 Wiley; (C) STEM image of
disordered rock-salt material, corresponding FFT, and intensity color maps showing the distributions of both Li-rich (green) and transition
metal-rich (red) nanoregions, as well as Li-rich regions alone!?. Reprinted with permission from Ref.l" Copyright © 2023 Springer Nature;
(D) X-ray Rietveld refinement of layered V,0, and polyanionic host phases; (E) High-resolution transmission electron microscope image of
a heterostructure between two phases!?). Figure D and E reprinted with permission from Ref.1#?) Copyright © 2025 Royal Society of
Chemistry. FFT: Fast Fourier transform.

presence of stabilizing phases helps regulate anionic redox processes and mitigate irreversible structural
evolution™. These observations collectively indicate that the key to high energy density does not lie in
maximizing the capacity of a single phase, but rather in achieving optimal spatial and functional
configurations of different phases through phase programming.

A representative example is provided by Zuo et al., who proposed an atomic-scale phase programming
strategy in O2-type Li-rich layered cathodes by transforming the traditionally nanoscale-domain Li, MnO,
high-capacity phase into a single-layer superstructure uniformly embedded within the layered host lattice
[Figure 2B]". This design significantly reduces the local dimensionality and continuity of the high-capacity
phase, thereby weakening the driving forces for O-O dimerization and layered-to-spinel/rock-salt phase
transitions. As a result, ultrahigh specific capacity is retained while excellent structural and voltage stability
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are simultaneously achieved. This work demonstrates that high-capacity phases do not necessarily need to
exist as continuous domains; spatial dilution itself can serve as an effective phase programming strategy. Li et
al. edited the distribution of Li-rich and transition-metal-rich regions in disordered rock-salt structures
through annealing treatments*'. The annealed Li ,Ti, ,Mn, O,  materials exhibited improved connectivity of
Li-rich regions, forming effective lithium-ion percolation networks [Figure 2C]. In contrast, F-doped
Li ,Ti ,Mn, O, F, , showed enhanced local ordering but resulted in isolated “cage-like” Li-rich regions,

which impeded long-range lithium-ion transport and suppressed capacity utilization*"). In another example,
Zou et al. introduced layered V,0, oxides as a new functional module into a polyanionic host matrix [Figure
2D]". Through in situ synthesis, a heterostructure with coherent growth of the two phases was constructed,
enabling atomic-scale interfacial coupling [Figure 2E]. The built-in electric fields at the heterointerfaces,
together with the activation and amorphization of the V,0, phase, fundamentally “reprogrammed” charge
transport, reaction pathways, and mechanical responses. Within the phase programming framework,
stabilizing phases in such systems can be regarded as “structural editors” for high-capacity phases. Beyond
their static structural roles, these stabilizing phases also critically regulate the dynamic evolution pathways of
high-capacity phases during electrochemical cycling. In particular, spatial confinement and reduced
dimensionality of high-capacity domains can effectively suppress long-range phase separation and mitigate
the propagation of irreversible phase transitions. This strategy constrains the phase evolution trajectory
within a kinetically accessible and reversible regime. It avoids uncontrolled transformation toward
thermodynamic equilibrium.

In summary, the specific material systems and structural implementations in the studies discussed above
vary considerably. However, when viewed from the phase programming perspective, they share a highly
consistent physical essence. High energy density does not arise from maximizing a single high-capacity
phase, but rather from the judicious programming of high-capacity phases in terms of spatial scale,
hierarchical organization, and interfacial environment. This understanding provides a clear methodological
guideline for the rational design of multiphase cathode materials.

