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ABSTRACT: Thermodynamic metastable nanomaterials display attractive
properties due to their unique atom configuration and microstructure, distinct
from their counterparts found in equilibrium phase diagrams. However, their
fabrication remains a grand challenge because conventional methods are
generally operated under near-equilibrium conditions. To break the
thermodynamic limits for discovering novel materials, numerous fabrication
methods by adopting extreme strategies have been developed, including
ultrafast synthesis, Joule heating, carbon thermal shock, pulse heating, extreme
temperature gradients, and rapid solidification. A common feature of these
methods is that the target material is processed under a far-from-equilibrium
(FFE) thermodynamic state, where a new kinetic route is created for the
evolution of an unprecedented composition/structure. In this review, we provide a unifying view and guiding strategies for
engineering FFE environments during materials synthesis, categorized within both temporal and spatial dimensions of the
thermodynamic landscape. Furthermore, we highlight the potential of FFE materials, not only as platforms for deeper
understanding nonequilibrium behaviors, but also as a framework for designing innovative materials for advanced
technologies.

Novel and high-performance materials play a crucial
role in advancing high-technologies and addressing
sustainability challenges.1,2 A primary scientific

objective in materials research is to develop synthesis and
treatment strategies that yield materials with exceptional
properties for diverse applications by precise atomic manipu-
lation.3,4 In energy harvesting and conversion, for instance,
nanoscale electrocatalysts efficiently convert renewable elec-
tricity into chemical energy, paving the way for a sustainable
future.5−7 Lightweight yet robust alloys engineered through
advanced manufacturing techniques enable fuel-efficient trans-
portation.8−10 Due to the vast diversity of materials, numerous
processing methods, including top-down and bottom-up, have
been developed to create target materials with tunable
composition, morphology, size, and microstructure.11,12

Despite significant advancement, materials developed to date
are dominated by thermodynamically stable phases and
microstructures,13 as most synthesis methods operate under
near-equilibrium thermodynamic conditions. This thermody-
namic constraint limits the discovery of promising materials
that inherently exist far from equilibrium.14 To overcome this
constraint and broaden the scope of material exploration, it is

essential to develop new synthesis methodologies with distinct
thermodynamic and kinetics features.
Materials processing for synthesis purposes is the art of

manipulating atoms. A multitude of individual subprocesses of
atomic movement is involved, ultimately shaping the final
structure of the final material through a balance of
interconnected subprocesses.15,16 For example, the solution
synthesis of multicomponent alloy nanostructures for catalysis
involves a series of distinct subprocesses: reduction of metal
salt precursors, nucleation, alloying driven by interfacial energy
minimization, and nanostructure growth.17,18 Each step is
influenced by thermodynamic factors such as temperature,
constituent concentration, and surfactant presence, which
together shape the final structure.19−21 While high temper-
atures favor alloying and uniform distribution of multiple
elements, they can be detrimental to achieving high specific
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surface area due to coarsening.22 Thus, synthesis is far more
complex than mere mixing and heating; it is a symphony of
atomic movements guided by thermodynamic principles and
orchestrated by experimental conditions. Understanding and
controlling these processes are essential for designing and
fabricating materials with tailored properties for diverse
applications.23

To fabricate materials with optimal microstructure, the
interplayed subprocesses must be decoupled to ensure that
only the desired processes proceed at a dominant rate. A
significant challenge lies in simultaneously controlling
thermodynamic and kinetic factors to selectively accelerate a
specific subprocess while freezing the others.24,25 Achieving
this often requires extreme processing conditions, such as rapid
heating, cooling, or the application of electric fields, to direct
the material into configurations that traditional near-equili-
brium methods cannot reach. Due to its potential to address
the challenge, far-from-equilibrium (FFE) processing has
attracted significant scientific attention recently. For instance,
Hu et al. demonstrated that a heating pulse can resolve the
conflict of alloying and particle growth.14 By rapidly heating
precursors to temperatures exceeding 1500 K within sub-
seconds, they successfully produced high entropy nanoparticles
in solid-solution state with uniform distribution,26 and even the
mixed metals are immiscible under thermodynamic equili-
brium.27 The core concept underlying FFE synthesis involves
subjecting the system to extreme environments during
fabrication, thereby allowing nonequilibrium microstructures
to be kinetically trapped. Recent advances have introduced
various FFE strategies, enabling the fabrication of materials
with compositions and structures significantly different from
those achievable at or near equilibrium. Consequently, FFE
processing represents a paradigm shift in materials science,
opening up new possibilities for creating structures and
functionalities unattainable through conventional near-equili-
brium methods.23

This review provides a comprehensive examination of the
fundamentals and applications of FFE strategies for materials
processing, focusing on methods that manipulate the

thermodynamic Gibbs free energy (ΔG). Particular emphasis
is placed on the effects of varying the temperature (ΔT) and
voltage (ΔE). We discuss the underlying principles, challenges,
and opportunities associated with far-from-equilibrium materi-
als, highlighting their distinctive properties that make them
well-suited for a wide range of applications. Moreover, we
present recent advancements in the preparation of both
functional and structural materials using FFE techniques,
illustrated with specific examples. We hope this review inspires
fresh ideas for designing materials with broad applications and
fosters further innovations in the field of materials science.

