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ABSTRACT: Energy materials are essential for addressing global
energy challenges, and their design, recycling, and performance
optimization are critical for sustainable development. To
efficiently rise to this occasion, advanced technology should be
explored to address these challenges. This review focuses on the
potential of ultrafast thermal engineering as an innovative
approach to the design and recycling of energy materials and
systematically examines ultrahigh temperature shock’s origins,
mechanisms, and developmental progress, clarifying fundamental
differences between the Joule heating and carbothermal shock
modes. Recent advancements in lithium/sodium battery electrode
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fabrication, catalyst synthesis, and battery recycling by this technology are comprehensively summarized to highlight the
processing parameters, structural modulation mechanisms, and underlying principles. The review also explores the
mechanisms of ultrahigh temperature shock processes, their scalability, and their environmental and economic implications.
Notably, a mechanistic insight into the dynamic coexistence of Joule heating and carbothermal shock in UTS is proposed,
which may synergistically govern structural evolution in poor conductivity/insulating materials. This review ultimately aims to
drive the development and application of ultrafast thermal engineering in the energy materials field.

KEYWORDS: Ultrahigh temperature shock, Joule heating, Carbothermal shock, Nonequilibrium thermodynamics, Energy materials,
Batteries, Catalysis, Recycling, Scale-up equipment, Environmental and economic analysis

1. INTRODUCTION

In recent decades, emerging energy conversion systems have
vastly actuated the development of renewable energy sources
and society. The growing demands for portable equipment,
electric vehicles, energy storage stations, water splitting, and so
on have drawn intense attention for more efficient and cheap
energy conversion and storage devices. Nevertheless, most
effective energy devices rely heavily on state-of-the-art energy
materials, implying that developing more advanced energy
materials with enhanced properties and recycling of the vast
amount of retired energy materials will give rise to a formidable
challenge in the future. In response, economically viable
technology that allows the preparation and recycling of energy
materials is necessary.

Extensive efforts have been devoted to developing novel
energy materials with regulated morphologies, compositions,
and sizes through conventional strategies such as solvothermal,
furnace-assisted calcination, and recycling of scrapped energy
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materials through similar methods. However, these conven-
tional methods often encountered ample hurdles such as
thermodynamic restriction, particle agglomeration, metastable
materials, and complicated synthesis steps. Importantly, with
respect to energy consumption, requiring time, labor-
intensiveness, and research efliciency, conventional methods
are still inefficient for effective demands. To conquer these
obstacles, the effective ultrahigh temperature shock (UTS)
methods"” based on ultrafast thermal engineering that can
provide extraordinary kinetic processes and break the
equilibrium limitation through transient heating and quenching
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patterns have garnered intriguing attention for applying to the
preparation and recycling of energy materials (Figure 1). In
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Figure 1. Overview of ultrahigh temperature shock. (a) Two main
types of ultrahigh temperature shock and their applications. (b)
The development and application routes of ultrahigh temperature
shock. (b) Reproduced with permission.* Copyright 1999, SCiELO
Brazil. Reproduced with permission.” Copyright 2014, American
Chemical Society. Reproduced with permission.' Copyright 2018,
American Association for the Advancement of Science. Repro-
duced with permission.® Copyright 2022, Springer Nature.
Reproduced with permission.® Copyright 2024, Springer Nature.
Reproduced with permission.” Copyright 2008, Springer Nature.
Reproduced with permission.® Copyright 2016, Wiley. Reproduced
with permission.” Copyright 2020, Springer Nature. Reproduced
with permission.” Copyright 2023, Springer Nature.

comparison with traditional furnace (TF) methods, the UTS
method can easily synthesize or recycle materials within
extremely short timeframes (milliseconds or seconds) under
ultrahigh temperatures, and the solvent is not involved in this
process, thus not only reducing the labor intensity and
improving the efficiency of research and development but also
lessening the environmental pollution from the solvent.”
Additionally, the kinetically unfavorable reactions that cannot
be carried out at conventional conditions (e.g. furnace heating
and cooling at atmospheric pressure) may become a possibility
through the UTS technique, such as generating a metastable
state or inundant structural defects, inducing unexpected
performance. Therefore, the UTS technology is regarded as an
anticipant strategy for considering the time-cost, energy
consumption, and efficiency of developing novel energy
materials and recycling obsolete energy materials.

As a burgeoning technology and research direction for
energy materials, a comprehensive understanding of the recent
development of UTS technology is critical to improving
efficiency and reducing the cost of preparation and recycling of
energy materials. However, an overall review of the UTS
technique and its application in energy materials is still lacking.
Especially, the difference between Joule heating and

carbothermal shock is not clear enough to be confused.
Thus, it is imperative to urgently summarize recent research
concerning this technology for driving the application of
innovative methods. Herein, the origin, underlying mechanism,
and development of UTS and the difference between Joule
heating and carbothermal shock are introduced in detail.
Subsequently, the specific methods, pivotal factors affecting
materials structure, and current mechanism of UTS methods
during the preparation and recycling of energy materials are
emphatically discussed from the preparation of lithium/sodium
battery electrode materials and catalysts and recycling of
battery electrode materials. Besides, the scale-up equipment
and environmental and economic benefits of the UTS
technique are further described, providing some novel
strategies for more extensive application in a wider field.
Lastly, the perspective, current challenges, and double effect of
dynamic Joule heating and carbothermal shock in UTS
technology are proposed, which will provide future research
directions and accelerate the development of the UTS
technique in materials. Overall, this review aims to offer a
comprehensive understanding of the UTS technique for
researchers and broaden their insights to develop the UTS
into scale-up and practical applications in the future.

2. ULTRAFAST THERMAL ENGINEERING

2.1. Development of Ultrahigh-Temperature Shock.
Despite Joule’s law (Q = I’Rt, where Q, I, R, and f represent the
heat quantity, electric current, conductor’s resistance, and time
taken, respectively) having been proposed for more than a
century, Joule heating or Ohmic heating is generally applied in
traditional external furnaces in which heat is distributed
throughout the furnaces, resulting in a limitation of heat
transfer and low electric utilization. Thus, a strategy of direct
Joule heating of the target is proposed,” which provides an
instantaneous heating rate (~10° K s™') to ultrahigh
temperature (~3000 K) on reaction precursors within
transient time while it is accompanied by a super cooling
rate (~10* K s7'). The extremely remarkable conditions of
UTS allow it to achieve reactions that are nearly inaccessible to
traditional furnaces (Figure 2). A fast-heating rate can
decompose the metal precursor to construct a highly
supersaturated state, thus minimizing the nucleation barrier
to generate small nuclei. Subsequently, a quick cooling can be
conducted to quench small nuclei from further growth, leading
to smaller particles (Figure 3a). The rapid cooling rate
providing an extremely low-temperature condition also offers
favorable reaction kinetics to induce the formation of fine-
grained and more defects and metastable nanostructures
(Figure 3b). Besides, the wide miscibility gaps in the many
metallic systems impede the homogeneous structure form.
Traditional furnaces cannot provide sufficient thermodynamics
to synthesize favorable structures. UTS can overcome the
immiscibility of metallic materials to construct a homogeneous
alloy (Figure 3c). For the fabrication of high-entropy alloys
(HEAs) (Figure 3d), the ultrahigh temperature in the reaction
zone can compel the metal precursors to undergo drastic
decomposition, resulting in vast nucleation and abundant
defects, while the short (seconds, even milliseconds) reaction
time at high temperature suppresses the further growth of grain
and element transfer to prevent the aggeneration of nano-
clusters or nanoparticles. Notably, the highly controllable
temperature, time, and reaction target zone are crucial for the
thermal treatment of temperature-sensitive materials. The
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Figure 2. Characteristics and advancements of UTS compared to the TF method: (a) fast heating/cooling rate and ultrahigh temperature,
(b) lower active energy, (c) faster reaction kinetics, and (d) evolution of free energy during the materials processing of UTS. (d) Adapted

with permission.'’ Copyright 2025, American Chemical Society.
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Figure 3. (a) The relation between Gibbs free energy and particle radius. (b) The relation between cooling rate and crystallization. (c)
Schematic of the synthesis of bimetallic nanoparticles by TF and UTS. (d) Synthesis of a high-entropy alloy by UTS. (a) Adapted with
permission.'' Copyright 2019, American Chemical Society. (b) Adapted with permission.'> Copyright 2022, Wiley. (c) Adapted with
permission.'> Copyright 2020, American Association for the Advancement of Science.

programmable technique of UTS can render certain precise
temperature and time control by tuning the duration of
electricity and the resistor’s thermal conductivity or heat
capacity to drive the thermochemical syntheses, on account of
a resistor as a heater and electricity as an energy input in the
UTS process for controlling temperature. Moreover, the

heating of UTS technology is usually used to achieve objective

heat treatment at a specific position in the materials, while
minimizing the impact on the initial structure of materials.
2.2. Difference between Joule Heating and Carbo-
thermal Shock. UTS typically includes Joule heating shock
and carbothermal shock, which are based on the Joule heating
effect. Thus, two different application types, including a Joule
heating reactor and carbothermal shock reactor, are proposed.
One is that the reaction precursor is directly heated by an
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Figure 4. Schematic summarizing the types of UTS methods and their typical reactors. The characteristics of (a) Joule heating and (b)
carbothermal shock. (c) Tube and film reactors of Joule heating. (d) Carbothermal shock reactor.

electric current flowing across it (Figure 4a), namely enabling
the electric energy to be directly converted into thermal
energy, therefore the energy loss can be reduced considerably,
and close to 100% efficiency can be expected."*'® Due to the
work condition of this technology requiring electric current to
flow to the precursors and convert it into thermal energy, Joule
heating reactors can only operate on highly conductive
materials with superior thermal properties, which are
prerequisites for desired efficiency and products and restrict
the choice of reaction precursors. Quartz or ceramic tube and
film reactors are designed to treat the powders and film
precursors with excellent conductivity (Figure 4c), respec-
tively. For instance, the conductive carbon-based powders
including coal, biochar, and petroleum coke can be converted
into graphene by these tube reactors.'” The film reactor allows
the carbon nanofibers,"® graphene film,"* or carbon paper/
cloth® to act as the matrix to support the metal nanoparticles
by Joule heating. For insulative powder materials like plastics
and wastes, the appropriate conductive additive such as carbon
black forming a mixture with insulative precursors to achieve a
certain level of conductivity is a feasible strategy to afford the
reaction implemented in a tube Joule heating reactor.”

Another approach is to solve the ultrahigh temperature heat
treatment method of insulative materials without the use of
conductive additives. Introducing a graphite conductive
substrate (graphite paper) as the heater by Joule heating, the
insulative materials loaded on the graphite substrate undergo a
high-temperature heat treatment;*"** this process is also called
carbothermal shock (Figure 4b,d). The strategies mentioned
above are intermittent operations that are conducted in the
experimental exploration for new materials in the laboratory,
inevitably ignoring their continuous operation. To develop
continuous fabrication for application in the future partial
industry, a series of scale-up continuous reactors based on tube
and film reactors are designed. Based on the tube reactor, a
tube reactor array consisting of a number of independent tube
reactors is constructed to scale up continuous fabrication.
Owing to the much shorter thermal treatment time, a
continuous manufacturing method of “roll to roll” is creatively
proposed to realize the continuous preparation of graphene
with the assistance of UTS.”> This high-throughput system
consists of three sections: film-supplying, current-feeding, and
film-collecting, where the input current flows on the graphene
film through the rotated graphite rollers. Another utilization
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strategy of UTS in a roll-to-roll fabrication system is that an
untreated precursor can be rapidly transferred through passing
face-to-face heaters. Compared with the regular UTS method,
the time-efficient, low-cost, and energy-saving method through
intensive UTS in tube reactor arrays and roll-to-roll
preparation systems has obtained ample attention in the
large-scale application prospects of thermal treatment and
flexible materials.