PHASE PROGRAMMING TOWARD HIGH-RATE PERFORMANCE

In electrode materials designed for high-rate capability, the performance bottleneck is often the limited
transport of ions and electrons within complex microstructures'*>*". Conventional strategies typically
improve rate performance by reducing particle size or enhancing intrinsic diffusion coefficients. However,
under high current densities or low-temperature conditions, severe polarization remains difficult to avoid.
The key to high-rate performance does not lie in the diffusion properties of a single crystal phase. Rather, it
depends on two factors. First, whether defect phases and interfacial phases can be deliberately and orderly
edited to construct continuous, low-energy-barrier fast ion transport networks. Second, whether these
networks can be spatially coordinated with electron transport pathways [Figure 3A].

This concept is clearly illustrated by twin boundary engineering in spinel cathode systems. Wang et al.
deliberately introduced a high density of twin boundaries into spinel materials, leading to markedly
enhanced lithium-ion diffusion kinetics [Figure 3B]"**). Twin boundaries were traditionally regarded as
crystallographic defects. However, within the phase programming framework, they can be redefined as
defect-ordered phases embedded in the parent spinel phase. These twin-boundary regions exhibit local
symmetry and energy landscapes that differ from the bulk lattice. They significantly reduce lithium-ion
migration barriers and form quasi-continuous fast diffusion channels within the crystal. This strategy
effectively transforms defect phases into functional fast-transport phases through controlled programming of
their density and spatial distribution. Extending this concept beyond a single defect type, Meng et al.
constructed polycrystalline cathodes with a high density of grain boundaries, achieving excellent ion
diffusion kinetics under low-temperature and high-rate conditions [Figure 3C]"**). The system is
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Figure 3. Phase programming strategies toward high-rate performance. (A) Schematic illustration of fast ion transport channels; (B) STEM
image and structural model showing twin boundary induced fast ion transport channels in a spinel cathode!**.. Reprinted with permission
from Ref.l**1 Copyright © 2021 Springer Nature; (C) Schematic illustration of grain-boundary-rich cathodes formed through controlled heat
treatment, enabling enhanced ion transport kinetics!*®). Reprinted with permission from Ref.l*¢? Copyright © 2025 The Royal Society of
Chemistry; (D) Schematic diagram illustrating the mechanism of interfacial electric field and site doping for fast kinetics and stable
structure!*”), Reprinted with permission from Ref.4”? Copyright © 2025 Wiley. STEM: Scanning transmission electron microscope.

systematically edited into an interconnected interfacial phase network spanning both intra- and interparticle
regions. This interfacial network substantially shortens effective diffusion lengths and spatially reprograms
the connectivity of ion transport pathways, thereby overcoming the intrinsic diffusion limitations imposed
by the bulk phase. In addition, these fast ion transport networks are not strictly static. Under high-rate
operation, local structural rearrangements, defect migration, and interfacial reconstruction may continuously
modify the connectivity of these pathways. Therefore, the design of defect and interfacial phases should
therefore consider not only the initial formation of fast transport channels, but also their dynamic stability
under nonequilibrium conditions. Ensuring the persistence of percolating ion-conduction networks during
cycling represents a key aspect of spatiotemporal phase programming.

Beyond lithium-ion systems, similar phase programming principles are equally applicable to sodium-ion
cathode materials. Zhang et al. achieved stable high-ra te performance in layered sodium-ion cathodes
through configuration design and interface reconstruction*”’. This work reduced the energy barriers for
sodium-ion migration across different local structural units by tailoring interfacial characteristics [Figure
3D]. This strategy can be interpreted as the cooperative programming of multiphase interfaces, whereby
interfacial phases are functionalized as fast ion transport channels connecting distinct structural units,
thereby unlocking the high-rate potential of the overall system.

