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ARTICLE INFO ABSTRACT

Keywords: Owing to their unique electronic structures and extraordinary physicochemical properties, metastable phase
Metastable phase catalysis materials are rapidly emerging as key players in catalysis, energy storage, and biological systems. These prop-
Metastability

erties can be readily tailored by selecting specific crystal phases to avoid chemical complexity. Nevertheless, a
critical impediment to the practical application of metastable phases lies in their inherent thermodynamic
instability and unpredictable kinetics during both growth and reaction processes, rendering them highly sus-
ceptible to phase transitions from high-energy to more stable, low-energy structures. In this review, we first
present the thermodynamic-kinetic adaptability of metastable phase materials that bridges the gap between
experimental observations and theoretical predictions. We then provide state-of-the-art insights into the syn-
thesis and applications of metastable phase materials and summarize key topics related to metastable phase
catalysis (MPC). The high Gibbs free energy and the easily adjustable d-band center associated with metastable
phases demonstrate excellent reactivity in photocatalysis, electrocatalysis, thermal catalysis and cross catalysis.
We propose future directions for the field including advancements in preparation technologies, stabilization
strategies and diverse applications. Additionally, we present the discussion on the discovery of metastable phase
materials using machine learning and its implications for catalytic properties. This review provides valuable
insights for developing systematic approaches to metastable phase materials, unlocking their immense potential
for practical applications.

Phase transformation
Thermodynamic-kinetic adaptability
Machine learning

Introduction materials, researchers can preserve the inherent chemical simplicity of

the parent compound while unlocking novel or enhanced functionalities

The pursuit to minimize chemical complexity in the engineering of
materials with new functions and properties has led to a sustained focus
on phase diversity, encompassing both metastable and thermodynami-
cally stable phases. Specifically, metastable phase engineering stands
out as a powerful approach to improve material performance without
resorting to compositionally complex strategies such as extensive
doping, hybridization, or multi-element alloying. By identifying and
stabilizing metastable polymorphs of thermodynamically stable

that are otherwise difficult to achieve. Metastability is characterized by
a Gibbs free energy higher than that of the equilibrium state, persisting
under kinetic constraints, and can be classified as thermodynamic
(kinetically trapped) or dynamic (sustained only under non-equilibrium
conditions). With advances in materials science, thermodynamically
metastable phases now span from metals and compounds to frameworks
and other crystalline polymers, while dynamically metastable systems
include single-atom, high-entropy, and responsive framework materials.
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Throughout this process, thermodynamic equilibrium phase diagrams
provide essential predictive insights into the stable phases as a function
of various state properties such as temperature, pressure, and chemical
composition [1-3]. However, metastable kinetically trapped phases
with positive free energies higher than the equilibrium state are far more
numerous than low-energy phases [4]. To expand on this, when the
phase diagram is complex, the source material often starts from the
periphery of the phase diagram, generating more metastable phases as it
transforms toward the target phase. The magnitude of the thermody-
namic driving force is an effective descriptor of phase transition kinetics,
and a phase transition occurs when this proxy changes. Metastable phase
materials attract scientific attention not only due to thermodynamic-
kinetic factors during their growth [5-8], but also as promising cata-
lysts because of their distinct properties [9-17], high-energy structures
[18-22], and unique electronic environments [23-26]. An impressive
example is the anomalous Nernst effect observed at the intersection of
Fermi liquid and strange metal phases in topological superconductors
represented by metastable 2M-WSs.

Metastable phase is capable of adapting to the driving forces of
nucleation and growth, rather than directly transforming into the cor-
responding stable crystal phase. Moreover, in actual catalytic reactions,
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the geometric and electronic structure of the metastable phase can adapt
to the adsorption and desorption of foreign molecules, optimize the
reaction barrier, and accelerate the reaction kinetics. Therefore, meta-
stable phase materials essentially exhibit unprecedented potential in
various reactions as shown in Fig. 1. The tunable electronic structures
and diverse chemical transformations of metastable phases facilitate a
wide range of catalytic processes, central to the topic of MPC, including
photocatalysis (PC), electrocatalysis (EC), thermal catalysis (TC) and
cross catalysis (CC), which are distinguished by multiple forms of en-
ergy, such as photoelectrocatalysis, photothermal -catalysis, etc.
[27-31]. The clear advantages include a stronger charge transfer effect
in electrocatalytic reactions, a tunable d-band center, enhanced light
absorption and long-lived carrier excitation in photocatalytic processes,
and optimized desorption and activation energies in thermocatalytic
reactions.

This review begins with an overview of metastability, summarizing
both traditional thermodynamic and dynamic perspectives to regulate
the development of new materials. Then it not only summarizes the
atomic-level mechanisms involved in the synthesis and stabilization of
metastable phase materials, but also elaborates on their inherent ad-
vantages through the lens of thermodynamic-kinetic adaptability in a
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Fig. 1. Schematic diagram of the main content for MPC in this review.
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wide range of energy-driven catalytic processes. Notably, their strong
interaction with reactant molecules can be attributed to the easily
tunable d-band center and high Gibbs free energy characteristic of
metastable phase materials. In particular, there is growing interest in
leveraging artificial intelligence (AI) technology to guide the discovery
of new metastable phase materials, while also exploring its implications
for catalytic development. Moreover, we also discuss several challenges
and prospects regarding the future development of MPC. Finally, we
outline the development roadmap for metastable catalysis. This review
aims to offer fresh insights into metastable phase materials and to assist
researchers in related fields in gaining a deeper understanding of their
catalytic applications.
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Metastability
The impact of metastability research

To date, metastable materials have been extensively investigated for
catalytic applications, achieving enhanced yields and selectivities
through crystal phase engineering and tailored interactions with reac-
tant molecules (Fig. 2a, b). With the advancement of novel research
techniques and theoretical frameworks, such as high-resolution electron
microscopy for identifying materials reconstructions, the true active
phases in catalytic reactions can be more accurately revealed
[28,29,32-34]. Meanwhile, theoretical approaches are driving the
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Fig. 2. Evaluation of the significance of the review on metastable phase catalysis. (a) The number of publications over the past ten years based on various keywords
in the web of science database. The data was sourced from the Web of Science using the search keyword “Metastable phase” and “Metastable phase + reaction/
catalysis”. (b) The number of publications over the past five years based on various catalytic scenarios in the web of science database. The keywords are “Metastable
phase + Electrical reaction/catalysis”, “Metastable phase + Photo reaction/catalysis” and “Metastable phase + Thermal reaction/catalysis”, respectively. (c)
Transition from thermodynamic to dynamic metastability driven by the emergence of new materials. These data are based on a straightforward classification of the
above literature and serve to illustrate the developmental trends of metastability. (d) Metastable phase catalysis is characterized by inherently high Gibbs free energy
and diverse d-band centers, providing a foundation for unifying the concept of metastability across different catalytic systems.

600



Y. Zhang et al.

prediction and synthesis of new materials, facilitating the transition
from conventional thermodynamic metastable phases in metals and
compounds to emerging dynamic metastable phase materials (Fig. 2c)
[35-40]. In recent years and moving into the future, dynamic metastable
phases are expected to play an increasingly prominent role in materials
research, offering a pathway to reduce reliance on traditional materials.

From a catalytic perspective, metastable phases are distinguished by
their inherently high Gibbs free energy and diverse d-band center con-
figurations. Despite this growing attention, the interconnections among
various catalytic forms and the key directions for future development
remain insufficiently systematized and lack clear application frame-
works. Drawing on years of research in metastable material catalysis and
integrating insights from the broader scientific community, our team
employs thermodynamic—kinetic adaptation to elucidate the unique
advantages of metastable materials (Fig. 2d). This review acts as a
roadmap for metastable phase catalysis, offering insights from synthesis
to functional transitions and guiding future research with atomic-level
and Al-enabled strategies.
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Thermaldynamic metastability refers to a state in which
a material resides in a local minimum of free energy rather
than the global minimum. Although the system appears
stable under certain conditions, it is not the most stable
configuration thermodynamically. Thermal energy plays a
key role in this context: with sufficient thermal activation,
the system may overcome an energy barrier and
transform into a more stable phase.

b
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From thermodynamic metastability to dynamic metastability

Metastability plays a crucial role in determining the properties and
behavior of materials, ranging from traditional systems to emerging
advanced frameworks. Thermodynamic metastability refers to a state in
which a system resides in a local minimum of free energy but not in
global minimum. At the atomic level, metastability arises due to kinetic
energy barriers required for atomic rearrangements. These barriers
originate from bonding energies, nucleation mechanisms and diffusion
limitations, resulting in various atomic stacking structures such as SC,
BCC, HCP and FCC (Fig. 3a). With the emergence of novel materials,
thermodynamic metastability alone can no longer fully describe mate-
rial behavior. Dynamic metastability is not solely determined by the
system’s thermodynamic or kinetic factors but is instead sustained by a
continuous external drive, such as periodic excitation, fluid flow, mag-
netic fields, or electric fields. As long as the external drive persists, the
system remains in a metastable state; however, once the drive is
removed, the system will likely decay into a stable state. As shown in
Fig. 3b, periodic structural units within soft matter materials undergo
twisting and deflection under external field stimulation, characterised
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Dynamic metastability refers to a non-equilibrium state
in which the material’s structure becomes temporarily
stabilized under continuous external stimuli, such as
electric fields, optical excitation, strain, or pressure. In this
state, external driving forces induce structural deflection or
twist that deviate from the equilibrium configuration for
organically linked materials. Single-atom materials, where
atoms readily bond with each other, are also included in
this category.

Fig. 3. Schematic diagram of metastability including conventional thermodynamic metastability and emerging dynamic metastability. (a) Conventional thermo-
dynamic metastability is primarily governed by thermodynamic factors during material growth, exemplified by typical SC (simple cubic), BCC (body-centered cubic),
HCP (hexagonal close-packed) and FCC (face-centered cubic). Adapted with permission [3]. Copyright 2024, Springer Nature. (b) Emerging dynamic metastability
involves the deflection, twisting for soft matter materials, and (c) diffusion bonding of structural units for single atom materials induced by external stimuli. § and [
represent the deflection angle twisted length, respectively. (d) Comparison of material descriptions based on thermodynamic metastability and dynamic

metastability.
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by the deflection angle (0) and the twisting bond length (). Another
example (Fig. 3c) demonstrates that single atoms on a substrate surface
can also exhibit dynamic metastability. Under an external field, these
atoms tend to diffuse and form bonds, resulting in changes to their local
coordination environments and electronic structures. Based on the
above summary, we describe a thermodynamic metastable state as a
condition in which a material resides in a local, rather than global,
minimum of free energy. In contrast, a dynamic metastable state refers
to a non-equilibrium condition where the material’s structure remains
temporarily stable under continuous external stimuli such as electric
fields, light excitation, strain, or pressure (Fig. 3d).