■ FUNDAMENTALS OF FAR-FROM-EQUILIBRIUM
PROCESSING

Far-from-equilibrium (FFE) behaviors are pervasive in nature
and material systems.28 During material synthesis, whether
through precursor-to-product conversion or phase trans-
formations, the free energy is determined by key thermody-
namic parameters such as the temperature, pressure, and
applied potential (as illustrated in Figure 1). While

thermodynamics defines the equilibrium atomic configuration
of a solid material, the process that shapes this configuration is
governed by kinetics. Under nonequilibrium conditions, the
difference in free energy (ΔG) acts as the driving force for
processes such as nucleation and crystal growth. The synthetic
system thus finds a specific atomic configuration that occupies
the minima in the free energy landscape, as depicted in Figure
1b. Both thermodynamic stable and metastable configurations
exist within this landscape, corresponding to the global and
regional minima, respectively. At either state, the composition
and structure of the material are expected to remain stable, at
least over the time scale of functioning. However, during
synthesis, the material system may traverse a series of
metastable states before reaching its final form. Analogous to
chemical reactions, the selection of the final product is strongly
influenced by kinetics. By exploiting the complex interplay
between thermodynamics and kinetics,29 researchers have
successfully synthesized diverse materials with remarkable
properties by kinetically trapping nonequilibrium states. In
particular, imposing far-from-equilibrium conditions during
synthesis enables the creation of unconventional materials with
a large kinetics barrier (Ea), such as high-entropy nanomateri-
als and bulk-immiscible nanoalloys.

The core concept underlying FFE syn-
thesis involves subjecting the system to
extreme environments during fabrica-
tion, thereby allowing nonequilibrium
microstructures to be kinetically trap-
ped. Recent advances have introduced
various FFE strategies, enabling the
fabrication of materials with composi-
tions and structures significantly dif-
ferent from those achievable at or near
equilibrium. Consequently, FFE pro-
cessing represents a paradigm shift in
materials science, opening up new
possibilities for creating structures and
functionalities unattainable through
conventional near-equilibrium meth-
ods.

Figure 1. Potential energy landscape schematically illustrating the
distinction between thermodynamic products and kinetics-
controlled products during materials preparation. (a) The free
energy of two configurations as a function of thermodynamic
parameters such as temperature, pressure, and applied potential
bias. (b) Evolution of free energy during material processing.
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Far-from-equilibrium (FFE) is a concept relative to near-
equilibrium. The thermodynamic state of a material system can
be defined by the Gibbs free energy (G), which depends on
enthalpy (H), entropy (S), and temperature (T) as given by G
= H − TS. When an electric field is applied via a bias potential
(ΔE), G can be expressed as G = H − TS + nFΔE. An FFE
thermodynamic environment can be established by tuning its
components in temporal or spatial dimensions, as depicted in
Figure 2. The most direct approach is to change the

temperature. For instance, a heat pulse rapidly stimulates the
system to the thermodynamic state with substantial free energy
change (ΔG), enabling capture of atomic configuration of a
high temperature in a material system that contains several
interplay processes with different kinetic features. This concept
has been demonstrated by Hu’s group in synthesizing high-
entropy alloy nanoparticles through carbothermal shock
methods.26 Under a temporal FFE environment produced by
pulse heating, high-entropy alloy nanoparticles containing 5−8
elements in an equimolar ratio26 form, while their growth is
inhibited. Similarly, a large spatial gradient of ΔG in space
offers another route to facilitate a kinetics-dominant process
for the synthesis and processing of materials by providing a
large driving force. Detailed applications of FFE synthesis and
processing, including Joule heating, millisecond pyrolysis,
pulsed electrosynthesis, laser-assisted 3D printing, plasma
electrolysis, and arc-discharging, are discussed in the following
sections.

■ FFE STRATEGIES FOR SYNTHESIS AND
PROCESSING

Temporal Regulation of Temperature (ΔT). Far-from-
equilibrium processing subjects materials to conditions that
deviate substantially from thermodynamic equilibrium, offering
a distinctive pathway for creating novel materials with
properties unattainable through conventional equilibrium-
based methods.14 Among the various thermodynamic param-
eters, temperature represents a fundamental one that
significantly influences atomic interactions, dictating the stable
structures and compositions of materials across different
temperature regimes.30 Even in conventional synthesis or

processing of solid materials, precise control of temperature is
of paramount importance.31 The widespread adoption of high-
temperature synthesis techniques has expanded the exploration
of metastable materials. As illustrated in Figure 2, the key for
FFE processing through temperature is to impose a significant
temperature gradient in temporal and/or spatial dimensions so
that a steep gradient in free energy can be realized. Following
this principle, various processing strategies have been
successfully developed.
In terms of temporal dimension, traditional near-equilibrium

thermochemical methods exhibit relatively small temporal
gradients, typically characterized by slower heating and cooling
rates. In contrast, FFE techniques that employ substantial
temperature gradients in time dimension, i.e., short-term pulse
heating, can establish kinetic dominance and create the
nonequilibrium thermodynamic conditions. Essentially, the
pulsed heating provides significant thermodynamic driving
forces while simultaneously restricting atomic diffusion,
thereby facilitating the controlled fabrication of solid nanoma-
terials. Atomic diffusion, a thermally activated process, is
described by the Arrhenius equation:

D D H
k T

exp0
B

=
i
k
jjjjj

y
{
zzzzz (1)

where D is the diffusion coefficient, D0 is the pre-exponential
factor, ΔH is the activation enthalpy, kB is the Boltzmann
constant, and T is the temperature. According to the equation,
atomic diffusion can be significantly suppressed by decreasing
the temperature during processing. Consequently, achieving a
kinetically controlled synthesis of solid nanomaterials requires
confinement of atomic diffusion within extremely short
timeframes.
Following the aforementioned principles, various fast-