In summary, although these studies involve different material systems and specific structural
implementations, they share a highly consistent design logic when viewed through the lens of phase
programming. Defect and interfacial phases are orderly programmed into functional fast-transport phases,
and continuous ion transport networks are constructed in space. As a result, high-rate performance emerges
from the cooperation of multiple functional phases and their interfaces, not from the diffusion properties of
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Figure 4. Phase programming strategies toward enhanced cycling stability. (A) Schematic illustration of phase programming concepts for
improving cycling stability; (B) Schematic diagram comparing the changes in materials with and without AlF, coating after cyclingt".
Reprinted with permission from Ref.t>” Copyright © 2014 American Chemical Society; (C) Phase programming strategy using spinel
nanodomains to relieve strain accumulation and suppress structural degradation®, Reprinted with permission from Ref.'2? Copyright ©
2025 Elsevier; D) (Schematic illustration of twin boundaries mitigating lattice evolution and crack formation of ternary (NMC) materials
during cyclingt®3, Reprinted with permission from Ref.l3 Copyright © 2022 American Chemical Society.

any single crystal phase. This understanding provides a unified physical framework for the rational design of
high-power electrode materials for rechargeable batteries.

PHASE PROGRAMMING TOWARD CYCLING STABILITY

In electrode material design targeting cycling stability, performance degradation typically originates from the
accumulation of anisotropic strain, irreversible phase transformations, and persistent interfacial side
reactions during repeated charge-discharge cycles'**). Conventional strategies such as surface coatings or
compositional doping can retard degradation to some extent. However, they often fail to simultaneously
suppress multiscale structural evolution occurring in both the bulk and interfacial regions**.. From a phase
programming perspective, cycling stability is not governed by the intrinsic durability of a single phase.
Instead, it depends on whether the structural evolution pathways of the material during long-term operation
can be effectively constrained. This constraint is achieved through the cooperative programming of buffer
phases, framework phases, and interfacial phases [Figure 4A].

This concept is first manifested in the functionalization of interfacial phases. Zheng et al. systematically
investigated the stabilization mechanism of AIF, coatings in Li-rich cathodes™. Traditionally, such coatings
are regarded as simple physical or chemical barriers. However, the AlF, layer can be redefined as an

intentionally introduced interfacial phase [Figure 4B]. The surface of the layered cathode is often the most
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prone to structural degradation, with transition metals migrating to the Li layer or dissolving into the
electrolyte. During cycling, this interfacial phase suppresses parasitic reactions between the electrolyte and
highly reactive cathode surface. Meanwhile, it alleviates oxygen release and structural degradation of Li-rich
cathodes via regulating the interfacial local chemical environment and stress transfer pathways. These results
indicate that interfacial phases are not passive protective layers, but rather active functional units that
participate directly in regulating cycling stability. Beyond interfacial phases, introducing buffering secondary
phases within the bulk also represents an effective strategy. Wang et al. constructed nanoscale spinel phase
domains in ultrahigh-nickel, cobalt-free layered cathodes [Figure 4C]"*?. These spinel nanophases contribute
negligibly to capacity. Instead, they function as buffer phases embedded within the layered host, effectively
absorbing and redistributing the anisotropic strain induced by deep lithium deintercalation during cycling.
Meanwhile, the presence of the spinel phase stabilizes the chemical environment of lattice oxygen,
suppressing oxygen involvement in irreversible reactions. This work clearly demonstrates that phase
programming through the introduction of internal buffering units can substantially improve cycling life

[52

without sacrificing energy density!™”. Furthermore, precise regulation of defect-ordered phases can also serve
as an effective strategy. Chung et al. successfully mitigated the anisotropic lattice evolution of conventional
layered cathodes by controllably introducing twin boundary defects [Figure 4D]"**.. These twin boundaries
can be redefined as defect phases with structural regulation functionality. Their ordered distribution within
the crystal effectively reconstructs stress-transfer pathways, suppressing interlayer slip and the nucleation of
microcracks, thereby significantly extending the cycling lifetime. This result highlights that defect phases in
cycling stability design are not inevitable by-products, but can instead be deliberately edited into functional
modules that stabilize structural evolution. In addition, gradient structures represent a paradigmatic example
of spatial phase programming. By continuously and precisely programming the distribution of composition,
crystal phase, or valence state along radial or lateral directions within particles, gradient architectures enable
functional gradation within the material. This spatial reprogramming strategy actively guides stress
distribution, suppresses phase transitions, and markedly enhances structural stability and cycling durability.
Gradient structures thus extend phase programming from local chemical order to mesoscale performance
integration!”'#*/,