From thermodynamic metastable phases to dynamic metastable phases

In the current research paradigm, the emergence of new technologies
has expanded the concept of metastable phases, reshaping the landscape
of materials science. As illustrated in Fig. 4a, a broad range of materials
can be classified as metastable phases, spanning from conventional all-
inorganic and inorganic-organic hybrid materials to emerging organic
materials. Conventional elementary substance (ES) and compounds (CP)
constitute a thermodynamic metastable phase (TMP) material library
that encompasses all seven crystal systems including triclinic, mono-
clinic, orthorhombic, tetragonal, hexagonal, trigonal and cubic. Addi-
tionally, emerging materials composed of organic linkers such as
polymers, metal-organic frameworks (MOFs), covalent-organic frame-
works (COFs), H-bonded organic frameworks (HOFs) and single-atom
(SA) materials exist in dynamic metastable phases (DMP) due to their
highly variable coordination configurations. As shown in Fig. 4b and c,
from the perspective of the free energy landscape, TMP materials
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typically undergo a unidirectional transition from a higher energy
metastable state to a lower-energy stable state [41]. In contrast, DMP
materials experiences a dynamic, bidirectional transitions, sustained by
continuous external stimuli.

Thermodynamic-kinetic adaptability

The unique structures of metastable phase materials enable various
applications, particularly in catalytic reactions, where active centers and
electronic structures are influenced by both thermodynamic and kinetic
factors. To further simplify the analysis, we define this characteristic as
thermodynamic-kinetic adaptability. Firstly, one approach to deter-
mining the synthesis conditions including pH, concentration and redox
potential for metastable phase materials is to minimize the relative free
energy difference between the desired phases and competing phases [3].
Generally, thermodynamic driving forces appear in kinetic equations
governing nucleation, diffusion, and growth, which indicates that these
processes are irreversible. However, the kinetic rates of nucleation and
growth can be adapted to the reaction environment and can also be
artificially manipulated. This makes it possible to synthesize phase-pure
metastable phase materials in a stable manner, either by increasing free
energy of phase transition (AG) or by decreasing nucleation or diffusion
rates, by taking advantage of thermodynamic-kinetic adaptability dur-
ing growth (Fig. 5a and b). From the perspective of size effects, it is
widely recognized that decreasing the dimensions of nanomaterials
leads to a marked increase in their surface energy, which plays a pivotal
role in modulating the equilibrium dispersity of metastable phase ma-
terials. This mechanism effectively counterbalances the inherent ther-
modynamic propensity of the synthesized material for phase

a Seven crystal systems

Fig. 4. Schematic diagram illustrating the differentiation between TMP materials and DMP materials based on their energy landscapes. (a) Classification of TMP and
DMP materials. (b) TMP materials eventually transform into a stable energy state; in other words, it cannot undergo reversible transformations within the same
energy regime. The blue well represents the metastable phase. Adapted with permission [41]. Copyright 2020, Wiley-VCH. (c) DMP materials remain in a dynamic
energy state; in other words, it can undergo reversible transformations within the same energy regime. The blue well represents the metastable phase. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Thermodynamic-kinetic adaptability in the growth and catalytic applications of metastable phase materials. (a) Metastable phase materials exhibit ther-
modynamic preferred gowth pathway. Adapted with permission [42]. Copyright 2021, American Chemical Society. (b) Metastable phases can be synthesized by
increasing the free energy barrier for phase transitions (AG) or by reducing nucleation and diffusion rates, which represents a kinetic preferred gowth pathway. (c)
Metastable phase materials exhibit thermodynamic preferred catalysis reaction process. (d) Metastable phase materials exhibit enhanced adsorption (E;), desorption
(E3), and chemical bond dissociation (I;) of reactant molecules in catalytic processes compared to the stable phase, which represents a kinetic preferred catalysis

reaction process.

transformation, thereby stabilizing the metastable phase through an
intricate balance of energetic and structural optimization. Structural
optimization involves reducing surface energy and internal stress
through factors such as atomic arrangement and lattice defects in
nanomaterials, thereby enhancing the stability of metastable phases.
This balance is not merely an energy minimization process, but a com-
plex interplay of structural factors and external conditions, including
stress, temperature, and chemical environment.

For different catalytic reactions, the developed metastable phase
materials exhibit multiple advantages, primarily stemming from their
intrinsically high Gibbs free energy and the diversity of d-band centers.
(1) The inherently high Gibbs free energy of metastable phase materials
corresponds to increased surface reactivity, as the system tends to
minimize its free energy through interactions with adsorbates. As a
result, metastable phase catalysts frequently exhibit higher adsorption
energies for reactant molecules, thereby facilitating bond activation
steps that are rate-limiting in catalytic processes. Moreover, the ther-
modynamic driving force associated with the high Gibbs free energy can
promote surface reconstruction or local rearrangements under reaction
conditions, leading to the dynamic formation of transient active sites.
For example, if both molecular adsorption and desorption energies are
simultaneously reduced, the conversion rate of reactants and the selec-
tivity of products can be effectively balanced (Fig. 5c and d). These
features are particularly advantageous for reactions requiring flexible
surface environments, such as redox or multi-electron transfer pro-
cesses. Thus, the non-equilibrium nature of metastable phases, while
energetically unfavorable in bulk, becomes a strategic asset in hetero-
geneous catalysis. (2) The diversity of d-band centers in metastable
phase structures plays a critical role in tuning catalytic activity and
selectivity. In transition-metal-based catalysts, the position and shape of
the d-band center relative to the Fermi level directly influence the
adsorption strength of reactants and intermediates. Metastable struc-
tures often exhibit distorted coordination environments, lattice strain, or
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altered symmetry, all of which lead to a broader distribution or splitting
of d-band states. This results in multiple active sites with distinct elec-
tronic properties, allowing the catalyst to simultaneously optimize
adsorption for different reaction steps or species. Such d-band diversity
can lower activation barriers, suppress side reactions, and enhance re-
action pathways that are inaccessible on stable-phase catalysts.

Catalysis-related keywords

We introduce a comprehensive set of catalysis-related keywords,
elucidating their complex interrelations as depicted in Fig. 6a. These
keywords obtained through data-driven methodologies include not only
bond length, bond angle, and spin configuration, but also other critical
structural, electronic, and thermodynamic parameters. Catalytic pro-
cesses, characterized by a range of energy input modalities, serve to
rigorously test the nuanced properties of materials. In particular, cross
catalysis encompasses a vast array of factors influencing reaction
mechanisms, with crystal structure variations playing a pivotal role.

As shown in Fig. 6b, yield and selectivity are critical metrics in cat-
alytic processes. We have systematically analyzed the influence of
different energy modalities on these parameters, providing valuable
insights to guide researchers in tailoring material properties for specific
reaction objectives. For instance, the emerging modulation of transition
metal spin configurations has demonstrated a profound impact on re-
action yield and selectivity across photothermal and electrochemical
domains. This effect is primarily attributed to variations in orbital
electron occupancy and can be explained using d-band center theory.
The intrinsic advantages of metastable phases over their stable coun-
terparts in enhancing the yield and selectivity of catalytic reactions are
summarized here under consistent reactor configurations and electro-
lyte compositions. Future studies on electrolyte-involved reactions
should also focus on the interactions between electrolyte composition,
such as ion species, pH, and buffering capacity, and metastable surface
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Fig. 6. Summary of the key terms related to thermodynamic-kinetic adaptability in various catalysis application. (a) Keywords and interaction networks across
various catalytic scenarios, illustrating the adaptability features that distinguish metastable phases from stable phases. (b) Overview of intrinsic factors influencing
yield and selectivity across various catalytic processes, namely photocatalysis (PC), electrocatalysis (EC), thermocatalysis (TC) and cross-catalysis (CC).

structures. Advanced characterization techniques and theoretical
modeling can provide insights into how interfacial ion dynamics at
metastable surfaces influence catalyst stability and reaction pathways.
Furthermore, coupling metastable structures with tailored electrolytes,
including ionic liquids or confined environments in porous or hydro-
phobic systems, may uncover catalytic behaviors that are not accessible
in equilibrium systems. Integrating these insights presents a promising
strategy to achieve more precise control over catalytic activity and
selectivity.

Abundance of metastable phase materials

To demonstrate the abundance of metastable phase materials,
several representative cases are selected and presented in Fig. 7. Fig. 7a
shows that elemental carbon, composed solely of carbon atoms, exhibits
a variety of properties due to its diverse arrangements of carbon atoms
[1]. Diamond is the hardest naturally occurring substance and typically
forms under high pressure; while graphite is one of the softest minerals
and is usually more stable at lower pressure. Amorphous carbon, such as
charcoal, coke and activated carbon, etc, lacks an unequivocal crystal
structure. The polymorphs of inorganic compounds and organic mate-
rials are more complex. Just as the symmetry breaking of Ti in BaTiO3
crystals gives rise to four distinct crystal forms (Fig. 7b), the diverse
interpenetration of adamantane-1,3,5,7-tetracarboxylic acid (ADTA)
crystals (Fig. 7c¢) produces an even wider range of variations than
inorganic materials [43] due to dynamic metastability. In particular,
materials with a higher proportion of organic molecular frameworks,
exhibit more pronounced dynamic distortion or deflection under
external field stimulation (Fig. 7d). Single-atom materials also differ
significantly from their equilibrium and bulk phases, with high metal
site dispersion imparting unique properties (Fig. 7e). However, their
poor resistance to thermal agglomeration and sintering limits their
application in certain specific reactions. To maintain the focus of this
review, dynamic metastability will be discussed briefly.
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Functional advantages of MPC

Metastable phase materials, characterized by their higher energy
states, often exhibit unique structural and electronic properties that
make them ideal candidates for catalytic applications. These phases
possess tunable features, such as diverse atomic configurations, elec-
tronic band structures, and reaction pathways, that can be harnessed to
improve catalytic efficiency and selectivity. Among the many materials
explored, metal oxides have seen significant advancements due to their
adaptability and multifunctional properties, making them a focal point
of metastable phase research. One notable example is Fe;Os, an earth-
abundant low-cost material, which serves as a model for analyzing the
multifunctional differences between metastable and stable phases, as
shown in Fig. 8a. FepO3 can exist in three space groups with varying
symmetry features. The polyhedra structure which include regular
octahedra, distorted octahedra, and tetrahedra, lead to significant dif-
ferences in the electronic structures of these phases. These variations are
crucial as they determine whether the material behaves as a direct or
indirect bandgap semiconductor (Fig. 8b), a factor that greatly in-
fluences its performance in catalytic reactions. In oxide photocatalysis,
as shown in Fig. 8¢, minority carrier diffusion lengths typically are in the
order of 5-100 nm, making the process highly sensitive to charge
recombination and localization through polaronic states, which are
fundamental steps in photocatalysis [46]. Polarons or charge carriers
that are coupled with local distortions in the crystal lattice, can intro-
duce energy levels within different bandgaps (Fig. 8d and e). This not
only affects charge mobility but can also significantly alter the energy
levels of defects when polarons bind strongly to them. Such interactions
can play a critical role in optimizing catalytic performance by adjusting
the energy landscape of the material.