3. APPLICATION OF ULTRAFAST THERMAL
ENGINEERING IN THE DESIGN OF ENERGY
MATERIALS

The performance of batteries and catalysts are related to the
energy materials, including the cathode, anode, current
collectors, and solid-state electrolytes in the batteries and
various catalysts in the catalysis. The higher requirement of
energy materials requires them to be developed rapidly to
adapt to the future scene. Among diverse synthesis methods of
energy materials, ultrafast thermal engineering has garnered
significant attention due to its highly efficient properties, which
can achieve unexpected kinetics in a shorter time. By
combining carbon-based materials such as reduced graphene
oxides, carbon nanofibers, carbon tubes, and porous carbon
with active materials, the various metal compounds like
LiMn,0,, single-atom, alloy, and even high-entropy com-
pounds can be easily fabricated by UTS, thus dramatically
enhancing the electrochemical performance.

3.1. Material Synthesis for Lithium/Sodium Batteries.
3.1.1. Cathode Materials. The cathode, as the most important
component in rechargeable batteries, plays a critical role in
energy density and cost. Especially a cathode with a desired
crystalline structure and optimized components can offer
promising prospects of boosting the electrochemical perform-
ance of batteries, which puts forward a higher requirement of
the preparation process. Currently, the traditional preparation
strategies of cathodes include but are not limited to melt-salt
sintering, sol—gel, ion exchange, combustion, coprecipitation,
and spray drying methods, which usually require complex
reaction processes and long-term thermal treatment to obtain
the desired crystalline structures with low heating rate and
mass energy consumption. For example, melt-salt sintering
through a tube furnace takes hours or even days to complete
the reaction due to its low heating and cooling rate, resulting in
time and energy consumption.24 Therefore, rational and cost-
efficient synthesis strategies for the preparation of cathode
materials not only offer high energy density and superior
cycling performance but also improve manufacturing efficiency.

Compared with traditional methods, the ultrahigh temper-
ature shock synthesis process stands out as absolutely superior,
reducing the reaction time and energy by utilizing its ultrahigh
heating and cooling rate and ultrahigh temperature to achieve
the synthesis of cathode materials. Furthermore, the non-
equilibrium feature of ultrahigh temperature shock can
compress the multistep reaction to one step. In the traditional
furnace preparation process of LiMn,0,, there occurs a two-
step reaction process consisting of the intermediate formation
of LiO, and Mn;O, and the final production of LiMn,0,.*
Although the first step reaction is spontaneous over the whole
temperature range, the reaction temperature of the second step
must be above the critical temperature for the Gibbs free
energy (AG) to be negative. The traditional furnaces will take
a lot of time to give the required temperature of formation for
LiMn,0, because of a slow heating rate of 3 °C min~". The

ultrahigh temperature shock method offers a different
formation mechanism in that the reaction precursor can be
directly transformed into the target products of the cathode in
a short time (even seconds); namely, this method can reduce
the multiple steps to one step without complicated reaction
processes that often exist in conventional synthesis. According
to the first-principles calculation results, AG always stays
negative in the ultrahigh temperature shock process, indicating
a spontaneous reaction and a superfast reaction kinetics
(Figure Sa). In addition, the ultrahigh temperature shock
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Figure S. (a) Comparison of the reaction paths for synthesizing
LiMn,O, through TF and UTS. (b) HRTEM images of LNMO
prepared by TF and UTS. (c) Cross SEM images of NCM prepared
by the TF and UTS after running 200 cycles. (d) The aberration-
corrected high angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image of Li,MnO;/
LiMn,0, heterostructure and corresponding structure. (a)
Adapted with permission.”®> Copyright 2023, Wiley. (b) Repro-
duced with permission.”” Copyright 2024, Springer Nature. (c)
Reproduced with permission.®® Copyright 2023, Wiley. (d)
Reproduced with permission.’" Copyright 2024, Elsevier.

method with ultrahigh heating rate and nonequilibrium
reaction provides the coexistence of a high temperature
environment and reduction condition constructed by high
temperature, which easily causes the partial lattice oxygen loss
in the metal oxides, thus inducing the generation of oxygen
vacancies that are conducive to the diffusion of Li* and
boosting of the electrochemical performance of cathode
materials.”*"*® Importantly, it has been demonstrated that
the universality of the UTS fabrication strategy can be applied
to the synthesis versatility of cathode materials, including
LiCoO,, LiFePO,, and Li-rich layered oxide/NiO hetero-
structure,” and they show a similar reaction mechanism that
includes direct conversion in one step and production of
oxygen vacancies. Indeed, the presence of certain oxygen
vacancies in the cathode materials can provide a profitable
metal ion diffusion environment, thus enhancing the electro-
chemical performance. However, the increased amount of
oxygen vacancies induces the formation of a thick surface
reconstruction layer, deteriorating the structural stability of the
cathode and leading to inferior electrochemical cycling
performance. The concentration of oxygen vacancies increases
with the improved sintering temperature, the high temperature,
and the long-term promise of the highly crystalline structure
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that provides superior electrochemical performance. If the
number of oxygen vacancies is reduced through shortening the
temperature and time, the crystallinity of the cathode will
decrease, destroying the electrochemical performance. As the
traditional furnace takes a long time to calcinate products, it is
not feasible to obtain both high crystallinity and fewer oxygen
vacancies. The rapid heating rate, ultrahigh temperature, and
short-time feature of UTS enable high crystallinity and fewer
surface oxygen vacancies.”” The synthesis method of the spinel
LiNigs_,Mn, 5,,0, (LNMO) cathode through a traditional
furnace shows higher oxygen vacancy peak intensity by X-ray
photoelectron spectroscopy (XPS) than that of UTS. The
quenching time of 60 s during the UTS process shows the

highest ratio, indicating cathode materials with a stable
structure. The high-resolution transmission electron micros-
copy (HRTEM) images displayed that the clear lattice fringes
correspond to the interplanar distance of (111) (Figure Sb),
indicating the highly crystalline structure. Due to the greater
number of oxygen vacancies in the cathode by a traditional
furnace, the atomic-level crystal structure shows the defective
spinel structure layer with a depth of 3—4 Mn-diamond units
caused by surface reconstruction, which is much thicker than
that of UTS (1—2 Mn-diamond units). Therefore, fewer
oxygen vacancies can decrease the thickness of the
reconstruction layer, promising structure stability during
electrochemical cycling.
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The larger volumetric expansion, more intergranular micro-
cracks, and more fatal interfacial reactions of Li(Ni,Co,Mn,)-
0O, (NCM, x + y + z = 1) during the reversible intercalation
result in inferior capacity and worse safety problems,
suppressing the practical application. Single-crystal cathode
materials possess fewer grain boundaries, enabling the
mitigation of the above problems. Of course, many single-
crystal NCM cathodes have been developed through long-term
higher temperature calcination, but most of them have an
irregularly round morphology rather than polyhedral particles
with sharp edges of a classic single-crystal structure. In short,
these morphology features manifest that most of these single-
crystal NCMs should be polycrystals rather than a single
crystal. Additionally, the irreversible evaporation and loss of Li
during the long-term higher temperature sintering varies from
the surface to the internal part. Therefore, it is feasible to
shorten the sintering time to obtain the desired single-crystal
cathode materials. Pulse UTS imported into the traditional
sintering process was developed for the preparation of single-
crystal NCM, which only takes 60 s to reach 1040 °C in the
UTS step to obtain well-defined octahedral particles.’® The
size and crystallinity of particles increase with increasing
temperature, but the highest temperature (1060 °C) condition
shows the lowest initial Coulombic efficiency (ICE) due to the
heavy Li/Ni ratio. Compared to traditional furnaces, there is
an absence of internal void holes and nanoslits in the core and
shell of single crystal NCM. There exist increased microcracks
in the NCM by a traditional furnace after 200 cycles, while
single-crystal NCM still remains smooth without any micro-
cracks (Figure Sc), indicating its outstanding structure stability
during long-term electrochemical cycling. In addition, the
reduced interfacial reaction with the electrolyte leads to a
thinner cathode electrolyte interface layer, thus endowing the
most stable cycling performance.

Besides the synthesis of single-phase cathode materials
through the UTS strategy, rationally adjusting the temperature,
time, composition, and sintering atmosphere can give
heterostructure materials that integrate the merits of a biphasic
structure, endowing an enhanced structure stability under the
synergistic effect of different components. Additionally, the
forming heterointerface can improve the charge and metal ion
transfer to boost the electrochemical performance. For
example, the electrochemically inert layered Li,MnO; and
active spinel LiMn,0O, phases form a good heterostructure in
seconds through UTS methods (Figure 5d).*" In this process,
excess Li (Li/Mn = 1.09/1.91), ultrafast heating rate, and short
reaction time play critical roles in the construction of the
layered/spinel heterostructure, while only LiMn,O, and
Li,MnO; were obtained with a reduced amount of Li (Li/
Mn = 1:2) and using a traditional furnace, respectively.
Benefiting from the heterostructure, Li,MnO;/LiMn,0, shows
negligible voltage polarization and an outstanding cycling
performance. In this heterostructure, Li,MnOj; can effectively
restrain the Jahn—Teller effect of MnOy4 in LiMn,O,, thus
improving the structure stability. Lithium-rich cation-disor-
dered rock salt (DRX) oxides possess promising prospects, but
Li-rich DRX oxides consist of an amount of metastable state
Li—O-Li ligands, which can be susceptibly inevitably oxidized
and result in metal dissolution and phase separation, thus
causing an undesired electrochemical performance. UTS
methods were introduced to synthesize DRX oxides to address
the existing problems.”” The variety of transition metals in
DRX oxides can easily be synthesized rather than traditional

thermal treatment and ball-milling and extended from binary
(Li; ,Co04Nby,0,) to the senary (Li;,Coy;Mny Mng,
Cro1Tig,Nbg,00,). Moreover, benefiting from the rapid
heating process of UTS, a more compact and highly uniform
NaCaPO, coated on the surface NaNi,,;Fe;;sMn,,;0,
prevented nickel migration and enhanced the structure
stability, outpacing the electrochemical performance of
cathodes prepared by TF.*