Collectively, these studies reveal that interfacial phases, nanoscale buffer phases, and defect-ordered phases
share a common characteristic. By regulating structural strain, phase transition degrees of freedom, and
interfacial reaction pathways, they impose effective constraints on the long-term evolution of highly active
host phases™. More importantly, these strategies can be reinterpreted as actively guiding the phase evolution
pathways during long-term cycling. Buffer phases, interfacial phases, and defect-ordered phases collectively
reshape the kinetic landscape of structural evolution. In this sense, cycling stability is achieved not by
eliminating phase evolution, but by programming its trajectory in a controlled manner. This unified
perspective provides a clear structure property logic for the rational design of electrode materials that
combine high performance with long service life.

CONCLUSION

Phase programming is a performance-oriented and predictive design paradigm. Traditional multiphase
strategies typically focus on the coexistence of different phases or interfaces, without explicitly defining their
functional roles, spatial hierarchy, or evolution pathways. In contrast, phase programming introduces three
essential criteria that elevate it beyond existing approaches. First, it requires functional modularization. Each
phase is explicitly assigned a dominant role, such as energy storage, transport, buffering, or stabilization. This
enables a clear mapping between phase identity and electrochemical function. Second, it demands spatial
programmability. This means deliberate control over the distribution, connectivity, and characteristic length
scale of each phase, rather than relying on random or emergent microstructures. Third, it enforces evolution
pathway regulation. In this criterion, phase interactions are designed to constrain structural and chemical
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Figure 5. Principles of phase programming in rechargeable battery electrodes.

evolution during operation, guiding the system along reversible and low-degradation trajectories.

Figure 5 further emphasizes the programmability of spatial distributions, characteristic length scales, and
mutual relationships among different functional phases. Notably, high-capacity phases and stabilizing phases
do not follow a unique organizational motif. They can coexist in a highly homogeneous and interpenetrating
manner within the bulk, where spatial confinement and mutual pinning suppress the long-range, continuous
evolution of high-capacity phases”>*”\. Alternatively, they can be deliberately edited into radial or axial
gradient architectures, enabling stabilizing phases to progressively enrich regions experiencing high stress or
high electrochemical reactivity, thereby directionally constraining structural evolution pathways'”'®. In
addition, the characteristic size of high-capacity phases and the phase relationships between different phases,
including orientation relationships as well as coherent or semi-coherent interfaces, constitute critical
parameters in phase programming. These factors directly govern interfacial strain accumulation, phase
transition driving forces, and stress-relief mechanisms, thereby exerting a profound influence on material
reversibility and service lifetime>***7),

Interfacial phases play more diverse and switchable functional roles within phase-edited systems. In certain
designs, they are edited into fast iontransport channels. This is achieved by reducing migration energy
barriers and reconstructing local coordination environments”**”. In other cases, interfacial phases primarily
serve structural-stabilization and chemical-regulation functions by modulating charge distribution, buffering
stress concentration, and suppressing detrimental phase transformations””. However, introducing interfacial
phases is not without cost. Their thickness, continuity, and interfacial compatibility must be precisely
controlled. Otherwise, excessive interfacial stress, structural mismatch, or local transport blockage may
emerge as new performance limiting factors.

Buffer phases are typically edited to be enriched at particle surfaces or near surface regions, forming a
functional transition layer between electrode materials and the electrolyte!**). Their primary role is to
suppress parasitic interfacial reactions, delay surface reconstruction and inward propagation of phase
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transformations, and maintain the structural integrity of the host material under high-voltage operation or
prolonged cycling. Designing buffer phases requires more than precise control over thickness and coverage.
This control is needed to avoid excessive sacrifices in energy density. In addition, careful consideration must
be given to their interfacial characteristics with the bulk phase. It is also important to ensure that continuous
ion-transport pathways can be sustained. The goal is to achieve a balance between chemical stability and
kinetic accessibility.