Additionally, metastable phase materials such as Fe;O3 exhibit other
notable advantages, including enhanced light absorption properties due
to the intrinsic electronic structures. The impact of crystal field effects,
coupled with spin-induced magnetic properties (Fig. 8f-h), further
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Fig. 7. Metastability of materials. (a) Metastability of elemental carbon. Reproduced with permission [1]. Copyright 2022, Springer Nature. (b) Metastability of
BaTiO3 due to symmetry breaking from Ti translation. Reproduced with permission [43]. Copyright 2021, Springer Nature. (c) Crystal structure prediction diagram
of ADTA via an autonomous crystallography companion agent. Reproduced with permission [43]. Copyright 2021, Springer Nature. Reproduced with permission
[29]. Copyright 2020, American Chemical Society. (d) Metastability of HOFs [44]. Reproduced with permission [44]. Copyright 2023, American Chemical Society.
(e) Metastability of single-atom materials. [45]Reproduced with permission [45]. Copyright 2023, Wiley-VCH.

contributes to the superior functionality of metastable phases in catal-
ysis. These factors allow metastable phase materials to demonstrate
greater adaptability and tunability, making them ideal for applications
requiring precise control over reaction kinetics. Overall, the ability to
tailor the electronic structures and physical properties of metastable
phase materials offers significant advantages at the application level. By
understanding and leveraging the unique characteristics of these high-
energy phases, researchers can more effectively screen and design
tailored materials that deliver enhanced performance in catalytic pro-
cesses. This adaptability positions metastable phases as key materials for
future advancements in catalysis and related fields.

In MOFs, COFs and HOFs, structural dynamics provide several key
advantages: (1) Refined pore environment: Structural dynamics modify
pore geometry and size, improving molecular selectivity and diffusion
efficiency. (2) Optimized adsorption and desorption: Distorted frame-
works enhance interactions between reactant molecules and catalytic
sites, reducing energy barriers for adsorption and desorption. (3)
Greater structural flexibility: Distortions introduce dynamic adapt-
ability, enabling the material to respond to external stimuli (e.g., tem-
perature, pressure, or electric fields) and enhancing stability under
extreme conditions. (4) Synergistic electronic effects: Local distortions
facilitate charge redistribution, enhancing charge transfer and electron
mobility, which is particularly beneficial for catalytic reactivity.

For example, let us consider the excited-state behavior of organic
framework materials under photon stimulation. The photosensitive
components absorb photons to generate excited-state electrons, which
are then transferred to the final electron acceptor through a series of
cofactors. These cofactors are typically spatially separated, and they
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undergo structural changes in their excited state when accepting elec-
trons, thereby lowering the system’s energy. This enhances the separa-
tion efficiency and extends the lifetime of the excited-state electrons
(Fig. 9a). Researchers found that in Zn-MOF, under illumination, elec-
trons are excited from one linker to another crystallographically distinct
linker. Since Zn?* has a closed-shell structure, there is no orbital overlap
between the linkers at the conduction band minimum (CBM) and the
valence band maximum (VBM). As a result, the CBM linker fully absorbs
the energy of the excited electron, placing it in a high-energy state. The
flexibility of the MOF linkers allows for dynamic structural distortions,
which reduce the system’s energy and induce corresponding MOF
orbital rearrangements. As shown in Fig. 9b, this alters the potential
energy surface and disrupts the relaxation path from the excited state to
the original ground state. Consequently, electron-hole recombination in
Zn-MOF is suppressed [48].

We further analyze the dynamic metastable properties in single-atom
materials. As shown in Fig. 9¢, dynamic evolution refers to changes in
the position, electronic state, or chemical environment of individual
atoms within a material or system over time. This evolution is influenced
by factors such as temperature, pressure, external fields (e.g., electric or
magnetic fields), and interactions with surrounding atoms or molecules
[49-51]. Under electrical stimulation, single atoms reconstruct on the
surface of the supports, enhancing electron transfer and injection ca-
pabilities of the reacting molecules. This process directly regulates the
adsorption configuration of the reaction intermediates, guiding the
breaking and recombination of bonds in the molecules toward the syn-
thesis of the target product (Fig. 9d).
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splitting energy (Reproduced with permission [47]. Copyright 2022, Springer Nature) and (h) magnetic properties. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
Growth landscape of metastable phase materials
Complexity of metastable phase materials

The controlled synthesis of metastable phase materials remains a
challenge, as they are typically less stable than their thermodynamically
stable counterparts. However, recent advances in synthesis techniques
have opened new pathways for the production of metastable phases,
leveraging factors such as pressure, temperature, and chemical envi-
ronments to achieve precise control over material properties. In this
section, we explore various synthesis strategies along with their impact
on the stabilization of metastable phase materials. In light of the scope of
this review and the central focus of our research, we specifically
concentrate on the metastability of inorganic materials, with the intent
to drive the advancement of innovative and emerging material systems.

Before discussing synthesis strategies, it is essential to understand the
prevalence and complexity of metastable phase materials. Researchers
have begun to quantify these materials. The crystalline metastability
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properties of most materials constitute a vast database that is chal-
lenging to quantify in detail. Sun et al. quantified the thermodynamic
scale of inorganic crystalline metastability through data-mining the
Materials Project database using high-throughput computational mate-
rials science [4]. They found that approximately 50.5 % of the material
entries filtered from 29,902 sources were metastable phases (Fig. 10a).
The formation of equilibrium phases typically occurs through steady-
state nucleation, following the full growth of metastable phases. If the
nucleation energy of the metastable polycrystalline form is lower than
that of the equilibrium phase (AGﬁ metastable<AG} stable), the crystalli-
zation kinetics will be dominated by the growth of metastable phases
(Fig. 10b) [42,52,53]. In the early stages of solid-state reactions, crystals
grown from high-energy precursors often adopt metastable structures
initially rather than forming thermodynamically stable ground state
structures, depending on initial conditions such as temperature, pres-
sure, or crystal size [54]. Before reaching the bulk equilibrium state, the
materials first nucleate and grow within the nanoscale regime, where
surface energy plays a crucial role. Small particle sizes with a large 1/R
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(where R is the radius) can stabilize bulk-metastable polymorphs with
lower surface energy, promoting the preferential nucleation of the
metastable phase over the equilibrium phase. Starting from a supersat-
urated solution, a metastable phase with low surface energy will
represent the lowest free-energy phase at small sizes, meaning it requires
the smallest size fluctuation to nucleate. Once nucleated, the metastable
phase reduces its free energy through crystal growth, consuming metal
solute ions in the process. Since the barrier to crystal growth is typically
lower than the barrier to nucleating a new phase, the metastable phase
may continue to grow until it reaches a size where it is no longer sta-
bilized by its small dimensions. At this stage, a thermodynamic driving
force arises, favoring a phase transformation from the metastable phase
to a more stable (lower free-energy) phase [55]. In order to stabilize
these metastable phase materials (Fig. 10c), it is necessary to introduce
external driving forces such as templates, electron donors or enhanced
interfaces in the transient state [42,56,57].
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Despite the discovery of various structural phases, there remains a
lack of systematic and in-depth understanding, as well as effective de-
scriptors, to accurately evaluate the complexity of materials. First-
principles density functional theory (DFT) for all known inorganic
crystal materials reveal that the median metastability is 15 £+ 0.5 meV
atom ™! with the highest energy structure of 20 % of entries in the
inorganic crystal structure database (ICSD) being inconsistent with the
observed crystalline polymorphs. The 90th percentile is 67 + 2 meV
atom™!, indicating an approximately exponentially decreasing proba-
bility distribution for metastability of various proposed structures
(Fig. 10d). Taking group VI compounds as an example, bivariate sample
density is mapped as a function of metastability and cohesive energy,
with darker regions representing higher scattering densities (Fig. 10e).
The results indicate that stronger average cohesive energy in a given
chemical substance corresponds to greater achievable crystal meta-
stability. In the group VI chemistries, oxides which exhibit the strongest
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Fig. 10. Complexity of metastable phase materials. (a) Material library composed of metastable and stable phases. (b) Barriers to the nucleation of metastable and
stable phases in a supersaturated solution. Reproduced with permission [42]. Copyright 2021, American Chemical Society. (c) Schematic diagram illustrating the
transition pathways during the crystallization process of material. Reproduced with permission [42]. Copyright 2021, American Chemical Society. (d) Cumulative
distribution function of the crystallization metastability of the most representative chemical substances in the Material Projects. Reproduced with permission [4].
Copyright 2016, the American Association for the Advancement of Science. (e) Bivariate sample density maps showing the relationship between metastability and the
cohesive energy of group VI compounds. Reproduced with permission [4]. Copyright 2016, the American Association for the Advancement of Science. (f) Energy
scale of metastability for various chemical substances arranged vertically according to the median cohesive energy. Reproduced with permission [4]. Copyright 2016,

the American Association for the Advancement of Science.

average cohesive energy, also display the largest metastable range. As
one moves down the periodic table, the decrease in average lattice
cohesion leads to a smaller accessible metastable energy range [4]. We
also observe that the cohesive energy becomes stronger with increasing
anionic charge, which reflects the importance of electrostatic contri-
butions to the cohesive energy. In general, the stronger the cohesive
energy of a chemical compound, the higher the metastable state avail-
able, with fluorides, oxides, and nitrides showing the largest metastable
energy scales in their respective groups (Fig. 10f). Researchers further
expanded the scope to include all mixed ionic/covalent solids,
concluding that stronger chemical cohesion energy is correlated with
greater achievable metastability. Therefore, identifying effective
methods to improve the metastability of materials is crucial to avoid the
introduction of impurity phases during material synthesis.

Synthesis strategies

As shown in Fig. 11, current technologies for synthesizing metastable
phase materials include ultrafast thermal synthesis [11,58,59], wet
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chemical synthesis [60,61], chemical vapor deposition [62-64], mech-
anochemical synthesis [65-68], high pressure phase transition synthesis
[24,69] and electron/plasma-assisted synthesis [18,54].