3.1.2. Anode Materials. During the preparation of anodes
for second batteries, the UTS method also stands out with
significant and unique merits. Especially in the exploration of
carbon-based anodes, the ultrahigh temperature and fast
reaction time of UTS provides many possibilities for the
degree of carbonization, electrical conductivity, structure, and
surface area, which affect the ion diffusion kinetics, capacity,
ICE, and stability of batteries.”*™” Due to the properties of
the UTS method, some carbon derived from biomass can
inherit the original feature of biomass that possesses an open
and interconnected pore structure.”®*” As a breakthrough, in
2017, the stem of switchgrass was first carbonized into hard
carbon under an ultrahigh temperature (2050 °C) by the UTS
method.** The obtained hard carbon exhibited a porosity
similar to that of the switchgrass precursor, higher electrical
conductivity, a more ordered pseudographite structure, and
decreased surface area, facilitating electron and ion transport
for excellent Na ijon storage performance. Additionally, the
shorter time and ultrahigh temperature of UTS could not only
promote the escape of inherent ash elements (like K) in
biomass for forming the abundant pore but also avoid the
overgraphitization of biomass-derived hard carbon to enhance
the sodium storage performance,”"** addressing the problems
including limited escape of ash and overgraphitization under
high temperature in the traditional tube furnace (Figure 6a).
For the carbonization of carbon sources with aromatic
structures, the carbon layers tend to suffer orderly stacking
and graphitization because of the complex changes in the
precursor, causing an inferior sodium performance. The higher
heating rate is regarded as an efficient strategy to tackle this
problem; however, the traditional high-temperature furnace is
unsatisfactory to achieve such a high rate. The UTS process
not only satisfies the requirement of heating rate but also can
generate the Joule heat during the resistance surrounding the
conductive pathways along the interconnected aromatic layers,
which can alleviate the carbon layer stacking.” Additionally,
the more enclosed pores can be formed by fusing the open
carbon edges under the effect of Joule heating.”*>* On
prolonging the heating time, the graphitized layers also
increased from 30 to 42.5 nm.”* But, suitable graphitized
layer thickness is important to enhance the electrochemical
performance. The formed graphitized layer (30 nm)
encapsulated carbon nanofiber heterostructure not only
reduced side reactions between electrolyte and electrode but
also enhanced the reversibility of Li*/metal storage. Uniform
lithophilic Ag nanoparticles decorating carbon nanofibers by
UTS can modulate the interface chemistry to further improve
the electrochemical performance.”> Notably, the ordered
graphite structure of carbon layers also significantly improves
with the increased number of UTS cycles.”” However, the
selection of the number of UTS cycles is determined by the
performance of the sodium ion battery. The anthracite coal
derived hard carbon after three UTS processes shows
moderate carbon layer thickness, closed pores, and larger
interlayer spacing, exhibiting more excellent sodium storage
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performance. Nevertheless, the graphite anode obtained
through UTS usually shows turbostratic arranged graphene
layers, which prolong the in-plane ordered ranges and diffusion
path of Li*, further displaying unsatisfactory capacities.”** The
introduction of an activator and the combination of the UTS
process with ball-milling that were adopted to disrupt the long-
range order structure of graphite have been demonstrated to
address these issues and improve the anode capacities.”’~*
For instance, activators, such as Na,CO;, NaCl, K,CO;, and
KCl, can be decomposed into CO, gas and Na vapor at
ultrahigh temperature, thus generating a pressure for
mechanical shock to the graphite (Figure 6b)."” Under the
synergetic effect of ultrahigh temperature shock and mechan-
ical shock (dual-shock), the carbon can be thermodynamically
graphited and bent, converting into a distinctive hybrid
structure involving ordered graphite and disordered amor-
phous carbon, which improves the amount of lithium storage
sites and enhanced charge transfer, respectively.

To develop high-energy-density lithium-ion batteries, an
anode involving Si with higher theoretical specific capacity is
regarded as the alternative electrode. However, Si anodes suffer
from ample volume changes during the charge—discharge
process, deteriorating the electrochemical performance and
stability and impeding their development and application.
Rational design of structures, such as nanoparticles and
nanowires, can efficiently solve this issue. However, these
nanostructures usually require harsh conditions that can be
achieved, and the selection of reaction conditions or
approaches is important to prepare the favorable structure.
For example, the construction of a large-gradient thermal
atmosphere is extremely necessary to drive the transformation
of Si powders into Si nanowires without any catalysts.” In this
process, reduced graphene oxide (RGO), with excellent
conductivity, generates ultrahigh temperature (~2100 K, 10
ms) by Joule heating for large-gradient thermal fields. The Si
powders in the RGO layers undergo the formation of droplets
and growth into nanowires in the one-dimensional directions
(Figure 6¢). Note that this approach can be applied to any
ratio of Si and graphene (GO) without any fine condition
control for obtaining the expected nanowire structure; there is
a slight difference in the diameters of the nanowires. As anodes
of LIBs, the Si nanowires/RGO exhibit a superior initial
Coulombic efficiency (89.5%) and long-stability (2381.7 mAh
g 'at 1 A g™', 500 cycles) at a high Si content of 76%, which
are attributed to the nanowire structure mitigating the
variation of volume. Moreover, due to the airflow on the
surface of the RGO film, the Si nanoparticles form and are
uniformly distributed on the upper surface of the RGO, also
confirming that the key role of confined space by the RGO
significantly affects the formation of Si nanowires. According to
this phenomenon, the conversion of Si/Al/Sn particle size
from micrometers to nanometers and uniform dispersion in
the graphene matrix by the UTS approach gained more
attention.”>* Before the UTS process, the metal particles with
GO mixture precursor should be pretreated by reduction at
low temperature in an inert gas atmosphere, ensuring the
generation of RGO from GO. This is because the current
needs to pass through the conductive matrix, which is
suspended RGO film in these systems. More importantly,
the fine-tuning of the heating temperature, hold time, and ratio
in the UTS process allows the preparation of different sizes and
phases of nanoparticles embedded into the RGO matrix
(Figure 6d). The nanoparticle size of Sn increases to

approximately S0 nm with the prolonged reaction time from
30 s to 1 h. However, the new phases of SiC could be
synthesized while the temperature increases from 1800 to 1900
K. These results further reveal the key role of temperature in
fabricating desired materials.”’ According to these reports, the
selective preparation with different phases, 3C-SiC and 6H-SiC
anodes, has been successfully achieved by tuning the reaction
temperature of UTS (Figure 6e).”” Density functional theory
(DFT) calculation results elucidate the content of Si vacancies
acting as a key role in the formation of different phases of SiC.
Consequently, the precursors transform into 3C-SiC with a
single flash at an input voltage of 100 V, which generates a low
content of Si vacancies. While the input voltage and flash time
increase to 150 V and 10 times, respectively, more Si vacancy
generation induces the formation of 6H-SiC, which is more
thermodynamically stable. The 3C-SiC and 6H-SiC anodes
both exhibit a stable capacity. However, the 3C-SiC anode
shows superior reversible capacity over the 6H-SiC anode,
which is attributed from the higher electron transfer and
enhanced Li* diffusion kinetics of the 3C-SiC For the
traditional furnace thermal reduction, the longer reaction
time and lower heating and cooling rates restrict the SiC phase
control. Therefore, it is important and helpful to control the
crystal phase of anodes to obtain ideal performance by fine
control of the experimental conditions during the ultrafast
heating and cooling rate of the UTS process. And the
conventional carbothermal reduction processes, consuming a
longer time, restrict the selective synthesis of SiC.

Recently, high-entropy materials (HEMs) have featured
complex element composition and tunable properties,
attracting intense attention in the application of LIB anodes.”
However, the synthesis process remains a formidable
challenge; the preparation condition requiring a high-temper-
ature and rapid cooling process protects the effect of uniform
mixing of diverse elements into single-phase HEM from the
phase separation taking place during the prolonged quenching
process.”® In past research, most of the fabrication approaches
are based on a traditional electrical furnace, which are time-
and energy-consuming, taking up to several hours to achieve
the desired temperature with a lower heating and cooling rate.
The ultrafast heating and cooling rate of the UTS process can
accelerate the development of HEMs, offering sufficient
activation energy for the formation of a stable, high-purity
crystalline phase. As shown in Figure 6f, the UTS methods for
forming HEMs include three steps involving the decom-
position and mixing of various metal salts under fast and
ultrahigh temperatures and the formation of HEM with a
single-phase structure under an ultrafast cooling rate. Thus, the
rational control of UTS condition parameters (temperature,
holding time, heating/cooling rate, and so on) can be widely
applied to prepare various HEMs with the expected
composition, size, and phase. Recently, a series of high-
entropy oxides (HEOs) were successfully prepared through
UTS methods in 3—10 s with a holding temperature of ~1060
°C,”’ including (MgCoNiCuZn)O, (MgCoNiMnZn)O, (Fe-
CoNiCrMn);0,, and so on, while the impurity existing in the
(MgCoNiCuZn)O is also tackled through an ultrafast heating
and quenching process. As an anode material of LIBs,
(MgCoNiCuZn)O exhibits a high capacity of ~150 mAh g~*
at 10 A ¢! and cycle stability over 2600 cycles. Subsequently,
the preparation of (Mg,,Co,,Niy,Cug,Zn,,)Fe,0, by tuning
the reaction temperature and time of UTS processes confirms
again that the UTS method is a feasible strategy for fast and
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efficient synthesis of various HEMs in a short time, which is
shorter by more 20,000 times than conventional synthesis
approaches.”® Meanwhile, (Mg,,Co,,Niy,Cug,Zny,)Fe,0, as
an anode displays a superior reversible capacity and long-term
cycle stability in the electrochemical test of LIBs.

3.1.3. Current Collectors. With the improvement of energy
density and long-term durability, carbon-based current
collectors, including carbon nanotubes, graphene, and flexible
graphite foils,”” % have attracted much attention for electro-
chemical energy storage and electrocatalysis applications owing
to their light weight, flexibility, high conduction, and
anticorrosion in harsh chemical environments. However, the
poor physical contacts between nanostructures cause relatively
high electrical conductivity, resulting in an unsatisfactory
electrochemical performance. Besides, it is difficult to open and
reform covalent carbon bonds between adjacent carbons
because of the inertness and high bond energy of C—C. Of
course, high-energy radiation or high-pressure methods can
achieve the opening and reforming of covalent carbon
bonds.”>™%” These strategies can not only destroy the original
physical structures and generate a lot of undesired defects in
carbon materials but also restrict scalability due to the special
equipment required. Thus, previous reports proposed the
application of the UTS approach to optimize carbon-based
current collectors.

Benefiting from the fast heating rate and ultrahigh
temperature of UTS technology, a similar high energy can be
easily obtained because of the higher resistance at the physical
contact point between carbon materials, which facilitates the
transformation of covalent carbon bonds. Under the high-
temperature environment (>2500 K) and ultrafast heating rate
(~200 K min™"), polyacrylonitrile (PAN) based carbon
nanofibers can be further carbonized and welded together as
adjacent nanofibers with graphite bonds, thus forming a 3D
covalently bonded carbon interlocked framework which had
been proven theoretically but not experimentally (Figure
72).°%%” The fusion between adjacent nanofibers can be
speculated as collisions between electrons and atoms in the
nanofibers inducing excessive vibrations of the carbon layers
during the UTS process. And high temperature also further
improves the crystalline degree of carbon. With the
optimization of structure and graphitization, welded carbon
nanofibers films show a superior electrical conductivity of 380
S cm™" with a sheet resistance of 1.75 Q sq' and tensile
strength (3.86 MPa) and toughness (20.65 kJ cm™) compared
to the pristine carbon nanofibers (0.0133 S cm™, 18400 Q
sq!, 0.31 MPa, and 1.265 kJ cm™>, respectively). The direct
welding of PAN can be successfully achieved by applying UTS
technology, which is related to the amorphous structure of
starting materials. With the activation and removal of H and N
in the PAN at high temperature, Bergman cyclization between
adjacent nanofibers occurs and new C—C covalent bonds are
constructed to fuse the amorphous structure carbon nano-
fibers. Highly crystalline carbon materials such as carbon
nanotubes (CNTs) did not easily form a 3D continuous
network through directly welding adjacent CNTs by UTS, as
high temperature generated at the junction did not deform the
stable C—C bonds present.”” Thus, the novel “epitaxial
welding” approach by UTS is proposed to engineer CNTs
into interconnected 3D structures (Figure 7b).”" Solution-
based PAN was conformally coated along the outer surface of
CNTs to physically mix CNTs into a framework, and the
epitaxial growth of the PAN was in situ graphitized into highly

High T > 2800K
in ~30 mins

Conformal polymer coating on CNT
420

Epitaxial growth and welding

Figure 7. (a) SEM images of CNFs before and after UTS
treatment. (b) Illustration of epitaxial growth and welding of
CNT. (c) Molecular dynamics simulations of the formation of
interlayer bridging bonds. (d) SEM image of RGO-CNTs. (a)
Reproduced with permission.®® Copyright 2016, American
Chemical Society. (b) Reproduced with permission.”" Copyright
2018, American Chemical Society. (c) Reproduced with
permission.”” Copyright 2016, American Chemical Society. (d)
Reproduced with permission.”” Copyright 2020, Wiley.

crystalline carbon at high temperature (>2800 K, overall ~30
min) by Joule heating, effectively welding adjacent CNTs
together. The obtained CNT 3D networks exhibit high
electrical conductivity and mechanical strength. Notably, the
energy consumption of UTS is less than 20 W compared to
traditional furnaces, suggesting its energy efficiency.