heating methods have been developed to fabricate materials
of unique microstructures and compositions including both
structural and functional materials. For tailoring the micro-
structure of steels and nonferrous alloys, techniques such as
resistance heating, induction heating, and plasma discharge
heating are employed,32 as these methods can achieve a fast-
heating rate greater than 100 °C s−1. Due to the shortened
time available for recovery and recrystallization, fast heating
often results in a high density of dislocations, which
contributes to increased alloy strength. Figure 3a illustrates
this phenomenon by comparing the microstructure of an 80%
cold-rolled 5052 aluminum alloy annealed at a slow rate (5 °C
s−1) and an ultrafast rate (500 °C s−1).33 Different from the
uniform microstructure typically formed after conventional
slow heating, ultrafast heating yields a nonequilibrium “soft-
hard” microstructure, characterized by a mixture of substruc-
tured grains with high geometrically necessary dislocations and
recrystallized grains with a low dislocation density at a ratio
close to 1:1. The overlap of recovery and recrystallization
phases during ultrafast heating is the primary reason for the
formation of the unique mixed-grain microstructure, which
contributes to increased strength while maintaining ductility of
the Al-Mg alloy.
Another commonly observed effect of fast heating is grain

refinement. Yuan et al. reported the refinement of parent
austenite grains in low-carbon microalloyed steel by increasing
the heating rate to 120 °C s−1. This refinement was attributed
to the reservation of (Nb, Ti, V)C precipitates and dislocations
after a short heating period.34 Similar refinement has also been

Figure 2. Schematic representation of far-form-equilibrium ma-
terial synthesis regulated by thermodynamic parameters. G
denotes the Gibbs free energy, S the entropy, T the temperature,
n the number of electrons involved, F the Faraday constant, and E
the applied voltage.
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observed in low-carbon low-alloy quenching and partitioning
(Q&P) steels after ultrafast heating,9 which delays the
complete recrystallization of deformed ferrite and restrains
tempering of deformed martensite. Consequently, the high-
density residual deformation substructures enhance austenite
nucleation by increasing the number of nucleation sites and
promoting element partition. Fast heating also addresses the
inherent contradiction between a high solute concentration
and small grain size. Precipitation and grain refinement are two
fundamental strengthening mechanisms in alloy materials that
can be synergistically employed to maximize the strengthening
effect. In Mg alloy, the high concentration of solute necessary
for nanoprecipitation is often limited by solid solubility, as
exemplified by Gd in the Mg matrix. To achieve a high degree
of supersaturation of solutes in the matrix without excessive
grain growth, Li et al. proposed a short-time heat treatment on
Mg-RE-Ag alloys (where RE denotes rare earth elements).35

As depicted in Figure 3b, the solute concentration of RE and
Ag in the alloy matrix increases to 2.01% and 0.34%,
respectively, after short-time heating, while grain growth
remains limited compared to conventional heating.

The extreme temporal manipulation of the temperature is
realized through pulse heating and cooling. In 2018, Hu and
his colleagues introduced carbon thermal shock (CTS)
technology as a general method for alloying multiple elements
into high-entropy alloy (HEA) nanoparticles.26 Briefly, a
mixture of salt precursor MClxHy (M = Pt, Pd, Ni, Fe, Co, Au,
Cu, Sn, etc.) is initially loaded onto carbon nanofibers (CNFs).
As shown in Figure 3c, flash heating (∼105 °C s−1) to about
2000 K is applied to the CNF substrate for 55 ms using an
electric pulse, followed by rapid cooling (∼105 °C s−1). This
method leverages the high temperatures and rapid cooling to
drive rapid mixing and solidification of multiple metallic
elements that would otherwise be immiscible, resulting in HEA
nanoparticles up to eight elements with uniform distribution.
The fast heating/cooling method has been extended to the
synthesis of quinary high-entropy oxide.36 A homogeneous
precursor containing several metal chlorides was rapidly added
into sodium nitrate ionic melt at 350 °C, followed by fast
cooling to yield high-entropy oxide (RuIrFeCoNiO2) nano-
particles.36 The rapid cooling promotes nuclei formation with a
random orientation distribution and suppresses crystal growth.

Figure 3. Far-form-equilibrium materials processing by manipulating temperature in the time dimension. (a) Microstructure of cold-rolled
Al-Mg alloy after conventional slow heating and ultrafast heating treatment. The latter generates a mixture of hard grains with highly
geometrically necessary dislocations and soft grains with low-density dislocations. Reproduced with permission from ref 33. Copyright 2024
Elsevier. (b) Evolution of grain size and solute element concentration in matrix of Mg-RE-Ag alloy as a function of heat treatment time.
Reproduced with permission from ref 35. Copyright 2024 Elsevier. (c) Generation of thermal shock from a 55 ms current pulse and the
corresponding temporal evolution of temperature for the preparation of HEA nanoparticles with uniform element distribution. Reproduced
with permission from ref 26. Copyright 2018 American Association for the Advancement of Science. (d) Upper: Comparative schematic
diagrams of synthesizing bimetallic nanoparticles using the far-from-equilibrium HTR method versus the near-equilibrium TFA method.
Reproduced under the terms of the Creative Commons CC BY license from ref 39. Copyright 2016 Springer Nature. Lower: High-
temperature pulse method for the redispersion of Pt NPs. Reproduced with permission from ref 40. Copyright 2020 American Chemical
Society. (e) Influence of thermal pulse on synthesizing MOF-derived metal NPs. Reproduced with permission from ref 43. Copyright 2022
Elsevier.
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As a result, the obtained RuIrFeCoNiO2 nanoparticles have
abundant grain boundaries that enhance catalytic activity.
Following Hu’s pioneering work, various methods to

generate high temperature pulse have been developed,
including Joule heating, laser heating, and microwave treat-
ment.37,38 And the application has been extended beyond the
preparation of metastable nanomaterials to include solid waste
treatment, the evaporation of precious metals, and ceramic
sintering. Chen et al.39 report that uniformly distributed
nanoparticles with a diameter of about 10 nm can self-assemble
on a reduced graphene oxide matrix in just 10 ms (Figure 3d).
More importantly, high-temperature pulse treatment could
transform large aggregated particles into nanoscale materials.40