Ultrafast thermal synthesis. Ultrafast thermal synthesis rapidly
produces materials within milliseconds under non-equilibrium condi-
tions, enabling the formation of metastable phases and controlled mi-
crostructures that are difficult to achieve with conventional methods
[59,70,71]. Liu et al. [72] used a solid-state thermal shock strategy to
synthesize metastable Pd nanoparticles on a carbon substrate, rich in
twin boundaries and atomic steps. And molecular dynamics simulations
showed that transient supercooling after the thermal shock facilitates
twin boundary formation. Yang et al. [73] reported a rapid thermal
shock non-equilibrium synthesis strategy to overcome the immiscibility
of bimetallic materials. Using Cu-Ag and Cu-Ni systems as examples,
they demonstrated the successful formation of uniformly alloyed
bimetallic nanoparticles, establishing a library of such materials. Yan
et al. [74] employed a Flash Joule Heating (FJH) method to synthesize
L1,-PtsMn and L1(-PtMn intermetallics with Pt-skin. Cui et al. [75] used
disordered PdsPb nanoparticles as precursors and obtained ordered L15-
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Fig. 11. Summary of the synthesis pathways for metastable phase materials. (a) The precipitation of high-purity metastable phases is primarily governed by careful
control of reaction time and temperature during wet chemical synthesis. (b) The nucleation rate is suppressed by employing template confinement, facilitating the
formation of a metastable phase. (c) Controlled atomic diffusion and the formation of a stable metastable phase are achieved via chemical vapor deposition. (d) The
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equilibrium environment, thereby inducing the formation of metastable structures that are preserved through kinetic hindrance. (e) The high-pressure method
stabilizes denser phases by lowering their enthalpy, suppresses atomic diffusion, and alters the free energy landscape and reaction pathways. As a result, metastable
phases that are inaccessible under ambient conditions can be formed under extreme pressure and subsequently stable at ambient pressure through techniques such as
rapid decompression. (f) The electron/plasma-assisted method employs high-energy species to induce strong excitation, disrupting the material’s thermodynamic
equilibrium. This facilitates atomic rearrangement and enables the formation and kinetic stabilization of metastable phases under non-equilibrium, low-temperature
conditions. The red line represents the primary influence of the metastable phase preparation process, while the black line indicates that the metastable phase
synthesis remains largely unaffected. T denotes temperature, F denotes force, P denotes pressure, and t denotes time. The solid arrows within the cylinder indicate the
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figure legend, the reader is referred to the web version of this article.)

phase PdsPb nanoparticles with an average size of 6 nm via FJH. The solvents. Using organic phosphonic acids (e.g., n-octylphosphonic acid
abundant atomic vacancies generated during the Joule heating process and n-tetradecylphosphonic acid) as capping ligands with tri-
promote atomic diffusion and facilitate structural ordering in the PdsPb octylphosphine oxide as the solvent yielded wurtzite-phase CdSe
nanoparticles. Ultrafast thermal synthesis technology also offers ad- nanocrystals. In contrast, employing oleylamine and oleic acid as
vantages for the preparation of metastable phase compounds. Deng et al. capping ligands enabled the synthesis of zincblende CdSe nanocrystals
selectively synthesized molybdenum carbides, including p-Mo,C and through the reaction of cadmium myristate with selenium dissolved in 1-
metastable a-MoCj., and n-MoCj.y, by controlling the pulse voltage octadecene. Khannanov et al. [79] reported the synthesis of Fe nano-
during FJH. They demonstrated the excellent phase-engineering capa- particles exhibiting a FCC structure. Initially, Fe>* ions complex with
bility of FJH, which combines a widely tunable energy input exceeding oxygen-containing functional groups on the graphene oxide surface in
3000 K with dynamically controlled ultrafast cooling. the liquid phase. Upon thermal annealing, this complex transforms into
Wet chemical synthesis. During wet chemical synthesis, by v-Fe nanoparticles, a structure previously considered unattainable under
adjusting reaction parameters including solvent composition, reaction ambient conditions.
temperature, and precursor concentration, metastable phases can be Chemical vapor deposition. Chemical vapor deposition typically
selectively crystallized from a solution before transitioning to their refers to the gradual pyrolysis of material precursors, layer by layer,
stable counterparts (Fig. 11a) [76]. The confinement effect and rapid onto a substrate in the presence of a gas, resulting in the formation of a
cooling stabilizes metastable phases by limiting atomic diffusion and high-energy structure (Fig. 11c). Wang et al. [80] synthesized FCC- and
structural rearrangement during wet chemical synthesis (Fig. 11b). HCP-phase Ni nanoparticles of similar size by annealing a Ni-containing
Akkerman et al. [77] synthesized highly crystalline, ultrathin metastble microporous metal-organic framework, [Nizg(HCOO)¢]eDMF (DMF = N,
PbS nanosheets (~1.2 nm) via the decomposition of Pb(SCN), in a N-dimethylformamide), under chemical vapor deposition conditions
mixture of 1-octadecene, oleylamine, and oleic acid, obtaining an using hexamethylenetetramine. This approach enabled a meaningful
orthorhombic structure with a direct bandgap and weak light absorp- evaluation of OER performance as a function of crystal structure. Okada
tion. Talapin et al. [78]. achieved controlled synthesis of CdSe nano- et al. [81] reported the growth of atomic layers of 1 T WS, via alkali-
crystals in both wurtzite and zincblende phases by optimizing organic metal-assisted chemical vapor deposition using gaseous HyS and WFg
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precursors. The gaseous nature of the precursors, the reducing envi-
ronment provided by H,S, and the presence of Na' countercations
together created optimal conditions for 1 T' WS, growth, yielding high-
quality crystals on the submillimeter scale. Zhao et al. [82] developed a
ReS,-template-assisted chemical vapor deposition strategy to synthesize
layered MnS, microstructures, demonstrating that the template effec-
tively directs the formation of single-layer MnSy with a well-defined
distorted T phase.

Mechanochemical method. The above strategies typically produce
metastable phase materials with high purity and excellent crystallinity.
However, repeated mechanical force, such as high-energy ball milling,
induces structural disorder, disrupts thermodynamic equilibrium, and
stabilizes metastable phases by refining grains and increasing defect
density (Fig. 11d). In a word, mechanochemistry, which employs me-
chanical forces to drive chemical transformations, has been shown to
effectively access metastable phases that are challenging to obtain under
equilibrium conditions [83]. Achimovicova et al. [84] employed high-
energy ball milling of elemental Zn and Se to synthesize the wurtzite
form of ZnSe, a metastable phase relative to the thermodynamically
stable zinc blende structure. Ma et al. [85] employed high-energy ball
milling of elemental powders to produce an immiscible metastable solid
solution of Fe and Cu under equilibrium conditions. A single-phase FCC
solid solution was obtained for 0 < x < 60, whereas a BCC solid solution
formed for 75 < x < 100. Near x ~ 70, a transition from FCC to BCC
occurs, resulting in a mixed phase comprising both FCC and BCC
structures. The above examples highlight the versatility of mechano-
chemistry for stabilizing nonequilibrium phases across a wide range of
material systems, offering promising pathways for applications in en-
ergy conversion, catalysis, and optoelectronic devices.

High-pressure method. Materials can be forced into a metastable
phase by applying extreme pressures that are not typically achievable
under ambient conditions (Fig. 11e). For instance, Sun et al. [86] re-
ported two distinct structural transitions in Ag nanosheets under non-
hydrostatic pressures up to 24 GPa. The local HCP structure, associ-
ated with multiple parallel twin planes, disappears at 1.03 GPa. When
the external pressure reaches 12 GPa or higher, the FCC structure
transforms into a face-centered tetragonal (FCT) phase. Upon release of
the pressure, the metastable FCT phase reverts to the stable FCC struc-
ture. Lv et al. [87] discovered that single-crystalline Ta;Os nanowires
undergo pressure-induced amorphization at 19 GPa, driven by phonon
softening and bond weakening. The transition originates from disrupted
connectivity between TaOg octahedra and TaO; bipyramids along weak
bonds on the a-axis. It is noteworthy that stabilizing high-pressure
phases at ambient conditions remains a key challenge, but strategies
like chemical pressure, interface engineering, and ultrafast quenching
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could kinetically trap these polymorphs, unlocking their transformative
potential.

Electron/plasma-assisted method. Similarly, high-energy electron
or plasma modifies atomic structures, introduces defects and stabilities
metastable phases that do not typically form under equilibrium condi-
tions (Fig. 11f). For example, gold typically crystallizes in its lowest free-
energy structure, the FCC phase. However, the metastable hexagonal 4H
phase of gold exhibits superior catalytic performance. Han et al. [88]
employed in situ transmission electron microscopy to directly observe
the interface expansion dynamics between 4H-Au nanorods and FCC-Au
nanoparticles. Theoretical calculations suggest that CO molecules
facilitate gold diffusion and enhance the flexibility of the gold particles
during epitaxial growth. This growth initiates at the contact interface
and subsequently propagates throughout the entire FCC nanoparticle,
leading to its transformation into the 4H phase. He et al. [89]. activated
the reversible wurtzite-BCT reconstruction of the outermost layer on the
ZnO (1010) surface using electron beam irradiation. By combining
aberration-corrected transmission electron microscopy with DFT cal-
culations, they directly visualized the reconstruction process at atomic
resolution, uncovering a previously unknown intrinsic bistability of the
ZnO (1010) surface.

Typically, these strong external forces drive atomic movement on the
surface of metastable phase materials, leading to the formation of de-
fects and dislocations. Although these methods all leverage on kinetic
barriers, confinement effects, or external stimuli to prevent phase
transitions, the purity and crystallinity of the final products can vary
significantly. In order to gain a deeper understanding of the specific
synthesis conditions, by classifying and distinguishing the spatial
structures of metastable phases from their stable counterparts, the syn-
thesis methods of representative metastable phase materials are sum-
marized in Table 1. The selection was based on the following criteria: (i)
materials with high Gibbs free energy relative to their corresponding
thermodynamically stable phases that are broadly recognized and sig-
nificant in the field, (ii) cases where the synthesis approaches and the
corresponding crystal/electronic structures are clearly documented and
(iii) materials with practical potential in terms of cost and abundance.

Representative synthesis process

Here, we present more specific examples of promising materials and
elucidate the atomic-scale mechanisms underlying the formation of
metastable phase materials. One notable example is metallic 1T MoS,
[102] which has attracted considerable attention due to its excellent
conductivity [103], sulfur-rich properties, unique anisotropy, and
permeable channels for ion transport and adsorption. Tour et al. have

Table 1
A brief overview of the synthesis methods for representative metastable phase materials.

Metastable phase materials Space structures Synthesis strategies Specific conditions References
1T-MoS; Trigonal Wet chemistry / [90]
Zr30 Hexagonal Wet chemistry Nitrogen-doped carbon templates [16]
Cds Cubic (FCC) Wet chemistry PbS templates [91]
CeO2 Tetragonal Wet chemistry / [24]
3R-MoS, Rhombohedral Chemical vapor deposition Si0,/Si substrate [92]
HfO, Hexagonal Mechanochemistry Molten KOH [93]
CsPbl3 Cubic Mechanochemistry / [94]
B-LisN Hexagonal Mechanochemistry 9 MPa hydrogen pressure [95]
HoMnO3 Orthorhombic High-pressure 5 Gpa [96]
TbPO4 Tetragonal High-pressure 15.5 GPa [97]
TbPO4 Monoclinic High-pressure 9.6 GPa [971
ZrO, Orthorhombic High-pressure 4 GPa [98]
BN Cubic (FCC) High-temperature and high-pressure / [99]
ZnTiO3 Hexagonal High-temperature and high-pressure 1000 °C for 30 min under a pressure of 7.5 GPa [100]
a-GagO3 Rhombohedral Plasma-assisted atomic layer deposition On-axis, c-plane sapphire substrates [101]
e-Gay03 Orthorhombic Plasma-assisted atomic layer deposition On-axis, c-plane sapphire substrates [101]
k-Gay03 Orthorhombic Plasma-assisted atomic layer deposition On-axis, c-plane sapphire substrates [101]
ZrOy Tetragonal Heavy ion irradiation 1400 K [98]
ZrO, Cubic (FCC) Heavy ion irradiation 2600 K [98]
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developed a FJH technology that synthesizes metastable phase transi-
tion metal chalcogenides [11] and carbides [58] within a few millisec-
onds. Different degrees of phase transition can be achieved by
controlling the reaction duration and additives. According to first-
principles DFT calculations, during the phase formation of MoS,, the
energy provided to the system and adjustable substitutional defects. For
instance, W can form substitutionaldefects Wy, in MoS,, create many
vacancies that stabilize the 1T phase (Fig. 12a and b). Jiao and col-
leagues [62,104] designed a potassium (K)-assisted chemical vapour
deposition technique guided by theoretical calculations, which directly
produces high-purity and crystalline 1T MoS; with in-plane anisotropy.
Zhang et al. [63,64] extended this preparation system to VIB transition
metal dichalcogenides using KsMoO4 or KoWO4 as precursors (Fig. 12c).
In wet chemical reactions, metastable phases can serve as intermediates
to reform material defects. Taking the synthesis of perovskite materials
as an example, a metastable phase forms due to the adhesion of L-
arginine (L-Arg) and the phase separation of poly(vinylidene fluoride-
co-hexafluoropropylene) (P-polymer), resulting in a uniformly mixed
all-inorganic CsPbIs_,Br, perovskite film through a lower energy barrier
(E1) at a lower annealing temperature. Subsequently, the metastable
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intermediate phase completely transforms into a stable and planar
defect free perovskite film by overcoming a slightly higher energy bar-
rier (E3), and L-Arg is released from the internal lattice of the metastable
phase through a higher-temperature annealing process (Fig. 12d) [61].
Shao et al. developed a general strategy using a microwave-assisted
mechanochemical-thermal technique (Fig. 12e) to synthesize a wide
range of metastable phase materials, including 3R-IrO; [65], 1T IrO2
[66], monoclinic phase layered IrO, nanoribbons [67], hexagonal SnO5
[68], etc.