The successful practice of welding 1D carbon materials
suggests the key role of UTS technology in opening and
reforming the covalent carbon bonds, which can improve the
electronic conductivity of 1D carbon materials. A lot of
graphene nanosheets as a 2D structure were also widely used in
the current collector. However, the sheet—sheet junction
resistance of graphene limits the conductivity to 100 S cm™,
and pristine graphene through the reduction of graphene oxide
(GO) remains a grand challenge because of the impendent of
defects and functional groups. The self-healing and reforming
provided by UTS technology can solve these issues efficiently.
The ultrahigh temperature enhances the reactivity of carbon
atoms with dangling bonds in graphene oxides. With the
temperature increasing from 300 to 2500 K, the interlayer
sliding between the top and bottom graphene layers further
facilitates the construction of bridging bonds when the line
defects come close to each other (Figure 7c).”” After the
treatment with UTS, the formation of cross-links between
adjacent reduced graphene oxides at defects contributed to the
construction of highly dense films and improved the electrical
conductivity. Besides, the reduction of a GO-CNT mixture by
UTS at 2936 K within less than 1 min also successfully
fabricated a high electrical conductivity reduced graphene
oxide (RGO)-CNT current collector (Figure 7d), which shows
a 6 orders of magnitude increase to 2750 S cm™' and superior
mechanical ability.””
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3.1.4. Solid-State Electrolytes. In the development of
ceramic-based solid-state electrolytes (SSEs), the sintering
technology has become a major approach to achieving higher
ion conductivity and density, which are critical for improving
solid-state battery (SSB) electrochemical performance.”””
The conventional sintering process usually provides a temper-
ature of up to ~1600 °C with low heating rates, thus resulting
in Li loss, side reactions, wide particle size, and loose structure
due to the long-term low-temperature process time (Figure
8a).”%”” Especially, the high thermal stability ceramic-based
SSEs require a much higher sintering temperature, which the
traditional furnace usually spends several hours to achieve, and
the UTS strategy by carbothermal shock can provide uniform
high-temperature conditions to rapidly heat the SSEs through
radiation and conduction. To avoid severe Li loss and side
reactions, reducing sintering time becomes an efficient strategy
to prevent volatile evaporation and undesirable phase diffusion
(Figure 8b).”%”®”° Compared to traditional thermal technol-
ogy, the UTS can rapidly heat the objective to high
temperature (up to 3000 K) in milliseconds, which provides
rapid kinetics, additional chemical driving force, and ultrahigh
heating rates to enhance the densification.”””” =" Although the
densification and Li-evaporation rate both increase with
temperature, the garnet SSE densification rate increases more
rapidly than the evaporation rate, thus resulting in less Li loss
in the shorter sintering time and a high-density structure.””””
The fine control of sintering temperature can efficiently
balance between Li loss and a dense microstructure. When the
temperature reached 1100 °C within 5 s, the
LigsLagZr, sTagsO;, (LLZTO) with incompletely desirable
dense microstructure showed less Li loss, whereas the obtained
dense membrane structure exhibited severe Li loss at 1500
°C.*! Consequently, a rational temperature region between
1000 and 1500 °C is usually selected to fabricate and

investigate the Li loss and grain growth for high ion
conductivity and dense structure.””’”7>%

Besides, the traditional furnace usually exists in the long-
term low-temperature region, where surface diffusion occupy-
ing the domination leads to coarsening and neck growth
without densification. UTS, with fast heating rates and high
temperature, not only bypasses the low-temperature region but
also offers a desirable high-temperature environment for
densification, which is attractive compared with conventional
sintering approaches. The efficient grain growth and bulk
diffusion can dominate at high temperatures by UTS and lead
to fast densification.””’”** The removal of numerous gaps,
voids, and pinholes between the grains at high temperatures
was attributed to the grain growth to form a dense structure
without additional filler. With prolonged sintering time under
high temperatures, the grain boundaries gradually grew with
the driving force of surface energy, and the grain size increased
to a larger size, thus filling the gaps and forming a denser
microstructure. However, the longer sintering caused excessive
grain growth, inducing the disappearance of grain boundaries
and the formation of surrounding smaller grains, which created
new voids and gaps. Meanwhile, the Li loss further increased,
and relative density decreased.”””” It is noteworthy that a high
temperature and fast heating rate can also address the
unattainable introduction of sintering aids and Li compensa-
tion by traditional furnaces. Due to the high volatility and low
melting point of desirable sintering aids like Li;N and LiOH,
long-term conventional approaches cannot incorporate aids
without severe Li loss and cause a porous structure.””*" More
importantly, the rapid synthesis property of UTS can validate
the computational prediction during the high-performance SSE
synthesis,”® where high-throughput screening provides vast
opportunities for material development. The significant
increases of calculated configurated entropy with multiple
elements at the Zr site in garnets, ranging from 1 to 10,
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indicate that solid solutions occupy the “high-entropy
region”.** To rapidly demonstrate the effect of high-entropy
cubic garnets, traditional “trial-and-error” strategies cannot
satisfy the tremendous exploration space. Through the UTS
approach, a series of high-entropy garnets were successfully
synthesized, and the entropy-stabilization effect, configuration
entropy increasing could result in the phase transformation
from garnet to pure cubic, was discovered.

3.2. Materials Synthesis for Energy Conversion
Catalysts. In addition to the energy storage represented by
batteries, heterogeneous catalysis has been considered a
promising approach for energy conversion, such as water

splitting involving the hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER), oxygen reduction reaction
(ORR), and CO, reduction reaction (CO,RR) and nitrogen
reduction reaction. During these energy conversion processes,
catalysts with high activity and stability play a critical role in
improving performance and promoting their development.
Although platinum- and rhodium-based catalysts exhibit
exceptional catalyst activity,”>~* their high prices cause huge
costs. Developing catalysts with the same performance as
conventional noble metal catalysts from non-noble metals or
lowering the content of noble metals has become the main
target for reducing cost and increasing efficiency. Therefore,
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extensive efforts have been devoted to designing and
fabricating highly active catalysts by various synthesis
strategies, including solvothermal means and calcination,
which can be further improved by adjusting the size,
distribution, electronic structure, and specific active surface
area. As reported, the UTS technique, an effective synthesis
process for the high distribution, ultrafine size, and large
surface area of nanoparticles, is a versatile but simple method
that leads to a significant impact on the development and
fabrication of new catalysts.

3.2.1. Hydrogen Evolution Reaction Catalysts. Hydrogen
energy, as an important green energy with a high energy
density, is considered a promising alternative to fossil fuel.
Electrocatalytic water-splitting has been regarded as an
effective approach for producing hydrogen, where various
HER catalysts such as Pt, Ru, Ir, Mo, Fe, and Ni were explored
through the UTS strategy to enhance the HER kinetics. Mo-
based electrocatalysts, such as Mo carbides and oxides, exhibit
application in the future in HER due to their earth-abundant,
outstanding electrochemical properties. However, the tradi-
tional methods by a tube furnace for preparation of Mo-based
catalysts include energy and time consumption and inevitably
cause agglomeration or coke surface due to slow reaction
kinetics, which is detrimental to improving HER performance.
The instantaneous heating properties of UTS can efficiently
solve the above issues; the Mo,C/MoC nanoparticles
uniformly distributed on CNT were derived from a mixture
of ammonium molybdate, glucose, and urea by a UTS
method,” and the effect of rapid high temperature enhanced
the strong chemical bonds between the CNT matrix and Mo,
which avoids the peeling off of nanoparticles and ensures the
stability in a long-term HER process (Figure 9a). Besides, the
ratio of a-MoC and f-Mo,C could be tuned by applying
different temperatures or heating times, where a-MoC
converted to f-Mo,C at high temperatures or a long time.
The heterointerface between a-MoC and p-Mo,C was
considered as the main contribution to the HER activity;
thus, ultrafine control of reaction temperature or time became
crucial for the preparation of high-performance catalysts. As a
result, Mo,C/MoC loaded on CNT catalysts only required an
overpotential of 233 mV to achieve 1000 mA cm™> at 1 M
KOH and could stably work 14 days at 1000 mA cm™> When
the precursor included MoCl; and carbon black, the similar
phase conversion between a@-MoC,_, and f-Mo,C also
occurred at high temperatures by high voltage discharging.*’
With the increase in temperature from 839 K (30 V) to 1468 K
(60 V) and 3242 K (120 V), -Mo,C, a-MoC,_,, and #-
MoC,_, were finely synthesized (Figure 9b), respectively. The
faster nucleation kinetics at high temperatures also promoted
the formation of the smallest particle size of #-MoC,_..
Notably, this phase conversion pathway where S-Mo,C
transformed to a-MoC,_, and a-MoC,_, was further
converted to 7-MoC,_, is different from previous reports.**”’
DEFT results indicated that the carbon vacancies may serve as
the main driving factor for this distinct phase transition
process. Due to the enhanced metallicity of f-Mo,C, it
exhibited HER performance superior to that of others,
suggesting significant phase-dependent HER activity.

Rich uncoordinated Mo sites in catalysts are conducive to
improving the HER electrocatalytic performance. The
prolonged heating time of traditional methods inevitably
leads to the oxidation of Mo**. Thus, the rapid UTS technique
was conducted to avoid excess oxidation of Mo for

synthesizing HER catalysts. A series of MoO,/NF-based
species were successfully synthesized.”' ™" Co,Mo;04/
MoO,/NF exhibited rich uncoordinated Mo** sites and lattice
dislocation by the UTS method, resulting in strong Mo—O
bonds and electron arrangement.94 With a double effect, the
obtained catalysts showed excellent electrocatalytic activity and
a low Tafel slope. Impressively, UTS and CVD were both
conducted to prepare the same phase composition of NiFe
alloy/MoQO,/NF.”> However, UTS only consumed 0.021 kWh
energy and took 180 s; the energy consumption and time of
UTS are far lower than those of CVD. Not only was MoO,/
NF with Mo*" sites obtained, but also the rapid heating/
cooling process induced the formation of face-centered cubic
phase FeNi alloy and a shorter bond length (2.50 A) of Fe—Ni,
further improving the electrical conductivity and amounts of O
defects, leading to HER electrochemical performance (20
mV@10 mA cm™2) superior to that of FeNi alloy synthesized
by CVD exhibiting body-centered tetragonal phase FeNi with a
length of 2.53 A.