By applying a thermal shock (∼1500−2000 K) for a very short
time (100 ms) followed by rapid quenching back to room
temperature at 105 K/s, micrometer-sized metal oxide particles
are redispersed into metallic nanoparticles of ∼10 nm in size.
This counterintuitive change in particle size reflects the distinct
nature of far-from-equilibrium processing. The advantage of
FFE synthesis has been demonstrated by comparing with the
traditional tube furnace annealing (TFA) method that is
difficult to balance particle size, dispersion, and grain
coarsening.41 It was found that the FFE ultrafast high-
temperature irradiation (HTR) method enables the fabrication

of ultrafine bimetallic alloy nanoparticles with a narrow size
distribution (∼10−20 nm) and uniform dispersion.
A high-performance catalyst requires not only exceptional

intrinsic activity at the reactive sites but also a high loading
density. Therefore, synthesizing supported catalysts with an
elevated loading content is paramount. However, agglomer-
ation often occurs when increasing the number of nano-
particles supported on a specific substrate.42 To overcome this
limitation, FFE methods have been applied to prepare
supported nanocatalysts, achieving both high metal loading
and ultrasmall size simultaneously. Figure 3e illustrates the
utilization of millisecond pyrolysis technology to trade-off
ultrasmall size and high loading in metal−organic framework-
derived metal nanoparticles.43 Through rapid pyrolysis of
MOFs (at ∼1000 °C within 0.3 s), controlled synthesis of
metastable ultrasmall non-noble metal nanoparticles (NPs) is
accomplished. In this process, the rapid pyrolysis under FFE
conditions induces only the initial nucleation, preventing
Ostwald ripening or further coalescence, thereby enabling the
creation of innovative FFE materials with a high metal loading
and ultrasmall size. Using carbon nanofiber film as a heater, the
high treatment temperature (∼1500−2000 K) is quickly
reached and maintained for a very brief duration (100 ms),
followed by rapid quenching to room temperature to impede

Figure 4. Far-from-equilibrium materials obtained by controlling temperature (ΔT) on a spatial scale. (a) Temperature field within 3D-
printed materials during processing and the resulting highly metastable microstructure of multicomponent eutectic alloys. Reproduced with
permission from ref 44. Copyright 2022 Springer Nature. (b) Comparison of direct cooling and twin-cooling field solidification techniques
along with their respective microstructures. Reproduced with permission from ref 48. Copyright 2022 Elsevier. (c) The in situ preparation of
the hierarchical structured Au/MgO catalyst on a Mg substrate by an instant high-temperature interfacial plasma electrolytic oxidation
process. Reproduced with permission from ref 50. Copyright 2019 Royal Society of Chemistry. (d) Schematic of the arc-discharged
approach for synthesizing HEA-NPs. Reproduced with permission from ref 55. Copyright 2022 Wiley.
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sintering.40 Under such FFE conditions, large aggregated metal
oxide particles were dispersed into uniformly distributed
metallic nanoparticles on the substrate. In contrast to
conventional near-equilibrium redispersion treatments, this
method yields superior particle dispersion, smaller sizes, and a
significantly faster preparation speed.
Spatial Regulation of Temperature (ΔT). In most

materials processing techniques, materials are heated to high
temperatures by using external energy sources such as
radiation, convection, or conduction. This often creates a
spatial temperature gradient within the material due to a
mismatch between the energy source and the heated region.
When the temperature gradient is sufficiently large, it
establishes a far-from-equilibrium environment for the
constituent atoms, enabling the formation of unconventional
microstructures by tuning the relative kinetics of dependent
processes, such as atomic diffusion, grain growth, and element
alloying.
In the field of structural materials, two typical examples of

materials processing under large temperature gradients are
additive manufacturing44 and surface strengthening treat-
ment.45 The former fabricates components via a layer-by-
layer strategy, where a thin layer of metal powders is spread on
a solid metal substrate and then selectively melted by a laser or
electron beam,46 as schematically illustrated in Figure 4a. The
melted alloy can reach high temperatures exceeding 2000 K in
localized areas, resulting in a large temperature gradient.47 It is
important to note that the spatial gradient of temperature is
linearly correlated to a cooling rate for additive manufacturing
processes, including laser powder bed fusion (L-PBF), laser
directed energy deposition (L-DED), wire arc additive
manufacturing (WAAM), conventional casting (CC), and
directional solidification (DS).44 L-PBF, the most prevalent
metal additive manufacturing technique, exhibits extremely
high cooling rates and thermal gradients. Therefore, a unique
type of far-from-equilibrium microstructure in the form of
dual-phase nanolamellae embedded in eutectic colonies in an
AlCoCrFeNi2.1 eutectic HEA is produced through diffusion-
limited solidification in the L-PBF process.
However, it should be noted that a large temperature

gradient can, in some cases, be detrimental to the formation of
the desired microstructures. For instance, coarse-grained
dendritic microstructures and negative segregation are
frequently observed in cast alloys, limiting the performance
of downstream products. This is primarily attributed to the low
cooling rate imposed by thermal conductivity, which maintains
the interior of the material at a relatively high temperature for
extended periods. To address the issue, Qin et al.48 proposed
the concept of twin-cold field for casting. The core principle
involves immersing an alloy rod of the same composition as
the ingot into the melt along the central axis of a hot-top. The
immersed rod acts as a “cold source” that dissipates the latent
heat of solidification at the center of the ingot. Thus, the
equilibrium conditions controlling dendrite formation during
solidification is disrupted. As shown in Figure 4b, the curvature
of the liquid/solid interface is noticeably reduced by the
immersed cold rod, which is beneficial for refining crystal
grains. By applying this concept to the casting of 2024 Al alloy,
the average grain size at the ingot center was decreased by 40%
to 721 μm compared to conventional casting due to an
increase in nucleation sites. And homogeneity of the grain size
along the radical direction is significantly improved.