A new paradigm for the discovery and synthesis of novel metastable
phases was established when Chun et al. [54] synthesized a novel
metastable hep palladium hydride (PdH,) via a liquid cell transmission
electron microscope (Fig. 13). The diffraction patterns obtained from in
situ TEM (Fig. 13a and b) and ex situ high-resolution scanning trans-
mission electron microscopy (Fig. 13c) images of the synthesized
nanoparticles corresponded to a hcp lattice, rather than the face-
centered cubic (fcc) lattice typical of nearly all reported Pd com-
pounds, irrespective of the growth pathway-whether monomer attach-
ment or coalescence. The ABAB stacking, a typical feature of hep phases,
can be clearly seen in Fig. 13d. Moreover, the detection of a pronounced
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Fig. 12. Common synthesis strategies for metastable phase materials. (a) Schematic diagram of phase conversion through FJH. Reproduced with permission [11].
Copyright 2021, American Chemical Society. (b) Schematic diagram of energy levels before and after the FJH reaction and high-angle angular dark field-scanning
transmission electron microscopy (STEM) atomic images of 2H and 1 T phases of MoS,. Reproduced with permission [11]. Copyright 2021, American Chemical
Society. (¢) Schematic diagram of 1 T' and 2H MoS, synthesis (Reproduced with permission [104]. Copyright 2018, Springer Nature) and STEM images. Reproduced
with permission [62]. Copyright 2018, Springer Nature. (d) The consecutive two-step low-energy barrier (E; and E,) pathway involves the proposed metastable
intermediate phase crystallization process during mixed halide CsPbl;_,Br, crystallization. The crystal structure models reflect the corresponding interactions among
L-Arg, poly(vinylidene fluoride-co-hexafluoropropylene) (P-polymer), and perovskite units in the metastable phase crystallization process. Reproduced with
permission [61]. Copyright 2022, the American Association for the Advancement of Science. (e) Schematic diagram of the synthesis of 3R-IrO; employing
microwave-assisted mechano-thermal technique. Reproduced under terms of the CC-BY license [65]. Copyright 2021, Elsevier.
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Fig. 13. Visual synthesis strategies for metastable phase materials. (a) Visualization of Pd nanoparticles through monomer attachment growth and corresponding fast
Fourier transform. Reproduced with permission [54]. Copyright 2022, Springer Nature. (b) Visualization of Pd nanoparticles through coalescence growth and
corresponding fast Fourier transform. Reproduced with permission [54]. Copyright 2022, Springer Nature. (c) Ex-situ high-resolution scanning transmission electron

microscopy images and fast Fourier transforms of four different particles formed at an electron dose rate of 675 e™ A~

2571 in a graphene liquid cell, which is

consistent with the [1213], [2110], [0001] and [0111] zone axis patterns of the hcp lattice. The dashed circles represent low-index planes colored according to each
plane family. Reproduced with permission [54]. Copyright 2022, Springer Nature. (d) ABAB stacking of Pd atoms along the [2110] zone axis in (c). Reproduced with

permission [54]. Copyright 2022, Springer Nature. (e) Raw and denoised electron energy loss spectra obtained from hcp nanoparticles arranged along the [1213] axis.

Reproduced with permission [54]. Copyright 2022, Springer Nature.

electron energy loss spectroscopy peak at approximately 5.9 eV, a well-
established spectral signature of hcp PdH,, in conjunction with the
exclusive observation of a Pd signal in the energy dispersive X-ray
spectroscopy spectrum, provides compelling evidence for the formation
of PdH,, (Fig. 13e).

To further highlight the significance of pressure in the synthesis of
metastable phase materials, we emphasize the advantages of extreme
pressure fabrication [105-109]. Pressure can convert periodically or-
dered CsPbBrs perovskite nanocube superlattices into transverse 2D
nanoplates with uniform thickness, good crystallinity and enhanced
optical properties (Fig. 14a) [69]. Cao et al. [110] proposed the rational
design of synthesis methods for metastable phase materials using low-
pressure pathways. Exemplifying the environmental metastability of
the rock salt phase in CdSe, CdS, or their nanocrystals, it has been
elucidated that inter-particle sintering acts as the dominant process for
the elimination of crystal defects and the relaxation of lattice distortions
within high-pressure rock salt structures. This mechanism not only fa-
cilitates the controlled stabilization of metastable rock salt phases under
ambient pressure conditions but also enables the precise engineering of
their structural properties, thereby advancing the synthesis of meta-
stable phases with tailored characteristics. The interconnected nano-
crystalline network produced through this method effectively stabilizes
high-energy metastable phases under environmental conditions
(Fig. 14b). Fig. 14c illustrates the phase transition process of NbOI,
under pressure.

At ambient pressure, NbOI, exhibits 2-fold rotational symmetry
along the b-axis. As pressure increases, the eccentric displacement of Nb
atoms along the b-direction is suppressed, eventually causing the Nb
atoms to align within the plane formed by I atoms. This leads to
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additional mirror symmetry perpendicular to the b-axis, resulting in a
structural phase transition of NbOI, from the C2 space group to C2/m
space group under pressure [111]. While most studies report pressures
below 100 GPa, at extreme pressures, such as close to 700 GPa, the
metastability of materials becomes more prevalent. For instance,
Fig. 14d shows that FeO transforms to the B2 structure at approximately
300 GPa, while in MgO, this phase transition occurs above 600 GPa
(high temperature). The difference in the occurrence of the B1-B2
transition may affect the hybrid behavior of the MgO-FeO system.

Stabilization strategies for metastable phase materials
Stabilization mechanism

Thermal instability is a hallmark of metastable phases, wherein
reducing the Gibbs free energy of formation is a fundamental requisite
for the realization of high-purity metastable phases materials
[113-116]. Here, we discuss the phase transition mechanisms at the
atomic scale from the perspectives of atomic migration (diffusion and
shear) and atomic pinning (Fig. 15). Atomic diffusion involves the
migration of atoms or ions across the lattice, facilitating structural
rearrangements that drive the system toward a lower-energy configu-
ration. This process is typically thermally activated and can lead to
phase transformations by enabling nucleation and growth of the stable
phase. In contrast, shear mechanisms involve coordinated atomic dis-
placements along specific crystallographic planes, often triggered by
external stress, pressure, or strain. Shear-driven transformations, such as
martensitic transitions, occur rapidly and are often diffusionless, pre-
serving the overall composition while altering the atomic arrangement.
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Atomic pinning primarily restricts atomic movement and increases the
formation energy required for stable phases. Current strategies to ach-
ieve atomic pinning include doping/vacancies, solid solution formation/
alloying, template-induced stress, confinement, and other nanoscale
design strategies.

Representative stabilization process

Yu et al. proposed the use of a spatially confined template method to
synthesize high phase purity 1T-MoS,, which allows for modulation of
the confined space and template structure to improve the purity of 1T-
MoS; (Fig. 16a) [117]. In another study, Yu et al. [12] reported that
cubic CoSe, generated many Se vacancies during the heating process,
and the introduction of phosphorus atoms with different electronega-
tivities filled these Se vacancies, resulting in the rotation of the original
double Se bonds, thus promoting the phase transition of CoSe; from a
stable cubic phase to a metastable orthorhombic phase (Fig. 16b).
Another typical case is the phase transition of InpSes. p-InySes was
initially stretched and fixed by the substrate, causing layering to occur
between p'-InySes and the substrate during in-situ transmission electron
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microscopy (TEM) operation. The tensile strain initially exerted on
f-InpSez by the substrate was released and recovered, leading to a
transition from f-InpSes to a-InySes [118]. Through DFT calculations, it
was found that the energy levels of p-InySes and a-InpSez were very
close, with the ground state of a-InySes slightly lower than that of
B-InoSes (Fig. 16¢) [118]. In-situ selected-area electron diffraction
(SAED) and non-destructive X-ray photoelectron spectroscopy mea-
surements revealed that Se-vacancies play a key role in inducing the
phase transition and stabilizing f-InpSez [119].

Additionally, in-situ Raman spectroscopy on a flexible polyethylene
terephthalate substrate confirmed the strain induced phase transition
mechanism from p-InsSes to a-InsSes [119]. Our team has developed a
doping strategy [13] and a substrate covalent bonding strategy [56]
(Fig. 16d) to inhibit the phase transition from p-Fe;O3 to a-FeyOs. Ex-
periments have shown that high power Raman lasers can induce meta-
stable phase transitions, and the precise Raman vibration peak of
B-Feo03 has been calculated and experimentally verified (Fig. 16e), thus
eliminating the controversies in previous literature. This finding high-
lights the inherent risk that modern microscopic analysis techniques
may inadvertently induce metastable phase transitions, thereby
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compromising the integrity of experimental data and potentially leading
to misinterpretations or erroneous conclusions. As such, a rigorous and
systematic evaluation of structural phase transitions in metastable phase
materials is imperative. So, a continued advancement of this field will
necessitate not only the refinement of stabilization strategies but also the
development of more precise and minimally invasive analytical meth-
odologies to ensure the reliability and accuracy of experimental
findings.

Thermodynamic-kinetic adaptability in applications

Metastable phase materials excel in catalyzing reactions at active
sites, where their metastable nature enables dynamic coupling with
transient molecular intermediates. This adaptive interplay, influenced
by external factors, modulates the reaction energy landscape, reducing
energy barriers and optimizing reaction pathways. In this section, we
provide a comprehensive analysis of their potential across various en-
ergy forms, including electrical, photonic, and thermal modalities.
Table 2 summarizes and compares representative metastable phase
materials and their application advantages.