Strain engineering, such as dislocations or grain boundaries,
can optimize the electronic structure of catalysts for enhancing
electrocatalytic reactions. It is found that the nonequilibrium
process of UTS could induce various defects due to the
ultrafast quenching (Figure 9c). Meanwhile, the different
atomic radii of Ir and Ni further promoted the generation of
dislocations in the millisecond-class heating treatment
process.”® IrNi nanoparticles with abundant dislocation
distributed on CNT displayed better HER activity with a 17
mV overpotential at 10 mA cm™. To improve the thermal
difference condition, in addition to increasing the heating
temperature to a higher range, improving the cooling rate and
reducing the final temperature are effective approaches (Figure
9d). Further accelerating the cooling rate was achieved by
condensed water flowing through the synthesis chamber,
resulting in a great temperature gradient experienced by the Ir
nanoparticles. The generation of thermal stress could induce
the vacancies to collapse to produce dislocations within the
nanoparticles; there were rich Frank partial dislocations in the
Ir nanoparticles.”” Compared to the standard Ir PDF, the Ir/C
catalysts exhibited a 4% compression of the (111) plane.
Benefiting from the 4% strain effect, the Ir—H bonds were
weakened to improve the Tafel step. The Frank partial
dislocations also may slightly increase the electrochemically
active area to 90 m> g~' over that of traditional furnace
sintering, thus ensuring the exposure of active sites. Overall,
the Ir/C with rich dislocations can show outstanding mass
activity in an acidic solution, which achieved 6.64 A mg™" at SO
mV. When the UTS procedure occurred in the extreme
environment created by liquid nitrogen, a huge temperature
gradient caused by ultralow temperature (~77 K) generated
thermal stress.”® Meanwhile, structural stress formed on the
joints between different crystallized Pt atoms. These two
stresses have a significant effect on the Pt atomic structure,
resulting in plastic deformation and further triggering of
dislocations. Notably, the formation of a dislocation began to
occur at the cooling stage. The strain caused by the dislocation
could downshift the d-band center, which led to a weakened
adsorption between the active sites and H* to enhance the
HER performance.

Because a metal salt can be decomposed and redistributed
on the carbon matrix under high temperatures, high-density
ultrafine metal nanoparticles uniformly distributed on the
carbon support were developed by UTS for HER. The typical
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synthesis procedure consisted of a carbon matrix loaded metal
salt precursor by dip coating and then UTS heating
treatment.'®'%%'%! According to this method, NiFe alloy
nanoparticles encapsulated by a thinner-graphene layer in the
carbonized wood were proved to be prepared successfully.'"”
The obtained N-C-NiFe nanoparticles exhibited a smaller
particle size of 22.5 nm and thinner graphene layers (1—4
layers), while NiFe nanoparticles prepared by a traditional
furnace possessed 175 nm of nanoparticles and 9 layers of
graphene. The results demonstrated that the rapid quenching/
cooling rate promotes the generation of uniform and ultrafine
nanoparticles. Due to the uniform core—shell NiFe nano-
particles enhancing the electron transfer, the obtained catalysts
by UTS showed a lower overpotential (179 mV at 10 mA
cm™?) than catalysts treated in the furnace. Similarly, it is
found that the carbonized wood treated by CO,-activation
provided abundant carbon defects for anchoring quinary metal
salts (Pt, Ni, Co, Fe, Cu) (Figure 9e).”” The UTS offering a
temperature of 2060 K ensured sufficient energy to drive the
metal salt decomposing and recrystallization. The adjacent
carbon atoms surrounded by metal nanoparticles could form a
few-layer carbon shell by metal catalysis at high temperatures,
thus forming an encapsulated high-entropy alloy. The stable
interface between the high-entropy alloy and carbon shell not
only reduced the overpotential but also improved the
durability of hydrogen evolution. The CNT encapsulated
Pt,/WC, nanostructures were prepared by the UTS; the UTS
process promoted the in situ rapid conversion of Pt and W
precursors that were encapsulated inside the carbon nanotube
into Pt;/WC, nanostructures.'”> And the particle sizes were
distributed at 2—5 nm due to the narrow nanotubes. Benefiting
from the encapsulated structure and strong metal—support
interaction of Pt;/WC,, it exhibited greatly boosted HER
performance. More importantly, UTS can efficiently reduce the
residual organics that may cover up the catalytically active sites
on high-entropy alloys."”* And the formation of N-doped
carbon shells closely connected the high-entropy alloys with
the carbon matrix, enabling superior HER performance.
3.2.2. Oxygen Evolution Reaction Catalysts. Currently,
catalysts with rational electronic structures have been emerging
as an attractive strategy for overcoming the kinetic barriers and
enhancing the reaction kinetics of OER.'"® The introduction of
heteroatoms with lower electronegativity, preparation of
nanoparticles, and high-entropy materials are regarded as
feasible strategies for modulating the electronic properties of
catalysts. According to previous reports, the UTS technique is
widely conducted to synthesize the above type of materials due
to its unique merits.””'%~'%’ Different metal salts, likely Fe,
Mn, Ni, Zn, and Mg, mixed with Co salts through UTS
treatment converted to M (Fe, Mn, Ni, Zn, Mg)-CoO, thus
optimizing the local electronic structure of CoO, where Fe-
CoO exhibited a low overpotential of 280 mV at 10 mA
m~2'"" Usually, the catalysts combined with the carbon
matrix not only improve electron transfer but also expose the
active sites. However, the interaction between the catalysts and
the carbon matrix would affect the stability of the catalysts.
UTS can render the metal nanoparticles loaded on the carbon
matrix through stronger chemical bonds because of its in situ
synthesis method. Due to the direct effect on the carbon fiber’s
surface by UTS, the electrochemical surface area (ECSA) may
decrease; however, the incorporation of Fe could regulate the
d-orbital electronic structure to improve the electrochemical
performance.''’ Thus, the prepared RuFe@carbon fiber still

manifested superior OER performance, which required 188
mV to achieve 10 mA cm™? and maintain it for 600 h. Besides,
the ultrahigh temperature can cause different evaporation of
metals due to their different vapor pressures, thus achieving the
unique structure of a thinner Fe shell layer (~2 nm) coated on
CoFeP,.'"” With the protection of in situ generation of the Fe
shell layer, CoFeP, maintain the high catalysis activity.

The importance of high-entropy materials is not neglected in
the OER because of their regulated defect structure and
electron interaction among the various metal atoms, displaying
grand promise for oxygen evolution as catalysts. Nevertheless,
the thermodynamic immiscibility of the metal elements
causing the effective preparation of high-entropy materials
faces a challenge, especially since the room-temperature
equilibria and Ostwald ripening suppress the possibility of
conventional synthesis approaches for preparing high-entropy
materials.” Conversely, the nonequilibrium process of UTS can
easily drive the metal salt “fission” and “fusion” by rapid
quenching and further form high-entropy materials. A
temperature of up to 3000 K and heating rate of up to 10°
K s™' exceed the melting point of most metals, resulting in the
creation of solid-solution nanoparticles with maximized
configuration mixing entropy. Therefore, PtFeNiCoCu alloy
nanoparticles uniformly distributed on the CNT were obtained
by UTS.'"® The numerous defects, including vacancies,
dislocations, and point defects that are beneficial to improving
the OER activity, appear in the high-entropy alloys due to
rapid heating. The lower electronegativity metals such as Ru,
Mn, Cr, and V combined with other metals through UTS
created the high-entropy oxides for OER,"'*'" and the
electron interaction among the multimetallic elements also
induced the generation of abundant active sites for boosting
OER. For previous metal sulfides/phosphates limited to 2—3
metal elements, the mixtures consisting of metal salt precursors
with a sulfur source or phosphorus source were treated with
the UTS technique; the high-entropy metal sulfides
((CrMnFeCoNi),)''® and high-entropy metal phosphates
(CoFeNiMnMoPi)'"” were synthesized for the first time and
exhibited low overpotential and superior durability for the
OER. Additionally, large amounts of RuMnFeMoCo nano-
particles compactly distributed on the carbon fiber were easily
achieved by UTS that offered 1800 K in 1 s; this process
addressed huge challenges caused by the immiscibility of metal
elements and precisely controlled the size of particles (10—20
nm).'"® With the synergistic effects among the multiple metal
elements, the catalytic activity and stability were further
enhanced. While metal precursors were rapidly heated in air,
the oxygen can be incorporated into the FeCoNiCuMo hi% -
entropy framework, activating the lattice oxygen in OER.'"”
The obtained FeCoNiCuMo-O performed with excellent OER
activity by the optimization of the proton transfer in the lattice
oxygen mechanism and intermediate *OH adsorption in the
adsorption evolution mechanism.

3.2.3. Oxygen Reduction Reaction Catalysts. Engineering
catalysts for oxygen reduction reactions plays a critical role in
promoting the application of clean energy technologies.
Extensive efforts have proven the metal-nitrogen-doped carbon
catalysts boost ORR performance.'””'** The size control,
distribution, and content of pyridinic-N and pyrrolic-N of the
catalysts are crucial for improving their ORR performance and
stability. However, the conventional preparation of metal-
nitrogen-doped carbon requires long-term high-temperature
treatment, which leads to aggregation, large-size particles, and
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low content of N. Therefore, the reduction of ECSA, scarce
amount of active sites, and inferior intrinsic activity of catalysts
deterjorate their ORR electrocatalytic activity. The precise
heating control and rapid ultrahigh temperature reaction
properties of UTS offer an effective strategy to achieve the
high-density, ultrasmall, and uniform metal-nitrogen-doped
carbon ORR electrocatalysts and regulate the content of N.'**
It is found that the particle size of CoO/N/C can be tuned
from 3 to 20 nm by adjusting the ratio between ZIF-67 and
carbon powder under UTS reaction conditions.'”' The
increased content of pyridine-N and graphitic-N derived
from the ligand improved the specific surface area and
enhanced the ORR activity. In another study, the content of
pyridine-N and graphitic-N in Co nanoparticles loaded on
porous carbon nanofibers (Co@N-C/PCNF) is higher than
that of PCNF,"** indicating the reduction of pyrrolic N and
oxidized N and enhanced graphitization degree after the UTS
process. Forming an ultrathin N-doped carbon layer coated on
the surface of Co nanoparticles protected the Co nanoparticles
from corrosion and inhibited agglomeration, thus ensuring
superior ORR stability. However, it was found that the
distribution state on carbon cloth of ZIF-8 would affect the
resulting ZIF-8 derived catalyst properties through UTS
treatment; more uniform distribution could bring superior
properties.”> Additionally, the rapid UTS process leading to
vigorously diffused gases could result in a porous structure
instead of dense and compact structures by a traditional
furnace, and the porous structure could be further increased by
increasing the heating rate. As a result, the Co—N—C samples
synthesized by UTS exhibited a smaller particle size (1.9 nm)

and larger ECSA (2350 c¢m?) than that of traditional furnace
pyrolysis, showing only a negative shift of 6 mV for the half-
wave potential after 5000 cycles; importantly, the former
synthesis method caused time reduction by at least ~5 orders
of magnitude.'*

The ultrahigh temperature and rapid heating/cooling rate of
UTS also make it possible to investigate the ORR intermetallic
catalysts and ensure the effective synthesis of single-crystal
structures. By rapid UTS to a temperature of 1600 K (heating
rate of 10° K s7'), the materials’ structure underwent a
disordered—ordered phase transition with the time increasing
from 0.05 to 60 s, ultimately forming ultrasmall L1, Pd;Pb
intermetallic nanoparticles (~6 nm) uniformly distributed on
the carbon fibers.””” In contrast, the materials obtained by
conventional pyrolysis showed a larger particle size of ~85 nm
and a lower long-range order of 60%. The mass and specific
activities of L1, Pd;Pb by UTS are superior to those of
conventional pyrolyzed Pd;Pb. In addition, because of the
lower vacancy diffusion activation energy barrier and greater
vacancy generation during the rapid UTS process, the vacancy
diffusion mechanism is considered the dominant pathway for
forming L1, Pd;Pb (Figure 10a). In terms of the formation of
intermetallic structures, the metal precursor feeding ratio and
UTS parameters, including shock cycles and temperature, also
caused the generation of different structures. It was found that
increasing the shock cycles drove the gradual diffusion of Mn
atoms into the Pt lattice, and well-defined L1, Pt;Mn could be
obtained after 12 cycles of UTS."** Notably, on adjustment of
the Pt:Mn feeding atomic ratio to 1:1, the atomic arrangement
showed the ordered L1, PtMn structure. When the number of
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UTS cycles increased to 13 or the heating temperature
increased, L1, PtMn gradually converted into L1, Pt;Mn due
to its lower formation energy (—0.354 eV atom™') (Figure
10b). Due to the higher work function of L1, Pt;Mn, it
displayed an excellent half-wave potential (0.91 V).