A steep temperature gradient can be established at the
solid−liquid interface by imposing a large voltage (generally
exceeding 100 V) to induce discharging, particularly on the
surface of valve metals, such as Mg, Al, and Ti. Plasma
electrolytic oxidation (PEO), based on the discharging
phenomena, is widely used to prepare inorganic protective
layers on these metals.49 Recently, Li and Qin extended this
method to fabricate structured catalysts composed of
mesoporous oxide-supported nanometals.50 Figure 4c illus-
trates the growth of the Au/MgO catalyst layer on the Mg
substrate. Briefly, a magnesium plate and a stainless-steel plate
are placed in an electrolyte containing precursor salt
(HAuCl4), acting as the anode and cathode, respectively.
Shortly after application of a high voltage, the Mg surface is
heated to an extremely high temperature, facilitating the
decomposition of the precursors and forming Au NPs
encapsulated in porous MgO. The temperature gradient at
the interface can be intensified further by cooling the system
with liquid nitrogen. As a result, a reactive and far-from-
equilibrium environment is setup, decreasing the average size
of deposited Au nanoparticles from 6.9 to 2.9 nm.50 The Au/
MgO catalyst prepared by this interfacial PEO method exhibits
exceptional high thermal stability due to the anchoring effect of
abundant oxygen vacancies.42 Using this method, a variety of
structured catalysts, including Ru, Pd, Pt, and their alloys, have
been prepared on the bulk surfaces of Ti and Mg.51

Arc discharge between two electrodes also generates
thermodynamic states far-from-equilibrium by applying high
voltage (Figure 4d).52 This technique was initially developed
for synthesizing carbon nanotubes (CNTs) and has since been
extended to a broad range of carbon-based materials. Arc
discharge synthesis is typically conducted within a chamber
utilizing two electrodes. One packed with a carbon precursor
packed with a metal catalyst is usually used as the anode, while
the other, the cathode, is made of pure graphite. The arc
current generates plasma at a very high temperature of
∼4000−6000 K, vaporizing the carbon precursor and catalyst.
The resulting carbon vapor, along with the catalyst particles,
condenses on the cooler cathode or chamber walls, forming
CNTs.53 Heteroatom-doped carbon materials can be prepared
by introducing doping elements into the chamber gas or into
the anode as a filler. Kim et al. enhanced the doping efficiency
in N-doped graphene through arc discharge by incorporating
polyaniline as anodic carbon fillers, achieving a high doping
level of ∼3.5% while maintaining high crystallinity.54 Owning
to the FFE nature of the arc discharge, high-entropy
nanoparticles with a graphite shell (HEA@C-NPs) have
been prepared. As shown in Figure 4d, the core−shell
structure was formed by arc-discharging a cylindric target
comprised of high-entropy alloys in a flow of methane and
argon (CH4:Ar = 2:1).55 By adjusting the cooling rate and
vapor pressure in the chamber, composite supermixed
nanoparticles consisting of up to 21 elements were
synthesized.52

Electrochemical Regulation. In electrochemical pro-
cesses, the thermodynamic conditions of the synthesis system
can be significantly and promptly altered by adjusting the
electrode potential, as described by the Nernst equation ΔG =
−nFE (n is the number of electrons involved, F is the Faraday
constant, and E is the cell potential). In this context, the
electrode potential in electrochemical processes plays a role
analogous to that of temperature in thermal activation-
controlled growth kinetics. Noting the change in Gibbs free
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energy (ΔG) can easily be induced by electrode potential at
the eV level, which is much larger than thermal energy at room
temperature (kBT, ∼25 meV), it is convenient to create an FFE
environment by regulating the electrode potential. In thermal
chemistry, especially through high-temperature pulse techni-
ques, the initiation and subsequent quenching of heat pulses
involve intricate processes of energy conversion, transfer, and
dissipation. The regulation of heat treatment over temporal
scales (seconds or submilliseconds) heavily depends on factors
such as thermal conductivity, specific heat capacity, and reactor
design. In comparison, electrochemical methods allow for the
regulation of Gibbs free energy (ΔG) by simply applying a
potential bias (E) to the electrode.
Conventional electrochemical deposition of alloy nanostruc-

tures is typically conducted at mild potentials that are cathodic
to but not significantly distant from the standard reduction
potential (E0) of the constituent elements. Under these
conditions, phase separation frequently occurs rather than
the formation of alloys with uniform element distribution. To
fabricate hierarchical nanostructures of high-entropy alloys
(HEAs), we recently proposed a far-from-equilibrium electro-
synthesis strategy.56 As shown in Figure 5a, alloys are
electrodeposited from an electrolyte containing multiple
metal precursors (e.g., chlorides of Cr, Fe, Co, Ni, and Cu).
A strong correlation between the configuration entropy
(ΔSmix) of the alloy and the applied potential was found. At
a high potential of 6.4 V, the ΔSmix of the synthesized alloy
surpasses the criterion for HEA (1.5R). The synthesized HEAs

exhibit a uniform element distribution, even at the atomic
scale, indicating that the disparity in reduction potentials
among the multiple metals has been effectively mitigated (i.e.,
Ea ≫ E0) under FFE conditions. Moreover, these HEAs have a
hierarchically porous structure, making them suitable for
electrocatalytic applications. This FFE electrosynthesis strategy
holds general significance, as it represents a general approach
for fabricating self-supporting HEA electrodes.
Electrochemical processes enable the fabrication of meta-

stable materials that are often unattainable through thermo-
chemical methods. A notable class of metastable materials is
bulk-immiscible nanoalloys, which tend to phase-separate into
distinct components under equilibrium conditions due to their
immiscibility in their bulk form. These nanoalloys frequently
exhibit enhanced catalytic activity or mechanical strength. For
instance, tandem catalysis, which involves catalytic roles of two
distinct sites, is an effective strategy to circumvent the
limitations imposed by the linear scaling relationship in
electrocatalytic CO2-to-C2H4.