Metastable phase electrocatalysis

An electrocatalytic reaction occurs on electrode surfaces, driven by
an applied potential and facilitated by an electrocatalyst. It involves
electron transfer between the electrode and the reactant, allowing spe-
cific reactions to proceed with lower energy consumption. The electro-
catalyst plays a crucial role in lowering the reaction energy barrier and
enhancing the reaction rate [134-137]. Common electrocatalytic ma-
terials include platinum (Pt), palladium (Pd), metal oxides, and carbon-
based compounds [138,139]. Metastable phase materials have emerged
as promising candidates in electrocatalysis due to their distinct catalytic
behaviors, particularly in reactions such as oxygen evolution and
hydrogen evolution in challenging environments like low-quality
seawater or sewage, where controlling the number of active sites and
their adsorption characteristics is key to enhancing performance [140].
Here, we summarize the potential advantages of metastable phase ma-
terials from the perspectives of the charge transfer effect, the Sabatier
principle, and d-band center theory, which are of significant interest to
researchers.

Metastable phase materials tend to exhibit symmetry breaking
compared to stable phase materials, and their high Gibbs free energy can
lead to changes in grain size, which enhances charge transfer effect
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(Fig. 17a). Additionally, modified crystallographic constants often in-
crease the reaction rate or reduce overpotential, positioning most
metastable phase materials within the optimal region of the Sabatier
principle (Fig. 17b). When an adsorbed molecule approaches a catalyst
surface, its orbitals interact with the metal’s s and d orbitals. This
interaction can cause energy level splitting, generating antibonding
orbitals. If the antibonding state lies above the Fermi level, it favors
adsorption because the high-energy orbital remains unoccupied.
Conversely, if the antibonding state is lower than the Fermi level,
adsorption is less favorable due to electron filling in the high-energy
orbital. The d-band center of the metastable phase is positioned lower
than that of the stable phase relative to the Fermi level, weakening the
adsorption strength of intermediates on the active site, thereby opti-
mizing electrocatalytic performance (Fig. 17c) [141-143].

For instance, 1T-IrO, with a space group of P-3m1 (164), as opposed
to the rutile-IrO with space group 136 (P42/mnm), manifests the lowest
overpotential compared with the reference catalyst for the acidic oxygen
evolution reaction (Fig. 18a). At the atomic level, Ir atoms are either
buried or exposed by oxygen atoms on 1T-IrO5 and rutile-IrO», respec-
tively, which leads to strong adsorption of hydroxyl groups and arduous
desorption of products on the rutile-IrOy surface. This calculations
reveal that the formation of *OH on the active sites of rutile IrO5 (110)
surfaces is thermodynamically favorable, being either exothermic or
only mildly endothermic. In sharp contrast, the same step is consider-
ably more endothermic on 1T-IrOs. This pronounced difference suggests
that 1T-IrO, hosts a fundamentally different active site environment,
which underpins its superior catalytic performance (Fig. 18b and c)
[66]. The 3R-IrO5 with a space group of R-3 m (166) achieves an ul-
tralow overpotential of 188 mV at a current density of 10 mA crngez0
(Fig. 18d). DFT calculations show that the thermodynamic OER over-
potentials of 3R-IrO, and rutile-IrO5 are 0.55 and 0.68 V, respectively,
indicating that 3R-IrOy displays higher OER activity. Compared to
rutile-IrO,, the edge Ir-O bonds of 3R-IrO; show a greater bond orbital
distribution, which confirms a weak adsorption mode at the coor-
dinatively unsaturated Ir site exposed on the edge of 3R-IrO, (Fig. 18e)
[65]. In comparison to rutile-IrO», Ir in the monoclinic phase layered
IrO2 nanoribbons (IrO2NR) with a space group C2/m has a lower d-band
center and free energy barrier (Fig. 18f and g) [67].

Ye et al. designed a metastable phase, f-NiMoO4, with phosphate
substitution that exhibited optimal hydrogen adsorption free energy and
an ultralow overpotential in 1 M KOH for the hydrogen evolution re-
action (Fig. 18h) [10]. According to the Bader charge calculations, the
charge transfer of the O atom connected to the Mo and Ni atoms in P-
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Table 2
A brief overview of the advantages of representative metastable phase materials.

Metastable phase materials Space structures Catalytic forms Advantages References
1T-WS, Trigonal Electrocatalysis / [120]
CoCuy04 Orthorhombic Thermal catalysis Lewis-acidic surface sites [121]
1T-MoS, Trigonal Electrocatalysis High electron transfer [122]
o-MoCj Cubic (FCC) Electrocatalysis Large surface area [123]
IrO, Monoclinic Electrocatalysis Low d-band center [67]1
IrOy Orthorhombic Electrocatalysis Optimal adsorption energy [124]
B-AgaWO4 Hexagonal Photocatalysis Narrow band gap [125]
KyLaTas0N Tetragonal Photocatalysis Long carrier lifetime [126]
Cds Cubic (FCC) Photocatalysis Optimal adsorption energy [91]
TiOy Orthorhombic Photocatalysis Optimal adsorption energy [127]
TiOy Orthorhombic Photocatalysis Optimal adsorption energy [128]
Fe,03 Orthorhombic Photocatalysis / [129]
Fe,03 Cubic (BCC) Photoelectrocatalysis Narrow band gap [130]
Fe,03 Cubic (BCC) Photoelectrocatalysis Narrow band gap [131]
Fe,03 Cubic (BCC) Photoelectrocatalysis / [132]
CoCuy04 Orthorhombic Thermal catalysis Lewis-acidic surface sites [121]
ZrOy Cubic (FCC) Photothermal catalysis Optimal activation energy [133]
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B-NiMoO4 was greater than that in a-NiMoOy4 (Fig. 18i). Other examples
of metastable phase electrocatalysis include the hexagonal phase SnO5
nanoribbon electrocatalytic synthesis of HyO5 [68], semimetal 1H-SnSy
for electrocatalytic CO, reduction reactions [145], etc. By enhancing the
exposure of active site and optimizing adsorption characteristics, the
metastable phase materials can significantly accelerate reactions and
improve efficiency across various electrocatalytic processes. Wang et al.
[80] showed that HCP-Ni@NC (NC stands for nitrogen-coated carbon)
benefits from nickel-induced electronic modulation of the N-coated
carbon shell, achieving a current density of 10 mA cm™2 at an over-
potential of just 305 mV, which is 55 mV lower than that of FCC-
Ni@NC. The metastable Pd nanoparticles synthesized by Liu et al. are
well-dispersed and uniformly anchored on a carbon substrate. Their
abundant twinning structures endow the catalyst with superior elec-
trocatalytic performance for the ethanol oxidation reaction and
enhanced resistance to CO poisoning compared with commercial Pt/C
[72]. Xing et al. [146] reported a monoclinic WP, electrocatalyst that
enables acidic hydrogen evolution with an onset overpotential of 54 mV,
a Tafel slope of 57 mV dec™}, an exchange current density of 0.017 mA
cm™2, and a Faradaic efficiency approaching 100 %, while maintaining
high activity and durability across neutral and alkaline conditions.
These examples highlight the unique electronic structure of the meta-
stable phase materials and its adaptable adsorption—desorption behavior
toward reactive molecules.

Metastable phase photo/photoelectrocatalysis

Metastable phase materials offer exciting possibilities in photo-
catalysis and photoelectrocatalysis due to their unique electronic
structures and bandgap tunability. By leveraging metastable phases,
researchers have been able to enhance charge separation and improve
the overall efficiency of light-driven reactions. In this section, we
explore various innovations in phase junctions, vertical hetero-
structures, and metastable intermediate structures (MIS) that have
contributed to advances in photocatalytic performance.

We analyze the adaptability of metastable phase materials from the
perspective of photoexcited carrier generation and dynamic behavior. In
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direct bandgap semiconductors, photon absorption enables electrons to
transit directly from the valence band maximum to the conduction band
minimum, generating free electrons and holes without requiring addi-
tional lattice vibrations for momentum matching (Fig. 19a). This place
stringent demands on the dielectric characteristics of semiconductors,
where metastable phase materials present valuable opportunities. Tak-
ing typical oxides as an example, the conduction band in semiconductors
arises from the hybridization of metal 3d orbitals and oxygen 2p or-
bitals, while the valence band is primarily composed of oxygen 2p or-
bitals. The diverse unit cell configurations of metastable phase materials
contribute to the development of highly light-absorbing semiconductors
with reduced bandgap (Fig. 19b). Carrier dynamics studies reveal sig-
nificant variations in bulk carrier lifetimes among metal oxides,
differing by several orders of magnitude, for instance, the bulk carrier
lifetime of TiO, is approximately 1,000 times longer than that of
a-FepOs. This discrepancy can be attributed to factors such as doping
density and electronic structure. In practical reactions, a space charge
layer forms at the metal oxide-electrolyte interface, extending the mi-
nority carrier lifetime (Fig. 19c). These long-lived carriers further
enhance the material’s performance in optoelectronic and catalytic ap-
plications [147].

Our research group has identified the metastable phase p-Fe;O3 with
a direct band gap of approximately 1.9 eV, as a highly promising pho-
tocatalyst. According to the band structure of bulk p-Fe,Os, the con-
duction band is dominated by the Fe 3d orbital, while the valence band
is dominated by the O 2p orbital. The conduction band minimum and
valence band maximum occur at the same position in k-space, which
confirms that it is a direct bandgap semiconductor. It does not require
the participation of phonons in the process of absorbing photons, mak-
ing it easier for electrons to be excited [56,131,148]. Therefore, -FexO3
has higher light absorption and offers a higher theoretical solar to
hydrogen energy conversion efficiency than the indirect bandgap of
a-Fey03 [131]. To address the significant issue of photogenerated carrier
recombination in p-FeyOs, Zr doping offers a strategy for killing two
birds with one stone which not only increases the carrier concentration,
but also improves thermal stability. This strategy led to a five-fold in-
crease in photocurrent density measured under 1 sun (100 mW cm™2)
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Reproduced with permission [10]. Copyright 2021, Springer Nature.

[13]. Furthermore, engineering a phase transition from the y-FepO3
phase to the B-Fe,O3 phase was used to increase the crystallinity and
reduce the defect concentration to overcome the problem of a high onset
potential caused by high defect concentration. Eventually, this led to a
B-FeoO3 photoelectrode with an onset potential of only 0.8 V vs.
reversible hydrogen electrode, which is the lowest value reported so far
for a B-FeoO3 photoanode (Fig. 20a) [149]. We further enhanced the
M-O bond energy of p-FeyO3 by substituting Fe atoms with Sn atoms.
The resulting Sn/f-Fe;O3 photoanode can resist severe Cl™ corrosion
during the photoelectrochemical splitting of seawater (Fig. 20b) [150].
This approach provides new opportunities for long-term and stable
seawater utilization technology.

Additionally, the Fe metal center in p-Fe;O3 also serves as an active
site for the conversion of HyO5 into usable free radicals under light,
which can be regarded as an environmentally friendly Fenton reagent
for degrading various organic pollutants (Fig. 20c) [151]. We extended
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this application to binary metal metastable phase materials such as
hexagonal YFeO3 [153]. Our research group reported that the local
coordination structure and electron density of YFeOs can be improved
by adjusting the surface relaxation through Ti modification, which re-
duces the photoactivation barrier of H,O5 and enhances the production
efficiency of hydroxyl radicals (Fig. 20d) [152].