3.2.4. COy/Nitrogen Reduction Reaction Catalysts. The
increment of greenhouse gases like CO, causes global warming
and seawater acidification. Therefore, the efficient conversion
of CO, to valuable chemicals has attracted tremendous
attention and is considered a feasible approach that not only
reduces its negative impact but also produces economic and
energy profits.”” Electrocatalysis reduction of CO, shows
promising potential to convert CO, into formate and Cl1
products. However, the preparation of h'}gh-performance
electrocatalysts remains a grand challenge.”” In terms of
single-atom catalysts, metal centers are coordinated with
nonmetal dopants to form a stable structure, such as Fe-
N,"*' Co-N,"** and Ni-N,,"** and the obtained coordination
chemicals play a critical role in electrocatalysis. An excess
content of N dopants will damage the CO, catalysis
performance and selectivity due to the form of pyrrole N,
pyridine N, graphitic N, and N-O. Improving the coordinated
N dopants and reducing the uncoordinated N dopants should
be an effective strategy for achieving the desired metal-N,
structure. The UTS technique was adopted to successfully
synthesize carbon-supported Ni-N,, which includes 80% N
dopants coordinated with Ni centers."*" It also suggested that
UTS drove Ni and N coordination and reduced uncoordinated
N dopants. As a result, the as-prepared carbon-supported Ni-
N, exhibited enhanced CO,RR catalytic activity and stability.
Besides, the carbon fibers can be modified with polytetra-
fluoroethylene (PTFE) by UTS, and the functional carbon
fibers are favorable for constructing a Mott—Schottky
heterointerface and promoting the in situ transformation of
Bi,S; solid nanorods into interconnected 3D Bi nanosheets,
exposing more edge active sites and accelerating the electron
transfer toward to improve CO,RR performance.'” In
addition, the rapid UTS had no significant effect on the
morphology of the Bi MOF nanosheets compared to the ball
milling treatment.'** And the high temperature weakened Bi—
O coordination strength and promoted the generation of more
Bi vacancies on post Bi® catalysts. The significant tensile strain
on adjacent nondefective Bi sites posed by more Bi vacancies
enhanced the adsorption of the *OCHO intermediate and
activated more distant Bi sites, thus giving a remarkably high
Faradaic efficiency for the formate production of catalysts. Due
to the important role of heterojunction in the catalysis, the
ultrahigh temperature of UTS offered more stabilized oxygen
species in In,O; during the subsequent electrochemical
reduction,'”’ thus suppressing the excess reduction of In,0O,
to form an In/In,O; heterojunction. The higher temperature
UTS treatment can increase the number of more stable oxygen
species in the In,O;. During the electrocatalysis CO, test, the
obtained catalysts displayed a Faradaic efficiency of close to
100% for C1 chemicals. And the incorporation of oxygen into
the copper clusters by UTS could result in asymmetrical
atomic and electronic structures. The formation of Cu,O-Cu/
C,0, and Cu-N;O; moieties could regulate the adsorption
energy of intermediates to promote the conversion of
CO,. 138139

Besides, the UTS technique is applied to fabricate NRR
catalysts. Although UTS has been demonstrated to provide
sufficient energy to promote the generation and uniform

distribution of nanoparticle catalysts, the selectivity, rate, and
yield of high-value-added chemicals at low energy costs should
be further improved. Based on the UTS technique, the
programmable heating and quenching method that operates
with rapid switching between low and high temperatures in
just milliseconds was proposed (Figure 10c).” Compared to
UTS with continuous steady-state conditions, this method
provides a new sight to tune by a controllable temporal
temperature pattern and, combined with previously reported
data,"*” science approaches can reduce the experimental effort,
thus improving the efliciency. Utilizing this method, Ru
nanoparticles loaded on carbon felt as catalysts exhibited high
NH; production and superior stability. Of course, UTS with
heating at constant temperature still features many advantages
compared to traditional furnaces. MIL-125 (Ti) with ferric
nitrate after UTS (300 A, 20 s) converted into smaller Fe-
doped anatase TiO, with more oxygen vacancies,'*" where the
content of oxygen vacancies was higher than that of Fe/TiO,
treated by a traditional furnace. The Fe/TiO, obtained by
UTS also exhibited an ammonia production rate of 56.87 ymol
g™' h7". Similarly, two UTS treatments not only generated
oxygen vacancies but also induced the formation of Ru
nanoparticles.'*” Benefiting from the vacancies and Ru
nanoparticles, the final samples showed an improving ammonia
evolution performance.

4. RECYCLING SPENT BATTERIES THROUGH
ULTRAFAST THERMAL ENGINEERING

The widespread adoption of LIBs not only causes the explosive
demand for critical minerals (lithium, cobalt, and nickel) but
also confronts the formidable challenge of disposing of spent
LIBs, achieving the end of their lives.** Especially, improper
disposal will indispensably lead to deleterious effects on the
environment and the waste of mineral resources. Recently,
direct recycling techniques by UTS are proposed and exhibit
enormous advantages as alternatives to conventional recycling
methods, including pyro- and hydrometallurgical, which are
intrinsically destructive to the electrode materials. The
ultrahigh temperature and short reaction time properties of
UTS can provide a kinetics-dominated and thermodynamically
nonequilibrium environment for rejuvenating degraded elec-
trode materials,'** thus improving recycling efficiency.

4.1. Recycling of Cathode Materials. The commercial
LIB cathodes are composed of lithium, cobalt, nickel,
manganese, and so forth, which are predominantly collected
from natural resources in the long term. However, the limited
reserves of battery metals, especially cobalt and nickel, face a
formidable depletion issue. Thus, efficient recycling of spent
cathodes of secondary LIBs is essential to mitigate the scarce
supply of battery metal resources; namely, spent cathodes serve
as metal mineral resources for producinﬁ battery metals.
Pyrometallurgy' ©*~'*” and hydrometallurgy' **~"*" are typical
commercial recycling strategies to recover valuable metals in
spent LIBs. The pyrometallurgy process requires substantial
energy consumption for high-temperature furnaces, and
hydrometallurgy methods usually cause a large amount of
secondary wastewater because of a strong reliance on a high-
concentration acid to afford high yields. Apparently, these two
methods are energy-intensive and time-consuming and have an
environmental footprint. As a result, a rapid, effective, and eco-
friendly recycling approach is urgently desired to develop for
regenerating cathodes and industrial application.
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For collecting valuable metals, it is inevitable to use acid or
water to leach metals, which is determined by their chemical
characterization. Thus, research about reducing the amount of
acid or water has attracted increasing attention in the recycling
area because of the complex composition of cathodes,
including Li, the high valence of Ni, Mn, Co, organic binder,
and conductive carbon, which cause low leaching efficiency. To
achieve the above targets, researchers have adopted the UTS
method to recover the cathodes."”"'>* Before the leaching
process, the valence of Ni, Mn, and Co can be reduced under
the carbothermal reduction during the UTS process, which is
conducive for subsequent leaching.">* The carbonized organic
binder and conductive carbon also can guarantee the current
passing for in situ generation of Joule heating and serve as a
reductive agent to accelerate the reduction of metals. Notably,
accurate control of temperature and reaction time is essential
to obtain high yield and utilization of dilute acid. Additionally,
the cathode particles and SEI layer show a higher resistance
than conductive carbon and graphite, requiring a larger power
to trigger the thermal transformation to activate the black mass
by local Joule heating (Figure 11a). Therefore, Tour’s group
reported that the suitable applied flash voltage and duration
time are 80 V (~2100 K, peak current at ~104 A) and 110
ms,">* which activate the black mass and improve the recovery
yields for battery metals to 286%, compared to the direct
leaching by 1.0 M HCl. When increasing the voltage and
reaction time, the higher temperature would cause the
evaporation of metals, such as lithium, thus leading to the
loss of metals. Moreover, the UTS-activated black mass
without pretreatment for removing SEI and electrolyte can
maintain stability under ambient conditions without an inert
atmosphere, reducing the operation cost and environmental
pollution. The trace metal contributions from the UTS
equipment like quartz tube, copper, and graphite spacers are
also validated and ignored in the calculations. In order to
efficiently separate the valuable metals in the recycling process,
different leaching solutions can be applied to different metals.
For example, the collection of Li can be achieved through

water leaching. However, the phase of Li after high-
temperature treatment is essential to recycle Li, where Li
would usually be transformed into low-solubility Li,CO;, thus
lessening the recovering efficiency. According to reports,
Li,CO; can be decomposed into Li,O at higher temperatures,
which is a higher solubility phase. Thus, the UTS process with
an ultrahigh temperature can facilitate the decomposition of
Li,COj; into Li,O. With the increase of current from 100 to
200 A, the higher solubility of Li,O starts to form with the
reaction time exceeding 30 s at 180 A or 20 s at 200 A, leading
to a higher concentration of Li in the leaching solution than
traditional high-temperature reduction process. > As shown in
Figure 11b, during the UTS process, the Li,O first evaporated
from the inside of the cathodes because of its higher vapor
pressure than others and recrystallized on the surface, forming
small particles due to the rapid cooling rate and short reaction
time. Meanwhile, the lower valence of Co, Ni, and MnO that
are composed of predominant phases are beneficial to
subsequent leaching treatment.'>*