59 While Ag and Cu are efficient
in forming *CO intermediates and dimerization of *CO,
respectively, synthesizing CuAg nanoalloys with random and
uniform distribution remains challenging due to the inherent
immiscibility at ambient temperatures. Figure 5b illustrates
FFE electrosynthesis of solid-solution CuAg nanoalloy starting
from the parent oxide Ag2Cu2O3.

57 By subjecting the
Ag2Cu2O3 nanorods to a large cathodic potential, significantly
exceeding the standard reduction potentials of Cu2+/Cu0 and
Ag+/Ag0, the FFE environment enables the simultaneous and

Figure 5. Far-from-equilibrium materials obtained by controlling voltage (ΔE). (a) Illustration of far-from-equilibrium electrosynthesis
showcasing the preparation and characterization of FeCoNiCrCu HEAs. Reproduced with permission from ref 56. Copyright 2023 Elsevier.
(b) Solid-solution CuAg alloy prepared by electrochemical starting from the parent oxide. Reproduced with permission from ref 57.
Copyright 2022 Royal Society of Chemistry. (c) Pulsed electrodeposition of metastable Pd31Bi12 nanoparticles. Reproduced with permission
from ref 58. Copyright 2020 American Chemical Society.

ACS Materials Letters www.acsmaterialsletters.org Review

https://doi.org/10.1021/acsmaterialslett.4c01952
ACS Materials Lett. 2025, 7, 319−332

325

https://pubs.acs.org/doi/10.1021/acsmaterialslett.4c01952?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.4c01952?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.4c01952?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.4c01952?fig=fig5&ref=pdf
www.acsmaterialsletters.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.4c01952?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


rapid reduction of Cu and Ag cations within Ag2Cu2O3.
Moreover, limited atomic diffusion at mild temperatures
ensures mixing of Cu and Ag at the atomic scale. As revealed
by energy dispersive spectroscopy (EDS) mapping, Cu and Ag
atoms are uniformly distributed in the electrosynthesized
CuAg nanoalloy.
In solid-solution alloys, metal atoms are generally randomly

distributed within the lattice, imposing constraints on the
precise manipulation of the microenvironment of reactive
centers. In contrast, constituent atoms are periodically
arranged by strong ionic and/or electronic interactions in
ordered intermetallic compounds, bridging the gap between
traditional metal nanocatalysts and the single-atom catalysts.60

Hall et al. developed a FFE method through pulsed
electrodeposition at room temperature for synthesizing
metastable ordered intermetallic Pd31Bi12 nanoparticles.58 As
shown in Figure 5c, a pulsed potentiation waveform at a large
overpotential was applied to initiate uniform nucleation on a
carbon substrate followed by constant-potential deposition to
grow the deposited nuclei. The applied potential (−0.35 V vs
NHE) is higher than the minimum potential needed to deposit
Pd or Pd-Bi alloys, facilitating access to the nonequilibrium
environment. The synthesized Pd31Bi12 nanoparticles exhibit a
surface area of ∼37 m2/g, nearly 40 times greater than that of
the low-porosity thin film generated by conventional electro-
deposition processes.

■ UNIQUE PERFORMANCE OF FFE MATERIALS
The performance of materials is intricately linked to their
structures. Far-from-equilibrium materials, synthesized in
extreme environments, exhibit distinctive structures that
deviate significantly from those of conventional materials.
Consequently, these unconventional structures have opened
the door to unique functionalities (Figure 6a). This section
focuses on how materials prepared via far-from-equilibrium

processes exhibit remarkable performance due to their unique
structures, including both structural and functional materials.
For structural materials, FFE processing provides a feasible

route to reach breakthrough mechanical properties by the
formation of unprecedented microstructures. For example,
alloys produced through rapid solidification demonstrate
exceptional mechanical strength due to their extremely small
grain sizes. An extremely short heat treatment (ESHT)
generated an ultrafine-grained, weakly textured Mg-RE-Ag
extruded alloy with numerous dynamic precipitates (Figure
6b).35 The FFE process greatly increased the concentration of
the main solutes in the matrix, promoting precipitation of
nanoprecipitates (prismatic β′ and basal γ″) without excessive
grain growth. The precipitation hardening response (ΔHV =
37.2 HV) and yield strength were significantly enhanced.
Moreover, FFE methods are used to enhance the impact

resistance and thermal stability of composite materials with
layered or gradient structures. Dual-phase nanolamellar high-
entropy alloys (HEAs) were manufactured using large
temperature gradient and rapid cooling, exhibiting high yield
strength (Figure 6c).44 The high strength arises from the
alternating face-centered cubic and body-centered cubic
nanolayers that formed during far-from-equilibrium processing.
The laser powder bed fusion (L-PBF) manufactured
AlCoCrFeNi2.1 HEAs demonstrated a high yield strength of
about 1.3 GPa and a substantial uniform elongation of about
14%,44 surpassing other state-of-the-art additively manufac-
tured metal alloys. The far-from-equilibrium characteristics
during 3D printing provide mechanistic insights into the
deformation behavior of the fabricated HEAs components,
which are crucial for developing alloys with exceptional
mechanical properties.
For functional nanomaterials, synthesis under FFE con-

ditions not only affects the size and shape of the materials but
also allows for the precise control of their chemical