Chu et al. utilized a vertical heterostructure composed of e-Fe;03 and
BiFeO3 to enahnce the efficiency of photoexcited carrier separation,
thereby improving its photoelectrochemical properties (Fig. 21a) [154].
Li et al. proposed the concept of phase junctions and validated it across
multiple research systems [14,155-159]. They reported that a tunable
a-f phase junction in Gap;O3 semiconductors can stoichiometrically split
water into Hp and Og (Fig. 21b), improving charge separation and
transfer [14]. Chen et al. designed a black phosphorus/red phosphorus
photocatalyst with a direct Z-scheme heterophase junction. Benefiting
from the appropriate band structure, staggered arrangement, and
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perfect junction interface, the structure has the ability to efficiently
separate photogenerated carriers and achieve photocatalytic water
splitting without the use of sacrificial agents (Fig. 21¢) [160]. Qiao et al.
extended the concept of heterophase junctions to a triphasic complex
structure. From the photocatalytic water decomposition results, it is
evident that the structure exhibits superior photogenerated carrier
separation efficiency (Fig. 21d) [161]. The intricate band alignment
inherent to the metastable intermediate structure (MIS) is paramount in
driving the efficient spatial dissociation of photogenerated electrons and
holes. This finely optimized charge separation mechanism, facilitated by
the MIS’s unique electronic architecture, not only enhances charge
carrier dynamics but also substantially elevates photocatalytic effi-
ciency. Such an enhancement fosters a profound improvement in cata-
lytic performance, positioning the MIS as a pivotal factor in advancing
the theoretical and practical realms of photocatalytic and electro-
catalytic systems. Taking the classic TiO- as a case study, the continuous
phase transition path and MIS were determined by accurately calcu-
lating the band arrangement between the dual-phases. Using the accu-
rate Heyd-Scuseria—-Ernzerhof hybrid function, rigorous first-principles
calculations of the supercell interface can obtain the offset between the
valence band maximum (VBM) and conduction band minimum (CBM)
values of the four structures. Among all phases, MIS has the lowest VBM
and the highest CBM (Fig. 21e). Furthermore, compared to isolated
anatase and rutile, the MIS interface produces a band gap distribution of
2.7 to 4.2 eV, which enhances light absorption (Fig. 21f) [162]. Ashok
et al. [163] synthesized a mesoporous, metastable CuTey binary
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crystalline compound with a cubic structure by precisely controlling
crystallization via electrochemical methods combined with soft-
template polymer micelle chemistry. The material exhibits an optical
band gap of 1.67 eV and demonstrates excellent photoresponse. Guo
et al. [164]. successfully synthesized a-AgoMo0O4/WO3 composite ma-
terials via epitaxial growth on WO3 nanosheets at room temperature and
ambient pressure. The enhanced photocatalytic performance is primar-
ily attributed to the efficient separation of photogenerated charges from
WO3 to a-AgaMoO4 within the composite. Ge et al. [91] controllably
synthesized zinc blende (zb) CdS and Au@zb-CdS core-shell nano-
crystals with tunable termination facets, demonstrating their photo-
catalytic water-splitting capabilities. Theoretical calculations indicate
that the {111} facets of zb-CdS exhibit higher intrinsic activity than the
{100} facets due to their greater surface efficiency and stronger elec-
tronic transitions, which enhance adsorption and facilitate the dissoci-
ation of adsorbed water molecules. These findings elucidate the
transformative  potential of metastable photocatalysis/photo-
electrocatalysis, offering novel pathways for the identification and
application of direct bandgap semiconductors. Additionally, they cata-
lyze groundbreaking innovations in the design of functional catalysts,
particularly in the development of next-generation clean technologies.

Metastable phase thermal/photothermal catalysis

Thermal catalytic techniques, a cornerstone of traditional catalysis,
play a crucial role in the development of industries such as petroleum
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processing, chemical manufacturing, and pharmaceuticals [165-167].
These techniques mainly provide energy to overcome internal energy
barriers in catalytic reaction systems through heating, thereby promot-
ing the conversion of reactants into products with high catalytic effi-
ciency [168]. However, the sustainable application of metastable phase
materials in thermal catalytic reactions, particularly at high tempera-
tures and in reducing atmospheres, presents significant challenges due
to the propensity of these catalysts to undergo structural phase transi-
tions. Nevertheless, this does not hinder the ongoing development of
metastable phase materials in this field. In the thermal catalysis process
(Fig. 22a), metals typically serve as active sites. The position of the d-
band center influences the adsorption energy, which in turn affects the
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interaction between the reactants and the catalyst surface, ultimately
impacting the reaction activity and selectivity. When the d-band center
is close to the Fermi level, the catalyst tends to bind reactants more
strongly, which can facilitate the activation and subsequent initiation of
the reaction. When the d-band center approaches the Fermi level, the
catalyst typically exhibits stronger adsorption of reaction intermediates,
which can modulate the energy barriers and reaction rates along the
pathway. This electronic structural feature enhances catalytic activity,
but the adsorption strength must be carefully balanced to avoid over-
adsorption that could reduce catalytic performance. So, a well-
positioned d-band centre allows the catalyst surface to fine-tune the
adsorption energy (Fig. 22b), ensuring that reactants are neither
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excessively adsorbed (which would hinder desorption) nor insufficiently
adsorbed (which would impair effective adsorption). Therefore, the
abundance of metastable phase materials offers the necessary d-band
characteristics for various reactions, presenting a simple approach for
designing new catalysts.

Qiao et al. [30] found that Au/y-FeoO3 exhibits a higher CO con-
version rate compared to Au/a-Fe;O3 at low temperatures (Fig. 23a).
Through temperature-programmed reduction with CO (CO-TPR), mea-
surements showed that y-FepO3 is more readily reduced to Fe3O4 than
a-FepO3 after the introduction of Au species (Fig. 23b), thereby cata-
lyzing its reaction with CO. This performance difference is attributed to
variations in surface redox properties. Zhang et al. [29] found that Mn
on the surface of y-FeoO3 nanorods exhibited a low oxidation state due to
the strong Fe-Mn interaction, which was conducive for the formation of
iron carbide active phases, thereby achieving high selectivity for light
olefins in Fischer-Tropsch synthesis (Fig. 23c). Tour et al. [58] applied
DFT calculations and found that carbon vacancies dominate energy
changes in the Mo-C system, serving as a driving factor for the topo-
logical transition from $-MosC to a-MoC; _, and then to n-MoC; _, phase
(Fig. 23d). Ma et al. employed cubic a-MoC as a support in various re-
actions such as the water—gas shift reaction (WGS) [170-172], hydrogen
production from hydrolysis of ammonia borane [173], hydrogenation
reaction of quinoline [174], etc.

They synthesized layered Au clusters on a o-MoC substrate to
construct an interfacial catalyst system for the ultra-low-temperature
water-gas shift (WGS) reaction. Water was activated on the catalyst
surface at 303 K, while CO adsorbed on adjacent Au sites readily reacted
with surface hydroxyl groups generated from water dissociation,
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resulting in high WGS activity at low temperatures (Fig. 23e) [171,172].
Song et al. [175] reported that the activity improvement in the reverse
water gas shift (RWGS) reaction was induced by the phase transition of
Iny03 (Fig. 23f). At temperatures of 450 °C and above, hexagonal phase
Iny03 (h-InyO3) underwent phase transition to cubic phase InyO3 (c-
Iny03). DFT results revealed that the arrangement of surface oxygen on
the cubic polymorph was the key to fast adsorption of Hy, which facil-
itated the formation of oxygen vacancies and subsequent adsorption of
COo, resulting in high RWGS reactivity. Yan et al. found that rhombic
indium oxide outperforms the cubic polymorph in terms of photo-
thermal catalytic activity, long-term stability and selectivity for hydro-
genating gaseous CO2 to CO and CH3OH. Because the higher acidity and
basicity of the surface hindered Lewis pairs in the rhombic polymorph
more effectively than in the cubic polymorph [31]. Li et al. [133]
developed an explosive approach to synthesize pristine fluorite ZrOq
nanosheets. By integrating this material with a custom-built photo-
thermal reactor, they achieved a pure CO yield of 83 mmol g~ h™! and
a photochemical energy conversion efficiency of 12.3 % under 0.5 sun
irradiation. And the system also demonstrated considerable potential
under natural sunlight. Liu et al. [176] constructed a CuyO@CuS@SnS;
ternary core-shell thermal structure for efficient and selective photo-
thermal catalytic reduction of CO, to CoHg. Under light irradiation, the
photothermal effect of the CuS interlayer induces a temperature rise,
promoting the transformation of SnSy from the 2H phase to the 1T
phase, which exhibits enhanced C-C coupling activity. Moreover, this
phase transition significantly optimizes the dynamics of photogenerated
carriers, thereby accelerating the photoreduction reaction. This finding
also suggests that the structural specificity of metastable phase materials
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may result in higher thermal conductivity and lower thermal radiation
values, which could be advantageous for photothermal catalysis
[177-179]. Moreover, undiscovered metastable phase materials may
possess unique acid-base sites that could bring new opportunities for
catalysis.

Al-assisted discovery of novel metastable phase materials

The discovery of novel metastable phase materials remains a
considerable challenge, primarily due to the fundamental limitations of
conventional thermodynamic phase diagrams. These diagrams, tradi-
tionally employed to predict equilibrium phases, fail to account for the
complex formation of non-equilibrium products under fluctuating tem-
perature and pressure conditions, thereby constraining the ability to
predict and synthesize metastable phase materials with precision. This
underscores the need for advanced, non-equilibrium modeling tech-
niques to overcome these limitations and unlock new avenues in mate-
rial design. Recent advances in artificial intelligence (AI), machine
learning, and high-performance computing have paved the way for more
accurate predictions and exploration of metastable phases. This section
delves into the Al-assisted methodologies, including automated meta-
stable phase diagrams (Fig. 24a), that are revolutionizing our under-
standing of these materials and their potential applications.
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Researchers from the Argonne laboratory, for instance, have inte-
grated first principles physics and atomic simulations with machine
learning and high-performance computing to demonstrate the con-
struction of an automated metastable phase diagram. This framework
manages metastable structures from published literature/databases,
while automatically discovering, identifying, and exploring novel
metastable phase materials, and learning their state equations through
deep neural networks (DNNs). Using carbon, which has many meta-
stable allotropes as a case study, they constructed a metastable phase
diagram over a wide range of temperatures (0-3000 K), pressures
(0-100 GPa), and excess free energies (up to 400 meV atom™! higher
than thermodynamic equilibrium) [1]. Further research revealed that
the transformation barrier from graphite to Z-carbon phase is lower than
that from cubic diamond to the Z-carbon phase, indicating that graphite
is the preferred starting material for achieving the Z-carbon metastable
phase (Fig. 24b). The phase diagram provides a synthetic path to the
metastable phase, as shown in Fig. 24¢, showing a schematic diagram of
the synthetic path on the energy scale in the Mg-Mo-N composition
coordinate. The first step involves forming a high-energy, long-range
disordered but short-range ordered RS-MgMoNy 3D crystal structure
from gas-phase magnesium, molybdenum and nitrogen precursors. The
second step transforms this 3D metastable intermediate structure into a
stable layered 2D RL-MgMoNj-like structure with short-range and long-
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range cation order. In another example, SrTiOg is assigned to a set of
appropriately dense discrete positions in space to obtain a candidate
crystal structure, and then the structure prediction is completed by
locally minimizing the low-energy assignment to provide the lowest
energy structure with atomic positions in continuous space (Fig. 24d).
Aykol et al. [182] applied a fully ab initio procedure to approximate
the energy of corresponding amorphous states, and calculated the
amorphous structures of 41 materials along with the energy of their
crystalline polymorphs relative to the ground state. On the one hand, the
energy probability distribution functions (PDFs) of polycrystalline ma-
terials shows a heavy-tailed negative exponential distribution. On the
other hand, there was a significant overlap between the low energy tails
of the PDFs of the amorphous materials and the crystals. This suggests
that amorphous structures remain more thermodynamically competitive
and, to some extent, the amorphous phase structures are also metastable
(Fig. 25a). Combined with phase analysis, new types of computer pro-
grams are developed to solve very complex problems using powerful
algorithms and emerging quantum computers. Amil Merchant et al.
from Google DeepMind used deep learning to predict the structures of