The nondestructive regeneration of cathodes and their
continued application in the second battery are other
paramount research directions in the recycling area. For the
regeneration of spent cathodes, various methods, including
molten salt,156 solid-state sintering,157 and hydrothermal,158
have been developed. However, the high-energy consumption,
long-term and incompletely recovered phase structure, and
electrochemical performance are not ignored. For example, the
long-term high-temperature treatment of cathodes will cause
the partial loss of lithium source and possibly a corrosive
reaction between LiCoO, (LCO) and the container, thus
affecting the regeneration efficiency. Therefore, the instanta-
neous reaction under an ultrafast heating rate is necessary to
regenerate the LCO, whereas the UTS method allows a much
higher temperature, heating rate, and faster reaction rate within
seconds to repair the phase structure and performance of LCO.
In the long-term cycles of LCO, the spinel Co;0, formed on
the surface of LCO would exacerbate the layered structure and
electrochemical performance. During the UTS process,
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increasing the temperature above 1440 K can remove the
Co;0, due to its unstable property at high temperature;
however, this process also lessens the content of Co in the
regenerated cathodes."”” Thus, it is necessary to convert
Co;0, to LCO for the utilization of Co components. With the
introduction of extra lithium sources like LiCOj; into the spent
LCO under 1440 K for 8 s, the lithium vacancy and spinel
Co30, can be completely repaired, and the phase structure and
electrochemical performance are both restored. Additionally,
the high temperature field generated from UTS can be
transiently exerted through each bulk LiFePO, crystal, thus
triggering the swift and coherent Li—Fe interatomic reordering
from the unit cell to unit cell in milliseconds and bypassing the
onset of potential detrimental side reactions.'®” While
polyvinylidene difluoride binder can be carbonized with F-
doped carbon in mere milliseconds, the repaired LiFePO,
particles further were coated by the binder-derived carbon to
achieve a high initial Coulombic efficiency, rate performance,
and stability. Because of the complex composition of spent
cathodes, the number of impurities, such as A" and Cu*, in
the regeneration of cathodes can deteriorate the electro-
chemical performance, where Al and Cu from the current
collector can result in specific capacity decay and polarization
buildup, especially in the traditional regeneration process. The
UTS method can provide sufficiently high temperature (~2500
K) in milliseconds to reduce the amount of Al and Cu
contamination because of their higher vapor pressure, which

meets the requirement of the safety content threshold of
impurities (~100 ppm).° In addition, extra conductive carbon
like carbon black, graphite, and mixing cathodes before the
UTS process is indispensable; it can improve the electrical
conductivity of the mixture, guaranteeing that the current can
mainly pass through the carbon to provide the local
carbothermal reduction environment for cathodes.

4.2. Recycling of Anode Materials. In contrast to
cathode material recycling, the recycling of graphite anodes in
spent batteries has been mostly neglected due to abundant
reserves of natural graphite and the relatively low economic
value of recycling graphite. For the large quantity of graphite in
spent batteries, direct incineration for energy or landfilling
have become the general treatment, which not only increases
greenhouse gas (GHG) emissions but also causes the waste of
carbon resources. As an important strategic resource, the
effective recycling of graphite in spent batteries can reduce the
environmental pollution caused by spent batteries and create a
balance between the supply and demand of the carbon market.
Currently, the predominant commercial recycling methods are
divided into two tylpes, namely pyrometallurgy and hydro-
metallurgy methods."*”'** These methods both mainly focus
on the recycling of high-value metals (such as Co, Ni, and Cu)
in graphite; the pyrometallurgy method obtains the recycling
metal by high-temperature carbothermal reduction while the
graphite is directly burned, causing the serious waste of
graphite and CO, emission.'®" Although hydrometallurgy can
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effectively collect metal and graphite, this process is generally
accompanied by a Iarge amount of wastewater, increasing
pollution and hazards.'*>'*® Additionally, pyro- and hydro-
metallurgy methods both face the difficult removal of inert
binder and perishable SEI from the spent graphite. Therefore,
more rational and environmentally friendly recycling methods
should be developed to cope with the enormous recycling
market for graphite and improve the recycling efliciency of
graphite. Recently, direct recycling of graphite has been
proposed and has received a lot of attention from researchers;
this method can directly recover the anode materials and
protect the original structure from destroying or repairing the
defect of graphite caused during the cycling process, thus
harvesting the active materials or high-value functional
materials with less pollution, energy, and time consump-
tion, 164166

The high-temperature treatment is considered the most
suitable for recycling the spent graphite, which can effectively
remove the inert binder and SEI, repair the defects caused
during the lon§—duration cycles, and decrease the resistive
impurities."*”'®” However, the ultrahigh temperature graphi-
tization (about 3000 K, even lasting for several days) of anode
graphite by traditional calcination methods has a high
requirement for energy and time cost, accounting for more
than 50% of the recycling cost.'” The UTS method, with the
advantage of energy and time, is employed to recycle the spent
graphite and is considered a promising recycling method by
ultrahigh temperature treatment in the recycling of spent
electrode materials. Especially in the removal of SEI and binder
from the spent graphite, the UTS method is absolutely
superior compared to other methods. During the calcination
process, the temperature can easily achieve more than 3000 K
in a short time of 0.01 s, and this temperature has exceeded the
thermal-decomposed temperature of the binder (<600 K), the
component of SEI (volatilization temperature of LiF <1500 K,
boiling temperature of LiCO; <1700 K), and inserted lithium
(<1600 K) in the graphite layer.'” There is no observation of
the SEI layer in the recycled graphite after UTS treatment, and
the binder is converted to small particles attached to the
graphite sheet through carbonization. Under the effect of
ultrahigh-temperature shock, the defect of spent graphite can
be repaired, and the degree of graphitization is also enhanced.
The recycled graphite restores the original structure of graphite
and shows a similar electrochemical performance to
commercial graphite, which demonstrates that the UTS
strategy can be applied to upcycle the spent graphite anode
to recover the original properties of graphite. However, a large
number of defects in cycled graphite anodes is a mixed
blessing; it can cause inferior graphitization and usually
damage the electrochemical performance.'’’ Meanwhile, the
defect sites in the layered graphite can lower the Li* insertion
and extraction energy barrier to improve the diffusion kinetics
of Li*.'"”"'7* Therefore, restoring the partial defect of the spent
graphite during the UTS process would be beneficial to
improve the electrochemical performance of recycled graphite,
which preserves the original partial dislocation and can form a
large number of dislocation dipoles with opposite Burger
vectors inducing dense compressive-tensile strain fields due to
the high temperature and short calcination process (1500 °C,
60 s) of the UTS strategy (Figure 12a), thus lowering the total
strain energy and improving the transition kinetics from LiC,,
to LiCq.'”"™'"° Nevertheless, within the high-temperature and
long-term calcination process of the traditional annealing

treatment, the dislocations gradually move to the edge of the
crystal and eventually disappear. Therefore, the recycled
graphite with partial defects exhibits a satisfactory rate
performance of 323 mAh g_1 at 2 C, which is higher than
that of commercial graphite (120 mAh g™'). Although
increasing the calcination temperature and time with the
UTS process both repair the defect in the spent graphite
generated during the charge/discharge process, enhancing the
electrochemical properties of recycled graphite, it sacrifices the
energy and time (>3000 K or ~60 s). A recent study reported
that the introduction of a lower content of nanoscale metal
healant with a low melting point also remediates the defects
like vacancies in the spent graphite through the UTS process to
enable the full utilization of the advantages of shorter time
consumption.'”® Under high temperatures, SnCl, is rapidly
reduced to Sn, which further converts into a molten and
dynamic state to repair the defects due to the much stronger
binding energy between Sn and defects in spent graphite
(Figure 12b), and this process only requires a temperature of
1600 °C and 50 ms. It is notable that the vapor pressure also
rapidly increases from 12.7 to 745 Pa with the temperature
increasing from 1400 to 1800 °C, which would lead to
obtaining fewer Sn nanoparticles dispersed on the surface of
spent graphite. To achieve superior electrochemical perform-
ance, the optimal temperature of 1600 °C enables an
appropriate balance between defect repairing and Sn nano-
particle size. Therefore, it is important to control an accurate
reaction temperature that may influence the thermal-dynamical
process and regulate the microstructure of desired products.

Taking cost and electrochemical performance into consid-
eration, most recycling research overlooks the collection of the
transition metals in the graphite owing to their high boiling
points (~3200 K for Co, Ni), requiring extensive energy and
destroying the structure of graphite. To reduce energy
consumption and improve efficiency, the recycling of high-
quality graphite requires a relatively low temperature and a
short reaction time. In order to eliminate the metals for further
recycling, concentrated acids are the main selection, but this
process usually causes intensive waste streams and suffers from
low efficiency.'””~"”” The main reason for the difficult removal
of transition metals is that they exist in the high-valence-state
compounds, which exhibit a larger Gibbs free energy of the
acid dissolution reactions for the metals compared to the lower
valence state."** According to prior research, the utilization of
an extra reagent to lower the valence state of metal facilitates
the dissolution reactions for the metals,"*”'®! and leaching
transition metals in the spent graphite only requires the dilute
acid after the reduction reaction of the metal, reducing the
generation of water waste. UTS methods can lower the valence
state of the metal through electrothermal reduction. Therefore,
the recycling efficiency of transition metals can be improved by
collecting metals from recycled graphite by using dilute acid
(eg, 0.1 M HCI).">® Meanwhile, the bulk structure and
graphitization of recycled graphite cannot be destroyed,
guaranteeing the electrochemical performance of recycled
graphite. The cooperation between the UTS process and dilute
acid treatment can obtain both the recycled graphite and high-
value metal, providing a profitable strategy for recycling the
spent graphite anodes.

On the other hand, the UTS method provides ultrahigh
temperatures to destroy the gerishable SEI formed on the
surface of graphite.]53’] 7173176 However, the higher Coulom-
bic efficiency determined by the SEI is the most important
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index for lithium batteries, which represents the consumption
of active lithium. There are extensive reports that have paid
more attention to improving the Coulombic efliciency through
reducing or compensating the irreversible lithium loss, such as
prelithiation,lgz_184 development of novel electroly’tes,185 and
artificial SEL;'*7'*® the implementation of these strategies
relies heavily on the external lithium sources. The formed SEI
on the surface of the spent graphite and residual lithium in the
spent graphite layer provide a promising strategy to improve
the Coulombic efliciency and compensate for the lithium
rather than the above approaches. However, the UTS
temperature approaches employed in the rejuvenation of
spent graphite almost remove the SEI and residual active
lithium, leading to obtaining carbon-attached recycled graphite
without reusing the valuable SEI and active lithium. Rationally
controlling the process of UTS (1900 K for ~150 ms) can
achieve the reservation of inorganic components in the original
SEI and residual active lithium,"® thus reducing the need for
external lithium sources to construct the SEI or compensate
lithium. The formation of a compact inorganic (Li,O, Li,CO;,
LiOH, and LiF) layer covered on the surface of recycled
graphite after the rapid UTS process not only eliminates the
demand of prelithiation but also enhances the toughness and
durability of the SEI for better cycle stability (Figure 12c). The
obtained recycled graphite exhibited an initial Coulombic
efficiency (104.7%) higher than that of commercial graphite
(87.3%). Additionally, the direct UTS approach simplifies the
upcycling process of degraded graphite, significantly improving
the manufacturing cost, energy consumption, and pollution
emission compared to traditional pyro- and hydrometallurgy
methods with cumbersome processes. The recycling strategy of
the graphite anode accompanied by reusing the SEI and
residual active lithium also offers an innovative route for the
upcycling of the spent graphite to drive the closed-loop
sustainability of batteries.