Figure 6. Unique properties of far-from-equilibrium structural materials. (a) Schematic diagram illustrating the synthesis-structure−property
relationship of FFE materials. (b) Tensile engineering stress−strain curves of E, ES2, ES20, ES2A, and ES20A samples. Reproduced with
permission from ref 35. Copyright 2024 Elsevier. (c) Tensile properties of AM AlCoCrFeNi2.1 EHEAs and its comparison with other
materials. Reproduced with permission from ref 44. Copyright 2022 Springer Nature.
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Figure 7. Unique properties of far-from-equilibrium functional materials. (a) Regenerated LiFePO4 cathode demonstrating long cycling
stability. Reproduced with permission from ref 62. Copyright 2023 Elsevier. (b) Photothermal conversion effect observed in a nylon
membrane evaporator with and without septenary HEA NPs exposed to 1 sun solar radiation for 60 min. Reproduced with permission from
ref 63. Copyright 2021 Wiley. (c) The performance of HEA-CoxMoy nanoparticles in ammonia decomposition at varying concentrations.
Reproduced under the terms of the Creative Commons CC BY license from ref 67. Copyright 2019 Springer Nature. (d) The effective
application of the Ru/MgO catalyst grown in situ on a magnesium substrate in the hydrolysis of sodium borohydride to produce hydrogen.
Reproduced with permission from ref 51. Copyright 2021 American Chemical Society. (e) Electrocatalytic OER properties of M-
RuIrFeCoNiO2 and control catalysts in 0.5 M H2SO4. Reproduced with permission from ref 36. Copyright 2023 American Association for
the Advancement of Science. (f) Performance of various MxSy as electrocatalysts for OER. Reproduced with permission from ref 68.
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composition and electronic structure. Bimetallic alloy nano-
materials, exhibiting superior electrochemical performance, are
emerging as promising anode materials for batteries.41 By
employing a rapid high-temperature radiance (HTR) FFE
technique, a series of ultrafine bimetallic alloys was
synthesized, characterized by a narrow size distribution
(∼10−20 nm), uniform dispersion, and high loading
capacities. These unique structural features confer exceptional
stability to the BiSb-HTR anode, which shows negligible
degradation even after 800 cycles. This FFE approach can
rapidly fabricate a variety of bimetallic nanoalloys, thereby
having broad potential applications in energy storage, energy
conversion, and electrocatalysis.61

The demand for lithium-ion batteries (LIBs) has surged due
to advancement in energy storage; however, this has also led to
a significant number of spent batteries, making their recovery
an urgent task. Traditional regeneration methods typically rely
on near-equilibrium techniques, which are time-consuming and
energy-intensive. Wu et al. proposed an efficient, low-cost, and
ultrafast regeneration strategy under FFE conditions, requiring
only 20 s to regenerate spent LiFePO4 (LFP) (Figure 7a).

62 It
achieves complete lithium replenishment and structure repair
of LiFePO4, recovering an initial capacity of 152 mAh g−1 and
cycling stability.
FeCoNiTiVCrCu HEA nanoparticles synthesized via the

arc-discharge FFE method demonstrated high proficiency in
photothermal conversion (Figure 7b).63 Because energy levels
both below and above the Fermi level (∼4 eV) are entirely
occupied by 3d transition metals, the HEA achieves a high light
absorption exceeding 96% across a broad solar spectrum
between 250 and 2500 nm. Correspondingly, the absorbed
solar irradiation is efficiently converted into heat on the
surface, enabling a solar steam generator based on the HEA
nanoparticles to achieve a photothermal conversion efficiency
above 98% and a high evaporation rate of 2.26 kg m−2 h−1.
Heterogeneous catalysts are crucial for building a sustainable

society and represent a frontier in materials research. The
intrinsic activity of a heterogeneous catalyst depends on the
local atomic and thus electronic structure of active sites. FFE
materials with unconventional structures are expected to
exhibit remarkable catalytic properties. Figure 7c−i illustrates
their catalytic applications in important energy reactions,
including water splitting, nitrogen fixation, and fuel
cells.26,36,43,50,51,56,57,63,64 The distinctive structural attributes
of FFE materials enhance interactions between reactants and
catalysts, consequently augmenting catalytic performance.65 In
intricate solid-solution materials, the formation of numerous
diverse multielement active sites has introduced a novel and
distinctive catalyst design concept that alleviates existing
constraints.66 Studies have shown that novel high-entropy
alloy (HEA) catalysts synthesized under FFE conditions
exhibit noteworthy efficiency in ammonia decomposition
(Figure 7c).67 HEA nanoparticles display significantly
increased catalytic activity and sustained stability during

ammonia decomposition. The tuning of their catalytic activity
involves adjusting the Co/Mo ratio to optimize surface
properties, thereby maximizing the reactivity across diverse
reaction conditions.
A structured catalyst possessing switchable characteristics

was developed by cultivating a nano Ru-embedded MgO
coating on a magnesium substrate through an instantaneous
high-temperature plasma oxidation process. The obtained Ru/
MgO/Mg catalyst is effective for the hydrolysis of sodium
borohydride (NaBH4) (Figure 7d).50,51 The high activity
observed during NaBH4 hydrolysis is attributed to the porous
MgO framework formed during the FFE preparation process
and the monodisperse Ru NPs with ultrasmall particle size.
This configuration provides an optimal environment for
reactant entry and mass transport, facilitating reaction
initiation and the expulsion of byproducts to prevent catalyst
poisoning.
Furthermore, Figure 7e showcases the oxygen evolution

reaction (OER) performance of a quinary high-entropy
ruthenium−iridium-based oxide (M-RuIrFeCoNiO2) in 0.5
M H2SO4,