622

2.2 million new materials, of which over 700 have been sucessfully
synthesized in the laboratory, greatly enriching the materials library
[183]. However, managing such a huge amount of predictive data is
challenging and inefficient relying solely on manual labor. In order to
bridge the gap between computational screening and experimental
realization of new materials, Ceder et al. built an autonomous experi-
mental platform for inorganic powder synthesis (Fig. 25b) [184]. The
platform integrates computational methods, historical data from the
literature, machine learning, and active learning to plan and interpret
the results of experiments conducted using robots. The synthesis formula
is generated by a natural language model trained on literature data and
optimized using a thermodynamics-based active learning method. The
laboratory synthesized various oxides and phosphates, including those
identified using large-scale ab initio phase stability data from the Ma-
terials Project and Google DeepMind. And the analysis of failed syn-
theses provides direct and actionable suggestions to improve current
material screening and synthesis design techniques.

Meanwhile, these combinations hold great potential to accelerate the
development of applications [185,186]. Likewise, the experimental
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complexity of the application grows exponentially with the number of
variables, limiting most searches to narrow regions of materials space.
Robotic autonomous searches can identify more active components and
can select beneficial elements while rejecting negative ones. This
modular approach can be deployed in traditional laboratories to address
arange of research questions related to new metastable phase materials.
Considering the above discussions, the in-depth understanding of
metastable phases has evolved from thermodynamic metastability to
dynamic metastability and further to external potential field meta-
stability, intertwined with concepts such as single atoms etc. By
combining advanced simulations, data-driven approaches, and powerful
computing technologies, researchers can now map out metastable pha-
ses with greater accuracy (Fig. 25c). Nevertheless, while these tools offer
considerable promise, the practical applicability of metastable phase
materials in industrial settings demands thorough, longitudinal valida-
tion and extensive research. It is essential to conduct a series of
comprehensive, multidimensional assessments to critically evaluate the
materials’ thermodynamic stability, scalability, and performance under
real-world conditions. Only through this rigorous approach can we
ascertain their viability for integration into complex industrial pro-
cesses, ensuring both reliability and operational sustainability over time.

The development of metastable phase catalysis requires a well-
defined roadmap to minimize interference from its corresponding sta-
ble phase (Fig. 26). Details are as follows, metastable phase catalysis
begins with the selection of catalytic scenarios, such as photocatalysis,
electrocatalysis, or thermal catalysis. Catalyst design is then carried out,
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involving metals, compounds, or metastable phases predicted by Al or
databases. Next, suitable synthesis strategies, including wet chemical,
mechanochemical, or chemical vapor deposition methods, are
employed. Subsequently, accurate characterization techniques,
including X-ray diffraction and Raman spectroscopy, are used to ensure
precise phase identification and structural analysis. Following charac-
terization, catalytic performance is systematically evaluated in terms of
yield, selectivity, durability, and scalability. The post-reaction di-
agnostics help to clarify phase evolution under working conditions.
Furthermore, structure—activity relationship associated with high Gibbs
free energy and variations in d-band centers are established. These in-
sights, in turn, inform downstream development efforts that focus on
exploiting thermodynamic and kinetic advantages, enabling automated
synthesis, and assessing economic feasibility for potential large-scale
applications.

Conclusions and prospects

In summary, we first introduced the concept of metastable phase
catalysis to highlight the significance of metastable phase functionali-
zation, followed by an in-depth exploration of the broader concept of
metastability. In particular, we discussed the emerging phenomenon of
dynamic metastability. We examined experimental strategies for regu-
lating the stability of metastable phase materials during synthesis and
demonstrated that these metastable phase materials can be functional-
ized while simultaneously enhancing their thermal stability. We also
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summarize the thermodynamic-kinetic adaptability of metastable phase
materials under the influence of various external stimuli, including
electricity, light and heat. These stimuli exhibit both distinct and over-
lapping effects on material behaviour. This adaptability is well exem-
plified in metastable metal oxides, where the interplay between lattice
distortion, surface energy, charge transfer, and defect formation governs
reactivity and selectivity across thermal, photo-, and electrochemical
applications. We further discussed the potential of machine learning and
theoretical calculations in studying metastable phase materials, and
extended thermodynamic metastable phase materials to broader sys-
tems such as dynamic metastable phase materials. However, the inte-
gration of most metastable phase materials into the catalytic industry
remains limited. Firstly, the development of metastable phase materials
still relies on tedious experimental verification, and the inherent thermal
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instability poses challenges for macroscopic preparation, intrinsic
properties, and easily occurring phase transition features of pure phase
materials in practical application environments. Furthermore, modifi-
cations aimed at stabilizing metastable phase materials are constrained
by their inherent instability, which affects the catalyst’s long-term ser-
vice life. Additionally, the micro mechanisms of transformations be-
tween different phases is still controversial, lacking a unified theoretical
explanation. Therefore, in order to further enhance the application po-
tential of metastable phase materials, it is necessary to consider the
following aspects:

L. Developing efficient and high-quality synthesis processes for
metastable phases: At present, the yield of metastable phase
materials in the laboratory is poor, with numerous defects,



Y. Zhang et al.

Catalytic scenarios: photocatalysis,
electrocatalysis, thermal catalysis,
cross catalysis.

v

Catalyst design: metal, compound, or
other (metastable phase based on Al

Materials Today 90 (2025) 598-628

Catalytic test: vyield, selectivity,
durability, in-situ evolution, scale up,
or other.

After catalytic test: X-ray diffraction,
Raman spectroscopy, time-of-flight
secondary ion mass spectrometry, or

or databases). other. S4 .Q" .
-@&¢-
LY M
o] &
x VA
>* 9 Accurate  characterization:  X-ray Downstream stages: thermodynamic
diffraction, Raman spectroscopy, and Kinetic advantages, automated
crystal structure fitting synthesis, economic evaluation.
Synthesis strategy: wet chemical Structure-activity relationship: high

II.

111

method, mechanochemical method,
chemical vapor deposition, or other.

Gibbs free energy, d-band center
theory

Fig. 26. A roadmap for developing metastable phase catalysis.

preventing full utilization of their intrinsic properties. In addi-
tion, emphasis should be placed on the preparation of metastable
single crystals and the measurement of their electrical, magnetic
and optical properties. By combining the thermodynamic prop-
erties of metastable phases, mechanochemical techniques that
can rapidly and precisely adjust temperatures and pressure
should be developed. This methodology may facilitate better
control of the delicate balance between kinetics and thermody-
namics, allowing the stabilization of phases that are otherwise
inaccessible.

Stabilizing metastable phase materials in different catalytic en-
vironments: Efficient strategies should be explored to enhance
thermal and chemical stability, ensuring that their unique prop-
erties are retained under operational conditions. Some of the
techniques include doping to suppress atomic movement, surface
coatings to suppress volume expansion and protection of the
metastable phase from external environmental factors, such as
oxygen, moisture, or reactive gases, that might otherwise desta-
bilize it. Template support is another effective technique to
counteract volume shrinkage and help maintain the metastable
phase even under high temperatures or reactive conditions.
Deepening the understanding of active phases in metastable
phase materials during practical reactions: for stable phases,
research typically centers on identifying and optimizing the
active site of mesophases that drive catalytic performance.
However, metastable phase materials present unique challenges
and opportunities, as their active phases can be more dynamic
and less well-defined. It is crucial to first isolate the active phase
during actual catalytic reactions, as metastable phases can un-
dergo transformations under reaction conditions that affect their
performance. This requires real-time monitoring techniques to
capture transient states and dynamic changes in the catalyst
structure. Once isolated, a detailed analysis of the electronic
structures and active sites of these metastable phases is necessary
to understand how they influence catalytic activity, selectivity,
and stability. Investigating the interaction between the electronic
configuration of active sites and reactants can reveal key insights
into reaction pathways, energy barriers, and the overall effi-
ciency of the catalytic process. So researchers can unlock new
levels of performance that are not achievable with stable phases
alone.
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IV. Advanced characterization technologies have revolutionized

materials research by enabling atomic-scale, real-time observa-
tion of dynamic processes. While metastable phase transitions
have long concerned material scientists, traditional static obser-
vation methods failed to capture transient intermediate states. A
critical challenge lies in developing non-destructive analysis
techniques for metastable phase structures, where in situ envi-
ronmental electron microscopy and atomic tomography have
emerged as a powerful tool to explore transition micro-
mechanisms. Cryo-electron microscopy preserves delicate struc-
tures during imaging, while operando spectroscopy (including
synchrotron X-ray diffractometer, X-ray absorption spectroscopy,
Raman spectra and infrared spectrum) reveals reaction pathways
at active sites. These in situ techniques combine with emerging
methods like Al-enhanced analysis and quantum sensing to pro-
vide comprehensive understanding of phase transitions in cata-
lysts, energy materials, and biological systems. This paradigm
shift enables unprecedented insights into metastable phenomena,
from initial nucleation stage to final phase selection, fundamen-
tally transforming our ability to design and optimize advanced
functional materials.

. Constructing metastable phase diagrams using machine learning

and DFT calculations: Traditional phase diagrams primarily de-
pict stable phases under equilibrium conditions, but the con-
struction of metastable phase diagrams requires a different
approach due to their complex, non-equilibrium nature. By uti-
lizing machine learning and DFT calculations, researchers can
predict and map the stability ranges and transformation path-
ways of metastable phases. The concept of metastable phases
extends beyond conventional crystalline materials to include
complex systems like amorphous materials, high-entropy mate-
rials, and atomic scale materials. The construction of metastable
phase diagrams using these advanced computational tools re-
quires collaboration of computational scientists who can develop
and refine algorithms, validate predictions against experimental
data, and interpret results to provide actionable insights. This
interdisciplinary approach not only accelerates the discovery of
new metastable phase materials but also guides their practical
development by identifying optimal synthesis routes, predicting
performance under different conditions, and suggesting modifi-
cations to enhance stability.
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