The direct recycling method by UTS certainly rejuvenates
the superior graphite anodes with much less energy, time, and
waste, but this ideal strategy and traditional pyro- and
hydrometallurgy strategies both meet a formidable challenge.
The prior step in the recycling process is the separation of
anode materials from the current collectors, which is a difficult
process due to the vigorous binder and ample compacted
dense electrode. In most reports about direct recycling, the
anode waste powders were collected from the current collector
through shredding electrodes,’”® furnace calcination,'”"
electrochemical separations,'”” and acid scrubbing strat-
egies.'”> However, fewer impurities usually reside in the
anode powders (e.g., ~7 wt % Cu in graphite). Moreover, most
recycling is adapted to address the recycling of spent batteries.
For another recycling area, spent electrodes generated in the
manufacturing of batteries are overlooked. In a recent study,
the recycling of spent electrodes was considered as a research
focus, which presents the relation among the peeling off,
temperature, and time during the UTS process (Figure
12d)."”° The successful stripping of graphite from the copper
collector is attributed to the fast heating rate and the heating
uniformity of UTS throughout an electrode thickness of 132
um, which enable the complete decomposition of binder and
separate graphite. In this report, the optimal temperature and
time are 1500 °C and 1000 ms, but the graphite could be
peeled off from the collector as long as the calcination time
exceeds 50 ms. The obtained graphite and copper current
collector displays a high collection ratio of 98.7% and ~100%

intact copper foil. Meanwhile, the obtained graphite shows an
excellent LIB performance with 340 mAh g~' at 0.5 C.

5. EFFORTS TOWARD EQUIPMENT FOR SCALE-UP

The exceptional advantages of UTS make it an attractive
method for the rapid synthesis/recycling of energy materials in
laboratory research, but it remains a great challenge to fabricate
materials continuously for scale-up. For the laboratory
application of UTS, two classic type reactors, including quartz
tubes'” and carbon fibers,'”* were widely used to achieve the
UTS process. The small devices based on these two reactors
have been designed at the laboratory scale at present and show
tremendous possibilities for scale-up in industrial production.
One type of small device is shown in Figure 13a; the integrated
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Figure 13. (a) Pilot-scale fabrication device of flash graphene. (b)
Diagram and photograph of the anode scrap and roll-to-roll
recycling of anode scrap. (c) Roll-to-roll device for UTS treatment
of ceramic materials. (a) Reproduced with permission.'”® Copy-
right 2024, Springer Nature. (b) Reproduced with permission.'”’
Copyright 2023, Royal Society of Chemistry. (c) Reproduced with
permission.”” Copyright 2019, Elsevier.

device controlled by a programmable logic controller gave
continuous biomass flash graphene.'”” This equipment is made
up of many independent quartz tube reactors, and the reaction
process is similar to that of the laboratory device. Therefore,
this enables the production of higher-quality products.
Moreover, based on UTS’s rapid heating rate and shorter
reaction time, roll-to-roll equipment was self-made to recycle
spent batteries (Figure 13b)."”” The anode scrap tape passed
through the graphite heater and mechanical stress part at a
speed of S m min~’, followed by the rejuvenated exfoliated
graphite, and fell into a collector continuously. Meanwhile, the
Cu foil with a clean surface was collected on the roller. It is
more suitable for the battery industry to recycle electrode
scraps. In addition, other roll-to-roll equipment was created to
process powder or pressed bulk (Figure 13c);””"**'*® the
current through the two graphite electrodes was directly
conducted through the powder or pressed bulk. This device is
suitable for the continuous, large-scale, and high-temperature
treatment of materials, and the product efficiency can be
improved by adjusting the movement rate of the conveyor belt.
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These efforts indicate a feasible, effective, and convenient
strategy for rendering large-scale manufacturing by UTS,
providing intensive potential for scale-up preparation of
energy-related materials. However, the ultrahigh temperature
during the reaction process puts forward higher requirements
for the roll-to-roll reactor design. For example, a heater must
have a high melting point, stable mechanical structures, and
stable chemical properties, which can resist melting or
evaporation, abrasion or distortion, and oxidation or reduction,
respectively.** Besides, a uniform heating zone should be
considered for the scale-up equipment, ensuring the reaction
uniformity to obtain pure products. The high voltage and high
temperature may cause a safety risk, and reasonable protection
in the reactor design should be fully considered to protect the
operators from danger. Besides, the high cost of electricity and
substantial investment required for equipment have also been
confronted in the industrial production system, including
equipment replacement and electric system modification.'”’
Thus, scaled-up UTS should solve these considerable
challenges to realize the development of this technique.

Although devices on UTS have been developed to adopt
scale-up, they still suffer from a formidable challenge that arose
from the h'%h-quantity heater and substantial cost of
electricity."**'”” First, the heater, as the most critical part of
the equipment, must entail a high melting point and stable
mechanical and chemical properties to bear melting or
evaporation, abrasion or distortion, and reduction or oxidation,
respectively. Second, there is a substantial capital investment
for electric systems and UTS reactor devices before the
traditional chemical synthesis reactor can be replaced by the
electrothermal reactor. Despite electricity being more
economically valuable than heat, the high cost of electricity
remains a challenge to be confronted. Finally, the predominant
advantages of UTS devices over conventional chemical
reactors should be exploited at meaningful scales, which will
help to promote their large-scale industrial application.

6. ENVIRONMENTAL AND ECONOMIC ANALYSIS
ASSESSMENT

The environmental and economic analysis or benefits of the
UTS technique are considered important indicators for
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assessing its business value. ™ % On the one hand, environ-

mental protection must be confronted in industrial production.
On the other hand, the production cost and profits are also
related to the environment. Compared to traditional synthesis
or recycling methods, the advantages of UTS are not only
reflected in time and energy efficiency but also reduce
pollution and improve economic profits.”>* GREET 2020’
and Everbatt 2020”" software developed by Argonne National
Laboratory, are usually utilized to analyze environmental and
economic profits. For instance, the UTS process only requires
an energy demand of 2879 MJ tonne™’, which is significantly
lower than those of solvolysis and incineration methods for
recycling fiber-reinforced plastics.”> Regarding GHG emission,
the emission of UTS is 1709 kg tonne ™!, which is close to that
of solvolysis (1669 kg tonne™') and lower than that of
incineration. The costs of 1 kg of SiC for UTS, solvolysis, and
incineration are US$0.047, US$22.577, and US$1.386,
respectively (Figure 14a). In the recycling of electrodes, the
UTS method can decrease the consumption of water and
energy over the hydrometallurgical and pyrometallurgical
methods.® Besides, the GHG emissions and the cost can be
further reduced by ~72% and ~58% (Figure 14b). These
values suggest that the UTS technique has great environmental

and economic benefits compared with other conventional
methods.

7. EXTENSIONS AND OUTLOOK OF ULTRAFAST
THERMAL ENGINEERING

The rapid development of energy storage and conversion
devices is put forward to quickly exploit higher efficiency
energy-related materials, including electrodes, current collec-
tors, and catalyst production, thus satisfying the ever-increasing
demands. Meanwhile, extensive numbers of energy devices,
due to their poor performance or retirement period, need to be
recycled for sustainability and environmental protection. These
issues underscore the urgent requirement for a feasible, time-
saving, and eco-friendly approach to developing or recycling
energy-related materials. Ultrafast thermal engineering, espe-
cially ultrahigh temperature shock technology possessing a
rapid heating/cooling rate, high temperature, and fast reaction
process, enables a highly efficient, time- and energy-saving,
nonequilibrium, fast kinetic rate, environmental, and profitable
strategy for addressing these issues and has attracted more and
more attention. Consequently, its work mechanism develop-
ment and application in the synthesis and recycling of energy
materials are discussed in detail for a deeper understanding of
this approach, and it also offers more possibilities for
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researchers in exploring or recycling materials and developing
advanced experimental and scale-up devices.

Despite a series of very successful works utilizing the UTS
technology that have been achieved for energy-related
applications, there is still tremendous potential to be developed
for preferably applying this method in the future. To further
promote the development of UTS, the referable and valuable
contents as follows can be considered before relevant research.

(1) UTS technology provides more possibilities for synthe-
sizing energy storage and conversion materials (Figure
15a). However, UTS confronts the challenge of precise
control of the preparation of multimetallic particles,
different density distributions, and size control. More
control parameters should be considered to further
ensure the controllability of the UTS process.

(2) The selection of UTS and conventional methods can be
determined by the types of ideal samples, reaction
temperature, environment, and cost (Figure 15b). UTS
can provide more opportunities to realize the complex
preparation process that needs high temperature (>1200
°C) and high enthalpy. The traditional furnace method
is proper for preparing materials with special morphol-
ogy structures like hollow, core—shell, and multishell.
However, the reaction condition of UTS should be
determined by the properties of materials; a faster
heating rate or higher temperature is not necessarily
favorable for preparing any materials. Thus, more efforts
should be devoted to the controllable synthesis of
nanomaterials with specific morphology.

(3) The realization of machine learning and theoretical
computational predictions can be achieved successfully
by UTS (Figure 15c). Its rapid reaction process ensures
high-throughput synthesis and screening for various
novel high-performance materials, accelerating the
development of perfect materials. Importantly, the
combination of UTS and artificial intelligence should
be introduced to find the effective reaction parameters to
solve the control of morphology and structure of
materials.

(4) The reaction mechanism of the UTS process should be
investigated deeply by novel characterization, thus
guiding its wide application (Figure 15d). Although
the structure alternation of materials after UTS treat-
ment is attributed to the rapid reaction kinetics provided
by the rapid heating/cooling rate, the detailed reaction
process cannot be trapped by in situ/ex situ character-
izations because of the short reaction time and higher
reaction temperature. Therefore, it is urgent to develop
characterizations to investigate the reaction mechanism.

(5) The synergistic interplay between dynamic Joule heating
and carbothermal shock mechanisms may govern the
structural evolution of insulating or low-conductivity
materials (Figure 16). Blending materials with carbon
additives establishes conductive networks, enabling
effective Joule heating. Carbon components undergo
instantaneous Joule heating while simultaneously trans-
ferring thermal energy to the precursors through
carbothermal shock interactions. Additionally, precur-
sors positioned on carbon paper or between graphite
plates utilize partially carbonized precursors from initial
carbothermal reactions as conductive pathways. This

— =__
o =T
= -

Joule heating

Carbothermal shock

Poor conductive/
insulative particles

@ Conductive particles

Carbothermal shock Joule heating Carbothermal shock

Figure 16. Double effect of Joule heating and carbothermal shock
in the UTS process.

self-generated conductive network subsequently facili-
tates Joule heating similar to that observed in the
blending materials system. Both methodologies combine
direct Joule heating with secondary carbothermal effects
through dynamic reaction pathways. This dual activation
mechanism, where rapid electrical Joule heating couples
with carbothermal shock, may constitute the primary
driver of structural transformations in these systems.

The development of advanced energy materials has put
forward higher requirements for the preparation and recycling
technology. Ultrafast thermal engineering has created excellent
opportunities for synthesizing and rejuvenating various func-
tional materials and has shown tremendous potential in the
development of energy materials. Especially, opportunities lie
in coupling UTS with artificial intelligence (AI)-driven process
optimization and renewable energy sources, potentially
revolutionizing sustainable manufacturing paradigms for next-
generation energy systems. Addressing these challenges will
require interdisciplinary efforts in materials engineering,
reactor design, and circular economy integration, which will
be conducive to providing confidence for industry to better
adapt this method toward greater productivity.
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VOCABULARY

Ultrahigh temperature shock, a heating method based on the
Joule heating effect provides ultrahigh temperature conditions

and ultrafast heating/cooling rate; Joule heating shock,
electric current flows across the reactants and directly converts
into thermal energy; Carbothermal shock, the conductive
substrate acts as the heater on the reactants; Nonequilibrium
thermodynamics, a branch of thermodynamics studies some
systems that are not in thermodynamic equilibrium; Energy
materials, a series of related energy materials include but not
limited to batteries” electrodes, electrolytes, current collectors,
and catalysts
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