36 illustrating a low overpotential of 189 mV at 10
mA cm−2. The grain boundaries generated under thermody-
namically extreme conditions play a pivotal role in enhancing
the OER activity and stability. In addition to high-entropy alloy
oxides, transition metal sulfides with multielemental character-
istics are also suggested as a promising class of catalysts for the
oxygen evolution reaction (OER). Cui et al. synthesized high-
entropy metal sulfides (HEMS, i.e., (CrMnFeCoNi)Sx)
nanoparticles using the Joule heating method. Compared to
unary, binary, ternary, and quaternary sulfides, the
(CrMnFeCoNi)Sx catalyst demonstrated excellent OER
activity and good durability (Figure 7f).68 Meanwhile, high
metal-loaded and ultrasmall-sized metal−organic framework
(MOFs) materials, achieved through ultrashort pulse FFE
conditions, are employed for N2 electroreduction (NRR)
(Figure 7g).69 The resulting CoPd NPs@NCF catalyst exhibits
notable activity and stability during the prolonged NRR
catalytic reactions.
Through the utilization of pulsed electrochemical deposi-

tion, metastable ordered intermetallic compound Pd31Bi12
nanoparticles, when suspended on a carbon carrier, demon-
strate outstanding performance in both the oxygen reduction
reaction (ORR) and the tolerance to methanol during oxygen
reduction (Figure 7h).58 The application of a substantial
electrochemical overpotential can create FFE conditions,
enabling the synthesis of novel hierarchical and self-supporting
nanostructures of high-entropy alloys (HEAs).56 These
nanostructures serve as electrocatalysts for the hydrogen
evolution reaction (HER) in alkaline media, exhibiting low
overpotentials and high catalytic activity (Figure 7i). While
combining Cu and Ag into an alloy state holds promise as a
tandem catalyst for electrocatalytic CO2 reduction (CO2RR),

57

challenges arise due to their immiscibility in the bulk. To
address this issue, an FFE electrochemical synthesis method

Figure 7. continued

Copyright 2021 Wiley. (g) Nitrogen reduction reaction (NRR) performance of MOF-derived ultrasmall NPs. Reproduced with permission
from ref 43. Copyright 2022 Elsevier. (h) Electrocatalytic oxygen reduction reaction (ORR) performance of metastable Pd31Bi12
nanoparticles. Reproduced with permission from ref 58. Copyright 2020 American Chemical Society. (i) Hydrogen evolution reaction
(HER) performance of high-entropy alloy samples. Reproduced with permission from ref 56. Copyright 2023 Elsevier. (j) Electrocatalytic
carbon dioxide reduction (CO2RR) of the solid-solution CuAg alloy. Reproduced with permission from ref 57. Copyright 2022 Royal Society
of Chemistry.
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was utilized to prepare the solid solution of the CuAg alloy.
The CuAg nanoalloy achieves a high formation rate of C2H4 at
159.8 μmol cm−1 h−1, which is 2.3 times higher than that on
Cu alone (Figure 7g). In summary, far-from-equilibrium
materials exhibit distinctive properties, demonstrating sub-
stantial promise for diverse applications.
In summary, conventional near-equilibrium material pro-

cessing has imposed significant limitations on the custom-
ization of microstructures and properties of materials. Far-
from-equilibrium methods represent a paradigm shift, over-
coming thermodynamic limitations on material growth kinetics
and unlocking new possibilities for materials design. In this
review, we focus on principles and application of applying an
FFE environment through temperature and potential to
regulate system free energy (ΔG). Particularly noteworthy is
the substantial impact of extreme voltages (ΔE) on
thermodynamic parameters, bridging the gap in synthesizing
FFE materials solely through thermochemical methods (ΔT).
Despite significant advancements, research on far-from-
equilibrium synthesis and materials remains in its early stages.
Numerous scientific and technological challenges necessitate
attention and resolution, particularly in the following areas.
Precise Control of Far-from-Equilibrium Processes.

FFE processes often involve rapid evolution of materials
structures within very short timeframes. Precise control over
parameters like temperature, pressure, voltage, and time is
essential for intentionally tuning microstructures and the
desired properties. Improved process control also enhances the
reproducibility of the synthesis. To achieve this goal, novel
FFE processing strategies that can synergistically adjust
multiple thermodynamic parameters should be developed.
Electrification of FFE Processes. Currently, FFE syn-

thesis or processing is mainly operated by controlling
temperature in the temporal-spatial dimensions. Electro-
chemical manipulation through voltage or potential provides
an efficient route to tune the systems thermodynamics.
Compared with temperature regulation, electrified FFE
methods have advantages including fast response, substantial
changes in free energy, and ease of operation. Integrating
electric parameters into FFE processes not only introduces
additional control but also fosters a more comprehensive
understanding of material behaviors in nonequilibrium
conditions. This endeavor contributes significantly to advanc-
ing the field of materials science.
Stabilization of FFE Synthesized Materials. Materials

prepared through FFE methods are typically metastable from a
thermodynamic perspective. Their unique structures might
undergo changes under external influences or specific environ-
ments, potentially degrading their performance. Therefore,
enhancing the stability of FFE materials, in terms of both
structure and function performance, should be a priority in
research efforts. In addition, the evolution of materials under
long-term functioning conditions, including structure and
properties, should be investigated.
Integration with AI-Powered Data Science. As a

revolutionary tool in fundamental research, AI-powered data
science can accelerate materials discovery and the development
of novel synthesis methods. By employing machine learning
methodologies, researchers can analyze vast data sets generated
from FFE experiments, identifying correlations among process
parameters, material properties, and microstructures, enabling
a profound understanding of FFE processing and materials. In
addition, AI-powered predictive modeling can be used to

explore new FFE regimes, reducing the need for costly trial-
and-error approaches. The integration of data science is
expected to accelerate research on FFE processing and
materials.
Novel Applications of FFE Materials. The atomic

configuration and microstructure features of FFE materials
are significantly distinct from those of conventional materials
synthesized under near-equilibrium conditions. This expansion
of materials brings opportunities to verify the existing
structure−property relationship established for convention
materials. Moreover, FFE materials may exhibit outstanding
performance and novel properties, providing potential
solutions to pressing challenges in energy, catalysis, and
other fields.
By addressing these challenges, future research on FFE

synthesis and materials can unlock even greater potential for
the development of novel materials with exceptional properties
and diverse applications.
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