Despite the conceptual advantages of integrating multiple functional phases, the practical realization of such
phase programmed systems remains highly challenging. A key difficulty lies in achieving coherent and well
coupled heterointerface. To address this, several rational synthesis strategies have been developed. For
example, gradient design enables the continuous variation of composition and phase distribution, thereby
avoiding abrupt interfaces and reducing structural mismatch"”'*. In situ growth strategies allow different
phases to nucleate and evolve simultaneously within a shared lattice framework, facilitating coherent or
semi-coherent interfaces"™. Additionally, controlled nonequilibrium processes, such as rapid quenching or
kinetically regulated annealing, can stabilize metastable multiphase configurations and prevent phase
segregation!*”’,

Overall, the phase programming concept seeks to construct a multiphase system capable of adaptive
evolution during operation. It achieves this through the cooperative programming of high-capacity phases,
stabilizing phases, interfacial phases, and buffer phases. The programming involves their spatial positioning,
length scale hierarchy, and interphase interactions. Electrochemical performance arises from the ordered
functional division and dynamic cooperation of multiple phases in three-dimensional space. This constitutes
the core essence of phase programming as a new paradigm for materials design.

Starting from performance requirements, this work systematically reviews and reframes the design strategies
of multiphase architectures in secondary battery electrode materials, and proposes “phase programming” as a
unified materials design framework. Phase programming treats crystalline phases, defect-ordered phases, and
interfacial phases as function-specific, editable building blocks. By deliberately inserting, suppressing,
recombining, and spatially reprogramming these phases, electrode performance can be tailored on demand.
Through this perspective, structure optimization strategies previously scattered across different material
systems can be incorporated into a single physical picture, thereby establishing a clear structure property
relationship [Figure 6].

We focus on three key performance metrics, including energy density, rate capability, and cycling stability,
and further summarize representative implementation pathways of phase programming under different
performance objectives. High energy density relies on the hierarchical and spatially coordinated integration
of high-capacity phases with stabilizing phases. High-rate capability originates from the ordered coupling of
fast-ion-conduction phases with electronically conductive phases and interfacial phases. Long-term cycling
stability is achieved by constraining structural evolution pathways through the cooperative programming of
buffering phases, framework phases, and defect-related phases. These design principles emphasize that
electrode performance emerges from the synergistic interplay of multiple functional phases within
three-dimensional space.

The development of phase programming is expected to advance along several directions. At the theoretical
prediction level, Al-assisted inverse design will push the material space beyond current human knowledge,
discover entirely new material systems, and explore the limits of physical science'® . At the structural
implementation level, advances in synthesis strategies and in situ/ex situ multiscale characterization
techniques will enable precise phase programming at the unit-cell, interface, and defect scales'**. In terms of
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Figure 6. Phase programming enables programmable performance optimization through functional phase coordination.

system expansion, the phase programming framework is expected to extend beyond lithiumion batteries to
sodium-ion, potassium-ion, solid-state batteries, and other energy storage and conversion materials, evolving
into a broadly applicable materials design language.

Despite its advantages, phase programming faces several practical challenges, particularly in terms of
synthesis complexity. The precise control of phase distribution, interfaces, and hierarchical structures often
requires sophisticated and multistep fabrication processes, which may limit reproducibility and scalability. In
addition, maintaining stable and compatible interfaces between different phases during long-term cycling
remains a critical issue.

Overall, phase programming introduces a new paradigm for the rational design of complex multiphase
electrode materials. It modularly combines and reprograms functional phases in three-dimensional space. In
this way, systematic optimization of material performance can be achieved. With continued progress in
theoretical tools and experimental techniques, this paradigm is poised to play an increasingly important role
in the design and discovery of next-generation battery materials.
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